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PLATEAU FLOW OR THE HEAT FLOW
FOR HALF-HARMONIC MAPS

MICHAEL STRUWE

Using the interpretation of the half-Laplacian on S! as the Dirichlet-to-Neumann operator for the Laplace
equation on the ball B, we devise a classical approach to the heat flow for half-harmonic maps from S to
a closed target manifold N C R", recently studied by Wettstein, and for arbitrary finite-energy data we
obtain a result fully analogous to the author’s 1985 results for the harmonic map heat flow of surfaces and
in similar generality. When N is a smoothly embedded, oriented closed curve I' C R", the half-harmonic
map heat flow may be viewed as an alternative gradient flow for a variant of the Plateau problem of
disc-type minimal surfaces.

1. Background and results

Half-harmonic maps and their heat flow. Let N C R" be a closed submanifold, that is, compact and
without boundary. The concept of a half-harmonic map u: S! — N C R" was introduced by Da Lio and
Riviere [2011], who together with Martinazzi [Da Lio et al. 2015, Theorem 2.9] also made the interesting
observation that the harmonic extension of a half-harmonic map yields a free boundary minimal surface
supported by N, a fact which also was noticed by Millot and Sire [2015, Remark 4.28].

In his Ph.D. thesis, Wettstein [2021; 2022; 2023], studied the corresponding heat flow given by

dy @)+ (—A)?u) =0 on S! x [0, oof, (1-1)

where u; = d;u and where wy : N, — N is the smooth nearest-neighbor projection on a p-neighborhood N,
of the given target manifold to N, and, with the help of a fine analysis of the fractional differential operators
involved, he showed global existence for initial data of small energy.

Moser [2011] and Millot and Sire [2015] contributed important results to the study of half-harmonic
maps by exploiting the fact that for any smooth u: S' — R" we can represent the half-Laplacian classically
in the form

(=M =3,U, (1-2)

where U : B — R" is the harmonic extension of u to the unit disc B.! Here, using the identity (1-2), we
are able to remove the smallness assumption in Wettstein’s work and show the existence of a “global”
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weak solution to the heat flow (1-1) for data of arbitrarily large (but finite) energy, which is defined for
all times and smooth away from finitely many “blow-up points” where energy concentrates, and whose
energy is nonincreasing. The solution is unique in this class in exact analogy with the classical result
by the author [Struwe 1985] on the harmonic map heat flow for maps from a closed surface to a closed
target manifold N C R"; see Theorem 1.2 below.

In order to describe our work in more detail, let

H'Y2(SY; N)={u e HY*(S'; R") : u(z) € N for almost every z € S'}.

Interpreting S' = 3B, where B = B;(0; R?), and tacitly identifying a map u € H'/2(S'; N) with its
harmonic extension U € H'(B; R"), for a given function ug € H 172(s1: N) we then seek to find a family
of harmonic functions u(z) € H'(B; R") with traces u(z) € H'/2(§'; N) for t > 0, solving the equation

dn (u)(uy + 0u) = u; +dnyw)d,u=0 onS' x [0, ool (1-3)
with initial data
uli—o = ug € H'*(S'; N). (1-4)

Energy. The half-harmonic heat flow may be regarded as the heat flow for the half-energy
1
Evpo = [ 18 ul s

S1

of amap u € H'/?(S'; N). Note that the half-energy of u equals the standard Dirichlet energy
Eu)=1 / Vul? dz

2 /B

of its harmonic extension u € H'!(B; R"). Indeed, integrating by parts we have

/|Vu|2dz=/ uaruqu:/ u(—A)l/zuqu:/ (=) 4> de, (1-5)
B St St S1

where we use the identity (1-2) and where the last identity easily follows from the representation of the
operators (—A)'/? and (—A)!/# in Fourier space with symbols |£| and +/[], respectively, and Parceval’s
identity.> Therefore, in the following for convenience we may always work with the classically defined
Dirichlet energy. Moreover, we may interpret the half-harmonic heat flow as the heat flow for the Dirichlet
energy in the class of harmonic functions with trace in H'/?(S'; N); see Section 2 below for details.

Results. Identifying R? with C, we denote by M the three dimensional M&bius group of conformal
transformations of the unit disc, given by

M= {CD(z) 2 (BB lal <1, 6 € R}.
14+az

Observe that the Dirichlet energy is invariant under conformal transformations, and we have E (1) =
E(uo®) forany u € H'(B; R") and any & € M.

2Conversely, via Fourier expansion we also can prove (1-5) directly. Computing the first variations of £ and E| /», respectively,
we then obtain (1-2).
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For smooth data we then have the following result.

Theorem 1.1. Let N C R" be a closed, smooth submanifold of R", and suppose that the normal bundle
TN is parallelizable. Then the following holds:

(i) For any smooth ug € H 1/2(SY; N) there exists a time Ty < 0o and a unique smooth solution u = u(t)
of (1-3), and hence of (1-1), with data (1-4) for 0 <t < Tj.

(1) If Ty < 0o, we have concentration in the sense that, for some § > 0 and any R > 0,

sup / IVu))*dz > 8,
Br(z0)NB

z0€B
0<t<Ty

and for suitable t;, 1 Ty there exist finitely many points z,((l), cees z,(j‘)) and conformal maps d>,((i) € M with

z,(j) — 79 e B and CD,(C") — d>§;'.) =z weakly in H'(B) such that u(t;) o d>,£i) — q® weakly in H'(B)
as k — oo, where i) is nonconstant and conformal and satisfies

dry(@oa =0, 1<i<i. (1-6)

Moreover, there exists § = §(N) > 0 such that E(@") > 8, and ig < E (uo)/8. Finally, u(ty) smoothly
converges to a limit u; € H'/?(S'; N) on B\ {z", ..., ()},

(iii) If Ty = oo, then, as t — oo suitably, u(t) smoothly converges to a half-harmonic limit map away
from at most finitely many concentration points where nonconstant half-harmonic maps “bubble off” as
in (ii).

By the Da Lio—Riviére interpretation of (1-6), the “bubbles” i) as well as the limit u, of the flow
conformally parametrize minimal surfaces with free boundary on N, meeting N orthogonally along their
free boundaries.

The hypothesis regarding the target manifold N in particular is fulfilled if N is a closed, orientable
hypersurface of codimension 1 in R”, or if N is a smoothly embedded, closed curve I' C R3.

It would be interesting to find examples of initial data for which the flow blows up in finite time, as in
the work of Chang, Ding, and Ye [Chang et al. 1992] on the harmonic map heat flow.

For data in H'/?>(S'; N) the following global existence result holds, which is our main result.

Theorem 1.2. For N C R" as in Theorem 1.1 the following holds:

(i) Forany ug e H 1/2(SY. N) there exists a unique global weak solution of (1-3) with data (1-4) as in
Definition 6.3, whose energy is nonincreasing and which is smooth for positive time away from finitely many
points in space-time where nontrivial half-harmonic maps “bubble off” in the sense of Theorem 1.1(ii).

(i) Ast — oo suitably, u(t) smoothly converges to a half-harmonic limit map away from at most finitely
many concentration points where nonconstant half-harmonic maps “bubble off " as in Theorem 1.1(iii).

Note that uniqueness is only asserted within the class of partially regular weak solutions with nonin-
creasing energy, as in the case of the harmonic map heat flow. It would be interesting to find out if the
latter condition suffices, as in the work of Freire [1995], and, conversely, to explore the possibility of
“backward bubbling” in (1-3), as in the examples of Topping [2002] for the latter flow.
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Key features of the proof and related flow equations. In our approach, in a similar vein as [Lenzmann
and Schikorra 2020], we uncover and exploit surprising regularity properties of the normal component
dm ﬁ (u)0,u for the harmonic extension of u, likely related to the fractional commutator estimates for the
normal projection in the work of Da Lio and Riviere [2011] or the regularity estimates of Da Lio and
Pigati [2020], Mazowiecka and Schikorra [2018], and others.

The use of the Dirichlet-to-Neumann map for the harmonic extension u: B — R" of u instead of the
half-Laplacian, and the simple identity (3-2) as well as (3-5) allow us to perform the analysis using only
local, classically defined operators, avoiding fractional calculus almost entirely.

Note that (1-3) is similar to the equation governing the (scalar) evolution problem for conformal metrics
e gro of prescribed geodesic boundary curvature and vanishing Gauss curvature on the unit disc B,
studied for instance by Brendle [2002] or Gehrig [2020]. In contrast to the latter flows, due to the presence
of the projection operator mapping u, to its tangent component, the flow (1-3) at first sight appears to
be degenerate. However, surprisingly, within our framework we are able to obtain similar smoothing
properties as in the case of the harmonic map heat flow of surfaces.

A different heat flow associated with half-harmonic maps, using the half-heat operator (3, — A)!/?
instead of (1-1), was suggested by Hyder et al. [2022], and they obtained global existence of partially
regular, but possibly nonunique, weak solutions for their flow, with a possibly large singular set of measure
Zero.

Applications to the Plateau problem. In the case when N is a smoothly embedded, oriented closed curve
I' C R?, the half-harmonic heat flow (1-3) may furnish an alternative gradient flow for the Plateau problem
of minimal surfaces of the type of the disc, which has a long and famous tradition in geometric analysis.

Posed in the 1890’s, Plateau’s problem was finally solved independently by Douglas [1931] and
Rad6 [1930]. In order to analyze the set of a/l minimal surfaces solving the Plateau problem, including
saddle points of the Dirichlet integral, thereby building on Douglas’ ideas, Morse and Tompkins [1939]
proposed a critical point theory for Plateau’s problem in the sense of [Morse 1937], attempting to
characterize nonminimizing solutions as “homotopy-critical” points of Dirichlet’s integral. However,
Tromba [1984; 1985] pointed out that it was not even clear that all smooth, nondegenerate minimal
surfaces would be “homotopy-critical” in the sense of [Morse and Tompkins 1939]. To overcome this
problem, Tromba developed a version of degree theory that could be applied in this case and which
yielded at least a proof of the “last” Morse inequality, which is an identity for the total degree.

Finally, this author [Struwe 1984] recast the Plateau problem as a variational problem on a closed
convex set and was able to develop a version of the Palais—Smale type critical point theory for the problem
within this frame-work, which allowed him to obtain all Morse inequalities in a rigorous fashion; see
[Struwe 1988] and [Imbusch and Struwe 1999] for further details. In [Struwe 1986] and [Jost and Struwe
1990], the approach was extended to the case of multiple boundaries and/or higher genus.

A key element of critical point theory for a variational problem is the construction of a pseudogradient
flow for the problem at hand. In [Struwe 1984] this was achieved in an ad-hoc way. However, starting with
the work of Eells and Sampson [1964] on the harmonic map heat flow, it is now an established approach
in geometric analysis to study the (negative) (Lz—)gradient flow related to a variational problem, similar
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to the standard heat equation. For Plateau’s problem, such a flow was obtained by Chang and Liu [2005]
within the frame-work laid out by Struwe [1984] in the form of a parabolic variational inequality, for
which Chang and Liu obtained a solution of class H? by means of a time-discrete minimization scheme.
Rupflin [2017] and Rupflin and Schrecker [2018] studied the analogous parabolic variational inequality in
the case of an annulus, which again had previously been studied in [Struwe 1986] by means of an ad-hoc
pseudogradient flow.

In view of the much better regularity properties of the flow equation (1-3) it would be tempting to
regard this as the correct definition of the canonical gradient flow for the Plateau problem, but an important
issue still needs to be addressed.

Monotonicity. Recall that in the classical Plateau problem u(¢) is required to induce a (weakly) monotone
parametrization of I for each ¢t > 0. Even though it may seem likely that — at least for curves I" on the
boundary of a convex body in R3 — this Plateau boundary condition will be preserved along the flow (1-3)
whenever it is satisfied initially, at this moment even for a strictly convex planar curve I' C R? it is not
clear whether this actually happens. However, the results that we obtain also seem to be of interest if
we drop the Plateau condition. In particular, our results motivate the study of smooth minimal surfaces
with continuous trace covering only a part of the given boundary curve I'; dropping the monotonicity
condition also brings the parametric approach to the Plateau problem closer to the approach via geometric
measure theory or level sets.

