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Uniqueness of vortexless Ginzburg-Landau type
minimizers in two dimensions

Alberto Farina* Petru Mironescu'

November 3, 2011

Abstract

In a simply connected two dimensional domain 2, we consider Ginzburg-Landau minimiz-
ers u with zero degree Dirichlet boundary condition g € HV2(3C2;S!). We prove uniqueness of u
whenever either the energy or the Ginzburg-Landau parameter are small. This generalizes a
result of Ye and Zhou requiring smoothness of g. We also obtain uniqueness when ( is multi-
ply connected and the degrees of the vortexless minimizer u are prescribed on the components
of the boundary, generalizing a result of Golovaty and Berlyand for annular domains. The
proofs rely on new global estimates connecting the variation of |u| to the Ginzburg-Landau en-
ergy of u. These estimates replace the usual global pointwise estimates satisfied by Vu when
g is smooth, and apply to fairly general potentials. In a related direction, we establish new
uniqueness results for critical points of the Ginzburg-Landau energy.

1 Introduction

The aim of this paper is to generalize and unify several known existence results for minimizers
or critical points of the simplified Ginzburg-Landau (GL, in short) energy

1 1
Ew==[ Vv 2+—f 1-ul?)?.
(W) zfQI ul”+ = Q( |ul®)

Here,
a) QcR?isa C! bounded domain.
b) u:Q—C.
¢) £>01is a (not necessarily small) parameter.
We will consider two types of boundary conditions:
a) Dirichlet boundary condition: given g :Q — S!, we prescribe u = g on 0Q.
b) Degree boundary condition: let I';j, j € [0, %], be the components of Q. Given the integers
dj, we prescribe |u| =1 on dQ and deg(u,I';)=d;, j€[0,k].

1
In the case of the Dirichlet boundary condition, uniqueness holds for € > \/T’ where 17 is the
1

first eigenvalue of —A in Hé(Q). Uniqueness need not hold for small € [4]. However, Ye and
Zhou [26] proved the following
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1.1 Theorem ([26]). Assume that ) is a smooth bounded simply connected domain and that g
is smooth and of zero degree.

a) For small ¢, E, has only one minimizer with Dirichlet boundary condition g.

b) If, in addition, g is sufficiently close to a constant,’ then uniqueness holds for each ¢.

The proof in [26] relies on global pointwise estimates on the gradients of minimizers.? In
particular, some smoothness is required on g. However, the natural space for g is HY2(Q; S1),
and for such g minimizers u need not satisfy uniform gradient estimates up to the boundary.
Our first result is the following

1.2 Theorem. Assume that Q is C! and simply connected. Let g € H"2(0Q;S!) have zero
degree.

a) For small ¢, E; has only one minimizer with Dirichlet boundary condition g.
b) There is some explicit universal constant § such that if g has an S!-valued extension v to
Q satisfying f IVvl2 < §, then the minimizers of E, with Dirichlet boundary condition g
Q

are unique for each .

Item b) will be discussed in more detail in Section 8. For the moment, let us simply mention
that the condition on v is a smallness condition on the H'2 seminorm of g, and thus b) in
Theorem 1.2 generalizes b) in Theorem 1.1.

1.3 Remark. In the above theorem, we may take § = 0.04518303544... The same holds for
Theorem 1.5.

We next turn to the case of prescribed degrees. Before proceeding further, let us note that
minimizers with prescribed degrees are never unique: if © is a minimizer, then so it au, for
each a € S'. Thus, at best, we can hope uniqueness modulo S'. Our starting point is the
following result of Golovaty and Berlyand [14].

1.4 Theorem ([14]). Let Q ={z€ C;1 < |z| <R}. Let d =1 be an integer. Then there is some
R4 > 1 such that, for 1 <R < Ry and for each ¢, E, has, modulo S$', a unique minimizer with
prescribed degrees d and d on the two circles of 6L2.

Our result is the following.

1.5 Theorem. Let 9 be the infimum of the energy E, with given prescribed degrees.® There
is some explicit universal constant § such that, if 0t < §, then the infimum is attained and the
minimizer is unique (modulo S1).

We emphasize the fact that existence of minimizers of E, is part of the statement; in gen-
eral, 91 is not attained [1, Example 1].

Our result is related to Theorem 1.4 as follows: consider, as a test function in the setting
d

of Theorem 1.4, the map z — f?. This gives 9 < 7d?InR. Thus 9 < § for R close to 1, and
z

Theorem 1.4 follows from Theorem 1.5.

The proof of Theorem 1.5 is completely different in nature from the one of Theorem 1.4
in [14]. In [14], the authors use in an essential way a geometric property of circular annuli,
property which need not hold for arbitrary domains. Instead, we develop here an approach
based on some new global estimates, estimates which do not see the geometry of the domain.
The main tool in the proof of Theorems 1.2 and 1.5 is Theorem 3.6, which is of independent
interest. Theorem 3.6 gives a lower bound for the energy required, for a GL minimizer u, to
move from |u| =1 on the boundary to its minimum value in Q2. Here is a striking special case
of Theorem 3.6.

og|, |0

ot or?
2Tt is common knowledge in the GL community that |u| close to 1 plus global pointwise estimates lead to unique-
ness.
3Thus 9 depends on Q, on € and on the degrees.

IThe precise condition in [26] is f (
1o}

) <8, where 6 = 6(Q) is sufficiently small.



1.6 Theorem. Let Q2 be simply connected. Let u minimize E, with respect to its own boundary
condition g € HY2(0Q;S'). If u vanishes somewhere in Q, then f Vul? = 27.
Q

The value 27 is sharp.

We emphasize the fact that this is not a statement about H! maps. H! maps can move from
1 to 0 at almost zero cost. The above property is specific to GL minimizers.

Heuristics and outline of the proofs. Let us first consider, in a simply connected domain
Q, the minimization problem

1
min{—f IVuIZ;u:Q—>§1},
2Ja

with, say, Dirichlet boundary condition g : 8Q — S'. This nonlinear problem is equivalent to a
linear one. Indeed, each test function u may be written as u = e'?, with tr ¢ given (in function
of g) on 0Q) [9], and the minimization problem becomes

1
min{—f IV(plz;(p:Q—%R},
2Ja

with a Dirichlet boundary condition. Uniqueness of a u-minimizer follows now from the strict
convexity of the g-energy.* In contrast, there is no similar trick transforming the Ginzburg-
Landau energy E. into a strictly convex one. However, it is possible to obtain a sort of log-
convexity of E, in a neighborhood of a minimizer of modulus close to 1. When the boundary
condition is smooth, this is hidden in the proof of Ye and Zhou [26] and explained in [22].
Our results cover the case of an arbitrary boundary datum, respectively the case of a multiply
connected domain. The assumptions of the main results (Theorems 1.2 and 1.5) guarantee
precisely the fact that minimizers have modulus close to 1.5 In each of these results, the plan
of the proof is

1. Prove that a minimizer u, has modulus close to 1.

2. Prove the following substitute to log-convexity: if v, is another minimizer, then E.(v.) >
E.(u,) unless v, = u,.%

When the energy E.(u.) is small, Step 1. is obtained via Theorem 3.6, which basically asserts
precisely that small energy GL minimizers have modulus close to 1. When the energy is not
supposed to be small, we complete Step 1. under the assumption that ¢ is small. In this case
we use a clearing out technique; this well-known approach [4, 23, 17, 18, 5] is revisited in the
special case we are interested in in Section 7.

Unlike the approach in [26], where Step 2. is obtained via pointwise estimates,” our approach
relies on global estimates. These estimates are either the Wente estimates [25] used in their
sharp form derived by Bethuel and Ghidaglia [6] (used for small energy solutions), or asymp-
totic versions of the Wente estimates (used for arbitrary energy solutions); a typical such result
is Lemma 4.3.

The main auxiliary result, Theorem 3.6, is proved according to the following lines. Consider a
minimizer u, of E., and let £ = min |u]|.

1. Assume first that the level line [|u| = m], with m > ¢, is connected. Then we prove that
this line is "not too short", for otherwise |u| has no reason to reach the value ¢. This
implies that the variation of |u| on this level line is "not too small". Integrating over m
the lower bound of the energy on the level line [|u| = m] and using the co-area formula,
we obtain a lower bound for the energy.

2. In general, the level line [|u| = m] has no reason to be connected. However, if this line is
"not too small", then we still obtain the same conclusion as above.

4In other words, the initial u-energy is log-convex.

5 In particular, our results do not apply to the case where minimizers do have zeros. In this case, uniqueness need
not hold [4], and, even if it holds, the proof of uniqueness requires completely different arguments [20, 22].

61t is known to experts that a similar approach is useful in the proof of Krasnosel’skii’s uniqueness result [15].

