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Abstract

We analyze the nodal set of the stationary solutions of a Schrédinger operator, in dimension
two, in presence of a magnetic field of Aharonov—Bohm type, with semi—integer circulation.
We determine a class of solutions such that the nodal set consists of regular arcs, connecting
the singular points with the boundary. In the particular case of one singular point, we prove
that the nodal regions, whenever they dissect the domain in three components, satisfy a min-
imal partition principle. Moreover we prove that such a configuration is unique and depends
continuously on the data.

MSC': 35B05, 35J10, 35J20, 35J25.
Keywords: Magnetic Schrodinger operators, Aharonov-Bohm potential, nodal lines.

1 Introduction

Let Q C R? be a simply connected domain with regular boundary and V(z) € W1P(Q) for some
p > 2. Given a point a € ) we consider the stationary magnetic Schrédinger operator

Ha,v=(GV+A)+V=-A+iV-A,+iA, -V +|A)*+V,

acting on complex valued functions U € L?({2). Here the magnetic potential A, : Q@ — R? is such
that the associated magnetic field satisfies

B,=VxA,=ndk inQ, A, € LYQ)NnCHQ\ {a}) (1)

where d, is the Dirac delta centered at a and k is the unitary vector orthogonal to the plane. We
are concerned with the boundary value problems

(iV + AU, + VU, =0 in Q\ {a} @)
U,=T on 0,

where a (the concentration point of the magnetic field) is intended as a parameter, whereas the
complex boundary data I is fixed in a suitable class. In order to be more precise, let us define the
class of real boundary traces

v € CY(09Q), 7i-v; =0 fori=#j

3
9= WZZUZ%W%'ZO, o; ==+1
i=1 ~ vanishes exactly three times on 9S2
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Then we consider complex boundary data in the following class
G={I:00—C: T =~e®, 0O satisfies (i), (i1) below },

with suitable assumptions on the complex phase:

(i) ©1 : 9Q — R is continuous except at one point xy € 9, where all the ~;’s vanish;

(ii) the averaged jump (over one full angle) of the phase equals the circulation of the magnetic
field:

lim ©1(z) = lim ©O1(x)+ . (3)

T—x0 x—x0T

In Section 3 we prove that, under these assumptions on the magnetic potential and on the
boundary data, equation (2) is equivalent to a real elliptic equation on the twofold covering manifold
of Q\ {a}. If we also assume the following coercivity condition on the scalar potential

/ (Vo> + V?) drydzs >0 Vo € Hy(Q), (4)
Q

then equation (2) admits a unique solution for every fixed a € Q, which is the minimizer of the
associated quadratic form:

Qa, v(U) = / (1GY + AU + V|U?) dar das,
Q

among all the complex functions sharing the same boundary trace I'. We shall prove in Section 3

that, given v, gauge invariance allows to define a function depending only on the position of the

singularity a (not on the particular choice of the complex phase 01, or of the magnetic potential):

ar p(a) =min{Qa, v(U) : Uec HY(Q), U =T on dQ}.

We are interested in studying the nodal set of the solutions of (2), that is the set N (U,) =
{z € Q : U,(x) =0}. Notice that the nodal set of U, is obtained intersecting the zero curves of
the real and imaginary parts RU, and SU,, therefore in general we expect it to consist of a few
singular points. However in Section 4 we prove

(1.1) Theorem. Let a € Q be fired and T' € G. Consider a solution U, of (2) under assumption
(1). Then the set N'(Uy)

(i) depends only on |T'| and on the position of the singularity a (not on the particular choice of
the magnetic potential A, or of the complex phase ©1);

(i) is nontrivial and consists of the union of reqular arcs, having endpoints either at 92, or at
an interior singular point of Uy, or at a;

(iii) there is at least one arc ending up at a.
If moreover V' satisfies (4) then the nodal set of U, consists of at most three arcs.

In case the nodal set is made of three arcs intersecting at a, we will say that a is a triple point
for I'. Our aim is to understand the circumstances related to the occurrence of triple points; our
main results in this direction are the following:

(1.2) Theorem. Consider the set of equations (2) as the parameter a varies in Q. Assume that
(1), (4) hold and T € G. Then



(i) (Criticality) if v € CY1(99), then the function ¢ introduced above is differentiable and its
only critical points are triple points;

(i) (Global uniqueness) every I' € G admits at most one triple point;

(iii) the set GCg of boundary data which admit a triple point is open and dense in G (respect to
the L -norm);

(iv) (Continuous dependence of the triple point) the position of the triple point depends
continuously on the L°—norm of the boundary data;

(v) (Continuous dependence of the nodal lines) if V(z) € W1>°(Q), then the C'-norm of
the nodal lines depends continuously on the L°°—norm of the boundary data.

We also give another variational characterization of the triple point configuration, which is
related to the set function

) 1 —0i .
Ji(w;) = inf {/ (IVail? + Vi) darday : % € H Y, ui =0in Qe } :
Q

u; =; on 02 Nw;

where v = Zle o7vi € g and w; C £ is any open set such that supp(;) C dw;. Then it holds

(1.3) Theorem. Let T' € G and a be ils triple point, so that Q\ N(Uy,) has three connected
components. Then the connected components are solution of the optimal partition problem

3
inf {Z Ji(w;) wi open, s_upp(%) C i } . (5)
i=1

U0, =0, wiNw; =0, i#j

As it is shown in [6], the minimization problem above admits a unique solution, belonging to
the functional class

u; > 0, u; = y; on OS2
S, = u= (ur,uz,uz) € (H(Q)*: u;j-uj=0ae z€Q, foris#j ,
—Au; +Vu; <0, —Au;+Va; >0 i=1,2,3

where the hat operator is defined as @; 1= u; — > i Uj- Theorem 1.3 allows us to generalize the
result in [7], providing

(1.4) Theorem. Let Q C R? be a simply connected domain with regular boundary, v € g and
V(z) € WHP(Q), for some p > 2, satisfying (4). Then S, consists of exactly one element.

It is proved in [5] that this functional class also contains the limiting solutions of the competition-
diffusion system
—Au; + V(2)u; = —kui Y25, uj in Q
u; >0 in Q (6)
w; =Y on 0f)
as kK — 400. Then our results, together with the ones contained in ([6, 5, 7]), also provide

(1.5) Theorem. Under the previous assumptions, every solution (Ui ., s ., us,x) of (6) satisfies

(i) the hole sequence u;, converges to a function u; in H* N C%* for every a € (0,1), as
K — +00;

(i) the limiting triple (uy,us,us) achieves the minimum in Theorem 1.3.



The paper is organized as follows. In Section 3 we take advantage of the classical gauge
invariance property, to prove that equation (2) is equivalent to a real elliptic equation on a Riemann
surface. In Section 4 we use this equivalence in order to show regularity of the nodal lines. A lot is
known in the case of real elliptic operators, we address the reader to [3, 12] for the planar case, but
also higher dimensions have been extensively studied, see [18, 19, 11, 21, 10]. We wish to mention
some of the results by Hoffmann-Ostenhof M. and T. and Nadirashvili, concerning Schrédinger
operators with singular conservative potentials [15, 16, 17]. As it concerns the Aharonov—Bohm
type magnetic potentials, few is known because of the very strong singularity. We will mainly
refer to [13], where the homogeneous Cauchy problem is studied. The recent paper [8] provides
regularity results for a large class of equations including (2). Section 5 contains the technical part
of the work, that is the proof of criticality (Theorem 1.2, (i)) and a local uniqueness result. Next,
in Section 6, we exploit the variational characterization of the triple point configuration, which also
provides the global uniqueness (Theorem 1.2, (ii)-(iv)). As we mentioned, this section is strongly
based on some previous results by Conti, Terracini and Verzini. Finally, in Section 7, we prove the
continuous dependence of the nodal lines on the data (Theorem 1.2, (v)).

2 Preliminaries on Aharonov-Bohm Schrodinger operators

We can assume w.l.o.g. = D, the open unit disk in R?. This assumption is not restrictive thanks
to the Riemann mapping theorem (see for example [9], Theorem 6.42), and due to the conformal
equivariance of the problem, which will be proved in Section 3. Given a point a € D we denote by
D, the open set D \ {a}.

Consider a non-relativistic, spinless, quantum particle moving in D, under the action of a
magnetic potential satisfying (1) and of a conservative potential V(z) € WP(D), p > 2. If we
neglect all multiplicative constants, the stationary Schrodinger operator associated to the particle is
the operator Hy , v defined in the introduction. Although it remains in a region where the magnetic
field is zero, the particle will be affected by the magnetic potential. This phenomenon is usually
called Aharonov-Bohm effect, it was first pointed out in [2] and can be simulated experimentally
by the presence of a thin solenoid placed at a and aligned along the x3-axes. Notice that we can
equivalently substitute (1) with the conditions !