Plateau flow. 1t should be straightforward to extend our results to the case when the disc B is replaced
by a surface ¥ of higher genus with boundary 9% = ', if for given initial data ug € H'/?(S'; N) we
consider a family u = u(¢) in H'/2(S'; N) solving (1-3), that is,

u; +dmy(u)o,u =0

instead of (1-1), where for each time we harmonically extend «(¢) to X and denote by d,u the outward
normal derivative of u along 0%, as was proposed and analyzed by Da Lio and Pigati [2020] in the
time-independent case. Similarly, one might study the flow (1-3) on a domain ¥ with multiple boundaries.
Of course, in order for the flow to converge to a minimal surface in the case of higher genus or higher
connectivity it will be necessary to couple the flow (1-3) with a corresponding evolution equation for
the conformal structure on X, as in the work of Rupflin and Topping [2019] on minimal immersions.
Note that on a general domain X the flow equations (1-1) and (1-3) no longer agree. In order to clearly
distinguish the flow equation (1-3) from the equation (1-1) defining the half-harmonic map heat flow, we
therefore propose to say that (1-3) defines the “Plateau flow”.

Outline. After a brief discussion of energy estimates in Section 2, in Section 3 we present the analytic
core of the argument for higher regularity in Section 4 and for the blow-up analysis, later presented in
Section 8. These tools are also instrumental in proving uniqueness of partially regular weak solutions in
Section 7. The L?-bounds for higher and higher derivatives which we establish in Section 4, assuming
that energy does not concentrate, may be of particular interest. These bounds either concern estimates
for Va(’;u on B or on d B, and we view the latter bounds as stronger by an order of % These bounds may
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be iterated interlaced, as we later do in Section 6, to prove uniform smooth estimates, locally in time,
for smooth flows with smooth initial data converging in H'/2(N; S!). Since the latter data are dense in
H'Y2(N: SY), we thus not only obtain existence of weak solutions for arbitrary data ug € H 12(N; SH
but also can show their smoothness for positive time and hence are able to derive Theorem 1.2 from
Theorem 1.1. A peculiar feature is that one set of regularity estimates can only be obtained globally,
that is on all of B, whereas the other set of estimates may be localized using cut-off functions. Similar
estimates for a regularized version of (1-3) are employed in Section 5 to prove local existence of smooth
solutions of (1-3) for smooth data (1-4). Finally, in Section 9 the large-time behavior of smooth solutions
to (1-3) is discussed, finishing the proof of Theorem 1.1.

Notation. The letter C is used throughout to denote a generic constant, possibly depending on the
“target” N and the initial energy E (ug).
Moreover, since TN by assumption is parallelizable and compact, there exists p > 0 such that the

representation
m
T:NxB,(0:R")>(p.y) > p+Y_ yvi(p)eN,
i=1
of the tubular neighborhood N, = J peN B,(p) of N is a diffeomorphism, where vy, ..., v, is a suitable
smooth orthonormal frame along N and where we let y = (y!, ..., y") e R". Forg € N,, then T~ (¢) =

(p, h) with p =y (q) defines a (vector-valued) signed distance function & = h(q) = (h'(q), ..., h"™(q))
with A (q) = v;(p) - (¢ — mn(q)) for each 1 < i < m. Fixing a smooth function 7: R — R such that
n(s) =s for |s| < %p, and with n(s) = 0 for |s| > %p, we then let

disty (q) = (disth(q), ..., dist}(q)),
with
disth (q) = n(h'(q)) forq € N,, otherwise disty(q) =0, 1<i<m.

Then for any smooth u € H 1/2(s': N) with harmonic extension u € H'(B; R") we have

m

m
> vi(u)d, disth () =Y v @)vi() -u, =dmy (wu, ondB=S" (1-7)
i=1 i=1
where for each p € N we denote by dnﬁ (p)=1—dnay(p): R" — TPLN the orthogonal projection. In
the sequel, we abbreviate

m

D viCvi(u) -y = v (@)v () - ur = ()8, disty ();
i=1
moreover, we extend the vector fields v; to the whole ambient space by letting vi(g) =V dist’}\, (q) for
geR", 1<i<m.
Finally, we fix a smooth cut-off function ¢ € C2°(B) satisfying 0 < ¢ < 1 with ¢ =1 on By,»(0), and
for any zgp € B and any 0 < R < 1 we scale

©z0.R(2) =90<

(z—z0)

) € C°(Bgr(z0)).
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2. Energy inequality and first consequences

The half-harmonic heat flow may be regarded as the heat flow for the Dirichlet energy in the class
H'2(S': N). Indeed, let u(t) be a smooth solution of (1-3) and (1-4) for 0 < ¢ < Ty. Then we have the
following result.

Lemma 2.1. Forany0 <S8 < T < T,

T
E(u(T>>+// > dé dt < E(u(S)).
S JOB

Proof. Integrating by parts and using (1-3) we compute

L pw) = f VuVu, dz = / uy-updp = — / \dy (W, > dg = — / Ju|* dgp
dt B IB B B
for any 0 < ¢t < Tp. The claim follows by integration. U

Moreover, there holds a localized version of this energy inequality.

Lemma 2.2. There exists a constant C > 0 such that, for any zo € B, any 0 < R < 1, any ¢ > 0, and any
O<to<ti<to+eR < Ty,

n
/|Vu(z1)|2<p§0,,edz+4// |u,|2<pZ20’Rd¢dt§4/ |Vu(to)|*¢2, g dz + CeE (ug).
B to JOB B

Proof. Writing ¢ = ¢,, r for brevity, integrating by parts, and using Young’s inequality, similar to the
proof of Lemma 2.1 for any 0 < ¢t < Ty we have

dt( / |Vu|>p? dz) / up - ur@” dep — / u; div(Vug?) dz
B

__ f \doe (0, 207 d — 2 f U VugVe dz
0B B

5—/ |u,|2¢2d¢+<88R)—1/ |Vu|2<p2dz+88R/ lu*|Vol*dz. (2-1)
0B B B

A= sup (%/ |Vu(t)|2<p2dz),
to<t<t] B

Letting

then upon integration we find

A—i—// |u,|2¢2d¢dt</ |Vu(to)|>¢? dz—l— A—I—CaR // lu;|>dz dt.
to to J Br(z0)NB

But with # = u(¢), then also u; = u,(¢) is harmonic for each ¢. Expanding

ut(rei¢) = Z akrkeik‘/’

k>0
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in a Fourier series, we see that the map

r— f |u,|2ds :2nZ|ak|2r2k+l,
0B, (0) =0

with ds denoting the element of length along 9B, (0), is nondecreasing. Thus, for any zo € B, any
O<R<l,andany tp <t < 11,

/ |u,|* dz < 2R/ lu, > dop, (2-2)
Br(zo)NB 9B

and we may use Lemma 2.1 to conclude. (|

3. A regularity estimate

To illustrate the key ideas that later will allow us to prove higher regularity and analyze blow-up of
solutions of (1-3), we first consider smooth solutions u € H'/?>(S'; N) of the equation

dayw)du+ f=0 ondB=S", (3-1)

where f € L?(S'). We prove the following a-priori estimate, where we use classical estimates similar
to [Wettstein 2022, Lemma 3.4], which in turn is a fractional version of a result by Riviere [1993,
Chapter 4, pp. 96-104]. Note that with the truncated signed distance function disty : R” — R™ we have
the orthogonal decomposition

oru =dmyu)ou+ dﬂI\L,(u)B,u =dayw)ou+ v(u)o,(disty(u)) (3-2)

on dB = S!, where we recall that we use the shorthand notation

m

()3, (disty () = D vi ()3, (distly (1)) = Y vi )i () - dru
i=1

i=1
and extend v;(p) =V dist’}\,(p), p e R
Proposition 3.1. There exist constants C and 8o = §o(N) > O such that, for any smooth solution

u € HY2(S'; N) of (3-1) with E(u) < §? < 82,

| e a0 < CIf s (3-3)
N
Proof. Multiplying (3-2) with d,u, we find the Pythagorean identity

|0pu* = |dmn (w)d,ul” + |doy (w)oul” = |dy ) drul® + 19, (disty (u)[ (3-4)

Note that disty (1) € HO1 (B); moreover, for each 1 <i < m we have V(dist’}v(u)) =v;(u)-Vu, and
there holds the equation

A(dist’}\, (u)) =div(v;(u) - Vu) = Vu -dv;(u)Vu in B. (3-5)
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The divergence theorem now gives
119, (disty (u))”%}(sl) = (V(disty (w)), V(disty (u))r) 2y + (Adisty (), (disty (u))r) 2
< Cl|Vull 25 I V> (disty ) [l 2 < €81V (disty @) 2(5).
where the basic L2-theory for the Laplace equation (3-5) yields the bound
IV2(disty ()l z2(p) < CllAdisty )l 25y < CI VUl 745
With Sobolev’s embedding H'/?(B) — L*(B) we then conclude

” ar (diStN (u)) ”%2(5‘1) S C8 ” VM ”%_11/2(3) .
Thus from (3-4) and (3-1) we have

19,4l 7251y < 1 F 1751y + 18, @isty @D 1y < I 7251y + COIVUl 1. (3-6)

But Fourier expansion of the harmonic function u gives
19407251y = N8rull gz 1) = IVl s, (3-7)
as well as the bound
IVl 325y < ClIVUl 21,
and from (3-6) we obtain
19 ullFo sty < I F U251y + COIVElT 15y < I 172051, + CON0ull7a 1)

which for sufficiently small § > 0 by (3-7) yields the claim. O

In particular, from Proposition 3.1 we obtain a positive energy threshold for nonconstant solutions
of (1-6).

Corollary 3.2. Suppose u € H 172(s% N) smoothly solves (1-6). Then, either u is constant or E(u) > 52,
with §g = 8o(N) > 0 given by Proposition 3.1.

Combining the ideas in the proof of the previous result with ideas from the classical proof of the
Courant-Lebesgue lemma in minimal surface theory, we can obtain the following local version of
Proposition 3.1.