7 Such estimates need not hold under the assumptions of Theorems 1.2 and 1.5.
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3. It remains to treat the case where this line is "small". In this case, we are able to fall back
into Step 1. above and conclude again. The tool allowing this is an origami style result
(the Contraction Lemma) asserting the existence of a convenient folding of the plane.

Our paper is organized as follows. In Section 2, we prove the Contraction Lemma (Lemma
2.1) crucial in the proof of Theorem 3.6. Section 3 is devoted to the proof of Theorem 3.6. In
Section 4, we recall the sharp Wente estimates of Bethuel and Ghidaglia [6] and establish some
new related estimates, which will be used in the proof of Theorem 1.2. Section 5 collects some
standard results about lifting and degree. In Section 6, we prove Theorem 1.5. Clearing out
results required in the proof of Theorem 1.2 are gathered in Section 7. The proof of Theorem
1.2 is presented in Section 8. Finally, in Section 9, we will discuss other uniqueness results, in
the spirit of [12] or [1]. This relies on some additional clearing out results, established at the
beginning of the section.

Acknowledgment. The authors thank the anonymous referee for his careful reading of the
proof and useful suggestions.

1.1 Notation, definitions

a) D(z,r) is the open disc of center z and radius r. D, =D(0,r), and D = Dy is the unit disc.
b) C(z,r)is the circle of center z and radius r. C, = C(0,r), and S = C;.

¢) ¢(I)is the length of the (smooth) curve I.

d) A contraction is a 1-Lipschitz (i.e., non dilating) map.

e) If A,B €S! are such that B # —A, then AB denotes the smallest arc of S! with endpoints
A and B. If B=—-A, then AB is one of the two half circles with endpoints A and B.

f) Let s,t = 0. We denote by </ ; the area of {z € D;; Re z > s} and by ¢,; the length of
{zeCs; Re z > s}

g) (,) denotes the scalar product in R2. In particular, (re‘g,se“/’) =rscos(f — ¢).
h) Ifa,b € Z, then [a,b] ={n€Z;a <n <b}.

i) A denotes the vector product of vectors in R2 (or complex numbers): (a1,a2) A(b1,b2) =
a1bs—aghq. If u = uq +1ue is a function of two-variables, then we set u AVu = u1Vug —
uoVu1.

j) Jac denotes the Jacobian determinant (in R?): Jac(g,h) = Vg A Vh.

k) The interior of a simple closed plane curve y is the domain enclosed by .
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2 Contraction lemma

This section is devoted to the proof of the following

2.1 Lemma (Contraction lemma). Let I1,...,1I; be arcs of C, such that Zé(Ij) < np. Then there
is a map P:R% — R? such that:

a) Restricted to each Ij, P acts like a rotation %;.
b) P is a contraction.

¢) P(I1uU...Ul;)is connected.

d) IPR)|=lz|, Yz € R2

Proof. We may assume p = 1. We may also assume that the I;’s are mutually disjoint.
It suffices to construct a map V:S! — S! such that

a) Restricted to each I;, V is a rotation.
b) Vis a contraction.
¢) V(I1u...ul;) is connected.

Indeed, assume that such V exists. We may then take
P(z) = |z|V(2/|z]), Vz € C\{0}, P(0)=0, 2.1)

and conclude via the following

2.2 Lemma. Let V:S! — S! be a contraction and let P be defined by (2.1). Then P is a contrac-
tion.

Proof of Lemma 2.2. Since V is a contraction, we have |V(w) — \/(17)|2 <|w- 17|2, and thus
~(V(@), V() < —(@,), VYw,neSh
Ifr,s=0and w,n € S!, then

IP(rw) — P(sn)|? = r? + s — 2rs(V(w), V(1)) < r? + s — 2rs(w,n) = |rw — sn|?. O

Proof of Lemma 2.1 continued. We establish the existence of V by induction on /, the case [ =1
being obvious. Assuming the cases 1,...,I — 1 settled, it suffices to construct some T:S! — S!
such that:

a) Restricted to each I;, T is a rotation.
b) T is a contraction.
¢) T(IyuU...ul;) has at most / — 1 connected components.

Indeed, assume such T exists. Apply the induction hypothesis to the components of T(/;U...U
I;), and let Y be the corresponding contraction. Then V = Yo T has all the desired properties.

Before constructing T, let us gather some elementary considerations, stated as Lemmata
2.3-2.6. The first one is straightforward.

2.3 Lemma. Let A,B,A’,B'€S!. Then

|A'~B'|<|A-B| < ((A'B') < ((AB). (2.2)



2.4 Lemma. Write S! =T UJ, where I,J are closed arcs with disjoint interiors. Let T : S — St
Then T is a contraction on S' if and only if T is a contraction on I and on o, .

Proof of Lemma 2.4. 1t suffices to prove the if part. This amounts to the inequality
IT(A)—T(B)|<|A-B| ifAelandBed. (2.3)

By continuity, we may further assume that B # —A. By (2.2), inequality (2.3) amounts to
((T(A)T(B)) < ¥(AB). Let C € 0I =0 be such that AB=ACUCB. Since A,Cel and B,C € J,
we find that

((T(A)TB)) < ¢(TA)T(C)) + £(T(C)T(B)) < £(AC) + ¢(CB) = ¢(AB). O

2.5 Lemma. Let B:R — R be a 27n-periodic contraction. Let T :S' — S, T(e?) = 'O Then T
is a contraction.

Proof of Lemma 2.5. Let w,n € S'. We may write w = e'?, n = ¢!, with |0 — ¢| < 7. Since B is a
contraction, we have B(9) — B(¢p) = (8 — ¢) for some ¢ € [-1,1]. We find that

IT(w)— T()|% = 2 - 2cos(BO) — B(p)) = 2 — 2cos(¢(0 — ¢)) < 2—2cos(d — ¢) = |w — 7. O

2.6 Lemma. Let L1,...,L; be closed intervals on the real line, with disjoint interiors and such
that their union is an interval, say L =Lq1u...UL; =[a,b]. Set ¢j=¢(L;), j€[1,l]. Let M c [1,1]
be a non empty set of indices and let a,p € R.

The following are equivalent:

a) There is a contraction X :L — R such that X(a) = a, X(b) =  and, restricted to each L;
with je€ M, X is a translation.

b) It holds that

Z[j-Z[jSﬁ—aSZ€j+Z€j. (2.4)

JjeM JjeM JjeM JjeM

Proof of Lemma 2.6. a)=b) We may assume that L; = [x;,x;,1], with x; = a and x;,1 = b.
Then

B—a=Xx1)— Xx1) =) (X(xjs1) — X(a;))
=) (Xxja1) = X@))+ Y. (Xxje1) — X(x))

jeM JjgM
=Z€j+ Z(X(xj+1)—X(xj))€ Zéj-Z[j,ij-}-Z[j .
JEM JjeM JeM JjgeM jeM JEM

b)=—a) Let t €[-1,1] be such that f—a = Z i+t Z ¢;. Then the continuous piecewise linear
JjeM jaM

map X satisfying X(a) = a and having, in L, slope 1 if j € M, respectively slope ¢ if j ¢ M, has

all the required properties. O

Proof of Lemma 2.1 completed. We consider, on S, the direct orientation with respect to D. We
may assume that, with respect to this orientation, the arcs I; are ordered I1,...,I;. Let M; be
the arc of S! placed after I j and before I;,1 (with the convention I;,1 = I1). Equivalently, the
initial point of M is the final point of I;, and the final point of M is the initial point of I;,1.
Let [j Zf(Ij) and qj ZZ(MJ').

Our purpose is to construct, for a value of £ € [1,!] to be determined later, a contraction
T:S' — S! such that:

a) T is the identity on I, 1.



b) T is a rotation on each I;.
c¢) T(Ip) intersects I, 1.

Indeed, assume that, for at least a value % € [1,]], such a T exists. Then T(I;U...uI;) has at
most I — 1 connected components. As explained before the statement of Lemma 2.3, this allows
us to complete the proof of Lemma 2.1.
Let us first derive a necessary and sufficient condition for the existence of such T when k& =1;
we next transpose this condition to the other values of k. The final argument will imply that
this is possible for at least a value of & in [1,!].

We may assume that I; starts at z =1. In view of Lemmata 2.5, 2.6, and of the fact that
the exponential map changes translations into rotations, existence of T is equivalent to the
existence of a contraction B :[0,27] — R such that:

a) B(0) =B(2r).

b) B is the identity on {¢1 +q1} +[0,¢2].

¢) Bis of the form 6 — 0 +a; on each segment {¥, (£, +qp)} +10,£;41].
d) B([0,#¢1]) intersects {¢1 +q1}+[0,42].

