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REFINED MASS-CRITICAL STRICHARTZ ESTIMATES
FOR SCHRODINGER OPERATORS

CASEY JAO

We develop refined Strichartz estimates at L2 regularity for a class of time-dependent Schrodinger
operators. Such refinements quantify near-optimizers of the Strichartz estimate and play a pivotal part
in the global theory of mass-critical NLS. On one hand, the harmonic analysis is quite subtle in the
L?-critical setting due to an enormous group of symmetries, while on the other hand, the space-time
Fourier analysis employed by the existing approaches to the constant-coefficient equation are not adapted
to nontranslation-invariant situations, especially with potentials as large as those considered in this article.

Using phase-space techniques, we reduce to proving certain analogues of (adjoint) bilinear Fourier
restriction estimates. Then we extend Tao’s bilinear restriction estimate for paraboloids to more general
Schrodinger operators. As a particular application, the resulting inverse Strichartz theorem and profile
decompositions constitute a key harmonic analysis input for studying large-data solutions to the L2-critical
NLS with a harmonic oscillator potential in dimensions > 2. This article builds on recent work of Killip,
Visan, and the author in one space dimension.

1. Introduction

We prove sharpened forms of the Strichartz inequality for nontranslation-invariant linear Schrédinger
equations with L? initial data. Recall that solutions to the linear constant-coefficient Schrodinger equation

iatuz—%Au, u(O,-)=uoeL2(Rd), (1)
satisfy the Strichartz inequality [1977]
||M||L§’<g+2>/d(Rde) < Cllu(0, )l L2 ga)- 2)

On the other hand, it is also known if u a solution that comes close to saturating this inequality, then it
must exhibit some “concentration”; see [Carles and Keraani 2007; Merle and Vega 1998; Moyua et al.
1999; Bégout and Vargas 2007]. Such inverse theorems may be equivalently formulated as a refined
estimate

lull 2270 < Nl 2000 1|72 a): 3)

where the norm X is weaker than the right side of (2) but measures the “microlocal concentration” of
the solution. We pursue analogues of such refinements when the right side of (1) is replaced by a more
general Schrodinger operator —%A + V(t, x).

MSC2010: primary 35Q41; secondary 42B37.
Keywords: inverse Strichartz estimates, bilinear restriction, Schrodinger operators.
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Inverse theorems for the Strichartz inequality have provided a key input to the study of the L2-critical
NLS

i = —LAu+ [uldu, u(,)e L2(RY), @)

so termed because the rescaling u > u (¢, x) := A%/2u(A2t, Ax) preserves both (1) and the L2-norm
Mlu] = |u@)l|L2ray = [[4(0) || 2(re)- Indeed, they are used to construct the profile decompositions
underpinning the Bourgain—Kenig—Merle concentration compactness and rigidity method by identifying
potential blowup scenarios for nonlinear solutions with large data. Using this method, the large-data
global regularity problem for (4) was recently settled by Dodson [2012; 2015; 2016a; 2016b], building
on earlier work of Killip, Visan, Tao, and Zhang [Killip et al. 2008; 2009; Tao et al. 2007]. For further
discussion of this equation we refer the interested reader to the lecture notes [Killip and Visan 2013].

The large group of symmetries for the inequality (2) is a significant obstruction to characterizing its
near-optimizers. Besides translation and scaling symmetry, both sides are also invariant under Galilei
transformations

w s g, (1, x) 1= el (R0 160Phy ¢ x —tgg), £ e RY.

This last symmetry emerges only at L? regularity and creates an additional layer of complexity. In
particular, while the Littlewood—Paley decomposition is extremely well-adapted to higher Sobolev
regularity variants of (2), such as the H !-critical estimate

ull} 2@+2)/@-2) < [[Vu(0)| 12 (wa).
t.x

it is useless for inverting the L2-critical estimate because one has no a priori knowledge of where
the solution is concentrated in frequency. Instead, the mass-critical refinements cited above combine
space-time Fourier-analytic arguments with restriction theory for the paraboloid.

In physical applications, one is naturally led to consider variants of the mass-critical equation (4) with
external potentials, such as the harmonic oscillator

id;u = (—%A+wax})u:l:|u|3u, u(O,-)ELZ(Rd). 5)
J

For instance, the cubic equation (with a |u|?u nonlinearity) has been proposed as a model for Bose—
Einstein condensates in a laboratory trap [Zhang 2000], where ||u(?)]|;2 represents the total number of
particles, and in two space dimensions the critical Sobolev norm for this equation is precisely L2,

While introducing the potential breaks scaling symmetry, one nonetheless expects solutions with
highly concentrated initial data to be approximated, for short times, by solutions to the scale-invariant
equation (4). Less obviously, the equation is invariant under “generalized” Galilei boosts, detailed in
Lemma 1.1 below, where the spatial and frequency parameters act together on the solutions; in the
constant-coefficient setting, this reduces to the usual independent space translation and Galilei boost
symmetries.
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This article develops refined Strichartz estimates for the linear equation
idu=(~2A+V)u, u(,)eL*RY),

for a class V of real-valued potentials V(¢, x) that merely satisfy similar bounds as the harmonic oscillator
and possibly also depend on time. Specifically, define

Vi={V:RxR? > R:[|0%V]||zoc < My for2 <|a| <N = N(d)} (6)
for fixed constants 0 < M1, M, ..., My. These estimates play a key role in the large-data theory for

nontranslation-invariant L2-critical Cauchy problems typified by (5). We briefly discuss the nonlinear
problem in the last section of the introduction.

The case of one space dimension was treated in a previous joint work with Killip and Visan [Jao et al.
2019]. This paper extends the methods introduced there to higher dimensions.

1A. The setup. To clarify the structure of our arguments we begin with a slightly more general setup.
Hence we consider time-dependent, real-valued symbols a(z, x, £) which are measurable in ¢ and satisfy

|8§8§a|§calg for all |x| + |B] > 2. 7
Further, we assume the characteristic curvature condition
||[detage| — 1| + [llagell — 1] <& ®)

for some small O < & < 1. For concreteness, all matrix norms in this article denote the Hilbert—Schmidt
norm, but the exact choice of norm is inessential.
These hypotheses encompass several interesting situations:

¢ Schrodinger Hamiltonians with time-dependent scalar potentials a = %|§ |2+ V(t,x), where V € V.

¢ Electromagnetic-type symbols a = %|E |2 4+ b(x, &) + V(t, x), where the first-order symbol b(x, )
is real and satisfies [0 aﬂb| < cqp forall ||+ |B] > 1,and V €V is a scalar potential as before.

¢ The frequency-1 portion of the Laplacian on a curved background.

For a symbol as defined above, write a” (¢, x, D) for its Weyl quantization. Let U(z, s) denote its
unitary propagator on L2(R%), so that u := U(t, s)u is the solution to the equation

(D +a¥(t,x,D)u=0, u(s,-)=use L>R?). )

Evolution equations of this type were studied in [Koch and Tataru 2005]. While translations and
modulations do not preserve (9), they do preserve the class of equations defined by our assumptions. For
an element (xo, &) of classical phase space, define the “phase-space translation” operator 7 (xg, &o) by

70(20) f(x) = e X050 £(x — xp).

Then a direct computation, as in the proof of [Koch and Tataru 2005, Proposition 4.3], yields:
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Lemma 1.1. IfU(t, s) is the propagator for the symbol a and o — z° = (x%,£9) is a bicharacteristic
of a, then

U(t,s)m(z5) f = ! @E:20)=0(20) (g Zo(z ),
where U%0 is the propagator for the equation
[Di + (a®)* (1, x. D)Ju =0,
a®(t,z) = a(t, zg +2) — {x, ax(t, z5)) — (£, ag (¢, z5)) — a(zg),

and the phase is defined by

t
6020 = [ ap(e.).65) ~a(e. ) d.

Observe that the transformed symbol ¢Z0 satisfies the same estimates assumed of a. As a special case,
symbols of the form a = %|§|2 + (A, x).§) +wji (t)x7 x* are themselves preserved by the mapping
ara’ if A= A;dx/ is a 1-form whose components are linear functions of the space variables with
time-dependent coefficients. In two and three space dimensions, such A are potentials for uniform
magnetic fields.

The preceding hypotheses imply that (9) satisfies a local-in-time dispersive estimate:

Lemma 1.2. If the symbol a satisfies the conditions (7) and (8), there exists To > 0 such that the
propagator U(t, ) for the evolution equation (9) satisfies the estimate

10 )10 S 1t =517 forall |t —s| < To. (10)

Hence, the solutions to (9) satisfy local-in-time Strichartz estimates

||u||L?L§C(1de) S| ||”s||L2(Rd)

for any compact time interval I, and for all Strichartz exponents (g, r) satisfying 2 <gq,r < oo, % + % = %,
and (q,r,d) # (2, 00, 2).

Proof sketch. The dispersive estimate is shown in [Koch and Tataru 2005, Proposition 4.7] using
wavepacket parametrices. Standard arguments (see [Ginibre and Velo 1995; Keel and Tao 1998]) then
yield the Strichartz estimates. O

It suffices to choose the time increment T so that
To <1, TOHaxE” + T()zllaxx” =7, (11)
where 1 = n(d) is a small parameter depending only on the dimension.

Remark. The concrete cases of scalar potentials and magnetic potentials were studied much earlier by
Fujiwara [1979] and Yajima [1991], respectively, who proved the dispersive bound using Fourier integral
parametrices.
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We seek refinements of the Strichartz inequality analogous to those for the constant-coefficient equation.
The earlier arguments for the constant-coefficient equation relied crucially on subtle bilinear estimates
from Fourier restriction theory. We isolate and reformulate the technical lynchpin in the present context.

Hypothesis 1. There exist To >0and 1 < p < % such that the following holds: if f, g € L2(R%) have
[frequency supports in sets of diameter < N which are separated by distance ~ N, then

IUZ @O FUZOEIL? (10, To]xre) < N7 fllz2@ay €l L2 ey (12)

foralls € [-1,1] and all 0 < A < 1, where U3 (t) = Uj (¢, 0) are the propagators for the time-translated
and rescaled symbols a3 := A2a(s + A%t Ax, A7LE).

When a = %|S |2, the scaling and translation parameters A, s are extraneous, and inequalities of the
form (12) are called (adjoint) bilinear Fourier restriction estimates. They were utilized in [Bégout and
Vargas 2007] to obtain mass-critical Strichartz refinements in dimension 3 and higher (the results in
dimensions 1 and 2, due to Carles and Keraani [2007], Merle and Vega [1998], and Moyua, Vargas and
Vega [Moyua et al. 1999] utilized linear restriction estimates). For further discussion of such estimates,
see for instance [Tao 2003].

In the first part of this paper, we connect (12) to Strichartz refinements. To measure concentration in
the solution we test it against scaled, modulated, and translated wavepackets. Set

¥

_lx2 _d _3d
Y(x) =cqge” 2, Yxog =7(x0.60)Y, cq=2"27m" 4, (13)
where S is the unitary rescaling S; f(x) := A~4/2 f(A~1x).
Theorem 1.3. If Hypothesis 1 holds, then there exists 0 < 6 < 1 such that for all initial data ug € L*(R?)
the solution u to (9) satisfies

0 —
lull z2ca+27a (—1,11xre) < ( sup [(S3Vxo.60 (D)) L2ma) ) ||u0||iz?Rd)- (14)
0<A<1,|t|<1, (x0,60)€T*RY

The generality of our hypotheses requires us to formulate the estimates locally in time. Indeed, for
most potentials the left side of the Strichartz estimate (14) is infinite if one integrates over R x R?; for
instance, the harmonic oscillator potential V = |x|? admits periodic-in-time solutions. Nonetheless, our
methods do yield (a new proof of) a global-in-time refined Strichartz estimate

6 1-
||M||L2(d+2)/d(Rde) < ( sup |<S)L‘//xo,$0’u(l))L2(Rd)|) ”uO”Lz(Rd)
- A>0, t€R, (x0,60)€T*RY

for solutions to the constant-coefficient equation (1).
In applications to PDEs, such a refined estimate is nowadays interpreted in the framework of concen-
tration compactness and yields profile decompositions via repeated application of the following:

Lemma 1.4. Assume the estimate (14) holds. Let u,, := U(t) f, be a sequence of linear solutions with

initial data u, (0) = f, € L*(R?) such that | fnllp2may < A < o0 and |[up || 2w@+2/a = & > 0. Then,
r.x

after passing to a subsequence, there exist parameters
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and a function 0 # ¢ € L2(R?) such that

—1¢—1 .12
wT(Xn, &n) SAn Uy, —~¢ inlL~,
1—6

& [
> =
ol ze(5) "
Further,

| fn ||iz = fu— U(fn)_IS)Ln”(xna Sn)SA,,‘P”iz - ||U([n)_ISAn7T(xnv En)S)Ln‘p”iz — 0.

Proof. By the estimate (14), there exist Ay, ¢, Xn, &, such that
1-6

(S Ve Ult) So)| = 10, 7 C6n. E0) 71 SN U ) S| 2 8(3) "

The sequence 7 (x,, &,) ! S;nl U(t,) f, is bounded in L2 and therefore converges weakly in L? to some ¢
after passing to a subsequence. The lower bound on ||¢||; 2 is immediate, while

I fall72 = I fo = Utn) ™ Sp, 0 (Xn s En) 17 2 — U (1) ™" S, 70 (X, 60) 17
= 2Re( fu = Utn) ™" Si, 7 (X, §n), U(tn) " S, 70 (. 60)9)
= 2Re( (xn, £n) 7" S3 Utn) fn — b, ) — 0. m
Further discussion of profile decompositions and inverse Strichartz theorems may be found in the

lecture notes [Killip and Visan 2013].
In the second part of this paper, we verify Hypothesis 1 for scalar potentials.

Theorem 1.5. Consider a Schridinger operator of the form H(t) = —%A + V(t,x), where V € V.
Suppose S1, S» C Rg are subsets of Fourier space with diam(S;) < N and cIN > dist(S1, S2) > cN
for some 0 < ¢ < 1. There exists a constant n = 1(c) > 0 such that if to > 0 satisfies

(to+ )02V |Loo <1,

then, for any f.g € L*(R?) with supp(f) C Sy and supp(g) C Sa, the corresponding linear solutions
u="U(,0)f and v = U(t,0)g satisfy the estimate

U
+

3 d+2
9<—g

qd—4t2
[0l oy oty Se N0 0 Sz lglpa forat G52 < Sy

foranye >0, N>1,andV € V.

For V = 0, the above estimate was conjectured by Klainerman and Machedon without the epsilon loss,
and first proved in [Wolff 2001] for the wave equation and subsequently in [Tao 2003] for the Schrédinger
equation (both with the epsilon loss). Strictly speaking, the time truncation is not present in the original
formulations of those estimates, but may be easily removed by a rescaling and limiting argument.

Finally, while we make no attempt to address general magnetic potentials, a simple case with some
physical relevance does essentially follow from the proof for scalar potentials. The necessary modifications
for the following theorem are sketched in the last section.
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Theorem 1.6. The conclusion of the previous theorem holds for Schrodinger operators of the form
H() = —%(V —iA)? + V(t,x), where A = A; dx’ is a 1-form whose components are linear in the
space variables (i.e., the vector potential for a uniform magnetic field), and the condition on the time

increment tg is replaced by

TOllaxSH + (70 + T(%)”“xx | <.

We remark that the restriction estimate (12) does not hold for all symbols satisfying the conditions (7)
and (8). For instance, it was observed by in [Vargas 2005] that when U(t) = '’ 9xy ig the “nonelliptic”
Schrodinger propagator in two space dimensions (thus a = ££,), the bilinear restriction estimate (7)
can fail unless the frequency supports of the two inputs are not only disjoint but also separated in both
Fourier coordinates. In fact, the refinement (14) as stated is false for the nonelliptic equation; for a correct
formulation, one should enlarge the symmetry group on the right side to include the hyperbolic rescalings
u(x, y) = u(ux, = 'y); see [Rogers and Vargas 2006].

While the classical bicharacteristics of elliptic and nonelliptic propagators seemingly have no qualitative
difference — and indeed the dispersive estimates hold equally well for both — the quantum propagators
have radically different behavior in terms of oscillations in time. If one compares the traveling wave
solutions

o X AYE—SEHE)]  ilxEetyEy —ticdy]

it is evident that unlike in the elliptic case two solutions to the nonelliptic equation which are well-separated
in spatial frequency need not decouple in time.

The lesson of this counterexample is that while the dispersive and Strichartz estimates follow directly
from properties of the classical Hamiltonian flow, an inverse Strichartz estimate depends more subtly
on the temporal oscillations of the quantum evolution, which is connected to the bilinear decoupling
estimates.

1B. The main ideas. Suppose one has initial data u¢ € L? such that the corresponding solution u has
nontrivial Strichartz norm. Then, we need to identify a bubble of concentration in u, characterized by
several parameters that reflect the underlying symmetries in the problem. In the L2-critical setting, the
relevant features consist of a significant length scale A¢ as well as the position xg, frequency &p, and
time 7y when concentration occurs.

The existing proofs of Strichartz refinements for the constant-coefficient equation first use space-time
Fourier analysis (including restriction estimates) to identify a cube Q in Fourier space accounting for a
significant portion of the space-time norm of u, which reveals the frequency center &y and scale A¢ of the
concentration. For example, [Bégout and Vargas 2007] first establishes an estimate of the form

] ©

iA L, . 1_

e Pl s (s 1015 [ 1F @1 ds) 1111502,
Q dyadic cubes 0

Then, the time 7o and position xo are recovered via a separate physical-space argument. These arguments
ultimately rely on the fact that when V' = 0, the equation is diagonalized by the Fourier transform.
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For equations with variable coefficients, it is more natural to consider position x¢ and frequency &g
together as a point in phase space, which propagates along the bicharacteristics for the equation. Following
the approach in [Jao et al. 2019] for the one-dimensional equation, we work in the physical space and first
isolate a significant time interval [t — A3, 7o + AZ], which also suggests a characteristic scale 4. Then
xo and & are recovered by phase-space techniques.

The first part of the argument in [Jao et al. 2019] carries over essentially unchanged; however, the
ensuing phase-space analysis in higher dimensions is more involved and occupies the bulk of this article.

1C. An application to mass-critical NLS. This article was originally motivated by the problem of
proving global well-posedness for the mass-critical quantum harmonic oscillator

idju= (—%A—I—wax})u:ﬂuﬁu. (16)
J
By spectral theory, the Cauchy problem for (16) is naturally posed in the “harmonic” Sobolev spaces

%
ug € H® := {uo el?: (—A—I—walxlz) , U GLZ}.
J

Global existence for data in the “energy” space H! was studied in [Zhang 2005]. More recently, Poiret,
Robert, and Thomann [Poiret et al. 2014] established probabilistic well-posedness in two space dimensions
for all subcritical cases 0 < s < 1, as well as for other supercritical problems. Another recent contribution
by Burq, Thomann, and Tzvetkov [Burq et al. 2013] constructs Gibbs measures and proves probabilistic
global well-posedness for the critical case in one dimension.

It is well-known that the isotropic harmonic oscillator w; = 1 may be “trivially” solved; to construct
solutions on unit-length time intervals for arbitrary L? data, it suffices to observe that u is a solution
of (4) on R; x R;‘g if and only if its Lens transform

1 X _ilxPant
Lu(t,x):= ———ultant, — |e 2
(cost)2

solves (16) on (—% X %) ;X [Rif with the same initial data. However, this trick relies on algebraic
cancellations that no longer hold for more general harmonic oscillators. For further discussion of
the nonlinear harmonic oscillator as well as its connection with the Lens transform, consult [Carles
2011].

To solve (16) for large data in the critical space L2, the concentration compactness and rigidity approach
is much more promising. Experience has shown that constructing suitable profile decompositions is a
core difficulty in implementing this strategy for dispersive equations with broken symmetries (e.g., loss
of translation-invariance). For instance, see [Jao 2016] for the energy-critical variant of the quantum
harmonic oscillator, as well as [Ionescu et al. 2012; Killip et al. 2016] for other energy-critical NLS on
non-Euclidean domains. Thus this article supplies the main harmonic analysis input for the deterministic

large-data theory of (16) at the critical regularity.
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2. Preliminaries

2A. Notation. We use the Japanese bracket notation (x) := (1 + |x|?)'/2

2B. Classical flow estimates. We collect some elementary properties of the classical Hamiltonian flow
x=ag x(0)=y,
§=—ax. £0)=n.
Solutions to this system are bicharacteristics. For a point z = (x, £) in phase space, let 0 — z? = (x°,£9)

denote the bicharacteristic initialized at (x, £). Write (v, n) = (x*(y, 1), €' (y, n)) for the flow map.
The linearization of (17) satisfies the following Gronwall estimates:

(17)

Lemma 2.1. Suppose |t| ||8)26 Sa||Lc>o < 1. Then

t
o =/0 age(T. X7 E) dt 4+ Ot |axe| llagell) + O |laxxll llage [|).

I I+ O(t)agxcl) + O llaxx |l lagel),

Ot (18)
—— =1+ 0(llaxe) + O ||axx] llagel),

t
o /0 —axx (T, x5, E0) dT + O [laxx | llaxe ) + O axx ] lagel)-
Proof. The linearized system takes the form

Y =agyy +agen,
nN=—daxxy —axgn.

A preliminary application of Gronwall implies |y (t)| + [7(¢)| < |y (0)| + [7(0)].
Consider initial data y(0) = I, n(0) = 0. Then

t t
e /0 v | dT + /0 laxen(0)] dr.

so |n(?)| < tllaxx||- Substituting this into the equation for y, we deduce

t t
Iy—IIS/O Iagxylder/O lagenl dv < tllagxll + 1> lagell laxxll.

This in turn yields the refinement

2 3 2
S tllaxx | llagx | + 27 laxx I lagell-

t
‘n(l)—i—/ Axx dT
0

The case y(0) =0, n(0) = I is similar. We have

t t
Iy(t)lsfo |assi7|df+/0 agylds = ()] < tllagel.
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which yields
t t
@O —1] < /O sl lagell 7 + /0 laxenlde < tllae ]l + 2 laxel lage].

S P |agx || lagell + 2 laxx || lage |- O

t
‘y(l)—/o aggdt
These imply, in view of the normalizations (8), the integrated estimates
xp—xy=x]—x3+[I'+ 0(e)](t —5)(E] —&3)
+ O(|t = slllaxg D(Ix1 — x3| + [t = s]1&] — &31)
+0(t = s laxx (] — 23] + It = s]1&] = &),
§1—8 =& — & + O(r = sllaxxID|x] — x3]
+O(lt = s llaxx| llaxg D1x{ — x31 + O(1t = s laxg D167 — &3
+0(|t = sPllaxx |?)|x = x5] + Ol = s [laxx )€ = £51,

(19)

where I’ is an orthogonal matrix which equals the identity if ag¢ is positive-definite. In particular, we

have:

Corollary 2.2. If |x{ —x5| <r, then |x} —x%| = Cr whenever 2Cr/|£{ — &5| < |t —s| < To.
Physically, this means that two particles colliding with sufficiently large relative velocity will only

interact once in the time window of interest.

Next, we record a technical lemma first proved in the 1-dimensional case [Jao et al. 2019, Lemma 2.2].
This is used in the proof of Lemma 4.3 below but the computations use the preceding estimates.

Lemma 2.3. There exists a constant C = C(]|0%a|)) > 0 so that if O, = (0, 1) + [-1,1]2¢ € T*R?¢ and
r >1, then
U D) (b +10y) C Do)z + CrQy).

|t—to|<min(In|~1,1)

In other words, if the bicharacteristic z! starting at z € T*R4 passes through the cube z)) + rQy in
phase space during some time window |t — 9| < min(|n|™!, 1), then it must lie in the dilate 260 +CrQy
at time 7q.

Proof. If z € ®(1)~(z} + rQy), by definition we have |x’ —x}| < r and |§’ — ] — | < r. Assuming
that || > 1, the estimates (19) imply
[xo—xg’l <+ (nl+n)+0(n " 2 a )+l  (nl+r)+0(n~219%a ) o+ 0l =" (1nl+7))

<Cr,

€0 —£0"—n| < r+ 00l Hlaxx Dr+(nl 2 llaxxl laxelDr+0 (0~ laxe D (nl+r)

+(nl 7> laxx I?)r+0(nl > laxx ) (Inl+r)
<Cr.

The case |n| < 1 is similar. O
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2C. Wavepackets. Let R > 1be ascale and zg = (xg, £9) be a point in phase space. A scale-R wavepacket
at zo is a Schwartz function ¢;, such that ¢, and its Fourier transform qASZO concentrate in the regions
|x —xo| < RY? and |€ — &y| < R™1/2, respectively:

-N —-N

1 X—X _1 A —
|(Riax)k¢zo<x)|sk,N< R1°> (R %ag)"¢zo<5)|sk,N<§R_f°> for all k, N = 0.
2 2

There are many ways to decompose L2 functions into linear combinations of wavepackets. For the first
part of this article, it is technically more convenient to use a continuous decomposition. Later on in
Section 6C, we switch to a discrete version which is more common in the restriction theory literature.

In this section we recall a standard continuous wavepacket transform. To keep things simple we work
at unit scale since that is all we shall need. For a function f € L2(R%), its Bargmann transform or FBI
transform is the function Tf € L2(T*R?) defined by

Tf(z) =(f.¥z2)12ra) Y, =m(z)y asin (13).

The transform satisfies a Plancherel identity ||7f ||, 2(7+ga) = |.f | 2(ra); dually, for any wavepacket
coefficients F € L?(T*R%), one has

i =< ||F||L§

IT*Fll2 = H [ Fev=d:
T*R4 L2

Indeed, 7 T* is the orthogonal projection onto TL2(R%). Then as T*T = I, any f € L2(R?) can be
resolved (nonuniquely) into a continuous superposition of wavepackets

=[S

Applying the propagator U(¢) to both sides and using linearity and the next lemma, one obtains a
wavepacket decomposition

u(t.x) = / w63y dz, uz(tox) = LIUOP:)).

of Schrédinger solutions. For brevity we sometimes omit the arguments and write f = [ f; dz, u =

Juzdz.

Lemma 2.4 (evolution of a packet). If Y, is a scale-1 wavepacket, U(t) is the propagator for (9), and
Zo > Z(t) is the bicharacteristic starting at zo, then U(t) Yz, is a scale-1 wavepacket concentrated at 26

forall |t| = O(1).

Proof sketch. Using Lemma 1.1 we reduce to the case zo = 0 and also ensure that the symbol a(¢, x, §)
vanishes to second order at (x, £) = (0, 0) in addition to satisfying the bounds (7). Then it suffices to
show that propagator U(¢) for such symbols maps Schwartz functions to Schwartz functions on unit time
scales. This is done using weighted Sobolev estimates as in [Koch and Tataru 2005, Section 4]. O
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The term wavepacket shall also refer to space-time functions of the form U(¢)y;, not just the fixed
time slices. Later it will be essential to exploit not just the space-time localization of wavepackets but
also their phase as described in Lemma 1.1.

3. Choosing a length scale

We begin with the following lemma from [Jao et al. 2019, Proposition 3.1], obtained by a variant of the
usual 7' T* derivation of the Strichartz estimates. While that article concerned just Schrodinger operators
with scalar potentials, the proof works equally well in the current more general setting.

Proposition 3.1. Suppose U(t, s) satisfies a local-in-time dispersive estimate as in Lemma 1.2. Let (q, 1)
be Strichartz exponents (i.e., satisfying the conditions in that lemma) with 2 < q < co. Assume that
f € LA(RY) satisfies I/ L2@way = 1 and

IU@) fllLe Ly —1,11xra) = €
Then there is a time interval J C [—1, 1] such that

_ 1  _a_
||U(t,s)f||L?_1L§(Jde) > |J|a@TDga—2,

Equivalently,

__ 1 1-2 2
”U(Z’S)f”LqL’S(JGS[EII) 1]|J| TN 5) [l o L rmay) 12y

Note that by pigeonholing we may always assume that |J| < Ty, where Ty is the time increment
selected in (11).
Now let (g, r) be the Strichartz exponents determined by the conditions % + % = % andg—1=r.It

2(d+2)
d

is easy to see that 2 < r < <q < 00.

For each J = [s — u,s + u] C [—1, 1], we write

weor=(2) 00 (5 7=(5) (/)

where U (¢, ) is the propagator for the rescaled equation (D; + a¥)u = 0, and

~ Iz i To
t’ l = _t’ P - .
a(,x,§) Toa(s—l—TO Tox ME)

Changing variables, we obtain

Y

1 ~
|J|"a@=D ||U(tvs)f||L't1_1Lr(JXRd) = ”U(t)f”L;’_lLfc([—To,To]x[Rd)'

By interpolating with L%, +([=To, To] x R%), which is bounded by unitarity, we see that Theorem 1.3

2(d+2)
d

would follow if we prove that for some 2 < gg < and 0 < 0 < 1, the scale-1 refined estimate

10300 oo 10, Tty S (09 149 INCNFILe (20)

holds for all s € [-1,1], 0 < A <1, where the notation U3 (¢) is as in Hypothesis 1.
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Over the next two sections we establish:

Proposition 3.2. If Hypothesis 1 holds, then so does the estimate (20).

4. A refined bilinear L2 estimate

In previous work [Jao et al. 2019], we proved (20) when d = 1 with go = 4 by viewing the inequality
as a bilinear L? estimate and exploit orthogonality. Such a direct approach fails in d > 2 dimensions;
since 2 < % < 4, the left side of (20) could well be infinite when go = 4. To obtain a refined linear

2(d+2)
d

L90 estimate for go < , we also begin by interpreting it as a refined bilinear L90/2 estimate, but

use dyadic decomposition and interpolate between two microlocalized estimates:

* A refined bilinear L2 estimate (“refined” in the sense of exhibiting a sup over wavepacket coefficients)
with some loss in the frequency separation of the inputs.

e A bilinear L? estimate for some p < % which yields gains in the frequency separation, essentially

the content of Hypothesis 1.

This section discusses the former. In the next section we put together the two estimates, and the
LP estimate is established in the remainder of the paper.

Proposition 4.1. Suppose [ = [ fz¥,dz and g = [ gV, dz are L>(R?) initial data with corre-
sponding Schrodinger evolutions u = [uz;dz and v = [v;dz, where uz(t,x) = f;[U@)y:](x),
vz(t,x) = g-[U(t)¥z](x). Then

H/ Uz Uz, dz1dzs
|&1—&2|~N

for some o =a(d)and 1 < p <2.

1 1 1 1
S N*(sup | f2177 | f21]2) (sup lgz1 7" gzl ],) 2D
L2([—To,To]xR4) z =z z

Proof. Square the left side and expand

/ fr1820 fo3824 KN (21,22, 23, 24) dz1 dz2 dz3 d 24,
where Ky := K)|g—g|~N, |g3—al~N > and

K(z1,22,23,24) = (UOV2, U0z, UOVUOV2)12 (1o 1ol
The estimate would follow if we could show that

N~%zy —23)%(z3 — 24)?| Ky (Z)| is a bounded operator on L; .z, for some 6 >0, (22)

as Young’s inequality would then imply

H/uzdz

2 ; ;
E ( f o gm0 — 22)20 dizy dzZ) ( / fongealP (2 —2a) 2 dzs d24)
L

2 2 2 2
Ssup | fz| 7" sup gz 7" | f [ llgll;> forsome 1 < p<2.
z z
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In view of the crude bound |K(Z)| < min; x(z; — z) L, which follows simply from the space-time
supports of the wavepackets, (22) would follow from:

Lemma 4.2. The localized kernel K y satisfies

1-6
KNI lge, pz,, SN

where o is a constant depending only on the dimension.

Proof of Lemma 4.2. In view of the unit scale spatial localization of the wavepackets and the propagation
estimates (19), we may further truncate the kernel to the phase-space region

R ={|x1 —x2| <4|&1 — &2, |x3 —xa| < 4[E3 —E4]}.

For instance, if |x] — x3| > 4|67 — &3] and |t —s| < T with the parameter 7 in (11) chosen sufficiently
small,

f = xhl = (1=t = s 03V oo P IRV L) et — 3]
— (It =sl+ 1t =5 |03V llpooel IRV o) ef g5
> 1] = x50 = 311 —s[1E] - &
> glxi —x3).
Therefore |Kn (1 — y )| <ar (x1 —x2) "M (x3 —x4) " N~M for any M > 0. Thus it suffices to prove
that
IKN xRl 222 S N

An estimate of this flavor was proved in the 1-dimensional case [Jao et al. 2019]. We shall argue
similarly, but the proof is somewhat simpler since we aim for a cruder bound at this stage, completely
ignoring temporal oscillations, and defer the more delicate analysis to the bilinear L? estimate.

Partition the 4-particle phase space (T*R?)* according to the degree of physical interaction between
the particles. Let

2 * 4. :
Eo = {z e (T*RY)*: ltr|n£19()r2:;1{x|x} —x,t€| < 1},

Ep =17 e (T*R%)* : 251 < min max|x! — x’| <2k},
e={Fel ) |t|sToj,k|’ =2

and decompose the kernel into Ky = > k>0 KN X E; - Then we have the pointwise bound

( i(z) + é—é(z) _ S;(E) _ E:.(E)>_M

(|61@ — g2 4 g1@ _ g2

where #(Z) is a time minimizing the “mutual distance” max;, ; |x; —x?|. Further, the additional localization

|K(Z)| Sy 27FM Z € Ey, (23)

to R implies, by the estimates (19), that

|61 — & — (1 — &2)| < 15161 — &2,
|65 — &4 — (53— Ea)| < 1q163 —&al
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t | e zh 421
Z 3“4
2 2 + QU«2
[
t z3+z
z 3'°4
1| o > T QMl

Figure 1. Z,,, ,, comprises all (z1,z2) such that z{ and z} belong to the depicted
phase-space boxes for ¢ in the interval I.

for all [t| < Ty. In particular [&; 1@ g?é(z)l ~ |&; 1@ gj(z)| ~ N; thus, while the & J’ may vary rapidly with
time if x’ | are extremely far from the origin, the relative frequencies retain the same order of magnitude.

Assuming the bound (23) for the moment, we apply Schur’s test to complete the proof of Lemma 4.2.
Fix (z3, z4) belonging to the projection Ej — T*[R{d x T*R,, define

Z4°
Ex(z3,z4) ={(21,22) : (21,22, 23, 24) € Ei},

and let #1 be the time minimizing |x;1 — xi‘ | <2k For any (z1,25) € Ex(z3, z4), the mutual distance
. t _ t t t t t . . . . . . .
max; i |x y xk| between x7, X5, X3, X, 1S minimized in the time window

2k
I=1t:0t—t| <min[1, ——— !
§t I “'Nmm( |s3—s4|)}

as for all other times we have |x} —x]| > 2K (Corollary 2.2).

We estimate the size of the level sets of |K|. For a momentum £ € R?, denote by Q¢ = (0,%) +
[—1,1]4 x [-1,1]¢ C T*R? the unit phase-space box centered at (0, £), and write ®' = ®(z, 0) for the
propagator on classical phase space relative to time O for the Hamiltonian A(x, §) = %|§ |2 4+ V(t, x). For
U1, U2 € [R{d, define

U(q)t®q)t) 1 3+th+2kQ % z3+z 4+2kQ
Ml,Mz 2 1 B w2
tel

This set is depicted schematically in Figure 1 when & = 0, and corresponds to the pairs of wave packets
(z1,22) € Em(z3,z4) with momenta (w1, o) relative to the wavepackets (z3,z4) at the “collision
time” 1(Z).
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We note that Ex (z3,24) CU,,, ypezd Ziur 10+ and recall the following estimate from the 1-dimensional
paper, whose proof we reproduce below for convenience:

Lemma 4.3. | Z 1 o] S 244K max(1, iy, | (2. (24)

Proof. Without loss assume |1| > |i2|. Partition the interval I into subintervals of length |uq| ™! if
11 # 0 and into subintervals of length 1 if yq = 0. For each ¢’ in the partition, Lemma 2.3 implies that
for some constant C > 0 we have

t t
U <I>(z)—1( st 4+2ka)Cq>(I) 1(%%2@“1),

|z—t/|<min(1,|w1|~1)
(25 +zh _ +z
U o0 (3572 +20m) co (B2 02t 0u)
[z—¢/|<min(1, |1 |~1)

and so

U omssnr (B mo,) < (3 m0,)

[t—¢/|<min(1, |1~ 1)
/ "y—1 Zg/ +Zfl/ k Zg +Zétl/ k
C(@(l‘)@q)(l‘ )) T+C2 Q,Ud X T+C2 QMZ .

By Liouville’s theorem, the right side has measure 0(2*%) in (T*R%)2 The claim follows by summing
over the partition. O

For each (z1, z2) € Ex(z3,24) N Z 4,1, We have by definition

t
c 42 4247

k
i 5 +2 QMj'
Thus 3 z
g0 4O g0 (@ _ w4002k,
1O -6 — = + O
Hence when (z1,22) € Z; . for any M we have

-M
KG)| sy 2 Mk T p2) . (25)

(1 — pa| + 16 — D))

To apply Schur’s test, we combine the estimates (24), (25), and evaluate

/|KN(21,22,Z3,24)|1_8)(Ek(2) dzydz < ) K\ xE, dzadzs
wi,ua€z4 Zuyuz
su27ME 3 MRy )M
w1 —p2| SN +2%
< Ndz—(M—d)k‘
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For fixed z1, z5, the integral over z3 and z4 is estimated the same way. This concludes the proof of
Lemma 4.2, modulo some remarks on the crucial pointwise bound (23).
To obtain that estimate, we use Lemma 1.1 to write

4
KGZ) = /e"‘l’ [TV v (x—xh)dxd,
j=1
O, x;2) = ) ojl(x = x}, &) + ¢ (2, x0, 60)],
J

where 0 = (4, +, —, —), and we set Hj Cj 1= C1€2C3C4.
It is convenient to partition the integral further, writing

US (O y(x—xh) =Y US (O (x —xhby, (x —x1),

e,-zo

where > ¢>0 O 1s a partition of unity with 6y supported on the dyadic annulus of radius ~ 2t ForZ e E >
only the terms
4
K;(Z) = / P TTU )y (x —x5)by, (x —x}) dx .,

j=1

with £* := max; {; 2 k, will be nonzero.
By Lemma 2.1, the integral is supported on the space-time region

2t

1(Z t(Z

i(Z) _ Sk(2)|

{(l,x):|t—t(§)|§min(l, ) and |x—x}|§2€f ,

max;,; |§
and for all such ¢ we have

o —xpls2Y lg -5 - P -5P) 52
Integrating by parts in x, we may produce as many factors of |§] + &5 — &5 —£1| ! as desired and freeze
t = t(Z) to obtain

(éi(g)_}_sé(z)_ ;(2)_54[1(2))_]”

|KZ(§)| <y 278M . . . = for any M > 0,
(1619 - 59 + 159 - )
and the bound (23) follows upon summing over . O
This completes the proof of Proposition 4.1. O

5. Proof of Theorem 1.3

We prove Proposition 3.2 and hence Theorem 1.3. Begin with a Whitney decomposition of

®RIxRH\ (¢8R = | ) | 0.

Ne2Z2 QeQn



1972 CASEY JAO

where Qy is the set of dyadic cubes in R? x R? with diameter ~ N and distance ~ N to the diagonal.
For each O € Qp, its characteristic function factors into

12 8) = 22 E) 197 6),

0,j

where x5’ are characteristic functions of d-dimensional cubes of width N. Then we can take the

decomposition

161 6) = roEr e + Y > xy 157 ®).

N>1Q€Qn

where yo (&1, &) is supported on the set [§7 —&| < 1.
Now suppose v and v are linear solutions with initial data f = [ f;Y,dz and g = [ g,V dz,

respectively, where f; = (f, ¥;) and g; = (g, V). Writingu, = fU@)¥,, v; = g, U()y¥,, we deduce
as a consequence of Hypothesis 1 that

H Z /uzlv22d21dzz

Q€N

SN fellpz gzl 2 (26)
L4([-To,To]xR4)

for each N > 1. Indeed, for each cube Q the integral has a product structure

/Q 2 s, dz1 dzs = ( / wz 2N (E) dsl) ( / 02,222 (E) dxzdsz)
= U(r)[ / fa xS EN Yz, dx dsl]U(z)[ / g X2 (€)Y, dxa dsz].

By the rapid decay of the Wavepackets we may harmlessly insert frequency cutoffs y 9.J (D), where
)( N are slightly fattened versions of X 7 and still have supports separated by distance ~ N, and apply

—8

f Fox 2V € dy d; / g0 22 (E2) dxz s

Hypothesis 1 to estimate
L2(R4)

H/ Uz Uz, dZ1d2Z2
o
SN a2 Ol g x5 x®)ll 2.

The left side of (26) is therefore bounded by

La L2(R9)

|—

SN fa T ©)g2 ||gz)(1%’2X(§)||L§§N_8( Yol ®©l1? ) ( > llgzx?v’z@llig)z

Qeon QeQy QeQn
)
<N ”fz”Lg ”gz”L%v

as claimed.
Now decompose the product uv into

uv—/uzlvzz)(o(él,éz)dzl dza+ > Y f Uz Uz, dz1 dz2,

N>1Q0eQn
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and estimate each group of terms in L4 for ¢ between p and 2. For the sum over Qn we interpolate
between the L? and L? bounds. Writing cl] = % + %, we have

‘ Z /Quzlv22dzld22 Z /Quzlv22dzld22

0Q€on 0€QnN

1-0 0
=

L4

/ Uz Vz,dz1d2Z2
0o

L»r L2

0eon
1
7

< NI (up £y )) 7 (sup (5. 1) 7 10112 gl )0

and for ¢ sufficiently close to p (hence 6 sufficiently small) the exponent of N is negative.

For the “near-diagonal” sum, we interpolate between L! and L2 For the L! bound we simply use
Minkowski’s inequality and the estimate |U(t)¥z, U(t)Vz, |11 <N (X1 —x2) N when |£; —&| <1 to
obtain

H/ Uz Uz, x0(61,62) dx1 dxp d§y dé>

1 5/|f21gzzl<xl_xz)_NXO(SI’sZ)dZI dzy
L

< Hf}HLgngHLg,
which when combined with Proposition 4.1 yields

1-¢ o’

H/uz,vm)(o(fl,éz)dzldzz < "/uzl vz, x0(§1,62)dz1dz2 /uzlvzzxo(él’SZ)dzleZ
La

L1 L2

S[Gsupl £z (supl=) 7 1" (1 2 Nzl =+
< Gup (£ sup g 2) D (1 g2 Igl) =47

1 _ 0’
forsome1<p<2,wherea—l—9/+7.

Summing in N, we conclude that
L Al 1-5
luvliLe < [Gup (£ vzD? (sup (g, ) D7 ] (N2 gl ) >
z z
for some 6 = 6(p) € (1, 432). Taking u = v we obtain Proposition 3.2.

6. The restriction-type estimate

This purpose of this section is to prove Theorem 1.5.
We shall systematically use the following notation. For N > 1 and a potential V, we consider the
rescaled potentials

Vn(t,x):= N"2V(N2t, N~ 1x).

Let U(t,s) and Uy (¢, s) denote the propagators for the corresponding Schrodinger operators H (¢) :=
—%A +Vand Hy(?) := —% A+ V. We will often use the letter U to write the propagators for different
potentials V' € V; this ambiguity will not cause any serious issue, however, since all the estimates we
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shall need are valid uniformly over V. Further, due to the time-translation invariance of our assumptions
we shall usually just consider the propagator from time 0 and write U(¢) := U(¢,0), Un(¢) := Upn(2,0).

In the sequel, the letter C will denote a constant, depending only on the dimension ¢, which may
change from line to line.

6A. Preliminary reductions. The hypotheses of Theorem 1.5 are invariant under various transformations
of u and v:

e Galilei boosts u(0) > 7(z)u(0), u +— m(zh)u?°, where u®° satisfies (D; — A + VZ0)u? =0,
u#°(0) = u(0).

e Spatial rotations: for an orthogonal matrix g, (g-u)(z,x) :=u(t, g~
[Di(g-u)—A+(g-V)](g-u)=0.

e Rescaling u > uy = A~4/2y(A=2¢, A1 x) for A > 1. Then u; satisfies (D; — A + Vj)u = 0 with
a smoother potential V3 (£, x) = A72V(A 72, A" 1x).

1. x) satisfies

We may and shall assume hereafter that I vanishes to second order at x = 0; that is, V(¢,0) = 0 and
dxV(t.0) = 0 for all 7. Indeed let z}) = (x}, &) be the bicharacteristic with (xo. &) = (0, 0). Then by
Lemma 1.1,

IU@) fUOglLwtnrarn = [[((z) U (0) )7 (2) U (1))l a+3/@+»
= U (0) fU () gl pa+3/@+n,
and the potential VZ0(z, x) = V(t,x{ + x) — V(t, x5) — xx V (¢, x})) vanishes to second order at x = 0.

Theorem 1.5 is equivalent by rescaling to:

Theorem 6.1. Given S1, S> C [RR? with diam(S;) < 1 and c7 1> dist(S1, S2) > ¢ for some 0 < ¢ < 1,
there exists a constant 1 = 1(c) > 0 such that if V € V and t¢ > 0 satisfies

(T + ) 103V llLgs, <. 27
then, for any f,g € L*(R?) with supp(f) C Sy and supp(g) C S3, the corresponding Schridinger
solutionsuy = Un () f and vy = Un (t)g satisfy the estimate
d+3 _ d+2

o o o2 o2ty Se NEIS o llgllze forall $53 <q <52 8
foranye>0and N > 1.
In fact it suffices to take S7 and S of the form
c
_Z S < — 29
{s ¢ 1_100} )= {s 's+ el_loo} 29)

General S; can be reduced to this case by decomposing f =) j f; and § =) ; & into pieces supported
in small balls and applying an appropriate Galilei boost and rotation for each pair (f;, gx) and possibly
also a rescaling to bring the Fourier supports closer, which only reduces ||32V || .o-. Henceforth we shall
assume (29).
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6B. General remarks. We use the induction-on-scales method pioneered in [Wolff 2001] for the cone
and adapted in [Tao 2003] to the paraboloid. Our proof is modeled closely on Tao’s treatment of the
V =0 case, and the reader may find it helpful to read the following exposition in parallel with [Tao 2003].
The main differences are as follows:

¢ The induction scheme (Section 6E) is complicated by the fact that frequency is not conserved, so one
cannot directly apply an induction hypothesis which involves assumptions on the frequency supports
at time O to a space-time ball at a later time.

e The low regularity of V in time makes the bilinear L? estimate (Section 6H) more delicate and we
obtain weaker decay from temporal oscillations.

e In the final Kakeya-type estimate, the tubes in the key combinatorial lemma (Lemma 6.11, the
analogue of Lemma 8.1 in Tao) are curved. Also, we need to be slightly more precise to compensate
for the weaker decay in the L? bound.

6C. Discrete wavepacket decomposition. While the first part of this paper employed continuous
wavepacket transforms, the following discrete decomposition, taken essentially from [Tao 2003], is more
conventional in restriction theory and convenient for the combinatorial arguments involved. To each zg =
(x0, £0) in classical phase space with bicharacteristic y;, (1) = (x§, &), we associate a space-time “tube”

Tz = {(t.x): [x —xj| < R, || < R}.

For such a tube T, let z(T) = (x(T), &(T)) denote the corresponding initial point in phase space. A
wavepacket ¢ associated to the bicharacteristic zo > z}) is essentially supported in space-time on the
tube T7,, and we shall often emphasize this fact by writing ¢7.

Lemma 6.2. Let u = Upn (¢t) f be a linear Schrodinger solution with Supp(f) C Sy. Foreach1 < R<N?,
there exists a collection of tubes T and a decomposition

u= Y ar¢r

TeT
into R X (Rl/ 2)d wave packets with the following properties:
e Each T € T satisfies (x(T),£(T)) € RY/274 x R~1/274

e Each wavepacket ¢ is a Schrodinger solution localized near the bicharacteristic (x(T)',£(T)), i.e.,
it satisfies the pointwise bounds

x—x(T)!
R2

<s —s<T)f>‘M
R_L

—M
(RE00) o7 (1) sk,M< > forall k, M >0,
(30)

(R™200) 7 (0)] Sk for all k, M > 0.

Moreover, (/ST [0] is supported in an R™Y2 neighborhood of §(T) € S1.
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e The complex coefficients at are square-summable:

2 2
Y larP s IfI13..
T

Moreover, for any subcollection of tubes T' C T and complex numbers at, one has

2
Z ar¢r| < Z lar|?.
L2

TeT’ TeT’

A similar decomposition also holds for v = Upn(t)g.

Proof sketch. We outline the main steps as this construction is fairly standard; consult for instance [Tao
2003, Lemma 4.1]. Begin with partitions of unity 1 =}, 'c7a 1(x — xo) and 1 =3 ¢ 74 x(§ —&o)
such that y and 7 are compactly supported. By rescaling and quantizing, we obtain a pseudodifferential
partition of unity used to decompose the initial data

f= 3 n(’“‘f“)x(R%(D—so))f

(x0-£0) z

The propagation estimates then follow from the next lemma. O

Lemma 6.3. If ¢, is a scale-R wavepacket concentrated at zq, and U (t) is the propagator for H(t) =
—%A + Vi, then Uy (t) is a scale- R wavepacket concentrated at z{ for all |t| < R.

Proof. By rescaling we reduce to R = 1 and replace V' by Vy,gi/2 which also belongs to V since
N/R'Y2 > 1. Then the symbol a = %|E|2 + Vi gr1/2(t, x) satisfies the estimates (7), and we can appeal
to Lemma 2.4. O

6D. Localization. The proof of Theorem 6.1 begins with the observation that it suffices to establish the
same estimate with the space-time norm restricted to a box of the form

Qn =[-N2, N2 x[-AN2, AN?)9.

Theorem 6.4. Assume the hypotheses and notation of Theorem 6.1 and replace ¢ by c¢/2 and take
diam(S;) < i—(l). Then there exists A = A(c) > 0 such that

lunvn | L@+aratn@yy Se NoILF L2 lglz2 (31)
forany e > 0.

Remark. In the wavepacket decomposition of u y and vy, the Fourier supports of the wavepackets are
contained in a slight dilate S; + B(0, CN~1) of S;. Hence at various junctures we need to adjust various
constants to accommodate this minor enlargement of Fourier supports.

The full theorem then follows from an approximate finite speed of propagation argument:

Lemma 6.5. Theorem 6.4 implies Theorem 6.1.
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Proof of Lemma 6.5. Partition physical space R = U jeza Q) into cubes of width ~ N 2, where
Q; denotes the cube with center N2%j e N27¢. Decompose u := uy and v := vy into N2 x (N)?
wavepackets, and group the terms in the product according to their relative initial positions. Write

M=ZQT¢T= Z Z ur,
T

jezd TET;
v = ZbT“f’T’ = Z Z vT”,
T/ j'ezd T'eT),
where T; ={T € T : x(T') € Q;} and similarly for T;,. Using the triangle inequality we estimate
luvlp@+3/@+n < Z Z Z uTVT!
k=07|j—j'|~2% TeT;, T'eT},
For the k-th sum, note from (19) that if (x1, 1) := (x(T), &(T)) and (x3, &) := (x(T"),E(T")), we have
] = x5 = (1= C2[[83 Vv [|Loo) lx1 — x2| = ([t + Cle]> |93 Vv Il o) |61 — &2
> (1= Cr3 |03V [[Loo) X1 — x2| = N2(1 + Cr3 |93V [[Loo) 61 — &2
> (1=Cn)|x1—x2| = N2(1 + Cn)|&1 — &),

where C hides the harmless Gronwall factor. As |1 —&,| < ¢\, there exists k(c) such that if [x; —x2| >
2K N2 and 7 is chosen small enough we obtain |xi — x5 2 2% N2 for k > k(c). Thus the tubes in T '/ and
T j’ are separated in space by distance 2 2% N2, and since each wavepacket ¢ decays rapidly away from
its tube 7 in units of N, we have

(32)

Ld+3)/d+1)

T o7 L@ +3r@+n S 27101k y—101d

and estimate crudely as follows:

)OD S

|j—j'|~2% Tel;,T'eT;

<~ 101dk y—101d Z Z larby|
|j—Jj'|~2k TeT;, T'eT},

i 1
< - 101dk —100d Z (Z |aT|2)2( Z |bT/|2)2

Ld+3)/d+1)

|j—j |~k \TET; T/eT),
1 1
2 2
52—100de—100d (Z Z |aT|2) (Z Z |bT’|2)
J TGT] J TGTJ{/

—100dk 5;—100d
<2 N A2 lgllzz-

For the “near diagonal” part of the sum (32), where |j — j'| < 2K we group the terms by their
average initial positions:

> Y e

lj=J'IS1 TeT; . T’eT),

Ld+3)/(d+1)

= X 2

mezd4zd |j—j'|1S1,j+j'=m

2, wrvr

TeT;, T/eTj’,

(33)

Ld+3)/d+1)
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For each pair (j, j’), we translate the initial data by the midpoint

. i+’
Xjjr = 5 N?

of Q; and Q;/, using Lemma 1.1 to write
t .= tNT .
Ur = n(zjj/)aTq&T =:ur, vr= bT/ﬂ(ij/)¢T/ =:0T,

where z;;» = (x;;+,0) and
$r (1) = U0 0)m (x50, 0)¢r[0]

is a wavepacket solution for the modified potential V' &;;7-9) The norm on the right side above therefore

> arr

TGTj,T/GT/

can be written as

Ld+3)/@d+1)

where the initial positions x (7') and x (7") of the tubes now belong to the translated cubes Q = Q i —Xjj’s
0 i+ —xjjs, which are now distance < N2 from the origin (note however that the tubes in T are not
simply translates of those in T ).

By simple bicharacteristic estimates and the wavepacket bounds (30), for large A the norm outside

Qu :=[-N2, N2 x [-AN2, AN??

is negligible:
3 3
Y i sv (3 o) (X P
TeT; T'eT] LAEDEFD(=N2, N2 (- AN2, ANZI) TeT; T'eT]
! :
sv (Y ) (X 1erk)
TeT; T'eT;

Inside 2 we invoke 6.4 using the fact that the v &j;7:0) also satisfies the hypothesis (27) and that
the wavepacket decompositions of uy and vy satisfy the relaxed Fourier support conditions in that
proposition. Altogether, the right side of (33) is bounded by

£ B, (e (g e

mezd 474 |j—J'|151, j+j'=m T'eT;

SNSZ( ) Zmﬁ)( D |bT/|2)5

=gl 7T ~4ls1 TeT;,

v (X |aT|2)2 (Z |be|2)5

SNONS N2 lgllze
thus recovering Theorem 6.1. O
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6E. Induction on scales. Our induction scheme is set up slightly differently from Tao’s to accommodate
the nonconservation of frequency support of solutions.

In this section, we explicitly display the dependence of the propagator on the potential, and write
U ]I\; Hy=U 1{,’ (¢, 0) for the propagator with potential Vy .

Let IH(«) denote the following statement:

There exists Cy > 0 such that for each N > 1 and for all potentials V' € V), the estimate

IUN ) fUS 08l L@tsratngy) < Ca NN f L2 1g]22 (34)
holds for all f,g € L2(R%) with f , & supported in S and Sy, respectively.
We prove:
Inductive Step: If TH(«) holds, then TH(max((1 — §), C§) + ¢) holds for all 0 < §, & < 1.
By choosing § and ¢ sufficiently small depending on o, we can always arrange that
max((1 —8)a, C8) + Ce < a — ca?

for some absolute constant ¢, and Theorem 6.4 follows.
The inductive hypothesis IH(«) shall be used to improve the estimate (34) over subregions Qr C Qn
at smaller scales diam(Q g) ~ N2(1=%) « N2,

Proposition 6.6. Suppose IH(«) holds. Then forall 1 < R < %N 2 and all space-time balls Qg C 2Q N

of diameter R, the estimate

IUN @) FUR gl L@@+ ) < CaREN flIL2 18] 2
holds for all f,g € L*(R%) with f, ¢ supported in Sy := Sy + B(0, 1&5) and Sy =8+ B(0, 155)
respectively.
Proof. We begin by estimating how much the Fourier supports can shift.

Lemma 6.7. For 1 < R < N2, let Qg C 2Qy be a space-time ball with center (to.x) and diameter R.
Suppose the initial data f, g satisfy supp(f) C Si and supp(g) C S». There exist decompositions
u(tp) = f1+ f2and v(tg) = g1 + g2, with the following properties:
e f1 and g, are supported in sets S/, S5 with diam(S/’-) < {5 and dist(S7{, S3) € [4?" %C]
o I f2ll2 S N7 2 and || g2l L2 S N 7100 g o

Proof. Begin by decomposing u = U II\; fandv=U 1{? g into N2 x (N)? wavepackets:

u= Y ar¢r. v= Y bror. (35)
TeT, TeT>
By the spatial localization (30), we may ignore in u and v the packets whose tubes 7" € T; do not intersect
20N :=[-N?2,N?]x[-2AN?,2AN?], as the portion of the sum involving those terms contributes at
most O(N_IOOd)||f||L2 llgllz2. Thus there are O(N?2%) remaining terms.
Suppose ¢7, and ¢, are wavepackets in the decomposition for u.
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Let (x!, &) and (x5, £)) be bicharacteristics with |x1], [x2] <2AN2 By (19), for |¢| < 7o N2 we have

&1 — &5 — (E1 —€2)| < CroN>N 4|02V ||Loe QAN? + 19 N2 |E1 — £2))
< C(r0A+13)[103V || < Ch.

Therefore, recalling the deﬁnitions of §; i, we see that we have |§ iQ — g;Q | < 55 +Cnif &1, & both belong
to S} or S, while |§iQ —E | € [?8, %] if £, € §) and & € S,. Choose 1 = 7(c) sufficiently small.
Consequently, if

S;i=18" 15 €5 x| = AN (36)

denotes the set of frequencies of the wavepackets at time ¢, then dlam(S H ) < diam(S;) + Cn and
dist(S?, §1) > d1$t(Sl S2). Now let S} denote O(N~ 9/10) nelghborhoods of S’ and take the
decomposmons

u(to) = fi+ f. vltp) =g1+ g2,

where fl is supported on S and f; on the complement, and similarly for g, g>. For N large enough

we have dist(S]S)) € [45—0, STC] The estimates in the second bullet point now follow from the rapid decay

of each wavepacket from its central frequency on the N ~! scale (the estimates (30) with R = N?). O

The proof of the proposition concludes with several applications of Lemma 1.1. Write

Ult.tg) fi = U(t.19)m(xg.0)m(~x0.0) fi = n(zp)U?2 (t,19) fi = m(z)ii(t + 1)

where Z = (x0,0). For [t —tp| < R and |xQ| < AN? we have |x —Xx Q| < 2|t —tg| < 2R provided
that 7 is sufﬁ01ently small. Therefore, letting Qg = 2(Qr — (to, xQ))

~~ —100d
luvllp@+3/@+0(0g) S 10l @+3/@rn (g +N (DAVEYFAVER

It remains to consider the first term on the right side. The initial data fl g1 for u and ¥ have Fourier
transforms supported in S, S5. We abuse notation and redefine

f::];l’ g::gl-

Cover S = Uk Bj x by finitely overlappmg balls of radius 5¢5 200 Using a subordinate partition of unity,
we reduce to the case where supp f C By, and suppg C B k,. Again using Lemma 1.1, we may
assume By x, = —B; i, and that their centers lie on the e;-axis.

Since 2¢ > dist(By k, . B2 x,) > 5. there exists some scaling factor A € [ ] such that )L_lBj,kj CS;.
Consider the rescalings

Uy = U%(t)f,l = U(gR)l/z(t)f)L’ vy = Ug(t)g)t = U(ZR)l/z(t)g,b
where

V(t,x) = 2RAEN"2VQ2RA2N 21, 2R)ZAN "1x).
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The potential V satisfies ||8)26V||Loo < |02V | Lo since 2RA2N "2 <8RN 2 < %, and 1 (0) and v (0)

are supported in S; and S». Hence we can apply IH(«) to conclude that

||L75||L<d+3>/(d+1)(Q‘R) < ||UAU)L||L<d+3>/(d+1>(Q2R) = CaR¥[ f2llL2lIgallL2 u

From here on the argument hews closely to Tao’s. We recall the following notation: write

ASB
if A <, N®B forall N > 1 and for all ¢ > 0.
To reiterate, we want to prove
|UN FUN 8llLa+aasngy) & N2V £l g2, (37)

assuming supp(f) C 1 and supp(g) C S with diam(S;) <1 and dist(S;, S2) > c.
Normalize f and g in L2 and take the decomposition

MIIUII\?f:ZaT(]ﬁT, UIIUII\?:ZbT(]ﬁT.
T T

As in the proof of Lemma 6.7, we discard all but the O(N2¢) wavepackets whose tubes intersect 2Q y .
We also throw away the terms where |az| = O(N~1909) or |br| = O(N~1904) 45 that portion of the
product can be bounded using the estimates (30) and Cauchy—Schwarz.

Consequently, in the decompositions of ¥ and v we only consider the tubes 7" with N —100d <
lat|,|br| < 1. Partitioning the interval [N ~199¢ 1] into log N' dyadic groups, we may further restrict
to the tubes with |a7| ~ y1 and |br| ~ y» for dyadic numbers N 1904 < 5w, < 1. Let Ty, T> be the
tubes for u and v, respectively, with this property. It therefore suffices to prove

Z ¢, Z ¢,

T €T, T>€T>

< (N20-Dar NZC‘S)#TI%#TZ%

LE+3/d+1(Qy)

(we have absorbed the complex phases into the wavepackets).

We have in effect reduced to considering the region of the phase space {(x, £):|x| < N2, |§| <1}, where
the potential makes only a small perturbation to the Euclidean flow. For if |x*| < N2 and |t —s| < N2,
one has

Ix'| < N2,
t t 1
|s’—5S|s/ |ax(vN)<r,x’>|drs/ |x’|[0 2V (5, 5x%)| ds dT < 0|2V l1oe < 1.
S S

Thus if £ € S, then &’ belongs to a small neighborhood of S; provided that n < c¢ is a small multiple
of c. For concreteness we choose 7 so that

t s C
&' —§& < 100" (38)
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6F. Coarse-scale decomposition. Following Tao, for small § > 0 we decompose Qn = | Jg¢r B into
O(N?2%4) smaller balls of radius N 2179 and estimate

Z Z ¢T1 ¢T2

T€T, T>€T>»

S
LE@+3)/@+1)(Qx)

Z Z ¢T1 ¢T2

T€T| T>€T>»

Bes L(@+3)/(d+1)(B)

Let ~ be a relation between tubes and balls to be specified later. Estimate the norm by the local part

YUY on D ¢r (39)

BeBT,~B T>~B L@+3)/d+1)(B)

and the global part

2

BeB

Z ¢T1 ¢T2

Ty»~BorTh~B

(40)

Ld+3)/(@+1)(B)

We use Proposition 6.6 with R = N 2(1-8) < 1—16N 2 to estimate the local term by

mep (5 ()

BeB T,~B T>~B
1 1
2 2
§(Z #{B:T1~B}) (Z #{B:T2~B}) <1
T,€T, T>eT>

if the relation ~ is chosen so that each T is associated to J 1 balls. Note that this step is why the Fourier
supports are enlarged in that proposition, as supp(</§Tl (0)) is not quite contained in Sj.

Heuristically, a judicious choice of ~ allows one to avoid the worst interactions that would otherwise
occur in the bilinear L2 estimate if one were to natively interpolate between L! and L2 For example, if
all the tubes were to intersect in a single ball B, it would be better to bound L@+3)/(d+1)(p) directly
using the inductive hypothesis rather than attempt to estimate L2(B).

The global piece (40) is controlled by interpolating between L! and L2 By Cauchy-Schwarz and
conservation of L2 norm,

Z Z ¢T1 ¢T2

B 'T\~BorTo+B L1(B)
(| X+ Tor) N X, +|Ter| )
B Ti~B L2(B) T, ~B L2(B) T>~B L2(B) To~B L2(B)
11
< N2 NZUT 24T, (41)
The remaining sections prove the L2 estimate
< =41 8 % %
> ¢non SN2 NOHWT2T,. (42)
L2(B)

Ti~BorTh~B
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6G. Fine scale decomposition. Cover Qy = qeq 9 by a finitely overlapping collection ¢ of balls of
radius N. It suffices to show

2

qe€q:qC2B

SN-@DNCIYT T,

Z ¢T1 ¢T2

Ty~BorTh+~B

2
L2(q)
We adopt the following notation from Tao. Fix ¢ € ¢ and let w1, 2, A1 be dyadic numbers:

e T;(q) is the set of tubes T € T} such that T N N 8q is nonempty, where N 5q denotes an N° neigh-
borhood of g.

« T7B(q) ={T € Tj(q): T ~ B}.

e q(u1, p2) is the set of balls g such that #{T; € T; : T; N N8qg # ¢} ~ Wi

o A(T, 1., t2) is the number of (N® neighborhoods of) balls g € ¢ (i1, jt2) that T’ intersects.
e Tj[A1, 1, 2] is the set of tubes T € T; such that A(T, w1, 2) ~ A1.

Pigeonholing dyadically in 1, (2, and A1, it suffices to show

2. > S énen

q€q(p1,12):qC2B T eT "B (@)NT1[A1,101,12] T2€T2(q)

2
SNOSN=E@DpT 4T,
L2(q)

6H. The L? bound. Fix aball ¢ = q(tg, xq) € q(1, 2) centered at (74, x4). Suppose want to estimate

an expression of the form
2

Z Z ¢T1 ¢T2

T T»

L%(q)
There are two main points to keep in mind:

o Only tubes that intersect N®¢g will make a nontrivial contribution; that is, tubes whose bicharacteristics
(x!, E") satisfy |x% —x,| < N1*¥9.

¢ To decouple the contributions of tubes that all overlap near ¢, one needs to exploit oscillation in space
and time. While Tao employs the space-time Fourier transform, we instead integrate by parts in space
and time. Expanding out the L? norm

> > (¢niéms drs6T) “3)

T,,T2 T3,Ty

and integrating by parts in both space and time, we shall obtain terms of the form

(NIE + &8 -ED7" WVIIE -6 —1g&-&1PD7

where (x]’.,éjt. ) are bicharacteristics with |x]t.q — x4 =N 148 Since, by (19), the relative frequencies
& jt —& ]tc vary by at most O(N ~2+2%) during the O(N'*?) time window when the wavepackets intersect
the ball N ‘Sq, we can freeze ¢ = 1, above; see Lemma 6.10 below.
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Hence, the integral (43) will be small unless |xjt." —Xxq| =N 148 for all J and the frequencies & Jt satisfy
both resonance conditions

t t t t _ t t t t _
|$1q + ézq - 3q _$4q| = O(N 1): |£§_1q _équz - |§3q _E4q|2 = O(N 1)- (44)
The preceding discussion motivates the following definition. Let
Zgj={(x,8):|x| <2AN% £ € S;, |x'1 —x4| < N1FO}.
For frequencies £; and &}, define the “space-time resonance” set

Z(51,8) = {(x/l, £1) € Zg,1: there exists (x2, £2) € Zg,2 such that
§1+E = ED" + & and |5 - &P = (€D - &)%),
(€1, &) = {(ED" 1 (x1, &) € Z (1, 6)}

This is a slight modification of Tao’s definition which reflects the time dependence of frequency.
The following lemma follows from elementary geometry.

Lemma 6.8. The set w(§1,&5) is contained in the hyperplane passing through & and orthogonal to
&}, — &1 and is therefore transverse to {5 — (1 if {1 and )y are small perturbations of &1 and &), respectively.

Due to the limited time regularity of the phase, we can actually integrate by parts just once in time.
The resulting weaker decay still turns out to be just enough provided that we slightly refine the analogue
of Tao’s main combinatorial estimate for tubes (estimate (48) below). Hence we need to account more
carefully for the contributions away from the “resonant set” .

For &1, £, and k > 0, define the “time nonresonance” sets

Zh(E1,8) = {(x}.€]) € Zg,1 : there exists (x2,2) € Zg,» such that |§; +£57 —(£])'7 —£| < N~1HC8
t _
and [|£1—£5 |2 = |(£])'7—£5]?| < NTITCSY,

Z/i(él,fé) = {(x/pfi) €Zy,1: forall (x2,8) € Z, > with |El+$£f1_(%-i)tq_%_é| < N_1+C5,
! - — —
|18 [P—(8])' 7 —£5)?| € @FTINTIFCE ok y—1HCE

the “space nonresonance” set
Z5(81,6) = {(x]. ) € Zg,1 - 61 + & — (ED + 8| > N7 forall (x2, &) € By},

and the corresponding frequencies at time 7,

mp(€1.83) = {(ED™  (x1.§) € Zp(E1.63)},
w* (€1.83) = {(ED™ 1 (x1. €] € Z7(51. 62)}.

An elementary computation shows that

dist(rrf, ) < 2K NT1FCS, (45)
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Indeed, writing §; := (£])" — &1, 82 := E;" — &), and decomposing §; = 8]“ + 814- into the components
parallel and orthogonal to &; — £/, we have

1 — 61> —1ED" — & = &1 — & — 62 — 61 + &1 — &5
= —2(k1 —&),81 +82) + 83— 8%
= —2(&1 —£. 8] + 81y + O(NT1HCF)  (since |81 —82] < N1HF)
= —4(k; — &80y + O(NTIHCE),
Thus |(£))% — &1, £1 —&})| < 2K N 7178 and the claim follows from Lemma 6.8.
For g € q(u1, 12) with ¢ C 2B, define
T B(q, 1, 1, pas 61,85, k)

to be the collection of tubes 7' € T;*B(q) N T1[A1, 1, 2] such that £(T) € m(€1,85). Set

ve(qo A pua pu2) = sup  #TTB (g A, . pa £, (85)" k), (46)
£1€851, /€S>

where |x;q —xg| + (X)) — xq| S NFS.
Then, the analogue of Tao’s Lemma 7.1 is:

Lemma 6.9. Foreach q € q(u1, (t2), we have

Z Z ¢T1 ¢T2

T eI B(@NT1[A.p1.02] T2€T2(q)

SNENT@D qup 27 v, (g, A, o, pa) (T8 () N Ta A, i, 12))#T2(q).
k

2

L2(q)

Proof. For conciseness, set
T :=T7B(q) N T1[A1. p1. pal,
T2 = Tz(q).

Then the norm L?(g) is bounded by the norm L2(ny dx dt), where ny (t) is a smooth weight equal to 1
on |t —t4| < N11% and supported in |z —14] < 2N1+8.

Z Z ¢T1 ¢T2

T, ET]/ T2€T2/

2

= D> (11 bribry) 12w dndr)-

L2(ndxdt) | TieT! T, TyeT}

By the bounds (30) and the transversality of the tubes in T and T, the integrand has magnitude N —2d
and is essentially supported on a space-time ball of width N. Thus we have the crude bound

(b7, 07 $1¢77)| S NONT2INTH = NI N1,

On the other hand, we may integrate by parts to obtain a more refined bound.
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Lemma 6.10. For each k1, k>,{ > 0 and for all tubes Ty, T3 € T{, T», T4 € T,, we have
|<¢T1 ¢T2’ ¢T3 ¢T4)|

§ nr—(d—1) - —0) .t t t tg1—0 nr—1] et t t tg21-1
Skt NONTO D min[ NH + 857 — 65 — g TN T8 -8 P - 18 80P
Proof. The proof has a similar flavor to the earlier estimate (23) but takes advantage of oscillation in both
space and time.

Let ZJ’- = (xJ’- , EJ’.) denote the bicharacteristic for ¢7;, j = 1,2,3,4. By Lemmas 1.1 and 6.2, we can
write

(@101, O150T1,) = [ "V p1¢adadann (1) dx dt, (47)
where ¢; is a Schrédinger solution which satisfies

(N3x) ) (1, %) S N™E(N " (x—xt)) ™™,
and
w= Zoj[u—x},s}-)—/o Ler V<r,x;)dz], o= (44— ).
j=1

Using the rapid decay of each ¢;, we may harmlessly (with O(N —100d) error) localize ¢; to an
N neighborhood of the tube 77, so that ¢; (¢) is supported in an O(N 1+8) neighborhood of the classical
path x7.

Then

1
0V => o€l -0,V = 3 D oilEP+ ) o [V(rxh) + (x —xk 0, V(e X)),
J J J

The first bound in the statement of the lemma results from integrating by parts in x, as in the proof of (23),
to gain factors of (N|& + &5 — &4 —&1])~L. Since

B 48—l — £l = + & — £y — &7+ O(N 72T

during the time window |f —#4] < O(N'*%) when |xjt —Xxq| < N1t3 we may replace ¢ by Iq.

As in our work in one space dimension (more specifically, the proof of [Jao et al. 2019, Lemma 4.4]),
instead of integrating by parts purely in time we use a vector field adapted to the average bicharacteristic
for the four wavepackets ¢r;. Defining

4 4
1 - .
xt ::ZZXI., %‘t =Z£~'t, L= 8t+($t’ax>’
j=1 i=1
we compute as in that paper that
1 z 5. - 5 . -

—LY = D oEP+ ) o [VEE XD + (x — x5, 0 (VA (. X)),

where
St._ t_ =t Et._ gt _ gt

denote the coordinates of ¢; (¢) in phase space relative to (%7, £"); see Figure 2.
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Figure 2. Phase space coordinates relative to the “center of mass”.

We cannot yet integrate by parts since that would require two time derivatives of the phase W, but the
assumptions on V' only allow W to be differentiated once in time. However, we can decompose W into
U = W, + W,, where W, has two time derivatives and accounts for the majority of the oscillation of el
indeed, we define W; and W, via the ODE

1 zr2 1.t tg 12 t tq 12 —2428
—szzzzajlsjq :Z(|§1q_szq| —1&" =&+ OWN ),
J

—LV; = ZO’]‘[VZ([, ) 4 (x —xf 0 (VA (. X)) = O(N~2+28),

As before we have frozen ¢ = ¢, in the main term with error at most O(N _2+28), and also used the
estimates |5cjt.| < max; g |xjt. — x| < NS |y — x]t.| < N3 on the support of the integrand (47). Note
also that the equation

d
gl =0V (1. x))

implies L2W, = O(N ~2). Now integrate by parts using the phase W, to obtain

. . , LW . -
RHS (47) = / V2 [y v dxdi =i / e"”2<L, | Lq,2|2>e””‘¢1¢2¢3¢4 nw () dx dt
. 2
J

1 L%V L\
; A 2 2 .
LW, |? W, |2’ L) |p192¢3¢ann (2) dx dt,

and the second bound in the lemma follows. O

Returning to the proof of Lemma 6.9, we decompose the sum into

> |+ ¥ x|

(T1,T3)eT{xT; "T{eT; T-T; 0<kslogN T|eT;| , T-€T;
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where T is the set of tubes in 7] whose bicharacteristic ((x}), (§1)") satisfies (£])" € ns(Eiq, (£5)1),
and we abbreviate
~ t,
T) o =T7P (g A pa. 67 ()" k).

The contribution from the “space nonresonance” terms T’ is O(N —100d)

Now consider the k-th sum. Lemma 6.10 implies
(b7, 07, ¢7/7y)| S NCONTE@-Do7k,

Foreach T{ e T I*B (g, A1, 1, u2, € i" , (€)', k), the possible tubes T> correspond to the bicharacteristics
(x5, x5) such that
z z t _
[0y —xg| < NTH g4 —(ED (5" = O(N T,

The preimage of this set under the time-z, Hamiltonian flow map is an (N 1TC%)2 5 (N~1+C8)=d pox
so there are O(N cs) choices of tubes 7. Therefore, the k-th sum is at most

NI N=@=Do=ky, 4T 4T,
whereupon the sum over k is replaced by the supremum at the cost of a log N factor. O

It remains to show that

Yoo 2R u(q A )BT B (@) N T A e o) #Ta(q) S NOOHTIHT,. (48)
g€q(in1,142):qC2B

61. Tube combinatorics. This section begins exactly as in [Tao 2003, Section 8]. We define the relation ~
between tubes and radius N2(1=9) palls. For a tube T € Ty [A1, 1, m2], let B(T, A1, i1, 2) be a ball
B € B that maximizes

#q € qui.pn2): TOAN°qg #¢: g0 B #¢}.

As T intersects roughly A; (neighborhoods of) balls g € g (i1, i2) in total and there are O(N 28 many
balls in B, B(T, A1, jt1, i2) must intersect at least N —28 )1 of those balls.

Declare T ~j, ., B'if T € T1[A1, u1, 2] and B” C 10B(T, Ay, i1, p2). Finally, for T € T set
T ~Bif T ~y, 4, ,u, B for some A1, 1, 2. Evidently T ~ B for at most (log N)? < 1 many balls.
The relation between tubes in T2 and balls in 5 is defined similarly.

Now we begin the proof of (48). On one hand,

> #Mhpnpd NTi@) = Y > I Ansg£0
q€q(i1,42) qg€q(ur,u2) Tr€T1[A1,11,02]NT1(q)
= ) Y ninnsgre S ) A =M#Th.
TeT[A1,1t1,12] g€q(er,42) Tel

On the other hand, by definition #75(g) < p». The claim (48) would therefore follow if we could show

#T,
Vi (qos Ay (1, f2) S 2"N08m2 (49)

for all gg € ¢ (w1, p2) such that go C 2B.
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Fix &1 € S1, &) € S», and a ball go = go (4. x4). Recalling the definition (46) of vy, we need to show
s #T>

HT P o, A i £ (6)'7. ) SN 22

For brevity write T{ := T} (qo. A1, 1, 2, £y, (€5)'. k).
Fix T7 € Tl’. Since T7 ~ B, the ball 2B(T1, A1, (11, 42) has distance > N21-8) from qo- Thus

#q €q(ui,p2) : TiNN°q # ¢, dist(g, q0) & N>V} 2 N72044.
As each g € g(u1, (u2) intersects approximately (o (N 5—neighborhoods of) tubes in 7>,
#(q.T2) €q(u1, p2) x T2 : T N N°q # ¢, TN NPq # ¢, dist(g, go) X N2 2 N2 % s
Therefore
#(q. 1. T2) g xT{x T : TiNNq £ ¢, T,NN°q # . dist(q.qo) T NP N?} Z N™2 0y juo#T|.
On the other hand, the cardinality can be bounded above by the following analogue of Tao’s Lemma 8.1:

Lemma 6.11. For each T, € T»,
#(q. T1) egxT{:TiNN°q, TN N3q # ¢, dist(q,q0) T NP N2} 525N C°.
Proof. We estimate in two steps:

e Forany tubes 71 € T 1/ and T, € T», the intersection N 8 TiNN § T> is contained in a ball of radius N cs,

e The number of tubes 71 € T 1’ such that 77 intersects N ‘STZ at distance g N “20 N2 from qo bounded
above by 2kNCS,

The first is evident from transversality. Hence we turn to the second claim.

In Tao’s situation, the tubes in T are all constrained to an O(N _1+C5) neighborhood of a space-time
hyperplane transverse to the tube 75 (basically because of Lemma 6.8), and there are O(N CS) many
such tubes that intersect 7 at distance g, N “20 N2 from qo. The extra 2k factor results from the fact that
we allow the tubes to deviate from that hyperplane by distance 2k N—1+C8  Also, since our tubes are
curved it is more convenient to work with their associated bicharacteristics instead of using Euclidean
geometry in space-time.

Fix a tube T, € T, with ray 7 > (x},€3). Then, the tubes Ty € T, such that NOT, N N8T, are
characterized by the property that

|x(T1)" — x4 S N' for some |1 —t4| % N™¥ N2,

We need to count the tubes in T with this property. The bicharacteristics for such tubes emanate from
the region

S = {(x.£) 1 dist(§. S1) < N7'TC £l e nf,
X’ —x4| < NYFO, |xf — x| < N3 for some |t —1,| 2 N"29 N2},

hence it suffices to bound the cardinality of the intersection (N 7% x N _IZd) nx.



1990 CASEY JAO

(¢, xzt)

!

3 , T
gxo(TR/'\/:.. (tq ) xO)
TR

Figure 3. {x,(t) € Ty, R? is the set of tangent (covectors) for rays passing through
(14, x0) that intersect the ray (z, x5) for the tube T, at times |t — 14| X N 2-28

Denote by X the image of X under the time-r Hamiltonian flow map (x,£) — (x*,&"). Recall
from (36) that S ]t denotes the image of the initial frequency set S; for initial positions x with |x| < N 2;
we saw earlier in (38) that S ]t is a small perturbation of S;.

Fix a basepoint xo with [xg —x4| < N 145 By Lemma 2.1 and the Hadamard global inverse function
theorem, when ¢ # 1, we can parametrize the graph of the flow map (x%, £%¢) > (x7, &) by the variables

(x%, x7) > (%, 5 (1, x1) > (L 8T (67, X)),

Let £(¢, x):=§"(xo, x) € Ty R be the initial momentum & (¢, x) € Ty, R? such that the bicharacteristic
with x’ = xo and £%¢ = £(¢, x) satisfies x! = x.

Lemma 6.12. Suppose at least one Ty € T intersects N®T,. For [t —t4] 2 N72N2 the curve
1> Cxo(t) :=&(t,xh) € T;‘O R¥ is transverse to the hyperplane containing (€1, &) forall & € S{" and
£ e S;q (see Figure 3). More precisely there exists C(n) > 0 such that

L(Ero(t), m(1,E5)) > C(n) forall & € Si, &) € S5,

where the angle Z(v, W) between a vector v and a subspace W is defined in the usual manner. Moreover,
for each t the image of an N1+8 neighborhood ofxé under the map x +— &(t, x) belongs to an N—1HC8

neighborhood of {x,(t).

Proof. By a slight abuse of notation we write (x’(y, ¢), £ (y, ¢)) for the bicharacteristic passing through
(y,¢) at time ¢ = ¢, instead of t = 0. Both claims are consequences of Lemma 2.1, which yields

X; :xt(xo’ZXO(t))v th(xo’é‘)co(t)) :é‘xQ(t),

xt . )
%cmm = £ (x0, Lxo (1)) + (t — 1g) (I + O()éxe (1)

d
55 = _Xé = Et(XO, Zxo(t)) +
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N—1+C8
B
A
148 _
N Sk p—1+C8
£(tx,)
T x
Y T
Figure 4. The phase-space region X7,
Therefore
Exo (1) = (1 —1g) ™' (I + O()(&5 — & (0, £xo (1))). (50)
We claim that for any C > 1,
dist(Lxo (1), 1) Sc N71HE0. (51)

Otherwise, as [t —t4| X N2(=8) for any ray (x}, &) with & € Sy and |xiq —Xxg| < N113_ the estimates (19)
would imply . .
X1 = x5 2 1t —tq 18,7 — o ()] — |77 — X0

so we get the contradiction that every 71 € T{ misses T, by at least N cs,

By the near-constancy (38) of the frequency variable and the definition (29) of S;, the covector
€5 — €' (x0, Lx, (1)) belongs a small perturbation (say, of magnitude at most SC_O) of the difference set
S» — 81 = —2ce; + B(O, 5“—0), and hence by Lemma 6.8 is transverse to the hyperplane containing
m(£1,&)). The first claim now follows from (50).