Proposition 3.3. There exists a constant § > 0 with the following property. Given any smooth solution
ue HY2(S: N) of (3-1) with harmonic extension u € HY(B), any zo € 0B, and any 0 < R < % such that

/ |Vu|?>dz < 82, (3-8)
Br(z0)NB
with a constant C = C(R) > 0 there holds

2 2
/B 2(z0)NS! |a¢u| d¢ = C”f”Lz(BR(Zo)ﬂsl) + CE(M)
R
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Proof. Fix any zo€ 0B and 0 < R < % such that (3-8) holds. For suitable p € [R?, R], with s denoting
arc-length along the curve C, = {z0 + pe'’ € B : 6 € R} with end-points z; = z9 + pe'% = ¢'% € 9B,

p/ |Vul>ds <2 inf (p/f
C RZ<p'<R C

P

j=1,2, we have
[Vu |2 d s) .
o
We can bound the latter infimum by the average over p € [R?, R] with respect to the measure with density
p~! to obtain the bound

2 fole \VulPdsdp 2 [ \VuPdz 4
,0/ Vulds < =5 < JplVuldz _ 4E@w) (3-9)
c, Sr2 p~Vdp [log(R)] llog(R)|

Let ®¢: B — B be the conformal map fixing the circular arc C,, and mapping the point z to the point —zo,
obtained as the composition ®g = 7, Yo Wy 0 7y of a conformal diffeomorphism 7p: B — [R{%r mapping
the points zg and —zy to the origin and infinity, respectively, and the reflection Wo: R2 — R2 of the
upper half-plane Ri in the half-circle 7¢(C,). Replacing u by the map u o &g in B\ B,(z9) we obtain
a piecewise smooth map v;: B — R" which is harmonic on B\ C, and continuous on all of B. Let
vo € H'(B) be harmonic with w :=v; — vy € H(} (B). Note that by the variational characterization of
harmonic functions and conformal invariance of the Dirichlet integral we have

Ew<Eens [ VuPd:<s (3-10)
Moreover, for any smooth ¢ € HO1 (B), by (3-9) we can estimate

Br(z0)NB
1/2 1/2
/Vngodz /Vv1V¢dz /[avvl]gods 5(/ |W|2ds) </ |<p|2ds)
B B C, C, Cy

< C(REw) ol g1,

where [0, v1] denotes the difference of the outer and inner normal derivatives of v; along C,. Thus we
have Aw € H~!/2(B), and the basic L>-theory for the Laplace equation gives w € H¥/?N HOI(B) with

il < sup ( / Vdez)sC(R)E(u)l/Z,
@<H} (B) B
ol g1/2p) <1

and then also

18, i g1y < Cllwl 3o ) < C(RVE ). (3-11)
In view of (3-10), for sufficiently small § > 0, from Proposition 3.1 we obtain the estimate
19g 0011751y < Clldmn (v0)d,voll 7 g1, (3-12)

Observe that since vy = v; on B = S' and since we also have v; = u on BN B,(zp) and vi = u o Py on
B\ B, (z0), respectively, we can bound

I (w03, ol 2 51, = ldmn (i), voll 2 g1, < 2lldmn (03,01 221, + 20w l2a g1,
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and
2 2
”an (Ul)arvl ||L2(S1) < C(R) ||d7TN (”)arl’tHLZ(Slme(zO))'

Thus from (3-11) we obtain

7ty (0)dr 0121y < CRINATN )3yt 2515, ) + CIWI 251,

2
S C(R) ” f”Lz(SlﬂBp(Zo)) + C(R)E(u)’
and from (3-12) there results the bound
10pull; = [|19gvoll; < l18gvoll;
L2(S'NB,(20)) YOl L2(51NB, (z0)) = 199 VOl L2(s1)

=< C”an(UO)arUOHiZ(Sl) =< C(R)||f||i2(slmBR(Z0))) + C(R)E(M),
as claimed. O

The local estimate Proposition 3.3 also implies the following global bound.

Proposition 3.4. There exists a constant § > 0 with the following property. Given any smooth solution
ue HY2(S'; N) of 3-1) and any 0 < R < 1 with

sup / |Vul>dz < §2, (3-13)
z0€B J Br(z9)NB
there holds
fl > dgp < C(R) £ 17251, + CCRYE ).
s
Proof. Covering 0 B with balls Bg2(z;), 1 <i <y, from Proposition 3.3 we obtain the claim. (|

Remark 3.5. The proofs of the above propositions only require u € H'(S'; N) with harmonic extension
u € H¥*(B).
4. Higher regularity

Again let u(¢) be a smooth solution of the half-harmonic heat flow (1-3) for 0 < ¢ < Ty with smooth initial
data (1-4). We show that as long as the flow does not concentrate energy in the sense of Theorem 1.1(ii)
the solution remains smooth and can be a-priori bounded in any H*-norm in terms of the data.

H?-bound. In a first step we show an L?-bound in space-time for the second derivatives of our solution
to the flow (1-3). Recall that by harmonicity, writing u = u(t), dpu = ug, and so on, for any 0 < ¢ < Ty

we have (3-7), that is,
[ wotrds = [ i do.
3B 3B

as Fourier expansion shows, with similar identities for partial derivatives of u of higher order. Indeed,
writing

1 1
Au = ;(rur),+r—2u¢¢ “4-1)
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we see that Béu and then also V¥—/ 8;;14 is harmonic for any j <k in N, where Vu = (uy, u,) in Euclidean
coordinates z = x + iy. Thus by induction we obtain

/|Vku|2d¢=2/ |Vk_lu¢|2d¢:--~=2k/ |ul* do (4-2)
B oB 0B

for any k € N. Similarly, for any ‘l‘ < r < 1 with uniform constants C > 0 we have

/ IVFul? dz < Cf IV g dz < - < C/ |0l dz.
3B, (0) 3B, (0) 9B:(0)

Integrating and using the mean value property of harmonic functions together with (4-2) to bound
sup |VFu|? < cf |VAu|? dz < c/ IV, ul dz,
B1/4(0) B\ B1,4(0) B

in particular, for any k£ € N, we have the bound
fleulzdz§C/ Vo~ ul* dz (4-3)
B B

with an absolute constant C > 0.
The following lemma is strongly reminiscent of analogous results for the harmonic map heat flow in
two space dimensions.

Lemma 4.1. With a constant C > 0 depending only on N,

i(/ |u¢|2d¢)+/ |Vu¢|2dz§C/ \Vul?lug | dz.
dt\ Jyp B B

Proof. Writing dry (u) = 1 — dry (u) with

m

dry X =v)v@) - X =Y v@vi@w) X

i=1

for any X € R", we compute

1d
EE(/ |u¢|2d¢):/ u¢,-u¢,,d¢=—/ Upgp - U
0B B B

2/ Upgp - dmyu)u, d¢=—/ (g -ury —ug - dp(v(w)v(u) -u,)) de
B 0B

= ‘%/ 0, (Iug|?) —/ g - dv)ugv() - u, dg,
B B

where we use orthogonality ug - v;(u) =0 on 0B, 1 <i <m, in the last step. But uy is harmonic. So
with A|u¢|2 = 2|Vu¢,|2, from Gauss’ theorem we obtain

1
3] ausPrao = [ (Vusf dz.
aB B
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On the other hand, by Young’s inequality we can estimate
f - vug - dvuug dp = / Vu-Vwuug -dv(u)ug)dz
3B B
< C/ |Vig||Vu| |u¢|dz+C/ \Vulug|* dz
B B

1
<= / |Vuy|>dz + c/ |Vu|*|ug|* dz,
2 /B B
and our claim follows. O
Combining the previous result with a quantitative bound for the concentration of energy, we obtain a

space-time bound for the second derivatives of u. Note that since u is smooth by assumption, for any
8 > 0and any T < Ty, there exists a number R = R(T, u) > 0 such that

sup / IVu(r)|> dz < 8. (4-4)
OZ()EB Bgr(z0)NB
<t<

Proposition 4.2. There exist constants 6 = §(N) > 0 and C > 0 such that, for any T < Ty with R > 0 as
in (4-4),

T
sup/ |u¢(t)|2d¢+//|Vu¢|2dxdt§C/ luo.|* dp + CT R™?E (up). (4-5)
O0<t<T JOB 0JB 0B

Proof. For given T' < Ty and § > 0 to be determined, we fix R > 0 such that (4-4) holds. Let Bg/2(z;),
1 <i < iy, be a cover of B such that any point zo € B belongs to at most L of the balls Bg(z;), where
L e N is independent of R > 0. We then use the decomposition

io io
/ IVu|2|u¢|2dz§Z/ IVM|4dZSZ/ Vug,, r|* dz.
B i=1 BR/Z(Zi) i=1 B

Using the multiplicative inequality (A-2) in the Appendix, for each i we can bound
[ Vupoaitdz=cs [ AP+ VAR dz
B Br(zi)
Summing over 1 < i < ip, we thus obtain the bound
/ \Vu|ug|? dz < CLS/ IV2u|>dz+ CLSR™2E(u) < cw/ |Vug|*dz + CLSRZE (up),
B B B

and for sufficiently small § > 0 we obtain the claim from Lemma 4.1. O

With the help of Proposition 4.2 we can now bound u in H?(B) also uniformly in time. For this, we
first note the following estimate, which also will be useful later for bounding higher-order derivatives.

Lemma 4.3. For any k € N, with a constant C > 0 depending only on k and N, for the solution u = u(t)
to (1-3) and (1-4) for any 0 <t < Ty

d ;.
VI ) + 1050, 1251, <€ D2 IVl sy | [T V7
1<ji<k+1 i
% ji <k+2

L2(B)
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Proof. For any k € N we use harmonicity of ngu to compute

S VBl ) = (<1 [ Vo3, dx
= (=D @5 ur, u) 251y = (=D up. dry Wyur) 25
= —@pur, Bur) (s +Ogtr, iy V@V ()-ur) p2(s1y = ~19gur 251, +1,  (4-6)
where we use the decomposition / = Zk'zo (k) I; with
I; = @8up, 93 0@ @) 1) 251, = (Voki, VO, 0@)v@) - 3 ) 1205
Hence for any 1 < j < k we can bound

o
11 <C Y IVasull g IV, v)dhv)dy  urll 2

0<i<j o . i
+C Y IVl 219 v@)dhv) Vo, | 2cp
O<i<j
<c ¥ ||V8¢u||Lz(B)H1_[VJ' .
1<jl<k+1
i ji=k+2

as claimed. It remains to bound the term Iy = ||8k ur - v(w)? With the signed distance function we

L2(S1)"
can express

v(u) - ugr = () -uy)gp —up -dv(uug = (disty (u)) g, — u, - dv(u)ug,

so that . ) L L
lo = 119gur - v 72051y = Qgur - v(u), 35 (disty (u))r) 251y + 11

= (Vaju, V(v () (disty ),) 2s) + 11,
where all terms in /I can be dealt with as in the case 1 < j < k. Finally, we have
(Vjgu, V(v(u)d (disty (1)),)) 12(5)
< IVaull 20 (1 V0 (disty ()l 12y + | Vv () 3 (disty 1)) | 2())-

But by the chain rule we can bound

199 @)a5 disty (), 2s) < CIVaV*H @isty@)l2g <€ Y |[]V7u

: . L2(B)

1<ji<k+1 i

% ji=k+2
Moreover, by (3-5) and elliptic regularity theory,

IVEF2(disty () 11725y < ClIA(disty ()13,
Jiy
< CIVu-dvi@Vul gy <C Y H]‘[ v,
1<J, <k+1 i
X ji<k+2

which gives the claim. O

For k = 1, from Proposition 4.2 we now easily derive a uniform L?-bound for the second derivatives
of the flow.
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Proposition 4.4. For any smooth ug € H'/>(S'; N) and any T < Ty with R > 0 as in Proposition 4.2
with a constant C1 = C(T, R, ug) > 0 depending on the right-hand side of (4-5),

T
sp [ VupPdz+ [ [ P dgdr <y [ (VunoP dzC.
B 0 JoB B

O<t<T
Proof. For k =1, by Lemma 4.3 we need to bound the term

-2 e

1<ji<2 i
% ji<3

< C|||V?ul||V Vul? Ji,
2 = IV=ul IVul + |Vul” |l 25y + Ji

where J; contains all terms of lower order. By the maximum principle and Sobolev’s embedding
H'(dB) < L°°(3dB) we can estimate

IVl Ggg) < IVul@m < CIVEllF g < Clgr 1725 + C1s
where we have also used (3-7) and Proposition 4.2. Also bounding

IVull3 s g < ||VM||i4(B)||Vu”L°°(B) < CIV?ull 28 I Vull 128y + E @) | Vuull Lo gy

(B)

via (A-2), and again using (3-7) (and with similar, but simpler bounds for J;), we arrive at the estimate
J < ClIV2ulVul + 1Vul’ll 25y + C1 < CUIVull 25y + E @) | Vit o) + Ci

<CU+[Vugllp2gy + Eo)) (lugrll 1258) + C1)-

With Lemma 4.3 and Young’s inequality we then have

d
ST 1Vugl1 T2 ) + ltgr 72051y < CUVitg 2y (Vg | 28y + E o)) (lugr | 2o + C1)
< 3llug 3o p) + CA+1Vugl o) (Vg7 5+ C)- (47

2 2

Absorbing the term %H ugrll into the left-hand side of this inequality and dividing by 14 [|Vug||

L2(3B) L*(B)
we obtain J
T log(1+ IVitg 1725)) = ClIVatg 725 +C1.
and from Proposition 4.2 we obtain the bound
sup Vg ()72, < Cr(1+ Vo pl172p))-
O<t<T
The claim then follows from (4-7). O

H3-bounds. The derivation of a-priori L2-bounds for third derivatives of the solution u to the flow (1-3),
(1-4) requires special care, which is why we highlight this case.