Let x = B(0) = B(27). In view of Lemma 2.6, existence of B satisfying a)-c) on [0,¢1 + £2 + q1] is
equivalent to

l1+0g—q1<l1+02+q1—x<{l1+02+q1,
ie., to

0=<x<2q;. (2.5)
On the other hand, condition d) is equivalent to

qrsx<fl1+¥fa+q1. (2.6)

Finally, existence of B satisfying a)-c) on [¢1 + £2 + q1,27] together with B(27) = x amounts to

Z fj—quSx—(€1+€2+q1)s Z €j+qu,
J#1,2 Jj#1 Jj#1,2 J#1

which is equivalent to

Y €i=) q;+2q1 sx <27 2.7
In view of inequalities (2.5)-(2.7), existence of B for some % is equivalent to

max{0,qr, > ¢;— Y q;+2qr} <min{2qx, Cx + Cp+1 + qi, 27}
or, equivalently, to

max{qr, Y ;- q;+2qr} <min{2qz, Op + Cpv1 + qi}- (2.8)

Inequality (2.8) amounts to four inequalities. It is easy to see that two of them are automati-
cally satisfied, and that the two others are

20— 4+ 20, <20z, (2.9)
respectively
Zﬁj—qu+2qks£k+ék+1+qk. (2.10)

Inequality (2.9) is satisfied for each %, since by hypothesis we have Z ;)= Z€ i <m, and thus

2= A=) 0—(2n-} ¢;)=0.

On the other hand, we claim that (2.10) holds for at least one k. Indeed, argue by con-
tradiction: if ij - qu +2qp > Oy, + €p1 + qp for each k, then we obtain by summation that
(1-2))_¢;>(-1)) q;. But this is impossible, since )_¢; <) q;.

The proof of Lemma 2.1 is complete. O



3 Lower bounds for the energy of rotational mini-

mizers
Let Q be an open set in R2. All results in this section apply to potentials of the form F(x,|u|?),
where

a) F:QxR; - R,.

b) F(x,1)=0,VxeQ.

¢) [0,1]3 ¢+~ F(x,t) is non increasing, Vx € Q.

d) FeclQx[o0,1).

Unless stated otherwise, in all the results in this section we assume that a)-d) hold.
The energy associated to F is

1 1
E(u):—f |Vu|2+—fF(x,|u|2), YueHY(Q;C).
2 Ja 2 Ja

3.1 Examples. We have in mind two typical examples:
a) F =0, leading to harmonic functions.

1 _
b) F(x,t) = 2—2w(x)(1 —t)2, with w € Cl(Q;R+). This corresponds, e.g., to the standard
£

Ginzburg-Landau potential (when w = 1) possibly after a conformal change of variables
(in which case w is the Jacobian of the conformal representation).

3.2 Lemma. Let F:Q xR, — R, satisfy
a) F(x,1)=0, Vxe Q.
b) FeCYQx[0,1)).

Let Q be Lipschitz and let g € HY2(0Q;C) satisfy |g| < 1. If u minimizes E in H;,(Q;C), then
lul< 1.
In particular, we have u € Cllt’)‘z(ﬂ), O<a<l

Proof. We have E(u) < E(Ilou), where II is the nearest point projection onto D. Since the
differential of II satisfies

IdTI(2)E| < €], VEER2\{0}, VzeC\D,

we find that Vu =0 a.e. in the set {x € Q;|u(x)| > 1}, so that |u| <1 a.e.
The second part of the lemma follows from the boundedness of —Au. O

3.3 Definition. Let Q c R2 be a bounded C! domain. Let T 7, J €[0,k], be the components of
0Q), with I'g enclosing Q.

The map u € H(Q;C) is a rotational minimizer® if: for each ay,...,a; € S! and for each
ve HYQ;C) such that v = ajuonT;, je[0,k], we have E(u) < E(v).

3.4 Remarks. In view of the specific form of the potential F, it is easy to see that:

a) When Q is simply connected, rotational minimizer is the same as minimizer of £ with
respect to its own boundary condition.

b) In general, the fact that u is a rotational minimizer is equivalent to: if v = @ ;u on I'; with
J =1 (with a; as above), then E(u) < E(v).
3.5 Examples.

a) A prescribed degrees minimizer is a rotational minimizer.

8With respect to E, but this will not be specified.



b) A more involved example: let Q be simply connected. Let u minimize E with respect
to its own boundary condition. Assume that p < esg(iznf |u| is a regular value of |u|. Let

o ={x € Q; |u(x)| < p}. Then u is a rotational minimizer on w. To see this, we first note
that w c Q (this follows from the proof of (3.3) below). Let y;, j € [0,], be the components
of dw, with o enclosing w. Let v € H(w) be such that v = u on vy, v = ajuonvyj, je[1,1],
with aj € S1. Let w; be the interior of v}, j € [0,1]. Let

u(x), in Q\ wy
w(x) =14 v(x), in @

aju(x), if x€w; for some j=1

The inequality E(u) < E(w) (in ) implies E(u) < E(v) (in w).

¢) Let Q be simply connected. Let u minimize E with respect to its own boundary condition.
Let w < Q be a C! domain such that either w c Q or Q c dw. Then u is a rotational
minimizer in w. The argument is the same as in the previous item.

3.6 Theorem. Let u be a rotational minimizer. Assume that ¢ <|u| <1 on 0Q. Let s = igf lul.

Then (with </ ; as in Section 1.1 {))

f Vul? = s, , (3.1)
Q
and in particular

E(u) =2, ;. (3.2)

3.7 Corollary. Let u be a rotational minimizer. Assume that |u| =1 on 0Q2 and that u vanishes

at some point. Then f IVuI2 > 271.
Q

The conclusion of the corollary is optimal: take Q =D, F =0 and u(z) = z.

3.8 Remark. There is a simple proof of Corollary 3.7 when F' = 0 and 2 is simply connected.

Indeed, after a conformal change of variables we may assume that QO =D and u(0) = 0. Write,

on S, u= Zanemg. Condition u(0) = 0 reads ag = 0. Condition |u| =1 on S! implies 27 =

f |u|2 = 2nZ|an|2. On the other hand, it is easy to see that f IVuI2 = 2712 Inllanlz. We find
St D

that

f Vul> =27 Inlla,* 227 ) layl? =27 la,|® = 2x.
D n#0

3.9 Remark. By Remark 3.4 a), in a simply connected domain Theorem 3.6 applies to a min-

imizer u of E with respect to its own boundary condition. However, if, in a multiply connected

domain, we replace, in Theorem 3.6, the assumption that u is a rotational minimizer with the

weaker assumption that u minimizes E with respect to its own boundary condition, then the

conclusion of Theorem 3.6 need not hold anymore. Here is an example. Let Q =D\ D, with
1, ifjz]=1

0<t<1,F=0andg(z)= { 1 'f: : . Then the minimizer of E with datum g is the har-
-1, if|z|=

monic extension of g, which vanishes on a circle. However, we have, by a direct calculation,

E(u)—0ast\,0.

Proof of Theorem 3.6. We may assume that s < ¢, for otherwise there is nothing to prove. We
start by noting that

lin(l) inf{lu(x)|; x € Q,dist(x,0Q) < e} = ¢. 3.3)
E—



This can be obtained (via some arguments developed in [10, 11]) as follows. The map g = uj50
isin HY2, and thus in VMO (since, in one dimension, we have H 2, VMO [10, Example 2, p.
201]). Since g is in VMO and takes its values into the closed set F' = {z € C;|z| = ¢}, it follows
that for x near 0Q) the harmonic extension g of g takes its values near F [11, Theorem A.3.2,
p- 357]; in particular, (3.3) holds when u is replaced with g. On the other hand the map u — g
vanishes on 0Q and (using the equation satisfied by u) belongs to C1%(Q) for each 0 < a < 1.
This easily implies (3.3).

We find that, for 0 < s < m < ¢, the level lines 6, = {x € Q; |u(x)| = m} are compact. Since
u € CHQ), Sard’s lemma implies that, for a.e. m, €y, is a finite union of C! disjoint simple
closed curves.

We fix a point x( € Q such that |u(xg)| = s.

3.10 Lemma. Let s <m <t be a regular value of |u|. Let w be the connected component of the
set {x € Q;|u(x)| < m} containing xo. Then:

Either
a) {(u(dw)) > nmm.
Or
b) There is some contraction P preserving the modulus such that v =Pou is a rotational

minimizer and such that v(0w) is connected.