Vx A=0 in D,, Ac L' (QnCH 2\ {a}) (7)
with the following additional assumption on the normalized circulation:
1 2n+1
%]gA-dX— 5 nez (8)

for every closed path o which winds once around the pole. We refer to [23] for a complete review
on magnetic Schrodinger operators and to [22] for the specific case of the A-B effect.

Due to the physical interpretation of the problem we require the operator to be self-adjoint;
we are now going to specify the domain of Hja y and the notion of weak solution. We first define
the operator on the all space R? := R?\ {a} (extend the coefficients smoothly outside D) and
then restrict our attention to the unit disk. In a standard way we initially consider a symmetric
operator Hg_v defined on a dense subspace of L?(R?) and then construct a self-adjoint extension.
Due to the singularity of the magnetic potential we need to impose additional conditions at the
singular point a, that is we define H&V on the domain C§°(R?) (complex valued functions). This
is a symmetric operator and the associated quadratic form is

QA,V(U):A(|(iV+A)U|Q+V|U|2) dzidxs,

n the following we will omit the index a whenever the position of the singularity is fixed.



defined on C§°(R2). Note that it is lower semi-bounded, since V (z) € W1P(D), for some p > 2:
Qav(U) = —pllU|[72(p),

where 1 = ||V||%,,O(D). Because of the strength of its singularity, the operator Hzox.,v fails to be

essentially self-adjoint, nevertheless the Friedrichs extension allows us to extend Hgy to a self
adjoint operator. This particular choice corresponds to a particular physical interpretation of the
phenomenon (see [1]). The Friedrichs extension theorem ensures the existence of a unique self
adjoint operator Ha v, which extends H&V, and which domain is the closure of C§°(R2) respect
to the norm

1Vlla = (Qav @)+ 1+ mlIUIEso) "

Next we turn back to the initial problem considering the restriction of Ha y to the unit disk.
A density result (see for example [20], Theorem 7.22) ensures that the domain can be equivalently
characterized as:

Ha(D)={U:D —C:U € L*(D), (i% +AJ—) UecL*D)j=1,2}.
J

Moreover, if U € Ha (D) then it satisfies the diamagnetic inequality
VIU|(2)] < |V + A)U@)], ae.xeD, (9)

which ensures in particular that |U| € H'(D) (see for example [20], Theorem 7.21).

Due to the regularity of the domain and thanks to the diamagnetic inequality, a trace operator
is well defined on Ha (D), i.e. there exists a linear bounded operator

Tr:Ha(D) — L' (0D),

such that if U € Ha(D) N C(D) then TrU =U), ..

Given a boundary data I' € W12 (9D) we say that U is a weak solution of (2) if the following
integral equality holds for every ¢ € C§°(R2)

/ Ul(iV + A)2p + Vyldridxs + z/ LGV +A)p-v+ (iV+A)U - vgldo = 0.
D oD

3 Gauge invariance for A—B potentials with semi-integer
circulation

We are mainly interested in the analysis of the nodal set of solutions of (2), to this aim we will
take large advantage of the equivariance of Ha y under gauge transformations. In the first part of
this section we shall present a result contained in [13], related to the gauge invariance property of
magnetic operators of A-B type, having semi-interger circulation. In Proposition 3.9 we will prove
a generalization to the non-homogeneous Cauchy problem, in the case I' € G. In Section 3.1 we
will finally use this result to prove the existence of a bijection between the solutions of (2) and the
antisymmetric solutions of a real elliptic equation. Let us start with some preliminary definitions.

Let Q C R? be bounded domain, Q be a covering manifold and II : @ — Q be the associated
projection map. We endow 2 with the locally flat metric obtained by lifting the Euclidean metric
of 2, in such a way that II is a local isometry.



(3.1) Definition. For a function f : © — C we define the lifted function f : Q@ — C as

f: foll
For a path ¢ : [0,1] — Q and a point p € Q such that TI(p) = o(0) let & : [0,1] — Q denote the
unique lifted path such that ¢(0) = p and

oc=1og.

(3.2) Lemma. Let A and A’ satisfy (7) in D,. Let U € Ha (D) be a weak solution of Ha yvU =0
in Dy, with Dirichlet boundary conditions. Assume moreover that

1

2 J,

(A'—A)-dx € Z,

for every closed path o in D,. Then there exists U € Ha(D), weak solution of Ha: vU' =0 in
D,, such that |U’'| = |U|. We will say that A, A’ are gauge equivalent.

Proof. Assume first that fa (A’ — A)-dx =0, for every closed path o in D,. Then there exists a
smooth function © : D, — R such that A’ = A+ VO. Let ¢ € C§°(D,), then a direct calculation
shows that ¢©(iV + A)2p = (iV + A’)2(e*©¢). Multiplying the equation by e'©e~%© we obtain

0= / Ul(iV + A)2p + Vldridzy = / e PCU[(V + A")2(e® ) + Vei®ypldrdr,,
D D

thus U’ = ¢’®U. In case the normalized circulation is an integer, consider the universal covering
manifold of D,, say D, . Due to the fact that D, is simply connected and A and A’ satisfy (7),
there holds fé(A’ — A)-dx = 0, for every closed path & on D,. Therefore there exists a smooth
real valued function © defined on D, such that VO = A’ — A. Now consider any two points
p,p’ € Dy such that II(p) = II(p). Then for every path & on D, connecting p to p’ we have

O(p) —0(@) = /V@-dx:/(A’—A)-dx
= /(A’—A)-dx=27m,

for some n € Z. Hence the function e*© is well defined on D, and we can proceed as in the case of

null circulation. O

As a particular case of the previous lemma we infer that, whenever the circulation of A is an
integer, A is gauge equivalent to the null magnetic potential, which corresponds to the elliptic
operator Hyy = —A + V. We are now going to show that we can relate the operators Ha v
and Ho,y also in the case of half integer circulation, provided we replace the domain D, with its
twofold covering manifold. This result was proved in [13] for the Dirichlet homogeneous case, let
us now describe it in detail for the non homogeneous problem, under the assumption I' € G. We
point out that the operators are not unitarily equivalent since, as we are going to see, there is a
one-to-one correspondence between eigenfunctions of Ha vy and antisymmetric eigenfunctions of
Hy .

The twofold covering manifold of D, is the following subset of C?
Ea:{('T’y) € (C2:y2:x_a7 fI;EDa}a

endowed with a Riemannian metric to be described. First of all notice that there are two projection
functions naturally defined on 3,:

HI:(Iay)HI Hy:(xvy)Hya



and they induce on Y, two different differential structures. Since II, is only a local chart, the
following result will be useful.

(3.3) Proposition. There exists a global chart of ¥, which coincides locally with 1. In particular

it induces on X, a locally flat Euclidean metric.

Proof. Consider on D, the discontinuous function
Vg 2 Dy — [0, 2m) (10)

which represents the angular variable of the polar coordinates centered at a. Then we have

Y=z —a=rq(zx)ee®)
where r, = |z — al, and we can define the following parametrization:

O :[0,47) x [0,1) — X,U{(a,0)}
i jPalr9)
(r,9) +— (re sV Ta(r,d)e' ™ 2 ) )

The function @ is bijective on [0,47) x [0,1) \ ®~!(a,0), therefore its inverse @1 is well defined
on this domain, and it is the desired chart. O

We will endow X, with this metric. In particular, the differential and integral operators on X,
coincide locally with the usual ones, hence we will denote them with the same symbol.

(3.4) Remark. In the definition (10) of the angle ¥, we usually consider it a discontinuous
function on a horizontal segment starting at the point a. Nevertheless we can decide to move the
discontinuity without altering the previous construction. In the future analysis in particular it
will be useful to consider ¥, discontinuous on two adjacent segments: the segment connecting the
origin with a and the segment connecting the origin with a point zg € 0f2.

Notation. We shall use the following notation for polar coordinates: z = re’” and x —a = rq,e'’e,
while y = pe’?, with the relation p = VTa, ©= %‘1.

l

(3.5) Definition. On the twofold covering manifold we define a symmetry map G : %,
Y4, which associates to every (z,y) the unique G(z,y) such that II,((z,y)) = I,(G(x,
that is G(z,y) := (z,—y). We say that a function f : 3, — C is symmetric if f(G(z,y)
flx,y), Y(x,y) € B,, and antisymmetric if f(G(z,y)) = —f(z,y), V(z,y) € Z,.

