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MICROLOCAL PARTITION OF ENERGY
FOR FRACTIONAL-TYPE DISPERSIVE EQUATIONS

HAOCHENG YANG

This paper is devoted to the proof of the microlocal partition of energy for fractional-type dispersive
equations including the Schrodinger equation, the linearized gravity or capillary water-wave equation
and the half-Klein—-Gordon equation. Roughly speaking, a quarter of the L? energy lies inside or outside
the “light cone” |x| = |¢ P'(&)| for large time. In addition, based on the study of the half-Klein—Gordon
equation, the microlocal partition of energy will also be proved for the Klein—-Gordon equation.

1. Introduction

1.1. Background. The classical partition of energy states that the energy of the solution w to the linear
wave equation
(8> — Aw =0,
wli—o = wo € H'(RY), (W)
dwli—o = wy € L*(RY),
inside and outside the light cone |x| = |#| satisfies, in odd dimension d,

lim (E™(wo, wi, 1) + E™(wo, wi, —1)) = 3w}, + | Vwl|7.,

t——+00

lim (E®(wo, wi, 1) + E® (wo, wi, —1)) = [[,wl|3, + [[Vw][3.,
t—>+400

1-1)

where

Ein(wo, wi, t) = /

x| <[z

(IVw]* + 8, w]?) dx,
|

E°(wg, wi, 1) :=/ (V| + [d,w]?) dx.

lx|>¢]

A proof of this can be found in [Duyckaerts et al. 2011; 2012], where the authors applied this result
to study the soliton of the focusing energy-critical nonlinear wave equation in dimension d = 3, 5 via
some nonlinear analysis on small data solutions. One may also refer to [Cote et al. 2015a; 2015b] for
the application in equivariant wave maps. In even dimension d, the limits (1-1) do not hold in general
settings. It is essential to add some extra corrections, which have been calculated in detail for radial
solutions in [Cote et al. 2014] and for general data in [Cote and Laurent 2024]. In these references, the
authors also discovered some special data such that the corrections vanish, an application of which to the
4-dimensional focusing energy-critical wave equation can be found in [Cdte et al. 2018].

MSC2020: primary 35B40; secondary 47G30, 76B15.
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The above results have been recently revisited in [Delort 2022] using the tools of microlocal analysis.
Consider first a solution u of the half-wave equation

{(3z/i—IDxI)M=0

HW
u|;=0:uo€L2. ( )

Since u = e'!1Pxly, the stationary phase formula shows that one expects the microlocalized energy of the
solution outside a convenient neighborhood of {(x, &) : x =¢(&/|§])} at time ¢ to vanish when ¢ goes to
infinity. Because of that, it is natural to ask whether the microlocalized energy close to the preceding
point, truncated outside the wave cone, gives rise to lower bound of the form (1-1). More precisely, if one
defines this microlocalized truncated energy as

E?,V;,;(uo,r) |op@™ se)u)|?.. (1-2)
x+1GE/EDY (el = e

where x, x € Cfo(Rd) are chosen to be real, radial and equal to 1 near zero with § € ]0, %] then it has
been proved in [Delort 2022] that in any dimension d

lim (ESY o, )+ EXY s(uo, =) = lluol 7 (1-4)

t——+400

This result may be used to recover (1-1) in odd dimension by taking u = (—id; 4+ | D,|)w. Actually, the
truncated energy in (1-2) may be expressed from the microlocalized truncated energy for the solution u
of the half-wave equation and from extra terms. These extra terms give a zero contribution at the limit ¢
tending to infinity in odd dimensions, but not in even ones.

The heuristics underlying estimate (1-4) for the half-wave equation are as follows. Define the quantiza-
tion Op(a}'¥y ;) of the symbol (1-3) by

O )0 = g [ @aly o) fr ) ds.

(2m)d
Then (1-2) may be written as

E)}(Iv;’s(uo, 1) = (Op(a)}(l’\g’a)e”m luo, Op(an )e!!1Px |uo>

= (uo, ™17 Op ()} )" Op (@’ e P ug) . (1-5)

If the symbols were smooth ones, so that symbolic calculus (whose details can be found in [Zworski
2012]) could be used, one would expect the composition Op (a?};" 5" Op (a?"; s) to be equal, modulo
negligible remainders, to Op(b), with b = |aHW sI% and the conjugation =11 Op(b)e'"1P| to be equal,
up to remainders, to Op(c), where c(x, &) = b(x —1t(&/1§])). Applying this to (1-5), one could write this
quantity as (ug, Op(e)up) modulo a term tending to zero when ¢ goes to infinity, where e is given by

X\ oof IX—1(E/IEDI— 1] L
ItI%J”S X |2]° lx—1(/1EDI>1t]-

e(t,x,s>=x2(
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This symbol e roughly cuts-off the phase space on the domain

§ >|t|}

{(X,S) el S v -
{(x,é):sgn(t)x-i<0}. (1-6)

3
When ¢t — +00, the truncated domain tends to the half-space

€]
As a consequence, the sum of truncated energy at time ¢ and —¢ covers the whole phase space.

We emphasize that all the arguments above are merely formal. They hold only if all the involved
functions are regular enough. In fact, it has also been proved in [Delort 2022] that the cut-off operator
Op (a?}?(” s) may not even be bounded if the singular cut-off |x| > |¢] is replaced by x - (§/|§]) > t, which
seems to work formally.

The above formal point of view, though purely heuristic, suggests that the classical result (1-1) might
be extended to a large class of dispersive equations. In the general system

(% - P(Dx))u )

as in the half-wave equation, one may expect that the energy concentrates in the phase space around
x +tP’(§) =0 and the partition of energy holds with generalized “light cone”

x| = [t P'(£)].
The first result for the Schrodinger equation has been given in [Delort 2022] with truncation
ES (ug, 1) == | Op@t (1)u(n) | 7. (1-7)
x+t&
Schr([ X, S) ( _1+8)1|x|>|t5|. (1—8)
&1 (V12]15]) 2
The result is similar:
: Sch Sch
dim (3 (o, 1) + E5 (o, =) = 3luoll 7. (1-9)

Here the extra factor in the cut-off x is only for technical use, and the loss of half of the total energy
lluol17, is due to the convexity of P(§) = HHE

The goal of this paper is to examine if the microlocal partition of energy results (1-4), (1-9) may be
extended to a large class of dispersive equations. In particular, this generalized result covers the system
of linearized gravity or capillary water-wave with infinite depth

324‘—|Dx|%u:0, (LGWW)
U _|p,ru=o0, (LCWW)
or with finite and constant depth 4,
3;” — D, |7 tanh(h| Dy ) =0, (LGWW,,)
oru

9 | D,|2 tanh(h| D, )u = 0. (LCWW,,)
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Moreover, the system of half-Klein—-Gordon
atu

— = {Dyu=0 (HKG)

can also be covered by the generalized result, and the associated conclusion will further imply the
microlocal partition of energy for the standard Klein—Gordon equation

(0} — A+ Dw =0,
wli—o =wo € H'(RY), (KG)
w0 = wy € L2(RY).

One may have noticed that (1-4) and (1-9) are proved only for § € ]0, %] or ]0, %[ The case § > %
seems useless since with such § the cut-off x gives no information in the concentration of energy. The
critical case § = 0, however, leads to some interesting results in the limit of truncated energy. The related
results will be presented in detail in the next part.

1.2. Main results. We consider the fractional-type dispersive equation

{(81‘/i — P(Dy))u =0,
ul=0 = uo,

(E)

where P is radial and smooth except at £ = 0. For simplicity, P will be identified as a function of p = |&|
in what follows. We further assume that P is a fractional-type symbol. Namely, the following hypotheses
hold for some pg, p; # 0:

(D PD s strictly positive and monotone on |0, +ool.
(2.0) 3Py =20, p — 0+, |P(1)(,o) — Py| ~ pPo, |P(2)(,0)| ~ ppofl‘
2.1) 3P; >0, p—> 400, [PV(p)—Pi|~p?, [PD(p)|~p"~". (Hyo p)
(3.0) VjeN*, j>=3, Vpel0,1[, |PY(p)| < proti=i.
(3.1) VjeN* j>=3, Vpell,oof, |PY(p)| < pPrHi=i,

We introduce the symbol

x+1tP'(&)
a(t,x,§)=ays(t,x,8§)=x (f Lixi>pe01Pr©)l (1-10)
|t|§+6

where § € R, and x € C>°(R?) is real with x (0) = 1. The corresponding truncated energy is defined as
E(uo, 1) = Ey5(uo. 1) = || Op(a, s) u@)172 = 10p(ay,s )" P up)l7.. (1-11)

where
Op(ays O P () = 5 / SHEHIPO (1, x, §)ilo(€) dE. (1-12)

b4

In Propositions 2.1, 2.2, and 3.1, we shall prove that, under some extra conditions on P, the operator
Op(a(t)), together with its variations to be introduced later, is bounded on L2 uniformly in |f| > 1.
E(ug, t) is therefore a well-defined truncated energy, at least when the time |¢] is sufficiently large.
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We first state the fundamental result which is available for fractional equations, namely (E) with
P’ (&) = |€|P(£/|&]), such as Schrodinger equation (p = 1), linearized gravity water-wave equation

(p=—1), and linearized capillary water-wave equation (p = J).

Theorem 1.1. Let x € C° (RY) be a real function such that x (0) = 1. We further assume that P satisfies
hypotheses (H,, ) with Py = Py =0.

) 17 5 <0,
limEy (0, 1) =0. (1-13)
Gi) If 5 =0,
| | A )
im Ey .0 = [ G, 0lin(po)l o dpdo, (1-14)

where (p, w) is the polar coordinate. The function G, (p, w) is defined, when P is convex, by

1 o 10,202 2
Gy(p, w):= @0 f / e 2Dy (VP (p)ro++/ p~ 1 P'(p)y) dy dr| (1-15)
0 Jyw=0
and, when P is concave, by
> L=y 7 P ’
Gelp@) =g e x(V=P"(p)ro+~/p~'P'(p)y) dy dr (1-16)
0 Jyw=0
(iii) If 0 < 8 < L, we further assume that x is radial. Then
im Ey (o, 1) = glluoll7.. (1-17)

Remark 1.2. In (1-17), we manage to calculate the limit of E, 5(uo, t) and E, s(ug, —t) as t — +00,
instead of their sum as in (1-1) and (1-9). Notice that the heuristics discussed after (1-6) in the case of
half-wave equations do not predict this fact. This shows the limitation of this formal reasoning when
sharp cut-offs are involved in the symbols.

Remark 1.3. For the Schrodinger equation, the special structure of P’(§) = & allows us to reduce the
regularity required for x. In Appendix C, we will show that limits (1-13) and (1-14) hold for all x € L',

We will see later that our proof of Theorem 1.1 does not hold for P with nonzero Py, P, such as the
half-Klein—Gordon equation (HKG), where P; = 1. In order to deal with this difficulty, one way is to add
some cut-off in the frequency &. To be precise, we introduce the modified truncated symbol

P/
a1, x,§) =yt x, §) = x (%ﬁ)hxbnnmsn(l - X1)<|t|$€0>Xh<|f|q ) (1-18)

where €, €] satisfies

0<€0<

1 < {+o° ! pr= (1-19)

po+1’ =1/(pr+1) ifpr<-—1,
and y;, xp, € C2° are radial and equal to 1 near zero. This symbol will be concerned only when p; <0 < po;
the reason for this will be explained later. The corresponding truncated energy is denoted by

E™(ug, 1) = EFS(uo, 1) := |Op @S ()u®) 7.
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Theorem 1.4. Let x € C° (RY) be a real function such that x (0) = 1. We further assume that P satisfies
the hypotheses (H,, ,,) with p1 <0 < po, Py, Py > 0, and that €, € satisfy condition (1-19).

@ If 8 <0,

. d .
A Exs (o, ) =0. (1-20)
i) If 5 =0,
lim E™%0.0) = = [ G, (. liio(pw) p*~" dpd (1-21)
t>+oo KO 0, %)= (Zﬂ)d x (0, w)|upg(pw)|”p paw,

where (p, w) is the polar coordinate. The function G, (p, w) is the same one defined by (1-15) and (1-16).

(i) If 0 <6 < %, we further assume that x is radial. Then

lim EY§(uo, 1) = lluol 7. (1-22)

t— =00
Remark 1.5. In this theorem, we only consider the case p; < 0 < pg, which is enough to cover all
Py, Py #0. Actually, when pg < 0 (resp. p; > 0), the hypotheses (H,, ,,) with Py > 0 (resp. Py > 0) are
equivalent to (H, ,,) with Py = 0 (resp. P; = 0), which has been studied in Theorem 1.1.

Another way to deal with nonzero Py, Pj is to add an extra factor in the cut-off x, namely, consider an
alternative truncated symbol

alt alt x+tP/(§)
a (L-x’g):a (ta-xag)=x<— 1x|> P'(&)]s (1‘23)
o RNV

where A € C®°(R? \{0}) is strictly positive, radial and satisfies the following conditions for some og, o] € R:
(1.0) p— 0+, A(p)~ p™.
(1.1) p— 400, A(p)~ p°'.

(2.0) Vp €10, 1[, AV (p) S p™~. c
. . ( (J'(),(T])
2.1) ¥pell, oo, AV (p)<p" .
A
@ tim 225 o0
p—>+00 pUI

The associated truncated energy is denoted by
E™(ug, 1) = EY , (uo, 1) := [0p (@ , (0))u(1)]2.,
and the result becomes:

Theorem 1.6. Let x € C é’o([R?d) be a real function such that x (0) = 1. We assume that P satisfies the
hypotheses (H,, ,,) and A satisfies condition (Cy o,) With oo = po, 01 < pi.

(i) If §+301 <0,

im EY A (o, 1) =0. (1-24)
(i) If 8+ 101 =0,
: 1 . -
im B 0.0 = [ 6o, wlin(oo) o' dp o (1-25)
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where (p, w) is the polar coordinate. The function G;‘(“(,o, w) is defined, when P is convex, by

2

/P// —1 P’
Galt(,O, y / / € 2(r2+‘y| )X (/O)rw + /0 (,0))’ dy dl" (1-26)
(277) =0 A1p!
and, when P is concave, by
1 o0 . /— P —1pr 2
G;lt(p,a)) = y / f eté(—r2+|y|2)x( (Io)ra) +U p (p)y>dy dr (1‘27)
(27'[) w=0 klp 1
i) If0<é6+ %01 < %, we further assume that x is radial. Then
lim E% \ (uo, 1) = §lluoll3.. (1-28)

t—+o0

Remark 1.7. The proof of Theorem 1.1 fails when |x/¢| is close to Py or P;. The extra factor A together
with the condition oy > pg, o1 < p; allows us to eliminate this case, and a demonstration similar to
Theorem 1.1 will work when |x/¢| is away from Py, P;.

As a byproduct of Propositions 2.1 and 2.2, where the uniform-in-¢ boundedness on L? of Op(a(t))
and Op(a™9(¢)) will be proved, these operators are also uniformly bounded with yx identically equal
to 1, namely:

Theorem 1.8. Let pg, p1 # 0 and P satisfy the hypotheses (H,, ). There exists a constant C > 0
independent of t such that,

(1) when Py= P; =0,

10P(Ljxj> @)Dl ey < €
holds for all |t| > 0;
(i) when Py, P; > 0,

§ 3
ol o))

holds for all |t| > ty > 1, where €, €| are arbitrary parameters satisfying (1-19) and y;, x, € C2° are

<C
L(L?)

equal to 1 near zero.

The boundedness of Op (1) for measurable sets E C R?? is of great concern in microlocal analysis, and
the results above give a positive answer to some E defined via convex functions. If one changes to Weyl
quantization, this problem is known as localization of the Wigner distribution. In fact, in this case, we have

(Op" (Lp)u, v} / Wiu, v)(x, &) dx dE,

(2 )d /2
where

1 . 1
W 06, 6) = s /R e Fulx+5y)o(x = 3v) dy

is the Wigner distribution of (u, v). It has been found that the operator properties of Op" (1) (boundedness,
positivity, spectrum, etc.) are related to the geometry of E. For example, when E is an ellipsoid, in
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[Flandrin 1988; Lieb and Ostrover 2010], the authors gave some sharp estimates of the L?-norm of
Op® (1), which is related to the size of the ellipsoid. As another example, when E is a polygon on R?
with N sides, it was proved in [Lerner 2024] that the norm of Op™” (1) can be controlled by /N /2 for
N > 3. In the same paper, the author also proved that there exists open set E such that Op”(1g) is not
even bounded on L2 The readers may refer to [Lerner 2024] for more results on this topic.

By applying the results of Theorems 1.4 and 1.8 to half-Klein—Gordon equation (HKG), we are able to
obtain the following microlocal partition of energy for Klein—-Gordon equation, which is an analogue of
partition of energy for wave equation.

Theorem 1.9. Let w be the unique solution to Klein—-Gordon equation (KG), namely

(07— A+ 1w =0,
wli—o = wo € H'(RY),
wl=0 = w; € LZ(Rd)a

where wq, wy are real, and so is w. Then, the truncated energy

EXS(wo, wi, 1) == [|Op(afS ) a,w(®)[17, + 10p@XC () Vw@®)lI7, + 10p@ S ) w @7,  (1-29)

satisfies
Jim EE (o, wi, 1) = g(lwoll3 + lwil172). (1-30)
where
a®S(t,x,6) =a¥o(t, x, &) := Ljj=1e /160 X <%) (1-31)

O<e<l,and x € C¥ (RY) is a real and radial function equal to 1 near zero.

Remark 1.10. In view of the similarity between wave equation and Klein—Gordon equation, one may ask
what (1-30) will become if we apply the same truncation 1|y~ as in classical result (1-1). The answer
is, forall 0 < rg < ry,

lim (3wl + IVwl* + [wl*) dx = |1 115,01 I DxDwoll 31 + L1901 (| DxDwill35,  (1-32)

t—>=+o00 ro<|x/t|<r

where 109, pil = P~ '(Iro, r1[). Since P’ takes values in [0, 1[, we have in particular,

lim (3w|*>+|Vw|* +|w[*>) dx = 0.

t—+oo 1x|> ]

A detailed discussion of (1-32) will be given in Appendix D.

1.3. Nonnullity of the limit in the critical case. In Theorems 1.1, 1.4, and 1.6, we calculate the limit

of energy in three cases. In the subcritical case § < 0 (or § 4 %01 < 0), the truncated energy tends to O,

no matter which x we choose. This phenomenon also exists in the supercritical case 0 < § < % (or

0<d+ %01 < %), where the limit is always half of the total energy ||ug||;2. In the critical case § = 0 (or
8+ %01 = (), however, the limit does depend on our choice of x. If we further assume x to be radial, it

is not difficult to check that the limits (1-14), (1-21), and (1-25) are bounded and nonnegative.
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In fact, when x is radial, the function G, G‘)’(lt can be written in the form

/ 3BT+ (viP”(P)m + vP’(p)/Px/) d

VYo

11
4 2n)d

’

where + and — stand for the convex and concave cases, respectively, x = (x1, x’) € R x RY~L and A > 0,
o € R. By the Plancherel theorem, it is equal to

11 2

4 2m)M

’

-1
fez«ims)/(mm»i( fi p E/> 1 ( P )2 d
w JEP NP ) JE @\ i)

which, after a change of variable, reads

1 1

NIl (1-33)

0o )l
f e 2p(hp7)2 Y

Therefore, G, can be estimated by

G (,0 Cl))\4(2 )2d||X”L1

A natural question is then whether limits (1-14), (1-21), and (1-25) are nonzero for nontrivial initial data
uo. The answer is positive for the fractional equation, i.e., with P’(£) = |£|P~'&, p # 0. More precisely:

Proposition 1.11. Under the assumption P'(§) = |E|P~'&, (1-33) can be written, up to some multiple
with constants, as

G(p) =

1-20 2
/,e Lo (pE g )A(s)ds
R(

If p#20 +1and x € S(RY) with x(0) # 0, 5(,0) is nonzero except on a set of null Lebesgue measure.

Proof. Since x is a Schwartz function, the complex function
/ eiﬁ(%l’fl'f‘ &%) "(g) déj

is analytic on upper half-plane {z € C : Im z > 0} and continuous on its closure. In [Lusin and Priwaloff

1925], the authors proved that either the real zeros of such function form a set of zero Lebesgue measure,
or it is identically zero. The same result holds thus for é(p) = |F(p?~'72%)|%. Due to the fact that
x(0) £0, G is nonzero as pP~17291 is small enough, and G is therefore nonzero almost everywhere. [J

As a consequence, the limits (1-14), (1-21), and (1-25) are strictly positive for all nontrivial ug € L?
under the assumption p # 1 (or p # 201+ 1). If p =1 (or p =207 + 1), the function G, (p) (or G‘;(“)
will no more depend on p and the limits (1-14), (1-21), (1-25) will take the form co(x) |lugll?,, where

To obtain a nonzero limit, it suffices to choose x such that the quantity above is nonzero. For example,

L2

co(x) =

2(2m)d

one may take
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» x to be positive and supported in a sufficiently small ball centered at zero;
e x to be Gaussian;

o x of the form x = x(-/R), with x € C2°, x(0) #0, and R > 1.

1.4. Plan of this paper. The proofs of Theorems 1.1, 1.4, and 1.6 will be divided into two parts: uniform
boundedness of truncated operator and calculation of limit. In Section 2, we will prove that Op(a(t))
and Op(a™9(¢)) are uniformly bounded on L? in three steps. The first two steps are exactly the same,
while the difference arises in the last step where one may see the difficulties caused by nonzero Py, P;.
As a byproduct of this proof, Theorem 1.8 can be shown easily. Section 3 is devoted to the uniform
boundedness of Op (@™ (¢)), which is much simpler than that of Op(a(¢)) and Op (@™94(z)) thanks to the
extra factor A. The uniform boundedness of truncated operators allows us to calculate the limits stated in
Theorems 1.1, 1.4, and 1.6 only for some regular data ug, which will be made precise in Section 4. In
Section 5, we will prove the microlocal partition of energy for the Klein—Gordon equation by studying
the half-Klein—Gordon equation.

In Appendix A, we collect technical inequalities which are frequently used in this paper, as well
as some criteria of L?-boundedness for pseudodifferential operators. Several stationary phase lemmas
are presented in Appendix B; these are key techniques in calculating the limit of truncated energy. As
mentioned before, our main result Theorem 1.1 can be refined for the Schrédinger equation, whose
rigorous statement and proof will be given in Appendix C. Appendix D is devoted to the discussion on the
classical partition of energy for the Klein—Gordon equation due to the study of the asymptotic behavior of
the solution to the half-Klein—Gordon equation. The last part, Appendix E, contains some details omitted
in Section 4, especially for concave P.

1.5. Notations and conventions. To end this section, we clarify some notations and conventions used in
this paper.

« We say a is a symbol on R? if a is a function on {(x, &) € R? x R?}. The corresponding (pseudodiffer-
ential) operator is defined by

Op(a) f(x) :=

o [ etat e1f @ as.

To make this definition meaningful, we will assume in this paper that a is a measurable function with at
most polynomial growth in & and that f belongs to the class of Schwartz functions.

« For any function P : RY — C, which can be regarded as a symbol independent of x, the corresponding
operator will be denoted by P (Dy).

o The kernel (or kernel function) of a linear operator A : S (RY) > S'(RY) is defined as (if it exists) a
tempered distribution K on R? x R? such that

Aux) = / K(x. y)u(y) dy.
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For the simplicity of notation, in this paper, we will use the symbol of the kernel function to represent the
operator, i.e.,

Ku(x) = / K(x, y)u(y)dy.

e A function F : RY — C is said to be radial if there exists a function f : [0, co[ — C such that
F(x) = f(|x|) for all x € R? In this case, we will not distinguish the functions F and f. That is, we will
write instead F(x) = F(|x|) or f(x) = f(|x|) for x € R4

o We will use ¢, C, sometimes equipped with superscripts and subscripts, to represent all the small and
large constants respectively.

» For nonzero quantities p, r, the notation p ~ r means that there exist constants ¢, C > 0 such that
c<p/r<C.

2. L?-boundedness of microlocal truncation operators

The goal of this section is the demonstration of following proposition, which eventually implies Theorem 1.8.
Proposition 2.1. Let py, p1 #0, § e R, and x € C ?O([R?d ). There exists a constant C > 0 independent
of t such that, for all |t| > 0,
10p(ay,s() 22y < C,

where the symbol ay s(t) is defined in (1-10) and P satisfies the hypotheses (H, ,,) with Py = P = 0.

In parallel, we shall also prove the following result:
Proposition 2.2. Let po > 0> p1, § €R,and x € C* (RY). We assume that P satisfies the hypotheses
(Hpy, p,) with Py, Py > 0. Then the modified truncated symbol

abS(t, x, &) = ays(t, x,£)(1 —xo(i)xh( ; )

|7] =<0 |z

which has already been defined in (1-18), corresponds to a bounded operator on L2, uniformly in
|t| > to > 1. Here x;, x € C° are radial and equal to 1 near zero and €, € satisfy the condition (1-19).

One can see in the following proof that our demonstration cannot eliminate the truncation in & in
the definition (1-18) of ™. In fact, after some change of scaling, we will decompose the symbol a
(or a™9) into three components, two of which are bounded for all Py, P; > 0, while our treatment for the
last component does not hold for nonzero Py, P;. The complementary cut-off in & is used to solve this
problem. Note that it is still unknown whether such restriction is essential.

To begin with, one observes that it is equivalent to study the cut-off inside the cone, namely

. +tP’
a(t,x, &)=y (ﬂ>1x<mm@)|’

|t|%+8

X<x+tP’(§))
1|37+

since the operator with symbol
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is bounded uniformly in ¢ and § € R, due to Lemma A.10 together with Lemma A.5. In this section, we
will not distinguish @ and @' and denote both of them as a.
With a reflection in &, ¢ can be assumed to be positive. The application of Lemma A.4 allows us to

_ § x/Vi+ P'(E/1)
a(t, x,§) =a<t, Vix, ﬁ) =X( et >1|x/ﬁ|<P/<s/ﬁ>|-

Now, we split @ into high and low frequencies, namely @ = @’ + a*, where

a(t,x, &) =a(t, x, &) 5 (&),

and x € C° (R?) is a radial function which equals 1 near zero. In the following, we shall treat the high-

replace a by

and low-frequency parts at the same time. Before entering the next step, we introduce some notations
which will be frequently used in this section. In all cases, we set

=152 €10, +ool.
With j =0 for the low-frequency part and j = 1 for the high-frequency part, we set,

e when P; =0,

X(t,x) :=|i\/_i, E(t, &)= P’(%>, v =+
« when P; >0, P' > P;,
X(t,x) ::m—Pj, B(t, &) := P/(E)—Pj, v = +;
! Vi
e when P; >0, P’ < P},
al €]

X(t, x) ::Pj—ﬁ, B(t,§) = Pj_Pl<$)’ Vi=

Note that for all nonzero &, = is strictly positive. With these notations our problem can be reduced to

the uniform-in-u, ¢ boundedness of

(Po+v0X) &5 + (Po+wE) 5 (&
O<%<1X ’

7

b —
b(l,u,x,é)—x( 7

b . E) ((P1+v1X),%+(P1+le)|%>1 g ~)( g)
) » Xy = X - - -
M X w O0<z<1 X \/;

We emphasize that our definition of X does not ensure its strict positivity, but one may always eliminate

the part X < 0, due to the uniform boundedness of the operator with symbol

XCﬂ+wXﬁﬁ%E+w@%)
M 9

which is also a consequence of Lemmas A.10 and A.S.
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Now, we decompose b' (1 = b, f) as the sum of b}, b, b} with cut-off 0 < % < land & ~ 1 and

0 <1—% « 1, respectively. To be precise,

=
[

o>

bty x, §) = (e, 1 x, §) + B, %, §) + (1, X, 8),
by(t, pw, x,§) =b'(t, u, x, &) x0(X/ B,
Bt pyx, §) = b (1, X, )Y (X/ B),
byt pw,x,8) =b'(t, u, x, &) x1(1 — X/ B,
where xo, x1 and ¥ are radial, smooth and compactly supported. xo, x; are supported in a small

neighborhood of zero and equal to 1 near zero, while W is compactly supported in ]0, 1[. By regarding u
as a t-independent parameter, we can reduce Propositions 2.1 and 2.2 to the following proposition:

Proposition 2.3. There exist t, p-independent constants C > 0 such that

@G) if Py, PL =0, forallt, u >0,

10p (b (t, i)l 12y < C, (2-1)
1I0p (' (2, i)l 212y < C (2-2)
@Gi) if Ph= P, =0, forallt,u >0,
10p (b (2, i)l 212y < C; (2-3)
@iii) if Py, Py >0and p1 <0< pg, foralliu >0, t > 1,
. § 3
Op| by, (A — x| —— )xn| — <C. (2-4)
t2 t2te £(L2)

Before giving the proof, we indicate below the consequence of this proposition, which implies
Propositions 2.1 and 2.2, and will be used in the end of this section to conclude Theorem 1.8.

Corollary 2.4. Let x, xi, xn be defined as before.

(1) If P satisfies (Hp, ,,) with po, p1 # 0 and Py = Py =0, the operator

+1P(§)
Op <X <XT> 1|x|>zP/(s>>

is bounded on L* uniformly int # 0 and p > 0.
(i) If P satisfies (Hp, ,,) with po, p1 # 0 and €, €| satisfy condition (1-19), the operator

+1P
Op (x (%)lﬂﬂm(sn(l — X1 (,f—eo)m (tfm ))

is bounded on L? uniformly int > 1 and j1 > 0.
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2.1. Study of the symbols by and b. In this part, we shall prove (2-1) and (2-2). One observes that both
b and b* are supported for X ~ &, which allows us to reduce our problem via dyadic decomposition.

Proof of (2-2). We start with a homogeneous dyadic decomposition

23
kez

where ¢ € Cfo([Rid ) is radial and supported away from zero. In this way, we may decompose b as
> 50 be and B as 3", _ by, where

) (Pi+vX) 5+ (P +vBE)E\ /X
bk(r,u,x,s>=x< — 'é')\lf(g)wz—kmxm(zki;), (2-5)

where 1 € C°(RY) is also radial and supported away from zero. The extra factor i comes from the

—~

truncation X ~ & ~ (¢~ 1/2|&|)Pi ~ 2kPi. This factors implies that the by’s are almost orthogonal so that it
suffices to prove the uniform (in k, #, ) boundedness of Op(Ek).

Note that, due to the compact support of x and the fact that 0 < ¢ < X/E < 1 — ¢ for some small
¢ > 0, we have

. X
2%~ BS|X-E|= H(Pj-i-u,-X)—‘ - ‘(Pj-i“%/E)iH
x| €]
X — &
< ‘(Pj‘FVjX)m—i-(Pj-l-vjd)E‘ S,u (2-6)

When 2¢(7i+D > 1, we shall apply the Calderén—Vaillancourt theorem (see Lemma A.11). For
each derivative in x, if it acts on y, one gains t~'/2u~! < r~1/227kPi by (2-6). If 3, acts on W or V¥,
one obtains factors of size r~1/227%Pi. As for the derivatives in &, similarly, it leads to factors of size
P'(E/Ot™ 1 21 B7P (& /1)t~ Y? or t 71227k which are all controlled by 1 ~1/227X as |&| ~ 2K/t
and 2*7 < 1. Since

172327k =20k = g1 —k(pitD) <1,

we may conclude by a change of scaling (Lemma A.4).
When 12K(PTD < 1, we shall use Lemma A.9. We first check the assumption (A-6) of this lemma with

wi €10, +o0[ defined by

/\inkpf if P; —{—va~2ka,
{ if Pj + UjX ~ 1.
Note that we have either P; +v; X ~ Pj+v,E~1lor Pi+v;X ~ P, +v;E ~ 2kPi 1n fact, by definition,
P; +v;X and P; + v; E are both strictly positive. Thus, it is sufficient to consider |k| > 1. When P; is
nonzero and kp; <0, we have X ~ & ~ 2kPi « 1 and then Pj+v;X ~ Pj+v;E ~ 1. While P; is nonzero
and kp; > 0, we have similarly X ~ E ~ 2%/ > 1 and P; 4+ v;X ~ P; 4+ v;E ~ 2*Pi. Otherwise, P; is
equal to zero, which implies trivially P; +v; X = X ~ 2kPi and Pi+v,E=E~ 2kPi . Due to observation
X ~ E~2kri jtis easy to obtain that, for all , 8 € N?—!and N e N,

wabi al—tpifd (@, =)\
10,0 Di(t, o, rw, pO)| < Co.p.N&L(T, P14 |
k

K =
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where x = rw, & = p0 are polar coordinates and
gk(ryp) =1, ok il j1ppphr-
The operator of kernel g is controlled by
86l L2 ran S (V125 x Vi25)3 = (120t Dys < 1,

which is no more than the assumption (A-5) of Lemma A.9. As aresult, we may conclude (2-2) by (A-7). U

The idea of the proof of (2-1) is similar. The only difficulty is that b, has a singularity near X = E. We
may treat the part away from X = E as above and study the area near X = E by convexity (or concavity)
of P.

Proof of (2-1). As before, we begin with the homogeneous dyadic decomposition in &/+/¢, namely
bi =Y oo bik and b} = Y o bk, with

(P +viX) &+ (P40 8) X £
by = al 1 1-= )y tix .
1k X( " ) >E(<1X1< E)W( )(0(2,(\/;>

It suffices to prove that Op (b ) is bounded on L2, uniformly in k, £, . In comparison with by defined
by (2-5), the main difficulty is that the nonsmooth term cannot be deleted. In the case 2Kt <1, we
may repeat exactly the same argument as in the study of by since this argument does not require any
regularity in |x|, |&].

When 12D > 1, we will separate the singularity near X/& = 1. Consider the decomposition

b1k = Dby +bY
N L) e
b, = bk (V1282170 (B — X)),

where x; € C° (RY) is radial and equal to 1 near zero.
The proof of the boundedness of b/1 & is similar to that of the case r2K(Pit1) < 1. By setting g €10, 400

as before, namely
_[m27Rf Py v X ~ 2R
i if P v X ~ 1,

we may have, for all o, B € N?=land N € N,

aabBps —la|-1p|[ d(@, —0) -
|8w89b1’k(t’ m, rw, PQ)l <Ca,ﬂ,Nhk(r’ IO)/*'Lk T s
where

hi(rop)= > 1,001, 2-7)
nN\/EZk(’)j+l)/2

with

Jy o= (2530720 26200 (g 1),

[[VEP @250y — 2k iDL Jr P (732K ) (4 1) 4 28 D] P s 0,
" [WEP 22k ) (n 1)) — 2k D JE P (22K gy 4 2k (D] if P < 0,
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Note that by writing in the polar system r = |x|, p = ||, we have that b/l, « 1s supported for p ~ 2kt
and +/12K0-P)/2|8 — X| « 1 due to the cut-off ¥;. We first make a decomposition in p, namely

pelcT2Vic2Viic | I

n,\,\/;zk(ﬁj‘#l)/z

and then the support /12K(1=P))/2| & — X| « 1 ensures that r lies in I, defined above, once p belongs
to J,. This gives the control /; defined in (2-7).

In order to apply Lemma A.9, it suffices to check that the operator with kernel /4 is uniformly bounded
on L*(R..), which can be reduced to |1,||J,| < 1 and that {I,} forms a uniformly finite cover. In fact,
since the I,’s are pairwise disjoint (except for end points), one observes that, for all w € L?(R,.),

2 2
H/hk<-,p>w<p>dp = le,l(-)/lf,,w)w(p)dp
LX(Ry) n L2(Ry)
2
=300 [ Louerdp
n L2(Ry)

2 2
< LN, wisg,, S D 1Lwlhag, )
n n

where the last inequality follows from the first assertion |7,,||J,| < 1. The second assertion guarantees
that each point of Ry belongs to at most N intervals in {J,} for some N € N. This implies that
>l J”w||i2 ®,) <N ||w||i2 R,y which proves the uniform-in-f, k L2(R,.)-boundedness of the operator
with kernel Ay.

The first assertion is obvious since n ~ /r2K(Pi+D/2 implies that

al L] < 25502 (| /2P (17325002 (0 1)) — VEP' (1722830 -PDp) | 4 202k i~ D)
< Zk%(l—pﬂ(\/;zkm,»—l),—%Zk%(l—pj) + zczk%(p,—n) <1
As for the second one, we observe that I, N I, 4; # & if and only if
WP (7725300 ) — /1P (172252072 (n 4 1)) | < 26253,

Without loss of generality, we may assume / > 0. Actually, the left-hand side has the following equivalence:

[WiP! (7225500 py — JiP (173252 072 (n 4 1))
= |2420=P1p"(173283 0D (4 51))| for some s € [0, 1]
~ 2K20=PD 5 (172283072 (n 4 s1)) P! since | P (p)] ~ pPi !
~ zk%(lfl’j)l x 2kpi=1) — 2k%(17j*1)l.

To prove the last equivalence, we may use the fact that n, n 41 ~ /r2K?i+D/2 which implies that

NI < p <ptsl <n+1 < CH/r2k 2D,
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In conclusion, we have that [, N [,,4; # @ holds for finitely many /. As a result, Op(b’l’ ) 1s bounded
uniformly in ¢, k.
It remains to study the smooth symbol b ;, which reads

(Pj+VjX)|)C—|+(Pj+UjE)|§—| 5 X
V= z 27k Xy —=— |1 1-=
e R

x (1= 1) (Vr2k20=r) (8 — X)).

Note that this symbol is smooth, since the singularity X/ E =1 is removed by the (1 — ) factor. Under the
condition 2%+ > 1, it satisfies the condition of the Calderén—Vaillancourt theorem (see Lemma A.11).
In fact, each derivative in x leads to a factor of size ~'/2u~! (from x), t~1/?27%Pi (from  and ), or
2k(=p/2 (from (1 — ¥1)). The condition £2¥i*1D > 1 implies that r~1/227*Pi < 25(1=P))/2_ while the
compact support of x and support of (1 — x;) ensures that

1722420 < X — 8| S,

ie., 7121 <2(=PD/2k The same argument for d; gives that each derivative in & leads to a factor of
size 27kK(1=P))/2_The desired result thus follows from a change of scaling (Lemma A.4). ]

2.2. Study of the symbol by with Py = P; =0. In the case Py = P, =0, due to the lack of almost orthogo-
nality as l;k’s and by ;’s, the remaining symbol b, will be treated via the Cotlar—Stein lemma (Lemma A.3).
As before, we start with homogeneous dyadic decomposition in &, namely bé = 1x-0 >0k and

bo=1x-0Y 4o k> With
CkZX((Pj—i_UjX)l;_l+<Pj+wa)%)x0(£)<ﬂ< : ) (2-8)
n g/ " \2k1 )
It suffices to prove the (uniform-in-7) boundedness of ), _, ¢ as the multiplication with 1x.¢ is trivially

bounded on L.
We first check that the Op(cx)’s are bounded uniformly in k, ¢, u. More precisely, all the ¢;’s satisty

the following estimate:

Lemma 2.5. There exists C > 0 independent of k, t such that, forallt > 0and k € Z,
10p (el 222y < € min(max(1, (1240t 0) =Ny 2 rehys) < C, 29)
where Ny € N depends only on dimension d.

Proof. We observe that ¢ is supported for X « & ~ 2%, which implies, on the one hand, as in (2-6),

, X
ki ~ | X — B < (Pj+UjX)|7|+(Pj+VjE)% S K,

and, on the another hand,

x| < V12800 g ~ 12K,
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As a consequence of the second result, [|Op(ck)ll z(z2) can be trivially bounded by

10Ol 2y S llekll ey S (124PD) 34,
It remains to check that
10p () ll 212y < € max(1, (r2KPrHDy=Na),

which can be proved via the Calderén—Vaillancourt theorem (see Lemma A.11). In fact, from each
derivative in x, we may obtain extra factors of size t~12 =1 (action on x) or t~'/227%Pi (action on o).
As we have seen that /2 ~1 < t=1/227kPi ' each derivative in x leads to a factor of size (t'/22kPi)~1,
Similarly, the action of d: on yx, xo, ¢ gives factors of size t_l/zu_12k(1’f_1), t~V22=k and t—1/22-k
respectively. We may also check that ¢ =1/2,~12K(i=1) < 2=k¢=1/2 To sum up, ¢ is smooth and satisfies

1 ot 1 1Bl
|8§3£Ck(x,§)| gCa,/g<\/;2kpj) (\/;2k> VO(,,BGNCI, (2-10)

By Lemma A 4, it is equivalent to consider the rescaled symbol

Cr(x, &) = ck(z"%(”f‘”x, 2—k%(pj—1)é_)’

which, as a result of (2-10), satisfies, for all y € N2,

~ 1)\ —
18 ¢ Call pooaay S (125PFD)=I71,

By applying the Calderén—Vaillancourt theorem (Lemma A.11) to ¢¢, we have, due to estimate (A-8), that
10p (el 222y = 10P @)l 22y < € max (1, (r24P+D)~M), O

In order to conclude (2-3) by the Cotlar—Stein lemma (Lemma A.3), it is sufficient to check conditions
(A-2) and (A-3), namely:

Lemma 2.6. There exist t, u-independent constants C such that, for all t, u > 0,

sup 3 10p(c) Op(e)* 15,2 < €. sup 3 0p(c) Op(e)* 12,2, < (2-11)
kely ez, kel—jez_
sup Y 10p(e)” Op(@)l3 sy €. sup 3 I0p() Op(enliysy SC. (2-12)
keZv ez, kel e7_

where Z_ = Z N ]—o0, O[ corresponds to the low-frequency part and 7 = Z N[0, +o0[ corresponds to
the high-frequency part.

Proof of (2-11). By symbolic calculus, Op(ci) Op(c;)* is an operator of symbol

ey (x, §) =

Q) / e Mer(x, & +ma(x+y.E Fmdi.

By definition (2-8), ¢;(x, &) is supported for |£| ~ 2!./t. Thus, cxfic) is nonzero only if |/ — k| < Ny for
some large Ny € N*. As a consequence, (2-11) can be reduced to the uniform boundedness of Op(c;),
which has already been proved in Lemma 2.5. ]
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Proof of (2-12). We apply again the symbolic calculus to obtain the following expression of the symbol
of Op(cx)* Op(cy):

e (x, £) = / M E T ey, £) dndy.

(2m)4

Recall that ¢; is supported for |x| < /727 and |&| ~ ¢!/22! with the estimate (2-10). We shall check
that, forall [, k e N,
10p(c)* Op(enl z2y < 2724, (2-13)

which is enough to conclude (2-12). Due to (2-9), we may ignore the case |k —[| < Ny for some fixed
large Ny € N. Note that it is sufficient to prove (2-13) only for [/ > k, since for terms with / < k, we have

”Op(Ck)* Op(Cl) ”L:(Lz) = ”(Op(ck)* Op(CZ))*HL(Lz)
1
= 10p(c)* Op(ci)ll 1) S o= 3dll—k|

One observes that the bound of the operator with symbol cfic; can be controlled by

10p(citeD o2y S llekterll L2ax as) S H/ e Ve (y, & +ma(y, &) dy
L2(dn d§)

The integrand of the last integral is supported for

&+l ~25/e, gl ~2Vi and |y| < miniVE, 2P V0). (2-14)

Moreover, we may apply integration by parts in y to obtain some extra bounds in the estimate. To be
precise, for all Ny € N,

=iy v & L) _Ay M =iy (v & L)
/e ”c;((y,éJrn)Cz(y,E)dy:/( |n|2> e Me(y, §+ma(y. §) dy

= [ 8, @O E F ity )Y dy
= > Cap f e % ek (y. &+ m)dfe(y. £)Inl TN dy.
lee|+[BI=2N)

Since we have reduced our problem to the case I > k + Ny, the integral above is supported for |n| ~ 2/1/z.
Together with (2-10) and (2-14), we have

‘/6iy’ick(y,é—{—n)cl(y,é)dy‘

< ¥ ca,,gf|a;fck<y,s+n>||afcz<y,s>||n|—”1dy
lee|+]BI=2N;

< 2 1|s+n|~zkﬁ1e|~zlﬁ(2kp’~/z)_'“'(21”’«/;)_ﬂ'(ZZ«/b_ZN'/1y|§min<2"”fﬁ,2”’fﬁ) dy
o+ BI=2N;
N 1|g+n|~2kﬁ1|s|~zlﬁ(2l VO TN min(M /1, 27 /)N
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The estimate above holds for all Ny € N, and thus for all N € [0, oo[. In particular, we choose N| = %d ,
which gives

10p(citeDll iy S Hf e Mer(y, E+ma(y, §)dy
L2(dn d§)

[ f\—d
S \/Z) ||1|g+n|~2kﬁ1\§|~zlﬁ||L2(dnd$)
< @'V x (281 x 2zﬁ)%d — 93dk=1) _ —3dlk=I|
As a conclusion, we have managed to prove that

—Lalk—
sup Z”OP(Ck) Op(cl}”au) sup 22 b=l _ o
keZ e+ keZ. et

which completes the proof. (Il

2.3. Study of the symbol by with Py, P; > 0. Till now, we have finished the proof of Proposition 2.1. To
complete the proof of Proposition 2.2, it remains to check (2-4). Note that the argument above relies on
the fact that | X| < 2P/ implies x is supported in a region of area (4/72%77)¢, which is not true in the case
where Py, P; are nonzero. To overcome this problem we need the extra truncation in &.

Proof of (2-4). As above, we may ignore the nonsmooth factor 1o-x,z<. There remain smooth symbols

Sx ) ((P1+v1X)|j§—|+(P1le)%> (X)(l ~)<g) < 3 )
C , X, = — —
X " X0 = X N Xh t2+€1

" (Po+v0X) 5+ (PowE) 5\ (X[ & £
C(t,x,§)=x( )XO(:)X( )(1—;@)( ; )
K = Vi e

We shall first check that ¢ belongs uniformly to the Hormander class S?’ . for some « € ]0, 1[, namely
the collection of smooth symbols c(x, &) such that, for all «, 8 € N,

IBfafc(x, &< <§>—\,3|+K\oz|‘

It is well known that the operators with symbol in this class are bounded on L2 a proof of which can
be found in [Hormander 1994]. We begin with the observation that the high-frequency symbol ¢* is
supported for ¢1/2 < || < ¢1/2+€1 | Before calculating the bounds of derivatives in x and £, recall that our
goal is to show (2-4) under the condition ¢ > 1.

For each derivative in &, we obtain from x a factor of size

-3, —1pn |S|) _1<|§|)p1§_1 E_l
1P < :

The last inequality is due the support of ¢*. More precisely,

(Eyl“E<|X—E|<'(P1+U1X)—+( 14V 1»-4)i S e
Vi ~ |x| €]
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From the factor xg, one gains
XP'E/ND X1 -
=S
E E/i B
Trivially, we will also obtain (£)~! from the derivative on (1 — %) and xy,.

As for derivatives in x, if 8, acts on x, one gains r~ /2! < (/f2)~!. When it acts on ¥, the
resulting factor is of size

;,vl(E)_’”_]m
VIE 1\t '

When 0 > p; > —1, we have

1 —p1—1 1 1 1 1
;(%) £ = g1 772017 < (g)r 3 S ()< (ra)mog,

Thus, ¢ € S?’K for any « € 0, 1[ such that
(5+€)1—x)—5 <0,

which is possible by choosing « close to 1. When p; < —1, the estimate above becomes

1/]&] —n-l _|E|1_K 13 —p-l P _1+(%+51)(1_K)_( 1+ 1De «
;($> £1=" <$> B S prebe gy

To conclude &* S?’ .» it suffices to choose « € ]0, 1[ such that

—1+(34€)d—k)— (p1+ Der <0,

which is equivalent to
1

€6 ————~
—(p1+ 1D

This can be realized by choosing « close to 1, due to the definition (1-19) of €.

[1- (e -]

172

To prove the uniform boundedness of ¢°, which is supported for ¢!/ < |&] < ¢!/2, we shall apply

the Calderén—Vaillancourt theorem (Lemma A.11). As above one may check easily that each d¢ gives
it
while each 9, gives
(B gt
NAWI R
As a consequence, the desired result follows from Lemma A.4 and the Calder6n—Vaillancourt theorem
(Lemma A.11) once we have

7T TR <y s ]

equivalently, (1 + pg)eg < 1, which is exactly the definition (1-19) of €. [l
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—-172

2.4. Proof of Theorem 1.8. In all the proof above, we regard p € ]0, +o0[ as a time-independent

parameter. This allows us to take the limit 4 — 400 with all the uniform estimates remaining true.
Rigorously, due to Corollary 2.4, for all f, g € S(RY) andr e R, u > 0,

P/
Kf, Op (x (%ﬁ)l.x.wmmr, s>)g>‘ <ClF gl (2-15)

where 2 =1 when Py = P; =0, and

§ §
Qt,&E)=01-
o= )n( )
when Py, P; > 0.

The left-hand side of (2-15) is equal to

’

1 i +1P'(§) S
'(2n)dff(x)e EX(%)MWP/@»Q(I,S)g(é)dédx

which, when © — 400, due to the dominated convergence theorem, tends to
1
2m)?

’

/ FEOEE Lo 2t )3 @) dE dx

where we take x (0) = 1 without loss of generality. In conclusion, for all f, g €S (RY),

(£, OP(Lixj=epe) (1, €))g)| < CIl fll 2 llgll 12

Theorem 1.8 follows from the density of S (RY) in L2

3. L2-boundedness of microlocal truncation operators: an alternative symbol

In this section, we will treat those P with nonzero Py, P; in an alternative way. Instead of adding extra
truncation in £, we shall add some extra factor in the main truncation x. To be precise:

Proposition 3.1. Let P, A satisfy conditions (H, ,,) and (Cy o) of Section 1.2 respectively, with
p1 <0 < pg, 09 = po, and o1 < p1. We further assume that § + %O’j < %, Jj =0, 1. Then there exist
time-independent constants C > 0, ty >> 1, such that, for all |t| > to,

10p(@ss x ()l < C,
where ai‘(]’ta,A is defined in (1-23)

Without loss of generality, we may assume ¢ > 0. Meanwhile, the change of scaling (Lemma A.4)
allows us to reduce to the symbol

G\, (i)
bt,x,6) ZX(\[&_—\[>H<\[8_—\[) (3-1)
PIAE) PTEAE)

where H € C°(R\{0}) N L°°(R). To recover the desired result in Proposition 3.1, it suffices to take
H = 110,400[-
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As in the previous section, we set,

e when P; =0,

e
I
SI=
[1]
I
T
N
&
&Q/
\C
I
-

e when P; >0, P’ > Pj,

XZ:——Pj,

(1]
I
“tl
~
Rl
~——
[
s
=
I
+

« when P; >0, P' < P;,

]

,_ x|
X:=P

R - €] o
VA P(ﬁ)’ NE

With these notations, via homogeneous dyadic decomposition, we may rewrite symbol b as

b(t,x,8) =Y bi(t, x,§),

kez
bk(t,x,s):)(((Pl+v1X)|§_|+<P1+UIE)é_|)H< X—& )¢< 3 ) 50,
TIAG) ARINGVARNY s
bk(t,x,§)=x<(P0+VOX)|xl+(PO+VOE)%)H< X-= )go( s ) Vk <0,
NG BRNGYARN

where ¢ € C;’O([R{d ) is radial and supported in an annulus centered at zero.
One observes that, due to factors x and ¢, by is supported for

X — Bl SOPTIAE) ~ P (/12H 7,
where j =0 when k <0, j = 1 when k > 0. By using the fact that E ~ |£/4/7|?/ ~ 2kPi, we obtain

1 1 1 1
< 9202k O=P) 45 +2072

__1‘
—
(=

The last inequality is the consequence of our assumptions op > pg and o7 < pj. Since 6 + laj — l <0, if
we further assume that ¢ > 7o > 1, the inequality above implies that X ~ E, which allows us to add a
complementary factor 1/ (27%Pi X) to the definition of by, where ¥ € C2°(R) is radial and supported in an

annulus centered at zero. In this way, we may reduce Proposition 3.1 to:

Proposition 3.2. Under the same assumptions as in Proposition 3.1, the operator Op(by) is bounded,
uniformly in t and k.

In what follows, we keep using the subscript j, where j =0 for k <0 and j =1 for k > 0. By
definition,

e )= ((Pj+va)ﬁ—|+(P-+vjE)|§—|)H< X—E ) ( £ ) (i)
R NG i)\ )\ )
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When P; =0, by is supported for

x & :
~lx = Sl lix—my>=
B |§|‘ ’ x] s‘+ ‘( el

< )1( 8—*A(€) ~2~ kp,tts—*(«/_zk oj _ 3-‘1—%0’_/—%2]((0']—[7]).

~

When P; # 0, we observe that 2koj L 2kPi < 1, due to the choice p; < 0 < po. By choosing Supp ¢ small,
which allows us to take Supp ¥ small, we have P; +v; X ~ 1. Thus, by is supported for
3

‘( ~ D

X

_— P =
Il |s| P+ X + (B +v;8)

ISI’ P+ i X

‘(P +v]X)| |

1
< 8—*A ~ t t2k oj [3+§Uj_§2k6f_
S —Pj X (é) 3 (V125

If 12Kt 1, by setting pu :=12191/271/22k@=P1) € ]0, 1] in the case P; =0, and 1 :=*T0i/2=1/22ke) ¢

10, 1[ in the case P; # 0, one may check that, for all «, B € NY~land N e N,

|- dw, —0)\"
10200 by (rew, po)| < 19! ﬂ'lrsﬁwlpwmk<7>
By applying Lemma A.9, we have
||Op(bk)||£(L2) S ||1r§\/;2kpj 1[)"“\/22"”L2(Ri) =Cv tzk(pj‘i‘l) < C.

If £25PitD > 1, we decompose by as the sum of b/, b,’(’ , which are defined by

bk(tv-xv 5) = b,’{(t,x, S) +b],</(t’ X, f)’
by(t, x, &) = by xo (122 7P (X — B)),

where xo € C2°(R) is radial, supported in a neighborhood of zero, and equal to 1 near zero.
Clearly, b; is smooth on R?. Thus, to prove the boundedness of Op (b)), we may apply the Calderon—
Vaillancourt theorem (Lemma A.11). By definition, b} reads

(ﬂ+va)|;7+(Pj+vja)§> ( x_g ) ( £ ) (x) o
i H T — (1 — \/;2/‘2(1 P(X — & ,
X( 1PTIAE) Aiam)) \ Vi V{5 )00 (X -8)

which is supported for

1 1 L _1 .
1722k < | X — B <52 A(E) ~ P20k

As a consequence, ¢~ 0+0/2) < pk(j+(1=pp)/2)

For each d,, when it acts on x, one obtains in its bound an extra factor of size

128N ~ 1~ (8+305) p—kp; < 2k5(1=pj)ok(@=p)) < Pk3(1=p))

1
Vi
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When 9, acts on ¥ and (1 — xo) factors, we gain ¢ ~1/227kP < 2k(pj+D/2=kpj — ok(1=p))/2 apd 2k(1=P)/2

respectively. For each 9, similarly, one gains 2¢(/=1/2 in its bound. Namely, for all &, 8 € N,
19992 by (x, £)] S 2430 -p e 1BD),

The uniform boundedness of Op (b)) follows from Lemma A.4 and the Calderén—Vaillancourt theorem
(Lemma A.11).

It remains to study the symbol b;. To overcome the singularity near X = &, we will apply Lemma A.9
with the same setting of u as in the previous paragraph, namely p := t3+/2=1/22k;=p)) ¢ 10, 1[ in
the case P; =0, and p := 3+0i/2=1/29ko; 210, 1[ in the case P; # 0. It is easy to check that, for all
o, BeN"land N e N,

d(w, —0)\"N
19534 bic(reo, pO)| S 1 Pl v, p)<—(‘° )> ;
I
where
(o)=Y 1,(01,00),
nwﬁzk@_,ﬂ)/z
which is exactly the same one defined in (2-7). We have seen that the operator with symbol %, is bounded
on L?(R.) uniformly in k. By Lemma A.9, we may conclude the uniform-in-k boundedness of b, and
the proof of Proposition 3.2; hence Proposition 3.1 is completed.

4. Limit of truncated energy

In this section, we will complete the proof of Theorems 1.1, 1.4, and 1.6 by calculating the limit of truncated
energy for some regular initial data ug. These three results will follow from the proposition below:

Proposition 4.1. Let a, s (t) be the symbol defined by
x+tP'(&)
a=ax,8,A(t,an)=X<ﬁ s o)) 4-1)
2P A([7]2€)
where P € C*®(RY\{0}) is assumed to be a real radial function satisfying that P" (p) # 0 for all p €10, ool.
Furthermore, we assume that x € Cfo(Rd) is real and radial with x (0) = 1 and that A verifies condition
(Csy.0,) Without any restriction in oy, 07.

With these settings, if there exists to >> 1 such that Op(a(t)) is bounded on L* uniformly in |t| > to, for
all ug € L?, the limits (1-24), (1-25), and (1-28) hold true.

Corollary 4.2. We consider the same symbol a with an extra truncation in &, i.e.,

+1P'
S )

112 A(|e]28)
where X1, xn € Cfo(lRid) are equal to 1 in a neighborhood of zero, and €y, €1 > 0.

a=dys At ,x, &)= X(

If P, A satisfy the same conditions as in Proposition 4.1 and Op(as A (1)) is bounded on L? uniformly
in |t| > to > 1, then, forall ug € L2, the limits (1-24), (1-25), and (1-28) hold true with Eg’ltX’A(t) replaced
by [|Op (as, . (1))u()][3>.
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In order to complete the proof of Theorems 1.1 and 1.6, we may combine Propositions 2.1 and 3.1 with
Proposition 4.1, where we need to take A =1 in the proof of Theorem 1.1. In the same way, Theorem 1.4
follows from Proposition 2.2 and Corollary 2.4 with A = 1.

Before calculating the limit of truncated energy, we remark that, in the hypotheses of Proposition 4.1
and Corollary 4.2, Op(a(t)) (or Op(a(t))) is assumed to be bounded uniformly in |¢| > #y > 1, which
allows us to replace general uo € L? by those belonging to some dense subset of L2 In what follows, we
may assume that itp € C2°(R\{0}). As a consequence, by taking 7y > 1,

(- xl><|tf_eo))<h(|f|€, )ao@) — i0(®),

which proves Corollary 4.2 from Proposition 4.1.

4.1. Supercritical case 0 < § + %al < % In this part, we will study the case & + %(71 € ]0, %[ (associated

to the limit (1-17), (1-22), or (1-28)) by following the same method introduced in [Delort 2022].
By definition, the truncated energy introduced in (1-11) is

Ey 5.0 (€1) = 1|Op(ay.s,a(en)u(en)|7
_ ! /ez‘x~(s—s/>eiez(P(&)—P(s/))X(LP/@))

(2) EAIN(ET3)
(x+etP’(§/)

EARIN(E1)

)1);>|P/(§)a|P/($/)|l20(€)I20(S/) d-x ds d";:/a

where t >> 1 and € = +. In the polar system x =rw, & = p6, & = p’#’, the integral above can be written as
1 / o (rPw-0—rp00)) i€t (P(p)—P (o)) (ra) + EIP/(P)9> (Vw + GIP/(p/)9/>
(2m)2 13 A2 p) 1A (12 p)
X 1§>p/(p)’p/(p/)ﬁo(pé)ﬁo(p’e/)(r,o,o’)d_l d0do' dwdrdpdp’.

We firstly focus on the integral in 6, with integral in 6’ treated in exactly the same way,
: tP'(p)6
/ ¢iPe0 (M)ﬁo(/ﬁ) do. (4-2)
12 A(12p)
In this part, we always set

w=139"1 €10, 11,

which is strictly positive and small, since we may choose ¢ > 5 >> 1. Due to Lemma B.5, (4-2) can be
written as the sum of

je™ i r—tP’ R r
(2n);(d—1)eze4(d—l)e—,erp(rp)—;(d—l)x< 1 (1,0) )uo(—epa))/c (_)
1A p) t
and a remainder

o _ r r
e lerpMd 1S;(d+1)(a)v /"lﬂ pv;_P/(p)vt; I",OM2>K<;>,
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where « € C2°(]0, oo[) equals 1 in a neighborhood of 1, and S, (w, u, p, r’,t; ¢) is supported for
¢>c>0,p~1and |r'| < and satisfies, for all « e N~1 j k. I,y €N,

|950;,0,0,,97 S| < Cpu ™10 gym=y

Note that it is harmless to add an extra factor «, since the integrand of (4-2) is supported for r ~ ¢, which is
a consequence of the cut-off x together with > 1, 5+ 5 01 < 5, and p ~ 1. We may repeat this argument
for the integral in 6’ and the truncated energy E, s o (et) can be decomposed into a principal part

L fe—ierm—p’)el‘er(P(n)—Pw))X( r—1P'(p) )x( r—tP'(p') )
(2m)d+t 13N (1)) " \t3 A (17 p')

X Lo pr(p), pr(oyiio(—€p)iio(—€p' @) (pp") 2~V 2( )dwdrdpdp (4-3)

and remainders

1 . N , r r
/e—zer(p—p)ezet(P(p)—P(p ))MZ(d—l)KZ <;)Sm <w W, o, - P'(p), t; rppL2>

(27-[)d+1

r _
X S (w '~ = P 13 rmﬁ)1;>p/<p),p/(pl>(rpp’>d Ydwdrdpdp/,

where (m, m’) takes values among (—%, —%), (—%, —%), (— ‘“2”, d+1) Note that due to the
1

condition § + 201 > >, we have

1 1
rou? = rpt2(5+301)—1 ~ 26+30) o 2 .

The sum of these remainders can be simplified as

. N ny 1 r r
/eter(ﬂﬂ)etet(P(P)P(P ))_22(607 w,p, ,0,, ot ;_P/(p), ;_P/(p/))1;>P/(p),P/(p/) da)dr dp d,O/,
w2
(4-4)
where Z(w, i, p, p',r, t;s,s’) is supported for r ~ ¢, p, p’ ~ 1 and |s|, |s’| < u and satisfies for all
aeN=L Gk K Ly, y eN,

0% a; %ok, 30y 0Y 5| < ety

Before proceeding further, we introduce the integral

1(t, €, 61,62, Eé; F) ::/ei[r(el/H—ei,o/)—t(ezP(p)—i—eéP(p/))]1;>P,(p)’P/(p,)

x F(p,p',r.t;r —eiext P'(p), r —eiest P'(p))) drdpdp’. (4-5)

The limit of such integral has been studied in [Delort 2022] for strictly convex P, while the concave case
can be studied with almost the same argument. To be precise:
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Proposition 4.3. Let F(p, p',r, t; ¢, ') be a smooth function on [R{i x R% and §' € ]%, 1[. Assume that
F is supported for

pop' ~1, e~ gl S

and forall j, j', k,y,y €N,

100,0k0Y 1 F(p. o' 1.1 6.8 S 1700,

|appr§§’

We assume further that the following pointwise limit exists:

lim F(p,p',rv/t+1P'(0'), t; ¢/1,8'V/1) = Folp, p).

t——+00

Under all the assumptions above, we have

t—+00

o0
lim I(t,—e,e,—e,e;F)zgf Fo(p, p)dp
0

foralle =+ and P € C* with P” > 0 or P" <.

The proof for strictly convex P follows from that of Proposition 3.1.3 in [Delort 2022]. As for the con-
cave case, we will give a brief proof in Appendix E. Note that we compute the limit of 1 (¢, —€, €, —€, €; F)
for both signs € = +1, while in [loc. cit.] only the limit of the sum of these two terms was determined.
The proof of our stronger result is not essentially different from the one in [loc. cit.] and we shall explain
the modification one has to make to the argument in Appendix E.

With the notations above, the truncated energy E, s A (€t) given by the sum of (4-3) and (4-4) equals

Eysa(et) =1(t,—€,€,—€,e; F)+1(t, —€, €, —€, €; Fp),

where

Flp.plorii6.8) = —— K2<£>fx<;)x<g—/>
eI mydtt 1A ) )\t A p)

Ao ESVEPPUIR /%(dfl)d
X uo(—epw)up(—ep'w)(pp’) w,

/
Fr(p. p'.r.1:¢.¢) = 720%2) f 52(60, BN p o plts % %) dw.
r

It is easy to check that F, F satisfy the conditions of Proposition 4.3 with

8 =8+1%01+1.

Note that due to the condition 6 + %01 € ]O, %[, we have §' € ]% 1[, which is required by Proposition 4.3.

The corresponding limit is

/ 1 A ~ X YV ))
Fo(p, p)) = Gm)i up(—epw)itg(—ep'w)(pp’)? dw
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and 0, respectively. Therefore, we may conclude (1-17), (1-22), and (1-28) by Proposition 4.3. In fact,
with € = %, one has

t—1>1rinoo Ey5() = [_l)lgrnoo Ey s(et) = [_lginool(t, —€,€,—€,€; F) +t_1)15rnOO I(t,—€, €, —€,€; FR)

o
:%/ Fo(p. p)dp +0
0

1 1

~ A~ d—1 1 2
= dom [ dn(—eporin—epolp’ ! dodp = g ol

4.2. Subcritical and critical case § + %al < 0. In the rest of this section, we will study, under the
condition § + %01 < 0, the truncated energy E, 5 a(uo, €t), with € = &, t > 1o > 1. Here, we only write
the proof of the case P’ > 0, while the case P” < 0 can be calculated in exactly the same way.

By definition (1-11), the truncated energy E, s A (uo, €t) equals

1 /eix~($—S')eiet(P(E)—P(S’))X(x+EIP/(§)) (XJF“P/(E/))
(27‘[)2d t%”A(t%g) l‘%+8A(l‘%$/)
X Ljs |z pe ey io(@)io(E) d§ d8'dx,
which can be rewritten in the polar system x = rw, & = p, & = p'0 as
1 Sirar(pB—p'e") jiet(P(p)—P(o) ro—+etP'(p)o ro+etP'(p")o’
2m)% AP N,
(2m) t2HA(t2p) t2OA(t2p")
X L piio), P 0 (p8)iio(0'8)) (rpp)* " dr d6 d6' dw dp dp.

We decompose E, 5 A (uo, €t) as the sum of E4(et), where E, E_ are defined as integrals over p > p/,
o' > p, respectively, and the dependence on y, 8, A, ug is omitted for the simplicity of notation. Since
E_ = E, it is enough to focus on the study of E(et). We first check that:

Lemma 4.4. The integral
/ ¢l (p0=0'0) i€t (P(R)=P(p) (rw + EfP’(P)G) (rw + etP’(p/)0’>
2 A2 p) 12 A2 p)
X e pio)Lps prio(p0)ito(p'0") (rpp' )~ dr d6 d6' dew dp dp'

Ey(er) =

(27.[ )Zd

equals, up to some O (t~/?) terms,
1
W /9,9feﬁ(ew+§dl)
ro+€eP'(p)0 (r+ P"(p)w)w+€P'(p)0’
X( PBA(t2 p) )X( 1A(t2 p) )
% 1201 p2 2 o oliio(—€pw) 2(P'(p))? ' p*94=D 4o do’ dr dw dwdp. (4-6)

oI VTP (0)pw-(O—0")+rpw-(0—6")+w P (0)8-w] ,~€i[rw+5 P" (0)w?]

