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IMPROVED LOWER BOUNDS FOR GINZBURG-LANDAU ENERGIES
VIA MASS DISPLACEMENT

ETIENNE SANDIER AND SYLVIA SERFATY

We prove some improved estimates for the Ginzburg—Landau energy (with or without a magnetic field)
in two dimensions, relating the asymptotic energy of an arbitrary configuration to its vortices and their
degrees, with possibly unbounded numbers of vortices. The method is based on a localization of the “ball
construction method” combined with a mass displacement idea which allows to compensate for negative
errors in the ball construction estimates by energy “displaced” from close by. Under good conditions,
our main estimate allows to get a lower bound on the energy which includes a finite order “renormalized
energy” of vortex interaction, up to the best possible precision, i.e., with only a o(1) error per vortex,
and is complemented by local compactness results on the vortices. Besides being used crucially in a
forthcoming paper, our result can serve to provide lower bounds for weighted Ginzburg—Landau energies.

Introduction

We are interested in proving lower bounds and compactness results for Ginzburg—Landau type energies
of the form
(1—ul?)?

Gg(u,A):%/Q Sl + (eurl 4+ =

where ¢ is a small parameter, u is a complex-valued function called the order parameter, A is R*-valued
and is the vector potential of the magnetic field & := curl 4, and V4 = V —iA. Here the domain
of integration 2 is a smooth bounded domain in R?, which can depend on e. We are interested in
particular in the case where €2, gets large as € — 0. Note that one may set 4 = 0 to recover the simpler
Ginzburg-Landau energy
(1—u]*)?

262

without a magnetic field. Our results apply to this energy functional by making this trivial choice of 4.

1
Ea) =5 [ 19ul*+

The Ginzburg-Landau energy is a famous model for superconductivity. In this model the order-
parameter u often has quantized vortices, which are the zeroes of u with nonzero topological degree.
Obtaining ansatz-free lower bounds for G in terms of the vortices of u# has proven to be crucial in
studying the asymptotics of minimizers of G, in particular via I"-convergence methods.

The first study establishing lower bounds for Ginzburg-Landau was the work of Bethuel, Brezis,
and Hélein [Bethuel et al. 1994] for solutions to the Ginzburg-Landau equations without magnetic field
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with energy E. bounded by C|log ¢|. Such an energy bound ensures that the total number of vortices
remains bounded as ¢ — 0. This was later improved and extended in two different directions in [Han
and Shafrir 1995] and [Almeida and Bethuel 1998] for arbitrary configurations, still with a number
of vortices that remains bounded. The main limitation of such estimates is that the error terms blow
up as the number of vortices gets large. Then, Jerrard [1999] and Sandier [1998] introduced the “ball
construction method”, which provides lower bounds in terms of vortices for arbitrary configurations,
allowing unbounded numbers of vortices and much larger energies. This is crucial for many applications,
since energy minimizers of the functional with applied magnetic field do not always satisfy a C|log ¢|
bound on their energy. Subsequent refinements of the ball construction method were given (see for
example [Sandier and Serfaty 2007, Chapter 4] for a recent result). The lower bound provided by the
ball construction method also provides a crucial compactness result on the vorticity (roughly the sum
of Dirac masses at the vortex centers, weighted by their degrees). These are the so-called “Jacobian
estimates”’; see [Jerrard and Soner 2002] and [Sandier and Serfaty 2007, Chapter 6]. They say roughly
that the vorticity is controlled by |log e3|_1 times the energy. For other subsequent works refining those
results in a slightly different direction, see also [Sandier and Serfaty 2004; Jerrard and Spirn 2008; Serfaty
and Tice 2008].

In a way our objective here can be seen as obtaining next order terms (order 1 as opposed to order
llog |) in such estimates, both energy estimates and compactness results.
For a given (u, A), let us define the energy density

1 1—1ul?)?
es(u, 4) = - (|VAM|2 + (curl 4)* + %) .

If (u, A) is clear from the context and defined on a set E, we will often use the abbreviation e¢(E) for
/ g €e(u, A), and e, for the density ez (u, A). We then introduce the measure

Jfe:=ee—mlloge| Y dpbay,
B

where the apg are the centers of the vortex balls constructed via Jerrard’s and Sandier’s ball construction,
the dp are the degrees of the balls and § is the Dirac mass. Calculating [ f; corresponds to subtracting
off the cost of all vortices from the total energy: what remains should then correspond to the interaction
energy between the vortices, which we can call “renormalized energy” by analogy with [Bethuel et al.
1994]. In order to obtain next order estimates of the energy G, we show here lower bounds on the
energy [ fe, as well as coerciveness properties of f;, which say, roughly, that f;, or in other words, the
renormalized energy, suffices to control the vorticity. (This is again to be compared with the previous
ball construction and Jacobian estimate, where the vorticity is controlled by e, /|log ¢|).

The motivation for this is our joint paper [Sandier and Serfaty 2010], where we establish a next-
order I"-convergence result for the Ginzburg-Landau energy with applied magnetic field, and derive a
limiting interaction energy between points in the plane, thus making the link to the question of the famous
Abrikosov lattice (the Abrikosov lattice is a triangular lattice of vortices in superconductors observed in
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experiments and predicted by Abrikosov). More precisely, we show there an asymptotic expansion for
the minimal energy of the form

min Ge = GN + N min W + o(N)

where N > 1 is the optimal number of vortices (determined by the intensity of the applied field), Gév isa
constant of order N2 (the leading order estimate) and W is a renormalized energy governing the pattern
formed by the vortices after blow-up at the scale ~/N. Moreover, we show that the patterns formed by
the vortices of minimizers after this blow-up minimize W (almost surely, in some sense). We prove in
addition that among lattice configurations (of fixed volume), W is uniquely minimized by the triangular
lattice. The natural conjecture is that this lattice is also a minimizer among all point configurations, and
if this were proved, it would completely justify the emergence of the Abrikosov triangular lattice.

To achieve this, with an error only o(/N), we needed lower bounds on the cost of vortices with a
precision o(1) per vortex (with still a possibly infinite number of vortices), which is finer than was
available in the literature. We also needed to control the (local number of) vortices by the renormalized
energy. In fact the energy density we end up having to analyze in [Sandier and Serfaty 2010] is exactly
fe, and we need to be able to control the vortices through it.

The other problem we need to overcome in that paper is that f; is obviously not positive or even
bounded below, and this prevents from applying standard lower semicontinuity ideas, and the abstract
scheme for I'-convergence of 2-scale energies which we introduce there. This reflects the fact that
the energy e, is not exactly where the vortices are, as we will explain below. The remedy which we
implement here, is that we can “deform” f; into an energy density g, which is bounded below and
enjoys nice coerciveness properties. To accomplish this we show that we can transport the positive mass
in f; into the support of the negative mass in f, with mass traveling at most at fixed finite distances
(say distance 1), and so that the result of the operation, g., is bounded below. This is done by using the
following rather elementary transport lemma:

Lemma 3.1. Assume [ is a finite Radon measure on a compact set A, that Q is open and that for any
positive Lipschitz function & in Lipg (A), i.e., vanishing on Q \ A,

[ ear = —colvela
Then there exists a Radon measure g on A such that 0 < g < f4 and such that

I/ = gllLipg )+ = Co-

Thus what is needed is a control on the negative part of f;, which will be provided by the ball
construction lower bounds and additional improvements of it.

The norm || f¢ — gellLip, (2)* Will measure how far mass has been displaced in the process. This
control appears in Theorem 1.1 below and more particularly Corollary 1.2. Since | g, will be close to
[ fe. it also can be seen as a renormalized energy. Since g, is bounded below, we can then hope that it
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enjoys nice coerciveness properties, we can in fact obtain the desired compactness results which allow
to control the vorticity locally by g.. This will be the object of Theorem 1.5 below.

Finally, let us point out that our results can in principle serve to obtain lower bounds for weighted
Ginzburg-Landau energies, see Remark 1.7.

We now describe briefly the method that we use, which allows us to control the negative part of f;.

The best vortex ball construction lower bound on e, available (such as that in [Sandier and Serfaty
2007, Chapter 4]) is of the following type: given (u., A;) and any (small) number r, there exists a family
of disjoint closed balls % covering all the zeros of u,, the sum of the radii of the balls being bounded
above by r, and such that

/ ec(ug, Ag) =D (logL—C), (0-1)
Upea B eD

where D = ) pcq |dp| with dp = deg(ug, 0B) if B C Q and 0 otherwise. We shall reprove here in
Proposition 2.1 a version of this result using Jerrard’s ball construction.

This above estimate says that a vortex of degree d costs an energy at least >~ m|d||log €|, but this is
only really true when the vortex is well isolated from other vortices and from the boundary, and if there
are not too many of them locally, as the factor »/ D in the logarithm above somewhat reflects: an ideal
lower bound would be

ee(B) > 7|dp| (log g - C) ,

and compared to this, the lower bound above contains a negative error —z D log D which tends to —oo
if the total number of vortices becomes large when ¢ — 0. In truth, this ideal lower bound cannot hold
in general as can be seen in the case of n vortices of degree 1 all positioned regularly near the boundary
of the domain, a case where (0-1) is optimal.

Moreover the energy density e, is not localized exactly where the vortices are: vortices can be viewed
as points, while their energy is spread over annular regions around these points. The ball construction
lower bounds such as (0-1) capture well the energy which lies very near the vortices, but some energy
is missing from it, in particular when vortices accumulate locally around a point. The missing energy in
that case can be recovered by the method of “lower bounds on annuli” which we introduced in [Sandier
and Serfaty 2003] and used again in [Sandier and Serfaty 2007, Chapter 9]. It is based on the following:
Let B(xg, 1)\ B(xg, o) be an annulus that contains no zeros of . Roughly speaking we have

e (B(xo, )\ B(xo, ro)) > D? log :—1
0
where D = deg(u, dB(x¢,71)) = deg(u, dB(xg, ¥p)). In other words, if a fixed size ball in the domain
contains some large degree D of vorticity, then there is an energy of order D? lying not in that ball, but
in a thick enough annulus around that ball. This energy of order D? should suffice to “neutralize” the
error term —m D log D found above through the ball construction. However, it lies at a certain (finite)
distance from the center of the vortices. The main technique is then to combine in a systematic way the
ball construction lower bounds and the “lower bounds on annuli”, in order to recover enough energy.
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Let us finally emphasize a technical difficulty. Since we want a local control on the vortices, the lower
bound (0-1) provided by the ball construction is not quite sufficient because it cannot be localized in
general, i.e., we cannot deduce a bound for |’ p ¢e for each B € 9. It is only possible to do so when a
matching upper bound on the total in (0-1) is known. See Proposition 2.1 for more details.

The idea for remedying this difficulty is to “localize” the construction, splitting the domain into pieces
on which one expects to have a bounded vorticity, then apply the ball construction on each piece, and paste
together the constructions and lower bounds obtained this way, whose error terms will now be bounded
below by a constant. However, this is not completely easy: one needs to localize the construction and
still get a global covering of the vortices by balls while preserving the disjointness of the balls. In
applications, trying to split the domain into pieces where the vorticity is expected to be bounded leads us
to splitting the domain into very small (as € — 0) pieces. Equivalently after rescaling one can consider
very large domains cut into bounded size pieces. In other words, in order to be able to treat the case
where the vortex density becomes large, we need to be able to treat the case of unbounded domains as
e — 0.