Proposition 4.5. For any smooth ug € H'/>(S'; N) and any T < Ty,

T
sup /IVM¢¢(t)|2dz+// |M¢¢r|2d¢dtSC2/ |Vig gl dz + Ca,
O0<t<T JB 0 JoB B

where we denote by Co = C»(T, R, ug) > 0 a constant bounded by the terms on the right-hand side in the
statements of Propositions 4.2 and 4.4.
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Proof. For k =2, by Lemma 4.3 we need to bound the term

=y “Hvﬁu

1<j;<3 i
Ziji=4

< ClNVul* + [VulP|V?u| + [V2ul* + | Vul [Vulll 25
L%(B)

and corresponding terms involving at most three derivatives in total, which we will omit.
For the first term, by the multiplicative inequality (A-2) and Sobolev’s embedding H 2(B) < L*®(B),
we can estimate

IVl 25 5y < IVulGagp IV T3y < CIVUl 13 IVl L2y [ V1 0 )

< CUIV?uljagpy + E@) VUl iz < Call Vitl| o )

< C(IVull g2y + 1Vl 2 I Vel oo
with a constant C, = Co(T, R, ugp) > 0 as in the statement of the proposition. Similarly,
IV2ullZa ) < CIVZull 1)1 V2ull 2y < IV ull 2y V20l 20y + IV 72 ) < Co(LH 1V ull 25)-
Hence we can also bound

IVulPIV2ulll 2y < IVullgs g + 1Vl e gy < Co(l+ 1V3ull 205 (1+ 1 Vatl| oo ().
Finally, we estimate
IVl IV2ulll 2y < IV ull 2ep I Vel e sy

to obtain

J <O+ IVull 28 (1 + [ Vil o (p)).-
But with the inequality

1f 1 2
1 f sy < ClLF e sy (1 +10g1/2(1 + W ey
(RAIF?a:)

for fe H 2(B) due to Brezis and Gallouet [1980] (see also [Brézis and Wainger 1980] for a more general
version), we have

IVull g2y

IVUull? o py < ClIVull? (1+10g(1+
L HAE) IVl 1)

)) < C(1 +log(1 + ||V3u||L2(B))),
and Lemma 4.3 yields the differential inequality
L V021 ) + e By < Coll V02Ul gy (1 + 930l 125y (1 + log(1 + [ V3ull 2)))
dt EN:) ¢orlip2@p) = “211V OgtliL2(B) L2(B) g L2(8)))-
Simplifying, and recalling that || V3u]|?, B = ClIVogul;, () bY (4-3), we then find
d
L+ 1V85ull ) < Co(1+ VAUl 2()) (1 +log(L+ [ VAGull 2()):

that is, we have
d
S (U log(1+ [V 35ull2(5))) = Co(1 +log(1+ [ VaZull 2(5))-

Arguing as in the proof of Proposition 4.4 we then obtain the claim. O
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H™-bounds, m > 4. In view of Proposition 4.5 we can now use induction to prove the following result.

Proposition 4.6. For any k > 3, any smooth uy € H'/>(S'; N), and any T < T,

T
sup /|va§(z)|2dz+ff |agur|2d¢drgck/ \Vajuol* dz + Cy.
0<t<T JB 0 JoB B

where we denote by Cy, = Ci(T, R, ug) > 0 a constant bounded by the terms on the right-hand side in the

statement of the proposition for k — 1.

Proof. By Proposition 4.5 the claimed result holds true for kK = 2. Suppose the claim holds true for some
ko > 2 and let k = ko + 1. Note that by Sobolev’s embedding H*(B) — W'*N C%(B) and (4-3) for
0 <t < T we then have the uniform bounds

IV 2 gy + IVl + D IV ulliegy < Choll VO gl ) + Ch < Ck <00 (4-8)
1<j<ko—1

with a constant of the type Cy, as defined above.
By Lemma 4.3 again we only need to bound the term

=y “ijiu‘

1<ji<k+1 i
E,’j,‘fk-ﬁ-Z

L2(B)

Clearly we have
T < IVl 2y IVl o sy 4+ 1V¥ull 23y IV | T 5y + VUV 12
+ IV UV ull 2y + IV UV ul 2 [ Vull L) + Cr
< GV ull 2y + IV uVPul 2 gy + IV u VP 2y + Ci.
We now distinguish the following cases: If k — 1 = ko > 3, by (4-8) we can bound

IV uV2ull 2 gy < IV¥ull 2y IV ull 1(8) < Cio IV |75 5 + Ciy < Ci
as well as

IV VP ull 2 gy < IVl o) I V20l ) < Coo IV ull 34 5, + Ciy < Ci
to obtain the estimate

J < ClIVF |l 25y + Cr.
If, on the other hand, ko = k — 1 = 2, by our induction hypothesis (4-8) we have
IV a2 ull gy = IV UV ull o ) < IV 0l Loy I V200 L)

< CellV¥ull gy + Cr < Cell V¥ ull 125y + Ci,
and we find
J < CellV¥ull 205y + Ci

as before.
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In any case, inequality (4-3) and Lemma 4.3 now may be invoked to obtain

L (1985ull 2) = ChIVAull 203 + Ci

and our claim follows. 0
Local H*-bounds. The bounds established so far all require the initial data to be sufficiently smooth for
the estimate at hand and do not yet allow to show smoothing of the flow. For the latter purpose we next
prove a second set of “intermediate” estimates that in combination with the first set of estimates later
will allow boot-strapping. Moreover, in contrast to the estimates in Lemma 4.3, the following estimates
may be localized. This will be important for showing regularity of the flow at blow-up times away from
concentration points of the energy on 9 5.

For the localized estimates, fix a point zg € dB and some radius 0 < Ry < Al, and for k € N set
Ry =27¥Ry and Ok = @z, R, Set g = 1 for each k € N for the analogous global bounds.

We first establish the following localized version of Lemma 4.1.

Lemma 4.7. With a constant C > 0 depending only on N,

d -
E( / |u¢|2¢%d¢>>+ / Vugl*pidz < C / |Vul?lug i dz+ C Ry > E (uo).
0B B B

Proof. Similar to the proof of Lemma 4.1, we compute

1d
§E</ |M¢|2(P12d¢> :/ u¢.u¢’,(p12d¢:_/ 3¢(u¢<p12)-utd¢
B aB aB

= fa Op (uppy) - dry (w)u, dp = — /a (g -ty — gy - 9 (W (w)v () - ) @i dop
B 0B

1
:—5/ 8,(|u¢|2)(pfd¢—/ u¢-dv(u)u¢,v(u)-ur<p%d¢.
3B 3B

With Alug|? = 2|Vuy|* we obtain

1
5/ ar<|u¢|2)<o%d¢=/ |Vu¢|2<p%dz+/ Viugl*p1Ver dz,
0B B B

where

1
[ welorverdz < g [ Vueletazc [ ol 1venPz
B B B

by Young’s inequality. Finally, we can bound
/ (W) - dv(u)use dp :/ Vu-V(ouuy-dvu)ugpl) dz
B B
sC/(|Vu¢||Vu||u¢|+|W|2|u¢|2)so%dz+C/ IVul |V |lug|*¢r dz
B B

<1 [ Wulatdzc [ 1vuPluoletaz e [ 1vupivedz,
B B B

and our claim follows. O
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We need a substitute for the global bound (4-3). For this, we note that (4-1) also implies the pointwise
bound
2lugyl | 2url®,

’

2
lurr|” <

4 r2
hence we have

|V2ul* < C(IVugl|* +|Vul?) in Bg,(z0)

with an absolute constant C > 0, uniformly in zg € 9B and 0 < Ry < }‘. By induction then, similarly, we
have

k
IV ul> < C(VFdgul® + | VFu®) < € Y IV ul®  in Bgy(z0) 4-9)
j=0

with an absolute constant C = C(k) > 0, uniformly in z9o € 0B and 0 < Ry < th for any k € N.

Likewise, as a substitute for the global nonconcentration condition (4-4) we now suppose that zg € 9B
is not a concentration point in the sense that for suitably chosen § > 0 to be determined in the sequel and
some 0 < Ry < % as above,

sup [ IVu)|>dz < 8. (4-10)
Br,(z0)NB

0<t<Tpy

We then obtain the following localized version of Proposition 4.2.

Proposition 4.8. There exist constants § > 0 and C > 0 independent of R > 0 such that whenever (4-10)
holds then for any T < Ty we have

T
sup f luy (1) >0} dop +/ f |Vuy|*pf dzdt < 2/ luo,¢1*¢F dp + CT Ry *E (u).
0<t<T JOB 0JB JB
Proof. With the help of inequality (A-1) in the Appendix we can bound
/ |Vul|*e?dz < ca/ |V2ul?p7 dz + C8R02/ |Vul? dz.
B Br(zi) Br(zi)

Thus, for sufficiently small § > 0 our claim follows from Lemma 4.7. O

The next lemma again prepares for a proposition that later will allow us to obtain higher-derivative
bounds by induction. Note the differences to Lemma 4.3.

Lemma 4.9. For any k > 2, with a constant C > 0 depending only on k and N, for the solution u = u(t)

to (1-3) and (1-4) for any 0 <t < Ty,

d
S UGl T2 5) + IV Buel 72

=¢ ¥ vl ve X |ITvevha

1<ji<k i 1<jo.ji<k >0
% i <2k+2 ¥i>0Ji <k+1

2 2k
+ CR;¥E ().
L2(B)
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Proof. Fix k > 2. With A[aju|* =2|Vagu|* we compute

5 dl<||a¢u<pk||mm>—< 1* / . 0 (Dpugp) -u; dp = (1)< /3 ; 35 O5ugp) - (uy —v()v(u) -uy) dep

__%/a o, (10 |>¢kd¢+/ Pu B0V g

—— [ wauP etz [ vaaguPnvgcdz+1
where the term f B V(laéjul )or Vor dz can be bounded as claimed. We use the decomposition
k
I= f 0ku - 0k () - u,)gf dp = Z(k.)lj
oB =
with

= (0ku - 9] v (W)pF. 8y ur) 129m) = (V@51 - 8]0 @) () @), VI 1) 125y, 0= j <k

For 1 < j <k we bound

1= C Y IVSugill 2 18] v v ) VI, el 12,

O<i<j
+C Y 0ku- V@) v @)dh vl -V ull ).
O<i<j
By the chain rule then for 1 < j < k we have
Lisc Y ||va¢u<pk||Lz<B)\|]_[Vf' TA.
1<ji<k
i ji=k+1
Ji Ji
+C Z H8¢u HV uQP; “LI(B) Ha(bu HV u(kagokH .
1<]t<k 17.11
1]1 =k+2 l],—k+l

By Cauchy—Schwarz and Young’s inequalities then we can bound

> 11 = Vet +C Y |[TV e

- L2(B)
1<j<k 1<J,<k i
%, ji=k+1
Ji
v 3 |TTviud],,, +Clauvedisg,
l<},<k i
3 ji=2k+2

< HIVofugila +C > ()1‘[ Vi

1<j, <k
% ji=2k+2

g FCI5UV 2 )

as claimed. Finally, with
v(u) - ugr = (disty (u))gr — ur - dv(u)ug

as in the proof of Lemma 4.3, for j =0 we can write

v(u) - Qpur = 3y~ () - uge) + I = I (disty (), + 111,
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where the terms in I/ and III involve products of at least two derivatives of orders between 1 and & of u.
Thus we have

Io = fu - v)pp, vw) - Qgur) r255) = (Opu - v()gy, 3 (disty ())r) 1258y + o
with a term Il that can be dealt with in the same way as the terms /;, 1 < j <k.