Proof. To begin with, via the change of variables,

1 / / w
r—rt2+tP(p), p = p—-7,
12
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the integral £ (¢t) can be rewritten as

d—1
4 /ei[tP’(p),oar(«9—0/)+ﬁrpw~(9—9/)+\/EwP/(p)0’~w+rw9’~a)]
(27T)2d
« PP O=25)) (ra) - \/?P’(pl)(w + 69))
tA(t2p)
(m + VP (p)(@+€8)) — e/i(P'(p) = P/(p — t—%w))gl)
X
BAE2p —w)

~ N _1
X 1r>01p>%>0u0(p0)u0((10 =12 w)@’)

r 1 ! d—1 -1 d—1 1
X $+P(p) P T (p—tT2w) dOde drdwdwdp.

Due to y, i factors, the integrand is supported for

1
O<r,w§t8+§“‘, o~1, @7
o+ b, lo+ed| <P,

In fact, p ~ 1 follows directly from the fact that ii( is compactly supported away from zero. Since yx is
compactly supported, the first x factor implies that

r=|I(r +V1P'(p))wl = V1P (p)8]|
<Iro+ViP' () (@+€0)| SPPAE p) ~ 17127,
which further implies that
Vilo+€0] S [ViP'(p) (@ +€0)| < [ro+ VTP (p) @+ €0)| + [rol S P A2 p) ~ 17+3,
By applying a similar argument to the second x factor, we obtain
w~ WP (p) = VIP'(p— 172 w)|
<10+ VEP () = V1P (p—t72w)| +r

IO +VIP (P +eVTP (p =17 1w)0| +7 S 137,
and that

Vitlo+ed'| ~ [V P (p)(w+ed))|
< Iro+viP' (p)(@+ed") —ev/1(P'(p)—P'(p—12w)6' |+r+IV1(P'(p)— P (p—t 2 w))]
< t8+%m +r+w < t6+%01.
As a result, the boundedness of integrand implies that
1 1 1 2d=1) 1
E+(€t) < td_] x t2(5+§0'1) x <_t5+20|) — t2(5+§ﬂ'1)d,
~ NG

which tends to zero as t — +00 when § + %01 < 0, and the limits (1-13), (1-20), and (1-24) follow. In
the remainder of this section, we take § + %01 =0.
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The support of integrand also allows us to simplify E (et), up to some O(¢~'/?) terms, as

d—1
4 /ei[tP’(p)pw(&—@’)—i—ﬁrpm(e —0")+twP' (p)0-w+rwb’-w]

(zn)zd /
X eei[‘ﬂp,(")w—%f’”(p)wz]){ <rw+ Vip (:0)(604-69))
PBA(t2p)
(rw + V1P (p)(w+€b) — GP”(p)wQ’)
X X
BA(t7p)

% 1201 p= -2 - 0to(p0)iio(08) (P'(0))*~! p* ™V d6 db' dr dw dw dp.
Here, we use the approximations

4 2 3
t(Pw) - P( - E)) - r(—P%p)(—ﬂl) e, O(w—a))
12 12 2 t 12

1
=V1P'(p)w— 5P (p)w’ + O (7?)
to simplify the phase and

Aro=rlo=g)) =)o) -romso( )

to simplify the argument of the second y.

By applying a change of variable in 6, 6,
60— t_%Q —€w,
0 > 126 — €w,
we can rewrite £ (et) as
1

/ ei[ﬁP’(p)pa)-(9—9')+rpa)-(6 —0)+wP (p)0 - wt+t~2rwo -w)
Q)2 Jy.pre Jiewtrsi

x e—€ilrutsP (], (”0 + GPI/(/))G)
t5A(t2p)
((r + P"(p)w)w +eP'(p)0' — €r? P”(p)w@’)
XX
t‘SA(t%,o)

X 1201, 2 -0fio(t 2 p — €p@)ilo(t™2 08 — €p)
% (P ()41 24~V 40 a0’ dr dw dwdp + O (t~2),
where the integrand is supported for 0 <r,w <1, p ~ 1, and |0], |0’] < 1 due to (4-7) together with
8+ %01 = 0, which allows us to do another simplification and write E (et) as (4-6). O
Till now, we have managed to write E (et), up to some admissible terms, as (4-6), namely
1

/ VTP (0)par(6—8') 41pa- 60" +w P (0)F ] ,—eilrut L P (p)w?]
2m)% Jy e Viewtsi-)

5 (rw+eP/<p)9> ((r+P”(p)w)w+eP/(p>9/>

X X
1A (12 p) BA®2 p)

X 112012 2 olio(—€pw) P (P'(0))~ 0"V d6 46" dr dw dw dp.
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In the rest of this section, we will calculate the limit of this integral and conclude Proposition 4.1. Since
the integral in 0, 6’ is over a sphere centered at ew with radius /7, we may write 6, 6’ in local coordinates

0 =hew+y, h=t1—vi—|y]?
0’:h’ea)+y’, h/=«/;— ’t—|y’|2,

where i, h' €R, v, ¥ ew’ :={z € R?:z-w=0}. The condition of support implies that |x|, |i'], |y|, |V/| < 1.
It is easy to check that, as t — +00,
: Vi E—ViZ i yI> Iy'P
«/Zw'(9—9)=€\/;( t—=1yl = t—|)’|)—>€ S 5 )
Q-a):e(\/;—\/t—|y|2) — 0,
0 -w=e(Nt—Vt—1y]*) > 0.
Therefore, by the dominated convergence theorem, as ¢ tends to infinity, the limit of E (et) equals

b
(27‘[)2d

f o<ilP @ (L= L1y P) —ru— L P (pu?]
, / L’ : 0
y, YV Ew—,r,w> ra)—{—eP/(,O)y (r—f—P”(p)w)a)—f—eP/(,o)y/
X )\,1100-1 X )\’lpgl
x |fo(—epw) > (P (p)) 1 p2 =D dy dy' dr dw dwdp,

which, after a change of variable, is equal to

v,y €wt,r,w>0

(2m)™ Jap°
o (YPTOC+wiot+ey/p7 P(p)y
X ALpt
X |fig(—epw)|*p?~ dy dy' dr dw dw dp. (4-8)

In order to give a compact form, we introduce the functions

i L2 +y)?) VP (p)ro+e€/p~1P'(p)y
2 X dy,
y-0=0 Ap

H(r,w) = -
r,w Py~

F(r,w) := /OO H(s,w)ds.

Note that since x € S(R?), H decays rapidly at infinity, uniformly in w. Thus, F is well-defined. With
these functions, we can rewrite the integral (4-8) as

1

o0 (e8]
—// H(r, a))/ H(r 4w, o) dwdrliig(—epw)|?p® ' dw dp
@m)® JJo 0

1 o0 —_—
= / / 0, F(r, ) Fr, @) drlio(—epa) o™ das dp.
0
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Asa consequence,

lim EX’(g,A(uo,El‘) = lim 2Re E 4 (et)
t—>00 t—00

2 e L
:_(2n)d Re/f 3, F(r, 0)F(r, o) drliig(—epw) > 0% dw dp

- (zn)d // —|F| (r, w) drlio(—epw)|*p? " dwdp

= a7 | 1O 0)Pliu-ep) Po’" dwdp,

where

2

FO, o) = —
2y

00 ) P + -1 P’
f / eezg<r2+|y|2>x(v (p)er;mp (p)y>dydr
w=0

which is exactly Gi“(,o, w) defined in (1-26), or (1-15) with oy =0 and A; = 1. The limits (1-14), (1-21),
and (1-25) thus follow.

5. Study of the Klein—-Gordon equation

In this section, we shall prove Theorem 1.9 via a study of the half-Klein—Gordon equation, i.e., (E) with
P (&) = (&€). Let w be the (real) solution to the Klein—Gordon equation (KG). We have then

=@ —A+Dw= —<% — P(Dx)> (% - P(Dx)>w

O

is the unique solution to the half-Klein—Gordon equation with initial data

Thus, the complex-valued function

w1 2
Uy = ul;—g = T + P(Dy)wy € L~.

Due to the fact that w is real-valued, we have the relations
dw=—Imu, w=(D,) 'Reu.

In this section, we denote the truncation Op(afG(t)), whose symbol is defined in (1-31), as A(¢), and
define operators A (¢) as Op(a} KG(r)), where

+1tP'(§) 3
afo () =X<x|tT)1|X|>|IP(E)|X<|t|G) (5-1)

0<éd<> 1 ,0<e<l,and x € COO(R") are the same as in (1-31). Since we are interested in the behavior
ast — +oo, it is harmless to assume ¢ > 1. Before continuing the proof, we clarify that all the involved
operators are bounded uniformly in ¢ > 1.
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Lemma 5.1. There exist a time-independent constant C > 0 and ty >> 1 such that, for all t > t,

A 22, 1ALl @2 < C.

Proof. 1t is obvious that P(§) = (§) satisfies the hypotheses (H, ,,) with pg =1, P =0, and p; = -2,
P; = 1. In what follows, we shall focus on symbols aiG(t) (with aKG(t) treated in the same way) and
decompose them into high and low frequencies. Let ¥ € C2°(R¢) be a radial function which is equal to 1
in the ball B(0, 1) and vanishes outside a larger ball B(0, 2). We may write

afG@) :=df°nx®), af50) :=af01 =)&)

For the low-frequency part ak By G(1), it is easy to construct a symbol P;(£) such that P; satisfies the
hypotheses (H,,, ,,) with po = p; =1 and Py = P; =0, and that P;(§) = P(§) for all |§| < 2. In this
way, we have
x+tP/(§)

I t|%+8

ai,(t X, E)=x ( )1|x|>|zp/(g)|)?($),

where the factor involving ¢¢ disappears since the symbol is supported for |£| < 2 « #€ by choosing 7 > 1.
Now, we may apply Proposition 2.1 to obtain the uniform-in-¢ boundedness of the operator with symbol

x+1P/(£)
X\ i)

|l‘|2+8

and hence boundedness of the operator Op (a¥ By S(1)).

The boundedness of Op (a iy (t)) is actually an immediate consequence of Proposition 2.2. More
precisely, by choosing an arbitrary €’ such that (¢’, €) satisfies conditions (1-19) associated to P (i.e.,
with pp =1 and p; = —2), namely

1
=1, 0<e —— =1,
po+1 2 —(p1+1)

we are able to apply Proposition 2.2 to obtain the uniform boundedness of the operator with symbol

x+tP'(§) £ £
X (T) L@ (1 =) <F>X (F)

If we add the high-frequency truncation (1 — ¥ )(£), the symbol will be supported in [£] > 1>> 1€ since
we have chosen ¢ >> 1. As a result, the truncation (1 — x) equals 1 and the uniform boundedness of
Op(aXG (1)) follows.

We have shown that A (t) = Op (af}(t)) +Op (aiﬁl (t)) is uniformly bounded on L2 By repeating the
same argument and replacing Propositions 2.1 and 2.2 by Theorem 1.8, we may also obtain the uniform
boundedness of A(z). U

0<e <

Now we turn back to the proof of Theorem 1.9. By definition, the truncated energy (1-30) can be
expressed as
2 2
‘|

Re u(xr)

EXO(&t) = [|A() Imu(£0) |17, + HA(t) (?)

L2
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The three terms on the right-hand side take the form
———\ |12
05%(t, 0, R) = 3| A(t) (Ru(£1) + eoRu(E0)) | . (5-2)

where €9 € {+, —} and R is a bounded Fourier multiplier taking values among 1, D, (D)™, and (D,)~".
Due to the uniform boundedness of truncation operators A(¢), A+ (t), (5-2) can be written as

Y AL Ru(En) + €A () Ru(ED)| 7, + OUI(AG) — Ax() Ru(x0)] 2)
+ O([[(A(1) — Az (1) Ru(£1) || 12)
= 11 AxORu(ED 7, + 11 A+ (O Ru(ED) |17, + €0 Re(A+ () Ru(Et), Az (t) Ru(En)) 2
+ O (A1) — A=) Ru(E1) || 12) + O(|(A(1) — Az (1) Ru(£1) || 12)
= LI AL (O Ru(E0)|17, + o Re{Ax(t) Ru(Et), Az () Ru(ED) 12 + O(I(A() — Ax(1)) Ru (1) | 12),

where we use the fact that for all complex-valued functions f e L?

ADF=ADF, A« f=Az(OF.
In order to conclude the desired limit (1-30), it suffices to prove:

Proposition 5.2. Let vy, v1,9 be two functions in L2 With A(t), A+ (t) as above, we have following limits:

Jim AL 0= P vl = g llvoll g, (5-3)
dim (A= PPIvy, Az ()T PIvg )2 =0, (5-4)
Jim [I(A@) = Ax@)e™ P17, = 0. (5-5)

Once Proposition 5.2 is proved, we may apply the three limits with vg = Rug and vo,; = Rug to obtain
: KG 1 2
Jlim Q%% ¢0, B) = § | Ruoll},
since, due to the definition of u, we have, for all € R,
Ru(r) = "PPIRuy,  Ru(r) = e PP Ryy.
As a result, the limit (1-30) follows from

lim EXS(wg, wy, 1) = lim EXS(wo, wy, 1)

t—to0 t—+400
= lim Q5%(r. —1. D+QEC(r. —1, De(Dy) ™)+ 05t 1. (Dx) ™)
2 2
1 2 | DPx 1 ) 1o _1 > 2
— = u + u + u = —||lu = —(||w =+ [|lw .
8(u ollZ2 H 05|, H (0| ,,) = glolliz = g Uhwollzy +lwil7)

In the rest of this section, we shall prove the limits (5-3), (5-4), and (5-5). We have seen that the
operators A(t), A4(¢) are bounded uniformly in # > 7y > 1. As a result, it suffices to calculate these
limits for those vg, vg,; belonging to some dense subspace of L2 In what follows, we assume 9, Up,] are
smooth and supported in an annulus centered at zero.
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The first limit (5-3) is no more than a consequence of (1-22) with P(§) = (§), €1 =€, x» = x, and
any €p € ]0, %] The exceptional truncation yx; is not a problem, since it disappears when |¢| is large
enough. For the remaining results (5-4) and (5-5), we will apply a similar argument as in the proof of
Proposition 4.1 for supercritical case.

5.1. Limit of interaction term. We first calculate the limit (5-4). Clearly, via conjugation, it is enough to
study the limit of

(A+@e" P PIvg, A_ ()P Py ) (5-6)

L2’

since the other one can be recovered by relation

(A_(@)e= PPy, Ay (D)et PPy )2 = (A_(D)e= PPy, Ay (el PPy 1),

= (A1) TPy, A_(D)e T PIGy ),

where the Fourier transform of vy, v ; still belongs to the class C é’o([F\Rd\{O}).
By definition (5-1) of AL(¢) =Op (aEG (1)), (5-6) equals, in the polar system,

L[ yena-rwan gisrrspiy  (TOELP 0 (ro— 1P/ ()
(2m)H PR, (218

X L2 pi(p). (o) 00(00)0.1(0'0") (rpp")* ' d6 6’ dwdr dp dp'.

Here we may omit the truncation in & = p0 and &’ = p’0’ by taking ¢ >> 1. As in previous section, we
focus on the integrals in 6 and 6’, which are equal to, by Lemma B.5,

/
irpwd_ (TOFIP (P)O\or—e iy a1 ot T AR R4
/e X( l»%‘i‘ls vo(pQ)dQ—e I’L S*%(d*l) a)’l’L,pvt P (p)starpM K t ’

0 (To—tP' (00— irp' : :
/e—zrp 0 X(#) UO,I(:O/Q/) do’ =e 1P /de_lSjl i (a), M, ,0’, ——P/(,O’), t; r,O,,bLZ)K<—>a
T Ld-1) t t

respectively, where = t=1/2 and S£(w, u, p, r', t; ¢) is supported for ¢ > ¢ >0, p~ 1 and |r'| < p
and satisfies, for all & € N9~ jk,l,y €N,

|0507,0,0,,] S| < Cu~ 1D (eym=y.

Here we add extra factor k € C2°(]0, +o00[), which equals 1 in a neighborhood of 1, due to the support
of the integrand.
As a consequence, (5-6) reads

1 o Nt Py Pl r
/ezm p—0)~1(~P(0) P(”))]SO*(w,M,p,;—P/(p),z;rp/ﬁ)

(2n)2d

— ;T N . /2 2 r 1
X Sy w,u,p,;—P(p),t,mu S el PR D)

x D0(00) 00,1 (0’0" (pp") 2~V dw dr dp dp,
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which can be rewritten as I (¢, —, —, —, —; F) defined in (4-5), with
; / n s—1 ¢ 25-1Y) ¢ 5o, ¢ r 251\, 2"
F(p,p,rt;8,8)=8;|w,t 2,,0,;,t;r,0t Sy |, t Z,p,T,t;r,ot K 7)) (5-7)

In [Delort 2022], the author has proved in Proposition 3.1.1 that:

Proposition 5.3. Let F(p, o', r, t; ¢, ') be a smooth function on IRi x R% and §' € ]%, 1[. Assume that
F is supported for

pop ~1 et LIS
and, forall j, j', k,y,v €N,

0]07,0k0Y 0L F(p. p'.r 118, ¢ S 170 i),

Under all the assumptions above, we have

lim I(t, £, £, £, +£; F)=0.

t—+00

It is easy to check that the function F defined in (5-7) satisfies the conditions above with §' = § + %
and the limit (5-4) follows.

5.2. Limit of the energy outside the truncation area. It remains to prove (5-5), which requires a study
of the L2-norm of (A(t) — A+ (¢))e™"P(PIy,. As in previous part, by conjugation, it suffices to focus on

L i
/elxse”P@)(l_X)(w)lx>|tP’<5)|ﬁo(§)d§’

(A1) = A+ (D) Py (x) = 1

(2m)d

where we omit again the truncation in £ by assuming 7 > 1. Actually, we have

(A(t) — A_(1))e~itPDyg = (A(t) — AL (1))e' PPy,

with 50 belonging to the same subspace C fo([R{d\{O}).
We first check that the L2-norm of (A(t) — A, (t))e''? P~y concentrates near |x| =1, i.e.:

Lemma 5.4. There exists a radial function k € Cfo(Rd ) supported in an annulus centered at zero such
that, when t — +00,

(A(t) — Ap(1))e" P Pyy = i (;) (A1) — AL (1)) PPy + 07N,

forany N € N.

Proof. Let kg € C° (R?) be a radial function supported near zero and equal to 1 near zero. By definition,

e P’
/e,xgenp(s)(l _ X)(L(é))1|x|>|tp’($)|ﬁ0(§) dé.

1318

(A@) = Ac)e"" P (0 = g

Due to the support of integrand, namely 0 < ¢ < |§] < C and |x| > ¢ P’(|&]), the function above is
supported for |x| > tcg, where 0 < ¢g < P’(c). That is to say, when Supp xq is chosen small enough,

KOG) (A@) = A ()" PIug(x) =0 V1, x.
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Let k1 € C° (R?) be a radial function supported outside the unit ball. We further assume that «
equals 1 away from zero. By observing that | P’(£)| < 1 for all £ € R% we have

. 5o P
K1 <)I_C> (A(r) — A+(t))e”P(D")vo(x) — I(Czlfrt)g)l /et(x§+tP($))(1 _ X)(%ﬁ)ﬁo(g) dE.

Note that the nonsmooth term 1y~ pr(e) is identically 1 as we add the cut-off x1. By integration by parts
in £, we may rewrite the quantity above as

€1G) [ ieripen =0 [ertP/(S) B (x—l—tP/(g))A }
(Zn)d/e . |x+tP’(€)|2(1 x) QT 0o(§) | d&
e (7)

B (Kzl‘y(nf)ff 5. D) de+ T [T D)6

where v (x) = xvo(x), and

-9 P’ P’
go(t, x, &) = if[x“ &) (1— )<L@)>]

PP (3
_ xHtPE o (x+1PE)
N G )< (3 )

are smooth symbols satisfying, for all o, 8 € N,
10200 (1, x, £)] S 17~ G40l G=9)IB1 - j — g, 1.

By the Calderén—Vaillancourt theorem (Lemma A.11) and Lemma A.4, the L(L*)-norm of operators
Op(gx)’s is bounded by =%, which implies that

28 ~28
St voll 2 + lvillg2) ~ ¢

L2

[{(x)voll2-

K1 (f) (A(t) — A4 (1))e " PPy,

By repeating this procedure M times, we obtain

—2Ms M —2M$
St 1) ol S 17777
L2

i <§> (A®) — A (1) PPy,

The last estimate follows from the fact that vy is a Schwartz function. The proof is completed by choosing
k=1—kg—ki. g

Thanks to Lemma 5.4, it remains to estimate the L?(dx)-norm of
« (;) (A@) = Ap@)e PPy (x),
or equivalently, in the polar system, the L?(r?~'drdw)-norm of 1 (¢, r, w) defined by

. . tP'(p)0
I1(t,r,0) = KG) /e”p“"ee””(")(l - X)(W)lwm/(p)ﬁo(l)@)l)d_l dp do. (5-8)
12
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To begin with, we decompose (5-8) into three parts I, (¢, r, w), [_(t, r, w), Io(¢, r, ®) by inserting

w6 w—0 w406 w—0
xo\ 5= ) x| == ) 1=Xo| =) — x| =
t° 2 1“2 1°" 2 t°72

into the integral respectively, where xo € C Z_’O(Rd) is radial, supported in a small ball centered at zero,

and equal to 1 near zero. The desired result (5-5) thus follows from the lemma below:

Lemma 5.5. For all N € N, there exist constants C, Cy, which are independent of t, r, o, such that

14 (2, 7, )17 2 a1 gy guny < Cn Y, (5-9)
-, 7, )17 2 a1 gy guny < CE (5-10)
1o(t, 7, )72 a1 g gy < Cvt - (5-11)

Proof of (5-9). The integral I, (¢, r, ), by definition, reads

j tP'(p)o )
K(;) /el[rpw-6+tp(p)](1 _X)(Fa)—i— 1+5(p) )Xo(w +1 >1r>zp/(p)ﬁo(,09),0d_l dp do.
12

8
1°"2
The integrand of I is supported for

Ir—tP (0)| = | —r0 + 1P (0)0] = [rw+1 P (0)0] — 1|0 + | = ct27 — Cet x 1972 = (¢ — Ceg)t2 ™,
where 0 < cg < 1 is the radius of Supp yo. This implies that
I —1P'(p)] = 17+,

As a consequence, the integrand of . is smooth. This allows us to apply integration by parts in p, since
o~ 1and
1
rw-6 +1P'(p)| = | —r+1P'(p)] —rlo+6] > (c — 2Cco)t> ™ > 13+,

More precisely, by using
—i

ei[rpa)-@-i-tP(p)] —
rw-60+tP'(p) ?

i[rpw-0+tP(p)]
one may gain ¢~/ from |rw-0 +1P’(p)|~" and ¢'/2~? from each d,. In conclusion, after integrating
by parts M times in p we have

1@t )] S 1720

Due to the factor «, I, is supported for r ~ ¢, which implies that

2 —4Ms+d —-N
M4t 7, )17 2 i gray ST <

’

where M is large enough so that 4M§ —d > N. (I

Proof of (5-10). The integral I_ will be treated as in Section 4. We first observe that the integrand of
I_(t, r, w), which reads

i tP'(p)o -0
K(;)/ez[rpw-9+tP(p)](1_X)(Va)-i‘ (p) )Xo(w—>1r>tP’(p)ﬁ0(p9)pd_ld,od@,

1 1
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is supported for, as t > 1,
lro+tP'(p)0| = r0 +tP'(p)8| —rlw—6| =r+1tP'(p) — CCOI%J”S > c't,

where 0 < ¢p < 1 is the radius of Supp xo. That is to say, the factor (1 — x) is identically 1, and /_

becomes
- min(p,(P) 7' (r/0) ‘ w—0Y\ .
K <_) / et / e”’ow’e)(o< ; )UO(PQ) d6 p?~" dp,
) Jpo s 72

where 1o (p6) is supported for p € [po, p1] and we use the convention (P’)~!(s) = 400 when s > 1. Now,
we may apply Lemma B.1 with A =rp, u = t‘sf%, and

yY—2\ . X—Y\a.
F(x,y,z, u; P)=X0< )m( )vo(py)-
2 2

Here xp € Cfo([R?d) is chosen to be equal to 1 on the support of yo. Note that F has to be taken
at (x,y,7) = (w, 8, w) in order to recover the above integral. This corresponds in the statement of

Lemma B.1 to x =60, y =6, and z = w (and no variable ’). The extra term p is an extra parameter
staying in a compact subset. Due to our choice of s, it is clear that 7 ~ ¢ and p ~ 1 imply Au? > ct?® > 1.
As a result, the integral in 6 equals

, w—0Y\. -1 _
f ) e'”"“%( - )vo(pe>de = Qn) T Pty (@, p s o),
S t°72
with Sy, (@, p, i; ¢) smooth, supported for p ~ 1, ¢ > 1, and satisfying, forall o, € N, j, k,y € N,
185070,,0] Sy (@, p. 113 O < Cu ™™ ~5¢g)" 7

This formulation allows us to rewrite /_r“~D/2 up to multiplication with constants, as

Ld—1 r min(o1, (P (r/0) b 1y
I_(t,r, a))ﬂ( -D =K(;>/ e’[err’P(p)]So(w, 0, I TPI ),07( —1) dp.
Po

Now, we may apply integration by parts in p. Due to the fact that r+¢ P'(p) ~t and min(p;,(P") "' (r/1))~1,
the boundary terms and remaining term are all bounded by #~!, namely

-t r o2V <1,
which implies (5-10). O

Proof of (5-11). Unlike the study of I, Iy will be estimated via integration by parts in the 0-variable. It
is clear that the integrand of

. . +tP'(p)0 R
lot, 1, 0) = K(?) /e”pwheeltp(p)(l - X)(%)lwm(p)vo(p@)/)d_l

r w+06 w—0
x| 1—=xo s )~ Xo| =3 dpdb
92 192
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is supported away from {6 + w = 0}, which allows us to rewrite the integral above in local coordinates
0 =hw++v1—h%y, hel[-1,1], yewt NS,

where w™ is defined as the hyperplane {y € R? : y - w = 0}. In this way, we may rewrite I as

K(%)/eirphFo(l‘,F,/O,a),hw+my)(l_hz);d_l
[ ((h+1)w+d1——}ﬂy) ((h_1)w+my
e — X0

1
1572

1 dhdydp, (5-12)
1572

where

ro+tP'(p)0

Folt,r, p,w,0) =€"PP (1 — X)( T >1r>tP’(p)i30(,09)/?d_l-
12

Note that due to the cut-off away from +w, the integrand of (5-12) is supported for

|(h+ Dw+v1—h2y> > ct®1.

By developing the inequality above we obtain

Thus, Fy is supported for p ~ 1 and satisfies, for all k € N,

|8;f(Fo(t, r,p,w, ho+ my)” < ((1=20)k

The same estimates hold for (1 — £2)4/>~! and cut-off x¢’s in dimension d > 2, while in the trivial case
d =1, I is identically zero.
Now, we may apply M times integration by parts in & for (5-12). Asr ~ ¢, p ~ 1, each 9 in the

1728 we have

amplitude gives
[Io(t, 7, )| S Lpest M2,
and (5-11) follows from

2 —4AMé+d -N
o, 7y )17 a1 grgery S 70T S17H,

by choosing 4M§ —d > N. (Il

Appendix A: Technical lemmas
This appendix is a collection of technical lemmas which are used in previous sections.

Al. Some technical inequalities.

Lemma A.1. For any real number m > d — 1, there exists a constant C = C(m, d) > 0 such that

Sup/ (Rwo—&)™dw < CR™WD,
geRd JS-!

Proof. By a change of variable, it is equivalent to study the boundedness of

/ K(w—§)do,
RS4-!
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where K (x) = (14|x|™)~". This integral can be regarded as a convolution of K and the Borel measure pg,
which is defined by,

Ve G, (und)i= [ plw)do.

We introduce the o-dimensional density of a Borel measure u:

w(B(x,r))
sup —— 2 ——.

r>0

() -
M/f‘ x):=

Note that M,(ffQ 1)(S) = M(d ])(S/R) and that M}ff—l) is a bounded function. Thus, Ml(ffe_l)(é) is bounded
uniformly in R > 0 and & € R?.

Now, it suffices to show that there exists some constant ¢ = c¢(m, d) such that, for any Borel measure u
on R%,

K pE) <cM{V@).

By applying a translation, the problem can be reduced to the case & = 0:
n
.1
Kin® = [ Ky dum = [ Ko)duo) = tim 15" u0.r7)),
d Rd n—-oon =

where the last equality follows from dominated convergence theorem, with r( ") defined by K '(1—j/n)=

(")Sd !, We may calculate r expllcltly

. L
O j/n _
J 1—j/n

Therefore, by the definition of (d—1)-dimensional density, we have

n
-1 1 (n)\d—1
K % 1(0) < M~ (0) lim nZ(rj )
d—1 d—1

=MD (0) lim —i Jm_\" :M<d—1>(0)/1 X\
n—>ool”t}_1 1—j/n K o \1—x .

The last quantity is finite since m > d — 1. ]

Lemma A.2. Let S_; € C*®(R) with |S) (§)| < Co ()" for any « € N. Then, for any N € N, there
exists some constant C such that

/R ¢S 1(S)d$' 27V +log_(IAh) VA #0, (A-1)

where the integral on the left-hand side should be understood as an oscillatory integral and the function
log_ is defined by

llog(n)[ if t €10, 1[,

0 otherwise.

log_(t) := {
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Proof. For simplicity, we may assume A > 0 and that S_; is supported in [cg, oo[ for some ¢y > O.
When X > ¢ for some small constant ¢ > 0, we may apply integration by parts on &; then the left-hand
side of (A-1) can be controlled by

C
x/@rzds,sm—l.
R

To obtain arbitrary polynomial decrease for large A, we only need to apply integration by parts several times.
When A < ¢, we introduce a cut-off x € C2°(R) such that x =1 in a large neighborhood of 0. For
the part where |A£] is small,

ca/h dé

/eikfs_l(é)x(xs)ds' < C/ 7 S C'(1+log_(3)).
R “

For the remaining part where [A£]| is large, we need to estimate

fRe‘“S_1<s>(1 — X)(AE) dE.

By applying integration by parts in &, we will obtain two integrals. The first one is of the form

/ e S_1(E) X' (A§) dE,
R
which can be treated as above. The second one takes the form

1 .
X/ ¢S5 (E)(1 — ) (ME) dE,
R

which is bounded by

1

—/ ()2 de < C. 0
A Jigl=c/m

Lemma A.3 (Cotlar-Stein lemma). Let H be a Hilbert space and {T}};cN be a series of bounded operators
on H. If

1
A=sup > T TN gy < +00. (A-2)
JEN keN
1
B=sup» T} Till2 4, < +00, (A-3)
JeN keN

the operator T = jen Ij is well-defined via the pointwise limit,

J
Vue H, Tu:= lim Tiu inH.
J—400
j=0
Moreover, T is bounded on H with estimate
1Tz < VAB. (A-4)

The inequality (A-4) was first given in [Cotlar 1955] for finite sum with || 7; T, || z(z) and ||Tj* Tillzcr
decreasing exponentially in | j — k|. The generalized version stated above and its proof can be found, for
example, in Theorem 1, Chapter VII of [Stein 1993].
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A2. Criteria on L*-boundedness of pseudodifferential operators.

Lemma A.4. Let a be a symbol on R and ). > 0. The rescaled symbol

a(x,&):= a(kx, ;)

10p(a) i zir2y = 10p(@) |l £r2y-

satisfies

Lemma A.5. Let a be a symbol on RY and the symbol G is defined as

a(x,&):=a(§,x).
Then we have

10p(@)l£cr2) = 1OP(@) [l £(22)-

Lemma A.6. Let K be a kernel function of operator K defined as
Ku(x) := / K, x —y)u(y)dy.

If there exists Ko € L' (R?) such that

K (x,2)| < Ko(z) ¥x, z € RY,
we have
I 22y < 1Kol

Lemma A.7. Let a and b be symbols satisfying

la(x, &) < b(x,§),
and B € L(L?) be an operator defined by

Buto) = [ b, £0(&) ds.
Then
10p@l£(z2) < 1Bl £(22)-
Lemma A.8. Let m : S x S?~! x 10, oo[ — C be a smooth function satisfying for all a, o' € N¢~1
and N e N N
820 m(w, o, w)| < ca,af,NAu“"“"<d(‘“’T_“’/)> :

where A is a quantity independent of w and o', d is the distance on the sphere S'. For all A > 0, the
operator Ty is defined by

Thu(w) = / e m(w, o', Wu(w) do.
gd-1
Then there exists a constant C > 0 such that

1l
T3l £z si-1y < CAAT2E@7D,
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When p € [1, oo, the condition on m becomes m( -, -, ) € C;’O(Sd_1 x §4=1) uniformly in p > 1.
By using the local coordinate of the unit sphere S¢~! (which is compact and thus can be covered by finite
local patches), one can reduce the problem to the R?~! case without considering the parameter x. The
proof of this reduced case can be found in, for example, [Sogge 2017, Theorem 2.1.1]. As for the case
€10, 1], one may refer to [Delort 2022, Proposition A.1.7]. A direct consequence is stated as following:

Lemma A.9. Let a(x, &, i) be a smooth symbol on R? x R? depending on a parameter i € 10, oo|. Let
b be a function on [RR%r such that the associated operator B defined below is bounded on L*(R.), namely

o0
1Bl ey <00 BF) = [ b o) o) dp. (A-5)
0
If, in the polar system x =rw, & = p0, a(x, &, ) satisfies, forall o, B € N and N € N,

d(w, —9)>‘N (A6)

13507 atro, 0. 10| < Cap.b(r. p)u—lal—lﬂl<
n

then we have
10p@) Il zz2@eyy < ClIBll 2@, ) (A-7)

where C > 0 is a universal constant.

Proof. By the definition of Op(a), we have
1 *© irpwb A d—1
Op(@)u(rw) = —— e’ a(rw, p)u(pd)p*~" dodp.
Q2m)? Jo Jsi-r
It is easy to check that || £ (0, 0)Il 12(4pae) = )|l 12gey, With f(p, 0) = i(p0)p@~1/2. Thus,

1eg_
IOp(@)ull L2gey = 10p@u(ra)r2 "Vl 124 4w

1 o ) ]
B H (2m)d / /g G, p6) f(p. 0)(rp)* " d6 dp
0 —

o 1
/ (rp)2¢@-Y
0

By applying the previous lemma with m(w, 6, u) = a(rw, pf, 1), where r, p should be regarded as
parameters, A = b(r, p), and A = rp, we obtain

L2(dr dw)

< Co dp

L2(dw)

/g P atw, ph) (. 0)do

L2(dr)

_Lleg_
< Ci(rp) 2" Db(r, p)II £ (0, Pl L2a6)-
L2(da))

f P a(rw, po) f(p, 0) do
Sd_]

Thus,

I0p(@)ull 2Ry < CoCi

/0 b(r. O)ILF @, D) 1200 dp

L2(dr)
< CoCrllBlizc2on 1 S @5 o) 2246 apy = Cl Bl 2@y 1l 22 may - O
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Lemma A.10. Let a be a symbol on RY, depending on some parameter . € 10, ool. If, for all a € N,

sup [[0ga(x, )1 < Card™1,
xeRd §

the operator Op(a) is bounded on L2, uniformly in .

Proof. Due to Lemma A.4, the problem can be reduced to the case A = 1. The kernel of the operator
Op(a) is K(x,y) = J(x,x —y), where

o, 2) = /e"Z'éa<x,s>ds.

(2m)4

We first observe that, for all x € R?, |J(x,2)| < (Zn)_d||a(x, I L which is uniformly bounded. Then,
by integration by parts, we have, for all N e N,

[MRERITEIDY

la|=2N

[ oo erae| < Y sup hogac. ol < G
|a|=2Nx€Rd

That is to say, J is bounded and has any polynomial decay in z, uniformly in x. In particular,

Ko, =1 x =) S = y) 7@
The conclusion follows from Schur’s lemma. ]
Lemma A.11 (Calderén—Vaillancourt theorem). For smooth symbol a € C*®(R¢ x R?), the following

estimate holds:

I0p@ I £z2y S sup 119208 all o drey - (A-8)
lel. | BI<Ng e

where Ny is a universal constant depending only on dimension d.
The earliest version of (A-8) was given in [Calder6n and Vaillancourt 1971], where «;, B; are required
to be no more than 3 for all j =1, 2, ..., d. Then, in [Coifman and Meyer 1978], the authors optimized

itto Ny = [%d] + 1, while some other assumptions in «, 8 are given in the same paper. Readers may also
find an alternative proof via the Gabor transform in [Hwang 1987].

Appendix B: Stationary phase lemmas

Lemma B.1. Let
F: (S H*x10,11 - C,

0,0, w,0', p)—> FO,0, 0,0, 1,

be a smooth function supported for d(0',0) +d(0', w') < &', where d is the metric on the sphere S~
and §' > 0 is a small constant. We assume that F satisfies, foralla,a’, B, B’ €N, j, N € N,

d©’, ) >‘N

|8§‘8§‘/8’38ﬂ’81F| < Cu—al—lﬂlll—lﬂl—j<
n

w W )
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For any parameter ). > 0, we define the integral

1.0, 0,0 A, 1) = / MY E 6,0, w, 0, 1) db.
gd—]

If 8 is small enough (depending on the sphere S?~1), and Au*> > ¢ > 0, then we can write

Fik d ISj:

L0, 0,00, n0) =e - 1)(9,w,w/,u;ku2),
where S:—L(d_l)/z(Q, w, ', W; £) is a smooth function supported for d(0, ') < 28', satisfying, for all

a,B,8 €N, j,y, NeN,

1Bl 1o~ d)—y [ A0 )\ TV
1350530590 §%1 g S CuTTIATI g Ty V< p > (B-1)
Moreover, for (| > c >0, S_(d 1)/2(9 w, @', |L; ) can be decomposed as
@) DFTINF©,0, 0,0, e 2V 4 8E, L 0,0,0, 150, (B-2)

—3(d+1)

where ST “d+1) /2(9 w, @', L; &) is smooth and supported for d (0, ") < 28/, satisfying the estimate (B-1)
with d — 1 replaced by d + 1.

Lemma B.2. Let
Fo: (S H*x10,11— C,

0,0, 0,0, 1) FO,0, 0,0, 1),
be a smooth function supported for min(d (6, 9), d(©@’, —0)) > §' > 0, where d is the metric on the sphere
S and §' is constant. We assume that F satisfies, forall a, o', B, B’ €N, j, N € N,
/ —N
B 3/33 3] F0| < CM—Ia—Ia’—IﬂI—j<M>
u

For any parameter ). > 0, the integral

1+(0, 0, &' A, p) = / M 6,0, w, 0, 1) do’
sd-1

can be written as

(0, 0,05 1, p) = e uIREG, 0, 0, s Ap),

where RT(6, w, o', ju; ¢) is a smooth function satisfying, for alla, B, B’ €N, j, v, N € N,

log0f o, 879! RE| < cplI=IP1=i(g) =N, (B-3)

For the proof of Lemmas B.1 and B.2, one may find a general result in [Delort 2022, Proposition A.1.1].
Remark B.3. In Lemmas B.1 and B.2, the dependence on «’ is not crucial in the proof; we may eliminate

the conditions and results involving «’. Meanwhile, if F (resp. Fp) depends on some other parameters,
the same condition can be inherited by S_;_1)/2 (resp. R) from F (resp. Fp).
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Lemmas B.1 and B.2, together with Remark B.3, result in the following lemmas, which are important
techniques used in the main text.

Lemma B.4. Let
G:(SH?x10,1]1 > C,

O, 0,10~ GO, 0,1,
be a smooth function supported for d(0', w) < &', where d is the metric on S*~' and 8’ > 0 is a small
constant. We further assume that, forall o', 8 € Ne-1 j, N eN,
d(', o) >‘N

|95850,G1 < u'“"'ﬁ'J'(
7

For A > 0, € € {£}, we define
10, », u; ) :=/ MY GO, w, 1) do’.
Sd—l

Then, under the conditions that §' is small enough and that Au?> > ¢ > 0 for some constant c, the integral I
may be written as the sum of principal terms

ej:ezAMd—IS:t

e’a)’ ;)\‘ 2 9
—%(d—l)( Wy ApL”)

and a remainder

eéike-wud—]R(G, w, ,bL, )‘-M)a

where Snj; @, w, u; ¢) is a smooth function supported on d (0, *w) < 28, ¢ > ¢ > 0, satisfying, for all
o, fe N1, j.n, N eN,

0g 8 o7 o1 S| < M—lal—lﬁl—j<§>m—n<

d©, +w)\ ™V
w910 - | >

I
and R0, w, u; ¢) is a smooth function satisfying, for all N € N,
RIS (6)~".
Moreover, if G depends on some extra parameters, the same bound for G (and its derivatives in parame-
ters) can be inherited by Sf( d-1))2 and R.

Proof. We only give the proof for ¢ = 4, while the other one can be treated in the same way. To begin
with, we introduce the functions

Fi0,0", w, 1) := G(£6', +o, ) x (6 —0)),
FO(Qv 0/7 w, I’L) = G(le w, I'L)(l - X(e - 0/) - X(Q +9/))’

where x € C° (R?) is radial and supported in a small neighborhood of zero, with value 1 near zero. By
using these functions, we may rewrite the integral I as Iy + I_ 4 Ip with

1i=/ei"w‘9’Fi(9,9’,ia),u) o', Iozfeiw'e’Fo(e,e’,w, w)de’.
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It is clear that Fy, Fy satisfy the conditions in Lemmas B.1 and B.2, respectively. Then, by applying
these lemmas, we can obtain the desired expressions and corresponding estimates. There remain two
points to check: the support of Sf( d-1)2 and the dependence on extra parameters. The latter is merely an
application of Remark B.3, while the former can be shown by observing that, when Supp x is taken to be
small enough, the integrand of integrals /. is supported on d(+6’, w) < § and d(#,0") < §'. O

Lemma B.5. Let x € Cf.’o([Rid) and f € Cfo([RRd\{O}). Assume that P is smooth on 10, oo, and A is a
positive function such that
A(p) ~p?  asp—> 400,
AV () Sp” Yo>py>0,jeN,
A(p)

g

— Ao as p — 400

hold for some o € R and 1y > 0.
Then there exists ty > 1 depending on f, P’, and A such that, for e, €’ € {+1, —1}, § + %(f € [0, %[,
r>c>0,andt > ty, the integral

o tP'(p)o
/ o€ rpw€X<rwl+;—l(’o)>f(p9)d9
sd—1 2t A(ﬁp)
can be decomposed as a principal term
r—1P'(p)

() D giee B giec ) =3d=1) (5—
120 A(t2p)

) f(—epw)
and a remainder

il _ r
e lGGFPMd 1S_(d+1)/2<w’ Mapv;_P/(p)at;rpM2>,

where = t3T012=12 S (w, u, p, ', t; ¢) is supported for ¢ > ¢ >0, p~ 1 and |r'| < p and satisfies,

foralla e N~V j k. 1,y eN,

i okl - j+1 -
19295080007 S 1 41| < Cu D ymy
Proof. Using the notation r = #(r’ 4+ P’(p)), where |r'| < = t519/2=1/2 we can rewrite the integral as

e ! P’ 0
/ TP (p)ph (r @+ - 8(’0)(6?4_6 ))f(pG) deo. (B-4)
gd-1 t72A(t2p)

Consider the function

/ P/ _ _ _
F(x,y,z,u;p,r’,t)=x(rx+ l(p)()i y))i(x y))?(y Z)f(py),
ut"2°A(t2p) w 127

with x e C° (RY) taking value 1 in a large ball centered at the origin. By setting A =7 (*'+ P’ (p))p > ¢ >0,
we may rewrite the integral (B-4) as

/ eiiee,}h(iew)eF(—Ga), 9, —€w, U; P, r,’ t) de.
Sd-1
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Note that the integrand in (B-4) ensures that | 4+ €6| < u < 1, which allows us to add x factors in the
definition of F.

By using the fact that p ~ 1, it is easy to verify that when x, y, z € S¢7!, for all «, o/, B € N¢~1,
Jok,I,N €N,

’ . , . d ’ _N
182998 8] koL F (x, y, z, s p. )| < Cp 1= |—|ﬂ|—j—l< (Z Z)> |

and that F is supported for p ~ 1, |r'| S u, d(x, y) < Cou < 1, which ensures that
a2 =269 (4 L Pl (p))p > ¢ > 0.
Therefore, the conclusion follows from Lemma B.1 with extra parameters p, r’, ¢ but without the
o’-variable. O
Appendix C: A refined result for the Schrodinger equation

In the case of the Schrodinger equation P () = %lé |2, the structure of P’(£) = & allows us to prove parts
(i) and (ii) of Theorem 1.1 for nonsmooth y, namely:

Theorem C.1. Let a, s and E, s be as defined in (1-10) and (1-11), respectively. We assume, as in
Theorem 1.1, that A is identically equal to 1. Then, for any ug € L% we have:

G) If xeL'and$ <0,
,iiinoo Ey s(uo, 1) =,ii‘lloo Ey 5(uop, —1) =0. (C-1)

(i) If x e L' and 8 =0,

lim E,s(uo,1)= lim_E, s, 1) / Gy (@)lio(pw) 2 dpdw,  (C-2)

t—+00

~eny

where (p, w) is the polar coordinate, and the function G, () is defined as

/ e’%l"'zx(x) dx
x-w>0

In order to prove the limits (C-1) and (C-2), we indicate that, compared with Theorem 1.1, the only

2
G (w) =

i (C-3)

difficulty is the loss of regularity in x, which can be overcome by finding a bound of the operator Op(a(t))
depending merely on || x||z1.

C1. An alternative bound of the truncated operator. The goal of this subsection is to find a uniform
bound of Op(a(?)), which involves less regularity of xy than Proposition 2.1. Via Lemma A.4, it suffices
to study the symbol

+
b(x,&)=x (%)hst’

where A = |t|? €10, oo[. To be precise, we shall prove the following proposition.
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Proposition C.2. There exists a constant C > 0 independent of ) such that, for all A > 0,

IOP®) I 222y < CA4NIx NI

Proof of Proposition C.2. 1t is easy to calculate that

f Ib(x. &) dx < /‘x(j%ﬁ)

/ Ib(x, £)] d < /’x(%ug)‘dé — 2 0xllL.

Thus, the desired estimate follows from Schur’s lemma and Lemma A.7. O

dx =29 xl .1,

C2. Calculation of the limit. By Proposition C.2, when § < 0, we have

10p@)llz2) < Cr*lx NIt — 0 ast— oo,
which implies (C-1).

In the critical case § = 0, when x is smooth, compactly supported, and constant near zero, the limit
(C-2) follows from the limit (1-14). If x is no more than an L' function, we may approximate x by some
regular function in L'. To be precise, for all n € N, there exist x, € C>°(R¢), which are constant near
zero, such that

I = allr <+

To highlight the dependence on y, in the rest of this section, we will add the subscript y for concerning

x +t&
ay(t,x,§)=x (W)hans-

Proposition C.2 implies that, for all ug € L? and 1 # 0,

|0p(ay)e”PIug — Op(ay, e " P ug| 2 = [|Op(ay—y, e Pugll

terms, for example,

it P(Dy)

1
SClix = xallptlle uollz2 < Clluoll 2.

Therefore, for fixed ug € L2 the limit
Op(ay)e'"" Py — Op(ay,)e P PYugin L*  asn — oo

is uniform in . We may conclude (C-2) by passing to the limit t — +o00:

it P(Dy)

lim E, s(ug,t)= lim ||Op(a,)e uol|?
im Ey 5(uo,t) = lim [[Op(ay) oll72

= lim lim ||Op(a, )e"PPIyg|?, = lim lim | Op(ay, )e'' TP yg|?
ta:l:oon—>oo|| p( X") O||L2 n—>OOt~>:l:oo|| p( Xn) OHLZ

L 1 . 2 d—1 _ . 2 d-1
= lim ——— [ Gy, (0)|uo(pw)|"p" " dpdw = Gy ()|uo(pw)|" " dpdw.

(2m)?

The last equality follows from the dominated convergence theorem and the continuity of G on x € L',
which is obvious due to the definition (C-3) of G .
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Appendix D: Partition of energy for the Klein—~Gordon equation — a classical setting

In this part, we shall give a proof of (1-32) via an alternative study of asymptotic behavior of the solution
to the half-Klein—Gordon equation (HKG), namely

{(Bt/i — P(Dy))u =0,
uli=o = uo,

where P(£) = (£) is a smooth symbol. As in Section 5, instead of studying the solution w to the
Klein—Gordon equation (KG), we turn to

a
u= (4 + P(D»)w,
i
which is a solution to the half-Klein—Gordon equation with initial data
U =u|l=0: l—+P(Dx)w0 eL”.
Using this notation, we may rewrite the integral on the left-hand side of (1-32) as

/ 13w + Vw2 + [wP) dx
ro< f <r

2 2 2
f(|1r0<|:|<narw| Lt fn VoI Lz w] ) d

1 2. 14 . Dy : 1 1 2
= | ro<|*|<r Irnl't| + r0<|’f|<rllﬁReu +| r0<|f|<r1<D)f> Reu\ dx
X
2 D, | 12
= |Im1ro<|§|<r1u| + Im1r0<|§|<r1mu +|Relr0<|§|<r1<Dx> M| dx
X
— [(jm1 P02 1 |im1 girwy Do [*
- r0<|§|<r1 0 r0<|§|<r1 (Dx> 0
; 12
+‘Re1r0<|%|<rle”P(DX)(Dx) Yo | )dx.
Notice that the term on the right-hand side takes the form of
X 2
/‘Ag(;)v(z‘,x) dx, (D-1)

where A € {Re, Im}, g(y) = 1,,<|y|<r,» and v is a solution to the half-Klein—-Gordon equation, which can
be written as v(r) = /PPy, with

Vo = Uo,

which all belong to L2, since ug € L2 In order to calculate the limit of such quantity, we need to study
the asymptotic behavior of v, which will be given in the next part.

D1. Asymptotic behavior. In this part, we shall state our problem in a general setting. Let u be the
unique solution to (E) with initial data ug € L% We assume the symbol P is smooth except at zero, which
covers all the fractional-type equations. Since P’ is well-defined except at zero, we may introduce v the
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push-forward of Lebesgue measure under P/, i.e.,
v(E) :=Leb(P"Y(E)) VE c R measurable. (D-2)
For all functions g € L, we are interested in the asymptotic formula
g(?)u(t) — g(— P (D)u(t) +0.2(1) ast — oo, (D-3)
We denote by G the collection of those functions g satisfying this formula for all u¢ € L% namely
G:={g € L™ : (D-3) holds for all ug € L?} := {g € L™ : (D-3) holds for all uq with i € Cfo(Rd)}.

The two definitions given above are equivalent since the multiplication with g(x/¢) and Fourier multiplier
g(—P’(Dy)) are both bounded on L? uniformly in time. The equivalence then follows from the fact that
the subspace F~'C (?O([Rd\{O}) is dense in L2 where F is the Fourier transform.

In order to prove (1-32), we may use the following lemma:

Lemma D.1. Let E C R? be any measurable set whose boundary has null Lebesgue measure, namely
Leb(0E) =0.
If the measure v defined in (D-2) is absolutely continuous with respect to Lebesgue measure, we have
1z €G.

We assume this lemma is true and prove it later. It is easy to check that the assumptions in Lemma D.1
hold true for P(§) = (§) and E = {r¢p < |y| < r1}. As aresult, (D-1) can be written as

Jlo s

when t — 400. Recall that ]pg, pi[ = P~ (Iro, r1]). Actually, this formula implies (1-32), since as

2
dx:fIAlg(—P’(Dx))v(t,x)lzdx+0(1)

= / | ALy, i (I D2 DV (2, )P dx + 0(1),

t — +00, we have

f (18:w]* + |[Vw]? + |w|*) dx
ro< % <r

2

+ |Re 1ro<|§|<r1 (Dx>_1u(t, X)|2) dx

2

2 D
=/(|Imlro<|’[‘|<r1u(t’x)| + ‘Imlm<|f|<rlﬁu(t,x)
X

D,
=/(!Imljm,pl[(um)u(r,x>|2+‘Imlm,m(liD(D )

+ [Re Ly (1 DL D{D)uct, x)|2) dx +o(1)

u(t, x)

= |1 L0 1D DB W] + [ Lo (AP D VW] 72 + | L1 (1D Dw 32 + 0(1)
= |1 L0t IDx DB w3 + | Lo i1 D Dw |31+ 0(1)
= 1L1p0. o0 (I Dx Dwi 151 4 1119, [ (I D Dwoll 72 + 0(1).
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In order to complete the proof of (1-32), we give now the proof of Lemma D.1.

Proof of Lemma D. 1. Without loss of generality, we may assume in what follows that iy € C2°(R?). Now,
we fix x € Cfo([R{d ) which equals 1 in a ball centered at zero and consider the symbol

ertP’(é))

(D-4)
|t | %4—8

ap(t, x,§) =X<

where § € ]0, %[ We have seen that Lemmas A.5 and A.10 imply the uniform-in-# boundedness of
Op(ao(t)). Moreover, by integration by parts, we can prove that for all ug € L?

lu(t) — Op(ap(t))u(t)||;2 — 0 ast — Foo.
By writing
E,:=E+B(0,ct™2™), E,:=E°+ B(0, ct2™),

where ¢ > 0 is a constant determined by Supp x, we may apply the uniform-in-time L?-boundedness of
multiplication with 1g(x/¢) and Fourier multiplier 1g(— P’(D,)) to obtain that, as t — Fo0,

1E< >M(t x) = 1p(=P'(D)u(t, x)

= 1E( )Op(ao(t))u(t x) = Op(ao()1e(=P'(Dx)u(t, x) +or2(1)

1g (;) Op(ao(t)1g, (= P'(Dy)u(t, x) — Op(ag()1e (=P (Do))u(t, x) +op2(1)
=1k ( )Op(ao(t))lE,\E( P'(Dy))ut, x)_lE‘< >Op(ao(t))1E( P'(D))ut, x) +op2(1)

_1E( )Op(ao(t))lE,\E( P'(Do))u(t, x)— 1E<§) Op(ao(t)1png, (—P'(Dy))u(t, x)+or2(1).

Note that in the calculation above, it is possible to add extra cut-off in — P’(D,) since the symbol ay(?) is
supported for

- (—P’(s»' et
As a consequence, the uniform boundedness of multiplication with 1g(x/¢), 1gc and Op(ag(?)) implies

lim sup
t——+00

1 (f)u(r) —1p(—P'(D)u(r)
L2

< limiup(”1E[\E(—P/(Dx))u(t) | >+ |1eng (=P (DY@ )

= (2n)_%d lim sup(|| 1 g\ £ (—P")ilo ||L2 + | lEmg’(—P’)IQOH L2) (Plancherel theorem)
t—+00

= @m) (|1, e (—PDiio] 2+ |1, eni (—P)ito],2)  (DCT)
S N1Loe(—P ol 2.
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The last quantity is actually zero since d E has zero Lebesgue measure and v is absolutely continuous
with respect to Lebesgue measure, which ensures that 15 (— P’(£)) vanishes almost everywhere. O

D2. Further remarks on G. In the proof of (1-32), we only study the function

g(y) = 1ro<|y|<F1‘

A natural question is whether (1-32) holds true for other functions g, or equivalently, which type of
function is contained in the class G. In this part, we shall indicate an error in a classical result and prove
that G contains at least the continuous functions.

The asymptotic formula (D-3) was, to our knowledge, first studied in [Strichartz 1981], where the
author claimed in Corollary 2.2 that, when v is absolutely continuous with respect to Lebesgue measure,

L* =g. (D-5)

However, the original proof given in [loc. cit.] is false. Actually, the author managed to prove in
Theorem 2.1 that for general v

{Fourier transform of finite measure} C G

and reduce the conjecture to
1z Cc G for bounded and measurable E C RY. (D-6)

The method used in [loc. cit.] is that, by regularity of Lebesgue measure, we may choose a series of
compact sets { K, },en and bounded open sets {U, },en such that for all n e N

K, CKyy1, Ui CU,, K,CECU,, hrfooLeb(U"\K") =0.
n—

Then it is easy to find smooth functions g, € C°(U,) which are nonnegative, range in [0, 1], and equal
to 1 on K,,. Clearly, 1 — g, is supported in U,\ K,, whose measure tends to zero. By the dominated
convergence theorem and the fact that 0 < 1g — g, < 1, we have

. _ N —+

lim sup (1 — gn) (=P (Dl = @)~ Lk = gn) (= P'E)itg(®) 17, 0.

— 00
Note that, to apply the dominated convergence theorem, we need (1 — g,,)(— P’(£)) converges to zero
almost everywhere, which is a consequence of absolute continuity of v with respect to Lebesgue measure.

Therefore, in order to prove (D-6), it suffices to check that

limsup [|(1g — g,) (x/Oul|2, =255 0. (D-7)
t—4o00 x

Once it holds true, one has, for all n € N,

limsup || 1£(x/6)u — 1 (—P'(Dy)ull 2

t—+oo

< limiup llgn(x/t)u — gn(—P'(Dx))ull 2 + limilm I(Le — gn)(x/D)ull 2
e e +limsup |(1r — ) (=P (Dy)ull 2
t—> 00

=limsup |(1g — g) (x/Dull 2 +limsup [[(Lg — gu) (=P (Dx))ull 2,

t— =400 t—+oo
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since g, is obviously the Fourier transform of some finite measure. The two quantities on the right-hand
side vanish as n tends to infinity, and the desired conclusion 1 € G follows.
The proof of (D-7) given in [Strichartz 1981] is to find &, € G such that

C>2h,>21p, and h,— 0 ae,
where O, = U,\ K, is an open set. If such A, exists, one obtains immediately that

lim limsup ||(1E—gn)(X/t)u(t)||Lz< lim limsup [|A, (x/Du®)]7

n—>+00 ;5400 t—=4o00

< hm lim sup ||k, (— P’ (D, ))M(f)HLz

n—>+00 15400

~ lim_@m) f 12(—=V P2 dg = 0.

Note that the second inequality is a consequence of /1, € G and the last equality follows from the dominated
convergence theorem.

Since we only know that G contains a subset of continuous functions (Fourier transform of finite
measures), it is essential to assume the 4,,’s to be continuous. However, for general decreasing bounded
open sets O, even if their measures decrease to zero, such continuous #,’s do not exist. Otherwise, it
is harmless to assume /,,’s are supported in the same large ball. Then, for one thing by the dominated
convergence theorem,

lim / h,(y)dy =0,
n——+00

and for another thing, we have
/hn(y) dy > / ha(y)dy =Leb(0,) 20
On

where O, is the closure of open set O,,. Here the first inequality is due to the continuity of the /,,’s. As a
result,

lim Leb(0,)=0

n——+00

The contradiction arises from the fact that Leb(O,) tends to zero does not imply that Leb(0,) tends
to zero. For example, let {r;};en be a sequence of rational numbers in the unit ball B = B(0, 1) of R4
centered at zero. Consider the series of open sets

O, = B(rj.277™").
JjeN
Clearly the O,’s are open as the union of open sets and
Leb(0,) <) Leb(B(rj, 27 /™) <> 27Ut~ 27 0 asn — +oo.
JeN jeN
Since {rj}jen is dense in B = B(0, 1), the closure of each O, contains at least the unit ball B. As a

consequence,
lim Leb(0,) > lim Leb(B)=Cy > 0.
n——+00

n—+0o0o
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We emphasize that the argument above does not falsify (D-5) and it is still unknown whether this conjecture
is true. Here we shall prove rigorously that all bounded continuous functions belong to G.

Proposition D.2. If the measure v defined in (D-2) is absolutely continuous with respect to Lebesgue
measure, we have

CYR cg.

Proof. As in the proof of Lemma D.1, we assume that iy € C2° (RY). To begin with, we check that the
Schwartz class S C G. For any g € S,

(g (;) - g(_P/(Dx)))M(Z, x)
1 :
= oy /ez(x-s+zp(s)> (g@) —g(—P’(E))>ﬁo(§)d§

1 i(x-E+t X 1 ! T / A
= 2y / e ”@”<;+P<s>) /0 g (;x—(l—r)P(&)) dril(€) dé

] 1
- ! i+ P(E) (T p .
_(2n)dtfe 35[/0 g(tx a f)P(S))dtuo(S)}ds
i

. 1
= o / el /0 g”(%x—ﬂ—r)P/@))(r—1>drP”<s>ao(s>ds

| 1
+(2j;)dt/ei(x-é+tP(§))fo g’<;x—(1—r)P’(§)> deeitn(E) dE.

Notice that, by Lemma A.5 and A.10, the operator of symbol

" T !/ / T /
g ?x—(l—f)P(S) . 8 ;x—(l—f)P(S)
is bounded uniformly in # and t and that functions

P"(&)ito(§),  dgilo(8)

belong to L2 since we have assumed iip € C2°(R?). As a consequence,

“ (g G) = g(—P’(Dx»)u(r, %)

By noticing that G is closed under L°°-norm, we have

1 t—=Foo
Say

Sl 0.

L2

C):=]geC’: lim g(y)=0}=Scg,
|y|=+o0
where S is the closure of S with respect to L°°-norm.
It remains to pass to general continuous function g. In fact, we only need to consider those g > 0,
since once may always write g as the difference of two nonnegative continuous functions, which are both
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bounded. Let us fix x € CZ° which equals 1 near zero and define, for all R > 0,

Xr(Y) == x(%)-

For arbitrary R > 0, we have

limsup || (g(x/1) — g(—P'(D))u(®) |2

t—=+o00

< I,imiuP I ((gxr)(x/1) — (gxR)(— P (D))u(t)| 12
+limsup [[(g(1 — xr)(x/Du(@)|l 2 + I,imiuP 1(g(1 — xr)(—=P'(D)u(t)ll 2

t—+00

= limsup [|(g(1 — xg) (x/Du®) || 2 +limsup | (g(1 = xg)) (—P"(D:))u(®) .2,

t—=+o00 t—=+00

since g xR € C8 . The second term on the right-hand side can be calculated as

. _1 N

llmiup 181 = x&)(—P' (D )u@)l 2 = 2m) 2| (g (1 = x&))(—P)io |l 12,

t— 00
which, due to the dominated convergence theorem and the absolute continuity of v with respect to
Lebesgue measure, converges to zero as R — +00. As for the cut-off in x, we observe that

limsup [|(g(1 = xr))(x/Du@)|| 2 < gz limsup [[(1 — xg) (x/Du(?)]| 2.

t—+o00 t—=+00

Note that since yg € S C G, (1 — xg)(x/t)u(t) can be written, when t — +00, as

u(t) — xg(—=P'(D))u(t) +o072(1).
As a result,
lim sup [|(1 — xg)(x/H)u(t)|| 2 = limsup [[(1 — xg)(—=P'(Dx))u ()| 12

t—+o00 t—+oo

_1 A
= Q)72 (1 = xw)itoll 2
We have seen that the last quantity tends to zero as R — +o00. In conclusion, we have proved that, for all

up € F-LCX(RI\{0}),

GJim_limsup] (e(x/0) = g~ P (D))u)] 2 =0.

and thus g € G. O

D3. Proof of (D-5) for the dispersive system. Before ending this section, we give a proof of (D-5) for
the dispersive system. To be precise, we assume that there exists some dense subspace Dy C L? such that

le"PPYug )l oo < Clug)ltl 24 Yug €Dy Vit| > 1, (D-8)
where C(ug) is a constant depending on ug.

Theorem D.3. Assume that P is smooth except at zero and v defined in (D-2) is absolutely continuous with
respect to Lebesgue measure. Then the dispersion estimate (D-8), associated with some dense subspace
Dy C L?, implies (D-5).
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Proof. Recall that, as mentioned in previous section, it has been proved in [Strichartz 1981] that, when v
is absolutely continuous with respect to Lebesgue measure, (D-5) is equivalent to (D-6). Therefore, it
suffices to check that, for all ug € Dy,

— 0 ast— Fo0,
L2

1 (f)ua) —1(Du(t)

where E is any bounded measurable set.

In Lemma D.1, we have proved this result for those £ whose boundary has zero Lebesgue measure.
The idea of treatment of general E is to approximate it by a finite union of cubes and control the remaining
part via a dispersion estimate. To begin with, we fix an arbitrarily small € > 0. By outer regularity of
Lebesgue measure, there exists an open set E. O E such that

Leb(E\E) < le.

Since any open set can be expressed as the union of almost disjoint closed cubes, we may find finitely
many closed cubes {K; }szl such that K; C E. and

Leb(E\Ec) < 3e,  where Ec =L, K;.

One may observe that

Leb(E\E. UENE) <e€.

Now, for any ug € Dy, we have

1E(§>u<r> — 1e(Dy)u(r)

L2
< H (g, —1p) (;)u(m + 1, (f)u(r) —1e.DOu®)| + | s — 10 DIu®] .
L2 L?
< Cluo) | (Lp, — m(f) 11727 + ‘ 1p, (;)u(w — 15 (Dou®)|  +Cr) 7| Lg, — 1p)io]
L2 L2

< C(up) Leb(E\E. U E\E)? +

1r, (f)um — g (Dou(t)

i +(2m) 3¢ |Le\EuENE@E)io ()| L2
L

< Clup)e? +‘

1p, (;)um — 1 (Dou(t)

+2m) 2| 1 Eug £ (€ (6) [z
L2

Due to the fact that E. is the union of finitely many closed cubes, the boundary of E. has zero Lebesgue
measure. As a result, the second term on the right-hand side tends to zero as r — +o0, i.e.,

lim sup
t—=+o00

S [PV QTG

1E(§>u<r> — 1e(Dy)u(n)

L2
Since @iy € L? and Leb(E \E:U EN\E) < €, the right-hand side becomes arbitrarily small, if € > 0 is

taken small enough. The desired result thus follows. (I

The dispersion estimate (D-8) holds for all symbols P we deal with in the present paper, as a conse-
quence of stationary phase lemma.
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Proposition D.4. Let P be radial and smooth except at zero. If P” > 0 or P” < 0, the dispersion estimate
(D-8) holds with Dy = F~1C2°(RY\{0}).

Proof. Without loss of generality, we assume that > 1. Let u( be any function in Dy = F~!C (‘;’O(Rd\{O}).
To prove the inequality (D-8), it is equivalent by definition to prove that

H/ei(X~§+tP(§))ﬁ0(§) d&

Since P is radial, we may write the inequality above in the polar system & = p6 as

<2,
L>®(dx)

“ SRR BT

L(dx)

By letting s = x -6/t € R, it suffices to prove that

sup /eit(sp—i-P(p))ﬁO(pe)pd—l d,o' rst—%d_

seR,0eS4-1

Since p stays between two positive constants and P” # 0 on ]0, +o0[, this inequality follows from
stationary phase lemma. [l

Corollary D.5. Equation (D-5) holds for all P satisfying condition (H, ,,) with po, p1 # 0.