)

~—

y
)

Every function f defined on D, can be lifted on %, as described in Definition 3.1, by means of
the projection II,. Notice that f is always symmetric in the sense of the preceding definition.

(3.6) Lemma. Let a € D be fixred and A satisfy (1). Then there exists a smooth, multivalued
function © : ¥, — R such that €'© is univalued on ¥, and A = 11,(VO).

Proof. By assumption (7) A admits a local potential on every domain not containing the singu-
larity. Let us compute the circulation of the lifted magnetic potential A. For every closed path &
on Y, we have by construction:

1 ~ 1

— ¢ A -dx:—fA-dx € Z,

27 J5 27 J
since ¢ always turns an even number of times around the singularity. Proceding as in Lemma 3.2
we infer the existence of a multivalued function © : ¥, — R such that and €'© is univalued on 3,
and A = VO. Therefore VO is symmetric and can be projected on D,, and this concludes the
proof. O



(3.7) Remark. We deduce from Lemma 3.2 that every magnetic potential satisfying (1) can be
obtained from this specific one

i r—a 1 To — Qo 1 —ai
Aw =i 1 )

) |z — al? (1 —a1)? + (r2 —a2)?’ (1 — a1)? + (w2 — az)?

by means of a gauge transformation. In this case the multivalued potential © is the function 2

2
where 9, is the angle defined in (10).

Let us now take into account the boundary data. The following lemma shows that, due to
gauge invariance, the phase of I" is ininfluent for our purpose.

(3.8) Lemma. Let a € D be fized, A satisfy (1) and ©1 satisfy (3). Then there exists a smooth,
multivalued function © : ¥, — R such that €'© is univalued on L, 0,5, = O1 and A =T11,(VO)
is gauge equivalent to A. Moreover €'© is antisymmetric on 3.

Proof. Consider the function 9, discontinuous at xg € 0D as pointed out in Remark 3.4, in such a

way that ©; — %‘1 is continuous on dD. Hence we can consider its harmonic extension on the disk:

—AV =0 on D
\11291—%“ on 0D.

Then the desired potential is the function © : ¥, — R defined by

Yo =
Clearly ¥ is univalued, moreover "% is univalued on Y¢ by Lemma 3.6 and Remark 3.7. Then

notice that 192—“ (z,y) = 197“ (G(z,y))+m, therefore VO is symmetric and its projection is well defined:

=2 10 Vv,

T 2|z —al?

A" :=11,(VO)

The gauge equivalence comes from Lemma 3.2, since there holds

1

2r J,

(A'—A)-dxzn—f—%%vkﬂ-dx:n € Z.
™ a

Let us finally show that the function €’® is antisymmetric on ¥,. Fix (z,y) € X, and let & :

[0,1] — X, be a path which joins (z,y) to G(z,y), then using the notations of Definition 3.1, there

holds . . _
A n
%%}A'dx—géA'dX— 5 n € 7.
Therefore:
O(G(z,y)) —O(z,y) = / VO - dx = (2n + 1),
and hence ¢©(G(@Y)) — _i®(z.y), -

We can finally prove the existence of a one-to-one correspondence between solutions of (2) and
antisymmetric solutions of a real elliptic problem on the twofold covering manifold.

(3.9) Proposition. Let a € D be fized. Consider a solution U of (2) with A satisfying (1) and
' € G. Then there exists an antisymmetric function u : ¥, — R, weak solution of

{ “Au+Vu=0 in%,

u =" on 0%, (12)

and such that I, (N (u)) = N (U).

10



Proof. As we have already noticed, the nodal lines are invariant under gauge transformations,
hence we can replace A with the magnetic potential A’ defined in the previous lemma. In order
to simplify the notations we will denote it again with A. The definition of v consists now of two
steps. Given U we first lift it on ¥, in a symmetric way: evidently U satisfies the Schrodinger
equation on Y, with potential A and boundary data I'. The second step is to multiply U by the
gauge phase: we define

u(x,y) = e @I (x,y). (13)

Notice that u),,, = 7, since the magnetic potential was wisely chosen in Lemma 3.8. We can now
take advantage of gauge invariance as in Lemma 3.2:

o
Il

/ UiV + A)2p + Vldzidas + z/ [TV 4+ A)p-v+ (V4 A)U - vpldo
a aza

= / u[(—A) (e~ ) + f/e*i@(p]dzldzg +1 /az [v(@iV)(e=®p) - v +iVu - v(e ®p)ldo.

Hence for every real valued test function ¢ it holds

/ (=AY + Vi udz, dey + / (V¢ v —¢Vu-v)do =0,

a 0%,

which is the weak form of (12). Being solution of an elliptic equation with real valued potential
and boundary data, u is real valued. Moreover it is the product of an antisymmetric function times
a symmetric one, hence it is antisymmetric. O

(3.10) Remark. It should be clear from the proof that the previous proposition holds also if T’
has an arbitrary number of zeroes, whereas the condition on the jump of ©1 at xg is of fundamental
importance.

3.1 Related real elliptic problems

We shall now obtain, starting from (12), a real elliptic equation defined on a bounded subset of
R?. This is performed in two different ways. In Lemma 3.13 we simply apply the projection 11,
obtaining a real function which is suitable for the local analysis (see Section 4). In Lemma 3.14,
instead, we also compose with a Mdbius transformation, in order to obtain a function defined in
the unit disk. This will be more appropriate for the analysis in Section 5, where the parameter a
varies. Let us start recalling some known properties of conformal maps.

Notation. Here and in the following we will often make the identification R? « C, writing
x = (x1,x2) = x1 + ixe. We shall use the following standard notation for the complex derivative

9 _1(9 9N 90 _1(90 90
dr 2 \ oz 0xo oz 2 \ oz, 0xa )’
o

where 57— denotes partial derivative.

(3.11) Lemma. Let Qo C C open and bounded and T(y) : Q2 — Q1 be a conformal map such
that T(0Q2) = 0Q. Suppose f € HY(Qy) is a weak solution of —Af+V f =0 in Qy, with V(x) €
L>(Qy). Then g(y) := foT(y) satisfies —Ag+ Wg = 0 in Qa, with W(y) = |‘?9—:£(y)|2V o T(y).
Moreover if V' satisfies (4) also W does, and the energy associated to the equation is preserved:

/ (IVf(@)]? + V(@) f(2)*)d1dzs = / (IVa()* + W (y)g(y)*)dyrdy.
Q1 Q2

11



If moreover f € W1°°(99Q), the following boundary complex integral is preserved:

af [
/6 G = /@ oy

3.12) Remark. Notice that the projection I, : ¥, — R? introduced in the previous section is a
( proj v p
global diffeomorphism of ¥, onto its image, hence its inverse is well defined:

I y(S.) — S
y = (y* +a,y).

5 2
Moreover 11! is conformal on its domain? and |20 )(y) = 4|y|?. In the following we shall
y Oy

denote
Q, = Hy(Ea) U {(Oa O)}

(3.13) Lemma. Under the same assumptions and notations of Proposition 3.9, the function
uM(y) :==uo IT, ' (y) is an odd solution of the real elliptic equation

—Au®M + VWM =0 in €,
uM =M on 00,
where V) (y) = 4|y|2V o I, ' (y) and YN (y) =70 I, ' (y). Moreover uM e C2 NnWh>(Q,) and

1

Proof. Due to Proposition 3.9, Lemma 3.11 and Remark 3.12, u(!) satisfies the equation in I, (34);
moreover u(!) is clearly odd since u is antisymmetric on %,. Let us show that we can extend (")
at the origin in such a way that the equation is satisfied in €2,. Taking the complex derivative in

(13) we obtain (in a weak sense)
ou o 0 00\ -
e £y e 14

ar  © <6:C ZB:C)U’ (14)
which implies, together with Lemma 3.11,

/ (VD 2dy, dys

a

/ |Vul|?dzy day

2
(N+ 8—6) U

/Ea ox

= 2/ |(iV + A)U |2 dz1dze < oo
D

dCCldIQ

since U € Ha(D). Hence u") € H'(£,) and the equation is satisfied also at the origin (since a
point has null capacity in R?). O

(3.14) Lemma. Let uM : Q, — R as in the previous lemma. There exists a conformal map
T! : D — Q, such that u® (y) := uM o T!(y) satisfies

—Au® +V@y =0  inD
u® = 42 on D,

where VO (y) = |5 (1) 2VD 0 T (y) and 4P (y) = vV o T (y).