This is precisely what we do in this paper: we consider possibly large domains. This way we may in
practice rescale our domains as much as needed until the local density of vortices remains bounded as
¢ — 0. We consider vortex ball constructions obtained over coverings of €2, by domains of fixed size,
and we work at pasting together these lower bounds while combining them with the method of lower
bounds on annuli, as explained above, and finally retrieving “finite numbers of vortices” estimates (of
the type in [Bethuel et al. 1994]) which bound from below the energy f; or g, by the exact renormalized
energy, up to only o(1) errors.

1. Statement of the main results

In this paper we will deal with families (u,, A¢), defined on domains {2}, in R? which become large
as ¢ — 0. The example we have in mind is 2, = A, where 2 is a fixed bounded smooth domain and
Ae = 400 as € — 0, but we don’t need to make any particular hypothesis on {2¢}¢, which could even
be a fixed bounded domain.

Next we introduce some notation.

For E C R? we let

E = {x € Q. dist(x, E) < 1}.
We also define, for any real-valued or vector-valued function f in Qg,

f ) =sup{| f(3)],y € B(x,1) N Q).

Note that both f and E depend on ¢, but the value of ¢ will be clear from the context. The choice of 1
in the definitions is arbitrary but constrains the choice of other constants below.

In all the paper, f and f_ will denote the positive and negative parts of a function or measure, both
being positive functions or measures, and || /|| is the total variation of f. If f and g are two measures
then f < g means that g — f is a nonnegative measure.
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Given a family {(ug, A¢)}e, Where ug : Q¢ — C and A, : Q, — R? we define the currents and vorticities
to be
Je = (ue, Vg, ug), e =curl jg + hg,

where (a,b) = %(alg + ab) and h, = curl A, is the induced magnetic field.

We denote by Lipg, (4) the set of Lipschitz functions on A which are 0 on 2\ 4, and let || f [|Lipe, (4)* =
sup [ & df, the supremum being taken over functions & € Lipg (A) such that |[V&|peo(4) < 1.

We say a family { fy } is subordinate to a cover { Ay }o if Supp(fo) C Ay for every .

Despite the slightly confusing notation, the covering A, will have nothing to do with the magnetic
gauge A.. Also, the densities fy and gy, as well as n, and vy will implicitly depend on &, and should
be really f; o and g¢ q, etc, but for simplicity we do not indicate this dependence.

Theorem 1.1. Let {Q;}e~o be a family of bounded open sets in R*. Assume that {(ug, Ag)}e, where
(ug, Ag) is defined over Q. satisfies for some 0 < B < 1 small enough

Ge(ue, Ag) < 7P (1-1)
Then the following holds, for & small enough:

(1) (vortices). There exists a measure vg, depending only on ug (and not on Ag) of the form 2m Y ; diég,
for some points a; € Q, and some integers d; such that, C denoting a generic constant independent
of &,

[l ee — Vs”(c(()U (Q2:)* = C\/EGs(us, Ae), (1-2)
and for any measurable set E
€e (E )

[ve|(E) = C .
|log €

(2) (covering). There exists a cover {Aq}a of Q¢ by open sets with diameter and overlap number
bounded by a universal constant, and measures { fy}o, {Va }a Subordinate to this cover such that,
letting fe = ey — %llog &|ve,

o= far Ve= Va. Ve Lvg, for ay #as.
o o

(3) (energy transport). Letting ny := ||vgl||/27, for each a the following holds: If dist(Ay, 2:°) > &
there exists a measure go > —C such that either

/o = 8allLipg (4e)* = Cna(1 4 Bllogel) and  go(Aa) = cngllog ], (1-3)

or
I foe — 8o lLipey(4e)* < Cha(14+1logng) and go(Aa) = cng® —Cng, (1-4)

where and ¢, C > 0 are universal positive constants.
If dist(Ag, Q:°) < &, there exists go > 0 such that for any function &

/ £d(fu— ga) < Cra(IVE|Loo(ay) + Bllog el [ElLoo(ay))- (1-5)
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(4) (properties of g). Letting g¢ = fe + ) o (8a — fa), we have
—C < ge < es+ Slog e|(ve)—. (1-6)
and for any measurable set E C 2,

es(E\)

llog gl’ (ge)+(E) < Ceg(E). (1-7)

(ge)-(E) =C

Moreover, assuming |ug| < 1 in Qg and that E 4+ B(0, C) C Q¢, for some C > 0 large enough, then
for every p <2,

[ el? = ol (E -+ BO.C) + |EI). (1-8
The third item admits, or rather implies the following form, from which the covering { A4 }¢, is hidden.

Corollary 1.2. Under the hypothesis above and using the same notation, for every 0 < n < 1 we have if
e > 0 is small enough: First, for every Lipschitz function & vanishing on 092,

|log n?

fggwgs _fy<c /Q Ve [d|vs| LB md(ge)s + dx} e /a6 feo.  (19)

Second, if d(E, 092;) > C then

(1-10)

~ 1 ~ . E 3’9\8
Vel(E) = C (n(gs)+(E)+5|E| +w)

|log ¢
The point in introducing the extra parameter 7 is that we want to be able to use only a small n-fraction of
the “remaining” energy g. to control the error f; — g, between the original energy and the displaced one.

This corollary is obtained by simply summing the relations (1-3)—(1-5) and controlling 1, and 1y log ng,
by a small fraction of ny? through the elementary relations

log? 1
xlogxfr]xz—kcy 2x§r)x2—|—5

and then controlling 142 by go(Ag) via (1-3) or (1-4).

Remark 1.3. If we let n = 1 and if £ and the support of £ are at distance at least 1 from 9€2, then (1-9)
and (1-10) reduce to

/éd(fs g < c/ VE [d(ge)s + dlvel] (1-11)
Q¢
and
[vel (B) = € ((80)+(B) + | E1)

If one takes § = x p to be a positive cut-off function supported in B(0, R) and = 1 in B(0, R—1) then
the right-hand side in (1-11) scales like a boundary term (i.e., like R) as R gets large, while the left-hand
side scales like an interior term.
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Remark 1.4. Assume we have proved Theorem 1.1 and Corollary 1.2. Given {(ug, As)}e and {Q:}e
satisfying the hypothesis, we may consider for some fixed o > 0 the rescaled quantities ¢ =¢/0, X =x/0
and let

i16(%) = upe(x),  Ag(¥) = 0dp(x), Qo= Qe/0.

Then, letting 47 = curl A and h = curl 4, we have
o 2( ] 2 o’ 2 1 72
eg(u,d):=o0 §|VAu| +7h +4— —|ul®?) = 3IVzal> + 5h +—(1—|”|)

We may then apply the theorem to the tilded quantities, yielding a measure g.. Then if we let g.(x) =
Z2:(X), the measure g, will satisfy the properties stated in Theorem 1.1 and Corollary 1.2, with e, replaced
by e? (and with a different C) provided we modify the definition of E to

= {x | dist(¥, E) < 1} = {x | dist(x, E) < 0},

(note that we can keep the original definition provided o < 1).
Then we may add to both e, and g, the quantity (% — %az)hgz and obtain in this manner a new g,

2

satisfying the listed properties and — for the particular choice 0~ = % — the lower bound

h 2
ge>——C. (1-12)
4
We will then usually assume when applying Theorem 1.1 that this lower bound holds as well as the other
conclusions of the theorem.

The next result shows how g, has the desired coerciveness properties, and behaves like the renormal-
ized energy. Indeed, under the assumption that the family {g.}. is bounded on compact sets (recall that
the domains become increasingly large as ¢ — 0) we have compactness results for the vorticities and
currents, and lower bounds on [ g, (hence [ f; via (1-9)) in terms of the renormalized energy W.

Before stating that result, we introduce some additional notation. We denote by {Ug} r>¢ a family of
sets in R2 such that, for some constant C > 0 independent of R,

Ug + B(0,1) C Upsc and Ugyq C Ug + B(0,C). (1-13)

For example, {Ug} gr>o can be the family { Bg} r~¢ of balls centered at 0 of radius R.
Then we use the notation y Ur for cutoff functions satisfying, for some C independent of R,

IVxuel =C, Supp(xy,) CUr, xy,(x) =1 if dist(x,Ug) = 1. (1-14)

Finally, given a vector field j : R? — R? such that curl j = 2 Zpe A Op + h with A, where £ is in
L2

ioc and A a discrete set, we define the renormalized energy of j by

W(j) = limsup
R—o0 | BR|
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where for any x
. . 1 .
W(j, x) = liminf (5/ XlJj1>+mlogn Y x(p))- (1-15)
n—>0 R:\Upen B(p.n) peA

Various results on W, in particular on its minimizers, are proved in [Sandier and Serfaty 2010]. Note in
particular that if we assume div j = 0, then the liminf in (1-15) is in fact a limit, because in this case
j = V+H with AH =278, + h in a neighborhood of p, and thus H = log|-—p|+ f with f € H!
in this neighborhood.

Theorem 1.5. Let the hypothesis of Theorem 1.1 hold, and assume |ug| <1 in Q..

(1) Assume that dist(0, 902¢) — +00 as € — 0 and that, for any R > 0,

limsup g¢(Ug) dx < 400, (1-16)

e—0

where {UR} g satisfies (1-13). Then, up to extraction of a subsequence, the vorticities {1 }¢ converge

in Wk;l’P(le) to a measure v of the form 2w}, p 8p, where A is a discrete subset of R2, the

currents { jc}e converge weakly in Lf(’)c([Rz, R2) for any p < 2 to j, and the induced fields {h¢}s
converge weakly in LIZOC(RZ) to h which are such that

curl j =v—h inR>.
(2) If we replace the assumption (1-16) by the stronger assumption

limsup g.(Ug) < CR?, (1-17)

e—>0

where C is independent of R, then the limit j of the currents satisfies, for any p < 2,

limsup][ |j 12 dx < 4o00. (1-18)
R—>+o00J Ug

Moreover for every family XUg satisfying (1-14) we have
L. XU w(j, XU ) 1 y
11m1nf/ ZUR oo > (—R+- h2+—][ h) +ogr(1), (1-19)
e—>0 R2 |UR| ¢ |UR| 2 Ugr 2 Ur
where y is a constant defined below and o g (1) is a function tending to 0 as R — +00.

Remark 1.6. The constant y in (1-19) was introduced in [Bethuel et al. 1994] and may be defined by

. 1 2, (I—lugl??
—gim (L] v 7l _ o i0g R
v Rflo(szR| uol”+——, Tioe )

where uo(r,0) = f(r)e'? is the unique (up to translation and rotation) radially symmetric degree-one
vortex. See [Bethuel et al. 1994; Mironescu 1996].
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Remark 1.7. Lower bounds immediately follow from this theorem. Indeed f; is the energy density
minus the energetic cost of a vortex, and f; — g is controlled by Theorem 1.1; see also Remark 1.3.
This, combined with the lower bound (1-19) shows that in good cases the averages over large balls of f;
are bounded below by W plus explicit constants, which proves a sharp lower bound for the energy with
a o(1) order error, a la [Bethuel et al. 1994].