Appendix E: Proof of Proposition 4.3

In [Delort 2022], the author proved Proposition 4.3 for strictly convex P. In this part, we will explain how
the same argument works for strictly concave P and how to calculate the limit for € = = respectively.
Since most of the calculations were done in Section 3 of [loc. cit.], we will omit these details.

By definition I (¢, —¢, €, —¢, €; F) equals

/ eie[r(-ﬂ-ﬁ-ﬂ/)—t(—P(/O)+P(/)/))]1§>P,(p)’Pr(p1)F(p, o' r.t;r—tP'(p),r—tP'(p"))drdpdp’,
which can be split into 7 and /_, with domain of integral p — p’ > 0 and p — p’ < 0, respectively. Namely,
I = / eie[r(—p+p’>—z<—P(p)+P(p’>>]1r>tP,(p,)1p,p,>0F(p, o r.tir—tP'(p), r — zP/(p’)) drdpdp,

I_ = / e"e[r(*/’“’/)*t(*P(pHP(pl))J1r>tp/(p/)1p_p/<0F(p, p'.r.t;r—tP'(p),r—tP'(p"))drdpdp.
In what follows, we study mainly the integral /., with /_ manipulated in the same way. By the change of
variables r — tr +tP'(p), p' — p —w, I, reads
t/eiet[—(r+P/(,0—w))w—(—P(p)+P(p—w))]lr>01w>0
x F(p,p—w,t(r+P(p—w)), t;tr —tP'(p)+tP'(p—w), tr)drdpdw.

We introduce the notation

P(p")—P(p)=P'(p)(p' — p)+g(p. p)(p' — p)?,
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where g is strictly negative since P is concave;

Flp.p'rt:6,6) = F(p, p, tr. 151,18,
which is smooth, supported for
poolr~ 1 fel g S
and satisfies, for all j, j', k,y,y €N,

J akay ay ) 1-8") (k+y+y'
|8/J78p aragaé"F(p’p,ar’tvga{/)|St( X Y V)

Moreover, we have the pointwise limit

lim f(p o L—i—P’(p/) t'i ¢
t_)w 9 bl ﬁ 9 9 ﬁ’ ﬁ

With these notations, /7 can be expressed as

>=Fo(p,p’)~

P / e—iet[rw—g(p—w,p)wzl1r>01w>of(p, p—w,r+P(p—w)t;r—P(p)+P(p—w), r) drdpdw.

The same calculus as in Lemma 3.1.4 of [Delort 2022] shows that, up to some terms tending to zero, I
equals

t/eigtrwlr>oei€’g(pw’p)w21w>oﬁ(p, p—w,r+P(p),t;r, r) drdwdp

, , ror
= [ 71, gels TV, oF(p p— P'(p), 1; —=, —=
/ Gt NN
whose formal limit by taking the pointwise limit of the integrand is
[ 0 I oo ) dr duw dp.

The error between this integral and /. is actually o(1), due the calculation of the proof of Proposition 3.1.3
of [loc. cit.]. In conclusion, we have

Iy = / eI, o€l 0L, o Fo(p, p)dr dwdp + o(1),

= / TN, eSO 0 Fo(p, p)dr dwdp +o(1).
As a consequence, the limit of 1 (¢, —€, €, —€, €; F) is

/ e—ierw1r>0 dr (eieg(p,p)w21w>0 + e—ieg(p,p)w21w<0) du)FO(lOv ;0) d,O

- / —ie(w —i€0)”' (cos(eg(p, p)w?) +sgn(w)i sin(eg(p, p)w?)) dw Fo(p, p)dp

. 2
_ / ic(w—ic0) " cos(g(p, p)w?) dw Folp, p) dp +/ % dw Fo(p, p)dp.

where the integrals in r and w should be understood in the sense of oscillatory integral and distribution,
respectively.
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Due to the assumption that P is strictly concave, or equivalently P” < 0, g is negative. Since
(w —i€0)~! is homogeneous of degree —1, the right-hand side of the equality above can be rewritten as

sin(w?)

lw]

/ —ie(w — iEO)*1 cos(wz) dw Fy(p, p)dp — / dw Fy(p, p)dp.

For one thing, the distribution (w £ i0)~! can be expressed as
(w=+i0)~" = F7idy+P.V. %

And for another thing, due to the Dirichlet integral fooo(sin y/y)dy = 7, we have
2
/ sin(w )dwzz.
lw] 2

lim I(t, —, ¢, —€, €; F):f(nSo—ieP.V. %) cos(w?) dw Fo(p,p)dp+sgn(g)%/Fo(p,p)dp

t—+00

These identities imply

=n/Fo(p,p)dp—%/Fo(p,p)dp

= % / Fo(p, p)dp.

In the case of strictly convex P, it has been proved in [Delort 2022] that

Iim I(t,—€,¢€,—€,¢€; F)
t——+00

- 2
zfie(w+i60)“COS(g(p,p)wz)dw Fo(p,p)dp—/wdw Fo(p, p) dp,

where g is positive. We may repeat the argument above and conclude that

lim I(t, —€,€,—€,¢€; F) = [(n80+ie P.V. %) cos(wz) dw Fy(p, p)dp — % / Fo(p, p)dp

t——+00

=n/Fo(p,p>dp—%fFo(p,p)dp
=%fFo(p,p)dp-
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ON THE KINK-KINK COLLISION PROBLEM FOR
THE ¢® MODEL WITH LOW SPEED

ABDON MOUTINHO

We study the elasticity of the collision of two kinks with an incoming low speed v € (0, 1) for the nonlinear
wave equation in dimension 14-1 known as the ¢ model. We prove for any k € N that if the incoming
speed v is small enough, then, after the collision, the two solitons move away with a velocity v, such
that |v; — v| < v¥ and the energy of the remainder will also be smaller than v*. This manuscript is the
continuation of our previous paper where we constructed a sequence ¢, of approximate solutions for
the ¢® model. The proof of our main result relies on the use of the set of approximate solutions from our
previous work, modulation analysis, and a refined energy estimate method to evaluate the precision of our
approximate solutions during a large time interval.

1. Introduction

1.1. Background. Considering the potential function U (¢) = ¢*(1—¢?)? the partial differential equation
known as the ¢ model in domain 1+ 1 is defined by

3Pt x)—32p(t, x)+ U (¢(t,x)) =0, (t,x) eRxR. (D

The solutions ¢ (¢, x) of (1) preserve the energy given by

E@) (1) = /R L3¢ (t, ) + [0 (2, X)) + U (p(t, x)) dx, (energy)

and the momentum

P(¢p) = —/ 0:p(t, x)oxp(t, x)dx. (momentum)
R

The kinetic energy and potential energy are given, respectively, by
Exin(9) (1) = / 3180, )P dx,  Ep(d)(®) = / 310:0 (1, )P + U@, 0) dx.
R R

The vacuum set V of the potential function U is the set U 10} = {—1,0, 1}. The unique constant
solutions with finite energy of (1) are the functions of the form ¢ = 7 for any n € V.

MSC2020: primary 35B35, 35B40, 35105, 35Q51; secondary 35C10, 35C20, 37B25, 37K40.
Keywords: solitons, collision, kinks, nonlinear wave equation, classical scalar fields, dimension 1 + 1, nonintegrable model,
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2146 ABDON MOUTINHO

Furthermore, it is well known that if a solution ¢ (¢, x) of the partial differential equation (1) is in the
energy space, which is the set of strong solutions with finite energy, then the solution is global-in-time
(see the introduction of [Moutinho 2023] for a proof) and there exist numbers 1, 7, € V such that

lim ¢@,x)=mn, lim ¢ x)=mn
X—>—00 xX—>—+00

for all + € R. The set of solutions of (1) with finite energy is invariant under space translation, time
translation, space reflection, time reflection, and Lorentz transformations.

The unique nonconstant stationary solutions of (1) with finite energy are the kinks which are the space
translation of either Hy 1(x) or H_; o(x) that are denoted by

eﬁx —e™ 2x

. Hoo)=—Hyi(—x)= ————,
Vivarm HOTTIIETSR

and the antikinks which are the space translation of the functions

Hy1(x) =

—/2x _eﬁx
Hoy,_1(x) =—Hp,(x) =

1/1+672xf2x’ 1+e2\/§x'

Hio(x) = Hp,1(—x) =

Using the identity o~ s
/ —
it is not difficult to verify that
” d Ho,1(x) 2 : (2
—— o, 1(x =—.
dx r®  2V2
The kink Hy,; satisfies the Bogomolny identity, which is H(;’ 1(x) =/2U (Hyp,1(x)), and the estimate
dk
- Ho,1 ()| i min(e¥>, e72V%) (3)
dxk
for any k > 1, and clearly
| Ho,1 (x)] < e¥2mintx0) @)

For the ¢ model there are stability results for the kinks. In [Moutinho 2023], the orbital stability
of two kinks with energy close to the minimal was obtained, and also the dynamics of two interacting
kinks, which is a kink-kink solution with low kinetic energy and potential energy slightly bigger than
the minimum possible for two kinks, was described in function of the initial data and the energy of the
solution. In [Kowalczyk et al. 20217, the asymptotic stability of a kink for the ¢#® model was obtained,
and moreover, asymptotic stability of a single kink was also obtained for a certain class of nonlinear wave
equations of dimension 1+ 1. There are also asymptotic stability results for a single kink in other models;
for example, see [Kowalczyk et al. 2017; Delort and Masmoudi 2022] for the ¢* model.

This manuscript is the sequel of [Moutinho 2024]. In this paper, we study the traveling kink-kink
solutions of (1) with speed 0 < v < 1 small enough. More precisely, we consider the following definition.
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Definition 1. The traveling kink-kink with speed v € (0, 1) are the set of solutions ¢ (¢, x) that satisfies,
for some positive constants K, ¢ and any ¢ > K, the decay estimate

—( x—vt —s( x+vt _
(¢(I,X),3z¢(t,X))—Ho,1<—) —H—1,0<—) <e™, (%)
H V1—v? VI-v2/) lm®xr2®
where, for any —1 < v < 1 and any y € R,
[ u <x—vt+y>
0,1\ —F/—
(| 0
’ 1 — 2 —v , <x—vt—|—y>
Ji—v2 P\ VTo 2
v [ el
1,0\ —F/—
H 10(@): 1—v? (7
V=02 v <x+vt—y>
VT2 O\ VT2

The existence and uniqueness of solutions ¢ (¢, x) satisfying (5) for any 0 < v < 1 was obtained in
[Chen and Jendrej 2022], but the uniqueness of the solution of (1) satisfying

> —( x—vt —( x+vt
lim |p(t, x) — Ho | (—) + H_l,o(—)
t—>+ooH /]_UZ /1_U2

for 0 < v < 1 is still an open problem. For references on the existence and uniqueness of multisoliton

=0
H{(R)x L (R)

solutions of other nonlinear dispersive partial differential equations; see, e.g., [Martel 2005; Combet 2011].

For nonintegrable dispersive models, there exist previous results about the inelasticity of the collision
of two solitons. For example, Martel and Merle [2011] verified that the collision between two solitons
with nearly equal speed is not elastic. More precisely, they showed that the incoming speed of the two
solitons is different to their outgoing speed after their collision.

Since the ¢° model is a nonintegrable system, the collision of two kinks with low speed 0 < v < 1 is
expected to be inelastic. More precisely, we expect the existence of a value k > 1 such thatif 0 <v <« 1
and ¢ (¢, x) is a solution (1) satisfying the condition (5), then ¢ (¢, x) should have inelasticity of order v,
which means the existence of ¢t < 0 with |z] > 1 such that

t t — vyt t
X+ vy +)’1())+PTU>)(X vt + ya(t)

(¢(I,X),3z¢(t,X))=H—o,i< >+r0(t,X), )

V11— v} V11— v%
with v* « ||r0(t)||HX1(R)XL§(R) <K vand vr(1), y1, y2 satisfying
vF g (0) — vl + max [;()] < v ©
je{l2}

for all ¢ < O satisfying |¢| >> 1. Actually, in the quartic gKdV, the collision of the two solitons satisfies a
similar property to our previous expectations in (8) and (9); see [Martel and Merle 2011, Theorem 1] for
more details.
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However, in this manuscript, we prove for the ¢® model and any k > 1 that if 0 < v < 1 and 7 is close
to —oo, both estimates (8) and (9) are not possible. Indeed, we demonstrate that if v < 1 and ¢ (¢, x)
satisfies (5), then there exists a number ¢ 2, € R satisfying, for all ¢ close to —oo,

——(x+vet—ern — (X —vrt+en
(@ (t. x), 3 (¢, x)) = Ho | (f—) + H_l,o(#

vl—v% v1—v§
k

. 2
hrnSup”rc,v(t)HHXI><L)2r =v,
t——00

) +rc,v(t» x),

limsup |v (v, 7) — v| < v, (10)
——00
In conclusion, the inelasticity of the collision of two kinks cannot be of any order v¥ for any 1 < k € N,
if the incoming speed v of the kinks is small enough. The problem to verify the inelasticity of the
collision of kinks for the ¢® model is still open. But, because of the conclusion obtained in this paper,
the change |[v — vy| in the speeds of each soliton is much smaller than any monomial function vk, More
precisely, for all k > 0,

L vr(v,t)—v
lim lim sup M =
v—01 I——00 Uk

0. an

This is a new result.

The study of collision of kinks for the ¢® model is important for high energy physics; see, for example,
[Gani et al. 2014; Dorey et al. 2011]. Actually, in [Gani et al. 2014], it was shown numerically that there
exists a critical speed v, such that if each of the two kinks move with speed v with absolute value less
than v, and they approach each other, then they will collide and the collision will be very elastic, which is
exactly the result we obtain rigorously in this paper. The study of the dynamics of multisoliton solutions
of the ¢ model has also applications in condensed matter physics, see [Bishop and Schneider 1978], and
cosmology, see [Vilenkin and Shellard 1994].

For other nonlinear dispersive equations, there exist rigorous results of inelasticity and stability of
collision of solitons. For gKdV models, the inelasticity of collision of solitons was proved for the quartic
gKdV in [Martel and Merle 2011], and, for a certain class of gKdV, inelasticity of collision between
solitons was also proved in [Mufioz 2010; 2012]; see also [Martel and Merle 2009]. For the nonlinear
Schrodinger equation, Perelman [2011] studied the collision of two solitons of different sizes and showed
that the solution does not preserve the two solitons’ structure after the collision. See also [Martel and
Merle 2018] for discussion on the inelasticity of the collision of two solitons for the fifth-dimensional
energy critical wave equation.

1.2. Main results. The main theorem obtained in this manuscript is the following result:

Theorem 2. There exists a continuous function vy : (0, 1) xR— (0, 1) and, forany0 <6 <1and k € N>,
there exists 0 < §(0, k) < 1, such that if 0 <v <80, k), and ¢(¢t, x) is a traveling kink-kink solution
of (1) with speed v, then there exists a number e, i such that |e, x| < 1n(8/v2). Furthermore, if
2-6
- _ln(l/v)

— 9’

v
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then vy (v, 1) —v| < v* and

X —epytuvst X +epy—vst
o(t, x) — Ho,l(—> - H—1,0< )
‘ V1 =02

—v% l—v HI(R)
+ af¢<f’X)_Jf——f—z§Hé’l( «/elvi—t:ft +~/——vf " (%i_v;ﬂ) L%(R)Svk‘
v UL . Vg
then ' v
¢(t,X)—H0,1(%) _H—l»‘)(%) HI®)
+ a,¢(t,x)—ﬁf’6,1(x71vf—;vt)+ 1v_vzHi1’°(xf/elvf—;w) o=

Remark 3. The second inequality in Theorem 2 follows from the energy estimate method used in
Section 3 to estimate the energy norm of the remainder during a large time interval.

Clearly, Theorem 2 implies (11). Actually, the first item of Theorem 2 is a consequence of the second
item of this theorem and the following result about the orbital stability of two moving kinks.

Theorem 4. There exists a constant ¢ > 0 and, for any 6 € (0, 1), there exists §(0) € (0, 1) such that if
0<v<¥8@),and (Yox), Yi(x)) e Hx1 (R) x Lﬁ (R) is an odd function satisfying

1o, YD)l iz < 0>, (12)
and yo > —41In v, then the solution (¢ (t, x), 0,0 (¢, x)) of the Cauchy problem
Fp(1,x) —07¢ (1, x) +U'($(t,x)) =0,

Hy 1(ﬂ) +H_ 0( sl )-Hﬂo(x)
¢0,x) | _ AWV =2 AVT =02 (13)
(0, %) |

—V

X — Yo v X+ Yo
——H]| ( ) + H' <—> + Y1 (x)
T—o2 ! V1 =2 V1 =02 1.0 V1 =12

H0,1<x _y(”> +H1,o<x+y(”) Yt x)

is given for all t > 0 by

[¢(t x)]_ V1 =02 V1 =02
- . (19
%ot %) L 3 (x _y(t)> 2 <—x+y(t)) + 3y (1, x)
Vi PN\vi=r) Vi TP\ T
such that
19(0) = yol + I (¢, )l 112 < cllPo oIl e Fe(l430)' e el (15)

(@) —v| < CIIl/fo(x)IlHXle;
for all t € R>o.
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Remark 5. Theorem 4 allows us to extend the description of the traveling kink-kink for all time below

_Indl Jv)>7?

v

from which we will deduce the first inequality in Theorem 2.

1.3. Notation. In this subsection, we explain the notation that we are going to use in the next sections.

First, for any real function f : R - R satisfying the conditions f(¢,-) € LY°(R), and 9, f (¢, -) € Li([R{),
_>

we define the function f : R? — R? by

]_g(t, x)=(f(, x),0 f(t,x)) forevery(t,x)¢€ R2.

For any k£ € N and any smooth function f : R — R, we use the notation

d.x
FOx)=—f(x) forallx €R.
dxk

For any 7z € R, we use the notation H(il(x) = Hp1(x —2), Hfl’o(x) = H_1,0(x — z). For any subset
D CR, any v € (0, 1) and any function y : D — R, we define the functions Hp 1,y : D xR — R2

H_104y:DxR— R? by
x+vt—y(t)
()

H x—vt+y(t)
U= V-2

N
Hfl,O,v,y(t» x)=

v (x—vt—i—y(t)) ’ v (x—i—vt—y(t)) '
N R NV g Vi—er U VT2
For any set D C R and any nonnegative function k : D — R>(, we say that f(x) = O (k(x)), if f has the

same domain D as k and there is a universal constant C > 0 such that | f (x)| < Ck(x) for any x € D. For
any two nonnegative real functions fj(x) and f>(x), we have fi < f if there is a universal constant C > 0

>
HO,I,v,y(tsx):

such that f(x) < Cf>(x) for any x € R. Furthermore, for a finite number of real variables «y, ..., a,
and two nonnegative functions fi(«1, ..., &y, x) and fo(ay, ..., ®,, x) both with domain D x R C R+
we say that f1 Sq,.. a, f2 if there is a positive function L : D — R, such that

filoy, .o, an, x) < L(oy,...,an) ooy, ...,0,,x) forall (ay,...,an,x) €D xR.

We write f1 = foif fi S frand fo S fi.
We consider for any f € Hx1 (R) and any g € Lﬁ (R) the norms

2 1/2
) gl = lglzg.

af
L Ny =1y = <”f”%§(R>+ Hﬁ

LI®)

We also consider the norm || - || 1, ,2 given by

1A, LNz = (il g + 12172 )"
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for any (f1, f>) € H!(R) x L2(R). For any (fi, f2) € L2(R) x L2(R) and any (g1, g2) € L2(R) x L2(R),
we let

((f1, 2), (81, 82)) = /R S1(x)g1(x) + fa(x)ga(x) dx.

For any functions fi(x), g1(x) € L)%([RR), we let

rogr) = /R fi(0g1(x) dox.

In this manuscript, we consider the set N as the set of all positive integers. For any n € N, and
any a, b € R", we denote the scalar product in the Euclidean space R" by

(a:b)=> ajbj,
j=1

where a = (ay, ...,a,) and b = (by, ..., b,).

1.4. Organization of the manuscript. First, from the global well-posedness of the partial differential equa-
tion (1), we recall that if ¢ is a strong solution of (1) with finite energy satisfying lim,_, + 0 ¢ (fo, x) = £1
for some 7y € R, then the function ¢ satisfies

¢ (2, x) — Ho1(x) — H-1,0()|| 1) < +00

for all t € R.
In Section 2.1, we will review our results from [Moutinho 2024] about the existence of a sequence of
approximate solutions (¢ ,)x>2 of (1) for which there exists a set of real numbers (yi(v))r>2 satisfying

. — —_— —_—
IEE]Ooll(pk(t’ x) - HO,],U,yk(t’ x) - H—],O,U,yk (tv X)HHXIXL)Z( - 0’

and if v < 1, then [|8] A(x,0) (¢, )l s St pHH=1/20=2V2011 for all t € R, [ € NU {0}, and s > 0.
In Section 2.2, we will verify that any solution of (1) with finite energy close to a sum of two kinks
can be written as

1
o, x) =@ o(t, x)+ na H/ (x_id(t)"‘ck(f))

V1—1d(t)? V1—1d()?
P10 , (—x —3d(t) + i (1)
V1I-1d@)? V1I-1td@)?

such that, for any r € R, u(t) € Hx1 (R) satisfies the orthogonality conditions

<u(t’ 0. H 1<x — 3d() + Ck(l‘))> o, <u(t’ 0. H, 1<—x — %d(t)'+ck(t))> o
Moreover, using A(¢) = 0, we can verify that y;, y, € C 2([RR). Furthermore, using (16), we will estimate
A(p)(t, x). More precisely, we will estimate the expression A(¢)(t, x) — A(gg.y) (¢, x), in terms of
y1(t), y2(t), d(t), u(t, x) and the estimate of the term A (¢ ,)(#, x) will follow from the main results of
Section 2.1 about the decay with respect to ¢ of the approximate solutions. The function ¢ (¢) will not

) +u(t,x), (16)

appear in the evaluation of A(¢)(, x), since we will use only its decay.
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In Section 3, we will construct a function L(¢) to estimate || (u (), 0;u(t))|| HIxL2 during a large time
interval. The main argument in this section is analogous to the ideas of Section 4 of [Moutinho 2023].
More precisely, for

x — 2d(t) + cr ()

V1-1td@)?

wk,v(ta x)=

we consider first
Li(n)= f Byu(t, x)? 4 duu(t, x)° + U" (Ho,1 (i, (1, X)) — Ho,1 (Wi, (8, =) )u(t, x)° dx.
R
From the orthogonality conditions satisfied by u(z, x), if v < 1, we deduce the coercivity inequality

@@, By, 12 S Lao),

The function L(¢) will be constructed after correction terms L,(¢) and L3(¢) are added to L;(¢). The
motivation for using the correction term L3(¢) is to reduce the growth of the modulus of the expression
2 / [07u(t, x) = 82u(r, x) + U" (Ho,1 (wi o (t, X)) — Ho1 (wi o (2, %)) )u(t, x)]0u(t, x) dx

R

in L, (t). The time derivative of L,(¢) will cancel with the expression

3
/RE[U”(Ho,l(wk,v(t,x))—Ho,l(wk,v(t,x)))]u(t,x)zdx,

from L (¢). Finally, under additional conditions in the growth of the functions y;(¢), y2(¢), if 0 < v K 1,
the function L(t) = Z?: 1 Lj(t) will satisfy, for a constant C (k) depending only on k, the estimates

D), due))]?
In(1 /vy oD g2

1), 851,12 S L)+ Chyv* In(1/v)*™

IL(1)| <

for all ¢ in a large time interval, where ny is the number described in Theorem 8. Hence, using Gronwall’s
lemma and the two estimates above, we will obtain an upper bound for || (u(t), d;u(?))]| HIxL? when ¢
belongs to a large time interval. o

In Section 4, we will estimate ||¢ () — @i ()|l HIxL2 during a large time interval. This estimate follows
from the study of a linear ordinary differential system whose solutions y;, y, are close to y;, y, during a
time interval of size much larger than — In(v)/v and from the conclusions of the last section. Indeed, the
closeness of the functions y;, y» with y;, ¥, during this large time interval is guaranteed because of the
upper bound obtained for || (u(¢), d,;u(t)) || IxL2 from the control of L(¢), which implies that y;, y, will sat-
isfy a ordinary differential system very close to the linear ordinary differential system satisfied by y; and y;.

In Section 5, we will prove Theorem 4; the proof of this result is inspired by the demonstration of
[Kowalczyk et al. 2021, Theorem 1; Martel et al. 2006, Theorem 1]. This result will imply in the next
section the second item of Theorem 2. In addition, the main techniques used in this section are modulation
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techniques based on [Kowalczyk et al. 2021, §2; Martel et al. 2006], the use of conservation of energy
of ¢ (¢, x) and the monotonicity of the localized momentum given by

+00
P+(¢(t),8z¢(t))=—/o 0 (t, x)0xp(t, x)dx.

Finally, in Section 6, we will show that the demonstration of Theorem 2 is a direct consequence of the
main results of Sections 4 and 5. For complementary information, see the Appendices.

2. Preliminaries
2.1. Approximate solutions.
Definition 6. We define A as the nonlinear operator with domain C 2(R2, R) that satisfies
AP, x) = 871 (1, x) — 8791 (1, ) + U (11, x))
for any ¢, (¢, x) € C*(R?, R).

In [Moutinho 2024], we constructed a sequence of approximate solutions (¢« (v, , x))ken., of the
partial differential equation (1) such that

" e (v 1. 3) — H (x—vt) H <x+vt) 0
1m kU, 1, X) — 0,1 - —-1,0 =V,
t—+o00 /1_v2 /1_02 Hxl
v X — vt v X+ vt
lim 8¢k(v,t,x)+—H/ ( )— H' <—) =0
1o Vi—or P\ VT=? —2 P\VT=02 /|

More precisely, in [Moutinho 2024] we proved the following result:

Theorem 7. There exist a sequence of functions (¢i (v, t, X))k>2, a sequence of real values §(k) > 0 and
a sequence of numbers ny € N such that, for any 0 < v < §(k), ¢r(v, t, x) satisfies

im gy (v, 1,3) — Ho,l( i )—H_l,o(ﬂ)‘ =0,
V1=22 VI=v2/ g
i Jo 0+ s (5) - 1_H<¢1+_—t> p
m a"pk(”’t’x)_\/&Hé,l(XJrll)t__vezv’k)Jr lv_vz /—1,0<x:/l;t—_+;vk) LZZO’

with e, x € R satisfying
In(8/v?)
. V2
lim ———— — =
v—0  v|In(v)|?
Moreover, if 0 < v < §(k), then for any s > 0 and | € NU {0}, there is C(k, s, 1) > 0 such that

€.k —

< Ck, s, U™ (Jt]v +In(1 /v?))"* e~ 2V2HIY,
H; (®)

al
H WA(gbk(v’ f, X))
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We consider the Schwarz function G defined by

eV eV eV
—————— +2V2x +h
(1 + €2V2x)3/2 (1 + 2V2x)3/2 (1 + 2V2x)3/2

Glx) = V> - (17)
for all x € R, where k; is the real number such that G satisfies (G(x), H(/)’ 1)) 2@ = 0. The function G
satisfies the identity

2
TG00+ U (Ho ()G () = [~24Ho 10+ 300, 100> +8VEH (o) (19)

see Lemma A.1 and Remark A.2 in the Appendix of [Moutinho 2024] for the proof.
From now on, for any v € (0, 1), we consider the function d, : R — R defined by

dy(t) = % ln(% cosh («/Evt)2> for any 1 € R.
The function d, describes the movement between two kinks for the ¢® model during a large time
interval when their total energy is small and their initial speeds are both zero. For more information, see
Theorem 1.11 from [Moutinho 2023].

Moreover, from the proof of Theorem 7 in [Moutinho 2024], we can construct inductively an explicit
sequence of smooth functions (¢x,»)ken., and for each k € N there exists a real number 7 ,, satisfying

V2 (8
|Tkwl < —In| —
v v
such that ¢ (v, t, x) := @i (t + Tk, x) satisfies Theorem 7 for all k € N>,. More precisely, from
[Moutinho 2024], we have the following theorem:
Theorem 8. There exist a sequence of approximate solutions gy (¢, x), functions rr(v, t) that are smooth
and even on t, and numbers ny € N such that if 0 < v < 1, then, for any m € Nsq,

m

" St V2 EDT (1 /) + [t |p] eV (19)

Ire, 1) < v D In(1/v)™, ‘ ri(v, 1)

Furthermore, @i (t, x) satisfies for pr(v, t) = —%dv )+ Zl;:z rj(v, t) the identity

@kv(f,x)=H01(M>+H_lo(L’M>
+e‘\/zdu(t)|: <x+pk(v,t) )_g(—x—i-,ok(v,t))]

’t - ,t
+Rk,v(m, M) _ Rk,v(m, M) 20)

V1—1d,()? V1—1d,@1)?
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and, for anyl e NU{0} and s > 1 the estimates

ot VR [In(1/0%) + [t o] e 2V 1)

~

Hy(R)

al
HWA((pk,v(t,x))
dl / X+ (U,t) n — v
—,[(Awk,m,x),Ho,l( 1‘?" l,z)msk,z v In(1/02) + [efo]* eV (22)
d (1= 3dv()?)

where Ry ,(t, x) is a finite sum of functions px ; ,(t)hy i (x) with hy ; € 7(R) and each py ; ,,(t) being an

even function satisfying, for allm e N,

‘dmpk,i,v(t)

PO < s 040102+ )™ e,

~

where ny ; € N depends only on k and i.

Remark 9. Furthermore, Remark 5.2 of [Moutinho 2024] implies that if v > 0 is small enough, then the
function r; satisfies

l

d
—n2(v, 1)

atl 51 v2+l[1n(1/v2) 4 |t|v]e*2\/§\t|v

172 (v, )l oy S v In(1/v?),

forall/ e N.

Remark 10. At first look, the statement of Theorem 8 seems to contain excessive information about
the approximate solutions ¢ (v, ¢, x) of [Moutinho 2024]. However, we will need all of it to study the
elasticity and stability of the collision of two kinks with low speed 0 < v < 1.

2.2. Auxiliary estimates. First, we recall the Lemma 2.1 of [Moutinho 2023].

Lemma 11. If x5, x| are real numbers satisfying z = x, — x| > 0 and o, B, m > QO with o # B, then
/R |x — xq |me_‘)‘(x_)“)Jre_ﬁ(’cz_)‘”r Sy, p Max((14z")e™ %, e_ﬂz),

Furthermore, for any o > 0,

f |x _ xllme—a(x—x1)+e—a(xz—x)+ S,m,oc [1 +Zm+l]e—az.
R

Actually, we will also need to use the following lemma, which we proved in [Moutinho 2024].
Lemma 12. In the notation of Theorem 8, for v € (0, 1), let wy,, : R* — R be the function
x + pr(v, 1)
Vi—ido?

and let f € L°(R) be a function satisfying ' € .7 (R). Then, if 0 < v < 1, we have for any | € N that

wk,v(ta x) =

al
gf(wk,u(t,x))
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is a finite sum of functions qi j.i.,(t)h; (Wi (¢, X)) with h; € 7 (R) and gy 1.i.»(t) a smooth real function

satisfying . 1
gk.iivllLe@ S v

Furthermore, if 0 < v < 1, we have for all | € N and any s > 0 that

l
Skosi U
Hi(R)

al
Wf(wk,v(tv x))

Moreover, we will use the following result several times in the computation of the estimates of this paper.

Lemma 13. For any s > 1, we have for any functions f, g € Z(R) that

I fgllms® Ss I f las@llgliew + I8l m:@ll flliem Ss L @8l ®)-

As a consequence,
I fglm @ Ss 1 gsi w8 s+ gy
forall s > 0.

Proof. See the proof of Lemma A.8 in [Tao 2006]. O

Finally, we need also Lemma 2.5 of [Moutinho 2023] which studies the coercive properties of
the operator
—37 + U"(Hg (x) + H_1,0(x))
when z > 1. More precisely:

Lemma 14. There exist ¢, § > 0 such that if z > %, then for any g € H'(R) satisfying

(g(x), Hy | (x —2)) = (g(x), H | o(x)) =0,

we have that

d2
<—ﬁg(x) + U//(Ho,l(x —2)+ H_10(x))g(x), g(x)> > c||g||ilxl ®)

Proof. See the proof of Lemma 9 in [Moutinho 2023]. O

In this manuscript, to simplify our notation, we denote d,(¢) by d(¢), which means that

d(t) = %2 1n(% cosh (ﬁvz)2>. 23)

In Lemma 3.1 of [Moutinho 2024], we have verified by induction the estimates
[d®)] S,

(24)
1dV 1)) < vle 2V for any [ € N>j.

From now on, we consider for each k € N>, the function ¢y ,, (¢, x) satisfying Theorem 8. Next, for 7Ty x >0
to be chosen later, we consider the following kind of Cauchy problem:

{afc/)(z, x)—32¢(t,x)+ U'(p(t,x)) =0,

(25)
1 (Tok ). 3 (Toe, X)) — (b (T %) drbieov (Toes ) | mrr 2y < v
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Our first objective is to prove the following theorem.

Theorem 15. There is a constant C > 0 and for any 0 < 6 < 4—1‘, k € Nx3 there exist C1(k) > 0, g9 >0
and 0 € N such that if
32k In(1/v?)

2/2 v

O<v<drg and Toi=

then any solution ¢ (t, x) of (25) satisfies

— T
1 (2, %), i (2, %)) = (@r.u(t, X), B orw (X)) | 112 < Crlk)™ In(1 /)™ exp(C%) (26)

if
In(1/v)>~*
[t —Tox| < ———.

Clearly, we can obtain from Theorems 8 and 15 the following result:

Corollary 16. There is a constant C > 0 and for any 0 < 6 < }‘, k € N>j there exist Ci(k) > 0, §go >0
and n € N such that if
32k In(1/v?)

272 v

O<v<drp and Tox=

then any solution ¢ (t, x) of

{aqu(r, x) —32¢(t, x) + U'(p(t, x)) =0,
1 (Toser %), rp (Tokr %)) — (i (v, To s %), B (v, Toker )l i yx 22y < v

satisfies

1t ), B (1, 1)) — G, 1), 3y, 1. 2Dl iz < C1 (v In(1 /)™ exp(CW),

if
In(1/v)>~°
|t — TO,kI < —v .

Proof of Corollary 16. This follows from Theorems 7, 8 and 15. O

With the objective of simplifying the demonstration of Theorem 15, we will elaborate on necessary
lemmas before the proof of Theorem 15. Similarly to [Moutinho 2024], using the notation of Theorem 8§,
we consider

x—3d(1) +ck(v, 1)
NV

From now on, we denote any solution ¢ (¢, x) of the partial differential equation (25) as

Wi (2, x) = (27)

P13 = 0. 3) + =2 H (i (1060) + 2D H (i =)+t ), 28)
1—1do — 1d(1)

such that
(u(r, x), Hy (i, (2, X)) = {u(t, x), Hj { (i, (£, —x))) = 0. (29)
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Therefore, for {(¢) = d(¢t) —2cx (v, t) and from the orthogonal conditions (29) satisfied by u(¢, x), we
deduce the identity

y1(t) [ (@@ %) — @t x), Hy (w2, X)) ]
=M
[yz(t)} © [<¢><z ) = @, X), HYy o (1, —2)) | 0
where, for any ¢t € R, M (¢) is denoted by
1 Hg 11172 (Hf, (x — gr(0)), H | o(x))
M(t) = ’ ’ 2 .
<H (= & (2)), H o(x)> ”HO*IHL;Z(

Moreover, since In(1/v) < &, we obtain from Lemma 11 that (Hé’l(x — &), H- 1,o(x)> « 1. Therefore,
since the matrix M (¢) is a smooth function with domain R, then M (¢)~! is also smooth on R.

Next, for ¥ (¢, x) = ¢ (¢, x) — @y (¢, x), we obtain from the partial differential equation (25) that (¢, x)
satisfies the partial differential equation

(”(sﬂk o(, X))

T vt x) " =o0. (31)

32 92
SV (60 =SSP 0+ A, x)+Z

Since ¢y , satisfies Theorem 8 and the partial differential equation (1) is globally well-posed in the energy
space, we can verify for any initial data (Yo(x), ¥1(x)) € Hx1 (R) x L)zc (R) that there exists a unique

solution ¥ (¢, x) of (31) satisfying (1 (0, x), 9,% (0, x)) = (Yo(x), ¥1(x)) and
W (2, %), (2, x)) € C(R; H}(R) x L3 (R)). (32)

Therefore, for any function /4 € . (R), we deduce from (31) that

d
77V x), h(x)) = (@ (2, x), h(x)),
d? 3?
ﬁhﬂ(t ,X), h(x)) = <8x2W(t,X)—U/(ﬁok,u(t,X)+W(t,X))+U'(90k,u(t,X)),h(X)>

— (A @k, (1, x), h(x)),
which implies that the real functions
Pr() = (e, x), HG (wio(, x) and - Pa(e) = (e, x). H' | g(wio(t, =)

are in C?(R). In conclusion, using (30) and the product rule of derivative, we deduce that y;, y» € C*(R).
In conclusion, we obtain the following lemma:
Lemma 17. Assuming the same hypotheses of Theorem 15, there exist functions y1, y» : R — R of class C?
such that any solution ¢ (t, x) of (25) satisfies for any t € R the identity
yi(1) »2(1)
¢, x) = @ro(t, x)+ —Ho 1 (Wi, (7, X)) +

1—1d(1)? V1—1d(@)?

where (u(t), o,u(t)) € Hx1 (R) x L)%([R{) and the function u satisfies the orthogonality conditions

<M(t’ )C), H(;,](wk,v(t’ )C))> = O’ (u(t’ X), H(;’l(wk,v(t’ —X))> =

Ho](wk o(t, —x)) +ul(t, x),
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Remark 18. Moreover, Theorem 8 implies that

d2 y](t) H! 1 41
a2 W 0.1 (W (7, (=177 x))

1

s ) . d’ d )
= —1 Vi Et;(t)Z H6,1(wk,v(t, (=D *x)) + 2());(1)1;))2(;3)/2 Hé,l(wk,u(t, (—1)/*1x)
vi-1 —1d(t
4 4
+2yj(t)atpk(v7 t) H(/)i](wk,v(tv (_l)j-i-lx))

Y (Od(t)d(t) . |
+ %((-DH—W + o (v, D) HE (Wi o (8, (=17 1x))
2(1—zd(1)?)

yi(ty 92
—3d(@)

Therefore, from Theorem 8, Remark 9 and estimates (24), we deduce from the estimate above that
a2 /1 - Ld(t)?

yj ()

= ——L——Hj (i (1, (=)' x)) —

V1=1d@)?

[Hf (e (t, (=D FTx))].

H(;,](wk,v(t, (_1)j+1x))]
y(t)d(t) " .
WHO,I(UH{,U(Z‘, (_1)]+1x))
Loy 9
V1-1d@ror

where Q; (¢, -) is a function in Hx1 (R) satisfying

[Hj  (weo(t, (=D T) ]+ Q1(2, x),

101, )y ST max [3;(0)]+v max |y; @)1 (In(1/v%) + [t|v)e 2V,
X je{l1,2} je{l,2}

Moreover, using identities
Lt () = U Hoyr G0 Hy 1), ) = 16/3240)
de 0,1 X) = 0,1 X 0’1 X), - e ’
estimates (24) and the estimates of r; (v, t) in Theorem 8 and Remark 9, we obtain
9% 92 .
(ﬁ — @)[Hé’l(wk,v(ta (—1)J+1X))]
8+/2e—V2d(0) ‘
= _l—ld(t)zH(/)/,l(wk,v(t’ (—1)]+1X))
-1 . .
— U"(Ho,1 (wo(t, (=1)7 ) Hy y (wie o (1, (=1 x)) + 022, ),

where Qs (t, -) is a function in H!(R) satisfying

1920t )l 1y S v* (In(1/0%) + [¢[v)e 22110,
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Consequently, using Lemmas 12, 13, 17 and identity A(¢) = 0, we conclude from Taylor’s expansion

theorem that

A o) (t, x) + 37u(t, x) — 32u(t, x) + U (@ (t, X)) (@ (t, X) — @10 (2, X))

+ j).1+).2I'16’] (wk,v(tv x)) + %Hé’] (wk’v(t’ —¥)
- =30

yl([)gﬁe—ﬁd(t) yz(t)gﬁe—ﬁd(t)

Hy | (wyo(t, —x))

Hy | (wi (2, x))

I —3d(0)? 1—1d@?
. (t)d(t) " y ([)d(l‘) u
- %Hm Weo(r. ) = %Hal (Wi, (1, —x))

U" (Ho,1 (wk,v (1, X)) U" (Ho, (wi,v (1, —X)))

— t H/ v, — t =
yi(?) \/W 0.1 Wk (T, X)) — y2(7) m

Hy 1 (g, (£, —x))

=09, x), (33

where Q(¢, -) is a function in Hx1 (R) satisfying, for all r € R,
2 6 2 6
1R, )l mrwy S Nu@) gy + lu®)l, +,-2}?§} lyj (@l +jgl{%} lyj (@)l
. 3 2 —24/2|t|v
(¢ (t In(1 t ,
+[jrg}?§}|yj( )+ max y;( )] (In(1/v%) + |t]v)e

if v > 0 is small enough.
Next, from (33) of Remark 18, we consider the terms

y1(1)
rd(1)?
y2(t)

V1-1td@)?

Yi(t,x) = [U"(@ro(t, %)) = U" (Ho 1 (wy (2, x)))] Hy 1 (wi,o (2, X)), (34)

Ya(t, x) = [U" (gr,o(t, x)) — U" (Ho,1 (wo (£, —x))) ] Hy 1 (we o (2, —X)). (35)

Now, we will estimate the expressions
(Y1(0), Hy  (wi o (t, %)), (Ya(t), Hy 1 (w2, —X))).
Lemma 19. In notation of Theorem 8 and Lemma 17, the functions Y|(t) and Y, (t) satisfy
(Y1 (1), Hyy (Wi (1, 1)) = 4v/2e Y24y, (1) 4y, (1) Res; (v, 1),
(Ya(t), Hy 1 (Wi (1, %)) = —43/2¢ V240 3, (1) 4+ 3 (1) Resy (v, 1),
where, for any j € {1,2} and all v € (0, 1), the function Res; (v, t) is a Schwarz function on t satisfying

foranyl e NU{0}, if 0 < v K 1, the estimate

81
‘_ Res; (v, )| < v [In(1/v2) + [r]v] ™ e 2V20 (36)

ot!

for a number n, > 0 depending only on k € Nx>,.
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Proof of Lemma 19. First, we observe that

dl
& V20

d' v? 2
y = '—v— sech (v2v1) | < pH g2V 2l

dtl 8

Using Taylor’s expansion theorem, Theorem 8 and Lemma 13, we deduce that
U" (@, (t, %)) = U" (Ho,1 (Wi (1, X)) — Ho, (o, —x))) + e~ V2AOUS (Hy j (wye o (2, x))
— Ho,1 (o (7, —0))[G (wg,v (2, X)) — G(wg o (£, —x))] +resi (v, 1, x),
where, if 0 < v < 1, res; (v, t, x) is a smooth function on the variables (¢, x) which satisfies for some

N € N and any s > 0, [ € NU {0} the inequality

<ot vV [In(1 /%) 4 r]p] e 2V, (37)

~

H :
—resi (v, t, x)
or! Hy

Therefore, using
U" (r.o(t, X)) — U" (Ho,1 (wi o (2, X)))
= U" (@10 (t, x)) = U" (Ho,1 (wi o (7, X)) — Ho,1 (wi,o (1, —x)))
+U" (Ho,1 (wk,v(, X)) — Ho,1 (we,v(t, —x))) — U” (Ho,1 (i (2, x))),
we obtain that
Yi(, V1= 5d@)?
= [U"(Ho,1 (wi,(t, X)) — Ho,1 (i, (t, —x))) — U" (Ho,1 (kv (¢, X)) |y1 () Hy | (Wi, (x, 1))
+ 310 OUS (Ho i (w1 %)) = Ho,1 (wio (. —)))G w6, 1)) Hy 4 (w1, ))
— 310V OUD (Ho y (w1, %)) — Ho1 (Wi (t, =) G i (8, —x)) HG, y (wio (1, X))
+ y1(®)resy (v, 1, x). (38)
By a similar reasoning, we obtain that
Yyt x)vV1—1d(?
= [U"(Ho,1 (wio(t, X)) — Ho,1 (i, (¢, —x))) — U" (Ho,1 (o (1, —x))) | y2(8) Hy (Wi v (2, —x))
+32(0)eVXOUD (Hy y (wy o1, %)) = Ho, 1 (i (8, —3)))G (i o (1, ) Hy 1 (Wi o (2, —x))
— 120 VX OUS) (Hy (w2, X)) — Ho1 (i (1, =) G (Wi (1, —x)) HY, y (wi o1, —))
+ y2(t) resy (v, 1, x), (39)

where, if 0 < v < 1, resy(v, ¢, x) is a smooth function on ¢, x satisfying, for some constant n; > 0,
any / € NU{0} and s > 0, the estimate

<o v [In(1/0%) 4 [t]v] e 2V, (40)

t!

I
Ha—resz(v, t,x)
H}
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Next, from the fundamental theorem of calculus, we have for any ¢ > 1 that
[U"(H , (x) + H_1,0(x)) — U (Hg | (x)) ] Hg , (x)
= U (Hg | (x))H_1,0(x)3, Hy  (x) + /0 1 U (Hg | +60H_1,0)(1 —0)H_y 0(x)*3, Hy | (x) 6,

from which with Lemma 11, estimates (3), (4) and

l

d
S [H_10(x) +e V2]

V2x  —34/2x
dx! ¢ ),

<; min(e™

we obtain that

([U"(Hg , (x) + H_1,0(x)) — U (Hg | (x))10, Hg, | (x), 0 Hg | (x))

— VX /R U(3)(H0,1(x))HO/’I(x)zefﬁ" dx +res3(),  (41)
with res; € C*°(R>) satisfying, for all/ e NU {0} and ¢ > 1,

resy (0)] < e 2V

Next, using U € C*°(R) and estimates (3), (4), we deduce for all ¢ > 1 and any / € NU {0} that

aa—;,[U@)(Hé,l(x) +H_1,0(x) — UV (HS 1<x>>]‘ St [H_10(x0)].
Therefore, since G defined in (17) is a Schwarz function, Lemma 11 implies that

int(¢) = ([U® (Hg , (x) + H-10(x)) = U (H  (x))|G(x — 0)dy Hy 1 (x), 0 Hy 1 (x))
satisfies for all ¢ > 1 and any [ € NU {0} the inequality |int" ()| < e V%, Moreover, using the identity

UB (¢) = —48¢ + 120¢°, (42)

we can deduce similarly that
inty(¢) = (U (Hg , (x) + H_1,0())G(—x)H. | o(x), dx H | (x))

satisfies |int§l)(§)| < eV for any / e NU{0} and ¢ > 1. As a consequence, we deduce that there exists
a real function int3 : R>; — R satistying, for any / € NU {0},

. 1A —J2
i’ (©)] i e,
where the function ints satisfies the identity

<U(3)(H(i1 (x) 4+ H_10(x)G(x — £)d Hél (x), 0x H(il (X)>
— (U (HS () + Ho1,0(0)G(—x) Hp y (—x), 8, Hy, (1)

— / U (Ho.t (x) HY (226 (x) dx + ints (©). (43)
R
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From Theorem 8, estimates (24) and the identity

2
2
e~V % sech (v2]t[v)’,
it is not difficult to verify for any / € N U {0} that if 0 < v < 1, then

d! 2k, (t
eXp Ioka (. ) 51 v2+le*2\/§|t|v‘ (44)
dr! / I 2

t 1-— Zd(t)

In conclusion, from estimates (38), (41), (43) and Lemma 32 of Appendix A, we obtain using identity

x —2d(t) + cr

V1-1td@)?

wk,v(ta x)=

and Theorem 8 that Y/ (¢) satisfies Lemma 19.
The proof that Y, (¢) satisfies Lemma 19 is similar. First, from the fundamental theorem of calculus,
we have for any real number ¢ > 1 the identity
[U"(Hg  (x) + H_1,0(x)) = U" (H_1,00) |H | o(x)
= [U"(Hg (x)) —2]H’ | o(x) + U (Hg | (x)) H_1 o(x)H' | (x)

1
+ / [UW (Hg  (x) + 0 H_1,0(x)) = U O H_1,0() [ H-1,0(x)*H | o (x)(1 —6) db.
0

Therefore, estimates (3), (4), identity (42) and Lemma 11 imply for any ¢ > 1 the estimate
d' _
d—§,<U”<H§,1(x)+H_1,o<x>>—U”(H_l,o<x>>—U”<Hg, LO)H2, HY | o) HY ()| S £e ™2V (45)
Similarly, Lemma 11 and identity (42) imply that the functions
ints(§) = (UD(H§ , (x) + H_1,0(x))G(x — ) H. | o(x), & Hy (X)),
ints (¢) = (U (Hy  (x) + H-1,0(x))G(—x) H. | (x), 8, Hy ; (x))

satisfy the estimates

lint” ()] + [intd ()] < eV (46)

for all { > 1 and any / € NU {0}. Therefore, from estimates (44), (39), (45), (46), Lemma 11 and
Theorem 8 imply that

<Y2(t9 x)? H(S,l(wk,v(t’ x)))

" / / d(t)
=yz(t)/R[U (Ho,l(X))—2]Ho,1(X)H_1,o<x+

V1—1d()?

where resg(v, t) is a real function, which satisfies for some constant n; >0, if 0 < v <K 1,

) dx 4+ yy(t)resg(v, t), (47)

<ot [in(1/02) + [rfo] e 220

al
‘W resg (v, t)
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for all I e NU {0}. So, from identity (144) of Appendix A, estimates (24),
l

dx!
and Lemma 11, we conclude the proof of Lemma 19 for Y;(¢). O

Remark 20. If v < 1, using the formula U"(¢) =2 — 24(1)2 + 3O¢4, Lemmas 11, 12, the estimates (37),
(38), (39) and (40) of the proof of Lemma 19 imply for any s > 0 that

2 —2f|z|u

[H—l O(X) + e 2)(] Ny mln(e ‘/Ex’ e—3\/§X)’

max | Y;(®)llus < ,max lyj(H)|ve
je{l,2} €{1,

3 22|ty 2 —2f|z|u

[max, 10:Y; (Dl ay S jmax, lyj@®)v7e + max, lyj(@)]v7e

46—2ﬁ|z|v 3e—2ﬁ|z|v ()(t)lv e 2f|z|v

max ||8 Y; (t)||Ha Ss max |y;(H)]v + max |y;(t)|v + max |y
Jj€ jef1.2} je(1,2}

These estimates above don’t depend on k, because from Theorem 8 we can Verlfy for any / € NU {0} the
existence of 0 < &;; < 1 such that if 0 < v < §;, then

< v In(1/v),

~

LP®)

H (v, 1)
which implies, for any / € N and any v < 1,

<l L) —v < |=3d (1) + (v, )]

~

l
Ha—[—ld(t)Jrck(v ]
arlt 2 ’ .
L ([R)

3. Energy estimate method

In this section, we will repeat the main argument of Section 4 of [Moutinho 2023] to construct a function
L : R — R, which is going to be used to estimate the energy norm of (u(¢), d;u(t)) during a large
time interval.

First, we consider a smooth cut-off function x : R — R satisfying 0 < x <1 and

1 ifx <2,
xo=1 T (48)
0 ifx > 2
Next, using the notation of Theorem 8, we let
k k
X)) =—=3d)+ Y _riw,0), x)=5d@) =Y rj@D). (49)
j=2 j=2
Actually, Theorem 8 and estimates (24) imply that
max [1;(0)| Sv, In(1/v) Sxa(r) —xi(r),  max |;(1)] < p2e~ 22y, (50)
jell.2) jell.2)

From now on, we define the function x; : R> — R by

K1t x) = x(x_—xl(”) 51)

x2(1) — x1(2)
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Clearly, using the identities

2X1(t )= —x1(t) ( x—x1(1) )_()'Cz(f)—il(t))(x—xl(t)) < x—x(1) >
" x2(t) —x1 ()" \ xa (1) — x1(1) (x2(1) — x1(1))? x(t) —x1(1) )
9 1 L x—x1(t)
= 0 (xz(t) —m(t))’
we obtain the estimates
soen| et | Saen|  fois (52)
ot L@ " In(1/v) dx L@ " In(1/v)

Finally, using the notation (28) and the functions Y;(¢), Y>(¢) denoted respectively by (34) and (35),
we define the function A : R — R by

gﬁefﬁd(t)

A(t, x) = —A(gr,)(2, x)m

[y1 (1) Hgy (wi o (7, X)) 4 y2(6) Hy y (wy o (2, —x)) ]

2(1)d (1)
1—1d(1)?

yi(0)d(t)

_Yl(t,x)—Yz(t,x)—f—m

Hy  (wi,o (1, X)) + Hy  (we,o(t, =) (53)

for any (¢, x) € R? Clearly, in the notation of Remark 18, we have the identity
Ofu(t, x) — 92u(t, x) + U" (Ho,1 (wi o (1, X)) — Ho.1 (wio(t, —X)))u(t, x)
Y1) W (1)

= ——————H} | (Wi,y (1, X)) — ———=—=Hjy 1 (W, o (t, —x)) + A(t, x) + Q(t, X)
— %d(t)z 0,1 Wy X 1 — %d(t)z 0,1 Wy X X X
+ [U" (Ho.1 (wi, o (1, X)) = Ho.1 (wi,o (2, =x))) = U" (a0 (1, ) Ju(t, x).  (54)

Next, we consider

L(t)= f du(t, x)* 4 dyu(t, x)* +U" (Ho1 (wy.o (1, X)) — Ho 1 (Wi o(t, —))u(t, x)* dx
R

+2/ Btu(t,x)axu(t,x)[)'cl(t)xl(t,x)+)€2(t)(l—Xl(t,x))]dx—Z/ u(t,x)A(,x)dx. (55)
R R

From now on, we use the notation ﬁ(t) =(u(t), ou(t)) e Hx1 (R) x L% (R). The main objective of Section 3
is to demonstrate the following theorem.

Theorem 21. There exist constants K, ¢ > 0 and, for any k € Nx3, there exists 0 < §(k) < 1 such that if
0 < v <§(k), then the function L(t) given in (55) satisfies, while the condition

max v2y; (O] + vl ()] < v** In(1/v)"™ (56)

is true, the estimates

cld® 31, 12 = L)+ Chyv* In(1/v)*™,

v

In(1/v)

IL(1)] < K[ IO 1312 + CRNED 20 1n<1/v)"k]

. - - j
v max |y;(@)|||u(t K max ||u(t ,
v max [ ONEO |z + K ma 7O,
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where C(k) > 0 is a constant depending only on k and ny is the number defined in the statement
of Theorem 8.

Proof of Theorem 21. To simplify the proof of this theorem, we describe briefly the organization of our
arguments. First, we let

L(t) = L1(t) + Lo(t) + L3(¢)
be such that

Li(t) = / du(t, x)? 4 deu(t, x)* + U (Ho1 (.o (¢, x) — Ho 1 (we o (£, —X))u(t, x)*dx,  (L1)
R
Ly(t) = Z/R Ou(t, x)0 u(t, x)[x1(t) x1(¢, x) +x2(6)(1 — x1(¢, x)) ] dx, (L2)
L3(t):—2/u(t,x)A(t,x)dx. (L3)
R

Next, instead of estimating the size of |L(1)|, we will estimate L j(t) for each j € {1, 2, 3}. Then, using
these estimates, we can evaluate with high precision

|L1(t) + La(t) + L3 (1)1,

and obtain the second inequality of Theorem 21. The proof of the first inequality of Theorem 21 is short
and it will be done later.
From identity (23), Remark 20 and (53) satisfied by A(z, x), we deduce from the triangle inequality that

—24/2v1]

TAG, ) gy S MA@k E | g1y + Ve max |y;(1)|+v max |y;(1)].
* * je{1,2} Jje{1,2}

Therefore, from Theorems 7 and 8, we obtain the existence of a value C (k) > 0 depending only on k

such that if v < 1, then

IAG, ) g1 g S C v (In(1/v) + |z|v)”ke—2ﬁ"'” +p2e 22l max lyj (O] +v max lyj (). (57)

In conclusion, we obtain from (L3) and the Cauchy—Schwarz inequality the existence of a value C (k) > 0
depending only on k satisfying

L3]S (@) 2 [C v (In(1/v) 4] ]v) " =2V 42 =2V 2w max ly; (O)|+ max ly; (Dv]. (58)
! Jell, Jell,
Next, Lemmas 12, 13, Remark 20 and identity (53) satisfied by A(¢, x) imply the inequality

—22|tlv

0
||afA(t,x)||Hg(R>§Hg[A(mxv,t,xn + max [y; (0v’e

+ max |y;(#)|v*+ max |5;(1)|v,
Hi®y J€l12 jel1.2) jell.2)

from which with Theorem 8 we conclude the existence of a new value C (k) depending only on k satisfying

18, Az, )|

S C )™ (In(1/v)+1r]v) e 221 4 max |y; (1) [v3e 221 4 max [5;()[v?+ max [5;()]v.  (59)
Jje{1,2} Jje{l,2} Jefl,2y
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In conclusion, the identity (L.3), estimate (59) and Cauchy—Schwarz inequality imply the existence of a
new value C (k) > 0 depending only on k, which satisfies

L3(t)+2/ du(r, x)A(t, x)dx
R
< 2k+1 ng —2./2|tlv ] 3 —22|tlv
S llue, x) | 2[C R (In(1/v) 4 [1]v) e +,~2}?’§} lyj()|v’e ]
e 0z [ max 1301 + ma [5;0)l]. (60)
Next, Theorem 8 implies that if v < 1, then

Li(t)
= 2/ du(t, x)[87u(t, x)—d7u(t, x)+U" (Ho,1 (w o (¢, x))— Ho 1 (i v (t, —x)) )u(t, x)] dx
R

d
o [ U (o ) = Ho . =0 1 0 0
2(1—3d(n?) " Jm

d
2(1+2)2)”2 fR U (Ho1 (wi.o(t,)) = Ho,1 (e, (7, =) Hg (Wi o (1, —x)u(t, x)* dx

+0(1 n(1/v )Il(u(t) 3zu(t))llH1 Lz) (61)

Thus, from Lemma 17, identity (53), Remark 18, hypothesis (56), estimates (60), (61) and orthogonality
conditions (29), we obtain the existence of a value C (k) > 0 depending only on k such that if v < 1, then

Li(t) + Ls(1)
= ZfR du(t, X)[U" (Ho,1 (wi,v(t, x)) — Ho, 1 (wev (t, —x))) — U (@, (t, X)) Ju(t, x) dx
O — e (Ho,1 (wie,u(t, x)) — Ho1 (o (t, —x))) H y (wie,o (8, —))u(t, x)* dx
21— 3d@)* Jr ’
d(?d( > U9 (Ho,1 (wi, (¢, x)) = Ho,1 (Wi (£, =2))) Ho 3 (wio (1, 0)u(t, x)* dx
— zd(t
4

O(v max |y;(t t max |7 ()|’ u(t ma Ol
+0 (v max (5Ol Ly + max [FONy, 0 + 1O max 1;©OF)

+0(||ii(t>||H;XL;[J_ren{elx’);}|y',~(r)|v2+|y,~<r)|v3e—2ﬁ"“]+||u<t>||Hlez1 i )>
+ O (CUIE@) | 120 In(1/0)™). (62)

Moreover, using estimates (24), Lemma 13 and identity U (¢) = % (1 — ¢*)%, we obtain from Theorem 8
that if 0 < v <« 1 and s > 0, then

1[0 (Hoa (wea e, 3)) = Ho.t(wea (e, =) = U" (@t 2D |y Sk v2e V200,
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Therefore, we deduce using the Cauchy—Schwarz inequality that

‘2‘/;{at”(tax)[UN(HO,l(wk,v(ta-x))_HO,I(wk,v(t» —x))) = U"(gro (1, X)) |u(t, x) dx

SN[V (Hoa (wiw (1, ) = Hot (o, 3))) = U @ (6, 0 Ju (e, )| 2 18,200, )12
S [V Ho.i (wiw (1, x)) = Ho,t (Wi (1, =3))) = U (@it )] [ 1 1117112
SOOI 2

In conclusion,

Ly(1) + L3 (1)
d
=20 lg() L /R U (Ho1 (wi,o(t, %)) — Ho,1 (i, (1, —x))) Hg j (Wi (t, —x))u(t, x)* dx
— 2d(t
4
d(1)

U (Ho,1 (wi,o(t, x)) — Ho,1 (Wi, o (£, —x))) H { (wie o (£, x)u(t, x)* dx

21 —1d@)? Jr
8 = Jj - 2
i t t t 10
+ O max 15Ol ()l e+ max O, o +1EON< e max 1y;0OF)
> . 2 3 -2v2 >\ n2 v
+0(||u<r>||ngL;[jr€n{g} 19 (D0 + |y ()| e 2V ] 4 ””(””H%XL%M)
+ O(CENED N g1 r20™H In(1/0)™). (63)

Based on the arguments of [Jendrej et al. 2022; Moutinho 2023], we will estimate the derivative of L(¢),
for more accurate information see the third step of Lemma 4.2 in [Jendrej et al. 2022] or Theorem 4.1
of [Moutinho 2023]. Because of an argument of analogy, we only need to estimate the time derivative of

Ly (1) :2)&1(I)/ x1(t, x)ou(t, x)o,u(t, x)dx
R

to evaluate with high precision the derivative of L,(¢). From the estimates (52), we can verify first that
if v <« 1, then

Lz,l(z)zle(r)/XI(z,x)afu(t,x)axu(z,x)dx+2fc1(t)/Xl(:,x)a,u(z,x)aj,u(z,x)dx
R R

v S
O(In(l/v) Ilu<f>lngxL;>,

from which we deduce, using integration by parts and estimates (50), (52), that

L1 (1) = 241(7) fR X1t x)07ut, x)d.u(r, x) dx + O(ln (f IS ||ﬂ(r>||§,;x@)

= 2x1(t)/ x1(t, x)[0%u(r, x) — 3%u(r, x)18,u(t, x) dx
R

+2x1(t)/RX1(t,X)U”(Ho,l(wk,v(t,X)) — Ho,1 (Wi ,o(t, —x)))u(t, x)d,u(t, x) dx
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+ 21 (1) f x1(t, x)9%u(t, x)dcu(t, x) dx
R

—2x1(1) / x1(t, x)U" (Ho,1 (o (1, X)) = Ho,1 (wi,o (£, —=x)))u(t, x)dxu(t, x) dx
R

v =2
+ 0(1n(1/v) ||u<r)||H;XL§>,

and, after using integration by parts again, we deduce from (52) that

Lo (t) =251 (1) / x1(t, ) [07u(t) — 82u(t) ]9, u(r) dx
R

+25c1(t)/RX1(t)U”(Ho,1(wk,u(t,X)) — Ho, 1 (wy,v (8, —x)))u(1)du(t) dx

x1(t) U(3) H H H 2d
TM RXl(l‘) (Ho,1 (wk,y(t, x)) — Ho 1 (g, » (£, —X))) O’l(wk,v(t,x))u(t) X
4
% X0 OU (Ho. (g (1,2)) = Ho. (g 1, —0) Ho 1 (e (1, —0)u(0) d
—d(t
4

v =52
0 (ln(l/v) ”u(t)”HXI(R)XL)Z((R))‘

Next, using estimates (3) satisfied by Hp i, definition of x; (¢, x), Theorem 8 and identity (27), we deduce,
for v « 1, the inequality

49d(1) 98 1
-2 100

|x1(t, ) Hy 3 (i (£, )|+ (1= x1.(8, X)) Hy y (o (2, —=x))| S e S v100 n(1/v)’

from which we conclude that

Lyi(t) = 2x1(t)/ x1(O[7u(t, x) — 3%u(t, x))d,u(t, x) dx
R

+2J%1(t)/ x1(OU" (Ho,1 (we,o(t, %)) — Ho,1 (Wi, (£, —X)) )u(t, x)0xu(r, x) dx
R

x1(2)

T
V1—1d(6)?* IR

v 5
0(1n<1/v) ||u<r>||Hxle%).

Furthermore, from Remark 18, estimate (57) of A(z, x) and identity (54) satisfied by u(z, x), we conclude

U (Ho,1 (wk,o(t, x)) — Ho,1 (e (1, —x))) Hy y (i o (t, —x))u(t, x)* dx

the existence of a value C (k) > 0 depending only on k and satisfying, for any positive number v < 1,

: x1(1)
Lon(t) = —===—= | U (Ho,1(wiu(t, %)) = Ho1 (we,o(t, =) Hy 1 (we o (1, =x)ut, x)* dx
— Zd(t) R .
+ O ([d@ N grer2[v Jmax 15,01+ C(k)v** In(1/v)™ 4 v jr&;gl?é}||zi(t)||fo1 )

> 3 22 2. v > \n2
+0(|Iu(t)||H;ng[v e~ 22l jrer}%}lyj(t)lJrv ij'(t)I]Jrln(l/v) IIM(f)IIHXle§>-
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Therefore, using an argument of analogy, we obtain, for any positive number v < 1, that
x2(1)
1—3d0)?* Jr
x1(7)
—1d(1)? Jr
+ O (Id O g r2[v max, 15 (0)] + C v In(1/v)"™*] + v jrer}%}||ﬁ’(z)||gwg)

Lo(t) = U (Ho,1 (wi,v(t, X)) — Ho,1 (ko (t, =) ) H 1 (i o (t, X)u(t, x)* dx

U (Ho,1 (wio (1, X)) — Ho,1 (Wi,o (8, —x))) H{) y (wie o (£, —x))u(t, x)* dx

v
In(1/v)
where C (k) > 0 is a parameter depending only on k. Moreover, using (49) and Theorem 8, we deduce
from estimate (64) that

d()
d(t)
C Va—dae Jr

- . 2k+1 . - j
+0(||u<r>||ngLg[vjr€n{=la§}|yj<r>|+C(k>v * 1n<1/v)"k]+ngg§}||u(r>||gmz)

+ o(nii(z)uH; Ve 22 max 1y, 01+ 0201+ ()1, ng), (64)

L) = U (Ho,1 (wi.v(t, x)) — Ho,1 (wie.o(t, —x))) Hy j (wie,o (¢, x))u(t, x)* dx

U (Ho,1(wio(t, x)) — Ho,1 (o (t, —x))) Hy y (i o (, —x))u(t, x)* dx

v
In(1/v)

Finally, the estimates (65) and (62) imply, for any k& € N3, the existence of a parameter C (k) > O,
depending only on &, which satisfies for any positive number v < 1 the estimate

- O(W(t)n 2 [v3e 2V max 1y; ()] + CHOIES ||ﬁ’<r)||§,mg). (65)

L) = O0(v max |¥;®)||[#( max ||Z(0)|” O(||u(t max |y; ()|
@)1= 0(v max 5;OIEO Nz + mas 7O 1,.,) + O(FON sy max 13 0F)

+ O (IO sz [ max 13501 + 1y e )

+ 0<||ﬁ<z>||i,xle§ +CENEWD) | 120 1n<1/v)”k>, (66)

v
In(1/v2)
from which we obtain the existence of a new constant C(k) > O satisfying the second inequality of
Theorem 21 if the condition (56) is true and v < 1.