2With respect to the locally flat metric on 3.
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Proof. Proceding as in [7] we consider the Mobius transformation:

r+a

T,:D — D, To(z) = = 1
ax

(15)

It is well known that T, is a conformal map, such that T,(0D) = 0D and T,(0) = a. Let now
Ta(:v,y) : Yo — X, be the lifting of T,. More precisely, if we denote for the moment re”’ :=
T, () — a, we have T, (z,y) = (re’’ + a, \/re'?). Thanks to Lemma 3.11, it only remains to prove
that the map 7, : D — Q,, defined by T, = II, o T, o 1L 1 is conformal. Indeed it is clearly
conformal outside the origin, since the complex square root is well defined and conformal on the
twofold covering manifold ¥,. Moreover it is bounded and hence it admits a conformal extension

at the origin (see for example [9], Proposition 4.3.3). O

(3.15) Remark. In the previous lemma we have equivalently

2

oT,
VoT.(y?), ~+P(y)=70Tu(y?).

7 )

V@ (y) = 4ly|?

4 Properties of the nodal set

Aim of this section is the proof of Theorem 1.1. Let us start recalling some known properties of
the nodal set and singular points of solutions of real elliptic equations of the following kind

-Af+Vf=0 in Q
f=~ on OS2,

where Q C R? is a bounded domain and V' € L>(Q), v € W>°(9Q) are real valued functions. By
standard regularity results and Sobolev imbedding f € C\b*(2) N W (Q), VYa € (0,1).

loc

(4.1) Definition. We say that yg € N (f) is a singular point if Vf(yg) = 0. We say that it is a
zero of order (or multiplicity) n if %Jf(yo) =0, Vk <n.

A classical result by Hartman and Wintner (see [12]), states that

(4.2) Theorem. Assume that f is a non trivial solution of the previous equation.

(i) The interior singular points of f are isolated and have finite multiplicity n € N (n > 1).

(ii) The nmodal set of f is the union of finitely many connected arcs, locally C*, with endpoints
either at OS) or at interior singular points.
(ii) If f has a zero of order n at yo, then it salisfies the asymptotic expansion
B anrl
o o) ==

where y—1yo = pe'? and ¢, 11, day1 are eal constants, not both zero. Moreover an expression
for the first non zero coefficients of the expansion is

. . 0
Cntl — idpy1 = 21/ a—f Iyt dy —/ —Af hpyr dyrdys
oq oY Q

{ensr cosl(n + 1)¢g] + dugsinl(n + 1] | + o(p™+),

where the first integral is a complex line integral, whereas the second one is a double integral
in the real variables y1,y2, and
1 1
h =
w1 (0) 27 (y — yo)" !
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We shall now prove that, under the assumptions we are considering, we can still recover similar
properties for the magnetic Schrodinger equation. The behaviour of the nodal lines is unaltered
far from the singular point a, but undergos meaningful changes in a neighbourhood of it.

(4.3) Theorem. Let a € D be fized. Consider a solution U of (2) with A satisfying (1) and
reg.

(i) The nodal set of U is the union of finitely many connected arcs, locally CH®, with endpoints
either at 0X), or at an interior singular point of U, or at a. Moreover there is at least one
nodal line with endpoint at a.

(i) If xo # a is an interior singular point, then properties (i),(iii) of Theorem 4.2 hold, in
particular there is an even number of CY% arcs meeting at xg.

(iii) In a neighbourhood of a, U satisfies for some odd k > 1 the asymptotic formula

k
U(ra,¥a) = ei@(ra,ﬂa)n;: [Ck cos (§19G> + dj, sin (g§a>:| + o(ra%)7 (16)

where © — a = rqe?’s. In particular there may be an odd number of nodal lines ending at a.

(iv) The first non zero coefficients of the asymptotic formula can be expressed as

cp — id = 42'/ G, <8—U - iAU> dr — 2/ Gr(iV + A)?U dxydx,, (17)
aD Ox D

where the first integral is a complex line integral, whereas the second one is a double integral
in the real variables x1,xs, and

(18)

Notice that Remark 3.10 still holds here.

Proof. Consider the function u : , — R defined in Lemma 3.13: it clearly satisfies the properties
collected in the previous theorem. Notice than that II, is locally holomorphic on every open set
which does not contain the point (a,0) € X,. Therefore the local properties of the nodal lines are
preserved in the composition and U satisfies Theorem 4.2 at every singular point different from
a. In order to prove that there is at least one nodal line with endpoint at a, observe that Q, is
symmetric with respect to the origin and u(!) is odd. This implies that the nodal set of u(!) is also
symmetric and in particular there are at least two arcs of nodal line having an endpoint at the
origin.

In order to prove (iii) let us consider the asymptotic expansion of u™ near the origin. Since
u is odd respect to the origin, Theorem 4.2 (iil) gives, for some odd k > 1

k
u(p,0) = &= [ex cos(kp) + di sin(ke)] + ("),

3

where y = pe’#. From the definition of u") we can recover® an expression for u:

To® k [k x
w(rq,¥q) = . {ck cos <§19a) 4+ dj, sin <§19a)] +o(rq?).

3Remember that we endowed X, with the locally flat metric induced by II;, and we denote x — a = rqeila
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Notice that the last expression is well defined on ¥, since the complex square root function is
continuous on the twofold covering manifold. Finally, (13) provides the corresponding expression
for U which, being symmetric, can be projected on D, providing (16).

Let us go back to the asymptotic expansion of u(!) near the origin. As in the previous theorem
we have

11

ou)
cp — idy, = 2i/ hy dy —/ —Au" hy dyrdys,  with hy(y) = ———
00, Oy Q 2y

Let us remark again that the first integral is a complex line integral, whereas the second one is a
double integral in real variables. We are now going to perform a change of variables in order to
obtain an expression for the coefficients depending only on U. Using Lemma 3.11, we can shift the
last integral on ¥, obtaining

Ju

cp — idy = 21 — gr dxr — —Au gy, dridxs,
%, O 2,

where gi(z,y) = hi o I, (x,y). Taking the complex derivative in (14) we obtain

_ Oou _ o0 00\ (0 095
TAu = e T e (af Zaf)(ax ’ax)U
o 90 (000 9009\ 0000] -
_ e |_ Y Y N B vy Y e
= e { 8:68:C+Z(8:v8:v+8x8x)+8$ ax]U

= e O3V 4+ A)?.

Replacing the last expression in the integral we obtain

ox ox

a

o [0U .00 - o
¢, — idy, = Qi/ e ©gp (— — iU—) dx — / eﬂogk(iv + A)?U dxidxs.
0% s

In order to conclude the proof it is sufficient to define
Gi(z,y) = e gz, y) = e "Chy o Ty (2, y),

and then to observe that both integrands are symmetric on 3,, therefore the last expression can
be projected on D. O

Proof of Theorem 1.1. Property (i) was proved in Lemma 3.8 and Proposition 3.9; properties (ii)
and (iii) were proved in the preceding theorem. We claim that, under the additional assumption
(4) on the potential V(z), every nodal line of U can not be a closed curve. Notice first that u(")
satisfies the maximum principle, since it is shown in Lemma 3.11 that (4) is preserved by conformal
transformations. Thus the nodal lines of (1) can not be closed curves (by the unique continuation
property for real elliptic equations, see for example [12]) and this property is preserved by the
projections II,,II,. Now assume also that I' vanishes exactly three times on 0D, then by simple
geometric considerations we infer that there can be at most three nodal lines. O

(4.4) Corollary. Under the previous assumptions, assume that the nodal set of U is made of more
than one arc. Than only two configurations are possible:

1. The nodal set of U is made of two arcs. One of them has an endpoint at a, the other one
has both endpoints at OD. The asymptotic expansion (16) holds with k = 1.

2. The nodal set of U is made of three arcs intersecting at a (i.e. a is a triple point for T'). The
asymptotic expansion (16) holds with k = 3.
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Proof. We can distinguish the number of nodal lines depending on the choice of the signs o; = £1
in the definition of . If o; are all equal, then v(!) changes sign exactly two times and, by the
maximum principle, the nodal set of u(!) consists of exactly two arcs meeting at the origin. In this
case the nodal set of U is made of one arc and there can not be any triple point. Assume instead
that one of the o; is different from the others, then 4! changes sign exactly six times. Taking
advantage of the maximum principle again, it is easy to see that the only possible configurations
are the ones described in the statement. |

5 Local uniqueness

In order to prove Theorem 1.2, we first establish here point (i) and a local uniqueness result.
Thoroughout this section we fix a boundary data I' € G and consider the set of equations (2), as
a varies in D, under assumptions (1) and (4). We will stress the dependence on the parameter a
of each quantity, since the position of the singularity is now a variable of the problem.