The bound (1-9) may also be interpreted as a lower bound for the Ginzburg—Landau energy with
weight. Assuming a fixed domain 2 and G¢(ue, A¢) < C|log ¢| for instance, and that e — 27 Y ;—; 84,
where a; € €2, then by blowing up by a factor independent of ¢ we may assume the points are at distance
2, say, from the boundary and then if £ is a fixed positive weight we may multiply it by a cutoff 0 < x <1
equal to zero on 9Q and equal to 1 at each a;. Then (1-9) becomes

n o 2
[ gee=mtog e 3 e+ [ e dze—c [ 908 (d|ve| F (B4 d(ge), + 8 dx).
Q im1 n

Typically, there will be an upper bound for the energy which implies that (g¢), (£2) < C and since also
ge > —C, the integrals on the right-hand side may be bounded below by a constant independent of ¢.

The paper is organized as follows: In Section 2 we state without proof the result on lower bounds via
Jerrard’s ball construction (the proof is postponed to Section 5) which we adapt for our purposes, and
explain how we use it on a covering of €2, by a collection U, of balls of finite size. In Section 3, we
present the tool used to transport the negative part of f; to absorb it into the positive part, and deduce
Theorem 1.1. In Section 4, we prove Theorem 1.5. Finally in Section 5, we prove the ball-construction
lower bound.

2. Use of the ball construction and coverings of the domain

The first step consists in performing a ball construction in €2, in order to obtain lower bounds. This
follows essentially the method of [Jerrard 1999], the difficulty being that we are not allowed more than
an error of order one per vortex. This is hopeless if the total number of vortices diverges when ¢ — 0,
hence we need to localize the construction in pieces of €2, small enough for the number of vortices in
each piece to remain bounded as ¢ — 0.

The ball construction lower bound. We start by stating the result of Jerrard’s ball construction in a
version adapted to our situation, in particular including the magnetic field. The proof is postponed to
Section 5. In all what follows, if % is a collection of balls, (%) denotes the sum of the radii of the
balls in the collection. In all the sequel we will sometimes abuse notation by writing B for | g B,
identifying the collection of balls with the set it covers.

Proposition 2.1. There exist g, C > 0 such that if U C R?, & € (0, &), and (ug, Ag) defined on U are
such that Gg(ug, Ag) < ¢ P, where p € (0,1), the following holds. For every r € (Ce' ™5, %), there
exists a collection of disjoint closed balls B depending only on u. (and not on A;) such that, letting
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Us ={x|d(x,U°) > ¢}, we have

(1) {x € Up | Jue()] < 33 c 9,

2) r(B) <r,and

(3) forany2 < C < (r/s)l/z, either eo(BNU) > Elogg or

es(B) > n|d3|(log% —C) forall B € B such that B C U,
e

where dp = deg(ug, 0B).

A natural choice of C above is 7 D, where D = > Bes |dp| and we have let dp = 0 if B ¢ U,. With
this choice we find in all cases

e BNU) > nD(log LD - C)
)

i.e., we recover the same lower bound as in [Sandier and Serfaty 2007, Theorem 4.1], mentioned in the
introduction as (0-1). The reason why we don’t simply use that theorem directly is that we need to keep
the dichotomy above, and thus a lower bound localized in each ball.

Localizing the ball construction. For any ¢ > 0 we construct an open cover {Uy }4 of Q2 as follows: We
consider the collection & of balls of radius £, — where £ € (0, %) is to be chosen below, small enough
but independent of £ — centered at the points of £yZ%. The cover consists of the open sets Q. N B, for
B ed.

This cover depends on ¢, but the maximal number of neighbors of a given o — defined as the indices
B such that Uy N Ug # @ —is bounded independently of & by an integer we denote by m (in fact
m =9). Note that m also bounds the overlap number of the cover, that is, the maximal number of U, ’s
to which a given x can belong. There is also £ > 0 independent of & which is a Lebesgue number of
the cover, i.e., such that for every x € €, there exists « such that B(x,{) N Q; C Uy or, equivalently,
dist(x, 2, NUS) > L.

Assuming 8 < %, and applying Proposition 2.1 to (ug, A¢) in Uy for every a we obtain, since /& >
Ce!' 7P if ¢ is small enough, a collection By*" for every /e <r < %

If p is chosen small enough depending on £ and m only, thus less than a universal constant, we may
extract from | J,, B2P a subcollection B such that any two balls B, B’ in B, satisfy Q. N BN B = .
We will say B, is disjoint in Q:

Proposition 2.2. Assume p < {/(8m). Then, writing in short B instead of Bg™", there exists a subcol-
lection of |, BE — call it B — which is disjoint in Q¢ and such that

{lug) < $3 N {x | dist(x, 2,) > e} | ] B. (2-1)
Be®R,

Moreover, for every B € B N BY we have BN Qe = BN Uy and

dist(B, 2:°) > ¢ <= dist(B, U,°) > e.
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Proof. Assume C = QN (By U---U By) is a connected component of €2, N (Ua %g‘) Reordering if
necessary, we may assume that B; N (ByU---U B;_1) # & forevery 1 <i <k. There exists x € 2,N B;
and o such that dist(x, Q¢ N US) = £. Then dist(B;, Q: NUS) > 3{/4. Assume

3¢
dist(ByU---UB;_1,Q2.NUYS) > R

Then dist(B;, 2, N US) > £/2 hence for every 1 < j < i the ball B; belongs to 935, where B is a
neighbor of «. It follows that r; +---+r; <mp < {/8, where r; is the radius of B;, and we deduce that
By U---UB; C B(x,£/4) and then

3¢
dist(By U+ U B, Qe NUZ) = .

We have thus proved by induction that C C Uy and even that dist(C, Q. NUS) > 3{/4 for every i.
We delete from {Bj,..., By} the balls which do not belong to B and call C’ the union of the
remaining balls. If y belongs to

C N{ug| < %} N{x | dist(x, 2:°) > &}

then, since dist(C, Q,NUE) > 3¢ /4 and dist(y, 2,°) > &, provided ¢ < 3¢ /4 we have that dist(y, Uy ) > ¢
hence y belongs to some ball B € RBY (since BY covers the set {|ug| < %} N {dist(x, US) > ¢&}), thus
y € C’. The balls in C’ are disjoint in 2 since they belong to the collection B¢ which is itself disjoint
in Qg.

Performing this operation on each connected component of €2, N (U " %g‘) we thus obtain a collection
B which covers {|ug| < %} N {x | dist(x, ) > ¢} and is disjoint in Q.. Moreover, if B € B, N B
then dist(B, Q. NUS) > 3¢/4 hence BN Q; = BN Uy and

dist(B, 2:°) > ¢ <= dist(B, Uy°) > &. O
The value of p will be fixed smaller than £/8m and independent of ¢, as specified below. Proposition 2.2
provides us for any € > 0 small enough with collections of balls %, and RBY.

Definition 2.3. For any /¢ < r < p and any B € BY, we let %f’r be the collection of balls in B2
which are included in B. Then we let
@ = 82"

Be®R,
It is disjoint in €, and covers the set {|ug| < 1} N {x | dist(x, 2,) > ¢} and of course if B € BL NRg",
then BN Q2, = BN U, and
dist(B, 2:¢) > ¢ <= dist(B, Uy°) > &.

In other words, the disjoint collection %, permits us to construct disjoint collections of smaller radius
by discarding from B%"" those balls which are inside a ball discarded from B3*. The collection 975;/5
should be seen as the collection of “small balls” and %, (obtained from 9‘3‘;"” ) as the collection of “large
balls”. We will sometimes also use the collection of the intermediate size balls 973; with ﬁ <r=<op.
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Finally we let

ve= Y 2mdpbag. |vel= Y 2m|dpldas. (2-2)
Be%g/E Be%g/E
dist(B,Q:)>¢ dist(B,Q:)>¢

where ap is the center of B, and dp denotes the winding number of u./|u| restricted to dB. This is
the v, given by the conclusion of the theorem. Note that since the balls only depend on u, (and not

on A,), v, satisfies the same. If B is any ball which does not cross the boundary of balls in %;/g and
dist(B, 2¢°) > & then v,(B) = 2mdp. From the Jacobian estimate (see [Jerrard and Soner 2002] or
[Sandier and Serfaty 2007, Theorem 6.1]) we have that (1-2) is satisfied.
Lemma 2.4. There exists &g > 0 such that if B < % in (1-1) and ¢ < g¢ then
Q.NE
lve|(E) < 16 M
|log ¢

for any measurable set E, so that choosing E = Q. and taking logarithms,
log [|ve|| = Bllog e| + C, (2-3)
where || - || denotes the total variation of a measure.

Proof. We use the properties of 973‘;‘*/5 Letting C = (+/2/€)'/2 = ¢=1/4 it is impossible when ¢ is small
enough that e, (2, N %Z’ﬁ) > C log(y/2/¢) since we assumed that e, (2;) < 2. Thus Proposition 2.1
implies that, for every B € 973‘;‘*/5 such that dist(B, Uy©) > ¢,

_ T
¢e(B) = n|dp|(loge™"* = C) = L |dp|llog ]

if ¢ is small enough. If, moreover, B € %f, then Definition 2.3 implies that dist(B, U,€) > ¢ if and
only if dist(B, 2:°) > ¢. Hence, using (2-2) and the fact that balls in 973;/E have radius smaller than % if
¢ is small enough, we obtain for any set E

e (2:N E )

Vel (E) < [vel(B) < 16 og o]

’

where the sum is over all B intersecting £ and satisfying B € 973(;/g and dist(B, Q.°) > ¢. O

Definition 2.5. For any «, let v, denote the restriction of v, to the balls in B, NBY and ny = ||vg || /27,

so that 1v2l(B)
ve|(B
Ve= Vg Nag= Y T lvell =27 ) " ng.
o Be® NBY o

We also define 30

_ max(Mna, o ) if ng #0,

Coy= |log &l (2-4)

2 otherwise,

where M is a large universal constant to be chosen later and eq = > e.(B N Uy).

Be®nY
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Note that ny is the sum of the absolute values of the degrees of the small balls included in the large
balls of %BY.

1/2

Proposition 2.6. There exist 9, Co > 0 such that if f < % in (1-1) and & < eq, €'/ < r < p then

2<Cq < (r/e)"? and for any B € BL N By such that dist(B, Q) > & we have

ee(B) = 2m|dp|A®", where AY" = 1 (log T Co) ) (2-5)
2 eCy

Moreover, 0 < AZ" < %|10g | and
0 < Llloge| —AY" < 1(Bllog e| + [log 7|+ Co). (2-6)

Proof. From the definition (2-4), from (1-1) and Lemma 2.4 we have for ¢ small enough that 2 < Cy <
e 1t follows that if 61/2 < r <1 then 2 < Cq < (r/€)'/2, since B < %. Also, from the definition of C
it is impossible that e, (BY" NUy) > Cy log(r /) since for /& <r < p we have Cy > 3e,(B2")/|log €.