Now, it remains to prove the first inequality of Theorem 21. Using change of variables and Lemma 14,
it is not difficult to verify that there exists K > 0 such that if v « 1, then

Li(0) = Kl @(®). 3u@)31, 12
Next, from the definition of L,(#) and estimates (50), we obtain that if v << 1, then
|La(0)] < v @), 317112+
and while condition (56) is true, we deduce from Theorem 8 and estimate (57) the following inequality:

IL3(0)] Sk (@), ()| g1 207 In(1 /)™
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So, using Young’s inequality, we can find a parameter C; (k) > 0 large enough depending only on k such that
IL3(D] < 5 K11 @(@), 3u@) 1, 12 + Cr(v* In(1/v)™.

In conclusion, all the estimates above imply the first inequality of Theorem 21 if 0 < v < 1 and
condition (56) is true. O

4. Proof of Theorem 15

From the information of Theorem 21 in the last section, we are ready to start the demonstration of
Theorem 15.

Proof of Theorem 15. First, for any (, x) € R% Lemma 17 implies that ¢ (¢, x) has the representation

¢(tax)=(pk,v(t’x)+%Hé’l(wk,v(t’x))—i_ yz(lt). ZH(S’](wk,v(ta _x))+u(tvx)v

such that the function u(¢, x) satisfies the orthogonality conditions (29) and y;, y, are functions in C 2(R).

Step 1 (ordinary differential system of y;(¢), y2(¢)). From Remarks 9, 18 and the definition of A(z, x)
in (53), we have that u(¢, x) is a solution of a partial differential equation of the form

Ou(t, x) — dgu(t, x) + U" (Ho1 (wi,o(t, X)) — Ho,1 (i, u(t, —x)))u(t, x)
M w0y — 22

V1—1d(@)? 1—3d (1)

where Pj (v, ¢, x) satisfies for any 0 < v <« 1 and any ¢ € R the inequality

Hy (wio(t, —x)) + A1, x) + Pi(v, 1, x), (67)

1P, £, 0) gy S NIy + max [y; @)+ max [5;(0)[v* (In(1/0) + Jr]p)e 22110
* o Jje{L2) J€{1,2}
6 6 4 2 —2V2
@l + max 1y, OF + max 1y, O* (In(1/v%) + rlv)e .
With the objective of simplifying our computations, we let

ng+1
NOL(t) = ||u(t)||%11 + 'Ien{?);} |yj(;)|2 + v2(k+1)(|tlv +1n(1/v2)) o, 2v/2]tv
Jjell,

6 6 . 3 2 —242
+ lu (Ol + max 1y; ()1 + max 13, (v (In(1/v) + ltv)e V2o

+ max |y O (1n(1/v?) + jr|v) " =220 (68)
JEel,

where 7y is the number denoted in Lemma 19. Also, from Theorem 8, Lemma 19 and identity (53), we
deduce that

[<<A(t,x), Hé,l(wk,v(f»x)»)] — V240 |:—4\/§ 42 ] |:yl(t)

R
A(t, x), Hy | (w2, —X)) 42 —42 yz(t)]+ est(?), (69)
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where, if v < 1, the real function Rest(?) satisfies, for any ¢ € R,

max{l,n}

V2 Rest(1)] i v24HD (1w 4+ In(1/03) ™ + max | @)|v*(Itlv + In(1/v%))
Jel,
- max 3@ (Itlv +1n(1/v%).  (70)
Jeu,

From the orthogonality conditions (29), Theorem 8 and Lemma 12, we obtain the estimate

d()

T
1—2d@)?

(07u(t, x), Hy (e o (t, x))) = (Bru (e, x), Hgy (Wi o (1, ) 2 + OUdO [ 1207 (TD)

Also, using integration by parts, identity
d3
—mHo,l(x) + U"(Ho,1(x))Hy 1 (x) =0,

Lemma 11 and the Cauchy—Schwarz inequality, we deduce that if 0 < v < 1, then

(—07u(t) + U" (Ho,1 (wro (1, X)) = Ho1 (we o (1, —)))u(t), Hy j (wio (2, x)))
= (u(t), [U" (Ho,1 (wio(t, X)) — Ho,1 (Wi (t, —x))) — U" (Ho,1 (wie.v (¢, X)) | Hj ; (wie o (2, X))
+ O [ld(0) | g1 xr2)
= O |i(0)]| 1 x12)- (72)

From now on, we denote any continuous function f(¢) as Ox(NOL(t)), if and only if f satisfies

the estimate
| f ()] Sk NOL(t).

In conclusion, applying the scalar product of the (67) with Héﬂl(wk,v(t, x)) and Hé’l(wk’v(t, —Xx)), we
obtain using Lemma 11 and estimates (71), (72) that

IHy 3, Od(Be~20) [yl(z)]
O@dne V) H 12, | L0

_ ) [—4fz 42 ] [ylm] N [O(UZIIZI(I)IIH;ng)}
4V2 —av2] @] T LO@HIED g xp2)

O o x), HY (e 1))
B (1-}@0)2)”2< t o | +[0k(NOL(t))} -
4O e, x), B (et —xp) | LOHNOL)

(1—%d(l)2)]/2(

Step 2 (refined ordinary differential system). Motivated by (73), for j € {1, 2} we define the functions

C g
¢i() = yi(0) — y;(Tox) + 272 (s)

' W(u(s), H{ | (we o (s, (=D Hx))) ds.
0,k - Z



ON THE KINK-KINK COLLISION PROBLEM FOR THE ¢® MODEL WITH LOW SPEED 2173

Clearly, we can verify using (24), Lemma 12 and the Cauchy—Schwarz inequality that

2v2d .
é] (t) = .).)j(t) + %(u(h -x)v H(;i](wk,v(tv (_1)J+l-x))>a
(1—4d(1)?)
2v/2d , .
50 = 50+ — 220D e, 00, Hostt, (D)) + 0@ ).

(1- 4dw?)

In conclusion, from the ordinary differential system of equations (73) we deduce that

yi(t) 0 0 L O y() OWlu®pH)

d |y | 0 0 0 1| {yar) Ollu(®) g1

ar | e | T | =16 V240 1620 g 0| | | T Oc(NOL(1)) + O 2| (t) || g1 2)
é (1) 16e=V24®)  _16e=V2d0) ¢ o | [é2(0) Ok(NOL(®)) + O (W2|[1(1) | 11 12)

Actually, using the change of variables

er(t) =y1(t) —y2(8), ex(t) =y1 (1) +y2(t), &1(t) =c1(t) —c2(r) and & (1) = c1(t) + c2(0),

we obtain from the ordinary differential system of equations above that

ei(t) 0 010 e O@lu(®)lz)
dlen|_ 0 001\ lew| O llu@) 1) 74
dr | &) ~32¢V20 0.0 0| | (1) O(NOL(1)) + O (W2|[i (1) 1 2)
210) 0 000]| L& Oc(NOL(1)) + O (W2 |[u(t) | 1 < 1.2)
To simplify our notation, we let
0 010
B 0 001 -
M= _3pp-vaa g g 0| (73)
0 000

It is not difficult to verify that all the solutions of linear ordinary differential equation
L(t)=M@)L(t) for L(t) € R*

are the linear space generated by the functions

tanh (v/2vr) V2vt tanh (v2v1) — 1
0 0
L = , L =
1) V2v sech («/Evt)2 2() 202t sech (\/zvt)z + +/2v tanh (\/Evt)
0 0

L;(1) = Ly(t) =

o o = O
- o = O
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Also, by elementary computation, we can verify for any ¢ € R that
det [L (1), La(0), L3(), La(t)] = —2v. (76)

In conclusion, using the variation of parameters technique, we can write any C! solution of (74) as
L) = Z?:l a;(t)L; (1), such that a; (1) € C'(R) forall 1 <i <4 and

tanh (v/2v?) V2t tanh (v/2v1) — 1 00| [a ()

0 0 L t|]|a@)

V2v sech («/ivz‘)2 2v?t sech (\/ivt)2 + +/2v tanh («/fvt) 00]|as)
0 0 0 1| Laa(®)

O @llu(®)ll 1)
O@llu(®)ll 1)

_ , (77
OLNOL®) + 0@ i Oy | )
Or(NOL(1)) + O (W2|[i (1) || g1 1.2)
with
tanh (\/EvTo,k) \/EvTo,k tanh (\/EvTo’k) —1 0 0 ay(Tox)
0 0 I Tox | | ax(To k)
V/2v sech (\/iUTO,k)Z 2v%¢ sech (\/EUTO,k)Z ++/2vtanh (v2vTo,) 0 0 || a3(Tox)
0 0 0 1 as(To,x)
y1(Tox) — y2(To.x)
y1(To.x) + y1(To k)
. : 78
c1(To.x) 78)
¢2(To.x)

Step 3 (estimate of || (7)]| 1x2). From now on, for C; > 1, C; > 0 being fixed numbers to be chosen
later, we consider the set

. C2v|t — T() k|
B =4JteR| m -(t 2 (t <C 2(k+1)1 1 ng+3 L2UIF = 10,k ‘
1,6 ! ije{?’g}ly,( ™+ y; v < Crv n(1/v)™* "3 exp 7o)

We also consider the set
- 2
Du,v = {t eR | ”u(t)”H)}xL% <V }

First, if v2|y(To,k)| +u|y(Tor)| < v3¥ and v « 1, then Tox € Bc,,c, N D,,,,. Indeed, this happens when

1(@r.0 (To.0) - B0 (To.)) — (D (Toa), 3 (Tou ) |z < v,

because, since u(¢, x) satisfies the orthogonality conditions (29), we can verify using Lemma 11 that
loro(Ton) =@ (Tonllyyy = max y; (To.0* + lu(To.lly,- (79)
By a similar reasoning but using now Lemma 12 and estimate (79), we can verify that if 0 < v < 1, then

max 5 (To.)” + 10u(To.0 I, S 1k (Ton) 4k, (To.0) = @ (Toi): 9 Toi) yypze B0)
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where Tj ; satisfies the hypothesis of Theorem 15, for more details see Appendix B in [Moutinho 2023].
Also, for any 6 € (0, 1), if v < 1, then while

In(1/v)>~?
It —Toxl < ————

and t € B¢, ¢, N D,,,, we can verify the estimate

max v2|y; ()] +v]3;(0)] < v* T In(1/v)",
jell,2)

from which with estimate (73), the definition of NOL(t) at (68), the definition of D, , and the assumption
of k > 2, we obtain that

max [§; (0] S v In(L/0)™ + vl ez + EONG 0z
] N X X

In conclusion, if v <« 1, from Theorem 21, we deduce that the functional L(¢) defined in last section
satisfies, for a constant Cy and a parameter C (k) depending only on k, the estimates

IL()] S max |3 OWEO N prprz + 1EON 31, 2 + CETEO ] g2 In(1/0)™

> 2 v
+ ”u(t)”H}XLEW’

Colld (171 @y 2y < L0+ C U In(1/0)*™

Therefore, from the ordinary differential system of equations defined in (73), we conclude for v <« 1 that
ift e Be,.c, "Dy y and

In(1/v)>?
< v

|t — Tokl , (81)

then there exists a constant C (k) > 0 depending only on & satisfying

; = 2%k+1 =02 v

ILOI S CUNu@ | gpsr2v™ " In(1/v)™ + ””(t)”H;xL%m‘

Therefore, by a similar argument to the proof of Theorem 4.5 in [Moutinho 2023], we can verify from
Theorem 21 and the Gronwall lemma applied on L(#) that there exists a constant K > 1, independent
of k and v, such that if ¢ satisfies condition (81) and ¢ € B¢, ¢, N Dy, then we have the estimate

K|t — T07k|v)
In(1/v)

In conclusion, if v K 1, t € B¢, ¢, and ¢ satisfies (81), then t € D, ,, and (82) is true.

1), B |2 S max (7 (To,0 | 1 w2 v In(1/v)" ) exp( (82)

Step 4 (estimate of y;(¢), y2(¢)). Next, we will use the estimate (82) in the ordinary differential system of
equations (74) to estimate the evolution of y;(¢) and y,(¢) while ¢ € B¢, ¢, and ¢t satisfies condition (81).
From (68), we have that if € B¢, c,, t satisfies condition (81) and 0 < v < 1, then

K|t — To,k|v>

In(1/v) 83)

NOL(t) < v* max (|[i(To o) || 1 2. v** In(1/0)"F1) exp(
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In conclusion, from the Cauchy problem (25) satisfied by ¢, identity (76) and estimates (79), (80), and (83),
we deduce from the linear system (77) the estimates

t— T,
@ (O S v Jefo + 1In(1 /vy + exp( & U T0xT),
In(1/v)

t— T
la2(0)] Sk v In(1 oy exp( & U L0kl
In(1/v)

t— T,
las ()] Sk v2k+l[|t|v +1] ln(l/v)nk-‘rl exp Kv| 0,k| ’
In(1/v)

laa ()] S v In(1/v)" ! exp(K ”'lil(_l—/Tg)’")
In conclusion, using the initial condition (78), we deduce from the fact that Ty x is in B¢, ¢,,the fundamental
theorem of calculus and the elementary estimate
v|t|
[t|lv < In(1/v) eXP(ln(l/v))’
that if {61 4+ (1 —60)Tox|0 <6 < 1} C Bc, .., and ¢ satisfies (81), then

(K+ D)t —Toxlv
In(1/v) )

K|t —Toxlv

In(1/v) )
In conclusion from the ordinary differential system of equations (74) satisfied by e; (¢) for j € {1, 2, 3, 4},
the fact that e (1) = yi(t) — y2(1), e2(t) = y1(t) + y2(1) and (1) = ¢1(1) — c2(2), §2(1) = c1 (1) + c2(2),
we can verify by triangle inequality and the identity

lai ()] + laz (t)| S v In(1/v)™ exp(

vlaa ()] + las(®)| S v In(1 /)"t exp<

e (1) .

et | o
NG ‘;“’LJ(’)
eq(t)

the existence of C;(k) > 0 depending on k such that for C; = K 4+ 2 and v < 1 we have that if

In(1/v)>~?
[t —Toxl < —

thenr € BCl(k),Cz- U
Remark 22. For any constants 6, y € (0, 1), obviously

lim v” exp(In(1/v)?) = 0.
v—>+10

In conclusion, for fixed k € N large and 0 < 6 < %, we can deduce from Theorem 15 that there isa Ay g > 0
such that if 0 < v < Ay g, then

1 (2, %), Db (¢, %)) — (e (v, 1, %), Dppic (v, £, X)) || g g2 < V™12,
for all ¢ satisfying

In(1/v)>~°
|t — Tox| < —
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5. Proof of Theorem 4

Remark 23. The importance of this theorem is to describe the dynamics of the two solitons before the
collision instant, for all # < 0 and |#| > 1. More precisely, if two moving kinks are coming from an
infinite distance with a sufficiently low speed v satisfying v < §(2k), then the inelasticity of the collision
is going to be of order at most O (v¥) and the kinks will move away each one with the speed of size in
modulus v + O (v) when ¢ goes to —o0.

The proof of Theorem 4 uses energy estimate techniques from [Henry et al. 1982], and the monotonicity
property of the function

+o0
P+(¢(t),8z¢(t))=—/0 3¢ (1, x)0xp (1, x) dx, (84)

which is nondecreasing on ¢t when ¢ (z, - ) is odd on x. Furthermore, the demonstration of Theorem 4 is
quite similar to the proof of Theorem 1 of [Kowalczyk et al. 2021] and also uses modulation techniques
inspired by [Raphaél and Szeftel 2011; Kowalczyk et al. 2021].

Moreover, since the solution ¢ (¢, x) is an odd function in the variable x for all ¢ € R, we have that

+0o0 ax , 2 at , 2
E<¢>=2[/0 SRR AL +U(¢><t,x)>dx}=2E+<¢(r>,at¢<r»,

where
+oo 8x¢(ts X)2 + al‘d)(ts x)2
2

EL($(0). 0 (1)) = /0 + U@ ) dx (85)
is a conserved quantity.

5.1. Modulation techniques. First, similarly to [Kowalczyk et al. 2021], we consider, for any 0 < v < 1,
y € R, the following function on x € R:

Ho (=2
Hi@y.0=| _, <71‘f_>y , (86)
\/l—vzHO’l(«/l—vz)

H_1o((v, y),x) = —Ho1 (v, y), —x) forall x € R.

Next, we consider the antisymmetric map

0 1
J=[_1 0], (87)

and based on [Kowalczyk et al. 2021], we consider for any 0 < v < 1 and any y € R the following
functions, which were defined in Section 2.3 of [Kowalczyk et al. 2021]:

1 H < xX—y )
0,1
Coyry= | VI 1 VIV (88)
1—U2H0’1(»,/1—v2)
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v X=y g ( xX—y )
1—02 T—2 I\ /T2

Dy y(x) = 2 (89)
—1 H ( x—y )_ v X=y g < xX—y )
(=2 O 2) T (=2 Vi O\ T
See also [Chen and Jendrej 2019].
The following identity is going to be useful for our next results.
Lemma 24. For any v € (0, 1), there holds
— _
(35 Ho.1((v, 0), x), JDo.u) = —(1 = v*) 2| Hg 1|17,
Proof. See the proof of Lemma 2.4 from [Kowalczyk et al. 2021]. ]

Next, for any value yg > 1, we will modulate any odd function (¢, ¢;) close to
— —
H_10((v, y0), x) + Ho,1((v, o), x)

in the energy norm in terms of an orthogonal condition.
Lemma 25. There exist K > 0 and &y, §; € (0, 1) such that if 0 < v < 81, y0 > 1/61,0 <68 < &g and
(1 —Ho1—H-10, %) € Hx1 (R) x Li(R) is an odd function satisfying

161 (). 2(x)) — H-10((v, y0). %) — Hoo1 (v, ¥0), )l 112 < v, (90)

then there exists a unique y > 1 such that |y — yo| < K8v and the function

R(x) = (¢1(x), ¢2(x)) — H_10((v, $), ) — Ho 1 (v, $), x)

satisfies S
€1y sz < Kdv oD

and (£ (x), J o D, 3(x)) = 0.
Proof of Lemma 25. The proof is completely analogous to that of Lemma 2.1 of [Kowalczyk et al. 2021]. [J

Corollary 26. In the notation of Lemma 235, there exists a constant C > 1 such that if v € (0, 1) is small
enough, then there exists at most one number y > 21n % satisfying

— . K —
IIKoIIngL;Emm{Sov,f&)v} and (ko(x), J o Dy y(x)) =0,

where
Ko (x) = (@1 (x), p2(x)) — H_1.0((v, y), x) — Ho1 (v, ), %)

Proof of Corollary 26. Let y;, y» two real numbers satisfying the results of Corollary 26. We consider the
functions

K00 = (k1,0(x), k1.1 (X)) = (¢1(x), p2(x)) — H_1.0((v, y1), ) — Ho1 (v, y1), %),
B (x) = (c2,0(x), k2,1 (x)) = (po(x), b1 (X)) — H_1.0((v, y2), X) — Ho 1 (v, y2), x).

Choosing x = y;, we obtain the ng identity

Ho,l(O)—H0,1<yl_yz)Z—Ho,l( — )+Ho,1(ﬂ)+K2,o(y1)—m,o(y1). 92)
V1 —v? V1—v? V1 =2
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Since there exists a constant ¢ > 0 satisfying for any f € Hx1 (R) the inequality

I f e < cll fllag,

we deduce from (92) and the hypotheses of Corollary 26 that
Y= 2cK —2y
Hy 1(0) — H, < 3 H
‘ 0.1(0) 0,1<m)‘_ 3C ov+‘ o,1<m>

from which we deduce the estimate

— 2cK
17[0,1(0)—15[0,1<y1 yz)‘s ¢ Sov +2v*.

V1—v? 3C

Consequently, since Hp ; is an increasing function and Hé’ 1(0)= %, we obtain that if §; <1 and 0 < v < 81,
then

9

—Y1—»n
o (222)
‘ 1—v2

5K
[yi —y2| < —C5ov-
3C

Therefore, choosing C = 2¢ + 1, from Lemma 25, we have y; = y; if v > 0 is small enough. (I

Finally, using Lemma 25 and repeating the argument of the demonstration of Lemma 2.11 in [Kowalczyk
et al. 2021], we can verify the following result.

Lemma 27. There exist K > 1,8y > 0 and 6, € (0, 1) such that if 0 < 8, < 89,0 < v <61, yo > %ln%
and the solution (¢ (t, x), 0,9 (¢, x)) of (1) satisfies, for T > 0,

. — —
sup inf [[(¢ (2, x), 9@ (2, x)) — H_1,0((v, y), x) — Ho1((v, ), X) | g1x 12 < S2v, 93)
te[0,T] YER=y, ’

then there exists a real function y; : [0, T] — R > such that the solution (¢ (t), 3,¢(t)) satisfies, for
any0<t<T,

(@ (1), 3¢ (1) = H_1.0((v, y1 (1)), ) + Ho 1 (W, y1 (1)), 1) + @11, Y2 (@), (94)
W1 @) Y2l gy 2 < K20, (95)

where (Y1(2), Y2 (2)) € Hx1 (R) x L%([R{) and y|(t) satisfy the orthogonality condition of Lemma 25,
and y\(t) is a function of class C" satisfying the inequality

191(0) = vl < KOIW1 @), 2|1 ez + 72210, (96)

Proof. First, from Lemma 25 and the fact that 65) € C(R; H (R) x L2(R)), if &; is small enough, we can
find a constant K > 0 and a function y : [0, T] — (3 In %, +oo) such that for

—> R — R
K(t,x) = (@, x), 0 (1, x)) — H_1 o((v, (1)), x) — Ho,1((v, (1)), x), 97)
we have ¥ (), $(¢) satisfying the orthogonality condition of Lemma 25 and

RO w22 < Ko (98)
forall0<r <T.
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Next, we will construct a linear ordinary differential system of equations with solution y; (¢) and we
will verify that if y;(0) = $(0), then y; () = y(¢) for all t € [0, T'].

Step 1 (construction of the ordinary differential equation satisfied by y;). The argument of the demon-
stration of the remaining part of Lemma 27 is completely analogous to the proof of Lemma 2.11 of
[Kowalczyk et al. 2021]. More precisely, similarly to Lemma 2.11 of [Kowalczyk et al. 2021], we will
construct an ordinary differential equation with solution y;(#), which, during their time of existence,
preserves the orthogonality conditions

<(¢1(I’ )C), w2(ts X)), JDv,yl(t)(x)> = Os (99)

where J is defined in (87), and we will verify that if y; (0) = y(0), then y; () = y(¢) for all 0 <t < T. From
the global well-posedness of the partial differential (1) in the energy space, we have for any 7 > O that
¢(t,x) — Hy1(x) — H_1 o(x) € C([—Ty, Tol, H' (R)) and 3,¢ (¢, x) € C([—Tp, Tol, L2(R)). Therefore,
if there exists a interval [0, T7] C [0, T] such that y; € C ([0, T;]) when restricted to this interval and

(@), 0p(1)) = m((v, yl(t)),X)Jrfm((v,yl(t)),X)+(¢1(t), Yo(t)) foranyr€(0,71], (100)
then (Y1 (¢), Y2 () = (Y1 (¢, x), ¥a(t, x)) satisfies, for any functions ki1, hy € #(R), the identity
%((l/n (t, x), ¥a(t, X)), (h1(x), ha(x))) = (3; (Y1 (2, x), Y2, X)), (h1(x), h2(x)))

if t € [0, T11.
Consequently, if we derive the (99) in time, we obtain the following linear ordinary differential equation
satisfied by y; (¢):

IO, %), Ya(t, X)), T3y, Doy, 1y (X)) + (8 (Y1 (£, %), Ya(t, X)), TDy ) (x)) = 0. (101

Since x’”Héyl(x) e .7 (R) for all m € NU {0}, we have that the functions w;, w, : [0, T] x (1, +00) —> R
defined by

w1 (1, y) = (W11, %), Y2 (1, x)), Jy Dy (x)), 02(t, y) = (0, (Y1 (2, X), Y2(t, X)), Dy, (x))
are continuous and, for any ¢ € [0, T], w(¢, - ), wa(¢, ) : (1, +00) — R are smooth.

Step 2 (partial differential equation satisfied by @)). First, we consider the self-adjoint operator
Hess(y (1), x) : HX(R) € L2(R) — R,

which satisfies, for all r € [0, T],

Hess(y1 (1), x) = [—af * U//(Ho’l()i/_ly—;%» B HOJ(_«);I_—LL(;)» ﬂ (102)

and the self-adjoint operator Hess; (y(¢), x) : sz(lR) C L)ZC (R) — R denoted by

—32 4+ U x=yi(®)
Hessl(yl(t),x)=|: o tv (H(“(«/]_vz )) 0}. (103)
0 1
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Next, we consider the maps Int : R> — R? and 7 : R? x Hx1 (R) — R? which we denote by

0
=[G 20

| (2 (2= oo

0
= | o o) - ()

for any (y, x) € R? and ¢ € H! (R). Therefore, if [0, T1] C [0, T, y1 € C'([0, Ty]) and y; > 1,0 < v; < 1
then, from the partial differential equation (1) and identity (100), we deduce that (v (¢, x), Y2(¢, x)) is a
solution in the space C ([0, T1], Hx1 (R) x L%(R)) of the partial differential equation

0 (Y1 (1, x), Yo, x)) = (31(1) — V)[Co,y, 1) (x) — Cyy, (1 (—x)] + J Hess(y1 (1), x) (Y1, x), Y2(t, x))
+Int(y1(#), x) + T (31 (1), x, Y1(2)),  (106)
where J is the antisymmetric operator defined in (87).
In the next step, we will assume the existence of 0 < 77 < T such that y; is of class C Uin the
interval [0, T1], and y; > 1 for any ¢ € [0, T|]. Moreover, we will prove that when this condition is true,
then |y, (¢) — v| is sufficiently small for all ¢ € [0, T].

Step 3 (estimate of |y;(f) — v|). Uniquely in this step, for any continuous nonnegative function
f:10,T1] x (0, 1) x (1, 4+00) — R, we say that a function g : [0, T1] x (0, 1) x (1, 4+00) — R is O(f)
if and only if g is a continuous function satisfying the following properties:
o Thereis a constant ¢ > 0 such that |g (¢, v, y)| <cf (¢, v, y) forall (¢, v, y) in [0, T1]x (0, 1) x (1, +00).
e g(t,-):(0,1) x (1, +00) — R is smooth for all ¢ € [0, T1].
We recall that J, C, y, () and D, y, ) are defined, respectively, in (87), (88) and (89). Using Lemma 11,
we obtain that if y;(#) > 1 and v € (0, 1) is small enough, then
{Cu.y1()(x), J 0 Dy y, (6 (X)) + [{Cy, (1) (X), T Cyy; (1) (=) + (Do yy (1) (X)5 I Dy y, (1) (—%))|
<yi)te YO (107)
Furthermore, using the partial differential equation (106) satisfied by (i (¢, x), ¥ (¢, x)), we deduce
for any ¢ € [0, T1] C [0, T'] the identity
<al(w1 (t; .X'), WZ(I» -x))v ‘IDU,y] ([)(X))
= (y1(1) = v)(Cy,y;(1)(X), IDy y, 1y (X)) — (Y1 (&) — V)(Cy,y, (1) (—X), I Dy y, (1) (X))
+(J Hess(y1 (£), x) (Y1 (t, x), Y2 (t, X)), I Dy y, (1) (X))
+(T 1), x, Y1(1) +Int(y1 (1), x), Dy y, (5 (x)).  (108)
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Moreover, from Lemma 24 and identity J* = —J, we have

(D310 (X)s Coyyy 0y (X)) = =(Dy,yy 0y (1), I Coyyn () = (L= v 2 Hg ylI7,. (109)

Therefore, using (108), estimates (107) and Lemma 11, we deduce the following estimate

(8, (Y1 (2, ), Y2 (2, X)), TDy y, 1) (%))
= (@O =)A= Hy 12, + 0 (0)fe 2/200))
+(J Hess(y1 (1), x) (W1 (¢, X), Ya(t, X)), JDy 3, (1)
+(T 1), x, Y1), IDy y, ) (X)) + (Int(y1 (), X), T Dy y, 1) (X)).
Furthermore, since for any { € R we have the identity
U (Hgl(X) + H_1,0(x)) — U'(Hg ;(x)) = U'(H_1,0(x))
= —24H_ o(x) Hy , (x) (H-1,0(x) + Hg , (x)) + Z ( ) H_10(x)/ Hy , (x)° 7,
j=1

we deduce from Lemma 11 and the definition of function Int that |[Int(y;(¢), x, ¥ (¢))]|] L2 < e~ 2Vn®,

Next, since ||U? | zoeg—1,17 < o0 for any / € NU {0}, we deduce using Lemma 13 and the definition of
function 7 that

1T, 2 1)z < IT G102 Y1)l S I 03,
Asa consequence,
(8,1, ), Y22, 2)), I Dy ) ()
= (@O = 0)[(1 =) 2H 12, + 01 (e V2]
[ Hess (1 (1), X)W1 (£, %), ¥2(t, ), I Doy 0 (0) + 01O 1 G 011,20 (110)

for any ¢ € [0, T1].
Furthermore, using identities (102), (103), the formula of D, y in (89) and Lemma 11, we can deduce
the estimate

I[Hess(y (1), x) — Hess; (y1 (1), )1 Dy, yy (0 0 | 2oy S € 2V21 0

for all ¢ € [0, T1]. Thus, after using integration by parts and the Cauchy—Schwarz inequality, we deduce
for all ¢ € [0, T7] that

|(J[Hess(y1 (1), x) — Hessi (y1 (1), )19 (1), Doy 0y,300 ()| S IF Ol gy 2”10

Consequently, since (j(a),a) =0 for all a € R? we obtain that if y; is a function of class C' in the
interval [0, T7] and v € (0, 1) is small enough, then

(0 (W1 (2, %), Y2 (2, X)), I Dy, y, 1) (X))

, 1 Hy 12, .
=<y1<r>—v>[ ot omn'e y“’))} (4 Hessy (y1 (1), ) (W1 (4, ), 2 (¢, ), I Doy, ()

_ -
+0E YO L0, ) (1D
for any ¢ € [0, T1].
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Next, using (103), it is not difficult to verify the identity

Hess | (y1(2), x) Dy, y,(1)(x) = vJ[0x Dy y, (1) (X)] = J Cy y, (1) (X);
see Lemma 2.4 of [Kowalczyk et al. 2021] for the proof. Consequently, we have for any ¢ € [0, 7] that

<J HeSSl(Yl(t)’ X)(W] (tv -x)’ wZ(t’ -x))’ JDU,y|(Z)(-x)>
= _U((llll (tv X), 1/IZ(l‘v -x))v Jayl Dv,yl(t)(x)> + ((‘//1 (ta X), 1//2(t’ x))’ JCU,yl(l)(x))'

In conclusion, estimate (111) and identity (101) imply that

11,12,
0’21);; + OO, Y2 ) |1z + 1 (D) eV <”)}

(1) — v)[ﬂT

= 0 22O 1|1 (). Y21 erz)  (112)
for all r € [0, Ty].

Step 4 (proof that y; € C h. Equations (101) and (108) imply that y; satisfies the ordinary differential
equation
1(0) =V [(Cuy10) (X)), IDy 3,1y (X)) = (Coo,yy (1) (=), I Doy 31y () + (W1 (1), Y2(2)), T By, Dy yy 1) (1))]
= —v((W1(t, %), Y2(t, X)), J By, Dy y, () (X))
— (J Hess(y1 (1), x)(W1(1, x), Ya(t, X)) + T (y1(t), x, Y1(6)) + Int(y1 (1), x), IDy 5,1y (x)),  (113)

which is a first-order nonautonomous differential system of the form

1 () —v)ay(t, y1(1)) = Bu(t, y1(1)),
where the functions «,, B, : [0, T] x R — R are continuous when v € (0, 1).

Moreover, from the hypotheses of Lemma 27, Lemma 11 and identities (102), (104), (105), we can
deduce for any ¢ € [0, T'] that the restrictions of «, (¢, - ) and B,(¢, - ) in the set (3 In %, +oo) are locally
Lipschitz when v is small enough.

Furthermore, from the first step, we have y;(0) = y(0) > 3 ln% which implies y; (O)4e_2ﬁy 10 <3
if v is small enough. Moreover, we deduce from (97) and (98) that || (1 (0), ¥2(0))]| ix2 =K Sov and
we also have —||H6 1 ”%2

ay (0, y1(0)) = (I—TW; + O(v) >0,

because of the estimate (112) when v is small enough.
Consequently, the Picard—Lindelof theorem implies the existence of an interval [0, 7] C [0, T'] such
that y; : [0, T1] = Ro21nq1/v) 15 @ C! function and since y1 satisfies (101), we have for any ¢ € [0, T;] that

9
(Y12, x), Y2 (t, %)), IDy 3,1y (X)) = (Y (0, x), IDy 3, 0)(x)) =0. (114)
Furthermore, since y(r) > 31n %, we can deduce from the continuity of function y;, Lemma 25 and
Corollary 26 the identity y;(¢) = y(¢) for all ¢ € [0, T1]. Consequently, y;(z) > 3In % forall r € [0, T7] and

@), Y22 = [ B, %) = Horo((, 31 (0)), %) = Ho b ((w, y1(1)), )| iz < Ko (115)

for all # € [0, T1], because of estimate (97) and identity (98).
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Therefore, using a bootstrap argument and estimate (112), we can conclude that the function y;
is in C'[0, T] and satisfies (114) for all ¢ € [0, T]. Finally, estimate (96) is a direct consequence
of (112), (115) and the fact that y; > 31In % O

5.2. Orbital stability of the parameter y. In this subsection, we consider ¢ (¢, x) as a solution of (1)
having finite energy and with an initial data (u;(x), u;(x)) satisfying the hypotheses of Theorem 4.
Moreover, if v is small enough, from the local well-posedness of the partial differential equation (1) in the
space of solutions with finite energy, we can deduce from Lemma 25 the existence of a constant C > 0
and a positive number € such that, for all 7 € [0, €],

(¢ (1, %), 8, (1. %)) = H_1,0((v, y(1)), x) + Ho 1 (v, (1)), x) + (W1 (1, )., (1, 2)),

where (Y1 (z, x), Y2 (¢, x)) is an odd function in x, and y(t), (Y (¢, x), Y2 (¢, x)) satisfy the orthogonality
conditions in Lemma 25 and the inequality

1Y) — Yol + 1 (Y1 (1, ), Yot X)) sz < 2C N er, un)ll gz (116)

Finally, we are ready to start the proof of Theorem 4

Remark 28 (main argument). The main techniques of the demonstration of Theorem 4 are inspired by
the proof of Theorem 1 of [Kowalczyk et al. 2021].
More precisely, recalling the functions £ and Py from (85) and (84), we will analyze the function

M(@(t)) = E+(¢(1)) —vP(p(2)). (117)

First, from the local well-posedness of the partial differential equation (1) in the energy space, it
is enough to verify Theorem 4 in the case where (#1(x), us(x)) is a smooth odd function because the
estimate (15) and the density of smooth functions in Sobolev spaces would imply that (15) would be true
for any (u1(x), uz(x)) € Hx1 X Lﬁ satisfying the hypothesis of Theorem 4.

Since Py (¢) is not necessarily a conserved quantity, M (¢) is not necessarily a constant function given
any smooth initial data of (¢ (0, x), 9;¢ (0, x)) satisfying the hypotheses of Theorem 4.

However, P, (¢) is a nonincreasing function in time, more precisely, for smooth solutions ¢ (¢, x)
of (13), we can verify using integration by parts, from the fact that ¢ (¢, x) is an odd function in x for

any ¢ € R, the estimate
d

+00
E[‘ / at¢<r,x>ax¢<t,x>dx] = 3¢(t,0)* > 0. (118)
0
In conclusion, since it was verified before that £ (¢) is a conserved quantity, we have that
M(gp (1)) < M(¢(0)) foranyr =0,

and using Lemma 25, we will verify that M (¢ (0)) — M (¢ (¢)) satisfies a coercive inequality, from which
we will deduce (15).

Proof of Theorem 4. From the observations in Remark 28, it is enough to prove Theorem 4 for the case
_)
where 1o(x) is a smooth odd function. To simplify our proof, we separate the argument into different steps.
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Step 1 (local description of solution ¢ (¢, x)). From the observation of inequality (116) and from the
Lemma 25, we can verify the existence of an interval [0, €] such that if ¢ € [0, €], then

(1. x). 8, (1.x)) = H_10((v. (). %) + Ho 1 (. y(0). 1) + W1 (6. %), Yot x)), (119)
with v(¢), y(¢), (Y1(¢, x), Y¥2(t, x)) satisfying all the conditions of Lemma 25.
Step 2 (estimate of E. (¢ (¢), d;¢(¢)) around the kinks). We recall the definition of E(¢(¢), 9,¢(t))
in (85) given by

T B:p(t, x)* +3,p (2, x)*

EL (1), 3 (1) = fo : U ) do.

Next, we substitute ¢ (¢, x) and 9,¢ (¢, x) in the equation above by the formula of (¢ (¢, x), d;¢ (¢, x)) in
Step 1. Using (4), (3) and the fact that y(¢) > 1 for 0 <t < ¢, we obtain for all x > 0 that

3! x4 y()
——H-10
0x J1 — 2

from which we also deduce, using Lemma 11, the estimate

< (1= v?2) 2= V200+) for any 1 e NU{0}, (120)

| 5, (%)HL],O(%) < A=) Py(n)e VD0, (121)

In addition, since ||U® || o[_1.1] < +00 for any [ € N, we can deduce using Lemma 13 the inequality

o (s () - 0o (25 e

l
S (6 )l

H{
In conclusion, since
o0 = Hor (25 ) 4 Horo(F20 ) + i, (122)
v , [ x—=y() v , x+y(t)
i d(t, x) = ————H, H' —_— ,X), 12
W O=" 0*‘(m>+m ‘”(m)*w 012

we deduce from the formula (85), estimates (120), (121) and Taylor’s expansion theorem that

E(¢(1), 09 (1))

o (x =y x—y()
=/0 - 2>Ho-l<r_vz) +U<H°’1(~/—1—vz>>dx
+00

+/+OOU/(H01( _y(t)»lﬁl(t,x)dx
0 AV =2
y()

1 +00
+ E|:f0 (1, x)2 + U”<H0,1 <m>>wl(t, x)2 + Y (t, x)2:| dx
+HO(( =y B O(HWt)”HJ e VPO 4y, D) (124)

)3 Yi(t, x)
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while (¢ (¢, x), 0;¢ (¢, x)) satisfies identities (122) and (123). Moreover, from (122), we can obtain
from (124), while (¢ (¢), 0:¢ (¢)) satisfies (122) and (123), that

E (1), 96(1))
e (x—y0 x=y(1)
‘/_oo 2(1—02)H0’1<x/—1—v2) +U<H°’1(¢1—v2>)dx
/+OO H ( y()>1//(t X)—H (ﬁ)aw(r x)
/—1—1)2 0,1 /—1 2 0,1 /—1_ 1

+00
e

1 +0o0
+§UO axwl(t,x)2+U”(H0,l<%))w (t, )2+ Yo (2, x) dx]

+0((1 =) Py@e 2 O) 1 O (IF Oy r2e 2O + 1910, 03y gy). - (125)

We also recall the Bogomolny identity Hé’l(x) = /2U (Hp,1(x)), from which we deduce with change
of variables that

I1Hg I

1 X 2 X 0,172
— | H] (—) dx:/U(H ( ))dx:\/l—v24. (126)
Z/R 01 1—12 R o1 V1 =02 2

Step 3 (conclusion of the estimate of £ (¢)). Since H_o,; ((v, y(2)), x) is defined by

HO,l(L%)
I_I_O,I((va(t))’x): v {_vitly(t)
st (5)

and we can verify by similar reasoning to (124) the identity

— 2 —
E(Ho 1 (v, y(0). x)) = / mHé,l(zli—iZ) +U<H°’1(f/—1i(g>> -

We conclude that E(m((v, y()),x))=(1/+/1—12)| H(;’l ”i%‘ In conclusion, using (125), we obtain that

E(¢(1), 0:9 (1))

1 , oy H y (1)
=ttt [ it (G e e
+ - Hél( y(t))3x¢1(t,x)+/+ooU/<Ho1( _y(t)>)1ﬁ1(t,x)dx
V1 =2 V1 =02 o0 AV =02

1 +o0
+5[/0 3x1ﬂ1(f,x)2+U”(Ho,1(\/§>)lﬁ1(t )2 +(t, x) ]
+0((1 =)™ 2y PO 4 | (0, V)l gpeaze ™) + OUYL O g
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From this using integration by parts we conclude that
E (¢(1), 9;9(1))
1
= ——— {1113 + 0(J 0 Co i, ¥

i
+1[ a0 o @ x>2+U”<H ("_—y(’)»w(r x)]
) 0 2\, xWY1\l, 0,1 \/1_— 1

+0((1 =)™ 2y 2O 1 0 (Wi (1), Vo)l rze PO+ I OI,), (127
where the function C, ,(x) is defined in (88).

Step 4 (estimate of —v P, (¢ (¢), d;¢(¢))). First, we recall from (84) that Py (¢(t), ;¢ (t)) is given by
+00
PO, 80O == [ a1, 0089(0,3) dx.

Then, while (¢ (¢, x), 0;¢ (¢, x)) satisfies the formula

(1, %), 8 (1, x)) = H_1.0((v. (1)), ) + Ho.1 (v, y(0)), ) + (Y1 (¢, %), Y21, 1)),

using the estimates (120) and (121), we obtain by similar reasoning to the estimate of (2.12) of Lemma 2.3
in [Kowalczyk et al. 2021] that

2
—vP(p(1), 0:0(2)) = ——h”HélH%% —v(J 0 Cyy1)» @)(1‘))
+00 2
+U/ A1 (2, X)Ya(, X)dx+0<(1 )y(t)e—Z\/fy(t)>
0

+ O(ﬁe—ﬁymn(wm, wzo))anxL;). (128)

More precisely, the errors in the estimate (128) come from estimate (120) and the Cauchy—Schwarz

+00
/O ‘H/_l,o(Ly(”)‘na Y1t 01+ (e, 1)1

from Lemma 11 applied to the integral

too (x—y(@®)\,, [(x+y@)
R e A = I

and from the elementary estimate

0 2 +oo 2
x — y(t) x+y() 23y
H | ——= dx+ H' (— dx <e Yo,
/_oo O’1<v1—v2> 0 PAVT— 2 ~

which can be obtained from (120).

inequality applied to
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Step 5 (estimate and monotonicity of M (¢ (¢), 9,¢(¢))). From estimates (127) and (128), we deduce

M@ (1), 3¢ (1))
=E (¢(1), 0:¢(1)) —vP(¢(1), 0,0 (1))

4 1 oo /" - (t)
=¢1—v2||Ho,1||ig+5[ 0 a0’ U (Ho,1<jl_—yw))wl<r,x>2dx}

+ O (I @), Y2y, 12 + WO, Y2 () 127 >0)
+ 0@, ++y e V2 O). (129)

Furthermore, using estimate (127) and Lemma 11, we can also verify the estimates

. — 1 _
E(Ho1(v, y() + H_10(v, (1)) = IH 1132+ O(y(n)e V2 ®),
v X

N =
— —_— v —
Pi(Hoi, y(0) + Horow, (1) = =1 Hy, 17, + 0 (r(ne 22,
— v x
Therefore, we obtain that
= —> —
M (Ho (v, y(0) + H 1000, (1) = V1 = 2 Hy 1 I} + O(y (e V2 ), (130)

from which we deduce

M), 9 (1))
— M(Ho, (v, y(0)) + H_1.o(v, y(0)))

+1[ +OO¢ (t, X) + By (¢ x)2+U”(H (x_y(t)))w (t x)zdx}
) 0 2\, x W1\, 0,1 m 1\,

+0 (max{y(®e 220, y)e 22O 40 (v (), Y2y, 2 HI W1 O, Y2 (D) 1 12)-

Consequently, since M (¢ (0), 9;¢(0)) > M (¢p(2), 9,9 (¢)) for all + > 0 and

(@ (0). %p(0) = Ho 1 (v, y(0)) + H_1 5(v. (0)) + (¥1(0), ¥2(0)),

we have for every ¢ > 0 the estimate

+0o0

Yot )2+ 0y 1,00 + U“(Ho,l (f/i_(;)) Vi, x)? dx

Sy 2O 1300 VO Lo (Y (1), Y2y, 12 + IO, 2O
+H1W10), Y2000l 1 cr2.

from which with Lemma 34 we deduce for all ¢ > 0 that
I @, Va1, 2 S YO V2O 4y @) V2O 41 (0), 2Ol g2, (131)

if v 1.
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Step 6 (final argument). The last argument is to prove that the set denoted by
BO = {1t € Rag | I(¥1 (1), Y2 () mpscrz < 0% y(@) = y(0) and (119) is true}  (132)

is the proper R>¢. From the hypotheses of Theorem 4 and Step 1, we can verify that 0 € BO.
Furthermore, from Step 1, we have obtained that there exists € > 0 such that if 0 < ¢ < ¢, then

(@ (. x), (1, x)) = H_1.0((w, y(0)), X) + Ho 1 (v, y(1)). X) + (1 (2, X). Y2t X))

and
19(0) = Yol + 11 (0, V2O |1 wzz < 2C 1 (ur, u2) || g1z (133)

2+9 and Lemma 25 implies the estimate

11 0), Y2 OD s xzz < I Gun, un)l gy

from (133) and Lemma 27, we deduce the existence of a constant 0 < K independent of € and v such

Since ||(u1, u2)llgixp2 < v

that y(¢) is a function of class C' in [0, €] and for any ¢ € [0, €], the inequality

15(0) — vl < KU @), Y2 @) iz +e V20 (134)
is true. Therefore,
(1) = v — K[ (0), 20 12+ V2D (135)
while ¢ € [0, €]. Moreover, from inequality (133) and the observations done before, to prove that
[0, €] C BO it is only needed to verify that y(¢) > y(0) for all ¢ € [0, €].

First, since y(¢) is continuous for ¢ € [0, €], there exists €3 € (0, €) such that if 0 <¢ < ¢;, then

y(t) > 3y(0),

50 (133), (135) and the estimate [|(¥1 (0, ¥2(0) | 1w z2 S 11, w2) | g1 2 < 03+ imply that if 0<7 < e
and 0 < v <« 1, then
J(t) > v— v — Ke W02 > 4y (136)

In conclusion, estimate (133), the hypothesis of yg > 41n% and inequality (136) imply for v <« 1 that
if 0 <t < e, then y(t) > y(0) + 2vt and [0, &2] C BO.

If ¢ € [er, €], it is not difficult to verify that y(¢) > y(0) in this region. Indeed, the continuity of the
function y would imply otherwise the existence of #; satisfying €x <t; <€, y(¢;) = y(0) and y(s) > y(0) for
any € <s < t;, which implies that estimate (136) is true for 7 € [¢;, #1]. But, repeating the argument above,
we would conclude that y(#;) > y(0) + ‘Slvt,-, which is a contradiction. In conclusion, the interval [0, €]
is contained in the set BO.

Similarly, from Lemma 27, we can use inequality (135) to verify that y(t) > y(0) + %‘vt always
when [0, t] C BO. Therefore, estimate (131) implies

1@ @O, V2Ol erzi S 1, w7, 2+ 3 (0) 26 V2O 074 (137)

if [0,7] € BO.
In conclusion, BO = Rs¢ and estimates (134), (137) imply the result of Theorem 4 for all t > 0. [J
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6. Proof of Theorem 2

First, from Theorem 1.3 in [Chen and Jendrej 2022], we know for any O < v < 1 that there exist § (v) > 0,
T (v) > 0 and a solution ¢ (¢, x) of (1) with finite energy satisfying the identity

X —vt —X — vt
¢<r,x)=Ho,1(m)+H_1,o(m)+w<t,x>, (138)
and the decay estimate
Supl| (Y (1, ), Y (1, )| g1 2% < +00 (139)

t>T

for any T > T (v) and § < §(v). Moreover, we can find §(v), T (v) > 0 such that

sup |(W(t, x), W (t, X))l g1 26" < 1. (140)
t>T () A

Indeed, in [Chen and Jendrej 2022] it was proved using fixed point theorem that for any 0 < v < 1 there
is a unique solution of (1) that satisfies (139) for some 7', § > 0.

Next, if we restrict the argument of the proof of Proposition 3.6 of [Chen and Jendrej 2022] to the travel-
ing kink-kink of the ¢® model, we can find explicitly the values of §(v) and T (v). More precisely, we have:

Theorem 29. There is 5o > 0 such that if 0 < v < 8 there exists a unique solution ¢ (t, x) of (1) with
X — vt X + vt
h(t,x)=¢(t,x)— Ho, <m> - H—l,O(m)»
satisfying (139) for some 0 <8 < 1 and T > 0. Furthermore, we have if
. 41n(1/v)

v
that

It x), Bh(t, ) e < eV (141)
This solution is also an odd function on x.
Proof. See Appendix B. O
Finally, we have obtained all the framework necessary to start the demonstration of Theorem 2.

Proof of Theorem 2. First, from Theorem 29, for any k € N bigger than 2 and 0 < v < §j, we have that
the traveling kink-kink with speed v satisfies for

5 _ 32%In(1/v?)
the estimate
1A (Ton), 3h(To ) g2 < vV (142)

for h(t, x) the function denoted in Theorem 29. Now, we start the proof of the second item of Theorem 2.

Step 1 (proof of second item of Theorem 2). First, in the notation of Theorem 8, we consider

¢k(vs z, x) = gok,v(t, X+ Tk,v)-
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For the T ; given before, we can verify using Theorems 7 and 8 that

x—vTox x +vTpx
‘ o1 (v, Tok, x) — Ho 1 <—) - H—l,o(—

In conclusion, Theorem 15 and Remark 22 imply that there is Ay g > 0 such that if also v < Ay 4, then

1 (1. ), (1, X)) = (i (v, 1, %), e (v £, X)) | g1 g2 < VP72,

J1I=12 V1I=v /g
v x —vTp4 v x+vTox
Byi(v. To k. x) + ——— H; =) - Hool = )| =2
+ || 0:x (v, Tox x)+m 0’1<\/1——v2) V11— _1’0< 1—v2> H}_v

while 2-6/2
In(1/v)>~%/
[t —Tox| < ——.

Also, Theorems 7 and 8 implies that if v <« 1 and
41n(1/u)2—9 In(1/v)>~*

=t=-
v v

k]

then there exist ey , satisfying

1 8
ev,k—ﬁln(ﬁ) <<1
such that
X —epy+ut X+epy—vt

R = R e

1—v2 1—v2 H)

v , (X —eky+ut v , X +epy— vt 2%k—1/2

e = G ) R Lt (v = | IR L

In conclusion, the second item of Theorem 2 follows from the observation above and Remark 22.
Step 2 (proof of first item of Theorem 2). From Step 1, for
In(1/v)>~?

’

v
we obtained that ¢ (#p, x) satisfies (143). Next, we will study the behavior of ¢ (¢, x) for ¢ < tg, which is
equivalent to studying the function ¢ (¢, x) = ¢ (— (¢t +1p), x) for t > 0.

However, from the estimate (143), we can verify that (¢ (0, x), 9,¢1 (0, x)) satisfies the hypotheses of
Theorem 4, if we consider yp = ex,, — v#p and 0 < v << 1. Therefore, using the result of Theorem 4 and
the identity ¢, (¢, x) = ¢ (—(¢ +1y), x), we obtain the first item of Theorem 2. O

Appendix A: Auxiliary estimates

In this appendix, we complement our article by demonstrating complementary estimates.

Lemma 30. For
e—ﬁx eﬁx eﬁx

k
(1 + e2v2x)3/2 +x(1 + e2V21)3/2 + (14 e2v26)3/2°

Gx)=e V> -
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we have that
| Ut By (026 dx
- /R U (Hy () Hy () 2™V dx — /2 /R [U"(Ho, 1 (x)) — 21H} , (x)e™ V> dx.
Remark 31. Indeed, the value k; in Lemma 30 can be replaced by zero, since
fR U (Ho, 1 (x))H} 1 (x)* dx = 0.

Proof of Lemma 30. First, from identity H(’)’ {(x) =U'(Hp,1(x)) and integration by parts, we can verify
the identity

/R U (Ho,1(x))Hf 1 (x)*G(x) dx = /R U'(Ho,1 (x)[G" (x) = U" (Ho,1)G(x)]dx.

Also, since —G" (x)+U" (Ho,1(x))G(x) = [U" (Ho,1 (x))~2]e V2 +8+/2Hj | (x) and (H{ |, U'(Ho,1)) =0,
we conclude using integration by parts that

/ U (Ho,1(x))Hj 1 (x)*G(x) dx
R
=- /R U’ (Ho.1 (x))[U" (Ho (x)) — 2]e™V dx

= /R HY\(O[U" (Ho 1 (x)) — 2]~ dx,

= fR U (Ho 1 () Hy ()% V> dx — \/E/R[U”(HO,] (x)) —21Hj  (x)e V¥ dx. O
Now, using integration by parts and identity (27) of [Moutinho 2023], we have that
- /{R[U”(Ho,l(x)) —2]e V2 Hy | (x) dx = —«/E/R[6Ho,1(x)5 —8Hy 1 (x)le V¥ dx =4, (144)
from which we deduce the following lemma.
Lemma 32. / U (Hy,1 (x)Hj 1 ()G (x) dx — / U (Ho, 1 () Hy  (x)%e™V> dx = 44/2.
Lemma 33. TheRre is 8 > 0, ¢ > 0 such that if !

0<v <, d(t):%]n(%cosh(«/ivt)z),
then for

1 1
x — 5d(t) ) _ ( X+ 5d(t) )
— |, Hy (x,)=H_jo| ———— ),

Hy (x, 1) = H0,1<

and any g € Hx1 (R) such that

(g(x), 3XH(;':1(X,I)>=O, (g(x), 8xH(;1(x’t)>=0a

we have
cllgly < (—97(x) + U"(H (v, ) + Hy, (x, )8 (), g(0)). (145)
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Proof of Lemma 33. First, to simplify our computations we let

1
Vi) = —F7/—m—-
V1= 3d(0)?

Next, we can verify using a change of variables that

(U"(H, (x, 0))g(x), g(x)) =V 1 = 3d (1) /R U (Hoa ) [8((y + 3d@vaw)vich)] dv.

and 2

[0 [ [i[gwd;}))]] dy. (146)

R dx 1—1d@®)? /) Ldy
R
We now let
17,2 -1
g1t,y) =g(yV1—-3d)?) =gy )

Moreover, L = —8)% + U"(Hp,1(x)) is a positive operator in L2(R) when it is restricted to the orthogonal

complement of Hé’l (x)in L)ZC (R); see [Jendrej et al. 2022] or [Moutinho 2023] for the proof. In conclusion,
we deduce that there is a constant C > 0 independent of v > 0 such that

d? -
<—ﬁg<x) + U (Hef (xr, 1)g (), g<x>> > V1= 1d0 1810 )12 q. (147)
X !
so, from d (1) = vtanh (\/Evt) and identity (146), we deduce that there is a constant C1 > 0 such that
if v<1,then

d2
<—@g(x) + U (Y (x.10)g (x), g(x)> > Cillg ()11 - (148)

Similarly, we can verify for the same constant Cy > 0 that if (g(x), 0xH " ((x,1))2 =0 and v K 1, then

d? _
<—ﬁg(x> + U (Hy, (6, 1)g(x), g(x)> > C1lg0131 - (149)
The remaining part of the proof proceeds exactly as the proof of Lemma 2.6 of [Moutinho 2023]. O

Lemma 34. There exist C > 1, ¢ > 08 > 0 such that if 0 < v < 8, then for any (¢1, ¢2) € HX1 (R) x Li(R)
we have that

2 2 X 2 2 2
/prz + 0y 07 + U”<Ho,1 (m>>¢1(x) dx = cll(@1, @) 1,2 — Cl@1, 92), TDy 0 (x))".

Proof. The proof is completely analogous to that of property (2) of [Kowalczyk et al. 2021, Lemma 2.8]. [J

Appendix B: Proof of Theorem 29

0 1
=[%0)

We start by letting
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and we consider for x € R and —1 < v < 1 the functions

(=)
-1, — 2
AR N N (150)
_]—UzHil’O(«/l—v2>
i vxH', o(L)
Yl ot v) =1 VI (151)
—1,0, V) = 1H,<x>+v2xH(2)<x)’
| Vi o\ =) Tim o\
and we write, for j € {0, 1}, wé"l(x, v) = Wil,o(_x’ —v).
Next, we will use Lemma 2.6 of [Chen and Jendrej 2022].
Lemma 35. The functions
YO o(vsx, 1) = =Ty o(x +vt, v), (152)
Y oix, )= —Jyl oG+ vt v) + 1/ 1 —02Y0 (i x +vt, 1) (153)
are solutions of the linear differential system
02 t
d [wl(r)] _, —m+U”(H71,o< x—f_”vz» 0 |:wl(t)i|’ (154)
dt [wa(1) 0 1 wa (1)
and the functions
Yo (vix, ) =—Jg  (x —vt, v), (155)
Yl (uix, ) =—Jyl  (x —vt, v) + 1V 1 = 02Y0, (v x — vt, 1) (156)
0,1 0,1 0,1
are solutions of the linear differential system
9? x—vt
d wl(t):| —2 4 U (Hoa( ) 0 |:w1(t)i|
— =J 9x2 TAV1—02 . 157
dr |:w2(t) 0 T Lwa (157)

Now, similarly to [Chen and Jendrej 2022], we consider the linear operator L4 _(v, t) defined by

9?2 ” X —vt X+t
L. (.1)= x2 +U (HO,]( —l—zﬂ) + H_1,0( —l—zﬂ)) 0 ' (158)
0 1
We recall that
e«/ix 1

d
Hy(x) = and ‘—lHo,l(x) < min(eﬁx, e‘zﬁx) for any [ € N.

dx

\/l—i-ezﬁx’

From now on, we let ‘l’£1,0(v; t,x) = 1/’11,0()6 + vt, v) and W({,l(v; t,x) = wfl’o(x — vt,v) for
any j € {0, 1}. Furthermore, using Lemma 11, we can verify similarly to the proof of Proposition 2.8 of
[Chen and Jendrej 2022] the following result.
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Lemma 36. There exists C > 0, such that for any 0 < v < 1, we have for all t € R> that

d o 0 —2J§v|z|>
— vit,x)— Ly _J v, X <Cexp| — ],
Hatwo’l( ) +, 1[/0,1( )L2 p( m
9 —2/2v]t|
=0 oit,x) =Ly Ty, ((vit,x) fCeXp(—),
H or "1 ’ b0 2 N
Hiwl (it,x)— Lo _JWd i, x) V10290 (v: 1, %) <C(|t|v+1)vexp(M>
g T T R Vice )
3 . 0 (—2ﬁv|t|)
— vyl it x) =Ly _Jyl, it )+ 1 =02y 0, (v;t, <C(|tlv+Dvexp[ — ).
H 8t1// l,O(U X) =+, l// I,O(U X) v ‘// l,O(v x) L% (| |U )U Xp m

Next, we consider a smooth cut function 0 < y (x) < 1 that satisfies

1 ifx<2(1—=1073),

x() = {0 if x> 2.

From now on, for each 0 < v < 1, we consider p(v) = %v(l —1073) and we also let
X+ vt X+ vt
xl(v;t,x)zx( ) Xz(v;t,X)=1—X( )
p)t p(v)t
Lemma 37. There is ¢, 9 > 0 such that if 0 < v < &, then

QG r>—l[/ (1. x)” + 0,7 (1 x>2+U”(H ("_—”)H{ ( oy .))r(t x)zdxi|
) - 2 R t ) X ’ 0,1 m —-1,0 l_vz ,

2
—i—Zv/Xj(v;t,x)(—l)ja,r(t,x)axr(t,x)dx
j=1 'R

satisfies, for any t > M,
v

1

- 1 - j - j
Q. 1) = clF (3102 — ;[Drm, MG GONZRICE t>>2]

j=0

Proof. From the definitions of Ipll’o and w&l, we can verify that there is a constant C > 0 such that
if v « 1, then

o x—vt \\?
<r(t),H0’1< 1_v2)>

. X+ vt 2
<V(t), H—1,0<—,—1 = v2)>

Then, using the estimates (159) and (160), the proof of Lemma 37 is analogous to the demonstration of
Lemma 2.3 of [Jendrej et al. 2022] or the proof of Lemma 2.5 in [Moutinho 2023] or the demonstration
of Lemma 33 in Appendix A U

< C{r @), 3 (), Yo, (0 DY+ 02 (1), 8r (DT, 2]. (159)

< C[(r @), 8r @), ¥l o ) + V(). 8r ()G, 2] (160)
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Remark 38. Proposition 2.10 of [Chen and Jendrej 2022] implies that for any 0 < v < 1, there is Ty,
and ¢, such that Lemma 37 holds with ¢, in the place of ¢ for all r > T,,.

Lemma 39. There exists C > 0 such that, for any 0 < v < 1, if f(t,x) € L°(R; Hx1 (R)) and

h(t,x) € LY (R>1; Hx1 (R) N Ct1 Rs1; L%(R)) is a solution of the integral equation associated to the
partial differential equation

32h(t. x) — 32z x)+U“<H (x_—”> t+H (ﬂ))h(r X) = £, x)
t ’ X ’ 0,1 m —1,0 m ’ - ’ ’

for some boundary condition (h(ty), 0;h(ty)) € Hxl([R{) X Li (R), then

ot h)—l[/ Bh(t, x)* + dch(t x)2+U”(H (x_—vt)JrH (ﬂ))h(t x)zdxi|
) - 2 R t ’ X ) 0,1 m —-1,0 m )

2
+Zv/ Xj (s 1, ) (=1 8;h(t, x)dh(t, x) dx
j=1 'R

satisfies

]
‘EQ(hh)‘

—/2vt(1 —1073)2 1
SC[IIf(t)IILgII(h(t),8th(t))llﬂngg+II(h(t),8th(t))lléng§<vexp< lji_—vz )>+;>}

forallt > 1.

Proof. First, from the equation satisfied by A(z, x), we obtain that

f [afh(t, x) — 82h(t, x) + U”(Ho,l (x_—v’) + H_l,o(ﬂ))h(t, x)2:|8th(t, x)dx
R V1 =2 V1 —v?
=/f(t,x)8th(t,x)dx. (161)
R

As a consequence, we deduce by integration by parts that

i[/ah(t)2+a h(t)2+U”(H <x_” )+H <x+” ))h(t)zdx:|
dt t X 0,1 ;—1 — 1)2 —1,0 /—1 — 1)2
_ U<3> Hoa (=2 ) i o 22 Wiy (222 Vi) ? dx
vl—v \/l—v2 V1 =02 O\ VT2
U(3)(H (x—vt) o (x—l—vt >>H/ (x+vt )h 2
¢1_—v2/ R W) e W) ) A Wiy
+2ff(t,x)h(t,x)dx. (162)
R
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Next, from the definition of x;(v; ¢, x) and x2(v; ¢, x), we can verify for each j € {1, 2} that

i[v/ xj (s £, ) (= 1) 3h(t, x)dch(t, x) dx}
dt R

:v/ Xj(v;t,x)(—l)iafh(t,x)axh(t,x)dx+vf Xj 3 £, X) (=D 8,h(1, X)37 h(t, X) dx
R R
. v
+0<||X||L30(R);|I(h(t),8th(l))||2ng§)v

from which we deduce using integration by parts that

i[v/ xj (s 1, x)(=1)? 3h(t, x)dch(t, x) dx}
dt R

=v /R xj(v;r,x)(—l)fa?ha,x)axra,x)dx+0(||>'<||L;>O<R>%||<h<r>,ath<r>>||%w%). (163)
From the equation satisfied by A(z, x), we have that
vaxj(v;t,x)(—l)fafh(z,x)axh(z,x)dx
=v/RXj(v;t,x)(—l)jf(t,x)axh(t,x)dx—I—v/RXj(v;t,x)(—l)jafh(t,x)axh(t,x)dx

—v fR X t, x)(—l)jU”<Ho,1 <%> + Hl,o<%>)h<t, x)3:h(t, x) dx.