Let us fix the gauge of the magnetic potential. In the following A, and ©, denote respectively
the vector potential and the scalar potential introduced in Lemma 3.8. Moreover we will denote u,

the function defined in (13) and u,(ll), u((f) the functions introduced in Lemma 3.13, 3.14 respectively.

(5.1) Lemma. Under the previous notations there holds

[u2) —ulDllcr (p) < Clax — asl®,
for some a > 0. Moreover the same estimate holds for u,(ll), locally on Qqy, N Qq,.
Proof. The proof relies on the fact that the functions u,(f) are defined in D for every a. By
assumptions and standard imbeddings, V € C%(D) for some * a > 0 and v € C%(dD). Using
Remark 3.15 and remembering that the Mobius transformation T, (y?) is regular, it is easy to see
that
VD = Vil ey < Clar —ag|®, |78 =42 || (op) < Clar — as.

On the other hand u,(f) satisfies an elliptic Cauchy problem (see Lemma 3.14), hence by standard

regularity results there holds
||u¢(121) - uSz?”Wﬁ;f(D) S O|a1 - a2|a7 Vp € (Oa +OO)7

which gives the thesis. Finally observe that ufll) is the composition of u((f) with a regular function

(by Lemma 3.14 again), hence the same estimate holds, whenever it is well defined. O

(5.2) Remark. The previous lemma implies some local estimates in case of triple point configura-
tion. In order to simplify the notation, assume here that the origin is a triple point. By Corollary
4.4 we infer |ug| < Cr3, |Vug| < C'r? in D,. Hence the preceding lemma allows the following
estimates in a small ball containing the singularity:

1 1 .
||U¢(z)||L°°7HVU¢(1)HLoo < (Cla] in D\/2|_a’

and the same holds for u(?. Moreover differentiating u$” on 9D o e obtain |Vug(z)] <

1Vl || L (o )/, which yields

||uaHLoo < C’|a| in l)2|a|7 |\Vua||Loo < O\/ |a| on 8D2‘a‘.

4We can choose a € (0,1 — 2/p), if V € WHP(D) with p < 400, and « € (0,1) if V € W (D). Here the
constant C' depends on a.
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(5.3) Lemma. Assume vy € C41(0Q), then the function
a p(a) =min{Qa, v({U) : UeHa(D), U=T ondD}.

is differentiable for every a € D.

Proof. We can rewrite ¢(a) in the following way:

1
pla) = / (|(’LV + AU + V|Ua|2) dridrs = 5/ (|Vul(12)|2 + Va(z)(u((f))z) dy1dys.
D D

Let us start showing the existence of the partial derivatives of ¢(a); without loss of generality we

can consider the derivative in the direction a = (a,0), centered at the origin. Notice that there

(2) (2)
exist the weak derivatives 6‘(;‘;2 € LP(D) and 828’;‘32 € L*°(0D); this is due to Remark 3.15 and to

the assumption V € W1P(D), v € CH1(9D). If we prove that

v v v

| B @ gy
a Oa 'a=0

Yo — Y ‘
a Oa 'a=0

=0,  (19)
Wwhtr(D)

= lim
a—0
Lr(D)

lim
a—0

then standard regularity results for elliptic equations ensure the existence of w € H'(D), solution
of the following equation

‘azou((f) =0 in D

—Aw + V0(2)w + a‘g—"(z)
@ “
629/((112 ’a:O on 8D’
such that @ )
lin% Yo —% =0.
¢ “ H(D)

This implies the existence of the partial derivative

0

8—‘5(0) —9 /D (wEf’ Vw + V0<2>u§f>w) dyy dys.

Hence let us prove (19). In order to simplify notations we denote here R(a,y) := T,(y?), where T,
is defined in (15). It is sufficient to estimate the following quantity (as a — 0) since, by Remark
3.15, the other terms are regular:

a Oa a=0

By Lusin’s theorem, the integrand converges to zero outside an arbitrarily small set. Then applying
Lebesgue convergence theorem, we obtain the first relation in (19). The second one can be proved

in a similar way. In order to prove differentiability we test the equation for u((J2) with w, obtaining

H V(R(a,y)) = V(R(0,y))  0V(R(a,y))

Lr(D)

L 8R(ta, y) aR(av y)
/0 {VIV(R(ta,y))T - VIV(R(O,y))TL_o] dt

L (D)

%(O) = 2/81:) qugf) -vdo.

The continuity of this function, with respect to a, comes from Lemma 5.1 and from the regularity
of . O
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Proof of Theorem 1.2, (i). A triple point is a critical point of ¢. Without loss of generality
we can assume the triple point to be the origin (applying the conformal map T, defined in (15)),
hence we need to show 0

el =)

|a|—0 |al

The main idea is to split ¢(a) — ¢(0) into the sum of two integrals:

o(a) — o(0) AJWV+AJmF—WV+AM%F+VMM”%%FDMMM

= I+1I,

where I is the integral on a small ball Dy,, and II is the remaining term. As it concerns the
integral in the exterior annulus, the main observation is that both ug and u, are well defined
on the twofold covering manifold o \ II; ' (Dyy,)). Indeed a scalar potential ©, can be defined
on Yo\ H;l(Dz‘a‘), proceeding as in Lemma 3.8, and this allows to define a function u, as in
Proposition 3.9. With some abuse of notation we still use the notation u,, as in Proposition 3.9,
since both functions have the same projection on D, and ¥ is endowed with the metric induced
from D. In particular Remark 5.2 still holds and moreover

—A(ug —ug) + V(ug —ug) =0 in 3o \ II; (D))
Ug — Uy = 0 on 0.
Hence by Lemma 3.11 we have
1 -

I = = / V(tg — uo) - V(ug + uo) + V(ua — uo)(ua + uo)dzridzs
2 Joo\11z Y (Dy1a))

1/2 1/2
< C </ IV (uq — uo)|2> + </ (ug — uo)2> )
D\Dsq| D\Dsyjq

On the other hand the equation for u, — ug gives

0

%(ua —up)|do

/ (IV(ua — wo)* + V(ua — ug)?) doydry < / |ta — uol
D\Dy|q OD3)q

[0Dsja)| sup {[V(ta = uo)|tta — uol}

2|al

A

IN

Cla*’?,
where we used Remark 5.2 in the last inequality. We infer 1T < C|a|>/%.

As it concerns the integral in Dy, we have similarly

1/2 1/2
I<C (/ |V(ufl2) _ ué?))|2> + </ (u((l2) _ u(()2))2> '
D yarar D yarar

Notice that here we need to apply a slightly different transformation respect to Lemma 3.14. To
be more precise we consider the map

Sa : DQ‘a‘ — D2|a|, Sa(.%') = 2|a|7

With abuse of notation we denote the function u,(f), which still satisfies Remark 5.2. Hence we can

apply this remark as we did with II, and finally obtain

I+11
lim RILL lim |a*/* = 0.

la|—0 a] la|]—0
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Triple points are the only critical points of p. Assume that the origin is not a triple point for
T, we are going to show that ¢’(0) # 0. By Corollary 4.4, the solution has the following asymptotic
expansion around the origin®

=

Uo(r,9) = Ce'®op3 cos(g —a)+o(r?). (20)

Hence there is exactly one nodal arc n ending at the origin and there exists a radius h such that
Uo(z) #0, Ve Dp\{nU{(0,0)}}. Let w: D — R be the (nonnegative) solution of

—Aw+Vw=0 1in Dy
w = |ug| on 0Dy,

Let now a = n N 9Dy, in such a way that |a] = h. We define a new function z, : ¥, — R as

P { o(x)w(x) x €Il (D)
¢ o(@)lto|  x € Ba \TI7H(Dp),

where ¢ = +1 in such a way that z, is antisymmetric on ¥,. If ©, : ¥, — R is defined as in
Lemma 3.8, then Z, = IT,(e~®22,) is well defined in D, Z, € Ha (D) and its complex derivative
satisfies the analogous of equation (14). Moreover by definition there holds p(a) < Qa,,v(Za),
hence

