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Abstract

We show that particle trajectories for positive vorticity solutions to the 2D Euler
equations on fairly general bounded simply connected domains cannot reach the
boundary in finite time. This includes domains with possibly nowhere C! bound-
aries and having corners with arbitrary angles, and can fail without the sign hypoth-
esis when the domain has large angle corners. Hence, positive vorticity solutions on
such domains are Lagrangian, and we also obtain their uniqueness if the vorticity
is initially constant near the boundary.

1. Introduction and Main Results

In this paper we study the Euler equations

u+ u-V)u=—-Vp, (1.1)

V-u=0 (1.2)

on simply connected bounded open domains € € R? with singular boundaries and
attimes ¢t > 0, with u being the fluid velocity and p its pressure. These PDE model
the motion of two-dimensional ideal fluids and it is standard to assume the no-flow

(or slip) boundary condition
u-n=0 (1.3)

on (0, 0o) x a2 (pointwise when 92 is C 1), with n being the unit outer normal to
Q2. These PDE can be equivalently reformulated as the active scalar equation

ow+u-Vo =0 (1.4)
on (0, 00) x 2, with

®:=V Xu=0yuy— x|
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being the vorticity of u. This of course means that the velocity in (1.4) is uniquely
determined from the vorticity via u = VL A~!w, and we can then call w a solution
rather than u.

A natural class of solutions are those with bounded w [16], and we provide the
definition of weak solutions from this Yudovich class at the start of the next section.
We will only consider such solutions on the time interval (0, co), when they are
called global weak solutions, because they exist for all initial values wy € L*°(2)
on very general domains €2 [5] (nevertheless, our results equally apply to solutions
on finite time intervals (0, T)).

It is well known that the velocity u is spatially log-Lipschitz on each compact
K C Q when w is bounded (uniformly in time, see (2.1) below). Hence for each
x € Q there is a unique solution to the ODE

d
EX;C =u(t,X;) and b=x (1.5)

on an interval (0, z,) such that
ty :==sup{r > 0| X] € Qforalls € (0, 1)}

(so if X7 reaches 92, then ¢, is the first such time); that is, { X} };¢(0,1,) is the Euler
particle trajectory for the particle starting at x € 2. We note that while, a priori,
the ODE only holds for almost all # € (0, #,) (with X} being continuous in time),
u can be shown to be continuous when w is bounded, so that (1.5) in fact holds for
each r € [0, t,) (see Sect. 2.1 below). Since (1.4) is a transport equation, it is then
natural to ask whether general weak solutions are transported by u in the sense that
w(t, X;) = wo(x) forae. t € (0,00) and a.e. x € Q such that £, > ¢. This is
indeed the case [7, Lemma 3.1], but that does not a priori exclude the possibility of
vorticity creation and depletion on 02 unless 7, = oo fora.e.x € Q (thenV-u =0
shows that |Q\{X] | x € Q and t, > t}| = 0). If both these properties hold, so that
w(t, ) is the push-forward of wy via X} for each t € (0, oo), we call such w
a Lagrangian solution. It is currently an open question whether non-Lagrangian
solutions can exist on (sufficiently singular) two-dimensional domains.

The existence of non-Lagrangian solutions would imply non-uniqueness of
weak solutions, but even if all weak solutions are Lagrangian on some domain,
this does not immediately yield their uniqueness. In fact, while weak solutions are
known to be unique on rectangles [2] and on domains that are C!-! except at finitely
many corners that are all exact acute angle sectors [4,11], this remains an open
question on more singular domains. The main issue is that the velocity typically is
not log-Lipschitz near corners with angles greater than 7., which removes a crucial
ingredient from the proof of uniqueness. However, one can sometimes obtain a
partial result via [12, Proposition 3.2], which shows that a Lagrangian solution
remains unique as long as it remains constant near the singular portion of 9<2. In
particular, if wq is constant near d€2 and each Euler particle trajectory associated
with a corresponding solution @ can be shown to never reach d€2 (in which case
dist({X} |x € K}, 92) > 0 for any compact K C € and any ¢ > 0), then w is the
unique Lagrangian solution with initial value wq, and if all weak solutions within
some class are proved to be Lagrangian, this will yield uniqueness of w in that



Arch. Rational Mech. Anal. (2023) 247:84 Page 3 0f 22 84

class. We note that a similar idea was used in [1] to prove uniqueness of solutions
on a sector in R? with an obtuse angle, for initial data wg > 0 that are supported
in some sub-sector (and hence wg need not be constant near the obtuse corner). If
that sub-sector does not extend all the way to the left side of the sector, supp w(, -)
will be instantly carried away from the corner and any solution will vanish in its
vicinity for each # > 0, which [1] was then able to leverage to obtain uniqueness
of such solutions.

The above approach was successfully used by Lacave for solutions @ > 0 on
domains that are C'-! except at finitely many corners that are all exact sectors with
angles > % [10], and later without the sign restriction on w by Lacave and the
second author on domains that are C!! except at finitely many corners with angles
in (0, ) [12], as well as by both authors on domains with much lower boundary
regularity [7] (including infinitely many corners with angles in (0, )). The latter
paper, in fact, contains a sharp criterion for the geometry of 9<2 that guarantees
that no weak solution has a particle trajectory that reaches 9<2 in finite time. This
criterion is slightly stronger than exclusion of corners with angles > r (in particular,
it is satisfied by all convex domains), and it was demonstrated in [9, 12] that particle
trajectories for bounded w on domains that do have such corners can reach 9€2 in
finite time.

The examples in [9,12] all involve sign-changing solutions, so in view of [10]
it is natural to ask whether signed solutions can exhibit such singular behavior on
more irregular domains than those considered in [10]. The main result of the present
paper is a negative answer to this question on much more general domains, allowing
both infinitely many corners without size or shape restrictions and considerably less
boundary smoothness in-between them. In particular, we show that positive (and
then obviously also negative) weak solutions on such domains are Lagrangian, with
particle trajectories approaching d<2 no faster than double-exponentially, and that
these solutions are also unique when wy is constant near 9£2.