So, using integration by parts, we obtain for any j € {1, 2} that

2\/1—1)2/ X (v; t,x)atzh(t,x)axh(t,x) dx
R
/x (v: t x)U<3>(H ( X )+H ( Xt ))H < Xl >h(t )2 dx
= i(v; ¢, 01| —— —10| —— — ,
R V1 =02 V1 =02 01 V1 =2
X —vt X + vt x + vt
Y AT PN £ WA TR PN
R 1 —0? 1 —? M\ VT =02
1
+ 0(||X’||L§C(R);||(h(f), 3th(f))||%ﬂxL§ + I f Ol 2 lIh (@), ath(t))HH;ng)-

From the definitions of x(v; ¢, x) and x»(v; ¢, x), we can verify for all # > 1 that
x — vt V20t (142 x 1073)
H| (—)Xl(v; 1, x) <v/2ex (— ,
S\ VT=02 P V1 =2

: X+t . V2vut (1 —1073)?
H_l’()(\/W)XZ(U’ t,x) <\/§exp(— N )
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In conclusion, we obtain that
Z ij(v t,x)(— l)Jazh(t x)o h(t, x)dx
" /U<3>(H ( X )+H ( X ))H ( i >h(t )2 dx
0,1 1,0\ —7— —
2«/1—v N Vi—z)) "N\ Vi =2
— vt X+ vt X + vt
> U(3)(H01< v )+H_10(—))H’_ <_)h<t,x)2dx
2«/1—1}2/&% AV =02 AV =02 M\ v1T=2
. 1
+0 <||X ||L;~0<R);||(h(t), 3th(f))||%1X1XL)2( ol f Ol 2 1I(h(2), dh(E)l a; ng>

20t(1 —1073)2
+0<vexp(_\/_z’1t(_v2)l/2 ) >||h(t,x)||%_1;(qu)>~ (164)

So, using estimate (164), Lemma 39 will follow from the sum of (162) and (163). O

Lemma 40. There is C > 0, such that, for any 0 < v < 1, if f(t,x) € L°(R; Hx1 (R)) and h(t, x) €
L (Rs1; Hx1 (R)) N C}(Rzl; L)zc (R)) is a solution of the integral equation associated to the partial

differential equation

afh(t,x)—afh(r,x)+U”(Ho,1( * oo >+H_1,0< rrul ))h(t,x):f(t,x)

V1—v? V1—1v?
for some boundary condition (h(ty), d;h(ty)) € H; (R) x L%(R), thenforZ(t) =(h(t, x), 0/h(t, x)) we have
d - 0 I —24/2vt
E(h(f), Y0 0))| =C _||f(f)||L§([Ra) + ”muH\!(R)xL)%(R) exp(m)],
d - 0 I —24/2vt
‘EM(”’ Vo (v; 1) <C _||f(f)||L§(|R<) + ||m||H;(R)xL§(R) eXP(m)]

d
T (). WL o 0) + (1= v)) 20, Y2, o0 t))’

r —24/2
=CllIf®Oll2+ IIWIIH;ng(IIIUJF l)exp<%)}

d
() g (03 D) + (1 =) R0, v v r)>‘

—24/2
< c[nf(t)nL; A+ IR 12 (0 + 1) exp(%)]-

Proof of Lemma 40. This follows directly from the identity

dro =L Z(z)+[ 0 ] (165)
dt T T ThT ft, x|

and from Lemma 36. |
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Proof of Theorem 29. For . 41n(1/v)

v
we consider similarly to [Chen and Jendrej 2022] the norms

Ty

2 2 1/2
ez, = sup e e, Dz el = sup e L, )l g+ 10ut, )21

t>To 0 >Tp
Next, from Lemma 40, we can verify using the fundamental theorem of calculus that there is a constant
C > 1 such that if v « 1, then for any ¢t > Ty we have that

N 0 r eVt e—(2ﬁ+1)m
[(h (), ¥, o(; D) < C| 11 fl 2 + 1Al g : (166)
’ L v,7p v v, Ty
5 i eVt - o~ (V24D
(h®, ¥L1o@ D) = C|Ifll2, —5 + Wil e <M+1>”’+nhu,ﬁ%T} (167)
N 0 r e~V e—(2ﬁ+1)m
(R (), 0,1 (03 D) < C| 11 fl 2 + 1Al : (168)
L v,TO v v.TO
5 r eVt B e—(zﬁ-i-l)vz
[(h(®), o1 DN = C| 1 fllz2, —5 + kg, te YD L > } (169)

Also, from Lemma 39, we can verify using the fundamental theorem of calculus for any ¢ > T that
there is a constant K > 1 such that if v < 1, then

Tl g o2t e~ 2vt - o
/t ‘5Q(s,h)‘dssl<[ 112, llgy, =+ 10, ( — e FQuty2u(1-10 ))ﬂ (170)

v v, Ty

In conclusion, similarly to Step 1 in the proof of Lemma 3.1 of [Chen and Jendrej 2022], we deduce
using the estimates (166)—(170) with Lemma 37 that there exists a new constant C > 1 such that for
any t > Tp and v < 1 we have

C
2 a2
1Bl = 1A a7

The fact that the constant C in (171) is independent of v follows from
Ty > 41n(1/v)’

v
which implies that
e—2vt e—2vt
vt + vt
We also observe that if (g (¢, x), d;g1(¢, x)) and (g2(¢, x), 0,82(¢, x)) are in the space (g(t), d;g(t)) €

H!(R) x L2(R) such that

<

(8 (1), 3Nl Lo 17y, 4001, H} xL2) = 1, (172)

then, since U € C, we can verify that the function
N )t x) = U/(H_l,o( L ) + Ho,1 (L‘”> +(t, x)) - U/(H_l,o( sl ))
- U/(Hm( i )) - U”(H_Lo( il ) + Ho,l( il ))g(t, X (73)
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satisfies, for some new constant C > 1 and any v < 1,
IN @, §10) — N, 820Dy < Clllgi @y + 18201l 1llg1®) = 8201
which implies
IN@. 1@ = Nw. g2l < Ce " gillgy, + g2l Mer =gy, . (174)

In conclusion, by repeating the argument of the proof of Proposition 3.6 of [Chen and Jendrej 2022], we
can verify using the Lipschitz estimate of (174) and estimate (171) that if
o> 41In(1/v)
v

and v,

then there exists a map
S:{ueHyg |y, <1}—{ueHyg | luly, <1} (175)

such that u (¢, x) = S(u)(z, x) is the unique solution of the equation

2 2 / X+t X — vt .
0y u(t, x) —oyu(t, x)+U"| H-10 ﬁ + Ho,1 ﬁ u(t, x) =N, @), x), (176)

such that u € HUI’TO. Indeed, the uniqueness is guaranteed by estimate (171) and from estimates (171)
and (174) we have that the map S is a contraction in the set

1
B={ueHlp |luly <1},
v, T

and so Theorem 29 follows similarly to the proof of Proposition 3.6 of [Chen and Jendrej 2022] by using
Banach’s fixed point theorem. O
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ON RIEMANNIAN MANIFOLDS FOR k < 3

JONAH A. J. DUNCAN AND LUC NGUYEN

Let (M", go) be a smooth compact Riemannian manifold of dimension n > 3 with nonempty boundary d M.
Let I C R" be a symmetric convex cone and f a symmetric defining function for I" satisfying standard
assumptions. Under an algebraic condition on T, which is satisfied for example by the Gérding cones I';"
when k < %n, we prove the existence of a locally Lipschitz viscosity solution g, = e**g to the fully
nonlinear Loewner—Nirenberg problem associated to (f, I'),

{f(k(—gulAgu))=1, AM—g'Ag) €T on M\ M,
u(x) — 400 as disty, (x, 9M) — 0,

where A,, is the Schouten tensor of g,. Previous results on Euclidean domains show that, in general,
u is not differentiable. The solution u is obtained as the limit of smooth solutions to a sequence of fully
nonlinear Loewner—Nirenberg problems on approximating cones containing (1, 0, ..., 0), for which we
also have uniqueness. In the process, we obtain an existence and uniqueness result for the corresponding
Dirichlet boundary value problem with finite boundary data, which is also of independent interest. An
important feature of our paper is that the existence of a conformal metric g satisfying A(—g~'A derl
on M is a consequence of our results, rather than an assumption.
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1. Introduction

A pertinent theme in conformal geometry is to establish the existence of conformal metrics satisfying
some notion of constant curvature. For example, given a compact Riemannian manifold (M", go) of
dimension n > 3 with nonempty boundary d M, a natural question is whether there exists a conformal
metric which is complete on M \ dM and has constant negative scalar curvature on M \ dM. In the
seminal work of Loewner and Nirenberg [1974], the authors proved among other results the existence and
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uniqueness of such a metric when M \ dM is a bounded Euclidean domain with smooth boundary' and
go is the flat metric. Aviles and McOwen [1988] later extended this result to the Riemannian setting; for
further related results we refer, e.g., to [Allen et al. 2018; Andersson et al. 1992; Aviles 1982; Finn 1998;
Gover and Waldron 2017; Graham 2017; Han and Shen 2020; Han et al. 2024; Jiang 2021; Li 2022b;
Mazzeo 1991; Véron 1981]. We note that the related problem of finding conformal metrics with constant
scalar curvature on closed manifolds, known as the Yamabe problem, was solved in [Aubin 1970; Schoen
1984; Trudinger 1968; Yamabe 1960].

Since the works of Viaclovsky [2000] and Chang, Gursky and Yang [Chang et al. 2002], there has been
significant interest in fully nonlinear generalisations of Yamabe-type problems, including on manifolds
with boundary. Suppose that

' C R" is an open, convex, connected symmetric cone with vertex at 0, (1-1)
IF={eR":%>0VI<i<n)CICI'{={eR": A+ -+21, >0} (1-2)
fec®mn CO(F) is concave, 1-homogeneous and symmetric in the A;, (1-3)
f>0mI, f=0o0ndl, fi,>0mmIforl<i<n. (1-4)

In this paper, we study the natural generalisation of the Loewner—Nirenberg problem to the fully nonlinear
setting on Riemannian manifolds. That is, for (f, I') satisfying (1-1)—(1-4) and a compact Riemannian
manifold (M, go) with nonempty boundary d M, we study the existence and uniqueness of a conformal
metric g, = e?*gy satisfying

{ fO(=g"Ag)) =1, A(=g;'Ag) €T on M\ M,

(1-5)
u(x) > 400 as d(x, oM) — 0.

Here,

A, = mC——fi—g
£ =2 £ 2mn—1)

denotes the (0, 2)-Schouten tensor of a Riemannian metric g, Ric, and R, denote the Ricci curvature
tensor and scalar curvature of g, respectively, A(T") denotes the vector of eigenvalues of a (1, 1)-tensor T,
and d(x, M) is the distance from x € M to d M with respect to gg. Typical examples of (f, I') satisfying
(1-1)-(1-4) are given by (okl/ k, F,j) for 1 <k <n, where oy is the k-th elementary symmetric polynomial
and FZ ={AeR":0;(A)>0V1=<j<k}. When f =0, (1-5) reduces to the original Loewner—Nirenberg
problem on Riemannian manifolds discussed above.

Much of the motivation to study (1-5) stems from the fact that, as a consequence of the Ricci decompo-
sition, the Schouten tensor fully determines the conformal transformation properties of the full Riemann
curvature tensor. We note that, for g, = e g0, one has the transformation law

Ag, :—ngou—%|Vg0u|§0g0+du®du+Ago, (1-6)

which demonstrates the fully nonlinear nature of (1-5) when f # coy. Moreover, (1-5) is nonuniformly
elliptic when f # coj.

Loewner and Nirenberg [1974] also considered the problem on a class of nonsmooth Euclidean domains, but we will not be
concerned with such generalisations in this paper.
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By the 1-homogeneity of f, without loss of generality we may assume
f(3o....3)=1 (1-7)
As in [Li and Nguyen 2014], we define MIJE to be the number satisfying
(=i, 1,..., 1) €drl.

We note that /,Lff is uniquely determined by I" and is easily seen to satisfy le €[0,n—1]. When T =T,
one has M;: =n—k)/k.
Our first main result concerns the solution to the Loewner—Nirenberg problem (1-5) under the assump-
tion
ui > 1. (1-8)

Observe that, for I = F,j, (1-8) holds if and only if k£ < %n. The role of condition (1-8) will be discussed
later in the introduction.

Theorem 1.1. Let (M, go) be a smooth compact Riemannian manifold of dimension n > 3 with nonempty
boundary oM, and suppose (f, ') satisfies (1-1)—(1-4), (1-7) and (1-8). Then there exists a locally
Lipschitz viscosity solution to (1-5) satisfying

lim  (u(x)+Ind(x, 3M)) =0, (1-9)
d(x,0M)—0

which is maximal in the sense that if u is any continuous viscosity solution to (1-5), then u <u on M\ oM.
Moreover, when (1,0, ...,0) € I', u is smooth and is the unique continuous viscosity solution to (1-5).

We recall that a continuous function # on M\ d M is a viscosity subsolution (resp. viscosity supersolution)
to the equation in (1-5) if, for any xg € M \ O0M and ¢ € C*(M \ dM) satisfying u(xg) = ¢(xp) and
u(x) < @(x) near xg (resp. u(x) > @(x) near xg), we have )\(—g(;lAgw)(xo) efrel: f(n) =1}
(resp. A(—g; 1Agw)(xo) e R"\{A eI : f()) > 1}). We say that u is a viscosity solution to the equation in
(1-5) if it is both a viscosity subsolution and a viscosity supersolution.

Remark 1.2. In previous work studying equations of the form f(A(—g, 'A ¢.)) = L, it has been typical
to assume that the background metric g satisfies A(—g 'A ¢) € I on M (a notable exception is a result
of Gursky, Streets and Warren [Gursky et al. 2011], which will be discussed later in the introduction).
In contrast, one of the key points of this paper is that we do not assume the existence of such a metric
in Theorem 1.1. Rather, the existence of such a metric is established as a by-product of the proof of
Theorem 1.1 (see Theorem 1.6), and our proof of Theorem 1.1 would not be substantially simpler even
if we were to assume the existence of such a metric from the outset. We note that after our work was
submitted, Professor Rirong Yuan [2024] brought to our attention his work, where a conformal metric
satisfying k(—g‘lAg) € I' is constructed under the assumption (1-8) by an entirely different method.
See also [Yuan 2022], which considers the existence problem for (1-5) assuming A(—g, 'A ¢) €I and
(1,0,...,0) €I, and addresses (1-9) and uniqueness of solutions under an even stronger assumption
on I' (see condition (1.20) therein).
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Remark 1.3. In the case that M \ M is a Euclidean domain, the existence of a Lipschitz viscosity
solution to (1-5) was established by Gonzéles, Li and Nguyen [Gonzdlez et al. 2018]. It was also shown in
their work that this solution is unique among continuous viscosity solutions. We note that the uniqueness
of the viscosity solution obtained in Theorem 1.1 remains an open problem when M \ M is not a
Euclidean domain and (1,0, ...,0) € 9T".

Remark 1.4. In [Li and Nguyen 2021; Li et al. 2023] it was shown that if M \ dM is a Euclidean domain
with disconnected boundary and I C F;“ (in particular, this implies (1,0, ..., 0) € d"), then the Lipschitz
viscosity solution to (1-5) is not differentiable. Thus, in general, the Lipschitz regularity of the solution
in Theorem 1.1 cannot be improved to C ! regularity when (1,0, ...,0) € dI". On the other hand, the
existence of a unique smooth solution to (1-5) satisfying (1-9) when (1,0, ..., 0) € I' is new even when
M \ dM is a Euclidean domain. This smoothness result can be viewed as an analogue of the result in
[Gursky and Viaclovsky 2003] on the existence of a smooth solution to the ok-Yamabe problem for the
trace-modified Schouten tensor on closed manifolds.

To describe the proof of Theorem 1.1, we first introduce some notation and an equivalent formulation
of the result. Fort € [0, 1], Ae R"ande=(1,...,1) € R", we define

.
T+n(l—1)
As shown in [Duncan and Nguyen 2023, Appendix A], I satisfies (1-1), (1-2) and (1,0, ...,0) e I" if
and only if there exists r satisfying (1-1), (1-2) and a number 7 < 1 for which I" = (F)’. Note that (1-7)

implies f° (%, R %) = 1. An equivalent formulation of Theorem 1.1 is then as follows.

Ai=1tA+(1—1)o1(VNe, fT(A):= and T'":={A:A7 €T}

Theorem 1.1'. Ler (M, go) be a smooth compact Riemannian manifold of dimension n > 3 with nonempty
boundary oM, and suppose (f, I') satisfies (1-1)-(1-4), (1-7) and (1-8). Then, for each T < 1, there exists
a smooth solution u to

{ff(M—gulAgl,» =1, Mg, 'Ag) €TT on M\3M, (1-10)

u(x) — 400 asd(x,oM) — 0,

and moreover u satisfies (1-9) and is the unique continuous viscosity solution to (1-10). When t = 1, there
exists a Lipschitz viscosity solution u to (1-10) satisfying (1-9), which is maximal in the sense that if i is
any continuous viscosity solution to (1-10), then t <u on M \ M.

Remark 1.5. If we label the solution to (1-10) in Theorem 1.1" as u® for each T < 1, then we will show
that, for each compact set K C M \ d M, there exists a constant C which is independent of t but dependent
on M, go, f, I' and K such that

lu"|corxy <C forall T €0, 1].

In the proof of Theorem 1.1, we will first prove the existence of a unique smooth solution to (1-10)
when t < 1. The Lipschitz viscosity solution in the case T = 1 is then obtained in the limit as 7 — 1. In
turn, for each v < 1, the existence of a smooth solution to (1-10) is obtained as the limit of smooth solutions
to Dirichlet boundary value problems with finite boundary data. Although we only need to consider
constant boundary data in the proof of Theorem 1.1", we will prove the following more general result.
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Theorem 1.6. Let (M, go) be a smooth compact Riemannian manifold of dimension n > 3 with nonempty
boundary dM, and suppose (f, ') satisfies (1-1)—(1-4) and (1-8). Let v € C®°(M) be positive and
& € C®(OM). Then, for each t < 1, there exists a smooth solution u to

:ff(k(—g;‘Agu)) =y, AM—g'A,)eTT on M\ oM,

1-11
u==¢& on oM, ( )

and moreover u is the unique continuous viscosity solution to (1-11). When t = 1, there exists a Lipschitz
viscosity solution to (1-11).

Remark 1.7. If we label the solution to (1-11) in Theorem 1.6 as u® for each 7 < 1, then we will show
that there exists a constant C which is independent of ¢ but dependent on M, go, f, I', ¥ and & such that

[t |lcoaap <C forall T €0, 1].

The existence of a smooth solution to (1-11) when t < 1 is achieved using the continuity method,
which relies on obtaining a priori estimates. To keep the introduction concise, we only discuss the C°
estimates here and postpone the discussion of the other estimates to the main body of the paper. Now, if
one assumes A(—gq 'A %) € ' on M, then it is straightforward to obtain both the a priori upper and lower
bounds on solutions to (1-11). Since we do not make such an assumption on g, a large portion of our
work involves proving the lower bound. The a priori lower bound is obtained in two independent stages,
which can be summarised as follows:

(1) First, in Section 2, we prove a local interior gradient estimate on solutions to (1-11) of the form
|Veottlgo (x) < C(r~' 4 &™P5: ) for x € B2, (1-12)

where B, is a geodesic ball contained in the interior of M. An important feature is that the estimate (1-12)
does not depend on a lower bound for u.

(2) Second, in Section 3.2, we construct suitable barrier functions to prove a lower bound for u in a
uniform neighbourhood of d M — this is one of the key new ideas in this paper.

We note that the assumption ;Lff > 1 is used in both stages above. Once the lower bound in a uniform
neighbourhood of d M is established in the second step, the local interior gradient estimate from the first
step and a trivial global upper bound in Proposition 3.1 then allows one to propagate the lower bound
to all of M — see the proof of Proposition 3.2 for the details. As indicated in Remark 1.7 above, it is
important that all estimates in the two steps above (as well as the boundary gradient estimates obtained in
the main body of the paper — see Proposition 3.8) are independent of 7.

In fact, the proof of Step (2) provides a purely local lower bound: if xo € 9M and u solves (1-11) in
M N B, (xp), then u > C in M N B, (xp). In our subsequent work [Duncan and Nguyen 2025], we show
that this local lower bound cannot hold when (1-8) fails, that is when ufi <1.

We now discuss the two steps above in more detail. Our local interior gradient estimate, which is also
of independent interest, is as follows.
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Theorem 1.8. Let (M, go) be a smooth Riemannian manifold of dimension n > 3, possibly with nonempty
boundary, and suppose (f, ') satisfies (1-1)-(1-4) and (1-8). Fix T € (0, 1], fix a positive function
Y € C*(M) and suppose that u € C3(B,) satisfies

T A =¥, Mg, Ag) €TT (1-13)
in a geodesic ball B, contained in the interior of M. Then
[Vgoit] g (x) < C(r_1 +e™Pa ) for x € B2, (1-14)

where C is a constant depending on n, f, T, |Igollc3s,) and ||V ||c1(p,) but independent of T and infp, V.

We note that Theorem 1.8 was previously obtained for (f, ') = ((rk1 / k, F,j) when k < %n and t =11in

the thesis of Khomrutai [2009]. Roughly speaking, one important observation in the thesis is as follows:
if ,0|Vg0u|§,0 attains its maximum at xg (here p is a cutoff function satisfying standard assumptions), then
in a “worst case scenario” (i.e., in a situation where the gradient estimate cannot be obtained somewhat
directly), the ordered eigenvalues A1(xp) > -+ - > A, (xo) of (—g, 'A ) (x0) are greater than or equal to a
perturbation of (1, ..., 1, —1)%|Vu|2(x0). But when k£ < %n, the vector (1, ..., 1, —1) belongs to i,
and so by (1-13) and homogeneity of akl/ k. the gradient estimate follows. In our proof of Theorem 1.8, we
show that this phenomenon persists for general cones satisfying M}L > 1. In order to circumvent certain
arguments of Khomrutai that rely on algebraic properties of the o} operators, we appeal to some general

cone properties recently observed by Yuan [2022].

Remark 1.9. For gradient estimates on solutions to equations of the form (1-13) which depend on
two-sided C? bounds, see for instance [Guan 2008; Gursky and Viaclovsky 2003]. For gradient estimates
for the related positive cone equation, see e.g., [Chen 2005; Guan and Wang 2003; Jin et al. 2007; Li
2009; Li and Li 2003; Viaclovsky 2002; Wang 2006].

Remark 1.10. We have been informed that in an upcoming work of Baozhi Chu, YanYan Li and Zongyuan
Li [Chu et al. 2023], a Liouville-type theorem for a fully nonlinear, degenerate elliptic Yamabe-type
equation on negative cones is proved for all ,ulJf # 1. As an application of this Liouville-type theorem
and the method in [Li 2009] (which dealt with local gradient estimates for equations on positive cones),
the authors obtain local interior gradient estimates for solutions to (1-13) depending only on one-sided
€ bounds for all ;LIJE # 1 without assuming concavity of f. Counterexamples to both results are also
given when ;LIJE = 1. This proof is entirely different from our proof of Theorem 1.8.

We now turn to the second step mentioned above, namely the lower bound in a neighbourhood of 0 M.
This is achieved through constructing suitable comparison functions on small annuli; the main step here
is to prove the following proposition (see Proposition 3.4 for a more precise version).

Proposition 1.11. Suppose (f, I') satisfies (1-1)—(1-4) and (1-8), let gy be a Riemannian metric defined
on a neighbourhood Q2 of the origin in R", let m € R and define A,_,, :={x : r— < dg(x,0) <ry}.

2We would like to thank Baozhi Chu, YanYan Li and Zongyuan Li for bringing [Khomrutai 2009] to our attention.
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Then there exist constants S > 1 and 0 < R < 1 depending on gy, f, I and m such that, whenever
1 <ry/r— < S andry < R, there exists a solution to

F(—g, ' Ag, ) > 1, A(—g,'Ag,) €T onA, .,
wx)=m forx €S, _,

w(x) > —o0 as dg,(x,S,,) — 0.

Our construction of w in Proposition 1.11 is modelled on the radial solutions of Chang, Han and
Yang [Chang et al. 2005] to the ox-Yamabe equation on annular domains in R" when k < %n To apply
Proposition 1.11 to complete the second step, we attach a collar neighbourhood N to dM and cover
a neighbourhood of M in M by sufficiently small annuli whose centres lie in N and whose inner
boundaries touch d M. On each of these annuli, the solutions constructed in Proposition 1.11 then serve
as the desired lower bound by the comparison principle. See the proof of Proposition 3.3 for details.

Remark 1.12. The assumption ,uff > 1 plays an important role in our proof of Proposition 1.11, and in
fact a similar construction is not possible when MIJE < 1. More precisely, given a smooth metric go defined
on an annulus A, r and given a cone I" satisfying (1-1), (1-2) and u}’ < 1, there is no smooth metric
guw = €V go satisfying A(— g, A ¢») €on A, g and for which w — —o0 at either boundary component
of A, r. The proof of this nonexistence result uses arguments different in nature to those considered in

this paper and appears in our more recent work [Duncan and Nguyen 2025].

For the remainder of the introduction, we discuss in more detail how our results and methods compare
to previous work on fully nonlinear problems of Loewner—Nirenberg type. As mentioned before, when
M \ M is a Euclidean domain, the existence of a Lipschitz viscosity solution to (1-5), as well as
uniqueness of this solution among continuous viscosity solutions, was established in [Gonzalez et al.
2018]. Moreover, counterexamples to C! regularity were given in [Li and Nguyen 2021; Li et al. 2023].
The proof in [Gonzdlez et al. 2018] uses Perron’s method, which in turn uses canonical solutions on
interior/exterior balls and a comparison principle on Euclidean domains established in [Li et al. 2018].
Since one cannot use exterior balls in the Riemannian setting and since it is not currently known whether
the comparison principle in [Li et al. 2018] extends to the Riemannian setting, a different approach to
that in [Gonzalez et al. 2018] is required to prove Theorem 1.1".

On the other hand, for (f, ') = (ak1 / k, F,j), 2 < k < n, Gursky, Streets and Warren [Gursky et al.
2011] proved the existence of a unique smooth solution to (1-5) with the Ricci tensor in place of the
Schouten tensor (see Remark 1.13 below for the relation between this result and Theorem 1.1, and see also
[Wang 2021; Li 2022a] for some further related results). As in the present paper, the solution of Gursky,
Streets and Warren is constructed as a limit of solutions with finite boundary data, and these solutions
are in turn obtained using the continuity method. Their method for obtaining an a priori lower bound
on solutions is different to ours and is instead based on the explicit construction of a global subsolution.
Roughly speaking, the subsolution construction in [Gursky et al. 2011] uses the fact that, in the analogous
formula to (1-6) for the Ricci tensor, the gradient terms are collectively nonnegative definite and so can
be neglected in certain computations. In our case, the gradient terms do not have an overall sign, thus
leading to our new approach for the lower bound discussed above.
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Remark 1.13. Since /,Li_",_+ = (n —k)/k, it is easy to see that ;LI#), =m—k)/k+m—1)1—r1). Thus
k k

n—k+k(n—2)
k(in—1)

wr,.>1 ifandonlyif 7 <a,;:=
(Fk)f ’

On the other hand, for t = (n —2)/(n — 1), we have

— 1 - i
(0" =g Ap)) = S -0 (=i Rice,).

Since (n —2)/(n — 1) < anx if and only if k < n, we therefore see that Theorem 1.1’ recovers the result
of [Gursky et al. 2011] for k£ < n.

The plan of the paper is as follows: In Section 2 we prove the local interior gradient estimate
stated in Theorem 1.8. In Section 3 we consider the Dirichlet boundary value problem (1-11), proving
Theorem 1.6. Finally, in Section 4 we turn to the fully nonlinear Loewner—Nirenberg problem (1-10),
proving Theorem 1.1” (and hence Theorem 1.1).

Notation. Throughout the rest of the paper, if X is a (1, 1)-tensor satisfying A(X) € I" then we frequently
write f(X) := f(A(X)).

2. Proof of Theorem 1.8: the local interior gradient estimate

In this section we prove the local interior gradient estimate stated in Theorem 1.8. Throughout the section,
unless otherwise stated all derivatives and norms are taken with respect to go. Moreover, C will denote a
constant that may change from line to line and depends only on n, f, T, [|goll¢c3(p,) and [V [lc1(s,)-

2.1. Set-up and main ideas of the proof. Our set-up for the proof of Theorem 1.8 is similar to that in the
related works [Chen 2005; Guan and Wang 2003; Jin et al. 2007; Khomrutai 2009; Li 2009; Li and Li
2003; Wang 2006] on local gradient estimates. Throughout this section we write § = A, and

W= Vzu—f—%qulzgo—du@du—S.

By a standard argument, it suffices to consider the case r = 1 in the proof of Theorem 1.8. Suppose
p € C°(By) is a cutoff function in By with p =1o0n By )2, |Vp| < Cp'/? and |V?p| < C. Set H = p|Vul|?
and suppose H attains a maximum at xo. We may assume that |Vu| > 1 at x(, otherwise we are done.
Choosing suitable normal coordinates centred at xo, we may also assume W = (w;;) is diagonal at x
with wq; > --- > w,,, and hence at xo we have

:wii=uii_ug+%|v”|2_sﬁ forall 1 <i <n, -1

uij=uiuj+S,-j fOI‘i;ﬁj.

Using the fact that H;(xo) = 0 for each i, we obtain at xg

n
Pi
> uauy = —==|Vul?, (2-2)
=1 2'0
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and hence
n

S w

=1

< Cp~'2vul*. (2-3)

For Ag a large number to be fixed later, we may assume at x that

v Vul?
p—l/zgcM and |S|§| “', (2-4)
Ao Ao

otherwise we are done. Note that, by combining (2-3) with the first estimate in (2-4), we have

n

S i

I=1

IVbtl3
Ap

<C

(2-5)

Denote by F; ij the coefficients of the linearised operator at (g, ! W)(xp), that is,

Fii = 7
T Ay

A=(gy' W) (x0)

Then (Ftij ) is a positive definite, diagonal matrix. Also define
n
.Ff = Z Fél and ﬁ[j =Ujj— S[j.
i=1
By homogeneity and concavity of f, itis easy to see that 7z > 1/C > 0: indeed, writing A = A (g, "W (xo),
we have

E-Z o -0 = f(x)+Z )= fT(L ). (2-6)

i=1
With our set-up and notation established, we now briefly discuss the main ideas in the proof of

Theorem 1.8. The first step is to obtain the following lemma.

Lemma 2.1. Under the same hypotheses as Theorem 1.8 but without the restriction ,uff > 1, there exists a

constant C such that

0> —CF.(1+e*)|Vul*-C ]-'t F” at xo. (2-7)

The proof of Lemma 2.1 is by now standard and will be given in Section 2.2.
Now, in the case that the positive term on the right-hand side of (2-7) dominates |Vu|*F, in the sense
that
Z Flig? > e|Vul*F, atxg (2-8)

for a suitably chosen small constant & > 0, then the desired gradient estimate is routine (the details will
be given later). On the other hand, if (2-8) fails for our suitably chosen small constant ¢ > 0, we will
see that the ordered eigenvalues wy; > --- > w,, of W at x¢ are greater than or equal to a perturbation



2212 JONAH A.J. DUNCAN AND LUC NGUYEN

of (1,...,1, —1)%|Vu|2. As mentioned in the introduction, this phenomenon was previously observed
in the case (f, ') = (akl/ k. F,:L) when k < %n in the thesis of Khomrutai [2009]. Using the fact that
(1,...,1,—1) eI (this is the only place in the proof of Theorem 1.8 where the assumption ,uff >1is

used), the gradient estimate again follows. The details will be given in Section 2.3.

2.2. Proof of Lemma 2.1. We follow closely the proof in [Guan and Wang 2003]. In what follows, all
computations are implicitly carried out at xg. First observe that, by (2-2),

20ipi n n
Hij = (pij - ,lo ])|VM|2 +2p Z”lij”l +2,02Mi1uj1,
=1 I=1

and hence, by positivity of (Ffij ) and nonpositivity of (H;;),

n n 2 n n
. . 20
0> FiH;=Y Fl |:<,0i,~ — —’)qu|2 +2p > wiiiug +2p Zulﬂ
i=1 i=1 p =1 =1
=—C|Vul’Fr +20 Y Filuiiu; +2p Y _ Fi'uj,. (2-9)

il il
Now, commuting derivatives yields
> Fllwiiu = Flluiu —C|\Vul* F,
il il
=Y Fi{ i — (5IVul? —u?),+ (S Jus — C|Vu F
il
ln
=Y WV —F Y wga+2 Y Flujua+Y  Fi (S —C|Vul* Fr, (2-10)
=1 k.l il il
where to reach the last line we have used the fact that f* is homogeneous of degree 1 to assert that
Zi Ftii(wii)l = (f’(gO_IW))l = (1#62”)1. Also, since |Vu| > 1, we can bound the penultimate term in
(2-10) from below by —C |Vu|?F,, and also observe that

n n
D WPy =" e Yy +2e* ¢ | Vul* = —Ce*|Vul®, (2-11)
=1 =1
Also, by (2-5) we have
Y L Vel ; (2-12)
T UriUru) = AO T

k.l
and likewise

22 Flujuiug = ZZ<F;iui Z”il”l> > _2Z(|F;‘iui|
il ; 7 i

Substituting (2-11)—(2-13) back into (2-10) and recalling F; > 1/C, we get

|Vul|*
>-C Fr. (2-13)
Ag

5w

l

|Vul*
Ap

> Fllwiu = —C(1+ ™) |Vul* Fr = CF;
il

’
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and, substituting this back into (2-9), we see

0> —CF,(1+¢e*)|Vul? C,O]:T (2-14)

The desired estimate (2-7) then follows from (2-14) and the following inequality, which is a consequence
of the Cauchy—Schwarz inequality and the second inequality in (2-4):

> Fluiz s ZF“?I Of,|Vu|4. O
il
2.3. Proof of Theorem 1.8. We begin this section by stating a central result in our argument, namely
Proposition 2.2. The proof of Theorem 1.8 is then given assuming the validity of Proposition 2.2 — this
should serve to elucidate the ideas outlined at the end of Section 2.1. The proof of Proposition 2.2 will be
given later in the section and consists of a series of technical lemmas.
To this end, for 1 > 8y > A, /10 4 small number to be fixed later, define the set
I={ie{l,...,n}:|wj+IVul*| <28§|Vul*}.
We remind the reader that all computations are implicitly carried out at x¢, and that we have the ordering
wip > - > wyy,. We will prove:
Proposition 2.2. There exists a constant C>1 depending only onn, f, T, |lgollc3s,) and |¥llc1(s,)
such that if Agl/lo <8 <C'and

> Flli < CTlo|Vul' F, (2-15)
then: !
(1) Z={n}, and
2) [wn—1,0-1 = 3| Vul| < 28| Vul®
Assuming the validity of Proposition 2.2 for now, let us complete the proof of Theorem 1.8.
Proof of Theorem 1.8. We start by fixing C sufficiently large so that Proposition 2.2 applies. Then, for
Ag > C'° to be fixed later, if Aal/lo <y < C!and (2-15) is satisfied,

Vul? Vul?
| | and wnn:_(1+an)| |

Wp—1,n—1 = (1 +an—1)

for some |a,_1/, |a,| < 48¢p. On the other hand, since w{; >--- > wy, foreacha =1, ..., n—2, we can
Write Wyy = Wy—1 -1 + X for some X, > 0. Therefore

Wil X 1 +an—

' - [Vl 2-16
Wyp—2n—2 | = | Xn—2 + 2 l+a,—1 | (2-16)
Wn—1,n—1 0 l+a,

Wnn 0 —(1+ay)
—_———

B
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with the first vector on the right-hand side of (2-16) clearly belonging to I'* for each t < 1 since each
entry is nonnegative. We also observe that 5 is a perturbation of By := (1, ..., 1, —1) and that By € ['*
for any 7 < 1 since we assume ,u}L > 1. Therefore, since |a,_1|, |a,| < 48y, for Cc sufficiently large we
will have B € " with f*(B) > % f¥(Bp). Monotonicity of f then implies

Y = fT(win, ..., o) = SIVUP F1(B) = HVul* £7(By),

which implies the desired gradient estimate.
It remains to address the case that, for the value of C fixed in the foregoing argument, (2-15) is not
satisfied. Then
Y Flad = CT AT IVt F,, (2-17)
il

and substituting (2-17) into (2-7) we therefore have

|Vul*
Ag

-2/5

0> —CF.(1+&*)|Vul* = CpFr——+C A" p|Vul* F.

Multiplying through by c Ag/ 5p then yields the estimate

- ccC
0>—CCAp(1 4 ¢*)|Vul* -

T/5p2|w|4+,02|W|4. (2-18)
AO

It follows that if we choose Ay > max{(25 C)* 3, C 10} (where C and C are the constants in (2-18)), then
we have (for a possibly different constant C)

0> —Cp(1+e*)|Vul* + p*|Vul*, (2-19)

and therefore
H? = p?|Vul* < C(1+e*)H. (2-20)
After dividing through by H we again arrive at the desired gradient estimate. U

The rest of the section is devoted to the proof of Proposition 2.2, which we obtain through a series of
three lemmas. In the first of these lemmas we show that if A(; 1/10 <& < C~!for C sufficiently large,

then 7 # @.

Lemma 2.3. There exists a constant C > 1 depending only onn, f, T, |Igollc3s,) and ¥ | c1(s,) such
that if Ag'/1° <8y <C7 ', then I # @.

Proof. It is clear that, for §o < +/1/n, there is at least one index j € {1, ..., n} such that u? > 6(2)|Vu|2.
We claim that, for such an index j, we have j € Z. We follow the method in [Guan and Wang 2003]. We
know that, for [ # j, we have u;; = u ju; + Sj; and therefore

Zuﬂm:Zujulz—i-ZSﬂul.

I#] I#] I£]
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It follows that

Zuﬂul Zu]u, +ZSjlul+u”u]

I#] I#j
=u;|Vu| +ZSj1ul+ujjuj—u§
I#]
=Y Sju —up (] — |Vul®) —uj)).
I#]
Hence
. @5 _|Vul?
2 2
(G = 1Vu) = u) = 3 S| = | Jujur| = € e
I#] =1
It follows that
3 3
u| (24) |Vu|
112 = [VaP) — 1 = € +> S < C8°vuP, (2-21)
I#j
—1/10

where to reach the last inequality we have used A, < 8. Substituting |u ;| > §o|Vu| back into (2-21)

yields
|5 — |Vul?) —ujj| < C8)|Vul*. (2-22)

Next, substituting u;; = w;; + u? - %|Vu|2 + §;; into (2-22) and again applying (2-4), we obtain

lwjj + 51Vul?| < C8|Vul® + = C8|Vul* +8°|Vul?. (2-23)

|Vu|?
A

It is clear that one can then choose C sufficiently large so that the right-hand side of (2-23) is less than

258|Vu|2 for §p < C~'. Once such a choice is made, we see that (2-23) implies j € Z, which proves the

claim and therefore the lemma. U

In our subsequent arguments we will use the following proposition, which is essentially a consequence
of [Yuan 2022, Theorem 1.4] —see Appendix A for a summary of the proof.

Proposition 2.4. Suppose T satisfies (1-1) and (1-2) with T # l":[ (equivalently, Mff > 0). Then there
exists a constant 0 = 0(n, I') > 0 such that, forany A € I' with A1 > - -+ > A,

—f(k)_OZ—(A) ifi e{n—1,n}ori <O0. (2-24)

We are now in a position to show that if one additionally assumes (2-15) holds for c sufficiently large,
then |Z| = {n} (recall once again the ordering wi; > --- > wy,).

Lemma 2.5. There exists a constant C > 1 depending only on n, f, T, |gollc3(s,) and ||V |lc1(p,) such
that if Ag'/1% <8y < C~! and (2-15) is satisfied, then |I| = {n}.
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Proof. We first claim that if C is sufficiently large and (2-15) holds, then u;; > —28(2)|Vu|2 for j € 7.
Indeed, suppose for a contradiction that this is not the case. Then we would have

o o, B | Vul* y .
Y Flan = Flas, > zF,ffuﬁj—F,ffA—8 > 2F 53| Vul* — FJ7 830\ Vul*
il ..
> FI83|\Vul* > 085 Vul* Fy, (2-25)

with the last inequality following from Proposition 2.4 — note that Proposition 2.4 applies in this case
since w;; < 0 by virtue of j € Z if Cis sufficiently large. But this contradicts (2-15) if Cis sufficiently
large, proving the claim.

By the claim, we may therefore suppose that C is large enough so that u ;; > —253|Vu|2 whenever
j € Z. Then, for j € Z, we therefore have

—2685|Vul* — 5+ 5IVul* = Sjj <ujj—ui + 5 |Vul* = Sj; = wj; < —5|Vu|* + 265 Vul?,
with the last inequality following from the definition of Z. That is,
(2-4)
—u5 < (—1+480)|Vul +8j; <" (=1+489)|Vul® +85°|Vul* < (=1 +563)|Vul*. (2-26)

Clearly (2-26) cannot hold for more than one index if 108(2) < 1. Hence |Z| < 1 for c sufficiently large,
and after increasing C further if necessary so that Z # & (recall that this is possible by Lemma 2.3), it
must be the case that |Z| =1, i.e., Z = {n}. [l

To finish the proof of Proposition 2.2 it remains to show (after taking C larger if necessary) that
|Wn—1,n—1 — %|Vu|2| < 28| Vu|?. This is the focus of the next lemma.

Lemma 2.6. There exists a constant C > 1 depending only on n, f, T, |gollc3(s,) and ||V |lc1(p,) such
that if Ag'/1% <8y < C™" and (2-15) is satisfied, then

(w101 = 31 Vu?| < 280| Vu .
Proof. Step 1: In this first step we show
Watn-1 > (3 —280)|Vul*. (2-27)
Suppose for a contradiction that wy,_1,,—1 < (3 —280)|Vul?, i.e.,
Un—tn—1 = tp_y = Sp—1.a-1 < —280| Vur|*. (2-28)

Either urzl_l < 8|Vu)? or ui_l > 80|Vu|?. In the former case, (2-28) then implies

(2-4)
Un—1n—1 < —80|Vul* + Su14m1 < —80|Vul* +8°|Vu|* < —180|Vul* (2-29)

if §p < %, and one obtains a contradiction as in (2-25) if C is sufficiently large — note that Proposition 2.4
is again justified since w,_; ,—1 is the second lowest eigenvalue. If instead uﬁ_ = 80| Vu|?, the proof
of Lemma 2.3 shows that n — 1 € Z. This contradicts the conclusion |Z| = {n} of Lemma 2.5 if C is
sufficiently large. Thus (2-27) is established, which completes the proof of Step 1.
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Step 2: In this second step we show

Wyt a1 < (3 +280)Vul®. (2-30)
Indeed, we have
2 | 2 24 | 2, <10jw.. (2
Wp—1,n—1 = Un—1,n—1 _un_1+§|vu| _Sn—l,n—l = |un—1,n—1|+§|vu| +80 Ivul .

But |uy—1,—1] < 8o|Vu|?, else one would obtain a contradiction as in (2-25) if C is sufficiently large
(again we are using the fact w,_; ,_1 is the second lowest eigenvalue, so Proposition 2.4 applies). The
estimate (2-30) thus follows, which completes the proof of Step 2.

With (2-27) and (2-30) established, the proof of Lemma 2.6 is complete. O

Proof of Proposition 2.2. This is an immediate consequence of Lemmas 2.3, 2.5 and 2.6. U

3. Proof of Theorem 1.6: the Dirichlet boundary value problem

As discussed in the introduction, in the proof of Theorem 1.1, we will first address the corresponding
Dirichlet boundary value problem with finite boundary data. To this end, in this section we prove
Theorem 1.6. Our proof uses the continuity method, and we proceed according to the following steps:

(1) In Section 3.1 we give a routine proof of the global upper bound on solutions for T < 1, independent
of whether or not ,ul“f > 1.

(2) In Section 3.2 we prove the global lower bound on solutions for T < 1 when MF > 1. As outlined in the
introduction, we use two main ingredients: our local interior gradient estimate obtained in Theorem 1.8
and a lower bound in a uniform neighbourhood of dM, which is obtained by constructing suitable
comparison functions on small annuli (see Propositions 3.3 and 3.4).

(3) In Section 3.3 we prove the global gradient estimate for t < 1 when ,uff > 1. To obtain the lower
bound for the normal derivative on d M, we use our comparison functions on small annuli constructed in
Section 3.2, and to obtain the upper bound for the normal derivative on d M, we use comparison functions
similar to that of [Guan 2008] (this latter argument does not use ,uff > 1). For the interior estimates we
use Theorem 1.8, and for estimates near d M we appeal to the proof of Theorem 1.8.

(4) In Section 3.4 we prove the global Hessian estimate for t < 1 following arguments of [Guan 2008].
These estimates apply whether or not MIJE > 1.

(5) In Section 3.5 we complete the proof of Theorem 1.6: we first prove the existence of a unique smooth
solution when 7 < 1 using the continuity method, and we then obtain a Lipschitz viscosity solution in the
case T = 1 in the limit as T — 1.

We point out that, in order to obtain a Lipschitz viscosity solution in the limit T — 1 in Section 3.5,
it is important that our a priori C' estimates obtained in Sections 3.1-3.3 are uniform in 7 € [0, 1]. On
the other hand, the global Hessian estimate in Section 3.4 deteriorates as T — 1; this is to be expected
in view of the work in [Li and Nguyen 2021; Li et al. 2023], where the nonexistence of C? solutions is
established for all Euclidean domains with disconnected smooth boundary when 7 = 1.
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3.1. Upper bound. The global upper bound on solutions to (1-11) is routine and does not require the
assumption i > 1.

Proposition 3.1. Suppose (f, ') satisfies (1-1)—(1-4), and let T < 1. Let ¥ € C*(M) be positive and
& € C®(0M). Then there exists a constant C which is independent of t but dependent on gy, f, T, a

lower bound for infy  and an upper bound for supy,, & such that any C 2 solution to (1-11) satisfies
u<ConM.

Proof. Suppose the maximum of u occurs at xo € M. If xg € 0M, then u(xg) < &(xp). f xoe M\ M,
then ngou(xo) < 0 and du(xgp) = 0, and hence

¥ (x0)e™ ™ < [T (—gy ' Agy) (x0),
which yields

T(_ —1
u(xp) < %m(%) (x0). 0

3.2. Lower bound. In this section we obtain the global lower bound on solutions to (1-11).

Proposition 3.2. Suppose (f, I') satisfies (1-1)—(1-4) and (1-8), and let T < 1. Let yr € C*° (M) be positive
and & € C°(0M). Then there exists a constant C which is independent of t but dependent on gg, f, T,
an upper bound for ||V || c1 () and a lower bound for infyy & such that any C 3 solution to (1-11) satisfies
u>ConM.

There are two main ingredients in our proof of Proposition 3.2: our local interior gradient estimate
from Theorem 1.8 and a lower bound in a uniform neighbourhood of d M; the assumption ,ufrr > 1 plays a
role at both stages. As pointed out before, a delicate point is that we do not assume that the background
metric satisfies A(—g,’ 1Ag0) € I on M —if such an assumption is made, then the proof of the lower
bound is as straightforward as the proof of Proposition 3.1. In our case, the global lower bound requires
more work and is one of the key steps in this paper.

To state our result concerning the lower bound near d M, for § > 0, we define

Ms={xeM:d(x,oM) < 4§},

where d(x, 9 M) is the distance from x to d M with respect to go. It is well known that, for § > 0 sufficiently
small, M; is a tubular neighbourhood of d M. We show the following.

Proposition 3.3. Under the same hypotheses as Proposition 3.2, there exists a constant § > 0 which is
independent of t but dependent on go, f, I, an upper bound for sup,, ¥ and a lower bound for infyys &
such that any C? solution u to (1-11) satisfies u > infyp &€ — 1 in M.

Assuming the validity of Proposition 3.3 for now, we give the proof of Proposition 3.2.

Proof of Proposition 3.2. Let § > 0 be as in the statement of Proposition 3.3, so that u satisfies the lower
bound u > infyy & — 1 in My. It follows that

u>infé§ — 1 —diam(M, go) sup |Vgyulg, in M. (3-1)
oM M\ M;
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On the other hand, by Theorem 1.8 and the uniform upper bound for u obtained in Proposition 3.1, we
have
[Veolt] g, <CO'+1) in M\ Ms;. (3-2)

Substituting (3-2) into (3-1), the proof of Proposition 3.2 is complete. (]

Roughly speaking, to prove Proposition 3.3 we cover a neighbourhood of d M by small annuli on which
we construct suitable comparison functions. The construction of such comparison functions is given in
the following proposition (which is a more precise version of Proposition 1.11 stated in the introduction).
For a Riemannian metric gy defined on a neighbourhood of the origin in R", let r(x) = dg, (0, x), let
S, = 0B, denote the geodesic sphere of radius r centred at the origin, and denote by A,, ,, the annulus
B, \ B,,. We also write

and recall the convention g, = e go-

Proposition 3.4. Suppose (f, I') satisfies (1-1)-(1-4) and (1-8), and let gy be a Riemannian metric defined
on a neighbourhood 2 of the origin in R". Fix a constant ¢ > 0. Then there exists a constant C > 1
depending only on gy, f and I', and a constant 0 < R < 1 depending additionally on &, such that, for
eachm € R,

w(r) == (/3+s)1n( ”‘r>+m (3-3)

ry —r—
satisfies

o fl=pf+C7le,1,...,1)
FOgy A = S s

w(x) =m forx €S,_,

>0, M—g,'Ag)eT onA, ,.,

(3-4)
w(x) > —o0 asd(x,S,,) — 0,

whenever 1 <ry/r_ <14¢/Q2(B+2))andry < R.

Remark 3.5. Our choice of w in (3-3) is motivated by the work of Chang, Han and Yang [Chang et al.
2005] on radial solutions to the oy-Yamabe equation on annular domains in R”. Indeed, when ¢ = 0 and
,uff = (n—k)/k, (3-8) corresponds to the leading order term in the solution to the ox-Yamabe equation in
I, on annular domains in R" for k < %n

Remark 3.6. We reiterate that Proposition 3.4 relies crucially on the assumption ,uJF“ > 1 and that a
similar construction is not possible when Mff < 1—see Remark 1.12 in the introduction.

Assuming the validity of Proposition 3.4 for now, we first give the proof of Proposition 3.3 —the
reader may wish to refer to Figure 1 in the following argument.

Proof of Proposition 3.3. We attach a collar neighbourhood N to dM such that gy extends smoothly to
M U N; we denote this extension also by gg. Let

D= inf dg (x,d(MUN))
xedM
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Figure 1. An annulus in the covering of a neighbourhood of dM in M in the proof of Proposition 3.3.

denote the thickness of N. Fix ¢ > 0 and let m = infjy, &, and cover a neighbourhood of M in M by a
finite collection of annuli {A,: - (xi)h<i<k centred at x; such that the collection {A i () /z(xi)} still
covers a neighbourhood of dM in M, and such that, for each i,
(1) x; €N,
) r+ri <D,
(3) rl =dg(x;, IM),
(4) the closed ball Bri (x;) is contained in a single normal coordinate chart (U;, ¢;) mapping x; to the
origin,
ri £
5 <l —,
) rt T 2(B+2)
(6) rl.+ < R is sufficiently small so that
f(_/’l“?‘_ +C_187 15 R 1)
Ce?m (rf|r —ri)?

(here C and R are as in the statement of Proposition 3.4, where we are implicitly identifying the

>sup
M

annulus A, i (x;) with its image under ¢;, which is possible by property (4)).

In what follows, we continue to implicitly make the identification between A, - (x;) and its image
under ¢;.

Let w; denote the solution obtained in Proposition 3.4 on A, - (x;) with ¢ > 0 and m = infyy, € as
fixed above. Since w; is radially decreasing and w; (x) =infyy & for x € S,i (x;), we have w; <infyy &
onA, o (x;) NdM. On the other hand, w; = —0c0 < u on Sri (x;). Therefore, the comparison principle
(see Proposition 3.7 below) yields u > w; on A, - (x;) N M for each i. This yields a finite lower bound
foruonA,i i )2 (x;). Since we assume the collection {A,: . 42 (x;)} still covers a neighbourhood
of 9M in M, we may piece together the estimates for u on each annulus A, i i (x;) to obtain the
desired estimate for # on a uniform neighbourhood of 9M in M. ]
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In the above proof we made use of the following comparison principle.

Proposition 3.7 (comparison principle). Let o > 0 be a positive constant and (M, g) a compact Riemann-
ian manifold with nonempty boundary M. Suppose u, v € CO(M) with at least one of u or v belonging
to C2(M\ aM). If f(—gu_lAgu) > f(—gv_lAgv) >« > 0 in the viscosity sense on M\ oM and u < v
onoM, thenu <vin M.

In the proof of Proposition 3.3, we only needed Proposition 3.7 in the case that both u, v e C>(M\ dM).
In this case, the proof of Proposition 3.7 is standard in light of the fact that if f(—g, 1Agv) >0, cis
a positive constant and w = v + ¢, then f(—g;lAgw) < f(—gv_lAgv). The case when u € C°(M) in
Proposition 3.7 will be needed later in the paper. When u € C2(M \ dM), Proposition 3.7 follows from
[Caffarelli et al. 2013, Theorem 2.1], since the proof on page 130 therein applies also on Riemannian
manifolds with boundary. When v € C%(M \ M), Proposition 3.7 again follows from [Caffarelli et al.
2013, Theorem 2.1], therein considering f(x, s,p,M):=—F(x,—s,—p,—M) in place of F.

We now give the proof of Proposition 3.4.

Proof of Proposition 3.4. Tt will be more convenient to write our conformal metrics in the form g¥ = v2g,
so that g, = g¥ for ¥ = v=2. Then the (0, 2)-Schouten tensor of gV is given by

(Agn)ij = v (V2 0)ij — 3072 Vg v[3, (80)is + (Agy)is-

In a fixed normal coordinate system based at the origin, it follows that if v = v(r) then

Py,
(€)' Ag)! = v2(x<s§’ +x° f’) + 00| |+ O(P)vlve |+ O()* asr—0,  (3-5)
r
where
k:v—r(l—&> and X:m—&; (3-6)
rv 2v v vr
we refer the reader to Appendix B for the derivation of (3-5). Therefore
(") 4! = —02 (260 + x 0) — wio? (3-7)
g g )j = UM TS j

in the sense of matrices, where |¥| = O (r?)v|v.| + O (F)v|v,| + O(1)v? as r — 0.

Step 1: In this first step we compute and estimate the quantities on the right-hand side of (3-7) for our
particular choice of w in (3-3), i.e., for

v(r) =e My =P (3-8)
where we have written A =m — (8 + ¢) In(ry —r_). For shorthand we write ¢ (r) = r — r. Then
v=eMB+e)p P and v, =eMBHe)B+e+ D (3-9)

from which it follows that

rv +¢& v
P R R R S )
2v 2 v

v
—=B+ar e,
rv
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Therefore
A= &(1 — &> =B+ey o (1 - Er(p_l) (3-10)
rv 2v 2
and
LA - =131 Dre™! 3-11
X—T—U—r——(ﬁ+8)” o (I=(B+e+Dro ). (3-11)

For W we estimate using (3-9) to get
W] < Crzvlvrrl + Crv|v.| + Ccv?
<Cre Mo P20+ o 41719 < Crre Mg =y, (3-12)

where to obtain the final estimate in (3-12) we have used the fact that r, ¢ <1 and

_l2<r3‘< <l+ € )<C
r ~<r —
== r0) =

Step 2: We now use the computations from Step 1 to analyse the eigenvalues of the matrix on the
right-hand side of (3-7), or more precisely the eigenvalues of

xPx;
—v2<x5§’ + x 2’) —ns?,
r

which are given by
—(xv? + 27+, P 41, . AR ).

We write this vector of eigenvalues more conveniently as

2
XV
—? — 1,1,...,1).
(—2v n)(kv2+n+ )

We make the following two claims:
Claim 1: There exist constants ¢; > 0 and 0 < R; < 1 depending only on gy, f and I" such that

22—y >cie PP 22 inrl < <y} (3-13)

whenever 1 <ry/r_ <14¢/(2(8+2)) and ry < Ry.
Claim 2: There exists a constant ¢; > 0 depending only on gy, f and I', and a constant 0 < R, < 1
depending additionally on & such that

xv?

A2+
whenever 1 <ry/r— <1+¢/(2(8+2)) and ry < R;.

+1> —MF 4+ce in{r_ <r<ry} (3-14)

Once the claims are proved, Proposition 3.4 is obtained as follows. First fix r4 and r_ such that
1 <ry/r- <1+¢/(2(B+2)) and ry < min{R;, Ry}. By Claim 2 and the definition of MIJE,
XV

2
f()\ T +1,1,...,1)>f(—uff+c28,1,...,1)>0 in{r_ <r <rg}.
Ve
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Then, by Claim 1, it follows that

2
f((—kvz—n)<%+l, L ..., 1)) >cie T f (it dege, 1, L., D) in {ro < <1y,
v i+

from which (3-4) follows. To complete the proof of Proposition 3.4, it therefore remains to prove Claims 1
and 2.

Note: We will use at various stages the fact that

1<r_+<1+; = 0<g0r_l<L inf{r_ <r <rg}. (3-15)

r_ 2(B+2) 2(B+2)
Proof of Claim 1. Suppose 1 <ry/r— <14¢/(2(8+2)) and ry < 1. We start by computing

—p? =e g2 (B 4g) (—ﬂ er - <pr—1>. (3-16)
By (3-15) and (3-16), it follows that
—? > %e—“qy—zﬂ—zg—z in{r_ <r<ry). (3-17)
Recalling also that
n=Cire N 722, (3-18)
we see that (3-17) and (3-18) imply
A== (CT =Cir)e o B2 in{r_ <r <1y (3-19)

The inequality (3-13) then follows from (3-19) after taking r, sufficiently small. This completes the
proof of Claim 1. (]

Proof of Claim 2. Suppose 1 < ry/r— <1+4+¢/(2(8+2)) and r4 < 1. By (3-16) and the fact that
wi = 2+ B)/B, we have

242 242
—?— ;LIJE)LUZ =— —; ﬂkvz = —; ﬂe_ZAgo_zﬂ_zg_z(,B +¢€) (? — (pr_1>, (3-20)

and, by the formula for x in (3-11), we have
—xvt=e M (BHe)e T 2 er T = (B e+ 1)). (3-21)

It follows from (3-20) and (3-21) that
—xv? —a? — it = e—2A¢—2ﬁ—2€—2%(a —B+2r o). (3-22)

On the other hand, by (3-15), we have

%(8— B+2r ) > g in{r_ <r<ry},
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which when substituted into (3-22) yields

—xv? = a? —urkv > 2e YT il < <y ). (3-23)

Recalling (3-18), the estimate (3-23) therefore implies

—xv? = 2% — pfav? —n—pfn > (% — Cr)e_ZA(p_zﬂ_z’“?_2 in{r_ <r<ry}. (3-24)

After taking r smaller if necessary (but in a way that only depends on ¢ and the constant C in (3-24)),
we therefore have

—2A , —2p—2e-2
2P

—xv? —1v? /LF)LU o/ ,urnz%e inf{r_ <r <ry},

or equivalently

2 & ,—2A  —28-2¢
XV +,4¢ ¢
1>— 3-25

Av2+n+ =Tt Az —n (3-25)

On the other hand, by (3-16), we have
0<—a?—n<—-a?<Ce e 257272 in{r_<r<ry).
Thus, if r is chosen sufficiently small (but depending only on gg, f, I' and &), we see
2
XV .
sz+n+lz—uff+ce in{r_ <r<ry},

as required. This completes the proof of Claim 2. (I

As explained above, with Claims 1 and 2 established, the proof of Proposition 3.4 is complete. [

3.3. Gradient estimate. In this section we prove the global gradient estimate.

Proposition 3.8. Suppose (f, ') satisfies (1-1)—(1-4) and (1-8), and let T < 1. Let Y € C*(M) be
positive and & € C*°(0M). Then there exists a constant C which is independent of t but dependent on
go, f» U and upper bounds for ¥ || c1 > 1§ lc2omy and |ullcocary such that any C3 solution to (1-11)
satisfies |V ut|g, < C on M.

Proof. By a conformal change of background metric, we may assume without loss of generality that
E=0.

By our interior local gradient estimate in Theorem 1.8, we only need to prove the gradient estimate
near the boundary, say in Bj,2(yo) N M, where yo € dM is arbitrary. Consider H = p|V, | 20°
is a smooth cutoff function satisfying p =1 on By,2(yo), p = 0 outside By (o), |Vg0p|go <Cp

where p
1/2 and
|Vg20p|g0 < C. Suppose that H attains its maximum at xo € M. If xo ¢ B{(yo) N M, then Vgu =0 in
B1,2(y0) N M and we are done. If xo € Bi(yo) N (M \ M), then our proof of Theorem 1.8 applies and
we again obtain the desired estimate. It remains to consider the case that xo € By (yp) N9M.

We first observe that, since £ = 0 on d M, the tangential derivatives of # on d M vanish. Therefore,
we only need to bound the normal derivative V,u(xg), where v denotes the inward pointing unit normal

to dM at xo. We first consider the lower bound for V,u(xg). With the same setup and notation as in
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the proof of Proposition 3.3, except now with m = u(xo) = 0, consider an annulus A,_, (y) satisfying
S, (y) NOM = {xo} and conditions (1)—(6) in the proof of Proposition 3.3. Then the function w on
A,_ ;. (y), as defined in (3-3), satisfies w <u on A,_, (y) NdM since w(xg) = u(xp) and w is radially
decreasing. By the comparison principle stated in Proposition 3.7, it follows that w <u on A,_, (y)NM.
Thus, for x € A,_,, (y) " M, we have

u(x) —ulxo) _ ulx) —wlxo) _ w) —wlxo)
d(x,xo)  d(x,x0) — d(x,xg)

which implies

Vyu(xo) = Vyw(xp).

For the upper bound for V,u(xp), we use a barrier function constructed in [Guan 2008]. First observe
that, since I’ ¢ T';", we have

-1 n—2 2 -1
0 <oi1(—gy Ag) =Agu+ T|Vgo”|g0 —01(gy Ag)-

Now let d(x) = d(x, 9M) and recall Ms = {x € M : d(x) < §}. It is well known that, for sufficiently
small § > 0, d is smooth in M;s with |V, d|,, = 1. To obtain an upper bound for V,u(xo), it suffices to
find a function it € C3(Mj) satisfying

o1(—8y ' Ag;) <0 in Mj,
u=u on oM, (3-26)
u=>u on oMs\ oM.

Indeed, once such a function # is obtained, the maximum principle implies # > u on Mj, and it follows
that, for any x € M;, we have

u(x) —ulxo) _ ux) —u(xo) _ u(x) —u(xo)
d(x,xo)  d(x,x0) —  d(x,xp)

which implies V,u(x¢) < V,u(xg).
To this end, we define as in [Guan 2008]

_ 1 d(x)+ 82
= 1 )
=S e

We first observe that u[yy = 0 = u|yy. Next we calculate o1 (—g, 1Agg). In what follows, we denote
by Vd the differential of d (whereas V,,d will continue to denote the gradient of d with respect to go).
Routine computations yield

1 Vgd(x)
n—2d(x)+8%

Vil (x) =

and

1 (ngod(x) Vd(x)@Vd(x))

2 - —_ —
Vol = S G038~ @) 1800
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from which it follows that

-1 _ n—=2 -2 -1
o1(—8y Agi) = Agolt + T|Vgo”|go —o1(8y Ag)
1 1 C
<C- + ;
2(n —2) (d(x) +8%)?%  d(x)+ 82

where we have used the fact that |V, d|g, =1 and |Ag d| < C in M; for § sufficiently small. We then see
that the negative term on the last line of (3-27) dominates the remaining terms for § > 0 sufficiently small.

(3-27)

Therefore, for § > 0 sufficiently small, we have o1(—g, 'A ¢) < 0in M;.
Finally, we observe that on 0 Ms \ d M we have

_ 1 §+82 1
= 1 > In(1/6).
a2 n( 82 )_n—Z n(1/9)

Choosing § smaller if necessary so that

1
— In(1/6) > mﬁfllxu on dMs\ oM,
the construction of u is complete. This completes the proof of Proposition 3.8. ]

3.4. Hessian estimate. In this section we give the global Hessian estimate assuming t < 1.

Proposition 3.9. Suppose (f, ') satisfies (1-1)—(1-4), and let T < 1. Let v € C*(M) be positive and
£ € C®(dM). Then there exists a constant C depending on gy, f, I', (1 — 1)~ and upper bounds for
1 llc2any> 18 lc2ay and Nlull o1 (ary Such that any solution to (1-11) satisfies |Vg20u|g0 <ConM.

We point out that we do not require ,uff > 1 in Proposition 3.9.

Proof. If the maximum of |V§0u| ¢ occurs in M \ M, then one can appeal to the proof of the global
estimate in [Gursky and Viaclovsky 2003] if f = okl/ k. or the proof of the global estimate in [Guan
2008] for general (f, I') satisfying (1-1)-(1-4). So we suppose that the maximum occurs at a point
xp € 0M. Let e, denote the interior unit normal vector field on dM, and fix an orthonormal frame
{e1, ..., e,—1} for the tangent bundle of 0 M near xg. By parallel transporting along geodesics normal
to dM, we may extend this to an orthonormal frame {ey, ..., e,} for the tangent bundle of M near xy.
Since (VgZOu),-J- (x9) = (ngoé)ij (xp) for i, j # n, we only need to estimate (ngou),-j (xp) when at least one
of i or j are equal to n. The proof is almost identical to that in [Guan 2008], but for the convenience
of the reader we summarise the argument here. In what follows, all computations are carried out in a
neighbourhood of x¢ on which the frame {ey, ..., e,} is defined.

Still with the convention g, = e go, it will be convenient to write the equation in (1-11) in the
equivalent form

fOM(—gy AL ) =ve™, A(—g,'A;)eT on M\ M, (3-28)
where
Ay, =TAg, + (1= D)o1(=8, ' Ag,)8u

= —rngou —(1=1)Agugo— bn’,|Vg0u|Z,0go + tdu ® du + A;,O
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and b, ; = %(n —2—(n—3)7). Writing Flu] = f(A(—g()_lA;u)) and
Fii — af

0Aij la=g;'ay,

’

the linearisation of F' at u in the direction n (excluding zero-order terms) is given by

Ly =F7(x(Vgn)ij+ (1 —1)Agn(80)ij +2bn = (Vgglts Vo) o (80)ij — 2T e, 0;m)

0

= FY(x(Vamij — 2t i djn) + (1 = T) Mgy 4 2 (Viytt, Viy) go) Z F'i. (3-29)

0
1

Now suppose § > 0 is sufficiently small so that d(x) =d(x, dM) is smooth in Ms ={x € M :d(x) < §}.
For a positive constant N to be determined later, define

N
v=—d“—d. (3-30)
2
A routine computation shows that, for § > 0 sufficiently small,
|£d| < Co Y F" in Mj, (3-31)
i

where Cy is a constant independent of T but depending on go and an upper bound for [|u||¢1(pr). It follows
that
Ld® =2dLd +2(1 —1)|Vyd|} Y F'+2F7 8id ;d
i

>2dLd +2(1 —1) Z Fii

]

>2((1 —1) — Cod) Z F' in M;. (3-32)

Choosing N > 4(1+ Cp)/(1 — ) and subsequently § < min{N !, Co_l}, one sees from (3-31) and (3-32)
that the function v defined in (3-30) satisfies

Lv > Z F' and v<-% in M;. (3-33)

1

d
2

With (3-33) in hand, one can then show the following.

Lemma 3.10. Fix 8 > O sufficiently small as in the foregoing argument. If h € C*(My) satisfies h <0
on oM, h(zg) =0 for some zo € oM and

—Lh < C; Z Fi' in Mj (3-34)
i

for some constant C1, then
(Vgoh)n(z0) = C, (3-35)

where C is a constant depending on go, C1, (1 —1)~" and upper bounds for ”h”CO(AZg) and ||ullc1(ar)-
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Proof. It is clear from the definition of v that we can choose A > 0 large (depending on ||/ ||C0( T )) such
that —Av —h > 0 on d Ms. On the other hand, using (3-33) and (3-34), we have

L(—Av—h) < (—A+C) > F" in M,
i
and hence £L(—Av — h) <0 in M; for A sufficiently large. Thus, for A sufficiently large the maximum
principle yields —Av—h > 01in Ms, and since (—Av—h)(zo) =0, it follows that (Vg,(—Av—h)),(z0) =0,
e, (Vgoh)n(z0) < —A(Vg,v),(20). The estimate (3-35) then follows. [l

We now continue the proof of Proposition 3.9. Suppose i € {1, ..., n—1} and define & = (Vg (u —&)i,
where (as in the proof of Proposition 3.8) & denotes the extension of & to M; such that £ is constant along
geodesics normal to dM. By differentiating (3-28), one can show directly that |£(Vg,u);| <C Y, F i
and by (2-6) we also have ILE|<C<C . F ii Therefore h satisfies the assumptions of Lemma 3.10,
and it follows from Lemma 3.10 that

(Vg w)in(x0)] < C.