Y

2(0) — () /D (169 + Ao)Ul? — |GV + Ad) Zol? + V(U2  |Za]?)] dasdcz

/ (Vo> — [Vw|? + V (uf — w?)] dzydas.
Dy,

We shall complete the proof by showing that the following quantity

. ©(0) — p(a) 1 / 2 2 2 2
1 "= > lim — — Vv — dxr1d
MT@ |al =it h Dy, [Vuol® = [Vwl+ V(g — )] desdas

is greater than a positive constant. In order to estimate the limit we perform a change of variables:

u™(y) = %uo(hyz, Vhy), wM(y) = %w(hyz)-

These functions satisfy the rescaled problems

—Au™ + 1V (hy*)u =0 i D —Aw™ + bV (hy?)w™ =0 in D
uM = ﬁuo(hyz, Vhy) on D, w = |uM)| on 0D,

and moreover, by (20), uM) satisfies the asymptotic expansion
ul™ (p, ) = Cpeos(p — a) + o(Vhp),
where as usual y = pe’?. This ensures the existence of a limit function u°° such that

{ —Au =0 in D and |ju® — u™|| ey — 0, as h — 0.

u™(p, ) = Ccos(p —a) on D
As a consequence, [|[u™| = [u|||w1.0@p) — 0, Vp € (1,+00), which implies

{ “Aw™ =0 in D and ”w(h)_woo”Hl(D)_)()’ as h — 0.

w>(p,p) = [Ccos(p — )| ondD

5Here, respect to equation (16), we have set o = arctan(dy /1) and C = ¢1/ cosa # 0.
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Therefore we have obtained

0) - 1
tim PO 9@ 5/ (IVu[2 — [Vw™[?] dy dys.
D

la|]—0 |al -

This can be easily evaluated, since we know ©> and w explicitly. Indeed, choosing the coordinates
in such a way that o = 0 we have

u™ = Cpcos(p), / |Vu™2dy,dys = C*,
D

and
oo _ 2C] o (D" o,
W =—— 1—1—27121 Tz’ cos(2nyp) | ,

which gives

3207 & n

Vw™ Pdydy, =
/D| W dyrdy; - ;(1—4112)2
3202 1 +/°O t gl < 4402
T |9 Ji -1)2"| " 9n

This finally gives ¢'(0) < %2 (g—i —7) < —%2 and concludes the proof. O

(5.4) Remark. The first part of the previous proof also provides

lim ||U¢11 - U¢12||L2(D) _
a1 —az2|—0 |a1 - a2|

0,
whenever a; is a triple point.

The last technical result that we need to prove the local uniqueness is a complex formulation
of Green’s theorem, in case of magnetic potential.

(5.5) Lemma. Let 2 C C be a regular domain and ®,¥ € C1(Q,C). Let A € C1(Q2) be a vector
potential, such that VO = A. Then there holds

/ \I’(ZV+A)2(I) d:vld:vg = 21/ U —— ’L—@ P dl'-f—
Q N Ox Ox

0 00 0 00
4 — —i— | ® [ —=+i— | ¥ dr1drs.
i /Q<8x 2817) (8:E+18j) L1
Proof. Tt is sufficient to apply the following complex formulation of Green’s formula (see for example

[9], Appendix A):
/a—lfdxldxgz—f/ Fdz,
Q 8(17 2 a0

__ﬂ —i® e)
F = 483:(6 @)e v,

with

O

(5.6) Theorem. (Local uniqueness) Consider the set of equations (2) under assumptions (1)
and (4), where the parameter a varies in D and the magnetic potential A, varies under gauge
transformations. Assume that I' € G admits a triple point ar € D. Then there exist € > 0, such
that, for every boundary data A € G satisfying ||I' — Al|p=@p) < €, there exists exactly one a
(triple point for A) such that |ar — ax| < ||I' = Al[z~(aD)-
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Proof. The following argument takes some ideas from Proposition 3.2 in [7], where the authors
study the particular case V = 0. Let us recall that in the following A, and ©, are as in Lemma
3.8 and U, denotes the solution of (2) with this specific potential. We can assume w.l.o.g. that
ar = 0 (applying the conformal map 7Ty, defined in (15)), therefore we are assuming that the
function Uy has a triple point at the origin.

In order to prove local uniqueness we shall apply the implicit function theorem to the map

GxD — R?
(Aya) = (ci(a),di(a)) (21)

where c¢;1(a), di(a) are the first coefficients of U, which appear in the asymptotic expansion (16)
(U, is the solution with boundary data A and singularity at a). Corollary 4.4 ensures that a is
a triple point if and only if ¢;(a) = di(a) = 0. Therefore the theorem is proved provided we can
locally solve this equation for a in a neighbourhood of (T, 0).

First of all we observe that (21) defines a C! function. Indeed it comes from the proof of

Theorem 4.3 that (¢1(a), d1(a)) = Vyu((ll) (0), and regularity can be proved proceeding as in Lemma
5.3.5 Therefore we only need to show that the 2 x 2 Jacobian matrix

Va(ci(a), di(a))

a=0

is invertible. By Theorem 4.3, (iv), the first nonzero coefficients in the asymptotic expansion of
U, can be expressed as

c1(a) —idy(a) = 4i/

Gia (ﬂ — z'Aa> U, dx — 2/ G1.0(iV + Ay)?U, dxidzs, (22)
oD D

ox

with o
1 e "Fa
Gl a— T 5_

’ 271'(@—@)%'

Notice that the differential operator commutes with the integral since the functions 868:;’“ (z) ~
m belong to L' (D) for every a. The main difficulty here is that we do not know the behaviour
of U, with respect to the variation of the parameter a, therefore we need to manipulate the last
expression before differentiating. In order to get rid of the boundary integral in (22), we introduce

a new function F, : D — C, solution of the equation

(%—l—ia(%l)Fa:O on D
Fa = Gl,a on 0D.

Applying Green’s formula (Lemma 5.5), equation (22) becomes

c1(a) —idy(a) = 2/ (F, — G1.0)(iV + A,)?U, drydrs
P (23)
= 2/ (Fa — GLQ)(’L.V + A0)2UO dl‘ldxz + 2/ (Fa — Gl)a)(VUO — VUa) d:vld:vg.
D D

Instead of computing the derivative of the last expression with respect to a, it will be convenient

to apply the differential operator (% + iaa%) ’ . Since Uy has a triple point at the origin we
a=0

SHere we do not need additional regularity on the boundary data, since the estimates are local.
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have

(2 +:22) 0 o

a=0

00,

i
a=0 Oa

(@) = idi(0)

0 .
= 2 er(a) — id (a)
= o (erfa) — ids (o)

therefore the differential operator coincides in this case with the complex derivative respect to a
(evaluated in a = 0). Next applying Remark 5.4 we obtain

)
a=0

2

/ (Fa — Gl)a)(VUQ — VUa) dl‘ldl'g
D

< 2[|V|poe () [|Fa — G1,allz2(p) 100 — UallL2(py = o(|al).

Hence the last term in (23) is ininfluent in the computation of the derivative, and we have

(2447 o) o)

9 90
- . 2 9 . a
_/D(NJFAO) Uo<<aa+l — )F

We can differentiate G , directly:

0 .00, 1 ¢ ©al2) 1
(% +1 Ja ) Gl,a = —Em = §G3_’a.

Oa da

a=0

- (ﬁ +z’8®“) Cra ) drrdrs.  (24)

Notice that we obtain a multiple of the function defined in (18) for k = 3, which gives information
about the asymptotic behaviour of the solution at order three. Then we differentiate the equation

for F:

) 90, (.0 90, _
(%"'Zaf)(%"'laa)Fa—o on D
86121 = 8;’“ on 0D.

Using Green’s formula again (Lemma 5.5), we obtain:

/ ( 9 +i8®a) F, - (zV +A0)2U0 dridzs
D

da da
. 0 .00, 0 .00,
_2Z/¢9D<%+Z 8a)G1,a'(a—x—Zax)Uodx
0 00,

=2 o | =— — dx.
ZaDG& ((996 Zax>U0 T

Replacing in (24) we obtain

(2 +22) (0 e

a=0

= 21/ Gso (g — Za®0> Uy dx —/ Gs o(lv + A0)2U0 dxyidxs.
oD ) ox Ox D ’

Finally (17) allows us to conclude
0 , 1 .
S-(e(a) —idi(@)| = (es(0) = ids(0).

Hence the derivation with respect to a of the first order one lead to the coefficient of order three
in the asymptotic expansion of Uy in a neighbourhood of its singularity. Finally, Corollary 4.4
ensures that it does not vanish as a complex number. O
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6 Energy minimizing partitions

In this section we shall prove all the remaining results stated in the introduction, apart from
Theorem 1.2, (v), which will be object of the last section. More precisely, we show a relation
between the solutions U, of (2) and the functional class S defined in the introduction, and then we
concentrate on the proof of Theorem 1.4. Then, in order to conclude, we just apply previous results
by Conti, Terracini and Verzini. Apart from establishing an interesting variational characterization,
the relation between U, and S, is the tool that allows us to prove global uniqueness, starting from
local uniqueness. Throughout this section we will always assume v € g, V satisfies (4) and €2 to
be the unitary disk.