Proof of Lemma 3.10. We may write 0w = yoU...UYy;, where the components y; are disjoint
and yo encloses w. Assume that ¢(x(0w)) < rm. Since u(éw) < C,,, Lemma 2.1 applied to the
arcs u(y;), j € [0,1], implies the existence of a contraction P: R2 — R2 such that P preserves the
modulus and such that P is a rotation on each u(y;). We may clearly assume that P restricted
to u(yo) is the identity. Let, for j = 1, %, be a rotation satisfying P = %; on u(y;). Let, for j =0,
w; be the intersection of Q2 with the interior of y;. Set

u(x), ifxe Q\wo
v(x)=1{ P(u(x)), ifxew

Rj(u(x)), ifx€w; for some j=1

Let T, n € [0,k], be the components of Q. Then, for each n, there is some «a, € S! such
that v = a,u on each I';,. In addition, we clearly have f F(x,|v|2) :f F(x,|u|2) and f IVUI2 <
Q Q Q

f IVul|?. Therefore, E(v) < E(u). To summarize: on each component I';, of 9Q2, we have v = a, u,
Q

with a, € S!, and E(v) < E(u). Since u is a rotational minimizer, we find that so is v. Finally,
v(0w) is connected by construction. O

3.11 Lemma. Let s <m <t be a regular value of |u|. Then

f [V(u/|ul)l 22€s,m/m. (3.4)
{lul=m}

Recall that ¢ p, is the length of C,,, n{Re z > s}.

Proof of Lemma 3.11. We use the notation in the statement and proof of Lemma 3.10. Let w be
the connected component of the set {x € Q;|u(x)| < m} containing xy. We write w =yoU...UYy;.
We start by proving that

1
IVw/luDl =z | 10 (w/luDl = —f |0:ul = 20(u(y;))/m; (3.5)
Yi Yj m Jy;

here, d; stands for the tangential derivative on y;.
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(3.5) is obtained as follows. Let A,B € y; be such that the endpoints of u(y;) are u(A) and
u(B).? Let 6p, p = 1,2, be the two arcs of y; with endpoints A and B. Write, on each €,
u=me'?». Since |¢,(A)— ¢,(B)| = £(ul(y;))/m, p = 1,2, we find that

f 0:huh =Y f 10:0p1 = Y 19p(A) — 0 (B)] = 26(uly ))Vm.
YJ p JEp p

J

In particular, the conclusion of Lemma 3.11 holds if ¢(u(0w)) > nm.
Consider now the case where /(u(0w)) < im. Let v be as in Lemma 3.10. Since v =Pou,
with P contraction preserving the modulus, we find that

f V()] = f 10w (/)| = f 102 (o/Iv))] = f 10 /lv),
{lul=m} {lul=m} {lul=m} {lvl=m}

so that it suffices to prove that
f [0 (/v = 245 yp/m. (3.6)
Ow
This is proved by contradiction. Assume that
[0 (v/lvD] < 2€ ym/m. 3.7)
ow

By combining (3.5) (applied to v) with (3.7) and with the fact that v(dw) is connected, we find
that v(0w) is contained in an arc € < C,, of length < ¢, ,,. Without loss of generality, we
may assume that % is centered at m.10 Condition 4(€) < ¢ m implies that there exists some
q € (s,m) such that

€cS={zeD;Re z=q}. (3.8)

We next note that v is, in w, a minimizer of E with respect with its own boundary condition,
and that |v(xg)| = s, so that v(xg) € S. Property v(xg) € S combined with (3.8) contradicts our
next result. This completes the proof of Lemma 3.11. O

3.12 Lemma. Let S be as in (3.8). Let u minimize E in some Lipschitz domain w with respect
with its own boundary datum g € H2 nC%0w;C). If g(dw) c S, then u(w)cS.

Special cases of this result appear in [2, Lemma 8] and [13, Lemma 2]. However, the argu-
ments there do not cover the case F =0.

Proof of Lemma 3.12. We may assume that w is connected. By Lemma 3.2, we have |u| <1 in
w and u is continuous in w.

Let g = uj3»- The map v = |Re u|+:Im u equals g on dw and has the same energy as u. Thus
v minimizes E. In particular, v is continuous. Therefore, if we prove that v(w) = S, then we will
also have u(w) < S. In conclusion, we reduced the problem to the case where Re u = 0.

Let IT be the orthogonal projection on S. When z € D {Re z = 0}, we have (with g given by
(3.8))

z, ifRez=gq
(z)=<{ g +:Im z, ifImz/<y/1-g2andRez<q. (3.9

q+1(sgnIm z)y/1-¢qg2%, if|lImz|>+1-qg?2andRez<q

The following inequality is straightforward and left to the reader.

|z| < |TI(2)| < 1 for ze DN {Re z = 0}. (3.10)

9The argument developed below holds under the assumption that each u(y ;) is strictly included in Cy,; indeed,
u(y;) is supposed to have endpoints. In the case where one of these arcs, say u(yo), coincides with C,,, the proof of
(3.5) yields the inequality [V(u/|ul)| = 27. In this case, the conclusion of Lemma 3.11 is clear.

Yo
0Here, m is identified with the complex number m + 10.
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Set w = ITou, which equals g on dw. Since II is a contraction, we have |Vw| < |Vu|. This
fact combined with (3.10), with the fact that u minimizes E, and with property c) satisfied
by the potential F', implies that w is a minimizer of E with boundary data g. Actually, a bit
more can be said. Indeed, by combining the minimality of u with the fact that |Vw| < |Vu|
and with the inequality F'(x, lw|?) < F(x, |u|2), we come up with the equalities |Vw| = |Vu| and
F(x,lw|?)=F(x,|ul?®.M

Consider now the open set

V={xewulx)¢S}={xecw;Reu<ql.
Our aim is to prove that V is empty. Let I1=1I; +:Il2 and set
F={zeD\S;Re z=>0}.

If z € F, then [1;(z) = q and [12(z) depends only on Im z. Moreover, it is clear, from the specific
form of Iy, that

Ma(z) —I2(¢)| < Im z-Im |, Vz,g€F.

This implies at once that V(Re w) =0 and |V(Im w)| < |V(Im u)| a.e. in V. These facts combined
with the property |Vw| = |Vu| a.e. imply V(Re u) =0 a.e. in V, and thus Re u is locally constant
inV.

Assuming, by contradiction, that V is not empty, we claim that Re u = ¢ on V. Indeed,
let Vy be a connected component of V. If x € 0Vj, then either u(x) € S, or x € dw. In the first
case, the definition of V implies Re u(x) = q; in the latter, we obtain the same conclusion via
the fact that g € C%(0w;C). Since Re u is locally constant in V, we find that Re u = g in V.. This
contradiction completes the proof of Lemma (3.12). O

Proof of Theorem 3.6 completed. Write, locally in the set U = {x € Q;u(x) # 0}, u in the form
u = pe'”, with p = |u| and ¢ real-valued and C!. On the one hand, we have

IVu|? = |Vp|? + p?|Ve|% = 2p|Ve||IVp| inU. (3.11)

On the other hand, the conclusion of Lemma 3.11 can be written as
f |Veop| =205 p/m. (3.12)
{p=m}

By combining (3.11) with (3.12) and applying twice the co-area formula, we find that

1 t ¢
—[ IVulzzf pIV(pIIVPIZf (f mIV(pI) dm22f lsmdm =29l ;. O
2Ja U s \Jip=m} s

4 Wente estimates and applications

Throughout this section, Q is a C! bounded domain in R2.

The standard Wente estimates [25] apply to solutions u vanishing at infinity of the equation
—Au =Jac(g,h) in R%. A sharp form of these estimates in domains has been found by Bethuel
and Ghidaglia [6] and is recalled below.

4.1 Theorem ([6]). Let f € Hé(Q), g,h e HYQ). Let u e Wol’l(Q) be the solution of —Au =
Jac(g,h). Then

a) u€L®(Q)and

lulle <21Vl L2 IVRI L2 (4.1)

A1l these equalities are to be understood in the a.e. sense.
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b) u€H)(Q) and
IVullze < V2IVgli2 I VAl s. (4.2)
¢) We have

‘foJac(g,h) < V2|VFllL2IVgl2 VA 2. (4.3)

As a consequence of (4.3), the map
(HYQ))? 3 (g,h)— Jac(g,h) e H Q)
is continuous. A stronger property is given by the following

4.2 Lemma. Let g € HY(Q). Then the map
HY Q)3 h—Jac(g,h) e H(Q)

is compact.

Proof. Compactness from H(Q) into 2'(Q) is a special case compensated compactness [21,
Théoréme 1]. However, compactness from H(Q) into H1(Q) requires an additional argument.
We have to prove that, if 2, — 0 in H'(Q), then Jac(g,k,) — 0 in H 1(Q). Equivalently, if
Uy € Hé(Q) solves —Au, = Jac(g,h,), we have to prove that u, — 0 in H1(Q). By compensated
compactness, we know that u, — 0 in 2'(Q). Since, on the one hand, (z,) is bounded in H é(Q)
(by (4.2)) and, on the other hand, u, — 0 in 2'(Q), the Rellich-Kondratchov theorem implies
that u, — 0 in L2(Q). By (4.1), we have |u,| < C. Consequently, we have u,Vg — 0 in L%(Q).
We find that

f IVun|2:[ un(—Aun)zf(uan)/\th—»o,
Q Q Q

so that u, — 0 in H1(Q). O

The above lemma is useful in establishing a crucial estimate, Lemma 4.4 below. For the
convenience of the reader, we start by stating and proving a baby estimate, Lemma 4.3 below.
Lemma 4.4 is a more involved variant of Lemma 4.3.