Let 2 C R2 be a bounded open Lipschitz domain with €2 a Jordan curve, let
L :=|02| be the arc-length of 92, and let o : [0, L] — C be a counter-clockwise
arc-length parametrization of 0<2 (so o (L) = ¢ (0)). For any 6 € [0, L), the unit
forward tangent vector to Q2 at o (0) is the unit vector

70) = lim 2@ =70 (1.6)
90+ |0 (¢) — 0 (0)]

provided that the limit exists (we also let T(L) := 7(0)). If it does for each 6 <

[0, L), and T has one-sided limits everywhere on [0, L], then T is a regulated

Sfunction (see [3, p.145]) and the domain €2 is also called regulated (see [13, p.59]). In

that case 7 is right-continuous, and if we identify R? with C and letarg(z) € (—, 7]

for z # 0, then

()

0=

) € (—m, m) 1.7)

for 6 € (0, L] is such that w1 — @ (0) is the interior angle of Q2 at o (0). Note that
(0) is not defined, and @ () € (—m, ) for 6 € (0, L] because €2 is Lipschitz.
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Thus corners of €2 are precisely the points o (/) with 6 € (0, L] and a(0) # O,
and regulated domains clearly have countably many of them. If we also have that
ZGG(O,L] |@(8)| < oo, then

Pe() i= aig (2(0) — Y a(®) (1.8)

0'<6

is a continuous function on [0, L] provided we let arg(7(0)) be the argument of
7(6) plus an appropriate #-dependent integer multiple of 277 (essentially, A, is the
argument of the curve that we obtain if we successively eliminate all corners o (9)
by rotating o ([0, L]) around o (8) counterclockwise by angle «(0)). We will also
assume that 50 is Dini continuous on [0, L], that is, it has a modulus of continuity
m : [0, L] — [0, 00) with fOL @dr < 00 (i.e., |Be(0) — Be(0)] < m(10 — €'))
holds for all 8, 0" € [0, L]). We recall that any Holder modulus of continuity is
also a Dini modulus, while m with m(r) = m forr € (0, %) is not. We can now
state our main result.

Theorem 1.1. Assume that a bounded open Lipschitz domain Q € R? with 9Q a
Jordan curve is regulated. Let T be the forward tangent vector to Q2 from (1.6), let
a be from (1.7), and assume that Zee(O,L] la@(0)| < oo and B, from (1.8) is Dini
continuous. Consider any 0 < wy € L*°(2) and let w > 0 from the Yudovich class
be any global weak solution to the Euler equations on Q2 with initial value wy (such
w is known to exist by [5]).

(i) We have t, = oo forall x € Q and {X] |x € Q} = Q for all t > 0, and there
is a constant C,, < 00 such that for any ¢ > 0 and all large enough t > 0,

sup  dist(X7Y, 992) > exp(—eC’). (1.9)
dist(x,0Q)>¢

Moreover, w(t, X;) = wo(x) fora.e. (t, x) € (0, 00) x Q(i.e., wisLagrangian),
and u is continuous on [0, 00) x Q and (1.5) holds pointwise.

(ii) If supp (wp — a) N 92 = & for some a > 0, then w is the unique non-negative
weak solution with initial value wy.

Remarks. 1. Hence the well-known double-exponential bound on the rate of ap-
proach of particle trajectories to the boundaries of smooth domains (going back to
[8,15]) still holds on the domains considered here, even though u can be far from
log-Lipschitz near 92 and even unbounded at corners with angles > . A partial
explanation is that @ > 0 forces u to “circulate” around 92 counter-clockwise,
thus keeping any particle trajectory near any corner for only a short time during
each passage through its neighborhood. However, our domains can even have ev-
erywhere singular boundaries (e.g., a dense set of corners), so all of 92 could be
the set of potential trouble spots rather than just a few individual corners.

2. Part (i) of this result suggests a natural open question: is there any planar
domain €2 and a weak solution @ > 0 to the Euler equation on it that has a particle
trajectory starting inside €2 and reaching 92 in finite time? Of course, a second one
is whether such solutions, if they exist, can fail to be Lagrangian (this is currently
open even for unsigned ).
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Let us briefly discuss our approach and its relation to [7,10,12]. In all four
papers, the central ingredient is a non-negative Lyapunov functional on (0, co) x
that vanishes only on (0, co) x d€2 and its change on Euler particle trajectories
can be controlled sufficiently well to show that it can never become 0 unless it is 0
initially. Lacave first chose this functional to be the stream function W := —A~!w
of the fluid velocity u [10] because its rate of change in the flow direction u is 0.
When o does not have a sign, then W can vanish inside €2, and [7,12] therefore used
instead the time-independent function 1 — |7 (x)|, with 7 : @ — D a Riemann
mapping. In the present paper we consider again solutions w > 0, and so revisit the
idea of using the stream function. However, in Lemmas 2.2-2.5 we obtain sharper
and more general estimates on W and 9,V than [10], which allows us to include
much more general domains, with arbitrary corners as well as considerably less
regular boundaries overall.

In the next section we state these estimates and use them to prove Theorem
1.1, leaving the proofs of the estimates and of a formula for 9, ¥ for the last two
sections.

2. Proof of Theorem 1.1

We complete the proof in three steps. We always assume that €2 satisfies the
hypotheses from Theorem 1.1, and (w, u) is a weak solution to (1.1)—(1.3) on
(0, 00) x 2, as defined next.

2.1. Weak solutions and space-time differentiability of the stream function

‘We consider here weak solutions to (1.1)—(1.3) from the Yudovich class

{(a), uy e L® ((0, 00): L®(Q) x L2(S2)> | =V x uand (1.2)—(1.3) all hold weakly} ,

where the weak form of (1.2)—(1.3) is
/ u(t,x) -Vh(x)dx =0 Vh e H]LC(SZ) with Vh € L*(Q)
Q

for a.e. t € (0, 00) (see [5,6]). It is well-known that V x u € L°°((0, 00) x Q)
implies that u is bounded and log-Lipschitz on any compact K €  at a.e. time
t € (0, co) (and uniformly in these times), after possibly redefining it on a measure
zero spatial set for each such . If we also redefine u at the exceptional measure-zero
set of times (and also at ¢+ = 0), then for any compact K € 2 we will have

lu(z, x) —u(t, y)| ) -

[x — y|max{l, —In|x — y|}

sup sup <|u(t,x)|—|— 2.1)

t>0 x,yek
(this is also shown in the proof of Lemma 2.1 below). Now let X;** for (s, x) €
[0, o0) x €2 be the unique continuous function satisfying

d
EX‘,” =u(,X;") and X =x (2.2)
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a.e. on the maximal interval 5" C [0, 0o) (containing s) such that X;** € € for all
t € I°°\oI**. Thatis, I** is the (backward and forward) life-span of the particle
trajectory X:**. Of course, X ¥ = X7 and 1%* = [0, t,] (or [0, 00) if £, = oc0) for
all x € Q.