Let us start recalling the known properties of Sy, we refer to [4, 6, 5, 7] for the proofs and
further details; first of all we need some definitions. For any u = (u1,ug,u3) € Sy we define the
support of each density as w; = {# € D : u;(x) > 0}. The multiplicity of a point x € D (with
respect to u) is

m(z) = #{i : measure(w; N B(z,r)) >0 Vr >0},

where B(x,r) is the disk centered at x of radius r. Notice that 1 < m(z) < 3. The first result is
related to the regularity of functions in S,,.

6.1) Theorem. If u € S, then u € WH°(D). As a consequence, every w; is open and x € w;
Y Y
implies m(z) = 1.

Then, by definition of &y, every density satisfies a differential equation on its support, and a
differential equation locally far from the singular point:

—Au; +Vu; =0  inw; —Au; —uj) +V(u —u;) =0 inw Uw;j
U; = ; on w; NOD U —Uj =Y — on (w; Uw;) NOD
u; =0 in D\ w; u; —u; =0 on D\ {w; Nw,}.

As far as the regularity of the free boundary is concerned, the following properties hold for the
two-dimensional problem.

(6.2) Theorem. Let u € S,, then

(a) each w; is connected;
(b) a point x € D is singular for u if and only if m(z) = 3;
(c) there exists exactly one point a,, € D such that m(a,) = 3;

(d) each interface n;; := Ow; N Ow; N{x € D : m(x) = 2} is (either empty or) a connected arc,
locally C1® for every o € (0, 1), with endpoints either at D or at a,;

(e) the following asymptotic estimate holds in a neighbourhood of a,

u(r,9) = r3/?

3 3
ccos (519> + dsin (519) ’ +0o(r¥?) asr—0,
where (r,9) denotes a system of polar coordinates around a, and c,d are real constants.

With some abuse of notation, we will call a,, a triple point for the function u. Let us first point
out the relation between the elements of S., and the solutions of the magnetic equation (2), which
is once again a real elliptic equation on the twofold covering manifold.
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(6.3) Lemma. Let u € S, and a = a, be its triple point. If a € D then there exists T € G
such that, for every A, satisfying (1), the solution U of (2) verifies N'(u) = N(U). Moreover if
U 75 U € S’Y then Uy 75 Us.

Proof. Let (u1,us,u3) € S, then by Theorem 6.2 there exists exactly one point a € D of multi-
plicity three with respect to u. If @ € D, we can consider the twofold covering manifold ¥,. Than
we define a new function on ¥,, that with some abuse of notation will be called again w, in the
following way:

’LL(.I, y) = Z O'(.I, y)u’t © Hx(xv y)a
i=1
where o(x,y) is =1 in such a way that u has alternate sign on two adjacent supports. Then u is
antisymmetric on ¥, and, by virtue of Theorems 6.1 and 6.2, (e), it satisfies
—Au+Vu=0 in X,
{2 i~ @

where as usual V(z,y) = VoIl (z,y) and v(z,y) = Z§:1 o(x,y)y;oll,(x,y). Let now I' = e‘i%aﬂy
(9, defined in (10)) and A, as in Remark 3.7, then the corresponding solution of (2) satisfies the
statement, by Proposition 3.9. By gauge invariance, the same holds for every A, satisfying (1).
Notice that, by construction, a is a triple point for I'. The second part of the statement is a direct
consequence of Proposition 6.6. |

(6.4) Remark. As a consequence of Theorem 6.2, we infer that G\ G consists of the traces I' such
that the corresponding real v satisfies a, € 0D.

Let us now concentrate on the proof of Theorem 1.4; we divide it in several steps. First of all
notice that Lemma 6.3, together with the local uniqueness result Theorem 5.6, immediately gives
the following local uniqueness result for S, (which is the analogous of Proposition 3.2 in [7]).

(6.5) Proposition. Let u € S, and a, € D be its triple point. Then there exist € > 0,6 > 0 such
that for every X\ € g with ||7; — Ai| (D), i = 1,2,3, there exists exactly one ax € D, triple point
for X, such that |ay, — ax| < 9.

The second step for the proof of Theorem 1.4 is the following proposition. It is proved in
[7], and can be easily adapted to our problem since it only makes use of the maximum principle
(ensured by condition (4)).

(6.6) Proposition. Let u,v € Sy, then

(i) if ay, € OD then v = u;

(i) if ay = a, then v = u;

Proof of Theorem 1.2, (ii)-(iv), Sketch. Proceeding as in [7], we can deduce from Proposition 6.5
that &, consists of exactly one element, then Lemma 6.3 concludes the proof. Let us sketch the
ideas contained in [7]. First of all by Proposition 6.6 it is possible to assume that the triple point
is in the interior of the domain. Assume by contradiction that u # v € S, than they can be
connected in a continuous way to the same minimal solution of (5), with an appropriate boundary
datum. Finally the uniqueness result for the minimal solution (see Theorem 6.7, (ii) below) gives
a contradiction. |
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Now that we proved that S, consists in exactly one element, Theorems 1.3 and 1.5 are an
immediate consequence of the following results by Conti, Terracini and Verzini. They state that
S, contains both the solution of the variational problem (5), and the limiting solutions of the
competition—diffusion system (6), in case of strong competition. As a consequence of uniqueness,
we infer that the two problems in fact coincide.

(6.7) Theorem. (i) For every xk > 0, system (6) admits (at least) a solution (U1 ., U2k, U3 x) €
(HY(D))3. Moreover there exists (ui,us,us) € Sy such that, up to subsequences, u;, — u;
in HY(D) as k — +00;

(i1) the minimization problem (5) admits a unique solution, which belongs to S .

7 Continuous dependence of the nodal arcs with respect to
the boundary trace

Aim of this section is the proof of Theorem 1.2, (v); let us start giving a more precise formulation
of the result. Respect to the previous sections, here we let the boundary trace vary. Given I' € G,
we first single out its triple point a (recall Remark 6.4). Then we consider equation (2) with the
magnetic field centered at a. As a consequence, every function U, considered in this section has a
triple point, and its nodal set consists of three arcs meeting at a.

Notation. In the following we will denote T, any trace belonging to G, having a triple point at
a, and 7,(t) a regular parametrization of one nodal arc of Uj.

In addition to the usual assumptions (1) and (4), suppose also
V(z) € Wh(D),
then it holds

(7.1) Theorem. In the setting described above, fir a subset Q CC D and an « € (0,1/2). Given
Ty,, let € as in Theorem 5.6, and T, such that ||[T4, — To,llne(0D) < €. Then there exists a
constant C' > 0 such that

||77111 - naz”cl’a(fl) < CHFUJ - FGQHL“’(BD)?

for a suitable choice of the nodal arcs and of the parametrization.

The rest of the paragraph is devoted to the proof of this result, hence we tacitly assume the
hypothesis and notations of the theorem.

(7.2) Remark. Without loss of generality we can choose a; = 0, ag = a. Define
O={acD:|[l'y—Tollr=@p) <e€}.

By Theorem 5.6, there exists a constant C' such that
la| < Cl|Tq = Tollz=@p), Va€O.

As a consequence, we can equivalently study the dependence of the nodal lines with respect to the
position of the singularity.

As usual we denote u¢(12) the function introduced in Lemma 3.14. Proceeding as in Lemma 5.1

it is easy to prove
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(7.3) Lemma. Let V€ Wh°(D), then

(i) Ve = Vi w0y < Clar = aal, 767 = 767 | 1 (om) < Clar — aa];
(i) ||u((121) - ’U,((122)Hcll,oc(D) < Clay — asl, for every 0 < o < 1.

The following result relates 7, with the nodal lines of u¢(12), which will be denoted 77((12).

.4) Lemma. Fiza € (0,1). Na ' — Laey < Clal, ¥V a € O, then there exists a constant
7.4) L F 0,1). If [16? = 18 | @y < Clal, V a € O, then th
C" such that ||77a — 7’]0”01,%(9) < O/|a|, VaceO.

Thanks to this result, we can work with 17512), for a fix @ € (0,1). The main tool for our analysis
will be the following (Theorem 2.1 in [14]), which describes the local behaviour of the solutions
of real elliptic equations, in a planar domain. It is an improvement of the result by Hartman and
Wintner that we recalled in Section 4.