It remains to estimate the double normal derivative (ngou)n,, (x0). Note that, since {ej, ..., e,} is an
orthonormal frame and (V, u);; (x0) = (V,€);i (xo) for i € {1, ..., n—1}, obtaining an upper (resp. lower)
bound for (ngou),m (x0) 1s equivalent to obtaining an upper (resp. lower) bound for A, u(xp). Now, since
rc F1+, the lower bound Agu > —C in M is immediate. To obtain the upper bound for (ngou),m (x0),
we may assume (ngO u)nn(x9) > 1, otherwise we are done. We may also assume that, with respect to the
frame fe1, ..., e,}, the Hessian of u at xo is given by V. u(x0) = diag((Vg, u)11(xX0), - - . » (Vi tt)n (X0))-
Then, by (3-28), monotonicity of f and our estimates for (ngou) ij(x0) when i and j are not both equal
to n, we have

Y (x0)e™ ™ = f(—gy ' AL (x0)) = f((1 = T)(Vg u)un(x0)g0+ B). (3-36)

where B is a symmetric matrix bounded in terms of [[u|| 1. Observing that, by homogeneity of f,

1 _
;f(fgo+B)=f(go+t 'B) = f(go) ast— oo,
we see that (3-36) implies an upper bound for (ngou) an(x0). O

3.5. Proof of Theorem 1.6. We first prove the existence of a smooth solution to (1-11) when t < 1. Fix
e>0,andlet S, = {r € [0, 1 —¢]: (1-11) admits a solution in C>*(M)}. Since (1-11) admits a unique
smooth solution when t =0, S, is nonempty. A computation as in (3-29) (but now including zero-order
terms) shows that the linearised operator is invertible as a mapping from C>%(M) to C*(M), from which
openness of S, follows. By Propositions 3.1 and 3.2, solutions to (1-11) admit a global C? estimate. By
Proposition 3.8, solutions to (1-11) therefore admit a global C' estimate. Note that, at this point, the
estimates are independent of . By Proposition 3.9, one then obtains the global C? estimate on solutions to
(1-11), which do now depend on e. With the C? estimate established, (1-11) becomes uniformly elliptic,
and the regularity theory of Evans and Kyrlov [Evans 1982; Krylov 1982; 1983] then implies a C>*
estimate. Thus S, is also closed, and so S, = [0, 1 — ¢]. Since ¢ > 0 was arbitrary, existence of a C 2.
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solution to (1-11) for any T < 1 then follows. Higher regularity then follows from classical Schauder
theory, and uniqueness is a consequence of the comparison principle in Proposition 3.7.

Now, since the solutions obtained to (1-11) are uniformly bounded in C'(M) as T — 1, along a
sequence 7; — 1 these solutions converge uniformly to some u € C%!'(M). The proof that u is a viscosity
solution to (1-11) when 7 =1 is exactly the same as in the proof of Theorem 1.3 in [Li and Nguyen
2021] and is omitted here. ]

4. Proof of Theorem 1.1’: the fully nonlinear Loewner-Nirenberg problem
In this section we prove Theorem 1.1’. Our proof proceeds according to the following steps:

(1) In Section 4.1 we construct a smooth solution to (1-10) when T < 1. The solution is obtained as the
limit of solutions with constant finite boundary data m € R (which we know to exist by Theorem 1.6) as
m — OQ.

(2) In Section 4.2 we prove that there exists a smooth solution u to (1-10) when t < 1 satisfying the
asymptotics stated in (1-9).

(3) In Section 4.3 we prove that any smooth solution to (1-10) must satisfy (1-9) when 7 < 1. When
combined with the maximum principle, this will imply that the solution u obtained to (1-10) is unique
when 7 < 1.

(4) In Section 4.4 we complete the proof of Theorem 1.1'.

4.1. Existence of a smooth solution to (1-10) when T < 1. Fix t < 1, and suppose that (f, I') satisfies
(1-1)—(1-4), (1-7) and (1-8). By Theorem 1.6, we know that, for each m € R, there exists a unique smooth
solution u,, to

{ff(x(—g;mlAgum)) =1, M—g,'Ag,)ETT onM\oM, @-1)

Uy =M ondM.

In this section we show that, in the limit 7m — o0, one obtains a smooth solution u to (1-10).

Proposition 4.1. Fix t < 1, and suppose that (f, ') satisfies (1-1)-(1-4), (1-7) and (1-8). Let u,, denote
the unique smooth solution to (4-1). Then a subsequence of {uy,}, converges locally uniformly as m — 0o
to a solution u € C*®°(M \ 0M) of (1-10). Moreover, given any constant o > 0, there exists a constant
8 > 0 independent of t© but dependent on gy, o, f and ' such thatu > o in Mg\ M.

Proof. Since the comparison principle in Proposition 3.7 implies u,,4+1 > u,,, to prove the existence of a
limit u € C*°(M \ dM) solving (1-10), it suffices to show that, for each compact set K C M \ d M, there
exists a constant C independent of m such that [u,, || c2(xy < C; higher order estimates then follow from
the work of Evans and Krylov [Evans 1982; Krylov 1982] and classical Schauder theory.

The lower bound is trivial (and in fact global) since u,, > u; for all m. Next we address the local upper

bound — note that whilst we obtained a global upper bound in Proposition 3.1, the bound therein depends

1

on m, which is insufficient for our current purposes. Recalling the normalisation f (%, R 3) =1, we
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have by concavity and homogeneity of f

f(/\)ff(m:\)) Vf((”(”) (x—‘”me) AC —a ) (4-2)

n

for A € I', and thus any solution to the equation in (4-1) satisfies R,, < —n(n — 1). On the other hand,
by [Aviles and McOwen 1988], there exists a smooth metric g,, = >" gy satisfying

{ng:—n(n—l) on M\ M, “43)

w(y) = 400 as d(y,oM) — 0.

By the comparison principle for the semilinear equation (4-3), u,, < w in M \ M for each m, which
yields a finite upper bound for u,, on any compact subset of M \ d M which is independent of m. The
local gradient estimate then follows from Theorem 1.8, or alternatively one can appeal to [Guan 2008,
Theorem 2.1] since we have the two-sided C° bound at this point. For the local Hessian estimate, we
appeal to [Guan 2008, Theorem 3.1]. We therefore obtain the full C? estimate ||u,, llc2(xy < C(K) on any
compact set K C M \ dM, as required.

It remains to prove the second assertion in the statement of Proposition 4.1. Fix & > 0 and consider
the solution uy1 to (4-1) with m = o + 1. Since u,4; admits a global C 0 estimate depending only g, o,
f and I, there exists a constant § > 0 depending only on gy, «, f and I" such that uy4; > o in My. By
the comparison principle in Proposition 3.7, u > uy11 in M \ dM, and in particular u > « in M5\ dM, as
required. (Il

4.2. Asymptotics. Fix T < 1 and suppose that ( f, I') satisfies (1-1)—(1-4), (1-7) and (1-8). In this section
we show that there exists a smooth solution u to (1-10) satisfying (1-9), that is

lim  (u(x)+Ind(x, dM)) = 0. (4-4)
d(x,0M)—0

Remark 4.2. At this point of the argument, we do not know that this constructed solution coincides with
the one obtained in Section 4.1, although we will later see in Section 4.3 that this is the case.

We start by proving an upper bound on the growth of any smooth solution to the equation in (1-10),
irrespective of the boundary data or whether 7 < 1 or uff > 1.

Proposition 4.3. Let (M, gg) be a smooth Riemannian manifold with nonempty boundary and suppose
that (f, ') satisfies (1-1)—(1-4) and (1-7). Then there exist constants § > 0 and C > 0 depending only
on go such that any continuous metric g, = e**go satisfying
f(k(—g;lAgu)) > 1, )»(—gu_lAgu) e I' in the viscosity sense on M \ oM 4-5)
satisfies
u(x)+Ind(x, 9M) < Cd(x, dIM)'/? in Ms\ IM. (4-6)

In particular, any continuous metric g, = e**go satisfying (4-5) satisfies

limsup (u(x)+Ind(x,dM)) <O. 4-7)
d(x,dM)—0
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Proof. By (4-2), the comparison principle for viscosity sub- and supersolutions to uniformly elliptic
equations implies that if g,, = e?"g satisfies

o1(—8y Ag,) < 3n INQEM\IM, 4-8)
w(x) > 400 as d(x, 02) — 0,
then u < w in Q. Since o1(—g,, lAgw) =—Q2(mn-— 1))_1ng, the transformation law for scalar curvature
implies that the equation in (4-8) is equivalent to
S
—nj‘)l + 285w + (n —2)|Vgw|3, <ne®. (4-9)

We follow an argument of Gursky, Streets and Warren [Gursky et al. 2011], in turn based on the original
argument of Loewner and Nirenberg [1974], to construct such local supersolutions near d M. For a
point xgp a distance d from dM, consider a point z¢ a distance R > d from d M, which lies along the
shortest path geodesic from xg to 0M. We may assume R is small enough so that Agodz(z(), ) >1
on Bg(zp), and so that there exists a function % defined on [0, R?] satisfying

n—2)(W)>+2h" <0, K > max |Sg, | + C(go), h(0)=0, (4-10)

where C (go) is a sufficiently large constant to be fixed in the proof. Indeed, once c (go) is fixed, the
function h(t) = +/t + &2 — ¢ satisfies (4-10) for ¢ sufficiently small and 7 in a sufficiently small interval
[0, R?].

Let r denote the distance from zg, and define on Bg(z¢) the radial function

w(r) = —In(R* = r?) + h(R* = r*) + Ina,

where o > 0 is to be determined. Exactly as in the proof of Lemma 5.2 in [Gursky et al. 2011], a direct
computation shows that, for R sufficiently small and C (go) sufficiently large, the left-hand side of (4-9)

satisfies

4nR? 4nR?
" 2 T (4-11)

Sgo 2
_n_l—|—2Ag0w—|—(n—2)|Vng|g0§(Rz_rz)ze =—

Therefore, if we take o = 2R, we see w indeed satisfies (4-9). We then obtain
u(x0) < w(xp) = —In(R*> — (R —d)*) + h(R* — (R — d)*) +In(2R)

= —In(d2R —d))+h(d(2R —d)) +1In(2R)

_4
2R

But 4(d(2R —d)) = /d2R —d) + &2 — ¢ < Jd2R —d) < C+/d and

d d

for sufficiently small d, and thus (4-6) follows. The inequality (4-7) is a clear consequence of (4-6). [

=—lnd—ln<1 >+h(d(2R—d)).

We are now in a position to prove the existence of a smooth solution to (1-10) when t < 1 with the
desired asymptotic behaviour in (4-4).
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Proposition 4.4. Fix t < 1, and suppose that (f, ") satisfies (1-1)—(1-4), (1-7) and (1-8). Then there
exists a smooth solution g, = e*’gq to (1-10) and a constant C independent of T but dependent on g,
f and T such that the following holds: for each ¢ > 0 sufficiently small, there exists a constant a > 0
independent of t but dependent on go, €, C, f and I such that

v(x) +Ind(x, dM) > In+/1 =2 —In(1 +ad(x, IM)) in A°C M, (4-12)
where
Az =lxeM\aM 1dx) +ad? = £}
In particular,
lim (v(x)+Ind(x, dM)) =0. (4-13)
d(x,0M)—0

Proof. Consider an exhaustion of M by smooth compact manifolds with boundary defined by
My ={xeM:dx,aM) > ;.
By Proposition 4.1, for each j, there exists a smooth solution g, = e?Vi) gg to

{ ST =8y Ag,) =1 M=gy; Ag, ) €T on M\ IMyj),

v(j)(x) = 400 as d(x, dM;)) — 0.
(Note that we put parentheses around the index j to avoid confusion with the solutions u,, to (4-1)). Since
v(j)(x) = 400 as d(x, dM(;)) — 0, the comparison principle in Proposition 3.7 implies that if j < m,
then
v(m)|M<j> < V(- (4-14)
Now, as justified in the proof of Proposition 4.1, a subsequence of {v(;}; converges locally uniformly to
some v € C*(M \ dM). We claim that v is our desired function. It is clear that v solves the equation

in (1-10). We now establish (4-12), which we split into two steps: in the first step we show v(x) — 400
as d(x, dM) — 0, and in the second step we prove (4-12).

Step 1: In this first step we show that v(x) — +o00 as d(x, dM) — 0. To this end, let d(x) = d(x, M),
and define ¢ = —In(B(d + ad?)), 8y = ez‘pgo, where a and B are positive constants to be determined.
Writing %¢ = ¥ ~2, so that ¥ = B(d + ad?), we compute near d M

Ve ¥ |3, = B*(1+2ad)* and V; = B(1+2ad)V;d+2aBVd® Vd,
where Vd denotes the differential of d. It follows that, near 0 M,
8y Aq =8 (U V¥ TalVe ¥ gy 80— ¥ Ag)
= B%gy "' (380 +24%d*[g0 — Vd ® Vd —dV2d] —d(1 +3ad)V2d
+2ad[gy — Vd ® Vd] — d*(1 +ad)*Ag,). (4-15)
Taking for instance a = 1, we then see that, for § fixed sufficiently small and B fixed sufficiently large,

fr(—g(glAgw) >1 in Ms\oM. (4-16)
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To use (4-16) to show v(x) — 400 as d(x, M) — 0, we follow the proof of [Loewner and Nirenberg
1974, Theorem 5]. For m >> 1, denote by S, the set where ¢(x) = —In(B(d + d*)) > m. We may
assume (by taking m sufficiently large) that S, is a tubular neighbourhood of 9 M contained in M;. Let
Ym =08, \0M and D,, = ming, v, and suppose J is sufficiently large so that 3,, C M;) for all j > J.
Then ¢ =m and v > D,, on X,,, and, by the monotonicity in (4-14), we also have v(;) > D,, on X, for
each j > J. Therefore

vy +max{0,m — Dy} >m=¢ onx, 4-17)
and
v(jy +max{0,m — Dy} =00>¢ ondM. (4-18)

In light of (4-16)—(4-18), the comparison principle in Proposition 3.7 implies v(;) +max{0, m — D, } > ¢
on My N S,,. Sending j — oo, it follows that v + max{0,m — D,,} > ¢ in §,,, and in particular
v(x) > +ooasd(x,dM) — O.

Step 2: In this second step we show that v satisfies (4-12). The method is essentially a quantitative
version of Step 1, requiring a more careful choice of parameters a and B in the definition of ¢.

We first claim that the two quantities in the square parentheses in (4-15) are nonnegative definite for
sufficiently small d. Indeed, observe that go(x) —Vd (x) ® Vd(x) is the induced metric on 9 My(,)\d M and
is therefore nonnegative definite. Moreover, Vg20 d is a bounded tensor near d M whose kernel contains Vd.
Hence ngod is bounded from above by C(go— Vd ® Vd) for some constant C depending only on (M, go).
Therefore, go — Vd ® Vd —d ngod is nonnegative definite for d sufficiently small, as claimed.

In light of (4-15) and the above claim, we see that, for § chosen sufficiently small independently of a
(but depending on (M, gp)) and c > 1 a constant such that [A |, |Vg20d| o = C on Ms, we have

—g,'Ag, > B3y (50 —d(1+3ad)V, d — d*(1 + ad)* Ag,)
> B%g; " (1 — Cd — C(1+3a)d* — 2Cad® — Ca’d*)go (4-19)
in Ms\ dM. Since we will eventually take a large, we may assume a > 1, in which case (4-19) implies
~g, ' Ay, = B*(3 — Cld +4ad® +2ad® + a*d*])1d  in My \ oM. (4-20)

Now fix ¢ > 0 small, define B =1/4/1 — 2¢ and denote by Ag the set

) JI=2
Ad = {x € M\ M : p(x) = —In(B(d +ad?)) > —In 10?)6} — {x e M\ M :d+ad® < u}

100C

where C is the constant in (4-20). It is easily verified that, in A‘E’, we have C (d+4ad*+2ad> +a*d*) <e.
Moreover, if we define
T8 =9AY\OM,

then X¢ converges to M as a increases. It follows from these two facts and (4-20) that, for a sufficiently
large (depending only on (M, go)),

—g(;lAgw > Bzdiag(%—s,...,%—e) =diag(%,...,%) in A?.
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It then follows from our normalisation f (%, R %) =1 that
fi(—g," Ag,) =1 in AL (4-21)
We now let
C{ =minv.
Ea

Since v(x) — +o00 as d(x, dM) — 0 (by Step 1) and since X¢ converges to dM as a increases, we can
choose a large enough so that C¢ > —In(e/ (1006)). Moreover, this choice of a depends only on g, &,
C, f and T': since each v(;) was constructed according to the procedure in the proof of Proposition 4.1,
we know from the second statement in Proposition 4.1 that there exists § = §(go, ¢, Cc , f»T) > 0 such
that vy > —1n(s/(1005)) in (M(jy)s \ dM;) for each j. Taking j — oo, we see v > —1n(e/(1006))
in Ms\ M. Therefore, to ensure C¢ > —In(g/ (1006)), one only needs to pick a large depending on
5 =258(g0,¢, C, f,T).

We now fix such a value of a and suppose J is sufficiently large so that X C M(;) for all j > J. Then
¢= —1n(s/(1006)) and v > C¢ on X¢, and, by the monotonicity in (4-14), we also have v(;) > C¢ on X¢
for each j > J. Therefore,

V() > —In

1006 ~=¢ onXx/ (4-22)
and

V(j)=00>¢ ondM. (4-23)
In light of (4-21)—(4-23), the comparison principle in Proposition 3.7 then yields
V()= ¢ in Ag NM;.
Sending j — oo, it follows that v > ¢ in Ag, ie.,
v>¢=—In(B(d+ad*)) =Inv/1—2¢c —Ind —In(1+ad) in A%,

This is precisely (4-12) after relabelling constants, and thus the second step is complete.

To complete the proof of the proposition, we observe that (4-12) implies

d(hrenlnf (v(x)+1Ind(x,0M)) > 1In~/1—2¢,
X

and, since ¢ > 0 is arbitrary, it follows that

d(hg‘l inf (v(x) +1Ind(x,dM)) > 0. (4-24)
X
By (4-24) and Proposition 4.3, we therefore see that v satisfies (4-13). ]

4.3. Uniqueness. Having just established the existence of a smooth solution to (1-10) satisfying (4-4)
when 7 < 1 and ;% > 1, we now turn to uniqueness of solutions. We start with the following.

Proposition 4.5. Fix t < 1, and suppose that (f, ") satisfies (1-1)—(1-4), (1-7) and (1-8). Then any
continuous viscosity solution g, = e**gq to (1-10) satisfies (4-4).
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Proof. Let u be a continuous viscosity solution to (1-10). By Proposition 4.3, we know that u satisfies
lim supg, gar)—0@(x) +1Ind(x, aM)) <0, so it remains to show

d(hran inf (u(x) +Ind(x, 0M)) > 0. (4-25)

To prove (4-25), we attach a collar neighbourhood N to d M, extend gy smoothly to M UN and consider
the sequence {M )} ; of smooth compact manifolds with boundary given by

MY ={xe MUN :d(x,M) < j'}.

Note that for x € M and j sufficiently large, d(x, dM ) =d(x, dM)+ j~'. Fix ¢ > 0. By Proposition 4.4,

there exist constants § > 0 and a > 0 depending on go, ¢, f, I' but independent of j, and a smooth

2uh)

metric g,;) = e go for each j such that

[H(=g 5 Ag ) =1, M=gAg ;) €T" on MV \omP
and
u(x) +1Ind(x, aMP) > In/1T—2¢ —In(1 +ad(x, IMY)) in (MU)s\ aMD,

In particular, for j sufficiently large so that (M))s N M # &, we have
u@ (x) —i—ln(d(x, IM) + %) > In/1—2¢ — ln<1 +ad(x, dM) + ;—l) in Ms_y;. (4-26)
Now, by the comparison principle in Proposition 3.7, u/?|,; < u for each j, and thus (4-26) implies
u(x) + ln(d(x, IM) + ;) >In+/1—2¢ — 1n<l +ad(x, dM) + ‘;’) in Ms_1;;\aM.  (4-27)

After taking j — oo in (4-27), it follows that

d(hmmf (u(x)+Ind(x,0M)) = In+/1—2¢,

and, since ¢ > 0 is arbitrary, we obtain (4-25). ]
Finally we prove uniqueness of solutions to (1-10) when 7 < 1.

Proposition 4.6. Fix t < 1, suppose that (f, ') satisfies (1-1)—(1-4), (1-7) and (1-8), and let v denote the
smooth solution to (1-10) obtained in Proposition 4.4. Then v is the unique continuous viscosity solution
to (1-10).

Proof. Suppose that w is a continuous viscosity solution to (1-10). By Proposition 4.5, both v and w
satisfy (4-4). For 6 > 0, define X5 = {d = §}. Then, for each ¢ > 0, there exists a minimal §, > 0 such
that w < v+¢ on X; . Writing v, = v + ¢, we have

FT(—gy Ag) = [T (—g;  Ag,) = €2 < ™,

and thus v, is a supersolution of the equation in (1-10). By the comparison principle in Proposition 3.7,
it follows that w < v +¢ on M \ M;,. By minimality of §., we have §; — 0 as ¢ — 0, and thus w <v
on M \ d M. Reversing the roles of w and v, we see that w > v on M \ dM, and therefore w = v. |
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4.4. Proof of Theorem 1.1'. The existence of a smooth solution to (1-10) for each T < 1, the asymptotic
behaviour stated in (1-9) and uniqueness in the class of continuous viscosity solutions follow from
Propositions 4.4 and 4.6. Let us denote these solutions by u*. As observed previously, these solutions u*®
satisfy a locally uniform C! estimate which is independent of t; i.e., for each compact set K C M \ M,
there exists a constant C independent of T but dependent on gg, f, I" and K such that

luller gy < C.

It follows that a subsequence of {17} converges locally uniformly in C%¢ to some u € C10C (M, go) for
each o € (0, 1). As noted in the proof of Theorem 1.6 in Section 3.5, the fact that u is a viscosity solution
to (1-10) when t = 1 follows from exactly the same argument as in the proof of [Li and Nguyen 2021,
Theorem 1.4]. It remains to show that u satisfies the asymptotics in (1-9) and is maximal.

To this end, first note that, since we only require u to be a viscosity subsolution in Proposition 4.3,

limsup (u(x)+Ind(x,9M)) <O. (4-28)
d(x,0M)—0
To show that
d(hranlnf (u(x)+Ind(x,0M)) >0, (4-29)

we first recall that u is the C%® limit of the solutions u” as t — 1. By Proposition 4.4, for each & > 0
sufficiently small, there exist constants § > 0 and a > 0 independent of 7 (but dependent on gy, ¢,
f and I') such that

u*(x)+Ind(x, 9M) > In+/1 —2¢ —In(1 +ad(x, dM)) in Ms\ M. (4-30)
Taking T — 1 in (4-30), we obtain
u(x)+Ind(x,dM) >In~/1—2& —In(l +ad(x,dM)) in Ms\ oM,

and (4-29) then follows exactly as in the proof of Proposition 4.4.

Finally, to see that u is maximal, suppose that i is another continuous viscosity solution to (1-10). By
Proposition 4.3, (4-28) holds with # in place of u, and we also know that (1-9) is satisfied with u®
place of u for each T < 1. Combining these facts, it follows that, for each T < 1 and ¢ > 0, there exists
8 > 0 such that

u<u,:=u"+e in M;\ oM.

On the other hand, 7 (=g, A, ) = € % fT (=g Ag,) < 1on M\ M and f*(—g; ' Ag,) > 1in the
viscosity sense on M \ d M; to see this latter inequality, observe

o I
ff) = mf(T)H— (I=1)o1(M)e) > m(ff()\) + (I =1)o1(A) f(e)

@ 1 nfoy Lo\
Y e (ff( =D e ))—m).

By the comparison principle in Proposition 3.7, it follows that # < u] in M \ M;, and therefore u < u;
in M\ dM. Taking ¢ — 0 and then 7 — 1, it follows that # < u in M \ 9 M, as claimed. |



THE 03-LOEWNER-NIRENBERG PROBLEM ON RIEMANNIAN MANIFOLDS FOR & < % 2237

Appendix A: Proof of Proposition 2.4: a cone property

Proposition 2.4 is essentially a consequence of [ Yuan 2022, Theorem 1.4]. We summarise the details here
for the convenience of the reader. Let I' be any cone satisfying (1-1) and (1-2), and define

kr =max{k:(0,...,0,1,...,1)eTI}.
——— ——
k n—k
Assume for now that there exists a constant 6 =0 (n, I') > 0 such that, whenever A € I with A1 > ... > A,,,

af — af

—@X) =0 —(A) fori>n—«r. A-1
AL ;%() i =n—«r (A-1)
Since kr = 0 if and only if ' = T';}, we see that k > 1 whenever I" # '), and thus (2-24) holds for
i € {n—1,n}. Also, it is easy to see that «r is equal to the maximum number of negative entries a vector

in I" can have; i.e.,
kr =max{k : (—ai, ..., —Qk, Cg1, ..., ) €I, a;j >0forall 1 < j <n}.
Thus (2-24) also holds if A; <O.
It remains to justify (A-1), for which we follow [Yuan 2022]. By concavity, f;(1) > f;(A) whenever
A; < A;. In particular, our ordering implies

af 1 < 3f
Mz > o, ®

which establishes (A-1) for ' =T';f.
On the other hand, for a general cone I" satisfying (1-1) and (1-2), we have

n
Z Jik)ui >0 whenever A, u €T (A-2)
i=1
Suppose ' # F;f, in which case it is clear that x > 0, and fix any «y, ..., @, > 0 such that
(—a1, ooy —Op, Oipt1s - - -, 0y) €T
Then (A-2) implies
n Kr
D aifuirtV) =) i fuita(h) > 0. (A-3)
i=kp+1 i=1

We may assume o > - - - > o, in which case (A-3) implies

aq
e A) > = fu(B).
Zi:Kr-H o
The desired estimate then follows for all i > n — k, again by our ordering. (I

Appendix B: The Schouten tensor for a radial conformal factor

In this appendix we prove the formula (3-5). In normal coordinates, r = v x12 + -+ +x2, and therefore
0;v(r) = (x;/r)v,. It follows that -
gf)j XiXj

) 1)2=U2
r

r re

2 ij
|Vg0v|g0 =gy divdjv=
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where we have used the fact that 5
Xi

0
3r_«/x12+...+x33xi

has unit magnitude. Moreover,

8; XiXi (Vs U
(vi)v)iJ-:aiajv—rfjakv:T ,+%(———)—F§‘jakv.

Combining the above, we therefore see that

(8, Ag)! = v(g5 " Ag)} =078l  (Ag)ij

pig. . V. Tk xpv 2
2 go 81/ pi XiXj [ Urr & pi +ijkbr v, p 1 p
-7 |: vr vr+ 8o or \r 2) 780 T T, 20201 T (80 A |-

Now write ggi =8P + x P!, where x = O(r?) as r — 0. Then

( —1A )P 2 557 +prl' Urr Ur U% 817
.= — - _—— | — .
Ev Aej vr vr \r r? 2027

pig. x;x; v v I x Xk v
+v2[x Uy, x i ’(ﬁ——r)—gé’ — (8 A ]
=v2(w§.’+

vr vr \r 12
where A and x are as in (3-6). Now, since x = O(r?), we have

=y’

X J
J 14
3 ) +‘I{,-,

2285 oyl vzx”‘%(% f) O (r)lvye| + O(r)vlvy ],

and, since szj = O(r) and (gO_IAgO)‘;.7 = 0(1), we also have

5 piFfjxkvr 2, —1 p 2
vigf' ———=0(vly| and v(g; ' Ag) = O(Dv?.

The claim (3-5) then follows.
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We investigate maximal potential energy dissipation as a selection criterion for subsolutions (coarse-
grained solutions) in the setting of the unstable Muskat problem. We show that both (a) imposing this
criterion on the level of convex integration subsolutions and (b) the strategy of Otto based on a relaxation
via minimizing movements lead to the same nonlocal conservation law. Our main result shows that this
equation admits an entropy solution for unstable initial data with an analytic interface.
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1. Introduction

An outstanding open problem in hydrodynamics is the description of unstable interface configurations
quickly leading to turbulent regimes. Examples are the thoroughly studied Saffman—Taylor [Saffman
and Taylor 1958], Rayleigh—Taylor [Rayleigh 1882; Taylor 1950] and Kelvin—Helmholtz [Thomson
1871] instabilities. In these unstable regimes, Eulerian quantities — such as the velocity field — are very
irregular, and the Lagrangian trajectories typically fail to be uniquely defined. Hence uniqueness is not to
be expected at the microscopic level, a phenomenon that in the physics literature is known as spontaneous
stochasticity [Thalabard et al. 2020], and instead it will be desirable to have a well-defined deterministic
evolution at the macroscopic level. The current paper provides such a macroscopic evolution in the context
of the incompressible porous medium equation derived from maximal potential energy dissipation.
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1.1. IPM and interfaces. Throughout the article, we will consider the incompressible porous media
(IPM) equation, given by
0:p +div(pv) =0,
divv =0, (1-1)
v=—Vp—pe

on the two-dimensional periodic strip T x R, where T denotes the flat 1-torus of length 2, and over a
time interval [0, T), T > 0. Here the (normalized) fluid density p : [0, T) x T x R — R, the velocity
v:[0,7) x T x R— R? and the pressure p : [0, T) x T x R — R are the unknowns, and

—ey:=(0, -7 eR?
is the direction of gravity.

The model describes the evolution of a two-dimensional density-dependent incompressible fluid in
an overdamped scenario (the porous medium) and under the influence of gravity. It consists of the
law for mass conservation, the incompressibility condition for the velocity field and Darcy’s law (see
[Allaire 1989; Darcy 1856; Muskat 1934; Saffman and Taylor 1958; Sanchez-Palencia 1980] for more
physical background). Constants such as mobilities (viscosities), permeability of the medium, and gravity
have been set to 1. System (1-1) also models the motion of an incompressible and viscous fluid in a
Hele-Shaw cell [Saffman and Taylor 1958], a different physical scenario with the same mathematical
formulation.

Concerning initial conditions, we are interested in the unstable interface case, i.e.,

+1,  x2> y(x1),

(1-2)
_1’ -x2<y0(-x])a

po(x) = {

for a graph yo: T — R.

Generally speaking, if the initial data pg is sufficiently regular it is well known that the IPM equation
has a unique regular local-in-time solution; see [Castro et al. 2009; Cérdoba et al. 2007]. However, the
problem of formation of singularities versus global existence is still open and only partial results are
known. For example, the existence of solutions with Sobolev norms unbounded in time has recently been
proven in [Kiselev and Yao 2023].

In the case of discontinuous initial data of the type (1-2), the situation is even more subtle as the
following dichotomy shows: If the denser fluid is below the lighter one, then the problem is stable and the
existence of solutions is well known (see Section 2.1). However, if the lighter fluid is below the heavier
one, the problem is ill-posed (at least in the Muskat sense, see Section 2.1, and in the sense of bounded
weak solutions, see Section 2.2).

1.2. Macroscopic IPM. In spite of this difficulty, there have been several attempts to understand the
evolution of such an initial configuration at least in the coarse-grained picture. Namely, on the one
hand, Felix Otto [1999] discovered that, in the Lagrangian formulation, IPM is a gradient flow, and
he suggested in the unstable situation a relaxation based on the corresponding minimizing movements
scheme in the Wasserstein setting (JKO scheme). On the other hand, [Cérdoba et al. 2011b] showed that
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(nonstrict) IPM subsolutions

Definition 2.4 (nonstrict: with “<” instead of “<” in (2-4))

existence: [Arnaiz et al. 2021; Castro et al. 2021; Forster and Székelyhidi 2018;
Noisette and Székelyhidi 2021] and boxes below

uniqueness: no

macroscopic IPM solutions
Definition 3.1

existence: boxes below
uniqueness: no

IPM solutions

Definition 2.1

existence: [Siegel et al. 2004] and induced by subsolutions via [Székelyhidi 2012]
uniqueness: no

macroscopic IPM entropy solutions
Definition 3.4

existence: Theorem 3.2

uniqueness: open

Figure 1. Relation of (sub)solutions in the unstable nonflat interface case: note that each IPM
solution is indeed also a macroscopic IPM solution due to the fact that IPM solutions satisfy
p(t, x)> =1 for almost every (¢, x). Concerning the strictness of the stated inclusions, the listed
references [Arnaiz et al. 2021; Castro et al. 2021; Forster and Székelyhidi 2018; Noisette and
Székelyhidi 2021] provide subsolutions different from macroscopic IPM solutions. We also
believe that the other two inclusions are strict, e.g., by methods similar to the ones used in the
present paper, it should be possible to construct a nonflat two-shock solution to macroscopic IPM
that is neither an entropy solution nor an IPM solution.

IPM can be recast as a differential inclusion in the Tartar framework and therefore fits the adaptation of
convex integration in hydrodynamics by De Lellis and Székelyhidi [2009; 2010]. Subsequently, the full
relaxation of the differential inclusion has been computed in [Székelyhidi 2012] leading to a concept of
coarse-grained solutions (subsolutions in the convex integration jargon). In Section 2 we present precise
definitions and review the historical landmarks of the theory. As an overview the reader can also consult
two diagrams: one concerning the various notions of (sub)solutions occurring in the paper and their
relations, see Figure 1, and another concerning the steps of the relaxations, see Figure 2.

Let us remark that [Székelyhidi 2012] proved in the case of a flat interface that Otto’s relaxation
selects a convex integration subsolution, which turns out to be the global-in-time entropy solution to a
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gradient flow for potential energy

IPM (1-1) >
Lagrangian coordinates, (2-8)

[Otto 1999, Step 1]

reformulation as differential inclusion
[Cérdoba et al. 2011b; Székelyhidi 2012]
and relaxation [Székelyhidi 2012]

time step h and relaxation of
discrete variational problems,
[Otto 1999, Steps 2-3]

IPM subsolutions
Theorem 2.2

imposing maximal dissipation
of potential energy,
Section 2.5.2

Eulerian coordinates

and h — 0, \ 4
macroscopic IPM | [Otto 1999, Steps 4-5] well-posed variational problems
(1-3) h [Otto 1999, (2.10)]

Figure 2. Relaxation of IPM in Eulerian coordinates via subsolutions on the left and in Lagrangian
coordinates via minimizing movements on the right.

one-dimensional Burgers equation, reconciling both relaxation theories. In the case of a nonflat interface,
the theory of convex integration starting from [Castro et al. 2021] has provided a number of subsolutions
[Arnaiz et al. 2021; Castro et al. 2022; Forster and Székelyhidi 2018; Noisette and Székelyhidi 2021]. In
all these situations, the starting point is an ansatz for the coarse-grained density o and for the growth of
the mixing zone motivated in analogy to the flat case. These subsolutions show that also on a macroscopic
level plenty of different evolutions are possible, such that a selection, which so far has not been available,
has to be made for an attempt to claim uniqueness.

The aim of this paper is to use maximal potential energy dissipation as a selection criterion. Since, as
discovered by Otto, in Lagrangian coordinates IPM is a gradient flow with respect to potential energy,
this seems a natural approach. In any case, we first revisit the strategy proposed by Otto [1999] in the
case of nonflat interfaces (the scheme is explained in Section 2.5.1 and Appendix B). We then reconcile it
by selecting the subsolution in the convex integration terminology which at each time instant dissipates
the most potential energy.
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It can be shown that both (a) the relaxed minimizing movements scheme provided in [Otto 1999]
(at least formally) and (b) imposing maximal potential energy dissipation among convex integration
subsolutions (rigorously) lead to the equation

3 p +div(pv) + 9, (p°) =0,
divv =0, (1-3)
v=—Vp—pey,

which will be referred to as macroscopic IPM. In Section 2 we explain in detail how the Muskat problem,
the theory of subsolutions, convex integration for IPM and Otto’s relaxation are connected. The derivation
of (1-3) from the JKO scheme is known to experts, but as far as we are aware the arguments around
maximal potential energy dissipation for subsolutions are new. In particular, it will be explained in which
way (1-3) can offer a selection criterion for IPM subsolutions based on a natural extension of the gradient
flow structure of IPM.

(Entropy) solutions to macroscopic IPM are subsolutions to IPM as long as they exist. By introducing
a parameter 0 < u < 1 in the first equation,

3o +div(pv + up’er) =0,

macroscopic IPM produces strict subsolutions. Hence, by a suitable h-principle, see Theorem 2.2, the
time of existence of microscopic solutions to IPM will be dictated by the time of existence of (1-3).
This is in stark contrast to [Castro et al. 2021], where a rarefaction-like ansatz with a prescribed speed
of opening of the mixing zone is made and a resulting time- and space-dependent parameter w(f, x) is
derived which is smaller than 1 just for short times.

In general we emphasize that, contrary to the procedure of [Castro et al. 2021] (and also of [Arnaiz et al.
2021; Castro et al. 2022; Forster and Székelyhidi 2018; Noisette and Székelyhidi 2021]), i.e., deriving a
macroscopic equation from an ansatz, we here follow the reversed process, i.e., we consider based on a
selection a fixed equation for the macroscopic evolution and derive properties of its solutions, such as
the speed of opening of the mixing zone. We believe that this is a necessity when it comes to potential
applications addressing for instance the prediction of a unique mixing zone evolution.

1.3. Existence result and idea of proof. The bulk of the paper is devoted to proving the existence of
an entropy solution for (1-3) with (1-2) as initial data. System (1-3) can be written as a single scalar
nonlocal hyperbolic conservation law,

3 p +div(pT[p]) + 3y, (0°) =0, (1-4)

where v = T'[p] is a zeroth-order singular integral operator. Contrary to other nonlocal conservation
laws with a more regular nonlocal feedback — see [Amadori and Shen 2012; Amorim 2012; Betancourt
et al. 2011; Blandin and Goatin 2016; Colombo et al. 2012] for examples and [Keimer and Pflug 2023]
for a recent overview — a general existence and uniqueness theory for nonlocal terms as in (1-4) is not
available. We bypass this by using the structure of the two-phase initial data (1-2). This approach, born
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out of necessity, not only provides us with the existence of a solution but in addition allows us to learn
about certain properties of it. More precisely, by showing that the Burgers’ term , (o?) is able to tear up
the initial discontinuity of the density even in the presence of the incompressible velocity v, we will prove
the existence of a local-in-time solution which is Lipschitz for # > 0. This fact is highly nontrivial and
presents many technical difficulties that will be tackled in Sections 4—6, which together form the proof of
our main theorem and will be described below. A careful statement of our main theorem itself, containing
further properties of the solution, can be found in Section 3. We have preferred to state the existence
theorem for (1-3) after the reader is hopefully convinced by Section 2 that (1-3) renders a macroscopic
description for the unstable Muskat problem consistent with maximal potential energy dissipation.

One main ingredient of our proof is to look at the evolution of level sets of the density p in suitably
scaled coordinates and to adjust properly to leading-order terms of this evolution. These steps, carried out
in Section 4, reduce the initial value problem (1-2), (1-3) to a fixed-point problem of the type

1 [ 1
003 =5 [ [ [ Kt D000, 16, D0 dzrdzads = hor)(1-5)

for functions 1 : [0, T) x T x (—2, 2) — R describing the evolution of the level sets in superlinear order
with respect to # > 0 small. The constants £2 for the domain of 5 are coming from the rarefaction
speed of Burgers’ equation. Moreover, here hg(y) is one of the mentioned leading-order terms —in
fact the first-order term — depending on the initial graph yp and @ € (0, 1). Moreover, for each s > 0,
yeT x(=2,2)and £ : T x (=2, 2) — R fixed, the function z — (K [£])(y, z) is a convolution kernel
of order —1 induced by the Biot—Savart law. The dependence on & involves both £(z) and £(y) in the
form of the difference &(y) — &(z). Similarly, the function (y, z) = h[d,,§1(y, z), again considered for
a fixed s and &, depends on the difference 9,,&(y) — dy,&(z). Thus, after integration in z, the regularity of
the right-hand side of (1-5) with respect to y is the regularity of dy,n, i.e., the right-hand side when seen
as an operator looses one derivative in y;.

In addition, as one of the main difficulties — also for potential equivalent reformulations of (1-5)
where the above loss of a derivative might be avoided — we would like to point out that the kernels
K[&] degenerate as s — 0 to a one-dimensional kernel with singularity ~ 1/(y; — z1), i.e., to an
integral kernel of order 0. Thus, estimates for K [£](y, -) as a kernel of order —1 cannot be obtained
uniformly in s.

Regardless, in order to keep the paper enjoyable, we deal with (1-5) and its loss of derivative by
considering real analytic initial interfaces. This allows us to use an adaptation of the Nirenberg—Nishida
abstract Cauchy—Kovalevskaya theorem. Still, the application of it— even when we continue to ignore
the so far not mentioned factor ¢ ~(!*® on the right-hand side — takes quite a lot of effort. It is the second
main part of our proof and can be found in Section 5.

Finally, Section 6 puts everything together to give a solution to the macroscopic IPM equation. In
Appendices A, B and C, we give a proof of a version of the abstract Cauchy—Kovalevskaya theorem
needed for our situation, and we give some more details regarding the derivation of the macroscopic IPM
equation.
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1.4. On the entropy condition. We emphasize that the solution we find is an entropy solution of (1-3), or
rather (1-4). The notion of an entropy solution is stated in Definition 3.4. This is consistent with the flat
case yp = 0 where, as said earlier, the relaxed minimizing movements scheme of Otto [1999] converges to
the entropy solution of (1-4) which in that case reduces to Burgers’ equation. For an extended discussion
concerning the selection of the entropy solution by the minimizing movements scheme (including other
gradient flows as counterexamples where a corresponding selection fails), we refer to [Gigli and Otto
2013], where the IPM relaxation is revisited in the flat setting of Otto’s original work [1999]. In addition
see also [Otto 2001] for a stability result in the flat case. Concerning the general, nonflat case, it was
also conjectured by Otto (personal communication) that the convergence of the minimizing movements
scheme to an entropy solution remains true.

Moreover, we point out that some sort of choice among solutions of (1-3) is critical in order to have
a selection criterion. Indeed, already in the flat case solutions are clearly not unique, and also in the
general case nonentropic solutions for (1-3) can be obtained in an easier way, for instance via (2-1) below;
see Remark 3.3. We believe that the requirement of being an entropy solution leads to uniqueness for
the initial value problem (1-2), (1-3), but, since the velocity v depends on p in a comparably singular
nonlocal way, standard methods do not seem to work and uniqueness of entropy solutions to macroscopic
IPM stands as an interesting open question. In any case, we emphasize that for the scheme we present
there is a unique solution, and therefore our maximal dissipating subsolution is amenable to numerical
calculations.

1.5. Further questions. Besides the question of uniqueness of the found entropy solution, our work
opens the door to many other questions with various levels of difficulty, such as improving the regularity
of the solutions, considering initial interfaces (not being analytical or not being a graph, as for example in
[Castro et al. 2022]) or other densities as initial data as well. It would be interesting to see whether the
JKO scheme does converge rigorously or what happens in the case of different mobilities [Mengual 2022;
Otto 1999]. On a more general level, there might be other selection criteria for IPM, for example, based
on surface tension [Jacobs et al. 2021] or on vanishing diffusion [Menon and Otto 2005; 2006]. Finally,
we emphasize that our selection criterion ultimately is tailored to the gradient flow structure of IPM, and
for other equations the reasoning necessarily must be different. In any case, we hope our work encourages
the research on finding a deterministic coarse-grained evolution in the presence of instabilities.

2. Ill-posedness and relaxation

The unstable interface initial value problem considered here is highly ill-posed. In this section we explain
in which sense this ill-posedness holds, as well as a strategy based on convex integration and the relaxation
of [Otto 1999] to overcome it. This section, having the purpose to fully motivate equation (1-3), is mostly
a review of existing results. Except for the derivation in Section 2.5.2 showing that maximal potential
energy dissipating subsolutions coincide with Otto’s relaxation, we do not claim any novelty. However,
we are not aware that the computations in Section 2.5.1 can be found in the literature. A reader only
interested in solving system (1-3) can go directly to Section 3.
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2.1. The Muskat problem. If one assumes that
b t 9
o(x, 1) = {pupa X2 > f(x1,1)
IOdOWIlv x2<f(x17t)a

a closed equation from (1-1) can be obtained for the interface (x;, f(x1, t)). Indeed,

Pdown — Pup / sin(y)(fx(x,1) — fi(x —y,1))
4 7 cosh(f(x,1)— f(x —y, 1)) —cos(y)

This equation is usually known in the literature as the Muskat equation honoring M. Muskat [1934].

O f(x,1) =

2-1

In the case pdgown > pup, the problem is stable and local existence and regularity of solutions can
be proven in different functional settings and situations [Abels and Matioc 2022; Agrawal et al. 2023;
Alazard and Lazar 2020; Alazard and Nguyen 2021b; 2021a; 2023; 2022; Cameron 2019; Chen et al.
2022; Cheng et al. 2016; Choi et al. 2007; Cérdoba and Gancedo 2007; Cérdoba et al. 2011a; 2013; 2014;
Deng et al. 2017; Escher and Matioc 2011; Garcia-Judrez et al. 2022; 2024; Matioc 2019; Nguyen and
Pausader 2020; Shi 2023], as well as global for small and medium size initial data [Alonso-Ordn and
Granero-Belinchén 2022; Constantin et al. 2013; 2016; 2017; Cérdoba and Lazar 2021; Dong et al. 2023;
Gancedo and Lazar 2022; Granero-Belinchén and Lazar 2020]. The existence of singularities for large
initial data is shown in [Castro et al. 2012a; 2013] and also in [Cordoba et al. 2015; 2017].

However, if pgown < pup, the Muskat equation is ill-posed [Cérdoba and Gancedo 2007; Siegel et al.
2004]. Surprisingly, convex integration has allowed us to construct solutions to IPM starting in these
kinds of unstable situations. They have been called mixing solutions and, in them, the initial interface
between the two different densities disappears and a strip arises in which the two densities mix. We
elaborate on these mixing solutions in the next sections. For a general picture of convex integration in the
context of fluid dynamics, we refer to the surveys [Buckmaster and Vicol 2021; De Lellis and Székelyhidi
2019; 2022].

2.2. IPM as differential inclusion. The first examples of nonuniqueness of weak solutions for (1-1)
using convex integration were given in [Cérdoba et al. 2011b] by Cérdoba, Gancedo and the second
author for the initial value pg = 0. Their method bypasses the computation of the relaxation by means of
so-called T, configurations. After this, Székelyhidi [2012] established the explicit relaxation of (1-1) for
initial data of two-phase type, enabling a systematic investigation of interface problems in IPM. While
the results in [Cérdoba et al. 2011b; Székelyhidi 2012] established ill-posedness of IPM in the class
of essentially bounded solutions, Isett and Vicol [2015] could also show the existence of compactly
supported C;*, -solutions for o < %. The starting point of our investigation is the relaxation of [Székelyhidi
2012], which we will describe in this subsection.

In the following we consider initial data with |pg| = 1 almost everywhere. The corresponding notion
of weak solutions is fixed in Definition 2.1 below. Note that, for such initial data, the last condition in
the definition is an additional consistency requirement coming from the continuity, or rather transport,
equation in (1-1).
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Definition 2.1. A pair p € L®((0, T) x T x R), v € L*®(0, T; L*(T x R; R?)) is a solution of (1-1),
(1-2) provided, for any ¢ € C°([0, T) x T x R), we have

T
// pa,go—i-pv-V(pdxdt—l-f po@(0,-)dx =0,
0 JTxR TxR

T
// v-Vodxdt =0,
0 JTxR
T
// (v+per) - Vipdxdt =0,
0 JTxR

and |p(t, x)| = 1 for almost every (¢, x) € (0, T) x T x R.

A key step in [Cérdoba et al. 2011b; Székelyhidi 2012] is to recast weak solutions as defined above
as solutions to a differential inclusion, to be able to use the Murat-Tartar compensated compactness
formalism [Tartar 1979].

A pair (p, v) is a weak solution if and only if the triple

(p,v,m) € L0, T) x T x R) x (L®(0, T; L*(T x R)))?

satisfies the linear system

0;p +divm =0,
divv =0,
(2-2)
v=—Vp—pey,
p(0,-) = po
distributionally, i.e., in analogy to Definition 2.1, together with
(p(1, ), v(t, x), m(t, x)) € K := {(p, v.m) €R’: |p| = 1, m = pv) (2-3)

for almost every (¢,x) € (0, T) x T x R.

Then the relaxation of the incompressible porous media equation is understood as the relaxation of the
corresponding differential inclusion; i.e., in the pointwise nonlinear constraint (2-3), the set K is replaced
by its convex (or more generally A-convex) hull. Up to technicalities, one can recover highly oscillatory
solutions from this set, as the main theorem of [Székelyhidi 2012] shows.

Theorem 2.2 [Székelyhidi 2012]. Let p € L¥((0, T) x T x R) and v, m € L*®(0, T; L*>(T x R)) satisfy
(2-2) in the sense of distributions. Suppose that there exists a bounded and open set 7# C (0, T) x T x R
such that (2-3) holds for almost every (t, x) ¢ %, while (p, v, im) are continuous on % with

(p(t, x), v(t, x), m(t, x)) € {(p, v,m) € R : |p| < 1, [2(m — pv) + (1 — pHea| < (1—p?)}  (2-4)

forevery (t,x) € %. Then there exist infinitely many weak solutions (p, v) of (1-1), (1-2) that coincide
with (p, V) outside of % and are arbitrarily close to (p, ¥) in the weak L*(% )-topology.
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In the case of the IPM system, the set on the right-hand side of (2-4) is indeed only the interior of the
A-convex hull of K, see [Székelyhidi 2012] for a precise definition, which does not coincide with the full
convex hull as opposed to the Euler equations. Still, (2-4) describes all possible weak limits of solutions
to the IPM system, see [Székelyhidi 2012]. In view of that, one can therefore truly speak about the full
relaxation of IPM in the context of two-phase mixtures.

This fact has been quantified in [Castro et al. 2019], where the relation between solutions and subsolu-
tions has been made precise through an adapted %-principle. In particular, this leads to additional properties
of the solutions like a degraded macroscopic behavior or the turbulent mixing at every time-slice property.
The latter means that the solutions (p, v) induced by (p, v, in) satisfy p € %[0, T); L? . (Tx (=R, R))),

weak

where R is some positive number with 7 C (0, T) x T x (—R, R), and

(/ (1—p(t,x)) dx) (/ (14 p(t, x)) dx) >0 (2-5)
B B

for any ¢ € (0, T') and any ball B fully contained in %; :={x e T xR : (¢t,x) € %}.

For later purposes, we also point out the following possible upgrade of Theorem 2.2, which is obtained
by using convex integration as in [Castro et al. 2019; De Lellis and Székelyhidi 2010].
Lemma 2.3. Let (p, v, m) be as in Theorem 2.2 and § : [0, T) — R continuous with §(0) =0, 6(¢) > 0,
t > 0. Then there exist infinitely many solutions (p, v) as in Theorem 2.2 with the additional property that

fT R(ﬁ(hX)-;O(LX))dex <4(1)
for almost every t € [0, T).

Definition 2.4. Any triple (p, v, in) satisfying the conditions of Theorem 2.2 is called a subsolution of
(1-1), (1-2). The set %, in other papers frequently also denoted by Q2nix, is called the mixing zone of the
subsolution.

Theorem 2.2 shifts the focus from a single solution to the investigation of subsolutions which are
understood as possible coarse-grained or averaged solutions. As subsolutions play the central role also
in the present investigation, we will frequently omit the bars in notation and instead mark solutions by
(psols Usol) in case there is a chance of confusion.

2.3. Examples of subsolutions. The first examples of nonconstant subsolutions have been given in the
same paper of Székelyhidi [2012] for the perfectly flat initial interface, pg(x) = sign(x;). Keeping the
one-dimensional structure of the initial data, one sees that v =0, m = —a (1 — ,02)62, a € (0, 1) reduces
(2-2), (2-3) to the one-dimensional conservation law

0ip +ady, (p°) =0,

which has a unique entropy solution given by

1, X2 > 2at,
p(t,x) =1 x2/Qut), —2at<xp <2ut,
-1, Xy < —2at.
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It also has been mentioned in [Székelyhidi 2012] that the limiting case o = 1 is in agreement with the
relaxation of Otto [1999]. It coincides with (1-3) in the flat situation, see Section 4.1. In addition, this case
gives an upper bound for the mixing zone. More precisely, it has been shown in [Székelyhidi 2012] that
the mixing zone at time ¢ > 0, %;, of any one-dimensional subsolution emanating from pg(x) = sign(xy) is
contained in the strip [—1, 1] x (—2¢, 2¢). A similar subsolution in the harder case of different viscosities
was studied in [Mengual 2022]. Actually, the A-hull of IPM with different viscosities and densities is
computed in that paper.

In the context of IPM and differential inclusions, we would also like to mention [Hitruhin and Lindberg
2021] which addresses the stationary, i.e., time-independent, IPM system. In that paper the lamination
convex hull of that system is computed, and in addition a rigidity result for its subsolutions and an
application for long-term limits of (1-1) is given.

The first examples of subsolutions giving rise to mixing solutions, i.e., solutions obtained from the
subsolution via convex integration with property (2-5), for IPM starting in a nonflat interface (x;, fo(x1))
were provided in [Castro et al. 2021]. In this paper the density p of the subsolution is Lipschitz and the
prescribed speed of opening of the mixing zone c(x;) (=2« in the flat case above) satisfies 1 < ¢ < 2 and,
as indicated, might depend on x. The result of [Castro et al. 2021] holds for initial data fo € H S(R), ie.,
in a regime where the Muskat problem cannot be solved. A numerical analysis of these subsolutions can
be found in [Castro 2017], where the formation of fingers can be observed. In [Arnaiz et al. 2021], the
semiclassical viewpoint developed in [Castro et al. 2021] is taken one step further (using semiclassical
Sobolev spaces for example), providing an alternative proof to the main result of [Castro et al. 2021].
Indeed this later approach improves the subsolutions with respect to their regularity, as the boundary of
the mixing zone is in H>~!/¢D where c(x;) is the local speed of opening of the mixing zone, instead of
merely in H*.

Forster and Székelyhidi [2018] constructed mixing solutions with an initial interface f € C3** relaxing
the initial regularity needed in [Castro et al. 2021] but relying on subsolutions with piecewise constant
density instead of Lipschitz. In this case the speed of opening of the mixing zone is 0 < ¢ < 2 with ¢
uniform in x. Thereafter the same kind of subsolutions have been constructed in [Noisette and Székelyhidi
2021] with variable speed of opening.

As mentioned before, mixing solutions obtained via convex integration are not unique. There are two
reasons for this fact: (a) different subsolutions can be found, (b) infinitely many solutions, corresponding
to different distributions of the density, emanate from every fixed subsolution. In order to deal with
point (b), in [Castro et al. 2019] it has been shown that all the solutions obtained from a fixed subsolution
can be chosen in such a way that they share averages over large sets, i.e., they are the same as the
subsolution at a macroscopic level. One of the main points of the present paper is to deal with point (a).
A particular instance of this multiplicity will be illustrated in Section 2.4 below.

The constructions of the subsolutions above seem to rely on the Saffman—Taylor instability (heavy
fluid on top of a lighter fluid). In [Castro et al. 2021] it was observed that there also exist mixing solutions
in the stable regime (see also [Forster and Székelyhidi 2018]) which build on Kelvin—Helmholtz-type
instabilities (discontinuity of the velocity field, see [Mengual 2022] for a thorough discussion of this



2252 ANGEL CASTRO, DANIEL FARACO AND BJORN GEBHARD

phenomena at the level of the hulls). Actually, the analysis in [Castro et al. 2021] indicates that the
mixing can be created around any point of the interface which is not both flat (with zero slope) and stable.
We call points having zero slope in the stable regime fully stable points. It happens that, in an initially
overhanging interface, there must be always a fully stable point. Partially unstable situations therefore
require one to find compatibility between the Muskat solution and mixing solutions, see [Castro et al.
2022]. Remarkably, the construction in that paper allows one to answer the question on how to prolongate
in time the singular solutions to the Muskat problem found in [Castro et al. 2012a; 2013], namely as
mixing solutions.

As a last remark we would like to point out that the subsolutions constructed in [Castro et al. 2021;
2022; Forster and Székelyhidi 2018; Noisette and Székelyhidi 2021] are local in time in the sense that,
although the involved functions exist over a potentially larger time interval, a small time interval has to
be chosen in order to guarantee that they take values inside the convex hull, i.e., that (2-4) holds. This is
in contrast to the flat cases [Mengual 2022; Székelyhidi 2012] and to the subsolution constructed in the
present paper. Although here we will only prove a local-in-time existence result, the involved functions
take values in (the closure of) the convex hull as long as they exist.

2.4. The subsolution selection problem. As described, the constructions from the previous subsection
contain ansatzes for certain properties of the subsolution and hence for the induced mixing solutions
of (1-1). To illustrate this freedom in the simplest case, let us discuss the flat interface with y(x;) =0 in
slightly more detail. As in [Székelyhidi 2012], setting v =0, m = m»(t, x2)ez, p = p(¢, x2), one sees
that (p, 0, m) is a subsolution if and only if

0 p+0x,my=0, p(0,x)=sign(xy), |[p|=1,
12ma+1—p%| <1—p? when |p| <1, my=0 when |p|=1,

and the required continuity conditions hold. Thus one could make the ansatz

my=——5—+-——8 (2-6)

with & : [0, T) x R — R satisfying |&>| < 1 and for any such &; solve the conservation law

1—p?
8[10 + 8}C2 ((52(t7 x2) - 1) D) ) =0

with initial data pg(x;) = sign(x,) to get plenty of subsolutions with different mixing zones and density
profiles. Note that in this sense &;, or rather the whole relation (2-6), plays the role of a constitutive law.

Summarizing once more, these examples show that not only does each subsolution induce infinitely
many solutions of the incompressible porous media equation sharing a common coarse-grained, or
averaged, behavior, but there are also infinitely many possibilities for this averaged evolution via the vast
amount of possible subsolutions. This is a common problem in the construction of turbulent solutions
emanating from unstable interface initial data, as for instance also for the Kelvin—Helmholtz instability
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[Gebhard and Kolumbéan 2022a; Mengual and Székelyhidi 2023; Székelyhidi 2011] and the Rayleigh-
Taylor instability in the context of the Euler equations [Gebhard and Kolumban 2022b; Gebhard et al.
2021; 2024]. We emphasize that, however, our criteria builds on the gradient flow structure of IPM, and
therefore different ideas should be used in the case of the Euler equations, see Section 2.5.3 for a short
overview of strategies used so far.

2.5. A selection criterion. We now focus in the general, not necessarily flat, case on the selection of
subsolutions in terms of choosing an appropriate relation between m, p and v such that (2-4) holds
provided |p| < 1.

First we will review the strategy proposed by F. Otto [1999] to relax system (1-1) based on its gradient
flow structure in Lagrangian coordinates, and we will formally obtain (1-3) from this relaxation. The
strategy of Otto does not rely on the notion of a subsolution in the context of differential inclusions as in
Section 2. However, the solution of (1-3) will be a (nonstrict) subsolution with

m=pv—(1— ,02)62.

Thereafter, we will also give an argument to derive (1-3) in Eulerian coordinates directly based on
subsolutions. Also, here the starting point will be the gradient flow structure of (1-1). This second
argument shows that the relaxation of Otto selects among all subsolutions precisely those that maximize
the dissipation of potential energy at every time instant.

The relations are summarized in Figure 2 on page 2244.

2.5.1. Otto’s relaxation. In this section we give a very brief summary of Otto’s five-step strategy leading
to the macroscopic IPM equation (1-3). The discussion is not rigorous and even then we have put most of
the explicit calculations in Appendix B. We adapt our notation to that of [Otto 1999], which, due to a
different normalization, studies the evolution of
1— ,o(x, %t)

2

instead of p(x, t), i.e., contrary to other sections the density s is now taking values in [0, 1]. In these

s(x, 1) =

coordinates the IPM system (1-1) reads

os+u-Vs =0,
divu =0, 2-7)
u=—VII+sey;

see Appendix B.
The starting point (Step 1) of Otto’s relaxation is the vital fact that, when formulated in Lagrangian
coordinates, IPM can be seen as a gradient flow with respect to the potential energy

E[®] = —/ s(x,0)P(x) e
on the manifold
My = {® one-to-one and onto, smooth, volume-preserving maps}.
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More precisely, if (s, u, IT) is a solution of (2-7), then the flow ®(x, ) induced by u satisfies

f8,d>( 1) w=—dE[®(-,t)Jw forall we Te(. nMo, (2-8)
where d E[®]w is the Fréchet derivative of the functional E at the point ® € My in the direction

w € Tp My = {w smooth and such that V- (w o CD*I) = 0}.

Fast-forwarding a bit, the next steps of Otto consist of the introduction of a time discretization with
step size k& > 0 in the form of a minimizing movements scheme (Step 2), the extension of the underlying
manifold My to its L?-closure in order to turn the potentially ill-posed discrete variational problems
emanating from Step 2 to well-posed ones (Step 3), and a translation of the now existing sequence of
minimizers back to Eulerian coordinates (Step 4). At this point there exists a sequence of functions 6%
corresponding to s( -, ¢) at time t = kh, but of course potentially on a coarse-grained or “locally averaged”
level, which is characterized by the following JKO scheme: 00 = s(-,0) and, given ok 9&k+D g the
minimizer in K of

1dis?(0™, 0) + 1 dis*(1 —0®, 1 —0) —h / 0.(x)x2, (2-9)

where the set K consists of measurable 6 taking values in [0, 1] and such that f 6 = f s(x,0), and
dist2(90, 0,) for 0y, 6; € K is the L>-Wasserstein distance
dist*(6g, 6;) =  inf /eo(x)|c1>(x) —x|?dx
el (6,61)
with

(6o, 01) = {CDZ/91(y)§(y)dy=/90(X)§(<1>(X))dx V¢ 608}-

Notice that this indeed is a relaxation of the original problem since the densities are no longer taking
values in {0, 1} and the transport maps are not necessarily injective.

The fifth and last step consists of passing to the limit # — 0 whenever this is possible. Otto [1999]
proved that this is the case for the unstable flat situation

s(x.0) = {0, x>0,

1, Xy < O,
and that the limit of ), defined by

On(x, 1) ;=00 (x), telkh, (k+1)h)
is the unique entropy solution of the conservation law

00 +0,,(0(1-0))=0.

For a different proof of this statement we refer to the work of Gigli and Otto [2013], which in particular
also contains a further examination of the relation between the minimizing movements scheme and the
entropy condition.
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In fact, it was conjectured by Otto (personal communication) that the described scheme, if it converges,
should also lead to an entropy solution of the macroscopic IPM equation in the general, nonflat case. We
refer to Section 3 for the definition of entropy solutions.

In the rest of this section we sketch how at least formally system (1-3), or rather its equivalent
reformulation in terms of s(x, ), arises from the JKO-characterization (2-9) of the discrete functions 6%
when assuming suitable convergence. Our presentation here, as well as in Appendix B which contains
some more details, is devoted to conveying that the scheme indeed leads to the macroscopic IPM equation
rather than to providing a rigorous proof which we defer to future work. A similar computation was
derived by Otto (personal communication).

Fix t and write for simplicity 09 :=6,,(r), 0! := 6),(t + h). Furthermore, let ®" denote the transport
map corresponding to dist?(6°, 8") and ®”" the transport map corresponding to dist>(1 —6°, 1 —#'). Then
it can be shown that there are functions a”, a” such that

" (x) = x + (Va" o ®") (x),
" (x) = x + (Va" o ®")(x).
This in fact is a consequence of Brenier’s theorem [1991]; still an argument is also provided in Appendix B.

Moreover, it can be deduced from first variations of the functional (2-9) that

a" —a" = hx,. (2-10)

Now, we write a” = hp", a" = hp" and make the strong assumption that the introduced functions p”, p"
have a well defined C? limit denoted by p, p. Moreover, we also assume that 6y (¢, x) is converging in a
strong enough sense and denote the limit function by 6 (¢, x).

If this is the case we can pass to the limit # — 0 and obtain, see Appendix B,

3,0 = —div(OV p), (2-11)
3,0 = Ap —div(OV p). (2-12)

Now (2-10) yields p = p + x,. Thus (2-11), (2-12) imply that
Ap=div((Vp —Vp)d) = —0,,6. (2-13)
Therefore, from (2-12) and (2-13), we deduce
0;0 = —0y,0 —div(Vpl) = —0,,0 —div((Vp +6e2)0) + div(6%ey).
To finish we define u = V p 4 6e,, which clearly satisfies divu = 0, to get

0:0 +u -V +9,,0 —2600,,0 =0,
u=Vp+bes,
divu =0.

Undoing the change of coordinates from the beginning, i.e., considering
p(t’x) =1 —2S(X, 2t)a

one obtains (1-3). As said, more details can be found in Appendix B.
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2.5.2. Transfer to subsolutions. Now we give an alternative derivation of the macroscopic system (1-3),
taking a different route after Step 1 of Otto’s relaxation; i.e., the starting point is again the gradient flow
structure of IPM saying that solutions of (1-1) seek to maximize the dissipation of potential energy at
every time instance. However, at this point we do not care in which precise sense the dissipation is
maximized (in Lagrangian coordinates with respect to the L2-metric on the manifold of area preserving
diffeomorphisms). We instead simply extend the principle of maximal energy dissipation for solutions of
(1-1) to its relaxation given in Theorem 2.2; i.e., we seek to investigate also subsolutions that decrease
the potential energy at every time instant as much as possible.

Suppose that (p, v, m) is a subsolution in the sense of Definition 2.4. We define its associated relative
potential energy

Erel(2) :=/ (p(t, x) — po(x))x2dx (2-14)
TxR
and, for now formally, compute
0rErel(t) = —/ xodivm(t, x)dx = / mo(t, x)dx. (2-15)
TxR TxR
Moreover, similar to (2-6), condition (2-4) implies
1 —p? 1—p?
m=pv———e+— §

almost everywhere for some £ : [0, T) x T x R — R? satisfying || < 1. Plugging this into (2-15), one
deduces

1_
0y Erer (1) 2/ pv2 — (1 —/JZ)TEE2 dx.
TxR

Hence considering p(t, - ), and therefore also v(¢, - ), see Section 4.2 below, to be given, one easily sees
that the energy dissipation at time ¢ is maximized in the closure of all admissible & with the choice

E(t,x) = —er.
Hence choosing constantly £ = —ep, and therefore

m=pv—(1—p?e, (2-16)

we deduce that (nonstrict) subsolutions that maximize at each time instant the dissipation of potential
energy are characterized as solutions of

80 +div(pv — (1 - pPe2) =0,
divv =0, 2-17)
v=—Vp—pes.
The above formal computation in (2-15) can be made rigorous under mild decay assumptions, as for
instance shown in Appendix C. Here, however, we would like to state some further remarks.