We say that (w, ©) from the Yudovich class is a weak solution to (1.1)—(1.3) on
(0, T) x Q (for some T € (0, oo]) with some initial condition wg € L*°(L), if

T
/ / w (0,90 +u - Vo) dxdt = —/ wo(x)p(0,x)dx Ve e CX([0,T) x Q).
0 Ja Q
2.3)

This is in fact the definition of a weak solution w to the transport equation (1.4)
when u is some given vector field, but it is also equivalent to the relevant weak
velocity formulation of the Euler equations on Q2 (see [6, Remark 1.2]). When
T = oo, we call such solutions global. The existence of a global weak solution is
guaranteed by [5] for any wy € L°(2) on very general domains (while uniqueness
is still open on most singular domains), and so for the sake of notational simplicity
we will always assume that 7 = oo.

Lemma 3.1 in [7] now shows that for a.e. ¢ € (0, 00), a weak solution (w, u)
satisfiesw (f, X}') = wo(x) fora.e.x € Qsuchthatt, < . We canthereforeredefine
o on a set of measure 0 so that w(z, X;) = wo(x) holds forall x € Q and all t €
(0, t). Let now s1 € (0, 0o) be any Lebesgue point of w as a function from (0, co)
to L' (). Replacing ¢ in (2.3) by ¢, where v, € C*°([0, 00)) satisfies X[s1.00) <
Ve < Xls;—¢,00), and taking & — 0 shows that (@, u) is also a weak solution to
(1.1)—(1.3) on (s1, 00) x 2 with initial condition w(sy, -) (i.e., (2.3) holds with
(0, wo) replaced by (s1, w(s1, -)). Doing the same with any ¢ € C2° ((0, 00) x €2)
and x[0,5;] < ¥e < X[0.5;+¢] Shows that (w, u) is also a weak solution to (1.1)—(1.3)
on (0, s1) x  with terminal condition w (s, -) (Which becomes an initial condition
if we reverse the direction of time and replace u by —u). This and Lemma 3.1 in [7]
show that we can redefine w on a set of measure 0 so that w(z, X;” Y = w(sy, X)
holds for all x € Q and all ¢+ € I*"*\3I*"* (clearly the values on the curve
(¢, X;) will not change for any x such that 0 € 7*!**). We can continue this way,
with sz, 53, ... consecutively in place of s1, where {s;};>1 is dense in (0, 00). This
allows us to change w on a measure zero set so that for all s € [0, co) (and with
w(0, ) := wp) we will from now have

o(t,X;") =w(s,x) VxeQandre "\ oI (2.4)

It is well known that since €2 is simply connected, @ from any weak solution
(w, u) uniquely defines the velocity u via its stream function

v, ) =—-Aw@, )

for all + > O (the negative sign is chosen so that W > 0 when w > 0). Namely, after
redefinition of u on a measure zero set we have u = —V-1-W, where (vy, m)t =
(—va, v1) and V*+ := (—0xy, Ox;). We can now use (2.4) to show that W is space-
time differentiable (we postpone the proof of this to the last section).
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Lemma 2.1. We have ¥ € C1([0, c0) x K) for each compact K C Q, and V¥ =
il
u— and

W (t,x) =

1 ( T(y)—Tx) Ty -TW*

T
Tor g |T(y)—7<x>|2_|T(y)—7<x>*|2> nEl Uit

(2.5)
for each (¢, x) € [0, 00) x Q, where T : Q — D is any Riemann mapping.

Note that while (2.5) formally follows from the definition of W and (1.4), we
will mainly need to know later that ¥ is C'. Since Lemma 2.1 now shows that
u = —V1W is continuous on [0, 00) x 2, this version of u still satisfies 2.1).
Since u is uniquely determined by w, from now on we will refer to @ as a weak
solution to (1.4) (with u := VJ-A_la)), instead of to (w, u) as a weak solution to

(1.1)=(1.3).

2.2. Formulation on the unit disc via Riemann mapping

Let next 7 : Q — D be a Riemann mapping as in Lemma 2.1, extended
continuously to 9€2, and let S := 7. We will now use 7 to rewrite  and 3,V in
terms of integrals over . We have

—[a o] @ = [ (T =TO)
v = =[aTtow] 0 =~ [0 ey ©0 D9
(2.6)
and then
u(t, x) = —Viw(e, x) = %DT(x)TR(t, T (x)) 2.7)

for any (¢, x) € [0, 00) x 2, where

é: —z S _ Z* 1
R(t,&) := /D < ) det DS(2) w(t, S(z))dz 2.8)

lE—z2 & —2*2

for (¢, &) € [0, 00) x D. We note that the second equality in (2.7) holds because
T=(T 1 7'2) is analytic, which means that

(00T, TN (8T 3, T!
DT‘(axlﬂ 0,72) =\ o, 71 0, T (2.9)

and so for any v € R? we have

0T 00, T2\ \© [ 0,72 —0,T"\ |
W7 9,72) ") T\-8,72 8,7 )V

Lemma 2.1 and # - V¥ = 0 now yield for any x € Q and ¢ € [0, t,),
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illl(t Xx) _ _L ( T(y) —TXH) B T(y) — T(X})* >T
a 27 Jo \ITO) —T(XHE ~ 1T~ TX)P

DT (y)u(t, y) w(t, y)dy

(the parenthesis is replaced by |T((V))\2 when 7 (X}) = 0). If we substitute (2.7)
here and use

DT (y) DT (y)! =det DT (y) I (2.10)

(note that det D7 = (8)(1’]’1)2 + (B)Q’Tl)2 > (), after a change of variables we
obtain

Gy = [ (ZSE0D,  t=To

o [ (e - lZ_T(X;C)*P)-R(t,z)w(t,S(z))dz.