Then from Proposition 2.1, letting C = C, we deduce (2-5) for any B € B2 with dist(B, Uy€) > ¢,
which is equivalent to dist(B, 2. > ¢) if B € BL N B

Finally, r/(¢Cq) > ¢~'/* using Cy < (r/€)"/? and r > /€, which easily implies that AY" > 0 if ¢ is
small enough, and Ag”" < %|log ¢| is clear from the definition. The last inequality in (2-6) then follows
from 1[log e| — AS" = L (log(Cu/r) + Cp), since Co < e7P. O

3. Mass transport

We proceed to study the displacement of the negative part of
Je = ez — 3|log g vs.

Abstract lemmas. For the displacements we will use two lemmas. The first one was already stated in
the introduction and uses optimal transportation for the 1-Wasserstein distance (or minimal connection
cost).

Lemma 3.1. Assume f is a finite Radon measure on a compact set A, that Q2 is open, and that for any

positive Lipschitz function & in Lipg (A), i.e., vanishing on Q \ A,

f Edf > —ColVE|Loo(a)-

Then there exists a Radon measure g on A such that 0 < g < f and such that

I/ = gllLip, )+ = Co-

Proof. The proof uses convex analysis. Let X = C(A4) denotes the space of continuous functions and
for £ € X let

400 if [V&|poo(q) > 1 or & ¢ Lipg (A4),

0@ = [&rdfi and ws):{_ [Edf otherwise
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Then v is lower semicontinuous because {£ € Lipg (A4) | |[VE|L~ < 1} is closed under uniform conver-
gence, and ¢ is continuous. Both functions are convex, and finite for £ = 0. Then the theorem of Fenchel
and Rockafellar (see for instance [Ekeland and Témam 1999]) yields

inf (¢ +9) = maX( @ (=) — ¥ (),

where X* is the dual of X (i.e., the space of Radon measures on A4) and

if0<u=f4,
+o00 otherwise,

0* (1) = sup/édu /S+df+—{

vw= s [sdut [€df =lnt Sl
Vel 2

We deduce that
inf dfs — df = m N+ o
1) /SJF I+ /E 4 05—;éf+( i+ i)

§€Lipg
[VE|poo =1

and then the existence of a Radon measure g such that —g maximizes the right-hand side, i.e., such that
0<g<f}and

IS el = ot [ Evdre- [gar

|V$|L°°<1
But
it /§+df+—/$df=—éesggg (fear-[srar)
[VE|poo =1 |VE| oo <1
- (feravr—ro-[ear)
|VE|Loo =1
= (few)= an few
|VE|Loo<1 VélLoo=1

The assumption of the lemma implies that this last right-hand side is at least —Cj; therefore

I/ = gllLipg )+ = Co- O

Lemma 3.2. Assume f is a finite Radon measure supported in Q2 and such that () > 0. Then there
exists 0 < g < f4 such that for any Lipschitz function &

/Q Ed(f —g) < 2diam(Q)| VE| L (a) /().
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Proof. This follows from the previous lemma but can be proved directly by letting

f—(Q))
S+ ()
(assuming f is nonzero; otherwise g = 0 is the answer). Then g is positive because f(£2) > 0 implies

J-() = f+(R) and

[eatr-0= [ea (f+jj+§2 _)= /(E—é)d(h]{;ig;—f—),

where § is the average of £ over €2, and the right-hand side is clearly bounded above by

g=f+(1—

2 diam(2)| V& oo /- (). O

Mass displacement in the balls.

Definition 3.3. For B € B, N RY, we let
1B = (e — A%v)1pnq, .
where A" is defined in (2-5) and we have set A% = Ag™”.

This corresponds to the excess energy in the balls, i.e., the energy remaining after subtracting off the
expected value from the ball construction. There is a difference of order |v|(B) log C between f;(B)
and fsB (B), which will be dealt with later.

Proposition 3.4. There exists g, C > 0 such that for any € < €o, and any B € B, N BY, there exists a
positive measure gf defined in B N Q. and such that

gffes‘f‘/\g(va)— and ./I;OQ Ed(ng_gf)fclvéle(BﬂQg)lvsl(B)v (3-1)

for any Lipschitz function & vanishing on Q¢ \ B.

Proof. To prove the existence of g2, in view of Lemma 3.1 and since ( /,5); = e, + A%(ve)— on B it
suffices to prove that for any positive function £ defined on B and vanishing on B \ Q. we have

[ £452 = ~CI¥elLwa vl B). (32
We turn to the proof of (3-2). Let B € B, N BY and £ be as above. Then
+o00
/ £dfB = fB(E,NB) dt, (3-3)
0

where we have set E; = {x € B | £(x) >t} and f,B(4) = J4 1B
We will divide the integral (3-3) into fots + [ tjoo, with 7, = €| VE| . The first integral is straightfor-
ward to bound from below. Indeed, (/,2)—(B) < C|log ¢||ve|(B); hence

te
/0 1B () di > —Céllog ¢] |VE| oo |ve|(B) = —C|VE|L|ve|(B). (3-4)
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On the other hand, if # > t, — and this motivated our choice of 7, —then since £ = 0 in B \ Q, we
have dist(E;, Q2:°) > e. So let t > 1., and let a € E, be a point in the support of v,. For any r € [\/e, p],
there exists a ball B, , € B, containing a. Since {A]} is monotonic with respect to r, B, , C B. Put

r(a,t) = sup{r € [/e,p), Bay C E;}
if the set on the right is nonempty, and r(a, t) = 0 otherwise. Then let
Bctl = Bar(a.p)

If 0 < r(a,t) < p then r(a,t) bounds from above the distance of ¢ to the complement of E;. In
particular,

§(@)—t =r(a.1)|VE|Lee. (3-5)

Indeed for any r(a,t) <s < p we have B, s C B and B, N (E;)¢ # J; hence there exists b € B, sNOE;.
Then &(a) —&(b) < s|VE|L~ and since 0E; C {¢ =t} we deduce £(a) —t < s|VE| L, proving (3-5) by
making s tend to r(a,t) from above.

A second fact is that if (a, t) = 0, then Ba—ﬁ intersects B \ E, and as above we deduce

E(a)—t < Ve |VE|Loo(p)- (3-6)

The third fact is that the collection {B%},, where a ranges over E; and the a’s for which r(a,t) =0
have been excluded, is disjoint. Indeed take a,b € E; and assume that r(a,t) > r(b,t). Then, since
Br(a,r) 1s disjoint, the balls By ,(4,1) and Bp, ;(4,r) are either equal or disjoint. If they are disjoint we note
that r(a,1) > r (b, t) implies that By ,p1) C Bp.r(a,r) and therefore B = By, , 5.1y and B} = By r(a.r)
are disjoint. If they are equal, then By, ,(4,r) C E; and therefore r (b, ) > r(a, t), which implies r (b, 1) =
r(a,t) and then B = B..

Now, for any B’ € {B!}, we have B’ C E; and dist(E;, Q) > ¢, hence dist(B’, 2:°) > ¢. Now let
r be the common value of r(a, t) for all @ € B’ in the support of v,. From Proposition 2.6, we have

eo(B) = |ve(B)| (A2 = 10g?) .
2 r/+

since Az = Ag** — Jlog(p/r). We can rewrite this as

a |l P
Z ve(a) (A8 —3 log r(a,t))+

a€B’NSupp ve

ee(B,) =

’

and summing over B’ € { B!}, we deduce

ee(Et N B) =

9’

o 1.
Z (AS —Elog m)_{_l&;((l)

acP;

where P, is the set of points in E; N Supp v such that r(a, t) > 0. We will let 9; be the set of points in
E; N Supp ve such that r(a,t) = 0.
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Since vg(E¢) = ve(Pr) + v6(2), subtracting from A%v,(E;) the above we find

fEE) 2= el@Af =3 3 Ivel(@) log —~

acd; acP; r(a’t)

From (3-6), a given a € Suppve N B can belong to 9, only if |t — &(a)| < /¢|VE|L~. Therefore
integrating the above with respect to ¢ yields, using the fact that 1 < &£(a) if a € E,, that

oo £(a)++/e|VE| oo £(a)
B o 1 14
(Ey)dt = — E vel(a / A dt+—/ (lo ) dt |;
/ts Je 2 Vel (@) £(a)— /€| VE| oo ¢ 2 Jo gV(a,t) +

a€SuppveNB

hence

00 &(a)
[ s Epd = 2n Ve B -5 Y @ [ (1og P ) dr
t 0 +

€ a€Suppv:NB r(a,t)

We now note that—since AY < %|log g| — /€A% is bounded independently of ¢ < 1 and, using the
inequality (3-5), we get

£(a) £(a) VEL oo £(a) VE[ o
/ (log P ) dt 5[ (log —pl e ) dt =/ log —'0| e dt,
0 r(a,t) /), 0 E@—t ), £(a)—p|VE| oo E(a)—t

_ )t
“ T DIVE[ L
+o0

LB(E,) dt = —C|ve|(B)|VE| oo

and the rightmost integral is equal, via the change of variables , to p|VE|Leo. Therefore

Lo

In view of (3-3), adding (3-4) yields the result. O

Remark 3.5. In the proof of (3-2), the final radius p may be replaced by any r € (4/¢, p). This yields
the following result: Assume that r € (4/¢, p) and that B € B is included in some ball in B, N BL.
Then, for any positive function £ vanishing on B \ €2,

| fer= K200 = ~CIVE e el B) (37
We record the following lower bounds:
Proposition 3.6. For & small enough and B € B, N BY:
es(2: N B) = (gllog &| — C)|ve|(B). (3-8)
For & small enough and B € B N RBY such that dist(B, Q) > ¢, we have
g: (@1 B) = (gllog & = C)[ve|(B) = z[log & [ve(B)]. (3-9)
If in addition dg < 0, then

g2(Q:N B)— (1log e — AY)ve(B) > (% log e] — C)|ve|(B). (3-10)
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The meaning of this lower bound is that e;(B) is not only bounded below by A%|v¢(B)|, which to
leading order is %|log e||ve(B)| —this is the positivity of g2 in the proposition above — but also by

some constant times |log ¢||v¢|(B), even though the constant is no longer guaranteed to be the (optimal)
value % This information is valuable in the case where |v.(B)| is much smaller than |v.|(B). The
precise value of the constants is unimportant.

Proof. As we noticed, Cy < (/€/€)"/? implies \/g/(¢Cq) > ~'/*. Thus, using Proposition 2.6,
ee(BNQ) =Y e(B) =) mldp|(loge™/* —C) = |ve|(B)(%]log £] — 1C).

where the sums are over B’ € 973;/E such that B’ C B and dist(B’, Q2:¢) > €. This proves the first assertion.
Secondly, note that from (3-1), if dist(B, Q2¢) > ¢, choosing £ compactly supported in 2, such that £ =1
in B, we have

JEBNQ) =gl (BNQ).