The argument just given also implies the second statement: a ray with x’¢ = xg and |x} —x’| < N 148
must satisfy |E% — ¢y, (1)) < N71HCS, O

By the second part of the lemma, the fiber of X in Ty, R? is contained in a “frequency tube”
Oo) = |J  B(lxp@). N7
|t—t,|ZN2(1—8)

As the basepoint xg varies in an N 148 neighborhood of x,, the estimate (19) implies that the curve {x, (¢)
shifts by at most O(N ~113%). Hence the tubes ©(x) are all contained in a dilate of ©(x4), which we
denote by

O(xy) := | B, (1), N71HC9)
t

with a larger C.
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Therefore, X% is contained in the region
Sl = {(x.8): |x —xg| < N' £ e mp N B(xy) C{E € O(xy) : dist(§, m) S 2NTIHE0,

where for the last containment we recall the estimate (45). The region $% s sketched in Figure 4. Using
the previous lemma for the central curve {y,,, the frequency projection (x, &) = §) of $% can be covered
by approximately 2k finitely overlapping cubes ( J; j<2k Qj of width N —1+C8, By (19), the preimage
of each box

B(xs, N'*) x Q;

under the flow map (x, &) > (x%, &%) is contained in a (CN11tC%)4 x (CN~1+C8)d pox. The union
of these preimages covers X and contains at most 0(2kNC?) points in N 7% x N~174. O

7. Remarks on magnetic potentials

We sketch the modifications needed to prove Theorem 1.6. The symbol for H(t) is

a= 3§+ (4,6 +V(t,x),
where A = A;(t, x)dx’ and A ;j are linear functions in the space variables with bounded time-dependent
coefficients.

¢ Easy computation shows that the symbol map a > ¢Z° in Lemma 1.1 is
a?0 = LIE[? + (AZ))(1.).€) + (AZ) (1.2). £5) + VE (2. %),

where Aff)(t,x) = A(t, x5 + x) — A(t, x§) and Afg)(t,x) = A(t, xh + x) — (x, 05 A(t, x5)) — A(x),

and similarly for V. Thus when A is linear, the first-order component of the symbol is exactly “Galilei-

invariant”, preserved by the transformation @ + a?° in Lemma 1.1.

¢ After rescaling, the inequality (15) takes the form

IUN fUNg | L@+3/@+0((—ron2,con21xre) Se NEILS L2182
where Uy (¢) is the propagator for the rescaled symbol
an:=N2a(N2,N"'x, N§) = 3|2 + N2 (A(x), ) + N 2V(N 21, N 'x).

¢ Exploiting Galilei-invariance, we may reduce to a spatially localized estimate as in Theorem 6.4. Note
that in the region of phase space corresponding to that estimate {(x, &) : |x| < N2, |£| < 1}, and over
an O(N?) time interval, both potential terms have strength O(1) when integrated over the time interval
|t| < N2 However the magnetic term dominates near x = 0.

¢ Then, the rest of the previous proof can be mimicked with essentially no change except for Lemma 6.10.
There, one argues essentially as before except the vector field L for integrating by parts should be
replaced by

L= at + (Clg(zjt-)7 8x>a
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where z} = (xjt., Sjt) and ag(zjt.) =312 ag(z). Then one finds that
1 z - 5. - A
—LW =2 ) 0jlEf12+ D o (AG). ) + Do VEE) + (x = xf 0 (VE) (1. T,
J J J
and decomposes as before ¥ = W; + W,, where

—L¥ = % > o lEP = 16 — &P — I8 — &7 P+ O(N ),
j
—LWy =Y i (AED.E) + Y o [VEE R + (x —xh, 0 (VE) (. ¥))] = O(N TP,
J J

As in the proof of Lemma 6.10 the error terms are computed from the estimates (19), |t —#4| <N 144,
and |)E;| < N*3 The errors are larger than before due to the magnetic term a g = O(N ~2) but are still
acceptable.
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We consider the Cauchy problem for the defocusing power-type nonlinear wave equation in (1+3)-dimensions
for energy subcritical powers p in the superconformal range 3 < p < 5. We prove that any solution is
global-in-time and scatters to free waves in both time directions as long as its critical Sobolev norm stays
bounded on the maximal interval of existence.
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1. Introduction

We study the Cauchy problem for the power-type nonlinear wave equation in R!*3,
Ou = +ufu|?~t,

i 143 (1-1)

u(0) = (uo,u1), u=u(tx), (tx) R

Here [0 = —92 + A so the “+” above yields the defocusing equation and the “— yields the focusing
equation. The equation has the following scaling symmetry: if #(z, x) = (u, d,u)(z, x) is a solution, then

SO is
N 2 r x _7_1 I X
e p—1 -
uy(t,x) ()L p— lu(k )L) A 8,1,1()L /\)) (1-2)

The conserved energy, or Hamiltonian, is
E(ii(t))=/ —(Iut|2+|Vu| )i Iulp“dx—E(u(O))
{t}xR3
which scales like »
E(iiy) = A37251 E(i).

MSC2010: 35L71.
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The energy is invariant under the scaling of the equation only when p =5, which is referred to as the energy-

critical exponent. The range p < 5 is called energy subcritical, since concentration of a solution by rescaling

requires divergent energy; i.e., A — 0 implies E (1)) — oo. Conversely, the range p > 5 is called energy

supercritical, and here E(ii;) — 0 as A — 0; i.e., concentration by rescaling is energetically favorable.
3 2

Fixing p, the critical Sobolev exponent sp, := 5 — o1 is defined to be the unique s, € R so that

H*» x HS»~1(R?) is invariant under the scaling (1-2). We will often use the shorthand notation
A= B x SU(RY),

}}'3 has been extensively studied. In the defocusing setting, the

The power-type wave equation on R,
positivity of the conserved energy can be used to extend a local existence result to a global one for
sufficiently regular initial data. Jorgens [1961] showed global existence for the defocusing equation
for smooth compactly supported data. Strauss [1968] proved global existence for smooth solutions and
moreover that these solutions decay in time and scatter to free waves — this remarkable paper was the
first work that proved scattering for any nonlinear wave equation. There are many works extending the
local well-posedness theorem of Lindblad and Sogge [1995] in #* for s > sp to an unconditional global
well-posedness statement and we refer the reader to [Kenig et al. 2000; Gallagher and Planchon 2003;
Bahouri and Chemin 2006; Roy 2009]. These works do not address global dynamics of the solution, in
particular scattering. In the radial setting the first author has made significant advances in this direction,
proving in [Dodson 2018b; 2019] an unconditional global well-posedness and scattering result for the
defocusing cubic equation for data in a Besov space with the same scaling as #1/2 In very recent work
Dodson [2018a] has proved unconditional scattering for the defocusing equation for radial data in the
critical Sobolev space in the entire range 3 < p < 5.

The goal of this paper is to address global dynamics for (1-1) in the nonradial setting. Our main result
is the following theorem.

Theorem 1.1 (main theorem). Consider (1-1) for energy subcritical exponents 3 < p <5 and with the
defocusing sign. Let ii(t) € 17 (R3) be a solution to (1-1) on its maximal interval of existence Inax.
Suppose that

sup [ (1) [l 150 (m3y < 0©- (1-3)
IEImax

Then, u(t) is defined globally in time, i.e., In.x = R. In addition, we have
”u”L?’(XP*”(RH% <00,

which implies that u(t) scatters to a free wave in both time directions; i.e., there exist solutions 172: (r)
H52 (R3) to the free wave equation, DvLi =0, so that

J (t) — ﬁit(t)||¢[s,,(R3) -0 ast— xoo.

A version of Theorem 1.1 restricted to radially symmetric data was established in [Shen 2013]; see also
[Dodson and Lawrie 2015b] for the cubic power. This type of conditional scattering result first appeared
in [Kenig and Merle 2010] in the setting of the 3-dimensional cubic NLS and has since attracted a great
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deal of research activity; see, e.g., [Kenig and Merle 2011a; 2011b; Killip and Visan 2011a; 2011b; Bulut
2012a; 2012b; Dodson and Lawrie 2015a; Rodriguez 2017; Duyckaerts et al. 2014; Duyckaerts and Roy
2017] for this type of result for the nonlinear wave equation.

In the energy-critical regime, the bound (1-3) is guaranteed by energy conservation, and the analogue
of Theorem 1.1 was proved in the seminal works [Shatah and Struwe 1993; 1994; Bahouri and Shatah
1998; Bahouri and Gérard 1999]. In the energy-supercritical regime, the analogue of Theorem 1.1 was
obtained in [Killip and Visan 2011a].

The regime treated in this work, namely energy-subcritical with nonradial data, necessitates several
new technical developments, which may prove useful in contexts beyond the scope of Theorem 1.1.

Remark 1.2. It is conjectured that for the defocusing equation all solutions with data in 7(*» scatter in
both time directions as in the energy-critical case p = 5. Theorem 1.1 is a conditional result; specifically
we do not determine a priori which data satisfy (1-3). It is perhaps useful to think of the theorem in its
contrapositive formulation: if initial data in the critical space 7(*» were to lead to an evolution that does
not scatter in forward time, then the 7£°7 norm of the solution must diverge along at least one sequence of
times tending to the maximal forward time of existence.

Remark 1.3. The dynamics are much different in the case of the energy subcritical focusing equation.
In remarkable works, Merle and Zaag [2003; 2005] classified the blow up dynamics by showing that
all blow-up solutions must develop the singularity at the self-similar rate. In the radial case, an infinite
family of smooth self-similar solutions is constructed in [Bizon et al. 2010]. Donninger and Schérkhuber
[2012; 2017] address the stability of the self-similar blow up.

1A. Comments about the proof. The proof of Theorem 1.1 follows the fundamental concentration
compactness/rigidity method which first appeared in [Kenig and Merle 2006; 2008]. The proof is by
contradiction —if Theorem 1.1 were to fail, the profile decomposition of [Bahouri and Gérard 1999] would
yield a minimal nontrivial solution to (1-1), referred to as a critical element and denoted by i, that does
not scatter. Here “minimal” refers to the size of the norm in (1-3). This standard construction is outlined
in Section 3. The key feature of a critical element is that its trajectory is precompact modulo symmetries
in the space H*7; see Proposition 3.3. The proof is completed by showing that this compactness property
is too rigid for a nontrivial solution and thus the critical element cannot exist.

The major obstacle to rule out a critical element 1. (¢) in this energy subcritical setting is the fact
that 1. () is a priori at best an %7 solution, while all known global monotonicity formulae, e.g., the
conserved energy, virial and Morawetz-type inequalities require more regularity. In general, solutions to
a semilinear wave equation are only as regular as their initial data because of the free propagator S(¢) in
the Duhamel representation of a solution

uc(to) = S(to—t)uc(t) + fto S(to—1)(0, £|u|?tu(r)) dr. (1-4)
t

However, for a critical element the precompactness of its trajectory is at odds with the dispersion of the
free part, S(t9 — 1)1 (), which means the first term on the right-hand-side above must vanish weakly
as t — sup Imax or as t — inf Ijn,x, where Iy is as in Theorem 1.1. Thus, the Duhamel integral on
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the right-hand-side of (1-4) encodes the regularity of a critical element and additional regularity can be
expected due to the nonlinearity. As in [Dodson and Lawrie 2015b] the gain in regularity at a fixed time #g
is observed via the so-called “double Duhamel trick™, which refers to the analysis of the pairing

11 T:
< ’ S(to—1)(0, £|u|P~1u) dr, ’ S(to—1)(0, % |u|P~1u) d‘L’>, (1-5)
T to

where we take T < tg and T, > to. The basic outline of this technique was introduced in [Tao 2007] and
was used within the Kenig—Merle framework for nonlinear Schrédinger equations in [Killip and Visan
2010a; 2010b; 2013], and for nonlinear wave equations in, e.g., [Killip and Visan 2011a; Shen 2013].
This method is also closely related to the in/out decomposition used by Killip, Tao, and Visan [Killip
et al. 2009, Section 6].

Here we employ several novel interpretations of the double Duhamel trick, substantially building on
the simple implementation developed by the first two authors in the radial setting in [Dodson and Lawrie
2015a; 2015b] for p = 3, which exploited the sharp Huygens principle to overcome the difficulties arising
from the both the slow (¢)~! decay of S(¢) in dimension 3 and the small power p = 3 that precluded
this case from being treated by techniques introduced in earlier works. The general case (nonradial data)
considered here requires several new ideas.

We briefly describe the set-up and several key components of the proof. A critical element has compact
trajectory up to action by one-parameter families (indexed by ¢ € I1ax (i) of translations x (7) that mark
the spatial center of the bulk of . (¢), and rescalings N(¢) that record the frequency scale at which i, (t)
is concentrated. In Section 3 we perform a reduction to four distinct behaviors of the parameters x (¢)
and N (¢). First, following the language of [Killip and Visan 2011a] we distinguish between x (¢) that are
subluminal, roughly that |x (¢) —x (t)| < (1—35)|t — t| for some § > 0, and those that fail to be subluminal,
i.e., if x(¢) forever moves at the speed of light, or more precisely, |x(¢)| 2 |¢| (in a certain sense) for all ¢.
The latter case is quite delicate in this energy-subcritical setting and we introduce several new ideas to
treat it; see Section 7. We elaborate further on these two cases.

Subluminal critical elements. When x (¢) is subluminal, we distinguish between what we call a solifon-like
critical element where N(t) = 1, a self-similar-like critical element where N(t) =t~!, t > 0, and a
global concentrating critical element where limsup,_, ., N(t) = oco. These distinct cases are treated in
Sections 4, 5, and 6 respectively.

In Section 4, we set out to show as in [Dodson and Lawrie 2015b] that soliton-like critical elements
must be uniformly bounded in #'7€ N %% and hence the trajectory is precompact in A!. Once this
is accomplished we can access nonlinear monotonicity formulae to show that such critical elements
cannot exist. In this latter step we employ a version of a standard argument based on virial identity, after
shifting the spatial center of the solution to x = 0 by the Lorentz group, which is compactified by the
bound in #!. The heart of the argument in Section 4 is thus establishing the additional regularity of
a soliton-like critical element. The goal, roughly, is to show that the pairing (1-5) can be estimated in
#!. In [Dodson and Lawrie 2015b] the proof relied crucially on radial Sobolev embedding. As this is
no longer at our disposal in the current, nonradial setting, we have introduced a substantial reworking
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of the argument from [Dodson and Lawrie 2015b] that both simplifies it and removes the reliance on
radial Sobolev embedding. Examining the pairing (1-5) at time 79 = 0 we divide space-time into three
types of regions; see Figure 1. The first region is a fixed time interval of the form [tg — R, to + R], where
R > 0 is chosen so that the bulk of i, (t) is captured by the light cone emanating from (o, 0) in both
time directions. In this region (1-5) is estimated using an argument based on Strichartz estimates, using
crucially that R > 0 is finite and can be chosen independently of 7y by compactness. The second region is
the region of space-time exterior to this time interval and exterior to the cone. Here the 7*» norm of the
solution is small on any fixed time slice and hence an argument based on the small-data theory can be
used to absorb the time integrations in (1-5). Lastly, the heart of the double Duhamel trick is employed to
note the interaction between the two regions in the interior of the light cone, one for times ¢t < —R and
the other for times ¢ > R is identically = O by the sharp Huygens principle!

In Section 5 we show that a self-similar-like critical element cannot exist. Here we again use a double
Duhamel argument centered at ¢y € (0, 00), but with 77 = inf Ijj,x = 0 and T = sup Inax = oo in (1-5).
The argument-exploiting Huygens principle given in Section 4 no longer applies since the forward and
backwards cones emanating from time, say, fp = 1 can never capture the bulk of the solution since
N(T) = T~ is an expression of the fact that the solution is localized to the physical scale T at time T';
see Remark 3.6. However, here we use a different argument based on a version of the long-time Strichartz
estimates introduced in [Dodson 2012; 2016], which allow us to control Strichartz norms of the projection
of ii. to high frequencies k >> 1 on time intervals J which are long in the sense that |J| ~ 2% for o > 1.

In Section 6, N(¢) is no longer a given fixed function. We establish a dichotomy which we refer
to colloquially as the sword or the shield: either additional regularity for the critical element can be
established using essentially the same argument used in Section 4A, or a self-similar-like critical element
can be extracted by passing to a suitable limit. To apply the argument from Section 4 the following must be
true — fixing any time fg, the amount of time (but where now time is measured relative to the scale N(t))
that one has to wait until the bulk of the solution is absorbed by the cone emanating from time 7y must be
uniform in #y. We define functions C (z9) whose boundedness (or unboundedness) measures whether or
not this criteria is satisfied; see the introduction to Section 6. The rest of the section is devoted to showing
how to apply the arguments from Section 4 in the case where C4 (¢p) are uniformly bounded, and how
to extract a self-similar solution-like critical element in the case that one of Ci (¢p) are not bounded.

Critical elements that are not subluminal. In Section 7 we show that critical elements with spatial center
x () traveling at the speed of light cannot exist. The technique in this section is novel and may be useful
in other settings. First we note that such critical elements are easily ruled out for solutions with finite
energy, as is shown in [Kenig and Merle 2008; Tao 2008a; 2008b; 2008c; 2009a; 2009b; Nakanishi and
Schlag 2011] using an argument based on the conserved momentum, and even in the energy-supercritical
setting; see [Killip and Visan 2011a] using the energy/flux identity. None of these techniques (which
provide an a priori limit on the speed of x (¢)) apply in our setting so we must rule out this critical element
by other means, namely, by first showing that such critical elements have additional regularity.

In Section 3A we lay the necessary groundwork and show, using finite speed of propagation, that
any such critical element must have a fixed scale; i.e., N(¢) = 1 and x(¢) must choose a fixed preferred
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direction up to deviation in angle by 1/+/z. The model case one should consider is x () = (¢, 0, 0) for
all ¢ € R, which means that the bulk of 1. (¢) travels along the x;-axis at speed 7. We are able to show
that such critical elements have up to 1 — v derivatives in the x- and x3-directions for any v > 0. This is
enough to show that such critical elements cannot exist via a Morawetz estimate adapted to the direction
of x(t) —this is the only place in the paper where the arguments are limited to the defocusing equation.

The technical heart of this section is the proof of extra regularity (1 — v derivatives) in the x»- and
x3-directions. We again divide space-time into three regions. For a solution projected to a fixed frequency
N > 1, we call region A the strip [0, N 17¢] x R3 for € > 0 sufficiently small relative to v. On this region
we can control the solution by a version of the long-time Strichartz estimates proved in Section 7A. At time
t = N'17¢ we then divide the remaining part of space-time for positive times into two regions. Region B
is the set including all times ¢ > N ! 7€ exterior to the light cone of initial width R(79) emanating from the
point (¢, x) = (N 17€, x (N 17€)) where R (1) is chosen large enough so that i, (N 1 7€) has Z(*» norm less
than 79 exterior to the ball of radius R(7o) centered at x (N 1=¢). The solution is then controlled on region
B using small-data theory. Estimating the interaction of the two terms in the pair (1-5) on the remaining
region C (the region {|x —x(N17€)| < R(jo) +t — N'7¢,t > N'17€}) and the analogous region C’
for negative times T < —N 1€ provides the most delicate challenge. Any naive implementation of the
double Duhamel trick based on Huygens principle is doomed to fail here since the left- and right-hand
components of the pair (1-5) restricted to C, C’ interact in the wave zone |x| 2 |t|. Furthermore, since
we are in dimension d = 3, the (t)~! decay from the wave propagator S(¢) in (1-5) is not sufficient
for integration in time. For this reason we introduce an auxiliary frequency localization to frequencies
|(§2, &3)| = M in the &;- and £3-directions after first localizing in all directions to frequencies || >~ N.
We call this angular frequency localization ﬁN, M- The key observation is that the intersection of the
wave zone {|x| =~ |¢|} with region C requires the spatial variable x = (x1, x2,3) to satisfy

X231 M

x| <<N

for all M > N7/(0=") a5 long as € > 0 is chosen small enough relative to v, whereas application of
13N, M restricts to frequencies £ = (§1, £2,3) with

5231 M
& N

This yields angular separation in the kernel of ﬁN, M S(¢) and allows us to deduce arbitrary time decay
for the worst interactions in (1-5); see Lemma 7.11. The remaining interactions in (1-5) are dealt with
using an argument based on the sharp Huygens principle, which is complicated due to the blurring of
supports caused by ISN, M-

Remark 1.4. The proof of Theorem 1.1 serves as the foundation for the more complicated case of the
cubic equation, p = 3, as well as for the analogous result for the focusing equation; see for example
[Dodson and Lawrie 2015b], where the focusing and defocusing equations are treated in the same
framework in the radial setting.
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Much of the argument given here carries over to the defocusing equation when p = 3. However,
in this case we have s, = % and the critical space #H1/2 is the unique Sobolev space that is invariant
under Lorentz transforms. This introduces several additional difficulties, described more in detail in
Remark 3.14. Additionally, certain estimates in Section 7 fail at the p = 3 endpoint and would require
modification.

Similarly the argument in Sections 4—6 applies equally well to the focusing equation. However the
argument in Section 7 used to rule out the traveling-wave critical element is specific to the defocusing
equation as it relies on a Morawetz-type estimate only valid in that setting.

2. Preliminaries

2A. Notation, definitions, inequalities. We write A < B or B 2 A to denote A < CB for some C > 0.
Dependence of implicit constants will be denoted with subscripts. If A < B < A, we write A >~ B. We
will use the notation a=+ to denote the quantity a + € for some sufficiently small € > 0.

We will denote by Py the Littlewood—Paley projections onto frequencies of size |§| ~ N and by P<y
the projections onto frequencies of size |£| < N. Often we will consider the case when N = 2%, k € Z, is
a dyadic number and in this case we will employ the following notation: when write Py with a lowercase
subscript k this will mean projection onto frequencies |£| ~ 2K. We will often write uy for Pyu, and
similarly for P<y, P>y, Pk, and so on.

These projections satisfy Bernstein’s inequalities, which we state here.

Lemma 2.1 (Bernstein’s inequalities [Tao 2006, Appendix A]). Let 1 < p < g <ocoand s > 0. Let
f:R? > R. Then

IP=n fllLr S NTVEPan fllLe.
IP<nIVI* fllLr S N*IP<n fllLe, IPNIVIF fllLe = N**|| Py fllLe,

d d

d_d d_d
|P<nfllLa SN7? 4||P<n fllLr, |PnfllLa SN? 4||PyflLr.
‘We will write either

Il rrxmsy or lullLer.orm)

(/; (/m lu(t, x)|9" dx)? dz)}"

with the usual modifications if g or r equals infinity.
Given s € R we define the space 7° by

to denote the space-time norm

H = HS(R3) x HS7L(R3).

For example, we work with initial data in %7 .
We also require the notion of a frequency envelope.
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Definition 2.2 [Tao 2001, Definition 1]. A frequency envelope is a sequence 8 = {f } of positive numbers
with B € €2 satisfying the local constancy condition

270l kIg, < g 527Ky,

where o > 0 is a small, fixed constant. If f is a frequency envelope and (£, g) € H® x H*~! then we say
that ( f, g) lies underneath B if

(P fo Pr&|l sy pgs—1 <Bx forallk e Z.

Note that if (f, g) lies underneath § then we have

”(f; g)”stHs—l < ”13”(2(2)

In practice, we will need to choose the parameter o in the definition of frequency envelope sufficiently
small depending on the power p of the nonlinearity.
We next record a commutator estimate.

Lemma 2.3. Let y g be a smooth cutoff to |x| > R. For0 <s <1land N > 1,

IPy xRS = xrPN [l S N NRT) g

IPv xRS —xRPN fllL2 S R WNR)™O £l 4o
Proof. We write the commutator as an integral operator in the form

[PN xRS — XRPN f1(x) = N* / K(N(x=y)xr(x) = xrO)1f(y) dy.
Thus, using the pointwise bound
xR = xR S N|x—y[-N7'R7!
and Schur’s test, we first find
1PN xRS = xRPN [l SN TR f e

Next, a crude estimate via the triangle inequality, Bernstein’s inequality, Holder’s inequality, and Sobolev
embedding gives

IPN xRS = XRPN Fl2 S NTUVGR N2 + N f 2 SNl
The first bound now follows from interpolation. For the second bound, we write
(PN xRS — xR PN [1(x) = N¢ / K(N(x =) xr(x) = xrWMIV-VAT f(y) dy
and integrate by parts. Estimating as above via Schur’s test, we deduce

1PN xRS = xRPN fli2 S RTHIVIT S D2,

so that the second bound also follows from interpolation. O
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2B. Strichartz estimates. The main ingredients for the small-data theory are Strichartz estimates for the
linear wave equation in R!*3,

Ov =F,
(0) = (vo, v1). (2-1
A free wave means a solution to (2-1) with F' = 0 and will be often denoted using the propagator notation
v(t) = S(¢)v(0). We define a pair (r, ¢) to be wave-admissible in three dimensions if

TS5 @n#eoo).

N =

q,r>2,

The Strichartz estimates stated below are standard and we refer to [Keel and Tao 1998; Lindblad and
Sogge 1995; Sogge 2008].

Proposition 2.4 (Strichartz estimates [Keel and Tao 1998; Lindblad and Sogge 1995; Sogge 2008]). Let
(1) solve (2-1) with data ©(0) € HS x HS~Y(R?), with s > 0. Let (g, r), and (a, b) be admissible pairs
satisfying the gap condition

1,3_1,3 3
q r

STy AT

where (a’, b') are the conjugate exponents of (a, b). Then, for any time interval I > 0 we have the bounds
||U||L;’(I;L§C) N ”T)(O)”stl.'lsfl + ”F”L?/(I;L)bc/)'

2C. Small data theory: global existence, scattering, perturbative theory. A standard argument based
on Proposition 2.4 yields the scaling-critical small-data well-posedness and scattering theory. We define
the following notation for a collection of function spaces that we will make extensive use of. In this
subsection we fix p € [3, 5] (later we will fix p € (3,5)) and let / C R be a time interval. We define

S(I) = L2771, L2~V (R3Y).

4

For example, when p = 3, we have § = Lt’x,

while for p =5 we have § = L?’x.
Remark 2.5. There are a few other function spaces related to
Fi50 .= % x H = (R%)

that will appear repeatedly in our analysis. First note the Sobolev embedding H*» (R3)— LG/2(—1)(R3),
which means

| FlLermo-v@s) S 1 | gsm oy-
Proposition 2.6 (small-data theory). Let 3 < p <5 and suppose that ii(0) = (ug, u1) € H*? x H»~1(R3).

Then there is a unique solution i(t) € H*? with maximal interval of existence Ia (i) = (T— (), Ty (ii)).
Moreover, for any compact interval J C Iyx,

lullsr < oo.
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Additionally, a globally defined solution 1i(t) on t € [0, 00) scatters as t — o0 to a free wave if and only if
lulls((0,00)) < 00. In particular, there exists a constant §o > 0 so that

1O grspxgrso—1 <80 = lulls@ S 1O gspygrsp—1 < o

and thus 1 (t) scatters to free waves as t — +oo. Finally, we have the standard finite time blow-up

criterion:

Ti() <oo = |ullgqo,r, iy = 00
An analogous statement holds if —oo < T—(i0).

The concentration compactness procedure in Section 3 requires the following nonlinear perturbation
lemma for approximate solutions to (1-1).

Lemma 2.7 (perturbation lemma [Kenig and Merle 2006; 2008]). There exist continuous functions
€0, Co : (0,00) — (0, 00) so that the following holds true. Let I C R be an open interval (possibly
unbounded) and 1,V € C(I; H*» x HS»~Y) satisfy for some A > 0

||17||LOO([;HSpXHSp—1) +vlsuy < A4,
_1 1
VI =2eqQ)ll pars g, arsy + IVIP72eq(@)llars g a3y + [wollsa) < € < €0(A),

where eq(u) := Ou = |u|P~Yu in the sense of distributions, and Wo(t) 1= S(t —to) (i — V) (to) with tg € I
fixed, but arbitrary. Then

it =5 — ol oo o wegisn—1y + 1 = vlsry < ColA)e.

In particular, ||u| sy < oo.

3. Concentration compactness and the reduction of Theorem 1.1

We begin the proof of Theorem 1.1 using the concentration compactness and rigidity method of [Kenig
and Merle 2006; 2008]. The concentration compactness aspect of the argument is by now standard and
we follow the scheme from [Kenig and Merle 2010], which is a refinement of the scheme in [Kenig and
Merle 2006; 2008]. The main conclusion of this section is the following: if Theorem 1.1 fails, there exists
a minimal, nontrivial, nonscattering solution to (1-1), which we call a critical element.

We follow the notation from [Kenig and Merle 2010] for convenience. Given initial data (ug, u1) €
H*» x H*™1 we letii(r) € H* x H* ™! be the unique solution to (1-1) with data 1 (0) = (uo,u1) and
maximal interval of existence Iy (%) := (T—(u), T+ (1)).

Given A > 0, set

B(A) := {(ug,uy) € H x H1 . ”ﬁ([)HL?O(ImaX(ﬁ);HSpXHSP_]) < A}.

Definition 3.1. We say that SC(A;1i(0)) holds if 11(0) € B(A), I'max(1#) =R and |Ju|| g1y < co. In addition,
we will say that SC(A) holds if, for every (uq,u1) € B(A), one has Iy (1) = R and |Jul| sy < oo.
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Remark 3.2. Recall from Proposition 2.6 that ||u|| gy < oo if and only if u(r) scatters to a free waves
as t — Fo00. Thus, Theorem 1.1 is equivalent to the statement that SC(A) holds for all A > 0.

Now suppose that Theorem 1.1 fails to be true. By Proposition 2.6, there exists an Ag > 0 small
enough so that SC(Ap) holds. Since we are assuming that Theorem 1.1 fails, we can find a threshold
value A¢ so that for A < A¢, SC(A) holds, and for A > A¢, SC(A) fails. Note that we must have
0 < Ag < Ac. The Kenig—Merle concentration compactness argument is now used to produce a critical
element, namely a minimal nonscattering solution 1.(¢) to (1-1) so that SC(A¢, u.) fails, and which
enjoys certain compactness properties.

We state a refined version of this result below, and we refer the reader to [Kenig and Merle 2010;
Shen 2013; Tao et al. 2007; 2008] for the details. As usual, the deep foundations of the concentration
compactness part of the Kenig—Merle framework are profile decompositions of [Bahouri and Gérard
1999] used in conjunction with the nonlinear perturbation theory in Lemma 2.7.

Proposition 3.3. Suppose Theorem 1.1 fails to be true. Then, there exists a solution u(t) such that
SC(Ac;u) fails, which we call a critical element. We can assume that 1i(t) does not scatter in either time
direction, i.e.,

lullsr_aiy,on = lullsqo, 7o @) = o0
and moreover, there exist continuous functions
Nt Inax (i) = (0,00), X : I;max (1) — R3

so that the set

1 1 .
{(—N(;),ilu(t’X(t)Jr N(t))’ N(t)lil+lut(t,x(t)+m)) te Imax} (3-1)

is precompact in H*r.

We make a few observations and reductions concerning the critical element found in Proposition 3.3.
It will be convenient to proceed slightly more generally, starting by giving a name to the compactness
property (3-1) satisfied by a critical element.

Definition 3.4. Let / > 0 be an interval and let () be a nonzero solution to (1-1) on 7. We will say (r)
has the compactness property on I if there are continuous functions N : I — (0, 00) and x : I — R3 so
that the set

K —{(;u(t x(t)+ : ) ! u(t x(t)—i—;))‘tel}
= N#T(@) \ N(1) ’N%“(;)t ’ N@) )

is precompact in H*».

We make the following standard remarks about solutions with the compactness property. We begin
with a local constancy property for the modulation parameters.
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Lemma 3.5 [Killip and Visan 2013, Lemma 5.18]. Let ii(t) have the compactness property on a time
interval I C R with parameters N(t) and x (t). Then there exist constants €9 > 0 and Co > 0 so that for
every tg € I we have

€0 €0
to — ,to + CI,
[" N(to) ° N(to)}

1 N(t) . €0
—<—=<C t—to] < :
Co = Ny = €0 Fli=tol =505
C
() —x(to)] < —> if |t —to] < —

~ N(o) ~ N(t)
Remark 3.6. For a solution with the compactness property on an interval I, we can, after modulation,
control the 7% tails uniformly in ¢ € I. Indeed, for any 5 > 0 there exists R(7) < oo such that

[ VP £ £)P ag <.
Ix—x (@)=~ E|=R(m)N ()

R Ty | £ D, 0P dE <
lx—x ()= ¥t [€|=R(n)N (1)

N (1)

for all r € 1. We call R(-) the compactness modulus.

We also remark that any Strichartz norm of the linear part of the evolution of a solution with the
compactness property on I, vanishes as t — T_ and as t — T+. A concentration compactness argument
then implies that the linear part of the evolution vanishes weakly in #(5», that is, for each to € Imax,

S(to—tHu@) —0

weakly in 5P as t "sup I and ¢ N\ inf /; see [Tao et al. 2008, Section 6; Shen 2013, Proposition 3.6].
This implies the following lemma, which we use crucially in the proof of Theorem 1.1.

Lemma 3.7 [Tao et al. 2008, Section 6; Shen 2013, Proposition 3.6]. Let u(t) be a solution to (1-1) with
the compactness property on its maximal interval of existence I = (T—, T+). Then for any to € I we can
write

T
/ S(to—5)(0, |u|P" u)ds — ii(ty) asT / Tyweakly in H°?,
t

0

to .
—/ S(to— )0, [u|P"tu)ds —ii(tg) as T\ T_weakly in H° .
T

Remark 3.6 indicates that solutions 1 (z) with the compactness property have uniformly small tails
in %7, where “tails” are taken to be centered at x (¢), and relative to the frequency scale N(¢) at which
the solutions are concentrating. We would like to use this fact to obtain lower bounds for norms of the
solution u(¢). The immediate issue that arises is that the object that obeys compactness properties is
the pair u(z, x) = (u(t, x), us(t, x)) and, a priori, the solution could satisfy u(z, x) = 0 a fixed time 7.
Nonetheless, by averaging in time, such a lower bound still holds for the solution itself, u(¢). We can
quantify this bound in several ways, starting with a result proved in [Killip and Visan 2011a].
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Lemma 3.8 [Killip and Visan 2011a, Lemma 3.4]. Let ii(t) be a solution with the compactness property
on Inax = R. Then, for any A > 0, there exists 1 = n(A) such that

n
N (to)

Ht € [lo,to + %} [l 32— = ’7%

forallty € R.

Lemma 3.8 means that the L&/2®~1

norm of u () is nontrivial when averaged over intervals around #g
of length comparable to N(f)~! uniformly in 9. By combining this lemma with Remark 3.6 and Sobolev

embedding we obtain the following as an immediate consequence.

Corollary 3.9 (averaged concentration around x(¢)). Fix any 8¢ > 0. Let ii(t) be a solution with the
compactness property on In.,x = R. There exists a constant C > 0 so that

to+
Nao) | N(IO)/ Iu(t, VR Ddxdr > 1
(1)<

forall ty € R.

One can also deduce the following corollary, also proved in [Killip and Visan 2011a], which gives a
lower bound on the localized S norm of u(¢).

Corollary 3.10 (S-norm concentration around x(7)). Let 1(t) be a solution with the compactness property
on Inax = R. Then there exist constants ¢, C > 0 so that

153
// |u(t,x)|2(p_1)dxdtzc/ N(t)dt
[x—x(t)|< L 151

N(t

for any t1, tp such that
1
— >
2= Ny
Proof. The proof runs completely parallel to the argument in [Killip and Visan 201 1a, proof of Corollary 3.5]
given for the averaged potential energy. O

The fact that we have only averaged lower bounds on, e.g., the LB/2D(P=1 porm of a critical element
will not be too much trouble. We will often pair the above with the fact that the compactness parameters
N(t), x(t) are approximately locally constant; see Lemma 3.5.

Lastly, we also need the following estimate proved in [Dodson and Lawrie 2015b, Lemma 4.5].

Lemma 3.11 [Dodson and Lawrie 2015b, Lemma 4.5]. Let 1u(t) have the compactness property on a
time interval I C R with scaling parameter N(t). Let n > 0. Then there exists § > 0 such that

el (-

<
5 5 <
Mg ot N(to)]XR3) 1

uniformly in tg € I.



2008 BENJAMIN DODSON, ANDREW LAWRIE, DANA MENDELSON AND JASON MURPHY

3A. Analysis of solutions with the compactness property. In the next subsection, we will prove a clas-
sification result for solutions with the compactness property. Our goal is to gather together a list of
possibilities for the compactness parameters N(¢) and x (¢) that is exhaustive in the sense that if we rule
out the existence of all members of the list, then Theorem 1.1 is true. Before stating these cases, we need
to distinguish between two scenarios based on how fast x (¢) is moving relative to the speed of light. To
make this distinction precise, we have the following definition.

Definition 3.12. Let u(¢) be a solution to (1-1) with the compactness property on / = R with parameters
x(t) and N(¢) > 1. We will say that x(¢) is subluminal if there exists a constant A > 1 so that for all
to € R there exists ¢ € [tg, to + A/ N(tp)] such that

1
AN(to)

lx(2) = x(to)| < |t —to] —

Proposition 3.13. Suppose (1) is a solution to (1-1) with the compactness property on its maximal
interval of existence In,x with compactness parameters N(t) and x(t). We can assume without loss
of generality in the arguments that follow that Iy.x, N(t) and x(t) fall into one of the following four
scenarios:

(D) Soliton-like critical element: I.x =R, N(t) =1 forallt € R and x(t) is subluminal in the sense
of Definition 3.12.

(Il) Two-sided concentrating critical element: Inax =R, N(t)>1 forallt €eR, limsup,_, 4, N(t) =00,

and x(t) is subluminal.
(1) Self-similar-like critical element: I'n,x = (0,00), N(t) = %, and x(t) = 0.

(IV) Traveling-wave critical element: I, =R, N(t) =1 forallt € Rand |x(t) — (¢,0,0)| < \/m for
allt € R.

Remark 3.14. In the case p = 3, one must take into account the action of the Lorentz group, which will
introduce additional cases to the list of critical elements in Proposition 3.13. For p # 3, the hypothesis (1-3)
compactifies the action of the Lorentz group in the Bahouri—Gérard profile decomposition at regularity 757,
which is why only a translation x(¢) and scaling N(¢) appear in the descriptions of critical elements.

1/2 is invariant under action of the Lorentz group, one must confront critical elements

However, because #
with velocity £(¢) that approaches the speed of light. See [Ramos 2012; 2018] for Bahouri—Gérard-type

profile decompositions in this setting.

Before proving Proposition 3.13, we note that ruling out cases (I)~(IV) in the statement of the proposition
will prove our main result, Theorem 1.1. Hence we will now focus on establishing Proposition 3.13 and
proving that such critical elements cannot exist.

We will prove this proposition in several steps. First, we will reduce the frequency parameter N (¢)
to one of three possible cases. We state these reductions for N(¢), but we omit the proof as it follows
readily from arguments similar to those in [Killip and Visan 2013, Theorem 5.25].



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 2009

Proposition 3.15. Let ii(t) denote the critical element found in Proposition 3.3. Passing to subsequences,
taking limits, using scaling considerations and time reversal, we can assume, without loss of generality,
that T4 (U) = +o00, and that the frequency scale N(t) and maximal interval of existence Inax = Imax (1)
satisfy one of the following three possibilities:

o Soliton-like scale: Ih.x = R and

N(@)=1 forallt eR.

e Doubly concentrating scale: I,x = (—00, 00) and

limsup N(t) = o0, limsupN(t) =00, and N(t)>1 forallt €R.

t—>T— t—>00

o Self-similar scale: I = (0,00) and N(t) =1t~ 1.

We will now make a few further reductions, mostly concerning the spatial center x(¢) of a critical
element that is global in time.

We will show that in all cases where we have a solution with the compactness property with translation
parameter x () that fails to be subluminal, we may extract a traveling-wave solution. To prove this, we
will need to analyze the properties of solutions with the compactness property and more specifically,
properties of their spatial centers, x(¢). We turn to this analysis now. First, we note that in the case that
x(t) is subluminal (see Definition 3.12) we can derive the following consequence.

Lemma 3.16 [Killip and Visan 2011a, Proposition 4.3]. Let 1(t) be a solution to (1-1) with the compact-
ness property on I = R with parameters x(t) and N(t) > 1. Suppose x(0) = 0 and that x(t) is subluminal
in the sense of Definition 3.12. Then there exists a o > 0 so that

Ix(@) —x(®)| = (A =0t —7

forall t, T with

t—1|=

- 50Nt,r’
where Nt :=infgef; ;] N(s).

Proof. See the proof of Proposition 4.3 in [Killip and Visan 2011a]. O

Using Lemma 3.5 together with Lemma 3.8 and a domain-of-dependence argument based on the finite
speed of propagation, we obtain a preliminary bound on how fast x(¢) can grow. (See, e.g., [Killip and
Visan 201 1a, Proposition 4.1].)

Lemma 3.17. Let 1(t) have the compactness property on a time interval I C R with parameters N(t)
and x(t). Then there exists a constant C > 0 so that for any t1,t, € I we have

C C
() —x()] < In —tal + s+ o

(3-2)
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In fact, if u(t) is global in time, we have N(t)|t| — oo as |t| — oo and we normalize so that x(0) = 0,
from which the above yields
|x ()]

t—+oo |t}

<1. (3-3)

Remark 3.18. We remark that by finite speed of propagation and compactness, we can assume that

liminf [¢|N(¢) € [1, 00].
t—>T4 (i)

Note that according to the definition of the compactness property, the function x (¢) is not uniquely

defined; indeed, one can always modify x () up to a radius of O(N(¢)~1), provided one also modifies

the compactness modulus appropriately. Note, however, that the compactness property, together with

monotone convergence, prevents # from concentrating on very narrow strips, as measured in units
of N(¢)~L. See [Killip and Visan 2011a, Lemma 4.2].

Lemma 3.19. Let i be a solution to (1-1) with the compactness property on an interval 1. Then for any
n > 0, there exists ¢(n) > 0 so that

sup IV 2ul? + [V g |2 dx <.

weS? /Ico-[x—X(t)]Iﬁc(rz)N(t)—1

To deal with ambiguity in the definition of x(¢), we use the notion of a “centered” spatial center as in
[Killip and Visan 2011a], that is, a choice of x(¢) such that each plane through x(¢) partitions #(¢) into
two nontrivial pieces.

Definition 3.20. Let u be a solution to (1-1) with the compactness property on an interval / with spatial
center x (). We call x(¢) centered if there exists C(u) > 0 such that, for all w € S> and ¢ € I,

/ VU0 + 1VF e, 02 dx = ).
w-[x—x(t)]>0
Proposition 3.21. Let ui be a global solution to (1-1) with the compactness property. Then there exists a

centered spatial center for .

Proof. The argument is similar to the proof of [Killip and Visan 2011a, Proposition 4.1]. Let x(¢) be any
spatial center for 1. To shorten formulas, we introduce the notation

(2. x) = [|IVIPu(t. x)? + VI g () 2.

By compactness, there exists C = C(u) large enough that

inf/ @(t,x)dx =, 1, where B(t) :={x: |x —x(t)| < CN(t)~1}.
teR B(®)

Now set
fB(t) [x —x(0)]ep(t, x) dx

X(@)=x(t)+ fB(z) ot 1) dx
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By definition, |x(¢) — X(¢)| < CN(¢)~', and hence X(¢) is a valid spatial center for 1 (one only needs
to add C to the compactness modulus). We now claim that X(¢) is centered. To see this, first note that by
construction one has

/ w-[x—x(t)]e(t, x)dx =0.
B(z)

On the other hand, combining nontriviality on B(¢) together with Lemma 3.19, we have

/ go(ty x) dx Zu 1
B@®)N|w-[x—x@)]|>cN@)~!

for some ¢ = ¢(u) > 0. Thus

/ - [x — 5Ol (. x) dx 2y N,
B(t)

and so
/ {0 [x = B0, x) dx 20 N,
B()

where “+” denotes the positive part. As |x —X(t)| <2CN(t)~! for x € B(t), we finally deduce

{w-[x —X()]}+
1= / o(t,x)dx < / o(t,x)dx
“Jeey 2CN@)7! “ Jox—z0]>0

for all w € S?, as needed. O

Proposition 3.22. Suppose that Ui(t) is a solution with the compactness property on R with parameters
N(t) and x(t). Suppose in addition that N(t) = 1 for all t € R, and that x(t) fails to be subluminal
in the sense of Definition 3.12. Then there exists a (possibly different) solution w(s) to (1-1) with the
compactness property on R with parameters N(s) and x (s) satisfying

N@is)=1, |x(s)—(s5.0,0)| < V|s| forallseR.

Proof- Let 1u(t) be a solution to (1-1) with the compactness property on R with parameters N(¢) = 1 and
x () failing to be subluminal. This means we can find a sequence ?,, and intervals

such that
|x(tm)—x(z)|z|tm—t|—% forall t € I;,. (3-4)

We construct a sequence as follows. Set

Using the precompactness of the trajectory of # modulo the translations by x () we can (passing to a
subsequence) extract a strong limit

Um(0) = oo (0) € H?  as m — oo.
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Let 1o (1) be the solution to (1-1) with initial data 1, (0). One can show that we must have [0, c0) C
I'max (Mioo) and that 10 satisfies the following compactness property on [0, 00): the set

KOO = {1’700(1” : _xOO(‘C)) ‘TE [Ov OO)}
is precompact in 7% (R3), where for each T > 0 the function xo0(7) is defined by
Xoo(T) :1= lim (x(ty +7) — x(tm)).
m—00

Note that for each € > 0 and for all T € [0, c0) we can choose M > 0 large enough so that for all m > M

we have

1
|x (tm + 7) —x(tm)| > |T] = m’

where the last inequality follows from (3-4). Letting m — oo above, we conclude that in fact
|[Xco(T)| = 7 forall T € [0, c0).
By finite speed of propagation (see (3-3)) we can conclude that in fact

L o]
m =
T—00 T

1.

We now refine our solution again, this time constructing a suitable limit from i~ (7). First choose a
sequence 0 < g, — oo such that, for T > g,,, we have

| X0 (T)]
T

<1427
and set 7, = 0, + m. Then by the previous two lines, it holds that
T < |Xeo(D)| <t(14+27") forall T € Jp, := [ty — M, Ty + m].
From (3-4) and the definition of xo, we have
[Xoo(T) = Xoo(t)| = |t —t| forallz,t € Jy. (3-5)
As before we extract a limit from the sequence
Uoo,m(0) := tioo(Tm, = — Xoo(tm)) = V(0) € H*?

and we note that the solution v(s) to (1-1) with data v(0) has the compactness property on R with
parameters N (s) =1 and X(s) defined by

X(s):= mli_r}loo(xoo(fm +5) — Xoo(Tm))-

Using (3-5) along with (3-2) we see that for all 51, s, € R we have

|51 — 52| < [%(s1) = (s2)| < |s1 — 52| + C
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for some absolute constant C > 0 and consequently

fim SO (3-6)

s—+o0 |S|

Now we express X(s) in polar coordinates, finding r(s) > 0 and w(s) € S? so that

X(s) =r(s)w(s) foralls e ][0,00).

Note that by (3-6) we have
r(s)

— —>1 ass— oo.
s

Since w(s) € S? we can find a sequence s, — oo and we can (up to passing to a subsequence) find a
limit wg so that
w(Sm) = wo asm — oo.

To prove the claim, it suffices to verify that
|X(s) —swo| < C /s,
since then we obtain the desired result applying a fixed spatial rotation. Note that
|s20(52) —s10(51)]* = [s1 — 52> + s152]@(s52) — w(s1) .
By finite speed of propagation
|s20(s2) —s10(s1)|* < (Is1 — 52| + C)? = [s1 — 82| +2Cs1 — 2| + C?,

and hence substituting this bound into the above equations we solve to obtain

2C|s1 — s3]+ C?
5152 '

lw(s2) —w(s1)| < \/
Then

[(sn + $) (s +5) — spw(sn) —swo| < [sn +5||w(sp +5) —w(sn)| + s|w(sn) — wol

< \/(2CS +C2)(l + Si) + slw(sn) — wol,

|X(s) —swo| < V2Cs + C2,

as required. O

which implies

In the case that N(¢) > 1 and x(¢) is not subluminal, we will now show that we can also reduce to the
case when N(¢t) =1 forall t € Rand x(¢) = (¢,0,0) + O(+/]t]). We will need the following lemma.

Lemma 3.23. Let 1u(t) have the compactness property on I C R with parameters N(t) and x(t). Then
there exists a constant ¢ € (0, 1) such that for any t1,t; € I with N(t1) < N(t2) it holds that

|x(t1) —x(2)| = |t1 — 2| — = N(h) < C%N(tl).

C
N(t1)
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Proof of Lemma 3.23. The argument adapts readily from [Killip and Visan 2011a, Lemma 4.4], using the
arguments from Section 3A. Exploiting time-reversal symmetry, space-translation symmetry, and rotation
symmetry, we may assume t1 < f», x(t;) =0, and x(t2) = (x1(¢2), 0, 0) with x;(¢2) > 0. Further, we
may choose x(¢) to be centered by Proposition 3.21.

Suppose for contradiction that for times 71, #> as in the statement of the lemma,

C
N(t1)

|x(t1) — x(2)| = |ty — 12| =

but cN(t1)~! > ¢ N(t2) 71, where ¢ = c(u) will be chosen sufficiently small below.
Let ¢ : R — [0, 00) be a cutoff so that = 1 for x < —1 and ¥ = 0 for x 2—%. Set

xl_xl(tz))'

Va(xy) = E/f( eN()!

Then, given 1 > 0 and choosing ¢ = c¢(7) sufficiently small, we have

| (Y2u(t2), Yous (t2)l3sr < 1.

Choosing 1 small enough, the small-data theory and finite speed of propagation for (1-1) imply

J TPt 0P 4177 1,00 e 5 0P,
Q
where

Q={x:x1 <x1(t2) —(t2—11) —cN(t1) "'}

Using the assumption on |x(#3) — x(#1)| and the normalizations above, one finds

QDO{x:—er-[x—x(t1)] > 2cN(t1)_1},
so that

/ Le—x(11)]>2¢ N (1) 1||V|S”u(t1,X)|2+||V|s”_1u,(tl’x)|2dxsnz‘
—er-[x—x@1)]=2cN(t1)~

On the other hand, choosing ¢ = c¢(n) sufficiently small, Lemma 3.19 implies
/ VPt P + 1917 gy ) dx < o
0<—eq-[x—x(t1)]<2cN(t1) !

We now choose % < C(u), where C(u) is as in Definition 3.20, to reach a contradiction to Proposition 3.21.
O

We are now in a position to prove that we can extract a traveling-wave solution from any solution with
compactness property with translation parameter x (¢) that fails to be subluminal.

Proposition 3.24. Suppose that 1u(t) is a solution with the compactness property on R with parame-
ters N(t) and x(t). Suppose that either N(t) is soliton-like or doubly concentrating in the sense of
Proposition 3.15 and that x (t) fails to be subluminal in the sense of Definition 3.12. Then there exists a
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(possibly different) solution W(s) to (1-1) with the compactness property on R with parameters N(s) and
x(s) satisfying
NGs)=1, |x(s)—(s5,0,0)| < /s forallseR.

Proof of Proposition 3.24. Note that by Proposition 3.22 it suffices to show that we can extract a solution
with the compactness property on R with parameters N(¢) = 1 and x(¢) failing to be subluminal. By our
assumption that x (¢) fails to be subluminal, for each m € N there exists #,, € R so that

m
[x(tm) —x(@)| = |t —tm]| — forallt € I, .= |:tm,tm + W} (3-7)

mN (tm)
We will show that N(¢) >~ N(t,) for all ¢t € I,,, with constants independent of m. First assume that
N(tm) < N(2).
Then by Lemma 3.23 we can find a constant ¢ > 0 so that
¢2N(t) < N(tm) < N(t) forallt € I,,.

Next assume that
N(t) < N(tm).

This means that | .

— > _
N(tm) = N()

and thus from (3-7) we see that

£ =300 2 |t = ] = s = =l =
Another application of Lemma 3.23 then gives
N(E) = NGim) < 5N,
As we can assume in Lemma 3.23 that ¢ < 1, we deduce that
c2N(t) < N(tm) < clzN(t) for all 7 € I,,. (3-8)

We can then extract, in the usual manner a new solution w(s) with the compactness property on [0, 00)
with
5 N (tm + v
N(s):= lim —( " N(t'"))
m—00 N(tm)

- . S
x(s):= mh_r)réo N(tm) (x (tm + N(Zm)) — x(tm)).
Note that by (3-8) we must have

’

ci <N(s)<C; forallse [0, 00).
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Moreover, using (3-7), for each € > 0 we can find M > 0 large enough so that for each m > M we have

ol ) 0]

> N(tm)

[X(s)| +€=

N(zm) mN(rm)) ‘ E'
Letting m — oo we obtain

|X(s)| > s forall s €[0,00).

Noting that X(0) = 0 and combining the above with (3-3), we conclude that

0]
N

—1 ass— oo.

From here it is straightforward to obtain a new solution w(s) with the compactness property on all of R
with parameters N(s) = 1 and x(s) failing to be subluminal in the sense of Definition 3.12, and we apply
Proposition 3.22 to conclude. O

Finally, we now have the ingredients necessary to prove Proposition 3.13.

Proof of Proposition 3.13. Suppose 1(t) is a solution to (1-1) with the compactness property on its
maximal interval of existence I1,x With compactness parameters N(¢) and x(¢). By Proposition 3.15, if
the solution has the compactness property with N(¢) = ¢t~!, then we may also assume without loss of
generality that it has the compactness property with translation parameter x(z) = 0: by finite speed of
propagation, x (#) must remain bounded, and hence we may, up to passing to a subsequence, obtain a
precompact solution with x (¢) = 0 by applying a fixed translation. Thus, in the case that N(z) = ¢!
obtain a self-similar solution; i.e., we have reduced to case (III).

In the remaining cases we must address different scenarios depending on whether or not x () is
subluminal in the sense of Definition 3.12. If x(¢) is subluminal, then we have reduced ourselves to
cases (I) and (I). If x(¢) fails to be subluminal, then by Proposition 3.24 we can find a critical element as
in the traveling-wave scenario, i.e., case (IV). O

4. The soliton-like critical element

In this section we show that the soliton-like critical element, that is, case (I) from Proposition 3.13, cannot
exist. The main result is the following proposition:

Proposition 4.1. There are no soliton-like critical elements for (1-1), in the sense of case (1) of
Proposition 3.13.

We recall that soliton-like means that () is a global solution to (1-1) with the compactness property
on R as defined in Definition 3.4 with parameters N(¢) = 1, and x(¢) subluminal in the sense of
Definition 3.12. We will show that any such solution with the compactness property is necessarily = 0.

The proof will be accomplished in two main steps. We are ultimately aiming to employ a rigidity
argument based on a virial identity, which will show that any such critical element must then be identically 0.
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The key point here is that in order to access the virial identity, which is at ! regularity, and to use it to
prove Proposition 4.1, we first must prove that our critical element actually lies in a precompact subset
of #1. Thus, we must first show that a soliton-like critical element must be more regular than expected.
In fact, we will prove that the trajectory K of any soliton-like critical element (see Definition 3.4) must
be precompact in H! N 757

Throughout this section, we assume towards a contradiction that 1(z) is a critical element with x (¢)
subluminal in the sense of Definition 3.12 and N(¢) = 1. In particular, by Lemma 3.16 there exists §o > 0
so that

|x () —x(t)| < (1—=238p)|t —7| forall|t—1|> SL
0

4A. Additional regularity. We first prove that if the soliton-like critical element u has some additional
regularity to begin with, then we can achieve ! regularity. The key ingredient in our proof will be a
double Duhamel argument, which will enable us to gain the requisite regularity for critical elements,
while our main technical tool will be the use of a frequency envelope which controls the 7! norm (see
Definition 2.2). In order to exploit the sharp Huygens principle, we will use the following modified
frequency projection operators: let ¥ > 0 be a smooth function supported on |x| < 2 satisfying ¥ = 1 on
|x| < 1. For k >0, let

0 f(0) = [ 24y Q=) S dy. @)
These satisfy the same estimates as the usual Littlewood—Paley projections (which instead use sharp
cutoffs in frequency space), e.g., the Bernstein estimates in Lemma 2.1.

We summarize the main ingredient in Proposition 4.1, the aforementioned additional regularity result,
in the following proposition.

Proposition 4.2. Suppose u is a soliton-like critical element. Then
UeLPH? = ueLlPH'
for some s > 1. In particular, the set
K:={i(t, - —x(1)): 1t e Ry C Hs» N
is precompact in Hs» N L.
We will prove Proposition 4.2 in several steps. To make this precise, we define the parameter

5— 3 5

AT T

This exponent is chosen so that 70 has the same scaling as L? L,ch , and we note that crucially s, <s¢ < 1.

S0 = (4-2)

4B. The jump from H5 (R3) regularity to H1(R3) regularity. We begin with the first, easier gain in
regularity, namely passing from 7% (R3) to 7! (R?).

Proposition 4.3. Suppose i is a soliton-like critical element. Let so > s, be defined as in (4-2). Then

e LPH® = ueLlPH'.
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Proof. By time-translation symmetry, it suffices to estimate the 7 '-norm at time r = 0. We complexify
the solution, letting
i

V=A

w=u-+ Ug.

Then

lw®ll g1 = 14O g1 25

and if 1(¢) solves (1-1), then w(7) is a solution to

:—zﬂwi\/_A

Jul?~tu

By Duhamel’s principle, for any 7', we have
w(0) = ! TY=8y(T) + ¢+_A /TO VA F(u) (1) dr,
where F(u) = |u|?~'u. By compactness (see Lemma 3.7),
i 0 _re  TV=2y(T) = im 01l TY=By(=T)=0 (4-3)
as weak limits in H! for any k > 0. We next write
0w (0) = TV R (1) F—— / VR L F(u() di

TR0 _w(-T)F eTIVTAQ L Fu(t)) dr.

Al

Using (4-3), and arguing as in [Dodson and Lawrie 2015b, Section 4] we can deduce

(Q<kw(0), Q<fw(0)) g1 T 0
= 1im< eTIVAQ L Fu(t)) dt, / e—”ﬂQ<kF(u<s>)dt> @44
-T L2

T—o0\Jo

We fix a large parameter R > 0 to be determined below. Let §g be as in the statement of Lemma 3.16
and take T = 2R861. We define

region A :={(t,x):0 <t <T},
region B :={(t,x):|x—x(T)| >R+t —=T]|}, (4-5)
region C :={(t,x): |[x —x(T)|< R+t =T|}.
See Figure 1.
We will treat these regions separately. Our goal is to bound u on region A using that we are estimating
the solution on a compact time interval, and on region B using the small-data theory and finite speed of

propagation. We will then use the double Duhamel trick, together with the sharp Huygens principle on
region C, to conclude the proof.
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t

Figure 1. A depiction of the space-time regions A4, A’, B, B’ and C, C’ in the
case x(t) =0.
Let yr denote a smooth cutoff to the set
{lx=x(T)| > Ry S R>.
Now fix a small parameter 7 > 0. By compactness of i, if R = R(n) is sufficiently large then we have
lx RUE(T) 350 <. (4-6)
We let v = (v, v;) be the solution to (1-1) with initial data
u(T) = xru(T).
By finite speed of propagation, we have
u=v for|x—x(T)|=R+|t—T|.

We now rewrite (4-4), and abusing notation slightly, we define

/ e V=80 _ Fu(t)dt=A+B+C,
0

T
A= [ et E oy Fu)ar,
o @)
B= [ VR Fr@)
T
oo .
C= [ VB o LlPwe) - P
T
Note that the notation in (4-7) is such that each term relates to an estimate for the solution on the
correspondingly named region from (4-5).
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We can carry out a similar construction at time —7, yielding a small solution ¢ that agrees with u
whenever |x —x(=T)| > R+ |t + T|, and we obtain three terms in the negative time direction

0
/ e VA L Fu(t))dt = A+ B+ C’,

0
A = [ VB O _ F(u(r)) dr,

—Z"T (4-8)
B = / VR0 L F(3(0)) dr,
= [ VRO L [Fu(0) — F(5(0)] de

—0o0

Using the elementary Hilbert space estimate
{A+B+C. A+ B +C)| < |AP+ |4 + B + B> +[(C.C")|

whenever A + B 4+ C = A’ + B’ + C’, where the |- |? denotes the square of the norm induced by the
inner product, we may estimate

(Q<kw(0), Q<w(0)) 1
by obtaining bounds for A, A’ and B, B’ and (C, C’).

Region A. To estimate the A and A’ terms, first we establish the bound

T \2(»—D

for some suitably small € > 0. To prove this, we rely on the fact that # is a soliton-like critical element.
Fix n > 0. Since N(¢) = 1, there exists € > 0 small enough that the Lz(p D
interval of length €; see Lemma 3.11. Thus to obtain the desired bound, we divide [T, T] into ~ [T /€]

-norm is bounded by 7 on any

intervals Jj of length €, and

[T/e€]

2(p—1) ~ 2(p—1)
||u||L2(p 1)([ TT] R3) Z ||u||L2(I) 1)(] R?) 6

I ~

Using a similar argument together with Strichartz estimates and the hypothesis

[l Loorgso < 1,

we obtain

S

T
Wl rpensy < (© ) Iiligreo. (@-10)

Thus, using (4-9), (4-10) and Strichartz estimates, we can estimate

2 72
AP+ AT S 1012y 20 ey = () W
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Region B. For the estimates of B and B’, we use the small-data theory to bound the solutions v and .
We argue only for v as the estimates for v are identical. By the small-data theory, for  chosen sufficiently
small in (4-6), we have

||U||L§.<;—1)(R1+3) <.
Using Strichartz estimates, we bound

3(p=3) 3p=3 g
22Vl p 2o SNV o + NIVE22 (WI70) 20r042 ppro-

V]

p—1 3(p=3)
S w0 + 10l 20— VI 270l 2 20002,
t.x 7

with all space-time norms over R!'*3, Note that ( D, %) is wave-admissible. Thus, for n sufficiently

small, we deduce
3(p=3)
2p v ||L{)L)2€P/(1)—2) < ”M ”L?OHSO (R1+3)>

VI
and hence it follows from Sobolev embedding that

Il 2 20 @143y < Nl Lgoreso.
Thus, we have shown that

2 2 p p
B+ 1B S 1017, 20 115y S Il er00

Region C. Finally, we claim that
(c.c’y=o. (4-11)

To see this, write

oo =T JoA
.= [ VB Q P @) - FOO). Qi Flu(e) — F(e)]) dr dr,
and note that by subluminality and the fact that x(0) = 0, we have for T = 2R§, ! the inclusion
{Ix =x(£T)| < R} C{lx| = (1-27180)T}.

We recall that the operator Q - defined in (4-1) is given by convolution with the function 23kw(2k X)
for a fixed function ¥ € C§° (R3). Hence, for k > ko, a sufficiently large, fixed constant depending on
the support of V¥, g and T, we can ensure

supp(Q <k [F(u(v)) = F((1))]) € {|x| < || =47 18T }.

Similarly, using the properties of the Q - and the sharp Huygens principle, we can ensure that for k
sufficiently large,

supp(e’ V=B Q L [F(u(t)) = Fo()]) € {|x| > |t — 7| = 4716 T},

Since t > 0 and © < 0, we have |t — T| > ||, this yields (4-11), as required.
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Collecting these estimates, we obtain that

10 <kw(0)[1%, = (Q<xw(0), Q4w (0)) g1 S 1

uniformly in k > 0. The desired result then follows. O

4C. The jump from H*? (R3) regularity to H°(R3) regularity. Now we turn to the more difficult
estimates. Here, we will need a finer analysis based on frequency envelope machinery. We prove the
following.

Proposition 4.4. Suppose u is a soliton-like critical element. Then
UeLPH? = ueLlPH'
forany s, <s <1.
Proof. Once again, we define
region A :={(t,x):|t| <T},
region B :={(¢t,x): |x —x(T)|> R+t —T]|},
region C :={(t,x): |x —x(T)|< R+t —T|},

with corresponding regions A’, B’, C’ in the negative time direction. We further introduce

Or = Q2 — Q< fork>0, Qo = Q<o.

By Schur’s test, we can conclude that these frequency projections are a good partition of frequency space,
in the sense that

LA 1% ~ 1Q0 f 15, + Y 2% 10k £ 117
k>0
We will also need to introduce an exponent g satisfying
2<g< 2
Sp
Region A. We begin by defining suitable frequency envelopes with a parameter o > 0 to be determined
shortly. We set

vi(to) ="y 27V =KI[25 7|10 ju(t0) | 242777V Q; dsu(to) I 2]

J
i —i(2—
O{k(])=z2 olj k|[2 ](q s]))||qu||Lth)2cq/(q—2)(JXR3)

; i(2-1+
+2](q sp)”qu”L?q/(q_Z)LZ(JXRS)]

(4-12)

J

for k > 0. Note (q, quqz) is sharp admissible and that each of the quantities appearing in the definition of

B has the same scaling as H*». We will choose

2
O<o<=—s,.
q )4
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Our goal is to prove that
(=T, T]) < 7 (0) + Co2 7%, (4-13)

where Co = Co(T).
We begin by recording the some space-time estimates for # that are consequences of the precompactness

of the set K; see Definition 3.4. We fix n > 0. Since N(¢) = 1, there exists € > 0 small enough that the
L?,(f_l) norm is < 7 on any interval of length ¢; see Lemma 3.11. Furthermore, we can find ko = ko (1)
such that, for any k > ky,

1
|| Q>ku”L%,(f_l)([_T,T]XR:;) < )”Tz(pfl) .

With these bounds in hand, we turn to the proof of (4-13). In the following, all space-time norms will be
taken over [T, T] x R3. For any j, we decompose the nonlinearity as follows. Writing 1< j=0<ju
(and similarly for u- ;), we write

F(u) = Fusg,) + Fu) — Fusg,).
where ko(n) is as above. By Taylor’s theorem, we have
1
Fu) = F(“>k0) + U<k, / F/(9u§k0 + M>k0) de,
0
and hence to estimate the nonlinearity, it suffices to estimate three types of terms

p—1 ) p—1 .
M>k0u>], M>k0M§j, MSkO

uP~1,
Using the inhomogeneous Strichartz estimates, we obtain

2-i(3=s5) f VB Q) F(u(s)) ds
0

2 -2
L?qu/w )

. t /
2G| [V 0, Futs)as

L%q/(q—2)L)qC
. i(2— —i(2=
N mln{2j(" 2 IF @) para—1 207422 i(Gse) IF @) 20742 pasa=}- (4-14)

Now let J be an interval with |J| < €, and let 79 = inf J. In the next estimates, all norms will be taken
over J x R3. Using Strichartz estimates, we estimate

2 i(2-1+
RAG S”)IIQjMIIL;’Li"/“’—Z’(JxW)+2](q Sp)”Qf””L?"/("_Z)LZUXW)
‘ (so—1 i(2-1+ -1
<27y ) + 270D Wden o)l + 27 G L g 0
—i(2— -1 it B
+277G s”)||u’>’k0u5jIIL?q/<q+2)L§/C/(q—1)+2 iG s”)””sko”p 1||L$‘1/("+2)LZ/("_”

<277 |y (t0) || 2 + 277~ V0,1 (t0) | 2 + 1 + 1T + 111
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We first estimate term 1. We obtain

2/ 1-l_s”)llu ko U>J ||Lq/<q D7 2a/(@+2)

-1+
2 G g 1 I 2029

< y(p- 1)T1/22/(*—1+Sp) Z 2—5(’_1“1’)[26(7_1“”) ||Q€“||L
>

2q/(q— 2)Lq]-

Similarly, for term II we obtain

9~ J(Z- Sp)”u Ny ||L2q/(q+2)Lq/(q D

277G gz W g 20702

<2” —j(2-sp) ||u>k0||p2(,, N Z 2@(;—Sp)[2—€(a—Sp) “uz”Lj’L)zf’/("_Z)]‘
Y
Finally, for term III, using smallness of the interval and we obtain

_i(2— _
AT [t <gou? ||L§f1/<q+2>Lgc/<q n 27 ||“||pz<p b |4 <k ”L;IL%"/("_Z)
t X :
< 2=i(5=sp)yko(5—sp) P! T
Multiplying by 271/ =k| and summing in the above bounds, recalling that o < %1 — §p in our definition of
the frequency envelopes in (4-12), it follows that (for to = inf J) we have

Y (1) + ax (J) < yi(to) + T2nP Loy (J) + Co(T)275.
For n = n(T) small enough so that

11 1
CnP™'T2 <5

with C the implicit constant in Strichartz estimates, this implies
i (J) S v (to) + Co27%7.
Iterating this procedure [T /€] times on [T, T], we may also conclude that
Vi (10) < vk (0),

from which (4-13) follows by summing up these estimates.

Region B. To implement the double Duhamel argument, we will again consider the solution v to (1-1)
with data ¥(T) = ygu(T). To control this solution, we define the frequency envelopes

Yk(to) and B
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analogously to (4-12), but with space-time norms over R!*3, We will prove

Br < vi(0) + Co27*. (4-15)
First observe that
||U||L§.<;—1)(R1+3) <.
Thus
—(2— 2_
NVIGE0) g 2002 + 1917200 202
2_1 _
SN0 llaee + 11V @1 a1 20742
t X
p-1 21+
Sn+ ”v”LZ(p—l) [IV]4 SpU”LZq/(q*Z)Lq
t.x 4 *
—1|v |21+
§n+77p ||V|t[ SI)U”L?‘I/(‘]—Z)sz
which implies in particular that

lv<1 ||L§’L§‘1/<"—2>(R1+3) <. (4-16)

We now estimate S in essentially the same manner as . The main difference is that we split at
frequency 1 instead of at frequency k¢ as above. Estimating as above, but using (4-16), we deduce

Bi S 7k(T) +nP"" B+ Co2 7,
which implies
Bi < 7k (T) + Co2 7. (4-17)

In order to prove (4-15), we need to relate Y (T) to y4(0). Similar arguments as in (4-15) yield
Vi (T) S 7k(0) + 077" Br + Co27% < 4 (0) + Co27*7,

so it therefore suffices to relate Jx (T') to yx (T). Using that ¥(T) = ygu(T), we apply the commutator
estimate Lemma 2.3 to deduce

27 Qev(Mll2 £ 27 1 Qeu(T) 2 + @R ™™ utll oo gy
2K6r D048, 0(T) L2 £ 27 VN Qudu(T) L2 + 27 R3] oo sp—1-

In particular, since 0 < % —5p < 1—1s,, we deduce that
P (T) < yi(T) + Co27*°.
Putting this together with (4-17) above, we conclude

Br < vi(0) + Co27%,
which completes the proof of (4-15).
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We will now carry out the double Duhamel argument with the complexified solutions w. We write

s . 0 .
(0w (0), Qjw(O) g = lim </0 YR () dr, /_ e—”ﬂQjF<u(r))dr>H1 (4-18)

and (as before) take the decomposition

/ e VTAQ F(u(t))dt = A+ B +C
0 0 .
=A/+B/+C'=/ e_’“_AQjF(u(r))dr

—o0
for components as in (4-7) and (4-8). Once again, we rely on the algebraic inequality
(Qjw(0), Qjw(0)) y1 S |AI> + A2 + B> +|B'|> + |{C,C")| (4-19)
and we note that by construction and the argument above relying on the sharp Huygens principle,
(C, C/>7:£1 =0.
To treat the other terms, we recall the definition of the frequency envelope «j in (4-12), and we use
(4-13) and (4-15). To this end, we multiply the left-hand side of (4-18) by 27?1/ =*I and we sum over

Jj =0 to obtain
Vk(0) S 0?71y (0) + Co2 7k,

which, choosing 7 sufficiently small depending only on the implicit constant, implies
7 (0) < Co27%,

which yields i € H* for any sp <5 <sp+o0. Since that we may choose any o < (27 —sp and g arbitrarily

close to 2, we deduce u € Lt°°?'—ls for any s, < s < 1. This completes the proof of Proposition 4.4. [
Propositions 4.3 and 4.4 immediately yield the following corollary.

Corollary 4.5. Suppose U is a soliton-like critical element. Then
ieLPH? = iueLlP®H.

4D. The jump from H1 (R3) regularity to #5 (R3) regularity. As mentioned above, in order to employ
the rigidity argument based on a certain virial identity, we also need to prove that the trajectory of a
critical element in fact lies in a precompact subset of 7{!. We will achieve this by proving that in fact we
can gain a bit more regularity; specifically we can place the solution in #* for some s > 1. The key idea
here is that we actually have a bit of room in the previous estimates given the additional assumption of !
regularity, and this will provide some extra decay which we can use to establish the additional regularity.

Proposition 4.6. Suppose i is a soliton-like critical element. Then il € L‘;O?'-ls for some s > 1.

Proof. Let v and ¥ be the solutions to the small-data Cauchy problems defined above. By small-data
arguments v(7) € H'(R?) and [v(T)]| s, small implies that

|1—Sp

il 20721 L gy VIV 200-0 sy ST 1

~ 1—s5, ~
101l 2072 4 sy + V70l 2600 sy ST 1
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Furthermore, arguing as above and partitioning [—7, T'] into sufficiently small intervals, we obtain

|1—s

el 20ra=2 g (o rpsmey TNV 2l 200 (g ey ST 1

These inequalities, together with the argument used to prove Proposition 4.4, as well as (4-19) and (4-14),
establish that

1Qku(O)|2, S 27kr2 K G=1te),
Since we may choose any

o< 2_ s
q
and q arbitrarily close to 2, we have then shown that

> 22K 0u(0) )2, < o0
k

for any o < L, which concludes the proof. O

4E. Rigidity for the soliton-like critical element. Now we may prove that the soliton-like critical element
is identically zero. We summarize this in the following proposition.

Proposition 4.7. Let ii(t) € H' be a global-in-time solution to (1-1) such that for subluminal x (t) the set
K ={u(t, - —x@)),0:u(t, - —x()):t e Ry C H NFLP
is a precompact subset of H' NH*?. Then ii(t) = 0.

As mentioned in the Introduction, we include a proof of rigidity for the soliton-like critical element in
the focusing setting as well. The arguments that we use are similar to the ones given in [Cote et al. 2015,
Section 3; Dodson and Lawrie 2015b; Rodriguez 2017] but with a modification. The key new ingredient
here is that the subluminality of x(¢) compactifies the subset of the Lorentz group taking (z, x(¢)) to
(t',0); see also [Kenig and Merle 2006; Nakanishi and Schlag 2011] for a somewhat different approach
that uses the Lorentz transform to show that critical elements must have zero momentum. The main
ingredients in the proof are the following virial identities.

In what follows we let r = |x| and set d,u = Vu - (x/|x]).

Lemma 4.8 (virial identities). Let y € C§° be a smooth radial function such that y(r) = 1ifr <1 and
supp y € {r <2}. For any R > 0 we define yr(r) = X(%) and let u(t) be a solution to (1-1). Defining

2
u
Qu@r)(R) :=/ |V + |9,u)* + %+ u|P* 1 dx, (4-20)
x> R x|
we have
d o -3
g xR +0) = —EG) & (L3 ) Il + 0(@ua (R). (4-21)

“«

where the “+4 " above corresponds to the focusing equation and the “—" corresponds to the defocusing

equation.
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If u(t) solves the focusing equation, we have

<3tu XR(VarM—F u ——/|3t“|2 m—— /| 1P 4+ 0(Q2u() (R)). (4-22)

Proof of Proposition 4.7 for the focusing equation. We may assume that x (0) = 0. Since x (¢) is subluminal
we can find § > 0 so that

X)) —x(@)| = A =8t —z[. [x@®)] =1 -=5)t] (4-23)
forallt,7 € R.
For convenience, we consider only the special case where
x(t) = (x1(¢),0,0) forallt >0,
as this contains the essential difficulties and the general argument is an easy modification of the one
presented below. Recall that for each v € (—1, 1) we have a Lorentz transform L,, defined by

t—vx; x1—Vvt

VI=v2 102

Ly(t,x1,x1,Xx3) = ( ,xz,xs) =:(t',x").

For any T > 0, set

v(T):= xl;T).
Then
—(1=-6=<v(T)<1-§ (4-24)

and the Lorentz transform L, (7 gives

Ly (T.x1(T),0,0) = (T",0,0,0),

T'=vVT?—x(T)% (4-25)

Since x(t) satisfies (4-23), we have the bounds

where

csT<T' <T
for c¢g := /1 —(1—268)% > 0, which means that 7’ is comparable to 7. For each T > 0 define
vyry (1, x") i=u o Ly (2, x).

Then, since K above is precompact for x () subluminal and since v,,(r)(t") as above is a fixed Lorentz
transform of (¢, x), we can explicitly obtain a subluminal translation parameter x’(¢") with

x'(T") =0,
by the choice of v(T') above, such that the trajectory

K :={U,q)(t' ,x—x'(t") 1 e R} (4-26)
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is precompact in 7! N 7{*7; see for example [Duyckaerts et al. 2016, Section 6] or [Nakanishi and Schlag
2011, Chapter 2] where such claims are carefully justified. We will now establish the following.

Claim 4.9. Consider a critical element for the focusing equation with 3 < p < 5. For each n there exists
a time Ty, > 0 such that for T, as in (4-25) we have

T/
L 1
T! /0 /Rawf”v(n)(f,x)lz + oo, ()P T dxdr < -

Proof of Claim 4.9. Let T > 0. Since v,,(r) solves the focusing equation we average (4-22) with R = CsT
over the time interval [0, T’] for some constant Cy to be specified below, yielding

T/
1
7 | [t oP o ara

T/
1 4 1 ’ 1
5Fkatvv(T)(t)|X2Trarvv(T))|g‘+F|<8tvv(T)(t)|X2TUv(T))|g|+F/(; Qv @) (CsT)dt, (4-27)

where Qy,,,,(CsT) is defined as in (4-20). Given n > 0, by (4-26), the subluminality of x’(¢), and the
fact that
X0) =0, x(T')=0,

we can choose Cg and T = T,, large enough so that
T/

n

1 1
7 A Qv,,(rn)(t)(CST) dr < pe

n
Note that Cs can be chosen independently of n. Next we estimate the first term on the right-hand side
of (4-27). We treat only the case where the inner product is evaluated at = T, as the case when it is

evaluated at ¢ = O is similar. We have
1

1 T2
Fuatvv(T)(T/) | x2r -7 901y (TH)| S F||8tvv(T)(T/)”L2”Vvv(T)(T/)||L2(|x|§T1/2)
Cs
+ g”alvv(T)(T/)”Lz”vvv(T)(T/)||L2(T1/25|x|5C3T)'

Since T’ ~; T, the first term on the right-hand side above can be made as small as we like by choosing
T, large enough so that

Similarly, for the second term on the right, we rely on the precompactness of K’ in ! N 77 and the
fact that x"(7,)) = 0, which yields
1
IVou @) (Tl 2 s 112y < o

for T;, large enough. The second term on the right-hand-side of (4-27) is estimated in a similar fashion.
This completes the proof of Claim 4.9. O
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Now, given this sequence of times 7, guaranteed by Claim 4.9 consider the sequence v(7;) :=
x1(Ty)/ T,. By (4-24) we can, passing to subsequence that we still denote by v(7}), find a fixed
ve[-1-4§,1—4] with

v(Ty) > vg asn— oo. (4-28)
Define

vvo(t/» X/) ‘=uo LVO(I’ x)
and note that this is a fixed Lorentz transform of u. It follows from Claim 4.9, (4-28), and a continuity
argument that in fact

T/
1 n 1
T_;ifo /mlarvvo(hx)lzwL oy (2, x) [Pt dx dr < 5

after passing to a further subsequence. Using yet another continuity argument we can assume without
loss of generality that 7, = M, € N; i.e.,

M
U 2 p+1 1 ]
. /0 /RS|8,U\,O(t,x)| + vy (2, X)| dxdt<n (4-29)

for some sequence {M, } C N with M,, — co. Now we claim that there exists a sequence of positive
integers m, — oo such that

my+1
/ / |8,vv0(t,x)|2+|vvo(t,x)|p+1dxdt—>O as n — oo. (4-30)
R3

mn

If not, we could find € > 0 such that for all n € Z we have

m-+1
/ /3|8tvvo(t,x)|2 + |y (2, ) [P T dx dr > €.
R

m

However, summing up from 0 to M,, — 1 we would then have

My
|7 [ oo + o017+ axar = oy,
0 R-

which contradicts (4-29). Now, by (4-30) we have
1
/ / 107 Vv (M + 1, X) > 4 vy (mn + 1, x)[PT1dx dt — 0 (4-31)
0 JR3

as n — 0o. On the other hand, passing to a further subsequence, we can find (Vy, V1) € #! N'H*» such
that

Uyo My, - —x'(mp)) > (Vo, V1) € H' NP asn — oco.
Let 17(!) be the solution to (1-1) with data (Vp, V7). Then for some f¢ > 0 sufficiently small we have

lim  sup ||y, (mn +1, - —x'(mpn)) — V(t)llylmys,, =0. (4-32)

n=oo IG[O,IO]
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However, from (4-31) we can then conclude that

-

V=0,
from which we conclude from (4-32) and small-data arguments that
Uy, = 0.
This means # = 0 as well, which finishes the proof. O

Proof of Proposition 4.7 for the defocusing equation. The argument is much easier if either p = 3 or if
the equation is defocusing since (4-21) gives us coercive control over the energy. Indeed, arguing as in
the proof of Claim 4.9, but using (4-21) instead of (4-22) we see that
, (T
E(Wy(T)) = F/o E(@y))dt =0(1) asT — oo

since, for each fixed T, the energy of v, (r)() is constant in time. However, since

vyry (1, x") =uo Lyy(t, x),

we must have either limsupz_, o |v(T)| = 1, or E(1) = 0. The former is impossible by (4-24). Hence
E(u) = 0. Therefore 1 = 0. O

Remark 4.10. Note the argument given above for the defocusing equation also works for the cubic
focusing equation since (4-21) yields control of the full energy for p = 3. Arguing as above one can
conclude that £ (1) = 0. Since the only nonzero solutions with zero energy must blow up in both time
directions [Killip et al. 2014] we conclude that the global-in-time solution satisfies 1 = 0; see [Dodson
and Lawrie 2015b], where a version of this argument was carried out in detail.

5. The self-similar critical element

In this section, we assume towards a contradiction that # is a self-similar-like critical element as in
Proposition 3.13, case (III). We will prove that any such u has finite energy, and in fact that E (1) = 0.
Since we are treating the defocusing equation, this implies # = 0. The arguments in this section can be
readily adapted to the focusing setting as well.

More precisely, we will prove the following result.

Proposition 5.1. There are no self-similar-like critical elements in the sense of case (11) of Proposition 3.13.

As in Section 4, we will prove this proposition via two additional regularity arguments. We fix the
following notation: let
5—-p 3 5
S0=Sp+m=§—5. (5-1)
Proposition 5.2. Let il be a self-similar-like critical element as in Proposition 3.13. Then,

| (T) |50 S T~C072)

uniformly in T > 0.
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Proposition 5.3. Let ui be a self-similar-like critical element as in Proposition 3.13. Let s be as in (5-1)
and suppose that

|@(T) |50 < T (5-2)
uniformly in T > 0. Then

Ii(T) |11 5 TG00
uniformly in T > 0.

Proposition 5.3 will immediately imply Proposition 5.1.
Proof of Proposition 5.1 assuming Proposition 5.3. Note that the nonlinear component of the energy is
controlled by the H3/273/(r+1)(R3) norm by Sobolev embedding, and by interpolation we have
H2 (R c H»nH.
Thus the conserved energy E (i) must be zero by sending T — oo in Proposition 5.3. Then E[i] =0,
which implies that 1 = 0, which is impossible. O

Proposition 5.3 is the easier of the two additional regularity arguments, so we turn to this first.