Finally, from this and the identity

|z — w]
= 2.11
lz] lw] @1

< w
2 Jw]?

for all z, w € C\ {0}, we see that (with the fraction below replaced by ﬁ when
T(X}) =0)

1 |T(X}) — T(X;)*|

d
w(t, X
( | = 472 D1z =T (X)) 1z — T (XF)*

‘d |R(t, 2)| lo(t, S(2))|dz.
(2.12)
It will also be convenient to re-parametrize the forward tangent vector T to 2

to

S(e'?) — S(e'?)

T0) = i SEe® —s@y

with & € R. Then of course 7(0) =
(G|(0)L])_l o S. We now let {éj}jzl -
2 has a corner at 0(9_]-), and define

7(I'(e!?)) for all 6 € R, where I' :=
(0, L] be the set of all points such that

0; =7 +arg (—r*‘(é,-)) €(0.27] and a; = 5‘(:/') € (—1,0)U (0, 1)

for j > 1. That is, €2 has corners at {S(eief)}jzl with angles {m — 7} ;>1. Then
we define

Be(0) = Po(T(@)) and  By®):=m ) a;

0]' <6
for 6 € (0, 2] and extend these two functions to R so that for all & € R we have
Be@ +2m) =B:(0)+2nk  and  Bg(0 +2m) = Ba(0) + 27 (1 — k),

where k = %}’S‘(O) (which means that ZQe(O,L] a(0) =27 (1 — k)). Then of
course S is continuous, By is piecewise constant, and 8 := B, + B4 is the argument
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of 7 in the sense that ¢/#® = ¢(9) for all # € R (we also have (0 + 27) =
BO) + 2m).

Lemma 1 in [14] shows that I" and I'~! are both Holder continuous, which
means that . is Dini continuous because B, is. Indeed, if 7 is a modulus of
continuity for B, then . has modulus of continuity m(r) := m(Cr?) for some
C,y > 0, and a simple change of variables shows that fol %Mdr < oo if and
only if fol mﬁr)dr < 0.

We next state the following important formula for det DS:

Lemma 2.2. We have

det DS(z) = det DS(0) I > |z — €% |72%
2 2 z
exp (——/ Im —=— (B(0) —K@)d@)
T Jo el —z

for each z € D (this holds even without B, being Dini continuous), as well as

2 z
/ Im 5
0 e’ —

Proof. Since S is analytic, det DS(z) = |S'(z)|?, where S’ is the complex deriva-
tive when S is considered as a function on C. Since €2 is regulated, Theorem 3.15
in [13] shows that

. 2w if
S'(2) = |S'(0)] exp (é/o < J_ri (ﬂ(e) _6— %) d9>

el

sup
zeD

< Q.

- (Bc(0) —k0)do

for all z € D, and from f02

i

2
det DS(z) = det DS(0) exp (——Im / e)de) (2.13)

(note that B(6) — 6 is 2m-periodic). We split the integral into two parts, one of
which is

2 z
0 et —

where we used integration by parts. Since fozn In(1 — ze7%)do = In1 = 0, it
follows that
2
exp (—— Im/ ,Bd(e) —(1— K)H)d@)

= exp <_;,/0 ln|6'9—Z|d,3d(9)>

i@j I—ZC{_,‘

2

—(1—x)0)do =i / In(1 — ze ) d (Ba(6) — (1 — k)0),

0

=1Ilj>1lz —e

This and (2.13) prove the first claim.
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Let B(6) = Be(6) — k6, which is also 27 -periodic. If B has a Dini modulus of
continuity m, then 8 has Dini modulus m(r) := m(r) + |«|r. So for any z € D and

— 1 3 2 — 2 Z T
0, := arg(z) we obtain using Im aeT ;= —Im Gz and dTr | = 2

for any 6 € R the estimate

2 z 5 g z - -
/O Imeie_zﬂ(e)de‘z‘f Imm<ﬁ(9+@)—ﬁ(@))d9‘

g/” m(|@|)d9"
2 ) e

<

Since this is finite, the second claim follows. m]

In view of (2.12), (2.8), and this lemma, of particular concern to us will be
corners corresponding to «; > 0 (i.e., those with angles less than 7; note that
the velocity u on €2 in fact vanishes at these, while it may be infinite at the other
corners). We therefore let aj' := max{«;, 0} and define ﬁ; ©0):=m Zej <6 aj' for

alld € (0,27]. We then extend B to R so that 8 (0+27) = B (O)+7 3 ;- o,
and choose § € (0, %] such that

+ + . +
By (0 +38) — B, (8 —36) o 1+maszlaj

T - 2

(2.14)

foreach # € R. Note that . € [%, l)becausemaszloz}L < lby ijl o] < o0.

2.3. Estimates on the stream function and conclusion of the proof

We now state the following three crucial estimates, whose proofs we postpone
to the next section. In them, constants Cgq and Cg, only depend on €.

Lemma 2.3. There is Cq > 0 such that for each (t, §) € [0, 00) x D we have
(W (t, SE))| < Callw(t, )L (1 — [g])> ™=/,
Lemma 2.4. If w > O, then for each (¢, &) € [0, co) x D we have

1—|&] (1 —|z]) det DS(z)
1007 Jp max{|z — &|, 1 — |£]}2

W(r,S&)) > w(t,S(2))dz.

Lemma 2.5. There is Céz > 0 such that for each (t, &) € [0, 00) x (D\B(0, %))
we have

|R(,2)|
D lz—§llz — &%
( (1 — |z|) det DS(z)
|w
p max{lz — &|, 1 — [£]}?

dz < CglIn(1 — [£])]

(t, S@)ldz + lle(r, ')||L°°> :
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Remarks. 1.Lemmas 2.3 and 2.4 are sharper and more general versions of Lemmas
3.1 and 3.2 in [10]. Our use of Lemma 2.5 to estimate d; W is analogous to the use
of Proposition 2.4 and Lemma 3.5 in [10], but instead of bounding |R| above by
essentially ||w]| L~ and leaving w as a function, we bound w by ||w|| >~ and leave
|R|in (2.12). This is because for the domains €2 considered here, R can blow up at
oD (see (4.2) below). In particular, this happens at corners with angles < Z, which
is why such corners had to be excluded in [10].
2. Lemma 2.5 easily extends to & € B(0, %) but we will not need this.