Since AY < %|log ¢| we deduce (3-9) in view of
g2 (BN Q) = P (BN Q) = |vel(B) (3 llog 8| — C) — [log &| [ve(B)].
For the last assertion, since vg(B) = 2ndpg < 0, we write
g2(BN Q) — (3llog &) — A)ve(B) = ec(B N Q) — 3|log ]ve(B) = ec(B N Qe),
and this is bounded below using (3-8). O

Mass displacement of the remainder. Proposition 3.4 will allow us to replace fSB by the positive gf ,
and we have

fe= Y fE =eelgg+ ) (3llog e] — AZ)ve. (3-11)

Be%, o

We now proceed to absorb the negative part of f; — Y /B, which is (1|log &] — A%)(ve)+. This will
be easy if Co = 3eq/|log €|; and if not, in view of (2-5), we have

0< %llog gl—AY < %logna +C,

which allows to bound the mass of the negative part by C ), nq(logng + 1). Following the method in
[Sandier and Serfaty 2003] (see also [Sandier and Serfaty 2007, Chapter 9]), this will be balanced by a
lower bound by c[ng]? for the energy on annuli surrounding Uy .

Recall that Uy = B(xg,£g) N Q2. We set

I"():E(), }"123Z0, Aa:B(xa,Vl).
Choosing £ small enough, we can require that
diam(4g) <1 and (Aa NQE £ = Ag C {x | dist(x, 0Q¢) < %}) .

We will denote below by m’ a bound, uniform in ¢, for the overlap number of the {4y }q.
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Now we choose p such that |7.¥| > £, for any & > 0, where
T ={t € (ro.r1) | {|x —xa| =1} N B, = }.

Indeed, the number of Ug’s that intersect B(xy, 1) is bounded by a certain number /N, independent of &
and «. Choosing p ={(/ N, the sum of the radii of balls in [ J B %f which intersect B(xq, r1) is bounded
above by £, hence |T%| > (r; —rg) —£o = {o.

Lower bounds on annuli. For any « let
1 ~
@4 =7- (esl%g + > gf)lAa, ()_ = (3log &] = AT) (ve)+ 1, nae (3-12)
Be®R,
and gg = (g5), —(g7)_. We have

=2z 3 (cetas + 3 88 ) + X (Hloe el = AZ) 0Ly, o

Be%,

In particular,

(), () = 5 (gg -2 gf)(Aa).
B

Proposition 3.7. There exist eg, C, ¢ > 0 such that if B < % in (1-1), then for any & < gy and any index o
(8e)_(Aa) = mng (Bllog el + C) . (3-13)
If moreover dist(Agy, Q:6) > ¢ then at least one of the following is true:

(85)_(Ag) < mng (Bllogel +C),  (&7)(Aa) = cngllog (3-14)
or
(gg)_(Aa) < ng (logng +C), (gg)+(Aa) > Cnaz- (3-15)

Proof. The bound (3-13) follows from (3-12), (2-6). Now assume dist(Ag, 2:6) > ¢.

First, if ng = 0 then (gg)_ =0, (g¢), = 0; hence (3-14) is true.

Second, if 3eq /|log €| > M nq then, since for B C A4, we have g, B(B)= fs (B)=es(B)—A%ve(B)
and A < %|log g| it follows that

1, 1 1o,
S et X sz [ e pinr Y il

BeB:NAy o BeRB:NAy

(29) 4 (Aq) = 7

M M
~ng|log e| — wng[log &| = ( —n) nyllog €.

>
“ 12m 12m’

Together with (3-13), this implies (3-14) if M was chosen strictly greater than 12m’7. The last case is
that where C, = Mny. Then %|log el —AY = %log ng + C and therefore, using (2-3),

(8%)_(Aq) < 27ng(3logng + C) < ng(B|log e| + C). (3-16)
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We define
+ _ - _
D= ) dp. D=}  ldg|
BeR.,dp>0 BeB.,dp<0
BCB(xq,ro) BCB(xq,r1)

and again we distinguish several cases.
First from (3-16) we will have proven (3-14) if we prove that

(82) 1 (Ag) = cngllog €|, (3-17)
for some ¢ > 0. This inequality holds in the following two cases.

First case: D] > ng/20. This means there is a significant proportion of balls with negative degrees. For
each such negative ball we have from (3-10), and since |v¢|(B) = |v.(B)|,

¢2(B)> gB(B)— (Lllog | — A%)vs(B) > (L]log e] — C)2r|dp|.
This implies that
(82); (Aa) = — (%llog e| — C)27 D;

hence (3-17) is satisfied when D" > ng/20.

4m’

Second case: D(;r <ng/10 and D] < ny/20. Then for each B € B, N B, Proposition 3.6 yields

(&l1og ] — C)|vel (B) — Lllog e| [ve(B)| if |dp| > 0

B
g (B) = _
’ {(%lloge|—0)|vg|(3> if |d | < 0.

Summing with respect to B we find, since B € B, N BY implies B C B(xq, o), that

- 1
(82)1(a) 2 7 (}llog ¢ = C)no — - D Slog el

4m’
which again yields (3-17) when Dy < ng/10.
We are left with the complementary case, when DSF >4 /10 and Dy <ng /20. In this case (3-17) and

then (3-14) do not necessarily hold. We need to prove (3-15) instead, which in view of (3-16) reduces
to proving

(§3)+(Aa) z Cnocz-
For this we really need to use the lower bounds on annuli of the type first introduced in [Sandier and
Serfaty 2003]. We set
€ = B(xa,r1) \ (B(Xa,r0) U%Be) .

For any t € T we let By = B(xq,t) and y; = 0B;; recall that y; does not intersect B,. If t € T then
ltg| > Lon ¢ because of (2-1) and the fact that dist(A4y, 2:°) > .
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It follows (see for instance [Sandier and Serfaty 2007, Lemma 4.4], or (5-4) below) that for some
constant ¢ > 0 we have

1 1— 2 t2
/ (§|VAu|2 %)Jrz/lg (curlA)2>c| t' , (3-18)
Vi t

where d! is the degree of u, /|u,| on y;. Integrating (3-18) with respect to z € T, which has measure less
than 1, the left-hand side will be bounded above by e (Ag). In view of the lower bound d! > (D(;r —D7),
which is valid for any # € T2, since |T¥| > £, and from the assumption on DJ and D] we deduce that

4r1n’e's on (B,)¢ we deduce (g )+(Aa) > cng? and (3-15) is proved. O
Proof of Theorem 1.1 and Corollary 1.2. (1) The estimate (1-2) was already mentioned after the defini-
tion (2-2) of vg, and the bound |vg|(E) < Ce(E)/|log €| was proved in Lemma 2.4.

Then, since (g¢), =

(2) We define
fa= Y, (SFP-e)+@H,—@_.

Be®B NBY
Then clearly f, is supported in A,. Moreover, using the fact (see (3-11)) that
Z fg =eclge — Z(%Hog g — Ag‘)va
Be®R,
and since ), 14, < m’ we easily obtain

Som 3 fu= (Lllog €] — AZ) (va)- + (eel%ng > gf)(l—

Be%R,

). (3-19)

Since )", 14, <m’ we find
Zfoz > Z 5|log &| — Aa)(vot) + - (eal%" + Z 8e ) Z V. (3-20)
Be®R,
(3) We define gq. In the case dist(Aq, 2:°) < & we let go = (&5) .. Then
[sat-e= ¥ [sau-eh- [eae..
BeB NBY

This implies (1-5), summing (3-1) over B € B, N BT and using (3-13).
In the case dist(Aqy, 2:°) > & we let
o= (442)
¢ Aol )

We deduce easily from (3-14), (3-15) and if 8 is small enough that ¢, < C and applying Lemma 3.2 in
Ay to g2 4 ¢4 we obtain ¢y defined on Ay and such that 0 < ¢4 < (g2) 4 + ¢a and, for any Lipschitz
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function &,
/A £d (3% — ga) < C|VE|Loo(an) () (Aa).  Where ga = ¢u —ca.

Moreover —C < —c¢q < g < (g5) .-
Then

Lﬁd(f“—ga>=/ Sd(fa—§§)+fA §d(8% —ga)
= 2 /Ed(fg —g8)+/ £d(3% - gq)

BeB NBE
< CIVE|Loo(ay) (e + (28)_(Aq)). (3-21)

where we have used (3-1) to bound the integral involving ng — gf . Moreover, gq(A4q) = 82 (Aq).

If (3-14) holds, then (1-3) follows immediately from (3-21) when 78 < ¢/2, with ¢ the constant in
(3-14). If (3-15) holds we deduce (1-4) from (3-21) by noting that cna2—Cna(log ng+1)> %naz—C/na
if C’ is chosen large enough depending on ¢, C.

(4) To prove (1-8), we adapt an argument from [Struwe 1994].
First, g¢ — > " 8a = fo — Do fo thus from (3-20) and since ), go > —C we find

3
ge > Z(eal%g + gf) -C. (3-22)
Be®R,

Then, assuming Uy C €2, denote by % the set of balls in %% which are included in some ball belonging
to BY N Be, 50 that vy (Be) = ve(BE N Be) = ve(By™). Applying Remark 3.5 for some r € (4/¢, p)
with £ = 1 and summing (3-7) over B € B,* we find ez (BL%) > AT ve(BL*) and then

ee(Be N 973? \9732’“) <ee(Be N 973?) - Agva(%s) + (/\2‘ - /\?") Vo (Be)

1
= D g2(B)+jlog va(%e),

Be®B NBY

where we have used that ng (B) = gf (B). It follows using (3-22) that
1
ec(@e NBL\BL) = C((8)1 (Ua) +1alog , +1). (3-23)

Then comes the argument in [Struwe 1994]: For any integer k, let ry = 2k 0, and let €; be the
intersection of B, \ B *! and BE. Then €| < €272k p2, since p2~* bounds the total radius of the
balls in Bz¥ N BY. Moreover je = (iug, Vue —iA,) and thus assuming |us| < 1 we have | je|> < 2e;.
Then using Holder’s inequality in € and (3-23) we find for p <2

2 2
/ el? < 167/ (ee(61)) "> < 16177/ (ee(Be N B2\ B4
< Cp2 Pk (o (B, B2\ BIT)PP < €27 @ PR ((g,)  (Uy) + kng log2 + 1)7/2.
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Using (1-10) we find

|jel? < Cp27 7Pk (1 + klog 2)P/2((ge) 1 (Ua) + l)p/z'
Gk

Summing these inequalities for k ranging from 0 to the largest integer K such that rg > /e —so that
in particular rg < 2./ —we find

. 2
/% NB\B2VE |Jel? = CP((g8)+(U0t) + l)p/ ’

where C, is a constant times the sum of the convergent series ) ;. 2-C@=Pk(1 4 k log 2 —log p)?/2. To
this inequality we add

[ 2 Ve |js|p = Cgl_p/zes(Ua)p/zv
B N2

JE

which follows from Holder’s inequality after estimating |%§ N %g‘} by Ce, as above. But since e, =

Je+ %|10g g|ve we may write using (1-9), (1-10),
ec(Ua) < C(26) 1 (Ua) + Clve|(Ua) (1 + [log &) < Cllog e ((ge) 1 (Ua + B(0.2)) +1).  (3-24)

Thus
/ s lJel? < Ce' ™2 [log 61”2 ((ge) 4 (Ua + B(0,2)P/ + 1) = C((ge) 4 (Ua + B(0,2)P +1).
BLNRB

We also add
|l = (e a4 1)
Us \ B2

which follows from (3-22). Finally we obtain

[} 1517 = ol (Wa + BO.2) +1).

o

Summing with respect to the «’s such that £ N U, # @, this proves (1-8) and concludes the proof of
Theorem 1.1. O

Proof of Corollary 1.2. Note that

[eathi-g0=¥ [ £atsasg0).