5A. The jump from H5° (R3) to H1(R3) regularity. We first prove that if # has some additional regu-
larity, then we can achieve 7! regularity, and hence reach the desired contradiction.

Proof of Proposition 5.3. Using N(t) =t~!, we have
”u”L%(;—l)([zk’zk-i-l]x[RS) S 1
uniformly in k. Thus for any 0 < 5 < 1, we can partition [2¥, 2K+1] into C() intervals I ' so that

[|u ”L%’()f_l)(lj xR3) <.

On each such interval, we may argue using Strichartz estimates and a continuity argument together with

(5-2) to deduce that

—k(s0—
”M”L‘;’L%CP(IJ'XR3) s 2 (so S[))

for each j. This implies
—k(so—
||u||L§’L)ZCP([2k’2k+1]XR3) < 27K (so=sp)
uniformly in k. We once again complexify the solution. We let
i

Ny

Once again, if u(7) solves (1-1), then w(z) is a solution to

w=u-+

Uy,

i
w; =—iv—Aw =+ ulP~ly.
t M| |

By compactness,

ITV=8y(-T) =0

lim Pje
T—oo0 ~—
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as weak limits in H for any k > 0. By Strichartz estimates, we have

||P5kw(T)||1.'11 < ||u|u|p_l||L}L§C([T,OO)X[R3)

-1 —k — - —
< Z ot |u|? ||L}L§([2k,2k+1]xR3) < Z 9—kp(so—sp) <T p(so s;:)’
2k>T 2k>T
which completes the proof. O

The jump from H*? to H50 regularity. It remains to prove Proposition 5.2. The main technical ingredient
in the proof of Proposition 5.2 is a long-time Strichartz estimate.
Proposition 5.4 (long-time Strichartz estimate). Let o > 1 and
2<g< &
Sp
Suppose u is a self-similar-like critical element as in Proposition 3.13 with compactness modulus function
R(-). For any ng > 0, there exists ko = ko(R(no), @) so that, for every k > ky,

3(p—3) —_(2_
”lvl2(‘0_1)u>k”L?U’_l)szc(p_l)/(p_2)([lsza(k*ko)]xRﬂ+”lvl (q Sp)u>k||L?L)2C4/(tl—2)([1,za(kfko)]XR3)<770~

Proof. We proceed by induction on k > kg. Let 79 > 0. Using compactness and the fact that N(¢) = ¢,
we may find k¢ large enough that

3(p—3) 2
55— —(£— 1
|||v|2(p_l)u>k()||L%(P—I)L)zc(P—1)/(p—2)([1’23a]><R3) + |||V| (q Sp)u>k()||L;1L)2C¢I/((1—2)([1’23a]xR3) < 5770

This implies the result for ko < k < 8ky.
To establish the induction step, by Taylor’s theorem, we may take the decomposition

1
Fu) = Flusp_s) + t<k—s / F/(Ouap—s + np_s)
0

1,1
= F(usg—3) +u<p—3F (us—3)+ “2<k—3 / / F"(0102u <j—3 + usf—3) d6; d6s.
= 0Jo
Hence, we can write the nonlinearity F(u) as a sum of terms

Poi F(u) = | Pog—aulP 7 Pog—gu + Pog(usp—3F (usg—3)) + Por(ul;_3Por—3F2),

where

1 p1
F= / / F"(0102u <f—3 + usk_3) dby db,,
0Jo
and we have used in the last term that
Pok (”ik—3 Fy) = Py (uik_3 Poy_3F2).

Note that | F/(us—3)| < [usk—3/P" 1 and |Fa| < |u<k—3]P "2 + |usx—3|P "2, and since the frequency
projections are bounded on L?, we will replace these terms with |u|?~! and |u|?~2 respectively once we
have a chosen a dual space in order to simplify the exposition of our estimates.
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Fix exponents
L 6(=q +rq)
’ 12—12p—21qg +13pq’

2
and note that y € (1,2) for g € (2, 4), while for ¢ = 2, we have

6(p—1 6
Tp—15 \5

In particular, by choosing g close to 2 we can guarantee that y, p € (1, 2). Furthermore,

1 1 3 2(p-3
_+___:M20’
y p 2 3(p-1

which guarantees that the conjugate exponent pair (y’, p’) is wave-admissible.

By Strichartz estimates,

=y v~ (G—s»)
VI Uskllp20-0 p20-070-2 +[||V] Uskllpap20r6-2

3(p=3)

S sl + VIR b1 | 200070 200072

—(2— -1
+ VI @ sP)P>k(“5k—3u£k_3)||L$q/(q+2>LZ/(q—1>
—443 2 -2
F VT2 Pog g3 Pokc WP )l y o
=141 4111,
where all space-time norms are over [1, ek _kO)] x R3. We estimate term I as follows:

3p=3) »
V2P0 [us k312 ||, 200-107/ 2001/ @0-3)
t X

p—1 3(p—3)
< s 12200 V27D s 2000 20002
1.x

- 3(p=3) »
pS |||V|2"’_”M>k—3||L2(p—1>L2(p—1)/(p—2)-
t X
By induction, we have
v s <
pP— — — —
||| | u>k—3”L?(P l)Li(P D/(p 2)([1’2“(k*k0)/8]><[R3) = TNo.

Thus, using N(¢) =t~ ! and that
ZOt(k—ko)
/ t~ldr =1log23* ~ 1,
2

Ct(k—ko)/g

and the fact that N(¢) < 1 on [2¢*k—k0) /g8 2a(k—ko)] for k > k¢ > 1, we can deduce

3(p=3)
IVIZE=D s3]l 201 2001/ 0-2 (peti—ko) /5, et~k |3y = T0-

In particular, using (5-3), we obtain that

3(p—3)
|V |2>=D [M>k_3]p”L%(ﬂ—1)/19L)2((19—1)/(2P—3)([1,2(x(k—k0)]XR3) < ng-
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For term 11, we estimate

k(2= -1 —1~—k(2—
2 (‘1 s”)||u5k_3||L;1L)2€q/(q—2> ||u>k—3||1’12(p—1) < 770p 2 (q sp)||u5k—3“L§1L,2cq/(‘1_2)'
r.x

Fix Cy > 1 to be determined below. We write

||u§k—3 ”L;’L)ZC"/("_Z)([l,za(k_ko)]x[R@) 5 ”L‘SCO ”L‘t’L)zC"/("_Z)([1,20‘(k_k0)]XR3)

+ ||MC0< - <ko ”thlLiQ/(‘I*Z)([l,2a(k—k0)]XR3) (5'3)
T Z Il ”L;fLiq/“’—”(u,2a(k—ko)]x[r«3)' -4
ko<j<k-3

For (5-3), we have

2_, B
luc,< - 5k0”Lj’Lfcq/(‘f_z)([l,za(k—ko)]xm) <Cy » 10g(2k k0)‘
On the other hand, for Cy = Cy(no) large enough, we can estimate (5-4) by
ko(2— —
Z ”uj||LttIL)2C61/(q—2)([1,Za(kfko)]XR3) < 102 o(G=s») log(2k ko).
ko<j<k-3
Finally, for kg < j <k — 3 we first use the inductive hypothesis to write

i(2—
”Pju”L;’L%CW(”_Z)([l,2“(f—k0)]XR3) < zl(q sp)no.

Arguing as we did for the high-frequency piece,

. g_ s
||PMu||L;IL§CI/(CI—2)([za(j—ko)’za(k—ko)]xRS) < 2](‘1 s‘")no 10g(2k 7).
Thus
i(2— i k(2—
D il e ety S 2 102G (14 log(@k )] < g2k G ),
ko<j<k-3 ko<j<k-3

where we have used

S G log(L) 5 1.

L>1

Collecting these estimates, we find
2_ _ 2_

”“§k—3”L?Liq/‘q’z)([1,2“<k—k0)]xR3) < [Co + 7]02k°(q Sp)] log(2k—k0) 4 ﬂozk(q Sp)’ (5-5)

which yields
—(2— _
VI @ Sp)P>k(”sk—3”£kl3)||qu/(q+2)L§IC/<q—1>
2_
< P71k G0 (e T 4 po2ko(Gs0)]10g(2k o) 4+ P

Choosing k¢ possibly even larger, we deduce

—(2_— -1
V] (2-sp) P>k(u§k_37/l£k_3)||L%q/(q+2)L;1C/(q—l) <nb.
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Finally, we estimate term III. Since —% + s, < 0, we use the fractional chain rule and Bernstein
estimates to obtain

—443 2 -2
V17043 P u2 gy Por P 2) 7 10
k +2 -2
<2 7 lu< <k— 3”L"L2"/<" » IV (u? )||L§>0L§(p—l>/(7p—1s>

—2k(=—s .
S 2 a2y a0 s VUl o2

Using (5-5) (and the conditions on kg, Cq given above), we conclude

—443 2 -2 2
N4 SpP>k(u5k_3P>k(up ))“L}'LQ < Mo-
Combining our estimates for terms I, II and III and choosing 79 small, we conclude that
3(p=3) —(2-sp)
NVIEE=D sl 201 20102 + VIS gl o 2002 <m0
on [1,22¢%,=k0)] 5 R3, thus closing the induction and completing the proof. O

Finally, we arrive at the proof of the additional regularity Proposition 5.2.

Proof of Proposition 5.2. We compute

110 = w1, £ 3 2259 (Pew(1), Pew().
k>1

We use the double Duhamel argument based at = 1. For some k > 1, we write
1 poo
(Prw(1), Prw(l)) = / [ (e A=DV=A P F(u(r)), ! IV P F(u())) dr dr.
0J1
We fix o > 1, to be determined below, and split

o0
/ S U=DV=Ap Fu(t))dt = Ay + By,
1

where
2k o

o0
A = / UDV=Ap Fu@t))dt, By = / ' A=DV=4p F(u(r)) dr.
1 2ka
We also write .
/ e =IV=Ap F(u(s))ds = Zj.
0

‘We will use the estimate
[(Ak + Bi. Zi)| < |Ak|* + 2(Bk. Zg)|.

which follows from the fact that Ay 4+ By = Zj.
We first estimate the (By, Zj) term. We expand

|(Bk. Zk|<ZZ/

{<0j>ka

241 oj+1

/ —i(t—r)ﬂpkp(u(;)), P F(u(s)))| d dr.
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We claim that
||Pk(“|u|p_1)||L%L)1(([2e,22+1]xR3) <27k
uniformly in £ > 0. Indeed, arguing as above, we can decompose the nonlinearity into two types of terms
Usp_uP™l and  uPop_ (WP,

since if both u and |u|?~! are projected to low frequencies, the product vanishes when projected to high
frequencies.
We thus have by Bernstein’s inequality, Holder’s inequality, and the fractional chain rule that

|| Py (uefue| P~ 1)||L2L1 <||M||L2(p 1)||M>k—1||L;>oL§+|IMI|L§(5—1>||P>k—1(up_l)||L3<p—l)/<p—2>Lgc<p—1)/<2p—3>

<27 ul P 2 S270,

S
PVl ez

where all space-time norms are over [2¢, 26+1] x R3.
Using dispersive estimates, we have, for any j > ko and £ <0,
J.

26+1 5j+1

[ (e COV=ApLF(u(t)), P F(u(s)))| dr de

2["1‘
/;

<2572 1Pl P~ 2 11 e e 11y I P @l P~ D2 1 gk oh417xm3)

2J+1
/ (12K | Pyl (1) | Pl PP ) )1 de

< 2%2‘%2’6(1—2%)_
Summing over £ <0 and j > ka, we deduce that
By, Zy) gor | < 28017%). (5-6)

We now turn to estimating the | Az |? term. We will use a frequency envelope argument to establish the
required bounds. Once again, we fix an exponent ¢ satisfying

S
2<g<-L,
=5
Let

4

0<min{sp,§1—sp,——1—sp}. (5-7)

and define

_ —ol|j—k . .
Ve =22 7w e g ooy
j

We will establish the following: Let 9 > 0 and let R(-) denote the compactness modulus function of .
Then there exists ko = ko (170, R(10)) sufficiently large that

Ikl s S Cko)2 ™ 2% 1510 3 27 Mg | oo (4 sy (5-8)
J
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for all k > ko. For p > 3, we write the nonlinearity as F(u) = |u|?~3u3 and then decompose u> by
writing u = U<k + u>k. By further decomposing u<x = u<g, + Ug,< . <k, we are led to terms of the
form

Fu) = |ulPul, (5-9)
+ 3P Pu? u g, (5-10)
+3JulP Ul ugy< - <k (5-11)

+ [ulPPu gy F3 (5-12)

+ P PuR (5-13)

+ 3P s gu <geu < (5-14)

+ 3l PP us kU <g Uiy < - <k (5-15)

where we have written

;= uzsko + 2U<oUk< - <k T u,zc0< <k
By Proposition 5.4, for any 8 > 1 there exists ko = ko(R(70), B) so that for every k > k¢ we have

3(p—3) —(2_
HVIZP=Dusill 20— 20010102 (4 a0k g3y TV @ s”)u>k||Lngcq/<qu>([1,25<k_k0>]xR3)< n0-
Fix B >« and k1 = k1(R(no), o, B) > ko, which satisfies

yk1(B—a) > 2koB

Then 28k—ko) > oke for f > k1, and hence, for every k > ki, we have

3(p—3) —(2_—
|||V|2(”_”M>k||L§(p71>L§_<p71>/<pfz)([Lzak]st) + [V @ Sp)u>k”L‘IILJZCQ/((I*Z)([I’zak]XR3) <7o.

We will use this estimate repeatedly below. Furthermore, we may also establish identical long-time
Strichartz estimates for

—2
HEr il 2o,

where 2/s, <1 < 4.
To estimate (5-9), we use the dual Strichartz pair

r 6r(p—1)
27 12—12p—21r +13pr )’

with 2 /s, <r < 4. We note that this pair is dual admissible: writing the pair as (4, B), we have
1 1 13p —21
11 _1p-21
A B 6p—6

for p > 3. Note that A € (1,2) since r € (2,4) and B > 1 for

12(p —
- (p 1)_
Tp—15

3
> =
-2
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This is compatible with r > %when p € [3,5). We can thus bound
P

k(3sp—2) 1, 1 P=3 2
2k (3sp ’)““”L?OLi“’_WZ”u>k”L§L)2cr/(r_2) Z ltjll oo 2

k<j
-2 2 k—j
S VP Fusi| rp2r/(r=2) E 2 j)sp”MjHLooHSp
thx : oo
k<j
i
<10 2 26D | o o

j>k

For (5-10), we use the dual Strichartz pair

(Zq(p— 1) 6¢(p—1) ) (5-16)
2p+q—2"6—-15¢+2p(5¢—3))
We bound the contribution of this term by
_2 -3
=D ulP 2 iyl 2 <o | o 2070 Nl o 2
: Lx t.x tbx t =X
< 7]02_k(%_S”)2k0(%_s”) log 2 |u o0 £rs7

< noz—k(%—sp)zk()(%—sp) log 7k
For (5-11), we use the same dual pair as in (5-16), and we obtain

k(2sp—2 -3
2k (25 ")||u||iooL3(p—1>/2””>k“L?(§’_” Z Bl aera=2 Mo llgerz
e | ko<ji1<k<j2
S (2 . .
<o Z 2/1((1 sp) log(zk J1)27 /2% ”ujz”L?OH;”
ko<ji<k<jz
S 10 Z 2(k—J)SD”uj ||L?°H;p
k<j

To estimate (5-12), we use the admissible dual pair (% 72—z8+). We choose p so that

3 2 4 3
p g p-1 2
We bound the contribution of this term by

—k(2—s p—3
T T S D S T 1P Yt I e

J1<j2=k
< z—k(%—sp)zko(g—sp) log 7k Z zjl(g—sp)zjz(sp—%+) log(2k_j1)

5 J1=<j2<k



2040 BENJAMIN DODSON, ANDREW LAWRIE, DANA MENDELSON AND JASON MURPHY

Now we estimate (5-13) as follows: we apply Strichartz estimates with the dual (sharp) admissible

pair (£, 33—34). Then we obtain

k(1-2+s p—3
2015 p)||u||L<l>oL§ac(p—l)/2 Z i ll g p2ar@=2 ol o g 2ara—2 g5l oo p so=nrc0-,

where the sum is over kg < j; < j» < j3 <k.
Now, for kg < j <k, we can estimate

”uj ”L?L%q/("_z)([l,2“k]XR3) 5 ”uj “L?Liq/(q_Z)([1,2“j]xR3) + ||MJ ”L?L)Zcq/(q_z)([2‘1k,2“k]xR3)
. . ;_
< no log(2% /)27 (G=s7),
using the long-time Strichartz estimate of Proposition 5.4 and we note the log comes from the second
term. We also have
114511 0oy 6t-70—p < 2777w || oo s
Jlipeer$ ~ JlLoe fry

This yields

;702]‘(1_3"'513) Z 211(%—%) log(zk—jl)zjz(%—sp) log(2k—j2)2—js(1—sp)
ko<j1=j2=j3<k

i i—k)(4—-1—
S0 Y. log@ 20 RGT y p
ko<j=<k

Note that for this estimate, we need

4 _8(p-1)

< )
I+sp 5p—9

q

which is compatible with g > 2 for p € [3, 5).
For (5-14), we use the dual Strichartz pair

q 6(pq —q) (5-17)
2°12—12p—21g+13pq )’

We bound the contribution of this term by

2k(3s,,—i) . .
q HuskollLi’Li‘”(‘l—Z) Z [, ”L;’Li"/("_z) fluj, ||L?OL%

1<k<j>
szk(3sp—3)2ko(%—sp) Z 2]’1(%—%)10g(2k—j1)2—szp||uj2||LooHsp
t X
J1=<k<)j2

< z—k(é—sp)zko(%—sp).
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Finally, for (5-15), using the same dual pair as in (5-17), and we estimate the contribution of this
term by

k(3sp—2 p—3
S T PAD DI [V ey UM JRp e A P
Juko<j2<k=<j3
<2 Cr=) 3 G 0g 2=y G2 )
t X
J1=<2<k<J3

<o Z 2 (k=J)sp |l ||L?0H;p.
k=<j

Putting together all the estimates, we establish (5-8), which, together with (5-6) and the conditions
on o from (5-7), yields

s k(3—% —k(Z—sp)+ —olj=kl ||y, s
or ()l gz 5268 4 278G g 3727 K g e o 1 e
J
for all k > 1. For « large enough, we can guarantee that the second term dominates the first, and hence
k(2= —oli—
e (Dl < 275G g 3 270U H g o 11y
J

for all k£ > 1. We now rescale the solution u and use the fact that the rescaled solution Tu(T't, T x) is
also a self-similar solution for any 7" > 1 (with the same compactness modulus function as u). This yields

—k(2— —oli—
lwell oo prso (11,00)xm3) =2 (Gmsnt gope Yo 2 “wj ll e 3 (11,00)cm%)- (5-18)
j

Let 0 < n < . Then (5-18) implies that for k > ko,

vk S27% 4 ooy,

and hence, we may conclude that
[wD| gsp+n <1 forany 0 <n<o.
Using the same rescaling argument as above, and the relation between w and u, we ultimately deduce that
(T llyysp+s ST,
which yields (5-2) provided we can choose

_ 5P
2p(p—1)

Combining with the constraint n < % — §p, this requires that we choose

n

4p
3p—5’

2<qg<
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which is possible whenever p € [3,5). For the other term appearing in the definition of o, we find that
we can choose

5—-p
T’ =
2p(p—1)
provided we take
8
q < —p’
S5(p—1)

which is similarly allowable by the requirement that ¢ > 2 for p € [3, 5). This completes the proof of
Proposition 5.2 and hence completes our treatment of the self-similar scenario. O

6. Doubly concentrating critical element: the sword and shield
We now consider the case of the doubly concentrating critical element, that is, N(¢) > 1 on R = I ;5 and

limsup N(¢) = oo.

t—*to0

By Proposition 3.13 we may assume in this case that x(¢) is subluminal in the sense of Definition 3.12.
By Lemma 3.16 there exists §o > 0 so that

|x (@) —x(v)| = (1 =80)|t — 7| (6-1)

for all ¢, T with
1

o infse[t,t] N(s) .

|t — 7| >

The goal of this section is to prove the following proposition:

Proposition 6.1. There are no doubly concentrating critical elements in the sense of case (III) of
Proposition 3.13.

To prove this proposition, we establish the following dichotomy: either additional regularity for the
critical element can be established using essentially the same arguments used in Section 4, or a self-
similar-like critical element can be extracted by passing to a suitable limit. To this end we define function
7:R— Rby

(1) = /Ot N(s)ds.

Since N(t) > 0 and lim;_, 1 o T(¢) = 00, the function 7 : [0, 00) — [0, 00) is bijective. Hence for any
to > 0 and any C4+ > 0, there exists a unique K+ = k4 (f9, C4+) > 0 such that

Ki(t0.C1) 4
T Nw) T (t(to) + C4).

Similarly, for #9 < 0 and any C_ > 0, we can define

B Kk—(to, C-) _

R AR (ORI eaE
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Fix n > 0 as in the small-data theory of Proposition 2.6, and let R = R(7) be such that, for all € R,

/ 19Frut 0P ax + [ Ve Rdesy: 62)
lx—x()|> KD lx—x()|> %8
see Remark 3.6. Now let y(t) = yr,n(¢) be a smooth cutoff to the set
R
x—x(0)] = D]
N(1)

By our choice of R(n) we have
X3, <n.
Since N(t) > 1 and by (6-1), for any #g, there exists C4+(fg) > 1 sufficiently large so that

x(t N K+(IO,C+(10))) (o) K+ (10. C+(10)) | R(n)
0 N(to) 0 N(to) N(to + k+ (10, C1(t0))N(to) 1)’

and similarly for C_(#9). By continuity we may assume that C4 (¢p) are minimal with this property.

<

Furthermore, for every f¢ there exists C(#p) such that, for some #; € R satisfying

T(11) —(to) < C(t0),
there exist 7— < t; < 4+ with
t(t1) — (=) <2C(to), t(t4+)—1(t1) <2C(t0),

which satisfies

R R
5= x| = [~ 1] = s and [0~ =ty = 11|

We note that we define C(fg) instead of working directly with C1(¢p) so as to split the 7 integral evenly

forward and backward in time. Moreover, if one tries to work directly with #¢ instead of #;, one runs into
issues with Case 2 below.

It is clear from the definition that C(zg9) < sup(C4+(to), C—(?9)), and thus is finite. However, Cy (#¢)
need not be uniformly bounded for ¢y € R, and hence neither does C(f9). We will now analyze several
cases based on whether C(tp) are uniformly bounded for 79 € R.

6A. Case 1: C(ty) are uniformly bounded. Here we work under the assumption that there exists a
constant C > 0 such that C(f9) < C for all 7y € R.

We show that essentially the same argument used in Section 4A can be used to show that such a critical
element necessarily has the compactness property in 77 N 1.

Proposition 6.2 (additional regularity). Let u(t) € H? be a solution with the compactness property that
is subluminal and doubly concentrating, as in case (IIl) of Proposition 3.13. Assume in addition that C(t)
is uniformly bounded as a function of t € R. Then 1i(t) € H' and satisfies the bound

5

1 ()|, S N(t) 2D (6-3)

uniformly int € R.
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For the moment, we will assume Proposition 6.2, and we will use it to prove the following corollary.
Corollary 6.3. Let ii(t) satisfy the hypotheses of Proposition 6.2. Then i (t) = 0.

Proof of Corollary 6.3 assuming Proposition 6.2. We begin by extracting from (z) another solution with
the compactness property on a half-infinite time interval [0, co) but with new scaling parameter N (s)—0
as s — 00. Let 7,,, be any sequence of times with

tm — —00, N(fm)— 00 asm — oo.
Next choose another sequence ¢, — —o0 by choosing t,, such that
N(ty) := max N(1).

te[fm aO]
Now define a sequence as follows: set

- S S
W (s, y) 1= N(l‘m)pzlu(tm + N(zm)’x(tm) i N(l‘m))’

s y
a’”(t’" T N+ N(rm))’

Ot (5. ) i= ———
o N(tm) 721+

and set
J)m = (wm(ov y)’ alwm(ov )’))

Then by the precompactness in 77, there exists (after passing to a subsequence) Weo () 7 0 so that
Wy — Woo € H'P.

It is standard to show that w0 (s) (the evolution of We, = w(0)) has the compactness property on I = [0, c0)
with frequency parameter N (s) defined by

- N(tm + v
m—00 N(tm)
and moreover that

N(s)<1 forallse [0, 00),
liminf N (s) = 0.
s—>to00
By the uniform bounds of (6-3), we see that
~ 5—
lw(s)l51 < N(s)2(1)fl> for all s € [0, 00),
and hence there exists a sequence of times s, — oo along which
~ 5—
1B (sn)llip1 S N (52) 27D =0 asn — oo.

Using the above, Sobolev embedding, and interpolation, along the same sequence of times we have

lw(sa)llpr+1 < ||w(Sn)||Hs(p—1)/(2<p+1>) —0 asn— oo.
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t

B/

C/

Figure 2. A depiction of the regions A, B and C.

But then, since the energy of w(s) is well-defined and conserved, we must have
E(w) =0.
For the defocusing equation we may immediately conclude that w(s) = 0. O

Remark 6.4. As in Section 4, these arguments readily adapt to the focusing setting.

Sketch of the proof of Proposition 6.2. The argument is nearly identical to the proof of Proposition 4.2 in
Section 4; hence rather than repeat the entire proof, we instead summarize how the uniform boundedness
of the numbers C(¢y) allow us to proceed as in Section 4A. The main idea is that the boundedness of these
constants means that for each 7o € R we only have to wait a uniformly bounded amount of time, where
time is measured relative to the scale N (¢), for the forward and backwards light cones based at (#g, x(¢9))
to capture the bulk of the solution. Consequently, we can apply the same techniques that were developed
in Section 4A directly and implement a double Duhamel argument. In order to estimate the norm at a
time ¢ = tg, we recall the definitions of 71, 7+ above and decompose space-time into three regions:

(A) Region A: [t_,t4] x R3.
(B) Region B: the forward (resp. backward) light-cones from
{t) xdx tx —x ()| = [t — 1}
and
{t_yx{x:|x—x(t)| = |t—=—1l}-
(C) Region C: Rx R*\ (region A U region B).

On region A, we control the solution by dividing the time interval [f_, z4] into finitely many sufficiently
small time strips on which we can use Lemma 3.11.
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The main difficulty is that we need to ensure that we can uniformly control the number of small strips
we will need to accomplish this (this type of uniform control was guaranteed in the Section 4 because we
had N(¢) = 1 there). Here, the boundedness of the constants C is used to achieve this uniformity.

From Lemma 3.11 we know that for each n > 0 there exists § > 0 such that for all € R

”u”L%‘(ffl)([t—%,t—‘r%]xﬂ@) <n forallz eR.

Fix this § > 0. Examining the proof of the estimates used to control the solution on region A in Section 4,
see (4-5), we need to show that there exists a uniformly (in #9) bounded number M > 0 of times ?,,,

—M <m < M with t_ < t,, <t4, and such that the corresponding intervals I_y, ..., I3f with
Iy = |t 5 tm + 5
ML NG ™ N

satisfy

M
(il | Im.
m=—M
In this case we obtain
M

It
2(p—1) < 2(p—-1) <
u u N(t)dt,
|| ||L%’(;_U([,_,,+]XR3)Ni§_lﬁ I3 gy 5 | NO

and, since
I+
N(t)dt = t(t4+)—t(t-) <4C (6-4)

r—
by construction, this would yield the desired upper bound.

Hence, we now turn to the argument that intervals on which we can control the Lf’(f_l) will exhaust

the time interval [f_, ¢, ] after finitely many steps. Since |N’(¢)| < N(¢)? on an interval of length §/ N(t),
for any 11, 1, € [t—, t+], which satisfy |t; — 2| < 8/N(t1), we have

N(t1) —8N(t1) < N(t2) S N(t1) +8N(11).

Consequently, for any #; € [f—, #4+] we must have
t1+8/N(t1)
[ N(t)dr > (286 —28?),
t1—8/N(t1)

which for any 0 < § < % yields

11 +8/N(t1)
/ N(t)dt > 6. (6-5)
t1—8/N (1)

By (6-4) and (6-5),

1+ I—+G8/N(@-) 4 t+—8/N(t+)
4C 3/ N(t)dt:/ N(t)dt+/ N(t)dtz/ N(t)dt +6;
t— t— t—+8/N(-) t—+8/N(t-)
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hence the positivity of N(¢) implies that by iterating this procedure, we will be able to cover the whole
interval [t_, z4] in at most 4C/§ many intervals of length 6/ N(¢), where we can control the Li(f_l)
norm of the critical element.

On region B, we use (6-2) to apply the small-data theory at times ¢4, which, together with finite speed
of propagation, yields a uniform bound on the solution. Finally, on region C, we may use the sharp
Huygens principle exactly as in Section 4A.

All together, using arguments from Section 4, this will yield that
5—p
@)l S N (1) 27D
For more details, we refer the reader to [Dodson and Lawrie 2015a]. By continuation of regularity and
(6-5), this implies
5—p
lu(to) ;1 < N(t1)2P=D,

where the implicit constant again depends on C. Finally, since |N'(¢)| < N(t)?,

N(l()) ~C N(ll),
which completes the proof. O

6B. Case 2: C(t) is not uniformly bounded. In this case we will show how to extract a self-similar-like
critical element by taking an appropriate limit. The arguments from Section 5, specifically Proposition 5.3,
then allow us to conclude that any such solution must be = 0, which is a contradiction.

By assumption, there exist sequences {f,} such that

C(tn) > 2n.
Now define
In = [tn — k—(tn, YN (tn) ™" tn + k4 (tn, )N (tn) 1]

Borrowing language from [Tao et al. 2007], since C(#,) > 2n, we show that all sufficiently late times
t € I, are future-focusing, that is,

R
forall t € I, such that t > ¢, |x(v)—x(t)| > |t —t¢|— ﬂ
N(7)
or all sufficiently early times ¢ € [, are past-focusing, that is,
R
forall T € Iy suchthat T <¢, |x(¢) —x(v)| > [t — 7| — ﬂ
N(7)

Indeed, suppose that there exist 1", 1%} € Iy such that (t}}) — 7 (¢2) > Cy for some C,, /" oo asn /" oo,
12 is future-focusing, ¢! is past-focusing, and t <7 . In that case,

N(t)~ N(r) forallt, v e[t 7],

with constant independent of n. For n sufficiently large this violates subluminality.
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Therefore, suppose without loss of generality that for n sufficiently large, all sufficiently late times,
say all

are future-focusing. First, we note that if ¢ € [}, is future-focusing, then for any 7 € I,, T > ¢,

RO ot Nes), (6-6)

C r<s<t

N(7) <

Indeed, forany t € I, © > ¢,

R
70 = (O] = e 1] - 2.
Then if N(t) <cN(t)/R(n),
c
|x () —x(v)| = |t — 7| N
and therefore, we conclude that | NG
T
N(r) < C—zN(f) =< R(D)’

which is a contradiction for R(n)sufficiently large. Note that in the case of past-focusing times, a similar
argument yields a lower bound in place of (6-6).
Consequently, for any 7 € 1,

N(t) < ipf CN(7).

<t:tely,
In particular, modifying by a constant, N(¢) may be replaced by N () on I, where

N@):=N,(t) = inf N(7).
tn+/c+(tn,%)N(tn)—1 <t<t

Clearly, N (#) is monotone decreasing. Furthermore, extracting appropriate limits, we may assume that
N (¢) must converge to ¢ ' as n — oco. The main idea is that forward in time, on longer and longer time
intervals, the precompact solution expands to fill the light cone. This observation will enable us to extract
a solution which “looks self-similar” on [1, co) and we can then rescale that solution to extract a true
self-similar solution on [0, 00). We proceed with this argument now.
We begin by simplifying our notation, setting
" =ty 4Ky (zn, %)N(tn)‘l,
t" =ty + k4 (tn, n)N(tn) "
By definition of subluminality (see Definition 3.12), it holds that uniformly for all ¢ € I,,
Noye—) <1,
independent of n. We further have that
Nt —t")z1

is also uniformly bounded for all ¢ € I, such that  —¢” > §/N (") by finite propagation speed.
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Now set
Kni= [K+(tn,n) — i+ (tn: %)]N(tn)_l N(@™).
Since o
T Nayde ~ Lo, 6-7)
n

and N (1) < N(¢") for all ¢ € I}, we see that if K,, < C for all n € N, then

.
o<,
2

which contradicts (6-7). Hence we may conclude that K, is unbounded. We can then define a rescaled
sequence as follows: set

uy (0, x) = %M(IE,X(IE) + ~x ),

N(n)r=T N(@2)
dsun (0, x) = ;u(t" x(t™)+ a )
T Ramyartt VT N

and let
Wn (1) = (un(0, x), drun (0, x)).

By precompactness of the trajectory of i in 4*» (modulo symmetries), the rescaled initial data converges;
that is, Wy (1) = Weo in 7. We let W (s) be the evolution of Wee =: W(1); then Weo has the compactness
property with a new scaling parameter N (s), given by

Hence we have

<gs foralls>1.

s < —=
N(s)

We may also assume without loss of generality that W, has the compactness property with translation
parameter X (s) = 0: by finite speed of propagation, X (s) must remain bounded, and hence we may, up to
passing to a subsequence, obtain a precompact solution with X(s) = 0 by applying a fixed translation.
Finally, we consider one last sequence of times {s;, } with s,, — oo and we define

1 X 1 X
( )Lw Sn,s— s atun(l’x)ZUTHw Sn,s— .
Sn p—1 n sn p—1 n

Un(1) = (wa (1, x), drwa(l, x)),

which gives rise to a corresponding solution vy, (§) with N (5) =51 on [1/s,, 00). We then can take the

wy (1, x) =

We set

limit n — oo, which yields convergence U, — oo in H*7, and a solution ¥ with initial data Do, which is
self-similar on [0, 00).
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7. The traveling-wave critical element

In this section we preclude the possibility of the existence of a “traveling-wave” critical element.
Recall the definition of a traveling-wave critical element.

Definition 7.1 (traveling wave). We say u(t) # 0 is a traveling-wave critical element if 1(t) is a global-
in-time solution to (1-1) such that the set

K:={u(,x@)+-),dult,x(t)+ ) :t eR}

is precompact in H5» x H*»~1(R3), where the function x : R — R? satisfies

x(0) =0,
[t] = C1 < [x(@)| < [t| + Cy, (7-1)
x() = (1,0,0)] < Cyt]2 (7-2)

for some uniform constant C; > 0.
The main result of this section is the following theorem.
Proposition 7.2. There are no traveling-wave critical elements in the sense of case (IV) of Proposition 3.13.

To prove Proposition 7.2, we will show that any traveling-wave critical element would enjoy additional
regularity in the x;- and x3-directions. This will allow us to utilize a direction-specific Morawetz-type
estimate to reach a contradiction. We will require an additional technical ingredient, namely, a long-time
Strichartz estimate in the spirit of [Dodson 2012; 2016].

7.1. Main ingredients in the proof. The long-time Strichartz estimates take the following form:
Suppose 1(7) is a traveling-wave critical element for (1-1). Lete >0and 0 < 6 < %e. For any 19 > 0,
there exists N9 = No(no) large enough such that for all N > Ny and for all ¢y € R, we have:

Proposition 7.3 (long-time Strichartz estimate). Suppose u(t) is a traveling-wave critical element for
(1-1). Let € € (0, 1) be arbitrary. Then,

>N s (ro.00+ N1—e) = 0N (1) as N — o0,

where S(I) denotes any admissible, non-endpoint Strichartz norm at Sobolev regularity s = s, on the
time interval 1.

With the help of Proposition 7.3, we will also prove the following additional regularity result.

Proposition 7.4 (additional regularity). Suppose 1(t) is a traveling-wave critical element for (1-1). For
any 0 <v < %
19212l 20 2 ey + 11031 2l oo 12 gy < -
Using Propositions 7.3 and 7.4, we can then prove the following Morawetz-type estimate. In the sequel,
we use the notation

x = (x1,x2,3).
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Proposition 7.5 (Morawetz-type estimate). Suppose 1(t) is a traveling-wave critical element for (1-1).
Then there exists § > 0 and € > 0 such that

1 T]fé
lim / [ u<r(t,x)|P dxdr =0.
T—oo T17¢ Jo |x2,3|<T? ez |

Combining Proposition 7.5 with the nontriviality of critical elements will yield a contradiction and

complete the proof of Proposition 7.2.
We turn to the proofs of the three preceding propositions. In Section 7B we also give the proof of
Proposition 7.2.

7A. Long-time Strichartz estimates. In this subsection we prove the long-time Strichartz estimate,
Proposition 7.3, and then deduce a few technical corollaries.

Proof of Proposition 7.3. For technical reasons we fix a small parameter 0 < 8 < 1 and introduce the
following norm: given a time interval 1,

__2—-36
lllszy = lull 200 + NIV 200Ul ot 201170
_1-6 _
+ [[V] T u||Lf(P—1)/<2—")L§(P—”/9 +[[[V[* 9u||L$/9L§/(1—9>

25p 1
+[IV]3 3M||L?/(1+sp>L

3__ 3
s/e—sp) + |[|V]* 2<P—1)u||Lz(p—1)L4, (7-3)
X t X

where all space-time norms are over I x R3. Restrictions will be put on & below. One can check that each
of these norms correspond to wave-admissible exponent pairs at H*» regularity; this already requires
0 < 6 < p—3. We will prove Proposition 7.3 for the space Sy and note here that the same estimates then
easily follow for the whole family of admissible Strichartz norms. We also note that a nearly identical
(but simpler) argument works in the case p = 3, with the caveat that we need to perturb away from the
inadmissible (2, co) endpoint.

Let no > 0 and € > 0. We will actually prove that there exists Ng > 1 such that for N > Ny, we have

—y <
”u>N”59([l‘0,to+(NL0)l ]) o

for any to € R and 6 < %e. This implies the estimate appearing in the statement of Proposition 7.3 upon

1—
Nl—él < i ¢
=\n,
provided N > Nél_e)/ (=€),

By compactness and N(¢) = 1, there exists Ny sufficiently large such that

enlarging € and Np; indeed,

1
> No s, (120,20 +91—<1) < 270

for any 79 € R. This implies the desired estimate for No < N < 9Ny. We will prove the result for larger N
by induction.
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Note that by choosing Ng possibly even larger, we can guarantee

||P>Nﬁ||L;>°HSP (RxR3) < %770 (7-4)

for any N > Np.
Before completing the inductive step, we make a few simplifications. First, by time-translation

invariance, it suffices to consider fp = 0. Next, to keep formulas within the margins, we will assume all

. 1- .
space-time norms are over [0, (Nlo) “] x R unless otherwise stated.

By Taylor’s theorem, we can write

F(u) = F(u<ny) +usn [ F'(u<y + 0u=n)
= Fluen) +usn Flluey) + 12 y // F/(uon + 1621 x)
= F(usn) + sy F'uan) 422y Fuan) +1dy /// F" <y + 626310 )
for any N. Thus (ignoring absolute values and constants) we need to estimate four types of terms

>3

1
F2=/// F’”(M<ﬂ+91929314>ﬂ).
0 8 8

We will estimate the contribution of each term using Strichartz estimates.

uoyul 7y +u? Nu”N2+u1’N+ Sy Fa=t1+11+111+1V,
8 =% T <% <3

where

Term1. Welet0 <6 < p—3asin (7-3) and further impose 6 < %e. We estimate
-1 p—1 -1 p—
11V ]*7 P>N(u§% uz%)”L}Li < NP ”“51\’ | L~ 1L2<p e llus N ||L°°L2/(l —9
1+3¢ g 30
< N~ 2 ||u<N ”Lp lL)ZC([)—l)/G ”lvl 2 u>%”L‘tX’L§/(1_9)
_2-30 p—1
< [N7ZeD ““s%”Lf"‘Li“’—”/@] VU xllpeer2-
Recalling (7-4), it remains to prove
~3=D <
N 207D u nllpp-1p20-076 < T0-
We let Cyp > 1, to be determined shortly, and begin by splitting
—2=360_ _ 230
N7 gl et oo S N R ol pos oo
_2-36
+ N 2070 lucy< - <Nollpp-1 7200170

230
+ N~ 2-D Z luaellpp=1p20-076.-

No<M <%
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By Bernstein’s inequality and N(¢) = 1, we can estimate
30 7 N \PoT
30 = P

N 2(" 1)”“<Co”LP 1720-0/6 SN 2(,; UCZ(D l)( )

Ly NO
on [0, (Nlo)l_e] x R3. To guarantee that the overall power of N is negative, we need
30
3 :

Thus, for Ny sufficiently large depending on Cy, we may guarantee that
= <
N 207D lu<coll p=1 20-176 < 1o

Next, choosing Cy = Cq(n¢) large enough and using N(¢) = 1, we estimate

30 _2-—36 _
N2 ||uco<.<No||Lp 1p2e-n/e SN- 27 ”Nz(p YV 75 1)”‘>Co||L" tp3p=n/e

a—

N\ Zoont+ 5T
< 770(70) < No-

For the final term, we begin by estimating

2—360

— 5D < M \2=D V_Z%_wl)
NTZGTD ST umlpp-rze-ve S0 3 | IIVI720=Dug ]| p1 2010

We now apply the inductive hypothesis to the last term. To do so, we divide the interval [0, (Nlo) 1_6]
N

. 1=e . 1- _— .
into ~ (H) € intervals of length (NMO) € Continuing from above, this leads to
2—30 _ (1—€)

230 M \2(»—D " p—1
N 2-D Z ||”M||L§’—1L§C(l’—1>/9 < Z N no < 1o,

No<M <X No<M <%

where we have used that the exponent appearing is, in this case, positive. This completes the estimation
of term I.

Term II. We estimate

-1 p—2 2 -1 2
VI Py 2202 )12 S N ey 0y I 17,20 o

1
< NPT |2

L%(p—l>L4N G ||”<N||

LP~ 1L°°

3__3 2
<[N? 2<P*1)|IM>%||L%<p—1>L§C] N~O= 1’||“ N”Lp Ige0"

We can argue as above (now with 6 = 0) for the low-frequency term, and we note that (2(p —1),4) is a
wave-admissible pair at regularity

3 1 3 3 3
can ()
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and we conclude using the inductive hypothesis on
%_2( > D
|||V| P u>%”L?(p_l)L§'
Term I1l. Next using the fractional chain rule we estimate
sp—1 Sp—2
V] P>N(“ N)”L 1712 = SN ”u N || 2(p—1)/(2 9)L2(p—l)/9|||V|u§%||L?/9L§/(1_9)
—146 - —0+sp—1
<N [ “L?(p—l)/(Z—B)L)ZC(p—l)/BN PV Iy llp2/0 2000,
To complete the estimation of term III, we need to prove
Ny | + NI V| S
5% Lg(pfn/(zfe)L)zc(pfl)/e <N L§/9L§/“*") ~ No-

For this, we argue as in term I; that is, we split u _ N into

U N =U<Cy T UCo=- <No T Y. um
No<M <%

and estimate each term separately, relying on the inductive hypothesis (and a splitting of the time interval)
for the final sum. Comparing with those estimates, we see that this requires

1-0 1—¢
_— >0
r—1 p—1
to deal with the first term and
(1 —¢)
9+1_SP_T>O

to deal with the second term. These conditions are satisfied provided 0 < 0 < €.

Term IV. We estimate

||M NF2|| L2/ 2/C=5p) S ||M ¥ I L2/ [ 2/Csp) +||M NM || L2/ +sp) [ 2/C=5p).
For the first expression we estimate
p _ p p
Iyl 2rasm 2= = ||u>%||L?p/(1+s,,)L§p/<z_sp) <o

while for the second expression we have

3 p—3 3 p—3
||u>%u§% ||L?/(1+SP)L)2C/(2—SP) < ||”>%||L?/<1+sp> 6/(2—Sp)||u§%”L?’°x'

Lx
Now,
2(p=3)
<y IILoo <N N IILOOLW n2 SN P
6 . . . . . .
For the first term, we see that (1 T5, 2= s,,) is an admissible Strichartz pair at regularity
n I 2sp
Sp+ - —— <sp,
P33

and hence

1 2(p 3)

lu? yu? 2N 245 2/(2—sp>5N1_2s"|||V|2%_§” NP 6/atsp) s 6/@spmN P71 |lu_ N|| 0o 3(p—1)/2"
>% =% L; L %L, 2L 4 L7 L P
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Finally, note that
2(p—-3 4 2p—6
g 14 2Py 2P0
p—1 p—1  p-1

Hence, by the inductive hypothesis, putting all the pieces of the argument together, we obtain
1 3
u —p = 5 + C ,
[ >N||S9([O’(NLO)1 D= 310 No
which suffices to complete the induction for ng sufficiently small. O

We will need the following corollary of Proposition 7.3, which provides some control over the low
frequencies as well.

Corollary 7.6 (control of low frequencies). Suppose U is a traveling-wave critical element for (1-1). Let
€>0and0 <6 < %e. For any ng there exists N sufficiently large such that

2—30
<l p=1 120-1070 (11 g N 1)y xmz) S TN 277D, (7-5)

1—6
_ _ _ < p—1
||u5N||L$<p D/@=0) [ 20=1/6 (10 101 13y S TON 77T,

6—sp+1
IV <Nl 270 12/0-0) (o 104 N1=clxcrzy S TN

uniformly over tg € R.

Proof. We let ng and choose No = No(no) > 1 as in Proposition 7.3. By time-translation invariance, it
suffices to consider 7o = 0. We focus our attention on (7-5), as the other estimates follow similarly. For
N > Ny, we estimate

”qu ”sz_lLi(p_l)/e([O,Nl—f]xﬂ@) < “uSNo ”Lf’_lL)zc(p_l)/e([o,Nl—é]x[R@)

+ Z ||MM||Lf)—lLi(p—l)/Q([O’Ml—e]XR3)
No<M <N

+ Z ”"‘SN”LfflL%{(P*I)W([Mlfe,lee]XR3)-
No<M<N

For the first term, we use Bernstein’s inequality and N(¢) = 1 to get

2-30 —e
< 2(p—1) |
”uSNo”L{)—lL)ZC(P—I)/Q([O’Nl—e]XRS) ~ NO N »=T.

Recalling that
l—e¢ 2-36

< ;
p—=1 2(p=1
we see that this term is acceptable provided we choose N sufficiently large.

Next, we use Proposition 7.3 to estimate

2—36 2—36
>l gtz oy S0 3 M <o,
No<M <N No<M <N

which is also acceptable.
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For the remaining term, we split [M 7€, N17¢] into ~ (%)1_6 intervals of length M =€, Applying
Proposition 7.3 once more, we have

236 (N \»-1 2-30
Z ||uM”Lg’_lL)2€(P_1)/9([Ml—e,Nl—e]XR3) S No Z M 2(=D M 5 nONZ(p—l),
No<M<N No<M<N
where we recall 0 < 6 < %e in order to sum. This term is also acceptable, and so we complete the proof
of (7-5) and Corollary 7.6. O

Finally, we will need certain long-time Strichartz estimates with regularity in the x»- and x3-directions.

Corollary 7.7 (long-time Strichartz estimates for Vy, x,u). Suppose that Proposition 7.4 holds with
v > 0. Then, for any vo > v,

1—vg < 1—sp
1|V, 5| UN ||L?/(1—S[1)L)2C/Sp([to,to_i_lee]) <N )

Proof. We only sketch this argument as it follows in the same manner as the standard long-time Strichartz

; 2_ l) is an admissible Strichartz
—Sp " Sp

pair at regularity 1 —s,. By compactness, it suffices to argue with 7o = 0. Let S(I) denote any collection

estimate with some additional technical details. First we note that (

of Strichartz pairs at regularity s = 0. We will show that

11V2es 51" s g 0+ 31-e1) S 1 (7-6)

for vy > v, from which the result follows.
Let u be a solution with the compactness property on R with N(¢) = 1. By the Gagliardo—Nirenberg

inequality
Vs 3|17 vou < C|||V23]' " u|* ul 3%, 7-7
V23170l = CHIV2al ™ul Tl 2% (7-7)
for
1—s5,—v
a=—2 = 0.
I—sp—v

Next, we observe the Sobolev embedding

2
Hy” < L2 Ly,7 (7-8)

X2.3

which follows from Sobolev embedding in R? and Plancherel:

5 1-sp
/ ( / (x1,x2.3) |7 dx2,3) axi < / 1V 72 dx~ / 62317 2(8)| d < [ gl a) | de.

Thus we may take the LJZC] norm of both sides of (7-7) and use Holder’s inequality on the right to conclude
that the trajectory | V2 3|1 ™"°u has the compactness property in L2, and hence there exists No = No (7o)
such that, for all N > N,

1P~ N V23" " ullso,01-¢py <m0 forall N > No(no).
which proves the base case, that is, (7-6) holds for No < N < 9Njp.
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We now proceed to the inductive step. Suppose that (7-6) holds up to frequency Ny for N1 > 9Ny. We
will show that (7-6) holds for N = 2N;. The argument we employ is similar to a persistence of regularity
argument. Note that |V, 3|1 7"0u solves the equation

3¢ |Va3|' 0u — AV, 3

=1|Vy3

By the Strichartz estimates we have

I P> N1 V2,3 ™0ull s 0.3/ No)1—<])

< ||P>N|V2,3|l_voﬁ||L;>°7'.[96([0,(N/N0)1—e]) + ||P>N|V2,3

where N is the dual space to S. Let 13M denote a Fourier projection in the &5, €5 variables. The first term
can be bounded using compactness, so we focus on the second term. We again write

1
F(u)—F(u<N)+u>N/ F'(uey +0usp)
—F(M<N)+U>NF (u<N)+U>N// F' (u<N+9192u>N)

— F(uen) + sy Fuen) + 12y " Gien) +13 /f/ F” (uzy + 6162031 ).

We will estimate the first term as an example, since the other terms will be similar generalizations of the
proof of Proposition 7.3. We have

i~

MS%)”L}L%

SN

1_
vOP>NF(u<ﬂ)||L1L)2€

SN™

<N”L2(p D/@=6)  2(p=1)/6 |||V|“5%”Lf/9L3/“_9)
+N— 2““5%||L2(p—1)/(2—9>L§(p71)/9 |||V||V2,3|1_vou§%”L?/eLi/“_m
SN0 |V, 501 v0u<N”L2(p D/@=6)  2(0— 1)/9N_1_9+SP|||V|”s%”Lf/9L3/”_”
+N_1+9||u5%||L?(p—1)/(2—9)L)2((p—1)/9N_l_e|||V||V2,3|1_v°u§%||L%/9L)2€/(1—9>,

and all four terms can be treated analogously to the low-frequency component in term I in Proposition 7.3.
O

7B. Proof of Propositions 7.5 and 7.2, assuming Proposition 7.4. As mentioned above, the long-
time Strichartz estimate (Proposition 7.3) will be a key ingredient to proving additional regularity
(Proposition 7.4). Before turning to the rather technical proof, let us use Proposition 7.4 (together with
Proposition 7.3 and Corollary 7.6) to prove the Morawetz estimate, Proposition 7.5. With the Morawetz
estimate in hand, we can then quickly rule out the possibility of traveling waves and hence complete the
proof of the main result, Proposition 7.2.

We recall the notation x = (x1, x2,3) and similarly write £ = (1, &2,3).
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Proof of Proposition 7.5. Let ¥ : [0, 00) — R be a smooth cutoff satisfying

{1//(,0)=L p=1,
Y(p)=0, r>2.

We fix R > 0 to be determined below and let ¥z (p) = v (%). Next, let
1 r
) =1 [ v as
rJo
We collect a few useful identities,

X xrl= xR+ VR FOrfrR=—XR+ VR (7-9)

and we recall the Sobolev embedding (7-8).
In the following, we consider y g as a function of |x2 3|. For T > 0 and

I1:=P <T,
we define the Morawetz quantity

M(t)=/ XRIutxkakludx—l—l/ (xr+v¥r)usludx,
R3 2 R3

where repeated indices are summed over k € {2, 3}.
We first compute the derivative of M(t):

0= [ artuFoetu+5 [+ [ el oty [Gave b

By (7-9) and integration by parts, we have

[k atve e == [ G+ veraun®
so we are left to estimate
/XR[xkaklu]lun + % /(XR + Y R) [uluyg;. (7-10)
Using the equation for u yields
Tug = ATu—F(Iu)+ [F(Tu)—IF(u)], where F(z) = |z|P7!z.
We first consider the contribution of A7u to (7-10). We claim
/xk)(R[akIu]AIu + %(XR +Yr)uATudx < % / A(xr + ¥r)(Tu)? dx. (7-11)

In the proof of (7-11) we will simplify notation by suppressing the operator I, suppressing the dependence
on R, and writing u; = d;u. We turn to the proof.
We begin by considering the first term on the left-hand side of (7-11). Integrating by parts yields

1
/xkxukujj = —/ 0 [x* yluguj + Exk)(ak(u,z),
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where k € {2,3} and j € {1,2,3}. Writing r = |x3 3| and using (7-9), we have

kxj
/8 [x xugu; = [SJk)(ujuk—i- ry'ujug

xkx/ xkx/
SJk)(uJuk—i- WMjuk— 2 XUjug,

where we may now restrict to j € {2, 3}. Using the other identity in (7-9), we also have

%/X"}(c’ik(w)2 =—%/(x+w)u,2--

As for the second term on the left-hand side of (7-11), we have

% [(X +Y)uu; = % / 3jj (X +¥)u® — %(X + Y’

Collecting the computations above, we find
/(xk)(R[aklu]Alu + %(XR +yr)uATu)dx
1 x/ xk (223, 2
ZE/A()(—I-W)uZ—/[Sjk ]Xujuk—/w xwu] dx,

which yields (7-11).
We next consider the contribution of —F (/u) to (7-10). Using (7-9) and integration by parts,

1 1 1
— [ [ty vy | Pt s = [ (iAol g1 S Graerw ul

— [ (G-3) vl ul* . (-12)

Hence, by (7-10), (7-11), and (7-12) and the fundamental theorem of calculus, we deduce

/f |[Tu|Ptdx dr < sup [M(1)] +// A(xr + ¥R)|Tul*dx dr
Ix2,3/<R

teJ

+ ‘ [/ I xR Tu + (rr + wR)TWlF(Te) — TF ()] dx di

for any interval J. In the following, we choose J = [0, T17€], where € > 0 will be chosen below and T
is large enough that Proposition 7.3 and Corollary 7.6 hold.

We need to estimate the terms on the right-hand side of this inequality. We first bound |M(¢)|. By
Bernstein’s inequality, the Sobolev embedding (7-8), and Proposition 7.4, we have

sup (MO < 1 Tuell oo p2 (RIVxy s Tl oo 2 + ||I””L?°L§l L2 xR+ WRIIL%(IJW)
ST (RTY + R ull oo yov)
t X
S TSP (RTY 4+ R1TSP), (7-13)

for v > 0 to be chosen sufficiently small below.
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For the next term, we have
2 1— 2
[ SGw+ woltuaxar S TIUIE i | AGR + V)20
LPLY LY, 5 X523

< Tl—€ 2 —(2-2sp)

< Tl-e g=(=2sp) (7-14)
Now we turn to the final term. Arguing as in the long-time Strichartz estimates, we need to estimate

terms of the form

P p—1 2 P2 3
u_p Hustu_p tuSqpuy +ulp b,

where F5 involves both high and low frequencies. Thus we estimate

/ ek RO Tu + (rr + W) TWl[F(T0) — TF ()] dx di

5// K yrOgu<r Porulp)dx di (7-15)
+[/kaRakusTP>T[|”>T||”5T|p_1]dth (7-16)
+//kaRakusTP>T[|”>T|2|“ST|p_2]dth (7-17)
+// x* yrOgu<r Por(|usT|> F] dxdr (7-18)
+//(XR +WR)M§TP>T[MQT] dx dr (7-19)
+//(XR + Y Ru<r Porllusr|lusr (P~ dx de (7-20)

+/ (xR + ¥R)u<T PoTllus1lusr [P~ dx dr (7-21)

+/ (XR + VR)u<T Pr[[usT |’ F2] dx dt. (7-22)

where all the integrals are taken over [0, T17¢] x R3. We treat each of these terms separately.
We first consider (7-15). Estimating as in the long-time Strichartz estimates and using Corollary 7.6,
we obtain

‘ [+ xrduucr Poglulp)avar|SRT' 21V st o 2 T 2NV IPor a2

1- -2 -1
SRT=SpHvTse ||M5T||iz(p—1)/<2—9)L2<p—l>/9||VusT||L§/9L%/“_0)
1 X E

,SRTI_SP+U.
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We next consider (7-16). We let 0 < 0 < %e. By Bernstein’s inequality, Proposition 7.4, and
Corollary 7.6, we obtain

| R

<R ||Vx2 sU<T ||L°°L2 ||u<T ” 2(p—1)/6 ||u>T ||L?0Li/(l_0)

LplL

< RTY7 |V, yusr oo 2 T usr |7, a7l o 270-0

LP~ 1L2 (p—1)/0
< R T l—Sp +v .
For (7-17) we again argue as in the proof of the long-time Strichartz estimates, and using Corollary 7.6,

we obtain
‘ // * y rigu<r (st 2 u<r P2 dx di

< RlIVaystu<rllpeo 2 lusrl?, ||u>T||L2u>—l>L4

LP‘Loo

S RTVT P Vay 5| usr oo 2 N7 usr 17,70 ollustll 201 4

L’”Loo
< R T 1 —Sp +v .
For (7-18), we once again use the bounds from the proof of the long-time Strichartz estimates as well

as Corollary 7.7, and we obtain

/[kaRakusTP>T[|u>T|3F2] dxdr

3
SRV su<tllp20-50 25 1P llu> T Falll 2704500 2705

(—e)(d—sp)

T 2
Vo 1—vg
SRY N (ﬁ) Voo 31Ul 270=500 205
N<T
T (1—=e)(1—=sp)
2
SRT™ Y~ N1=sp
N
N=<T |, _(=©)1=sp)
P 2
SRT!rHvo Y- N S RT!=SrFv0
T

N<T
for any vg > v, where v > 0 is as in Proposition 7.4.
Arguing analogously for the remaining terms, the estimates are almost identical, up to noting that by
Holder’s inequality in the x- and x3-variables we have

< RSp
IR +VR)u<T|peor2 S R ||usT||L?oL§1L§£§}Y;sp>,

which is controlled by the H*? norm by the Sobolev embedding (7-8). Thus we obtain for (7-19)—(7-21) the
estimates

(-19) S RO T ™ fucrl o 2o T2 2NV Por a7 S R

L®L% LY,
) < pSpTl—s osp—1 p—1 < ps
(200 S RYT st ll oo pp p2rasp T Por sy Nz S RV

— — -2
T2 SRPT 2 Nusr oo pa p2ramsm T2 P (2 puly Mgy 22 < R
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For the last term (7-22), we note that ) )

and we use Holder’s inequality in the x» 3-variables to estimate

(7-22) S (xR + ¥ R)u<T || 270=5p) 2750 | P>rul s o)l 2/0+5p) p2/2=sp)
t X t X

(1—e)(1—sp) 1—sp 25, —1
ST 2 T2 RPN OUR+AVRUST | ooy 2705
1 2.3

ST R TR+ VRUT | oo yn p 27050
t X17Xx2.3

Now, using (7-13), (7-14), and our estimates for (7-15)—(7-22), we have established that

/f lu<r|Ptldxde < RT'TV=5r 4 RS» 4 RZSp= 171750,
|x2.3|<R

We now choose R = T1/2+ o obtain that the right-hand side is o(7 1 ~€). This can be achieved provided
V+e<spy— %, and hence we complete the proof. O

As mentioned above, with the Morawetz estimate Proposition 7.5 in hand, we can quickly rule out
traveling waves. The final ingredient we will need is the nontriviality for compact solutions appearing in
Corollary 3.9. Combining this corollary with Proposition 7.5, we can now prove Proposition 7.2.

Proof of Proposition 7.2. Suppose toward a contradiction that u is a traveling-wave critical element for
(1-1). It suffices to prove that

Tlfe
/ / lu<r(t,x)|Pt dxdr > T1€ (7-23)
0 JixaslsT/2+ 7

for T sufficiently large, as this contradicts Proposition 7.5. By Corollary 3.9, the definition of the critical
element, and the fact that N(¢) = 1, there exists C > 1 and T > 1 large enough that

to+1 3(p—1)
/ / lu<r(t,x)| 2 dxdt Z, 1 (7-24)
to  Jlx—x@)|<C
for all #9 € R. Recalling |x(¢) — (¢,0,0)| < +/t we see that for T > C? we have
{x—x()] = C} Cllwasl = T2

for all ¢ € [0, T17¢]. Thus (7-24) implies (7-23), as desired. O

7C. Additional regularity: proof of Proposition 7.4. Our final task is to prove Proposition 7.4, namely,
additional regularity for traveling waves. More precisely, we can establish additional regularity in the
directions orthogonal to the direction of travel.

Recall the notation x = (x1, x2,3). We similarly use £ = (£1, &2,3) for the frequency variable. We also
introduce the following modified Littlewood—Paley operators:

For N, M € 2%, we let ﬁN,> M be the Fourier multiplier operator that is equal to 1 where

|~ N and |&3]2 M.

We let ﬁN,M = ﬁN,>2M — ﬁN,>M, and we let Py = ﬁN,sM + ﬁN,>M-
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We will occasionally abuse notation slightly and apply these multipliers to a vector, where this should
be taken to mean applying these multipliers componentwise. We note that this notation differs from that
of the previous sections; however, we would like to make explicit that N corresponds to &-frequencies,
while M corresponds to those of & 3.

We fix v > 0. We begin with the observation that

I P<notll oo g1 SNo 1. (7-25)
We will choose the precise value of Ng >> 1 in the course of the proof. On the other hand, we have

—v A SP(1—p)—
> Vsl ”PNystp/ufv)u(t)Hi%S > N2z a-v) sp]|||v|spuN(,)||i%
N>Ny N>No

S IVIPPu@|z.- (7-26)
Therefore, we are left to show that
> > MU Py pu)]7, $1
N=No CoNsr/A=VI<M<N

for some fixed Coy > 0 (uniformly in ?).

We will use a double Duhamel argument together with a frequency envelope to estimate this expression.
We will estimate
| P> a1 (to) IIiz(Rs) ~ N~ Py,> mu(to) ||i',s,, ®) = N727(Py > multo). Pn,>mu(lo)) gsp ®)-
We will show that there exists a frequency envelope yps, n such that

| PN, 1t (t0) | s w3y S VN, M (b0)
and such that

> >, M\ _ZSPVN,M(ZO)Z) <L

N=No "CoNsr/0—V<M<N
Consequently, this will show that

> > MU Py s pu(o) 172

N=No CoNsp/A=V)<M<N

< ) > MPUINT20 || Py s ppu(to) | 3ysp S 1.
N=>=No CoNsp/0-V)<M<N )

Together with (7-25) and (7-26) (and time-translation invariance), this will imply
|||32|1_v”||L<;OL§ + |||33|1_vu||L<l>oL)2€ <00,
and hence prove Proposition 7.4. Thus, we let

In,m(to) = N*7 ”P\N,EMM([O)”Lz(R%’
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and we fix some o > 0 to be specified later. We define the frequency envelope

N N (M'\°
ymN () =) D min{ﬁ,ﬁ} (ﬁ) Iy m (o).

N M'sM

By time-translation symmetry, it suffices to consider the case tp = 0. Once again, we complexify the
solution, letting
i
wW=u-—+——u;.
v—=A

Then

lw @l o = MOl gy

and if 1(¢) solves (1-1), then w(7) is a solution to

i
w; =—iv—Aw =+ ulP~ly.

By Duhamel’s principle, for any 7', we have
; 0
. — i . A
w(0) = TV=2w(T) £ — / eTVTAF (u)(2) dr,
v=AJT
where F(u) = |u|?~1u. To estimate yn, ar, we write

—ITN=Ay(T) — VAP v F(u)dr

1 T
pp— e
V—A/(;

~ o 1 o
:PN,zMe_lT _Aw(—T)—ﬁ/ e 't _APN,ZMF(u)d‘L’.

—AJ-r

Py smw(0) = Py spe

When we pair these expressions and take 7" — oo, we use the facts that
e iT~ _AﬁN,ZMw(T) —~0 and €'T» _AﬁstMw(—T) — 0,

and ultimately we are left to estimate

s
H,”

< / - S(—t) Py, p F(u)dr, f ’ S(—1) Py.>m F(u) dr>
0

—00
where we have introduced the notation

S(t) 1= L pitVA

B

above.

As we have done in previous sections, we will estimate this expression by dividing space-time into
three regions: a compact time interval, an outer region, and a region inside the light-cone. We note,
however, that the arguments on the compact time interval and the region inside the light cone will be
considerably different than in previous sections.



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 2065
Thus, we let ng > 0 and € > 0 be sufficiently small parameters and define the smooth cut-off

X0, X) = Lo x(W1-6)|2 R(10)+ (=N 1=€), 1= N1=<}
where R(79) is such that
LoV =€ X )u(N 7 ) s + 120 (N =4 )3u (N7, 0) | gsp—1 < 1o
By the small-data theory, we may solve the Cauchy problem

vir—AV+ F() =0 onRxR3,
(v,0:0)|1=0 = (Yo(N '€, X)u(N 7€, x), xo (N7, x)u (N17€, x)) € H (R3).

Note that by finite propagation speed, v = u on the set
{(6.x) 1 x =x(N'179)[ = R(mo) + (t = N'76). 1 = N17¢},

‘We now write
o0
/ S(—t)PN>mF(u)dt =A+ B +C,
0

where
o0
A :f S(—t) Py >p F(v)dr,
Nl—e
Nl—é
B =/ S(—t) Py, p F(u)dr, (7-27)
Ooo )
c=1 S(=t)Pn>m [F(u) — F(v)]dt
N —€

and perform a similar decomposition in the negative time direction, yielding quantities A’, B’, C’. We
will use the estimate

A+ B+ C A+ B+ CY 5 A1y + 141 + 1By + 1B/ + 1C.C) | (7-28)
whenever A+ B+C =A"+ B +C".

Term A. We first estimate (A, 4) zs» and (A, A’)H;p, where

o0 _Nl—e
A:/ S(—t)PN>m F(v)dt and A/Z/ S(—1)Pn,>m F(v)dr.

Nl—e —00

We introduce two parameters ¢ and r satisfying

2 5p-9
2<q<min{p—1,—p—} and

2
, —§r§min{
sp 3p—1

2 _1
Sp

2p—3 '
and let / = [N17¢, 00). We fix 0 > 0 to be specified later, and we define

_(2_ ~ 2_ ~
anvn = (NG Py zaa vl g p20ra—ar + (V)T Pyr vl e ),
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and let

M/ o ] N N/ g
(XN’M=Z Z (ﬁ) mln{ﬁ,ﬁ} aN’,M’-

N’ M'<M
All space-time norms are taken over / x R3. Our goal is to prove the following result.
Lemma 7.8. Let A, A" and yy p be as above, then
o o
> 3 (57 mind e A Gl 1400 <6
N’ M'<M
and we also have

1— —1
anm SYNM(N' )+ 08 anm

Proof. On this region, we will use the small-data theory, which implies, in particular, that

il L20-1 gy < Mo-

By Strichartz estimates, we may write

(=) B 2_ -
NG S”)||PN,2MU||LqL2f1/w—2>+N’ TN PN vl oo
t X 1t X

(7-29)

SIPN>m V0 v) (N ) gysp + 1 PN sm FO)Ivwy,  (7-30)

and recall that, by definition, we have

1PN,>m 0, v) (N ) gsp < Tam (N17€).

(7-31)

Here, we let the norm || F'[| y(r) denote any finite combination ;|| Fj || v, ), wWith F = }_; F; and each

N; (R) being a dual admissible Strichartz space with the appropriate scaling and number of derivatives.

It will be useful to introduce the quantities

UIOZZPN’,SMU and UhiZZPN’,>Mv’
N’ N’

where “l0” and “hi” are meant to refer to the &> 3-frequency component. We decompose the nonlinearity via

1
F(v) = F(v) + Uhi/ F'(vio + Ovy;) 6,
0

which we write schematically as
F(v) = F(vio) 4 vpiv? "

For the high-frequency (in M) component, we write
vniv? ! = (P<yvm)v? ! 4 (Poyun)v? 7,

and to estimate these terms we may use the dual Strichartz spaces

(G—s0)-5tt

2—1+Spa ,2;2

29, _ r .2
LI H, and L/7TH
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respectively. This yields

| Pn > poniv?™ ||N(R) S(N)” (G=s») Z ||PN” >MU||L61L2c1/<61 2)(1xR3)”v” 2(p 1
N”<N’

2_1+4s
+(N)yr =it NEN/ | Pn bl zrrie— g ey 1 2
=N1 +MN3; -
hence we conclude that

N N/ o N N/ o
;min;ﬁ»ﬁ} | PN’ > M onivP ™ IIN(R)<;HHH{N,,—§ (N +N2).

Thus, we argue in order to bound the N7 and N> terms. We only treat the first term as an example since
the other term follows analogously. We obtain

Z Z ( ) (N) ( _Sp)”PN” >MU||Lq 2q/(q 2)

N'ZN N7ZN’
N/ g N/, *_Sp e ~
Z Z ( ) ( ) (N//) (q sﬁ)“PN”aZMv”L‘ILh]/(q—z)
t =X

N/<N N//<N/
2
N \° N’ —(2-sp)+o
< Z (— aN”,.m Z .
N//SN N N/ZN// N

Hence this term can be bounded by oy ps provided o < % —Sp.
We also have

N o /_(;_s) N
2 ) W S 1Bz g es
>

N”<N’

e 5 (T
~ T aN”yM N
N”<N N N”<N’/,N<N’ N'N" N” _(;_ )
N Z N (o2 Z N// o Nl q Sp
_— anN’ —_— — .
oy N N,MN//<N/ N/ N
N2 g (N/)2 g N/ o
(N/N//) S(N/N//) =(W)’

we can bound this expression by yy, s provided

NN (NG 2
Z (W) (W) 51 — O'<5—Sp,

N"<N'’

Using that in the first term

and so we obtain

Z Z NN -1 < P71
min VN I P> pvniv? v Sy an,m- (7-32)

N M'<M
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Next we estimate the contribution of the low-frequency piece. We can write
1PN, M F0o)llv@wy < M2 Pn,>m Axa,xs F(010) | vw)-
Applying the chain rule and taking the decomposition v = P>y v 4+ P<yv, we obtain for j = 2, 3 that

axj F(vo) = axj V1o F' (V16)
= axj PvaloF/(vlo) + axj PszloF/(vlo),

and hence
2
| PN,>p Dxy xs F(vlo)“N(IR) = Z ||8Xj PN,zM(axj Ulo)F,(vlo)”N(R)
j=1
2
< 3 M Pr.2a1 05, 00) F (00l veey-
j=1

Estimating as above, using the dual Strichartz spaces

—(3-sp).7%x

—14s5p,2
L"“H and L]~ 'Hf "f”,

we conclude that

||PN>MF(U10)||N(R)<N ( =5r) Z Z M~ 1||Vx2,x3PN’M’Ulo”Lf/LZ‘l/(f/ 2)(Ix[R{*)”v” 2(p 1)
N'<sNM'=M

LN Z Z M~ 1||Vx2,X3PN’ M/U10||L2r/(l 2)Lr(lsz)||v||pz(p D
N'>NM'<M

<N G 7-50) Z Z ( )||PN/ M/v10||Lq 2a/(a— 2)(1xR3)”v” 2(p D

N'<sNM’'<M

214
H NPT NN ( )||PN’ M Vol p2r/er— 2)Lr(1XR2)”v”L2(1) %
N'>N M'<M

To establish a bound for this expression, it is useful to introduce the notation

B N N/ o
aN,.M’ = me{ N,,— anN’.mM’.

Thus summing over N and M’ < M, we can again argue exactly as above to bound this expression by

M/ o M// M// o M// M/ g
p—1 p—1 ~
67 ¥ () X ()= 5 (57) % () (3 avar

M'<sM M"<M’ M"<M M"<M’
'\ O /! I\NO
=i 2 () o () (i)
M"<M M"<M’
<nd lanm

provided o < 1. Thus, we obtain

M'\° N N)° »
Z Z (ﬁ) min{ﬁ,ﬁ§ I PN=m F (o) Inwy S 08 anm- (7-33)

N M'<M
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By Strichartz estimates, we have

1A 3o + 1Al grsr < 1PN,z F @) v
Hence, putting these bounds together with (7-32) and (7-33) we obtain
M\’ (N N)° _1
Yo 7)) ming =t (Al + 14N o) S0~ e
M N N x x
N M'<M
Together with (7-30) and (7-31), we also have

1— -1
anm SYNM(N' ™) +08 anm.
as required. O

Term B. We next estimate the terms (B, B) and (B’, B') from (7-27). On this region, we use the long-time
Strichartz estimates (Proposition 7.3) and another frequency envelope argument for this contribution. In
the following we suppose, unless otherwise specified, that norms be taken over

1:=[0,N'"“] xR’
We define

’ —(;—sp) 5 / 73(”_?)
by =[(N')" 1PN zmttll oy 20/a—2 + (N)2OD Py > putll 20 p 20000002
A T I s, 30
+ (N =120 D | Py s put|l p=1 p2o-16 + (NP2 || PNy = mtll oo p 2/0-0)

13 X t X

- ¢
+ (N) 52| Py s pgull 26 20000 + (N')2 1PNzl 2070 45p—p0) | 20/ =s5p)
t X t X

NN 23
+ (N ”PN/,ZM||L6/(1+Sp)L6/(2*Sp):|7
3 X

where £ > 0 will be determined more precisely below and 6 is as in Proposition 7.3. These are just a
collection of admissible Strichartz pairs at regularity s,. We then define the frequency envelope

= M Gmin%ﬁ,ﬂ}ab ' M-
Bn.m %;ME:M(M) NN (VM
Our goal in this section is to prove the following result.
Lemma 7.9. Let B, B’ and By ,m be as above. Then
AN /1\O

> 3 (5 ) mind o N OBl + 08 o) < 08" B

N M'<sM
and we also have

ynm (N7 + B Sy )+ B (7-34)

Proof. Fix t9 = 0. Throughout, we will assume that N > Ny as in the statement of the long-time
Strichartz estimates. By Strichartz estimates

1PN, = (s ue) | pooggsn (o, n1-€1) + N7 S I PN =p () (O)llggsr + 1| P = Fll vy
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Once again, it will be useful to introduce the quantities

ulO:ZPN',fMu and uhi=ZPN’,>Mua
N/ ’
where “lo” and “hi” are meant to refer to the &> 3-frequency component. We decompose the nonlinearity via

1
F(u) = F(up) + Mhi/ F'(u1o + Qup;) dé,
0

which we write schematically as
F(u) = F(up) + uhiup_l.

These two expressions will be estimated almost identically, up to requiring additional exponential gains
for the low frequency (in M) term, F(uj,). We will only estimate this term since the other is easier.
Arguing as above via the chain rule with the Laplacian in the x5 3-directions, we have

I Pn>m F o) vy < M 7PN m (V2,3u10) F (uio) | vy
We write

(V2,3110) F' (u10) = (V2,3 P N1t10) F' (1) + (V2,3 P<nttio) F' (u1o) := 142 (7-35)
and we begin with term 1. We set

P>nuio :=uio, >N, P<NUlo :=Ulo,<N,

and take the decomposition
1

(V2,3ulo,2N)F,(vlo) = (V2,3u10,2N)F,(ulo,§N) + (V2,3u10,2N)M10,2N / F//(MIO,SN + Gulo,ZN)
0

= (Va,3u10,>N) F (th10,<N) + V2 3110, > NU10,> N F” (t10,<N)
1
+ (V230102 M)ty = iy /f F" (u10,<n + 01021105 N)
0
=1.I+1.11 +1.111.

Term 1.1. We estimate using Corollary 7.6 to get
! [ |V|SP_1 PNV2,3u10,ZN F/(ulo,gN)”L}L%
<M INST1 | V2, 3u10 >NF/(M10,5N)||L;L§

=M INSP 1||u10 <N || 2(p—1)/6 ||V2 3UJo >N||L°°L)2/“_9)

LP~ ‘L
< N%»~ 1||ulO<N||Lp 112 /0 Z Z( )IPN/M/uHLooLz/u -6)
<M N’'>N

< NSp~ Y S”+2 ||ulo <N||Lp 172(=1)/6

N/ _Sp+39 36
x D Z( )( ) (N2 =5 oyt oo 2700

M'<M N'>N

B

M’'<M N'>N
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Term 1.I1. We estimate

-1 -1
V"7 PN Va2 3110, N0, =N F” (t10,<N) 11 12
<M~ le')_l ”VZ 3Ulo,>N ”LZ(P 1)L4 ”ulo >N”L2(l’ 1)L4 ||M10 <N||Lp 1L°°
—1 prsp—1
<SMIN Y Vo 3up0 5N IILg(n—nLi 10,2 N 1l 20010 4 1uro, <N||Lp oo

N\i"2oD s 4
Z Z N/ (N7)*+2=D ”PN’,M’MHL?(p—I)L;tC

M’'<M N’>N
3__3
172D
Ny z:( V5)
M'<M N’>N
Term 1.I11. As in the proof of term IV in the long-time Strichartz estimates, there are two terms. For the
first we estimate

-1 2 p—3
M= Va 3u10,2 Nt > N Uio > 3 | 2/ +5p) 2725
- = t X
< MINE|Va su10 52 o v 2|l
~ 2,3U10,>NUjo,>NU10,>N L?/(]“I‘Sp—e)Li/(z—Sp)

—1a & —1
=M N2||“>%||izp/u+sp> 2p/@=sp 110, 2N | 20/045p =00 | 201 =5p)

Lx
£
DD ( )( ) (N2 Pyr o] 127/ +sp=p0) 1 20/C=5p)
M/'=M N'=N
£
Ty y by
)
M'<M N/ZN( )(N

where we have used that for p > 3 and £ > 0, the pair
2p 2p
l4sp,—pl’ 2—sp

3 14+sp—pt 6-=3s, L
- — - =s5p—=.
2p 2p 7

is wave-admissible at regularity

For the second term, we have

-1 2 p—3
M V2 3u0,2Nio > N0, < | 2704500 f 2105

1
i) () o
> 2l N (N3 7301 PN vl 6ra4sp) ; 6/asp)
/ 4 L Ly
M’sMN/zN(M N !
2sp 1
M\ (N\¥3
> S (5)(5) " b
M/'<M N'>N

This completes the estimation of term 1 in (7-35).
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Now we turn to term 2 in (7-35), namely

V2,3 P<yuio F' (uo).
We take the decomposition

1

/ ! 14
V2 3uio,<N F'(Vio) = V2 3u10,<N F' (U10,<N) +V2,3ulo,§Nulo,ZN/ F" (u0,<N + Ouio,>N)
0

= V2, 3u10,<N F'(10,<N) + V2,3U10,5> NUio,>N F” (U10,<N)
+ V2,3U1o,5Nuﬁ)2N [/ F" (uyo,<N + 0162u10,>N)
=21 +2.11 +2.11I.

We omit the estimates for the first two terms since they follow as above, and we focus on

1
2 " . 2
V2, 3Ul0, <N Ujo > N // F™(u10,<n + 0102u10,>N) =: V2 3U10,<NUj, >y F3.
0

Here, we will need to introduce some new exponent pairs compared to the proof of the long-time Strichartz
estimates. We divide this expression into two parts:

v _2(',;,:31)+Spp \V/ 2 F
(V] N (V23110 <N Uio, > F)ll po-1rco-2 1

__p=3 -1
< N 2-D 52|V, 3u u? —D/(p—2
S || 2,3Ulo,<N lo,zN”L;p )/ (p )L)lc
p—3
—5t—r+s 2 p—3
+ N 20D [ Vo 3Uio, <N Uig, > N Uio, < I (=702 1 -

Note that (g—:;, 1) is dual wave-admissible for p > 3.
For the first term, we have a bound of

N~ [V Pusy 2 o i 1753 S M Prianlp1 oo
1L SNl p =i S IR

L
M'<M 1
N =1
1 N\ P-1 1
57701) Z Z M/(W) (N,) r—1 HPN/,M’””Lf’_'Lgo'
M’'<M N'<N

For the second term we estimate

p—3
—s2 == +s p—1
N~ 2(—D ”||V2,3“lo,5N”10,2N”Lgl’—”/“’—z’L;

p—3
— 55—y 5 p—3 2
SN 2-D7T°7 ”uzN”L%’(ffl) ”uZN ”L?Li(p—l)/(p-i-l)

2

NN\ 2
x Z Z M N (N')" 71| PNr mru| Loo oo

M’'<M N’'<N

4(p—1
( 4, 3 ))
p+1
is wave-admissible at regularity

31 3p+3 2 1 3p+3

2 1 ap-n T TI T a0y

Now we note that the pair
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Noting that
3p+3 _ 3(p+1) 3

p—1D) 4p-1  (p-1)

we see that this is number strictly less than s,. Thus we obtain a bound of

p—1 / N/ % N——2
o > M) W) TPTIPN e

M’'<M N’'<N

Arguing as in the estimates for term A, we may determine the restrictions on o. First, we need to
assume that 0 < 1 so that we can perform the summation in M, and we further require that o be bounded
above by the power appearing on the N’/N factor when N’ < N and the N/N’ factor when N < N’.
Examining the exponents in the definition of Sy, as, this amounts to requiring o smaller than the smallest
(in absolute values) exponent in that expression, and hence we may assume the most restrictive of these
will be taking o < £/2 in term 1.111.

Provided this is the case, we obtain

/

D3 M\ N N)° -
. pr—1

N M'<sM

and since, by Strichartz estimates

1Bl o + 1B ll g < 1 PN7=m F I nery-

X

M/ o . N N, o _1
2 2 (W) mm{ﬁ’ﬁ}(”B”H?+”B/”H;p>5no” BN

N M'<M

we have

as well as the estimate

YN (N7 + Baae S vvm (0) + 0~ B
as required. O

Term C. We turn to the (C, C’) term (see (7-27) and (7-28)). In this section we prove the following
lemma.

Lemma 7.10. Let C, C’ be defined as in (7-27), and let M > CONSI’/(I_”). Then, for any L € N we have

1

(C.CY | SL 37

where the implicit constant above depends only on L.