4.3 Lemma. Let (g,),(h,) c H(Q). Assume that g, — g in HX(Q). Let (a,) be a sequence of
bounded nonnegative measurable functions in Q satisfying a, — oo a.e. Let u, € Hé(Q) be the
solution of

—Au, +azu, =dJac(gy,,hy). (4.4)
Then

IVupllpe = 0(||th||L2) as n — oo.

Proof. We may assume that |[VA,| 2 = 1; in this case, we have to prove that |Vu,| ;2 — 0. By
a standard argument, it suffices to establish this property along a subsequence. Therefore, we
may further assume that &, — & in H(Q). Let F,, = Jac(gp,h,) and F = Jac(g, k). By (4.2) and
Lemma 4.2, we have F, — F in H 1(Q).

If we multiply (4.4) by u, and use (4.3), we find that

fQ Vi, %< fQ UnFp < V20\Vu,lli2 IVl 2 IVA, Il 2,
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so that (u,) is bounded in H'(Q). On the other hand, we have (again, by multiplying (4.4)

by uy) f anu% < f u,F,, so that the quantity f anu,zl is uniformly bounded. We find that
Q Q Q

u% —0.12
Q
To summarize: we proved that (up to a subsequence) u, — 0 in H1(Q). Finally, we have

fgwunﬁsfgunﬁ‘nao

(since u, — 0in H(Q) and F,, — F in H~1(Q)), so that u, — 0 in H(Q). O
4.4 Lemma. Let g,,h,,a, be as in Lemma 4.3. Assume that v, € Hé(Q) satisfies

—Av, +anv, =dJac(g,,hy)+divR, +v,S, + T}, (4.5)
where

IRnlL2 =0 (IVoaliLz), 1Snliz =0 (IVR,lL2), I Thlr =0 (”th”%2)- (4.6)
Assume, in addition,

v, — 0 wuniformly in Q as n — oo. 4.7)
Then

IVoplizz =0 (IVhnllz2) as n— oo.

Proof. We start as in the proof of Lemma 4.3: we assume that h,, — A, and let F,, = Jac(g,,h,),
F =Jac(g,h). If we multiply (4.5) by v,, we find that

f|an|zsfann—fRn~vUn+||vn||%mf |Sn|+||vn||Loof IT,l. 4.8)
Q Q Q Q Q

Using (4.6) and (4.7), we find that (v,) is bounded in H(Q). Since (using again (4.5)) we have

2 2
fanvnsf ann_f Rn'vvn“’”l}n”Loof |Sn|+||vn”L°°f ITl,
Q Q Q Q Q

we find that f a nv% is bounded uniformly in 7, and thus (as in the proof of Lemma 4.3) v, — 0

in HY(Q). Using (4.8), we obtain that v, — 0 in H(Q).13 O

5 Degree, lifting, and the Ginzburg-Landau equation

For the convenience of the reader, we gather here some known facts used in the proofs of
Theorems 1.2 and 1.5. The references for this section are: for the degree, [10], [11], [8], [9]; for
lifting, [7], [9]; for GL, [4], [16], [1].

Let T be a smooth simple planar curve. A map g € HY2(I';S') has a well-defined degree
(winding number), denoted deg(g,I'). This degree is defined as follows: smooth maps are dense
in HY2(I';S1), and the degree is continuous with respect the H2 convergence. Thus we may
define

deg(g,I') =limdeg(g,,I')

12The abstract fact we use is the following: if (u,) is compact in L% a, =0 and a, — oo a.e., and if fanu% is

bounded, then u, — 0 in L2.
13Here, we use: v, — 0 in HX(Q) and F,, — F in H~1(Q) for the first integral on the right-hand side, v, — 0 in H(Q)
for the second one, and ||v, ||z~ — 0 combined with (4.6) for the two last ones.
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for some sequence (g,) € C°(I'; $1) such that g, — g dans H2. The degree defined in this way
does not depend on the choice of the sequence (g,) and is continuous with respect to the H/2
convergence.

The degree of HY2 maps inherits some well-known properties of the degree of continuous
maps:

a) deg(gh,T’) =deg(g,I)+deg(h,I).

b) deg(g/h,I') =deg(g,I')—deg(h,I).

¢) deg(g,T) =0 < g =e'’ for some ¢ € H/2(T;R).
Moreover,

d) If g e CNHY2(I';S'), then the degree of g in the sense H'2 maps is the same as the degree
of g in the sense of continuous maps.

We consider, for H2 maps defined on T, the following semi-norm:

2 2
|g|H1/2:fQ|VU| 5

here, Q is the interior of I and u is the harmonic extension of g. This semi-norm is invariant

with respect to conformal representations; therefore, we will consider, in what follows, only the

case I' = S! and Q = D; the general case reduces to this one, by the Riemann mapping theorem.
If g:S! — C, and if we write g = Zanemg, then

e) 1817, = 27 % Inllanl®.

f) If, in addition, g is S'-valued, then deg(g,S) = Y nla,|?.

2
H12

HV2(T';R). The next property asserts that, when |g|z1 is sufficiently small, we may control ¢.

In particular, if |g| < 27, then deg(g,I') = 0, and thus we may write g = ¢'? for some ¢ €

g) There is some § > 0 such that, if |g|z12 < §, then we may write g = ¢'?, with ||z
C Ig | HY2.

I\

IA

h) In particular, if |g|gi2 < 8, then g has an extension v € H 1(Q;S1) such that f |Vv|2
Q
0252 14
Another important property of S'-valued maps is the following:

i) Let Q cR? be a C! bounded domain. Let g € HY2(0Q;S1). Let u be the harmonic exten-
sion of g. Then

lim |u(x)]=1 wuniformly in x. (5.1)
x—0Q)

The same property holds for a minimizer of E, with boundary datum g or, more generally,
for solutions of

{Au eL®(Q) inQ
(5.2)

u=g onoQ

We next consider S1-valued maps in domains. Let u € H 1(Q;§1), where Q is a bounded domain
in R2. Then we may write, locally in Q, u = €', with ¢ € H'. If Q is simply connected, then we
may choose a global phase ¢. However, when Q2 is multiply connected, it is not always possible
to pick a global ¢. As in the case of continuous maps, we have the following equivalence:

j) Let Q c R? be a C! bounded domain. Let u € H(Q;S!). We may write, globally in Q,
u=e¥ withgpe HY(Q;R), if and only if deg(u,I’) = 0 for each component I" of 0Q.15 16

14Tndeed, consider v = e'¥, where v is the harmonic extension of ¢.
I5Note that ure HY2(T';$1), so that deg(u,I') makes sense.
161n the special case where Q is simply connected, this condition is always satisfied, and the global lifting ¢ exists.
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Similar results hold for maps which are far away from zero. More specifically, consider a map
u € HY(Q;C) such that

O<aslulsf<oo inQ. (5.3)

Then we may write, locally in Q, u = |ule'?, with ¢ € H'. In this context, the analog of j) is
given by

k) Let Q c R2 be a C! bounded domain. Let u satisfy (5.3). We may write, globally in Q,
u=lule'’, withpe HYQ;R), if and only if deg(u/|u|,T’) = 0 for each component I' of 0.

In simply connected domains, there is a connection between phases of S!-valued maps and
phases of their traces.

1) Let Q cR?be a C! bounded simply connected domain. Let u € H(Q;S!) and set g = UpQ €
HY2(5Q;SY). Write u = e’ and g = e'¥°, where XS H! and po € HY2 Then Y160 = Po
modulo a constant multiple of 27. Similar result if we assume (5.3).

Easy consequences of this fact are given in the next item.

m) Let Q be smooth bounded simply connected. Let g € HY2(0Q;S1). Write g = e*?°, where
@o € HV2. Consider the class

€ ={ueH(Q;SYH, upq = gt
Then
€ ={e'’; o € H(Q;R), Y100 = Po}.

If, in addition, ® is the harmonic extension of ¢, then ug = ¢'® is the only minimizer of

<53qu V2.
Q

We next turn to the question of the form of the GL equation in polar coordinates.