Three types of indices occur.
First we consider indices « such that dist(A4y, 2:°) > ¢ and (1-3) holds. Since

g <8 — ) gp=g+C, (3-25)
B#a

we deduce from (1-3) that if n, > 1 and ¢ is small enough, g.(Aq) > cnyl|log €| and then using (1-3)
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again that
/ Ed(fu - ga) < CIVE|Looay) (na + B(2e) s (Aa)) (3-26)

If ny, = 0 the same inequality holds since from (1-3) the left-hand side is zero.

Second we consider indices « such that dist(A4y, 2¢¢) > ¢ and (1-4) holds. We note that if C is large
enough then x log x < nx2 + C log? n/n holds for every x > 0 and 5 < 1, for instance by distinguishing
the cases n > (logx)/x and n < (logx)/x. We use this and (3-25), together with (1-4) to find that if
ng > 1 then

1 2
/ sd<fa—ga>scwsuw(Aa)(M+n(gs>+(Aa>+ % ”). (3:27)

Again the inequality is true if n, = 0 since from (1-4) the left-hand side is zero in this case.
Finally we consider indices « such that dist(A4q, 2:°) < ¢. In this case, noting that from Lemma 2.4
we have ngy|log ¢| < Ce.(Ay), we rewrite (1-5) as

/ Ed(fo—20) < C (IVE|Loo(anyta + BIElLoo(ayes(Aa)) (3-28)

To conclude we sum either (3-26), (3-27) or (3-28) according to the type of index ¢, noting that since
diam(Aq) < 1, we have | f|poo(4,) = f on Ay for any function f. Since the overlap number of the
Ag’s is bounded by a universal constant, we deduce (1-9).

We prove (1-10). We start by proving that when dist(Ag, 2:°) > & we have

min(naz, ngllog el) < C((ge)4 (4a) +1). (3-29)

If ny = 0 this is trivial, if not then it follows from either (1-3) or (1-4) using (3-25).
Assume « is such that dist(Ag, 2:°) > &, then since 2x < nx2 + 1/n and since x < nx|log ¢| is
trivially true if 1/|log &| < n, we deduce from (3-29) that

ne < C(n(ge)4(4a) + 1/1). (3-30)

On the other hand Lemma 2.4 implies that for any «

Ay N
1y < ¢ 2etAaNSle) (3-31)
|log ¢
Summing (3-30) or (3-31) according to whether dist(A4y, 2:) is > ¢ or < ¢ we deduce (1-10). O

4. Proof of Theorem 1.5

Convergence. We study the consequences of the hypothesis

Mpg = limsup/ ge(x)dx < 400 forall R>0. 4-1)
Ur

e—>0

and prove that it implies the convergence of the vorticities and currents in the appropriate sense.
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Note that we assume dist(0, 02¢) — +o00 so that for every R, Ug C Q2. for & small enough. From
(1-13) there exists C > 0 such that for any R large enough

1 _ |Ug|
B CURCBcr, ~=—,=C.
R/C CURC BCR = =3
We now gather several easy consequences of Theorem 1.1 and (4-1).

Proposition 4.1. Assume (4-1) holds, and let g¢ be as in Theorem 1.1. Then for any R and & small
enough depending on R we have

> min(n?, ngllog &) < C(Mgyc + R, (4-2)
o| AqCUR
Vel (Ug) < C(Mgyc + R?), 4-3)
[(imgor, =€ ¥ nallogne+ 1) = ClMpsc + R (4-4)

a|AqCUR+c\Ur—c

where {x Ur } R are any functions satisfying (1-14).
Forany 1 < p <2 there exists Cy, > 0 such that for any R > 0, and & small enough

fU el? < Cp(Mrac + RD). 4-5)
R

Up to extraction of a subsequence, {j¢}¢ converges weakly in Llléc(le), p < 2 to some j :R* - R?;
{ve}e converges in the weak sense of measures to a measure v on R? of the form 2w 'y peA dpbp, where
A is a discrete set and d, € Z; {j1¢}s converges to the same v in I/Vlo_cl’p(le) for any p < 2; and {h.}

converges weakly in LIZOC(RZ) to h. Moreover,
curl j =v—Ah. (4-6)

Proof. Assertions (4-2), (4-3) and (4-5) are direct consequences of (3-29), (1-10) and (1-8), respectively.
We prove (4-4). As a consequence of (4-1), for every R > 0, if ¢ > 0 is small enough and 4y, C Ug
then (1-4) holds. Indeed if (1-3) is true with ny > 1 (note that if 7, = 0 then (1-3) and (1-4) are identical)
then g.(Ay) > c|log €| — C, using (3-25), which contradicts (4-1) if ¢ is small enough.
Then we use (1-3) with & = XUg Since XU is supported in Ug 4 ¢ and since dist(Ug ¢, 02¢) — +00
we have, if ¢ is small enough and Ay, N Ugi ¢ # @, that dist(Ay, dQ2¢) > €. Then summing (1-3) over
all such o we find

[rupdti—go=c ¥ natognat.
a|AqCUR+c\Ur-c
which is the first inequality in (4-4). The second one then easily follows from (3-29).
We now turn to the convergence results. The weak local convergence of j. follows from a bound for
/. Ur | je|? valid for any e small enough, depending on R, which is implied by (4-1) and (4-5). From
(4-3), {ve}e is bounded on any compact subset of R?, hence converges (up to extraction) to a measure v,
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which by (2-2) has to be of the form 27 }_ ¢ o dpdp Where A is a discrete set and dj, € Z for every
p € A (we will prove below that d, = 1).

The weak local convergence of /. follows from (1-12) combined with the bound (4-1).

The convergence of {{i¢}, in Wlo_cl’p uses the Jacobian estimate (see [Jerrard and Soner 2002] or
[Sandier and Serfaty 2007, Theorem 6.2]) from which we deduce that for any R > 0 and any y € (0, 1),

and since ;’(973g/E N Bg) < C /e,
”/’LE - V&ll(c(())~V(BR))* = C(\/E)y (eé‘(BR) =+ 1) ) (4-7)

where C depends on R but not on ¢.
But {v.}, is bounded in Bg as measures, hence in (C(? *Y)*, and arguing again as in (3-24),

es(BR) < (ge) 4 (Br41) + 3l0g | |ve|(Br+c) < C|log s|.

Therefore the right-hand side in (4-7) tends to 0 as ¢ — 0 and {{,}. is bounded in (C(? Y(BRr))*. We
deduce that tg — v in Wlo_cl’p by noting that for any 1 < p < 2 there exists 0 < y < 1 such that
WO1 4 (BR) — C(? ¥ with compact imbedding — where 1/ p 4+ 1/ p’ = 1 — which implies by duality that
(Cé) Yyt s Wo_l’p with compact imbedding.

Finally (4-6) is obtained by passing to the limit in p, = curl j¢ + curl 4, since by Remark 1.4 we may
assume (up to extraction) that curl A, — / weakly locally in L? as ¢ — 0. O

Remark 4.2. From the above results, it is easy to deduce (1-18) under the stronger assumption (1-17).
In this case we have Mg < CR? and therefore (4-3), (4-5) and Remark 1.4 imply that

el (Ug) < CR2, /U l? < CR2. /U Ihel? < CR? (4-8)
R R

which in turn implies (1-18).

Lower bound by the renormalized energy. We turn to the proof of the remaining statement in Theorem

1.5, namely that v is of the form 2x Zp

where the d),’s are nonzero integers) and that under assumption (1-17) the lower bound (1-19) holds.

ea Sp (we already know it is of the form 27 ), dpdp.

Both are related to a lower bound of [ x gr&e by the renormalized energy, where x p := XUg: This
reproduces more or less arguments present in [Bethuel et al. 1994] and [Bethuel and Riviere 1995].
Throughout this subsection we assume that (1-17) holds, and begin by bounding from below the integral
of (eg — %|log &lve) X g-

Choose R > 0. From (4-3) we have that |v.| is bounded independently of ¢ on the support of x p, thus
a subsequence of {|ve[lsupp x R}(s converges to a positive measure v of the form 27 Zf;l kidq;, where
ki is a positive integer for every i (the a;’s are a subset of A).
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D
loc

the assumption |u.| < 1) we have for any r > 0

From the weak convergence of jg to j in L; . and using the inequality | V4, u¢| > | j¢| (following from

liminf/ XR|VA€u8|Zzliminf/ X rlJjel?
e=0 JR2\U,cp B(p.r) ‘ £20 JR\Upen B(p.r)
2/ Xrlil*. (4-9)
RZ\LJpEA B(psr)

Indeed either the left-hand side is equal to 400 and the statement is true, or there is weak L? convergence
of the currents on the complement of (_J , B(p.r) and (4-9) follows by weak lower semicontinuity of the
integrand. Similarly, by weak convergence of /i, to & we have

X Rhsz >

lim inf xrh*. (4-10)

>0 /RZ\UpEA B(Pvr) /I;Z\Upel\ B(p:r)

Then consider any 1 € (0, 1) small enough so that the balls B(a;, 2n) are disjoint. Note that since the
limit of |v,| on the support of x g 1s a sum of Dirac masses concentrated at the points {a;}; we have for
¢ small enough

|vel(Supp x g \ | Blai.m) =0.  ve(B(ai.n)) = 2nd;,
1
where 2 d; = v(a;).

We use two distinct lower bounds for the integral of x p(es — %|log €| ve) on balls. We distinguish the
set I of indices such that B(a;,2n) C {x; = 1} and the remaining indices J. Note that if i € J then
B(a;,2n) intersects the set where y p # 1 and the support of x p, thus B(a;,2n) C Ug+c \ Ug—c for
some C > 0 independent of R >0, n € (0,1) and i.

In the case i € I we use

/ ¢e > wldillog T+ Clay| + one(1), @4-11)
B(a;,n) &

where C; is a constant depending only on d such that C; = y, (where y is defined after Theorem 1),
where Cy = 0, and where

lim limsup 0, ¢(1) = 0.
n—=>0 oo

We postpone the proof of this well-known statement. It is very similar to analogous ones found in

[Bethuel et al. 1994] or [Bethuel and Riviere 1995]. Then we deduce from (4-11) that for any i € I and

letting Cy, = +ooif d; <0,

liminf/ (es—%|log 5|dv8) > mdilogn + Cy, +o0y(1), (4-12)
B(di ,77)

£—>0
where lim;_,¢ 0,(1) = 0.
In the case i € J we have to introduce the weight x 5 that is no longer constant on the ball. Then

we resort to Remark 3.5. Consider the family of balls €. consisting of the balls B in %Z/ 2 which
intersect the support of X . ;. and such that |v¢[(B) # @. For any B € 6, since |vg|(B) # 0 and
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|ve| = 27 ), kibq;, and since r(B) < n/2, we have for & small enough depending on R that there is
some index i for which B C B(a;,n). Let (62 denote the balls included in B(«a;, n) and partition %5’8 as
Us €L and €, as Uy 62 where the superscript o corresponds to the balls which are included in a ball
B € BY (we assume 17/2 < p).