Proof of Lemma 7.10. We introduce the notation

Gu,v)() = Fu(r) — F(v()),
which we may abbreviate as G(¢) or even G. We are faced with estimating

(C.C")sr = N2 (C, )2
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where
€

—N!=€ ro0 R R
(C.CYp2 :/_ /NI_G(S(—Z)PN,MG(M,v)(t),S(—r)PN,MG(u,v)(r))L% dr dt

_Nl—é
/—OO

o0
~ 1
f (G(u,v)(1), S(t — f)Pj%,MmG(u, v)(1));2 dt dr. (7-36)
Nl—e€ ’ x
Since M > Cy N3$2/(1=v) it suffices to show that

1

(C.Chl S o

and all inner products in this proof will be L)ZC inner products.
For each fixed 7, t as above we estimate the pairing,

(G(u,v)(), St — ‘L’)ﬁ]%,,MG(M, ”)(I»L}C'
Recall that by the definition of ¥(t), G(u, v)(t) is supported in the region
Ge(t) i={x:|x —x(£N'"9)| < R(npo) + |t| - N forall 7> N'7¢}. (7-37)

This points to an immediate problem in any naive implementation of the double Duhamel trick by way of
the Huygens principle as performed in previous sections. Namely, the support of the S(# — t) evolution
of G(u, v)(r) intersects with the support of G(u, v)(¢) in the “wave zone”, i.e., near the boundary of the
light cone where the kernel of S(¢ —t) only yields (t —)~! decay, which is not sufficient for integration
in time. However, we are saved here by a gain in angular separation in the wave zone guaranteed
by our directional frequency localization ﬁN, M- Indeed, application of ﬁN, M restricts to frequencies
& = (§1.52,3) with

5231 M

&l N

whereas for any x = (x1,x2,3) € G(t) N {(¢,x) : |x| > — R(no)} we claim that

|x23] M
— L —
|x] N

for all M > N3»/(1=v) We establish this fact in Lemma 7.11 below.
We introduce some additional notation. Let R(-) be the compactness modulus function. For given

teRlet
Cext (1) :={x 1 |x| = [t| = R(no)},

(7-38)
Cine(?) :={x : |x| < |t] = R(no)}

We decompose (C, C') as follows. First, we write

G, v)(@) = G, v)() e ) + G, V) ()1, -
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Using this decomposition in (7-36) leads to four terms:

/ / <S(t - ‘L’)%ﬁ]\]’ mle, (0)G(1), lcm(z)G(t)>dt dr, (7-39)
/ / <S(r - z)%ﬁN, mlc, (D)G(2), lcim(t)G(t)> dr dr, (7-40)
f/<5(z - T)%ﬁN’MICim(T)G(‘L’), lcm(z)G(t)>dt dr, (7-41)
/ / <S(z - T)|17|13N’ mlc, (1)G(), lcim(t)G(t)> dr dr, (7-42)

where the integrals are over [—00, —N 7€ x [N 17€, 0o]. We will refer to these terms as Cex; — exts Cext —ints
Cint—ext and Cip—in¢ respectively, and we will handle these terms separately below. Were it not for the
frequency localization ﬁN, M all but the first term above would vanish using the support properties of
G(u, v), together with the particular pairing of the cutoffs 1¢,

nt

and 1¢

ext?

and the sharp Huygens principle.
On the other hand, whereas in previous scenarios (e.g., the subluminal soliton) the first term would vanish,
in the present setting there truly is an interaction between these two terms. This is the origin of the
essential technical difficulty faced in the present scenario, and indeed we will find that the first term (7-39)
requires the most careful analysis. The crucial observation is that in this setting we can rely on angular
separation to exhibit decay.

The term Cexi—ext- We will rely crucially on the following two lemmas, which together make precise
the gain in decay from angular separation.

Lemma 7.11 (angular separation in the wave zone). For any ¢ > 0 there exists No = No(c) > 0 with the
following property. Fix v € (0, 1) and let € > 0 be any number with

2s
€< P

1—v
Let (¢, x) satisfy
1] > N1 x = (x1,x2,3) € G(1) N Cexi(?).
where G(t) are defined in (7-37), (7-38). Then,

|x2,3] < 11
x| 7 Nz275

< M (7-43)
c— -
- N

forall N > Nog and M > NSp/(1—v)

See Figure 3 for a depiction of Lemma 7.11.
Next, we show that if we restrict to those x € R satisfying (7-43) then we get strong pointwise decay
for the kernel of the operator S(r) ﬁ P 1%, M

To state the result, we define
|x2 3] < 1

Sy = xeR3: —
x| 7 Nz275

(7-44)
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X2, X3

X1

Figure 3. The dark gray region above represents the region G4 (¢) N Cex in space at fixed
time t > N17€

Lemma 7.12 (kernel estimates via angular separation). Let Ky p (¢, x) denote the kernel of the operator
S(l)ﬁﬁf] u- Let N = No where Ny is as in the hypothesis of Lemma 7.11. Then, for any L,
sy (X)Ky p(t,x)| < NNL ! forallt > N'™€ (7-45)
X ,X)| S ———— forallt > , -
SN N,.M L ML <M|X|)L
where Sy is the set defined in (7-44) and where we have used the notation (z) := (1 + |z|*)/2 above.

Proof of Lemma 7.11. We assume that ¢ > 0. Since we are assuming

2sp 1

D<e< —
1—v

and that M > NS»/(0=v) it suffices to show the first inequality in (7-43), i.e., that

[x2,3] < 1

Xl TN
for all x € G(t) N Cexc(t) for some uniform constant.
First, we claim that (7-46) holds at time t = N ™€, Suppose

(7-46)

=
()

X € G (N9 N Coxt(N179).
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By the definition of traveling wave (i.e., (7-1) and (7-2)) we have

1
x|~ N'7€, |xp3| SN273

and thus,
|x2,3]
|x|

[N/
D=

<N

as desired.

Now suppose ¢ > N 7€, We introduce some notation. Let Oy (w1-<) denote the angle between the unit
vector &1 (the unit vector in the positive x1-direction) and the vector x (N ! 7€), where we recall that x (¢)
denotes the spatial center of 1. Above, we have just shown that

. e_1
|sin(O (vi-e))| = O (n1-)| < A1N272

for some uniform constant A; > 0. To finish the proof it will suffice to show that for any x € G(¢) NCex(?),
the angle 6, (1<) formed between the vectors x and x (N 1=€) satisfies

1

|0(x,x(N1_f))| <A,N272

for some other uniform constant A, > 0, as then the sine of the total angle between x and the x1-axis,
i.e., |x2,3|/[x| would satisfy (7-46). To get a hold of 6, ,(y1-<)) we square both sides of the inequality
defining the set G4 (¢). For x € G(¢) we have

e[ = 22 X (N176) + [ (V)72 = (R(no) +1 = N'7)2,
Using that x - x(N17¢) = |x||x (N 17¢)| cos O(x,x(n1-¢)) the above yields the inequality
—2|x|[x(N'7€) | cos O x(n1-ey) < (R(m0) +1 = N2 — x| — [x (N 7).
Bootstrapping, we may assume that 6, ,(y1-)) is small enough to use the estimate

02 1_
o8 Oy x(n1-€)) = 1— _Gox (V7€)

4
Plugging the above in we arrive at the inequality
62 . 1
(x,x(N'17€)) 1—€)2 2 1—€y (2
2 R t—N — —|x(N

=2+ e (R + P = 5= (N P)

_ 2 [IX(NITO 4 (R(no) +1 = N7 — [x 2 — [x (N)'7<|?

- [x[x(N1=9)] '

The requirement that x € Cex(?), finite speed of propagation, and (7-1) imply that we have

t—R(no) <|x| <t+R(no) and N'"¢—R(no) <|x(N'79)| < N'"¢+ R(no).
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Plugging the above into the previous line gives

2 _ _ _
OG-y _ 20+ R00)) (N~ +R(00))+(R(10)+1—N'")?  (t—R(10))>*~(N'"*—R(no))*
2 - (t—R(10))(N'=¢=R(10)) (t—=R(10))(N'=¢=R(no))
_ 61R(110)+2N " R(10)+ R (10)?
(t=R(10))(N'~¢=R(10))
< 1 1
SN
Taking the square root and noting that > N ! ™€ we arrive at
6 15—
1—e ~ P
(x,x(N17€)) NS
as desired. O

Next, we prove Lemma 7.12.

Proof of Lemma 7.12. The kernel Ky p of the operator S (z)ﬁﬁ]%, s 18 given by

KN (2, x) :=[eix-$|s|—2eit|$|¢2(%)¢2(|($2Aaf3)|)dg__’

where ¢ € C{°(R) is satisfies ¢ (r) = 1if 1 <r <2 and supp ¢ € (4. 4). Now, recall that we are restricting
to only those x € Sy, as defined in (7-44). We express any such x in spherical coordinates

x = |x|(cos Oy, sin Oy cos w, sin O sinw),

where 0, denotes the angle formed by x and the unit vector in the e;-direction. And recall that any

x € Sy satisfies

|Xz 3| . 1
> — ~ < -
™ s1n9x_|6x|NN1 . (7-47)

€
Similarly, we change to the spherical variables

& = |&|(cos 0, sin O¢ cos a, sin O sin )

in the integral defining K, ps and note that because of the frequency localization ﬁN, M we have

1§23 . M
— =sin0f >~ —. (7-48)
€] TN

This yields
2w pmw p4N ) inf
KN’M(I’X)=/0 /O/N elle|E|f(9x,9s,wﬂ)|g|—2elt$|¢2(|§/_|)¢2(|é|s%)|g|2sin9§d|g|d9$da7
4

where the angular phase function f(6x, g, w, @) is given by

f(Ox,0¢, w,a) = cos O cos O + sin Oy sin O (cos w cos a + sin w sin ).
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The idea is that the angular separation between x and £ given by (7-47) and (7-48) allows us to integrate
by parts in 0¢. Indeed, using (7-47) and (7-48) we have the lower bound

d
@[|x| |€] f (O, Gg,a),a)]‘ = |x||€] ‘—cos B sin O + sin Oy cos g (cos w cos & + sinw sina)‘
£

e o{i )

Z |x|M.

Moreover, note that forany L e Nand M < N

ab (5 (Jelsind)
(7 (55 e

Thus, integration by parts L-times in 6 yields the estimate

NL
<
~ ML'

NL
Kymt,x)|Sp N>2—————— forallt > N'7¢,  x e€G(t) NCex(?),
| N,M( x)| L ML <M|X|>L or a - X g() CXI()
as desired. O

We can now estimate (7-39). Here will rely crucially on Lemmas 7.11 and 7.12. First we write,

<S(t — ‘L’)%ﬁN,M le, ()G (u,v)(7), le, (2)G(u, v)(z)>
= (Kn,m (1 = 1) * 1, (1) G (1, 0)(2), e, (1) G (u, v)(1)).
We claim that in fact the above can be expressed as
(Knom (t = 1) % 1, ()G (0), L,y (DG ()
= {(Lsy (D 5 1oy (VKN M (= D) % 10, (DG (D), 1, (NG(1)).  (7-49)
where the set Sy is defined in (7-44). Indeed, note that above we have
x €G4+(t)NCext(t) and y € G_(7) N Cexi(T), (7-50)
where G4 are as in (7-37) and Cey; is as in (7-38). Thus,
x =yl = |t = [ =2R(no) = 3lt — 7|

as long as N is chosen large enough. Similarly by (7-50) we have |x — y| > |x| and |x — y| > |y| and
thus,
|x2,3 = y2,3] < |x2,3] | [y2,3] < 11
[x =yl |x] Iy[ 7 N275

where in the last inequality above we used Lemma 7.11. This proves the equality in (7-49).

’

Now, let g, denote the Sobolev embedding exponent for H%, ie., qp = @. Note that g, > p
for p >3 and (¢q,/p)’ > 2 for p > 0 (where x denotes the Holder dual of x). By Holder’s and Young’s
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inequalities we then have
(s (Vg1 3oy (D KN (E = T)) # 1 (D)G(D), 1, (DG (@)

= s (D1 ey (VKN E =D 721G 0O /|Gt )@
Using (7-45) we see that

2

NL+1 1 Y
150 I ey VK =Dl < s ([ i ax )
=2 L M25 ez j—) 2L ()
NL+1 1

S AT T (7-51)

Since G(u,v) = F(u) — F(v) we have
1G @, YOl paprr < IIM(I)IIing + ||v(t)||pqp < ||u(t)||ps,) +llvOI%,,-

Putting this all together we arrive at the estimate

_Nl
‘/ /Nl B S(I—T)PNMICW(T)G(u v)(2), L, ()G (u, v)(2))df dT

—N1=¢€ r00 NL+1 1 » » » »
NL/ [N G e O+ O I, + Il ) drdr

<, NLH1H(1-o@- L)M_ZL(“””L“’H”’ + vl

L°°H ‘P
LM
where to obtain the last line we ensure that € > 0 is small enough so that when M > N sp/A=v) we also
have ML > N4+€L We have proved that
(739 <L M~E,

as desired. This completes the treatment of the Ceyx— ex¢ term.

The term Cipt—int. Here we will use a combination of arguments based on sharp Huygens principle and
the techniques developed to deal with the previous term Cex(— ext-
First we record an estimate for the kernel of the modified frequency projection.
Lemma 7.13. Let plz\, g denote the kernel of the operator P 1%, a- Then,
N3 N3
PR ()] 52 + : (7-52)
M (NIxE - (M]x])E
Next, consider the following decomposition of the forward cone centered at (¢, x) = (N17¢, x (N 17¢))
of width R(ng), i.e., the set
U g+

tle—e

where G(¢) is defined as in (7-37). This decomposition is depicted in Figure 4.
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t

Gt
G2+ 1 =8N"¢
4
Y
Ca,+
Gy 4 1—e
I+ = 4N
Ci+
Yo+ t=2N'"¢
B
t=N'"¢
A
X1

Figure 4. A depiction of the first few regions C; + and G4 ; within the region C.

‘We write

g+ =JC+, ulJ G+

Jjz1 Jj=0
We define C4 j, G ; as follows. First, set
Coa={(.x):|x—x@N'"9)|[ = R(no) +1 —2N'"¢, 1 = 2N~} n gy
and for j > 1
Chji={{t.x): Ix—=x@/' N[ = R(no) +1 -2/ N, t =2/ N} NG )\ Cy 1.
For j >0, define sets G ; to be the regions
Grj={(t.x) |x—x@ N9 < R(po) +1 -2/ N7, 2/ N'=¢ <1 <2/ HIN1=6}n g,

Then we define
Ciji=Cq 0{t,x): x| <t =2/ N'"¢ 1 >2/NI€},

G, =G4, U[C+ j+1\C,j+1]-

The regions C4+ ; and G4 ; are depicted in Figure 4.
Now, split the integrand of (7-42) in the four pieces,

_N1
(7-42) = /

—€

(]
/ (I+11+1I1+1V)dtdr,
N1l—e€
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where
I = §< A]%]’M|_é|S(t —O)lle_; 16, G1(x), [y 1cmG](t)>, (7-53)
I = 2 < P M|_é|S(t —D[le_ 16, Gl(r), g, , lcimG](z)>, (7-54)
11 = ;x A§’M|V|S(t—r)[lg_ e Gl(2). [1c+k101m(;](z)> (7-55)
1V = (P g5~ 0l 10,6101, 16, G100, (7-56)

First we estimate the term (7-53) above. The key points are the following. First, by the support
properties of 1¢, , ¢, (7, ¥), 1c_; l¢,, (¢, y) and the sharp Huygens principle, we must have

x—y|2 2/ +25)N'7¢ forall x € supp(lc, ¢, G(u. v))(t). y €supp[S(t—1)lc_;1e, G(u,v)](0).

(7-57)
Second, by the definitions of the space-time cutoffs 1¢_ ; and lc, ,, the functions 1¢c_ ;u(t) and 1¢, , u(?)
are restricted to the exterior small-data regime and we thus have

e_ ;160G 0t V) nr((—o0,—27 N1=]) S I1ill poogisp S 1, 7-5%)
ey 1w G V) nai N 1< 00)) < ill poogysn S 1.

where A denote suitable dual spaces.
We argue as follows. For any ¢ > 2, and up to fattening the projection P\N, M, we have

‘(ﬁfv,m—ép(r —Dlle. 16, Gl 0)](0). [le, , L, Gl v)1<z>>‘

—1— 2
Sy 2@/ 42w - PN I PN VT 20 S (=) [1e_ 16, G, 0)(D)l e
_2
X[V~ 4 [1ey x Loy G, VIOl Lo

We estimate last line above as follows. Note that by (7-52) and (7-57) (and the lower bound on M), we

have
N3
(2j + zk)Nl—e]L—l :

I1¢. 122/ +2x)N1-e3 PN.M L SL [

By the dispersive estimate for the wave equation and noting that |t — | > 2N 7€ we have

_1— 2
IPNIVIT 2% aS (1 = 1) [le_ ; 16, G, )](T) ]| Lo
1

5%”‘?"!’ VI e 16, G Il
It —|
1 _ _2
< 2 N 28p ||PN|V|SP q [IC_.j lcimG(u’ v)](f)”ngc’-

r—|'74
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Thus, using the above, Bernstein’s inequality, the Hardy-Littlewood—Sobolev inequality, and (7-58) in
the last line below we have

00 —N1—€
/ / (7-53)dt dt
N1—e€

—25p _N1—€
VIl 16, G
o Z [(21+2k)N1 L= 1/N1 / (“_T' e L R L
_2
X IV [l T G, v)](t)lle/) dr de

NSN 2sp o2
L Z [(2/ +2k)N1—€]L— 1|||V| ! q[lc+,k16imG(“’U)]”L?q/(wz)LZ/

2
x [V~ 4 [le_ 16, G(u, v)] ”L?q/("“)L?C'

NSN—Zsp L
-L/2
SL Z (zj +2k)N1—e]L—1 SLN ’

J.k>1

where in the second-to-last line we have fixed ¢ > 2 above and note that the norms above are dual sharp
admissible Strichartz pairs (e.g., one can take g = 4).

Next, consider the term (7-56). Here we cannot rely exclusively on separation of supports because the
S(t —17) evolution of the term localized to G_ ; has some of its support within 2R (1) of the term localized
to Gy x for all j, k. The saving grace is that the pieces of the supports of S(z —7)[1g_ ; 1¢,, G(u, v)](t)
and [lg, , ¢, G(u,v)](7) that are close to each other (say within 29 4 2%k for some small parameter
a > 0) come along with angular separation in the sense of Lemma 7.12. To make this precise we must
further subdivide G4 j as follows.

Let o > 0 be a small parameter to be fixed below. Let

G kini= G N{(t,x) 1 |x| < ¢ =29k yo(1=e)y,
G kout i= Gy N{(2,x) 1 |x| > 1 — 29k ya(1=e)y,

We decompose (7-56) as follows, noting symmetry in j, kK means it suffices to consider only the sum for
Jj > k. We write (7-56) in the form

Z<E%I,M%S(t —Dllg_;ulen Gl [1g+.k.m1cimG]> (7-59)
+ Z<ﬁfv,MﬁS(t —Dllg_ ;ulen Gl [1g+.k.omlcimG]> (7-60)
+ Z<ﬁﬁ,MﬁS(Z —D)lg_ e, G, [1g+,k,in1cimG]> (7-61)

# X P S Ml 16,6). [, 1,166 (7-62)

where the sums are over j,k > 0 with j >k, G = G(u, v), and the pairings are evaluated at t, ¢.
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The key point will be that on the outer regions G— ; out» G+ k,out WE can recover the same angular
separation used to treat the term Cex;—ex¢ and on the inner regions G ; i, and G x i, we obtain sufficient
separation in support between the two factors after evolution by S(¢ — 7) to get enough decay in j, k after
the application of P 1%, M ﬁ.

Lemma 7.14 (angular separation in G4 j ou). Let a > 0 and let Sy o be the set

[x2,3] _ 1
|X| NN(lfoz)z(lfe)

SNg:={xeR>: (7-63)

Then, there exists o > 0 small enough and No > 0 large enough so that for all x € G4 ; ou We have

1 M

xedsS and ——— K —
N« N a=a)(=9) N

forall N = No and M = N*»/0~Y) and for all j > 0.

Proof. 1t suffices to consider x € G4 ;. The proof is nearly identical to the proof of Lemma 7.11,
but here we have allowed the region G4 ; ou to deviate farther from the boundary of the cone as j (and
hence ¢) gets larger. As in Lemma 7.12 we have

1

|sin(0y (27 y1—€))| 2 |0y 2) N1—ey| S A1N272
independently of j > 0. To finish the proof it suffices to show that for any x € G4 ; ou. the angle
0(xx (27 N1—¢)) formed between the vectors x and x(2/ N17¢) satisfies

1
|6(x,X(2<"N1_5))| = AZN(l—a)z(l—e)

for some other uniform constant A, > 0, as then the sine of the total angle between x and the x-axis,
i.e., |x2,3|/|x| would satisfy (7-63). Note that for any (¢, x) € G+ jout

2/ N1-¢€ _2ajNa(1—e) <|x| < 9 +1 1€ + zajNoz(l—e)'
Arguing as in the proof of Lemma 7.11 we see that for any (¢, x) € G4 _j out

2424 N&(179) 1
62 . < <
(x@INT=) ~ (;p _gej Nya(1=€))(2/ N1=€) ~ 2(1—a)j Ny (1—a)(1—€)’
as desired. O

With Lemma 7.14 in hand, we can estimate the term (7-62) in an identical fashion as the term (7-39),
noting that applications of Lemma 7.12 are still valid in this new setting because for x € G k o, and
¥y € G_ j ou We have

|X2,3 = y2,3 < X231 | [y2.3l < 1 < ﬂ
x=yl TR D[ S NT@0-9 SN
i.e., sufficient angular separation since the Fourier variable £ satisfies
5231 =M

gl N
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Moreover we have
Ix—y| =~ @/ +25)N1™¢ ifx € Gy g ous ¥ € G jout.
This means that we are free to write,
<ﬁ§;,M %S(t —Dlg_ ;o len G, v)I(T). [1gy o len G, v)](t)>

= ((Usyo Ly j2(2i + 20 N 1=y KN M) % (1o 01 G 01(D), (164 o L G (1, 0)](0)).  (7-64)
Mimicking the estimates of (7-62) we see that as in (7-51) we have
L+1 1
M?2L [(2]‘ + 2k)N1—e]L ’

sy (g 2@ 26y n1-ey DKM E =D pwr/ori2 SL

This allows us to sum in j, k, and we obtain

—N1— 1
2 <
/ /Nle(76)dtdr~ oL

To handle the term (7-59) we rely on the following observation: by the support properties of 1¢, , 1¢,, (7, ¥),
le_ ;1¢,, (¢, y) and the sharp Huygens principle, we must have

Ix—y|Z @7 +2F)N1e

for all
x €supp(lgy 4 i, e G (1, 0))(7)
and
y esupp S(t —)[lg_ ;;,1¢, G(u, v)](2).
Hence,

‘ﬁﬁMéﬁv—ﬂuaﬁu%GmenwwﬂmMwawm%

S g 2@7 426N 1-€} PN.M ||L§qu/p>’/21\’_1 1PN S =)l lew G, V@ aprr

X[1C+,k lcintG(u’ U)]([) ”Lle/P
l X

Ll T NI 7 (|l ||L00Hsp

—N1— 1
<
/ /;vl 6(759)d[dT” NI

Next, for the term (7-60) we note that the same argument used to treat (7-59) applies. However, we note

10127, o)

Hence,

that here we only obtain spatial separation of 2/ N 1~¢. Nonetheless, since j > k we have

2N ~ (27 42k N1E
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and hence we are able to sum in j, k, obtaining
—_N1

[
Lastly, consider the term (7-61). Here we use a mix of the arguments used to control (7-59) and (7-62).
In particular we split the sum into two pieces noting that if j ~ k then the same argument used to

estimate (7-59) applies since the spatial supports are separated by ~ 2K N1=€ ~ (27 4 2Ky N1=€ If j >k,
we obtain enough angular separation argument to use the same argument used to bound (7-62), since in

—€

o0 1
7-60)dr dt <7 —.
fN (60 drdr 5L~

this case we have
|x2,3—y23l _ |y2.3 _ 1 < M
Ix=yl — |y] T NO-@U-9 TN

forall x € G4 g inand y € G joue as long as j > k. We obtain

_Nl
»/—OO

This completes the estimation of (7-56).

—€

/Oo (7-59)dt dr <p —— + —
- T —+ —.
N1 ~ENL T ML

At this point, the mixed terms (7-54) and (7-55) (i.e., the remaining contributions to the Ciy—in term),
as well as the Cjpr—ext and Cext—int terms ((7-40) and (7-41)) can be handled with a combination of the
techniques developed above. For example, after further subdividing G_ in the regions C— ; and G_ ;
consider the term of the form,

—2J/ N1—€ 00 ~n 1
> | <PN,MﬁS<r —D)llg, 1en Gl WD), e Gl v)1<z)> d dr.

=0 —2Jt2N1—€ JN1—€

Fixing a large constant K1 > 0, we can divide the above into two further pieces, namely

—2/N'=¢  ,Kj2/N'=¢; 1
/ f <P§,’M ﬁS(t —O[lg_ ;1¢,, G(u, v)|(7), lc, G(u, v)](t)> dr dt

>0 —2Jt2N1—€ JN1—€

—2/ N1—€ 00
+y / . / . <ﬁfv MiS(z —Dlg_ 16, G, v)](2), 1e, G, v)](t)> dr dr.
Sod—rani—e Jg2ini—e\ TV

For the first term on the right-hand-side above we can copy the argument used to estimate (7-59). Indeed
by the sharp Huygens principle the spatial supports (before the application of Py ) are separated for
each fixed ¢, T by a distance of at least ~ 2/ N17€ ~ K, |t —t/|. For the second term above we can choose
K7 > 1 large enough to guarantee enough angular separation between the spatial and Fourier variables
to mimic a combination of the arguments used to estimate (7-39) (where one integrates in ) and (7-62)
(where one sums in j). The remaining interactions are handled similarly. We omit the details.

We have thus proved that
1 1 1

ﬁ-‘l_ LT

|<C,C/) SL mgL ML
which finally completes the proof of Lemma 7.10. O
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We are now prepared to conclude the frequency envelope argument and the proof of Proposition 7.4.

Proof of Proposition 7.4. Recall that we are trying to prove that

> > MU Py s pu@)l7, <1,
N>No CoNs»/0-M<M<N ’

for some fixed Cy > 0, for which it suffices to prove that

> > MPUINT20 || Py s pgu(t) 350 S 1.
N=No CoNsr/0-V<M<N ’

Once again, by time-translation invariance, we argue for t = 0. Recall that

(Proau(0), Proagu©) ool < 1AIR, + 141, + 181, + 1B, +1(C.C) o,

and hence by Lemmas 7.8, 7.9 and 7.10, we obtain

(N N M\
@ = ¥ mind 0 CE () 12wz,
N'M'>M

<nd lanm + 08 By + ML (7-65)

Furthermore by (7-29) and (7-34),

anm Sy (N + 08 an
and
yN (N6 + Byg S v 0) + 08~ B
Hence

Bum SyNm (). anm S yNm(N'T9) <y m(0),
and we conclude from (7-65) that
ynm(0) S yn (0 + ML,

which implies

ynm (0) < M~

for any L > 1. Consequently, we have established that

Z Z MPIINTZ0yy 0(0)2 < 1,
N=No M>CoNsp/0—)

which concludes the proof. O
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NEW FORMULAS FOR
THE LAPLACIAN OF DISTANCE FUNCTIONS
AND APPLICATIONS

FABIO CAVALLETTI AND ANDREA MONDINO

The goal of the paper is to prove an exact representation formula for the Laplacian of the distance
(and more generally for an arbitrary 1-Lipschitz function) in the framework of metric measure spaces
satisfying Ricci curvature lower bounds in a synthetic sense (more precisely in essentially nonbranching
MCP(K, N)-spaces). Such a representation formula makes apparent the classical upper bounds together
with lower bounds and a precise description of the singular part. The exact representation formula for the
Laplacian of a general 1-Lipschitz function holds also (and seems new) in a general complete Riemannian
manifold.

We apply these results to prove the equivalence of CD(K, N) and a dimensional Bochner inequality on
signed distance functions. Moreover we obtain a measure-theoretic splitting theorem for infinitesimally
Hilbertian, essentially nonbranching spaces satisfying MCP(0, N).
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1. Introduction

The Laplacian comparison theorem for the distance function from a point in a manifold with Ricci
curvature bounded from below is one of the most fundamental results in Riemannian geometry. The
local version states that if (M, g) is a smooth Riemannian manifold of dimension N > 2 satisfying
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Ric, > (N —1)g then, calling d,(-) :=d(p, -) the distance from a point p € M, until the distance function
is smooth the following upper bound holds:

Ad, < (N —1)cotd,. (1-1)

Of course here A denotes the Laplacian (also called Laplace—Beltrami operator) of the Riemannian
manifold (M, g) and cot is the cotangent (for a general lower bound Ric, > Kg, an analogous upper
bound holds by replacing the right-hand side of (1-1) with the suitable (hyperbolic-)trigonometric function).
The result is very classical and can be proved either via the Bochner inequality (see for instance [Cheeger
2001, Section 2]) or by Jacobi fields computations (see for instance [Petersen 1998, Chapter 7]).

It was Calabi [1958] who first extended the upper bound (1-1) to the whole manifold in the weak sense
of barriers. Cheeger and Gromoll [1971], in their celebrated proof of the splitting theorem, then proved
that the upper bound (1-1) also holds globally on M in a distributional sense (see also [Cheeger 2001,
Section 4]). Since those classical works, the Laplacian comparison theorem has become a fundamental
technical tool in the investigation of Riemannian manifolds satisfying Ricci curvature lower bounds (see
for instance [Cheeger 2001; Cheeger and Colding 1996; 1997; 2000a; 2000b; Colding 1996a; 1996b;
1997; Colding and Naber 2012; Li and Yau 1986; Petersen 1998]).

We finally mention that recently Mantegazza, Mascellani, and Uraltsev [Mantegazza et al. 2014]
obtained an exact representation formula for the distributional Hessian (and Laplacian) of the distance
function from a point and that Gigli [2015] extended to the nonsmooth setting the upper bound (1-1).

The goal of this paper is to sharpen the Laplacian comparison theorem in several ways. First of all
we will give an exact representation formula for the Laplacian of a general distance function (and for a
general 1-Lipschitz function on its transport set; see later for the details) which describes exactly also the
singular part concentrated on the cut locus. Such a representation formula will hold on every complete
Riemannian manifold, without any curvature assumption. When specialised to Riemannian manifolds
with Ricci curvature bounded below, such an exact representation formula will make apparent not only
the celebrated global upper bound (1-1) but also a lower bound on the regular part of the Laplacian. The
results will be proved in the much higher generality of (not necessarily smooth) metric measure spaces
satisfying Ricci curvature lower bounds in a synthetic sense (more precisely, essentially nonbranching
MCP(K, N)-spaces); see the final part of the introduction.

In order to fix the ideas, we start the introduction discussing the smooth setting of Riemannian
manifolds.

Let us introduce some notation in order to state the results. Given a point p € M, denote by C, the
cut locus of p. The negative gradient flow g; : M — M of the distance function d,, induces a partition
{Xa)aep of M\ ({p}UC,) into minimising geodesics; each X, is called a (transport) ray and Q is a
suitable set of indices. We will denote the initial and final points of the ray X, as a(X,) and b(Xy)
respectively; it is not hard to see that a(X,) € C,, and b(X,) = p for every o € Q. Let us stress that
in this case the endpoints a(X,), b(X,) are not elements of the ray X, (in general, endpoints may or
may not be elements of the ray, depending on the specific case; see also Remark 3.1). Such a partition
induces a disintegration (the nonexpert reader can think of a kind of “nonstraight Fubini theorem”) of the
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Riemannian volume measure m into measures my = hgH 'L x, concentrated on X,:
m= / hoH' Ly, a(da), (12)
Qo

where q is a suitable probability measure on the set of indices Q. We refer to Section 3A for all the details
on the disintegration formula. Here we only mention that once the probability q is fixed within a suitable
family of probability measures, then the functions 4, are uniquely determined.

The fact that (M, g) satisfies Ricg > (N — 1)g is inherited by the disintegration as concavity properties
of the densities h4; for the details see Section 3. For simplicity of notation, we will define

(logha) () i= 4| logha(g(x))

thanks to the disintegration (1-2) and the (semi-)concavity of &, along X, the quantity (loghg)’ is
well-defined m-a.e.

The first main result of the paper is an exact representation formula for the Laplacian of the distance
function in nonsmooth spaces satisfying synthetic lower bounds on the Ricci curvature (see later in the
introduction). In order to fix the ideas, we state it here for smooth Riemannian manifolds. We denote by
C.(M) the space of real-valued continuous functions with compact support in M endowed with the final
topology and by (C.(M))’ its dual space made of real-valued continuous linear functionals on C.(M).

Theorem 1.1. Let (M, g) be a smooth complete N -dimensional Riemannian manifold, where N > 2. Fix
p € M, and consider d,, :=d(p, -) and an associated disintegration m = fQ ha’Hlea qda).
Then Ad), is an element of (C.(M))" with the representation formula

Ad, = —(log hy)'m —/ hebacx,) q(da). (1-3)
o
It can be written as the sum of three Radon measures
Adp = [Adp];gg - [Ad[’]r_eg + [Adp]sing7

with
[Ad) ], = —[(oghe)' T m,  [Ad,lsing = — / hoba(x,) 4(de) <0,
0

where =+ stands for the positive and negative parts. Here, [Adp]reg 1= [Adp]+ —[Ad,]

reg reg
part of Ad, (i.e., absolutely continuous with respect to wm), and [ Ad sing is the singular part.

is the regular

In particular, if (M, g) is compact Ad), is a finite signed Borel (and in particular Radon) measure.
Moreover, if Ricg > Kg for some K € R, the following comparison results hold true ( for simplicity
here we assume K = N — 1 for the bounds corresponding to a general K € R; see (4-15)):
Ad, < (N —1)cotd,m, (1-4)
[Ad)lreg = —(log hg)'m > —(N — 1) cotdg(x,m. (1-5)

Remark 1.2 (on the lower bound (1-5)). Denote by C,, := {a(X4)}«ep the cut locus of p and by g; the
negative gradient flow of d,, at time 7. More precisely, g; is defined ray by ray as the translation by ¢ in the
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direction of the negative gradient of d, for ¢ € (0, | X,|), where |X,| denotes the length of the transport
ray Xq, 1.6, |Xo| =d(a(Xy), b(Xy)) =d(a(Xy), p). Then for every ¢ > 0 there exists Cx y ¢ > 0 so that

[Adp]reg = _CK,N,EWl on {X = gt(aoz) = 8} D) {)C €X: d(xa Cp) = 8}-

Let us stress that such a lower bound depends just on the dimension N, on the lower bound K € R over the
Ricci tensor, and on the distance £ > 0 from the cut locus C),, but is independent of the specific manifold

(M, g).

We will prove the next more general statement for any signed distance function. Let us first give some
definitions: Given a continuous function v : M — R such that {v = 0} = &, the function

dy: M - R, dy(x):=d(x,{v=0})sgn(v), (1-6)

is called the signed distance function (from the zero-level set of v). With a slight abuse of notation, we
denote by d both the distance between points and the induced distance between sets; more precisely

d(x, {v=0}) :=inf{d(x, y) : y € {v =0}}.

Analogously to d,, a signed distance function d, induces a partition of M (up to a set of measure zero) into
rays {Xq}oecp and a corresponding disintegration of the Riemannian volume measure m. The orientation
of the rays is analogous. More precisely, if X, is a transport ray associated with d,, and a(X,), b(Xy) are
its initial and final points, then d,(b(Xy)) <0, dy(a(Xy)) > 0, so that transport rays are oriented from
{v > 0} towards {v < 0}.

Theorem 1.3. Let (M, g) be a smooth complete N-dimensional Riemannian manifold, where N > 2.
Consider the signed distance function d, for some continuous function v : X — R and an associated
disintegration

m= / hoH' x, q(da).
0
Then Adg is an element of (C.(M))’ with the representation formula
Ad? =2(1 — dy(log hg) ym —2 / (rad)[Batx,) = Snix] A(de0). (1-7)
Q
It can be written as the sum of three Radon measures

Ad? = [Ad2TE, — (A2, + [Ad ing.

reg reg

with
[Ad]leq :=2(1 —dy(log ho) ) m,  [Ad]lsing := =2 /Q (hady)[8a(x,) — Sb(x,] q(dar) <0,

where £ stands for the positive and negative parts; in particular if (M, g) is compact, Adg is a finite
signed Borel (and in particular Radon) measure.
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Moreover, if Ricg > Kg for some K € R, the following comparison results hold true ( for simplicity
here we assume K = N — 1 for the bounds corresponding to a general K € R; see (4-23), (4-24)):
[Adg];zg <2m+2(N — 1)d({v = 0}, x)(cot dp(x,yML (y>0;+ COt dy(x,) ML (v <0}), (1-8)

[Adf]_ <2m-— 2(N — l)d({v = O}, . )(COt da(Xa)ml_{vz()}-l— cot db(xu)m\_{Ko}). (1—9)

reg

We will also present a general statement (Corollary 4.10) valid for any 1-Lipschitz function u : M — R,
provided the rays of the induced disintegration satisfy a suitable integrability condition (roughly, they
should not be too short), obtaining the same representation formula together with the two-sided estimate
we mentioned before.

An interesting feature of Corollary 4.10 is that it will hold for every 1-Lipschitz function u : X — R.
Let us stress that the 1-Lipschitz assumption is clearly a first-order condition, with no information on
second-order derivatives. Nevertheless, Corollary 4.10 will imply that in a general complete Riemannian
manifold it is possible to deduce some information on the second derivatives once restricted to a suitable
subset. More precisely, if one considers only the set of points “saturating the 1-Lipschitz assumption”
then the Laplacian of « is a continuous linear functional on C.. We stress that we will obtain an exact
representation formula of Au (restricted to such a set) which, in the case the Ricci curvature of the
ambient N-manifold is bounded below by K € R, will give a two-sided bound on the regular part in terms
of K, N. We refer to Corollary 4.10 for the details.

Up to now we focussed the introduction on the setting of complete Riemannian manifolds (satisfying
Ricci curvature lower bounds). However, everything will be proved in the much higher generality of
(possibly nonsmooth) essentially nonbranching, metric measure spaces (X, d, m) satisfying the measure
contraction property MCP(K, N) for some K € R, N € (1, co). We refer to Section 2A for the detailed
definitions; here let us just recall that MCP (K, N), introduced independently in [Ohta 2007a] and [Sturm
2006b], is the weakest among the synthetic conditions of Ricci curvature bounded below by K and
dimension bounded above by N for metric measure spaces. In particular it is strictly weaker than the
celebrated curvature dimension condition CD(K, N) pioneered in [Lott and Villani 2009; Sturm 2006a;
2006b] and than the (weaker) reduced curvature dimension condition CD*(K, N) [Bacher and Sturm
2010]. The essential nonbranching condition, introduced by T. Rajala and Sturm [2014], roughly amounts
to asking that W;-geodesics are concentrated on nonbranching geodesics.

Remark 1.4 (notable examples of spaces fitting in the framework of the paper). The class of essentially
nonbranching MCP(K, N) spaces include many remarkable families of spaces, among them:

» Smooth Finsler manifolds where the norm on the tangent spaces is strongly convex, and which satisfy
lower Ricci curvature bounds. More precisely we consider a C*°-manifold M, endowed with a function
F :TM — [0, oo] such that F|7\ (o) is C* and for each p € M it holds that F, :==T,M — [0, co] is a
strongly convex norm; i.e.,

I*(F?)

gl() = — P” (v) is a positive definite matrix at every v € T,M\ {0}.
/ dvidv/
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Under these conditions, it is known that one can write the geodesic equations and geodesics do not branch;
in other words these spaces are nonbranching. We also assume (M, F') to be geodesically complete and
endowed with a C*> measure m in such a way that the associated metric measure space (X, F, m) satisfies
the MCP(K, N) condition; see [Ohta 2007b; Ohta and Sturm 2014].

o Sub-Riemannian manifolds. The following are all examples of essentially nonbranching MCP(K, N)-
spaces: the (2n+-1)-dimensional Heisenberg group [Juillet 2009], any corank-1 Carnot group [Rizzi 2016],
any ideal Carnot group [Rifford 2013], any generalised H-type Carnot group of rank £ and dimension n
[Barilari and Rizzi 2018].

« Strong CD*(K, N) spaces, and in particular RCD*(K, N) spaces (see below). The class of RCD*(K, N)
spaces includes the following remarkable subclasses:

— Measured Gromov Hausdorff limits of Riemannian N-dimensional manifolds satisfying Ricci > K;
see [Ambrosio et al. 2014b; Gigli et al. 2015b].

— Finite-dimensional Alexandrov spaces with curvature bounded from below; see [Petrunin 2011].

In the context of metric measure spaces satisfying Ricci curvature lower bounds in a synthetic form, the
Laplacian comparison theorem in its classical form (1-1) was established in [Gigli 2015]. More precisely,
that work developed a notion of a possibly multivalued Laplacian holding on a general metric measure
space (X, d, m); it also introduces a property of the space called infinitesimal strict convexity, which
grants, among other things, uniqueness of the Laplacian. Finally, assuming infinitesimal strict convexity
and CD*(K, N), a sharp upper bound for the Laplacian of a general Kantorovich potential for the W,
distance is obtained, in particular, for df). The comparison in [Gigli 2015] is stated for CD*(K, N) but the
same proof, in the case of d?, works assuming the weaker MCP(K, N).

Our results therefore extend the ones in [Gigli 2015] removing the assumption of infinitesimal strict
convexity (hence including the possibility of a multivalued Laplacian, see Definition 2.12); moreover
we precisely describe the Laplacian of a general signed distance function or a 1-Lipschitz function with
sufficiently long transport rays, obtaining also a lower bound on the regular part and a representation
formula for the singular part. We stress the fundamental role of the exact representation formulas: it will
be the key in our application to the Bochner inequality (signed distance functions) and for the splitting
theorem (general 1-Lipschitz function); see the discussions below.

We conclude this part on the related results in the literature mentioning that the Laplacian comparison
results [Gigli 2015, Theorem 5.14, Corollary 5.15] seem to claim the stronger conclusion that Adi is
a Radon measure in the classical sense (see Definition 2.11 and comments shortly afterwards). This
however seems to not follow from the proof, when (X, d) is not compact: Adf7 is proved to be an element
of (C.(X)) so, by the Riesz theorem, it is a difference of positive Radon measures but it may fail to be a
Borel measure (see [Gigli 2015, Proposition 4.13] and the application of the Riesz theorem in the last
part of its proof). We will therefore adapt the definition of Laplacian (see Definition 2.12), weakening
[Gigli 2015, Definition 4.4]. With this new definition also [Gigli 2015, Proposition 4.13] together with its
applications seem to work.

The second part of the paper is devoted to applications.
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In Section 6 we will use the representation formula for the Laplacian to show that, under essential
nonbranching, the CD(K, N) condition is equivalent to a dimensional Bochner inequality on signed
distance functions. The Bochner inequality corresponds to an Eulerian formulation of Ricci curvature
lower bounds, while the CD(K, N) condition, based on convexity of entropies along W,-geodesics of
probability measures, corresponds to a Lagrangian approach.

It has been a long-standing open problem, see for instance the celebrated book [ Villani 2009, Open Prob-
lem 17.38, Conclusions and Open Problems, p. 923], to show that the Eulerian and the Lagrangian
formulations of Ricci curvature lower bounds are equivalent. Such an equivalence has already been
proved to hold true under the additional assumption that the heat flow H; : L*(X, m) — L?*(X, m) is linear
for every 1 > 0 (or, equivalently, the Cheeger energy Ch(f) := [, xIVf |2 m satisfies the parallelogram
identity). The class of CD(K, N) spaces satisfying such a linearity condition is called RCD(K, N). After
its birth in [Ambrosio et al. 2014b] (see also [Ambrosio et al. 2015a]) for N = co and further developments
for N < oo (see [Ambrosio et al. 2019; Erbar et al. 2015; Gigli 2015] and the subsequent [Cavalletti and
Milman 2016]), the theory of metric measure spaces satisfying RCD(K, N) (called RCD(K, N)-spaces for
short) has been flourishing in the last years (for a survey of results, see [Villani 2019; Ambrosio 2018]).

The equivalence between RCD(K, N) and the Bochner inequality (properly written in a weak form,
called Bakry-Emery condition BE(K, N)) was proved for N = 0o by Ambrosio, Gigli, and Savaré
[Ambrosio et al. 2014b; 2015b], and in the finite-dimensional case by Erbar, Kuwada, and Sturm [Erbar
et al. 2015] and Ambrosio, Mondino, and Savaré [Ambrosio et al. 2019].

Let us stress that the linearity of the heat flow was a crucial assumption in all of the aforementioned
works.

The equivalence between the Bochner inequality and CD(K, N) was proved also in smooth Finsler
manifolds by Ohta and Sturm. In [Ohta and Sturm 2014] no linearity of the heat flow is assumed, on the
other hand the smoothness of the Finsler structure is heavily used in the computations. In the present
paper, in contrast to the aforementioned works, we assume neither that the heat flow is linear nor that
the space is smooth, thus showing that the equivalence between Lagrangian and Eulerian approaches to
Ricci curvature lower bounds holds in the higher generality of nonsmooth “possibly Finslerian” spaces.

The proof of the equivalence seems also to follow rather easily once the representation formula for
the Laplacian of signed distance functions is at our disposal. Here we also crucially use [Cavalletti
and Milman 2016], where it is shown that a control on the behaviour of signed distance functions is
sufficient to control the geometry of the space (see the statement: CD' (K, N) implies CD(K, N)). This
also motivates our interest in the Laplacian of this family of functions (Theorem 4.14).

A second application is a measure-theoretic splitting theorem stating, roughly, that an infinitesi-
mally Hilbertian (i.e., the Cheeger energy satisfies the parallelogram identity), essentially nonbranching
MCP(0, N) space containing a line is isomorphic as a measure space to a splitting (for the precise
statement see Theorem 7.1).

For smooth Riemannian manifolds [Cheeger and Gromoll 1971], as well as for Ricci-limits [Cheeger
and Colding 1996] and RCD(0, N) spaces [Gigli 2013], the splitting theorem has a stronger statement
giving an isometric splitting. However under the assumptions of Theorem 7.1 it is not conceivable to
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expect also a splitting of the metric. Indeed the Heisenberg group H" is an example of a nonbranching
infinitesimally Hilbertian MCP (0, N) space [Juillet 2009] containing a line, which is homeomorphic and
isomorphic as a measure space to a splitting (indeed it is homeomorphic to R" and the measure is exactly
the n-dimensional Lebesgue measure) but it is not isometric to a splitting.

2. Prerequisites

In this section we review the basic material needed throughout the paper. The standing assumptions are
that (X, d) is a complete, proper and separable metric space endowed with a positive Radon measure m
satisfying supp(m) = X. The triple (X, d, m) is said to be a metric measure space, m.m.s. for short.

The properness assumption is motivated by the synthetic Ricci curvature lower bounds we will assume
to hold.

2A. Essentially nonbranching, MCP (K, N) and CD(K, N) metric measure spaces. We denote by
Geo(X) :={y € C([0, 1], X) : d(¥s, y1) = |s — t|d(y0, y1) for every s, 7 € [0, 1]}

the space of constant-speed geodesics. The metric space (X, d) is a geodesic space if and only if for each
X,y € X there exists y € Geo(X) so that yp =x, Yy = y.

Recall that, for complete geodesic spaces, local compactness is equivalent to properness (a metric
space is proper if every closed ball is compact).

We denote by P(X) the space of all Borel probability measures over X and by P,(X) the space
of probability measures with finite second moment. P,(X) can be endowed with the L2-Kantorovich—
Wasserstein distance W, defined as follows: for wg, i1 € P2(X), set

Whuo, ) i=inf [ e mdxdy), 1)
T JXxX
where the infimum is taken over all ¥ € P(X x X) with pg and w; as the first and the second marginals.
The space (X, d) is geodesic if and only if the space (P,(X), W) is geodesic.

For any ¢ € [0, 1], let e, denote the evaluation map
e :Geo(X) > X, e(y):=y.

Any geodesic (i;)eqo,17 in (P2(X), W) can be lifted to a measure v € P(Geo(X)), so that (e;)3v = u;
for all ¢ € [0, 1].

Given pg, 1 € P2(X), we denote by OptGeo(io, it1) the space of all v € P(Geo(X)) for which
(eo, e1)yV realises the minimum in (2-1). Such a v will be called dynamical optimal plan. If (X, d) is
geodesic, then the set OptGeo(ug, t1) is nonempty for any g, u € P2(X).

We will also consider the subspace P,(X, d, m) C P>(X) formed by all those measures absolutely
continuous with respect to m.

A set G C Geo(X) is a set of nonbranching geodesics if and only if for any y!, y2 € G, it holds

there exists f € (0, 1) such that, for all ¢ € [0, 7], ytl = y,2 = ysl = ySZ for all s € [0, 1].
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In this paper we will only consider essentially nonbranching spaces; let us recall their definition (introduced
in [Rajala and Sturm 2014]).

Definition 2.1. A metric measure space (X, d, m) is essentially nonbranching (e.n.b. for short) if and
only if for any pg, 1 € P2(X), with g, i1 absolutely continuous with respect to m, any element of
OptGeo(ug, 1) is concentrated on a set of nonbranching geodesics.

It is clear that if (X, d) is a smooth Riemannian manifold then any subset G C Geo(X) is a set of
nonbranching geodesics, in particular any smooth Riemannian manifold is essentially nonbranching.

In order to formulate curvature properties for (X, d, m) we recall the definition of the distortion
coefficients: for K e R, N €[1, o0), 0 € (0, 00), t € [0, 1], set
Ty @) =1"Na Dy (@) VDN, (2-2)
where the o-coefficients are defined as follows: given two numbers K, N € R with N > 0, we set, for
(t,0) €0, 1] x Ry,

50 if K6 > N7?,
SInOVK/N) — p0 < K02 < Nx2,

(1) ._ ) sin(6/K/N)

0) := 2-3
xn®:=1, if K62 <0and N =0, orif K62 =0, 9

Sinh(t9V=K/N) ¢ g2 < 0 and N > 0.

sinh(8/—K/N)
Let us also recall the definition of the Rényi entropy functional &y : P(X) — [0, oo],
v i= [ o710 mid), (24
X

where = pm 4 p® with p* 1L m.

Next we recall the definition of MCP(K, N) given independently in [Ohta 2007a] and [Sturm 2006b].
On general metric measure spaces the two definitions slightly differ, but on essentially nonbranching
spaces they coincide (see for instance Appendix A in [Cavalletti and Mondino 2017a] or Proposition 9.1
in [Cavalletti and Milman 2016]). We report the one given in [Ohta 2007a].

Definition 2.2 (MCP condition). Let K € R and N € [1, 0c0). A metric measure space (X, d, m) satisfies
MCP(K, N) if for any ug € P2(X) of the form

1
=——m
Mo m(A) LA
for some Borel set A C X with m(A) € (0, 00), and any o € X there exists v € OptGeo(ug, 8,) such that
1 _
™ = @):(ek d0o, vy)) - forall 1 €10, 11 (2-5)

From [Cavalletti and Milman 2016, Proposition 9.1], in the setting of essentially nonbranching spaces
Definition 2.2 is equivalent to the following condition: for all g, u; € P2(X) with up < m and
supp(i1) C supp(m), there exists a unique v € OptGeo(uo, 1), v is induced by a map (i.e., v = S: (o)
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for some map S : X — Geo(X)), u; := (e;)gv <K mforall r € [0, 1), and writing u; = p,m, we have for
allr €[0,1)
o N o = e o vy N () for v-ace. v € Geo(X). (2-6)
The curvature-dimension condition was introduced independently in [Lott and Villani 2009] and [Sturm
2006a; 2006b]; let us recall its definition.

Definition 2.3 (CD condition). Let K € R and N € [1, c0). A metric measure space (X, d, m) satisfies
CD(K, N) if for any two o, 1 € P2(X, d, m) with bounded support there exist v € OptGeo(uo, (1) and
7 € P(X x X) a W-optimal plan such that 4, := (e;)sv << m and for any N’ > N, ¢ € [0, 1],

En (i) = / Ty @ oy N+ T e y)pr Y wdx dy). 2-7)

Throughout this paper, we will always assume the proper metric measure space (X, d, m) satisfies
MCP(K, N) for some K, N € R, and is essentially nonbranching. This will imply in particular that (X, d)
is geodesic.

It is not difficult to see that if (X, d, m) satisfies CD(K, N) then it also satisfies MCP(K, N), but the
converse implication is false in general (for example the sub-Riemannian Heisenberg group satisfies
MCP(K, N) for some suitable K, N, but does not satisfy CD(K’, N’) for any choice of K', N).

It is worth recalling that if (M, g) is a Riemannian manifold of dimension n and h € C%(M) with
h > 0, then the m.m.s. (M, d,, h Vol,) (where d, and Vol, denote the Riemannian distance and volume
induced by g) satisfies CD(K, N) with N > n if and only if (see [Sturm 2006b, Theorem 1.7])

V2h 1/(N—n)
Ric, 4 v > Kg, Ricg .y :=Ricg —(N — n)w

In particular if N = n, the generalised Ricci tensor Ricg ;, v = Ric, makes sense only if / is constant.
A variant of the CD condition, called reduced curvature dimension condition and denoted by CD*(K, N)
[Bacher and Sturm 2010], asks for the same inequality (2-7) as CD(K. N) but the coefficients 7y (d(vo, 1))
and ‘L',(é;t)(d(yo, y1)) are replaced by o 1(<t,)N (d(y0, 1)) and o ,(é;’) (d(y0, ¥1)), respectively. For both defi-
nitions there is a local version and it was recently proved in [Cavalletti and Milman 2016] that on an
essentially nonbranching m.m.s. with m(X) < oo, the CD} (K, N), CD*(K, N), CDjoc(K, N), CD(K, N)

conditions are all equivalent for all K € R, N € (1, 00), via the CD'(K, N) condition defined in terms of
the L'-optimal transport problem. For more details we refer to [Cavalletti and Milman 2016].

2B. Lipschitz functions and Laplacians in metric measure spaces. We recall some facts about calculus
in metric measure spaces following the approach of [Ambrosio et al. 2014a; 2014b; Gigli 2015] with
the slight difference that here we confine the presentation to the (easier) setting of Lipschitz functions
(instead of Sobolev), as in the paper we will work in such a framework. For this subsection it is
enough to assume the metric space (X, d) is complete and separable and m is a nonnegative locally finite
measure.



NEW FORMULAS FOR THE LAPLACIAN OF DISTANCE FUNCTIONS AND APPLICATIONS 2101

A function f : X — R is Lipschitz (or more precisely L-Lipschitz) if there exists a constant L > 0
such that

| f(x)— f(W)| <Ld(x,y) forallx,yeX.

The minimal constant L > 0 satisfying the last inequality is called global Lipschitz constant of f and is
denoted by Lip(f).
We denote by LIP(X) the space of real-valued Lipschitz functions on (X, d) and by LIP.(£2) C LIP(X)
the subspace of Lipschitz functions of X with compact support contained in the open subset 2 C X.
Given f € LIP(X), the local Lipschitz constant |Df |(xo) of f at xo € X is defined as

|f (x) = f(x0)|

|Df|(xg) :=limsup ————— if xq is not isolated, |IDf|(x0) =0 otherwise.
X—X0 d(x, xp)

It is clear that [Df| < Lip(f) on all X.
Definition 2.4. Let f, u € LIP(X). Define the functions D* f(Vu) : X — R by

D 2 _|Dul)?
D* F(Vu) = inf [ 2U T EDE = [Dul”
e>0 2¢

while D™ f(Vu) is obtained by replacing inf, .o with sup, _.

If DT f(Vu) = D™ f(Vu) m-a.e. for all f,u € LIP(X), then (X, d, m) is said to be (Lipschitz-)
infinitesimally strictly convex and we set Df (Vu) := DT f(Vu); if moreover Df (Vu) = Du(V f) m-a.e.
for all f, u € LIP(X), then (X, d, m) is said to be (Lipschitz)-infinitesimally Hilbertian.

Remark 2.5. Given f, u € LIP(X), it is easily seen the map & — |D(u +&f)|? is convex and real-valued.
Thus

. . |D+ef)|* —|Dul? . |D+ef)|*—|Dul?
inf = inf

= lim ;
e>0 2¢e el0 2¢e
|D@+ef)I> = |Dul* |D@ +¢f)|> — | Dul?
sup = lim sup .
e<0 2e 10 2e

Remark 2.6. The local doubling and Poincaré conditions will be satisfied throughout the paper as we will
work in essentially nonbranching MCP (K, N)-spaces, with K € R, N € (1, co) thanks to [von Renesse
2008, Corollary p. 28]. The standing assumptions in that paper are MCP (K, N) and that the set

C, :={y € X : there exists y! # y? € Geo(X) such that x = yol = yoz, y= yll = yf}

has m-measure zero for m-a.e. x € X.

In an essentially nonbranching MCP (K, N) space the previous property can be obtained as follows:
for any r > 0 invoke [Cavalletti and Mondino 2017a, Theorem 5.2] with po := mLp, (r)/m(B,(x))
and p; := §,; existence of a map pushing pg to the unique element of OptGeo(ug, 1) yields that
m(C, N B, (x)) =0, actually for any x € X.

Remark 2.7. The notions of infinitesimally strictly convex and infinitesimally Hilbertian have been
introduced in [Ambrosio et al. 2014b; Gigli 2015] in the setting of Sobolev spaces, with the local Lipschitz
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constant replaced by the minimal weak upper gradient. The corresponding Lipschitz counterparts that
we defined above have been already considered in [Mondino 2015] and coincide with the ones of [Gigli
2015] provided the space satisfies doubling and Poincaré locally, thanks to a deep result of [Cheeger
1999]. Thanks to Remark 2.6 we will avoid therefore the prefix “Lipschitz” in the corresponding notions,
for simplicity of notation.

Definition 2.8 (test plans, [Ambrosio et al. 2014a]). Let (X, d, m) be a metric measure space as above
and w € P(C([0, 1], X)). We say that 7 is a test plan provided it has bounded compression; i.e., there
exists C > 0 such that

(e)gm =p; <Cm forallt € [0, 1],

1
// 1y, dt w(dy) < o0.
0

Definition 2.9 (plans representing gradients). Let (X, d, m) be an m.m.s., g € LIP(X) and 7 a test plan.

and

We say that & represents the gradient of g provided it is a test plan and we have

.. /g()/t)—g()/o)
hmlnf _—
t—0 t

Theorem 2.10 [Ambrosio et al. 2014b, Lemma 4.5; Gigli 2015, Theorem 3.10]. Let f, u € LIP(X) and
7 be any plan representing the gradient of u; then

1 1.. 1 L
n(dy)z5/|Dg|2<yo>n<dy)+§hmsup;// 7o ds 7 (dy)
t—0 0

f DY f(Vu)(eo); 7 > limsup dy)

/ ) = f(vo)
—_—7
t—0 !
/ ) — )
—t T

> lim inf
t—0

z/D‘f(Vu)(eo)gn.

dy)

In particular, if (X, d, m) is infinitesimally strictly convex then

f Df (Vu)(ep)s =1im/Mn(dy).
X t—0 t

In order to define the Laplacian, let us recall the definition of Radon functional. For simplicity, from
now on, we will assume (X, d) to be locally compact (this will be satisfied throughout the paper as we
will work in the setting of MCP (K, N) spaces which are, even more strongly, locally doubling).

Definition 2.11. « A Radon functional over an open set 2 C X is a linear functional T : LIP.(2) — R
such that for every compact subset W C €2 there exists a constant Cy > 0 so that

IT(f)] <Cw max |f] forall feLIP.(2) with supp(f) C W.

o A nonnegative Radon measure over an open set Q C X is a Borel, nonnegative measure u : 5(2) —
[0, 4o0] that is locally finite; i.e., for any x € €2 there exists a neighbourhood U, of finite p-measure:
w(Uy) < 4o00. A nonnegative Radon measure is said to be finite if u(X) < oo.
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o A signed Radon measure over an open set 2 C X is a Borel measure u : B(2) — RU {00} that can be
written as ;= ™ — u~ with 4™, ™ nonnegative Radon measures, where at least one of the two is finite.

A signed Radon measure is said to be finite if, denoting by ||| := u™ + @~ the total variation measure,
it holds || |[(X) < oo.

Note that, by the classical Riesz—Markov—Kakutani representation theorem, for every nonnegative
Radon functional T over X there exists a nonnegative Radon measure pr representing 7 via integration,
ie.,

T(f):/ f(x)ur(dx) forall f e LIP.(X).
X

In particular, every Radon functional can be written as the sum of two Radon measures (i.e., the positive
and negative parts, respectively).

Let us stress that the nonnegativity assumption is crucial. Indeed a general Radon functional may not
be representable by a measure; for example consider X =R, 2 =R\ {0} and T : LIP.(2) — R defined by

ACO

X

T:LIP.(2) > R, T(f) :=/
Q

It is straightforward to see that T is a real-valued Radon functional over €2 but cannot be represented by
a signed Radon measure over €2, the point being that (—oo, 0) would have “measure” —oo and (0, +00)
would have “measure” 400, thus failing the additivity axiom. An expert reader may recognise that 7'( f)
is (up to a multiplicative constant) the Hilbert transform of f evaluated at 0.

Definition 2.12. Let 2 C X be an open subset and let u € LIP(X). We say that u is in the domain of the
Laplacian of €2, and write u € D(A, 2), provided there exists a Radon functional T over €2 such that for
any f € LIP.(€2) it holds

/D_f(Vu)mS—T(f)S/ D* f(Vu)m. (2-8)
X X

In this case we write T € AuLg. In the case T can be represented by a signed measure p over €2, with a
slight abuse of notation we will identify T with u and write u € AuLg.

Let us stress that in general there is not a unique operator 7" satisfying (2-8); in other words the
Laplacian can be multivalued.

2C. Synthetic Ricci lower bounds over the real line. Given K € Rand N € (1, co), a nonnegative Borel
function 4 defined on an interval I C R is called an MCP(K, N) density on [ if for all xo, x; € I and
te[0,1]

h(txy + (1= 1)x0) = o 37 (1x1 = x0)™ A (xo). (2:9)

Even though it is a folklore result, we will include a proof of the following fact:

Lemma 2.13. A one-dimensional metric measure space, that for simplicity we directly identify with
I, -1, hehy, satisfies MCP(K, N) if and only there exists E, an MCP(K, N) density, such that h = h
L'-a.e. on .
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Proof. Assume h is an MCP(K, N) density on /. From [Cavalletti and Milman 2016, Proposition 9.1(iv)],
it will be enough to prove (2-6) under the additional assumption that

1
m(A)

Mo = xam

for some A C I such that 0 < m(A) < oo, with m = ALl
Without any loss in generality we assume o =0 € /. Given then any A C [ as above, the unique W,
geodesic (i4s)refo,1] connecting o to 8o is

we = (fzo,  fi(x) =1 =1)x.
Then using the change of variable formula,

hx/(A =1)) xalx/(1 =1))
h(x)  (1—0m(A)’

we=pm, p(x) =

implying that
p (iGN (A= k(1 =)\ _ - -
( e - - > (1=0"Noy 2 (e DY =
proving (2-6). In order to prove the converse implication, we fix x; = 0 = o and take
1
o i= El(A)zlLA, AcClI,0<L'(A) <oo.
Then
— 1 rl
Mt = LU =DA) L(1-1)A
is the unique W,-geodesic connecting g to §,. Hence (2-9) can be applied to
W= o, () = 1 X(1-nA(x)
U T T A -0Li ) R
Then (2-9) along (u,) implies the claim. O

The estimate (2-9) implies several known properties that we collect in what follows. To write them in
a unified way we define for « € R the function s, : [0, +00) — R (on [0, 7//k) if € > 0),

(1//K) sin(/k0) if k >0,
5c(0):= 106 if Kk =0, (2-10)

(1/4/—x) sinh(y/—k0) ifk <O.

For the moment we confine ourselves to the case I = (a, b) with a, b € R; hence (2-9) implies

<S1</(1v-1)(b—)Cl))N_1 - h(x1) - <SK/(N—1)(X1 —a)>N_1

sk /(N—1)(b —xp) ~ h(xo) T \sk/wv-1)(xo—a)

(2-11)
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for xo < x1 (see the proof of Lemma 2.17 for the easier estimate in the case K = 0). Hence denoting by
D = b — a the length of I, for any ¢ > 0 it follows that

sup{h(xl) 1 X0, X1 € [a—i—e,b—e]} < Cq, (2-12)
h(xo)

where C, only depends on K, N, provided 2¢ < D < 1/e.

Moreover (2-11) implies that 4 is locally Lipschitz in the interior of / and an easy manipulation of it
(see [Cavalletti and Milman 2016, Lemma A.9]) yields the following bound on the derivative of A:

Sk rn—1 (& —x) Sk /n—1)(xX —a)

K/N-DT < (logh)'(x) < (N — 1)%
Sk/(N—1)(b—Xx) Sk/N—1)(x —a)

if x € (a, b) is a point of differentiability of /. Finally if K > 0, then b —a <nw /(N —1)/K.

Remark 2.14. The estimate (2-11) also implies that an MCP(K, N) density & : (a, b) — (0, 00), a, bR,

can always be extended to a continuous function on the closed interval [a, b]. Notice indeed that the map

h(x)
(sk/N—1)(b—x))N-1
is nondecreasing and strictly positive. Hence the following limit exists and is a real number:
. h(x)
lim
x—~a (sgn—1)(b—x)

—(N—-1) (2-13)

(a,b) >x

)Nfl'

Since b —a > 0, we obtain that also the limit lim,_,, & (x) exists, for every K <0 and for K > 0 provided
b—a#mn(N—1)/K. Thecase K >0and b —a =m/(N —1)/K follows by rigidity: (2-11) implies
sin(m —x1+/K/(N —1)) - h(xy) - sin(x;+/K/(N — 1))
sin(m — xg/K/(N = 1)) ~ h(xo) ~ sin(xg/K/(N — 1))’

showing that 4 (x), up to a renormalisation constant, coincides with sin(x+/K /(N — 1)). To show that &
can also be extended to a continuous function at b, one can argue as above starting from the nonincreasing

property of the function
h(x)

(sk/N—1)(x —a)N-1

(a,b) > x —

following again from (2-11).

The next lemma was stated and proved in [Cavalletti and Milman 2016, Lemma A.8] under the CD
condition; as the proof only uses MCP(K, N) we report it in this more general version.

Lemma 2.15. Let h denote an MCP (K, N) density on a finite interval (a, b), N € (1, 00), which integrates
to 1. Then

1 N K >0,
{ (2-14)
b—a

sup h(x) < ——1 B 1
xe(ab) (fy o y_1b—anpN~tar)™', K <o.

In particular, for fixed K and N, h is uniformly bounded from above as long as b — a is uniformly
bounded away from 0 (and from above if K < 0).
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From the previous auxiliary results we obtain the following lemma that will be used throughout the
paper.
Lemma 2.16. Let h denote an MCP (K, N) density on a finite interval (a, b), N € (1, 00), which integrates
to 1. Then

1 K,N)
[ ()] dx < ——Cg- (2-15)
/(a’b) h—_a -0
for some C((,f_’jj)) > 0 with the property that, for fixed K € Rand N € (1, 00), it holds
sup Cr(K’N) < oo forevery R>0, Ilim Cr(K’N) = 0. (2-16)
re(O,R) rfoo

Proof. Case 1: K <0. The two inequalities in (2-13) give for each point x € (a, b) of differentiability

of h )
sK/(N_l)(b—x)

Sk/(N=1)(b—X)
S%/(Nil)(x —a)

Sk/N—1)(x —a)

wyi=hx)+(N-1) h(x) =0,
(2-17)

wy i =h'(x)—(N—-1) h(x) <O0.

Thus, we can write

/ |h/|dx§/ wldx+/ |lwy —h'|dx
[a,b] [a,a+b—a/(2)] [a,a+(b—a)/2]

—/ wzdx-i-/ |lwy —h'| dx. (2-18)
[a+(b—a)/2,b] [a+(b—a)/2,b]

First of all, observing that for K < 0 one has

Sk/v-n@) _ 0
Sk/N—1()
for all r > 0, we get

b—a sk/N—-1)(b—a)
wydx < h(a—i——) —h(a)+ (N —=1D||hllLo@.p) lo (
/[a,a+(ba)/2] 2 L) 108 sk/n—1)((b—a)/2)

K,N
< Coom IRl L a.b)

/
Sk rn—1 (D —X)

/ wy — 1| dx = / (N = D=0 ) < PN Il o).

la,a+(b—a)/2] [a,a+(b—a)/2] sk/N—1)(b—x)

(K,N)
r

where r — C satisfies (2-16). The bounds for the second line of (2-18) are analogous. Thus we

conclude
K,N
[ s < imimn,
[a,b]

which, recalling (2-14), gives the claim (2-15).

Case 2: K > 0. In order to simplify the notation, we assume K =N —1 >0 (sothatb —a <m),a=0
and b —a = D < r. The discussion for general K > 0, a < b € [0, ] is analogous.
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We first consider the case D < m/2. Using (2-11), notice that
ho _ h(D/2)

sin(D —x) ~ sin(D/2)
h(x) - h(D/2)

sin(x) ~— sin(D/2)

For x € [0, D /2], these yield (recall that cos(x) > 0)

for all x € [0, D/2],

for all x € [D/2, D].

Ly cos(D—x)h D/ > i cos(D—x)h =0
wy(x) == (X)+W (D/2) = (x)‘f‘m (x) >0,
and for x € [D/2, D] (recall that cos(x) > 0)
0 () 1= B ) — 2% pay <y — %0 <0
e sin(D/2) - sin(x) -

Then we can collect all the estimates together:

/ | (x)] < / w((x) dx —I—/ lwp(x) —h'(x)| dx
[0,D] [0,D/2] [0,D/2]

—/ o (x)dx —I—/ || (x) —h'(x)| dx
[D/2,D]

[D/2,D]
< CllhllL>(0.p)- (2-19)
The claim (2-15) then follows applying Lemma 2.15.

If D > /2, like in the case K < 0, the two inequalities in (2-13) give for each point x € (0, D) of
differentiability of A

B () + (N — 1)%}1@) >0,
B (x) — (N — 1)2?5((;6))}1@) <0.

Hence for x € (0, D —7/2) we have /' (x) > 0 and for x € [7/2, D] we have h’'(x) <0. Then Lemma 2.15
and the bound D < 7 imply that

/ |h' (x)| dx = / W (x)dx — / K (x)dx
[0,D—7/2]U[x/2.D] [0,D—7/2] [7/2,D]

4N
<4 sup |h| < —.
[0, D] D

In order to complete the proof it is then enough to bound f[ Dn/2.72] |h'(x)|dx. Since (2-19) was
obtained for any 7 MCP-density on [0, D] with D < 7/2 without using the assumption of [ h =1, it
implies

f WOl dx < Cllil~po.n 2
[0,7r/2]

for any MCP-density on [0, D] with D > /2. Lemma 2.15 gives the claim. ]
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In the proof of the splitting theorem for MCP (0, N) spaces we will use the next lemma.

Lemma 2.17. Let h be a MCP(0, N) measure on the whole real line R. Then h is identically equal to a
real constant.

Proof. We show that h(xg) = h(x;) for all xg, x; € R. The MCP(0, N) condition reads as
h(tx1 + (1 —1)x) > (1 — )N h(x).

For a < z < b apply the previous estimate for z = xg and x; = b. It implies
h(tb+(1—-1)z) -
h(z) B

ifwe(z,b) and w =tb+ (1 —1)z for some ¢t € (0, 1), then 1 —¢ = (b — w)/(b — 7). Plugging in the
previous inequality the explicit expression of (1 — ¢) and repeating the argument taking now xo = a and

(11—

X1 = z, we obtain the next two-sided estimate

N-1 N—-1
(b—)q) Sh(X1)§(XI_a) ’ (2-20)
b—xg h(xg) Xo—a

valid for all a < xo < x; <b. Since

N-1 N-1
. b —x ) X1 —a
lim ( > =1= lim ( ) y
b—>+o00\ b — xq a—>—00\ X0 — d

and since (2-20) holds for all a € (—o0, x¢) and all b € (x1, +00), the thesis follows. O

We now review a few facts about CD(K, N) densities of the real line (see [Cavalletti and Milman 2016,
Appendix]). Given K € R and N € (1, 00), a nonnegative Borel function 4 defined on an interval I C R
is called a CD(K, N) density on [ if for all xg, x; € I and ¢ € [0, 1]

RYND (1 = )xg + 121) = BV D (ag)o 7 (2 —x0l) + BV D oy (e —xol). (221

A one-dimensional metric measure space, say (I, | - |, hely, satisfies CD(K, N) if and only & has a
continuous representative / that is a CD(K, N) density.

We will make use of the fact that a CD(K, N) density h : I — [0, c0) is locally semiconcave in the
interior; i.e., for all xq in the interior of /, there exists Cy, € R so that h(x) — C xOxz is concave in a
neighbourhood of xy.

Recall moreover that if f : I — R denotes a convex function on an open interval / C R, it is well
known that the left and right derivatives f”~ and f* exist at every point in I and that f is locally
Lipschitz; in particular, f is differentiable at a given point if and only if the left and right derivatives
coincide. Denoting by D C [ the differentiability points of f in /, it is also well known that / \ D is
at most countable. Clearly, all of these results extend to locally semiconvex and locally semiconcave
functions as well. We finally recall the next regularisation property for CD(K, N) densities obtained in
[Cavalletti and Milman 2016, Proposition A.10]
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Proposition 2.18. Let h be a CD(K, N) density on an interval (a, b). Let W, denote a nonnegative C>
function supported on [—¢, €] with [, = 1. For any ¢ € (0, (b — a)/2), define the function h* on
(a+e,b—e¢) by

log h = log h s = / log h(y) s (x — y) dy.

Then h® is a C*-smooth CD(K, N) density on (a + €, b — ¢).

Part I. A representation formula for the Laplacian
3. Transport set and disintegration

Throughout this section we assume (X, d, m) to be a metric measure space with supp(m) = X and (X, d)
geodesic and proper (and hence complete).

3A. Disintegration of o-finite measures. To any 1-Lipschitz function u : X — R there is a naturally
associated d-cyclically monotone set

Fyi={(x, y) e X x X tu(x) —u(y) =d(x, y)}. (3-D

Its transpose is given by Fu_l ={(x,y)e X x X :(y,x) e [',}. We define the transport relation R, and
the transport set T, as
R :=T,UT,",  Ty:i=Pi(R,\{x=0}, (3-2)

where {x = y} denotes the diagonal {(x, y) € X 2:x=y}and P; is the projection onto the i-th component.
Recall that ', (x) = {y € X : (x, y) € I',} denotes the section of [, through x in the first coordinate, and
similarly for R, (x) (through either of the coordinates by symmetry). Since u is 1-Lipschitz, I, ', ! and
R, are closed sets, and so are I',(x) and R, (x).

Also recall the following definitions, introduced in [Cavalletti 2014]:

A, :={x €7, : there exists z, w € [',(x) such that (z, w) ¢ R,},
A_:={x €7, : there exists z, w € F;l(x) such that (z, w) ¢ R, }.

A are called the sets of forward and backward branching points, respectively. If x € A4 and (y, x) € [,
then necessarily also y € A4 (as I',(y) D [',(x) by the triangle inequality); similarly, if x € A_ and
(x,y) eI', then necessarily y € A_.

Consider the nonbranched transport set

T =T\ (AL UA), (3-3)
and define the nonbranched transport relation
R} := R, N (T, x T,"™).

In was shown in [Cavalletti 2014] (see also [Bianchini and Cavalletti 2013]) that Rgb is an equivalence
relation over 7;“" and that for any x € 7;“b, R, (x) C (X, d) is isometric to a closed interval in (R, | - |),
and R;‘b(x) C (X, d) is isometric to either a closed, semiclosed or open interval in (R, |- |).
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Therefore, from the nonbranched transport relation R™, one obtains a partition of the nonbranched
transport set 7;“" into a disjoint family (of equivalence classes) {X}«c @, €ach of them isometric to a real
interval (depending on the situation, the interval can be bounded or unbounded, closed, semiclosed or
open). Here Q is any set of indices. Concerning the measurability, as the space (X, d) is proper, 7, and
AL are o-compact sets and, consequently, ’7;“b and R{,‘b are Borel.

Remark 3.1 (initial and final points). It will be useful to isolate two families of distinguished points of
the transport set, the sets of initial and final points, respectively:

a :={x €7, : there does not exist y € 7,, y # x, such that (y, x) € R,},

b :={x € 7T, : there does not exist y € 7,, ¥ # x, such that (x, y) € R,}.

Notice that no inclusion of the forma C A4, b C A_ is valid. For instance consider
X = {(x1, x2) € R? : x; > 0}
endowed with the Euclidean distance and

u(x) :=dist(x, {x; = 0});
then a = {x; = 0} and A4 = @. In particular, sets @ and b may or may not be subsets of 7."°. See also
the discussion right above (1-2). Curvature assumptions will, however, imply that a and b have measure
zero. We will also use the notation a(X,), b(X,) to denote the starting and final points, respectively, of
the transport set X, whenever they exist.

Once a partition of the nonbranched transport set 7,™ is at our disposal, a decomposition of the reference
measure meyw can be obtained using the disintegration theorem. In the recent literature of optimal
transportation, the disintegration formulas have always been obtained under the additional assumption of
finiteness of the measure m(X) < co. We will therefore spend few words on how to use disintegration
theorem to obtain a disintegration associated to the family of transport rays without assuming m(X) < oo.

We first introduce the quotient map Q : 7" — Q induced by the partition

a=2x) <= xeX,. (3-4)

The set of indices (or quotient set) O can be endowed with the quotient o -algebra 2 (of the o -algebra
Z over X of m-measurable subsets),

Ce2 < Q'Oez,
i.e., the finest o-algebra on Q such that £ is measurable.
The set of indices Q can be identified with any subset of Q C X satisfying the following two properties:
o For all x € 7,™ there exists a unique X € Q such that (x, X) € R™.
e If x,y € 7" and (x, y) € R™, then i = §.

In particular Q has to contain a single element for each equivalence class X.
Another way to obtain a quotient set is to look instead first for an explicit quotient map: in particular,
any map Q : 700 — T satisfying the properties
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. (x,Q(x) € R,
o if (x, y) € R™, then Q(x) = Q(y),

will be a quotient map for the equivalence relation R™ over 7,"; then the quotient set associated to 0
will be the set {x € R™ : x = Q(x)}.

Existence of Q or of ) can be always deduced by the axiom of choice. However, in order to apply the
disintegration theorem, measurability properties are needed.

A rather explicit construction of the quotient map has been already obtained under the additional
assumption of m(X) < oo (see [Cavalletti and Mondino 2017b; 2018, Lemma 3.8]); however, m(X) < oo
did not play any role in the proof and we therefore simply report the next statement.

We will denote by A the o-algebra generated by the analytic sets of X.

Lemma 3.2 (Q is locally contained in level sets of u). There exists an A-measurable quotient map
0 : T — Q such that the quotient set Q C X is A-measurable and can be written locally as a level set
of u in the following sense:

0=J0n Qncu ',

neN
wherel, € Qand Q; N Q; =D fori # j.

Lemma 3.2 allows us to apply the disintegration theorem (see [Cavalletti and Milman 2016, Section 6.3]),
provided the ambient measure m is suitably modified into a finite measure. To this aim, the next elementary
lemma will be useful.

Lemma 3.3. Let m be a o-finite measure over the proper metric space (X, d) with supp(m) = X. Then
there exists a Borel function f : X — (0, 00) satisfying

igff >0 for any compact subset K C X, fm=1. (3-5)
'Enb
Proof. Since by assumption (X, d) is proper, for every xo € X and R > 0 the closed metric ball B g(x) is
compact. Thus, using that m is o-finite and supp(m) = X, we get

0 <m(By,(xg) \ By—1(x9)) <oo foralln eNsj.

It is then readily checked that f : X — (0, oo) defined by
1
2"m(By (x0) \ Bp—1(x0))
on B,1(xp) \ Bn(xp) for all n € N5 satisfies (3-5). O

fi=

Under the assumption that m is o-finite, let f : X — (0, co) satisfy (3-5), set
M= mennb, (3'6)
and define the normalised quotient measure

q:=Qyu. (3-7)
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Notice that q is a Borel probability measure over X. It is straightforward to check that
Qﬁ(mLTunb) <q.

Take indeed E C Q with q(E) = 0; then by definition fD—l(E) f(x)m(dx) =0, implying m(Q~(E)) =0,
since f > 0.
From the disintegration theorem [Fremlin 2003, Section 452], we deduce the existence of a map

O3a> uy, € P(X)

satisfying the following properties:

(1) For any p-measurable set B C X, the map o — p,(B) is g-measurable.
(2) For g-a.e. @ € O, pq is concentrated on Q Ya).

(3) For any pu-measurable set B C X and g-measurable set C C Q, the following disintegration formula
holds:

w(BNO(C)) = fc 1o (B) q(da).

Finally the disintegration is g-essentially unique; i.e., if any other map Q > « +— i, € P(X) satisfies the
previous three points, then

Lo = Mg g-ae o€ Q.

Hence once q is given (recall that q depends on f from Lemma 3.3), the disintegration is unique up to a
set of g-measure zero. In the case m(X) < oo, the natural choice, that we tacitly assume, is to take as f
the characteristic function of 7;“" divided by m(7;“b) so that q := Q4 (rm_Tunb / m(ff‘b)).

All the previous properties will be summarised saying that Q > o — 1, is a disintegration of | strongly
consistent with respect to £.

It follows from [Fremlin 2003, Proposition 452F] that

/ ¢(0) u(dx) = / / ¢(0) pta(dx) q(da)
X 0

for every g : X — RU{=%00} such that f g 1 is well-defined in RU {£o0}. Hence picking g = 1/f (where
f is the one used to define ), we get

M= / B q(da; (3-8)
o f

the previous identity has to be understood with test functions as the previous formula.

Defining m, := u/f, we obtain that m, is a nonnegative Radon measure over X satisfying all the
measurability properties (with respect to o € Q) of uq and giving a disintegration of mezw strongly
consistent with respect to . Moreover, for every compact subset K C X, it holds

_ Ha o i i
Supy f,ua(lC) <my(K) = 7 K) < infe 7 for g-a.e. @ € Q. (3-9)
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In the next statement, we summarise what we have obtained so far concerning the disintegration
of a o-finite reference measure m with respect to the nonbranched transport relation induced by any
1-Lipschitz function u : X — R.

We denote by M (X) the space of nonnegative Radon measures over X.

Theorem 3.4. Let (X, d, m) be any geodesic and proper (hence complete) m.m.s. with supp(m) = X and
m o -finite. Then for any 1-Lipschitz function u : X — R, the measure m restricted to the nonbranched
transport set 7;“b admits the disintegration formula

mLTuub=/ my q(da),
0

where q is a Borel probability measure over Q C X such that Qy (ml_Tunb) < qand the map Q > o —
my € M4 (X) satisfies the following properties:

(1) For any m-measurable set B, the map o — my(B) is q-measurable.
(2) For g-a.e. @ € Q, my is concentrated on Q Ha) = Rgb (a0) (strong consistency).

(3) For any m-measurable set B and q-measurable set C, the following disintegration formula holds:
m(BEN27 () = [ ma(B)q(da)
(4) For every compact subset I C X there exists a constant Cx: € (0, 00) such that
my(K) < Cx forg-a.e.a € Q.

Moreover, for any q as above such that Q (murw) < q, the disintegration is q-essentially unique (see
above).

3B. Localisation of Ricci bounds. Under the additional assumption of a synthetic lower bound on the
Ricci curvature, one can obtain regularity properties both on 7;nb and on the conditional measures m,,.
As some of these results were obtained assuming m(X) < oo, in what follows we review how to obtain
the same regularity with no finiteness assumption on m. First of all recall that, for any K € R and
N € (1, 00), CD(K, N) implies MCP(K, N), which in turn implies that m is o -finite. Thus Theorem 3.4
can be applied.

Lemma 3.5. Ler (X, d, m) be an essentially nonbranching m.m.s. with supp(m) = X and satisfying
MCP(K, N) for some K € R, N € (1,00). Then for any 1-Lipschitz function u : X — R, it holds
(7, \ 7,™) =0.