From now assume also that w > 0. Since (1 — |z]) det DS(z) is bounded below
by a positive constant on B(0, r) for any r < 1 due to Lemma 2.2, for any @ > 0
there is ¢, > 0 such that

/ (1 —|z]) det DS(z) B
p max{|z —&|, 1 — [&[}?
whenever ||w (¢, -)||1 > allw(t, -)| L. From this, the above lemmas, and (2.12)

it follows that when |7 (X})| > % (in which case also |7 (X}') — 7 (X)*| <
3(1 — |7(X;)])), then we have

(1, S@)ldz = callo(t, )|lL>

75Co 1+ ¢,

Ty X
dt 1!

o, HlelIn(l — [T(X)DIW(E, X;)

Ca

w(t, X;)
Calo(t, )L~ |’
where C, o > 0 is some constant that only depends on (a, £2).

For each ¢ > 0 let Q, = Q\ Uxeasz B(x, ¢). For each ¢ > 0 such that
Qoe # I, let

IA

Caello(, )L=W(t, X7) |In (2.15)

T, = dist(Re, 2\ Qo) lull 20,00y x2,) > O-

Then X7 € Q, forall (¢, x) € [0, T¢] x Q2¢, and therefore (2.4) yields (¢, X;) =
wp(x) for all (¢, x) € [0, T;] x Q.. Taking ¢ — 0 we obtain

lwollLee < liminf | (2, )L < [l@| Lo,
t—0
and then from V - u = 0 also

lo@ i = llwoll 1@,y = llwoll g1 — 12\ Qg | lwoll oo = llwoll 1 — €2\ Qg | ||l oo

foreache > Oand all ¢ € [0, T¢].
If now wy # 0, let a = %||w0||L1 ||a)||zolc > 0 and let ¢ > 0 be such that
|2\ Q2¢] < a. From (2.16) we obtain

lo@, )i = allwllLe > allo(t, Lo
for all t € [0, T;]. Thus (2.15) yields

v, XP)

< Calloli=W, Xp) [In ot

d
‘E\If(t, X In (2.17)
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for all (, x) € [0, T¢] x Q such that |7 (X})| > %. This and Gronwall’s inequality
show that X7 € Q for all (¢, x) € [0, T;] x Q. Therefore w (¢, X;') = wo(x) for all
(t,x) € [0, T] x €2, and in particular, ||w(Tg, -)|| 1 = ||lwoll 1. We can therefore
repeat this argument with the same a and ¢ on the time interval [T, 27, ], then on
[2T,, 3T¢], etc.

Itfollows that w is a Lagrangian solution to (1.4) on (0, co) x Q2 and ||w (¢, -) ||y =
lwollLr for all (¢, p) € [0, 00) x [1, oo]. Integrating (2.17) shows that there is a
constant C,, (depending on |||z, [lwoll .1, €2) such that for each ¢ > 0 and all
large enough ¢ > 0 we have W (¢, X7) > exp(—ecc/u‘) whenever W (0, x) > ¢. Since
Lemma 2.3 yields C/ > 0 such that U (¢, S(£)) < C//(1 — |g])>mintl—ex1/4) for
all (¢,&) € [0, 00) x D, and 7 is Holder continuous on €2 (see [14, Lemma 1]),
this shows (1.9). Using also that (1.5) can clearly be solved backwards in time with
the same estimate on the boundary approach rate, we find that {X} | x € Q} = Q,
thus finishing the proof of Theorem 1.1(i) for wg # 0.

If wp = 0, then w = 0 is clearly a Lagrangian solution to (1.4) on (0, 00) x Q
with X; = x, which satisfies Theorem 1.1(i) except for (1.9). If ® > 0O is a
different global weak solution, then the above arguments with time O replaced by
any 7' > 0 such that w(T’,-) % 0 show that for all t € (T’, 00), we have that
o, ) = llo(T’, )1, but then ||w(z, -)|;1 must be constant on the time
interval (T”, 00), where T” € [0, 00) is the infimum of times ¢ with (¢, -) # 0
(and that constant is then positive). This contradicts the continuity of @ as an
L(Q)-valued function of time because w(0, -) = wp = 0 (note that, as in [12],
the boundedness of w shows that u is uniformly in time bounded on any compact
subset of €2, which, together with (2.4), yields w € C([0, 00); L?(2)) for any
p € [1,00)).

Theorem 1.1(ii) follows immediately from Theorem 1.1(i) and Proposition 3.2
in [12]. We note that the latter result shows that Lagrangian solutions are unique as
long as they remain constant near 2 (more specifically, near the non-C>? portion
of 92 for some y > 0).

3. Proofs of Lemmas 2.3-2.5

Let us first state an auxiliary technical result.

Lemma 3.1. Let 8 be a (positive) measure on R and let I := (0™ — 25, 0* + 25)
for some 0% € R and § € (0, %] Let H C D be an open region such that if
ré!®+9) ¢ H for some r € (0,1) and |¢| < 7, then re'®+9) e H whenever
9’| < |@| (ie, H is symmetric and angularly convex with respect to the line
connecting 0 and el?" ). If F : [0,00) — [0, 00) is non-decreasing and convex,
then

/ fQF (g(z)+ifh(|z—e"9|)dﬂ(9)> dz 5/ fQ@F (g(z)+h(|z—ei9*|)> dz
H B Jp H
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holds for any non-increasing h : (0, 00) — [0, 00) and non-negative f, g € L'(H)
suchthat f(reé' @)Y > f(re! @ty and g(re' @9y > g(re! @) whenever
r€(0,1)and |¢'| < |9l

The proof of this result is identical to that of Lemma 4.1 in [7], which was stated
with F(s) = s* for some « > 1, because the only properties of F used in it were
that it is non-decreasing and convex. We will be using it here with F(s) := €,
g=0,and h(s) :=28() In, %, so that for any 8, I, H, f as above we have

/ f(z)exp <—2/1n |z — eigld,B(Q)) dz < / f@lz — ei9*|_2ﬂ(1)dz. (3.1)
H I H

Since Lemmas 2.3-2.5 are all stated at a single time ¢, we will drop ¢ from our
notation in the proofs below. Hence we will have w(x), ¥ (x), and R(z). Forz € D
we will also denote

A(z) :=det DS(2) |o(S(z))| = 0.