From (3-7), for every B € %i’a

/I;XR(ee - Ag,ﬂ/Z dV&‘) z _CleR|oo|Vs|(B) > —Clve|(B). (4-13)

Now we note that since (1-17) holds, then for ¢ small enough Cy = Mng, for otherwise we would have
es(BY) > (M/3)nq|log €| and then

S B =Y 2B =Y A B) = (K —n)nmaloge] 5 4o,

BeR¥ BeR¥ BeRY

if we choose M > 37 and since ny > 1. This is a contradiction with (1-16) since g > 3" 5 g2 — C by
(1-6), proving that Coy = Mny.
Then we have from (2-5) that

A2 _Llloge| = Llogn+ A, where |A| < C (logng + 1)

and

'/B (XR_XR(ai)) dve| < Cnlve|(B).
Hence with (4-13)
1
/BXR(eg—%|logs|dv8):/ XR(eg—Ag"”/zdvg)—i—(—logn—i—A)/ Xgdve

> —=Clve|(B) + —XR( ai)ve(B) — - 10g N|vel(B) —[A][ve|(B)

Tue(B) X g@i) = Clvel(B) (1 + log na).
Summing over B € Céf;;a and then over @ and i € J we find, since

Y ve(B) = ve(B(ai, m) = v(Blai, n)) = 2md;,

Beel
that
lim inf /U el 1000 = 7 St logn = CAR)
where
A(R) = limsup Z ng (logng +1).
£—0

a| Uy CUR+c\Ur-c
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Summing (4-12) over i € I and adding the above and (4-9)—(4-10), we deduce

. 1 .
timin [ xge: — 4llog ol dve) = 3 XU+ 1)

2 /RZ\U,,eA B(p.m)
+ Y xglai) (mdilogn+Ca) + Y xglai)wdilogn— CA(R) —op(1). (4-14)
iel ieJ
We will now take the limit 7 — 0 on the right-hand side. For that we use a Hodge decomposition of j in
B(a;, no), writing j =—V+H+VK, with H=0o0n dB(a;, o). Thensince —AH =v—h = 2nd;ibg;—1
we have H(x) = d; log |x —a;|+ F, where F is in H? in the neighborhood of a;, in particular H € W 1-7
for any p < 2, and since j € L2, this implies that K € W12 also. Then an easy computation shows that
.1
im 3 [ Xel V- HI? + (log m)d” 1 pla)
n—>0 2 JB(a;,no)\Bla;,m)
exists and is finite, while

1j1? >

X (|VLH|2 n VlH-VK) :

/B(ai,no)\B(dian) L(ai,ﬂo)\B(ai,n)

Decomposing H and integrating by parts we have, writing C; , = B(a;, no) \ B(ai, n),

/ VIH - (xgVK) = [
Cing C;

and this remains bounded as 7 — 0, using the regularity of x p, F', and the boundedness of H, K, log in
WP We may then deduce that

VLEF - (xgVK)—d; / KV=+log-Vyg,
Cin

.

| .
liminf = XR|J|2+7T(10g77)di2XR(P)

n—>0 2 /B(ai,no)\B(ai,n)
is not equal to —oo.

As a consequence, writing d; = d;? — (a’,~2 —d;) in the right-hand side of (4-14), and this right-hand
side being bounded above independently of 1, we have that ) _; (di* —di)x glai)log % is bounded above
as n— 0. Thus we have d; € {0, 1} for any i such that x 5(a;) # 0 and then d; = 1 since d; was assumed
to be nonzero. In view of this, (4-14) can be rewritten as

L. 1 ) 2
hmmf/xR(es—luogeMUS)z —/ xg( 2 +h2)
e—>0 2 2 Rz\UpgA B(PJ/)

+ ) xgr(p) (logn+y)— CA(R) —oy(1),
PEA

where we recall that y = C; and we have absorbed C; ) _;c ; x g(@;i) in CA(R).
Letting n — 0 we thus find (see (1-15))

.. . 1
imint [ xge: — $llog sl dve) = Wi ) + 3 [ xah® + 3 ap(p)y = CAR)
DPEA
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From (4-4) we may replace e, — %|10g | ve by g¢, with an error term which may be absorbed in CA(R)
hence

.. . 1
llin)l(r)lf/ Xrdge = W(j, xg)+ E/Xha + Z Xr(P)y — CA(R). (4-15)
PEA

Now, under hypothesis (1-17) and using (4-2), we have limsup ) ng? < CR?, and thus
e—>0 oa|AyCUg
1
lim sup lim sup — Z nZ|logng| = 0.
R—=oo 60 @|Aa CUR+c\Ur—c
Indeed, using Holder’s inequality, and bounding the number of «’s involved in the above sum by CR,
we find

3/4
) [ng‘]3/2§(CR)1/4( )3 naz) < CRV4H3/2,
a|Aq CUR+c\Ur—c a|AqCUR+c

It follows, since U, C A, that
A(R)
R2

lim sup
R—+o0

=0 (4-16)

and in particular v(Ugyc \ Ur_c) = o(R?). Then we write, using v = curl j + /,
1 1 1 1 .
> xrp) = Efodv=g/th—ng XR*J-
PEA

Let Eg ={0 < xx < 1}. Then since Eg C Ur+c \ Ur—c we have | Eg| < CR and using (4-8) together
with Holder’s inequality we find

1/2
/ XRh§|ER|1/2(/ hz) <CR?,
ER ER

and a similar bound for [ vy g - J using (4-8) again, since it is equal to / Er vy g J - Therefore

1

1
Sar =5 [ o= [ hsord),
oy 2 Jixg=13 2 Jug

the second equality being proved again with the help of (4-8) and Holder’s inequality. Together with
(4-16) and (4-15), this proves (1-19).

There remains to prove (4-11). For this it is convenient to blow-up B(a;, n) to the unit ball B;. Then
(4-11) becomes

1/ ( ’
5 |[Vgv|© +
2 B,

where v(x) = u.(nx), B(x) = nA.(nx) and ne’ = ¢, so that &’ tends to 0 with ¢. Note that (v, B)
depends on ¢ but we omit this in the notation for the rest of the proof.

curl B

2 (1—v?)?
+ 2
2¢’

1
)27T|di|10g;+cd,- +0y,6(1), 4-17)
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2
loc?

choosing to work in the gauge div B =0, B -t = constant on By, we have || B g1(p,) = Cn. Since
j(ug, Ag) is bounded in Lf(’)c(le) for any p < 2, we deduce immediately that || j(v, B)||zr(B,) =

Cn'~2/P_ But by Sobolev embedding, | BllLa(B,) = O(n) for any g > 1 hence the integral of B- j (v, B)
on By is oy(1). Then, since

Since curl A, — h weakly in Li;, it follows that |lcurl B|2(p,y < 2nllcurl A4 z2(p,) < Cn. Then,

|Vgv|*> = [Vv|*=2B- j(v. B) + | B|*|v|,
(4-17) will follow if we show that

1 , , (I- |v]?)? 1
— \Y% - 7 | > ; — ) . -
3 /;31 (| v|* + s > n|d;|log o + Cyg, +05,6(1) (4-18)

To prove (4-18) we modify B in order for the current to be divergence-free: As before we use the
Hodge decomposition j (v) := (iv, Vv) = —V+H + VK with H = 0 on dB;, and let § = ve X Then
denoting e(v) the integrand in (4-18) we have

v?

e(d) =e(w)—VK-j@)+ T|v1<|2.

We replace j(v) = —V1H + VK and note that, integrating by parts, VK - V- H integrates to 0 on Bj.

Therefore
2
/Bl e(v) = /Bl (e(v) + (%— 1)|VK|2) < /Bl e(v).

Thus if we show the lower bound (4-18) for v, then we are done. For this we may assume, without loss
of generality, that the upper bound

1 P e 1 5 W
szl(W”H Son ) S7ldillog 54 Cy, (4-19)

holds.
The advantage is that now we have

j(@)=-VYH+ (1 -]v]*)VK.

But lim,_,o(1 — |v|?) = 0 in L9(B;) for any ¢ > 1, being bounded in L* and tending to 0 in L2
Moreover, we have seen that || j (v, B)|z»(B,) =< Cn'=2/P and that B = O(y) in every L?, so

j(v,B)—j(v)=|v|*B = 0(n) (4-20)

and therefore j(v) = O(n'~2/?) in L?, which implies that H and K are O(n'~2/?) in W -2 It follows
from the above that

Jj(@) + VEH =0, .(1). (4-21)

in L?(By), for every p < 2.
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Moreover, since curl j(ug, Ag) + he — 2md;dq; in W=LP as ¢ — 0, we have that curl j (v, B) +
necurl B — 2md;éy. Hence using (4-20) we deduce —AH = curl j(v) — 2nd;8¢ + 05(1) as e — 0 in
W~1-P_ Since H =0 on dB; we then have

H(x) = —2md;log|x| 4+ oy(1) (4-22)

in whr,
From (4-21), (4-22) we may find radii {r¢}¢ such that

(i) 811_13% re=1. (i) /(@) +VEH|Lr@os,,) =one(1). (ii) | H + 27d; log Iw1.0@8,,) = 0n(1).

We may further require that p := || — 1 uniformly as ¢ — 0 on 0B,,. Indeed from (4-19) we have

1/ 2 1 242 ,
= Vpol= + (1—=p°)*<Cloge
3 Bll ol 2P g

thus a mean value argument easily implies that r, may be chosen such that

1 2, b a0 "2
s [, 1V6F+ a1 =p?? = Cllogs)”.

&

This in turn implies using (5-1) that [[p — 1|z~ (3B,,) — 0 as ¢ > 0.
Then, writing 7 = pe’?, we have j() = p?>Ve, and the above implies that

v=(1+ ﬁ)ei(g"+df9+‘5) for some 6y € R,
where
l@llwi.rB,) = 0ne(l) and ol = 0e(1).

Without going into further detail (see [Bethuel et al. 1994, Chapter VIII], for instance), this implies that

= Viul*+ —— ) >min{ =< Vul*+ —0—u
5 ), (VP05 3, (Ve + 55 =l

From [Bethuel et al. 1994], the right-hand side is precisely equal to 7|d;|log(1/&") + Cg,| +0¢(1), where
the constant Cy is equal to y if d = 1. Thus we have proved (4-18), and then (4-11).

u=e"% on 331} +o0p,e(1).

5. Proof of Proposition 2.1

The proof of Proposition 2.1 is based on the ball construction of R. Jerrard [1999], hence we will only
emphasize the points which need some modification, mostly to take into account the presence of the
magnetic potential A the way we do in [Sandier and Serfaty 2007]. We will denote by ¢, C, respectively,
a small and a large generic universal constant. We will number the constants we need to keep track of.
Throughout this section U is a bounded domain in R? and (u, A) are defined on U.