Consider first the case of Dirichlet boundary condition in a simply connected domain, with
boundary datum g of zero degree. If u is a critical point of E. such that essinf|u| > 0, then we
may write (globally) u = pe'?, with p = [u| and ¢ € H'. In addition, we may write g = ', with
¢o € HY2(0Q;R), and then (possibly after subtracting a suitable multiple of 27 from ¢) we have
the system

div(p?Ve) =0 in Q
1 2 2
-Ap==p1-p%)-p|V Q
p £2/0( p?)—plVel® in . (5.4)
p=1 on 0Q)
®=o on 0Q2

The first equation, together with the fact that Q is simply connected, allows to define a poten-
tial H satisfying

OH ,0¢ 0H  ,0¢ [
— =0, — =—-p"— H=0 5.5
ox F oy’ dy P ox’ Q ’ (5.5)
. 1
div (_2VH) =0. (5.6)
o

Consider now a second critical point, v, satisfying also essinf|v| > 0. Then we may write v =
pne’?*¥) where n = |v|/|ul, w =1 -7 and v satisfy

div(p2n?Vy) = div(p?(1-1n%)Ve) in Q

—Aw+aw =Jac@H,w)+divR+wS+T inQ : 5.7)
w=0 on 6Q)

w=0 on 0Q)
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here,
1
a= £—2p417(1 +1), R=-1-p*)Vw, S =-20%Ve-Vy, T = p’n|Vy|2. (5.8)

We next present the analogs of (5.4)-(5.8) in the case of prescribed degrees in a (possibly mul-
tiply connected) domain. If u is a non vanishing critical point, then it may not be possible to
write, globally, u = pe'?. However, the vector field Vo = (u/|u|) AV(u/|u|) is globally-defined, and
(5.4) becomes

div(p2Vep) =0 in Q
1
~Ap==p(1-p?)-plVe|?> inQ
P 52p( p?)=pIVel* in . (5.9)
p=1 on 0Q2
Vo-v=0 on 0Q)

Thanks to the last equation in (5.9), the global potential H satisfying (5.5) and (5.6) still exists,
in this case.

If we consider another non vanishing critical point v, then we may write globally v = une'V,
and (5.7) becomes

div(p2n?Vy) = div(p?(1-n%)Ve) in Q

—Aw+aw =dJac@H,w)+divR+wS+T inQ

oy . (5.10)
—=0 on 0Q)

ov

w=0 on 0Q)

In both cases (i.e., Dirichlet boundary condition or prescribed degrees condition) there is a
formula relating E.(v) to E.(u):

1
E @) =E.(u)+ fQ [021Vn12 + p®n2 |V |? + (n® — 1)Jac(2H, y)]

1 L 4 242
+= | —p"A- .
2 fQ 2:2° (1=m")
Finally, for further use we discuss the analog of the above formulae when the GL energy is
replaced, more generally, by an energy of the form

(5.11)

1 1
E(u):—f |Vu|2+—f Fx, lul?);
2 Ja 2 Ja

oF
here, F € C1. Let G(x,t) = E(x, t). Then (5.4) becomes

div(p2Ve) =0 in Q
—Ap = —pGx,p?)—p|Ve|?> inQ
p=-pGx,p°)—p|Vep|® in : (5.12)
p=1 on 0€2
® = on 0Q2

(5.9) is affected similarly. Existence of H still holds, both in the case of Dirichlet and degrees
boundary condition.

On the other hand, (5.7) and (5.10) are still valid, with only one change in (5.8): R, S, T are
unchanged, while a is given by

0= pZ%(G(x,p%Q)— G(x, p?)). (5.13)
Finally, (5.11) becomes
1
E@W)=Eu)+ 5 fQ [021Vn 1% + p®n? |V |? + (n* - 1)Jac(2H, v)]

1 (5.14)
t5 fQ [Fx, 00 - F(x,0%) - p?(* - DGx, p?)].
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6 Proof of Theorem 1.5

We consider an energy of the form
1 1
B =3 [ wul+3 [ Folud,
2 Ja 2 Ja

where F € C! is as in Section 3.
Let Q c R be a C! bounded domain. Denote by T’ i, 7 €[0,k], the components of 0Q), with Ty
enclosing Q. For prescribed degrees d; on the I';’s, we let

N =inf{E(u);u has the prescribed degrees}.

In the definition of 91 it suffices to consider only maps u such that |u| < 1. Indeed, we have
E(v) = E(u), where v minimizes E with boundary condition u3g. By Lemma 3.2, we have
lv] = 1.

6.1 Lemma. Let (u,) be a minimizing sequence for M, satisfying |u,| < 1. If (possibly after
extracting a subsequence) u, — u in H(Q), then

k
liminfE(u,)=E(u)+n Z |deg(up,T'j) —deg(u,I';)I. (6.1)
=0

Proof. This result was established in [1, Lemma 1] for the GL energy (without the assump-
tion |u,| < 1). Under the additional assumption |u,| < 1, the proof in [1] applies to general
nonlinearities. O

6.2 Corollary. Assume that 9 < . Then M is attained.!”

Proof. Consider a minimizing sequence (u,) satisfying |u,| < 1. Let, possibly after passing to
a subsequence, u, — u in H'(Q). By Lemma 6.1, we have

k
a>M=Ew)+n Z |deg(un,I';)—deg(u,I';)l.
j=0
Thus u has the prescribed degrees and minimal energy. O

We next state and prove a generalization of Theorem 1.5.

6.3 Theorem. Let F € CL(Q xR, ;R,) satisfy
a) F(x,1)=0,VxeQ.
b) [0,1]13¢t— F(x,t) is convex, Vx € Q.

Then there is some universal'® constant § > 0 such that, if 9t < §, then 91 is attained by a
minimizer unique modulo S!.

1
Before proceeding to the proof of Theorem 6.3, we note that F(x,t) = 2—2(1 —t)? satisfies the
€
hypotheses of Theorem 6.3, and thus Theorem 6.3 implies Theorem 1.5.

1"The value 7 is sharp: if Q is simply connected and we prescribe the degree 1 on the boundary, then 9t = 7 and (at
least for GL) 971 is not attained [1, Example 1].
18That is, independent of Q, of the d i’s, and of F.
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Proof. Assumption a) and b) imply that [0,1] 3 ¢ — F(x,¢) is non increasing. In particular, we
may apply Theorem 3.6 to F. Let 0 <s < 1. Let, with the notations in Theorem 3.6, § = d(s) =
24 1. If M < 6, then M is attained and, if ¥ minimizes E, then |u| = s in Q.19 Let v be another
minimizer of u. The convexity of F' for fixed x implies

oF
F(x,ab)—F(x,b)—b(a— I)E(x, b)=0, VxeQ,Vb,abel0,1]. (6.2)
By combining (6.2) with (5.14), we find that
1
Ew)=E(u)+ 5[9 [021Vn1% + o202V |® + (n? - DJac(2H, y)]. (6.3)

Using (6.3), the fact that s < p,pn <1 and (4.3), we obtain

2 2

s S 2V/2

Ew)=Ew+ S f a2+ 5 f V2 = 22 1Vl IVE 2 |Vl o (6.4)
2 Ja 2 Ja s

By combining (5.5) with the identity IVuI2 = p2|qu|2 + |Vp|2, we find that

IVH 2 = ||p2V(p||Lz <|lpVellre = IVulze = V2M < V24,

and thus

2 2 46
E@)=Ew)+ - f w2+ S f Wyl = 2 Ul 1Vl . 6.5)
2 Ja 2 Ja s

Noting that § decreases with s and that 6(1) = 0, we find that the equation

Vo) _ 2 (6.6)

S

has exactly one solution.?’ For this s, we find that
E@w)=E(u). (6.7)

By minimality, we must have E(v) = E(u). If we examine the equality case in (6.7) and use the
fact that 91 < §, we find that equality can occur only if Vv = 0 or Vi = 0. Going back to (6.4),
this implies that we must have both Vi =0 and Vi = 0. Thus v/u is constant. O

7 Clearing out

In the GL jargon, clearing out means absence of vortices, i.e. of zeros. The usual arguments
C

leading to clearing out make use of the global estimate |Vu| < —, 0 < e < 1, valid if the boundary
€

datum g is smooth and fixed [3]. Such an estimate need not hold if g is merely HY2. The result

we present below holds for natural boundary datum and for general nonlinearities.

7.1 Proposition. Let Q) c R2 be a C! bounded simply connected domain.
Let F¢ : Q xR, — R, satisfy

a) Fe(x,1)=0, VxeQ, Ve>0.

b) [0,11>3¢— F(x,t) is non increasing, ¥ x € Q.
¢) F.eClQx[0,1]), Ve>0.

d) l%Fg(x, t)=o00, VxeQ, Vte[0,1).

9This follows by combining Theorem 3.6 and Example 3.5 a) with Corollary 6.2.
20Maple® gives § = 0.04518303544 ...
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Let g € HY2(0Q); S') have zero degree. Let

1 1
Eg(u)=—f IVu|2+—f Fe(x,ul®.
2Ja 2 Ja

If u, minimizes E. with boundary datum g, then |u.| — 1 uniformly in Q as € — 0.
During the proof, we will use the following elementary fact.