‘We note that

/ A@z < ol / det DS(@)dz = |2 o], (3.2)
D D
and that constants C1, C3, ... below will always be allowed to depend (only) on
Q.
3.1. Proof of Lemma 2.4
‘We have
€ -z . sz-zrzf -1 -z
& — 2*|?(z|? & — 2*?z|?
__ (gPlz’ = 2Re (62) + D) — ([£]> — 2Re (§2) + |2I)
& — 2*|?(z|?
1— 2 1— 2
_ . U] )(2 |21|) 3.3)
1§ — 2%z

for &, z € D with z # 0, which also means that % € (0, 1) when z # 0, &.
Hence

E—z _ 1, ( (-0 - Iz|2)> LA =g~z
- - = ——1n 1 - Z ~ )
€ -2zl 2 € — 2* 1z 2 - PP
and so for each & € D we have
wsEy s L[ QDA o Tl Aol
TArJp Pl T odm Jp PP T
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Givenany z, &£ € D,let M := max{|z—&|, 1 —|&|}. Then1—|z] < 1—|&|+|z—&| <
2M, so

€ —2*llzl < 1E =zl + 12— 2¥l Izl = |z — &+ 1 — |z < |z — &| + 21 — |z]) < 5M

when z # 0, and the result follows.

3.2. Proof of Lemma 2.3

Identity (3.3)and —In(1 —r) < (ﬁ)% forr € [0, 1) (equality holds for r = 0
and the right-hand side has a larger derivative on (0, 1)) show that

1
=)A=z \ 2

1 1
n 1§ -z _1 E—2* Pz _d—1gp2ad —zh2
€ —z*||z] ~ 2 _lg—z]® - & — z|
|E—z*?|z|?

Hence it suffices to show that there is C; > 0 such that

1 2 .
/ ( E —|ZE|T A(R)dz < Ch||lw]l L1 — |§|)2°‘_%, (3.4)

where @ := min{l — o, %} (note that 2& — % < 0). From (3.2) we see that it in
fact suffices to replace D by A; := B(£,5) N D in (3.4).

Letus decompose A into A := B(&, e)NA| withe := %,Ag = B(é, &N
A with & := é—l, and A4 := A1\(A2 U A3). Now Lemma 2.2 and (3.1) with H :=

1/2
Ar, 1= (arg(§) — 26, arg(§) + 20), f(2) == ULEh = and B := Yoy o o 8y,
where 891. is the Dirac mass at 6;, yield

(1—Jz)?

Ay |Z_E|

(- IZI) 0, —2at
<C2||0)||L°°/ ¢ l'lejezlz—e’efl %idz

aA—1zhr -
< Gllollpe | ——|z — E|72*dg

A lz—&l

1 _2¢ £ —2a
£2 * 7 — 2 *
< Cy|o|| > / dz+/ Lt 1L dz+/ Pl — &[22y
An |Z_E| A3z & Ay

3_ y_ 1
< Cal|o||Lwe? "2 < 203 [wl|Le (1 — |ENP2

because (2.14) shows that Ze el onr < oy < 1. This therefore finishes the proof
of (3.4).
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3.3. Proof of Lemma 2.5

First integrate over Ag := D\ B(£, §). Then (2.11), (3.2) and

B . 1z — 2%
lz =2 = 2" -1 >

>1-—|z| (3.5)

for any z, z € D yield

R(2)| //
—d — A (Q)dzd

/AO L Elle—& =52 )y, D|z—z||z o (@2

62///40 |Z_ZA(z)dz

= / A@)dz

el LT
frd w [e N
8 L

| /\

| /\

Thus it remains to integrate over A := B(§, §) N D. From (3.5), |§] — 6 > %, and
(3.2) we have

1 1z — ¥
/ —_— = A@)dzdz < Ci|In(1 = [ED] [|w]] o>,
A 1z =&z = &% JBo,1/2) |z — Zllz — Z¥]
(3.6)

where we also used that with Bg := B(§, %) ND and Bg := B(¢’, %) NnD
we have

/‘ dz <3/ dz " 4 dz <6 450
ple—&lle— &1~ Jovaus i EP €15 e—8l 0 TE—&] s|
3.7

forany &, &' € C.

We now let ¢ := 1 — |&| and split A into A, := B(§, %) and Az := A1\ As.
We start with Ay, and let Ey := B(£, §) and E> := D\(B(0, %) UB(, 5)). We
also denote M (&, z) := max{|z — &|, 1 — |£]}. When (z,2) € Ay X Eq, then (3.5),
|z — £*| > &, and (3.7) show that

/ ! 2 2] A@ﬁa<%/ M@f——JE——ﬁ
Ay Iz = E&llz =% JE, |z = Zllz — 2¥] e JE Ay lz=&llz =2

C
—2/ AG) |In|z — &[] dZ.
&€ E|

IA

From Lemma 2.2 and (2.14) we see that det DS(Z) < C3(1 — |Z|)~2 for some C3
and all Z € D, and hence

/ A(Z)Ilnli—élldiS4C3872IIwIIL°°/ |In|Z — €] dZ < Cyllol|z=e| Ins].
B(£.e?) B(£.e%)
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From the last two estimates and M (§,7) = ¢ < 2(1—|z|) forz € E| it now follows
that

1 |z —Z¥| o e
" = - A)dzdz
A 12— 68llz =& JE, 1z —2llz — 2%
Ch|Ineg| o
< CCyl|wl|LeelIng| + — A(2)dz
E;

1 —1z]

< Cs|lneg _—
=Gl '(E1M<s,z)2

A(R)dz + ||CU||L°°) .