Using the divergence theorem and integrating by parts we can write the leading term as
Iy := (u - v}, 38 (disty (u))r) 1208
= (V(Oyu - v(u)g), VI (disty (u))) 125 + Ogu - v gy, Adj(disty (1)) 2(p)
= (V@u - v)gp), VIl (disty (u))) 25y — (O (Dgu - v(w)pp), Ay~ (disty ())) 12

to see that this term may be bounded:
\Iol < CIl(IVakul + 108 uVuDer + 105V ol 20 I VE (disty () @rll 125
But by elliptic regularity we again have

IV (disty ) el 2y < IV (disty @) 25y +C D IV (disty ) VY e 2
1<j<k+1

< CllAdisty )il g1y +C Y IV (disty (0)) VY il 123y,
1<j<k+1
where from (3-5) we can bound the first term on the right:

|Aisty )l sy = Y IV (Vurdv@Vugol e =€ Y |[]Viavie,
0<j<k 0< jo<k i
1<ji<k
Zi>0ji <k+1

L2(B)

Moreover, using that disty (1) = 0 on d B, with the help of Poincaré’s inequality we find the bound

Il disty () V< i1 75 ) < CRCV (disty )17 CRy* Ew).

(B) (Bry (20)) =

The remaining terms for 1 < j < k can be estimated as

IV Wisty @) Vprlle <€ Y. [V v

L%(B)
1<ji<k i
Xiji=k+1—j
via the chain rule. Thus, finally, we obtain the bound
2 3
IV st )il o <€ Y0 [TV Ve, | +CR Ewo).
lfjo,jifk i>0
Yiz0Ji<k+1
By Cauchy—Schwarz and Young’s inequalities thus we can bound
~ I I 2 —_—
ol = §IV0fugl s )+ ClojuVugil sy + € 32 |[Vavor , | +CR™ E@o).

1<jo,ji<k i>0
Yix0ji<k+1

and together with our above estimate for the terms /;, j > 1, our claim follows. O



1418 MICHAEL STRUWE

Proposition 4.10. There exists a constant § > 0 independent of Ry > 0 such that whenever (4-10) holds
then for any T < Ty with a constant C; = C(T, R, ug) > 0 bounded by the terms on the right-hand side
in the statement of Proposition 4.8 there holds the estimate

T
Sup/ |u¢¢(t)|2<p§d¢+f/|Vu¢¢|2¢§dzdt5c2/ |uo.gp|203 dep + C5.
0 0JB B

0<t<T JOB

Proof. For k =2, with the help of Young’s inequality we can bound

> [Tviuet],,, = CIOVUP + IVuPIVul + 1Vul Vut* + 19ul + De3 11 )
1<ji<k i
% i =2k+2 23 6 2
< CIAV2ul +1Vul®+ D3l 1)
and
> TVt , = ClOVUR+19a + DITeaP + (9 + DIVl 5
1<jo,ji<k i>0
El>0.]l<k+1

Observing that ¢; = 1 on the support of ¢, by (A-2) for the first term in J; we have
IV2ul @311 sy < IV2u@all7e 5y | Vi1l 205y < CIVZu2ll 1) I V22l 25y V201 | 25
< CUIVugallr2ep) + 1 Vugi | 2 | Vg2l 20p) | Vg || 125y

Moreover, arguing as in (A-1) for the function |Vu|6<p§ in place of [v|*¢?, we can bound

2
/ |W|6<p§dzsC<f(|v2u||w|2<oz+|Vu|3|wz|)dz)
B B

2/3 2
§C</ IVZulPe dz) (/ IR l/zdz) +C(/ |V |V(p2|dz>,
B

where by Holder’s inequality we have

1/4 3/4
f|W|3 1/Zalzs(f |W|6so§dz> (f |W|2so%dz> ,
B B

so that with Young’s inequality we obtain

2/3 1/3 2
/|Vu|6¢§dz§ca<f |v2u|3<p§dz) (/ |Vu|6<p§dz) +C(/ |Vu|3|V<p2|dz>
B B B B
1 2
<5 [ watacrc [ urgiaz o [ 1vurivea:).
B B B

With Young’s inequality for suitable ¢ > 0, and using (4-9), we then can bound
Ji < CIAV2uP + D@3l sy + ClIVuPVerll7 )
< el V2u@2l?a 5+ CA+1V2u@2]l 22 g ) IV Ui 1725 + CHVulPIVor|I71 )
< 3IVGu@2)72 ) + CA+ IV Bsuall72 5 ) IV suei 175 5+ C,
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where we also have estimated

3
IVl IVall71 ) < ClIVu@il a5 IVu@1 1,

< CUIV?u@ill3s 5, + E@)IIVugill}s ) < CIV3suei 755 +C.
Similarly, with (A-2) we have
I < ClIV?u@i|75 5 +C.
Thus, from Lemma 4.9 we obtain
L (102l o p) + HIVO2UG 2 ) < CCL+ V0510 1205 IVt 2y + €. (4-11)
dt L2(dB) 2 ¢ L=(B) L%(B) L%(B)

Denote by C; = Ci(T, R, up) > 0 a constant bounded by the terms on the right-hand side in the
statement of Proposition 4.8. By elliptic regularity, using that |A(u¢;)| < 2|VuVe,| + C we can bound

IV2uall7a ) < N4l ) + CIVuV @I 5 +C
< Cllug2llp 5 + 1A @D 755y + ClIIVuNV @217 5 +C
< Clldgueall3s 55, + CE@) + Ci.

From (4-11) we then obtain the differential inequality

d
L+ 1105ug2 1172 5) < CL0+ 195421725 5) IV Dgtt01 72, + C
that is,
4 (log(1 + [192ua]?2,, 1)) < C1IVopugr |2, +C
dt g pUP2 L2(3B)’’ = *1 pUP1 L2(B) 1,
and the right-hand side is integrable in time by Proposition 4.8. The claim follows. O
We continue by induction.

Proposition 4.11. There exists a constant § > O independent of Ry > 0 with the following property.
Whenever (4-10) holds, then, for any k > 3, any smooth ugy € H'2(S': N), and any T < Ty,

T
sup/ |aj,§u(t)|2<p,§d¢+//|vaj,§u|2<p,3dzdt5ck/ |0suol* o d¢p + Cr.,
0<t<T JOB 0JB 0B

where we denote by Cy, = C(T, R, ug) > 0 a constant bounded by the terms on the right-hand side in the
statement of the proposition for k — 1.

Proof. By Proposition 4.10 the claimed result holds true for k£ = 2. Suppose the claim holds true for some
ko > 2 and let k = ko+1. Note that by elliptic regularity, as in the proof of Proposition 4.10, we can bound

IV Ui 1725y < Nkl e gy +C DIV uV T i3
j<k
< Cllugilli o3+ CHA@PD a5y +C D IV uV I il
j<k

< ClIkugk 2205 +C S IVIUVA I i1 22 ) + Ci
j<k
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By the induction hypothesis and Sobolev’s embedding H?(B) < W'*NC%B) for 0 <t < T, we then

have the uniform bounds
ko—2

ki 2 ko—1 2 j 2
VR 172 + IV iy 170y + D IV iy 1) < Cies
j=1
and it follows that

IV @l 72 gy + VU@ 4 5y + IV e T 3y < CIOGUENIZ 5 5, + i

Again let

J1 = Z “1_[ Vjiugo,%)

lfjifk 1
i ji=2k+2

IAVEuP(IV2ul + Vul®) + VR VU | V2] + -+ Va2 202 )

Jr= Z Hl_[ Vj"uVjOgok‘

lfjo,jifk i>0
Yiz0Ji<k+1

L(B)

IA

and set

2
L2(B)

Suppose kg = 2. Recalling that ¢ = @r¢x,, we can bound the terms
V3ulP(V2ul + 1Vul) @3l iy < IV ugslfagp (IV2ugall208) + IVu@all o )
< C3IIVu@sll 2 IV ugsll 28y + C3lI V- ugal 72 5 + Cs
< C31IVo3u@sll 25 (193uesll 2oy + 1) + C3IVO5u@a |2 5 + C3
< el Vo usllzs 5 + C3l85usll7 5y + C3lIVOGu@2I 75 5, + C3

and
VUl @3l sy < IVu@sll7 o) | V2!l 5, < C3llgu@sl7a g + C3

from the estimate of J;. Here we also have used (A-1) and (A-2) to bound
IVu@allyo gy < IVAVuPOD N 15y < CIAVZulg2 + | Vul Vo2 ) Vul* @3 [ 15,
< CUV?ugall 25y + I VuV@rll 2 ) IV |74 )
< C(IV?u@2ll 128y + I VuVall25)° Vgl 125y < Cs.
Similarly, we can bound the remaining terms and the terms in J> to obtain
d
S U03ues N T2 5) + 31V Ous N T2 5y < C3(1H1105u031725)) (1 + IV O5u272 ) + C
from Lemma 4.9 and then
d
27 0og(L+ 13u@all72,5)) < C3(1+ IVOgu 72 ).

where the right-hand side is integrable in time by Proposition 4.10. The claim for £k = 3 thus follows.
For k > 4 the analysis is similar (but simpler) and may be left to the reader. O
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5. Local existence
In order to show local existence we approximate the flow equation (1-3) by the equation
u; =—(e+dnyu))u, onaB, (5-1)

where ¢ > 0 and where we smoothly extend the nearest-neighbor projection my, originally defined only
in the p-neighborhood N, of N, to the whole ambient R". Our aim then is to show that for given smooth
initial data u( the evolution problem (5-1), (1-4) admits a smooth solution u, which remains uniformly
smoothly bounded on a uniform time interval as ¢ | 0. Fixing some 0 < ¢ < % we show existence for the
problem (5-1) with data (1-4) by means of a fixed-point argument.

To set up the argument, fix smooth initial data ug: S I > N with harmonic extension ug € C*(B; R™)

and some k > 2. For suitable T > 0 to be determined let

X =L>®(0,T]; H*'(B; R")NH'(S' x [0, T]; R")
and set
V:{veX:v(O):uo, Av(t)=0in Bfor0<tr<T,
T
lll% = sup @170 5 +f / o> dop di < 4R§},
0<t<T 0 JS!

where Ry = |luo|| gr+1(py. We endow the space V with the metric derived from the seminorm

T
o= sup IV + [ [ P doar.
0JS

0<t<T
Note that this metric is positive definite on V in view of the initial condition that we impose.
Lemma 5.1. V is a complete metric space.