The first ingredient is a lower bound for the energy of |u| on a circle [Jerrard 1999, Lemma 2.3]. It is
valid for any € > 0.
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Lemma 5.1. Assuming 2r > ¢ > 0 and x are such that the closed ball B(x,r) C U, we have

1 2 (=u?)? (1—m)?
5/ Vjul? + =20 = o 2 (5-1)
dB(x,r) 2¢ £

where m = minyp(x ) |u/.

In contrast to [Jerrard 1999] and because we wish to work with constants independent of U we intro-
duce

Us = {x € U | dist(x,U°) > &}.

Then u : U — C being given we introduce, following Jerrard, S = {x € U, | |u| < %} Assuming u is
continuous the connected components of S which are included in U, are compact, and u/|u| has a well
defined degree, or winding number on their boundary. Then we let

SE = union of the components of .S with nonzero boundary degree.

Still following Jerrard, for any compact K C U such that 0K N Sg = @ we let

degp (u,0K) = Z deg(u, 0S;).

S; component of S

This degree is defined even if |u| vanishes on 0K, provided the points where it vanishes are not in Sg.
The previous lemma implies (see [Jerrard 1999, Proposition 3.3]):

Lemma 5.2. There exists a collection of disjoint closed balls By, ..., By of radii ry,...,r; such that
for all i we have r; > ¢ and e(U N B;) > cqri /¢, and that

k
SenU: c | ) Bi.

i=1

Proof. We only sketch the proof. If x € Sg then either 0B, (x) intersects {|u| < %} forevery e/2<r <e,
in which case Lemma 5.1 implies that e, (U N B(x, €)) > ¢, or there exists /2 <r < g such that |u| > %
on dB;(x), and then the connected component of x in Sg, which has nonzero degree, is included in
B(x,r). The nonzero degree implies again (see [Jerrard 1999]) that e, (U N B(x, €)) > ¢. We thus have
a cover of Sg by balls that satisfy e.(B) > cr(B)/e.

From Besicovitch’s lemma, there exists a disjoint subcollection { By }; such that {Ek }x covers Sg,
where Ek = CBy, with C a universal constant. These balls still satisfy e;(B) > cr(B)/e, though with a
smaller constant. Then, grouping the balls which intersect in larger ones as in [Jerrard 1999] (see also
[Sandier and Serfaty 2000]) we can obtain a disjoint cover of Sg with the same property. The condition
r; > ¢ is trivially verified since the balls we started with had radius ¢. Note also that the balls obtained
here only depend on Sk, hence on u. O

Still following Jerrard, we have:
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Proposition 5.3. Choose c; € (0, ¢1) small enough and let

1
Ae(X) = min —2 E— .
e x1+% +ch

Then, assuming that B, C Ug, that 0B, N Sg = @ and that e <r < |d|/2, where d = degg(u, 0B;)
is assumed to be different from 0, we have

1 2 1 2 1 —1yl2)? > r -
2/8Br|VAu| +2/B |curl A +42 (1 [ul*)” = Ag al) (5-2)

Moreover, the primitive function Ag(x) = fox Ag is increasing, s = N(s)/s is decreasing,

lim Ag(s) _ min(cy, ¢2) - C_I’ Ag(e) > &)
SN0 S € e € g

and finally, for any ¢ < s < % and for some Cy > 0,
Ae(s) = wlog = — Cy. (5-3)
e

Proof. First, in the case where dB, intersects {|u| < %} we deduce from (5-1) that (5-2) is satisfied with
c2 = co/4.
When on the contrary |u| > 2 on 0B, we have degg (1, 0B,) = deg(u, dB,). Then we bound from

below — faB |u|?|Vo — A|?, where u = |u|e’? as follows: Still denoting m = minyp, |u|, using the
Cauchy —Schwarz inequality we have

2 1 9 2 2
1/ Vo — a2 =" / W _a4c) =2 ond-x)?
2 JsB 2 2mr . 4y

where we write X := [ curl A = [;5 A-7. On the other hand, by Cauchy—Schwarz again

1 1 > x?
- / curl A|% > [ curlA ) =
2 /B, 2mr? : 2nr?

Adding the two relations we obtain

1 2 2 1 2 1 (m? 2 1o
= |u|“|Vo — A|“ + = curl A > — —Qnrd - X)"+-X").
2 0B, 2 B, 2y 2 r

Minimizing the right-hand side with respect to X yields

1 d2 2
l/ |u|2|V(p—A|2+—/ |curl 4| > Tz m 5 (5-4)
2 JyB, 2 Jp, rop4mr
2
Adding (5-1) we deduce for r > ¢ that
w|d d 1 —m)?
ec(0By) = |r| 4] +CO( ) . (5-5)

r
— z &
+2



792 ETIENNE SANDIER AND SYLVIA SERFATY

If |d| > 1, then either m? < 2/3 and we find e, > ¢/¢ for a well chosen ¢ > 0 or m? > 2/3 and, since
r/2 < |d|/4, we have m™2 +r/2 <3/2 +|d|/4 < |d| implying ez > n|d|/r. Thus, if |d| > 1, (5-2) is
satisfied. If |d| = 1 then minimizing the right-hand side of (5-5) with respect to m yields

1
rl+L e

cor

ee(0By) >

so that in every case we have e, (0B;) > A.(r/|d]), if ¢, is chosen small enough.
We now turn to the properties of A,. Since Ag is positive, decreasing, then A, is increasing and
Ag(s)/s is decreasing. It is clear that as s — 0, we have A.(s) ~ min(cg, ¢3)/e ~ As(s)/s. Moreover,

if x > ce, with ¢ = r/c,, then
1

1+ Tz

CcoX

Ae(x) =

hence, if s > ce,

N
A(s)>/ ——dx>/ z(l—z—ﬁ)dxznlogf—co,
1+ % +c0x ce X 2 cox €

for some constant Cy. If s < ce then the inequality remains true if Cyp is chosen large enough, since
Ag(s) = 0.
Finally, A¢(g) > eAe(€) = c3, if ¢3 > 0 is chosen small enough. O

From there, the ball construction procedure (growing and merging of balls) from [Jerrard 1999] (or
see [Sandier and Serfaty 2000, Proposition 3.1]) allows one to deduce this:

Proposition 5.4. For any 0 < s < % there exists a family of disjoint closed balls B(s) (depending only

on ug) such that:

(1) The family of balls is monotonic; that is, if s < t, we have B(s) C B(t). Moreover, denoting by r (B)
the radius of B, the function s — ZBG%(S) r(B) is continuous.

(2) For any s we have Sg C B(s).

(3) For any B € %R(s),
e n B zr(p) 2.
(4) If B € B(s) and B C Uy then, letting dp = deg g (ug, BB), we have r(B) > s|dp|.

Proof. We let B(sg) be the family of balls given by Lemma 5.2, where we choose sy small enough so
that items 3 and 4 are satisfied (item 2 obviously is). We let B(s) = B(sg) for every s < sg. For s > 59
we apply the method of growing and merging of [Jerrard 1999] which we sketch briefly: It consists in
continuously increasing the parameter s and at the same time making those balls included in U, such that
r(B) = s|dpg| grow so that the equality remains satisfied. When balls touch, the parameter s is stopped
and the balls are merged into a larger ball with radius the sum of the radii of the merged balls, and this
is repeated if the resulting family is still not disjoint. This does not change the total radius and when it
is done — that is, when the family is disjoint again — the increasing of s is resumed, and the process is
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repeated This yields a family of disjoint closed balls which is monotonic, such that s — > Bea(s) " (B)
is continuous and such that (B) > s|dpg| for every ball included in U,. Obviously Sg N U, C %B(s) for
every s. Also the growing and merging process depends only on the initial balls and the degrees of u,,
hence on u;.

The lower bound e.(U N B) > r(B)A¢(s)/s is true initially and is preserved through the merging
process, it is also preserved through the growing process as long as (5-2) remains valid, i.e., ¥(B) <
|dp|/2 for every B C U, such that dg # 0. This results from the properties of A, as detailed in [Jerrard
1999]. Then for the process to stop, there must be a ball B for which r(B) = s|dp|, i.e., a growing ball,
with r(B) > |dg|/2, hence we must have s > % O

Proof of Proposition 2.1. We first construct a family %’(s) containing Sg instead of {x € U | |u| < %}
but satisfying items (2) and (3) in the conclusion of the proposition.

Under the hypotheses, Proposition 5.4 applies, and yields for every 0 < s < % a family of balls B’ (s)
satisfying the four items stated. Choosing s¢ small enough we have A(sg)/so > ¢/e. Hence, letting rg
denote the total radius of the balls in B’ (sg),

eP>Go(u. A) > ?

and therefore ro < C gl=h.
Let r € (Cel =P, %), and let r; be the total radius of the balls in %’(%). If r > ry then %’(%) satisfies
item (2) trivially and moreover for any B € %' (%) we have from Proposition 5.4 and using (5-3) that

ex(B) = dglo(3) = mldal (1og 5, ) = nlda (10g 7 ).
2¢e Cgt
for any r < % and any C, > 2, proving item (3) in this case.
If r < rq then there exists s € (sq. %) such that B’ := B'(s) satisfies r(B’) = r. Then item 2 of the
proposition is satisfied for this collection. Let us check item 3.
Assume then e, (B') < C log(r/¢), with 2 < C < (r/ e)'/2. We show by contradiction that if M is

chosen large enough, then
r

s >

Z e
Since es(B') > rAg(s)/s and since Ag(s)/s is decreasing, if s < r/(MC) and r/(MC) < % then

ElogzzMGA8 (L_) ZnMélog( r_)—COMé.
3 MC eMC

It follows that
r —
(1—aM)log—+naMlogC +aMlogM —CyM >0,
I3

which yields a contradiction for M = 3/ and r > C'e, with C large enough, recalling that C < (r/¢)!/2.
Therefore s > 7 /(3C) and then for every B € B’ such that B C U, we have

Ae(s)
S

es(B) 2 r(B)

mr
> |dp|Ae(s) > |d|Ae (f) ;



794 ETIENNE SANDIER AND SYLVIA SERFATY

which in view of (5-3) yields, for all B € B’ such that B C Uk,

ee(B) > 7|dp| (log L c) ,
eC

if C is chosen large enough.

It remains to modify %’(s) so that S := {x € Ug | |u| < %} C B(r). First we note that a well known
application of the coarea formula yields rather easily (see [Sandier and Serfaty 2007, Proposition 4.8])
that S can be covered by a collection of disjoint closed balls € such that r(€) < CeG, < C ¢!~ Then
for every s we do the merging of the balls in 6 U %’(s) as in the proof of Proposition 5.4 to obtain %(s).
If we chose s such that (%'(s)) = r/2 with Ce'"P<r<landC large enough, then r (%B(s)) < r since
r(€) < Ce!=P. Moreover, if B € B(s) is such that B C U, then deg(u, dB) is the sum of deg(u,dB’)
for B’ € B/(s) and B’ C B. Then, if e,(B) < C log(r/2¢) the same bound holds for the B’’s and
summing the above lower bounds we find

¥
ec(B) > m|dp||log—=—C ).
¢(B) |dB| ( g 2eC )
Changing the constant C we can get rid of the factor 2 and %B(s) has all the desired properties. O
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