Moreover, for all (z,Z) € Ap x E, we have |z — 2% > |z — Z| > ‘Zf' > —174@'
and |Z — Z*| < 3(1 — |Z]), therefore

/ : 2= ¢yazdz
i o€l &% J, 1o e — 7 DA

1—z] N ~/ dz
< 48 ———A(Dd _—
=B e 2 N O% L e e

~ 2]
CelIn(1 —
< CglIn |a»L2M@jﬂ

A(R)dz,

where we also used (3.7). The last two estimates and (3.6) show that

1—|z|

/ &dz < (C1 + Cs5+ Cg)|In(1 — [E])] </
i = D M(§, 2)?

=l — & A&wz+nmuw>,
2

S0 it remains to integrate over As.

Let F := B(, §), F2 := D\(B(O, %) U B(&,268)), and F3 := (B(&,28) N
D)\B(£, g). Then for all (z,Z) € A3 x Fy we have |z —Z*| > |z — Z| > I_Tlél >
|z —&| and |z — 2| < 3(1 — |Z|), which together with (3.7) yields

1 |z —Z"| e
= — A(z)dzdz
/A3 lz —&llz —&* JF |z —zllz — Z*]
1—|z d
<192 —liA(Z)dZ/ %
rn ME,2) Ay 1z — &%z = §|

— Izl

1 g~
sCﬂmu—wa»ﬁ{Mgsz@ma
From (3.5), (3.2), and (3.7) we obtain
dz

f ! Iz -2 Mb&&<g/‘M®ﬁ/ S S
Ay 12 —Ellz = &% Jp Iz —Zllz = 2% T8 e T Jay lz—Ellz — ¥
< Cg|In(1 — [ED]|wl|foe.
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1
For the integral involving (z, Z) € A3z X F3,let Fy := F3N B(0, 1 —eTo) and
forz € Fslet Az := B(Z, E551) 0 A3. From [€], |Z] > § and (2.11) we get

Z—&" <122 +4Z—&l<1Z2—Z7"|+ 82—z <10z — Z*|
when also z ¢ A;. This, (3.7), |2—2Z*| <3(1—|z|),and |2 —&*| = |2 —&| = l%m
forz € F3,and |7 — &*| > @ show that

1 7 —z* o
/ . = A@dzdz
A lz—E&llz —&* JR |z —zllz — Z*|

7 — 7|

1 |z - -
54/ / —~ —~ ~ — A(2)dzdz?
Fy JA: Iz—éllz—é*llz—zllz—z*l

|z — Z¥ - -
20 A(Z)dzdz
* /H/AM |z—§||z—s*||z—s||z—s*| (€)dzde
§C9/ B ) (it — 2D+ 1l — (DD a3
v E—EIE — &7
-3
ME 2

Finally, let F5 := F3\ F4.From (3.5),(3.7),Lemma2.2,and (3.1) with H := F5,
= (arg(§) — 38, arg(§) +38), f = Land B := 3, ., ajse‘,. we obtain

< CiolIn(1 — Iél)I/ 7 ———=5A@)dz.

1 = _ =t 3
/ E=T \Gyazdz
A

s lz—&llz =& Jr 1z —Zllz — 2%
dz -

2 Az —d
= /p (R R vy L
~ dz dz -
8 A _ d
= /p (Z)(/AZ |z—s|2|z—z|+/A3\AZ |z—$||z—s*||z—5|> ‘

/1 =D
C A d
= “/F5 (Z)(IZ—SI+ ¢ )Z

[In(1 — [£])] e ot
< Cip——— ol | Tojer|z — €72 dz
I Fs ;
In(1 ~ —20t4 _
<Cis ﬂn ||Loo/ PR B
Ty

< Cia|In(1 = [ED] ||| Loe,

1
where in the last inequality we used that | F5| < & -+, which is less than the area

1
of a disc with radius ¢ 2-2#« . Combining the above estimates and (3.6) yields

[R(2)|
—————dz < (C1 + C7+ Cs+ Cio+ Cra)| In(1 — |E])]
As 1z —&llz — &%

1—|z|
< . mA(Z)dZ + ||0)||L°C) ,

and the result follows.
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4. Proof of Lemma 2.1

We see from (2.7), a change of variables in the integral from (2.5), and (2.10)
that we need to show boundedness and continuity of R and

0, €) :=f( il S >~R(t,z)w(t,8(z))dz
D

lz—§&12  |z—&*?

on [0, oo) x K forany compact K C D, as well asthat ;W (¢, x) = —%Q(r, 7T (x))
holds for each (¢, x) € [0, c0) x Q.

Sofix any such K andletd := dist(K, 0D) > 0,thenfixany (¢, £) € [0, oc0) x K
and let B := B(¢, %) and B’ := B(¢, %). With C; := SUP|;|<—q /2 det DS(z), and
using (2.11), jw — z*| > |w — z| for all z, w € D, (3.7), and (3.2), we obtain for
any (t',&") € [0, 0) x B,

IR(. ) — R(t. 6] <||oo]| (f +/ )
B Jm\B

&~ ¢ &~ ¢
det DS(z)d
<|5—zllf§’—z|+|s—z*||s/— *|> e pSd
8|2
<ol — & (671Cd1n+ e 0+ sl |>

and (using also |z — z*| < 2|¢’ — z*| and Holder’s inequality)

*
IR(t, &) — R(t', g)|_/ = — et DS@e(r, S@2) — o, S@)ldz

ZIIE/ ¥

2
<2 (/D ' — 2|77 det DS(Z)dZ> o, ) — o, M3
“4.1)

(Note also that the first of these estimates and (4.2) below prove (2.1).) Since the last
integral is bounded in &’ € B’ by Lemma 2.2 and (3.2), and w € C([0, c0); LP(2))
for any p € [1, 00) (see the end of Sect.?2), these two estimates show that R is
continuous at (¢, ).