Lemma 3.5 has been proved in [Cavalletti 2014] for metric measure spaces (X, d, m) satisfying
RCD(K, N) with N < oo and supp(m) = X. The RCD(K, N) assumption was used in that proof only to
have at our disposal the following property: given g, 11 € P(X) with uy < m, there exists a unique
optimal dynamical plan for the W5-distance and it is induced by a map. In [Cavalletti and Mondino 2017a,
Theorem 1.1] this property is also satisfied by an e.n.b. metric measure space satisfying MCP(K, N)
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with supp(m) = X, without any finiteness assumption on m. Hence Lemma 3.5 can be proved following
verbatim [Cavalletti 2014].

Building on [Cavalletti and Mondino 2017a], in [Cavalletti and Milman 2016, Theorem 7.10] additional
information on the transport rays was proved: for g-a.e. o € Q it holds

R, () = R™(a) D R™ () D R, (), (3-10)

with the latter to be interpreted as the relative interior. The additional assumption of m(X) < oo was used
in the proof only to obtain the existence of a disintegration of m strongly consistent with the nonbranched
equivalence relation. Hence from Theorem 3.4 also (3-10) is valid in the present framework.

To conclude, we assert that the localisation results for the synthetic Ricci curvature lower bounds
MCP(K, N) and CD(K, N), with K, N € R and N > 1, are valid also in our framework.

e Localisation of MCP(K, N). In [Bianchini and Cavalletti 2013, Theorem 9.5], assuming nonbranching
and the MCP (K, N) condition, it is proved (adopting slightly different notation) that for g-a.e. « € Q it
holds

1
my = haH LXgy»

where ! denotes the one-dimensional Hausdorff measure. Moreover, the one-dimensional metric
measure space (Xq,d, my), isomorphic to ([0, D1, | - |, he L"), is proved to satisfy MCP(K, N); here
X, stands for the closure of the transport ray X, with respect to d. Note that X, might not be a subset
of 7;“b because of its endpoints but this will not affect any argument as my (X, \ X) = 0. No finiteness
assumption was assumed in [Bianchini and Cavalletti 2013, Theorem 9.5] and, since here we restrict to
the nonbranched transport set, the arguments can be carried over to give the same statement.

e Localisation of CD(K, N). The localisation of CD(K, N) was proved in [Cavalletti and Mondino 2017a,
Theorem 5.1] under the assumption m(X) = 1. Nevertheless, in that work the CD(K, N) condition was
assumed to be valid only locally; i.e., the space was assumed to satisfy CDjoc (K, N). In particular the
proof first shows that the one-dimensional metric measure space (Xy, d, m,) satisfies CDjoc (K, N) for
g-a.e. o € Q and then, thanks to the local-to-global property of one-dimensional CD(K, N) condition,
concludes with the full claim. Hence, if (X, d, m) is e.n.b. and satisfies CD(K, N), since by Theorem 3.4
a disintegration formula is at our disposal and the reference measure m is locally finite, one can repeat the
arguments in [Cavalletti and Mondino 2017a, Theorem 5.1] and obtain that the one-dimensional metric
measure space (Xq, d, my), isomorphic to ([0, Dy], | - |, ho L£1), satisfies CD(K, N).

We summarise the above discussion in the next statement.
Theorem 3.6. Let (X, d, m) be an essentially nonbranching m.m.s. with supp(m) = X and satisfying
MCP(K, N) for some K € R, N € (1, 00).

Then, for any 1-Lipschitz function u : X — R, there exists a disintegration of m strongly consistent
with R,rjb satisfying

mLEnb:Lma qda), q(Q)=1.
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Moreover, for g-a.e. a, my is a Radon measure with my, = hoH! Lx, << H! Lx, and (X, d, mg) satisfies
MCP(K, N).
If, additionally, (X, d, m) satisfies CDjoc (K, N), then hy is a CD(K, N) density on X, for g-a.e. a.

It is worth recalling that, once we know that (X, d, my) satisfies MCP(K, N), it is straightforward to
get that my = h,H'Lx, for some density h,. We refer to Section 2C for all the properties satisfied by
one-dimensional metric measure spaces satisfying lower Ricci curvature bounds.

We conclude the section by specialising the results to the smooth framework of Riemannian manifolds
(cf. [Klartag 2017]).

Corollary 3.7. Let (M, g) be a complete N -dimensional Riemannian manifold, where N > 2, and let m
denote its Riemannian volume measure.

Then, for any 1-Lipschitz function u : M — R, there exists a disintegration of m strongly consistent
with R™ satisfying

mepn= [ maa@e). a(@)=1.
Moreover: ’
(1) For g-a.e. a, my is a Radon measure with my = ha’Hlea < H! LX,-
(2) For every x € M there exist a (compact, geodesically convex) neighbourhood U of x and K € R such
that hyLy is a CD(K, N) density on X, NU for q-a.e. «.
(3) If, additionally, Ric, > K g for some K € R, then hy is a CD(K, N) density on X for q-a.e. a.

Proof. The corollary follows directly from Theorems 3.4 and 3.6, reasoning as follows. A complete
Riemannian manifold is geodesic and proper; hence Theorem 3.4 implies the first part of the claim,

ml_Tunb=/Qmaq(doz), q(Q) =1,

and for g-a.e. @, m, is a Radon measure with my, = hoH! Lx, <K H! LX,-

Moreover every point x € M admits a geodesically convex compact neighbourhood U where, by
compactness, the Ricci tensor is bounded below by some K € R. In particular (U, d, mLy) is an essentially
nonbranching CD(K, N) space and thus we can apply Theorem 3.6 to (U, d, m_y). Since the partition
associated to u : U — R is given by the restriction of transport rays, the quotient measure of m restricted to
un 7;“" will be absolutely continuous with respect to ¢; hence by g-essential uniqueness of disintegration
we deduce that hyLy is a CD(K, N) density on X, NU for g-a.e. «. The third claim is already contained
in Theorem 3.6. O

4. Representation formula for the Laplacian

From now on we will assume (X, d, m) to be an e.n.b. metric measure space satisfying MCP(K, N) for
some K € Rand N € (1, o0). In particular (X, d, m) is a locally doubling and Poincaré space (recall
Remark 2.6).
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We will obtain an explicit representation formula for the Laplacian for a general 1-Lipschitz function
w:X =R, |ux) —u(y)| =d(x,y),

assuming a mild regularity property on 7, the associated transport set defined in Section 3.

A distinguished role will be played by a particular family of 1-Lipschitz functions, namely the so-called
signed distance functions. Such a class played a key role in the recent proof [Cavalletti and Milman 2016]
of the local-to-global property of CD(K, N) under the e.n.b. assumption.

Definition 4.1 (signed distance function). Given a continuous function v : (X, d) — R so that {v =0} # &,
the function

dy: X >R, dylx):=d(x,{v=0}) sgn(v), “4-1)
is called the signed distance function (from the zero-level set of v).

With a slight abuse of notation, we denote by d both the distance between points and the induced
distance between sets; more precisely

d(x, {v=0}) :=inf{d(x, y) : y € {v =0}}.

Lemma 4.2. The signed distance function d, is 1-Lipschitz on {v > 0} and {v < 0}. If (X, d) is a length
space, then d, is 1-Lipschitz on the entire X.

For the proof we refer to [Cavalletti and Milman 2016, Lemma 8.4].

We now fix once and for all a 1-Lipschitz function u# : X — R. In order not to have empty statements,
throughout the section we will assume that m(7,) > 0.

4A. Representing the gradient of —u. The translation along 7;“" is defined as
g:RxT™ 5 7™ X, graph(g) = {(r, x,y) € Rx R™ : u(x) —u(y) =1t}.

Since R;b is Borel, the same applies to g, while Dom(g) = Pj;(graph(g)) is analytic. We will write g,
for g(¢, -). Notice that

graph(g,) = {(x,y) € RI* : u(x) —u(y) =1}
is Borel as well and thus for r € R
Dom(g,) = 7,"°(t) := {x € T,™ : there exists y € R™ (x) with u(x) — u(y) =t}

is an analytic set. The rough intuitive picture is of course that g, plays the role of negative gradient flow
of u, restricted to the points of maximal slope 1. In order to handle the case when m(7,") = +o0, it is
useful to introduce the following definition.

Definition 4.3. A measurable subset E C X is said to be R™-convex if for any x € 7, the set ENR™®(x)
is isometric to an interval.
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For every bounded R;b—convex subset £ C 7;“b (2¢) with m(E) > 0, consider the function A : E —
C([0, 1]; X) defined by

9 O’ 9

0,115 7> A(x); i= {g’(x) vel0.el

g€(x)a T E [8, 1]5

and set .
=——A . 4-2
mE = E) sMLE (4-2)
Note that

(go)ymip=:my, t€[0,¢],

m(E)(e)pmg = (e; 0 A)ymLp= { (4-3)

(g)ymip=:m%, 71€le 1]

The rough intuitive idea is of course that m}; is the push forward of m. £ via the negative gradient flow
of u at time 7.

Proposition 4.4. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) and u be as
before. For every bounded R{}b-convex subset E C Tu“b(Zs) with m(E) > 0, the measure mg defined in
(4-2) is a test plan representing the gradient of —u (see Definition 2.9).

Proof. Fix t € [0, ¢]. First of all write

W(E)(e)sms = mly = / (g)sMav s q(da). (4-4)
0
Since myLg= haHl\—XaﬂE, we have
hyog_
(8)iMaLE= —ah tma‘—gr(E)- (4-5)
o

Identifying X, N (Ute[O, ] g,(E)) with an interval [ay, b,] C R (for the sake of the argument we as-
sume the interval to be closed, but all the other cases are completely analogous), from (2-11), for
x €lay+t,by —2c+t] and ¢t < ¢ it holds

he(x —1) - [SK/(N—l)(ba —x+1)
hea(x)

where the last inequality follows from the fact that b, —x > 2¢ —t > ¢ > 0. We stress that C, > 0 is

independent of & € Q. The combination of (4-4), (4-5) and (4-6) gives that

N—1
i| <C, forallx €elay+1t,by—2c+t]andt <e¢, (4-6)
Sk/(N—1)(bg — X)

for all ¢ € [0, 1]; i.e., g has bounded compression. Moreover since m(E) < oo, and |y| =1 for w-a.e. y,
it follows that g is a test plan (Definition 2.8).

We now prove that g represents the gradient of —u. Since by construction u(x) —u(g.(x)) = t for
mcE-a.e. x, we have

.. u(yo) —u(yr)
liminf | ———"%2
7—0 T

! )liminf/ ul) —u(ge ) |y =1,
E

JTE(d)/) - m(E =0 T
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Hence the claim (recall Definition 2.9) follows by the fact that the 1-Lipschitz regularity of u implies
|Du| <1 m-a.e. and thus

1>

2m(E) Jrmae | Dul?(x) m(dx) + 3£ (C ([0, 1]; X)). O

In the next statement and in the rest of the paper, we will often consider the restriction of a Lipschitz
function f to some transport ray R™(«) giving a real variable Lipschitz function: [dy,be] 3 t >
f(g(t, ay)). It will make sense then to compute the 7-derivative of the previous map: whenever it exists,
we will use the notation

f g, x) — fx)

il S

1
N

47

Note that f” is roughly the directional derivative of f “in the direction of —Vu”. Observe that, if (X, d, m)
is MCP(K, N) e.n.b., for every f € LIP(X) the quantity f” is well-defined m-a.e. on 7,,.

Theorem 4.5. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) and u be as before.
Then for any Lipschitz function f : X — R it holds

D™ f(=Vu) < f' < DT f(—=Vu) m-ae onT,. (4-8)

Proof. Given f € LIP(X), fix e > 0 and let E C Tu“b(Ze) be any bounded Rgb—convex subset with
m(E) > 0. Theorem 2.10 together with Proposition 4.4 and (4-3) implies

/ S(gr(x)) — f(x)
m
E T

f D™ f(—Vu)m <liminf (dx)
E —0

§lirnsup/ f(gf(x)r)_f(x) m(dx) 5/ D* f(=Vu)m.
E E

T—0

To conclude it is enough to observe that
/ f(g(x)) — f(x) m(dx) :f f (g (x)) — f(x) my(dx) q(da),
E T 0 JENX, T

and notice that for each o € Q the incremental ratio (f(g;(x)) — f(x))/t converges to f'(x) for my-a.e.
x € X, and is dominated by the Lipschitz constant of f. Therefore, by the dominated convergence

theorem, for each E as above it holds
/ D™ f(—Vu)m < / ffm< / DY f(=Vu)m.
E E E

The claim follows by the arbitrariness of ¢ > 0 and E C 7,"°(2¢). g
The chain rule [Gigli 2015, Proposition 3.15] combined with Theorem 4.5 allows us to obtain:

Corollary 4.6. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP (K, N) and u be as before.
Then for any Lipschitz function f : X — R

D™ f(=Vu?) <2uf' < DT f(=Vu?),

where the inequalities hold true wm-a.e. over 7,,.
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Proof. We show that D~ f (—Vu?) < 2uf’; the argument for proving 2uf’ < DT f(—Vu?) is completely
analogous.
By the chain rule [Gigli 2015, Proposition 3.15], we know that

D™ f(—=Vu?) =2uD ™" f(=Vu).
Combining the last identity with Theorem 4.5 yields

D™ f(=Vu?) = 2”th(—Vu) <2uf’ m-ae.on {u <0},
2uD™ f(=Vu) <2uf’ m-ae.on {u >0},
giving the claim. .

4B. A formula for the Laplacian of a general 1-Lipschitz function. The next proposition, which is key
to showing that Au is a Radon functional, follows from Lemmas 2.15 and 2.16. We use the notation
that a(X,) and b(X,) denote the initial and final points respectively of the transport ray X,. Recall also
that &, is positive and differentiable a.e. on X, ; in particular log 4, is well-defined and differentiable a.e.
along X, .

Proposition 4.7. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N € (1, 00). Let u : X — R be a 1-Lipschitz function with associated disintegration mirm= f 0 Ma qlda),
withq(Q) =1, my = haHlea, hg € Ll(’Hlea)for g-a.e. o € Q. Assume that

1
/Q d(@(Xa), b(Xgy 110 =02
Then T, : LIP.(X) — R

T,(f) = /Q fX (log ha)'f ma q(da) + fQ (ha f)@(Xe)) = (ha f)B(Xe)) alda)  (4-9)

is a Radon functional over X.

Proof. Fix any bounded open subset W C X and observe that we can find a bounded R;‘b—convex
measurable subset E C 7," such that W N 7,"® C E (take for instance on each X, the convex-hull of
WnNnX,) and

da(Xq NE),b(XyNE))>min{l, d(a(Xy), b(Xy))} foralla € Q. (4-10)

Note that E depends just on W and the ray relation R™. For any f € LIP.(X) with supp(f) C W, it is
clear that

fQ /X (log ha)' f ma q(da) + /Q (ha F)(@(Xa)) — (e ) (b(Xe) q(det)
_ / f (log ha)' f ma q(da) + f (ha f)(@(Xa N E)) — (ha ) (b(Xa N E) q(de).
0 Jx,nE 0

Since E is bounded, we have SUPyep da(XqNE),b(XyNE)) <Cy for some Cy € (0, co) depending
only on W C X. Moreover, Theorem 3.4(4) implies sup, ¢, f X,NE he dH' < Cy . Therefore, applying
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Lemmas 2.15 and 2.16 to the renormalised densities
—
o fxc,mE ho dH!

and rescaling back to get A, recalling also (4-10) we infer

1
Vd(a(Xy). b(Xy)

he

sup hg(x) —i—/ || dH' <C for g-a.e. « € Q(E) C Q.
XoNE

X NE

‘We can thus estimate

‘ / / (log ha)' f ma q(dat) + / (ha f)(@(Xa N E)) — (ha f)(b(Xa N E)) q(der)
0 JX,NE 0

1
= (CW /Q d(a(Xa), b(Xe)) q(d“)> max |7l

We can therefore conclude that (4-9) defines a Radon functional. O
The first main result follows by combining Theorem 4.5 and Proposition 4.7.

Theorem 4.8. Let (X,d, m) be an e.n.b. metric measure space with supp(m) = X and satisfying
MCP(K, N) for some K € R, N € (1,00). Let u : X — R be a 1-Lipschitz function with associated
disintegration MLm= fQ my q(da), with q(Q) =1, m, = ha’;’-[l\_xa, hy € Ll(Hlea)for g-a.e. o € Q.
Assume that

1
/Q d(@(Xa), b(Xgy 110 =02

Then, for any open subset U C X such that m(U \ T,) = 0, it holds u € D(A, U). More precisely,
Ty : LIP.(U) — R, defined by

Ty(f) :=— fQ Fh,H Cx,nv q(do) + /Q(fha)(b(xa)) — (fhe)(a(Xe)) q(da),
is a Radon functional with Ty € AuLy. Moreover, writing Ty = Téeg + Tgng, with
TE(f) = — /Q fHH Cx v ada),  T"(f) = fQ (fha) (b(Xe)) = (fha)(a(Xe)) q(da),

it holds that Tlr]eg can be represented by T{f’g = —(log hy)' mLy and satisfies the bounds

Sk jv—1)(d(0(Xa), X)) < (loghy)(x) < (N — I)S}(/(N_l)(d(x, a(Xa)))'
sk/(N-1)(d(D(Xg), X)) sk/N—1)(d(x, a(Xq)))

Remark 4.9 (interpretation in the case X, is unbounded). Let us explicitly note that, in the case the
ray X, is isometric to (—o00, b) (respectively (a, +00)), then by definition (fh,)(a(Xy)) = O (resp.
(fhe)(b(Xy)) =0). Let us discuss the case K = —(N — 1), the other cases being analogous. In the case
the ray X, is isometric to (—oo, b) (respectively (a, +00)), then the upper bound (resp. the lower bound)
in (4-11) should be interpreted as (loghy) < N — 1 (resp. (log hy) > —(N — 1)). In particular, if for

—(N-=1)

(4-11)
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g-a.e. o € Q the ray X, is isometric to (—oo, +00), then for any open subset U C X with m(U \7,) =0
the singular part Tls]mg vanishes and it holds —(N — I)mLy < Tlr,eg <(N-Dmry.

Proof of Theorem 4.8. Fix an arbitrary open subset U C X such that m(U \ 7,) =0. Let f: X — R be
any Lipschitz function compactly supported in U and let f” be defined m-a.e. by (4-7). Recall that the
closure of the transport ray (X, d, my) is isomorphic to a (possibly unbounded, possibly not open) real
interval [a(X,), b(X,)] endowed with the weighted measure A, L', so we can integrate by parts Lipschitz
functions on X, analogously as on a weighted real interval.

Via an integration by parts, we thus obtain

/X a ho(x) f'(x) H' (dx) = — /X a hey () f () 1 (dx) + (ha /) (B(X)) — (ho [)(@(Xa))  g-ae. a,
which, together with Theorem 3.6, gives
/U f/(x)mdx) = — /Q /X a hly () £ () H' (dx) + (he ) (B(Xa)) — (ho f)(a(Xa)) q(dar).  (4-12)
Proposition 4.7 ensures that, under the assumptions of Theorem 4.8, the expression
Tau(f) = — fQ M Cx, q(da) + fQ (ha f)(B(Xa)) — (he f)(a(X4)) q(der)

defines a Radon functional on U.
The combination of (4-12) with Theorem 4.5 gives

| D rvwm < ta) < [ DFFVim
U U
Noting that (see [Gigli 2015, Proposition 3.15])
D™ f(=Vu)=—-D" f(Vu), DVf(—Vu)=—-D" f(Vu) m-ae.,

the previous inequalities imply

/ D_f(Vu)mS—TAu(f)S—/ D* f(Vu) m.
U U

Recalling (2-13), the proof of all the claims is complete. (]

The next result, dealing with smooth Riemannian manifolds, can be proved using Corollary 3.7 in
the proof of Theorem 4.8 and following verbatim the arguments. Let us just mention that the Laplacian
here is single-valued, i.e., {Ty} = AuLy, since on a smooth Riemannian manifold (M, g) it holds
DT f(Vu) =D~ f(Vu) = g(V f, Vu).

Corollary 4.10. Let (M, g) be an N-dimensional complete Riemannian manifold, where N > 2. Let
u: M — R be a 1-Lipschitz function with associated disintegration m_, = fQ my q(da), with q(Q) =1,
my = haH]an, hy € L](Hl\_xa) for g-a.e. « € Q. Assume that

1
/Q d(a(Xe), b(Xg)) 1) =2
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Then, for any open subset U C M such that m(U \ T,) = 0, it holds u € D(A, U). More precisely,
Ty : LIP.(U) — R, defined by

Ty(f) :=— /Q FRH Cx,nv q(da) + /Q(fha)(b(Xa)) — (fhe)(a(Xy)) q(da),
is a Radon functional with {Ty} = AuLy. Moreover, writing Ty = T,;eg + TSing, with
TE(f) = — /Q R H Cxv ade),  TS™(f) = fQ (fha) (b(Xa)) = (fha)(@(Xa)) q(dar),

it holds that Téeg can be represented by Tlr/eg = —(loghy) mLy.
In addition, if Ric, > K g for some K € R, then the following bounds hold.:

1 S;(/(N_l)(d(b(xoz)’ x)) < (logha)/(x) <(N-— l)s;(/(N—l)(d(x’ a(Xq))) .
sk/(N—1)(d(D(Xg), x)) sk/N—1)(d(x, a(Xy)))

Specialising Corollary 4.10 to the distance function gives Theorem 1.1; we briefly discuss the details

—(N (4-13)

below.

Proof of Theorem 1.1. Fix p € M.

Step 1: u :==d, :=d(p, -) satisfies the assumptions of Corollary 4.10.

Since by hypothesis (M, g) is complete, any point x € M can be joined to p with a length-minimising
geodesic. Thus 7}17 =M, b(X,) = p and a(Xy) € C, for every o € Q. Moreover, there exists € =
e(p) > 0 such that all the minimising geodesics X, emanating from p have length d(a(Xy), b(Xy)) =
d(a(X,), p) > e. Since by construction q(Q) = 1, we conclude that the assumptions of Corollary 4.10
are satisfied.

Step 2: The representation formula (1-3) holds. We are left to show that

/ hadp(x,) 4(da) = 0.
Q
Clearly, it is enough to show that
hy(p)=0 forg-ae. o€ Q. (4-14)

Suppose by contradiction that there exists O C Q, where iy (p) > ¢ > 0, with q(Q) > 0. For simplicity
of notation, we identify the minimising geodesic X, with the real interval [ay, b, ], Where p corresponds
to b,. Then by Fatou’s lemma it holds

B 1
00 > wy = liminfMI\@ > liminf/ —N/ ha (1) dt q(de)
rl0 r rl0 or [bo—r.by]

1 he(t
Zf liminf—/ L)dtq(da) = 00,
Q F‘LO r [bafr»ba] rN_l

giving a contradiction and thus proving the claim (4-14).
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Step 3: We define three nonnegative Radon measures [Ad p]i = —[(loghy) ]*m and [Ad plsing =

reg '

— fQ hebax,) q(da), and let Ad), = [Adp]j;:g — [Adp]r_eg + [Adp sing-
Combining Corollary 3.7(2) with (2-13), it follows that [Ad, e := —(log hy)'m defines a Radon
functional; by the Riesz theorem, its positive and negative parts are thus Radon measures. Also [Ad) Jsing :=
— f 0 hebax,) 9(da) = Ad, — [Ad,]reg 18 a nonpositive Radon functional (as a difference of Radon

functionals) and thus, by the Riesz theorem, it defines a Radon measure.

Step 4: Upper and lower bounds in the case Ric, > K g for some K € R.
If Ric, > K g, by Corollary 3.7(3) we know that A, is a CD(K, N) (and in particular MCP(K, N))
density over X, for g-a.e. «v. Thus (2-13) gives the bounds

S}(/(Nfl)(da(xm)) S/K/(N,I)(dp)

—(N-=1) m =< [Adplreg < (N —1) m, (4-15)

sk/N—1)(dacx,)) sk/N—1)(dp)

completing the proof. (I

Remark 4.11 (on the bounds under the assumption Ric, > Kg). A few comments are in order:

o The upper bound in (4-15) is the celebrated Laplacian comparison theorem. Note that a similar upper
bound is proved above to hold more generally for the (regular part of the) Laplacian of a (rather) general
1-Lipschitz function (4-13) in the high generality of e.n.b. MCP(K, N)-spaces (4-11).

e The case of the round sphere. Let p, g € S" be a couple of antipodal points; clearly the cut locus of p
coincides with g. In this case, choosing # = d,, in the construction above gives the partition of SN\ {p, q}
into meridians, and each ray is a meridian without its endpoints p, ¢, oriented from g to p. Theorem 1.1
thus yields

—(N —1)cotd, < Ad, < (N —1)cotd, onS".

Note that (for the round sphere) the same conclusion could be achieved by applying the Laplacian
comparison theorem to d;, and to d, and using that d, =7 —d,.

o The lower bound for a smooth Riemannian manifold. Arguing analogously to the spherical case,
one can achieve the lower bound along a (minimising) geodesic y : [0, 1] = M with (M, g) satisfying
Ric, > (N —1)g (see [Colding and Naber 2012, Lemma 3.2]). In this case, the function x — d,, (x)+d,, (x)
achieves its minimum d(yy, y1) along y ([0, 1]); thus A(d,, +d,,) > 0 along y((0, 1)) and, applying the
upper bound (1-1) to d,,, d,, and exploiting the linearity of the Laplacian we get

—(N —1)cotd,, < Ad,, < (N —1)cotd,, along y((0,1)). (4-16)

“Gluing” together all the inequalities (4-16) corresponding to all the (minimising) geodesics emanating
from p gives (4-15). Clearly this argument holds for smooth Riemannian manifolds, but in situations
where the space is a priori not smooth and the Laplacian is a priori not linear (as for e.n.b. MCP(K, N)-
spaces), one has to argue differently. As the reader could already appreciate (see, e.g., the proof of
Theorem 1.1), we attacked the problem by using techniques from L'-optimal transport.
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A crucial fact in order to apply Theorem 4.8 to the distance function in the smooth case was that the
cut locus of a point p is at strictly positive distance from p. This fact is clearly not at our disposal in the
general setting of an e.n.b. MCP(K, N) space (e.g., the boundary of a convex body in R* whose cut locus
is dense). In Section 4C we will thus argue differently, showing first the result for the distance squared,
and then getting the claim for the distance via the chain rule.

4C. A formula for the Laplacian of a signed distance function. The goal of the subsection is to prove
the existence of the Laplacian of d, and a’g as Radon measures and to show upper and lower bounds; let
us stress that, contrary to the previous subsection, here there will be no integrability assumption on the
reciprocal of the length of the transport rays.

Recall that given a continuous function v : (X, d) — R so that {v =0} # &, the signed distance function

dy: X >R, dylx):=d(x,{v=0}) sgn(v),

is 1-Lipschitz.

Notice also that since (X, d) is proper, 73, O X \ {v = 0}. Indeed, given x € X \ {v = 0}, consider the
distance minimising z € {v = 0} (whose existence is guaranteed by the compactness of closed bounded
sets). Then (x, z) € Ry, and thus x € 7, as x # z. The next remark follows.

Remark 4.12. Let X, be any transport ray associated with d,, and let a(X,), b(X,) be its starting and
final points, respectively. Then

dy(b(Xe)) =0, dy(a(Xq)) =0,
whenever b(X,) and a(X,) exist.
The next lemma will be key to showing the existence of the Laplacian of d? as a Radon measure.

Lemma 4.13. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N € (1, 00).

The expression

s%/(N—l)(dMXa)(x)))mL{ N
v>
Sk /(N—1)(dp(xy) (X)) -

Sk j(v—1) (a(x) () )mL )
Sk /(N—1)(da(x,) (X)) =0

V= 2(1 +d({v=0}, x)(N —1)

+2(1+d({v=0},x)(N—l) (4-17)

defines a signed Radon measure over X. More precisely:

Case 1: K > 0. In this case v is a signed finite measure on X satisfying v < Cg ym. Then:

. If
sup d(x, b(Xy)) <m/(N—-1)/K, sup d(x,a(Xy)) <m/(N—-1)/K

xe{v>0} xe{v<0}

then v has density bounded in L*°(X, m).
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- If
sup d(x,b(Xy)) =n/(N—-1)/K or sup d(x,a(Xy)) =m+/(N—-1)/K

xe{v>0} xe{v<0}
then there exist exactly two points a, b € X with d(a, b) = w/(N — 1)/K such that for q-a.e. o

a(Xy) =a, b(Xa):l;,
and v has density bounded in

Lix.(fv = 03\ {a}, m) N Liy, (fv < 0} \ {6}, m) N L1 (X, m).

Moreover, in this case (X, m) is isomorphic to a spherical suspension as a measure space. If in
addition (X, d, m) is an RCD(K, N) space, then (X, d, m) is isomorphic to a spherical suspension
as a metric measure space.
Case 2: K = 0. In this case v = 2m is a nonnegative Radon measure; if b(X,) or a(Xy) does not exist,
the two ratios in (4-17) are posed by definition equal to 0, respectively.
Case 3: K < 0. In this case v is a nonnegative Radon measure. If b(X,) or a(Xy) does not exist, the two
ratios in (4-17) are posed by definition equal to 1, respectively.
Proof. Case 2: For K =0 the bounds are a straightforward consequence of the definition of the coefficients
SK/(N-1) given in (2—10).
Case 3: For K < 0 observe that, since (0, c0) 2 ¢ — cotht € (0, 00) is decreasing and d({v =0}, x) <

dp(x,)(x) for all x € {v <0}, it holds

Sk/ov—n (b0 () 4o —0] x)s}(/(Nfl)(d({v =0}, x))

Sk/N—1)(dpx) (X)) — sk /(v—1)(d({v =0}, x))

[ =K [ =K
=d({{v =0}, x) N1 coth( ﬁd({v =0}, x)) for all x € {v <0}.

Since the function

0=d({v=0}x)

—-K
[0, 00) >t +— ¢ coth t
N-—1

is locally bounded and the discussion for the second line of (4-17) is completely analogous, the claim
follows.

Case 1: For K > 0, recall that an MCP (K, N)-space has diameter at most 7 /(N — 1)/K. Since (0, 7) >
t +— cott is decreasing and d({v = 0}, x) < dp(x,)(x) for all x € {v <0}, it holds

< d({v = 0}, xy Krv-p @V =0} ))
Sk (N=1)(dp(xy) (X)) sk /-1 (d({v=0},x))

K K
=d({v= 0},x)\/N_1 cot(\/md({v = 0},x)) for all x € {v <0}.

Sk yv—1)@b(xo) (X))

d({v=0},x)
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It is easily checked that

K
sup (1+t\/K(N—1)cot<t N—l))fc;(’N;

te[0,7/(N—-1)/K]

thus the bound v < Ck ym follows.

Since
. K N-—1
inf cot| ¢ > —oo foreveryee |0, m/——|,
1e[0,7m/IN—1)/K —¢] N—-1 K

we have that v is a measure with L°°-bounded density unless the second bullet of case 1 holds.

To discuss the second bullet of case 1 we assume K = N — 1 in order to simplify the notation, the case
for general K > 0 being completely analogous.

Using the maximal diameter theorem (proved in [Ohta 2007b] in the nonbranched MCP(N — 1, N)-
setting and easily extendable to the present e.n.b situation) one can show that all the rays X, are of
length m; for the reader’s convenience we give a self-contained argument. Let X be a ray of length
and X, be any other ray; then

d(a(Xa), b(Xo)) + 7 =d(a(Xe), b(Xe)) +d(a(Xa), b(Xe)) +d(b(Xa), b(Xz))
> d(a(Xz), b(Xo)) +d(a(Xe), b(Xa)), (4-18)

where the first equality follows from [Ohta 2007b, Lemma 5.2] (since |Xg| = &, for each x € X,
d(x, a(Xg)) +d(x, b(Xg)) = 7). By d-cyclical monotonicity also the reverse inequality is valid giving

d(a(Xa), b(Xe)) + 7 =d(a(Xa), b(Xe)) +d(a(Xa), b(Xa)). (4-19)

In particular, a(Xg) # b(Xg); indeed otherwise (4-19) would give d(a(Xy), b(Xy))+m =d(a(Xy), b(Xs)),
which, by virtue of the Myers diameter bound, would imply a(X,) = b(X,). Contradicting the fact that
the rays have strictly positive length.

Adding d(b(Xy), b(Xg)) — m (resp. d(a(Xy), a(Xg)) — ) to both sides of (4-19) and using again
[Ohta 2007b, Lemma 5.2], we get

d(a(Xo), b(Xe)) +d(b(Xo), b(Xz)) =d(a(Xa), b(Xg)),
d(a(Xq), b(Xe)) +d(a(Xe), a(Xg)) = d(a(Xgz), b(Xa)).

Summing up the last two identities, together with (4-19), yields
d(a(Xq), b(Xe)) +d(@(Xe), a(Xs)) +d(b(Xa), b(Xs)) = 7.

Since d(a(Xg), b(Xgz)) = m, the last identity forces the four points a(Xg), a(Xy), b(Xy), b(Xg) to lie
on the same geodesic y. If a(X,) # a(Xg) then a(X,) would be an internal point of y, contradicting
that a(X,) is the initial point of the nonextendible ray X, and if b(X,) # b(Xg) then b(X,) would be
an internal point of y, contradicting that b(Xy) is the final point of the nonextendible ray X, .
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Moreover (X, m) is isomorphic as a measure space to a spherical suspension over any transport ray of
length r [Ohta 2007b, p. 235].
We are left to show that the density of v is in L' (X, m). By symmetry it is enough to show that

/ |1+ (N — Dd(fv =0}, x) cot(d(b, x))| m(dx) < oo. (4-20)
{v>0}

Notice that, for every fixed ¢ € [0, /2], the integrand is bounded for d(l;, x)ele, T—e¢l

Since b € {v < 0}, if b is an accumulation point for {v > 0}, then v(b) = 0. As v is strictly decreasing
on the rays, which cover a dense subset, it follows that {v =0} = {b}. Thus, in this case, the integrand
becomes 1 + d(b, x) cot(d(b, x)), which is bounded for d(b, x) € [0, €].

We now show that the integral is finite also on

{x:d(b,x)e[mr —e, 7]} N{v=>0}.
Since
d(fv =0}, x) <d(b, x),
it is enough to show that
/ ) |1+ (N — 1)d(b, x) cot(d(b, x))| m(dx) < oo. (4-21)
{v=0}Nd(b,x)e[r—e, 7]

Recalling that (X, m) is isomorphic as a measure space to a spherical suspension over any transport ray
of length 7, the integral in (4-21) is bounded by

/ |1—I—(N—l)tcottlsinN_l(t)dt:/ [((N = 1)(zr —s) cots — 1]sin "1 (s) ds
[r—e,7] [0,¢]

=(N—1)n/ sN2ds+ 0(e) < 00,
[0,¢]

since N > 1. This concludes the proof that the density of v is in L' (X, m). The stronger rigidity statement
under the stronger RCD(K, N) assumption is a direct consequence of the maximal diameter theorem
proved in [Ketterer 2015] in the RCD(K, N)-setting. ]

Corollary 4.6 and Lemma 4.13 have far-reaching consequences.

Theorem 4.14. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP (K, N) for some K € R,
N € (1, 00).

Consider the signed distance function d, for some continuous function v : X — R and the associated
disintegration

ML X\ (v=0}= / hoH'Lx, a(da).
0
Then df € D(A) and one element of A(dg), which we denote by Adg, has the representation formula

Ad? =2(1 —d,(log hy) )ym — 2/ (hady)[8a(xy) — Sb(x)] a(da). (4-22)
0
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Moreover Adf is a sum of two signed Radon measures and the following comparison results hold true:

Sk 1v—1 bxe) (X))
Adfiv:=2m—|—2(N—1)d({U=0}’x) K/(N—1)\9b(Xo)

me >0
Sk /(N—1)(dp(xy) (X)) =0

S/K/(Nfl) (da(xy) (%)) m
Sk /(N—1)(da(x,) (X))

+2(N —Dd({v =0}, x) L{v<0}» (4-23)

[Ad?]™¢ :=2(1 — d,(log hy) )m

S/K/(N—l)(da(xa)(x))m
Sk /(N—1)(da(x,) (X))
Sk jov—1) (dbx,) (X)) "
sk /(N—1)(db(xy) (X))

>2m—2(N — 1)d({v=0},x)

{v=0}

—2(N = d({v = 0}, x)

L{v<0}>» (4'24)

where [ Ad21€ is the regular part of Ad? (i.e., absolutely continuous with respect to m).

Proof. Fix any compactly supported Lipschitz function f : X — R and integrate by parts on each ray X,
to obtain

/ dy(x) f' () (x) H' (dx)
X,

=—/X f )y (x)ho (x) H' (dx)— : F @)y )y, () 1 (dx)+(fdohe) (D(Xa))—(fdyhe) (@(Xa))

= /X f(X)he(x) H (dx)— /X F )y ()R () H' (@dx)+(fdyha) (B(Xe))—(fdyha)(@(Xe))
= /X @) (1=dy(x)(loghy) (x))he (x) H' ([@dx)+(fduha) (B(Xa))—(fdvha)(@(Xa)). (4-25)

Then considering along each ray X, the two regions {v > 0} and {v < 0}, we notice that (2-13) gives

S%/(N_U(db(X(,)(x)) X
Sk /(N=1)(dpxy) (X)) {
S}(/(N_l)(da(Xa)(x))

—dy(x)(log he) (x) < d(fv =0}, x)(N — 1)

v=0) (X)

+d(fv =0}, x)(N - 1) Xw<0)(x) =1 Vo ().

Sk /(N—1)(da(xy,) (X))

Hence we can collect the estimates, using Remark 4.12, and obtain
fX dy(x) f'(¥)he () H' (dx) < /X (14 Ve (0)) f (0)ha (x) H' (@),
provided f is nonnegative. Thanks to Lemma 4.13,
V= 2/Q(1 + Vo (x)mg q(da) =2(1+ V)m

is a well-defined Radon (possibly signed) measure.
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Hence, continuing from (4-25), the expression
Ady = 2f (ho —dyhy)H'Lx, q(da) +2/ (hady)[8p(x.,) — Ba(x,)] a(da), (4-26)
Q Q

once restricted to bounded subsets, defines a Borel measure with values in R U {—o0} which satisfies
Ad?* < v. Now, combining Theorem 3.6 with (4-25) and (4-26), we get

f f AdX(dx) =2 / / dy () £ () () H (dx) a(dar) = 2 / dy () £ () m(dx)
X 0 JXy Ta

v

for any compactly supported Lipschitz function f : X — R. Therefore, Corollary 4.6 yields

/ D™ f(~=Vd*)m < / f Ad?(dx) < / DT f(=Vd*)m
Tay X Tay
for any compactly supported Lipschitz function f : X — R. Since X\ 7, C {v=_0} = {d, =0}, from the lo-
cality properties of differentials (see [Gigli 2015, equation (3.7)]) we can turn the previous inequalities into

/Df(—wﬁ)mgf fAdf(dx)S/ DY f(=Vd*)m, (4-27)
X X X

valid for any compactly supported Lipschitz function £ : X — R. In order to show that d2 € D(A) with
Ad? € A(d?), we are thus left to prove that Ad? is a signed Radon measure.

We now claim that Ad? is a sum of two Radon measures over X. Since Ad> < v with v a signed
Radon measure, thanks to the Riesz—Markov—Kakutani representation theorem it is enough to show that
Ad? defines a Radon functional.

To this aim, fix a compact subset W C X and fix a compactly supported Lipschitz cutoff function
xw : X — [0, 1] satisfying yw = 1 on W. First observe that, using (4-27), for any Lipschitz function
f X — R with supp(f) C W we have

/ o Ad20) | <2(_max  d0) LipGonmGupp(cn) € 0, 09),
X

xesupp(xw

fx (Fxw) Ad2(dx)

=2(,_max  dy () Lip(f xw)m(supp(iw)) € (0, o).

Thus for any Lipschitz function f : X — R with supp(f) C W, using that Adﬁ <v <v™, on one hand
we have

/ fAdy=— / (max f — f)xw Ad; + / (max f)xw Ad,
X X X (4-28)

> / (max f — f)xwvt — Cyy(max f),
X

where Cy := 2(Lip xw) maxXyesupp(yy) dp (x)m(supp(xw)) € (0, 00) depends only on yy .
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On the other hand,

/;(fAd,f:/Xf’LAdf—/Xf‘Adf

fE/qf+v++:/(Hme_—:fWXWv+—%Cw%HMXf_)
X X
< max | £1(* (W) 4+ v (supp(w)) + C ). (4-29)

The combination of (4-28) and (4-29) gives that, for every compact subset W C X, there exists a constant
Cy =2T (supp(xw)) + Lip xw maXyesupp(yw) dv (X)m(supp(xw))) € (0, 00) such that

| £ ad:

for every Lipschitz function f : X — R with supp(f) C W, showing that Ad? is a Radon functional and
thus d? € D(A) with Ad? € A(d?).
In order to complete the proof we are left with showing (4-24): again from (2-13)

< Cy max|f]

s;(/(N_l)(da(Xa)(x))

—dy(x)(log he)'(x) = —(N — Dd({v = 0}, x) X{w=0}(x)

sk /(N—1)(da(x,) (X))

5 d
— (N — )yd({v =0}, o K@= @) ()

Afv<0y(X),
sk /(N—1)(dp(xy) (X)) =0

and the claim is proved. O
Remark 4.15. « In the case X is bounded, in the proof of Theorem 4.14 one can pick W = X and xw =1,
giving that the total variation of Adf is bounded by || Ad,% | <2vt(X).

o Theorem 1.3 can be proved using Corollary 3.7 in the proof of Theorem 4.14 and following verbatim the
arguments. Uniqueness of the representation of the Laplacian follows then from infinitesimal Hilbertianity
of smooth manifolds.

The representation formula for the Laplacian of the signed distance function on X \ {v = 0} follows
from Theorem 4.14 by the chain rule [Gigli 2015, Proposition 4.11].

Corollary 4.16. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N e (1, 00).

Consider the signed distance function d, for some continuous function v : X — R and the associated
disintegration

ML X\ (v=0}= / hoH'Lx, a(da).
Q
Then
(1) |dy] € D(A, X\ {v = 0}) and one element of A(|dy|)cx\{v=0}, which we denote by Aldy|cx\{v=0}, is

the Radon functional on X \ {v = 0} with the representation formula

Aldy|Lx\fp=0y= — sgn(v)(log ha)/m'—X\{v:O}_/ (hal8ax)nfv=0) + Sb(x)nw<0y] g(da). (4-30)
0
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Moreover the following comparison results hold true:

SK/(N 1)(db(X )(x))

Aldy|Lx\p=0)< (N — 1) 0
vIX =0} SK/(N 1 (dpxy) (X)) Mebo=0)
1 dacx, )(x))
v e ML (u<0), (4-31)
Sk /(N—1)(da(x,) (X))
[Aldy|Lx\{v=0]"® := — sgn(v)(log he) ML x\(v=0}
Sk rv—1 [dacx) (X))
> _(N—1 K/(N—1)\Ya(Xs) S
Sk /(N—1)(da(x,) (X))
Sk rv—n dbx) (X))
— (N = RNED RO (4-32)

Sk /(N—1)(dp(xy) (X))

where [Aldy | x\(v=0y1"® is the regular part of A|d,|_x\(v=0) (i-e., absolutely continuous with respect
fom).

(2) dy € D(A, X \ {v=0}) and one element of A(d,)_x\(v=0}, which we denote by Ad,x\(v=0), is the
Radon functional on X \ {v = 0} with the representation formula

AdyLx\(v=0y= —(log ha)/mLX\{v:O}_/ (hal8a(x,)Nv=0) = Ob(x.)Nw<0y] g(da). (4-33)
o

Moreover the following comparison results hold true:

K/(N 1 (db(X )(x))

AdyLx\fp=0) < (N — 1) LX\{U=0}+/ hadp(x)niv<0y 9(da), (4-34)
o

Sk /(N—1)(dp(xy) (X))

AdyLx\j—g) = —(N — Skjov—n e ()
vLX\{v= -

v=0}—" (halda N{v> lq(da). (4-35)
SK/(N 1 (dacx,) (X)) eX\o=0) /Q (Ea{z>0114

Proof. Writing sgn(v)d, = \/d?, a direct application of the chain rule [Gigli 2015, Proposition 4.11]
combined with Theorem 4.14 gives that |d,| € D(A, X \ {v =0}) and that A|d,| defined in (4-30) is
an element of Aldy|.x\(v=0y. The comparison results (4-31), (4-32) follow from the definition (4-30)
together with (2-13).

Since d, = sgn(v) |dy|, it is clear that d, € D(A, X \ {v = 0}), with

A(dy)Lx\(v=0y= sgn(v) A(|dy|)Lx\(v=0};

thus Ad,L x\(v=0ydefined in (4-33) is an element of A(d,)Lx\(v=0) and the comparison results (4-34),
(4-35) follow again from (2-13). U

We now specialise the above results to the distance function from a point p € X i.e., we pick v =d,,
so that {v =0} = p and v > 0 everywhere. Note that, in this case, b(Xy) = p for g-a.e. ¢ € Q.
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Corollary 4.17. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N € (1, 00). Fix p € X, consider d), :=d(p, -) and the associated disintegration

m=/ hoH' X4 q(dar).
0

Then df, € D(A) and one element of A(dé), which we denote by Ad>, is a sum of two signed Radon
measures and satisfies the representation formula

Adf7 =2(1 —dp(loghy) )m— 2/ hedpdacx,) q(da). (4-36)
0

Moreover, the following comparison results hold true:

Sk rv—1(dp(x))
Ad2 <v:=2(1+(N—1)d M) : 4-37
p=v < o ) p(X)SK/(N—l)(dp(x)) (4-37)
[Ad2 ]reg . 2(1 —d (10 h, )/)m > 2(1 _ (N _ 1)d Sk/(N—l)(da(Xa)(x))> (4_38)
P P08 Aa - Psk/v—1)daxy(x)) )

where [Ad?)]reg is the regular part of Ad?7 (i.e., absolutely continuous with respect to m).
Remark 4.18 (on the lower bound (4-38)). Denote by C), := {a(X)}aep the cut locus of p. Then for
every ¢ > 0 there exists C, > 0 so that for every bounded subset W C X it holds
S}(/(N_l)(da(Xa)(x)))
mLw
Sk /(N—1)(da(xy) (X))
>—Cewmy onWN{x=g/(a,):t>e}DWN{xeX:dx,Cp) >¢}.

[Ad7] = 2(1 — (N —1)d,

The representation formula for the Laplacian of the distance function follows from Corollary 4.17 by
the chain rule [Gigli 2015, Proposition 4.11], writing sgn(v)d, = /d?.

v
Corollary 4.19. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N € (1, 00). Fix p € X, consider d, :==d(p, -) and the associated disintegration

m:/ haHlea qlda).
0

Thend, € D(A, X \ {p}) and one element of Ad,_x\p), which we denote by Ad,_x\{p}, is a Radon
functional with the representation formula

AdpLx\(py= —(log hy)'m — / haba(x,) q(da). (4-39)
0

Moreover, the following comparison results hold true:
S?(/(N_U(dp(x))

Adyxim< (N —1)
pEXMP) skyv—1)(dp(x))

(4-40)

S}(/(N_l)(da(xa)(x))
m

Sk /(N—1)(da(x,) (X))

where [Ad,Lx\(p)]® is the regular part of Ad,Lx\(p) (i.e., absolutely continuous with respect to m).

[AdpLx\p) ] i= — (log hy)'m > —(N — 1) : (4-41)
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Remark 4.20. Corollary 4.19 should be compared with [Gigli 2015, Corollary 5.15, Remark 5.16], where
it was proved that d, € D(A, X \ {p}) together with the upper bound (4-40) under the assumption that
(X, d, m) is an infinitesimally strictly convex MCP (K, N)-space.

Let us stress that, by the very definition, the Laplacian in the infinitesimally strictly convex setting is
single-valued, simplifying the treatment.

One novelty of Corollary 4.19 is that the infinitesimal strict convexity is replaced by the essentially
nonbranching property which, a priori, does not exclude a multivalued Laplacian. In addition to that, the
geometrically new content of Corollary 4.19 when compared with [Gigli 2015] is that it contains an exact
representation formula (4-39) which also gives the new lower bound (4-41).

Part II. Applications

In Part II of the paper we collect all the main applications of the results obtained in Part 1.

5. The singular part of the Laplacian

In order to state the next corollary recall that from essentially nonbranching and MCP(K, N) it follows

b

that for every fixed p € X and m-a.e. x € X (precisely on 7;‘; ) there exists a unique geodesic y* starting

from x and arriving at p, i.e., y5 = x and y;" = p. For each ¢ € [0, 1], define the map
T T = T, T(x0) =y (5-1)

It is worth noting that 7; is also the W;-optimal transport map from the (renormalised) ambient measure m
to §,, provided m(X) < oo.

The goal of the next proposition is to get some refined information on the cut locus C,, of p; more
precisely, we infer an upper bound on an optimal transport-type Minkowski content of C,.

Proposition 5.1. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP(K, N) for some K € R,
N € (1, 00). Fix any point p € X and consider for each t € [0, 1] the map T; defined by (5-1).
Then, for every bounded open subset W C X it holds
i m((X\ T.(X))N W)
imsu
el0 €

< IIAD} Jing | (W) < oo (5-2)

Remark 5.2 (geometric meaning of Proposition 5.1). Fix p € X, and consider d,, := d(p, -) and the
associated disintegration m = f 0 hoH'C X, 9(da). Then the cut locus C, of p coincides with the set
of initial points {a(X)}«ecp of the transport rays. The set X \ 7:(X) thus can be seen as an “optimal
transport neighbourhood” of the cut locus C,, and therefore (5-2) gives an optimal transport-type estimate
on a weak version of the codimension-1 Minkowski content of C,,.

Since the cut locus of a point in an e.n.b. MCP (K, N) space can be dense (this can be the case already
for the boundary of a convex body in R?), one cannot expect an upper bound on the classical codimension-1
Minkowski content of C,,. The bound (5-2) looks interesting already in the classical setting of a smooth
Riemannian manifold. Indeed it is well known that C, is rectifiable with locally finite codimension-1
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Hausdorff measure (see for instance [Mantegazza and Mennucci 2003]), but in the literature it seems not
to be present any (local) bound on its codimension-1 Minkowski content.

Proof. If X is bounded, one can choose W = X and the proof is easier (there is no need to introduce an
intermediate set U in the arguments below); we thus discuss directly the case when X is not bounded.

Let U D W be a bounded open subset such that W is compactly contained in U, in particular
d(W,X\U) > 0.

With a slight abuse of notation, for ease of writing, in the next computations we identify the ray
(Xq, d, my) with the real interval ((aq, by), | - |, he L) isomorphic to it as an m.m.s.

Recalling from Remark 2.14 that A, : Xy 2 (ay, by) — R™ is continuous up to the initial point a, it
is clear that

1
he(a(Xy))dp(a(Xy)) =lim - he(s)ds,
el0 & Jiay,aq+elXol]

where | X,| denotes the length of the transport ray X, i.e., | Xq| = d(a(Xy), b(Xy)) = d(a(Xy), p).
Hence, for any bounded open subset U C X it holds

LA TS"8||(U) = f (hod))(@(Xy)) q(da)

{aeQ:a(X,)eU}
- / lim L he(s) ds q(da),
{eQ:a(X,)eU} €0 € Jiay,au+e|X,l]

where || [Adﬁ,]Sing [|(U) denotes the total variation measure of U. Since by Corollary 4.17 we know that
||[Ad%]5i"g|| (U) < 0o, by Fatou’s lemma we infer

limsupl / f he(s) ds q(da) < [[[ADS]8||(U) < oo. (5-3)
el0 € JaeQ:a(X,)eU} Jlay.aa+2|Xall

We then look for a more convenient expression of the left-hand side of the previous inequality. First, note
that for ¢ sufficiently small such that

d(W, X\ U)

e/(1—g) < an

it holds

/ / he(s) ds q(da) < / / he(s) ds q(da). (5-4)
0 Jlay,aq+e| Xo[INW {eeQ:a(Xy)eU} Jag,aa+elXall

Recalling the definition of the map 7; given in (5-1), we now claim that
m((X\ T,(X) W) = / / ha(5) ds q(da). (5-5)
0 Jlag,aq+e| Xy |[INW
Indeed, on the one hand, by the disintegration theorem, Theorem 3.6, we know that

m((X\T(X)NW) = / / ha(s) ds q(da).
0 I X NX\T(X)NW
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On the other hand, since trivially
Xe NX\NT (XN NW =X N\T(X)NW,

and since, as T; is translating along T’;b, one has X, \ T;(X) = Xy \ T;(X,), we obtain
Xoe NX\T(X)NW =X\ T (Xo) NW.

The claim (5-5) follows. The combination of (5-3), (5-4) and (5-5) gives

! m((X\ T (X)) NW)
1m sup
el0 &

< [[AE ™ (U) < o0

for every U bounded open subset compactly containing the open set W. Since from Theorem 4.14 we
know that Ad%7 is a Radon measure, the thesis (5-2) follows. ]

We next give some sufficient condition implying that the densities /,, given by the disintegration
theorem, Theorem 3.6, are null at the final points.

Lemma 5.3. Let (X, d, m) be an e.n.b. MCP(K, N) space for some K € R, N € (1, 00).
Letu=d, =d(p, -) for some p € X and consider the disintegration associated to d:

m=/ hoH'Lx, q(da).
0

Assume there exists s > 1 such that

B
fiminf "B ) _ . (5-6)
rl0 rs
then hy(p) =0 for g-a.e. a € Q.

More generally, for any 1-Lipschitz function u, denoting by
MLm= / ha’HI Lx, 9(do)
Qo

the associated disintegration, it holds that

m(U,[a(Xa), a(Xo) +71)

r

f ha(@(Xa)3acx, 4(de) | < lim inf =Bel0,+o00],  (5-7)
Q r

where the leftmost term is the total variation of the corresponding measure.

Proof. Suppose by contradiction the claim was false, i.e., there exists Q C Q where hy(p) > ¢ > 0, with
q(é) > 0. Observe that a.e. transport ray X, ends in p, i.e., b(X,) = p for g-a.e. « € Q. As usual, we
identify the transport ray X, with the real interval [ay, b, ] (the cases of semiclosed and open intervals
are analogous). Then by Fatou’s lemma it holds

fim inf 2B P / / he (1) d1 q(de)
r¢0 rs riO 0 rs [ba—r.by]

hy
/ lim inf — / ¢ ) dtqda) =
0 rl0 r [ba—r,bq] rs—

giving a contradiction and proving the claim.

The second part of the lemma follows along analogous arguments. U
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Remark 5.4. If (X, d, m) is an RCD(K, N) space not isometric to a circle or to a (possibly unbounded)
real interval then (5-6) is satisfied for m-a.e. p € X.

Indeed if (X, d, m) is an RCD(K, N) space, using the rectifiability result [Mondino and Naber 2019,
Theorem 1.1] (see also [Gigli et al. 2015a] and compare with [Cheeger and Colding 1997; 2000a; 2000b])
together with the absolute continuity of the reference measure m with the respect to the Hausdorff measure
of the bi-Lipschitz charts obtained independently in [Kell and Mondino 2018, Theorem 1.2] and [Gigli
and Pasqualetto 2016, Theorem 3.5], it follows that for m-a.e. p € X there exists n =n(p) e NN[1, 0o)
such that

lim inf M <00
rl0 r’
If moreover we assume (X, d) not to be isometric to a circle or to a (possibly unbounded) real interval,
then by [Kitabeppu and Lakzian 2016] it follows that n(p) > 1 for m-a.e. p € X.
If (X, d, m)is an MCP(K, N) space then the validity of (5-6) is not known.

6. CD(K, N) is equivalent to a (K, N)-Bochner-type inequality

The Bochner inequality is one of the most fundamental estimates in geometric analysis. For a smooth
N-dimensional Riemannian manifold (M, g) with Ricci, > K g, for some K € R, it states that for any
smooth function u € C3(M) it holds

1

%Awuﬂ —(Vu, VAu) > K|Vu|® + |Vu)? > K|Vu|* + N(Au)z,

where |V2u|? is the Hilbert—Schmidt norm of the Hessian matrix V2u and the rightmost inequality follows
directly by the Cauchy—Schwarz inequality. Note in particular that if u is a distance function, then on
an open dense set of full measure, |Vu|> = 1 and the Hessian is a block matrix with vanishing slot in
the direction of the “gradient of the distance”; in particular, for a distance function the inequality can be
improved to

1
—(Vu,VAu) > K + m(Au)2 a.e. (6-1)

Finally, note that the term —(Vu, V Au) corresponds to “the derivative of Au in the direction of —Vu™;
thus, if we consider the transport set associated to u, such a term would correspond to what we denoted
as (Au)’. Since in a general m.m.s. it is not clear there is enough regularity to write (Au)’, it is natural to
consider the following version of (6-1) “integrated along transport rays”:

Au(g;(x)) — Au(x) > Kt + L (Au)z(gs (x))ds. ae.x,t. (6-2)
N—1Jo.n

This is the (K, N)-Bochner inequality that will be proved to be equivalent to the CD(K, N) condition.
In order to state the results, it is useful to recall that given a 1-Lipschitz function # on an e.n.b.
CD(K, N) space there is a natural disintegration of m restricted to the transport set 7;“" (see Theorem 3.6):

ML= f hoH'Lx, a(da). (6-3)
0
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We will define int(7;“b) = UwE 0 Xoa, where Xoa stands for the relative interior of X,; it can also be
identified by isometry with the open interval (ay, by ).

The function &, in (6-3) is a CD(K, N) density on (a,, by ), so in particular it is semiconcave; thus if
D, is the set of differentiability points of A, then (a,, by) \ D, is countable.

Our next result roughly states that the (K, N)-Bochner-type inequality (6-2) holds for those 1-Lipschitz
functions for which we have found an explicit representation formula for the Laplacian, namely those
1-Lipschitz functions satisfying the hypothesis of Theorem 4.8 and for any distance function with sign d,,.
Recall that, for any u belonging to these classes of functions, Au outside of the initial and final points of
transport rays forming 7,™ is absolutely continuous with respect to m.

Theorem 6.1 (CD. (K, N)+e.n.b. = (K, N)-Bochner-type inequality). Let (X, d, m) be an e.n.b. metric
measure space satisfying CDioc (K, N). Then the following hold:

(1) Letu : X — R be any 1-Lipschitz function such that fQ | X o} q(da) < oo. Then for q-a.e. « € Q,
for each x € X, it holds

Au(g(¥) — duo) = Kt +—— [ (aw(g,(x)) ds (6-4)

forallt € R such that g;(x) € Ty, up to a countable set depending only on «.

(2) Let u = d, be a signed distance function. Then for q-a.e. « € Q, for each x € X \ {v =0}
the (K, N)-Bochner-type inequality (6-4) holds for all t € R such that g;(x) € X \ {v =0} and
sgn(dy(x)) = sgn(dy,(g:(x))), provided the densities Ad,(x) and Ad,(g;(x)) exist.

Proof. We prove just (1), the proof of (2) being completely analogous (using Corollary 4.16 in place of
Theorem 4.8).
Fixae Qand x € int(R{l1b (o)) = (aq, by) for which the representation of Au given by Theorem 4.8 is
valid:
Au(x) = —(loghe) (x).

In particular A, is differentiable at x. As observed above, for each o, Au(x) is defined on D, C (ay, by),
with (ay, by) \ D, countable. Therefore the claim reduces to showing for g-a.e. « € Q that

1
(log he)' (x) — (log ho) (g1 (x)) = Kt + —— ((log ha)' (g5 (x)))* ds, (6-5)

whenever x, g;(x) € Dy. To prove (6-5), consider a nonnegative C 2 function Y supported on [—1, 1]
with f Y = 1. Let ¥ (x) := ¥ (x/¢e); of course V. is supported on [—¢, €] with f Y. = 1. Define the
function i, on (ay + ¢, by — €) by

log i}, :=loghy * V. (6-6)

Since by Theorem 3.6 we know that &, is a CD(K, N) density, and Af, is a C2%-smooth CD(K, N) density
on (aq + ¢, by — €) by Proposition 2.18; in particular (6-5) is satisfied by A,. Taking the limit as ¢ — 0,
we obtain that (log /)" — (loghy)’ pointwise on D, and in L'((ay, by)). Thus we can pass into the
limit as ¢ — 0 in (6-5) and get that it is also satisfied by 4,,. U
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Also the converse implication holds, giving a complete equivalence between the (K, N)-Bochner-type
inequality (6-4) on signed distance functions and the CD(K, N) condition.

Theorem 6.2 (MCP(K’, N') +e.n.b. + (K, N)-Bochner-type inequality = CD(K, N)). Let (X, d, m) be
an e.n.b. metric measure space satisfying MCP(K', N') for some K’ € R, N’ € (1, 00), with m(X) < oc.
Assume that, for every signed distance function d,, : X — R, for q-a.e. o € Q, for each x € X, \ {v=0}
it holds

1
Ady(gi(x)) = Ady(x) = Kt + —— | (Ady)*(g:(x)) ds (6-7)
N - 1 (0,,)
for all t € R such that g;(x) € }0(0, \ {v = 0} and sgn(d,(x)) = sgn(d,(g:(x))), provided the densities
Ad,(x) and Ad,(g;(x)) exist.
Then (X, d, m) satisfies CD(K, N).

Remark 6.3. We briefly comment on the statement of Theorem 6.2. Using the assumption of e.n.b.
and of MCP(K’, N’), we deduce from Corollary 4.16 that any d, € D(A, X \ {v = 0}). Therefore, in
the assumption (6-7), we consider Ad,(g;(x)) only for those g;(x) belonging to {v > 0} or to {v < 0},
provided x € {v > 0} or x € {v < 0} respectively.

Let us also comment on the assumptions CDjoc (K, N) vs. CD(K, N) and m(X) < oo in the last two
results. It was proved in [Cavalletti and Milman 2016] that, under the assumption m(X) < oo, an e.n.b.
CDioc (K, N) space satisfies CD(K, N) globally; on the other hand the implication is open without the
assumption m(X) < co. We thus assumed CDjo.(K, N) in Theorem 6.1 as, a priori, it is more general
and still gives that all the conditional densities h, are CD(K, N) densities (see Theorem 3.6).

Proof. We show that, given any 1-Lipschitz function ¢ : X — R, the conditional probabilities associated
to the transport set 7;]“" of ¢ satisfy CD(K, N). From [Cavalletti and Milman 2016] it will then follow
that (X, d, m) satisfy CD(K, N).
Step 1: Let us fix ¢ : X — R a 1-Lipschitz function and the associated nonbranched transport set 7;“".
Fix also ¢ € R, let ¢, := ¢ — ¢ and consider the associated signed distance function d,,, from the level set
{p=c}.

Note that the function d, coincides with ¢, along (R;b)_l({go = c}), i.e., along each transport ray of
¢ having nonempty intersection with {¢ = c}.

Indeed, fix any x € 7;,‘Zb with ¢ (x) > ¢ (the argument for ¢ (x) < c is analogous) such that there exists
y € R)°(x) with ¢(y) = ¢ (i.e., x € (R}") ' ({¢ = c})); then for any other z € {¢ = ¢} it holds

d(x, y) = ¢(x) —9(y) = ¢(x) — ¢(z) < d(x, 2),
showing that d(x, y) = d,, (x) and that dy, (x) = ¢(x) — @(y) = ¢(x) — ¢ = @.(x). Hence if x €
(R™)~'({¢ = c}), then
g, (x) —dc(y)| =d(x, y)
for some (x, y) € (R}P) implying (x, y) € Ry, . Since a branching structure for d,,, inside (R}") ™' ({p =c})

will imply a branching structure for ¢., this implies that on (R(‘/’)b)_1 ({@ = ¢}) the equivalence relation
R;b implies R;}s. In particular it follows that 7('/)“b N( Rg‘;b)_1 {p=c)h) C 7}2}’.
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Step 2: Consider the disintegrations associated to 7;"*’ and to 7;;;'? via Theorem 3.6:

ml_Twnb: f My, o (dO(), m|_7:1nb = ma,dw qdw (dOl),
o ve Qdy,

with mgy = ha o M'Lx,, and Mg 4, = haa, H'ix, o
From Step 1 and the uniqueness of the disintegration, it follows that up to a constant factor

ha,g =haa, onXgg,
for all those o such that X, , N {¢ = ¢} # . Moreover from Corollary 4.16 we deduce that
Ad@cl‘Xad ﬂ{(/);&c (log hOl d‘ﬂ ) .

The last two identities together with the assumption (6-7) applied to d,_ imply that for all those a such
that X, , N {p = ¢} # @, for each x € X, , N {p # c} it holds

1
—[(10g ha,p) (8:(x)) — (log hap) (x)] = Kt + e )[(IOg hap) (g5 (x)) ds (6-8)

for all those ¢ such that ¢(g;(x)) > ¢ provided ¢(x) > ¢ (and appropriate modifications if ¢(x) < c).
Identifying X, with the isometric real interval (dq, by) and denoting with ¢, the unique point corresponding
to Xo N {o = c}, (6-8) becomes

—[(og Ay ¢) (x+1) — (loghy, g0) x)] = Kt + [(log ha,w)/]z(x +5)ds (6-9)

— 1 Jo.n

for each x € (ay, cy) and ¢ such that x + ¢ < ¢,. We again regularise by logarithmic convolution, i.e., as
in (6-6). In order to simplify the notation, we will omit the subscript ¢. We have

(log hy)'(x) = /(10g he)' (MWe(x — y) dx,
(logh) (y) — (loghy) (y +1) = /[(log he) (x) — (log hy) (x + )] (x — y) dx.
Moreover

/ / ((log ha (x + ) e (x — y) ds dx = / f ((log ha) (x + )% (x — ) dx ds
0,1) 0,1)

/ (/(logho,) x4+ )P (x—y) dx) ds
©0,1)

:/ log(ht)' (v +5)* ds.
©,1)

Hence (6-9) is valid for log h, , for each ¢ > 0 implying (just differentiate in 7) that h, , is a CD(K, N)
density on (aq, cy). Letting ¢ | O we obtain that &, , is a CD(K, N) density on (ay, ¢y). From the

arbitrariness of ¢, we conclude that A, , is a CD(K, N) density. Hence (X, d, m) satisfies CDLIP(K ,N)
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(see [Cavalletti and Milman 2016] for the definition of CD]{ip(K, N)). Then we can conclude using

[Cavalletti and Milman 2016] that (X, d, m) satisfies CD(K, N). O

7. Splitting theorem under MCP (0, N)

Before stating the main result of the section, let us introduce some notation.
Given a metric space (X, d), a curve y : R — X is called line if it is an isometric immersion, i.e.,

y:R—> X, d(ys, y5) = |t —s| foralls,t eR.
To a line y : R — X we associate the Busemann functions
bT(x):= lim d(x, ;) —t.
t—+00

Straightforwardly from the triangle inequality, one can check that the Busemann functions are well-defined
maps b* : X — R and
[b*(0) = b (] < d(x, y).

Since b* are 1-Lipschitz functions, we can consider the associated nonbranching transport set 7;1" defined
in (3-3).

Theorem 7.1 (splitting theorem). Let (X, d, m) be an e.n.b. infinitesimally Hilbertian MCP (0, N) space
containing a line. Then (X, m) is isomorphic as a measure space to a splitting Q x R.

More precisely the following holds. Denoting by %ﬂb = U(XEQ Xy the nonbranching transport set
induced by b™ with the associated (disjoint) decomposition in transport rays, it holds that m(X \ 7'brlb) =0
and the map

(O 7;5’}’ - OxR, x ®):=(ak),bt(x)), (7-1)

is an isomorphism of measures spaces, i.e.,

o & is a bijection,

e & induces an isomorphism between the o-algebra of m-measurable subsets of 7I)Ilb and the o -
algebra of q® L'-measurable subsets of Q x R, where q is quotient measure in the disintegration
ML b= fQ My q(da) given by Theorem 3.6.

bt

« Oymig= q ® L. Here q' is a nonnegative measure over Q equivalent to q, i.e., q < qand q < ¢
b
Moreover, for every a € Q, the map b+ : X, — R is an isometry.
If in addition (X, d) is nonbranching, then X is homeomorphic to a splitting Q x R. More precisely,
X ="Tp+ = 7'b‘lb and the map ® : X — Q X R defined in (7-1) is an homeomorphism. Here the set of rays

0 is induced with the compact-open topology as a subset of C(R, X), where each ray is parametrised by
bH e,

given B € Q, {ay}nen C Q, it holds B = nli)nolo oy ifand only if

0= lim supd(X,, (b")7' (1)), Xg((bT)7' (1)) for every compact interval I C R. (7-2)
n—oo

tel
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Remark 7.2. For smooth Riemannian manifolds [Cheeger and Gromoll 1971], as well as for Ricci-
limits [Cheeger and Colding 1996] and RCD(0, N) spaces [Gigli 2013], the splitting theorem has a
stronger statement giving an isometric splitting. However under the assumptions of Theorem 7.1 it is
not conceivable to expect also a splitting of the metric. Indeed the Heisenberg group H" is an example
of a nonbranching infinitesimally Hilbertian MCP(0, N) space [Juillet 2009] containing a line, which is
homeomorphic and isomorphic as measure space to a splitting (indeed it is homeomorphic to R" and the
measure is exactly the n-dimensional Lebesgue measure) but it is not isometric to a splitting.

We start by establishing some preliminary lemmas on the properties of Busemann functions.
Lemma 7.3. For any proper geodesic space, Tpx = X.

Proof. Fix any x € X and s > 0. For each r € R, consider a unit speed geodesic
y':10,d(x, )] — X suchthat y/=x and Vé(x,;?,) =y,.

From the triangle inequality, lim,_, 1, d(x, 3;) = co. Hence any fixed s > 0, for |¢| sufficiently large,
belongs to the domain of y’. Consider then the trivial identities

d(x, ) —t —d(yy, %)+t =d(x, ¥)) =5 > 0.
Taking the limit as t — +o00 and using uniform convergence gives
b (x) —=b¥(y) =d(x,y) =5 >0,

where y is any accumulation point of {y,/};>0. In particular this shows that each point x € X can be moved
forwardly with respect to b (into y) proving in particular that x € 7p+. The proof for b~ can be achieved
along the same lines. U

The proof of Lemma 7.3 also proves the following corollary.

Corollary 7.4. Let (X, d) be proper and geodesic. Then by = J; i.e., the set of final points associated to
b*™ and to b~ are both empty.

Applying results from Part I we easily obtain the following result.

Proposition 7.5. Let (X, d, m) be an e.n.b. metric measure space satisfying MCP (0, N) containing a line.
Then b* € D(A, X) and there exists a Radon measure Ab* € Ab™ satisfying

AbT <0. (7-3)

Proof. We only prove the claim for b™, the proof for b~ being analogous. First of all from Theorem 3.6,
we have the disintegration

m:/ hoH'Lx, q(da).
Q

Thanks to Corollary 7.4 we deduce that each ray X, is isomorphic to a right half-line (or to a full line),
in particular it has infinite length.
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The combination of Theorem 4.8 with Lemma 7.3 thus gives that b* € D(A, X) and that
AbT = — / nH x, q(da) — / haSa(x,)nu q(der)
0 0

defines a Radon measure Ab* € Ab™. We are left to show that Ab* < 0.
As above, we identify X, with the right half-line [a,, 00) endowed with the MCP(0, N) density A,.
Using (2-11), we deduce that for a, < x¢o < x; < b < 00 it holds

(b—xl)N‘l _ ha(rn)

b —xg = ha(x0)
Letting b — o0, it follows that &, (x9) < hy(x1), showing that 4, > 0 whenever h|, exists.
Thus Ab™ < 0 and the proposition follows. O

Observe also that, by triangle inequality, one has
dx, y;) —t+d(x, y—s) —s = 0.
Setting b := b 4+ b~ and letting 7, s — oo, it gives
b>0 onX and b=0 ony. (7-4)

From now on we assume (X, d, m) to be infinitesimally Hilbertian, which is equivalent to assuming
that the Laplacian A is single-valued (on its domain) and linear. Proposition 7.5 then implies

b:=bT+b~ € D(A,X), Ab<O. (7-5)

It is worth noting that (7-5) will be the only implication of the paper where infinitesimal Hilbertianity
plays a role. We now want to combine (7-5) and (7-4) with the strong maximum principle in order to
infer that b = 0. The next statement was proved in [Bjorn and Bjorn 2011, Theorem 9.13] (actually we
report a slightly weaker statement which will suffice for our purposes).

Theorem 7.6 (strong maximum principle). Let (X, d, m) be a metric measure space supporting a local
weak (1, 2)-Poincaré inequality with m locally doubling. Let u € LIP(X) and Q C X be a connected
bounded open subset.

If u attains its maximum in an interior point of Q2 and

/ |Vu|2m§/ IVu+ f)>m  forall f € LIP(X), supp(f) C Q, f <0, (7-6)
Q Q

then u is constant on 2.

Let us discuss the validity of the strong maximum principle in our setting. Clearly, from Bishop—
Gromov inequality it follows that an MCP(0, ) space is doubling. Moreover, essentially nonbranching
MCP(0, N) spaces satisfy a local weak (1, 1)-Poincaré inequality [von Renesse 2008] (that work assumes
negligibility of cut-locus from m-a.e. point that is satisfied whenever the space is essentially nonbranching,
see Remark 2.6), which in turns implies that the space supports a local weak (1, 2)-Poincaré inequality.
In conclusion if (X, d, m) is an essentially nonbranching MCP(0, N) space, then the strong maximum
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principle holds. The simple link between (7-6) and the measure-valued Laplacian was established in
[Gigli and Mondino 2013, Theorem 4.3]; for completeness, below we report the argument together with
the desired conclusion b = 0.

Lemma 7.7. Let (X, d, m) be an infinitesimally Hilbertian, essentially nonbranching, metric measure
space satisfying MCP(0, N). Assume (X, d) contains a line and let b :=b* +b™.
Thenb=0on X.

Proof. 1t is enough to prove that (7-5) implies (7-6) for u := —b; then the claim will follow by the
combination of (7-4) with Theorem 7.6.

Let 2 C X be a connected bounded open subset and f € LIP(X) be nonpositive with supp(f) C 2.
Since the map ¢ +— fQ |[V(—b+&f)|>m is convex and Ab < 0, we have

/’IV(—b4-&fN2—IV(—bN2
m
Q

&

/lV(—b+f)|2m—/ |V(—b)|2leim
Q Q el0

:_2/<Vb,Vf>m:2f £ Ab>0,

Q Q

proving (7-6) for u := —b. U
Lemma 7.8. Let (X, d, m) be an infinitesimally Hilbertian, essentially nonbranching, metric measure

space satisfying MCP(0, N). Assume (X, d) contains a line. Let ’7I)E‘rb =, co X« be the ray decomposi-

tion of the nonbranching transport set 7;’lb associated to b™.
Then for each o € Q, the ray X, is isometric to R; in other words a(Xy) = @ = b(Xy).

Proof. From Lemma 7.7 we know that b™ = —b™ on all X. It follows that

{(x,y) € RI®Y ={(y,x) € R}

Thus 7;2” = 7?1” with the same ray decomposition (from the support sense); clearly, on each ray, the
orientation induced by b™ is the opposite from the one induced by b™. In particular, the set of initial
points for b™ coincides with the set of final points for b™:

e = e (1) eRD = y=x}={x e : (x,y) e R® = x =y} =: by,

Since from Corollary 7.4 the set of final points for b™ is empty, i.e., b,- = &, it follows that both the sets
of initial and final points for b™ are empty; in other words, each ray X, is isometric to R. (I

Proof of the splitting theorem, Theorem 7.1. By combining the lemmas above we can quickly get the first
part of Theorem 7.1. Indeed, from Lemma 7.3 we already know that X = 7+ and, from Lemma 3.5 we
know that m(7p+ \7;'1") = 0; thus the claim m(X \ 7;‘?}’) =0 is proved.

Moreover, Theorem 3.6 ensures that there exists a disintegration of m satisfying

meg= [ Mo, a0 =1,

where, for g-a.e. @, m, is a Radon measure m, < Hlea and (X, d, my) satisfies MCP(0, N).
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From Lemma 7.8 we know that (X, d) is isometric to the real line (note that the isometry is simply
bt : X, — R), and thus Lemma 2.17 implies that m, = caH'L x, for some constant ¢, > 0, for g-a.e.
ae€Q.

Define the measure ¢’ on Q as
q(B) = f cq q(da) for any g-measurable subset B C Q.
B
It is clear that q <« q and that q < (', i.e., they are equivalent measures, and that
ml_7;n£: /Q ! LX, q (da).
The last disintegration formula is equivalent to claiming that the map

", OxR, x> O(x):=(ax), bt (X)),

is an isomorphism of measures spaces, i.e., ® induces an isomorphism between the o-algebra of m-
measurable subsets of T and the o -algebra of ¢® £'-measurable subsets of Q xR, and (DﬁmLTnb— gL
It is also clear that @ : T — O x R is bijective, as 7'b+ = UaeQ X, is a partition, and b™ : X — Ris
an isometry for every o € Q.

We now prove the second part of Theorem 7.1. From the very definition (3-3) of the nonbranched
transport set 7, b if (X, d) is nonbranching then 7.nb o+ = Tp+. Thus, Lemma 7.3 gives X = Tp+ = 7;1'3.

From the ﬁrst part, we already know that ® : X — QO x R is bijective. Since convergence in Q (see
(7-2)) is equivalent to the local uniform convergence of the rays, it is clear that ®~! is continuous.

It is then enough to show that & is continuous. We argue by contradiction. Assume that there
exists a sequence {x,},eny C X with x, — x in X such that {(«(x,), b*(x,))},en does not converge
to (x(x), b (x)). Since b™ : X — R is continuous (actually it is even 1-Lipschitz), it is clear that
b (x,) — bT(x) and thus it must be that {a(x,)},cn does not converge to «(x). By the definition (7-2)
of convergence in Q, it follows that, up to subsequences, it holds

0<e= lim supd( a(xn)((b+)_1(t)), Xa(x)((b+)_1(t))) for some compact interval I C R.  (7-7)

n—oo

As already observed, b* : X3 — R is an isometry for every g € Q and thus it can be used to parametrise
each ray; in the formula above as well as in the following we fix such a parametrisation.

Since by assumption x, — x, for every closed interval I C R containing b™ (x), it is clear that the
union of the images of the rays X, x,) restricted to / are all contained in a compact subset of X. Thus, the
by Arzela—Ascoli theorem, such restrictions converge uniformly to a geodesic y of X passing through x.
By a standard diagonal argument, y can be extended to a geodesic defined on the whole R and

Xa(x,) — v uniformly on compact intervals. (7-8)

Recalling that the relation R,+ is closed (see (3-1) and (3-2)) we get that y is a ray passing through x,
i.e., y = Xg for some B € Q. Since the rays are pairwise disjoint, it follows that 8 = a(x).
Therefore (7-8) contradicts (7-7). U
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CONVEX SETS EVOLVING BY
VOLUME-PRESERVING FRACTIONAL MEAN CURVATURE FLOWS

ELEONORA CINTI, CARLO SINESTRARI AND ENRICO VALDINOCI

We consider the volume-preserving geometric evolution of the boundary of a set under fractional mean
curvature. We show that smooth convex solutions maintain their fractional curvatures bounded for all
times, and the long-time asymptotics approach round spheres. The proofs are based on a priori estimates
on the inner and outer radii of the solutions.

1. Introduction

Let Eg C R" be a smooth compact convex set, and let My = d Ey. For a fixed s € (0, 1), we consider the
evolution of My by volume-preserving fractional mean curvature flow, that is, the family of immersions
F : My x [0, T) — R" which satisfies

{azF(p, 1) =[-Hy(p,t) +h(®)lv(p,t), peMop, t=0,
F(p,0)=p p € My.

Here H;(p, t) and v(p, t) denote respectively the fractional mean curvature of order s and the normal
vector of the hypersurface M, := F(My, t) at the point F (p, t), while the function % (¢) is defined as

ey

h(t) = Hy(x)dpu, 2

Ml S,

where d . denotes the surface measure on M,. With this choice of A(¢), the set E; enclosed by M, has
constant volume. An interesting feature of this flow is that the fractional s-perimeter of E; is decreasing,
and the monotonicity is strict unless E; is a sphere.

Fractional (or nonlocal) mean curvature was first defined by Caffarelli, Roquejoffre and Savin [Caffarelli
et al. 2010]. It arises naturally when performing the first variation of the fractional perimeter, a nonlocal
notion of perimeter introduced in the same paper. We will recall the definitions of these quantities
in Section 2. Minimizers of the fractional perimeter are usually called nonlocal minimal sets, and
their boundaries nonlocal minimal surfaces. Fractional perimeter and mean curvature have also found
application in other contexts, such as image reconstruction and nonlocal capillarity models; see, e.g.,
[Bosch and Stoll 2015; Maggi and Valdinoci 2017].

Nonlocal minimal surfaces have attracted the interest of many researchers in the last years. One of
the main issues is the study of their regularity and the classification of nonlocal minimal cones: many

MSC2010: 53C44, 35R11, 35B40.
Keywords: geometric evolution equations, fractional partial differential equations, fractional perimeter, fractional mean
curvature flow, asymptotic behavior of solutions.
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results have been obtained, see [Caffarelli et al. 2010; Caffarelli and Valdinoci 2013; Barrios et al. 2014,
Savin and Valdinoci 2013; Cinti et al. 2019; Cabré et al. 2020], which exhibit interesting analogies and
differences with respect to the classical case. Among the important differences, we mention in particular
the fact that fractional minimal surfaces can stick at the boundary of (even smooth and convex) domains,
and occupy all the domain for small values of the fractional parameter; see [Dipierro et al. 2017]: these
features are in sharp contrast with the classical case and they reveal the important role of the contributions
coming from infinity in the geometric displacements of nonlocal minimal surfaces.

A related topic of investigation consists in the study of sets which are stationary for the fractional
perimeter, i.e., sets having vanishing nonlocal mean curvature. This is a weaker notion than minimality,
and some examples are helicoids and a nonlocal version of catenoids; see, e.g., [Davila et al. 2018; Cinti
et al. 2016]. Sets with constant nonlocal mean curvature, such as Delaunay-type surfaces, have been
studied in [Cabré et al. 2018a; 2018b; 2018c; Davila et al. 2016]. In addition, in [Cabré et al. 2018a;
Ciraolo et al. 2018] an analogue of the Alexandrov theorem in the nonlocal setting was proved, which will
be crucial for our purposes: any, regular enough, bounded set having constant fractional mean curvature
is necessarily a ball.

Before introducing our results, let us recall some properties of the classical mean curvature flow, where
the speed of the hypersurface is given by the usual mean curvature. This flow has been widely studied in
the last decades, both for its geometric interest and for its relevance in physical models describing the
dynamics of interfaces. The equation satisfied by the immersion is a parabolic PDE, and smooth solutions
exist locally; however, they can become singular in finite time due to curvature blowup. For this reason,
various notions of weak solutions have been introduced during the years which allow for the continuation
of the evolution after the formation of singularities; see, e.g., [Chen et al. 1991; Evans and Spruck 1991].