Proof. Let (Vy)men C V with |v; — vy|x — 0 (I, m — 00). By the theorem of Banach—Alaoglu a
subsequence v,, — v weakly-* in L*°([0, T']; H*1(B)) with U, — U; weakly in L*([0, T] x S, and
by weak lower semicontinuity of the norm

2 . 2 2
||v||x < limsup ||vm||x =< 4R0-
m—00

Moreover, we have Av(r) =0 for all 0 < ¢ < T and v(0) = uy by compactness of the trace operator
H'(S' %[0, T]) 3 ur> u(0) € L>(S"). Hence v € V.
Moreover, we have

vy —v|x <limsup |y, —v,|x >0 asl— oo. Il
m—0o0

Lemma 5.2. There is T; > 0 such that for any T < T, and any v € V there is a solutionu = ®(v) € V of
the equation

u,=—(E+dny)u, ondB x|[0, T[] (5-2)
satisfying (1-4).
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Proof. For v € V we construct a solution u = ®(v) € X of (5-2) via Galerkin approximation. For this let
(¢1)1en, be Steklov eigenfunctions of the Laplacian, satisfying

Agol =0 inB
with boundary condition
or; = Ajg; on 0B, [ € Np.
Note that the Steklov eigenvalues are given by Ao = 0 and Ay = Ay =1, [ € N. In fact, we may choose
@o = 1/+/27 and
i0 L. i0 [
@—1(re'”) = ﬁr sin(l0), @yre'”) = ﬁr cos(l6), leN (5-3)

to obtain an orthonormal basis for L2(S') consisting of these functions. Given m € N then let

m
u™t,2) =Y o™ (Oei(2)
1=0
solve the system of equations

8ta](m) = (¢1, Mz(m))LZ(sl) = — (g1, (e +dmy )u™) 251
m
=-> a" @ e +day@)e) sy, 0<I<m.  (54)
Jj=0
Since for any m € N the coefficients A (g1, (¢ +dmy(v))@;)2(s1) of this system are uniformly bounded
for any v € V, for any m € N there exists a unique solution ¢ = (al(m))ogfm of (5-4) on [0, T'] with
initial data a,™ (0) = ao = (uo, @1)12(s1)» 0 <1 <m.
Note that for any m € N and any j € Ny we have

8, (ru™) € span{g; : 0 <1 < m},

and the function aj/' u™ is harmonic. In particular, for j = 0 we obtain

1d
5 IV 172 ) = / Vi Vu™ dz = @™, ui™) 2sn = =@, (6 +day )u") 21
B
= —elluf 7251, = ldmn @ul™ 72091, < =31 172051, <0, (5-5)
and we find the uniform H'-bound
sup (V1™ (1)) + Nty Nz g, ot s, + ™ 12 210,051y < 2IVE™ O 122 )
<2/ Vuolljo iy <285 (5-6)

Moreover, for j =k € N as in the definition of X, upon integrating by parts we find
1d '
5 IV IZ: ) = (=1 fB VoFu™vu™ dz = (—1)* @2 ul™, u{™) 121,

= (=D @5 u™, (e +day )u™) 2 s1)
= —el| oy 17251, — ldmn ) u™ 172 1) + 1, (5-7)
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where I = Z’J‘.Zl (';)Ij with

I; = —@ku™ ., 8J (dmy )y ul™) 1251,

similar to the proof of Lemma 4.3. However, now we simply bound

.
Li<sc Y ||a{;u§’")||Lz(S1)H]_[a; vk~ U™
i ji=]j i

1<j<k.

LZ(SI)’

Note that by compactness of Sobolev’s embedding H'!(S') < L*>°(S') and Ehrlich’s lemma for any
number 1 < j <k, any § > 0 we can bound

k—j k—j+1 k—j
19 ™ Nl oo sty < 81185~ u™ N 2gsy + C @y ™ Nl 2st)
k
< 281105u™ | 2¢s1y + CO ™ [l 25,

On the other hand, for any v € V by the trace theorem we have
1950l z2¢s1y < ClOgvll sy < Cllvllges sy < CRo,
and we therefore also can bound
. . .
||3¢J,U||L<><>(sl) = Cllogvllzzes + ”8¢J,U“L2(S1) < Clvllg++1 sy < CRo

forany 1 < j <«k.
Thus, for sufficiently small § > 0 with a constant C > 0 depending on ¢ > 0 and Ry,

111 < 5el05ul™ 17251y + Cllul™ 172511,
and from (5-7) with the help of (3-7) we obtain the inequality

d k
UV 7)) < Cluf™ a1y = Cllug” 172051, < Cllueg” 315,

< CIVogu"™ I35 5 + ClIVU ™75 5 < CA+ V™ |17,

(B) (B))’

where we recall (5-6) for the last conclusion.

It follows that for suitably small 7 > 0 there holds [[u™]|% < 4R3 for all m € N. Thus, there is
a sequence m — oo such that u™m — oy weakly-* in L>([0, T]; H*1(B)) with uﬁm) — u; weakly in
L?([0, T] x S"), where u =: ®(v) € V solves (5-2). U

Lemma 5.3. There is T > 0 such that, for vi, v, € V,
| (1) — P(w)|x < 5lv1 —valx.

Proof. Let T, > 0 be as determined in Lemma 5.2 and fix some 0 < T < T3. For vy, v, € V then we have
u=:dW;))eV,i=1,2. Setw=u; —up and v = v; — v, and compute

wy = —(e +dmy (v)w, — (dry (v1) —dmy (v2))uz, ondB=S". (5-8)
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Multiplying with w, and integrating we obtain

41?2 )_/ VwVw, dx = (wy, W) 21
Zdt LZ(B) B t r t $ShH

= —¢ellw 17251, = ldan @D W17 1) = (Wr, (d7n (V1) = dry (2)uz,) s,

where with |[uz || Lo (s1y < Clluz |l g3y < CRo we can bound
[(wy, (dry (V1) —dayW2)uz,r)p2syl < Cllwellzesy vl luzrll Lo sty
< Cllw,ll2snllvlizasy < sellwe 7z, +C@IVIT -
Thus, with a constant C = C(g) > 0 we find
d 2 2
E”vw”U(B)+8”w’”L2(sl C”v”LZ(SI (5'9)
Similarly, from (5-8) we can bound
lwellZas1y < ClwellZa gy + ClIvIT g1, (5-10)
Integrating over 0 <t < T and observing that we have
T 2 T )
sup ”U(t)”LZ(Sl) = </ ”Ut(t)”LZ(S]) dt) =< Tf ”Ut(t)”LZ(Sl) dr,
0<t<T 0 0

from (5-9) we first obtain

20,12
sup ”vw(t)”LZ(B) +8||U)r”L2 [0, zjsl) = cT sup ”v(t)”LZ(Sl) = cT |U|X’
0<t<T 0<t<T

which we may use together with (5-10) to bound

|w|X - Sup ||VU)(t)||L2(B)+ “wt”LZ([O T]XSI) = CT |U|X
0<t<T

For sufficiently small 7 > 0 then our claim follows. |

Thus, by Banach’s fixed-point theorem, for any ¢ > 0 and any smooth ug € H 172(81: N), there
exists 7 > 0 and a solution u = u(¢) € V of the initial value problem (5-1), (1-4). We now show that the
number 7 > 0 may be chosen uniformly as ¢ | 0. Indeed, we have the following result.

Lemma 5.4. There exists a constant C > 0 such that, for any k > 2, any smooth ug € H 12(81: N), and
any ) < e < % for the solution u to (5-1) with u(0) = uy,

d
S UVOGulIT2 ) = CA+ [ Vullza g + 1V 85ull 2s) .
Proof Similar to the proof of Lemma 5.2, for given 2 < k € N we compute
5 dt<||va¢u||Lz(B)> = (D" /B Vo3 uVuy dx = (=D (05 ur. ur) 2(s1)

= (=@ uy, (e +dmy W)ur) 251
< —lldrn W)dgu, N7, =1, (5-11)
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2

k
where we now drop the term 8||8¢ur ||L2(s1

with

, from (5-7). Again we use the decomposition / = ZI;: | (';) I

I; = @ur, 9 (dry @)y u) 251y = (VOSu, V(@) (dry @)y ) 12p)-
but now we bound these terms as in the proof of Lemma 4.3 via
, i , i
1] < CIIVogull 25 IV 0, (drn )8, urll 2y + 19, (dn @)V, urll125))

<C Z ||V3£M||L2(B)H1_[ij

1<ji<k+1 i
Y ji=k+2

L2(B)
Using that for any k > 2 by Sobolev’s embedding H*(B) — W'*N C%(B) we can bound

and also using (4-3), we obtain the claim. O
We now are able to conclude.

Proposition 5.5. For any k > 2 and any smooth ug € H'/*(S'; N) there exist T > 0 and a solution u € V
to (1-3) on [0, T'] with initial data u(0) = uy.

Proof. In view of Lemma 5.4, there exists a uniform number 7" > 0 such that, with V as defined above,
forany 0 < ¢ < % there exists a solution u, € V to (5-1) on [0, T']. By definition of V, as ¢ | O suitably,
we have u, — u weakly-*x in L>°([0, T]; H*Y(B) N H'(S' x [0, T]). But this suffices to pass to the
limit ¢ | 0 in (5-1), and u € V solves (1-3) with u(0) = uy. Il

Proof of Theorem 1.1(i). By Proposition 5.5 for any smooth ug € H'/?(S'; N) and any k > 2 there exists
T > 0 and a solution # € V of (1-3), (1-4) for 0 <t < T. Alternatingly employing Propositions 4.11
and 4.6, we then obtain smoothness of u for 0 < ¢ < T, including the final time 7. (This argument later
appears in more detail in Section 6 after Lemma 6.2.) Iterating, the solution # may be extended smoothly
until some maximal time Ty where condition (4-4) ceases to hold. Uniqueness (even within a much larger
class of competing functions) is established in Section 7. U

6. Weak solutions

Given ug € H'/?(S'; N), there are smooth functions ugr € H'/2(S'; N) with uox — ug in H'(B) as
k — oo. Indeed, similar to an argument of Schoen and Uhlenbeck [1982, Theorem 3.1], with a standard
mollifying sequence (pox)ren for the mollified functions vy := ug * pr we have disty (vor) — 0 uniformly,
and ugy := 7y (vor) = up € HV2(S'; N) as k — oo.

Let u; be the corresponding solutions of (1-4) with initial data u;(0) = uq, defined on a maximal
time interval [0, T[, k € N. We claim that each function u; can be smoothly extended to a uniform time
interval [0, T'[ for some T > 0. To see this, we first establish the following nonconcentration result.
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Lemma 6.1. For any § > 0 there exists a number R > 0 and a time Ty > 0 such that

sup / |Vur(t)|>dz <8 forall k € N.
Br(z0)NB

20€B
0<t<Ty

Proof. Given § > 0, by absolute continuity of the Lebesgue integral and H'-convergence ug, — i
(k — o0) we can find R > 0 such that

sup / |Vuok|>dz <8 forall k e N.
Bir(z0)NB

z0€B

Choosing Ty = § R, by Lemma 2.2 then we have

sup / IVur(0)|*> dz < 48 + CSE (urg) < LS
Br(z0)NB

z0€B
0<t<Ty

with a uniform constant L > O for all £ € N. The claim follows if we replace § with §/L. 0
In view of Proposition 3.4, from Lemmas 6.1 and 2.1 we obtain the following bound for u; in H'(S).

Lemma 6.2. There exist a time Ty > 0 and constants C > 0, Cy = Co(E (ug)) > 0 such that

To
f / |8¢uk(t)|2d¢dt <CE(ux) <Co forallk e N.
0 JS!

From Lemma 6.2 we obtain locally in time uniform smooth bounds for (u;) for r > 0 by iteratively
applying our previous regularity results. More precisely, Fatou’s lemma and Lemma 6.2 first yield the

bound ;
0
/ hrnlnf(/ [0gpui (2)] d(f))dt < Cy.
0

Thus, for almost every 0 < fy < Ty,
liminf/ |8gux (10)|* dp < 0.
k—o0 Jgl

For any such 0 <ty < Ty, if § > O is sufficiently small, from Proposition 4.2 with another appeal to
Fatou’s lemma we may conclude

Ty To
/ lim 1nf/ |Vdpui|* dz dt < lim mf/ \Vagur|* dzdt < C,
1) fo /B
for some C; > 0, so that now we even have
hmmf/ |V8¢uk(t1)| dz <o

for almost every #yp < t; < Typ. Hence we may next invoke Proposition 4.4 and (4-2) to obtain the bound

k—o00

To
liminff/ \Vdyui|* dzdt < 0o
1 B
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for any such 7y < t; < Tp, and Fatou’s lemma gives

liminf/ |Vdpur(t2)|* dp < oo
oB

k—o00

for almost every t; < tp < Tp. Now Proposition 4.10 may be applied with ¢y = 1, and we obtain

k—00

To
liminf/ / IVaguil* dzdt < oo
tn JB

for any such #; < #; < Ty. Another application of Fatou’s lemma gives

liminf/ |Vagur(t3)]* dz < oo
B

k— o0

for almost every #, < t3 < Ty, and Proposition 4.5 yields

k—o00

To
liminf// \Vogu|* dep dt < oo
t3 JOB

for any such t, < 13 < Ty. We may then iterate, using (3-7) and alternatingly employing Propositions 4.11
and 4.6 for 3 <k € N, to find a subsequence (uy) satisfying uniform smooth bounds on ]ty, Tp] for any
top > 0. Passing to the limit as k — oo for this subsequence we obtain a weak solution to (1-3), (1-4) of
energy-class in the following sense.