Boundedness of R on [0, c0) x K follows from the estimate

IR(1,€)] < Callol|= (1 — g > (4.2)

for all (¢, &) € [0, c0) x D, with a, from (2.14) and some 2-dependent constant
Cgq. To obtain it, first note that |z — z*| < 2|§ — z*| and (3.2) yield (with § from
(2.14))

—z* 2 2|2
/ &det DS(z)dz < —/ det DS(2)dz < L
Q\BE.8) 1§ — zl1§ — z¥] 3 Ja\B.s) )
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ThenuseLemmaZZ and(3 1)w1thH = B(§,9), 1 := (arg(§)—26, arg($)+28)

f@) = =D pe1 69, to get (with & := 155 and & = I%‘I)
_ ¥ £ 1204
/ & det DS(z)dz < C’/ Is;|dz
B(,s) 1§ — zl1&§ — 2¥| BEs) 16—zl

_da P —2a
g% —2Z *
< c’ f dz +/ ) udz
B 1§ — 2l B(.e) €

+9/ N —zllZ“*dz>
B(§.5)\(B(&,6)UB(§,¢))

< C"(1— g

with some Q-dependent constant C’, C” because 20 el a+ < oy < 1 by (2.14).
The last two estimates now imply (4.2).

Let us now turn to Q. Fix any K as above, then fix any (¢, &) € [0, 00) x K
and let d, B, B’ be as above (without loss assume that d < 4—1‘). Then for any
(', &) € [0, 00) x B’ we have from (2.11),

100.§) — 0. &) < ||w||Loo/ ( ik R ) IR(t, 2)ldz,
B D\l —zll§" —z  [§* —z]|E™ —z]
where the second fraction is just |§* Whené =0and zm— S 2l when & = 0. Using

(2.11), splitting the integration to z € B and z € D\ B, and applylng (4.2) and (3.7)
yields

_ 1 _
10(,8) — 01, )] < C'l|wl|r=|E" — £ (d‘ 2 (1 +ing sw) +d 2)
for some Q-dependent constant C’. Next, we have

il
10— 00" 0] <l [ A —

|%— _s/*l , )
T e =g R M. 5@) — o, S@)ldz.

|R(t,2) — R(t', 2)|dz

Splitting the first integration into z € B’ and z € D\ B/, and then using |§" — §™*| <
21&™ — z|, (4.1), and (4.2) shows that the first integral is bounded above by

4
Callo(t, ) — o', )3q) + 7 /D |R(t,2) — R(t', 2)| dz

for some (€2, d)-dependent constant Cy. This converges to 0 as ¢’ — t by w €
C([0, 00): L3()), together with (4.1) and integrability of the right-hand side of
4.2).
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Using |§' — £™*| < 2|&™ — z|, (4.2), and Lemma 2.2, the second integral is
bounded by

1

1
on]—2a. ¢ e 1
c UD’( Sl 1) dz:| (/DdetDS(z)lw(t,S(z))—w(t/,S(Z))Ipdz>p
|&" — z| det DS(2)?

< Cyllo(t,) — @', )Lr)

for some -dependent C’ and (d, 2)-dependent C,4, provided that p € (2, 00) is
large enough so that, with ¢ := %1, we have that (1 — 2o, — %Zj a;L)q > —1.
Thus, above estimates the, together, show that Q is continuous at (¢, ).

We can also use (2.11), |§ — &*| < 2|&* — z|, and (4.2) to get

120
10, &) < 2Csz||w||%oo/ %dz (4.3)
p |§—z
forall (¢, &) € [0, co) x D, showing the boundedness of Q on [0, o) x K for each
compact K € D.
Hence it remains to show that o, W (¢, x) = —% Q(t, T (x)) pointwise, which
will follow from

1 [
—2—/ Q(t. T (x0))dt = W(11, x0) — W(to, x0) (4.4)
T 10

forall 0 < 7y < t; and xo € 2, because Q is continuous. Therefore we fix any
such (19, t1, x0).
Let

p)im e AT T L, 1T@ =T
: 2 |T(X0) — T(x)*||T()C)| 21 |’]'(x) _ T(XO)*HT()CON

(so W(tj, x0) = [q ¢ (x)w (1), x)dx for j =0, 1) and

T (x) — T (x0) T(x) =T (x)" )

= V() = - DT -
V)= Vo) =g DT <|T(x)—T(XO)|2 IT() = TGP

for each x € Q (recall (2.9)). Also, for each r € (0, ’15’0), let g, € C2°([0, 00))
be such that

Xlto+r,t1—r] < 8r =< X(to,t1)»

and g, is non-increasing on [0, #1] and non-decreasing on [#1, 00), and, for each
h € (0, 1], let f € C°°(]0, 00)) be such that

(1) fu(x) =0forx € [0, 4],

() fu(x) =xforx € [h, 1],

(3) fu(x) =} +hforx €[} +h,o0),
4) 0 < fr(x) <2forx € [0, 00).
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Now, for any h, r € (0, min{l, 152}) and (7, x) € [0, 00) x €, let

@ra(t, x) == gr (1) fn(P(x)).
Then, we clearly have that ¢, , € C2°([0, 00) x ) and ¢, 1, (0, -) = 0, so plugging
it into (2.3) yields

/0 /Qw(t,X)gr(t)f;i(¢(X))u(t,X) Y (x)dxdt

+ /O /Q o1, )8, () fr(d (0)dxdr = 0.

Since w(t, x)gr (1) f; (¢ (x))¥ (x) is abounded functionandu € L*°((0, 00); L2(Q)),
we can use the dominated convergence theorem to pass to the limit » — 0 and ob-
tain

1
[ /Qw(t,X)f;ﬁ(MX))u(LX)~w(x)dxdﬂrLw(to,X)ﬁz(¢(X))dx
0]

—/Qw(tl,x)fh@(X))dx =0,

where in the second integral above we used that w € C ([0, 00); LY(Q)). If we can
show that u - € L*>((0, o0); L'(R)), then taking & — 0 will yield

t
/1/ w(x)Tu(t,x)w(t,x)dxdtzfd)(x)w(tl,x)dx—/ ¢ (x)w(ty, x)dx,
to Q Q Q

via the dominated convergence theorem. This, however, is precisely (4.4), due to
(2.7) and (2.10).

If B := B(xy, %dist(xo, o)), then u - ¥ € L*°((0, 00); L'(B)) because u is
bounded on [0, c0) x B by (4.2). From (2.9) we see that there is Cy, such that

W ()] < Co IDT (x)]| < 2Cy| det DT (x)]?

forall x € Q\ B,so ¢ € L*() by fQ det D7 (x)dx = |D|. Thus u - ¢ €
L*°((0, 00); Ll(Q\B)), which indeed yields u - ¢ € L%((0, c0); L'()), and
therefore finishes the proof.
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