An important feature of classical mean curvature flow is that, roughly speaking, it deforms general
hypersurfaces into some canonical profiles, possibly after rescaling near the singularities. Such a behavior
is related to the diffusive character of the flow and is of great interest for geometric applications. The
first result on asymptotic convergence was obtained in [Huisken 1984] in the i (¢) = 0 case. He proved
that convex hypersurfaces remain smooth up to a finite maximal time at which they shrink to a point, and
that they converge to a round sphere after rescaling. Shortly afterwards, in [Huisken 1987], he obtained
an analogous result for the volume-preserving flow: in this case, the solution exists for all times and
converges to a sphere as t — +00. In later years, many researchers have studied the convergence to a
sphere for other kinds of geometric flows, with a speed driven by more general functions of the (classical)
principal curvatures; see, e.g., [Andrews et al. 2013; Andrews and Wei 2017]. As a possible application
of these results, we point out that the convergence to a sphere along a suitable flow can be used to
obtain generalizations or alternative proofs of classical geometric inequalities, such as the isoperimetric
inequality, or inequalities in convex analysis like the ones by Minkowski or Alexandrov and Fenchel; see,
e.g., [McCoy 2005; Schulze 2008; Guan and Li 2009; Andrews et al. 2018].

By contrast, the study of fractional mean curvature flow has started only recently and very few
results are known. The existence and uniqueness of weak solutions in the viscosity sense for the flow
in the /(¢) = 0 case have been obtained by various authors with different approaches [Imbert 2009;
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Caffarelli and Souganidis 2010; Chambolle et al. 2015]. In particular, Caffarelli and Souganidis [2010]
proved convergence to motion by fractional mean curvature of a threshold dynamics scheme. After this,
Chambolle, Novaga and Ruffini [Chambolle et al. 2017] extended the results in [Caffarelli and Souganidis
2010] to the anisotropic case and to the presence of an external driving force (that is 4(¢) # 0) and
proved that the scheme preserves convexity, and, as a consequence, also the limit geometric evolution is
convexity-preserving. On the other hand, the existence of smooth solutions has been established only
recently in [Julin and La Manna 2020]. Their main result states the short-time existence of a unique
classical solution for both the fractional mean curvature flow and the volume-preserving flow, starting
from a C! initial datum.

Some qualitative properties of smooth solutions were analyzed in [Sdez and Valdinoci 2019], while the
formation of neckpinch singularities was studied in [Cinti et al. 2018]. The occurrence of fattening for
the fractional mean curvature flow and its generalizations were studied in [Cesaroni et al. 2019].

The aim of this paper is to study the convergence to a sphere of the solutions of the nonlocal flow (1)
with convex initial data. This can be regarded as the first attempt to investigate the asymptotic behavior
of solutions to fractional flows, in a similar spirit to the above-mentioned works in the classical case.
Our main results are some a priori estimates on smooth solutions, which give a uniform control on
the geometry of the evolving surfaces, and establish that the fractional curvature remains uniformly
bounded along the flow. As a consequence, we can show that any smooth solution, satisfying suitable
regularity assumptions, exists for all times and converges to a sphere. The method is inspired by the one
of [Andrews 2001; Sinestrari 2015] in the classical setting and is based on the monotonicity along the
flow of the fractional isoperimetric ratio, i.e., the ratio between suitable powers of the fractional perimeter
and the enclosed volume. This monotonicity property is specific to the volume-preserving case, and so
the approach used here does not apply when A(t) = 0, although we expect that case to exhibit a similar
behavior, at least if s is suitably close to 1. On the other hand, we include in this paper the treatment of
more general flows in the volume-preserving setting, with a nonlinear speed of the form @ (Hy), with
®(-) a positive increasing function satisfying suitable structural assumptions.

Let us describe our results in more detail. For this, let us denote by pg and pg the inner radius and the

outer radius of a set £ C R", namely

pE = sup{r > 0 : there exists x, € R" such that B,(x,) C E}, 3
pE :=inf{r > 0 : there exists x, € R" such that B, (x,) D E}.

Then our main estimates can be stated as follows:

Theorem 1.1. Let Ey be a smooth compact convex set of R"* and let My=0Ey. Let F : Myx[0, T) — R",
with 0 < T < 400, be a solution of (1) of class C*P for some B > s. Then there exist positive constants
0 < R; < Ry, 0 < K| < Kj, only depending on Eq, such that

Ry < pE, < PE, < Ro,
forallt €0, 7).
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As mentioned above, in [Chambolle et al. 2017] it is proven that the nonlocal mean curvature flow with
forcing term (h(¢) # 0) preserves convexity. As a consequence, we know that solutions of problem (1)
starting from a convex initial datum stay convex for all times.

The proof of Theorem 1.1 relies on a series of delicate estimates based on a nonlocal analysis of
geometric flavor, which turns out to be significantly different with respect to the classical case.

Let us describe some intermediate steps in the proof of Theorem 1.1, which we believe to be of interest
on their own. One of these results, Proposition 3.1, shows that a bound on the fractional isoperimetric
ratio of a convex set implies a bound on the ratio between the outer and inner radii. A similar result was
known in the classical case, but the proof in the nonlocal setting is quite different. Another crucial step of
our argument is provided by Proposition 4.2, where we estimate the fractional mean curvature in terms
of another nonlocal quantity, which has some formal analogy with the norm of the second fundamental
form in the classical case. However, since there is no fractional analogue of the second fundamental
form, as shown in [Abatangelo and Valdinoci 2014], there is no obvious relation as in the classical case.
By suitable estimates of the surface integrals involved, we obtain an inequality which suffices for the
purposes of this paper; on the other hand, it would be interesting to investigate further these topics and to
derive sharper inequalities in the future.

Theorem 1.1 easily implies that a solution of (1) exists for all times and converges to a sphere as
t — 400, provided it satisfies suitable regularity and continuation properties. Roughly speaking, we need
to know that the solution remains smooth and does not develop singularities as long as the fractional
curvature is bounded. More precisely, we assume that there exists a smooth solution of (1) satisfying the
following property for some 8 > s:

(R) If Hy is bounded on M, for all ¢ € [0, Ty) for some Ty < T, where T is the maximal time of existence,
then the C>#-norm of M,, up to translations, is also bounded for ¢ € [0, T') by a constant only
depending on the supremum of H;. In addition, either 7o =T = +o0, or Ty < T.

By “up to translations”, we mean that M; is not assumed to remain in a bounded set of R", and that
the C%# bound applies after possibly composing the flow with a suitable, time-dependent, translation
(e.g., the one fixing the barycenter). We give below more comments on the possibility of this behavior.
For solutions satisfying (R), the following result holds.

Theorem 1.2. Let Eqy be a smooth compact convex set of R" and let My=0E. Let F : My x[0, T) — R",
with 0 < T < 400, be a solution of (1) of class C*P for some B > s which satisfies property (R). Then
T = +00, and M, converges to a round sphere as t — +o0 in C># norm, possibly up to translations.

Regarding assumption (R), we observe that it is a natural analogue of some properties which are well
known in the classical case, see, e.g., [Huisken 1984, Sections 7-8], and are consequences of the standard
parabolic theory. In the fractional setting, the validity of such an assumption is an open problem at the
current stage. The only available results in this direction [Julin and La Manna 2020] imply, roughly
speaking, that the last claim in (R) is true: if the C'# norm of the solution remains bounded, for some
B > s, then the smooth solution exists for all times. On the other hand, the boundedness of the fractional
curvature gives directly C'# bounds only for 8 < s. It can be hoped that solutions of the flow enjoy
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further regularity, in analogy with some regularity studies on elliptic and parabolic nonlocal problems; see,
e.g., [Barrios et al. 2014; Chang-Lara and Ddvila 2014a; 2014b; Dipierro et al. 2020]. In this respect, this
paper should be regarded as a part of a broader program, which we plan to pursue further in future work.

As observed above, in Theorem 1.2 the convergence to a sphere is in principle only “up to translations”,
in the sense that the limit set, which is geometrically a sphere, could keep translating indefinitely. In the
classical case, the possibility of the additional translation is ruled out either as a consequence of additional
estimates on the convergence rate, see, e.g., [Bertini and Pipoli 2017], or by maximum-principle techniques
based on reflection methods [Chow and Gulliver 1996; McCoy 2004; Andrews and Wei 2017]. We think
that it would be interesting to understand whether these methods can be extended to the nonlocal setting.

The paper is organized as follows:
e In Section 2, we give some preliminaries and we recall the evolution laws of some geometric

quantities associated to M;.

« Section 3 contains our a priori estimates on the inner and outer radii of convex solutions and a lower
bound for H;.

Section 4 deals with some integral estimates which allow us to bound the fractional mean curvature

with the nonlocal analogue of the norm of the nonlocal second fundamental form.

In Section 5 we prove our key result, which gives an upper bound on the fractional mean curvature.

In Section 6, we treat the more general case of a flow whose speed is of the form & (H;), proving an
upper bound on the fractional mean curvature.

Finally, in Section 7, we prove convergence to a sphere in both the standard and the general cases.

2. Preliminaries

Consider a set £ C R", with boundary M := 9 E, and let s € (0, 1). Given x € M, the fractional mean
curvature of order s of E (equivalently, of M) at x is defined by

XE(®)

H;(x) =s(1 —s) lim 4

e=0F Jpm\ gy X — yI" T
where
oo | 1 ifyeE
XEVVZN21 ifyeE.

If M is smooth, then the fractional mean curvature is well-defined at each point and is a regular function.
In fact, the following result is known; see [Figalli et al. 2015, Proposition 6.3; Cabré et al. 2018a,
Proposition 2.1].

Theorem 2.1. Suppose JE is of class C'P, with B > s. Then the right-hand side of (4) is well-defined
and finite for all x € JE and defines a continuous function on dE. If in addition JE is of class C*P, with
B > s, then Hy € CY(dE) and its derivative in a tangential direction v € Ty M is given by

0 Hj . -
(x) =s(1—s)(n+s) lim XE(Y)
ov e—>07F R\ B, (x)

(y —x,v)
|x _y|n+s+2 Y-

&)
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By using the divergence theorem and estimating the boundary terms on d B, (x) with techniques similar
to the proof of [Cabré et al. 2018a, Proposition 2.1], we can prove that, under the hypotheses of the
previous theorem, H; and its gradient can be written as boundary integrals on M as follows:

Hy(x) = 2(1 — 5) lim o2 vON 4y, ©)
e=>0" Jon\B. () X — D"
a—( ) =2s(1—s5) lim SO )

e=>0" J o0\ B () 1X — YIS

We also recall that the fractional perimeter of E, as introduced in [Caffarelli et al. 2010], is defined as

dxdy
Pers(E)_s(l—s)//

|x_y|n+s

Then fractional mean curvature arises as the first variation of the fractional perimeter along a deformation
of E; see (8) later.

We state a general criterion for the convergence of singular integrals on the boundary of a smooth
compact set E. Suppose that 3E is of class C!-#, for some 8 > s, and that f € C>(3E). Then, for any

given x € d E, the quantity

lim J) = fx) du(y)

e=0t g o 1X =yt
exists and is finite.This can be proved by standard arguments. Roughly speaking, the contribution of
the first-order approximation of f(y) — f(x) around x cancels by symmetry reasons. The remaining
terms are of order O(|y — x|)'*#, by the smoothness of d E and of £, and this ensures convergence of the
integral. In the following, for simplicity of notation, we will write singular integrals as the ones above as
if they were ordinary integrals, with the implicit meaning that they are taken in the principal value sense.

We now recall some notation and general results about geometric evolutions of sets and hypersurfaces.
Let us consider a time-dependent family of sets E; evolving smoothly from a given initial set Ey. We can
consider the corresponding evolution of the boundaries, and study the map F : My x [0, T) — R", where
Mo =0Eg and M; :=0E,. Let us denote by V(p, t) := (3; F(p, t), v(p, t)) the normal component of
the speed of our flow.

We first recall the properties of the evolution of the classical geometric quantities associated to the
hypersurfaces M;. As in [Huisken 1984], we denote by g;; the components of the metric tensor in a
given coordinate system, by g% its inverse, by h; ; the second fundamental form, by H = h; jgij the mean
curvature and by |A |2 =h, : ¢/ hy gk the squared norm of the second fundamental form. If Ay < - - <A,
denote the principal curvatures at a given point, then H = A; 4 - - - + A,,_;, while |[A|? = Az 44 An 1
We also denote by VM, AM: respectively the tangential gradlent and the Laplace—Beltraml operator
defined on M;.

We denote by p, g, ... the points on My and by x, y, ... the points on M, for positive ¢, as well as
the general points in R". For simplicity of notation, when considering the speed V on M; for a fixed ¢, we
will usually write V (x) with x € M, instead of V (p, t), with x = F(p, t). We will use similar conventions
for all other quantities defined on the evolving hypersurfaces. We also denote by du the surface measure
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along M;. In this notation, we recall [Huisken and Polden 1999, Theorem 3.2 and Lemmata 7.4, 7.5
and 7.6] and we have:

Lemma 2.2. The geometric quantities associated to M, satisfy the following equations:
(i) d,gij =2Vhij and 8,g" = —2Vh'J.

(i) o0, du =V H dpu.

(iii) 9v=—-VMV.

(V) dhij ==V VIV 4 hi g V.

(V) & H=—AMV —|A]?V.

(vi) dz|Ef| = fM Vix)du and T IM:| = fM V(x)H(x)dpu.

Next we recall the evolution of some nonlocal quantities; see [Caffarelli et al. 2010; Davila et al. 2018,
Appendix B, Proposition B.2; Sdez and Valdinoci 2019, Theorem 14].

Lemma 2.3. (i) The fractional perimeter evolves according to

4 perEy= | H,x)Vx)dp. ®)
dt M,

(ii) The fractional mean curvature satisfies the equation
0, H __/' V(y)—Vx) 1—v(y)-vx)
M,

25(1—s) y—xpre WOV | dkO)- )

We remark that there is a clear analogy between these equations and their classical counterparts. Indeed,

as proved in [Davila et al. 2018, Appendix A], we have, for a general smooth function f defined on a
(fixed) hypersurface M,

tim 25(1 -5 / A l{:ff) dn(y) =, A f (), (10)
s—>
where w,, is the volume of the unit ball of R”. In addition,
lim 2s(1—s)/ 1=V V&) 4y = wal AP 1)
s—1- |”+S

From now on, we assume that the map F : Mo x [0, T) — R" satisfies (1). This corresponds to the
normal speed

V(p,t) =—H(p, 1) +h(1),

with A (¢) defined as in (2).
Then Lemma 2.2(vi) implies the enclosed volume E; remains constant in time, while by Lemma 2.3(i)
the fractional perimeter decreases according to

0 Perg(E)) = | [—Hy(x)+h(O)]H(x)dpu=— | [Hy(x)—h(®)]*dp<0. (12)
M, M,

We conclude this section by recalling the analogue of the Alexandrov theorem in the nonlocal setting.
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Theorem 2.4 [Cabré et al. 2018a, Theorem 1.1; Ciraolo et al. 2018, Theorem 1.1]. Let E be a bounded
open set of class C* with constant nonlocal mean curvature. Then, E is a ball.

We point out that, by (12) and Theorem 2.4, the monotonicity of Perg(E,) is strict unless E; is a sphere.

3. Bounds on inner and outer radii

Given a bounded set £ C R" with nonempty interior and w € 9 Bj, we denote by wg(w) the width of the
set E in direction w; i.e.,

wg(w) ;== sup (x —y) - w. (13)
x,yeE

Notice that wg is the distance between the two hyperplanes orthogonal to @ touching E from outside.
We also set

g:= inf wg(w) and wg:= sup wg(w).
w€edB) wed B,

g

By construction, we have
wg = diam(E). (14)

Recalling the notation in (3), if E is convex, it is known that

pr>——= and i< 72; (15)
see, e.g., [Andrews 1994, Lemma 5.4].
Using this notation, the following result holds true:
Proposition 3.1. For any bounded, convex set E C R" with nonempty interior, we have
£ "
> , 16
wE C(Pers(E)) (16)
IEI 1/s
= , 17
br c(Pem(E)) 4
g < C(Pery ()" VP E|IHT0, (18)
pr < C(Pery(E)"~ VP IE| M), (19)
g—i < C(Per, (E))"*| |0/ (20)
for suitable constants C > ¢ > 0 only depending on n, s.
Proof. First of all, we observe that
it is enough to prove (16), @29

since, after that, the claims in (17), (18), (19) and (20) would follow. Indeed, if (16) holds true, then (17)
follows directly from (15).
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Now we prove (18) assuming that (16) (and so (17)) holds true. To this aim, we observe that we can
suppose that
w E Z 4p E- (22)

Indeed, suppose instead that the opposite inequality holds. Then, we use the nonlocal isoperimetric

inequality (see [Frank et al. 2008]) to see that

|E|1/n — |E|('l—b‘)("—1)/(ns)|E|(1+S—n)/b‘ < Cl(Pel‘s(E))(n_l)/s|E|(1+S_n)/s

for some C; > 0. Accordingly, since |E|1/” > |BpE|1/” = Cz,gE, for some C, > 0, we obtain

Cope < C) (Per, (E)) "= D/s | pdts=—m/s

and so, if the opposite inequality holds in (22),

Cowg

1 < CiPery(E) "D B[R,

which says that (18) is satisfied.
Consequently, we may assume that (22) holds true. Thus, after a translation we may suppose
that B,, C E and there exists p € E with lpl = wg/2 — pE.- We stress that, in view of (22),

Ipl > =: L.

|
NI

Since E is convex, the convex hull of p with B, lies in E and therefore |E| > cp £" ¢ for some & > 0.
This and (17) imply

’

4|E (n—1)/s
By =4l < - |E| < 4|E~|(Pers(E))
CEEn_l ccn—llEl(n—l)/s

which gives (18), as desired.
Then, from (18) and (15), one obtains (19). Finally, (20) clearly follows from (17) and (19). This

completes the proof of (21).
In view of (21), from now on we focus on the proof of (16). To this aim, after a rigid motion, we may

suppose that wg is realized in the vertical direction, and, more precisely, that
E < {x, € [-wE, 0]} (23)

We denote by 7 the projection onto R"~! x {0} and E’ := w(E). We consider a nonoverlapping tiling of
R"~! x {0} by cubes {Q,};en Which have side length equal to wg/+/n — 1 (hence, their diagonal is equal
to wg). We denote by N, the set of indices i € N for which Q; intersects E’. Let also

0 := U Q; and F:=Q x (0, wg].

ieN,
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Due to (23), we know that F lies outside E and therefore

dxdy
Per,(E) > /
ExF X —ylrFs
/ dx,,/dxf dy,,fd XK %)
|x_ |n+s
/ dx / dx’ /wEdy / 1y LEO )
ieN, ¥ TWE i i |)C— |”+S

Now we remark that if x’, y' € Q, x, € [~wg, 0] and y, € (0, wg], we have

x —y1? = X" = Y [* + %0 — v l* Swg? + Qwe)* = Swg?

As a consequence,

1 0 wEg
/ / /
Per,(E) > le /—wE dxn/idx /0 dynfidy XE(X', Xn)

1

P / /
T 502y ks (\/—) WE Zf dxn/,-dx Xe (X', xp)

ieN,

B 1 W n—1 E
- 5(n+s)/2wEn+s m welEl,

where we used (23) once again in the last identity. This estimate plainly implies (16), as desired. ]

For completeness, we point out an interesting geometric consequence of the estimate in (20) in terms
of the nonlocal isoperimetric ratio
(Per (E))"

I, (E) = [

Indeed, formula (20) states that if the nonlocal isoperimetric ratio of E is bounded, then so is the ratio
between the inner and outer radius of E and, more precisely,

< C(IZ,(EN'5S.

|§1: |b|

In the local case when s = 1, this formula was already known; see, e.g., [Andrews 2001, Proposition 5.1;
Sinestrari 2015, Proposition 2.1].
As an immediate consequence of the results of this section, we obtain:

Corollary 3.2. Let Ey be a convex subset of R" and My = 0Ey. Let F : Mg x [0, T) — R", with
0 < T < +00, be a solution of (1). Then there exist positive constants 0 < R} < Ry, only depending
on Ey, such that

Ry < pg, < pg, <Ry forallt€[0,T).

>

In addition, there exists K| > 0 such that Hy(p,t) > K| forall (p,t) € Mo x [0, T).
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Proof. As already mentioned in the Introduction, we know that the evolution given by (1) preserves
convexity, as established in [Chambolle et al. 2017]; hence we have that E, is convex for all 0 < ¢ < T.
By definition, we have

wne%t SIE < a)n/a%,

Since | Ey| is constant, this gives an upper bound on pg, and a lower bound on pg, in terms of |Ep|. On
the other hand, since Per;(E;) is decreasing in time, inequality (20) gives a uniform bound on the ratio
PE,/pE,- These properties together yield the first assertion.

To prove the lower bound on Hj, let us consider an arbitrary point x € M;. Since E, is convex, it is
contained in the half-space {y € R" : (y — x) - v(x) < 0}. Moreover, by definition, the diameter of E; is
not greater than 2p,, which is less than 2R;. Therefore, if we introduce the half-balls

By ={y € Byp,(x) : (y —x)-v(x) 20}, B_={ye€ By, (x):(y—x)-v(x) <0},

we have that E, C B_. It follows that

1 dy dy
1— HS (X) = ¢ — ylnts — y|nts
s(I—s) E¢ |x — Yl E |lx—yl
dy dy dy
2/ |x_ |n+s +f |x_ |n+s _f | _ |n+s
R\ Bag, (x) y B, y B_I1X—Y

_/ dy _/ dz
R\ Byg, () 1X — y["F 1528, 12"

where the last integral is independent of x, . (Il

The previous result contains the first part of the statement of Theorem 1.1 (the bounds on inner and
outer radii and the lower bound for Hy). To conclude the proof of Theorem 1.1 it remains to establish the
upper bound for the fractional mean curvature, which will be done in Section 5.

We conclude this section with the following observation. Corollary 3.2 ensures that, at any given
time, there exists a ball of radius R; contained in E,;. However, the center of the ball may be different at
different times. We want to show that, by choosing a smaller radius, we can find a ball with fixed center
which remains inside E; for a time interval with fixed length.

Lemma 3.3. For any ty > 0, we can find xg € R" such that
BR,2(x0) C E;  forallt € [ty, to+ 1],
where t* > 0 only depends on n, s, R.

Proof. As in [Andrews 2001; McCoy 2004], we use a comparison argument. Volume-preserving curvature
flows in general do not satisfy an avoidance principle. However, if E; evolves by (1) and F; evolves by
the standard fractional mean curvature flow (corresponding to /(¢) = 0) then an easy maximum principle
argument shows that if F;, C E;, at a certain time fy, then we also have F; C E; for all > .

In our case, we can use comparison with a shrinking ball. From the previous corollary, there exists xg
such that Bg, (xo) C E;. We set Fy, = Bg, (x0) and we denote by F; the evolution of F;, for ¢ > fy by standard
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fractional mean curvature flow, which is a shrinking sphere. We let ¢* be the time such that F; ;. =
Bg, /2(x0), whose value only depends on n, s, R;. Then the comparison argument yields the conclusion. []

4. Integral surface estimates for convex sets

We collect in this section some estimates on weighted integrals along the boundary of a convex set. We
start with a uniform estimate of the weighted surface of a convex set only dependent on its inner and
outer radii.

Lemma 4.1. Let 8 > 1 and let E C R" be a bounded, convex set with nonempty interior. Then, there
exists a constant C > 0, depending on n, such that, for any € 0E, we have

/ du(y) <CﬁE[ 1 (m)"z] : poi
SC—|———+\|— (diam(E))”~".
o lx —y|"=P pELB—1 \pE

Proof. We can suppose that x is the origin. By definition, there exists p € E such that B,,(p) C E.
By convexity, the convex envelope of 0 and B, (p) lies in E. Up to a rotation, we can assume that
p=1(0,...,|pl). This easily implies, again by cfonvexity, that B, 2(0) N E is the graph of a Lipschitz
function f, with Lipschitz constant bounded by 2|p|/pe < 4p E?,g E-

Letus set § := pg/2 and M := pg/pE. In addition, let us denote by C’,C", ... constants depending
only on n. We can estimate, using the fact that 8 > 1,

du®y) _ VIHIVIONE? g2 c'M 561
9 ~ y/ERnfl *

dy' <C'M dt =
Eng; [y"P ly'|n=# h

(24)

Iy'I<8
The remaining part of the integral satisfies

du(y) 1 K(E)
| < | dne < 5)
IE\B; 1V s 9E\Bs

Now we observe that
nOE) < w(Bpy). (26)

Indeed, we know that there exists ¢ € E such that B;,(¢) 2 E. Let us denote by I1g : R" — E the
projection on the convex set E. Then Il maps 9B, (¢) onto d E and is nonexpansive, from which (26)
follows.

As a consequence of (25) and (26), we obtain that

du(y) _ C"pp"!
9 |n=p = §n=p

— C///Mnflaﬂfl
E\B; 1Y

This and (24) imply the desired result (recall also (14) and (15)). O

Now we obtain a bound on the fractional mean curvature in terms of the integral quantity which appears
in the last term of (9). In view of (11), one can consider this estimate as the fractional counterpart of the
elementary property that the classical mean curvature is bounded by the norm of the second fundamental
form. An estimate of this kind is more delicate to obtain in the nonlocal case, since the fractional mean
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curvature cannot be realized by the average of finitely many directional curvatures, and so methods involv-
ing linear algebra cannot be applied; see [Abatangelo and Valdinoci 2014]. We give here a proof in the
case of convex sets, but it is natural to expect that a similar property should hold in a more general setting.
Proposition 4.2. Let E C R" be a convex set with C® boundary, with o € (s, 1). Then, there exists C > 0,
depending on n and on the ratio pg/pE, such that, for every x € 0E, we have

_ . 1/2
Hs(x><C(diam<E))“—“>/2<<1—s> / Mdu(y)) .
9 |lx—y["ts

Proof. Given x € dE, with exterior normal v(x), from the convexity of E we have that {p € R" :
(p—x)-v(x) > 0} touches E from outside at p. As a consequence, if y € d E, we have that (y—x)-v(x) <0
and therefore, recalling (6), we have

21 gy = . (ylew d(y)
s [ S
e,
R

=/ v(y) —v(x)] du(y)

. |x _ y|(n+s)/2 |x _ y|(n+s—2)/2'

Hence, exploiting Holder’s inequality,

o) < \// |v<y>—v<x>|2 \/f d(y)
2(1— s) 0T S x ey g lx—ypts=2’

Since we have |v(y) — v(x)|> = 2(1 — v(y) - v(x)), the desired result follows easily from Lemma 4.1
with B:=2—s > 1. [l

5. Upper bound on the fractional curvature

In this section, we show that the bounds on the inner and outer radii imply that the fractional mean
curvature of our solution is bounded from above. This, together with Corollary 3.2, will conclude the

proof of Theorem 1.1.
To this purpose, we adapt to the nonlocal setting a technique originally introduced in [Tso 1985]. We

consider the support function on the evolving hypersurface
u(p,t) = (F(p.1),v(p,1)).
By Lemma 2.2(iii) and the representation (7) of the gradient of H, we find that u evolves according to

du = (3, F,v)+ (F, 8 .
.v y

X
=—Hy+h+(F,VMH)) = —H,+h+2s(1—s) | ———=dup(y).
M, |y —x|nts

(27)
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From Lemma 3.3, we know that for any 7 there exists xo € R" such that Bg, 2(xo) C E; for any
t € [ty, to + t*]. For simplicity, we perform our computations in the case xo = 0. By the convexity of E;,
we deduce that u > R/2 on M, for all t € [tg, to + t*]. We then set @ = R;/4 and we consider the
function

Since

a<u—o<damM;) —a <20, —«

we deduce from Corollary 3.2 that
1 W
—<——-<C (28)
C H
for some C only depending on n, s and the initial data.
Let us now analyze the evolution equation satisfied by W. By Lemma 2.3(ii), the fractional mean

curvature satisfies the equation

0; Hy . Hs(y)_Hs(x) . I—V(}’)'V(X)
BU-9) S h—xrt du(y) + (Hs(x) — h(1)) =P du(y).
Recalling (27) and neglecting the positive terms containing /4 (¢), we find
3zW(X,f): 1 H(y) — Hy(x) du(y) + Hg(x) — h(f)/ I—v(y)-v(x) du(y)
25(1—s)  u@)—a log, Iy —xP u@ —a Jop, Iy—xpts Y
H;(x) —H(x) + h(1) / xTv(y) )
- + | ——_d
(u(x)—a)Z( 25(—5) Jog Ty O
1 H;(y) — Hy(x) H;(x) I—v(y)-v(x)
d d
“w—a oy —x FOTi —a fy Iy —aprs HY
Hi(x) —H;(x) / xTv(y) )
— —d . (29
(u(x)—oz)2(2s<1—s)+ e, Ty s WO 2D
We can write
H(y)—H; WiHy)—W(x
Lnﬂ(x)du(y): (u(y)—a)Lf)d N+W(x )/ —i)du(y)- (30)
aE,  |y—x| IE, |y—x["+s x|nts
Observe also
f u(y)—brtl(:i) du(y)=f y-u(y)—x-r(x) du(y)
oE, |y—x] 9g,  ly—x|**S
). T
:/ (y—x) :g)d (y)+/ (x +M(X)U(x))n(:S(Y) v(x)) du(y)
aE, |y—x| IE, ly—x]

1 ") f 1—v(x)-v(y)
= H,(x)+ d du(y). (31
20—y B /am s GO U o 4HO)- G
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From (30) and (31) we deduce that

1 Hy(y)—Hy(x) Hy(x) / xTv(y)
d — d
w—a by, y=xrt PO TG —a? Jyp Ty MO
1 (W () =W () (u(y)—a) R We) [ 1-v@)v()
= d — W= d .
u()—a Jog, y—x|" s HOt Y T O o=a L, Ty 4RO
We then conclude from (29)
oW 1 f W) =Wy —o)
25(=5) " u@ —a Ly, [y =P o
I+s _, W@ 1= @) v(y)
P " Yum—aly y—apr HO)- G

Recalling the estimate of Proposition 4.2 and (28), we immediately obtain:

Corollary 5.1. At any point where the spatial maximum for W (-, t) is attained, we have
W < CIW? — CLW? (33)
for constants C1, Cy only depending on n, s and the initial data.

We are now ready to prove the upper bound on the fractional mean curvature.

Theorem 5.2. Let Ey be a convex subset of R" and My = 0Eqy. Let F : My x [0, T) — R", with
0 < T < 400, be a solution of (1) of class C*# for some B > s. Then there exists K5 > 0, only depending
onn,s, Eq, such that

Hi(p,t) < K2, pe Mo,
forallt €[0,T).

Proof. Let us take an arbitrary g € [0, T). We know from Lemma 3.3 that there exists xo € R" such that
Bg,2(x0) C E; for any ¢ € [t, o +t*]. In addition, setting W = H,({(x — xo, V) — R1/4)_1, we know
that the maximum of W satisfies inequality (33) in this time interval. We need a little care because the
point xo depends on 7y and therefore the function W is defined differently in different intervals.

Let us set for simplicity F(w) =C 1w? — Crw? to denote the right-hand side of (33). We observe that
F(w) <0 for w > Cy/C,. Let us denote by w(z) the solution of the equation w’(z) = F (w(t)) defined for
t > 0 and satisfying w(z) — 400 as t — 0T, It is easily seen that such a function exists and is implicitly

+00 dw
—————— = 1.
fﬁ)(,) C2w3 — C1w2

In addition, w(¢) is defined for all ¢ € (0, +00) and decreases monotonically from +oo to C;/C>.
We now treat differently the cases #y =0 and 7o > 0. If 1o = 0, using the sign properties of the right-hand
side of (33), we obtain

defined by the formula

Cy
W(p,t) < W, —1, e M, tel0,t*].
(p, 1) maX{nAlg;s C} p [0, 7]

2
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Taking into account (28), this implies

Hy(p,t)<C', peM,tel0,r"], (34)
for a suitable constant C’. If 7y > 0, we observe instead that, again by (33),

W(p,to+1) <w(r), tel0,r*].
In particular, since w is monotone,

W(p,to+1)<w*/2), tel[t’)2,t"].
Using (28), it follows that

Hy(p,t) <C", peM,telty+t/2,t+1*]. (35)

By the arbitrariness of fy, we conclude from (34)—(35) that H,(p, t) < K, := max{C’, C"} for all p,t. O

6. The case of a nonlinear speed

In this section we study a generalization of problem (1) in which the velocity is given by a general
function of the fractional mean curvature. More precisely, we consider

{&F(p, 1) =[-P(H(p, 1) +o®)]v(p,t), peMop t=0,

(36)
F(P,O):Ps pGMO’

where

@) = ®(Hs(x))d.

Ml Jam,
We assume that ® : [0, +00) — [0, +00) is a C? function, satisfying the following properties:
(1) limy_, oo P (a) = +o00.
(ii) @'(a) > 0 for every a > 0.
(iii) limy— 400 @' (a)a?/®(a) = +o00.

Typical examples are functions of the form ®(a) = a” with p > 0, but hold in many other cases,
e.g., ®(a) = e or ®(a) =In(a 4+ 1). Assumption (ii) ensures that @ (Hy) satisfies the monotonicity
assumption (A) in [Chambolle et al. 2015, Section 2] (monotonicity with respect to set inclusion). Hence,
by [Chambolle et al. 2015, Theorem 2.21], problem (36) is well-posed and admits a viscosity solution,
at least in the case ¢ = 0 considered in that paper. In the case of a general ® (H;), the local existence
result of smooth solutions is not yet known; there is also no result on the invariance of convexity, since
the result in [Chambolle et al. 2017] does not apply. In the classical case, convexity is preserved under
some additional structural hypotheses on @, see [Bertini and Sinestrari 2018; Andrews and Wei 2017],
and it is likely that similar results hold in the fractional case. We will not address these issues here and
we will assume instead a priori the existence of a convex smooth solution.

The aim of this section is to prove that Theorem 1.1 holds also for the more general problem (36). We
first have the following lemma. As before, we denote by E, the set enclosed by M;.
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Lemma 6.1. Flow (36) keeps the volume of E, constant and decreases its fractional perimeter Pers(E;).

Proof. The first part of the statement is an easy consequence of the choice of ¢(¢). The second part
follows exactly as in the proof of [Bertini and Sinestrari 2018, Lemma 3.1] in the local case. O

The uniform bounds on inner and outer radii and the lower bound for H; are obtained exactly as for the
®(Hy) = H, case (see Section 3), since they just rely on convexity and on the fact that the flow preserves
volume and decreases the s-perimeter. Hence, we immediately have the following:

Proposition 6.2. Let FF: My x [0, T) - R, with0 < T < 400, be a smooth convex solution of (36).
Then there exist positive constants 0 < Ry < Ry, only depending on Ey, such that

Ry < pp, < pg, <Ry forallt €[0,T).
In addition, there exists K| > 0 such that Hy(p,t) > K for all (p,t) € Mo x [0, T).

From the previous proposition, we deduce again that, by choosing a smaller radius, we can find a ball
with fixed center which remains inside E; for a time interval with fixed length; that is, Lemma 3.3 holds
also for solutions of the nonlinear flow (36). The proof of this fact is again by a comparison argument
and we refer to [Bertini and Sinestrari 2018, Lemma 3.6] for the details.

In order to prove the analogue of Theorem 1.1 for the flow (36), it remains to establish the upper bound
on H,.

Proposition 6.3. Let F : My x [0, T) — R", with0 < T < +00, be a smooth convex solution of (36). We
have that, at any time t € [0, T'),
®(H;) < K3,

where K3 is a positive constant depending only on n, s, and Ey.
Proof. The proof is similar to the one given in Section 5. We show in detail how the argument is adapted
to the case of a general speed, for the sake of clarity. We consider again the support function
u(p,t) =(F(p,1),v(p, 1))
If now F evolves according to (36), recalling Lemma 2.2(iii) and the expression for VM H;, we have
ou = (0, F, v) + (F, 0;v)
= —®(H,) +¢(1) + ' (H,)(F, VM Hj)
vy

M, |x —y[nts

Moreover, using Lemma 2.2(ii), we have that the fractional mean curvature satisfies

atHS ¢ HS _¢ HS 1— .
g [ SO B fi)+ (@0 — p(0) 120 2 gy, G39)
2s(1—3) . |x — I M, X =yl

= —®(Hy) + ¢(t) +2s(1 — 5) ' (Hy) du(y). (37)

We define, much as before, but with the new velocity ®(H;),
_ ®(H)
ux)—ao’
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where « is chosen in the same way as in Section 5. We have that

aw 1 [fb/(Hs)a,Hs_ CD(HS)B,u:|
2s(1—s)  2s(1—s)| u(x)—a  (u(x)—a)?
CDI Hs P Hs —-P Hs 1— .
=M[ f LOD=PECD) ) (3)-4(@ (Hy () — (1) L,ffsy)du(y)]
ux)—a [ Jam, lx—y| M, |x=yl
®(H,(x)) [ —P(H,(x)+o(1) xTv(y)
_(M(X)—a)2[ 25(1—s) TG M, Ix—yl"“d ( )]
- ' (Hy(x)) [/ CD(Hs(y))—CD(Hs(X))d L)+ (H, (x))/ 1—v(x)- V(y) (y)}
u(x)—o . |x —y[nts —y|rts
D(Hs(x)) [ —DP(Hs(x)) | _, xTv(y)
_(u<x>—a>2[ 25(i—s) TR [y O )}' 2
By the definition of W we have that
@ (H,(y)) — O (H,
/ (Hs(y)) n+(v (x)) du(y)
M, lx — ¥
W 114 -
/ () -y T=IED gy pwey [ B0 ) @)
lx — y|*+ M, lx =yt

Moreover, formula (31) holds unchanged, since it is independent of the velocity:

1—v(x)- v(y)
lx—ylr d““(y)_z(l_s)HS(xH_ M, lx—y|rts du(y)— ”(x)/ ﬁ n(y). (41

/ u(y)—u(x) _ 1 )
M

We combine now (40) and (41) to get

1 f P (Hy(y) — P(Hs(x)) du(y)

ulx)—o

1 w - W
_ W) —ay L=V 4y

ux) —o Ja, lx — y|rts

W) 1 2 v(y) V() v(y)
+u(x)—a[2(1—s)HS(x)+/ =y M(Y)—u(x)/ ﬁdu(y)]

W w H; (x)® (Hj
/(()_)(y) (x)d()Jr (x)®(H,(x))

|x_y|n+s

u(x)—a =y KT 0= —a)?
W (x) T w(y) W (x) 1= v(x) ()
v —a |x—y|n+s du(y)—u(x)_au(x) » Tyt du(y). (42)
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Finally, plugging (42) into (39), we obtain

W / 1 W) —Wx)(u(y)—a)
m <® (H‘Y)|:u(x)—oe / t P du(y)]
w2 , Hy(x) a 1—v(x)-v(y)
_+bﬂ—1)+¢(Haw[ﬂl—wadm—u)_MQO—a/1[|x—ﬂmH d“oﬂ' “43)

This inequality is the analogue of estimate (32) in the presence of a nonlinear speed ®. Again, we use
Proposition 4.2 to bound the last term and we get

oW
2s(1—s)
<<I>’(Hs)[ 1 /' (W(y)—W(X))iu(y)—Ot) du(y)]JrC]WzJFWCD (HS)HS[Cz—CgHS]. (44)
ux) —a Jum, |x —y|"** (u(x) — o)
Setting VT/(t) =sup,,, W(x, 1), we have
0, W () < CiW? + W[Cz — C3H],

where H; = Hy(x, t) for a suitable X such that W(x, ) = W(t).

We choose now K > 3C,/C3, so that Hy > K implies C, — C3Hy < —2C3 H, /3. Suppose now that
there exists ¢t* such that W(t*) > ©(K)/a. Recalling that # — o« > « and using the monotonicity of &,
we deduce that Hg(x*, t*) > K for any x™* such that W (x*, t*) = VT’([*). Hence, at t = t*, we have

2C3 W' (Hy) H?

W < CyW?
3(u—aw)

/ 2
ekt

3 ®(Hy)
By property (iii) of @, we can choose K large enough so that if H; > K we have

2C5 ' (H,)H?
C,— 2C; P(Hy)HY <1,
3 ®(Hy)
which gives

W< —W2

From this last estimate, the conclusion follows by a comparison argument, exactly as in the proof of
[Bertini and Sinestrari 2018, Proposition 3.7]. (I

As a consequence of the boundedness of the speed ®(H,) and of property (i) satisfied by @, and
recalling Proposition 6.2, we deduce the following:

Corollary 6.4. We have that Hy is uniformly bounded in (0, T).

7. Convergence to a sphere

In this section we prove our convergence result (Theorem 1.2 for the case ® (H;) = Hy), which for the
general problem (36) reads as follows:
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Theorem 7.1. Let F : My x [0, T) — R*, with0 < T < +00, be a smooth convex solution of (36) of
class C*P for some B > s which satisfies property (R). Then T = +o00, and M, converges to a round
sphere as t — +o00 in C*P norm, possibly up to translations.

We first observe that, by the lower and upper bounds on H;, we have that ®'(H;) is bounded from
above and below by positive constants for every ¢ € [0, 4-00).
The crucial step in the proof of Theorem 7.1 is the following result.

Proposition 7.2. Under our assumption, we have that

lim max |®(H)(x) —@(t)| =0.
t—-+00 M,

Proof. The proof follows the one in [Bertini and Sinestrari 2018, Proposition 4.4]. For any ¢, let H, (1) be
such that ® (H, (1)) = @(t). Then, recalling (8), we have

iPers(Et) = / Hypdp — H;®(Hy) dp
dt M, M,

=, (H; — Hy)(®(Hy) — ©(H,)) dp

= —f |Hy — Hy||®(H) — P (Hy)| dps.
My

Hence, using the boundedness of &', we deduce that

d
= Per,(E;) < —
dl erb( t) sup CI)/

/ |®(Hy) — ®(Hy)[*dp = —

t

O(H,) — o> du.
sup@D//M,' (Hy) —ol"du

Suppose now, by contradiction, that there exists & > 0 such that |® (Hy) — ¢| = ¢ at some point (p, ).
By our regularity assumption and using Theorem 2.1, we have that H is uniformly Lipschitz; therefore
there exists a uniform radius »(g) > 0 for which

| (H) —¢l > 5 in B((p.D).r(e)),
which implies

4 Pery(E;) < —n(e) forany:t e[t —r(e),t+r(e)],

dt
for some 1 > 0. The fact that Per;(E;) > 0 and is decreasing in time implies that the above property
cannot hold for 7 arbitrarily large. This shows that |® (Hy) — ¢| tends to zero uniformly. U

We are now ready to give the proof of our convergence result.

Proof of Theorem 7.1. Using our regularity assumption (R) and the uniform bounds for Hy of Corollary 6.4
and Theorem 1.1, we deduce that the flow exists for all ¢ € [0, co) and that the hypersurfaces M;, possibly
up to translations, are bounded in the C># norm uniformly in 7. Hence, the M, are precompact in
C2F for g/ < B. By Proposition 7.2 and the stability results of [Cozzi 2015], we have that any possible
subsequential limit as t — 400 has constant fractional curvature. Then Theorem 2.4 ensures that the limit
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is a ball, with radius uniquely determined by the volume constraint. The uniqueness of the subsequential
limit easily implies that the whole family M, converges to a sphere as t — +o00. Il
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C*-ALGEBRAS ISOMORPHICALLY REPRESENTABLE ON [?

MARCH T. BOEDIHARDJO

Let p € (1, 00)\{2}. We show that every homomorphism from a C*-algebra A into B(I”(J)) satisfies a
compactness property where J is any set. As a consequence, we show that a C*-algebra A is isomorphic
to a subalgebra of B(I”(J)), for some set J, if and only if A is residually finite-dimensional.

1. Introduction

For 1 < p < oo and a set J, let [”(J) be the space

{f:J—>C:ZIf(j)I”<OO}
jeJ

with norm ]

r
IfIl = (Z If(j)l”) :
jeJ
Two Banach algebras .4, and A; are isomorphic if there exist a bijective homomorphism ¢ : A; — A
and C > 0 such that

éllall < ll¢@l = Cllall

for all a € A;. The algebras .4, and A; are isometrically isomorphic if, moreover, ¢ can be chosen so
that ||¢ (a)|| = ||a|| for all a € A;.

Gardella and Thiel [2020] showed that for p € [1, c0)\{2}, a C*-algebra A is isometrically isomorphic
to a subalgebra of B(I”(J)), for some set J, if and only if .4 is commutative. So it is natural to consider the
question of whether this result holds if we relax the condition of isometrically isomorphic to isomorphic.
In this paper, we show that for p € (1, 00)\{2}, a C*-algebra A is isomorphic to a subalgebra of B(I”(J)),
for some set J, if and only if A is residually finite-dimensional (Corollary 2.2). We prove this by
showing that every homomorphism from a C*-algebra A into B(/”(J)) satisfies a compactness property
(Theorem 2.1).

The proofs of the main results Theorem 2.1 and Corollary 2.2 in this paper are quite different from
the proof of Gardella and Thiel’s result. Lamperti’s characterization [1958] of isometries on L?, for
p # 2, plays a crucial role in the proof of Gardella and Thiel’s result, while uniform convexity of /?, for
1 < p < 00, and an argument in probability that imitates the proof of Khintchine’s inequality [Lindenstrauss
and Tzafriri 1977, Theorem 2.b.3], for p = 1, are used in the proof of Theorem 2.1.

MSC2010: 46H20.
Keywords: [P space, C*-algebra.
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2. Main results and proofs

Throughout this paper, the scalar field is C. For algebras .4; and A, a homomorphism ¢ : A| — A is a
bounded linear map such that ¢ (ajaz) = ¢ (a;)¢ (ay) for all ay, a; € A. For an element a of a C*-algebra,
la| = v/a*a. The algebra of bounded linear operators on a Banach space X is denoted by B(X) and
the dual of X is denoted by X* For 1 < p < oo, the [” direct sum of Banach spaces X, for @ € A,

is denoted by (@ae/\ Xa)zp-
operator S : X — AX,. A C*-algebra A is residually finite-dimensional if for every a € A, there is a

Two Banach spaces X| and X, are isomorphic if there is an invertible

x-representation ¢ of A on a finite-dimensional space such that ¢ (a) # 0.

Theorem 2.1. Let p € (1, 00)\{2}. Let J be a set. Let A be a C*-algebra. Let ¢ : A — B(IP(J)) be a
homomorphism. Then

(i) the norm closure of {¢p(a)x :a € A, ||la|| < 1}inlP(J) is norm compact for every x € [P (J), and
(ii) A/ ker ¢ is a residually finite-dimensional C*-algebra.

Corollary 2.2. Let p € (1, 00)\{2}. A C*-algebra A is isomorphic to a subalgebra of B(I” (J)), for some
set J, if and only if A is residually finite-dimensional.

Theorem 2.1 and Corollary 2.2 will be proved at the end of this section after a series of lemmas
are proved. Theorem 2.1 has an easier proof when ¢ is contractive. Indeed, if ¢ : A — B(?(J)) is
a contractive homomorphism, then the range of ¢ is in the algebra of diagonal operators on [”(J) by
[Blecher and Phillips 2019, Proposition 2.12] (or by [Gardella and Thiel 2020, Lemma 5.2] when J is
countable). Thus, {¢(a)x :a € A, |la| <1} is norm relatively compact, for every x € [P (J), and A/ ker ¢
is commutative.

It is not known if Theorem 2.1 and Corollary 2.2 hold for p = 1. However, throughout their proofs,
we use, in an essential way, the assumption that p is in the reflexive range. For example, in the proof
of Theorem 2.1(i), we use the fact that every bounded sequence in /[P (J) has a weakly convergent
subsequence. In the proof of Corollary 2.2, we use a classical result of Petczynski that the /? direct sum
of finite-dimensional Hilbert spaces is isomorphic to [ (J) for some set J. This result of Pelczynski holds
only when p is in the reflexive range.

The structure of the proof of Theorem 2.1(i) goes as follows: If the closure of {¢(a)xg:a € A, |la] <1}
is not compact for some xy € [P (J), then we can find a bounded sequence in (by)ren in A such that
¢ (br)xo — 0 weakly, as k — oo, and infyen ||@ (br)xo|| > 0. Assume that p > 2. In Lemma 2.5, we show
that ¢ (b;) — 0 weakly implies that @ (b} by) — 0 for all positive linear functionals w : A — C of the form
w(a) = y;(¢(a)xp). This is proved by considering ZZZI 31by for random 64, ..., §, in {—1, 1} and by
exploiting p > 2. Lemma 2.9 says that when y; € (/”(J))* is suitably chosen, w (b} by) — 0 implies that
¢ (br)xoll — 0O, which contradicts infyen ||¢ (br)x || > 0. This is proved by using the uniform convexity
of IP(J).

Theorem 2.1(ii) follows from Theorem 2.1(i) by using a GNS-type construction and a classical result
about compact unitary representations of groups on Hilbert spaces.

The following two lemmas are needed for the proof of Lemma 2.5.
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Lemma 2.3. Let A be a unital C*-algebra. Let a € A. Then there exists a sequence (c,)nen in A such
that ||c,|| <1 foralln e N and |a| = lim,_ « cpa.

Proof. Without loss of generality, we may assume that ||a|| < 1. For n € N, define g, € C|[0, 1] by
L <

gn(x) = {ﬁ T

ny/nx, 0<

Take ¢, = gn(a*a)a™ Then c,c) = g,(a*a)a*ag,(a*a). Note that

1, 1
Xgn(x)z = {n3x3 8

Thus, 0 < xg,,(x)2 <1 forall x € [0, 1] and so 0 < ¢,c; < 1. Hence |[c,|| < 1.

We have
f

X, 1
n
ny/nx2, 0

xgn(x) = {

and so
1
lxgn(x) — /x| < ﬁ for all x € [0, 1].

Since c,a = g,(a*a)a*a, it follows that

1
lcna — va*all < ﬁ

Thus, the result follows. O

Lemma 2.4. Let A be a unital C*-algebra. Let w be a positive linear functional on A. Leta € A. If

a > 0 then

2 2 4.1
w@®) <w(a)3w(a’)s.
Proof. There exists a measure p on [0, ||a||] such that

w(f(a))=ff(X)du(X),
for all f € C[O, ||a]|]. So

w (@) =/x2d,u(x) < (/.xdpa(x))3 (/ xA'cl’,u(x)>3 =a)(a)%w(a4)%. O

Lemma 2.5. Let 2 < p < o0. Let J be a set. Let A be a unital C*-algebra. Let ¢ : A — B(I’(J))
be a unital homomorphism. Let xo € [P (J). Let y; be a bounded linear functional on I?(J). Define
w: A— Cby

w(a) = y5 (¢ (a)xo),

fora € A. Assume that w is a positive linear functional. Let (by)ren be a sequence in A such that ||by|| <1
for all k € N and ¢ (bi)xo — 0 weakly as k — oo. Then w(b;b;) — 0 as k — oo.
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Proof. By contradiction, suppose that @ (b} b;) does not converge to 0. Passing to a subsequence, we have
that there exists y > 0 such that w(b;by) > y for all k € N.

Since || (br)xoll < 1|l llxoll and ¢ (br)xo — 0 weakly, passing to a further subsequence, we may assume
that there are z1, zo, ... in [”(J) with disjoint supports such that ||zx|| < ||@]ll|xoll and ||¢ (bx)xo — zk || <
1/2F for all k € N.

Let n € N. For each § = (61, ...,6,) € {—1, 1}", let

n
> b
k=1

as = e A.

By Lemma 2.4,

0 (a}) < w(as)iw(a})s.

Thus,
2 1
Ew(a;) < [Ew(as)]’ [Eo(a})]5,
where [E denotes expectation over § = (31, . . ., 6,) uniformly distributed on {—1, 1}".
Note that
n * n
Ew(a?) = Ew ((Z (Skbk) (Z 5kbk)>
k=1 k=1
n
= [Ea)( > ajakbjbk) = Y EGs0o®ib) =) obib) =ny.
1<j,k<n 1<j,k<n k=1
Therefore,
2 1
ny < [Ew(as)]’ [Eo(a})]5. (2-1)
We have

n * n 2
a,? = [(Z 8kbk> (Z 8kbk>] = Z 8k1 8k28k3 8k4b:1 bkz bli bk4 .
k=1 k=1

1§k1,...,k4§n

Since ||by]| < 1, it follows that

Foa) = > E@kdudud)o®;bubib) < D E(k068k5,).

1<ki,....k4=<n 1<ki,....k4<n

Note that E(8k, 6x,0k,0k,) = 0 unless the following occurs:
(kl = k2 and k3 = k4) or (kl = k3 and k2 = k4) or (k] = k4 and k2 = k3).

Thus, Eo (a?) < 3n2. So by (2-1), we have ny < 33n3[Ew(as)]3. Hence,

|\Em

NI—=

Ew(as) > nz.

(2-2)

(98]
=

Fix 6 € {—1, 1}". By Lemma 2.3,

w(ag):w<

n
Z Siby
k=1

w(c i (Skbk)
k=1

) < sup
ceA, |lcli=1
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For c € A with ||c| <1,

‘a) (c 2”: (Skbk)
k=1

v (¢ (c) (Z Scp (bkm)) ‘
k=1

<551l | > s (br)xo
k=1
n n 1 1
<lygl ||¢||( > ek +Z§) < Iys il gl xolin? + 1),
k=1 k=1

where the last two inequalities follow from the fact that z1, z2, . . . have disjoint supports, ||zx|| < l|@]l |xoll
and ¢ (br)xo — zx|| < 1/2%. Thus,

1
w(as) < lyglll@lli@ll lxolln? +1) forall 6 € {—1, 1}".
So by (2-2),

3
2 1

] —
—n2 Z|lyslllidiglllxollnr +1).

Since n can be chosen to be arbitrarily large and p > 2, an absurdity follows. (I

For 1 < p <2, we have the following result, where the order of b} and by is switched, by using the
dual /? space in Lemma 2.5.

Lemma 2.6. Let 1 < p < 2. Let J be a set. Let A be a unital C*-algebra. Let ¢ : A — B(IP(J)) be a
unital homomorphism. Let xo € [P (J). Let y; be a bounded linear functional on IP. Define w : A — C by

w(a) = yy(¢(a)xo),

fora € A. Let (by)reN be a sequence in A such that ||b| < 1 for all k € N and such that the sequence
¥5 0 @ (br) of bounded linear functionals on 1P (J) converges to 0 weakly as k — oo. Assume that w is a
positive linear functional. Then o (byb}) — 0 as k — o0.

Proof. Let A; be the unital C*-algebra consisting of the same elements as .4 but with reverse order
multiplication

a-b=bhba.
Define a unital homomorphism ¢, : . A; — B((I”(J))*) by
p1(@)y* =y og(a),
foralla € Ay, y* € (I?(J))* Define w; : A — C by
wi(a) = w(a) = x5" (¢ (a)yy),
for all a € Ay, where x§* is the image of xq in the bidual (/”)**. By Lemma 2.5, the result follows. [J

The following two lemmas are needed for the proof of Lemma 2.9.
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Lemma 2.7 [Clarkson 1936]. Let 1 < p < 0o. Let J be a set. For every € > 0, there exists y > 0 such
that, for all x,y € 1P (J) satisfying || x|, ||y]| <1 and ||x +y| >2—y, we have ||x — y| <e.

Lemma 2.8 [Russo and Dye 1966]. Let A be a unital C*-algebra. Then the closed unital ball of A is the
closed convex hull of the set of all unitary elements of A.

Lemma 2.9. Let 1 < p < o0. Let J be a set. Let A be a unital C*-algebra. Let ¢ : A — B(IP(J)) be a
unital homomorphism. Let xo € [P (J). Then there exists y; € (IP(J))* such that w : A — C,

w(a) = yy(@(a)xo), a€A,

defines a positive linear functional and, for every € > 0, there exists y > 0 such that whenever a € A
satisfies ||a|| < 1 and w(a*a) < y, we have ||¢(a)xy|| < €.

Proof. Let U(A) be the set of all unitary elements of A. Let (v,),en be a sequence in U (A) such that
lim [|¢(va)xoll = sup @ (u)xoll.
n—0o0 uel(A)
For each n € N, let x} be a bounded linear functional on /7 (J) such that ||x;|| =1 and x; (¢ (v,)x0) =
l¢ (va)xoll. Then x; o ¢(v,) is a bounded sequence in (/”(J))* Passing to a subsequence, we may
assume that x;; o ¢ (v,) converges weakly to a bounded linear functional y; € (I”(J))* as n — oo. Thus,
w: A—C,

(@) = y§($(@)x0) = lim x7(@(vaa)xo),

for a € A, defines a bounded linear functional on .A. Note that
(1) = lim x,(¢(vy)x0) = lim [[¢(vy)xoll = sup |lé(u)xoll,
n—00 n—o0 ueld(A)
and, for every ug € U(A),
lw(uo)| = lim |x; (¢ (vauo)xo)| < sup [¢u)xoll.
n—00 uel(A)
So by Lemma 2.8, we have ||| < sup, g4, ¢ (u)xoll. Thus, w(1) = [lw]|| and hence w is a positive
linear functional.

By contradiction, suppose that there are € > 0 and a sequence (ay)ren in A such that ||ag|| < 1 and
l¢ (ar)xoll > € for all k € N and w(a;ax) — 0 as k — oo. We have

I¢@xoll _ e
1Tl = Tl lxoll

for all k € N. For k € N, let by = ay/|lax]l. We have ||b|| = 1 and ||¢ (br)xo]| > € for all k € N and
w(b;by) — 0 as k — 0.

laxll =

Since ||x;]| =1,
liminf 16 (v,) (1 = b0 + ¢ (va)0ll = Timinf [x7 (& (un) (1 — 1Bil)x0) + 3 (6 (va)x0)]
=w(l —|b]) + o (1) =2w(1) — o (|bkl).
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Thus,
limint ||¢ (v,)¢ (1 = [be)xo + ¢ (va)xoll = 20 (1) — @ ([bk]).-
But '
o)1 —1biDxoll = sup  [[¢(D)xoll 11— [blll = sup [l )xoll = w (1)
beA, |Ibl<1 ueld (A)
and ||¢ (v,)xgll < w(1) for all n € N. Take
x = ﬁﬂvr,)d)(l —|bk)xo and y= ﬁd)(vn)m

in Lemma 2.7 and note that w (|br|) < a)(b,"(‘bk)%a)(l)% — 0 as k — o0o. We have

Jim lim sup [ (va)¢p (1 — [bi[)xo — ¢ (vn)xo]| = 0.

n—oo

Thus,
lim lim sup ||¢ (vy)@ (|bx[)xoll = 0.

k=00 n—o0

So [[¢(1bk)xoll — 0 as k — oo. Since

1\~! 1 1\~!
be=bi(1l+7) (bd+7) and |o(id+7) | =<1,
it follows that ||¢ (bx)xo|| = 0 as k — oo which contradicts ||¢ (b ) x| > €. O

Proof of Theorem 2.1(i). Without loss generality, we may assume that A is unital by extending ¢ to a
homomorphism from the unitization of A into B(I”(J)). We may also assume that ¢ is unital since ¢ (1)
is an idempotent on [”(J) and the range of every idempotent on /”(J) is isomorphic to [? (Jy) for some
set Jo [Pelczyriski 1960; Johnson 2012].

Let xg € I”. Let (ax)ren be a sequence in A such that ||ai|| < % for all £k € N. We need to show that
(¢ (ar)xo)ren has a norm-convergent subsequence.

Case 1: p > 2. Passing to a subsequence, we may assume that (¢ (ax)xo)ren converges weakly to an
element of /”(J). Thus, ¢ (ax, — ax,)xo — 0 weakly as ky, ko — oo.
By Lemma 2.5, we have

lim  w((ak, — ax,)*(ax, —ar,)) =0
kl,kzﬁoo

for every positive linear functional @ : A — C of the form w(a) = y;(¢(a)xo) fora € A. By Lemma 2.9,
we have limg, x,— o l|@ (ar, — ax,)xoll = 0. So (¢ (ax)xo)ken 1S norm-convergent.

Case 2: p < 2. Passing to a subsequence, we may assume that (y; o ¢ (a;))ren converges weakly to an
element of (/7 (J))* Thus, y*o qﬁ(a,fl — a,j‘z) — 0 weakly as kq, ko — oo for every y* € (I7(J))*
By Lemma 2.6, we have

Jim w((af, —ag,) (@}, - a;,)") =0

for every positive linear functional @ : A — C of the form w(a) = y;(¢(a)xo) fora € A. By Lemma 2.9,
we have limy, x,—o0 ||¢ (ak, — ak,)xoll = 0. So (¢ (ax)xo)ken 1s norm-convergent. [l



2180 MARCH T. BOEDIHARDJO

Lemma 2.10 [Kerr and Li 2016, Theorem 2.24]. Let G be a group. Let H be a Hilbert space. Let
Y : G — B(H) be a unital homomorphism such that Vr(g) is unitary forall g € G. If {{(g)x : g € G} is
norm precompact in H for all x € H, then H is the direct sum of some finite-dimensional subspaces H,
for a € A, such that Hy, is invariant under ¥ (g) foralla € A and g € G.

Proof of Theorem 2.1(ii). As in the proof Theorem 2.1(i), we may assume that 4 is unital and ¢ is unital.
We may also assume that ker ¢ = {0}. Let ag # 0. There exists xg € [”(J) such that ¢ (ap)xo # 0. By
Lemma 2.9, there exists y; € (I”(J))* such that w : A — C,

w(a) = y5 (¢ (a)xo),

for a € A, defines a positive linear functional and w(ajag) # 0.
Equip A with the positive semidefinite sesquilinear form

{a,b) =w(b*a),

for a, b € A. Consider the ideal A9 = {a € A: (a, a) =0} of A. Let H be the completion of the quotient
space A/ Ap. Then H is a Hilbert space. For each a € A, we can define a bounded linear operator on #H
by sending b + Ag to ab+ Ag forbe A. Son: A— B(H),

n(a)(b+ Ag) = ab+ Ao,

for a, b € A, defines a unital *-homomorphism. We have

(@) (®+Ao) —n(a2) (b + Ag)ll = & (b* (a1 — az)*(a1 — a2)b)
= Y5 (@b (a1 — a2)* (a1 — a2)b)xo)
<llysllello* [ llar — a2l ¢ (ar — az) (B)xoll.,

for all ay, ax, b € A. By Theorem 2.1(i), we have that {¢(a)xp : a € A, |la| < 1} is norm precompact
so {n(a)(b+ Ag) : a € A, |la]| < 1} is norm precompact for all b € A. Let U(.A) be the set of all
unitary elements of A. By Lemma 2.10, we have that # is the direct sum of some finite-dimensional
subspaces H,, for « € A, such that H,, is invariant under 7 (u) for all « € A and u € U(A). Note that H,,
is thus invariant under 7 (a) for all a € A.

Since w(agap) # 0, we have n(ap) # 0. So n(ap) # 0 on Hy, for some o € A. Thus, A is residually
finite-dimensional. O

Proof of Corollary 2.2. One direction follows from Theorem 2.1. For the other direction, suppose that
A is a residually finite-dimensional C*-algebra. Then there is a collection (¢ )yea Of *-representations
of A on finite-dimensional Hilbert spaces H, such that |a|| = sup,cp ¢« (a)| for all a € A. Define
¢: A= B((Byer Ha);p) bY ¢ = Byep da- Thus ¢ is a norm-preserving homomorphism. However,
it is a classical result of [Petczyniski 1960] that for 1 < p < oo, the [? direct sum of finite-dimensional
Hilbert spaces is isomorphic to [”(J) for some set J. Therefore, A is isomorphic to a subalgebra of
B(I7(J)), via the map a — S¢(a)S~!, where S : (@aeA Ha)l,, — [P(J) is any invertible operator. [
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EXPONENTIAL CONVERGENCE OF
PARABOLIC OPTIMAL TRANSPORT ON BOUNDED DOMAINS

FARHAN ABEDIN AND JUN KITAGAWA

We study the asymptotic behavior of solutions to the second boundary value problem for a parabolic PDE
of Monge—Ampere type arising from optimal mass transport. Our main result is an exponential rate of
convergence for solutions of this evolution equation to the stationary solution of the optimal transport
problem. We derive a differential Harnack inequality for a special class of functions that solve the
linearized problem. Using this Harnack inequality and certain techniques specific to mass transport, we
control the oscillation in time of solutions to the parabolic equation, and obtain exponential convergence.
Additionally, in the course of the proof, we present a connection with the pseudo-Riemannian framework
introduced by Kim and McCann in the context of optimal transport, which is interesting in its own right.

1. Introduction

Given two smooth domains 2, Q* C R" two probability measures p, n defined respectively on 2
and ©* and a Borel measurable cost function ¢ : Q@ x Q* — R, the optimal transport problem is to find a
u-measurable map T : Q — Q* satisfying Tz = n (where Ty (E) := w(T~Y(E)) for all measurable
E C Q%) such that

/ c(x, T(x))du(x) = max / cx,S(x))du(x). (1)
Q S Q

=1
Under mild assumptions on the cost function and the measures, it can be shown that the solution 7 to
(1) exists; see, for example, [Brenier 1991; Gangbo and McCann 1996]. If the measures u and n are
absolutely continuous with respect to Lebesgue measure, and ¢ satisfies the bitwist condition (6) below,
the map T is p-a.e. single-valued and can be determined by the implicit relation

Vielx, T(x)) =Vu(x),

where the scalar-valued potential u is a c-convex function (see Definition 2.1) satisfying the Monge—

Ampere-type equation

{det[DZM(x)—A(x, Vu(x))1=B(x,Vu(x)), x€eg, 2
T(2) =Q*,

where A is a matrix-valued function and B is scalar-valued, defined in terms of the cost function ¢ and

the densities of the measures u, 1. The issue of existence and regularity of solutions to the PDE (2) has

Kitagawa’s research was supported in part by National Science Foundation grant DMS-1700094.
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Keywords: parabolic optimal transport, Monge—Kantorovich, exponential convergence, Kim—McCann metric, Li—Yau Harnack
inequality.
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been an active area of research for many years. For higher-order regularity results, we refer the reader to
[Ma et al. 2005; Trudinger and Wang 2009; Urbas 1997].
One possible approach to finding a solution to the PDE above is to solve the parabolic PDE

oru(x,t) = logdet[Dzu(x, t)— A, Vu(x,t))] —log B(x, Vu(x,t)), xe€,t>0,
G(x, Vu(x, 1)) =0, x €0%, 3)
u(x, 0) =uo(x), x €Q,

for appropriate initial and boundary conditions uo and G (see Section 2), and view a stationary solution as
t — oo as a solution to (2). The study of existence, regularity, and asymptotic behavior of solutions to the
parabolic problem (3) was initiated only recently through the works [Kitagawa 2012; Kim et al. 2012].

The main result of this paper is the following theorem on an exponential convergence rate of solutions
to the parabolic equation (3). The notation C¥1C ,k * will denote functions on a space-time domain which
are CY1 in the space variable and C* in the time variable, with corresponding norms finite. Our main
result is as follows:

Theorem 1.1. Suppose u € Cfo(S_Z x [0, 00)) is a solution on S x [0, 00) to the parabolic equation (3)
converging uniformly on Q to a stationary solution u™ as t — oo, and K is a constant such that

”u”C;‘C,Z(ﬁx[O,oo)) + ||Cllc4(§z><§*) <K. 4)

If the cost function c satisfies the bitwist condition (6), and 2 and Q* satisfy the c-convexity conditions (8)
and (9), then
(-, 1) —u™®| Lo < Cre™ " forallt >0,

for some constants C1, Co > 0 depending only on K and the dimension n.

Previous work in [Kitagawa 2012] establishes the existence of a function u € C fC tl (€ x [0, 00)) that
solves (3) for all times ¢ > 0 and converges in C%(R) to a function u®(-) as t — oo, where u>(-)
satisfies the elliptic optimal transport equation (2). Using this result and a bootstrapping argument, we
obtain the following corollary.

Corollary 1.2. Suppose the cost function c satisfies the bitwist condition (6) and the Ma—Trudinger—Wang
condition (10), and suppose Q and Q* satisfy the c-convexity conditions (8) and (9) with §, §* > 0.
Suppose the source and target measures (. and n are absolutely continuous with smooth densities that
are bounded away from zero and infinity on Q and Q* respectively. Finally, suppose the initial condition
ug € CH4(Q) for some a € (0, 1] is locally, uniformly c-convex (as in Definition 2.1) and satisfies the
boundary compatibility conditions (12). Then u satisfies the hypotheses of Theorem 1.1 above.

Proof. Under the Ma—Trudinger—Wang condition (10) and the uniform c- and c*-convexity of the domains
(i.e., (8) and (9) with §, 6* > 0), global C%"‘C,l’“ estimates of the solution u(x, t) to (3) were obtained
in [Kitagawa 2012, Theorems 10.1 and 11.2, and Section 12]. Thus, by applying boundary Schauder
estimates for linear uniformly parabolic equations in nondivergence form with uniformly oblique boundary
conditions (see [Lieberman 1996, Theorems 4.23 and 4.31]) to the linearized equation (18), we obtain the
desired higher regularity of u. U
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Remark 1.3. One particular motivation for this exponential convergence result comes from numerics
for optimal transport. Since the stationary state of (3) gives rise to the solution of the optimal transport
problem between the measures p and 7, one could attempt to implement an algorithm that is initiated with
some c-convex potential function and flows toward the desired solution via (3). Establishing quantitative
rates of convergence for such an algorithm is consequently of paramount importance. One difficulty that
should be noted here is that in the case with nonempty boundary, due to compatibility requirements with
the boundary condition, there are some restrictions on what can be taken as an initial condition (compare
to the case of no boundary, where one can simply take a constant function), and it is not always clear how
to generate initial data that will still provide global existence. We plan to explore this issue of finding
appropriate initial conditions in future work.

1A. Prior results and the contributions of this paper. The parabolic flow (3) on Riemannian manifolds
with no boundary was considered by Kim, Streets, and Warren [Kim et al. 2012], under a strong form of
the Ma—Trudinger—Wang condition (10); their methods strongly use that the boundary is empty. There,
the authors prove exponential convergence of the solution u of (3) to the solution u™ of the elliptic
equation (2); see [Kim et al. 2012, Theorem 1.1]. Their proof relies on establishing a Li—Yau-type Harnack
inequality for solutions to the linearization of (3), coupled with the observation that this linearization is
actually a heat equation where the elliptic part is a conformal factor times the Laplace—Beltrami operator
of a conformal change of a metric defined from the solution of the parabolic evolution itself; see [Kim
et al. 2012, Proposition 5.1] and the discussion preceding Proposition 2.7 below.

However, presence of a boundary turns out to be a major obstruction to applying the methods of
[Kim et al. 2012]. First, their method of introducing a conformal change of metric cannot be used in
two dimensions: when there is no boundary, it is possible to convert the two-dimensional problem to
a three-dimensional one, but such a technique simply does not work when the boundary is nonempty
and is required to satisfy certain convexity properties. Second, the linearization of (3) is a Neumann
boundary-value problem with respect to a time-varying Riemannian metric, for which there is no general
known Harnack inequality. Existing results require that the metric itself satisfy some specific evolution,
such as Ricci flow [Bailesteanu et al. 2010] or Gauss curvature flow [Chow 1991]. Thus while there
is a sizable body of work on differential Harnack inequalities, none of them are directly applicable
to the linearization of (3). We also mention the result [Schniirer and Smoczyk 2003], which treats a
nonlinear evolution equation arising from Gauss curvature flow that resembles (3) in the case where the
cost function is c(x, y) = (x, y), with nonempty boundary. The authors of [Schniirer and Smoczyk 2003]
also obtain an exponential convergence result, but assume certain structural assumptions on the function
B in (3) that are not satisfied in the optimal transport case, and impose additional constraints on the initial
data ug.

The contributions of this paper are as follows. First we show it is possible to obtain a Harnack inequality
for a certain subclass of solutions to the linearized equation. In the interior, this can be shown by a
series of estimates similar to that of [Kim et al. 2012] with no boundary, but as mentioned above, a
different method must be employed to settle the two-dimensional case. In dealing with the boundary,
we must carefully exploit the curvature conditions imposed on the boundaries of both the source and
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target domains in order to choose the correct class of solutions for which we can obtain the Harnack
inequality. Once we have a Harnack inequality for such special solutions, we use the fact that solutions
of the parabolic flow come from the optimal transport problem, and hence satisfy a mass-preservation
condition (see Lemma 2.3 below), to finish the proof of exponential convergence. We heavily stress
here that our approach diverges from the traditional proof of exponential convergence via the Harnack
inequality, and crucially uses the fact that there is an underlying optimal transport problem. Additionally,
we show this analysis of the boundary behavior can also be done by exploiting the pseudo-Riemannian
structure introduced in [Kim and McCann 2010] for optimal transport. More specifically, we prove a
relation between the second fundamental form with respect to the time-varying Riemannian metric on the
source domain, with the Euclidean second fundamental forms of the source and target domains under
c-exponential coordinates, which has not previously been explored.

1B. Outline and strategy of proof. The outline of the remainder of the paper and the strategy behind our
proof are as follows. In Section 2 we give the necessary background for the optimal transport problem.
We also recall the method of [Kim et al. 2012] for the proof of exponential convergence on manifolds
with no boundary, and prove here the important parabolic estimate Proposition 2.7, although with a
slightly different proof from that of Kim, Streets, and Warren. In Section 3 we obtain expressions for and
estimates on the boundary condition acting on the relevant auxiliary function. For the benefit of the reader,
we divide the proof of these estimates into the inner product case and the general cost function case. In
Section 4 we finally obtain the exponential convergence result from the estimates derived in the previous
sections; the proof we present relies on the underlying optimal transport structure of the problem. The
final Section 5 provides the aforementioned alternative, geometric approach to the boundary estimates
from Section 3.

2. Preliminaries

2A. Basic notions from optimal transport. We denote by D? V, and Dg the Hessian matrix, the gradient
vector, and the directional derivative in the direction 8 of a given function with respect to the space
variable x. Spatial partial derivatives will be denoted by subscript indices, with the actual variable specified
when necessary, while D, and D, will be used for the derivative matrix of a mapping with respect to the
variable in the subscript. We will also follow the convention of summing over repeated indices. Time
derivatives will be denoted by o;.

When considering a Riemannian manifold (M, g), we will denote the inner product and norm with
respect to the metric g by (-, ), and | - |, respectively. The notation V¥, Hess,, A,, and Ricg will be
used for the gradient, Hessian, Laplacian, and Ricci tensor with respect to g.

Regarding the cost function c(x, y), derivatives in the x-variable will be denoted by subscripts preceding
a comma, while derivatives in the y-variable will be denoted by subscripts following a comma. The
notation ¢’/ denotes the entries of the inverse of the matrix ¢; ;.

We will assume from here onward that €2, Q* are open, smooth, bounded domains in R". The outward-
pointing unit normals to €2 and d2* will be denoted by v and v* respectively. The function ~* will be
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a normalized defining function for Q*; i.e., h* =0 on 92, A* < 0 on Q, and VA* = v* on IQ* The
measures i, 17 are assumed to be absolutely continuous with respect to n-dimensional Lebesgue measure,
with densities p, p* respectively satisfying the bounds 0 < A < p, p* < A < 00 and the mass balance

/p=/ o )
Q 3k

We will also assume ¢ € C*¥(Q x ©*) for some « € (0, 1], and

condition

y = V,c(x, y) is a diffeomorphism for all x € Q,

(6)

x = Vyc(x, y) is a diffeomorphism for all y € Q*.
Forany p € V,c(x, ) and x € Q (resp. g € V,c(L2, y) and y € Q¥), we denote by Y (x, p) (resp. X (g, y))
the unique element of Q* (resp. 2) such that

(Vio)(x, Y(x, p))=p (resp. (Vy0)(X(q,y),y) =q). @)

We say 2 is c-convex with respect to Q* if the set V,c(£2, y) is a convex set for each y € Q*. Similarly,
Q* is c*-convex with respect to 2 if the set V,c(x, Q*) is a convex set for each x € Q. Analytically, these
conditions are satisfied if we have

[/ (x) = ¢Feij o, YR 1T' e = 82> forallx €89, y € O, T € T,(3R), (8)

[0 () = Ko i (e, HOHFOIEH (%) = 8*[7* forall y € 9Q*, x € Q, T* € T,(3Q%) (9)

for some constants 8, §* > 0 respectively, where we will always sum over repeated indices. If § (resp. 6*)

is strictly positive, we say that Q is uniformly c-convex with respect to Q* (resp. Q* is uniformly c*-convex
with respect to 2).

Define the matrix-valued function A by A(x, p) := (D%c) (x, Y(x, p)). Since Y (x, p) satisfies the
equation (V,c)(x, Y (x, p)) = p, we can differentiate implicitly in p to get

(D7 ,0)(x, Y (x, p))D,Y (x, p) =1,.
Similarly, differentiating the equation (V.c)(x, Y (x, p)) = p in x gives
(D3e)(x, Y (x, p)) + (D3 ;o) (x, Y (x, p) Dy Y (x, p) =0.

We have chosen the convention (DY), = Y

., for differentiation either in the x- or p-variables. It follows
that

A(x, p) = (Do) (x, Y (x, p)) = —(D,Y) " (x, p) DY (x, p).

Definition 2.1. A function ¢ : Q — R is said to be c-convex if for any point xg € €2, there exists a yg € Q*
and A € R such that
@ (x0) = c(x0, yo) + Ao,
o(x) >c(x,y0) + Ao forall x € Q.
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A function ¢ € C%(R) is said to be locally, uniformly c-convex if D*@(x) — A(x, V(x)) > 0 as a matrix
for every x € Q.

Although we will not use it explicitly in this paper, we also mention the, by now well-known, Ma—
Trudinger—Wang condition. This condition (or rather a stronger version of it) was first used to obtain
interior C>“ regularity of solutions to the elliptic optimal transport equation (2) in [Ma et al. 2005]. It
was proven to be a necessary condition for regularity theory in [Loeper 2009], and it was shown that
classical solutions for the parabolic equation (3) exist under the same condition in [Kitagawa 2012].

Definition 2.2. The cost function c(x, y) satisfies the Ma—Trudinger—Wang (MTW) condition if
Dy, p, Ake(x, p)E'EN 0" >0 forallx € Q, p e Vye(x, %), & L. (10)

2B. The parabolic optimal transport problem. For a function u € C;‘C 12(5_2 x [0, 00)) (which, in the
sequel, will be the solution to the parabolic optimal transportation problem), we will employ the following

notation:
T(x,t)=Y(x, Vu(x,1)),

B(x, p) =|det (D} ,o)(x, Y (x, p))|-
G(x, p) =h*(Y(x, p)),

B(x,1) =VpG(x, p)lp=vu,

W(x, 1) = D*u(x, 1) — A(x, Vu(x, 1)).

p(x)
p*(Y(x, p))’

The components of the matrix W (x, 7) will be denoted by w;;, while the components of the inverse matrix
will be denoted by w/.

Using the above notation, we can now precisely state the parabolic optimal transportation problem.
We seek to find a function u € C;‘C 3(8_2 x [0, 00)) satisfying the evolution equation

du(x,t) =logdet[D%u(x,t) — A(x, Vu(x, 1))] —log B(x, Vu(x,1)), xe€Q,t>0,
G(x,Vu(x,1) =0, x €0, t>0, (11)
u(x,0) =ug(x), x €.
We require the function ug € C**(Q) for some « € (0, 1] to be locally, uniformly c-convex as in
Definition 2.1 and satisfy

{h*(Y(x,Vuo(x)))zo on 9€2, (12)
To(Q2) = @7,
where Ty(x) := Y (x, Vuy(x)).
Let us establish some basic facts which will be needed throughout.
Lemma 2.3. The function 6(x, t) := d,u(x, t) satisfies
/S;eg(x’t)p(x) dx = /Q* p*(y)dy forallt>0. (13)

Proof. Differentiating the identity 7' (x, t) = Y (x, Vu(x, t)), we obtain

TH(x,0) =Y (x, Vux, 0) + Yy (6, Vux, Otk €=1,...,n.
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In matrix notation,
D, T(x,1) = D,Y(x, Vu(x, 1)) + D,Y (x, Vu(x, 1)) D*u(x, t)
=D,Y(x, Vu(x, t))(Dzu(x, t)— A(x, Vu(x,t))
=D,Y(x,Vu(x,t))W(x,1)

= (D2 o) (. Y (x, Vu(x, )W, 1). (14)
Consequently,
det W(x, 1)
|det D, T(x,t)| = . (15)
|det(D? ) (x, T(x, 1))]

From (11), it follows that
M p(x) = |det DT (x, Dlp*(x, T (x, 1)). (16)
Integrating over €2 and using the change of variables formula yields the desired identity. (]

Observe that, by (13) and the mass balance condition (5), 8 must satisfy
supf(-,t) >0 and igf@(-,t)fo for all + > 0. (17
Q

Lemma 2.4. Let v denote the outward-pointing unit normal to 2, and let W and B be defined as above.

Then
W(x,t)B(x,t)
v(x) =

W, DB, )]
Proof. Fix t > 0. The boundary condition G (x, Vu(x, t)) =0 on d<2 is equivalent to saying 7* (T (x, 1)) =0
on 0€2. Therefore, by differentiating in any direction t tangential to 92, we get

forall (x,t) € 92 x [0, 00).

h(T (x, )T (x, )T =0.
In matrix notation,
(W(x, t)(DpY)T(x, Vu(x, t))Vh*(T (x,1)),t) =0.
By definition,
B(x,t)= (DPY)T(x, Vu(x, t))Vh*(Y (x, Vu(x, 1))).
Therefore,
(W(x,)B(x, 1), ) =0.

It follows that W8 is parallel to the unit outward-pointing normal vector field v on 9€2. Since 2* < 0 on €2,
we can write W8 = yv, where y > 0. Notice that by (15) and (16), W is positive definite. By bitwist (6),
and the fact that Vi™ = v*, we also know 8 is nonzero. Consequently, x = |W§| is nonzero. (I

2C. The linearized equation. Differentiating (11) in ¢ gives the following linear equation for 6:

{ce = w(0;; — Dp,Aij6k) + Dp,(log B)o — 9,0 =0 onCr:=Q x [0, T],

(18)
Dg6 =0 on 02 x [0, T),
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where Dgf := (B, VO), and where, in the coefficients, p = Vu(x, ). By the global C? estimates
established in [Kitagawa 2012], the operator £ is uniformly parabolic and, by Theorems 7.1 and 9.2
of that paper, the boundary condition Dg6# = 0 is uniformly oblique for all time. Hence, there exist
positive constants ¢y, ¢; > 0 depending only on 2, Q* B, ¢ and ug, but independent of ¢, such that
wijgiéj > c1|€|* for all (x,7) € Q and € € R", and (B, v) > ¢, > 0 forall x € 3%, 7 > 0.

Solutions to the linearized equation (18) satisfy the following maximum principle; see also [Kitagawa
2012, Theorem 8.1].

Proposition 2.5. Suppose v is a solution to the linearized equation (18). Then

max v(x,t) =maxv(x,0), min v(x,t) =minv(x, 0).
(x,0)eCr xeQ (x,0)eCr xeQ

Proof. By the parabolic maximum principle, the maximum of v occurs on the parabolic boundary
dpCr = (2 x {0}) U (32 x (0, T)). Suppose there exists (xo, fo) € Q2 x (0, T) such that v(xo, t9) =
maxy,nec, V(x, t). It then follows from Hopf’s lemma, see [Lieberman 1996, Lemma 2.8 and following
paragraph], that Dgv(xo, fo) > 0. However, this violates the boundary condition Dgv = 0, and so the
maximum cannot occur on 92 X (0, T'). The argument for the minimum follows in similar fashion. [J

2D. Exponential convergence on manifolds with no boundary. In this section we recall the proof for
exponential convergence in the case of no boundary as done in [Kim et al. 2012]. At the end of the
section, we reprove the parabolic estimate Proposition 2.7 for the linearized operator, but we note our
method differs slightly from that of [Kim et al. 2012].