First of all we emphasize that, by choosing m as in (2-16), we do not obtain a subsolution in the sense
of Definition 2.4, since (2-4) holds only in a nonstrict sense; thus we speak about a nonstrict subsolution.



ENTROPY SOLUTIONS TO MACROSCOPIC IPM 2257

By considering instead

m=pv—pn(l—p?e, (2-18)

ie., & = (1 —2w)e, with p arbitrarily close to 1 but i < 1, one obtains strict subsolutions and hence
actual mixing solutions via Theorem 2.2, arbitrarily close to the nonstrict ones with maximal energy
dissipation. However, in the remainder of the paper we will solve (2-17) as the outstanding case and
remark that a similar analysis leads to a subsolution corresponding to the system with m given by (2-18);
see also Remark 3.3.

Moreover, we would like to point out that, in the flat case, where v = 0, system (2-17) is exactly the
hyperbolic conservation law found in [Székelyhidi 2012], whose entropy solution corresponds to the
maximum speed of expansion of the mixing zone; see Section 2.3.

Furthermore, we remark that, given a strict subsolution (p, v, m) with relative potential energy E.¢(?)
defined in (2-14), one obtains infinitely many mixing solutions (s, Uso1) as in Theorem 2.2 with the
additional property that their relative potential energy at almost every time ¢ is arbitrarily close to E(f);
see Lemma 2.3. In this sense there also exist actual mixing solutions with potential energy decay arbitrarily
close to the maximal decay for subsolutions characterized by (2-17).

2.5.3. Comparison to selection criteria in related problems. As mentioned in Section 2.4, the selection of
a meaningful subsolution is a general problem when studying hydrodynamic instabilities via differential
inclusions. We briefly give an overview of previously applied selection criteria.

In the case of a perfectly flat interface, the selection typically is done by reducing the subsolution
system to a one-dimensional hyperbolic conservation law and picking the unique entropy solution as a
natural candidate. This has been done in the context of the Kelvin—Helmholtz instability for the Euler
equations [Székelyhidi 2011], the Rayleigh—Taylor instability for the inhomogeneous Euler equations
[Gebhard et al. 2021], and as discussed in all detail above for the flat unstable Muskat problem in IPM
[Székelyhidi 2012].

Another approach, selecting the subsolution that at initial time maximizes the total energy dissipation,
has been applied in the context of the nonflat Kelvin—Helmholtz instability [Mengual and Székelyhidi
2023] within the class of all subsolutions with vorticity concentrated on a finite number of sheets, and
thereafter in the class of one-dimensional self-similar subsolutions emanating from the flat Rayleigh—
Taylor instability modeled by the Euler equations in Boussinesq approximation [Gebhard and Kolumban
2022b]. This strategy has been motivated by the entropy rate admissibility criterion of Dafermos [1973],
which has also been investigated in [Chiodaroli and Kreml 2014; Feireisl 2014] for convex integration
solutions of the compressible Euler equations. In view of Section 2.5.2, also the selection criterion
considered in the present paper falls into that category. However, in contrast to [Gebhard and Kolumbén
2022b; Mengual and Székelyhidi 2023], the selection applies among all possible subsolutions (with
certain natural decay at infinity) and not only within a special subclass, and it applies at all times instead
of only the initial time.

Another way to select subsolutions globally in time has been studied in [Gebhard et al. 2024] in
the context of the flat Rayleigh—Taylor instability for the Euler equations in Boussinesq approximation.
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Similar to Section 2.5.2 above, the underlying geometric principle of the equation, in that case the least
action principle, has been imposed on the level of subsolutions leading to a degenerate elliptic variational
problem that turns out to be formally equivalent to the direct relaxation of the least action principle by
Brenier [1989]. However, solutions obtained from this relaxation conserve the total energy, which is
inconsistent with anomalous energy dissipation present in turbulent regimes. In view of that, in [Gebhard
et al. 2024] an additional term, responsible for energy dissipation but subject to certain choices, has been
added in the variational problem. In contrast, the relaxation of IPM considered here is not relying on any
comparable choices.

3. The main result
According to the previous section, we consider on T x R the system

3 p 4 div(pv + pZer) =0,
divv =0, (3-1)
v=—Vp—pe
with initial data (1-2), i.e.,
+1, x2 > plx),
po(x) = { 3’
-1, x2 < plxn),
for a sufficiently regular function yy : T — R. In fact we here consider the case of a real analytic initial
interface. For completeness we also state the notion of a general weak solution to system (3-1).

Definition 3.1. A pair p € L¥((0,T) x T x R), v € L*®(0, T; L>(T x R; R?)) is a solution of (3-1),
(1-2) provided, for any ¢ € C2°([0, T) x T x R), we have

T
// paz<p+(pv+pZez)-V¢dxdt+/ pow(0,-)dx =0,
0 JTxR TxR

T
// v-Veodxdt =0,
0 JTxR

T
// (v+ per) - Vg dx dt =0.
0 JTxR

Theorem 3.2. Let yy : T — R be real analytic. Then the initial value problem (3-1), (1-2) has a
local-in-time solution with the following properties:

(i) p and v are continuous on [0, T) x T x R\ {(0, x1, yo(x1)) : x; € T}.

(1) p(t, -) is Lipschitz continuous at positive times and v(t, - ) is log-Lipschitz continuous, with
IVo(t, )lexr) < Cot ™',

(TxR) 1 (3-2)

lu(r, x) —v(t, x")| < Cot ' |(x —x") log|x — x'||

forte(0,T), x,x e TxR, |[x —x'| < % and a constant Cy > 0 depending on yy.
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(iii) Fort € (0, T), there exist two real analytic curves y;( -, £1) : T — R such that p(t, x) = 1 whenever
X3 >y (x1, 1) and p(t, x) = —1 whenever x, < y,(x1, —1). Moreover, p(t, -) maps the remaining
set into (—1,1). Also there, the level sets T';(h) .= {x € T xR : p(t,x) = h}, h € (—1,1),
are given by graphs of real analytic functions y;(-,h) : T — R. Furthermore, the joint map
[0, 7)) x T x[—1, 1] = R, (¢, x1, h) — v;(x1, h) belongs to the space C' ([0, T); C'(T x [—1, 1])),
and there exists a real analytic function so : T — R such that

Yi(x1, h) = yo(x1) +1(2h +so(x1)) +o(1) (3-3)

with respect to || - ||¢1 (T x[—1,17) as £ = 0.

(iv) For any locally Lipschitz continuous n : R — R, we have the balance
9 (n(p)) +div(n(p)v + Q(p)e2) =0, (3-4)

with initial data n(p)(0, -) = n(po) and flux Q(p) := fop 2n'(s)s ds.

Remark 3.3. (a) In fact the function sg : T — R appearing in (3-3) is precisely the normal part of
the initial velocity when evaluated in (x1, yo(x1)). See Section 4.2, in particular equation (4-9), for the
definition and further discussion.

(b) Note that (iii) implies that p is piecewise C' with the exceptional set given by
{@, x1, 7(x1, £1) 1 €[0,T), x; € T}

(c) Equation (3-4) is a priori understood in analogy to Definition 3.1, i.e., in a distributional sense.
However, given the regularity of p and v, it in fact holds pointwise almost everywhere on (0, T) x T x R;
see Section 6.

(d) Since convex functions are locally Lipschitz, the balance (3-4) in particular states that p is an entropy
solution for the conservation law 3, p + div(pv +2 ;) = 0, see Definition 3.4 below.

(e) We notice that, for an analytic initial interface, the Muskat equation (2-1) can be solved for short time
in order to find a solution to the macroscopic IPM system (3-1), which at the same time is also a solution
for IPM (see [Castro et al. 2012a] and in the case of the vortex-sheet problem [Castro et al. 2012b]).
However, this solution is not an entropy solution. Moreover, piecewise constant solutions of (3-1) also
could be constructed but again they would not be entropy solutions.

(f) Asdiscussed earlier in Section 2.5.2, the solution (p, v) given by Theorem 3.2 induces only a nonstrict
subsolution by setting m := pv — (1 — p*)e,. However, an analogous existence statement remains true
when replacing the first equation of (3-1) by

3o +div(pv + pp’er) =0

corresponding to a choice of m as in (2-18) and thus to strict subsolutions when @ < 1. This can be seen

1

for instance by rescaling time and considering the nonlocal velocity field ™" v in Sections 4 and 5.
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(g) Notice that (iii) describes precisely the mixing zone % of the subsolution, see Definition 2.4, where
the corresponding solutions develop a mixing behavior. In particular, from (3-3) one can deduce the
initial growth of the mixing zone, which is linear in time. When combined with [Castro et al. 2019], it
also implies the observed degraded mixing property of solutions (the closer to the upper boundary, the
bigger the volume fraction of the heavier fluid). In particular, by letting u tend to 1, our method predicts
a unique mixing zone selected by maximal potential energy dissipation which can be compared with
experiments, as opposed to subsolutions where the mixing zone depends on an a priori ansatz.

(h) The time of existence T > 0 of the found solution depends on how well yy can be extended holo-
morphically onto a complex strip, see, e.g., Lemma 5.6. In addition T is capped by 1. While the latter
is an artificial bound making our proof of existence at some points slightly less technical, the former
dependence is naturally appearing in proofs relying on Cauchy—Kovalevskaya theorems. The question
regarding a global-in-time solution, may it be as a general entropy solution or as a solution of the level
set formulation introduced in Section 4, is open.

(i) The choice of the periodic infinite strip T x R as our spatial domain seemed to us to be the least
technical choice. Compared to the whole plane R?, one does not need to speak about decay/flatness
at x; — =00, still we believe that our approach can be adapted to that setting. The same is true for
the bounded periodic domain T x (0, 1), where the necessary estimates for the Biot—Savart kernel, see
Lemma 5.5, have to be derived on a more abstract level. However, the situation in a bounded domain
with vertical boundaries is more delicate and not within the scope of this paper.

For completeness we include in the following the notion of an entropy solution for equation (3-1).
Note that (3-1) is a nonlocal hyperbolic conservation law. As is common for such equations, see, e.g.,
[Amadori and Shen 2012; Amorim 2012; Betancourt et al. 2011; Blandin and Goatin 2016; Colombo
et al. 2012], the notion of an entropy solution is the one for the corresponding local conservation law
where the otherwise nonlocal velocity field is considered as a fixed local one.

Definition 3.4 (entropy solution). A solution (p, v) in the sense of Definition 3.1 is called an entropy
solution provided, for any ¢ € C>°([0, T) x T x R), ¢ > 0 and any convex 7 : R — R with induced flux
Q(p) := ) 2n'(s)s ds, we have

T
fofT R77(p)8z<p+(n(p)v+Q(/O)ez)-Vf/wlxdt+/ n(ro)¢(0, -)dx > 0.

TxR

We remark that typically the set of n for which the stated imbalance is required to hold is taken to be
a strict subset of all convex functions, such as for instance the family {r + |r —c| : ¢ € R} of KruZkov
[1970]; see also [Dafermos 2016]. Since our solution already satisfies the stronger property (iv), we
refrain at this point from restricting the set of entropies.

In any case, due to the nature of the nonlocality of our velocity field — which is a zeroth-order singular
integral operator with respect to the density p (see Section 4.2) — the uniqueness of the found entropy
solution remains open.
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4. Level set formulation

We begin our investigation with a look at the illustrative example of a perfectly flat initial interface
yo(x1) =0 (Section 4.1) and some known facts concerning the nonlocal velocity field v —in particular at
initial time —in the nonflat case (Section 4.2). Thereafter, with the beginning of Section 4.3, we will
reformulate problem (3-1), (1-2) as a suitable fixed-point problem.

4.1. The flat interface. In the perfectly flat case, y9 = 0, an x;-independent solution of (3-1) is obtained
by observing that v = 0 and solving the Riemann problem for Burgers’ equation

9P+ 05,(p?) =0,  p(0,x2) = sign(xy).

The unique entropy solution is Lipschitz continuous at positive times and explicitly given by

1, Xy > 2t,
p(t,x)=x2/Q21t), |x2] <2t,
—1, Xy < —2t.

As discussed earlier, see Section 2.3, this solution bounds the mixing zone in the class of all one-
dimensional IPM subsolutions.
However, in rescaled coordinates y — x, x = (y1, ty2), the solution is given by the stationary profile

1, 2 > 2,
Pty ty) =do(y) =1 3y2, Iyl <2, 4-1)
—1, < —2,

or in other words the level sets p(z, - )" ({h}), h € (—1, 1), are given by flat lines {x : x, = 2ht} that as
time evolves are pulled apart with speed 2h.

Of course these are simple reformulations, but a key point in our analysis is an appropriate extension
of this principle to the general, nonflat case where the velocity field does not vanish. This will be done by
keeping the profile ¢o(y) on the right-hand side of (4-1) and allowing the transformation y - x to be
of the type x = (y1, ty2 + f (¢, y)), i.e., we keep the “pulling”’-term ¢y, dealing with the Burgers’ term
9y, (p?) in the equation and allow the level sets to have a general form reacting to the nonlocal velocity
field. The details in terms of induced equations for f are in Sections 4.3—4.5.

4.2. Biot-Savart and the initial velocity field. The flat case discussed in the previous subsection is a very
special case in the sense that v = 0 and the resulting equation is local. In the general case a key feature of
both systems, IPM and the relaxation, is the nonlocal relation between the density p and the velocity
field v. More precisely, the last two equations in (1-1), (3-1), respectively, i.e., the incompressibility
condition and Darcy’s law, can be understood by means of a zeroth-order convolution operator. Indeed,
taking the curl of Darcy’s law, one sees that, at each time, v(z, - ) is an incompressible vector field with
vorticity given by

Oy, 02(f, X) — Oy, 01 (t, X) = =0y, p(, X). 4-2)
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Thus, when requiring decay as |x;| — oo, the velocity field v is, at least in the case of our interest,
uniquely determined in terms of the Biot—Savart operator
v(t, x) = (K % (=0dx, p(1, -)))(x) =/ K(x —2)(=0y (1, 2)) dz. (4-3)
TxR
On T x R the kernel K is given by

1 (=sinh(z2), sin(z1))”

K(z) = 4-4
@ 4w cosh(zp) — cos(z1) S
and, as usual, K is the orthogonal gradient of the corresponding Green’s function
1
G(z):= yp log(cosh(zy) — cos(zy1)). 4-5)

Relation (4-3) has to be interpreted accordingly at initial time # = 0 due to the fact that —d,, po is only
a measure supported on the interface

Lo :={(x1, yo(x1)) : x1 € T}.

Thus, the initial velocity field vy(x) is the one of a vortex-sheet and therefore discontinuous across the
interface.

Lemma 4.1. The unique square integrable solution of

v=—Vp—poez, divo=0 onT xR (4-6)
is given by
X1 — 21 /
vox)= | K 2yy(z1) dz 4-7
0(x) /wr <x2_y0(21)) Yo(z1) dzi 47

for x ¢ g, while the one-sided limits at Iy are given by

: X1 —21 , Yo(x1) ( 1 )
lim v =pv.|] K 2v0(z1) dz —_— . 4-8
i(yz(—yoozé));o o) =p /T <V0(X1)—V0(Zl)) Yo(@) 1:F1+y0/(x1)2 Yox1) (4-8)
y— X1, v0(X1

Proof. First of all one can check that the right-hand side of (4-7) defines a locally integrable solution
of (4-6) with exponential decay as |x;| — oco. Thus standard elliptic estimates imply that this is the only
solution with these properties.

In order to compute the one-sided limits, we write

L

l z
K@)=-=7> Kieg(2),
(2) o |Z|2n(21) + Kreg(2)

where 1 : T x R is a smooth periodic cutoff function with n(z;) =1 for |z1] < 1 and n(z;) =0 for |z;| > 2,

and the regular part Ko : T X R — R?,
i

1
Kreg(2) = K (2) — Eé?n(m,

is smooth. In fact K¢ is harmonic where 7(z1) = 1. Furthermore, using complex notation, we write
7+ /1z)? = (1/(iz))*, where z* denotes complex conjugation.
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Then, denoting by v ree the contribution from the regular part K., we have

B (1 2y,(z1) )*__(L/ 1 2y5¢D )*
vol) ”O’reg(y)_(2m/w—(m+iyo<zl))d“ =\ f ey irinen @

for y ¢ I'g. Now taking one sided limits y — x € [y, expression (4-8) follows from the Sokhotski—Plemelj
formula; see [Muskhelishvili 1972]. ]

Formulas (4-8) show that the initial velocity field is still continuous across the interface in the normal
direction. Therefore the (not normalized) normal velocity at the interface so : T — R,

— (oG X1 =21 / (—7ox1) ]
so(x1) :=vo(x1, Yo(x1)) ( 1 ) _p.v'/TK(VO(xl)_VO(Zl)) 2y(z1) dzy ( 1 ) (4-9)

is well-defined. It will play an important role in our further analysis as it dictates the motion of Lagrangian
particles at the interface to first order when ignoring the Burgers’ term 9, (p?).

4.3. Rescaling and level set function. We now transform problem (3-1), (1-2) in terms of level sets. The
reformulation here is understood on a formal level. We will solve the derived fixed-point problem in
Section 5 and a posteriori justify the transformations in Section 6.

The starting point is the following ansatz for p capturing the effect of the Burgers’ part described in
Section 4.1. Assume that there exists f : [0, T) x T x R — R sufficiently regular with

£, y) =) (4-10)

and such that, for every t € (0,T), y; € T, the map R — R, y, — ty, + f(¢, y1, y2) is a monotone
diffeomorphism.
Then each of the transformations X; : T xR — T xR, t € (0, T),

Y1
X - )
o) (fn + f(, y))
is a diffeomorphism as well.

We now seek to find a solution of (3-1), (1-2) on [0, T') having the property that

+1, »=>2,
p(t, X, (¥) =do(y2) = { 3y2. y2€ (=2, 42), (4-11)
For ¢t > 0, we compute
DX;(y)= ( 1 0 > (4-12)
=0y, £, y) 140, £t y))
» 1 0
DX:(y)" =\ -, ft.» 1 . (4-13)
140y, f(t,y) 140y, f(2,Y)
1 _a’ f(t7 y)
Vol(t, X, () = < " 1—2.2 (), (4-14)
’ 2(t + 8y, £ (1, ¥)) 1 (=22
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so that the first equation of (3-1) — when written in nondivergence form — under the ansatz (4-11) is
equivalent to

_ —a lf(t’ )7) 0 .
0=122(2) ( Y ] ) - ((y2 LA fy) — 2¢0(y2)) u(t, X;(y))>.

Since 2¢0(y2) = 1(—2,2)(2) = y2, expanding the above equation leads to

_8y1f(t, y)
1

O ft,y)=v(t,y1,ty2+ f(t,y))- ( (4-15)

for (7, y1, y2) € (0, T) x T x (=2,2).
Note that, in view of (4-14), the velocity field in (4-15) is always considered in directions normal to
the level sets of p.

4.4. Transformation of the velocity field. For t > 0, we have that v(z, - ) (in all reasonable scenarios) is
given by the Biot—Savart law (4-3); see Section 4.2.
Applying the transformation X;(y), we compute the velocity field
v,y ty2+ f(E, y) = v, X (y)

occurring in (4-15). First of all, formulas (4-12) and (4-14) imply

v, Xi(y) = —/ K(X:(y) —2)0x,p(1,2) dz

TxR

= —/;r . K(X:(y) = X1(2))0x, p(r, X;(2)) det DX, (z) dz

2
=%/ /K(Xt(y)—Xr(z))aylf(t,z)dzldzg.
—2JT

Next we compute the full right-hand side of (4-15) and exploit the fact that the velocity field v (¢, X;(y))
is only needed in normal directions. More precisely, for z # y, we have

BYIf(t7 DK (X:(y) — X:(2)) - <_8y1J;(t, y))

=3y1f(t,z)VG(Xt(y)—Xt(z))-<a fl(t y)>
Y1 ’

=0y, f(1, VG(Xi(y) — Xi(2)) - ( ) — W G(X:(y) = X1 (2)) @y, f (2, y) =y, f(2,2))

1
8y1f(f, Z)
= =0y, f(r, y)diZl(G(Xz(y) — X1(2))) — Ko (X (y) = X4 (2)) @y, f (2, y) = 0y, f (2, 2)).

Thus after integration we obtain an additional cancelation in the convolution, i.e.,

_3y1f(f»)’)>_ 1
1

2
——3 | [ K060 =Xy £ =03, £ 0,20 21 dza. 4-16)

v(t, X () - (
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4.5. Equation for f. Combining (4-16) with (4-15), we see that (3-1) can — after our ansatz — be written
in the closed form

2
afe=—1 / ) /T Ka(BX, (3 )@y, f (1, ) = 8y, £ (1, 2)) dz1 2, 1D
where
X o _ = Y12
AXi(y,2) = Xi(y) — Xi (@) (t(yz —w)+ fy) - f, z))

also depends on f. Via translation in z;, equation (4-17) can also be written as

2
9 f(t, )7)=_%/2AKZ(AXt(y»Z))Aawft(y»Z)dZ]dZZ, (4-18)

where we have used the abbreviation

<1
AX[ ) = ,
02 (t(yz—Z2)+f(t,yl,yz)—fz(t, i —21,22)) (4-19)
Aaylft(y’ Z) = 8y1f(t, }’1, )’2) _8y1f(t, J’I — 21, Z2)~

The latter form turns out to be more convenient to work with.

4.6. One more ansatz. One important assumption in the above derivation is the invertibility of the maps
(Xy)>0- In order to guarantee this, we further make the ansatz

. y) =0 +tso(y) + 3t (. y), (4-20)

where o € (0, 1) and the functions so: T — R, 1: (0, T) x T x R — R are sufficiently regular. In order to
avoid potential confusion, we emphasize that the function n has nothing to do with an entropy; compare
with the n appearing in Definition 3.4. Furthermore, we remark that the particular choice of @ € (0, 1) is
not important; see Section 5.7 for further discussion.

By this ansatz f satisfies (4-10), and the desired invertibility can be assumed true for a small time
interval (depending on [|dy,7[/z~). Moreover, since at t = 0 we have 9; f = s9, 9y, f = ¥}, passing
formally to the limit on the right-hand side of (4-18), one sees that sy necessarily is given by

2
1 /
_5/ /K2(AX0()’1,Zl))AVo(yl,Zl)dZ1dZ2, (4-21)
T

where

. 21
AX()(yl’ Zl) = ()/0()71) _ yo(yl — Zl)) ’

Ay, 21) = o) — vo(n — z1).
A quick computation similar to the one in Section 4.4 and comparison with (4-9) shows that the above

expression is precisely the normal component of the initial velocity evaluated at (y, yo(y1)), i.e., (4-21).
This shows that the function s¢(y;) is indeed forced to be the normal component of vo(y1, Yo(y1))-
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Finally we integrate (4-18) in time and use (4-20), (4-21) in order to deduce that, for f to be a solution
to (4-18), n must be a solution of the fixed-point problem

1 t p2
e ==z [ [ [ Kaaxo.80, 4000
0J2Jr
— Kx(AXo(y1, 21)Ayy(y1, z1) dzi dzods.  (4-22)

Note that n and 9y, n enter the right-hand side through (4-19), (4-20).

5. Existence of a solution for analytic graphs

Our goal is to show that, for a real analytic yp : T — R, there exists a unique local-in-time solution 1 of
problem (4-22). The proof relies on the following version of the abstract Cauchy—Kovalevskaya theorem
based on the formulation of Nishida [1977]; see also [Nirenberg 1972].

In order to avoid confusion we emphasize that, throughout Section 5, every symbol p, o', p, po
denotes a positive constant referring to the size of the domain of analyticity. This is done in analogy to
[Nishida 1977]. At no time in Section 5 do we mention the density function p(z, x), which we seek to
construct, or the initial density pg(x).

Theorem 5.1. Let (B,) p(0,p0)> £0>0, be a scale of Banach spaces with || - || ,» <|| - || , for 0 < p" < p < po,
and consider the integral equation

1 t
u(t) = %fo F(u(s),s)ds (5-1)

for a given continuous function a : [0, 00) — R with a(t) > 0 fort > 0. If F is such that

(1) there exist R > 0, T > 0 such that, for every 0 < p' < p < po, the map
{ueBy:llull, <R} x[0,T)— By, (u,t)+— F(u,t),

is well-defined and continuous,
(ii) there exists b : [0, T) — [0, 00) continuous such that, for any 0 < p’ < p < po and all u, v € B,,
lullp, <R, llvll, <R, t €10, T), we have

b(t)

_p/

I F(u,1) = F(v, Dl <

[ =l

(i) F(0,-) e LY(0, T; B,) for any p € (0, po), and there exists ¢ : [0, T) — [0, 00) continuously
differentiable on (0, T) and continuous on [0, T) with ¢(0) = 0 as well as ¢'(t) > 0 for t > 0 such
that, for all p € (0, pg), t € (0, T), we have

1 ! c(1)
— | I1FQO,9),ds < ,
a(t) /o g po—p
(iv) for a constant K > 0, the functions a(t), b(t), c(t) appearing in (5-1), (ii), (iii) satisfy the relation
b
O < ka@wew). 1e©.1). (5-2)
se0,n| €'(s)
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then there exists a constant a = a(K, R) > 0 and a unique u(t) which, for any p € (0, pg), maps the
interval {t € [0, T) : c¢(t) < a(po — p)} continuously into the R-ball of B,. Moreover, u satisfies (5-1) and
c(t)

=0
()l (,00

) ast — 0.
)
In particular, u(0) = 0.

For the choices a(t) = 1, b(t) = c1, ¢(t) = cpt with some constants ¢, ¢ > 0, the above theorem
is the abstract Cauchy—Kovalevskaya theorem in the formulation of Nishida [1977]. The proof of
Theorem 5.1 requires indeed just some minor modifications which are presented in Appendix A. For a
related generalization of the abstract Cauchy—Kovalevskaya theorem, see also [Reissig 1987; 1988].

We will apply Theorem 5.1 in the following situation.

Lemma5.2. Letcy, cy>0anda (0, 1). There exist T =T (&), K =K (c1, ¢2) > 0 such that a(t) :=1'1*,
b(t) :=c1t'T¥|logt], c(t) := ct'~¥|log t| satisfy (5-2).

Proof. Consider T € (0, 1) such that
(1—a)llogs] =2, [logr|t* <1

forallr € (0, T). Then, for 0 <s <t < T, we have

b(s)c(s) 52t |log s|? 5 5 c1
= < 1 <cit7|logt]| = —a(t)c(?).
o) U —alogs =1 =18 llogs| < ci#7|log 1| cza( )e(?)
Thus (5-2) holds with K :=cjc; . O

5.1. Banach spaces. Set
Qo:=Tx(-2,2)
as well as
U, ={zeC:|Im@)| <p}, KQ,:=U,x(=2,2)
for p > 0.
We define the space B, to consist of all continuous functions 1 : Qo — R, y — n(y), which satisfy

(i) for every y; € (=2, 2), the function n(-, y») extends to a holomorphic function U, — C which is
again denoted by (-, y2),
(ii) the derivative dy,n : 2, — C exists and is uniformly continuous, and dy,7( -, y2) is holomorphic
on U, for every y; € (=2, 2),
(iii) the norm
170 == lInllLe(,) + 19y nllL>@,) + 19y,1llL>,)
is finite.

For clarification, the extension in (i) strictly speaking is the extension of the 2w -periodic function
n(-,y2) : R— R. The extension U, — C, y; + n(y1, y2), therefore is periodic in the real part of y;.
Moreover, dy,n denotes the complex derivative in the first component, while d,,7 is the real partial
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derivative with respect to the second component. Although the two derivatives are of slightly different
nature, we still use a gradient notation Vyn := (3,1, dy,n)" .

Clearly each B, is a Banach space and B, C By, || - ||, < - ||, whenever p’ < p. Moreover, for the
introduced scale of spaces, we have the following lemma, which is a direct consequence of Cauchy’s
integral formula for analytic functions.

Lemma 5.3 (Cauchy). Let 0 < p’ < p and n € B,. Then, for j =1, 2, we have

C
p—p

19y, 9y, nll =@, < Il

for C = Qm)~ .

In particular, d,,n is—as is n itself — Lipschitz continuous on £2y. This together with the assumed
uniform continuity of 9,7 implies the following.

Lemma 5.4. Let p > 0 and n € B,. Then n: Qo — R extends to Y (Qo), and n(-, y2) and 3y,n(-, y2)
are real analytic for each y, € [-2, 2].

Also note that dy,dy,1(y) = dy,0y,n(y) for n € B,, y € Q,, for instance, by means of Cauchy’s integral
formula.

5.2. Notation. From now on we fix @ € (0, 1) and a real analytic initial datum yo : T — R. Clearly o
can be extended to a holomorphic function defined on U»,, for some pg > 0 small.

Hence all (complex) derivatives are uniformly bounded on U, €.g., there exist a constant Cy > 0 such
that

1Vl w,,) < Co- (5-3)

More generally, henceforth, Cy > 0 always denotes a constant depending solely on the L°°(U,)-norm
of a fixed finite amount of derivatives of yy. (A detailed look at the proof reveals that the first five
derivatives of yy are sufficient. However, the precise number is not important.) In contrast C > 0 usually
denotes a constant not depending on y;. Both constants typically change from line to line. Also we point
out that distinguishing Cy from C is not essential for the proof of Theorem 3.2.

For a pair a = (a1, ap) € R x C, we define

lals := (ja1? + |a2|)V? = (af + aza}) /% (5-4)

Moreover, whenever we write |z1| for z; € T, we mean the absolute value of the unique representative
of z; in [—m, ). In particular, we will also use |a|, for pairsa € T x C.
For any function g : 2,, — C" or h: U,, — C" we use the abbreviation

Ag(y,z):=g() —g(y1 —z1,22) or Ah(yr,z1):=h(y1)—h(yi —2z1) (5-5)

for y = (y1, y2) € 2y, 2=1(21,22) € Qo and y; € Uy, z1 € T, respectively. In the proofs we will usually
omit the points (y, z) and simply write Ag and Ah.
Furthermore, for ¢ > 0 and 1 € B,,, we define f: Q, — C, X/ : Q,, — C?,

1) =0 +tso) + 5t 0. X () = (tyz +y}tn(y)) : (5-6)
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The function sg : U,, — C will be introduced in Lemma 5.6 below. At time t =0, we simply write Xo(y1)
instead of X{(y). The second component of X/ (y) is denoted by X;',(y). There is no need to distinguish
the first component, since it is just given by y;.

5.3. Preliminary lemmas. In order to define the function F' as a complex extension of the functional
appearing in (4-22), we need some preparation.

Recall that the second component K, of the Biot—Savart kernel on T x R is given by
1 sin(ap)

Ky(a) = Kx(a1, az) = 47 cosh(ay) — cos(ay)’

Thus, for fixed a; € T, the canonical extension of K;(aj, -) to a; € C is holomorphic on the open set
{a; € C : cosh(ay) — cos(ay) # 0}. We define

U:={a €T xC:cosh(ay) —cos(ay) # 0}.
Lemma 5.5. Let k € (0, 3). The sets
U :={(a1,a) €T x C: [Im(az)| < «(lar| + |Re(a2)]), Im(az)| < %}

are subsets of U with 0U* NOU = {0}. Moreover, there exists a constant C > 0 depending on k such that,
foralla e U*, j=0,1,2, we have

9], K2(a)| < Cla|; 7. (5-7)
Proof. Leta € U NAU, ap =u+iv. Then
0 = cosh(ay) — cos(ay) = cosh(u) cos(v) — cos(a;) + i sinh(u) sin(v)

implies v = 0, and thus cosh(u#) = cos(a;), which is only possible for aj = u = 0; or u = 0 and
cos(v) = cos(ay), which in the closure of U/* is again only possible for a; = u = 0. Thus &* C U and
U Nou ={0}.
For the second part we split the analysis into three regions: a € U, |a|, close to 0; a € U*, |a|, large;
and the remaining subset of /*.
Let us start with a € U*, |a| close to 0. Writing again @ = (ay, u+iv) and using that v> < 2x*(a? +u?),
we have
|a% + a%l = (af + Zaf(u2 — v2) + (u2 — v2)2 —|—4uzv2)1/2
> (1 —4c2)at +2a2 (1 — 2P u’ + w? + 0312
> (1 —4c?) (ay +laz|H'? = 3(1 = 4ic?) a2
Then, for a € U*, a small, it follows that

lai| + O (a1 ) 1 lal« + O(lal}) _ €
+a3| - O(la1|*) — O(laa|*) ~ 7w (1 —4P)lali — O(lal}) ~ lal«

Kar(a)] < —
K> (a)| < 27 |

Doing the same for higher-order derivatives, it follows that there exists € > 0 such that (5-7) holds for all
a € U* with |a|, < . We fix such an .
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Next let us consider the opposite regime a = u +iv € U*, |a|, large. Note that this necessarily means
that |u| has to be large since |a;| <7, |v]| < % by definition of ¢/“. We then estimate
|cosh(ay) — cos(ay)| > |cosh(u) cos(v) + i sinh(u) sin(v)| — 1

= (cosh?(u) — sin®(v)) /2 — 1

2 12
u
3(7—1) _ 1.

Consequently one can find constants C > 0 and R > 0 such that (5-7) with j = 0 holds for all a € U*
with |a|, > R. Again this procedure can be extended to higher-order derivatives giving an R as above but
with (5-7) valid for j =0, 1, 2 for |a|, > R. Let us also fix such an R.

Let now a be in the remaining set, i.e., a € U* with ¢ < |a|, < R. The closure of this set is compact
and bounded away from 92/, where the denominator of K, vanishes. Therefore the existence of C > 0
such that (5-7) holds also on this set follows just by continuity of aafz K>, j=0,1,2. This finishes the
proof of the lemma. U

Lemma 5.6. Let py > 0 be chosen such that yy extends holomorphically to Uy, with

4||Im(V(;)||L°°(UpO) < 1. (5-8)

Then the complex extension of the initial normal velocity sg : Qo — R,

so(y1) == —2/ Kr(AXo(y1, 1)) Ayy(yi, z1) dzi,
T

is holomorphic on U,,. Moreover, the L* (U ,,)-norm of any finite number of derivatives of sy can be
bounded by Cy. In particular, all derivatives of sg are given by differentiation under the integral.

Proof. By (5-8) one estimates
Im(yo(y1) = yo(y1 — 20l < glz1l

for zy € [-m, ), z1 #0, y1 € Up,. Thus, by Lemma 5.5 the composition of K, with y; — AXo(y1, 21)
is holomorphic for every z; # 0. Moreover, again by Lemma 5.5, for such z;, we have

AV O 20 1AV O, 20 ) <C
[AXo(y1, zD12  [AXoO, 2D/ ~

It follows that sg is holomorphic and that ||s6|| L%, = Co. The same can be shown for higher-order

[dy, (K2(AXo(y1, z0))] < C(

derivatives. g

The following two lemmas provide careful estimates needed for the compensation of various terms
appearing in the definition of our nonlinear map F below. We are also careful with the uniform integrability
as we need to be able to neglect what happens in some small sets.

Lemma 5.7. Let py > 0 be as in Lemma 5.6, and let R > 0. There exists T =T (R, Cg, @) € (0, 1) such
that, foralln € B, Inll, <R, p€ (0, po) andt €[0,T), y € Q,, z € Q, we have AX] (y, z) € e
and

tly2 — 22| < Col AX[ (. 2) s (5-9)
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Proof. First of all chose T € (0, 1) with T*R < 1. Then, omitting the (y, z) dependence in the notation,
see Section 5.2, we have

Stlyr — 22l <tly2 — 22| — 5t TRy, — 22
< [tG2—22) + 51 Re((y) = 1(y1, 22))|
= [Re(AX], — Ay —tAso — 51 (31, 22) — N1 — 21, 22))) |
<|Re(AX] )|+ (Co(l+T)+T'**R)|zi| < [Re(AX] )| + Colzi.
This implies (5-9). L
In order to see that AX;" € U3/3, we use (5-8) as well as the just shown inequality to deduce
IIm(AX],)| = [Im(Ayo +1Aso + 31+ An)|
< (3 +TCo+ T R)lzi| + T*Rt|y: — 22|
< (;1l +T(Co+ 1))|Z1| + T“RIRe(AXZZ)I + T*RCo|z1].
Thus by choosing 7" > 0 even smaller, we have the desired inequality
Im(AX])| < 3(z1] + A Re(X],))). u
Lemma 5.8. Let pg, R, T > 0 be as in Lemma 5.7. Forn € B,, |nll, <R, p € (0, po) and y € 2,
t €(0,T), we have

1
4z <Collog]. (5-10)
/S;o |AX;7()’, )|

The integrability of |AX] (y, - )|;1 is uniform with respect to 'y € Q29 and with respect to t considered on
any interval of the form [ty, T) with ty > 0.

Proof. In view of (5-9), we have

/ 1 »2+2
——dz < C()/ C()// dele
Q |AX] |« Q |21|+t|y2—Z2| Yo Izl|+t|zZ|

4¢ T
<C dzrdz, =C (llo (1+—)+4lo (—+1)),
0/0/0 71+122 20 1 & 4 & 4t

which is of order |log¢|. Note here that t < 1 since T is assumed to be less than 1.
The uniform integrability follows from

1
lz1] +tolz2|

e LY(T x (—4, 4)). O

5.4. Definition of F. Let us fix pg > 0 as in Lemma 5.6. Take R = 1 and a corresponding T € (0, 1)
from Lemma 5.7.
We define the application (1, t) — F(n, t) = F;(n) by setting

Fi(m(y) == —/Q Ka(AX{ (v, 2)Ady, f'(y, 2) — K2(AXo(y1, 20) Ay (1, 21) dz

for t > 0 and Fy(n)(y) =0.
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Lemma 5.9. F when seen as a map
{neBy:lnll, <1} x[0,T) > By

is well-defined for all 0 < p’ < p < po. Moreover, forne B,, |nll, <1, themap [0, T)— By, t — Fi(n),
is continuous.

Proof. Letn € By, |Inll, <1landt e (0, T). In view of Lemma 5.6, it remains to look at

F () == F() () +2s0(y1) = —/ K> (AX](y, 2)Ady, £ (v, 2) dz.

Qo

For y € 2, and z € Q with z; # 0, one computes

3y, (K2 (AX])Ady, f) = 84, K2 (AX])(ADy, f1)* + K2 (AX]) A, £ (5-11)
3y, (K2 (AX])ADy, f) = 8a, Ka(AX]) (2 + 3617%9,,n (1)) Ady, £+ K2 (AX]) 31 79,,9,,n(), (5-12)

where, as usual, we have omitted the (y, z) dependence in the A-notation.
In order to get uniform integrability, we use (5-9) to estimate

1A3] 771 < Colzil + 1957 0l L@ 0 |21+ 185,89, mll L=,y 1y2 — 22l
< Co(1 +118{, Vynll L, ) 1A X/ 4 (5-13)

fory € Q,, j=0,1,2. Now (5-13) and Lemmas 5.5 and 5.7 imply
|K2(AX)Ady, f;"] < Co(1+ 118y, VynllLe(e,))- (5-14)

As a consequence I?t, and thus F;, maps at least into L°°(£2,/). Moreover, combining similarly (5-7),
(5-13) for j =1, 2, and (5-9) to estimate (5-11), (5-12), one sees that

|8y, (K2(AXT)Ady, )] < Co(l+ 18y, VynllTq,) + 195, Vol L=, (5-15)
and, recalling r < 1, |dy,n(y)| < 1, that

18y, (K2(AX{) Ady, )] < Co

" ;m* (L+ 118y, Vynll L, ). (5-16)
It follows that the complex derivative dy, F;(n) exists and is bounded on €2,. Moreover, in view of
Lemma 5.8, the same is true for the (real) derivative 9, F;(n).

Next we turn to the required uniform continuity of d,, F;(n) on £,. First of all observe that the
corresponding integrant (5-12) as a function of (z, y) € ¢ x €, is uniformly continuous on subsets
which have their z;-component bounded away from 0. Here one uses the Cauchy integral formula and
the assumed uniform continuity of d,,n on the larger set €2, in order to conclude the uniform continuity
of dy,0y,n(y) = 9y,0,,n(y). This together with the uniform integrability of the majorant given in (5-16)
via Lemma 5.8 implies that d,, F;(n) is uniformly continuous on £2,/; see also the argument below for
continuity in time.
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Moreover, in a similar way as above for (5-14)—(5-16), one can check that, for any y € Q,, z1 #0,

Cot

3y, 0y, (K2 (AX DAYy, F| <
| Y1 yz( 2( t) )1ft )|_ |AX;7|*

(L4 118y, Vil + 185, Vanlle@,).

which implies that also 9y, F;(n) is complex-differentiable in y.

In order to conclude F;(n) € B, it therefore only remains to observe that F;(y) € R for y € Q.

It remains to prove the continuity of [0, T) >t + F;(n) € By. Lett,7p € (0,T) and take § > 0
sufficiently small. For z € Q¢ with [z1]| > 6 as well as y € Q,/, we have

Co
|K2(AX]) Ay, [ — K2 (AX])ADy, frl] < 8—2|t — 1ol

due to Lemmas 5.5 and 5.7. On the set {z € Q¢ : |z1| < 8}, one uses the uniform majorant given in (5-14)
to conclude the continuity of (0, T) > ¢ — F;(n) with respect to || - || L(Q,)-

For the corresponding continuity of d,, F;(n), dy, F;(n) with respect to || - || Lo(Q,), One uses a similar
combination of Lipschitz continuity on |z1| > § and uniform integrability on the strip |z1| < é induced by
(5-15), (5-16) and Lemma 5.8.

Finally, continuity at 7o = 0 can be shown in the exact same way by noting that, compared to Lemma 5.8,
the additional factor # in (5-16) for 9, F;(n) causes t|AX i |;1 to be uniformly integrable with respect to ¢
taken from the open interval t € (0, T). ]

Remark 5.10. The continuity of F as stated in (i) of Theorem 5.1 will follow from Lemma 5.9 when
combined with the Lipschitz property of Lemma 5.11 below.

5.5. Contraction property. Next we will verify (ii) of Theorem 5.1, with b(¢) = Cot'* |logt|. Let py,
R, T > 0be as in Section 5.4. Recall that R =1 and T = T (R, Cp, @) < 1. Without loss of generality
we also assume pg < 1.

Lemma 5.11. Forall0 < p’ < p < po, n,¢ € By, lInll, <1, ¢ll, < landt € [0, T), we have

Cot'™|log ¢|
I1F:(m) — F(Olly < —————lIn—=2<llp.
p—p

For the proof of Lemma 5.11 we first of all state some estimates implied by the lemmas in Section 5.3.

Lemma 5.12. Let 0 < p' < p < poand n,§,¢ € B, with |nll,, &1y, 1, < 1. Fory € Qp, z € Qo,
t €0, T), we have

HAL(Y, 2] < CollZ [l | AXG (3, 2) s (5-17)
C
(180,50, 2)] < _°p, 11,1 AXF (3, D, (5-18)
n Co &

188y, £ 9] = = IAXT (3 Dl (5-19)
IAL(y, 2)ADy, £y, 2| < CollZ Nl | AXE (3, 2) s (5-20)

2 Co &
1AL (y, 2)A82 f(y, 2)| < 1E 1 | AXS (7, 2] (5-21)

p—p
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Proof. By (5-9) in Lemma 5.7, one deduces

1AL = [IVyEllee@,)(zil +tly2 — 22]) < CollZ Il |AXF (3. 2l

This shows (5-17). Inequality (5-18) is obtained in the same way by additionally applying Cauchy’s
Lemma 5.3.
Next, (5-19) follows from

|Ady, | < Colzi| + "7 Ady,n]
and (5-18), while (5-20) is a consequence of

|AL Ady, £] < Colltll=@,nlzi] + T IAL 19y, L, )
and (5-17).
Finally, (5-21) is achieved in the same way as (5-20) but with an additional use of Lemma 5.3. O

Proof of Lemma 5.11. Let 0 < p’ < p < po and n, ¢ € B, be as stated. For A € [0, 1], define

&=+ (1 =21)¢.
Then &; € B, and &, ]|, < 1.
Now for y € Q, we write
|[Fr(m(y) — F (O ()]

[(K2(AX]) — Ko(AXO)ADy, £ dz+ | 1K2(AXE)(ADy, £ — Ady, £ dz. (5-22)
QQ Q()

In order to estimate the first term, we first use the fundamental theorem of calculus to write

1
f |K2(AX,")—Kg(AXf)HABylft"Idz:/ /Basz(AXf*)%t”“(An—As‘)d)\'|A8y1ft"|dz.
Q0 Qo 0

Now, |Ady, f"| is dealt with by (5-19) with £ = £, Lemma 5.5 and its equation (5-7) are used to deal
with 9,, K2 (AX f*) and by definition of || - || ,» we arrive at the estimate

|K2(AX]) — Ka(AX))||ADy, £ dz

Q0
/S‘Z()

1 |AXY Cot'T|log 1|
14+« * > ! _
< Cot ™In — Cllp// AXEE p—p drdz < py lm—=<llp,

1
/ asz(AX?)%t”"‘(An—Az)dk‘lAaylfz”ldz
0

where the last inequality is a direct application of Lemma 5.8. Again by Lemmas 5.5 and 5.8, the second
term in (5-22) is bounded by

1
|K2(AX])(ADy, = Ady, £ dz < C/ ——— " Ady, = Ad,, ¢ | dz < Cot T [log t][In—¢ | -

Qo Qo |AXf|*
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Thus,

Cot'+*|logt|
I1F: () = Fi (D)=, < ﬁ”’l —Cllp-

Let us now turn to the corresponding inequality with d,,. In a similar way as before we write the
decomposition

By F(m)(y) =y, FA©)(y) = —/Q Al + Ayt As + Audz,
0

where
Ay = (30, K2(AX]) — 30, K2 (A X)) (ADy, £,

Ay =05, K2 (AX])((Ady, £1)* — (Ady, £,
Az = (K2 (AX]) — Ka(AXD)) A2 Y,
Ag = Kay(AX))(AD £ — A2 £7),

see (5-11). Regarding A, we use (5-19) and (5-20) to deduce

|Ai|dz<C L e A —0)Ady, f11Ay, £ dz dA
1ldz < gl A=A, fill1AY, fi'ldz
Qo /o |AX]D

Cot !t ! 1 Cot' ™ log 1|
< ,Iln—s“llp/// g dzdh = —————|In—<llp.
p—p 0Jo |AX ], p—p

By making use of (5-21) instead of (5-20), one can bound fgo |A3| dz in a similar way. We omit the details.
Next for A;, inequality (5-19) implies

Cot'+*|log |
————ln=<ll,.
—p

|As|dz < c/ |Ady, f"+ Ad,, fﬂr”amayln — A3y, ¢ldz <

Q Q |AXS |2

Finally, the estimate for | % |A4| dz is a straightforward consequence of Lemmas 5.5, 5.7, 5.8 and Cauchy’s
Lemma 5.3.
Summarizing, we have shown

Cot' ™ |log ¢|

19y, £ () — 0y, Fr (D)l L>(@,) < — ln—=<llp-

It therefore remains to check d,,. Again we write the decomposition

3 F(m () — 0y, Fy(0)(y) = —/Q B+ Bs + By + By dz,

where, see (5-12),
By = (35, K2(AX]) — 3, K2 (AXD)) (£ + 3670, () Ady, £/,
By =00, Ka(AXD)[ (¢ + 5190, (1)) Ady, £ — (1 4 3110, (1)) Ady, £ ],
B3 := (K2(AX/) — K2(AX{)) 317 9,,8,, n(y),
By = Ky (AX[) 31 (3y,0y,n(y) — 8,8y, (0)).
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Since < 1 and |9y,n(y)| < 1, we get

1 ! 1
|Bi|dz < Ct +“// & 3t|An—A§||A8y1f,"|dsz
Qo 0 Qo |AXt |>k

1+«
< Cot' ™ |log ¢|

— ¢l
by (5-17) and (5-19).
Moreover,
Baldz =C [ [110,0) = 0,110, £
Q0 Q |AX7 |2

(4 19,,c (DT AYy, 1 — ABy, L] dz

Cot' ™ |log ¢|
<——F—ln=<ly
p—p

by use of (5-19) in the first term as well as (5-18) in the second.

The estimate for fﬂo|B3| dz follows in analogy to fQo | B1| dz utilizing (5-17) and Cauchy’s Lemma 5.3,
whereas the estimate for fQO|B4| dz relies solely on Lemma 5.3.

This finishes the proof of Lemma 5.11. (]

5.6. The affine term. In order to complete the list of ingredients of Theorem 5.1, we investigate F;(0). As
usual, we consider pg € (0, 1) to be fixed according to Lemma 5.6 and R=1, T =T (R, Cp, @) € (0, 1)
given by Lemma 5.7.

Lemma 5.13. Forany p € (0, pg), t € (0, T), we have

IF: (0|, = Cotllogz].
Proof. Let y € Q,. Recall that

0
AXO = “ — AXo+ . 7€
! (AVo-i-tASo-H(yz —Zz)) O \tAso+1(y2 —22) cER

In view of Lemmas 5.5, 5.7, 5.8 and the boundedness of 2y, we have

IF 00| < | [K2(AXD) — K2(AX)| [AY)| + t1K2(AXD)|A|As| dz
Qo

1
- / f 190y K2 (AX )1 (2 — 22+ Aso) | Ayl dz dA + Cot
0JQ

1 1
§Cot<l+// 5 dzdk)
0/ |AXM|*
1
< Cot(l +/ |1og(At)|dA)
0

< Cot|logt|.
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Next we estimate 9y, F;(0). One has

10y, O] < | 100, K2(AXY) — 80, K2(AX0) | Ay + | K2 (AXD) [t As(|
Q

+ | K2(AXD) — Ko (AXO) | AV |+ 104, K2 (AXD) |2t Ay As + 17| Asjl?) dz.

The terms appearing on the right-hand side can be dealt with in a similar way as above.
Finally, we also state

19y, F,(0) ()| < | 180, K2(AXD)|t|Ayg+tAsyldz < Cotllogt].
Qo

This finishes the proof of Lemma 5.13. ]
Remark 5.14. Note that Lemma 5.13 implies

1 ' 1— Co 1—
m/o ”FS(O)”pdSSCOt O[|10gl‘|§ﬁl‘ a|10gl‘|;
i.e., Theorem 5.1 (iii) holds with a(t) = t'*%, ¢(t) = Cot'~¥|logt|.

5.7. Conclusion and additional remarks. In Sections 5.1-5.6 we have verified all the conditions of
Theorem 5.1. As a consequence we deduce the following statement.

Proposition 5.15. Let py > 0 be as in Lemma 5.6. There existsa = a(Cy) >0, T =T (Cy,a) > 0and a
unique function t — n, with the properties that, for every p € (0, po), the map

I,:={te[0,T): Cot'“llogt| <a(po—p)}3t+>n €B,

is continuous with ||n:||, <1, t € I,,, and such that, forall y € Q,, t € I,, we have

1 t
no() =0, n(y)= 1+O,f Fy(ns)(y)ds. (5-23)
t 0

We finish the investigation of the fixed-point problem (4-22) with some accompanying remarks
concerning properties of the solution 7, given by Proposition 5.15.

The first addresses regularity. In contrast to the analyticity of n, in y;, we only know that 5, is
continuously differentiable in y,. Using (5-23) it seems possible to upgrade the regularity with respect
to y,. However, since Fs(75)(y) involves the integration over the finite interval (—2, 2) with respect to z7,
in contrast to T for the integration in z;, the maximal regularity for n,(y, -) : [=2, 2] — C is expected to
be finite. In any case, since a higher regularity of 1, with respect to y, would only improve the regularity
of our subsolution inside the mixing zone and not across its boundary, we have not pursued this topic any
further.

Next we turn to the role of the parameter «. Suppose that we set up problem (4-22) with respect to two
different choices 0 < o < B < 1 leading to two different right-hand sides involving F (1), Ftﬁ (n). Our
previous analysis gives two solutions n¥, nf with corresponding intervals 1 C [0, T%), I,’;L} c [0, TP,
p € (0, pog). Note that the intervals Ig, If are defined with the same a and recall that 7%, T# € (0, 1).
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Lemma 5.16. We have tP=nf = n® on [0, min{T*, T#}).

Proof. Define Jg‘ = I/‘)" N[0, T#) and ]f = 15 N[0, T*). Then Jf C Jg‘ due to the fact that 8 > o and

t < 1. Both functions tﬂ_"nf} , ¢ are continuous maps from J},S into the unit ball of B,, p € (0, po), and

they both vanish at ¢t = 0. Moreover, it is easy to check that

_ o 1 ! 1 ! .
Pl () =1 ‘5 /0 FP D) ds = /0 F(s"*nf)(y) ds.
Thus Proposition 5.15 implies £~ nf =ny as long as both are defined. ]

Both solutions A~ nf , n¥ of (5-23) then extend uniquely to a common maximal solution of (5-23)

enjoying the properties of Proposition 5.15. Moreover, Lemma 5.16 shows that #!**1¢ is independent of
the considered o € (0, 1). Hence the induced function f (¢, y), defined in Section 6 below, is independent
of x € (0, 1).

Finally we remark that, for the choice & = 1 in ansatz (4-20), a more careful analysis would have been
required. In that case the initial value no(y) is not expected to be given by 0 and the estimate given in
Lemma 5.13 does not even lead to boundedness of 2 fot | Fs(0) ||, ds. However, since this analysis has
not been needed in order to prove existence of a Lipschitz solution of (3-1), we leave the case « =1 as a
possible future improvement.

6. Justification of ansatzes

We will now verify that n provided by Proposition 5.15 indeed induces — when undoing the transformations
stated in Section 4 — a solution of the macroscopic IPM system (3-1).
Given n from Proposition 5.15, we first of all define f : [0, T) x Qp — R,

f@.y) = ") = v +tsoy) + 53t 0, (),

where T = T'(Cyp, ) > 0 can be taken as the endpoint of the interval I,,,; for instance. Also recall
Lemma 5.4 if needed for the extension to the closure of €.

Lemma 6.1. We have f € C'([0, T); C'(Qo)), with
I8y, f(t, =@ < 38", 1€(0,7T). (6-1)

Moreover, the functions f(t,-,y2), 0 f(t,-,y2), 0y, f(t,-,¥y2), t € [0,T), y» € [-2,2], are real
analytic, and f satisfies the initial value problem f (0, y) = yo(y1),

1

atf(t’y)z_E/;Z KZ(AX;?t()’»Z))(aylf(t,J’)_aylf(taJ’I—ZI,ZZ))dZ (6'2)

forte[0,T), yeQo.
Proof. As a direct consequence of Lemma 5.9 and Proposition 5.15, one sees that f belongs to

cl([o, 7); B,,/2) and satisfies (6-1), (6-2) for t € [0, T), y € Q,,/>. The statement follows from the
definition of the spaces B, and Lemma 5.4. ]
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We are now able to prove our main result.

Proof of Theorem 3.2. Let f be as in Lemma 6.1. Define the open space-time set
U :={t,x)e 0, T)xTxR:=2t+ f(t, x1,=2) <x2 <2t+ f(t,x1,2)}

as well as the slices
U ={xeTxR:(t,x)yew}, te(0,T1).

As a consequence of (6-1), the maps X, : Qo — %,

Vi
X = 9 te O’ T ’
0= () eOD
are C! diffeomorphisms with the property that the joint maps (0, T) x Qo — T x R, (¢, y) = X,(y), and
7w —TxR, (t,x)— Xt_l(x), are also of class C!.
In view of (4-11), we thus can indeed define the density p : [0, T) x T x R — R by setting

1, Xy =2t + f(t, x1,2),
pt,x) =3 3X7 )2, x e,

fort € (0,T) and p(0, x) := po(x). Here (X, 1(x))z denotes the second component of X, 1()c). Observe
that p is continuous except at points (0, x1, yo(x1)), x; € T, and piecewise C' with the exceptional set
being 0% C [0, T) x T x R. Moreover, as long as ¢ is positive, p(z, - ) is Lipschitz continuous and there
exists a constant Cy > 0 depending on the initial data such that

C

Py, (0) (6-3)

IVp(t, x)| <

for all (t,x) ¢ 0% .

Moreover, standard elliptic estimates show that v defined through (4-3), (4-7) and (4-8) is the unique
L? solution of the last two equations of (3-1).

The stated log-Lipschitz continuity of v(¢, - ), ¢ > 0, is a consequence of the Biot—Savart operator acting
on a compactly supported L°°-vorticity; see [Marchioro and Pulvirenti 1994]. In addition, it is also easy to
see that v : [0, T) x T x R — R? is continuous except at the one-dimensional set {(0, x1, yo(x1)) : x; € T}.

Hence we have shown properties (i), (ii) of Theorem 3.2. Moreover, observe that property (iii) holds
by construction, with y; given by

vi(xi, h) :=12h + f(t,x1,2h), x1€T, hel[-1,1].

It thus remains to show that the first equation of (3-1) and the entropy balances (3-4) are satisfied.
The regularity of p implies

/ p(t, - )v(t,-)-Veodx = —/ v(t, ) Vp(t, - )pdx
TxR

TxR
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forallt € (0, T), ¢ € C®°(T x R). It follows that (p, v) is a solution in the sense of Definition 3.1 if and
only if the transport form
hp+v-Vp+2pd,p=0 (6-4)

of the equation is satisfied pointwise in (0, 7) x T x R\ 0% .

At points (¢, x) ¢ %, equation (6-4) trivially holds. Inside % one can check that the computations
in Section 4.3 are possible showing that (6-4) is equivalent to (4-15). Note that in Section 4.3 we have
formally assumed that the X, are global diffeomorphisms mapping T x R to itself, but as the reader can
easily see, it is enough to have transformations from €2y to the corresponding %;.

Observing also that the computations in Section 4.4 are legal in our scenario, one sees that (6-4) on %
is indeed equivalent to (6-2).

Finally, let n : R — R be an arbitrary Lipschitz continuous function, and define the function Q : R — R,

Q(u) := /u 21 (s)s ds,
0

which is also Lipschitz continuous when restricted to any compact interval of R. Consequently we have
enough regularity to deduce (3-4) by multiplying (6-4) with n’(p(z, x)) and applying the chain rule. This
finishes the proof of Theorem 3.2. ]

Appendix A: The abstract Cauchy—Kovalevskaya theorem

Proof of Theorem 5.1. As indicated in Section 5, the proof of Theorem 5.1 is a slight modification of the
original proof in [Nishida 1977].
Let ap > 0 and set ax11 :=ar(1 — (k+2)72), k=0,1,.... Then

a:= lim a; > 0.
k— 00

For p € (0, pg) and k =0, 1, ..., we define the intervals
Iy ={t€[0,T):c(t) <ar(po—p)}
We also define for a function u with u : I; , — B, continuous for any p € (0, pg) the norm

wpo=p) _
c(t)

Note that, for c¢(t) = ¢, one recovers Nishida’s setup. Now one recursively constructs the sequence

Wlt)fot F(ur(s),s)ds, te(0,7T),

0, t=0.

M lu] := Sup{HM(l)Hp( 1) :p € (0, ,OO)JEIk,p}-

up(t) =0, wup1(t) = {

We claim that, for ag chosen sufficiently small, the recursion is well-defined, that each uy : Iy , — B,
is continuous with [Ju (1), < %R fort € Iy p, p € (0, po), and that

M-t 1= Mylug — up—1] < (4K ap)* ' ay, (A-1)

where K > 0 is the constant appearing in (5-2).
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We first of all note that u(¢) exists and satisfies the stated continuity condition due to assumptions (i)
and (iii). Moreover, for t € Iy ,, we have |lu1(¢)|, < ap. Thus, we pick ag at least as small as %R. One
also easily checks that Ay < ap.

From now on we proceed by induction. Assume that the recursion with the above stated properties
is possible up to some k > 1. Then it is also clear that w11 : Ix41,, — B, is well-defined as well as
continuous on the open interval I;41,, \ {0} for any p € (0, po).

If we assume for now that (A-1) also holds for A, then, for # € Iy ,, we obtain in analogy to [Nishida
1977] the estimate

o faim—p N a; -1
s (Ol < JZ::«)“(]CT _ 1) B ij(ff ) 1)

<ap ) (4Kaop) (j+2)* < iR
j=0

by choice of ag independent of k. Moreover, the first inequality in the above line of estimates applied at
times ¢t > 0 with ¢(?) < %a(po — p) also gives

k k
Aj 2 .
lugsr Oy <c) Y ! < 2900 Sk,

ailpo—p)—c) = alpo—p) ‘=

which shows that w1 is also continuous with respect to || - ||, at = 0.

To finish the induction it thus remains to show (A-1) for L. The clever move is to use the contraction
property with a different Banach space at each time 7 inside the integral. Namely, exactly as in [Nishida
1977, p. 631], the contraction property of F (Theorem 5.1 (ii)) with

and the definition of A;_; lead to

ANp_qay /t b(t)c(7)
a(t) Jo (ar(po—p) —c(1))?

for t € Iy ,. At this point we use (5-2) and a change of variables to obtain

lugs1 () —ur(®)ll, <

c(t) 1
d
(ax(po — p) —&)?

from where one can conclude Ay <4K X ;_jag by following [Nishida 1977] again.
Now Theorem 5.1 follows as in [Nirenberg 1972; Nishida 1977]. U

k1 (®) —ur@l, f‘”\k—lakKC(t)/(; &

Appendix B: More on Otto’s relaxation

We here add some more details regarding the fifth step of Otto’s relaxation [1999] in the general nonflat
case, which has only been sketched in Section 2.5.1.
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Before doing that we will quickly convince ourselves that the setting in [Otto 1999] is indeed equivalent
to the formulation of IPM considered in our paper. Otto considers the equations

0s+u-Vs =0,
V-u=0, (B-1)
u=-—Vp+sen,

which correspond with [Otto 1999, (1.1)—(1.2)] and the first equation on page 875 of [Otto 1999] with
A = 1. The parameter A in that paper is the quotient of the mobilities. In our case, we have taken both
mobilities equal to one and then A = 1. More importantly, in that paper,

s ={0, 1}, (B-2)
however
p={-1,1} (B-3)
in our case.
Let us see how we can go from (1-1), (B-3) to (B-1)—(B-2). Firstly we define

§=5(1-p), p=1-25,

and thus
0§ +v-Vs=0,
V-v=0,
v=—V(p+x)+2sey,
with

s =1{0, 1}.
We define u = %v and I1 = %(p + x7), which yields

s +2u-Vs =0,

V-u=0,
i=—VII+5e,
Finally we take s(x, t) = E(x, %t), u(x, %t) = ﬁ(x, %t) and IT(x, 1) = ﬁ(x, %t); thus
0s+u-Vs=0,
V.-u=0,
u=—VII+sey,

with s = {0, 1}, which agrees with (B-1)-(B-2) (up to a relabeling of the pressure). Therefore, if we show
that (B-1)—(B-2) relaxes to
s +u-Vs 4 0,5 —250,,5 =0,

V.u=0, (B-4)
u=—VII+sey,
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with s € [0, 1], by undoing the previous transformations, we see that (1-1), (B-3) relaxes to

dp+v-Vop+200,p =0,
V-v=0, (B-5)
v=—Vp—pe,
with p € [—1, 1].

Next, we begin our formal discussion with the outcome of the fourth step of Otto, after which there
exists for each 2 > 0 a sequence of “coarse-grained” functions {Qk},ivz(g) that are characterized by the
following JKO scheme (which we understand as a minimizing movements scheme with respect to the
Wasserstein distance):

6*+D is the minimizer in K of

1dis? (0™, 0) + 1 dist?(1 -0, 1—0) —h / 0 (x)x2, (B-6)

where the set K consists of measurable 6 taking values in [0, 1] and such that f 0 = f s(x,0), and
dist? (0o, 0)) is the L2-Wasserstein distance

dist?>(6p, 6)) = q)einf /eo(x)|q>(x) —x|?dx,

0,61)

with
1(6p, 01) = {CD:f91(y)§(y)dy=f90(x)§(<1>(x))dx V¢ 608}-

In the definition of 7 (6, 6;), we have been deliberately imprecise and defer the reader to [Otto 1999] for
the proper definition. Even more, in order to make the exposition clearer, in the following we will assume
that the minimizer exists, that it is smooth and that it satisfies pointwise the corresponding Monge—Ampere
equation; i.e.,

1 (6, 61) = {® diffeomorphism : (8] o ) (x)Jp(x) = Oy(x)}.
Here J¢ denotes the Jacobian determinant det D ®.

As explained in Section 2.5.1, our goal is to show, on a formal level, that the limit as 7 — 0— we will
assume that it exists in the first place — of the functions

Op(x, 1) :=0®(x), relkh, (k+1h)),

is characterized by system (B-4).
We begin with the Euler—Lagrange equation of (B-6). For a given 6y € K, let 8; be the minimizer in K
of

F[0] = 1 dist® (6, 0) + 4 dist®(1 — 6o, 1 —0) —h / 0(x)x2.

Then we have that
d
Dy FIon1 = - Floy+y]

=0,
0

T=
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where we simply assume that 6; + ¢ € K; i.e., we in particular consider ¢ with [ ¢ = 0. In order to
compute Dy F[01]yr, we first look at Dy dist2(00, 0. Let @G € I (6o, 01 + t¢) be such that

dist?(6o, 6; + ty) = inf /Go(x)|d>(x)—x|2dx =/90(x)|q>5(x)—x|2dx.
Del (0,01 +TY)

We define
d®d]
w o d)g = 0 s
dt |,
and thus
1 Dg dist* (0o, 01y = f B0(xX) (DY (x) —x) - (w o DY) (x) dx. (B-7)

We next compute for which w we have @ € I (6, 61 + t). We have
Jor (X)((01 + T) 0 @) (x) = Op(x). (B-8)
Taking a t-derivative in (B-8) and evaluating at T = 0 yields
Ty divw o Do) 0 DY + Jggw 0 D - VO; 0 Bf + Ty 0 DY =0,
which reduces to
div(w6;) + ¢ = 0. (B-9)

In addition, <I>8 minimizes

/eo(x)|c1>(x) —x|?dx
in 1 (6, 61). So, for every family of flows (CDg) € 1(0o, 61), we have that

d 0y 12 _
75 Oo(x)|Ps(x) —x|"dx 3:0_0'
That is,

/ 00 (x) (DY (x) — x) - (i 0 DY) (x) dx =0,

where if ®; is the flow of a vector field w,

L dal
wody=—= , (B-10)
dd |5—9
div(6yw) = 0. (B-11)
The condition (B-11), equivalent to 5 € I (6, 61), is deduced by differentiating
Jpo(x) (010 DY) (x) = Oo(x) (B-12)

with respect to §.
Therefore, we have

0= / B0 (x) (DY (x) — x) - (W 0 DY) (x) dx = / 01 ()W (x) - (x — (D)) 7! (x)) dx,
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where in the last equality we have used the definition of 7 (6y, 61). Since w is an arbitrary vector field,
Hodge decomposition implies that
x — (@) (x) = Va(x) (B-13)

for some function a. In order to avoid technicalities, we here have implicitly assumed that 6; does not
vanish.
From (B-7), (B-9) and (B-13), we see that

L Dg dist* (6o, 01) Y = / 01(x)w(x) - Va(x) dx = —/ V- (01w)(x)a(x) dx = / ¥ (x)a(x).
We have obtained that
1 Dp dist* (0o, 01) ¢ = / Y (x)a(x)DY(x) = x + (Va o DY) (x).
Similar computations yield
1Dy dist*(1— 6o, 1 —61) Y = —/ Y (X)a(x)®(x) = x + (Va o d))(x),

and putting everything together we arrive at

Do F[01]1¥ = /(a(X) —a(x) —hx)y(x)dx =0 (B-14)

for all v with f Y = 0. Moreover, since @8 € I(6y, 07) and 58 el(l1—06y,1—6y),
01 (x) = J(q,g)fl (X)0y(x — Va(x)), (B-15)
(I=01)(x) = Jgg)-1 (x) (1 = o) (x — Va(x)). (B-16)

Note that so far we have omitted the #-dependence of the functions a, a, @0, 58 in our notation. We
continue doing so when introducing p =a/h, p = a/h which, up to a constant, satisfy

p—pP=x2

by (B-14). Note that the constant is irrelevant since only derivatives of p and p will play a role. To obtain
a formal limit as 7 — 0, we will assume in the following that the ~-dependent functions p and p have a
well-defined C? limit, which will again be denoted by p and p.