7.2 Lemma. Assume that [, g are non negative measurable functions such that
I It
f @dr <6 and f rg(r)dr <é.
0 r 0
Then there is some r € (0, u) such that

f(r)<4é and g(r)< 4%.
0

Proof of Lemma 7.2. We have
Iz B 48
f (M +rg(r)) dr <26 =[ —;dr.
o\ r 0 M

f(r)

46r
From the mean value theorem, there exists some r such that — +rg(r) < —-. It is easy to
r

see that this r has all the required properties. O

Proof of Proposition 7.1. In the first part of the proof, we establish the H'-convergence of the
family (u.). We follow essentially [3, Proposition 1]. Since deg(g,0Q) = 0, we may write g = e'¥?,
with g9 € H 1/2(GQ;IR) (Section 5 ¢)). Let ® be the harmonic extension of ¢¢ and set ugy = e'®.
Then 1 is the unique minimizer of

1
{ue H{(Q;SYupa =gt su— 5/9 IVu|?

(Section 5 m)).
Since E.(u.) < E.(ug) = Cyp, we find that f F(x, |u£|2) < 2Cy. This inequality combined with

Q
the fact that |u.| <1 (by Lemma 3.2) and with property d) of F, implies that |u:| — 1 a.e. As in
the proof of [3, Proposition 1], this implies that u, — uo in H(Q). As a byproduct, we obtain

lim | Fe(x,lul?) =0.

e—0Jq
Next, we prove that |u.| — 1 uniformly possibly except a small boundary layer. This part of the
proof is _partly inspired by the approach in [24].

Let d : Q — R, be a regularized distance to 9Q. More specifically, we assume that d € C°°(Q),
and

%dist(x, 0Q) < d(x) < dist(x,0Q), VxeQ.

Let 6 > 0 to be fixed later. Since u, — ug in H1(Q), there are 1> 0 and g9 > 0 such that

f Vuel? <6, VxeQ,Ve<e (7.1)
D(ex, )
and
f Vue2<8, Ve<e. (7.2)
{xeQ;dist(x,0Q)<u}
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In addition, we may also assume that

LFg(x,|ug|2)<5, Ve < é. (7.3)
By Sard’s lemma, we may also assume that u has the following property: the set

wy = {xeQ; d(x) <}
is smooth, with boundary 0QQ uUT',, where

Iy =1{xeQ;dx)=p}. (7.4)

Let x € Q\ wy. For £ < ¢, (7.1) and (7.3) combined with Lemma 7.2 applied with

1
F)=r f Vuel?, g(r)= = f Foly, luel®)
C(x,r) r JC(x,r)

imply the existence of an r € (0, u) such that

1 2
—(f IVuEI) Sr‘[ [Vul? <46 (7.5)
21 \Je,r Clx,r)
and
1
27 min Fe(y,|ugl?) < —f Fo(x,lug?) < 46. (7.6)
C(x,r) r JC(x,r)

1)
We fix now some ¢ € (0,1). If &g and — are sufficiently small,?! then (7.6) combined with prop-
erties b) and d) of F; implies that for some y € C(x,r) we have (possibly after rotating u.)

u(y)eR and u.(y) > % (7.7)

On the other hand, (7.5) implies that

lue(y) —ue(2)| <\/8n6u2, VzeClx,r).

This fact combined with (7.7) implies that

1+¢
us(C(x,r)) c {z eC;Rez=> T},
. o . . i, .
provided &g, 6 and — are sufficiently small. We are now in position to invoke Theorem 3.6 to
U
infer that
1+¢
us(D(x,r)) c {z €C;Rez=> T}
In particular, we have
1+¢
Iug(x)lzT VxeQ\wy,Ve<e. (7.8)
We next rule out the case of the boundary layer. In view of (7.4) and (7.8), we have
1+¢
el = —— on dwy, Ve<eo. (7.9)
2
By combining (7.9) with Example 3.5 ¢), (7.2) and with Theorem 3.6, we find that |u.| >t in w,,

provided 9 is sufficiently small.
Finally, for € < €9 we have |u.| = ¢ in Q. The proof of Proposition 7.1 is complete. O

2lSmallness depending on ¢, not on x or &.
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8 Proof of Theorem 1.2

Throughout this section, Q c R? is a C! bounded simply connected domain.
We start with a slight generalization of Theorem 1.2 b).

8.1 Theorem. Let F € C1(Q x R, ;R,) satisfy
a) F(x,1)=0,VxeQ.
b) [0,1]13¢t— F(x,t) is convex, Vx € Q.

Let

_1 2 1 2
E(u)—QfQIVuI +2fQF(x,|u| ).

Let g € HY2(0Q);S') have zero degree.
There is some universal constant § > 0 such that, if |g]gi124q) < 6, then E has a unique
minimizer with Dirichlet datum g.

Proof. By Section 5 h), for small § there is some v € H}(Q;S!) such that vjpq = g and f Vo2 <
Q

C?62. In particular, if
I =min{E(u);u = g on 002},

then M < E(v) < C252. Let 0 < s < 1. By Theorem 3.6 and Remark 3.4 a), we have |u| = s in Q,
provided ¢ is sufficiently small. We may now argue as in the proof of Theorem 6.3. O

We continue with a more general form of Theorem 1.2 a).

8.2 Theorem. Let F, € C1(Q x R, ;R,) satisfy
a) Fe(x,1)=0,VxeQ.
b) [0,1]13¢t— F(x,t)is convex, Vx €, Ve > 0.
. . .0°F,
¢) lim essinf———(x,#) =00, Vx€Q, Vs€[0,1).
e—0 te[s,1] Ot2
Let

1 1
Es(u)=—f IVuI2+—f Fe(x,lul?).
2 Ja 2 Ja

Let ge H 12(50);S1) have zero degree. Then, for small ¢, E. has a unique minimizer with
Dirichlet datum g.

Proof. Let us start by noting that properties a)-c) of F; imply
d) liI%Fg(x, t)=o0, VxeQ, Vtel0,1).
£E—

OoF
e) lim inf p2L —=
-0 p,onels, 117 n—1\ 0t

Write g = e'?°, with ¢o € H 12(0;R) (cf Section 5 ¢)). Let @ be the harmonic extension of ©¥o.
Let u = u,, v = v; be minimizers of E ..
By Proposition 7.1, we have

oF
(x,p?n?) - a—;<x,p2) =00, Vx€Q, Vse[0,1).

|lu| = 1 uniformly in Q as € — 0. (8.1)

By Section 5 j), we may write, for small ¢, u = pe'?, with p = p. = |u| € HY(Q) and Q=@c€ HY(Q)
satisfy p — 1 uniformly in Q as € — 0 and @30 = 0. We claim that

p—® inHY(Q)ase—0. (8.2)
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Indeed, this follows from (8.1) combined with the equation

div(p?V(p — ®)) = div((1 - p2)VD) in Q
9—Dd=0 on 0Q)

satisfied by ¢ — @, ¢f (5.4).
Let H = H, be defined by (5.5). By (8.2), we have

H—H, in HY(Q), (8.3)
where Hj is defined by

0Hy 0® 0H 0o
= =, fﬂozo.
0x 0y Oy 0x Q

Write, for small ¢, v = une'V, with n =n,, ¥ =¥, and w = w, = 1 -1, satisfying

w— 0 uniformlyin Qase—0 (8.4)
and (5.10). Property e) of F; implies that a = a, given by (5.13) satisfies

a(x) oo ase—0, VxeQ. (8.5)

Thanks to (5.8), (5.10), (8.3), (8.4) and (8.5), we are in position to apply Lemma 4.4 in order to
obtain

IVlze = IVwliz2 = o (IVyll ) ase— 0. (8.6)

As noted in the proof of Theorem 6.3, property b) of F; used in conjunction with (5.14) implies
that

E.(0)=E (u)+ %fg [021Vn% + o202V |® + (0% — D)Jac(2H, y)]. (8.7

In turn, (8.7) combined with (4.3) implies that, for a fixed s € (0, 1) and sufficiently small ¢,

2 2
S s 2\/§
E0)2 Betw) + 5 fg Vol + 5 fQ IVl - 22 IV 11Ty 8.8)

By combining (8.3), (8.6) and (8.8) we find that, for small &, we have

2
s
E.0)=E.(u)+ —f V|2, (8.9)
2 Jo
The minimality of « and v combined with (8.9) implies that 1 =1, and thus, going back to (8.7),
that u =v. O
9 More

9.1 GL critical points with Dirichlet boundary condition

Our result here is

9.1 Theorem. Let Q c R? be a C! bounded simply connected domain. Let g € HY2(9Q;S!) have
zero degree. Let u = u, be a critical point of the GL energy with datum g. Assume that:

Either

a) |u|=c, with c €(0,1) independent of small ¢.
Or

b) E.(u)<C, with C > 0 independent of small €.
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Then, for sufficiently small ¢, u is the minimizer of E. with datum g.