The authors of [Kim et al. 2012] consider the parabolic flow (11) on a Riemannian manifold with no
boundary and show exponential convergence of the solution u of (11) to the solution u* of the elliptic
equation (2). A key ingredient in their proof of exponential convergence is a Li—Yau-type Harnack
inequality for positive solutions v of the linearized equation Lv = 0; see [Kim et al. 2012, Theorem 5.2].
This strategy is motivated by the observation that the operator £ is a heat-type equation with respect
to the time-varying Riemannian metric ¢ with components g;; = w;; (see the discussion preceding
Proposition 2.7 below).

Suppose v is a positive solution to the linearized equation Lv = 0 on Cr, where T > 0 is chosen to be
sufficiently large. Let f = log v and consider the quantity

F=t(V8fl; —ad, f) =t " f; fj —ad, f), (19)

where o > 0 is a constant to be determined and V¢ denotes the gradient of a function with respect to the
metric g. It is shown in [Kim et al. 2012, Theorem 5.2] that F is sublinear in ¢ everywhere in Cr; that is,
there exist constants C1, C> > 0 (independent of T') such that F(x,t) < C;+Cyt forall x € 2, t € [0, T].
The sublinearity in ¢ of F implies the differential Harnack inequality

ij Ci
wfﬁfj—aatf§7+cz (20)

for some possibly different constants C; and C, > 0. A standard argument applying the fundamental
theorem of calculus to f along an appropriate space-time curve, and then using (20) to estimate the term
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involving d; f (see, for instance, [Kim et al. 2012, p. 4345, Proof of Theorem 5.2]), yields the parabolic
Harnack inequality

supv(-,t)fCiréfv(-,H—l) forall r > 1, @29
Q

where C > 0 is a constant independent of ¢. One then applies (21) to the nonnegative solutions

v,j(x,t):=supv(-,k)—v(x,k+t) and v,:(x,t):=v(x,k+t)—it§12fv(-,k), k=0,1,2,...,
Q

to obtain decay of oscillation of 6 in time; see [Kim et al. 2012, Section 7.1]. This shows that # converges
exponentially fast to a constant function on €2 as t — oco. Invoking (17), we conclude that lim;_, o, 6 =0,
and so u( -, t) converges exponentially fast as # — oo to a function u#°°(-) solving (2).

Below we show the sublinearity of F, which is a standard argument provided here for completeness.
The proof relies on an important parabolic inequality satisfied by F, (24), which we will prove in
Proposition 2.7 below.

Proposition 2.6. If F does not attain a positive maximum on 32 x (0, T), then there exist constants C}
and C), > 0 independent of T such that

F(x,t) <C{+Cht forall (x,t)€Cr. (22)

Proof. First note that F (-, 0) =0 because infq v(-, 0) > 0, and so the bound holds at t = 0. Suppose
there exists a first time 7 € (0, T) such that F(y, ) > C| + Cj}t for some y € Q. By going further in time
if necessary, we may assume there exists a point (xg, fg) € Q x (0, T such that F(xo, to) > C 1+ Cito
and F attains a local maximum at (xg, fy). If (xg, fp) is an interior point of Cr, it follows from (24) that

C1F(x0,10)*> — F(x0, o) — Caty <0,
from which we conclude

1++1 +4C1C2t§

< C, + Cot, 23
3¢, < C1+ Caty (23)

F(xp, tp) <

for a different set of constants C;, C, > 0 and for fy > 0 sufficiently large. If C}, C} were chosen at the
beginning to satisfy C| > C, and C) > C>, then we reach a contradiction based on (23). (I

Thus it is clear that on a manifold with no boundary, Proposition 2.6 combined with the discussion
above yields exponential convergence, as is shown in [Kim et al. 2012].

We finish this section by establishing the parabolic inequality (24) satisfied by F. It is shown in [Kim
et al. 2012, Proposition 5.1] that if n > 3 and

(1) = (P*(T(x, 1) dethT(x,t)>l/<n2)
Y(x,t):= et D2 c(x, T (x, 1)) ,

then
,CU — lﬁ‘All,gU — atU,
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where Ay, is the Laplace-Beltrami operator with respect to the time-varying metric ¥ g with g;; := w;;.
By adapting the proof of the differential Harnack inequality for the heat equation established in [Li and
Yau 1986], the authors of [Kim et al. 2012] establish a parabolic inequality for F similar to (24) in the
case of manifolds with no boundary of dimension n > 3. The case n = 2 is treated in [Kim et al. 2012]
through the introduction of a third dummy dimension in a manner giving the solution u of (11) a product
structure; see [Kim et al. 2012, Section 7.1.2] for details. In the presence of a boundary, such an argument
for dealing with the two-dimensional case is almost certain to fail due to the requirement of uniform c-
and c*-convexity of the domains involved.

We elect to take a different approach which considers the weighted Laplacian Ay := Ag—(VE¢p, V& . ),
for the manifold with density (2, g, e%d Vol,), where

¢(x,t) = log(

|det D7 jc(x, T(x,0)| "
p*(T (x,1))?det D T (x, t))

It was first noted in [Warren 2014, Section 3] that for such a choice of weighted manifold, £ = Ay — 9;.
The advantage of using this representation of L is that the case of dimension n = 2 does not need to
be treated separately. As mentioned above, in the case of nonempty boundary, the conversion of the
two-dimensional problem to a three-dimensional one as in [Kim et al. 2012] cannot be carried out. To
summarize, the following proof follows the spirit of [Kim et al. 2012, Section 6] (which in turn is based
on [Li and Yau 1986, Theorem 1.2]), but the details differ as we use the representation of the linearized
operator as a weighted Laplacian from [Warren 2014], in contrast with the conformal factor approach
used in [Kim et al. 2012].

Proposition 2.7. Under the same hypotheses as Theorem 1.1, there exist constants Cy, Ca, and C3 > 0,

depending only on the constant K defined in (4) and the dimension n, such that whenever v satisfies
Lv=0,

LF+2(VEf,V8F), > %(Cle — F — Cot” + C3t|VE f3 F). (24)
Proof. We recall the well-known weighted Bochner formula
Ap(IVE f12) =2|Hessy f11* +2(VE £, VE(Ay f))g + 2 Ricy (VE £, VE f), (25)

where Ricy, :=Ric, + Hess, ¢. Clearly, Ricy > —/C, where K is defined in (4). Since Lv =0, the function
f :=log v solves the equation

0 f =ADgf +IVESI3. (26)
Consider the auxiliary function
F:=t(V8fI; —ad f). a>0.
By using (25), we obtain
ApF =1(As(IVEfI3) —a By (3 f))
= 1(2[Hess f1%+2(VE £, VE(Ag f))g +2Ricy(V £, VE ) — ahg (3, f)).
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Direct computation shows that

Ay (0 f) < 0:(Agp f)+ C(IHessg fIl +1VE fl),
where C = C(9,g, 9;Vg, 9, V¢) > 0 depends only on K. Therefore,
AgF > 1(2][Hessy fP+2(VEf,VE (Ag ) g +2Rics (VEF, VE )~ (Ag f)—aC([Hess, f|+]VE )
> t(||Hessg f 7+2(VE £, VE(Ag £)) =0 (A f)—C1|VEf[;—Ca),

where we have used Cauchy’s inequality and the lower bound for Ricg. From (26) and the definition of F,
it follows that

A¢f=—(§+(a—1)a,f>.

Therefore,
2(VEf,VE(Agf))g = —2<ng, Ve (? + (o — 1)8zf>>
g
2
= —;(ng, VEF) g —2(a — 1)(VE £, VE(O; f)).

Furthermore,

F 2 2

o F = 7+t(at|vgf|g —adf f).

Therefore,

—ad (Mg f) =a8t<$+(a— 1)3zf)
:a(ﬂ—gﬂa—l)aff)
:a<3fF - zﬁz) + (e — Dad?f

oF F F oF
=oz(’7—t—2)+(a—1)(t—2—’7+8tlvgf|§>

oF F
2

2
A S @ DAIVESI

It follows that

2VE [, VE(Dg [))g —a0i(Ag f)

_ %(@F —2(VE f, VEF), — ?) (@ = D@IVEFI; = 2VEf, VE@))e)

=

~ | —

(a,F —2(VEf, VEF) ?) — G3I VA S,
where we have used the fact

IVEfIe <2V £, V@ g +VIVESIG
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for some constant y = y(9;g) > 0 depending only on K. Inserting the above inequality into the lower
bound for Ay F yields

AyF > t(||Hessg fI>+ %<B,F —2(VEf, VEF), — %) — Ca|VEfI2 - Cz).

Now since Ay f = A, f — (VE¢p, VE f),, we have

(D)= (D f+(VED, VEf)) = (A )2+ (VE, VE £)a +2(Ag £)(VEP, VE £,

(Mg f)?
2

> (Apf)*+ (Vi@ VEf)2 — —2(VE¢, VS )}

Ay f)?
=%_<Vg¢,vgf>§
Ay f)?
z—( q;f) — |VEQIZIVE£I2.

Therefore, by the arithmetic-geometric mean inequality, we have

1

1 (Mg f)?
|Hess, f1I* > ;(Agf)2 > ;—n - ;lv%lélvgﬂ;

Since [Vé¢|, < K, we obtain

F

AyF > ﬁ(%f)z + 0 F —2(VEf. VEF)g — — — Cst|VE fI2 — Cat.

Finally, by (26), and after relabeling constants, we conclude that
Sr s L~ 20w 2 2 208 A2 2
AgF +2(VE [ VEF) =0 F = L[ (VA Sy =8, ) = F = Co’|VE I = Cat’].

Here the constants Cy, C2, C3 > 0 depend only on up to fourth-order derivatives of the cost function
(through Hess, ¢) and the C;‘C t] norm of the solution u to (11) (through the time derivative of g and
bounds on the Ricci curvature of g), and hence only on K and on the dimension 7.

Lety = |ng|§, and z = 9, f. Then for any «, €, § > 0, we have the identity

1 1

(y—2)7= (a—%)(y—az)z—l-(l—%—8—&>y2+(1—oz—i—%ozz)zz-l—ey(y—az)-l—éyz.

‘We now choose «, € > 0 such that

_e_1 €2
1 > a>0, 1 oz+2(x >0,

Q|+~

—%>O.

Note that these conditions impose the restriction « > 1. A direct verification shows that « =2 and € = %
satisfy the above inequalities. We then choose 8 = § € (0,1 —§ — 1) = (0, J). With these choices of

o
o, €, 8, we obtain (discarding the second and third terms in the expansion, and using that F' = ¢(y — az))

ApF +2(VE f, VEF) “aF= e F—2+y£+y—2 — F —Cyt’y — C3t?
¢ ’ LR R PTG Y ? T
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Using Cauchy’s inequality, we may eliminate the —C»¢?y and Ct?y?/8 terms to get

AgF +2(V8 f, VEF) aF>1 Cit? F2+ Fl_p Cat?
¢ ’ et =M e )
Relabeling constants, we have thus established an inequality of the form (24). O

3. Sublinearity of F on domains with boundary

On a domain with boundary, one must deal with the possibility that F attains a maximum at a point
(x0, 10) € 3pCr = (2 x {0}) U (3 x (0, T)), the parabolic boundary of the cylinder C7. Since F =0 on
Q x {0}, it suffices to assume (xg, fp) € dQ x (0, T). The original argument of [Li and Yau 1986, proof
of Theorem 1.1] in the case of the heat equation eliminates the possibility of F attaining a nonnegative
maximum on 92 x (0, T) by means of a contradiction to Hopf’s lemma. For this, they require two
additional hypotheses: namely, the solution to the heat equation also satisfies a Neumann boundary
condition, and the boundary is mean-convex.

We will obtain a similar contradiction to Hopf’s lemma only for the particular nonnegative solution
O(x,t) :=supg 8(-,0) —0(x, t) of the linearized equation (18) (as well as for translations of ® in
time) by exploiting the boundary condition Dg® = 0 on 92 x [0, T'], and using the assumption that
the domains 2, Q* are respectively c-convex and c*-convex. This gives the desired sublinearity at the
boundary of the corresponding function F defined in (19) and establishes the Harnack inequality (21)
for ®, which turns out to be sufficient to prove the exponential convergence of u( -, t) to the steady
state solution u®°(-) as t — o0 (see Section 4). As mentioned in the Introduction, it is unclear if such
a sublinearity estimate at the boundary holds for an arbitrary nonnegative solution v of the linearized
equation (18).

Let us carry on with the proof of the sublinearity of F' outlined in Proposition 2.6, now assuming there
exists (xg, fy) € 02 x (0, T) such that F(xg, ty) > Ci + Céto and F attains a local maximum at (xg, tg).
It follows from (24) that, in a spherical cap near (xo, #p), we have

LF+2(V8f,VEF), > 0.

By the uniform obliqueness of 8 and Hopf’s lemma, it follows that DgF'(xo, to) > 0. Anticipating a
contradiction, we proceed to explicitly compute Dg F'(xo, o). We first make a rotation centered at x¢ so the
directions ey, . . ., e,—1 form an orthonormal basis for the tangent space to d€2 at x¢, and the direction e,, is
the outward-pointing unit normal direction to d€2 at x¢. Differentiating F in these coordinates, we find that

Dy F (x0, t0) = Dplxo.ipt W fi fj — @ d: f)
= tol(Dgw™) f; f; + 2w (Dg f;) f — aDp @ ], 1)
= tol—w w/ (Dgwer) f; fj + 2w (D i = B f) f7 = @@ (Dp ) = @B fi)l] o, 1)
Now since Dg f = Dgv/v=00n 02, we have d;,(Dg f)=0and (Dg f); =0fori =1, ..., n—1. Therefore,

D F(xo. 10) = tol—w' “w/* (Dpwar) fi fj — 2w" B fi f +2w" f3(Dp fu+ @B fill ,, -
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We claim w" f ;7 =0 at (xo, 7). By Lemma 2.4, W§ is parallel to the outward-pointing unit normal
vector v on €2, so v = (1/x)WB, where x := |Wp|. Again since Dg f =0 on 0€2,

0= (B, Vf)=(W'WB, VSf)=(WB W 'Vf).
Hence,

r=Wlvf (27)

is tangent to d€2. In the coordinate system defined above, we have v(xg, fy) = e, and so t"(xg, #y) = 0.
Since t" = w" f;, the claim is proved. It follows that

Dy F (xo, 10) = tol—(Dpwre) e =27 fit + (@) fill 1) (28)

Note that since 7, = 0 at (xg, #), it suffices to sum the indices in the first term over k, £ =1, ...,n— 1.

3A. Inner product cost. We first show how to explicitly compute DgF(xo, t) in the case when the cost
function is given by the Euclidean inner product on R" (which is known to be equivalent to taking the
cost function to be the Euclidean distance squared). There are a number of simplifications in this case,
as Y(x, p) = p, W(x,t) = D*u(x, t), and c- and c*-convexity of sets and functions reduce to the usual
notions of convexity of the domains €2 and Q*,

Proposition 3.1. Ifc(x, y) = (x, y),

DgF (x0, to) = tol—x (D), T) — (D*h*(Vu)V £, V f) + a(D*h*(Vu) V6, V f) (29)

] |(xo,to)'

Proof. We have
W =D%u, B=Vh*(Vu).

Consequently, v = (1/ X)(Dzu),B . Differentiating vk in the e,-direction for k, £ =1, ...,n — 1, we find

k 1 r 1 r P XC ,
Vo = | —Ukr =—(l/l r + Uy )__(ur )
¢ (Xk,B>Z X tr B" + ukr By e kr B

= %(Dﬂufk +ugBy) — (log x) v,
Solving for Dgu g, we obtain
Dpuge = x vy — ure By + x (log x)ev*.
Therefore at (xg, fp), we have (recall (27))
—(Dup) Tt = —(xvy — By + x (log x)ev*) 7't
= —xvittt* oy, T Byt
= —yvieteh 4 £ 807,

where we sum the indices k, £ from 1 to n — 1. Substituting this into (28) gives

DgF (xo, to) = tol—xvit'c* — BF fit! +Ol(3z,3k)fk]}(x0,,0)-



EXPONENTIAL CONVERGENCE OF PARABOLIC OPTIMAL TRANSPORT ON BOUNDED DOMAINS 2197

Since B(x,t) = Vh*(Vu(x, t)), we find that

BE fur = b (Vi fit = by (Vi) feug T = (Vi) fi fo,
and
@) fie = hiee (Vu) (Byue) fic = higy (Vi) i
hence (29) follows. O
3B. General cost. We now show how to explicitly compute Dg F (xo, fy) in the case of a general cost.

Proposition 3.2. We have
DgF (x0, t0) = tol—x (v — ¢"Ceij )T T = Gy (x, Vi) fi fs + @ Gy p, (x, Vi) fib5]| 1y (30)
Proof. We have
wik(x, 1) =ujr(x, ) —cjr(x, T(x,1)), ,Bk(x, 1) =hy(Y(x, Vu(x, t)))YIfk (x,Vu(x, t)).
Recall that v = (1/x) Wp. As in the case of the inner product cost, we differentiate v/ in the e;-direction

fori,j=1,...,n—1toget

) 1 1 Xi
v/ = (;w ,-kﬂ")' = (i wjihy) - p<wﬂ<ﬂ">

1
1 .
= (w B+ wiBl) — (og )i’
Differentiating w j; gives
(Wjr)i =ujki —Cjki — Cjkr T
= (wijr+cijr T —cji,T;
= (i +cijrc"wer — ¢k we,
where we have used (14) in the final line. Therefore,
vl = (@ B +wieB) — (log x)iv?

1 .
= ;([(wij)k + cijr " we — cr " we) B+ wiBY) — (log x)iv?

= %(Dﬂwij + [cijre” woe — cjr " wer1B* 4+ w ik BE) — (log x)iv? .
Solving for Dgw;;, we obtain
Dgw;; = Xvij —leijre wor — cjrr wei 1B — w ik BF + x (log x)iv/.
Therefore, at (xo, f9), we have (again using (27))
—(Dgw;j)t't! = —(XU,-j —[eijrc" wer — ¢ we B — wikBE + x (log x)iv/ )T T/
=—(x V,-j —cij " we B + i we BT T +w i T
= —x ] =c"eip vHTie — e, foBf T + fipld

Ceij )T Tl —cj BEYS YD fr! + fiBfT

_ J_
- X(vi ¢ S P pe
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where we sum the indices i, j from 1 to n — 1. It follows from (28) that

Dy F (xo, 10) = fol =x (] — ¢"“cij vt e —cju hiY3 Yy for! = fiBfe +adi B fil 0y BD
We compute
+7Y!

B =3y G+ Yy )Y+ BV + Y ). (2)

X
To simplify the first term, recall the identity (see (14))
Y;I + Yl';suSi = Y;Y w‘vi'

For the second term in (32), we differentiate the equation ¢; ¢ Y;fk = §;; with respect to p, and x; to obtain

14 _ . ryq
kaps_ ¢ cl’qukaps
and
e _ _ tj.. yr L. ryvd e — . yeyr vyt )
Yy = —C0Cij Yy + Yy Yp esi = —cijr Yy Yy =Y, Csi
Therefore,
4 4 . l yr vt
kax,- + kaps”“ - Cl!v’ij ka + Wsi kaps'

Substituting these into the expression (32) gives

B =1 Yy Yy wei+hi(—cij Yy Yy 4wV ).

Pk™ Ps Pj~ Pk
Therefore,
k_i * vl yr i syl yr i *y L i
fk,Bl-‘E :herkapsfkwsiT —Cij’,herjkafk‘C +thpkprkwsiT
_1*x vl yr oyl oyr i ER g4
_herkapkafs—Cu’thijkafk‘L' +hZkapsfka'

Substituting into (31) and observing that the second term in the above expression cancels the term

—cjk,rh;‘Y[’,Z Y;k fet/ in (31), we obtain

Dy F(x0, t0) = tol—x (v] — " iy v)T' T/ — (W, Y5 Y5 A WY 5 ) fifs +aBf il o o)

Next, we compute

0Bt = Y1, Vg, + Y )6

Finally, noticing that 4% Y Y’ + hyY ¢

oY Yo, pips = O pip,» We obtain the claimed expression (30). 0

4. Proof of exponential convergence

With Propositions 3.1 and 3.2 in hand, we may now prove our main result. We note that the proof presented
here is different from the standard proof of exponential convergence via parabolic Harnack inequality
outlined in Section 2D, and explicitly uses special properties of the underlying optimal transport problem.
In particular, we must take into consideration the c- and ¢*-convexity of both domains €2 and Q¥ and
judiciously choose special solutions of the linearized problem that will allow us to utilize the expressions
for DgF' obtained in Propositions 3.1 and 3.2.
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Proof of Theorem 1.1. Consider the function
O, 1) =supf(-,0)—0(x,1),
Q

which satisfies (18), and is nonnegative by Proposition 2.5. We claim DgF'(xp, tp) < 0 when v = ©,
which will contradict Hopf’s lemma, thus proving F' cannot attain a positive maximum on 92 x (0, 7).

Let us first deal with the case of the inner product cost. Since the domain 2 is convex, we have
((Dv)t, t) > 0. Therefore, since x > 0, we obtain using Proposition 3.1

DgF (xo, ty) < to[—(D*h*(Vu)V £, V f) + a(D*h*(Vu)V6, V f) (33)

]|(x0,to)'
Next, the convexity of * implies D?A* is nonnegative, so by substituting for f = log ® in (33), we find

- %(Dzh*(Vu)VG, v9>] <0.

(x0,%0)

1
Dg F(x9, fp) < to[—@wzh*(wwe, Vo)

This is the desired contradiction to Hopf’s lemma. For general costs, we use Proposition 3.2, noticing
that c-convexity of Q with respect to %, given in (8), implies (vl.j — c”[c,-.,-,,vz)r"rj > 0, while the
c*-convexity of Q* with respect to €2, given in (9), implies G, ,, is a nonnegative matrix.

It follows from Proposition 2.6 that with the choice v = ®, the corresponding function F defined in
(19) is sublinear in time, and consequently the Harnack inequality (21) holds for ®. Using this Harnack
inequality, we now prove exponential convergence of 6( -, ¢). The argument is similar to [Kim et al. 2012,
Section 7], but differs in an essential manner. For each integer k > 1, consider the function

Or(x, 1) :=supf(-, k—1)—0(x, (k— 1) +1).
Q

The functions ®; are nonnegative by Proposition 2.5 and solve (18). Arguing as above, the corresponding
functions F for v = ® are also sublinear in ¢ (with constants independent of k) and thus the Harnack
inequality (21) holds for ®;. Applying (21) to ®; at t = 1 yields

sgp@(- ,k—1) —igf@(- k) < C(sgp@(- L k—1) —SISJZPQ(- sk + 1)). (34)
Now by (17), we know infg 6( -, k) < 0 for each k. Therefore, defining € := (C —1)/C < 1, we find
supO(-,k+1) <esupbl(-,k—1).
Q Q
Iterating this inequality gives the exponential decay of the supremum
sgp@( 1) < sgp@( .07, wheree 7 =e. (35)
On the other hand, (34) implies
igf@(-,k) > —(C—l)sgp@(-,k— 1)+C51512p0(-,k+1) >—(C— l)sgpe(-,k—l),
where we have used (17) again to throw away the term supg 6( -, kK + 1). Therefore, by (35), we obtain

info (-, k) = —(C = Dsupo(-, 0)e k=D, (36)
Q
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This implies the exponential convergence of infg 8( -, ¢), which combined with (35) gives the desired
exponential convergence of 9( -, t) to zero. (I

5. A geometric approach to sublinearity at the boundary

In this section, we present an alternative approach to the computation of DgF (x, fo) arising in the
boundary sublinearity above. We will accomplish this using geometric language, exploiting the pseudo-
Riemannian framework for optimal transport developed in [Kim and McCann 2010]. All material in this
section is new, to the best knowledge of the authors, and constitutes the first treatment of the boundary
geometry of domains in the context of the Kim—McCann metric.

In order to stay in line with established conventions, in this section we will mostly follow the notation
used in [Kim and McCann 2010]. Thus in this section only, we will refer to the source and target domains
as Q and Q respectively (in particular, Q does not denote the closure of a set), which we assume are
subsets of some fixed Riemannian manifolds. Points with a bar above will belong to Q, while those
without will belong to 2. We also adopt the Einstein summation convention with the caveat that any
indices given by Greek letters will run from 1 to 2n, while lower case Roman indices run between 1 and
n with the convention that an index with a bar above will be that value with n added to it: in other words,
l<y<2n 1<i<nandi:=i+n.

Additionally, we will switch sign conventions at this point to stay in line with the definitions of [Kim
and McCann 2010]. This means that ¢ will be replaced by —c everywhere, and the optimal transport
problem (1) that is considered will be a minimization instead of a maximization problem.

We also split the tangent and cotangent spaces of €2 x € in the canonical way according to the product
structure, which gives the splitting dc = Dc @ Dc of the one form dc on Q x , and given any local
coordinate system on  x € we will use the notation X to denote the full 2n-dimensional coordinate
variable: thus given a point X = (x, x) € Q2 X Q, X' will indicate the i-th coordinate of x with 1 <i <n,
and X’ will indicate the i-th coordinate of X. We will also suppress the time variable in this section, as
everything considered will be for a fixed time ¢ (in fact, the time dependency of the potential u will be
completely irrelevant in the results of this section). Finally, we use the notation

[Q]; :=—Dc(Q,%) CTFQ, [Q]y:=—Dc(x,Q) CTFQ forany (x, %) € 2 x Q

Equip 2 with the pullback metric w := (Id x T)*h, where

b l 0 —DDc
" 2\=DDc 0

is the Kim—McCann (pseudo-Riemannian) metric on 2 x Q defined as in [Kim and McCann 2010,
(2.1)]. By [Kim et al. 2010, Section 3.2], in Euclidean coordinates the coefficients of w at x are exactly
w;j(x) =u;j(x)+c;j(x, T(x)), and w is a Riemannian metric. We will write V* and V" for the Levi-
Civita connections of w and / respectively, I" for the Christoffel symbols of 4, and | - |,, for the length of
a vector in w. We will also metrically identify various cotangent spaces naturally with R" through the
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underlying Riemannian metrics on  or Q. The inner products and norms in these underlying metrics
will be denoted by (-, -) and | - | respectively. Our main result of the section is the following.

Theorem 5.1. Let 11" be the second fundamental form of 92 defined with respect to the metric w, and
fix a point xg € 9. If P1Rrco 119120 gre the (Euclidean) second fundamental forms of [2]7(xy) and
Q] x, Fespectively, then for any t1, 12 € Ty, 02 we have

A7 PN Clio3n 2 2
218 (o) |wIly, (71, 12) = DT (x) )5 1 (F1, 22) + [BOO) N p 74 (T T2). (BT)
where _ B
Tj := — DDc(xo, T (x0)) T € Tr(y,) 2,
7 := — DDc(xo, T (x0)) DT (x0)7; € T} 2.

Proof. Fix any point xo € 2. Note by Lemma 2.4 that 8(xp) is an (outward) normal to 02 at xo with
respect to the metric w. Then since Id x T is an embedding of Q into Q x €, if V” is the Levi-Civita
connection of 4, we have (using that 1, is tangent to d<2 in the second line)

I (71, 1) = w(Vé‘: |/f| : T2> =Bl w(V¥B. 1) + Dr, (181, Hw(B. 1)

=181, w(VEB. 1) = —|Bl, w(B. Vi)
= —1B1,'h((B® DT (x0)B). V(- e p1(x0)er) (T2 ® DT (x0)72))
= —1B1,' (B® DT (x0)B)"[V(, & pT (rpyep) (T2 ® DT (x0) )], (38)

where b is the operation of lowering the indices of a tangent vector to 2 x © by the metric 4. Next
consider the mapping ® (x, x) := —Dc(xg, X) & (—Dc(x, T (x0))). By the bitwist condition (6), ® is a
diffeomorphism on € x Q; hence ®~! gives a global coordinate chart on the set. We will use hats to
denote quantities related to & written in the coordinates given by ®~!, while quantities without hats will
be in Euclidean coordinates. A quick calculation yields that

8

P
3xy Yo Txo)) = 2hsy (x0, T (x0)). (39)

We will now calculate the Christoffel symbols f‘\f/ , in the coordinates given by ®~!. By [Kim and
McCann 2010, Lemma 4.1] the Christoffel symbols of % in Euclidean coordinates are identically zero
unless all three of the indices are simultaneously between 1 and n, or between n + 1 and 2n. Thus the
standard transformation law shows that in the coordinates given by ®~!, the only Christoffel symbols
that can be nonzero are those where either the upper index is not barred and both lower indices are, or
the upper index is barred and both lower indices are not. Since  is c-convex with respect to €, there
is an n-dimensional cone K (x¢) of directions that point inward to [£2]7(y,) from the boundary point
—Dc(xg, T (xp)). By [Kim and McCann 2010, Lemma 4.4], for any such direction v in this cone K (xg),
any segment of the form s — ®~ ! (sv®—Dc(xg, T (xp))) is a geodesic for A for small s > 0. Thus plugging
such a segment into the geodesic equations in &~ coordinates yields for any fixed i, at (xo, T(x0)),

— T viyk
0=T"7v/v".
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Suppose {v;};_, is a linearly independent collection of vectors in K (xo); then for any 1 <[ # 1, <n we
have

i _ i i
0= Fk(vll—i-vlz)(vll—i—vlz) F]kvllvll-l—F]kvlzvlz—i-F U11”12+F vlzvll_ZF]kvllvlz,

which implies all Christoffel symbols of the form F; . are also zero. A similar argument reversing the
roles of € and Q yields that all Christoffel symbols of 4 are zero in the ®~! coordinates at the point
(x0, T (x0)).

Now using (39), we see that the coordinates of the 1-form (8 @ DT (xo)8)" in ®~! are equal to the
Euclidean coordinates of the tangent vector %(,3 @ DT (xp)B). Also we can calculate, fori =1 or 2,

. dJ - o
(i ® DT (x0)7;)’ = %(Xo, T (x0))(t; ® DT (x0)7:)* = —cj,;(DT(XO)fi)" =1/,

(6@ DTGt = o (x9, T(x0) (5 ® DT (x)i)* = —¢y 7k = 37,

Xk
where we have identified T* Q2 and T;( )Q with R” to write the vectors 7; and %,- defined in the statement of

the theorem in Euclidean coordmates Combining this fact with (39), we can write (38) in the coordinates
given by &~ ! as

21813 (%{' le B (3 3) + 7 ;(DT(Xo)ﬁ)k(ay f§)). (40)

Now we can see that the function 2™ (Y (xo, - )) is a defining function for the set Q] x5 hence identifying
TX’ZQ with R" and differentiating yields that V,h*(Y (xo, p)) is in the outward normal direction for
p € 0[R2]y,. In particular, the unit outward normal vector to d[2],, at —Dc(xo, T (x0)) has coordinates
given by B/ /|B]. A similar calculation involving (X (T (xo), - )) yields that the coordinates of the unit
outward normal vector to 9[€2]r(x,) at —Ec(xo, T (x9)) are given by (DT (xg) ﬂ)k /IDT (x9)B]|. Addition-
ally, since each 7; is tangent to 92, we see that 7; and %i are respectively tangent to Q] xo and O[2] 7 (x,)-
Thus we calculate

Ili[ﬁl;zo,nm(%l,%z)=< : |§| > IBI71(V: B, T2) + D; (|ﬁ|)<’5 %)
=181~ (Vglﬂ,%z 1817 (D3 (B, T2) — (B, V5 T2)) = —|BI "' (B, V3 T2)

=—181"'7 Z/s (0,75

and likewise

ARy s oo [g. PTGo)B L\ 1 .
I—Ec(xo,T(xO))( 1, 2)—< rlm,fz = —|DT (x0)B|” (DT (x0)B, V¢, 12)

= —[DT (x0)BI™"#] Y (DT (x0)B)* (33:%5).

k=1

Comparing this with (40) completes the proof of the theorem. U
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The relevance of the above theorem to our current exponential convergence result is as follows. In
terms of the metric w, we see that the S-directional derivative of the first term in the function F defined
by (19) is given by (at x)

Dyp(w(V" £, V" ) = 2w(VEV" £, V" f) = Hess (B, V" )
= Hess f (V" /. B) = 2w(Viu V" f. B) = —2w(Viu . V" f)
= —2IBL 1" (V" £, V" ).

Here we repeatedly used that V" f is tangent to 92 (due to the boundary condition Dgv = 0 and since
f =logv), while g is normal in the metric w, and we have used (38) in the last line. Under the c- and
c*-convexity conditions (8) and (9), the two terms on the right-hand side of (37) are nonnegative; hence,
by Theorem 5.1, Dgw (V" f, V¥ f) is nonpositive. Thus in order to obtain a contradiction with the Hopf
lemma as in Section 4, all that remains is to evaluate the last term —aDg(9; f). Obtaining a sign on this
term depends on the specific choice of the function v, as in Section 4.
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NUCLEAR DIMENSION OF SIMPLE STABLY PROJECTIONLESS C*-ALGEBRAS

JORGE CASTILLEJOS AND SAMUEL EVINGTON

We prove that Z-stable, simple, separable, nuclear, nonunital C*-algebras have nuclear dimension at
most 1. This completes the equivalence between finite nuclear dimension and Z-stability for simple,
separable, nuclear, nonelementary C*-algebras.

Introduction

The Elliott classification programme, a 40-year endeavour involving generations of researchers, asks the
following question: when are K-theory and traces a complete invariant for simple, separable, nuclear
C*-algebras?

Fundamentally, there are two cases to consider: the unital case and the stably projectionless case. (This
dichotomy follows from Brown’s theorem [1977] and is discussed further below.) Recall that a C*-algebra
A is said to be stably projectionless if there are no nonzero projections in the matrix amplification M,,(A)
for any n € N. Stably projectionless, simple, separable, nuclear C*-algebras arise naturally as crossed
products [Kishimoto and Kumjian 1996] and can also be constructed using inductive limits with a wide
variety of K-theoretic and tracial invariants occurring [Blackadar 1980; Razak 2002; Tsang 2005; Jacelon
2013; Gong and Lin 2016; 2017; Elliott et al. 2017; 2020].

In the unital case, a definitive answer for when K-theory and traces form a complete invariant is
now known [Kirchberg 1995; Phillips 2000; Gong et al. 2015; Elliott et al. 2015; Tikuisis et al. 2017;
Winter 2014]. Firstly, Rosenberg and Schochet’s universal coefficient theorem [1987] must hold for
the C*-algebras concerned. Secondly, the C*-algebras must have finite nuclear dimension [Winter and
Zacharias 2010]. This second condition has a geometric flavour and generalises the notation of finite
covering dimension for topological spaces. Recent results [Gong and Lin 2016; 2017; Elliott et al. 2017;
2020] are now converging on a similar classification result in the stably projectionless case; the most
recent developments will be discussed below.

A major programme of research now focuses on providing methods for verifying finite nuclear dimen-
sion in practice. In the unital setting, a recent result of the authors together with Tikuisis, White and Winter
[Castillejos et al. 2019] shows that finite nuclear dimension can be accessed through the tensorial absorption
condition known as Z-stability, where Z is the Jiang—Su algebra (discussed in more detail below).

Evington is supported by NCN (2014/14/E/ST1/00525) and EPSRC (EP/R025061/1); Castillejos is partially supported by
European Research Council Consolidator Grant 614195 RIGIDITY, and by a long term structural funding — a Methusalem grant
of the Flemish Government.
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In concrete examples, it can be very hard to prove directly that a C*-algebra has finite nuclear dimension.
The strategy of verifying Z-stability instead has recently been used to prove that certain unital, simple,
separable, nuclear C*-algebras coming from dynamical systems are classifiable [Conley et al. 2018; Kerr
and Szabd 2020]. However, since this strategy relies on [Castillejos et al. 2019], it has until now only
been available in the unital setting.

In this paper, we consider and overcome the conceptual and technical challenges unique to the nonunital
setting, allowing us prove the following:

Theorem A. Let A be a simple, separable, nuclear, Z-stable C*-algebra. Then A has nuclear dimension
at most 1.

For the following reasons, the nonunital case is harder than the unital case and needs new methods.
Obviously, we cannot just unitise our C*-algebras because this breaks both simplicity and Z-stability. A
more fundamental issue is that nonunital, simple C*-algebras need not actually be algebraically simple.
There can be nontrivial (nonclosed) ideals. Examples of such ideals are the domains of unbounded traces,
which may now exist and must therefore be taken into account. Furthermore, [Castillejos et al. 2019]
builds on the foundations of [Bosa et al. 2019a], which has a global assumption of unitality and makes
explicit use of the unit at a number of critical points in the argument (an example is the 2 x 2 matrix trick
of [Bosa et al. 2019a, Section 2], which is inspired by ideas of Connes).

To understand how we circumvent the issues associated to unbounded traces, it will be helpful to first
discuss the folklore result, alluded to above, that Brown’s theorem [1977] implies a dichotomy for simple
C*-algebras between the unital and the stably projectionless cases.

Writing K for the C*-algebra of compact operators (on a separable, infinite-dimensional Hilbert space),
recall that C*-algebras A, B are stably isomorphic if A @ K= B ® K. Suppose now that A is a simple,
separable C*-algebra that is not stably projectionless. Then there exists a nonzero projection p € A @ K,
and so the hereditary subalgebra p(A ® K)p is unital. By [Brown 1977, Theorem 2.8], p(AQ K)p is
stably isomorphic to A ® K, and hence stably isomorphic to A (see Section 2 for more details).

Crucial to proving Theorem A in general is the observation that the hypotheses and the conclusion
depend only on the stable isomorphism class of A.! Hence, by [Castillejos et al. 2019, Theorem B]
and the folklore result above based on Brown’s theorem, it suffices to prove Theorem A in the stably
projectionless case.

However, this folklore reduction is not enough for us. We go a step further and pass to a hereditary
subalgebra Ag € A ® K on which all tracial functionals are bounded and the set of tracial states 7 (Ag)
is weak™ compact. The existence of such hereditary subalgebra follows from the Cuntz semigroup
computation of [Elliott et al. 2011] for Z-stable C*-algebras, and Brown’s theorem assures us that Ag
is stably isomorphic to A. This second reduction puts us in a position where a similar proof strategy to
that of [Bosa et al. 2019a] can be implemented, and where the key new ingredient from [Castillejos et al.
2019], complemented partitions of unity (CPoU), is also available.

IThat is, A is a simple, separable, nuclear and Z-stable C*-algebra if and only if A ® K is likewise, and dimpyc A < 1 if and
only if dimpyc (A ® K) < 1; see Proposition 2.3 for details and references.
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Of course, we still have to deal with the global assumption of unitality in [Bosa et al. 2019a]. A key
tool in this endeavour is our unitisation lemma for order-zero maps into ultrapowers (Lemma 4.2), which
allows us to assume the domains of certain maps are unital in places where simplicity and Z-stability are
only really needed on the codomain side in [Bosa et al. 2019a].

We now turn to the broader context of Theorem A and its applications. As alluded to above, nuclear
dimension for C*-algebras is a noncommutative dimension theory that reduces to the covering dimension
of the spectrum in the commutative case. Finite nuclear dimension has proven to be a technically useful
strengthening of nuclearity, that is both necessary for classification [Villadsen 1999; Rgrdam 2003; Toms
2008; Giol and Kerr 2010] and a vital ingredient of the most recent classification theorems [Kirchberg
1995; Phillips 2000; Gong et al. 2015; Elliott et al. 2015; Tikuisis et al. 2017; Winter 2014].

The Jiang—Su algebra Z [1999] is a simple C*-algebra which plays a fundamental role in the classifica-
tion of simple C*-algebras since A and A ® Z have the same K-theory and traces under mild hypotheses.
A C*-algebra is said to be Z-stable it A = A ® Z. Moreover, any C*-algebra can be Z-stabilised by
tensoring with the Jiang—Su algebra because Z = Z ® Z. In many ways, the Jiang—Su algebra is the
C*-algebraic analogue of the hyperfinite II; factor R [Murray and von Neumann 1943], with Z-stability
analogous to the McDuff property [1970].

Combining Theorem A with the main results of [Winter 2012; Tikuisis 2014], we arrive at the following
relationship between finite nuclear dimension and Z-stability, which was conjectured in [Toms and Winter
2009].

Theorem B. Let A be a nonelementary, simple, separable, nuclear C*-algebra. The following are
equivalent:

(1) A has finite nuclear dimension.
(i) A is Z-stable.

One striking consequence of Theorems A and B is that nuclear dimension can only attain three different
values in the simple setting.

Corollary C. The nuclear dimension of a simple C*-algebra is 0, 1 or oo.

This is in stark contrast to the commutative case, where all nonnegative integers can occur. Moreover,
we remark that the C*-algebras of nuclear dimension zero are known to be precisely the approximately
finite-dimensional C*-algebras [Winter and Zacharias 2010, Remark 2.2.(ii)].2

Whilst Corollary C is interesting in its own right, we believe the main applications of our results will
be in classification of simple, stably projectionless C*-algebras. Theorem A opens up a new pathway to
proving that concrete examples of stably projectionless, simple, separable, nuclear C*-algebras, such as
C*-algebras coming from flows on C*-algebras or from actions of more general locally compact groups,
have finite nuclear dimension: it now suffices to verify Z-stability.

2In the nonseparable case, there are different and inequivalent definitions of approximately finite-dimensional [Farah and
Katsura 2010]. The one required here is that any finite set is approximately contained in a finite-dimensional subalgebra; see for
example [Castillejos 2017, Definition 2.2].
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We end this introduction with a discussion of recent developments in the classification of simple, stably
projectionless C*-algebras. As mentioned above, there has been impressive progress in recent years
[Gong and Lin 2016; 2017; Elliott et al. 2020]. As in the unital case, the classification is via a functor
constructed from the K-theory and the tracial data of the C*-algebra; this functor is called the Elliott
invariant and is typically denoted EIll( - ); see [Gong and Lin 2017, Definition 2.9] for a precise definition.

By combining Theorem A with [Gong and Lin 2017, Theorem 1.2], one obtains a classification of
simple, separable, nuclear C*-algebras in the UCT class that tensorially absorb the C*-algebra Z;—a
stably projectionless analogue of the Jiang—Su algebra introduced in [Gong and Lin 2017, Definition 8.1].

Corollary D. Let A and B be simple, separable, nuclear C*-algebras which satisfy the UCT. Then
ARZy=B®Zy ifandonlyif ElI(A® Zy) =EI(BQ 2Zy).

Corollary D reduces to the celebrated Kirchberg—Phillips classification [Kirchberg 1995; Phillips
2000] in the traceless case and is otherwise a result about stably projectionless C*-algebras. For these
C*-algebras, the difference between Zy-stability and Z-stability, roughly speaking, comes down to how
complex the interaction between the K-theory and traces is allowed to be; see [Gong and Lin 2017] for
more details.

Structure of paper. Section 1 reviews the necessary preliminary material as appropriate to the nonunital
setting. Section 2 is concerned with the invariance of C*-algebraic properties under stable isomorphism
and the reduction argument outlined above. The next three sections generalise the necessary technical
machinery from [Bosa et al. 2019a; Castillejos et al. 2019]. Section 3 concerns the existence of an order-
zero embedding ® : A — A, with appropriate finite-dimensional approximations. Section 4 contains
the aforementioned unitisation lemma for order-zero maps into ultrapowers. Section 5 is devoted to a
uniqueness theorem for maps into ultrapowers, which we shall use to compare (unitisations of) ® and the
canonical embedding A — A,. Theorem A and its corollaries are proved in Section 6, with analogous
results for decomposition rank (a forerunner of nuclear dimension) proved in Section 7. Since some
preliminary lemmas from [Bosa et al. 2019a] are stated only in the unital case, we include an Appendix
with their nonunital versions.

1. Preliminaries

In this section, we recall the most important definitions and results that will be used in the sequel, and we
introduce the notation used in this paper.

We write K to denote the C*-algebra of compact operators (on a separable, infinite-dimensional Hilbert
space). Given a C*-algebra A, we write A4 for the positive elements of A and A4 | for the positive
contractions; we write Ped(A) for the Pedersen ideal of A, which is the minimal dense ideal of A (see
[Pedersen 1979, Section 5.6]), and we write A~ for the unitisation of A. Our convention is that, if A is
already unital, then we adjoin a new unit, so A~ = A @ C as C*-algebras. For S C A self-adjoint, we set
St:={acA:ab=ba=0forall beS}. Fore >0anda, b € A, the notation a ~, b means ||a —b| < €.
For a, b € A with b self-adjoint, we write a <1 b to mean that ab = ba = a.
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We use the common abbreviation c.p.c. for completely positive and contractive maps between C*-
algebras. A c.p.c. map ¢ : A — B is order-zero if it preserves orthogonality in the sense that, fora, b€ A,
¢ (a)¢ (b) = 0 whenever ab = 0.

Following [Winter and Zacharias 2010, Definition 2.1], a C*-algebra A has nuclear dimension at
most n if there is a net (F;, Vi, ¢;i)icr, Where F; is a finite-dimensional C*-algebra, ¥; : A — F; is a
c.p.c. map, and ¢; : F; — A is a c.p. map, such that ¢; o ¥;(a) — a for all a € A and, moreover, each F;
decomposes into n + 1 ideals F; = F, ,-(0) oD Fi(") for which the restrictions ¢; | .« are c.p.c. order-zero.
The nuclear dimension of A, denoted by dimyp,c A, is defined to be the smallest such 7 (and to be oo,
if no such n exists). The decomposition rank, a forerunner of nuclear dimension, is obtained if one
additionally requires ¢; to be a c.p.c. map [Kirchberg and Winter 2004, Definition 3.1]. We shall denote
the decomposition rank of a C*-algebra A by dr(A).

By a trace on a C*-algebra we will typically mean a tracial state, i.e., a positive linear functional
7 : A — C of operator norm 1 such that 7 (ab) = t(ba) for all a, b € A. We write T (A) for the set of
tracial states on A endowed with the weak*-topology. More general notions of traces are discussed in
Section 1A below. By a cone we will mean a convex subset C of a locally convex space that satisfies
C+CCC, MCcCforir=>0,and CN(—C) = {0}. A base for a cone C is a closed, convex, and
bounded subset X such that for any nonzero ¢ € C there exist unique A > 0 and x € X such that c = Ax.
By [Alfsen 1971, Theorem I1.2.6], a cone is locally compact if and only if it has a compact base. A map
f : C — D between cones is linear if f(Ax +py)=Af(x)+uf(y)forA,u>0andx,yeC.If Xisa
compact base for the cone C, then any continuous affine map X — D extends uniquely to a continuous
linear map C — D.

1A. Generalised traces. In this preliminary section, we briefly discuss the generalisations of traces that
arise in the general theory of C*-algebras.

Definition 1.1 (cf. [Blanchard and Kirchberg 2004, Definition 2.22]). A quasitrace® on a C*-algebra A
is a function 7t : AL — [0, oo] with 7(0) = 0 such that
(1) t(a*a) =1(aa™) foralla € A,
(i1) t(a+b) = t(a) + t(b) for all commuting elements a, b € A,
(iii) T extends to a function 1 : M>(A)+ — [0, oo] for which (i) and (ii) hold.
The quasitrace 7 is additive if (ii) holds for all a, b € A+.4 Setting Dom; (1) :={a € A: 1(a*a) < oo},

we say that T is densely defined if Dom, >(7) is dense in A, and that t is bounded if Dom 2(7) = A.

We write QT(A) for the cone of densely defined, lower-semicontinuous quasitraces; T(A) for the
cone of densely defined, lower-semicontinuous, additive quasitraces; and 7, (A) for the cone of bounded,
additive quasitraces. The topology on these cones is given by pointwise convergence on Ped(A).

3Strictly speaking, a 2-quasitrace; however, we shall not need this terminology.
4We use the terminology additive quasitrace because we are reserving the word trace for tracial states. For additive quasitraces,
condition (iii) is automatic with 7, given by the usual formula.
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Since the traces on a C*-algebra will play a crucial role in the arguments of this paper, the following
existence theorem of Blackadar—Cuntz is fundamental.

Theorem 1.2 [Blackadar and Cuntz 1982, Theorem 1.2]. Let A be a simple C*-algebra such that A ® KK
contains no infinite projections. Then Qf(A) #= 0.

It is an open question whether QT(A) = f(A) in general. However, when A is exact, this is a famous
result of Haagerup; for the unital case see [Haagerup 2014] and for deducing the general case from that
work see [Blanchard and Kirchberg 2004, Remark 2.29(1)].

Every 7 € QT(A) has a unique extension to a densely defined, lower-semicontinuous quasitrace on
A ® K which is additive whenever t is additive [Blanchard and Kirchberg 2004, Remark 2.27(viii)].
Therefore, we have canonical isomorphisms QT(A) = QT(A ® ) and T(A) = T(A ® K), which we
treat as identifications. Furthermore, every © € T)(A) has a unique extension to a positive linear functional
on A, which we also denote t, satisfying the trace condition t(ab) = t(ba) for all a, b € A.

Leta, b € Ay. If there exists a sequence (xX,)qen in A such that b =) 7 | x¥x, and ) oo | x,xF <a,
then b is said to be Cuntz—Pedersen subequivalent to a [1979]. Our notation for this subequivalence
will be b < a. The following proposition is proven by the same method as [Cuntz and Pedersen 1979,
Proposition 4.7]. For the benefit of the reader, we give full details.

Proposition 1.3. Let A be a simple, separable C*-algebra and B C A a nonzero hereditary subalgebra.
The restriction map p : T(A) — T (B) is a linear homeomorphism of cones.

Proof. Since Ped(B) € Ped(A), the restriction of a densely defined quasitrace on A is a densely defined
quasitrace on B. Restriction also preserves additivity and lower-semicontinuity. Hence, p is well-defined.
Continuity of p follows immediately from the fact that Ped(B) C Ped(A), and it is clear that p is linear.

We now turn to proving that p is surjective. Let o € T(B). Define t : Ay — [0, o] by 7(a) :=
sup{o (b) : b € By, b < a}. The following properties of T are easy to verify:

7(0) =0, (1-1)
t(a*a) = t(aa®), acA, (1-2)
T(Aa) = At(a), A>0,ae Ay, (1-3)
(a1 +a) = t(a) +1(az), ai,a2 € Ay, (1-4)

Let aj,a, € A+. Suppose b € By and b < a; + ap. By [Pedersen 1969, Corollary 1.2], there exist
by, by € A4 with b = by + b, such that b; < a; and b> < a. Since B is a hereditary subalgebra,
by, by € By. Hence,

o(b) =0(b1) +o(b) <t(@)+1(a2). (1-5)

Taking the supremum, we get t(a; +az) < 7(a;) + t(az). Therefore, we have t(a; +az) = t(a;) + 1 (a2).
This completes the proof that t is an additive quasitrace.

Since B is a hereditary subalgebra of A, the restriction of the Cuntz—Pedersen subequivalence relation
on A to B is the same as the Cuntz—Pedersen subequivalence relation on B. It follows that 7|, is 0. As
o is densely defined on B and A is simple, t is densely defined.
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Let T(a) :=sup,..( t((a — €)+) be the lower-semicontinuous regularisation of t; see [Blanchard and
Kirchberg 2004, Remark 2.27(iv)] and [Elliott et al. 2011, Lemma 3.1]. Then 7 is a densely defined, lower-
semicontinuous, additive quasitrace on A, and we still have 7|z, = o because o is lower-semicontinuous.
Therefore, p is surjective.

We now prove that p is injective. Let o, 7, and T be as above. Suppose i € 7~"(A) also satisfies
Y|p =o. Since ¥ (b) < r(a) whenever b < a, we must have T < . Since taking lower-semicontinuous
regularisations is order-preserving, we have T < 1. By [Elliott et al. 2011, Proposition 3.2], there exists
¢ e T(A) such that vy = 7 +¢. However, ¥|p, = 7|p, = o and so ¢ vanishes on B, . Since A is simple,
it follows that ¢ = 0 and so i = 7. Therefore, p is injective.

Finally, we prove p that is a homeomorphism. Fix b € Ped(B) \ {0}. Note that b is also in Ped(A) and
is full in both A and B by simplicity. Set X4 :={t € f(A) :7(b)=1}and Xp:={r € f(B) (b)) =1}.
By [Tikuisis and Toms 2015, Proposition 3.4], X4 is a compact base for the cone T(A) and Xp is a
compact base for the cone T(B). Since b € B, we have that p(X 4) = X g. Hence, p defines a continuous,
affine bijection from X4 to Xp. Since X4 and X g are compact Hausdorff spaces, p in fact defines an
affine homeomorphism between compact bases for the cones T(A) and T(B). Therefore, p is a linear
homeomorphism of the cones f(A) and T(B). U

1B. Strict comparison. We first recall the definition of Cuntz subequivalence. Let A be a C*-algebra
and a,b € A;. Then a 3 b if and only if there exists a sequence (x,),en in A such that

lim |x;bx, —al =0. (1-6)
n—oo

If a Z b and b Z a, then a is said to be Cuntz equivalent to b. We shall write [a] for the Cuntz equivalence
class of a.

The Cuntz semigroup Cu(A) is the ordered abelian semigroup obtained by considering the Cuntz
equivalence classes of positive elements in A ® I under orthogonal addition and the order induced by
Cuntz subequivalence; see [Coward et al. 2008]. If one only considers the Cuntz equivalence classes of
positive elements in U,fozl My (A), then one obtains the classical Cuntz semigroup W (A); see [Ara et al.
2011].

Informally, a C*-algebra A has strict comparison if traces determine the Cuntz comparison theory. In
order to formalise this notion, we need to recall the rank function associated to a lower-semicontinuous
quasitrace. Suppose 7 : Ay — [0, oo] is a lower-semicontinuous quasitrace. Then the rank function
d; : (AR K)y — [0, 0o] is given by

d(a) = gn;or(a‘/"), (1-7)

where we have made use of the unique extension of 7 to A ® K. We have d;(a) < d,(b) whenever
a,b e (A®K), satisfy a 3 b by [Blackadar and Handelman 1982, Theorem I1.2.2]. Strict comparison
can be viewed as a partial converse.

Since we will be adapting the methods of [Bosa et al. 2019a], we shall be working with the same
definition of strict comparison that is used there.
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Definition 1.4 [Bosa et al. 2019a, Definition 1.5]. A C*-algebra A has strict comparison (of positive
elements, with respect to bounded traces) if

[forall T € T(A), d;(a) <d.(b)] = aZb (1-8)
forkeNanda,be My(A),.

We alert the reader to two facts about this definition. Firstly, it only concerns positive elements in
U< Mk (A), so it is a property of the classical Cuntz semigroup W (A). Secondly, we only require the
condition d; (a) < d(b) to be shown when t is a tracial state.

In light of the potential confusion that could arise from the variety of definitions of strict comparison
that appear in the literature, we include a proof that Z-stability implies strict comparison in the sense
of Definition 1.4 for the benefit of the reader. The key ingredient in the proof is that W (A) is almost
unperforated whenever A is Z-stable, which is due to [Rgrdam 2004].

Proposition 1.5. Let A be a simple, separable, Z-stable C*-algebra with QT(A) =T, (A) #0. Then A
has strict comparison of positive elements with respect to bounded traces.

Proof. As A is Z-stable, so is A ® K. Hence, by [Rgrdam 2004, Theorem 4.5], Cu(A) = W(A Q K) is
almost unperforated. Applying [Elliott et al. 2011, Propositions 6.2 and 4.4], we find that A has strict
comparison in the following sense: for all a, b € (A ® K) 4 with [a] < oo[b] in Cu(A) if d;(a) < d;(b)
for all lower-semicontinuous quasitraces with d; (b) = 1 then [a] < [b] in Cu(A).

We show that under our hypothesis on A this implies that A has strict comparison in the sense of
Definition 1.4. Consider a,b € My(A)+ and let € > 0 and f, : [0, 1] — [0, 1] be the function that
is 0 on [0, €], affine on [e, 2¢€] and 1 on [2¢, 1]. Since My(A) is simple, there exists n € N such that
[fe(a)] < nl[b] < oo[b] in Cu(A) by [Blackadar 2006, Corollary 11.5.2.12]. As € is arbitrary, we have
[a] < oo[b].

Since QT(A) = fb (A),ifd;(a) <d,(b) forallt € T(A), thena Zbin AQK. As My (A) is a hereditary
subalgebra of A ® [, we have a 3 b in My (A) by [Kirchberg and Rgrdam 2000, Lemma 2.2(iii)]. [

Remark 1.6. By replacing M;(A) with A ® K in the proof of Proposition 1.5, we see that (1-8) holds
for all a, b € (A ® K)+. Therefore, A also has strict comparison by traces in the sense of [Ng and Robert
2016, Definition 3.1] under the hypotheses of Proposition 1.5.

1C. Ultraproducts and Kirchberg’s epsilon test. Let w be a free ultrafilter on N, which we regard as
fixed for the entirety of the paper. The ultraproduct [ |
defined by

1o An of a sequence of C*-algebras (A,) ey is

Ay
[T 4= [aen : . (1-9)
{(an)neN € HneN Ay limy s, lla, |l = 0}

n—-w

The ultrapower A, of a C*-algebra A is the ultraproduct of the constant sequence (A,),en With A, = A
for all n € N. We identify A with the subalgebra of A, given by constant sequences (a),cn.
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Every sequence (7,),en, Where 7, € T(A,), defines a tracial state on the ultrapower [ [, . A, via
(a,) — lim,_,, 7,(a,). Tracial states of this form are known as limit traces. The set of all limit traces
will be denoted by 7,,([ 1., An)-

Not all traces on an ultraproduct are limit traces but we have the following density result due to [Ng

and Robert 2016, Theorem 1.2] (generalising an earlier result of [Ozawa 2013, Theorem §]).

Theorem 1.7 [Ng and Robert 2016; Ozawa 2013]. Let (A,)nen be a sequence of simple, separable,
Z-stable C*-algebras with Qf(An) = Tb(An) for all n € N. Then Tw(]_[n_m An) is weak*-dense in
T(l_[n—>w A")‘

Proof. By Proposition 1.5 and Remark 1.6, each A, has strict comparison by traces in the sense of [Ng
and Robert 2016, Definition 3.1]. The result now follows by Theorem 1.2 of the same work. O

We shall also need uniform tracial ultraproducts. Recall that any trace 7 € T (A) defines a 2-seminorm
lall2. := t(a*a)'/?. The uniform 2-seminorm is then defined by

lallz.ra)y:= sup |lalla: = sup t(a*a)'/?. (1-10)
€T (A) teT(A)

We can then define the uniform tracial ultraproduct of a sequence of C*-algebras (A,),en by
nﬁA = ULpen A (1-11)
n-— . .
{@nen € [Then An 1imyy, llanll2.7(a,) = 0}

The uniform tracial ultrapower A® of a C*-algebra A, which can be defined as the uniform tracial

ultraproduct of the constant sequence (A,),cn With A, = A for all n € N, was introduced in [Castillejos
et al. 2019]. We identify A with the subalgebra of A“ given by constant sequences (a),eN-

Since ||all2,7(a) < lla|| for all a € A, there exists a canonical surjection from the ultraproduct to the
uniform tracial ultraproduct. The kernel of this *-homomorphism is the trace kernel ideal given by

J(An) = {(an)neN S l_[ Al’l . }I}E;I;) ”an”2,T(An) =0}

n—w

= {x e []An:lxlr=0 1€ Tw( I1 An>}. (1-12)

n—-w n—w
It follows that limit traces also induce traces on the uniform tracial ultraproduct. In the ultrapower case,
we therefore use a unified notation 7,,(A) for the limit traces on A,, or the induced traces on A®.

An important tool for working with ultrapowers are reindexing arguments, which allow one to find
elements of the ultrapower exactly satisfying some given condition provided one can find elements of the
ultrapower which approximately satisfy the condition for any given tolerance. A precise and very general
formulation of such reindexing arguments is Kirchberg’s epsilon test, which we state below.

Lemma 1.8 (Kirchberg’s epsilon test [2006, Lemma A.1]). Let X1, X», ... be a sequence of nonempty

sets, and for each k,n € N, let f,,(k) : X — [0, 00) be a function. Define fa()k) : ]—[f;o:] X, — [0, oo] by
Cf,k)((sn);’f:l) = lim,_,, f,,(k)(sn)for (sp) € ]_[floz] X,,. Suppose that for all m € N and € > 0, there exists

(5022, €12, X, with fa()k)((s,,)) <efork=1,...,m. Then there exists (t,)%> | € [1,=, X, such that
“© (1)) =0 for all k e N.
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1D. Stable rank one. A unital C*-algebra A is said to have stable rank one if the invertible elements
form a dense subset. In this paper, we shall make use of the following nonunital generalisation.

Definition 1.9. Let A be a C*-algebra. We say that A has stable rank one in A~ if every element of A is
a limit of invertible elements in A™.

In the unital case, A~ = A @ C, so A has stable rank one in A™ if and only if A has stable rank one.
In the nonunital case, A having stable rank one in A™ is weaker than requiring that A™ itself have stable
rank one; see [Robert 2016, Example 3.4].

A related notion is Robert’s almost stable rank one [2016, Definition 3.1], which requires that, for all
hereditary subalgebras B C A, B has stable rank one in B™". Robert proved the following.

Theorem 1.10 [Robert 2016, Corollary 3.2]. Let A be a Z-stable, projectionless C*-algebra. Then A has
almost stable rank one. In particular, A has stable rank one in A™.

We now prove that having stable rank one in the unitisation passes to ultraproducts. We employ
the notation [(a,)] for the element of the ultraproduct defined by the bounded sequence (a,). First, let
us record that taking unitisations commutes with taking the ultraproduct. The proof of this lemma is
straightforward and we omit it.

Lemma 1.11. Let (Ay)uen be a sequence of C*-algebras. The canonical inclusion [] A, —

n—w ‘N
[1,—. A, extends to an isomorphism

(]_[ An)N =[] 4y (1-13)

n—-w n—w

We now proceed to show that having stable rank one in the unitisation passes to ultraproducts.

Proposition 1.12. Let (A,) be a sequence of C*-algebras. Suppose for each n € N, A,, has stable rank

onein A, . Then A, :=[],_,, An has stable rank one in A,.

Proof. Let x € A, and say x = [(a,,)]. By Theorem 1.10 and [Bosa et al. 2019a, Lemma 1.20], for each
n € N there is a unitary u, € A, such that a, ~1,, u,|a,|. We then have x = [(u,)]|x| € [l,-.,A, By

isjust A7 O

[Bosa et al. 2019a, Lemma 1.20] once more, x is a norm limit of invertible elements in [ |
Lemma 1.11, ]|

~
n—-w An

1E. Complemented partitions of unity. The key technical tool in [Castillejos et al. 2019] was the com-
plemented partitions of unity technique which enabled Theorem A to be proven in the unital case. This
property is best formulated in terms of the tracial ultrapower A“ of a separable C*-algebra with T (A)
nonempty and compact. These assumptions imply that A“ is unital, with any sequential approximate
identity representing the unit [loc. cit., Proposition 1.11]. We refer to [loc. cit., Definition G] of the same
work for a detailed explanation of the ideas behind this definition.

Definition 1.13. Let A be a separable C*-algebra with Qf(A) = Tb(A) # 0 and T (A) compact. We say
that A has complemented partitions of unity (CPoU) if for every || - ||2,7,(4)-separable subset S of A“,
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every family ay, ..., ar € (A®)4+, and any scalar
8> sup min (a;), (1-14)
reT, (A)i=1,k
there exist orthogonal projections py, ..., px € A®N S’ such that
p1+-+pr=1go and t(a;p;) <oét(p;), tve€T,(A),i=1,...,k. (1-15)

The following theorem gives sufficient conditions for a C*-algebra to have complemented partitions of
unity. Although not necessary for our purposes, the hypothesis of Z-stability can be weakened to uniform
property I'; see [Castillejos et al. 2019, Section 2] for more details.

Theorem 1.14 [Castillejos et al. 2019, Theorem I]. Let A be a separable, nuclear, Z-stable C*-algebra
with QT(A) = Tb (A) #0and T(A) compact. Then A has complemented partitions of unity.

2. Reductions

In this section, we show how Brown’s theorem [1977, Theorem 2.8] can be used to reduce the task of
proving Theorem A in general to proving it for unital C*-algebras and for stably projectionless C*-algebras
with a compact trace space. We begin with the general statement of Brown’s theorem.

Theorem 2.1 [Brown 1977, Theorem 2.8]. Let B be a full hereditary subalgebra of a C*-algebra A.
Suppose both A and B are o -unital. Then B is stably isomorphic to A.

In our applications, we shall be working with C*-algebras that are simple and separable. Hence, the
fullness and o -unitality conditions will be satisfied. We shall therefore use the following form of Brown’s
theorem.

Corollary 2.2. Let B be a nonzero hereditary subalgebra of a simple, separable C*-algebra A. Then B
is stably isomorphic to A.

The utility of Brown’s theorem for this paper derives from the fact that the hypotheses and conclusion
of Theorem A are invariant under stable isomorphism. We state this formally below.

Proposition 2.3 [Kirchberg and Winter 2004; Winter and Zacharias 2010; Toms and Winter 2007]. Let
A be a C*-algebra. Then:

(1) A is simple if and only if A @ K is simple.
(i1) A is separable if and only if A ® K is separable.
(iii) A is nuclear if and only if A ® K is nuclear.
(iv) dr(A) = dr(A ® K).
(v) dimpyc(A) = dimpyc (A Q K).
(vi) A is separable and Z-stable if and only if A ® K is separable and Z-stable.
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Proof. Properties (i)—(iii) are well known; see for example [Blackadar 2006, Chapter IV.3]. Part (iv)
is [Kirchberg and Winter 2004, Corollary 3.9]. Part (v) is [Winter and Zacharias 2010, Corollary 2.8].
Part (vi) is [Toms and Winter 2007, Corollary 3.2]. O

Next, we recall that a C*-algebra A is stably projectionless if there are no nonzero projections in A ® K.
By definition, this property is preserved under stable isomorphism. Stably projectionless C*-algebras can
be viewed as highly nonunital C*-algebras. Indeed, the following folklore result establishes a dichotomy
for simple, separable C*-algebras.

Proposition 2.4. Let A be a nonzero, simple, separable C*-algebra. Then exactly one of the following
holds:

(a) A is stably isomorphic to a unital C*-algebra.
(b) A is stably projectionless.

Proof. Let A be a simple, separable C*-algebra A. Then A ® K is simple and separable by Proposition 2.3.
Suppose that A is not stably projectionless. Then there exists a nonzero projection p € A @ K. Set
B := p(A®K)p. Then B is a unital C*-algebra with unit 15 = p. Moreover, B is a nonzero hereditary
subalgebra of A ® K. Therefore, B is stably isomorphic to A ® K by Corollary 2.2, and hence is stably
isomorphic to A.

Now suppose that A is stably isomorphic to a unital C*-algebra B. Then there exists an isomorphism
¢:BQK — A®K. Writing 1p for the unit of B and e¢;; for the matrix units of K, we have that
¢(1p ® e;;) is a nonzero projection in A ® K. Hence, A cannot be stably projectionless. (I

This dichotomy justifies the terminology stably unital for the nonstably projectionless, simple, separable
C*-algebras. The stably unital case of Theorem A follows immediately from [Castillejos et al. 2019,
Theorem B] together with Propositions 2.4 and 2.3. The stably projectionless case on the other hand
requires a further reduction and a technical modification of the methods of [Bosa et al. 2019a]. The
purpose of the additional reduction is to pass to the case where the trace space is compact, and it is based
on the following folklore result.

Lemma 2.5. Let A be a simple, separable C*-algebra with f(A) #0. Let Ay .= a(AQK)a be the
hereditary subalgebra generated by a nonzero positive contraction a € (A @ K) 1 for which the function
T > dy(a) is continuous and finite-valued. Then T (Ao) = Ty(Ag) # 0 and T (Ag) is compact.

Proof. By Proposition 1.3, the restriction map p : f(A RK) — T(Ao) is a linear homeomorphism. Let
o= T(Ao). Then o has an extension 7 := p~ (o) € T(A ® K). By [Tikuisis 2014, Proposition 2.4], we
have o || 4; = d- (a) < 0o. Therefore, T (Ag) = T;,(Ag) # 0. Since 0 > d,-1(,(a) is continuous, T (Ag)
is a weak*-closed subspace of the unit ball of Aj. Therefore, T'(Ag) is compact. O

We now explain how the results of [Elliott et al. 2011] can be used to prove the existence of positive
contractions with continuous-rank functions under suitable hypotheses.

Proposition 2.6. Let A be a simple, separable, Z-stable C*-algebra with QT(A) = T(A) # 0. Let
[ T(A) — [0, 00) be a strictly positive, continuous, linear function. Then there exists a nonzero positive
contraction a € (A Q@ K) 41 withd,(a) = f(z) forallt € f(A).
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Proof. Following [Elliott et al. 2011, Section 4.1], we write F'(Cu(A)) for the space of functionals on the
Cuntz semigroup of A. In [loc. cit., Theorem 4.4], it is shown that all functionals on the Cuntz semigroup
are of the form d; for some lower-semicontinuous quasitrace T on A. However, we alert the reader to the
fact that quasitraces are not assumed to be densely defined in [loc. cit.]. Since A is simple, this means
that either 7 € QT(A) or 7 is the trivial quasitrace, which satisfies t(0) = 0 and is infinite otherwise.

We now consider the topology on F(Cu(A)), defined in general in [loc. cit., Section 4.1], and its
relation to the topology on T(A), which is given by pointwise convergence on Ped(A). By [loc. cit.,
Theorem 4.4] and our assumption that all quasitraces are additive, the topology on F(Cu(A)) agrees
with the topology on set f(A) of (not necessarily densely defined) lower-semicontinuous, additive
quasitraces defined in [loc. cit., Section 3.2].> This topology is shown to be compact and Hausdorff in
[loc. cit., Theorem 3.7]. By [loc. cit., Theorem 3.10], the restriction of this topology to T(A) is pointwise
convergence on Ped(A). Since f(A) \ T(A) is just one point, it follows that the topology on ?(A) is
simply the one point compactification of the topology on T(A).

By [Tikuisis and Toms 2015, Proposition 3.4], the cone T (A) has a compact base K. Since f is strictly
positive and continuous, inf;cx f(7) > 0. Hence, we may extend f to the one-point compactification
of f(A) by setting f(00) = oo and the resulting map is still continuous. It follows that f defines an
element of the dual cone L(F(Cu(A))); see [Elliott et al. 2011, Section 5.1]. Therefore, as A is Z-stable,
there exists a € (A ® K)4 | such that f(t) =d(a) forall T € T(A) by [loc. cit., Theorem 6.6]. O

We end this section with the following summary of all the reductions.

Theorem 2.7. Let A be a nonzero, simple, separable, exact, Z-stable C*-algebra. Then one of the
following holds:

(a) A is stably isomorphic to a unital C*-algebra.

(b) A is stably isomorphic to a stably projectionless C*-algebra Ay with QT(AO) = Tb (Ag) #0 and
T (Ag) is compact.

Proof. Suppose (a) does not hold. Then A is stably projectionless by Proposition 2.4. By Theorem 1.2,
QT(A) # (. Since A is exact, the nonunital version of Haagerup’s theorem gives QT(A) = f(A) #£0;
see [Haagerup 2014; Blanchard and Kirchberg 2004, Remark 2.29(i)]. Since f(A) is a cone with
a compact base, there exists a strictly positive, continuous, linear function f : f(A) — [0, 00). By
Proposition 2.6, there is a positive contraction a € (A ® )4 1 such that f(r) =d;(a) forall t € T(A).
Set Ag := a(A @ K)a. By Lemma 2.5, QT(AO) = Tb (Ap) #0and T (Ap) compact. By Corollary 2.2, A
is stably isomorphic to Ag. Hence, Ay is stably projectionless. ([

3. Existence

Let A be a separable, nuclear C*-algebra with complemented partitions of unity (CPoU). In this section,

; On n . . .
we will construct a sequence of maps A — F, = A, where F, are finite-dimensional C*-algebras,

SIn [Elliott et al. 2011], the notation 7' (A) is used instead of ?(A), but this clashes with the notation for the tracial states used
in this paper.
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6, are c.p.c. maps and 7, are c.p.c. order-zero maps, which induces a *-homomorphism A — A® that
agrees with the diagonal inclusion A — A®.

We will do this in two steps. First, we will fix a trace T and produce maps A — F' — A that approximate
the identity map on A in || - ||2,.-norm. We shall then construct the required sequence of maps using
complemented partitions of unity (CPoU).

The following lemma will be deduced from [Castillejos et al. 2019, Lemma 5.1], but it can also be
proved by directly applying the methods of [Brown et al. 2017, Lemma 2.5].

Lemma 3.1. Let A be a separable, nuclear C*-algebra and let T € T (A). For any finite subset F C A
and € > 0 there exist a finite-dimensional C*-algebra F, a c.p.c. map 6 : A — F, and a c.p.c. order-zero
map 1 : F — A such that

160(a)0(b)|| <€ fora,be F suchthat ab =0, (3-1)
Inob(a)—ala. <€ foraceF. (3-2)

If all traces are quasidiagonal,® one can additionally arrange that
|6(ab) —0(a)0(b)|| <€, a,beF. 3-3)

Proof. The trace t extends to a trace on A™. By [Castillejos et al. 2019, Lemma 5.1] applied to A™, there
exist a finite-dimensional F, a c.p.c. map 6 : A~ — F, and a c.p.c. order-zero map 7 : F — A~ such that

16(@)d ()|l < 3 for a, b € F satistying ab =0, (3-4)
liiof(a)—als: < i€ foraeF. (3-5)

Let (e,),en be an approximate identity of A. Then e, /14~ in || -||2.r. Hence, the c.p.c. maps 7, : F — A
given by 7, (x) = e, 7(x)e, converge to 7 in the point-| - ||2,; topology. The sequence 1), is asymptotically
order-zero in || - ||2,. Since F is finite-dimensional, we can make use of order-zero lifting to obtain a
sequence of c.p.c. order-zero maps 7, : F — A converging to 7 in the point-| - ||2.; topology.’

Set 0 := 9~|A. Choose n € N such that ||, (6(a)) —1(0(a))ll2.r < %e for all a € F. We then have

Ino6(a) —alar < liob(a)—ala.+3€ <€, acF. (3-6)

If all traces are quasidiagonal, the map 6 given by [Castillejos et al. 2019, Lemma 5.1] is approximately a
*-homomorphism. Hence, so is 6. ]

With the previous lemma in hand, we can now utilise complemented partitions of unity (CPoU) to
prove the following.

Lemma 3.2. Let A be a separable, nuclear C*-algebra with QT(A) = Tg,(A) # 0 and T (A) compact.
Suppose A has CPoU. Then there exists a sequence of c.p.c. maps ¢, : A — A which factor through

6See Definition 7.1.
TIndeed, let J; := {(an)nen € £°(A) : limy_ oo 7(ajay) = 0} and consider the diagonal map (7j,) : F — £°°(A)/J;. This
map is c.p.c. order-zero and so has a c.p.c. order-zero lift (n,) : F — €°°(A) by [Winter 2009, Proposition 1.2.4].
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finite-dimensional algebras F,, as
®n

N

Fy,

A

A (3-7)

with 6, c.p.c. and n, c.p.c. order-zero, in such a way that the induced map (6,);2, : A — [1, Fnis
order-zero, and the induced map ® = (Pn);2, - A — A agrees with the diagonal inclusion A — A®.

If all traces on A are quasidiagonal, then we may arrange that the induced map (6,)7°, : A — [], Fu
is a *-homomorphism.

Proof. As in [Castillejos et al. 2019, Lemma 5.2], by a standard application of Kirchberg’s epsilon test,
it suffices to show that for a finite set 7 C A and a tolerance € > 0, there is a sequence (F,, 6,, n,)
such that 6, : A — F, is approximately order-zero (or approximately multiplicative if all traces are
quasidiagonal), 1, : F,, — A is an order-zero map, and the induced map ®, = (3, o O)oo i A— A?
satisfies |la — @ (@)ll2,1,a) < € for all a € F. In fact, we will arrange for all the F;, to be the same
finite-dimensional algebra F, and all the 6, to be the same map 6.

Let F C A be a finite subset and € > (0. By Lemma 3.1, for any t € T (A) there exist a finite-dimensional
C*-algebra F;, a c.p.c. map 0; : A — F;, and an order-zero map n, : F; — A such that

160(a)0(b)| < e, a, b € F such that ab = 0, (3-8)
2 e’
1z 06 (x) —xll3 - <7 x € F. (3-9)
Seta; =) . rlx—ncT00; (@)|* By the compactness of T (A), there exist 7y, ..., 7x € T(A) such

that for all T € T (A) there is some 7; such that t(a;) < €.
By CPoU, there exist pairwise orthogonal projections pi, ..., pr € AN A’ adding up to 14~ such
that 7(a; p;) < Ezt(p,') forall T € T,(A). Set F := @le Fr,,0:A— Fandn:F — A® by

k
0(a) = (0, (@), ..., 0 (@), Nx1,...., %) =Y 0, (x)pi, (3-10)
i=1
where a € A and x; € Fy,. By construction (see [Castillejos et al. 2019, Lemma 5.2, equation (5.16)]), we
obtain

la—nob(a)lar,a) <€, acF. (3-11)

By [Winter 2009, Proposition 1.2.4], n : F — A® can be lifted to a sequence of order-zero maps
N, : F'— A. Thus the sequence (F, 8, 1,) is the required sequence.

Finally, if all traces are quasidiagonal, the map 6 is approximately multiplicative by Lemma 3.1.
Combining the previous argument with Kirchberg’s epsilon test yields that the induced map (6,,) : A —
[1, F» is a *-homomorphism. O
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4. Unitisation

In this section, we prove that a c.p.c. order-zero map ¢ : A — B, from a separable C*-algebra into a
C*-ultrapower extends to a c.p.c. order-zero map ¢~ : A~ — B,,. Moreover, under appropriate conditions,
Dini’s theorem can be used to construct an extension for which the tracial behaviour of ¢~ (14~) is
determined by ¢. These results were inspired by the structure theory for order-zero maps developed
in [Winter and Zacharias 2009] and the existence of supporting order-zero maps proved in [Bosa et al.
2019a, Lemma 1.14]. We begin with a technical lemma.

Lemma 4.1. Let ¢ : A — B be a c.p.c. order-zero map between C*-algebras. Suppose that h € B is a
positive contraction such that

¢ (a)g(b) =he(ab), a,beA,. (4-1)
Then the map ¢~ : A~ — B defined by ¢” (a + A1 a~) := ¢ (a) + Ah is c.p.c. order-zero.

Proof. By [Winter and Zacharias 2009, Corollary 4.1], there exists a *~-homomorphism 7 : Co(0, 1]Q A —
B, such that ¢ (a) =7 (t ® a) for all a € A, where ¢ denotes the canonical generator of the cone. In terms
of , equation (4-1) gives hn (t ® ab) = 7(t>*®ab) fora, b € A, from which we deduce that

hrt®a)=n(’>®a), acA, (4-2)

since (AJF)2 = A, and A, spans A. It then follows that A" (t" ® a) = 7w (1"t @ a) for a € A and for
all n, m € N>, from which we obtain

g(h)ﬂ(f@a):ﬂ'(gf(@a), LZEA, f’gECO(O’ 1]» (4'3)

since spanf{r”" : n € N>} is dense in Cy(0, 1]. Taking adjoints, we also obtain 7 (f @ a)g(h) =n(fg®a)
foralla € A, f, g € Cy(0, 1].

We now define a map 7~ : Cyp(0,1] © A~ — B from the algebraic tensor product by setting
T (f®(a+Als~)) =7 (f ®a)+ Af(h) on elementary tensors. A straightforward computation using
(4-3) and its adjoint shows that 7™ is a *-homomorphism. Hence, 7~ extends to a map Co(0, I|® A~ — B.
Finally, define ¢~ : A~ — B by ¢ (x) := 77 (¢t ® x). Then ¢~ is a c.p.c. order-zero map and
¢~ (a+Alg~) =@ (a)+ Ah as required. O

We now prove the unitisation lemma for order-zero maps.
Lemma 4.2. Let A, B be C*-algebras with A separable and let ¢ : A — B, be a c.p.c. order-zero map:

(a) There exists a c.p.c. order-zero map ¢~ : A~ — B, which extends ¢.

(b) Suppose now that T (B) is compact and nonempty. Let (e,),en be an approximate unit for A and

suppose the function
0:T,(B)"" — 10,11, 7> lim t(¢(en)),
n—oo

is continuous. Then there exists a c.p.c. order-zero map ¢~ : A~ — B, which extends ¢ and satisfies
(" (14~)) =0(7) forall T € T,(B)"™
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Proof. (a) Let (e,)nen be an approximate unit for A. By [Winter and Zacharias 2009, Corollary 4.1],
there exists a *-homomorphism 7 : Cy(0, 1]® A — B,, such that ¢ (a) = 7w (t ® a) for all a € A, where ¢
denotes the canonical generator of the cone. For any a, b € A, we have

lim ¢ (ex)p(ab) = lim (1> ® eyab)
=n(t* ®ab) = p(a)p(b). (4-4)

We shall now prove the existence of a positive contraction & € B,, such that (4-1) holds foralla, b€ A,
by an application of Kirchberg’s epsilon test (Lemma 1.8).

Let X, := B4+, foralln e N. Let ¢, : AL — B be a sequence of functions such that (¢, (a))nen is @
representative for ¢ (a) for all a € A,. Fix a dense sequence (a,),en in A. Define fn(”s) : X, — [0, oo]
for r, s € N by

£ x) == |xgn(aras) — gular)gnlas)|l. (4-5)

Then define £ : ]2, X, — [0, 00] by (Xp)nen > limy, o £ (x,).
Let m € N and € > 0. By (4-4), there is k € N such that

¢ (ex)p(aras) — (a)p(as)ll <€, 1<r.s=<m. (4-6)

Let x = (x,)nen be a sequence of positive contractions in B representing ¢ (ex). Then f,,(f’s)(x) <€

whenever 1 < r, s < m. By Kirchberg’s epsilon test, there exists a sequence of positive contractions
¥ = (¥n)neN in B such that fa()r’s)(y) =0 forall , s € N. Let & be the positive contraction in B,, represented
by (¥n)nen. Then £ satisfies (4-1) for all a, b € {a, : n € N}. By density, & satisfies (4-1) foralla,b e A,.

The result now follows by Lemma 4.1.

(b) By Dini’s theorem, 7(¢(e,)) /' 6(t) uniformly for 7 € T,(B)"**8 For each I € N, set

yii= max (0(7)—1(¢(en)). 47
€T, (B)W*

Then y; > 0 as t(¢(e,)) increases with n, and lim;_, o 7 = 0 as the convergence is uniform.
We shall now prove the existence of a positive contraction # € B,, such that (4-1) holds forall a, b€ A4
and that
t(h) = lim 7(d(en)), T€ T, (B)"*. (4-8)

Once again, we use Kirchberg’s epsilon test (Lemma 1.8).
Let X1, ¢, £, and £ be as in (a). Define g\, g¢" ™ : X,, — [0, oo] for I € N by

g4 (x) 1= max( SITJFB)(t(x) — (¢nle)) =1, 0), 4-9)
g (x) = max ( s;l%)B)(T(%(el)) —7(x)),0). (4-10)

I, l,— . I,
Then define g4, ¢4 - [T X» — [0,00] by (xp)nen > lim, gV () and (x)pen >
lim,,_,,, g,(,l’_) (x,) respectively.