Now we take said limit. On one hand we have from (B-15) that

01(x) —Op(x) _ J(ap-1 ()b (x —hVp(x)) — o (x)
h N h
B (Jg)-1 (1) = Do (x — AV p(x)) + 0o (x — hV p(x)) — b (x)

h

Recall that q)g is linked to p via (B-13), and thus, since d>8(x) — x, we have
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at first order in 4. Thus, when letting 2 — 0 in the difference quotient, we arrive at
0,0 =—Ap6 —Vp-Vo. (B-17)
On the other hand, we have from (B-16) that

01(x) —6p(x) 1= J@p-1(x) + Jgp)-1 ()0 (x —hVp(x)) —bo(x)
h B h ‘
Passing to the limit yields

0 =Ap—ApHd—V6O-Vp. (B-18)
In order for (B-17) and (B-18) to agree, we have
Ap—=V-(Vpd) =—=V-(Vpo),
and since p = p + x, we have
Ap=—V-(Vx20) = —0,,0. (B-19)
Therefore, from (B-18) and (B-19),
0,0 = —0,,0 =V -(VpO)=—0,,0 —V-((Vp+0e2)0)+ V- (6%ey).
To finish we define u = V p + 0e,, which clearly satisfies V - u = 0, to get
00 +u-V0+0,,60 —2600,,0 =0,
u=Vp+bey,

V-u=0,
which agrees with (B-4).

Appendix C: Rigorous energy dissipation

In Section 2.5.2 equation (2-15), we have formally computed the decay rate of the total potential energy.
For completeness we give sufficient conditions when this computation is justified. Also for completeness,
we show that the subsolution given by Theorem 3.2 indeed satisfies the sufficient conditions.

Lemma C.1. Let pg € LllOC (T x R) be some initial data, and further suppose that the pair of functions

(p,m)e Ll ((0,T)xT x R; R x R?) satisfies

loc
dhp+divm=0, p(,-)=po
on (0, T) x T x R in the sense of distributions. If there exists o > 0 such that
ma, (p = po)xz, (p = po)lxal ** € CO(10, T); L'(T x R),  malxa|* € L1(0, T) x T x R),

then the relative potential energy defined in (2-14) belongs to C' ([0, T)), and we have

d

EErel(t) ZAXRmz(t,x)dx.
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Proof. Let R > 0 and ¢g : R — [0, 1] be a cutoff function with ¢g(x2) =1 for |x3| < R, ¢g(x2) =0 for
Ix2] > 2R and |k (x2)| <2R7!, xp € R
We use the abbreviation E(t) = E.(t) and define

Ex®)i= [ (00,5 = mo)mageten) dx.
Note that E(t), Er(t) are well-defined at every time ¢ € [0, T'), and we have
E@) = Ex®] = (60, ) = o)l 3 iy gz = O(R™)
uniformly in time as R — oco. Thus
WY E(@t+h) = E@®) =h""(Eg(t +h) = ER(®)) +h~' O(R™).

Moreover, the assumed continuity conditions and approximation of the indicator function of [¢, t + /]
imply

t+h
ER(t+h)—ER(t)=// m -V (x2¢gr(x2)) dx ds
t TxR

t+h t+h
= / / modx ds + / / ma(@r(x2) — 1+ x205(x2)) dx ds.
t TxR t TxR

Now the latter term can be bounded by SR™ ||m2|x2|* || L1(0.7)xTxR)» implying that

t+h
hl(E(t+h)—E(t))=h1// madxds+h "O(R™9).
t TxR

The statement follows. O
Let (p, v) be the solution constructed in Theorem 3.2 and set
m=pv—(1— ,02)62.
Lemma C.2. In addition to the properties stated in Theorem 3.2, the velocity field v satisfies
v(t, )| < Ce™ !

whenever |x;| > R for constants C, R > 0 independent of t. The pair (p, m) in particular satisfies the
conditions of Lemma C.1.

Proof. Regarding the second component, one easily sees that
a7, )| < [Z%]0x, 0 (25 ) | Lo x| K2(x = )l Lo ()

which can be bounded by Ce~2! for |x2| > R with constants C, R > 0 independent of time.
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Regarding the first component, we cannot exploit the decay of the kernel, since K{(z) — F1 as
79 — *oo. Still by subtracting vanishing horizontal averages, we deduce

lvi(t, x)| =

/T P (K1 =) = K1 = 0,3 dy

S| 0x, p(t, )l Lo Txr) 10z, K1 (x — ) || Loe gy,

where %,* is the set of points obtained by taking all segments between y € %; and (0, y>). It is only
important that those sets are bounded uniformly in time, which allows us to argue as above for v;, since
d;, K1 now has the required decay. ([
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We prove bounds in the strict local L?(R?) range for trilinear Fourier multiplier forms with a d-dimensional
singular subspace. Given a fixed parameter K > 1, we treat multipliers with nondegenerate singularity
that are push-forwards by K-quasiconformal matrices of suitable symbols. As particular applications, our
result recovers the uniform bounds for the one-dimensional bilinear Hilbert transforms in the strict local
L? range, and it implies the uniform bounds for two-dimensional bilinear Beurling transforms, which are
new, in the same range.
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1. Introduction

Letd > 1, and let ' be the linear subspace of R3*d consisting of all vectors (&1, &>, &3) with &, +&,+&3=0.
Trilinear Fourier multiplier forms on 'y are studied in order to understand mapping properties of bilinear
Fourier multiplier operators on R¢. In the present paper, we prove bounds in the strict local L? range for
multipliers whose singular set can be written as an image of the d-dimensional diagonal of R**“ under
a block K-quasiconformal matrix. Our bounds depend on the matrix through the parameter K alone;
in this sense we prove bounds uniform in isotropic dilations and rotations. We comment more on the
motivation for such bounds after stating the main result.
We normalize the Fourier transform of a Schwartz function as

o= [ rme i ta,
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Let 1 < p < 0o. We denote the L” norm of a measurable function by
I1715:= [ 17 a.
Rd

Let K > 1. A linear map
L=L®L,®Ls

mapping R3*¢ to itself is said to be block K -quasiconformal if, for all n € {1, 2, 3}, we have L, : R — R?

and

1L, llg, < K det L.

We say that L is nontrivial if additionally

Li+Ly+Lz=0.
Theorem 1.1. Letd > 1, K > 1 and
1
1L
Pt p2 p3
There exists a constant C = C(d, K, p1, p2, p3) such that the following holds.
Let m : R3¢ — C satisfy

=1, 2<pi1,p2 p3 <.

19718120 m(£)| < sup{|& — (r, 7, 7)| 7" T € RY)

for all y € N3*? with |y| < 100d. Let L be a nontrivial block K -quasiconformal matrix. Define

An(f1, fo, f3) = /R BRIGEL + &) f1(E1) f2(&) f3(E)m(L ™€) dg,

where 8 is the Dirac mass at the origin.
Then, for all triples of Schwartz functions fi, f» and f3 on R¢,

3
|Am(frs for I CTT 1l

n=1

(1-1)

We use a symbol m defined on all of R3*¢ for convenience, but instead of that, a symbol only defined

on Iy with conditions stated using directional differential operators within the space I'g could be used

as well. Similarly, the use of the mapping L in the definition of the form is a compact way to express

a set of certain anisotropic symbol estimates on m through the simple condition (1-1). We point out that

the restriction of Theorem 1.1 to the strict local L? range is likely not to be sharp. Moreover, we do not

see any obvious obstruction for an analogy of our result for higher orders of multilinearity. The only

missing ingredient for the latter seems to be a suitable generalization of the uniform paraproduct estimate

as in [Muscalu et al. 2002b]. However, we did not attempt any of these extensions in order to keep the

technicalities in this paper more limited and have better focus on some of the key ideas of our approach.

For related work in d = 1 extending the range of exponents of the bilinear Hilbert transform, see [Di Plinio

and Thiele 2016; Li 2006; Oberlin and Thiele 2011; Thiele 2002; Uraltsev and Warchalski 2022].
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The simplest interesting special case of Theorem 1.1isd = K =1, when L = (L, L;, L3) is a vector
of nonzero real numbers adding up to 0 and

Li&1 + Lo§ + L3és
VLi§1+ Lo+ L3E)2 + (61 + 52 +83)°
which restricted to the hyperplane & + &, + &3 = O reads as

m(fl» SZ» %-3) =

m(&1, &2, §3) = sgn(L1&1 + L2 + L3&3).

In this case, A,, is a scalar multiple of the trilinear form dual to the bilinear Hilbert transform, which can
be written on the spatial side as

dx dt

p-v. / J1(x + Mqt) fo(x + Mat) f3(x + Mst) (1-2)

where M = (M, M, M3) is a unit vector perpendicular to both (1, 1, 1) and L. No two components
of M are equal, because no component of L is zero. This condition is referred to as nondegeneracy of M.
The case of (1-2) with two components of the unit vector M equal is called degenerate. If for example
M5 = M, we have

An(fis for f3) = /R A0 f3(x)|:p.v. /R hx +t>%] i

One obtains L? bounds for this form by Holder’s inequality and bounds for the linear Hilbert transform.
Bounds for the nondegenerate case of the bilinear Hilbert transform require a different argument and were
shown in the exponent range of Theorem 1.1 in [Lacey and Thiele 1997], albeit with constants blowing
up as M tends to a degenerate value. Bounds uniform in M were later proven in [Grafakos and Li 2004]
for the first time. These results are covered by Theorem 1.1.

The simplest example of our main theorem which is new is the case where d = 2, K = 1 and
(L1, L, L3) is a triple of conformal matrices adding up to zero. In this case, we identify R? with C and
view the application of the matrices L, as multiplication by complex numbers. Moreover, we set

(L1g) + Lo + L3g3)?
IL1¢1 + Lol + L3> + 101 + o + 5317

Similar computations as for the bilinear Hilbert transform identify A,, as a scalar multiple of what one

m(¢1, &2, §3) =

might call the bilinear Beurling transform

dA(z)dA
p.v. / fl(z—l—M]{)fz(z+M2§)f3(Z+M3§)M

where A denotes the area measure. Thus our main theorem implies L” bounds in the strictly locally L?
range for the bilinear Beurling transform uniformly in M. The Beurling kernel ¢ ~2 can be replaced by
any standard Calderén—Zygmund kernel arising from a Mikhlin multiplier.

In dimension d = 1, the cases for L allowed in Theorem 1.1 together with a small number of easily
understood degenerate cases provide an exhaustive picture of all cases of L. The situation in higher
dimensions is more complicated. There are completely nondegenerate cases, completely degenerate cases
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in the sense that L,, = 0 for some n, and further there is a zoo of distinct cases that one may call partially
degenerate. For fixed K, our main theorem proves uniform bounds for the nondegenerate cases as one
approaches the completely degenerate cases inside a cone that stays away from the partially degenerate
cases. Within the conformal context, our theorem covers all cases including the degenerate ones. In this
respect, we show that the setting of one complex dimension is quite analogous to the setting of one real
dimension.

Concerning the general case, a list, not exhaustive, of five partially degenerate cases for d =2 was
described in [Demeter and Thiele 2010], and four of the cases were shown to be bounded, albeit without
any attempt to prove uniform bounds. The remaining case, called the twisted paraproduct, was later treated
in [Kovac 2012] (see also [Bernicot 2012] for preliminary results and [Durcik 2015; 2017] for further
work). A further partially degenerate case is the triangular Hilbert transform described in [Kovac et al.
2015], where one dimension of the kernel is integrated out because it projects to zero in the arguments
of all functions. The triangular Hilbert transform is not known to satisfy any L” bounds, and it is
well understood that presently known techniques are insufficient to obtain such bounds. A version of
Theorem 1.1 with uniformity in K, as opposed to our assumption on K being fixed, would imply bounds
for the triangular Hilbert transform. Bounds for the triangular Hilbert transform as well as some of the
known bounds for other partially degenerate cases in d = 2 would, in turn, imply bounds for the so-called
Carleson operator in the corresponding L? spaces, see [Carleson 1966; Fefferman 1973; Hunt 1968]. A
more systematic classification of the partially degenerate cases appears in [Warchalski 2019], where also
some uniform bounds are proven in a discrete model.

The main technical novelty of the current work is the application of our previous work [Fraccaroli
et al. 2022], where we improved and extended the method of phase plane projections, previously studied
in [Muscalu et al. 2002a] in dimension 1, to higher dimensions. In order to apply the set-up introduced in
[Fraccaroli et al. 2022], we have to reformulate the standard phase space decomposition of the form A,
in a new way. Unlike the existing literature using either stopping times and outer measures, see [Do and
Thiele 2015], or a tree-selection algorithm with various size functionals acting on families of multitiles,
see [Grafakos and Li 2004; Lacey and Thiele 1997; Thiele 2002], our proof arranges the tree-selection in
a different way. In particular, unlike our main inspiration [Muscalu et al. 2002a], we put emphasis on
choosing the top intervals and top frequencies and let them define regions in phase space, the trees. Each
tree, a region in the phase space, is then divided into a boundary and a core. The treatise of these two
parts can be separated into two independent modules. The estimation of the boundaries is completely
independent of paraproduct theory of any kind, just invoking Holder’s inequality. The estimation of
the cores in turn relies on two real analysis lemmas, one on paraproduct estimates and one on phase
space localization, which are stand-alone results that do not make any explicit reference to the notion
of a tree. Clarifying the roles of the core part and the boundary part of a tree is the main insight we are
communicating. Later, at the level of tree selection, we further notice that almost all nontrivial phase space
interaction of the selected trees is encoded in their boundary parts. Summing up, while the paraproduct
theory of boundaries is very simple and that of cores more complicated, the orders of complexity are
swapped when carrying out the tree selection.
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We close the introduction commenting a bit more on the background context of the study uniform
bounds for multilinear operators. On one hand, one may use uniform bounds over parametrized families
of singular operators to conclude bounds for superpositions of these operators as the parameter varies.
While integrable rather than uniform dependence on the parameter may suffice for this purpose in some
applications, even integrable dependence may need more work than the basic nonuniform bounds. We
refer to [Muscalu 2014a; 2014b; 2014c] for a discussion about connections to Calderén commutators
and the Cauchy integral over Lipschitz curves as the original motivation for studying the bilinear Hilbert
transforms. Secondly, multilinear forms whose multipliers are characteristic functions of convex sets E
are closely related to uniform bounds for multipliers which are characteristic functions of half-planes
relative to tangent lines of E. This connection appears in [Demeter and Gautam 2012; Grafakos and Li
2006; Li 2008; Lie 2015; Muscalu 2000; Saari and Thiele 2023].

Finally, we describe the structure of the present paper. Section 2 contains the outline of the proof
of Theorem 1.1, which is organized into four propositions. These principal propositions are proved in
Sections 3, 4, 5 and 6, one proposition in each section. Theorem 1.1 is deduced from the contents of
the outline Section 2 in Section 7. Sections 3—6 are independent of each other and only make reference
to Section 2. Section 7 depends on arguments in Sections 3—6 only through the propositions stated in
Section 2. Section 5 is slightly longer than its siblings, and it is divided further into an outline part and
five further numbered subsections, which only refer to Section 2 and the overview part of Section 5.

2. Outline of the proof

We fix the dimension d > 1, dilation parameters k, > ki > ko > 3 with k; —k; > 100d for 0 < j <i <2,
and the triple of exponents (p1, p2, p3) satisfying

1 1 1
—+—+—=1, 2<p, pl, < 00.
o p1, P2, P3
Let
e=min{p; —2, p» — 2, p3 —2}.

In addition, we fix a number o > 2d, o < 8d. We further fix linear maps L, L, and L3 as in Theorem 1.1.
For n € {1, 2, 3}, we choose v,, € Z such that

2" < || Lpllop < 2.
Fix an index n, € {1, 2, 3} such that

Vp, = minf{vy, vz, v3}. 2-1)

As the condition (1-1) is invariant under scaling & — A&, we may assume that v,, = 0.

Denote by B(x, r) the open ball centered at x € R? and with radius r. For & € R
n € {1,2,3}, define Q,(&,r) C R? to be the minimal open rectangular box with sides parallel to the
coordinate axes containing B(&,, 2" r). Let

3xd p < 0, and

Q(f,”) = Ql(ss I") X QZ(Ss I") X Q3($s i").
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Let
I'= {(L]‘L’, Lot, L3T) T E Rd}.

Let WV be a maximal set of pairwise disjoint rectangles of the form Q(£,27/) with& e R3>*? and j € Z

with
rnoE.2°/)=o
and
rnoe. 2" #o.
For all N > 0, let Wy be the finite subset of W defined by
Wy ={0(.277) e W:[g],1j] < N}
For a cube with sides parallel to the coordinate axes I C R?, define the mollified distance p; by
prx)=inf{r >1:x e 2r—1)1},

where al denotes the cube with the same center as / and a times the side-length. Moreover, for a Borel
set F C R, define

p1(F) =inf{p;(x) : x € F}.

Definition 2.1 (frequency cut-offs). Let E C R**“ be bounded with open interior. Define ®%(E) to be
the set of continuous complex-valued functions ¢ on R? with

n— j d -
B <20 % ()
for all x € R? and
supp C {£,: & € E},

where j € Z is maximal such that there exists & € R3*? with E C Q(&,277).

In Section 7, Theorem 1.1 is reduced to Proposition 2.2 below, where the multiplier is replaced by a
sum of tensor multipliers.

Proposition 2.2 (weak estimate for tensor model). Let
o1,
9 92 g3
There exists a constant C = C(d, o, ko, q1, g2, q3) such that the following holds.
For Qe Wandn € ({1,2,3},let pp n € CIDﬁ“(Q). Foreachn € {1,2,3}, let f, € L*(R?) be a function
such that

=1, 2<qi1,q2,93 <o0.

Il fulloo < 2.
Then, forall N > 0,

3
> [ TTon« fuoids
n=1

QeWy

3
<[y (2-2)
n=1
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The proof of Proposition 2.2 can be found in Section 6. It requires several intermediate results, which
we state next. The following frequency-localized version of Proposition 2.2 will play a role inside the
proof. While the singularity of the bilinear multiplier in Proposition 2.2 can still be truly d-dimensional,
Proposition 2.3 only deals with a point singularity in the spirit of more classical Coifman—Meyer multilinear
multipliers. Proposition 2.3 will be proven in Section 3.

Proposition 2.3 (frequency-localized estimate). Let k be a positive integer and
1 1 1
—4+—4+—=1, 2<gqi, ¢ q3<00.
a e o q1, 92,93
There exists a constant C = C(d, «, ko, k, q1, q2, q3) such that the following holds.
Letnel. For Qe Wandn e {l,2,3},let pp n € CDi“(Q). For eachn € {1,2,3}, let f, € LI (R?).
Then, forall N > 0,

3
< C[]fullg,-
n=1

3
> fR [ ibon futo]dx
n=1

0eWn
ne2kQ

The reduction of Proposition 2.2 to Proposition 2.3 features a stopping-time argument, which introduces
spatial truncations in addition to the mere frequency localization discussed so far and utilizes the notion
of trees defined below.

For k € Z, let Dy = {2K([0, )9 +1) : 1 € Z9} and D = | J;; D An element of D is called a dyadic
cube.

Definition 2.4 (multitile, n-tile). A product 7 x Q is called a multitile if / e Dand Q eWand |Q,,, |~ =|I|.
For a multitile I x Q and n € {1, 2, 3}, we call the product I x Q, an n-tile. If P =1 x Q is a multitile,
we write Ip for [ and Qp for Q.

Definition 2.5 (tree). Let V be a finite subset of multitiles, let £ € I', and let Iy € D. Assume there exists
at least one P € V with Ip = I and £ € 22T Qp. Then the triple (&, Iy, V) defines a tree T. We write
&r for &, Iy for Iy, Vr for V, and jr for the top scale 10g2|10|1/ d Attached to the tree T are the following
objects:

o The family Pr of multitiles in V with Ip C I and
§r €297 Qp.
e The family Br of multitiles P € Pr with
sr €2t Qp\ 2971 Q).
o The family Z; of dyadic cubes I € D such that there exist P and P’ in Py \ By with
IpCIClp.

The following definition gives a gauge to the size of a function near a tree.
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Definition 2.6 (main sizes). Let 1 < p <oo, ne€{1,2,3},and f € Lp(IRd). Let T be a tree. We define

Zbdr (T) = sup sup M

n.p.f PeBr ¢pedi*(Qp) |IP|1/p
| 12
|| PeBy Gedi*(Qp)
lo; “Lo* f1Il
cor — -t = F
En,p,f(T) =sup sup sup |I|1/p ’

ieZ 1eD;NIy qbed)jﬁ“(QT,,-)

where Or; = Q(r, 2ki+5d=iy and 1/00 is understood to be 0.

Heuristically, the core size is large enough to control a phase space paraproduct, but it is slightly too
imprecise in terms of phase space localization. In order to maintain the information about frequency
localization of a tree, the frequencies seen as peripheral with respect to the top frequency must be measured
with a different kind of size, the sum size. The pair of sum size and core size are together strong enough
to control the paraproduct and maintain the phase space localization, but in order to sum together the
trees of different amplitudes, this couple still fails by a logarithmic blowup. To adjust this last piece, a
multiplicative fraction of the sum size is replaced by the boundary size, which is a sup size again, but of
nature lacunary with respect to the top frequency. After this last adjustment, the triple of sizes succeeds in
the task of controlling the paraproduct, maintaining phase space localization and recovering summability
over amplitudes. In the following proposition, we control the phase space paraproduct by the sizes. The
proof can be found in Section 4.

Proposition 2.7 (phase space-localized estimate). Let
IR
q91 492 g3

There exists a constant C = C(d, «, ko, k, q1, g2, g3) such that the following holds.

Let T be a tree. For each P € Pr andn € {1, 2,3}, let pp , € CDfl"‘(Qp). Then, for any n' € {1, 2, 3},

=1, 2<gq1,q92,93 <o0.

3
> f 11,0 [ [ldpn * 01 dx| < ClIr ISR, - (T) [T ZWF(T), (2-3)
PeBr R n=1 n#n’
3 3
> / 11, 0) [ [1dpn  fu)1dx| < ClIp| [ [ =55, (D). (2-4)
PePr\Br R n=1 n=1

The remaining ingredient of the proof of Proposition 2.2 is a partition of the set of all multitiles into
trees, to which Proposition 2.7 can be applied. This last proposition will be proved in Section 5.

Proposition 2.8 (decomposition of the phase space). There exists a constant C = C(d, «, ko, k1, k2) such
that the following holds.
Let N, N’ > 0. Let V be the finite subset of multitiles defined by

V={P:QpeWy, Ip C[-N2V, N2NP*d},
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with W as in Proposition 2.2. For each M € 7 U {—00}, there exists a family of trees Ty such that

v= U U

MeZU{—o0} T€Tiy
and the following hold for each n € {1, 2, 3}:

e For each tree T € Ty for which there exists P € Pr with 2kt 0p 5 &r, we have

S5 (1) <272 fulla.

o Forevery tree T € Ty, we have
S (1) + S (T) < 2Y2) £yl

o For every tree T withVy C V, we have

2% (D + I8 (1) + I3 (T) < Cll falloo- (2-5)
o We have
> M| <c. (2-6)
TeTy

Complementary notation. We conclude the section outlining the proof by listing some notational con-
ventions that we intentionally omitted when describing the strategy of the proof but which will be helpful
for understanding the proofs. In what follows, a constant C will depend on d, «, €, kg, k1, and k». The
exact dependence will be implicit in our arguments. We occasionally use the shorthand notation A < B

when A < CB for such a constant C.
Concerning the frequency cut-offs, see Definition 2.1, we use the following shorthand notations:

o Given & € R**? and j € Z, we define
o5 ;(§) = @F(QE.277)).
o Given & € R**? and j € Z, we define
W (€)= D0, 27)\ 0. 2777,
o Given £ € R**“, we denote by M, (&, E) the set of ¢ such that

sup |(z —&,)PPP(r)| <27"Pl, suppd C E
TeRI\(&,}

for all B € N with |8] < 100d. We call such a ¢ a normalized n-Mikhlin cut-off to E at &.

3. Proof of Proposition 2.3: paraproduct

Let n and ¢ , be given as in Proposition 2.3. By a translation on the Fourier transform side we may
assume n = 0. By definition of W, for each Q € W we have 0 ¢ 20Q. Hence there exists n € {1, 2, 3}
such that 0 ¢ 2Q,,. By splitting into three cases and estimating (2-2) in each case separately, we may
assume without loss of generality that 0 ¢ 20 for all O € W. Further, for each j € Z, there exists at
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most C(d, k) distinct elements Q € W with 2€Q 5 0 and |On,| = 277, By splitting into C(d, k) further
subcases, we may assume there exists at most one such Q. Even further, for each Q with |Q, | =27/,
there exist C(d, k), C(d, k), and {cji, : |cj..| < C(d, k), |j — jl < C(d, k)} such that

4
bon= D Cinbim  Gjn€ DPY(0).
JJ'=il=Cd, k)

Hence we may further reduce the study to the case where ¢ , is replaced by ¢; , as above and v, is
replaced by v;, with |v, —v)| < C(d, k). Hence we aim at bounding

3
> fR i [T x fu1dx

JEN n=1

’

where N C Z is finite, ¢ | € ly;{“j (0), and ¢;,, € @3 (0) for n € {2, 3}.
Let x be a Schwartz function on R such that x(z) =0 for || > 2 and % (r) = 1 for |7| < 1. Define,
forl e Z,

xe) =273 2",
and, for each j € A and n € {2, 3}, define
Pin=Gjn—bjnORjv,-
By the triangle inequality, it suffices to prove, for any collection

{cjtlejl <1, jeN},

bounds for the tree expressions

I= Z/Rd[cj%,l*fl(x)][pj,z*fz(x)][¢j,3*f3(x)] dx|, (3-1)
JEN

II= Z /Rd[c‘jfbj,l * f1OO]X—v, * f200)]0)3 *fs(X)]dX', (3-2)
JEN

I = Z /W[Cj%,l * f1OOIXj—v, * 20X —vs * f3(x)]dx‘ (3-3)
JEN

separately.
We begin with (3-1). We estimate it with Cauchy—Schwartz in A" and Holder in R¢ by

1/2 172
‘ (Z 6.1 f1|2> (Z I,Oj,z*lez)

JEN JEN
The term (3-2) is estimated similarly by

12
H (Z 6.1 *mz)

JEN

[ Suf[|¢j,3*f3|||q3-

q1 q €

12
(Z |0j.3 % f3|2)

JEN

[ SUp 1) v, * fll,,

q JE q3



UNIFORM BOUNDS FOR BILINEAR SYMBOLS WITH LINEAR K-Q.C. EMBEDDED SINGULARITY 2303

In both cases, we can apply the standard square function estimate (see Theorem 5.1.2 in [Grafakos 2008])
and maximal function estimates to obtain the desired bound. This completes the proof for I and II.

It remains to estimate (3-3). We telescope x;_,, and x;_,, into functions v; := x;—1 — x; and thus
write
—v1+10
ms Y. | > > / [Py ) % F1(0)] H[wm,ﬁ, % fa ()] dx|, (3-4)
mi=—v;—10 m2> v jeN
m3=>—uv3

where ¢ 1 j = j 1% Ym 4 ).

We fix a triple (ki, k2, k3) € 73 and restrict the sums to m, € k, + 1000dZ for n € {2, 3} and
jE€ N= k1+1000dZ. By the triangle inequality and summation over the ( 1000d)3 values of (k1, k2, k3),
it suffices to bound the restricted sum. Consider then a fixed term in the sum (3-4). Such a term is nonzero
only if

0 € (SUPP P, +j + SUPP Yyt + SUPP Yt /).

Recalling that we work with indices modulo 1000d, this happens only if two of the numbers in
{m1, my, ms} are equal and the remaining one is larger.

We first assume m| = m,, < m, for fixed n, n’ € {2, 3}. Then, for m = max(m, —v,/), we bound
(3-4) by

> Z f [P+ % L OO Wm 4 % fu QW+ % for (6)] dx

m, r>m

/ Z|¢m1+j*f1<x)||wmm*fn<x>| Z V4 % S ()| dx

1/2 1/2
< H (Z |Gy * f1|2) (Z V4. *an)
jeN jeN

These factors are bounded by the square function estimate and maximally truncated singular integral

Z wM/*fn

m,>m+j aw

sup
jeN

q1 qn

estimate, which completes the proof in this case.
Assume then that m, = m3 < m. Now, for m = max(—wv,, —v3), we bound (3-4) by

Jj+mq
‘Z/ [ Gyt % 1] Y [wk*fz(x)][wk*]%(x)]dx‘
jeN R k=j+m

dx

‘ f > Tk LN * f3(0)] > [ Gy % f1(0)]

keZ jeNNk—my,....k—m}
sup

1/2 1/2
(Zwk*sz) (wak*ﬁF) sup > Py * i
q2 €

kez kez qs jeNNk—my,....k—m) 7

Again, the bound follows by the square function estimate and maximally truncated singular integral
estimate, and the proof is complete. U
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4. Proof of Proposition 2.7: tree estimate

Boundary part. Given any family of multitiles 7 C Pr, we define

3
A fo = 3 [ 1@ [ioras st
n=1

PeF
We start with the easier bound (2-3).

Proposition 4.1. There exists a constant C such that, for any n’ € {1, 2, 3},
|Ag, (fi. fo S| < Cl|ZN%, - (D) T SR (D).
n#n’

Proof. By Holder’s inequality in R? and the Cauchy—Schwartz inequality in Br,

172
H(Z ||1p[¢p,n*fn]||§) . 0

[Ag, (f1, f2, f3)I < sup [1plep.n * fulllco
PeBr n#n' “PeBr

We turn to estimating the form Ap,\p,, which is the main source of difficulty in the proof. Here we
will need several auxiliary tools, including Proposition 2.3 and some results from [Fraccaroli et al. 2022].

Phase space projections. Define, for j € Z,
Irj:={lp: P ePr\Br}nD;, EV:=|]Ir;.
Define further, for each integer k > 1,
If ={I eD;: p(EY) <k}, ES:=| ]} ;.
Finally, for £ € R**? and n € {1, 2, 3}, we let Mod, ¢ be the mapping such that

FT(Mod, ¢ f)(t) = f(t +&,),

where FT is the Fourier transform. We define the phase space localization by using the construction from
[Fraccaroli et al. 2022].

Definition 4.2 (phase plane projection). Let v > 0 be an integer, n € {1, 2, 3}, and T be a tree. Let & be a
Schwartz function. We define I17 ,h =Mod, _¢ g, where g is the output of Theorem 1.1 in [Fraccaroli
et al. 2022] based on the input parameter m = v,, input function f = Mod, ¢ h, input cube U = I, and

the input M being the family of minimal cubes in | J,_, Zr; .

Jjez
By scaling, we can now quote the following result from [Fraccaroli et al. 2022].

Theorem 4.3 [Fraccaroli et al. 2022, Theorem 1.1]. Let 1 < p <ocoand 1/p+1/p' = 1. Let « > d and
0 <k <k, +4d. There exists a constant C = C(d, «, p, ko, k1) such that the following holds.
Let T be a tree and fix n € {1, 2, 3}. Then, for every j < jr and J € D;,

Iz fllp < CE (D) |7 (4-1)
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and
YN sup U Np gk (f = Tra H]llp < CEE5 (T (4-2)
i<jr 1€l ; ¢e®fi—k(5)
I1cJ

For every j < jr and J € Dj suchthat I ¢ 3J forany I € I7 ;,

sup  sup [TV Wk Tr £l < 5% (D) 117107 o (4-3)
i<jr Iell)ci\JIT yewys ()

Proof of Proposition 2.7. It remains to prove

3
|Ap\s (i fan SOl < ClIr [T 255 (D),

n=1

as by Proposition 4.1 we already know (2-3) to hold.

Core part. By decomposing Ap,\5, into C(d, ko, k1) many distinct sums, we can assume that, for each
j €7, there is at most one Q € W such that Qp = Q and |Ip| = 2/¢ for some P € Pr \ Br. We pick a
sequence of functions

bjn € P (Q)

such that 5
Ape i foe 01 =30 max | [ 100 [T Aol

jez T FPT S

3

chf 11 (0 [ )0 * fu (o)1 dx.
jez 'R o
We define

3
Ay (i, for f3) = wa 1y @) [ J1jn ¢ fuo)] dx,
n=l1

jezZ

3
Acrelfis fo )= Y f Lty @) [ i * fu@)1dx.
jez TR n=1
EY#o
We compute
|Ac, (f1, f2, 3 < |Acp (D71 f1, 72 f2, 7.3 f3)]
+ | Ac, (71 f1, Oro fo, D13 f3) + Acy o (X7 1 f1, 12 fo, 13 £3)]
+ A, (fi — 7 f1, U7 2 f2, Tz 3 f3)]
+Ac, (f1, fo—Tr2fo, 73 13)|

+ | Ac, (f1, f2, L —Tr3f3)]
= T+ I+ I+IV+V. (4-4)

For clarity, we state three auxiliary facts before estimating the five terms above.
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Lemma 4.4. For each j € Z, there is nj € {1, 2, 3} and coefficients c; j and functions ¢; ; € \Il;ff"jﬂ é&r)
such that

—ko+1 —ko+1
bpn; = Z i jbijs Z ci, j| < C(d).
i=—k1—3d i=—k1—3d

Proof. For each j € Z and P € Py \ Br with |Ip| = 274 we know that E&r ¢ 2% O p. Hence there exists at
least one n; € {1, 2, 3} such that Er)n; ¢ 2ko On;- The claim follows from this. |

Lemma 4.5. Let A be the set of dyadic cubes I maximal with |I| < |Iy| and J C 31 forno J € Iy with
|J| < |I|. Then

Aj={JeA:|J|>2/%

is a partition of RY\ EJ1

Proof. Disjointness follows from maximality. If x € R?\ | J A j»then J € D; with x € J satisfies 3J D 1
for some I € Zy with |I| < |J|. Then Ie D; with [ > I satisfies [ €Iy jand J C 31. Hence J C Ej1
The inclusion |JA; C R\ EJ1 follows by definition. O

Lemma 4.6. Let j € Z and J € D; be such that 5J D I for some I € It ;. Then
11yL¢jn* Tgn fulllg, < CLI|Vm % (T).
Proof. This follows by applying (4-2) to J and restricting the sum on the left-hand side to a single term as

11s1¢jn % Trn fulllg, < NLs1@jn % Tz fur = fu)lllg, + 115100 fallg,
<C|J|Vangs o (T). O

n.qn,

Now we can estimate the five terms in (4-4). To estimate I, we recall that, for each j € Z, there exists
n; €{l1,2,3} asin Lemma 4.4. We fix n; to be one of them so that the three sets

No={j€Z:E}#@ nj=n)

partition the subset of Z appearing in the definition of I. Then

3 3
1= 1Acyo(Tr fi rafon Trafol =3 [ 3 Ly [T 1+ M futo
v=1 R JEN, T =1

D Lelbjo*Tro fol

JEN

’

Qv

3
<y ( [T1MuT17, 1, Ian>

v=1 “n#v

where My is the Hardy—Littlewood maximal function. By the maximal function theorem and (4-1) from
Theorem 4.3,

IMa Tz fallg, < ClI7 |V s (T).
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By Lemma 4.5 and Minkowski’s inequality,

qv:Z

9v JeA

Ly > 11|¢,U*nmfu|

JeNV 1eD)\T}

1/qu\ v
52(2( > ||11[¢,-,V*HT,va]||gz> )

JeA NjeN, I€D\T}
IcJ

D Lgteldio* Tr fol

JeN,

qv

By Lemma 4.4 and (4-3) from Theorem 4.3,

1/qv —ko+1 ”1
17 £illg,
YUY ||11[¢,,V*HT,UfVJ||g;> <M X" 3" sup sup qu —
JEN, IEDj\I}lj i=—k;—3d jeN, IEDj\I},j we“piojﬂ (é71)
cJ rct
<ClIME (D705 oo-

Summing the g,-th power over J concludes the proof.
To estimate

= |Ac, (71 f1, Orafo, Or 3 f3) + Acy e (T71 f1, Orofo, 3 f3)1,

it suffices to apply Proposition 2.3 (the global paraproduct estimate) and (4-1) in Theorem 4.3 (the L?
estimate for the phase space projection). The desired bound follows.
We move to estimate III + IV + V. Note that, forn € {1, 2,3} and J € Il’j, by definition of 2°°r P (T),

1151 )n * fulllg, < 1TIVE . (T),
and further, by Lemma 4.6,
11sL¢jn % Tgn fulllg, < CLI|Vm e - (T).

By these estimates and Holder’s inequality,

I+IV+V<C max {(H Eﬁ“ﬂ,,,,fnm) SO ATV [y x (fa — nT,nfn)]uq,,},

nefl,2,3} -
JeZ jerp

from which the claim follows by (4-2) of Theorem 4.3. O

5. Proof of Proposition 2.8: tree selection

We start by defining two auxiliary sizes that are needed to complement those in Definition 2.6.

Definition 5.1. Under the set-up of Definition 2.6, define

o, (¢ f1I
:d; t;p (T) = sup sup S Y7 TP 7 P
peBr geaieiop  TIVY
p=Ir
ycor top ||;01_a[¢*f]||p
npf(T)_ Sup |IT|1/p

¢6¢'3ij7. —ky—5d &)
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We formalize the idea of greedy selection by stating the following definition.

Definition 5.2 (selection). Let ) be a finite set of multitiles. Let 7 be the family of all trees in any of the
subsets of V. Let S be a positive integer. A selection is a mapping o : {1, ..., S} = 7 such that

e o(l)isatreein Vy() =V,

e o(i+1)isatreein Vo(i4+1) = Vo) \ Py foralli e {1,..., 5 —1}.

To prove Proposition 2.8, we will construct several selections over the initial set of multitiles. We first
show that selections based on top size defined above have good orthogonality properties and as a second
step we show that convexity properties allow us to infer estimates for main sizes of Definition 2.6 from
those for the auxiliary top sizes of Definition 5.1. There will be three different selection processes. The

first selection serves to identify the trees with large core size. The following proposition shows that they
have controlled overlap.

Proposition 5.3. There exists a constant C such that the following holds.
Let D > 1. Let f € L>(R%). Let V be a finite set of multitiles and let o be a selection in V. Let M > 0.
Assume the following properties of the selection:
o If I; is the top cube of o (i) and if I;+, is the top cube of o(i + 1), then |I;+1| < |I;| for all
iefl,....,S—1}

e Foreachi € {1, ..., S}, there exists A; € Py ;) with 2k1+1QAl. 3 &)
e Foreachi €{l,..., S}, we have M < (E;?;:t;poa)(i) <DM.
Then

N 1/2
(Z M2|Ig<,->|) <CD||fll2.
i=1

The next selection serves to remove the trees that contain a lacunary multitile, not treated by the core
size, that however happens to give a large contribution.

Proposition 5.4. There exists a constant C such that the following holds.
Let D > 1. Let f € L>(R?). Let V be a finite set of multitiles and let o be a selection in V. Let M > 0.
Assume the following properties of the selection:

o If I; is the top cube of o (i) and if Iy, is the top cube of o(i + 1), then |I;11| < |I;| for all
ie{l,...,S—1}L

e Foreachi € {1, ...,S}, we have M < (X
Then

bdr, top

25 P oo)(i) < DM.

N 1/2
(ZM2|Ia<i>|> <CD| I
i=1

The third selection removes the trees whose boundaries are contributing a lot to the right-hand side of
Proposition 2.7. While the choice order of the previous selections was based on metric geometry, only
using the size of the top cube, the treatise of the lacunary parts of the trees requires us to carry out a cone
decomposition and consider an order of selection based on that.
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Proposition 5.5. There exists a constant C such that the following holds.
Let D > 1, and let e be a unit vector orthogonal to d — 1 coordinate axes. Let f € L>(R?). Let V be a
finite set of multitiles, and let o be a selection in V. Let M > 0. For eachi € {1, ..., S}, define

Ci=1{ eRY:|E —£,)| <2( —&r1) - ),

and let n; € M, (&5, Ci). Assume the following properties of the selection:

e Foralli e{1,..., S —1}, assume that &,y -e > E(i41) - €.
« Foreachi € {l,..., S}, we have M < (' . 00)(i) and (z};fgw 00)(i) < DM.
Then

S 1/2
(ZMZIIamI) <CD|fl
i=1

To apply the propositions stated above, we still have to solve the discrepancy between the definitions
of sizes in Definitions 2.6 and 5.1. This is the content of the last proposition of this section. We need one
more definition.

Definition 5.6 (convex collection). A finite family of multitiles V' is a convex collection if, for any tree T

on V and

. . 1/d
Jmin = min logy|I7p| /d,

the condition j € ZN{i : jin <i < jr}implies that there exist P € Py with |Ip| = 274 and the condition

that 251710 p 5 &7 for some P € Py implies 28+ Qp/ for a P’ € Pr with Ip = I7.

For the purpose of the proof of our main theorem, the convex collections are the only ones that matter.
The importance of the convex collections lies in the fact that every tree on a convex collection has a
subtree whose size is attained by one of its top multitiles.

Moreover, for a tree T', we set

1 if there exists P € Py with 25F1Qp > &;.
0 otherwise.

®(T):{

Proposition 5.7. Let V be a convex family. Let {es : 1 < § < 2d} be the unit vectors orthogonal to the
(d—1)-dimensional coordinate hyperplanes. Let

Co={E eRY: & —& | <26 — &) - ).

Let u" € M, (C,,) with
2d
D_AE) =1, §#0.
s=1

Foratree T onV, we set

15, (&) = 5" (€ — (Er)n).
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Let M € 7 be such that, for all trees T onV,

max max(%,3 1 (1), "% (1), O 1 (1) < 252 fullo.
1<6<2d n,u s<s Jn
ne€{1,2,3}
Then there exists a selection o on V such that
N
Vu—1=V\ U Po iy
i=1

is a convex family such that, for all trees on Vy-1,

[max max{¥,5 o (T), T, (T), O (1)) < 2M 71002 £ (5-1)
ne{l,2,3}
and
S
> 2L S 1. (5-2)

Auxiliary propositions for almost orthogonality. In this subsection, we prove two additional estimates
that are needed in the proofs of Propositions 5.3, 5.4 and 5.5.

Proposition 5.8. Let o > 2d. There exists a constant C such that the following holds.
Let j€Z, k>0, § R, and f € L¥(RY). Let g € ®,%;_(§) and I be a cube with |1| =27, Denote
by My the Hardy-Littlewood maximal function. Then, for all x € R¢,

lp* (o £ < Cor(x)™* MpuL f (x).
Proof. As for j' < j we have pjg 54 > pyo.2iy» then, for any ¢ € @34, (£) and x € RY, we have

|0[0, 25—y ()@ (X)] < 2 (j—k+vi)d

p[o 2/ —k— L,,)d(x)-
We also have

Proaia @ =P “(y) = Coy®(x)

for all x, y € RY. Indeed, if 2p;(y) > p;(x), this is clear, and if 2p;(y) < p;(x), then

p1(x)

P02y (X —y) > pr(x) — pr(y) > 3

In conclusion,

o (o f) ()] = ‘/Rd P0,2iy (X = V)P = ¥)ppg 200X = V)P (9).f () dy

< Cpy(x) =2V o % s (07 1D O

The second auxiliary proposition is essentially a restatement of Lemmata 5.1, 5.2 and 5.3 in [Muscalu
et al. 2002a]. Also this estimate is needed in the proofs of Propositions 5.3, 5.4 and 5.5.
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Proposition 5.9. Let A be a positive constant, and let o > d. Then there exists a constant A, such that
the following holds.
Let J € D. Let T C D be a family of cubes satisfying

PLETIY

1eT
Icr

for all cubes I' and |I1| < |J| forall I € I. For each I € T, let g; € L*(R) be given. Then

H 7Y P grpr

1T

< A1V supligs - (5-3)
1T

Proof. We first prove the reminiscent inequality

1/2
ot srlor| < 2D%\/54, sup||g1||z(2 |1|> (5-4)

1T IeT 1T

for all odd numbers D > 3. Here the nonlocal cut-off functions are replaced by sharp cut-off functions.
Fix a family Z and the corresponding functions g;. Let Z C Z be finite. Let A be the sharp constant
for the inequality (5-4) when considered over all finite subfamilies of Z'. Then

2
S M grip| =20 > (1 Perdpr 1T Peslps) <2 11 llgrll
2

IeT’ 1€’ JjeT’ 1T’

Y 11 glpy

JeT'

2

DJC5DI DJC5DI
1/2
<240 sup ||g1||22|1|“2( > |J|) <254, ADdsupngInz(Zlu)
IeT IeT’ Jer IeT IeT’
JC5DI

Consequently, A < 2D?./5A]. As this constant is independent of Z’ and the functions g;, the proof
of (5-4) is complete.
To prove (5-3), we write

o0 o0
* < Zk_al(Zk—l)l and p,;%<1;+ Zl_al(Zl-i-l)J\(Zl—l)J-
k=1 =1
Set Tp; = {I € T: 2k — 1)I N (2l + 1)J # ). Then

\p;azuwﬂgm,— Z ke '

IeZ k=1

< Z ko ‘

k=1

Larrynai-1s Z 111" grl -1y
IEIkl

lomasiniss Y 17281l
]EII\I

o0
<Y 2Pk P @ maxil, k) +2) 0 S 1)V O
k,l=1
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Finally, we state as a separate proposition the obvious fact that elements of VW with overlapping
projections are close to each other in the product space too, something that is a direct consequence of the
defining inequalities of W.

Proposition 5.10. Leta > 0. Let Q, Q' € W satisfy |Q| > | Q’|. Assume that, for some n € {1, 2, 3}, there
exist
£€20,N2°Q, ne2°QNnrl, ¢e20'Nr.

n®
Then 2°4Q > Q.
Proof. First we note that the projection 3 : I' — R¢ defined through 3¢ = &, is a bijection. This follows
from the regularity of L and the factI' = {L(r,7,7): 7 € R4 }. Consider the metrics

diStfull(Sv 77) = inf{r ‘ne Q(‘i:’ 7')},
dist, (&,, n,) =inf{r : n, € 0, (&n, 1)).

The left inverse P! is a 2-Lipschitz mapping (R?, dist,) — (T, distz,y) following directly from the
definition of the metrics. We infer that

distrr (P&, P~ Py) < 2dist, (€, B,

distrn (P&, PIPE) < 2dist, (£, Po),
so that

disteun (BB, B~ Py) < 24T diam Q,,,

where the diameter diam is computed with respect to d,,. As |Q| > |Q’|, we conclude 230N Q + o,
and the claim follows. O

As an immediate corollary of Proposition 5.10, we conclude that the multitiles P € By have all their
frequency projections supported far from the projections of the top frequency. This will imply important
L? orthogonality properties for the sum size.

Proposition 5.11. Given P € By with |Ip| =2/¢ for some j € Z, we have, foralln € {1, 2,3},

(Qp)n CRIN Qu(E7,2777%2).

Proof. Define Q = Qp. By construction, 2+ NT +# @. On the other hand, as P € By, we know
that &7 ¢ 21 Q. Set Q' = Q(&r, 27 /1K1/30) Then Q' N Q = @. It follows by Proposition 5.10 that
0,N0,=2. O

5.1. Proof of Proposition 5.3: core size. Foreachi € {l1,..., S}, we find

¢i € q>2?ja(,.),klfsd(éo(i))
such that
ci = lpg g [ * flllz. M\/o@)| < ci < DM /|1l
Let B
pla((t) [¢i * f]
§i =T o -
10, @i * fll2

(i
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Now

S S S
D Mol S eillo! 2 Gix (012 80) < 1 F 12| Y cilloq] 6y (p,;‘;;g»]“ :
i=1 i=1 i=1 2

Expanding the square and using the symmetry, we obtain

S
Y o) Peilgi (o gl)]H <DZM22|10<,>|/ Zuo(m/ P18 G k1% (0% gD)]). (5-5)
i=1

Let
Ai={lefi,...,S}: suppq§1 ﬂsuppd;,- #+ ).

By Proposition 5.8, for all [ € A;,

¢l*[¢l *(:0[ )] C/O[

o(i)

MuvLgi,

rf()

where My is the Hardy-Littlewood maximal function. Using this estimate, the Cauchy—Schwarz
inequality and the Hardy-Littlewood maximal function theorem, we bound the right-hand side of (5-5) by

272
CD'M Z |Ia(l)|H |I 1/2 Z| a(l)l 172 glp[“(l)p[“(l)
leA;

By hypothesis, foreach / € {1, ..., S}, there exists a top multitile A; € Py with &5 € 2kl 4,- Hence,
given l, j € A; with [ > j, we have

(2supp ¢;) N (2 supp ;) # 2.
Therefore, we have
2suppd) N 2suppd;) # 2 and Ly N Ip(j) #

only if [I5q)| 2 |15(jl, as otherwise Proposition 5.10 would imply
22419, 0280y, 524410, 3 5,

which in turn would contradict A; € V, (). By the definition of the selection, |1, )| < |I5(j)|. Moreover,
for every fixed I, ), there are only up to C(d, ko) elements [ € A; such that I,y = I,), S0 we can

Z g0

leA;

conclude that, for any i € {1, ..., S},

‘ ~ ’

hence {I;() : | € A;} is a Carleson family. By Proposition 5.9,

[

and we have shown the claim for the sum over all i € {1, ..., S}. [l

712 Z RE0) 2 gl’ol (/)’Olnm <
2

|15yl iea



2314 MARCO FRACCAROLI, OLLI SAARI AND CHRISTOPH THIELE
5.2. Proof of Proposition 5.4: boundary size. Foreachi € {1,..., S}, we find
e d (0.
¢l € n (Ql)’

where Q; = Qp, and P; is a top multitile of o (7) such that

ci = llpg o [di* flll2,  My/lloi)| < ci < DM\/|I5)l-
Let
P ik S
e+ Fll
Now

S

Y cillow! 14 *(p,;j;g»]” :
2

i=1

S S
D oMLl S eillow] P dix (012 g)) < I l2
i=1 i=1

Fixk €{0,...,99}. Write L={i € {1,..., S}: log2|li|1/d € k 4+ 100Z}. Expanding the square and using
the symmetry, we obtain

2
Z|Ia<i>|1/2c,-[¢,-*(p,;“g»]Hz5D2MZZ|IG<,->|“2 Yo ol @pr b (0% 8-
iel iel

lel
L <|1i|
Let
Ai={leL:lefi,..., S}, suppélﬂsuppqgi # &},

By Proposition 5.8, the Cauchy—Schwarz inequality and the estimates for the Hardy—Littlewood maximal
function as above, it suffices to prove a bound by constant of

1 1
/2 —-a -«
H VANLE Z o)l gl'ola(l)’ola(i)
o (i) leA; 2

Indeed, by the triangle inequality we can then sum over « € {0, ..., 99} to conclude the proof. By
Proposition 5.9, it hence remains to show that {/, () : [ € A;} is a Carleson family.
Givenl, j € A; withl > j >1i and hence |I, )| < |I5(j)|, we have

(Qj)nm(Qi)n#ga (Ql)nﬂ(Qi)n ?é@-

Therefore, we have
Io@y N I5(j) # 2

only if |15y | = |15j)l, as otherwise Proposition 5.10 would imply
2k2+1 Ql 5 2k2+1 Q] 5 SU(])’

which in turn would contradict P; € V). Therefore I, () and I, are pairwise disjoint unless I, () = I5 ().
However, as above, for every fixed I, ), there are only up to C(d, ko) elements [ € A; such that I; ;) = I, ().
Hence {I,() : | € A;} is a Carleson family, and the proof is complete. U
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5.3. Proof of Proposition 5.5: sum size. Consider an index i € {1, ..., S}. For 0 > 1, we define
Ci(0) = (£ €R: & — &) <0G — &) - ).
Write
a;(j, 0) = Ci(0) N (o, 277 TH\ QulEoiy, 277)).
We let
B; ={P € By : (Qpr)nNa;i(j,2) # 2}
We note that if P € B;, then by Proposition 5.11,

j+50k>

@rnc |J a 10).

k=j—50k,

For each P € B;, we find ¢p € M, &5y, (Qp)n) With (;Abp C (Qp)n such that, for

cp = ||p,:,a[¢P * f1ll2,

we have
SN Az MLl cp < DMl
jez PeB’;.
Let
¢ p1 [op * f]
P _—_—
o, [@p * f1l2

if Pe B; for some i and j, and gp = 0 otherwise.
Now

ZM VEIOIRS ZZ D cr(f.dp* (0 gP))

i=1 jeZ peB;

ZZ > cplpp*(p;” gp)]H

i=1 jeZ peB;

< Ifl

By the triangle inequality, we may restrict the sum over j € Z to a sum over j € «k +1000k2Z and integer «.
For fixed x and every i € {1, ..., S} we define

i __ i
g= U 8.
Jj€k+1000kyZ

Squaring the second factor and using symmetry, we compute

Z cplop * (0} gp>]

i=1 pe&l

S ( sup )Z > |Ip|”22 D el o gr dpok[dp * (01, gp)]).  (5-6)
reUs, s 1PV 5 0 =1 pregl
o <1
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Fix s and P € P, s, and let

Ap = {P’ € U Bj, . +1000j ° SUPP bp Nsupp p # @}.
Jj=<0
By Proposition 5.11, we may apply Proposition 5.8 to bound
op *[pp* (07, 8P S o1, MuLgp-

By the Cauchy—Schwarz inequality and the Hardy-Littlewood maximal function theorem as above, we
hence obtain

Y el e dpx b * (07, R)])

P'eAp
S Y el ot gen Mugr) S| Y el o e SR o), (5-7)
P’ E.AP P/G.AP 2

where the last inequality follows by Proposition 5.12 below, the fact that, for every fixed /p, there are
only up to C(d, ko) elements P’ € Ap such that Ip = Ip, and Proposition 5.9.

Proposition 5.12. Assume that L € o(l), H € o(h), and that L, H € Ap. Assume additionally that
|IH| < |IL| < |Ip| Then

IINlg=9, (U Ulg)NIlp=9
Proof. Because L, H € Ap,

(QL)nm(QP)n#g, (QH)nﬂ(QP)n #Q-
As 22000k 1| < 21000k 1, | < ||, this implies, by Proposition 5.10,
s €29 Qp c 2t g c2ltlgy. (5-8)

Further,
a;(j, 10) Nay(j', 10) # 2,

with j < j —10k; only if &) -e > &, - e. Hence s <1 < h, and the claim follows by (5-8), as otherwise
it would contradict L € V,¢y and H € Vy (). O

Applying the estimate (5-7) to the second factor on the right-hand side of (5-6), we obtain

ZZU |2 <Z > Hplpr RN\ L)

s=1 Pe& s=1 P€Pqyy)
S

S
S Z |Ia(s)| Zk2_k S Z |Ia(s)|-
s=1 k=0 s=1

This concludes the proof of Proposition 5.5. ]

> 10 07 % g
P'eAp
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5.4. Proof of Proposition 5.7: recursion. To streamline the language, we introduce the following defini-
tion.

Definition 5.13 (admissible tree). Let V be a finite subset of multitiles. A tree T = T (&, Iy, V) is said to
be n-admissible with respect to boundary size if

bdrf (T) < Ezdgz;:lp(T)

It is said to be n-admissible with respect to core size if
535, (1) < 2,5 00(T).
Proposition 5.14. Let N, N’ > 0. The family of multitiles
V={P:0peWy, Ip C[-N2N N2NP*d},

with W in Proposition 2.2, is a convex collection. If o is a selection on a convex collection, then V, ;) is a
convex collection for alli € {1, ..., S}

Proof. The proof is clear. U

Now we can proceed to the actual proof. We define the selection on V as follows. For notational
purposes, we set I, ) = R4, Ps ) = 9, and Vy (o) = V. Finally, without loss of generality and only for
notational convenience, assume || f,, || = 1 for all n.

Suppose o (i — 1) has been defined. A tree T is called an X-tree if X (T) > 2M=104)/2 for some size X.

cor, op

We first define the selection by choosing repeatedly %, -trees with n = 1 such that trees with larger
top cubes are chosen first, only admissible trees are chosen, and only trees T with ®(T) # 0 are chosen.
We denote by s,, the number of steps at which we reach the last tree chosen. This number is finite as there
are only finitely many multitiles in the original collection V.

We replace V with Vs s,) \ Po(s,). We repeat the same process with X replaced by 200; t]?p, first with
n = 2 and then with n = 3. This way, we create three selections. The first is oy on V. The second
is 02 on Vy(5;) \ Po(s))> and the third is 03 on Vy(s,) \ Ps(sy). By Proposition 5.3, each of these selections

satisfies (5-2). Set

Sn

=V\ U U Pew

n=1i=s,_1+1

A tree T on V) is either inadmissible or satisfies

®(T)2;?;:2p(T) < M=10d)/2,

For admissible trees, the latter condition is the desired size bound. On the other hand, if an inadmissible
tree violates the size bound, then, by convexity of the reference family, it contains an admissible subtree
violating the size bound. But this possibility was just ruled out. This concludes the treatise with respect
to the core size.
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We repeat the same selection process with Zsfizr:t;lp instead of @ZZ?;:;‘T, and this gives us three more
selections oy, o5, and o and a family V), such that the trees in the selections satisfy (5-2) by Proposition 5.4
and, by the argument as in the case of the core size, the size bound is also valid.

It remains to treat the sum size. Let {es : 1 <& < 2d} be the collection of unit vectors orthogonal to the

(d—1)-dimensional hyperplanes. Let ud" e M, (C¢;), with

2d
DA E) =1, §#0.
5=l

For a tree T on V), or any of its subfamilies, we set /l‘ST’n(é) = %" (& — (£7),). We run the selection
choosing trees T such that

S (M—10d)/2
E:l]:lgué,n*fn (T) Z 2 )

so that those with maximal e; - (§7), are chosen first. Again, we repeat this process for each n and each §.
Each of the 6d selections satisfies the hypotheses of Proposition 5.5, and the trees not chosen satisfy (5-1).
Collecting the trees in all of the selections constructed so far, we obtain the family 7, and the proof is
complete. (I

5.5. Conclusion of the proof of Proposition 2.8. Because the family of multitiles V in the hypothesis
of the proposition is finite, there exists M such that the hypothesis of Proposition 5.7 holds. The claim
except for (2-5) follows by induction.

To prove (2-5), we first note that, for any tree 7 and any p € [1, <],

B (DY (T) < C@)| fulloo

is obvious. It remains to bound the sum size.
Let n be a smooth function with > 1, and supp i C Q,,(0,27/7). Let {pp € @ﬁ“(Qp) : P € Br}
be functions that almost achieve the supremum in the definition of the sum size. First, we note

> pler * Qrasr I3 S I fallo Y 1iplopS RIN3I7) S |l fulloo-

PGBT PEBT

Second, we note

ko
D Mplep x Ua 5 S Y Y I rlejacx (Uar £l (5-9)
PeBr k=ky j<jr
for a family of sequences {{¢; \ € \D;‘l'f"j_k Er):j<jr}:keflky, ..., k}}. Without loss of generality, we

fix k and we drop it from notation. For terms with jr — j < 100, we estimate

1rlgj* ary )15 S Hrlll flloo

as in the cases of core and boundary sizes. For terms with jr — j > 100, we note that

[RY\ Qu(&r, 277190 5 (supp 7} + supp @;) D supp(i) * §;).
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Consequently, we have supp(77* ;) Nsupp(7)*¢;/) = & whenever | j — j'| > 100, and Zj<jr—100 N*Q;
is a Mikhlin multiplier with bounds only depending on the dimension.
We bound each inner sum in (5-9) by

> g * (ar f)1I3

j<jr—100

100 100 2
SY D nleyx (s I3 S Z > e Us fl| S s fall3,
I=1 jel+100Z = jEl+100Z 2
J<jr—100 Jj<jr—100
where the last step followed by the Mikhlin multiplier theorem. The claim then follows. U

6. Proof of Proposition 2.2: tensorized model form

By dominated convergence, there exists N' = N'(d, a, €, ko, f,, N) > 0 such that, for the finite subset of
multitiles V = {P : Qp € Wy, Ip C[-N"2V, N'2V13%4} we have

2 / H[¢Qn*fn<x>1dx Z/ 11P<x>1‘[¢pn*fn<x>

QeWy Pevy

<2

Consider the families of trees 7y, as in Proposition 2.8. By the triangle inequality, we get the upper

bound
Z Z Z / llp(x) l_[[¢Pn*fn(X)]dx

MeNU{—oo} TeTy 'PEPT

By Proposition 2.7, we get the upper bound
> ¥ (st TT =20 +T155,0), D
MeNU{—oo} TeTy n#ny

where the second summand in brackets appears if and only if Py \ Br # &, i.e., if there exists P € Pr
with 2510 p > &7
By log-convexity and (2-5) from Proposition 2.8, we have

o1y (1) S 250% (T2 S0 (T) S B3P (1),
By the local Bernstein’s inequality (see, e.g., Proposition 1.2 in [Fraccaroli et al. 2022]),
e, (1) 2 PE05 [ (1), B35, (T) S22 Hasie (7).
In addition, we know by Proposition 2.8 that, for all n € {1, 2,3} and T € Ty,
oG (D) Sminf1, 2Y2) £}, ST <22 flla, 5%, (T) S 1.

Moreover, if there exists P € Pr with 251710 p 5 &7, we also have

S5 - (1) <272 fulla.
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Recalling that there is n, such that v,, =0, we hence bound (6-1) by
ST S irpimingn, 2M2) £ 012y TT 24790 fally

MeNU{—oo} TeTy nFEN

3

. _ — 2/qn 2/qn

< )" min{2 M MOV £y TT AN <TI0
n=1

M eNU{—o0} nFE N,
where the first inequality used equation (2-6) from Proposition 2.8. This concludes the proof of

Proposition 2.2. O

7. Proof of Theorem 1.1

The integral
/R BLIGEL> +&) f1(&1) f2(&) f3(E3)m(L™'€) dg (7-1)

is absolutely convergent for Schwartz functions f;, f», and f3. Approximating m with a symbol supported
in a compact set not meeting {(7, 7, 7) : T € R?}, we conclude by the Lebesgue dominated convergence
theorem, boundedness of m and absolute convergence of the integral that it suffices to assume m is
compactly supported.

By multilinear interpolation [Janson 1988], it suffices to prove a bound for the integral (7-1) by

3
cI sl
n=1

when f,, = 1, for measurable sets E,, of finite measure and where C is a constant independent of all E,,
and m. Because m is assumed to be compactly supported, the integral (7-1) is absolutely convergent even
with f, = 1g,. By standard convolution approximation and the dominated convergence theorem, we see
that it suffices to bound the integral (7-1) by

3
C[TIEd"
n=1
whenever f;, is a smooth function with
I fulloo <2, I full2 < 2Eal'/2.

Indeed, the convolution mollification converges in all L? norms with p finite, in particular with p € {2, g, }.
We see that, for each n € {1, 2, 3}, the function f,, satisfies the assumptions on Proposition 2.2.
Next we form a Whitney-type decomposition of R**¢ \ I". For each £ € R3¢\ T, set

re =2inf{r >0: Q&, r)NT # 2},
where Q(&, r) C R**? is the open rectangular box defined in Section 2. Let

A=1{QE, r):r=2"r).
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We let WV be a maximal pairwise disjoint family of Q € A such that Q N [—2",2VN]3*¢ £ & where
N > 100 is an integer such that suppm c L~ ([=2V, 2¥13*9). Tt is clear that, for each fixed k < ko,

2°0: 0 ew)
has bounded overlap. Note that
suppm C L_l( U 5Q>.
Qew

For Q € W, we define Q, = {£, e R?: & € Q). Let {no : Q € W} form a partition of unity adapted
to YV, meaning that, for each Q € W, the smooth function g > 0 is supported in 6 Q and satisfies the
bounds

10]'0)201 0 (§)] < Cy |Q1| V4| @y |72V 0 7751/

for constants C,, only depending on y = (y1, y2, ¥3) € N34,
Let xo,» be a smooth function with

170, < X0 <130, 13" x0.n(7)| < CV|Qn|—|V|/d

for all y € N? and |y| < 100d. Let xo (&) = x0.1(51) x0.2(52) x0.3(63) for & € R¥*7.
Let A be a linear mapping sending 7Q — (&) into [0, 27)3*¢ and such that

Ao([8Q —P(E)D \ (=27, 21)**? £ &,

where & is such that Q = Q(&p, r) and *B is the orthogonal projection of R3*< onto I'. Such a matrix is
of block form: Ap = Ap,1 @ Ap 2 ® Ap 3. We expand as a Fourier series

3
mo(L™'€) :=noEmLT'E) = xo®) Y ag [ Ao,

kez3xd n=1
sothatm =} 5.y mo.
Write

Mo in(Ly &) = xon(E)e™ A5 and  ap = sup lag il
Qew

For the function ¢¢ i , defined by
0.k (D) = (L+ lkul) ™ *mgsen(Ly ' D),

we have cgg i n € CDi'“(Q) up to a bounded multiplicative constant ¢ independent of Q, k, and n.
Now we can write

/R _SoE +&+8) LiE) fr&) EmLTE) dg‘

< >l

3
> fR _ SoEtEa+E) F[mQ,k,n@;lsn)ﬂ(sn)ds‘
3xd =1

kez3xd Qew
3
S Y tala+ k)| 3 [ TTidown s futnlds].
kez3*d Qew R n=l1




2322 MARCO FRACCAROLI, OLLI SAARI AND CHRISTOPH THIELE

By Proposition 2.2, this is bounded by

3
CTTIE ™ D lal(1+ k™.
n=1

kez3xd

12a—3d—1

By smoothness of the symbol m and the upper bound on «, we know |ax| < C|k|~ , and hence

the proof is complete. O
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