Definition 6.3. A function u € H' ([0, Ty] x S'; N)NL>®([0, Tyl; H'/>(S'; N)) with harmonic extension
u =u(t) for each ¢ is a weak solution of (1-3), (1-4) of energy-class, if (1-3) is satisfied in the weak sense,
that is, if

To Ty Ty
/ / (ut+an(u)ur)-<pd¢dt:/ / u,-<pd¢dl+[ / Vu -V(dryu)e)dzdt =0 (6-1)
0 JaB 0 JoB 0 JB

forall p € C COO(E x 10, Tp[), and if there holds the energy inequality

T
E(u(T))+// lus)> dp dt < E(u(S)) (6-2)
s JoB

for any 0 < § < T < Tp, with the initial data ug € H 12(S%; N) being attained in the sense of traces.
We then may summarize our results as follows.

Proposition 6.4. For any ug € H'/?(S'; N) there exists Ty > 0 and a weak solution u to (1-3), (1-4) on
[0, To] of energy-class, which is smooth for t > 0.

Proof. For any open U C ]0, Typ[ we have uniform smooth bounds for u; on U; thus a suitable subsequence
uy approaches u smoothly locally as k — oco. Equation (6-1) follows from the corresponding identities
for uy.

Moreover, (6-2) follows from the energy identity, Lemma 2.1, for u;, where we also use H'-convergence
uor — uo as well as weak lower semicontinuity of the energy and of the L2-norm.
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Finally, with error o(1) — 0 as k — oo for 0 < t < Ty we can estimate
t 2
() = woll 35 5y < Nuta(®) = tokl| 7y 5 + (1) < ( fo 1914k (¢') | L2 ) dt’) +o(1)

t
<t /O s (1) 1122 5 5, '+ 0(1) < 1E(ug) +0(1),

and u(t) — ug weakly in H'2(SY; Ny N H'(B; R") as ¢ | 0. In fact, by (6-2) we then even have strong
convergence. O

7. Uniqueness

With the help of the tools developed in Section 3 we can show uniqueness of partially regular weak
energy-class solutions as in Proposition 6.4.

Theorem 7.1. Let ug e H'/2(S'; N). Suppose u and v both are weak energy-class solutions of (1-3), (1-4)
on [0, Ty] for some Ty > 0 with initial data uo, and suppose u and v are smooth for t > 0. Then u = v.

Proof. Using (3-2) for u and v, for the function w = u — v for almost every 0 < ¢t < Ty we have
0w + 9, w = v(u)o,(disty (1)) — v(v)o, (disty (v))
= (v(u) —v(v))d, (disty (1)) + v ()9, (disty (u) — disty (v)) (7-1)
on 9B = S'. From (3-5), moreover, we obtain
|A(disty (u) —disty (v))| = |Vu - dv(u)Vu — Vv - dv(v) Vo)
< C(lw||Vul*+ (|Vu| +|Vv])|Vw]) in B. (7-2)
Observing that
| disty () —disty (v)| < Clw],

upon multiplying (7-2) with the function (disty (1) — disty (v)) € HO1 (B), integrating by parts, and using
Young’s inequality, for any ¢ > 0 we obtain

IV (disty () — disty () |75, sC/(|w|2|Vu|2+<|W|+|Vv|)|Vw||w|>dz
B

< el Vwllzs gy + CONWITa g UVl a5+ IVOITa5).  (7-3)

On the other hand, for any 0 < 7y < T < Ty, multiplying (7-1) with w and integrating by parts on
S x [to, T1, upon letting 79 | 0 we find

T
sup [[w() 1y + / / Yl dz dt
O<t<T 0JB
T
SC// (0w ~+ o, w)wde dt
0 JOB
r T
=C / / w(v () — v(v))d, (disty () d di + C f / wv (v)d, (disty () — disty (v)) dgb dit
0 JOB 0 JaB

T
— c/ (I+1I)dt.
0
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We first estimate the term
I=1()= / w(v(u) —v(v))o,(disty (u)) do
3B

:/ Vw(u) —v@)))V(disty (u)) dz—i—f w(u) —v@))A(disty (1)) dz.
B B
Using
IV(w@@) —v®)))| < ClVw||lw|+ [w((dv(u) —dv(v))Vu +dv(v) Vw)|
< C(IVwl|w| + [w[*|Vul)

we can bound

/ V(wu) —v®)))V(disty (u)) dz
B

< C/(IVwIIwI + [w|?|Vul)|Vu| dz
B

2 2 2
E 8||VLU||L2(B) + C(8)||w||L4(B)||Vu||L4(B)

for each ¢. Also using (3-5), we can moreover estimate

‘/ w(u) —v@))A(disty (v)) dz
B

2 2
= C||w||L4(B) ”VMHL4(3)
for almost every 0 < ¢t < T to obtain
111 < el Vwli7ag + CE w5 IVull]
= LX(B) L4(B) L4(B)
Similarly, we estimate the term

1H=1()= f wv(v)9, (disty () —disty (v)) d¢d
3B

= f V(wv(v))V(disty (u) — disty (v)) dz +/ wv(v)A(disty (1) — disty (v)) dz.
B B

Noting that with (7-3) we can bound

/ V(wv())V(disty (u) —disty (v)) dz
B

= CUIVwli 2 +llwVull 2a) IV (disty (u) —disty (V) || L2(5)

<&l VwliZa gy +C@NwI7a 5 UVl Fagp +IVVIT4 )
and that with (7-2) we have

/ wv(v)A(disty (1) — disty (v)) dz
B

sc/(|w|2|Vu|2+|w||Vw|(|Vu|+|Vv|>>dz
B

2 2 2 2
5 8”vw”L2(B) + C(8)||U)||L4(B)(I|VM||L4(B) + ||vv||L4(B))’

we find the estimate
1| < el Vwll}s g + C@NwlFa g IVl Fa g + V01745

for almost every 0 <t < T.
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But Sobolev’s embedding H'/?(B) < L*(B) and Fourier expansion give the bound

||w||L4(B) C”w”Hl/Z(B) C”w”Lz(BB)

and similar bounds for Vu as well as Vv. Moreover, since by the energy inequality (6-2) we have
u(t), v(t) = ug strongly in H'(B) ast | 0, there exist a radius 0 < R < % and atime O < T < Ty such
that condition (3-13) in Proposition 3.4 holds true on [0, T] for both u# and v, allowing us to bound

T T T
/0 Va2 di < C /0 V()22 d < C /0 1052 (8) 2,

T
SC// lus> dp dt + C(R)T E (o) < C(R)(1 + To) E (uo)
0 JoB

with the help of (3-7), and similarly for |Vv|. Choosing ¢ = Alf, for sufficiently small 0 < T < Ty by

absolute continuity of the integral we thus can estimate
! 2
sup [[0(1)]123 5+ / / VwP dz di
O<t<T B

%”VUJ”LZ(BX[O T])+C sup ”w(t)”LZ(aB)/ (||VM||L4(B)+||VU||L4(B))dt

<t<T

1
§§< sup Ilw(t>lle<aB>+ff IVl dzdt)
O<t<T

and it follows that w = 0, as claimed. Ol

Proof of Theorem 1.2. Existence for short time and uniqueness of a partially regular weak solution to
(1-3), (1-4) for given data ug € H'/2(S'; N) follow from Proposition 6.4 and Theorem 7.1, respectively.
Since by Proposition 6.4 our weak solution is smooth for ¢ > 0, the remaining assertions follow from
Theorem 1.1.

Note that at any blow-up time 7;_;, i > 1, of the flow as in Theorem 1.1(ii) there exists a unique weak
limit u; =limy47,_, u(t) € H 1/2(§1; N), and we may uniquely continue the flow using Proposition 6.4. [J

8. Blow-up

Preparing for the proof of part (ii) of Theorem 1.1, suppose now that for the solution constructed in
part (i) of that theorem there holds Ty < co. Then, as we shall see in more detail below, by the results in
Section 4 condition (4-4) must be violated for 7 = T and there exist § > 0 and points z; € B as well as
radii 7, | 0 as k — oo such that, for suitable #;, 1 Ty,

[ \Vu(t))? dz = Sup/ IVu(t)|? dz = 8.
By (z1)NB B J By (208

We may later choose a smaller constant § > 0, if necessary. Moreover, for later use from now on we
consider local concentrations in the sense that, for some zy € B and some fixed radius ro > O for a
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sequence of points z; € B with z; — zo and radii r¢ | O for suitable # 1 Ty as k — o0,

f \Vu(t)|>dz=sup / |Vu(t)|? dz = 6.
By (zx)NB 7'€By, (20) Y B (z)NB

1<ty
Scale
up(z, t) = u(zk +riz, ty +rit)
for
e ={z:z+mnzeB), telL={:0<t+trr <Tp).

Note that then

f |Vur(0)|* dz = sup / |Vur(t)|? dz = 8. (8-1)
B1(0)NL2y B (z' )N

2k+rkz € By (20)
—ti/re<t<0
Passing to a subsequence we may assume that the domains €2; exhaust a limit domain Q4, C R?, which
either is the whole space R? or a half-space H.
By the energy inequality Lemma 2.1 for ¢ € I,

f |Vur()|>dz = / \Vu(ty +rit)|* dz < 2E (ug), (8-2)
Qe B

and for any #y < 0 and sufficiently large k € N we have

0 0
f/ |3,uk|2dsdt=// \dmy () dy, x| ds dt
to J O to J 02k

T To
=/ / |ut|2d¢dt§/ / lu;1>d¢dt — 0 (8-3)
tx+rrto J OB tx+reto OB

as k — oo, where ds is the element of length and where vy is the outward unit normal along 9.
Expressing the harmonic functions 0,u,(¢) in Fourier series for each ¢t < 0, it then also follows that
d;ux — 0 locally in L? on Qo x ]—00, 0. Finally, again using the fact that uy (¢) for each ¢ is harmonic,
by the maximum principle we have the uniform bound |uy| < sup,cy [p| as well as uniform smooth
bounds locally away from the boundary of Q.

Hence we may assume that as k — oo we have uy — uy weakly locally in H' on Qq x ]—00, 0],
where 1~ (z, 1) = U (z) is independent of time, harmonic, and bounded. Moreover, we have smooth
convergence away from 9$25.. Thus, if we assume that Q,, = R?, by (8-1) it follows that

/ |Viue|>dz = 8.
B (0)

But any function v: R*> — R which is bounded and harmonic must be constant, which rules out this
possibility. Hence 2., can only be a half-space.

After a suitable rotation of the domain B and shift of coordinates in R”> = C we may then assume that
Zx = (0, —y) with 1 — y; < Mry, for some M € N and that Qo = {(x, y) : ¥ > yo} for some yg. Finally,
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replacing ry > 0 with (M + 1)r and z; with z; = (0, —1), if necessary, we may assume that
QU CRY ={(x,y):y>0}

is the ball of radius 1/r around the point (0, 1/r) with 0 € 92, while from (8-1) with a uniform number
L € N we have

Lf IVup(0)>dz > L8> sup f |Vu(t)|* dz (8-4)
B (0)N§2 By (z')N&

|z |<ro/rk
—tr/re<t<0

for any k € N. Let ®: IR%r — 4 be the conformal maps given by

Dy (z) = , zeRi, keN,

1—irz

with ®; — 2-id locally uniformly on R> = C as k — oo.
Let vy = uy o ®; with k € N. By conformal invariance of the Dirichlet energy, from (8-2) for any ¢

we have
/ Vo ()|* dz = f |Vur())? dz < 2E (uo), (8-5)
RZ Qi
and by (8-4) with a uniform number L; € N there holds
L / IVor(0))*dz > L 18> sup f Vo (1) dz, (8-6)
B;(O) ‘Z’|§r()/l’k Br(Z/)
—ty /1 <t<0

where
B'(z) = B,(x) NR:

for any r > 0 and any z = (x, y) € R% Moreover, from (8-3) for any fy < 0 and any R > 0 for the integral
over |—R, R[ x {0} C B[R{%r we obtain

0 ;R 0 ;R
f / |0, v | dx dt < c// ldey (vp)dyvr > dx dt — 0 as k — oo, (8-7)
to / —R toy /—R

and ;v — 0 locally in L? on R2 x ]—o0, O[. In addition, from our choice of (uy) it follows that vy — veo
weakly locally in H' on R2 x ]—00, 0 as k — 0o, where Voo (2, 1) =: Woo(z) is harmonic and bounded.