80ur convention is that approximate units for C*-algebras are by default assumed to be increasing.
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The key observation is that a sequence x = (x,),en representing a positive contraction b € B, satisfies
géf’*) x) = gg’_)(x) =0 if and only if

t(@(e)) <t(b) <t(d(e)+y, TeTH(B)"". (4-11)
Let m € N and € > 0. By (4-4), there is k > m such that
¢ (ex)p(aras) — Pp(ar)plas)ll <€, 1<r,s<m. (4-12)

Let x = (x,)nen be a sequence of positive contractions in B representing ¢ (ex). Then fuﬁ”)(x) <€

whenever 1 < r, s < m. Furthermore, as k > m, we have by (4-7) that for any [ <m

T(p(e) < t(@ler) <0(v) <t(@(e)) +y, 7€ Tn(B)". (4-13)

Therefore, gf,f’“(x) = gg’_)(x) =0for/ <m.
By Kirchberg’s epsilon test, there exists a sequence of positive contractions y = (y,)nen in B such that
a(f’s)(y) = gff’JF) (y)= gg’_)(y) =0forall r, s,/ € N. Let & be the positive contraction in B, represented

by (¥n)nen- Then h satisfies (4-1) for all a, b € Ay as in (a) and
t(@(e)) <t(h) <t(@p(e))+v, TeT,(B)" leN. (4-14)

Letting [ — 0o, we obtain (4-8) because lim;_, », ¥; = 0. The result now follows by Lemma 4.1. O

5. The uniqueness theorem

In this section, we establish the uniqueness theorem for maps from a C*-algebra into a C*-ultrapower,
which will be used to bound the nuclear dimension of Z-stable C*-algebras. This theorem is a nonunital
version of [Castillejos et al. 2019, Lemma 4.8] which in turn builds on [Bosa et al. 2019a, Theorem 5.5].
For notational convenience, we work with ultrapowers throughout rather than general ultraproducts.

Theorem 5.1 (cf. [Bosa et al. 2019a, Theorem 5.5]). Let B be a simple, separable, Z-stable C*-algebra
with CPoU, stable rank one in B™, QT(B) = Tb(B) #0, and T (B) compact. Let A be a unital, separable,
nuclear C*-algebra, let ¢p1 : A — B, be a c.p.c. order-zero map such that ¢y(a) is full for all nonzero
a € A and the induced map ¢y : A — B® is a *-homomorphism, and let ¢» : A — By, be a c.p.c. order-zero
map such that

Topr=rto0¢y, T€T(By), meN, (5-1)

where order-zero functional calculus is used to interpret ¢3’.9Let k € Z be a positive contraction with
spectrum [0, 1], and define c.p.c. order-zero maps ;i : A — (B ® 2), by ¥;(a) := ¢;(a) @ k. Then yr
and Yrp are unitarily equivalent in (B ® Z).

The proof of Theorem 5.1 follows by a careful adaptation of the arguments from [Bosa et al. 2019a;
Castillejos et al. 2019] to handle the potential nonunitality of B. In the subsections that follow, we shall
first review the key ingredients of the proof of [Castillejos et al. 2019, Lemma 4.8] and [Bosa et al. 2019a,

9Suppose ¢2(x) = mr(r ® x) where 75 : Cp(0,1]® A — B, is a *-homomorphism and ¢ is the canonical generator of
Cp(0, 1]. Then ¢2’" (x) = 1 (t™ ® x); see [Winter and Zacharias 2009, Corollary 4.2].
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Theorem 5.5] and explain clearly the modifications needed in the nonunital setting. We shall then return
to the proof of Theorem 5.1.

5A. The 2 x 2 matrix trick. We begin by reviewing the 2 x 2 matrix trick, which converts the problem
of unitary equivalence of maps into the problem of unitary equivalence of positive elements. The version
stated below is very similar to [Bosa et al. 2019a, Lemma 2.3]; however, for our applications, we must
weaken the stable rank one assumption and we have no need for the Kirchberg algebra case.

Proposition 5.2 (cf. [Bosa et al. 2019a, Lemma 2.3)]). Let A be a separable, unital C*-algebra and B be a
separable C*-algebra. Let ¢y, ¢ : A — B, be c.p.c. order-zero maps and él, 432 : A — B, be supporting
order-zero maps (as in (A-1)). Suppose that B, has stable rank one in B,]. Let w : A — M>(B,) be

given by A
$1(a) O )
n(a) = A , acA, 5-2
(a) ( 0 $a) (5-2)
and set C := M>(B,,) N (A) N {1myB:) — Tl )} If
é1(14) 0) (0 0 >
and 5-3
( 0 0 0 ¢a(l0) 6
are unitarily equivalent in C~, then ¢ and ¢, are unitarily equivalent in B,).
Proof. Let
u= (”” ”‘2) cc (5-4)
Uz U

be a unitary implementing the unitary equivalence of the positive elements. Since B, has stable rank
one in B, we have that u},¢2(1,) is the limit of invertibles in B,;. Hence, by [Bosa et al. 2019a,
Lemma 1.20] and Kirchberg’s epsilon test, there is a unitary w € B, with u3,¢>(14) = wlu3,¢2(14)].
Arguing exactly as in the proof of [Bosa et al. 2019a, Lemma 2.3], we obtain that ¢; (@) = we¢, (a)w™* for
all a € A. O

5B. Property (SI). Our goal in this section is to show that c.p.c. order-zero maps from separable, unital
C*-algebras into ultrapowers of C*-algebras with compact trace space satisfy property (SI).

The following definition is a variant of [Bosa et al. 2019a, Definition 4.2], which in turn goes back to
[Matui and Sato 2012], that allows us to handle cases when the codomain is not unital.

Definition 5.3. Let B be a simple, separable, C*-algebra with Qf(B) = ﬁ,(B) # 0. Write Jp_ for the
trace kernel ideal. Let A be a separable, unital C*-algebra, let 7 : A — B, be a c.p.c. order-zero map,
and define

C:=B,Nm(A) N{lg —w(1)}" (5-5)

The map 7 has property (SI) if the following holds. For all e, f € C1 such thate € Jp,, || f|| =1 and f
has the property that, for every nonzero a € A, there exists y, > 0 such that

t(m@(@)f") > y., t1€T,(B), neN, (5-6)
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there exists s € C such that
s*s=e and fs=s. (5-7)

The main result of this subsection is that under certain hypotheses, c.p.c. maps A — B, have prop-
erty (SI). This result is a nonunital version of [Bosa et al. 2019a, Lemma 4.4] and its proof is almost
identical to the original proof. Since this result is one of the most delicate parts of this work, we include
its proof.

Proposition 5.4 (cf. [Bosa et al. 2019a, Lemma 4.4]). Let B be a simple, separable, Z-stable C*-algebra
with QT(B) = Tb(B) # 0. Let A be a separable, unital, nuclear C*-algebra. Then every c.p.c. order-zero
map 1w : A — B, has property (SI).

Proof. Let m : A — B, be a c.p.c. order-zero map with A and B as in the statement. Let C be as in (5-5)
andset C :=C/(CNJ B,)- Lete, f € C1 and y, be as in the definition of property (SI). As in the proof
of [Bosa et al. 2019a, Lemma 4.4], it is enough to exhibit an element s € B,, approximately satisfying

s*t(a)s =m(a)e forallae A and fs=s. (5-8)

Let F C A be a finite subset of contractions and € > 0. Since B is Z-stable, using Lemma A.6(ii) we can
find a c.p.c. order-zero map « : Z — B,Nm(A) N{e, f} such that «(1z) acts as unit on 7 (A). Therefore,
we may define a new c.p.c. map 7 : AQ Z — B, by setting 7 (a®z) :=m(a)x(z). It follows by construction
that w(a) =7 (a ® 1z) for a € A. By [Winter and Zacharias 2009, Corollary 4.3], 7 is a c.p.c. order-zero
map and note that e and f are elements of the relative commutant B, N7 (A ® Z)' N {1 B —7(lag 2)H.

Arguing as in the proof of [Bosa et al. 2019a, Lemma 4.4], for any b € (A ® Z), there exists a positive
constant y;, such that

t(@®) f") > %, te€Ty(By,), neN. (5-9)

Next, we will apply [loc. cit., Lemmas 4.7 and 4.8] to the unital, separable, nuclear C*-algebra A. Set
G={x®1lz:x e F} € A® Z. Since no irreducible representation of A ® Z contains any compact
operator, by [loc. cit., Lemma 4.8] there exist L, N € N, pairwise inequivalent pure states Ay, ..., Az on
AQ® Z andelements ¢;,d;j e AQ Zfori=1,...,N, [ =1,..., L such that

N

L
X~ Y Y udxdicie;, x€g. (5-10)

I=11i,j=I

By [loc. cit., Lemma 4.7], applied to the set {d;xd;r:x €G,i,j=1,...,N, I, I'=1,..., L}, there

exist positive contractions ay, ...,d; € (A® Z); such thatfor/ =1, ..., L, Aj(a;) =1 and
aid} xd;ja) ~5 M(dfxd;ai, xe§,i, j=1,...,N, (5-11)
and for [ # 1/,
ald;‘jlxdj,l/a[/ ~s0, xeg,i, ] =1,...,N, (5—12)

with 8 := €/(N?L maxy ||cx||?). Note, the condition A;(a;) = 1 ensures that the ¢; have norm 1.
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By hypothesis, B is simple, separable, Z-stable and QT(B) = Tb(B) # 0. Hence, by Proposition 1.5,
B has strict comparison of positive elements by bounded traces. Thus, for / =1, ..., L, we may apply
Lemma A.11 with ; in place of a. Let S§; € (A ® Z)4 \ {0} denote the countable subset such that the
conclusion of Lemma A.11 is satisfied with a; in place of a.

Let7:A® Z — B,N{f} be a supporting c.p.c. order-zero map for 7. As in [loc. cit., Lemma 4.4],
using (5-9) and Lemma A.4 twice (taking x := 0 and with Sy := a7 (S;U---USL)), we find ¢, h €
B,NA(A® Z) Na(AQ Z) satisfying h <1t < f and, forevery b€ S;U---U S},

(@ (b)h") > pp, tTETHB), neN. (5-13)

By Lemma A.11 (with 7 in place of ), there is a contraction r; € B,, such that 7 (q;)r; = tr; = r; and
rfrp=e. Usingt < f < mw(l,), we obtain 77 (14)r; = r; for each [, and hence

riahr =7 (14)2er (142 (5-14)
Set
L N
5= Z Zﬁ(di,laz)rzﬁ(ci) € By. (5-15)
=1 i=1

Using r; = tr;, t < f and that t commutes with the image of 77, we can obtain fs =s. For x € F, the
calculations of [loc. cit., Lemma 4.4, equation 4.46] show

s*m(x)s =m(x)e, (5-16)

as required. Then Kirchberg’s epsilon test produces an element s € B, that exactly satisfies (5-8). As in
the proof of [loc. cit., Lemma 4.10], s € C. U

5C. Structural results for relative commutants. Combining property (SI) with complemented partitions
of unity (CPoU), one can now prove important structural properties for the relative commutant algebras
C:=B,Nn(A)N {1z, — (1 4)}* arising from the 2 x 2 matrix trick.
Theorem 5.5 (cf. [Castillejos et al. 2019, Lemma 4.7]). Let B be a simple, separable, Z-stable C*-algebra
with QT(B) = Tb(B) #0and T (B) compact. Suppose additionally that B has CPoU. Let A be a separable
unital nuclear C*-algebra and w : A — B,, a c.p.c. order-zero map which induces a *-homomorphism
T:A— B? Let

C:=B,Nm(A)N {1z, — T}, C:=c/(Ccn JB,)- (5-17)
Then:

() All traces on C factor through C.
(i1) C has strict comparison of positive elements by bounded traces.
(iii) The traces on C are the closed convex hull of traces of the form t(w(a) -) fort € T(By) anda € Ay

with t(m(a)) = 1.

First, we discuss two preliminary results, which originate from [Bosa et al. 2019a, Lemmas 3.20
and 3.22] and were generalised in [Castillejos et al. 2019, Lemmas 4.3 and 4.6], where the newly
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discovered CPoU was used in place of the earlier methods that required further assumptions on 7' (B).
Both results are proven by checking that these lemmas approximately hold for 7z, (B®)” for any trace in
T € T,,(B)™*, which in turn follows from the fact that 7, (B®)” is a finite von Neumann algebra, and then
using CPoU to patch local solutions together. In [loc. cit.], these results are stated for B unital, but the
proofs do not make use of the unit. They only require that 7'(B) is compact, as this guarantees that B® is
unital [loc. cit., Proposition 1.11].

Lemma 5.6 (cf. [Castillejos et al. 2019, Lemma 4.3]). Let B be a separable C*-algebra with Q?(B) =
Tb(B) # 0 and T (B) compact. Suppose B has CPoU. Let S € B® be a || - ||2,1,(B)-Separable and self-
adjoint subset, and let p be a projection in the centre of B® N S'. Then p(B® NS’) has strict comparison
of positive elements by bounded traces.

Proposition 5.7 (cf. [Castillejos et al. 2019, Lemma 4.6]). Let B be a separable C*-algebra with Q?(B )=
T,(B) # 0 and T (B) compact. Suppose B has CPoU. Let A be a separable, unital, nuclear C*-algebra
and ¢ : A — B® a *-homomorphism. Set C := B®*N¢(A) N{lgo — d(14))+ Define Ty to be the set of
all traces on C of the form t(¢(a) - ), where T € T (B®) and a € A, satisfies T(¢p(a)) = 1.

Suppose z € C is a contraction and § > 0 satisfies |p(z)| <6 forall p € Ty. Write K :=12-12- (14 9).

Then there exist contractions w, X1, .. ., X10, Y1, - - - » Y10 € C such that
10
z=8w+K ) [xi il (5-18)

i=1
In particular, T (C) is the closed convex hull of T.

With these preparatory results now established, we explain how to adapt the original proof of [Bosa
et al. 2019a, Theorem 4.1] to prove Theorem 5.5.

Proof of Theorem 5.5. For (i), the proof of [loc. cit., Theorem 4.1(i)] still works in our situation with the
following minor modifications. We use Lemma A.4 instead of [loc. cit., Lemma 1.18], Proposition 5.4 in
place of [loc. cit., Lemma 4.4] and Lemma A.5 in place of [loc. cit., Lemma 1.19].

Similarly, for (ii) we use the proof from [loc. cit., Lemma 3.20] with the following modifications. Since
B is Z-stable, any matrix algebra embeds into B® N7 (A) N{c} [Castillejos et al. 2019, Proposition 2.3].
We use Lemma 5.6 to see that C has strict comparison of positive elements by traces in place of [Bosa
et al. 2019a, Lemma 3.20], and [Castillejos et al. 2019, Lemma 1.8] in place of [Bosa et al. 2019a,
Lemma 3.10].

In the same vein, (iii) follows from (i), [Castillejos et al. 2019, Lemma 1.5], and Proposition 5.7. [

5D. Unitary equivalence of totally full positive elements. The main theorem of this section is a nonunital
version of the classification of totally full positive elements up to unitary equivalence in relative commutant
sequence algebras obtained in [Bosa et al. 2019a, Lemma 5.1].1°

Let us begin by stating the following lemma which can be proved in exactly the same way as [Bosa
et al. 2019a, Lemma 5.3] since the Robert—Santiago argument [2010] at the core of the proof has no

10Recall that a nonzero h € C is totally full if f(h) is full in C for every nonzero f € Cy((0, ||2]|1)+ [Bosa et al. 2019a,
Definition 1.1].



NUCLEAR DIMENSION OF SIMPLE STABLY PROJECTIONLESS C*-ALGEBRAS 2227

unitality hypothesis. All that is required is to formally replace all occurrences of 1p, with 15~, and
replace [Bosa et al. 2019a, Lemma 1.17] with Lemma A.3, [loc. cit., Lemma 2.2] with Lemma A.8, and
[loc. cit., Lemma 5.4] with Lemma A.9.

Lemma 5.8 (cf. [Bosa et al. 2019a, Lemma 5.3]). Let B be a separable, Z-stable C*-algebra and let A
be a separable, unital C*-algebra. Let w : A — B, be a c.p.c. order-zero map such that

C:=B,Nm(A) N{lz —m(l)} (5-19)
is full in B,,.

Assume that every full hereditary subalgebra D of C satisfies the following: if x € D is such that there
exist totally full elements e;, e, € D such that e;x = xe, = 0, then there exists a full element s € D such
that sx = xs = 0.

Let a, b € Cy be totally full positive contractions. Then a and b are unitarily equivalent in C™ if and
only if for every f € Co(0, 114, f(a) is Cuntz equivalent to f(b) in C.

With this lemma in hand, we can now prove the main theorem of this section.

Theorem 5.9 (cf. [Bosa et al. 2019a, Theorem 5.1]). Let B be a separable, Z-stable C*-algebra with
QT(B) = T,(B) #0. Let A be a separable, unital C*-algebra and let & : A — By, be a c.p.c. order-zero
map such that

C:=B,Nm(A) N{lp~ —m(1)} (5-20)

is full in B, and has strict comparison of positive elements with respect to bounded traces.
Let a, b € C be totally full positive elements. Then a and b are unitarily equivalent in C™ if and only
if t(a*) = 1 (b*) for every t € T(C) and k € N.

Proof. Let a, b € C be totally full positive elements satisfying 7(a¥) = T (b¥) for every T € T(C) and
k € N. Without loss of generality, assume that a and b are contractions.

After replacing [Bosa et al. 2019a, Lemma 1.22(iv)] with Lemma A.6(iv), part (i) of the proof of
[loc. cit., Theorem 5.1] shows that the technical hypothesis of Lemma 5.8 is satisfied for every full
hereditary subalgebra D € C. The argument of part (ii) of the proof of [loc. cit., Theorem 5.1] then
shows that f(a) is Cuntz equivalent to f(b) for all f € Cy(0, 1]+. (This part of the proof of [loc. cit.,
Theorem 5.1] does not make any use of the unit; only strict comparison is needed.) By Lemma 5.8, a and
b are unitarily equivalent by unitaries in C™. The converse is straightforward. (Il

5E. Proof of the uniqueness theorem. We now have all the ingredients we need for the proof of
Theorem 5.1.

Proof of Theorem 5.1. By hypothesis, ¢;(14) € B is a projection. Hence d; (¢1(14)) = t(¢1(14))
and we immediately can conclude that the map 7 +— d;(¢(14)) is continuous. Similarly, by (5-1), the
map 7 — d;(¢2(14)) is continuous. Hence, by Lemma A.1, there exist supporting order-zero maps
¢31, d32 : A — B, such that

(i (a)) = li_)moor(q&il/m(a)), acA, teTyB),i=1,2, (5-21)
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and the maps (;AS,' : A — B?® are *-homomorphisms. In particular,

1($2(@) 2 1(p1(@). acA, TeT,(B). (5-22)

By Proposition 1.12, B, has stable rank one in B, . Thus, we may use the 2 x 2 matrix trick
(Proposition 5.2). Recall v (a) := ¢;(a) ® k and define 1}1, 1/72 A—> (B® 2), by 1% (a) := qAS,' (@) ®1z,
withi =1, 2. It is immediate that ¥; is a supporting order-zero map for ;. Then define 7 : A — M»(B,) C

Ma((B ® 2),,) by )
_ (Vi@ O i
w(a) = ( 0 1/}2(61)) , acA, (5-23)

and set C:= M>((B® 2),) N (A)' N {ImyBo2);) — 7(14)} We will show that

_(¥1da) O _ (0 0
h] .—( 0 0) and hz.— (0 1'02(114)>

are unitarily equivalent in C™. For nonzero a € A, observe that

Yi(a) 0 di@ 0\
05( 0 0)5( 0 %(a))—ﬂ(a), (5-24)

and using that v (a) is full in (B ® Z),, since ¢ (a) is full, we conclude that 77 (a) is full in M, ((B® Z),,).
By construction, the induced map 7 : A — M>(B®) is a *-homomorphism. Thus, by Theorem 5.5, C has
strict comparison.

Notice that 4 € C is full in M»(B,), and hence C is also full in M»(B,). Let p be a trace on C of
the form 7(w(x)-), where 1 € T(M2((B ® 2)y)),x € Ay and 7(w(x)) = 1. Set a trace T on B, by
T(b) :=1(1y, ®b ® 1z). Thus, as in [Bosa et al. 2019a, Theorem 5.5, equation (5.41)],

p(h') = 5t2(K") = p(hy), meN. (5-25)

By Theorem 5.5, equation (5-25) holds for any trace on C.

A standard strict comparison argument shows that f (k1) and f (h;) are full in C for any f € Co(0, 1],
so k1 and hy are totally full. By Theorem 5.9, h; is unitarily equivalent to z; in C™. By the 2 x 2 matrix
trick (Proposition 5.2), 1 and v, are unitarily equivalent in (B ® 2)_. [l

6. Nuclear dimension and Z-stability
In this section, we prove Theorems A and B, and deduce Corollaries C and D.

Theorem 6.1. Let A be a simple, separable, nuclear and Z-stable C*-algebra. Then dimp,c A < 1.

Proof. By Theorem 2.7, either A is stably isomorphic to a unital C*-algebra B, or A is stably isomorphic
to a stably projectionless C*-algebra Ay with QT(AO) = Tb(Ao) # 0 and T (Ag) compact.

The stably unital case follows immediately from [Castillejos et al. 2019, Theorem B] together with
Proposition 2.3. Indeed, if A is stably isomorphic to a unital C*-algebra B, then B is also simple, separable,
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nuclear and Z-stable by Proposition 2.3. Hence, dimy,. B < 1 by [loc. cit., Theorem B]. Therefore,
dimp,c A <1 by a second application of Proposition 2.3.

We now consider the case when A is stably isomorphic to a stably projectionless C*-algebra Ao with
Q?(Ao) = Tb(Ao) # 0 and T (Ap) compact. By Proposition 2.3, Ay is simple, separable, nuclear and
Z-stable. Since Ay is stably projectionless and Z-stable, Ay has stable rank one in A;;” by Theorem 1.10.
Furthermore, Ag has CPoU by Theorem 1.14.

In light of Proposition 2.3, it suffices to prove that dimp,c Ag < 1. We now show this using the same
fundamental strategy of [Bosa et al. 2019a] (taking into account the modification introduced in [Castillejos
et al. 2019]). We shall estimate the nuclear dimension of the first factor embedding j : Ay - Ay ® Z,
Jj(x) =x ® 1z, in the sense of [Tikuisis and Winter 2014, Definition 2.2]. Since Ag is Z-stable and Z is
strongly self-absorbing, we have dimyyc(Ag) = dimy,(j); see [loc. cit., Proposition 2.6].

Lett: Ag — (Ao), be the canonical embedding. Let & be a strictly positive contraction in Ay, and
let (e,)nen be the approximate identity given by e, := h'/". Then lim,_ o 7(e,) = 1 for all T € T (A).
Since T (Ag) is compact, T ot € T(Ag) for all T € T,,(Ap) and so for all T € T,,(Ag)™*. Tt follows that

lim t((en) =1, 7€ Ty(Ag)"*. (6-1)

Thus applying Lemma 4.1, we obtain a c.p.c. order-zero extension ¢ : Ay’ — (Ag), with t(t”(lAg)) =1
for all T € T,,(Ag)"™. Writing ¢~ : Ay — A{ for the induced map into the uniform tracial ultrapower, we
observe that 1 A — ¢! A0~) is a positive element in Aj that vanishes on all limit traces and so must be
zero. Hence, (™ is a unital c.p.c. order zero map and so must be a unital *-homomorphism.

Let (¢, : Ag — Ao),-, be the sequence of c.p.c. maps constructed in Lemma 3.2, which factorize as
N, 06, through finite-dimensional algebras F;, as in (3-7). By construction, the induced map ®: Ag — (Ap)w
is c.p.c. order-zero and the induced map ® : Ag — AQ agrees with the diagonal inclusion : Ag — Af. It
follows that 7 o ® = 7 o« for all 7 € T,,(A)"* Hence,

lim 7(®(ey)) =1, teT,(Ap)"". (6-2)

Therefore, applying Lemma 4.1 again, we obtain a c.p.c. order-zero extension ®~ : Aj” — (Ag), with
r(dJN(lAg)) =1 for all T € T,(Ag)™* Arguing as before, o~ Ay — Ag is a unital *-homomorphism.
In fact, we have ®™~ = (™ since both maps agree on Ay by construction and are unital.

We are almost ready to apply Theorem 5.1 to the c.p.c. order-zero maps ¢~ and ®~. We observe that Ay
is a simple, separable, Z-stable with CPoU, stable rank one in Ay, QT(AO) = Tb (Ap) #0, and T (Ap)
compact; that Ay’ is unital, separable and nuclear; and that both maps induce a unital *-homomorphism
S =0 Ay — AY. Since 1~ = ®~ and both maps are *-homomorphisms, we have

Toi=10®", 1€T,(A))"*, meN. (6-3)

The tracial condition (5-1) follows because T,,(Ag) is dense in T'((Ag),) by Theorem 1.7.

Before we may apply Theorem 5.1, we must show that ¢~ (x) is full for all nonzero x € Aj. By
Proposition 1.5, Ag has strict comparison by bounded traces because Ay is simple, separable, Z-stable
and Qf(Ao) = Tb(AO) # (. Hence, (Ap),, has strict comparison in the sense of Lemma A.10.
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Using that A is simple and T (Ap) is compact, the minimum y,, :=minc74) T(a) exists and is strictly
positive for any nonzero a € (Ag)+,1. Since T ot € T(Ap) for any 7 € T, (Ap)™* we have d; (t(a)) > Va
for any 7 € T,,(Ag)"*. Hence, t(a) is full in (Ag),, using Lemma A.10.

For any nonzero x € A, the ideal I, of Ay generated by x contains a nonzero positive contraction
a € A4 1. A simple computation using supporting order-zero maps shows that the ideal of (Ag),, generated
by ¢~ (x) contains ¢~ (I,), which is full since it contains the full element (™ (a). Hence, (™ (x) is full
in (Ag)ew-

Fix a positive contraction k € Z, of full spectrum. Applying Theorem 5.1 to the maps ¢~ and ™, we
obtain unitaries w®, w® € (49 ® 2). such that

x®@k=w(®x) kHw*, (6-4)
x®@(Uz—k)=wP@x)Q 1z —k)Hwh*, xeA. (6-5)

Choose representing sequences (w,(,o)),‘jo:1 and (w,(,l))jj‘;l of unitaries in (A9 ® 2)~ for w® and w,
respectively. We have c.p.c. maps 8, @0, : Ag > F,® F,and 1, : F,, ® F, > Ay ® Z, where

iin(30, Y1) := w2 (1, (o) @ YW + wP (0, (y1) ® (12 — k))wP*. (6-6)

Hence, j(x) is the limit, as n — , of (1, o (6, @ 6,)(x));2, and, since 7, is the sum of two c.p.c.
order-zero maps, dimp,c(j) < 1. O

Theorem 6.2. Let A be a nonelementary, simple, separable, nuclear C*-algebra. Then A has finite
nuclear dimension if and only if it is Z-stable.

Proof. Let A be a nonelementary, simple, separable, nuclear C*-algebra. If A is Z-stable, then
dimpuc(A) < 1 < oo by Theorem 6.1. Conversely, if dimp,.(A) < oo, then A is Z-stable by [Tikuisis
2014, Theorem 8.5] U

Corollary 6.3. The nuclear dimension of a simple C*-algebra is 0, 1 or oo.

Proof. Let A be a simple, separable C*-algebra with finite nuclear dimension. Then, in particular, A
is nuclear. If A is elementary, then dimy,.(A) = 0; otherwise, A is Z-stable by Theorem 6.2. Hence,
dimpyc(A) <1 by Theorem 6.1. The nonseparable case follows from the separable one as in the proof of
[Castillejos et al. 2019, Corollary C]. ]

In [Elliott 1996, Theorem 5.2.2], a stably projectionless, simple, separable, nuclear C*-algebra with
a unique trace, Ko = Z and K| = 0 is constructed as a limit of 1-dimensional noncommutative CW
complexes. By [Gong and Lin 2017, Theorem 1.4], there is a unique C*-algebra with these properties
that has finite nuclear dimension and satisfies the UCT. This C*-algebra is denoted by Z, [Gong and Lin
2017, Definition 8.1], reflecting its role as a stably projectionless analogue of the Jiang—Su algebra Z. An
important further property of Zj, which follows from its construction, is that Z, is Z-stable [Gong and
Lin 2017, Remark 7.3, Definition 8.1].

It has recently been shown that simple, separable C*-algebras which satisfy the UCT and have finite
nuclear dimension are classified up to stabilisation with Zy by the Elliott invariant [Gong and Lin
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2017, Theorem 1.2]. The appropriate form of the Elliott invariant in this setting is detailed in [loc. cit.,
Definition 2.9]. In light of the main result of this paper, we can weaken the hypothesis of finite nuclear
dimension in [loc. cit., Theorem 1.2] to that of nuclearity.

Corollary 6.4 (cf. [Gong and Lin 2017, Theorem 1.2]). Let A and B be simple, separable, nuclear
C*-algebras which satisfy the UCT. Then

ARZ)=B®Zy ifandonlyif EI(A® Zy) =EI(BQ Zp).

Proof. Since A and Z are simple, separable and nuclear, so is A® Zy. Using that Zy is Z-stable, it follows
that A ® 2 is Z-stable. Therefore, dimp,c A ® Zy < 1 by Theorem A. Similarly, dim,,c B ® Z¢ < 1. The
result now follows from [Gong and Lin 2017, Theorem 1.2]. O

7. Decomposition rank and Z-stability

Using the machinery developed to prove Theorem A, we can also prove similar results for the decomposi-
tion rank of simple Z-stable C*-algebras under suitable finiteness and quasidiagonality assumptions. To
this end, we recall the definition of quasidiagonality for tracial states.

Definition 7.1 (cf. [Brown 2006, Definition 3.3.1]). Let A be a C*-algebra. A tracial state T € T (A) is
quasidiagonal if there exists a net'! of c.p.c. maps ¢, : A — M, (C) with ||¢,(ab) — ¢u(a)dn (D) — O
and tr, (¢, (a)) — t(a).

In the unital case, the c.p.c. maps in Definition 7.1 can be taken to be unital (see the proof of [Brown and
Ozawa 2008, Lemma 7.1.4]). Moreover, a trace T € T (A) is quasidiagonal if and only if its extension to
A™ is quasidiagonal [Brown 2006, Proposition 3.5.10]. We write Tpp(A) for the set of all quasidiagonal
tracial states on A.

We can now state a decomposition-rank version of Theorem A.

Theorem 7.2. Let A be a simple, separable, nuclear and Z-stable C*-algebra. Suppose further that A is
stably finite and that T (B) = Top(B) for all nonzero hereditary subalgebras B C A Q K. Then dr(A) < 1.

Proof. By Theorem 2.7, either A is stably isomorphic to a unital C*-algebra B, or A is stably isomorphic
to a stably projectionless C*-algebra Ay with Qf(Ao) = Tb(AO) # 0 and T (Ag) compact.

In the first case, B is simple, separable, nuclear and Z-stable by Proposition 2.3. Moreover, B is finite
and T (B) = Top(B) by our additional hypotheses on A. Hence dr(B) < 1 by [Castillejos et al. 2019,
Theorem B]. By Proposition 2.3 once more, dr(A) < 1.

In the second case, we have that T'(Ag) = Tgp(Aop) by our additional hypotheses on A, so in the proof
of Theorem 6.1 the maps 6, from Lemma 3.2 can be taken to be approximately multiplicative. Therefore,
dr(Ag) <1 by [Bosa et al. 2019b, Lemma 1.9]. Hence, dr(A) < 1 by Proposition 2.3. O

Remark 7.3. If A is a simple, separable, nuclear C*-algebra in the UCT class, then T(B) =T (B)gp for
all hereditary subalgebras B € A ® I by [Tikuisis et al. 2017, Theorem A] since the UCT class is closed
under stable isomorphism.

H'When A4 is separable, one can work with sequences instead of general nets.
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As with nuclear dimension, we obtain a trichotomy result for decomposition rank as a corollary of
Theorem 7.2.

Corollary 7.4. The decomposition rank of a simple C*-algebra is 0, 1 or oo.

Proof. Elementary C*-algebras have decomposition rank zero and so are covered by this result.

Let A be a nonelementary, simple, separable C*-algebra with finite decomposition rank. Then A has
finite nuclear dimension, and so is Z-stable by [Tikuisis 2014, Corollary 8.6]. Since dr(A) < oo, A is
stably finite and 7'(A) =Ty p(A).'> Moreover, by Corollary 2.2 and Proposition 2.3, dr(B) = dr(A) < 0o
for any nonzero hereditary subalgebra B € A ® K. Therefore, we have T'(B) = Top(B). Now, dr(A) <1
by Theorem 7.2.

The nonseparable case follows from the separable case as in the proof of [Castillejos et al. 2019,
Corollary C] since the proof of [Winter and Zacharias 2010, Proposition 2.6] works equally well for
decomposition rank. O

Appendix: Nonunital lemmas

The purpose of this appendix is to state appropriate nonunital versions of the technical lemmas from
[Bosa et al. 2019a]. In cases where substantial modifications to the proof are required, we give full details.
In cases where the modifications are trivial, we refer the reader to the proof of the corresponding result
from [loc. cit.] and explain the modifications in a remark.

We begin with the existence of supporting order-zero maps.

Lemma A.1 (cf. [Bosa et al. 2019a, Lemma 1.14]). Let A, B,, be C*-algebras with A separable and
unital, set B, := [, By, and suppose that S C B,, is separable and self-adjoint. Let ¢ : A — B, NS’ be
a c.p.c. order-zero map. Then there exists a c.p.c. order-zero map q?) : A — B, NS such that

¢ (ab) = p(a)p(b) = p(a)p(b), a,be A. (A-1)

Suppose now that T (By,) is nonempty for all n € N. If the map t — d (¢ (14)) from T,(B,)"* to
[0, 1] € R is continuous (with respect to the weak*-topology) then we can, in addition, arrange that

T($(a) = lim 7(¢'/"(@)), ae€Aq, TeT,(By), (A-2)

where order-zero map functional calculus is used to interpret ¢'/™  In this case, the induced map
¢ : A — B?is a*-homomorphism.

Remarks. The proof of [Bosa et al. 2019a, Lemma 1.14] only actually requires continuity of T+ d; (¢ (14))
on T,(B,)"* (as opposed to T'(B,)) and T, (B,)"* is compact in the nonunital case too. There is no
further use of the unitality of the B, in the proof of [loc. cit., Lemma 1.14]. (I

120ne can reduce to the unital case because dr(A) = dr(A™) [Kirchberg and Winter 2004, Proposition 3.4]. Then T (A) =
Top(A) by [Bosa et al. 2019a, Proposition 8.5]. Stably finiteness of A follows from [Kirchberg and Winter 2004, Proposition 5.1]
and [Brown and Ozawa 2008, Theorem 7.1.15] for example.
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We now record some more straightforward applications of the Kirchberg’s epsilon test. These results
are almost identical to those proven in [Bosa et al. 2019a, Section 1]. However, we shall need slightly
more general statements because we wish to apply them to the algebras of the form B, N S'N {13~ —d 3

Lemma A.2 (cf. [Bosa et al. 2019a, Lemma 1.16]). Let (B,);2, be a sequence of C*-algebras and set
By, :=[], Bs. Let S, S, be separable self-adjoint subsets of B,;, and let T be a separable subset of
B,NSIN Szl. Then there exists a contraction e € (B, N S| N S2l)+ that acts as a unit on T, i.e., such that
et =te=tforeveryt eT.

Remarks. The only change to the statement is that Sy, S> are subsets of B (as opposed to B,,). The proof
is not affected. U

Lemma A.3 (cf. [Bosa et al. 2019a, Lemma 1.17]). Let (B,);2 | be a sequence of C*-algebras and set
B, =], By Let Si, S be separable self-adjoint subsets of B,,, and set C := B, N S| N SZL.

(i) Let hy, ho € C4. Then hy and h; are unitarily equivalent via a unitary from C™ if and only if they are
approximately unitarily equivalent; i.e., for any € > 0 there exists a unitary u € C~ with uhu* ~ h;.

(ii) Let a € C. Then there exists a unitary u € C~ with a = u|a| if and only if for each € > 0 there exists
a unitary u € C™ with a =~ ulal.

(iii) Let hy, hy € Cy. Then hy and hy, are Murray—von Neumann equivalent if and only if they are
approximately Murray—von Neumann equivalent; i.e., for any € > 0 there exists x € C with xx™ ~2¢ h
and x*x ~¢ h».

Remarks. The statement of [Bosa et al. 2019a, Lemma 1.17] uses the convention that C™ := C when C is
already unital. In this paper, we use the convention that a new unit is still adjoined, so C~ = C @ C when
C is unital. The choice of convention does not affect the validity of the lemma.'*> Apart from this, the
only change to the statement is that Sy, S, are subsets of B, (as opposed to B,,), which does not affect
the proof. O

Lemma A.4 (cf. [Bosa et al. 2019a, Lemma 1.18]). Let (B,):2, be a sequence of C*-algebras with T (By,)
nonempty for each n € N. Write B, := [ [, Bn. Let So be a countable self-adjoint subset of (By,)+ and let
T be a separable self-adjoint subset of B,. If x, f € (B, NS, NT") are contractions with x < f and
with the property that for all a € Sy there exists v, > 0 such that t(af™) > y, forallm e N, 7 € T,(B,),
then there exists a contraction f' € (B, N SyNT")4 such that x <1 f' < f and t(a(f)") = y, for all
meN, teT,(B,),anda € S.

If each By, is simple, separable, Z-stable and Q?(Bn) = T,(Bn) # 0 for all n € N, then the above
statement holds with T (B,,) in place of T,(B).

Remarks. The only change to the proof of [Bosa et al. 2019a, Lemma 1.18] is to replace min;cr(p,) with
infzc7(p,) in [loc. cit., equation (1.34)], as the minimum need not exist in the nonunital case. The final sen-
tence follows since T, (B,,) is weak*-dense in T,,(B,,) under the additional hypotheses by Theorem 1.7. [

B3For example, if C is unital, /1, h, are unitary equivalent in C if and only if they are unitary equivalent in C @ C.
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Lemma A.5 (cf. [Bosa et al. 2019a, Lemma 1.19]). Let (B,)2, be a sequence of separable C*-algebras
with T (By,) # @ for each n € N and set B, :=[], By. Let A be a separable, unital C*-algebra and let
w:A— B, beac.p.c order-zero map such that w(14) is full and the induced map 7 : A — B® is a
*-homomorphism. Define C := B, N7 (A)' N {lp; — 7(14)} Let S € C be a countable self-adjoint
subset and let S denote the image of S in B®:

(i) Then the image of C NS’ in B® is precisely
7 (1) (B” N7 (A) NS) = B*N7(A) NS N{lgey —a (1)}, (A-3)

a C*-subalgebra of B® with unit 7w (14).

(i) Let T € T,(By) be a limit trace and a € A and form the tracial functional p == t(7w(a)-) on C.
Then ||p|| = t(mw(a)). If each B, is additionally simple, Z-stable and QT(B,,) = Tb(Bn) % 0 for all
n € N, then this holds for all traces T € T (By).

Remarks. The proof of [Bosa et al. 2019a, Lemma 1.19] does not need the B, to be unital. Note that
the notation {15~ — (1 A} s just an alternative notation for subalgebra on which 7 (14) acts as a unit,
and similarly for {1 ey~ — (1 )} The final sentence of (i) follows since T, (B,,) is weak*-dense in
T,(B,) under the additional hypotheses by Theorem 1.7. [l

Next, we consider some properties of ultraproducts of separable, Z-stable C*-algebras.

Lemma A.6 (cf. [Bosa et al. 2019a, Lemma 1.22]). Let (By),enN be a sequence of separable, Z-stable
C*-algebras and set B, := ||, By. Then:

() If S € B, is separable, then there exist isomorphisms ¢, : B, — B, ® Z such that the induced
isomorphism ® : B, — [[, (B, ® Z) mapsx € Stox ® 1z € (]—[w Bn) ®ZC]][,(B.® 2).

(ii) Let Sy, S» € B, be separable and self-adjoint. For any separable subset T < B, N S| N Sé‘, there
exists a c.p.c. order-zero map V : Z — B, NS N 52L N T’ such that ¥ (1z) acts as a unit on T.

(i) Let Si, S» € B, be separable and self-adjoint. For any separable subalgebra C C B, N S| N Sé‘,
there exists a *-homomorphism ¥ : C @ Z — B, N S| N S2L such that W(x ® 1z) = x forall x € C.

(iii) If each By, is projectionless, then B, has stable rank one in B, .

(iv) If S € B, is separable and self-adjoint, and b € (B, N S") ., then for any n € N there exists
¢ € (B,NSYy with ¢ <b such that n[c] < [b] < (n+ D[c] in W(B,NS).

Proof. Observe that (i) is the same as in [Bosa et al. 2019a, Lemma 1.22(i)] and follows as Z is strongly
self-absorbing.

For (ii), by Lemma A.2, there exists a positive contraction & € B, N S} N 52L that acts as a unit on 7.
Set §:=S8USUT U{h}. Let ®: B, — [], (B, ® Z) be the isomorphism from (i) with ®(x) =x® 1z
for all x € S. Define a c.p.c. order-zero map ¥’ : Z — [ [, (B, ® Z) by ¥'(z) := h ® z. By the choice of £,
¥ (1z) acts as auniton 7 ® 1z and the image of ¥ lies in (B, ®12)N(S1®12)' N($H2® 1) (T R1z).
Now set ¥ :=d oy,
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For (ii"), by part (ii), there exists a c.p.c. order-zero map ¥ : Z — B, N S| N SZL N T’ such that ¥ (1z)
acts as a unit on C. Since Z is nuclear, we can define a c.p.c. order-zeromap ¥ : C® Z — B, NS N SZL
by x @ z+ x¥(z). Let x1, xp € C and z1, z2 € Z. Then

V(x; @ z)W(x1 ®z1) = x1¥ (z1)x2Y (22)
=x10Y(12)¥(2122)
=x1x2¥(z122)
= W(x1x2 ®z122), (A-4)

where we have used the order-zero identity in the second line. Hence, W is in fact a *-homomorphism.
Moreover, we have Y (x @ 1z) =x¢(1z) =x forall x € C.
Part (iii) follows by combining Theorem 1.10 with Proposition 1.12.
For (iv), let C be the C*-algebra generated by b. By (ii’), there is a *-homomorphism ¥ : CQ Z — B,NS".
By [Rgrdam 2004, Lemma 4.2], there exists e, € Z; 1 withn[e,] <[1z] < (n+1)[e,]. Setc: =V (b®ey).
O

The following lemmas are crucial to the results of [Bosa et al. 2019a, Section 5]. The proof of the first
needs to be adapted slightly to the nonunital setting.

Lemma A.7 (cf. [Bosa et al. 2019a, Lemma 2.1]). Let (B,);2 | be a sequence of Z-stable C*-algebras
and set By, =[], By. Let S C B, be separable and self-adjoint, and let d € (B, N S") . be a contraction.
Suppose that x, f € C := B, NS N{lp~ —d}* are such that xf = fx =0, f > 0and f is full in C.
Then x is approximated by invertibles in C™.

Proof. By Lemma A.2 (with T := {x*x, xx*}, §1 := S, 8 := {1p~ —d, f}), we obtain a contraction
e € C, such that xx* x*x < e and ef = 0. Polar decomposition yields ex = xe = x. As in the proof
of [Bosa et al. 2019a, Lemma 2.1], we may find a separable subalgebra Cy of C containing x, e, and f
such that f is full in Cy. By Lemma A.6(ii"), there is a *-homomorphism W : Cp ® Z — C such that
V(x ® 1z) = x for all x € Cy. By [Robert 2016, Lemma 2.1], x ® 1z is a product of two nilpotent
elements ny, ny € Co® Z. It follows that x = W(x ® 1z) = W (n;)W(ny) is the product of two nilpotent
elements in C. If y € C is nilpotent and € > 0, the operator y + €1¢~ is invertible in C™ (with inverse
- Z,I(V:l(—e)_k y*=1, where N e N satisfies yV = 0). Therefore, x can be approximated by invertible
elements in C". U

Lemma A.8 (cf. [Bosa et al. 2019a, Lemma 2.2]). Let (B,);2 | be a sequence of Z-stable C*-algebras
and set By, =[], By. Let S C B, be separable and self-adjoint, and let d € (B, N S") . be a contraction.
Suppose that x,s € C := B, NS N{lp~ — d}* are such that xs = sx =0 and s is full in C. Then x is
approximated by invertibles in C".

Proof. Let Cy be the C*-subalgebra of C generated by x and s. By Lemma A.6(ii’), there exists a
*-homomorphism ¥ : Cp ® Z — C with ¥(y ® 1z) = y for all y € Cy. Let z1, z» € Z, be nonzero
orthogonal elements. Set s’ := V(s ® z1) and f := W (|s| ® z2). As in the proof of [Bosa et al. 2019a,
Lemma 2.2], it follows by Lemma A.7 (with s" in place of x) that s’ is approximated by invertibles
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in C™. We finish the proof exactly as in the proof of [loc. cit., Lemma 2.2], where we replace [loc. cit.,
Lemma 1.17] with Lemma A.3, and [loc. cit., Lemma 2.1] with Lemma A.7. O

Lemma A.9 (cf. [Bosa et al. 2019a, Lemma 5.4] and [Robert and Santiago 2010, Lemma 2]). Let B be a
separable, Z-stable C*-algebra and let A be a separable, unital C*-algebra. Let w : A — B, be a c.p.c.
order-zero map such that

C:=B,Nm(A) N{lp —m(1)}* (A-5)

is full in B,,. Assume that every full hereditary subalgebra D of C satisfies the following: if x € D is such
that there exist totally full elements e;, e, € D4 such that e;x = xe, = 0, then there exists a full element
s € D such that sx =xs =0. Let e, f, f', o, B € C be such that

a<le, a~B<f, and f~ f <e. (A-6)
Suppose also that there exist d., dy € C that are totally full such that

d, <e, d,oa=0,

(A-T)
df < f, dfﬁ =0.

Then there exists ¢’ € C such that
a<e e and o+e ~pB+ f. (A-8)

Remarks. The proof of [Robert and Santiago 2010, Lemma 2] does not assume unitality. The proof
from [Bosa et al. 2019a] is still valid after replacing [loc. cit., Lemma 1.17] with Lemma A.3, [loc. cit.,
Lemma 2.2] with Lemma A.8, and using 1p~ in place of 1p,. U

The following lemma concerns the interplay between strict comparison and ultraproducts in the
nonunital setting.

Lemma A.10 (cf. [Bosa et al. 2019a, Lemma 1.23]). Let (B,);2, be a sequence of C*-algebras with
T (B,) nonempty and set B, := [], Bn. Suppose each B, has strict comparison of positive elements
with respect to bounded traces. Then B, has strict comparison of positive elements with respect to limit
traces, in the following sense: if a, b € My(B,)+ for some k € N satisfy d,(a) < d;(b) for all T in the
weak*-closure of T,(B), then a < b.

Remarks. The proof is identical to that of [Bosa et al. 2019a, Lemma 1.23]. However, it is important to
note that, in the nonunital case, we do not necessarily have that T, (B,)"* C T(B,), as the later need
not be closed. Indeed, we may have 0 € T,,(B,)"* in which case d;(a) < d.(b) cannot hold for all
7 € T, (By)"™ O

Finally, we record a technical lemma needed for the proof of the main theorem of the property (SI)
section.

Lemma A.11 (cf. [Bosa et al. 2019a, Lemma 4.9]). Let B be a simple, separable, C*-algebra with
QT(B) = Tb(B ) # 0. Suppose B has strict comparison of positive elements by bounded traces. Let A be
a separable, unital C*-algebra and let w : A — B, be a c.p.c. order-zero map. Let a € A be a positive
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contraction of norm 1. Then there exists a countable set S C A, \ {0} such that the following holds: if
e,t,he(By,Nm(A)N {lp — 7'[(1,4)}L)Jr are contractions such that

ecJp, and h<t, (A-9)

and if for all b € S, there exists v, > 0 such that
t(w(b)h) > v, te€T,(By), (A-10)

then there exists a contraction r € B, such that
m(a)r=tr=r and r'r=e. (A-11)

Remarks. The proof of [Bosa et al. 2019a, Lemma 4.9] works in our situation using Lemma A.10 in place
of [loc. cit., Lemma 1.23]. O
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ON THE REGULARITY OF MINIMIZERS FOR
SCALAR INTEGRAL FUNCTIONALS WITH (p, ¢)-GROWTH

PETER BELLA AND MATHIAS SCHAFFNER

We revisit the question of regularity for minimizers of scalar autonomous integral functionals with so-
called (p, ¢)-growth. In particular, we establish Lipschitz regularity under the condition % <1+ = for
n > 3, improving a classical result due to Marcellini (J. Differential Equations 90:1 (1991), 1-30).

1. Introduction and main results

In this note, we consider the problem of regularity for local minimizers of

]-"[u]::/Qf(Vu)dx, (1

where Q@ C R”, n > 2, is a bounded domain and f : R"” — R is a sufficiently smooth integrand satisfying
(p, q)-growth of the form:

Assumption 1. There exist 0 < m < M < oo such that f € C?(R") satisfies for all z, A € R”
m|z|P < f(z) = M(1 +|z|7),
{mu + 12137 P < (D2 f(2)h0) < M(L+122) 2 A2
Regularity properties of local minimizers of (1) in the case p = ¢ are classical; see, e.g., [Giusti 2003].

A systematic regularity theory in the case p < ¢ was initiated in [Marcellini 1989; 1991]. In particular,
Marcellini [1991] proved:

2

(A) If2<p<gqgand % <1+ % if n > 3, then every local minimizer u € Wkl)c’q(Q) of (1) satisfies
uewh® Q).

loc

B) If2< p <qgand % <14 % then every local minimizer u € Wléc’p (2) of (1) satisfies u € Wléc’oo(Q).

We emphasize that establishing Lipschitz-regularity is the crucial point in the regularity theory for
functionals with (p, g)-growth in the form (2). Indeed, local boundedness of the gradient implies that the
nonstandard growth of # and D? f becomes irrelevant and higher regularity (depending on the smoothness
of 1) follows by standard arguments; see, e.g., [Marcellini 1989, Chapter 7] and Corollary 7 below.

By now there is a large and quickly growing literature on regularity results for minimizers of functionals
with (p, ¢)-growth and more general nonstandard growth; we refer to [Mingione 2006] for an overview.

MSC2010: 35B65.
Keywords: nonuniformly elliptic equations, local Lipschitz continuity, (p, g)-growth, nonstandard growth conditions.
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Under additional structural assumptions on the growth of f, for example anisotropic growth of the form

n n
mYy |zlP < fE@) <MY (14 |z,
i=1 i=1
more precise and sharp assumptions on the involved exponents that ensure higher regularity are available
in the literature; see, e.g., [Cupini et al. 2015; Fusco and Sbordone 1993]. Regularity results under general
structural assumptions beyond polynomial growth can be found, e.g., in [Lieberman 1991; Marcellini
1993]; see also the recent result [Eleuteri et al. 2020], where convexity is only imposed “at infinity”.
Moreover, rather sharp conditions are known for certain nonautonomous functionals; see, e.g., [Baroni
et al. 2018; Colombo and Mingione 2015; De Filippis and Mingione 2020; Esposito et al. 2004], where
also Holder-continuity of the integrand f in the space variable has to be balanced with p, ¢, and n. In
[Carozza et al. 2014; Esposito et al. 1999] higher integrability results for autonomous integral functionals
can be found that are also valid in the case of systems.

To the best of our knowledge, there is no improvement of the results (A) and (B) with respect to the
relation between the exponents p, ¢ and the dimension 7 available in the literature (without any additional
structure assumption or further a priori assumptions on the minimizer, e.g., boundedness as in [Bousquet
and Brasco 2020; Carozza et al. 2011]). In the present paper, we give such an improvement in the case
n > 3. Before we state the results, we recall a standard notion of local minimizer in the context of
functionals with (p, ¢)-growth.

Definition 2. We call u € Wléél (£2) a local minimizer of F given in (1) if and only if

f(Vu) e LL.(Q)
and

f(Vu) dx < / J(Vu+Vo)dx

supp ¢ supp ¢
for any ¢ € W1-1(Q) satisfying supp ¢ € Q.
The main results of the present paper can be summarized as:

Theorem 3. Let Q C R", n > 2, and suppose Assumption 1 is satisfied with 2 < p < g < 0o such that
q 2.
—<1l4+——= ifn=4 3)
P n—3

Letu € Wll’q (2) be a local minimizer of the functional F given in (1). Then, u € WI’OO(Q).

oc loc

Theorem 4. Let 2 C R”, n > 2 and suppose Assumption 1 is satisfied with 2 < p < g < 0o such that

q . 2
= <1l4+mingy1, — . @
p n—1

Letu € VVléC’l (R2) be a local minimizer of the functional F given in (1). Then, u € VVkl)C’oo ().

Remark 5. Notice that Theorems 3 and 4 improve the results (A) and (B) with respect to the assumptions
on % in dimensions # > 3. The results in [Marcellini 1991] apply to more general situations in the sense
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that (smooth) spatial dependence of f is allowed, a bounded right-hand side is included and nonlinear
elliptic equations that not need to be Euler—Lagrange equations of integral functionals of the type (1)
are considered. In order to present the new ingredients in the simplest setting we focus on the case of
autonomous integral functionals with no right-hand side (as in [Marcellini 1989]). Very recently [Beck
and Mingione 2020] sharp criteria for Lipschitz-regularity of minimizers of variational integrals with
respect to the right-hand side were obtained under the assumption % <1+ % It would be of interest to
see whether such results can be extended to the case % <14+ % if n>3.

Remark 6. We do not know whether assumptions (3) and (4) are respectively optimal in Theorems 3 and 4.
It is known that Lipschitz-regularity and even boundedness of minimizers fail if % is too large depending
on the dimension 7. In particular it is known that in order to ensure boundedness it is necessary that
% — 1 if n — o0; see [Giaquinta 1987; Hong 1992; Marcellini 1989; 1991] for related counterexamples.
In particular, it is shown in [Hong 1992] that the functional

/ |Vu|2 + |uxn|4 dx,
Q

which satisfies (2) with p = 2 and ¢ = 4, admits an unbounded minimizer if n > 6. Clearly, this does not
match condition (4) in Theorem 4 and even not condition (3).

As already mentioned, once boundedness of the gradient is established, higher regularity follows by
standard arguments; see, e.g., [Marcellini 1989, Proof of Theorem D]. Let us state (without proof) a rather
direct consequence of Theorem 4.

Corollary 7. Let Q C R", n > 2, and suppose Assumption 1 is satisfied with 2 < p < q < 0o such that
(4) holds. Moreover, suppose that z — f(z) is of class Cllocéa for some integer k > 2 and « € (0, 1). Let
ue Wléc’l (R2) be a local minimizer of the functional F given in (1). Then, u € ckt2a ().

loc

The proofs of Theorems 3 and 4 are in several aspects similar to the approach of [Marcellini 1989;
1991]. Following [Marcellini 1991], we prove Theorem 3 appealing to the difference quotient method
in order to differentiate the Euler—Lagrange equation and use a variant of Moser’s iteration argument
[1960] to prove boundedness of the gradient. The improvement compared to the previous results lies in a
recent refinement of Moser’s iteration argument in the context of the linear nonuniformly elliptic equation,
obtained by us in [Bella and Schéffner 2019] (see [Bella and Schiffner 2020] for an application to finite
difference equations and stochastic analysis). In order to illustrate the relation between Theorem 3 and
local boundedness results for nonuniformly elliptic equation, we suppose for the moment that f* satisfies
(2) with 2 = p < ¢g. A local minimizer u € VVkl)C’q(Q) of (1) satisfies the Euler-Lagrange equation

V-Df(Vu) =0
and thus, by differentiating,

V-D*f(Vu)V(ju) =0 forj=1,...,n. (5)
The coefficient D? f(Vu) is nonuniformly elliptic and we have by (2) and the assumption u € Wléc’q (2)

2 2 2 — 2\ 452 P
m|A|” < (D f(Vu)A,A) < u|A|*, where u:= M(1+|Vul|?) 2 € L~ (Q)

loc
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(recall p = 2). Classic regularity results for linear nonuniformly elliptic equations, due to [Murthy and
Stampacchia 1968; Trudinger 1971], yield local boundedness of d;u if
q—2 2

< = 7. " =1+
q n 2 n—-2 n—2’

which is precisely Marcellini’s condition (A) (in the case p = 2). Very recently, we improved in [Bella and
Schéffner 2019] the assumptions of [Murthy and Stampacchia 1968; Trudinger 1971] and established local
boundedness and validity of the Harnack inequality for linear elliptic equations under essentially optimal
assumptions on the integrability of the coefficients; see [Franchi et al. 1998] for related counterexamples.
Applied to (5), the results of [Bella and Schiffner 2019] yield local boundedness of d;u if

E - 2 q n-—1 1 2

= -<
q n—1 2 n-3 n—3

’

which is precisely condition (3). For p > 2 the results of [Bella and Schiffner 2019] applied to (5) do
not give the claimed condition (3) and thus we need to combine the reasoning of [Marcellini 1991] with
arguments of [Bella and Schiffner 2019] and provide an essentially self-contained proof of Theorem 3.
Theorem 4 follows from Theorem 3 by a combination of an interpolation argument (similar to [Marcellini
1991, Theorem 3.1]) and a suitable approximation procedure (inspired by [Esposito et al. 1999]).

The paper is organized as follows: In Section 2, we recall some results from [Marcellini 1991] and
present a technical lemma which is used to derive an improved version of the Caccioppoli inequality,
which plays a prominent role in the proof of Theorem 3. In Section 3, we prove Theorem 3 and provide a
useful a priori estimate via interpolation; see Corollary 12. Finally, in Section 4, we establish Theorem 4
as a consequence of Corollary 12 and an approximation argument.

2. Preliminary lemmas
Fora > 2 and k > 0, let g4 % : R — R be the unique C!(R)-function satisfying
Zak() =1(1+1%) T for || <k, ©)
and which is affine on R\ {|¢| < k}. Moreover, we set

gé’k(t)

Ga’k(l‘) = g, (l)
o,k

(N

The following bounds on G, ;. are derived in [Marcellini 1991]

Lemma 8 [Marcellini 1991, Lemma 2.6]. For every a € [2, 00) and k > 0 there exists ¢ = c(a, k) €][1, 00)
such that for all t € R
Gaje(t) = cai(1+1%), ®)

2

14+k2\ 2 «
Ga,k(z)gz( ZZ ) (1415, ©)
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Appealing to the difference quotient method, it was proven in [Marcellini 1991] that local minimizers
of (1) satisfying Wlééq (R2) integrability enjoy higher differentiability:

Lemma 9. Let Q@ C R", n > 2, and suppose Assumption 1 is satisfied with 2 < p < q < oco. Let

ue VVléCq(Q) be a local minimizer of the functional F given in (1). Then, u € I/Vlgc’z(Q) Moreover, for

everyneCCI(Q),anys6{1,...,n}andanya22,
2,/ 2y 252 2 aM 2 2452
o7 o i x, ) (L4 [Vul7) 2 [Vuy | dX57 Q|V77| Gk (ux, )1+ [Vul?) 2 dx. (10

Lemma 9 is essentially proven in [Marcellini 1991]. However, estimate (10), which is the starting
point for our analysis, is not explicitly stated in that work (as mentioned above, that work deals with
more general equations, and additional terms appear on the right-hand side to which our methods do not
directly apply) and thus we sketch the proof of Lemma 9 following the reasoning of [Marcellini 1991].

Proof of Lemma 9. First, we note that since u € Wléc’q(Q) and |Df(z)| < c¢(1 + |z))2~! for some
c=c(M,n,q) €[1,00) (by (2)), we obtain that u solves the Euler-Lagrange equation

/ (Df (Vu),Ve)dx =0 forall o € WH4(Q) with supp ¢ € Q. (11)
Q
For s € {1,...,n}, we consider the difference quotient operator

Ty pV = %(v(‘ + heg) —v), whereve L]

loc

(R™).
Fixne CC1 (£2). Testing (11) with ¢ := 74 _ (ﬂzga,k(fs,hu)), we obtain

I):

/Q P8 (5 110) {23 Df (V1) 73 Vi) dx

-2 /Q 100 (23,110) (. Df (Vi) Vi) dx = (I1).
Writing 75 4, Df (Vu) = Lpf(vu+ thtg ,Vu) ’i:l), the fundamental theorem of calculus yields
/Q /01 r]2g&’k(rs,hu)(D2f(Vu +thty ,Vu))ts ,Vu, 75, Vu) dt dx

=) =WUI)

1
=—2// nga’k(ts’hu)(sz(Vu—i—thts,hVu)ts’hVu,Vn)dtdx. (12)
QJo

Young’s inequality and the definition of G x, see (7), then yield

|(ID)| < 5(I) +2(111), (13)
where

1
(III) := / / G i (T pt)(D? f(Vu + thty ;, Vu)Vn, V) dt dx.
QJo
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Combining (12), (13) with the assumptions on D? f, see (2), we obtain for all @ > 2

! 2 2\ 252 2
m n°gy k (Ts.pnt) (1 + |Vu +thty , Vul|™) 2 |1, , Vu|= dx
QJo ’

< (I) < 4(II)
1 _
§4M// G (T ptt) (1 + |Vt + they ,Vul?) 2 |V dx.  (14)

Estimate (14) with o = 2 (and thus g, x =1, g2 k= = land Gk (¢) = t%; see (6), (7)), the assumption
uew, ’q () and the arbitrariness of n € C} (Q) and s € {l,...,n} yield u € W2 2(Q) Finally, by
sendlng h to zero in (14) we obtain the desired estimate (10) (for this we use that G x is quadratic for
every k > 0, see (8), and thus Gy x (Ts ptt) = Go i (Uix,) in L%(Q/) for any Q' € Q). O

To this point, we essentially recalled notation and statements from [Marcellini 1991]. Following that
work, we will combine (10) with a Moser-iteration-type argument to establish the desired Lipschitz-
estimate. In contrast to [Marcellini 1991], we optimize estimate (10) with respect to n, which will enable
us to use Sobolev inequality on spheres instead of balls. The following lemma captures the needed
improvement due to a suitable choice of the cut-off function #:

Lemma 10. Fixn > 2. For given 0 < p <o < oo and v € L' (By) consider

J(p,0,v) = inf{/ lv]|Vn|? dx
Bs

o 8 1
J(p,o,v)f(a—p)—(‘+é)(/ (/ |v|) dr)s. (15)
14 r

Proof of Lemma 10. Estimate (15) follows directly by minimizing among radial symmetric cut-off

neCy(By). n=0.n=1in B,,}.

Then for every § € (0, 1]

functions. Indeed, we obviously have for every & > 0

J(p,0,v) < inf{/a n’(r)z(/s [v] +8) dr
P r

For & > 0, the one-dimensional minimization problem J14,¢ can be solved explicitly and we obtain

o —1 —1
Jld,gz(/ (/ |v|+s) dr) . (16)
1Y r

Let us give an argument for (16). First we observe that using the assumption v € L!(B;) and a simple

neCl(p,0), n(p) =1, n(o) = 0} =: Jige-

approximation argument we can replace n € C!(p, o) with n € W1*°(p, ) in the definition of J 1d,e-
Let 77:[p, 0] — [0, 00) be given by

o -1 ,r
ar)y:=1- (/ b(r)™! dr) / b(r)y 'dr, whereb(r):= [s, vl +e.
p p
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Clearly, j € W1 (p, o) (since b > & > 0), 7j(p) = 1, 7j(c) = 0, and thus

o o -1
Jld,ES/ i (r)?b(r)dr = ([ b(r)_ldr) )
P P

The reverse inequality follows by Holder’s inequality: For every n € W 1% (p, o) satisfying n(p) = 1
and n(o) = 0, we have

o 2 o o
1=(/p n/(r)dr) sfp n/(r)zb(r)dr/p b(r)~dr.

Clearly, the last two displayed formulas imply (16).
Next, we deduce (15) from (16). For every s > 1, we obtain by Holder inequality

oo [[G) =) ()

with b as above, and by (16) that

1

s o s—1 =1
J1d,s§(0—P)_H(/ (/ |v|+£) dr) .
4 Sy

Sending ¢ to zero, we obtain (15) withé =s—1 > 0. O

3. Proof of Theorem 3

The main result of this section is the following

Theorem 11. Let Q C R, n > 3, and suppose Assumption 1 is satisfied with 2 < p < g < 0o such that
(3) holds. Fix

0 = 24
 (n—1)p—(n—3)q

Let u € Wléc’q (2) be a local minimizer of the functional F given in (1). Then, there exists ¢ =
c(n,m, M, p,q,0) €[l, 00) such that for every Bgr(xg) € Q and any p € (0, 1)

1 _nt 1
I+ VUl 2| oo, xop < (L= )R [(1L+ [V 2 |0 5 o) (18)

Proof of Theorem 3. Theorem 11 contains the claim of Theorem 3 in the case n > 3 and 2 < p < ¢q. The

ifn>4 and 6>L in=3. 17)
p

remaining case n = 2 is contained in [Marcellini 1991, Theorem 2.1] and the statement is classic for
p=q. O
Proof of Theorem 11. Throughout the proof we write < if < holds up to a positive constant which depends
only onn,m, M, p and q.
Step 1: One step improvement. Suppose that B, € 2. We claim that for every

n—3

y €(0,1] satisfying =V (19)
n J—
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there exists ¢ = c(y,n,m, M, p,q) €[1, 00) such that for every % <p<o=<landanya>2

et 2
Iatp-213125,) = @@ =)~ brgy 1205, (20)
where we use the shorthand .,
8
¢p:=) (1+u})+ forf>0. 21)
Jj=1

Moreover, there exists ¢ = c¢(n,m, M, p,q) € [1, 0c0) such that for every 0 < p <o <2 and any o > 2

||V¢a+p—2||iZ(Bﬂ) = ca2(0 - /0)_2||¢a+q—2”iz(30)- (22)

Substep 1.1: We claim that there exists ¢ = ¢(y,n,¢) € [1,00) such that for every k > 0, a > 2,
se{l,...,n},and%§p<a§1

. q=2 .
Iy ks(p,o) = mf{fB IVN12Go i (tx,) (1 4 |Vul?) 2 ‘neC&(Ba),nzlme}
’ (23)

oa—2
_ N[ 1+k2\ 2 2
<co-p "D (550) T azran o,y

Assumption u € W9 (B;) and estimate (8) imply that v := G g (ux, ) (1 + |Vu|2)% € L'(B;). Hence,
Lemma 10 and (9) yield for every § € (0, 1]

() 1+k2)“52( ( 2 )3 2452)5 )‘%
lok,s(p,0) = 2(0 —p) s ( 2 /p [gr(1+”xs) (I+Vul) dr] .

Appealing to Young’s inequality, we find ¢ = ¢(n) € [1, 0co) such that

n n n
a a=2 atg—2
Y U+uR)EY (14ul) 7 <cd (4ui) > (24)
j=1 j=1 j=1
(in fact (24) is valid with ¢ = 1 + %n(n —1); see [Marcellini 1991, Lemma 2.9]) and thus

n n
a —2 —2 a —2
(1+u)zcs)i(1+|vu|2)‘12 Enmax{“z —1,0} E (l_l_uij)j § (1+uij)‘12

4) (1521 o) n 5 L atg=2
<en™ UL N (1 ut )

j=1

max {152

2
-1,0} ¥
=cn ¢(a+q—2)y’

where in the first inequality we use Jensen’s inequality in the case qT—z > 1 and the discrete £5-£; estimate,
with s > 1, for % € (0, 1), and the third inequality is again the discrete £s-£; estimate, with s > 1.
Hence, we find ¢ = ¢(n, ¢) €[1, 00) such that

a—2 1

e (1K T C 2 Y

lok.s(p,0) =c(o—p) (H_é)( 2 ) (/ ( s ¢(]t/x+q—2)y) d”) forall § € (0,1]. (25)
1Y r
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To estimate the right-hand side in (25) we use the Sobolev inequality on spheres; i.e., for all y € (0, 1]

there exists ¢ = c¢(n, ) € [1, 00) such that for every r > 0
1

;% 2 /v« ] 2 W 1 1
([ e P2 07 et o

v/ x

Estimate (26) and assumption (19) in the form
1 y 1 49 n-3 1 1
>

=+ > = >
(%)* 2 n-—1 2m—=1) n—17"2

yield

o 2 5 N\
() (f #evn) )
o (2) m 1 (l) ﬁ 8% %
< [0 wtwsamam @) ([ o) ] )

o (ol —1)28 5 2 1 ) 1755 5
<c / 1S, |\@v= 20 / IVé(a+g-2)y] —i—; § ¢(a+q_2)y dr) , @27
1Y r r

where ¢ = ¢(y,n) € [1,00). Combining (25) and (27) with the choice § = y, we obtain the claimed
estimate (23) (we can ignore the factors |.S, | and % in (27) by assumption 1< p<aog=1l).

Substep 1.2: Proof of (20). Lemma 9 and estimate (23) yield for every s € {1,...,n}

a—=2
p=2 YA A 2
/B g&’k(uxs)(1+|vu|2) 2 |Vuxs|2dx5C(U—p) (1+y)( k2 ) ||¢(q_2+0‘)y”;//Vl’2(Ba)’

0

where ¢ =c(y,n,m, M, p,q) €[1,o0). Sending k to infinity and summing over s from 1 to 7, we obtain

(using limg oo g:x k(t) >(1+1%)77)

" a+p—4 1 2
/;3 Z(l + “ij) 2 |V”xj |2 dx <c(o _10)_(1_‘_;)”¢(q—2+05)1/”;,/{/1,2(30)'
0 j=1
Combining the above estimate with the pointwise inequality

n

a+p-2 at+p—4
Véatpal < —F— D (1+u3) = [Vuyl. (28)
j=1

we obtain that there exists ¢ = ¢(y,n,m, M, p,q) €[1, o0) such that for all % <p<o=<landa>2

2 2 -(1+3) 3
||V¢Ol+p—2”L2 B <ca“(oc—p) Y ||¢(q—2+a)y | 1.2 . (29)
(Bo) Wl.2(Bs)

It remains to estimate || o+ p—2 | 22(B,)- For this, we use a version of the Poincaré inequality: for every
e > 0 there exists ¢ = c(e, n) € [1, 00) such that for all » > 0 and v € H!(B,)

(fr|v|2)éfc(r(][r |Vv|2)5+(][r|v|e)é)' 0
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We recall a proof of (30) at the end of this step. Inequality (30) with v = ¢ ,—» and

a+q-—2
£=2y————
a+p-2
together with the inequality
0,1_M Lzﬂ::z
1 =< ¢a+p—2 = nmaX{ (a+q—2)y)}¢()(’x+;‘1_22)y

(the second inequality follows by Jensens inequality if (¢ +¢ —2)y /(¢ + p —2) > 1 and the discrete
{s-£1 inequality, with s > 1, otherwise) yield
2a+p=2
||¢oz+p—2 ”22(30) =c(] V¢o¢+p—2 ”iZ(Bp) + ||¢(ot+q—2)y ”Zzoz—g;;z ), (31)

where c =c(n, y, p,q) €[1,00) (note that p € [% 1] and ¢ € [2)/, %2)/]). The first term on the right-hand
side in (31) can be estimated by (29) and the second term (using p < ¢ and ¢g > 1 for all B > 0) by

;zipzi 2
”¢(¢x+q—2)y ”ZZ(BZ) =c ||¢(0H—q—2)y ”lV,Z(Bp)' (32)

A combination of (29), (31) and (32) yield (20).
Finally, we recall an argument for (30): Clearly it suffices to proof the statement for r = 1. Given
e >0, set

1
Us:={x € By ||v(x)| <Ag}, whereAy:= (2][ |v|8) )
B
The choice of A, and the Markov inequality yield

|Bl\Ue|s>r8/B Wl < 118y]
1

and thus |U;| > %|B 1|. Hence, by a suitable version of the Poincaré inequality, see, e.g., [Gilbarg and
Trudinger 1998, (7.45), p. 164], there exists ¢ = ¢(n) € [1, co) such that

2
/ v—f v Sc/ |Vvl|?.
B] & B]

The above inequality, the triangle inequality and

1
f =i f |v|sszé(f W)
U, B By

Substep 1.3: Proof of (22). This estimate is an intermediate step in the proof of [Marcellini 1991,

imply (30).

Lemma 2.10], but for completeness we recall the argument. Lemma 9 with 7 being the affine cutoff
function for B, in B, yields for every s € {1,...,n}

—2 —2
|| i)+ 1907 Vit e 5 0= p [ a1 (V) dx
0

o
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and by summing s from 1 to n and sending kK — oo, we obtain

/ Z(1+u

pj_l

R o (33)

Estimate (22) is a consequence of (28) and (33).
Step 2: Tteration. Fix 6 as in (17). We claim that there exists ¢ = c¢(n,m, M, p,q, 0) €[1, 00) such that

1 1
H(1+|VuF)2HLw(B%)Scﬂ(1+¢VuV)2H§qBﬁ. (34)
Set
n—3 26—1
y = ifn>4 and y=42 if n=3. (35)
n—1 0—1

Note that the assumptions p < g and 6 > £ yleld
0<y<£ ifn =3 (36)
We define a sequence {ay jren, by 1
o =2, Q= %(ock_1+p—2)—(q—2) for all k£ € N.
By induction one sees that

k—1 _ _
, , yk—l_ y k-1 q
o =2+ __q E y =2+ —q =2+4+7p l—y—=] forall k eN.
14 y -1 1=y p

i=0 .

The choice of y in (35), assumption (3), and (36) together with p < g imply 1 — y% >0and y~! > 1;
hence
o —> oo ask — oo.
For k € N, set
1 1 1
Pk=5+2kﬁ’ Uk3=Pk+W=,0k—1

(where pg := 1), and

2
Ak = 9ait p-2lly3p, 5 forall k €No,

where ¢g, B > 0 is defined in (21). Since ag_; + p—2 = (g +¢g —2)y, estimate (20) for @ = oy implies

1og—1tr—2
Ay < (cZ(k’Ll)(lJr ) z)akﬂ’ 7A” 0‘"“’ > for every k € N,
where ¢ = c(y,n,m, M, p,q) €1, 00) as in (20) and thus by iteration

_kl_[t 10‘1 1+I’22
Ak<A o;+p l_[( 2(1+1)(1+ ) 2)0,14”7 2 (37)
i=1
Note that for every k € N

2(i+1)(1+%)a_2)
l

1—[(02(:+1)(1+ ) 2)a,+p 5 <exp(2 log(c

i=1 i=1

=c(y,n,m, M, p,q) < oo
I ) (v p-q)
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and

k
_kl—[al 1+p 2 _kOl0+p—2
o+ p—2 ak +p—2
—k p

B —k _ q -y J°
R — (1_7/%)"'1’ Y 1= TR

i=1

=y !

Hence, sending k — oo in (37), we obtain that there exists ¢ = c¢(n,m, M, p,q,0) € [1,00) (note
y =vy(n, p.q.0) < 1) such that

. 1—y 20—y)
1+ V)R ey < edg " = cligyllf5 (38)
Estimate (22) and 2 < p < ¢ together with ¢g > 1 for all B > 0 yield
201—y) 20-y) v~
8ol 1755y S 190l /5 imsy S 10+ Va2 g ph (39)

Estimates (38), (39) and the choice of y in (35) imply (34).

Step 3: Conclusion. Fix p € (0, 1) and Bg(xg) € Q2. By scaling and translation, we deduce from Step 2
that

1 G 1
1A+ 1Vul)2 oo (8 g oy < R NA + VUl 21 08 o (x0))- (40)
4

where ¢ = c(n,m, M, p,q,0) €[1, 00) is the same as in (34). Applying for every y € B,g(x¢) estimate
(40) with Bg(xo) replaced by B(1_p)gr(y) C 2, we obtain

1 —nt 1
1041962 s,y o = (0 =PRI+ V)20 ey
and thus the claimed estimate (18) follows. O
By the same interpolation argument as in [Marcellini 1991, Theorem 3.1], we deduce from Theorem 11:

Corollary 12. Let Q C R", n > 3, and suppose Assumption 1 is satisﬁed with 2 < p < q < oo such that

(4) holds. Let 0 be given as in (17) with the additional constraint 0 <= for n = 3 and set
9L
o= (41)
—6(1-2)

Let u € VVlgc’q (2) be a local minimizer of the functional F given in (1). Then, there exists ¢ =
c(n,m, M, p,q,0) €[1,00) such that for every Byr(xq) € Q2

1 _pQ 1
10+ 1Y) oo (s g oo < RPN+ IV 103 (42)

Remark 13. A direct calculation yields

_ 2p
C(m+1)p—(n—1)g

ifn>4.
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For n = 3, the assumption on @ in Corollary 12 reads 6 € (%, #). Since 2 < p < ¢, we have

1<L — z<2,
p 4q9—p p

where the second inequality is ensured by (4) (for n = 3).

Proof of Corollary 12. We prove the statement for xo = 0 and R = 1; the general claim follows by scaling
and translation. Throughout the proof we write < if < holds up to a positive constant which depends
only onn,m, M, p,q and 6.

For v e NU {0}, we set
pr=1-"5

Combining the elementary interpolation inequality

1 1 2 1, 1-L
I+ Vul®)2 [ Lacs,,) < II(1+|Vul?)2 IZr (s, (1 + |Vu|?)2 Ipoo(B,,) (43)

with estimate (18), we obtain for every v € N

[2]

s
) 11+ V4 2 W o

_nt

Pv—1

1%

(18)
11+ V) s, ) 'S (1—

@) [ py_y\ "4 1 29 1 (1=2)9
(1= 22) T+ 19 10+ 1T i

%

239
< AP Va0 10+ Va) ||Loo(3 s

44
where ¢ = c(n,n,m, M, p,q,0) €[1, 00). Iterating (44) from v = 1 to ¥, we obtain -
11+ Va2 oy

= (0 + V)2 [ oor,)
oI OO + 9uy B 0D 1w D )

The choice of 6 and assumption (4) imply

0<( )9<1 (46)
q

Indeed, (46) is ensured for n = 3 by the assumption 6 < % and for n > 4 by

P\, 07 2(q—p) n+Dp—m—1)q @
_PlpZ —1—
°<(1 q) G- Dp—(1-Dg | —Dp—(n—3)q "

Soen((i-2) 1w S0 = gty

v=0

Hence,
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Thus, estimates (18) and (45) yield for every b € N

1L 1V om0+ T IS | (1 4 7y DO
L (B%) ~ Lr(B)) L°°(Bl)
o((1-2)0)’

||(1+|Vu| )2 1% 5 a1+ Vul? )*Iqu(B)

Assumptions u € W4 (Q2) and B, € 2 imply ||(1 + IVu|?)2 | La(B,) < oc and thus we find D € N such
that

~2)6)’
10+ VPR <o,

which finishes the proof. O

4. Proof of Theorem 4

The main result of this section is:

Theorem 14. Let Q C R", n > 3, and suppose Assumption 1 is satisfied with 2 < p < g < oo such that
(4) holds. Let 0 be given as in (17) with the additional constraint 6 < #for n=3. Letu e WI;C’I (2)
be a local minimizer of the functional F given in (1). Then there exists c = c(n,m, M, p,q,0) €[1, co)
such that for every B, g(xg) €

%
[VullLoo(B g (xo)) = C(][ f(Vu)dx + 1) ,
2 BR(x0)

where o is given in (41).

Proof of Theorem 4. Theorem 14 contains the claim of Theorem 4 in the case n > 3 and 2 < p < ¢q. The
remaining case n = 2 follows from a combination of [Marcellini 1991, Theorem 2.1] and [Esposito et al.
1999, Theorem 2.1], and the result is classic for p = q. O

Appealing to the a priori estimate of Corollary 12, the statement of Theorem 14 follows from by now
well-established approximation arguments. Below, we present a proof of Theorem 14 that closely follows
[Esposito et al. 1999, proof of Theorem 2.1, Step 3].

Proof of Theorem 14. Throughout the proof we write < if < holds up to a positive constant which depends
only onn,m, M, p,q and 6.
We assume B, € 2 and show

<R

||Vu||Loo(Bl)§(][ f(Vu)dx—I—l) . 47)
8 B

Clearly the general claim follows by standard scaling, translation and covering arguments.

Following [Esposito et al. 1999], we introduce two small parameters g, € € (0, 1). Parameter 6 > 0 is
related to a perturbation f, of the integrand f

Jo(§) := f(§) + 0l forevery § € R". (48)
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Since f satisfies (2) and o € (0, 1), the function fy satisfies (2) with M replaced by M’ depending on
M and g. The second parameter ¢ > 0 corresponds to a regularization u, of u, where u, := u * ¢z with
e 1= ¢ "¢(<) and ¢ being a nonnegative, radially symmetric mollifier; i.e., it satisfies

020 spgC B [ pdx=1 @()=¢(:) forsomed e C¥R).
Rn
Given ¢,0 € (0, 1), we denote by vg o € ug + Wol’q(Bl) the unique function satisfying
Jo(Vug ) dx < f fo(Vv)dx forallveu, + Wol’q(Bl). (49)
B, B,

In view of Corollary 12, we have

(42 p
|Vv8,(,|” dx + 1)

”vvs,a“LOO(B%) <

~

2

S ( fa(vve,a) dx + 1)”

—~
-

(48),049) i
f(Vus) +0|Vue|?dx + 1)

< (/ f(Vu)dx—I—of [Vug|? dx—i—l)p, (50)
By B,

where we used Jensen’s inequality and the convexity of f in the last step. Similarly,
()] (48),(49)
m/ Ve o|? dx < [ S(Vueo)dx = / f(Vug) +0|Vue|? dx
B B B

< f(Vu) dx+0/ [Vug|?dx. (51)
Bite B,

Fix e € (0, 1). In view of (50) and (51), we find w, € u8+W01’P(B1) such that as o — 0, up to subsequence,
Ve, — We weakly in W12 (B)),

Ve o A Vw, weakly* in L°°(B%).

Hence, a combination of (50), (51) with the weak/weak™* lower-semicontinuity of convex functionals
yields

D
||vw8||Loo(BR) < liminf||Vv8,0||Loo(Bl) < (/ f(Vu)dx + 1) , (52)
K3 o—0 g 1+

m/ |[Vwe|? dx E/ f(Vwe) dx S/ f(Vu)dx. (53)
B B Biye
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Since wg € ug + Wol’q(Bl) and u; — u in W2 (B)), we find by (53) a function w € u + Wol’p(Bl)
such that, up to subsequence,
Vw, — Vw weakly in L?(B).

Appealing to the bounds (52), (5§3) and lower semicontinuity, we obtain

%
Volieay s ([ r@ma)” (54
8 Bi4e
f(Vw)dx < [ f(Vu)dx. (55)
B, B
Inequality (55), the strong convexity of f and the fact w € u + Wol’p (By) imply w = u and thus the
claimed estimate (47) is a consequence of (54). O
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