When g is smooth, Theorem 9.1 was proved in [12]. The approach there relies on global
pointwise estimates for Vu and does not apply to our case.

Proof of Theorem 9.1. The plan is to prove the following:
a) = b) = |u| — 1 uniformly in Q as € — 0. 9.1)

Indeed, assume (9.1) proved, for the moment. In other words, we have established the validity
of (8.1) for a critical point satisfying a) or b). Since (8.1) also holds (by Proposition 7.1) for a
minimizer v = v, of £, with datum g, we are in position to repeat the proof of Theorem 8.2 and
conclude that, for small €, we have u = v. It thus remains to prove (9.1).

Step 1 in the proof of (9.1): @) => b). As in Section 5 c), write g = ', with ¢ € HY2(0Q;R).
By Section 5 k), we may write u = pe'?, with p = p. = |ul, ¢ < p < 1, while ¢ = ¢, € HY(Q)
satisfies @sq = ¢o. Then

1 1 1
E.(w)==| p?Iv 2+—f v 2+—f 1-p2)2. 9.2
=3 [ o9l [ Vol [ a-p? 9.2)
Using (5.4) and the fact that ¢ < p <1, we find that

IVplize = C; (9.3)

in particular, the first integral in (9.2) is uniformly bounded. (9.3) also implies that H = H,
given by (5.5) satisfies

IVHI|z2 <C. (9.4)

Let { =(. =1-p. We rewrite the second equation in (5.4) in the equivalent form

{—A(+ pAtP), 1 e im0

1
£2 1-¢ . 9.5)
(=0 on 0Q

If we multiply (9.5) by { and use (4.3) combined with (9.3) and (9.4) and with the inequality

HV(L) <C|IV{liz2 =ClIVpllLz,
1-¢J|l,»
we find that
1 (1+p)
fIVp|2+—2f(1—p2)25f |vc|2+cf B2 <civple. 9.6)
Q E7JQ Q Q €

Inequality (9.6) implies that the second and the third integral in (9.2) are uniformly bounded,
and thus b) holds.

Step 2 in the proof of (9.1): b) = |u| — 1 uniformly in Q2 as € — 0. We rely on the following

9.2 Lemma ([19]). Let C > 0 and t € (0,1). There exists some €y = €9(C,t) such that, if € <reg
and u : D(z,r) — C is a critical point of GL in D(z,r) satisfying |u| <1 and E.(u) < C, then
lu(z)| =t

9.3 Lemma. We have

1 1
\Y < - \4 Q,V . .
[Vu(x)| < Cmax{ &’ distx,00) }, xeQ,Ve>0 9.7
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Proof of Lemma 9.3. Let ugy be the harmonic extension of g and set v = u —ug. By Lemma 3.2,
we have |u| <1, and thus v satisfies

1
{IAUIS—2 in Q
€

. (9.8)
v=0 on 6Q2
We obtain (9.7) by combining the straightforward estimate
\Y s—, VxeQ
Vuol= Gitmay "F
with the following Gagliardo-Nirenberg type estimate valid for solutions of (9.8) [3]
1
IVv(x)IsCmax{l,—}, VxeQ,Ve>0. O
€

Proof of Step 2 continued. Let t € (0,1) be fixed. With C as in b), let £¢ be given by Lemma 9.2.

Let x € Q be such that dist(x,0Q) > e/eg. By Lemma 9.2, we have |u(x)| = ¢t. We complete
Step 2 if we prove that, for small € and for x € Q such that dist(x,0Q) < €/ey, we have |u(x)| = ¢.
Argue by contradiction and assume that there are sequences ¢, — 0 and x, such that:

lug, (xp) < t, dist(x,,00) = Ang—n, An — A €[0,1]. (9.9)
€0

We rule out (9.9) via a blow up analysis. We let y,, be a projection of x, onto Q2. After rotation

€ €
and translation, we may assume that y, = 0 and that x, = 11, —. Set v,(z) = Ug, (An—nz). Let
€0 €0

/12
p=—5. By (9.7), b) and the fact that the boundary datum of ., is fixed (and thus the blow up
€

0
of the boundary datum is constant), we find that (v,) converges, possibly up to a subsequence,
uniformly on compacts of

U={zeC;Im z >0}

to a map v : U — C satisfying

~Av=puv(1-v|?) inU, (9.10)
f |Vv|2+,uf 1-v%)? < oo, (9.11)
U U
lv(@)|<t<1 9.12)
and
vr=aeSh (9.13)

We complete the proof of Step 2, and thus of Theorem 9.1, with the help the next result. O

9.4 Lemma. Let v satisfy (9.10), (9.11) and (9.13). Then v = a.

25



Proof of Lemma 9.4. By (9.11), there is a sequence R, — oo such that

lim R, [IVol? + w1 - v??] = 0. (9.14)

n—oo CRnﬂU

Consider first the case where > 0. Pohozaev’s identity yields

R ov|? uR
gf U(1—|v|2>2+7”fc s =“4"fc A=l
D
Rn Ra Rn \ (9.15)
R, ov
+_ —_—
2 Jeg,nu ot

By letting n — oo, we find that |v| = 1. In turn, this implies (using (9.10)),
0=Alv|? =2|Vv|?,

so that v = a.
Assume next that y=0. Set w = v — a. Using the fact that w(R) =0, w(—R) =0, the scaled
version of Poincaré’s inequality gives

f |w|250R2f V|2 (9.16)
CROU CROU
Thus
2 ow 2 2
[Vw|* = w-— <CR, IVw|“ =CR,, [Vul“.
DRnﬂU CRnﬁU ar CRnﬁU CRnﬁU
By letting n — oo, we find that w is constant, and thus v = a. O

9.2 GL critical points with prescribed degrees

Our main result in this section concerns uniqueness of GL critical points with prescribes de-
grees and small energy. Unlike in Theorem 1.5, the notion of smallness we consider depends
on the geometric properties of the domain.

More specifically, let s > 1. For x € Q, we consider the following set:

A= {0 €[0,2n]; the segment {x + tele; dist(x,0Q) < ¢t < sdist(x,0Q)} intersects R2\ Q}.

Let a € (0,7). We say that Q c R? has the property (Ps,q) if the measure of A, is at least a, for
each x € Q.22 Intuitively, this property measures at the same time the flatness of 4Q and the
width of Q: if Q) has the property (P; ) for s close to 1 and a close to 7, then 0Q is almost flat
and Q is thin. In particular, let us note that, given s > 1 and a € (0,7), the circular annulus
Dr\D satisfies (P; ) provided R is sufficiently close to 1. Therefore, our next result generalizes,
to critical points, Theorem 1.4 obtained in [14] for minimizers.

9.5 Theorem. Let Q be a C! bounded domain. Let u be a critical point of E, with prescribed
degrees d;j, j € [0,%], on the components I';, j € [0, %], of 2. There is some § = §(s,a) such that,
if E.(u) <8, then u is the unique (modulo 27) minimizer of E. with these prescribed degrees.

1
Proof. If we take a look at the proof of Theorem 6.3, we see that it suffices to prove that |u| = 2

in Q, provided ¢ is sufficiently small.
We note that |u| < 1, by the maximum principle [3].2% Let § < 1 to be fixed later. By Lemma

1
9.2, there is some ¢ (independent of § < 1) such that |u(x)| = 3 provided dist(x,0Q2) = i. It
€0

22This definition is inspired by the proof of the main result in [14]. So is the proof of Theorem 9.5.
23There, u|pq is supposed smooth, but the proof applies to a general boundary datum.
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1 £
remains to prove that |u(x)| = 3 provided dist(x,0Q2) < —. This is obtained by contradiction:
€9
assume the existence of an x satisfying

1
lu(x)| < = and dist(x,00Q) < —.
2 €0
3
By Lemma 9.3, there is some C € (0,1/2) (again, independent of § < 1) such that |u(y)| < 1
provided |x — y| < C dist(x,0L2). In particular, we have
| ( . 10 3
ulx+ C dist(x,0Q)e )| < e VO el0,2r].
Let now 0 € A,. For such 0, we have |u (x+te')| = 1 for some
t = t(0) € [dist(x,0Q), s dist(x,0Q)]
such that (x,x + tele) < Q. We find that
¢ 1
f ‘Vu(x+rele))dr2—.
C dist(x,00Q) 4
Consequently, we have
t 2 1
Vulx+re?|| dr= =K 9.17
fcfhsux,ag) r[vulwere?)| ar 16In(t/Cdist(x,0Q)) ©.17)
for some constant K > 0 independent of x and 6 € A,.
If we integrate (9.17) with respect to 8 € A, we find that
¢ 2
2522E£(u)2f |Vu|22f (f r’Vu(x+re’6)| dr) df=aK.
Q A, \Jcdist(x,00)
This is impossible for small §. This contradiction completes the proof of Theorem 9.5. O
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