For a suitable sequence of times 79 < s; < 0, we also have locally weak convergence wy := vi (sx) = Woo
in H' on @i and, in addition,

dry(wp)dywy — 0 in L3 (ORY)  ask — oo. (8-8)

loc

Thus, for sufficiently small § > 0, by Proposition 3.3 applied to the functions wy o ¥, where ¥ : B — I]Qi%r
is a suitable conformal map, we also have uniform local L?-bounds for 9wy on B[R%r, and we may assume
that wy — ws locally uniformly and weakly locally in H! on B[Rii as k — oo. Since wy is harmonic,
we then also have locally strong H'-convergence wy — wso 0On @i.
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To see that we, is nonconstant, let ¢x = ¢, 4r,, kK € N. Integrating the identity (2-1) from the proof of
Lemma 2.2 in time, with error o(1) — 0 and suitable numbers g; | 0 as kK — oo in view of (8-3), we find

1
5 / Vu()Pgf dz — f |Vt + resi) Pei dz
B B

Tk
5/ / |u,| d¢dt+2/ /lu,Vu(kagokldzdt
tx+rrsgJ OB te+rSk

50(1)+88krk/ /|Vu| |V(pk| dzdt + (8exry)™ 1/ /|ut| dZdt. (8-9)
t+riSk

t+riSk

With the help of (2-2) and (8-3) for suitable ¢ | 0 we can bound

7% 173
(88krk)_1/ /|u,|2¢,3dzdt5c8,;1/ / lus|> dz dt — 0.
tx+riskd B tx+risyJ 0B

Since for any choice 7y < s < 0 we also can estimate

88krk/ f |Vu| |V(pk| dzdt < C8k|l‘0|E(uo) — 0,
tie+rk Sk
from (8-9) and (8-6) it follows that with error o(1) — 0 as k — oo we have

/+ |Vwk|2dz—i-o(1)—f+ [V g (sg)] dz+o(1)>/ IVuty + rise) | (pk dz+o(1)
B, (0) (V]
/|Vu(tk)| dzzf Vo (0)>dz > §. (8-10)
B5 (0)

Finally, in view of locally uniform convergence wy; — Wy and weak local L?-convergence of the traces
Vw; — Vwy on aRi, we may pass to the limit k — oo in (8-8) to conclude that we : B[RQ%r — N with

dry (Weo)dyweo =0 on JRZ. (8-11)
Since wo, is harmonic, the Hopf differential
f =10 weol® = 18y ool * = 208w - Iy weo

defines a holomorphic function f € L'(R%, C). Moreover, wa, € liéz([R{ ) with trace Vwy, € LIZOC(E)[R );
thus also the trace of f is well-defined on SREF. By (8-11) now the trace of f is real-valued; thus f =c¢
for some constant ¢ € R. But Vwy, € LZ(R%F); hence f € Ll(IR%r). It follows that ¢ = 0, and wy, is
conformal.

With a conformal diffeomorphism ®: B — [R{%r mapping a point zo € d B to infinity, define the map
i=weode HY 2(S L N). By conformal invariance, # again is harmonic with finite Dirichlet integral
and satisfies (1-6) on d B \ {zo}; since the point {zo} has vanishing H'-capacity, i then is stationary in the
sense of [Griiter et al. 1981]. Moreover, i is conformal. For such mappings, smooth regularity on B was
shown by Griiter, Hildebrandt, and Nitsche [Griiter et al. 1981]; thus condition (1-6) holds everywhere on
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d B in the pointwise sense, and & parametrizes a minimal surface of finite area supported by N which
meets N orthogonally along its boundary.

Proof of Theorem 1.1(ii). For given smooth data ug € H 172(S1: N) let u be the unique solution to (1-3),
(1-4) guaranteed by part (i) of the theorem, and suppose that the maximal time of existence Ty is less
than co. Then condition (4-4) must fail as ¢ 1 Tp; else from Propositions 4.11 and 4.6 we obtain smooth
bounds for u(t) as t T Ty and there exists a smooth trace u = lim;47, u(¢). But by the first part of the
theorem there is a smooth solution to the initial value problem for (1-3) with initial data u; at time 7o,
and this solution extends the original solution u to an interval [0, T1[ for some Ty > Ty, contradicting the

maximality of Tp.
(@)

Let z) € B, 1 <i <o, such that, for some number § > 0 and suitable t,ii) 1 To, z,(f) -z, >0
as k — oo,
liminf/ Va1 dz = 8.
k—oco Jp (,')(ZI(CI))QB
"k
By the argument following (8-9), for a suitable sequence of radii 0 < r,ﬁo) — 0 such that r,Ei) /r,EO) — 0 as

well as (Ty — t,ii))/r,go) — 0, then with error o(1) — 0 as k — oo,

/ IVu(t)|>dz + o(1) zf Vu@ ) dz > 8
Br(o) (Z(i))ﬂB
k

B ) (z{)NB
k

for all Ty — r,EO) <t < Tp, uniformly in 1 < i < iy. For sufficiently large k € N such that

r,ﬁo) < 1nf %lZ(l) _Z(J)|,
i<j

it follows that iy < E(ug)/3, and we may fix ro > 0 and redefine t(i), r,Ei), and z,(f), if necessary, such that,
for each 1 <i <y,

/ . Vu)Pdz = sup / IVu(t)|?dz = 3.
Br;Ei)(Zkl )NB Z/GBr()(Z(;)) Brlfi)(zl)mB

O<t gt,ii)
Moreover, we may assume that § < §p as defined in Proposition 3.1. The characterization of the
concentration points as in Theorem 1.2(ii) via solutions i of (1-6) then follows from our above analysis.

In addition, Corollary 3.2 yields the uniform lower bound

lim liminf/ \Vu(t)|* dz > 2E (@) > 263
rod0 11T B, (z")NB
for the concentration energy quanta, which gives the claimed upper bound for the total number of
concentration points.
Finally, with the help of Proposition 4.11 we can smoothly extend the solution u to B\ {z(I), ..., z(0)}
at time ¢t = T. O
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9. Asymptotics

Suppose next that the solution u to (1-3), (1-4) exists for all time 0 < ¢ < oo. Then u either concentrates
for suitable #; 1 oo in the sense that condition (4-4) does not hold true uniformly in time, or u satisfies
uniform smooth bounds, as shown in Section 4.

In the latter case, the claim made in Theorem 1.1(iii) easily follows.

Proposition 9.1. Suppose that for any § > 0 there exists R > 0 such that condition (4-4) holds true for
all 0 < t < oo. Then there exists a smooth solution us, € H*(S'; N) of (1-6) such that u(t) — ueo
smoothly as t — 00 suitably, and u, parametrizes a minimal surface of finite area supported by N which
meets N orthogonally along its boundary.

Proof. For sufficiently small § > 0 and for any j € N, by iterative reference to Propositions 4.2, 4.4-4.6,
and 4.10, 4.11 as in Section 6 we can find constants C; > 0 such that ||u(?)| gip) < C; forall > 1.
Moreover, by the energy inequality Lemma 2.1 for a suitable sequence #; — oo there holds u,(#;) — 0 in
L?(dB) as k — o0o. Then for any j € N a subsequence u(f;) approaches i, in H/(B), and a diagonal
subsequence converges smoothly, where 1, solves (1-6). By the argument after (8-11) in Section 8, u is
conformal and u., parametrizes a minimal surface with free boundary on N which meets N orthogonally
along its boundary. U

In the remaining case that for some § > 0 condition (4-4) fails to hold, there exists a sequence f; 1 00

and points 7D ..., 7200 such that, for sequences z,(j) — 7z and radii r,ﬁi) —>0ask — oo,

k— 00

liminf/  Vu@))Pdz =8, 1<i<ip.
B_(,') (ZI({’))ﬂB
"k
By Lemma 2.1 there holds the a-priori bound iy < E(ug)/é for the number of concentration points. By
the argument leading to (8-10) then, for a suitable number
0 <ro < inf 1129 — 2]
i<j
with error o(1) — 0 as k — oo and with some constant L € N for all 1 <i <y,

L/ , \Vu(t)|?dz+o0(1) > sup f IVu@)|>dz > 6.
Bzr,ﬁ“(zkl))ﬂB 20€By, (z) ¥ B, 20)NB

lg—ro=I=l
Fixing any index 1 <i < iy and renaming z,({i) =:zx and r,ﬁi) =: rx, we then scale

u(z,t) =u(zr +rz, tx +ret), z€Q={z:zx+rze B}, —tx/rx <t =<0,

as before and observe that, for any 7y < O,

0 0
// |8tuk|2dsdt=// ldmy (ur) By ux | ds dt
to J 02 to J 0%

I o0
=/ / |ut|2d¢dt§/ / lu;1>dep dt — 0 (9-1)
tx+rito) OB tx+rrto/ OB
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as k — 0o, where vy is the outward unit normal along 9€2;. Just as in Section 8 for suitable #p < s <0
we then obtain local uniform and H'-convergence of a subsequence of the conformally rescaled maps
wir = ur(sg) o Py € HILC(Ri) to a smooth, nonconstant, harmonic and conformal limit ws, with finite
energy and continuously mapping 8[R{3L to N, inducing a solution s, = We, 0 ® € H/2(S!; N) of (1-6)
corresponding to a minimal surface with free boundary on N. This ends the proof of Theorem 1.1(iii).

Appendix

In this section, for the convenience of the reader we derive two interpolation inequalities that play a
crucial role in our arguments.

Let v e H'(B), and for r > 0 let (zi)1<i<i, be such that the collection of balls B,/2(z;), 1 <i <,
covers B with at most L balls B, (z;) overlapping at any z € B, with L € N independent of » > 0. We
may assume r < % so that for any 1 <i <ij there is a pair of orthogonal vectors e; ; and e, ; such that
for any z € B,(z;) there holds z + se; ; +tex; € B for any 0 <, t < 2r. After a rotation of coordinates,
we may assume that e;; = (1, 0) and e, ; = (0, 1) are the standard basis vectors. Writing ¢ for ¢, ,, by
arguing as Ladyzhenskaya [1963] for any z = (x, ¥) € B,(z;) and using that

W Q) (x +2r, y) = 0= (V) (x, y +2r)

then we can estimate

2r 2r
v4<z):|(v2¢)(z)|2§f |ax<v2<p)<x+s,y>|ds-fO 19y (V2 @) (x, y +1)| dt

0

< f 19, (V2) (s, y)| ds - f 19y (V) (x, 1| dt, (A-1)
{s:(s,y)€B} {t:(x,t)eB)

and with the help of Fubini’s theorem we find

o0
f Ivl4dz§/ IvI4¢>2dz§/ </ |<v2w><x,y>|2dx)dy
Br2(zi) B —o0o \J{x:(x,y)eB}
o0 o0
5/ / |ax<v2<p>(s,y>|dsdy-/ f 19, (v20) (x, )| di dx
—oo J{s:(s,y)eB} —oo J{t:(x,t)eB}

2
< (f |V<v2<o>|dz)
B

2
< (f (2|Vv||v<p|+v2|V<p|)dz)
B

< C(/ |Vv|2dz+r_2/ vzdz)/ v2dz.
B (zi) By (zi) B (zi)

Fixing r = 1—10 and summing over 1 <i < iy, with an absolute constant C > 0 we obtain the bound

4 2 2
||v||L4(B) S CHUHHI(B)HUHLZ(B) (A—Z)

for any v € H'(B).
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