(7.5) Proposition. If u¢(12) has a zero of order n at the origin, then there exists a complex valued
function &,(y) of class C%, with £,(0) = 0, such that

n+1

2 (p. ) = L—{enia(@) cosl(n + )] + duga(@)sinl(n + D] + &alp.0) }, (26)

n+1

where cp1(a), dny1(a) are real constants, not both zero, depending on the parameter a. Equiva-
lently there exists &,(y) € C%*(D), such that

5 8u((12)

By (y) = y"8a(y), §a(0) = cny1(a) —idyyi(a) # 0. (27)

Moreover for every k < n the following Cauchy formula is available

2 8u((l2) ) 1 8u¢(12) 1 —Au¢(12)(z)
- (y)=—— — () d — —— " dzd 2
y* Oy (@) m /aD Mz —y) 0z () d=+ o /D ey T (28)

where the first integral is a complex line integral, whereas the second one is a double integral in the
real variables z1, zo. Note that the double integral is absolutely convergent.

Using some ideas in [14], Theorem 2.1, we can prove the following estimate.

(7.6) Lemma. Suppose that u¢(12) has a zero of order n € Z at the origin, for every a € O. Let &,

be the function defined in (27). Then there exists a constant C such that
H§a1 - §az||coya((z) < C|a1 - a2|7
for every aq,a9 € O.

Proof. We prove this result by induction on k, where for every k < n we define

Tp: O —C%(Q,C)

2 8u((12)
a +— — .
yk 0y
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Let us start proving that Ty is uniformly continuous. Recalling that an integral expression for
T (a) is (28), it is enough to show that

i / dus?  oug) 11 ol
T Jog \ 0z 0z zZ—y1 2=

1 1 1
— / (—Au((f) + Auf)) _ = dz1dzo
27 Jg ! I\z—y1 2y

for every o > 0. The first integral is smooth in y, hence it is sufficient to apply Lemma 7.3. As it
concerns the second integral, following [14], Theorem 2.1, we write

/(V(2) 2 V(2) (2)) <;_ 1 ) dz1dzo

o zZ— 1Y Z=Y2

< ot =1 i = v g2 | =
Q

< (Vs oyl = w2l o) + VD - ;3>||LW<D>||ugz>||Lm<D>) R
a lz —wnllz — 2

+

< Clar — azllyr — 2|,

1

Z—yQ

le d22

< Clar — azl|lyr — ya|log |y — yal,

where, in the last inequality, we used Lemma 7.3. This concludes the proof for £k = 0. Now assume
that T}, is uniformly continuous for some k < n, that is

2 gul? 2 oul?
ok 5a1 Tk aa2 < Clay — azl,
vt Oyt 0y | g
and let us prove that Tj41 is uniformly continuous. Since k < n and the origin is a zero of order
@)
n for u,(f), we have lim,_.o yik 615; = 0 Va. As a consequence, the inductive assumption gives
1 Bu,(fl) 8u((122)
sup (y) — (y)| < Clax — azl.
gea [lFre | oy dy

Following [12] we use the identity

P du, Ou, .
u? (p, ) :/0 (a—yl(t, ¢)cosp + a—m(t,w) Sm</>> dp

which implies, together with the previous inequality
1 (2) ()
ou ou
2 _, (2 < 2 a az t
@) @)l < [ I ( o ) (1)

1
< / Clyllar — az||yt[*T*dt < Clay — as||y/* T, (29)
0

dt <

in Q. Now we can proceed as in the case k = 0:

—Au,(f) + Au((f) 1 1
/ ;kJrl 2 ( — ) ledZQ

Q 2= 2= Y2
() () ()
Uey — Ug Ug
< IVl o) % +VE = V|| (p) kfl ly1 — ye|log |y1 — y2l,
Le=(D) Le(D)
< Clay — azllyr — ya|log|y1 — y2l,
where we used (29) in the last inequality. O
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(7.7) Remark. In our case, the previous lemma applies with n = 2. Notice also that the same
estimate holds for the function £, defined in (26).

In order to prove the theorem, we choose a branch of nodal line, having an endpoint at the
origin, i.e.
n? (T Te) €, lim 9 (8) =0,

t—T4

with 73,75 eventually infinite. Then the curve satisfies 1'7((12)(1%) = —iKg(t) Oug? (77,(12) (t)), with the

oy
condition u¢(12)(77((12) (t)) = 0, where k,(t) is any real function, sufficiently regular in (T3,7%). Since

every u$? has a zero of order two at the origin, we choose
1

Ka(t) = —5——

& ()2

Passing to polar coordinates 77((12) (t) = pa(t)e’a®) | the equation becomes

a a

Pa = Typ \Y170y," — Y273y,

oul? au(2)>
. ou® ou® ‘ (30)
o=~ (10 2 + 92 %8 ) = — R ).

(7.8) Lemma. With this choice of the parametrization the interval (T1, T2) is bounded, in partic-
ular we can choose T = 0.

Proof. Computing the velocity of the curve we have

@)
'th)(t)'_m TP 0)] = &0 )] - O] = Va@Pr T h@E  ast— T,

where c3(a),ds(a) are the first nontrivial terms in the asymptotic expansion (27). Hence t is
asymptotically a multiple of the arc length as ¢ — 7} and the lemma is proved. O

End of the proof of Theorem 7.1. Writing the equation of the curve in polar coordinates we have
B2 () = €92 (5, (t) + ipa(t)Pa(t)). Therefore we wish to show that, for every a € (0,1) there
exist constants K7, K5 such that

|fa = Pollco.a(o,1,) + [lPaPa — pobollco.a (o) < Kilal,

lea = wollcoa(o,m) < Kalal,
for every a € O. Then, applying Lemma 7.4 and Remark 7.2, the theorem is proved.

The first inequality comes directly from equations (30) and from Lemma 7.6, by regularity
results for ordinary differential equations. Let us prove the second one.

Both &, (y) and &, (y) — &, (0) satisfy Lemma 7.6 and vanish in 0, hence there exists C such that

- {Sup €aly) = &(O)] |éa<y>|} ¢ veco (31)

yes ly|® gea |yl*

Moreover from u((f)(na (t)) = 0 we deduce

cz(a) cos(3pa) + ds(a) sin(3pa) + Ea(7a(t)) = 0.
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Therefore the equation for ¢, can be written as

G = —pr(eala) con(3p) +dy()sin(3e) = R (6 () — €(0)
éa(y) 1 3
- - R ) - &(0),
PRERTL [y (&a(y) — €a(0))]
and we can conclude applying again Lemma 7.6 and Lemma 7.8. O

References

1]

2]

Apawmi, R., AND TETA, A. On the Aharonov-Bohm Hamiltonian. Lett. Math. Phys. 43, 1
(1998), 43-53.

AHARONOV, Y., AND BoHM, D. Significance of electromagnetic potentials in the quantum
theory. Phys. Rev. (2) 115 (1959), 485-491.

ALESSANDRINI, G. Critical points of solutions of elliptic equations in two variables. Ann.
Scuola Norm. Sup. Pisa Cl. Sci. (4) 14, 2 (1987), 229-256 (1988).

ConTI, M., TERRACINI, S., AND VERZINI, G. An optimal partition problem related to
nonlinear eigenvalues. J. Funct. Anal. 198, 1 (2003), 160-196.

ConTI, M., TERRACINI, S., AND VERZINI, G. Asymptotic estimates for the spatial segrega-
tion of competitive systems. Adv. Math. 195, 2 (2005), 524-560.

ConTI, M., TERRACINI, S., AND VERZINI, G. A variational problem for the spatial segre-
gation of reaction-diffusion systems. Indiana Univ. Math. J. 54, 3 (2005), 779-815.

ConTi, M., TERRACINI, S., AND VERZINI, G. Uniqueness and least energy property for
solutions to strongly competing systems. Interfaces Free Bound. 8, 4 (2006), 437-446.

FeLLI, V., FERRERO, A., AND TERRACINI, S. Asymptotic behavior of solutions to

schrodinger equations near an isolated singularity of the electromagnetic potential. preprint
(2008).

GREEN, R. E., AND KrRANTZ, S. G. Function theory of one complex variable, second ed.,
vol. 40 of Graduate Studies in Mathematics. American Mathematical Society, Providence,
Rhode Island, 2002.

Han, Q., AND LiN, F.-H. On the geometric measure of nodal sets of solutions. J. Partial
Differential Fquations 7, 2 (1994), 111-131.

HarDT, R., HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T.; AND NADIRASHVILI,
N. Critical sets of solutions to elliptic equations. J. Differential Geom. 51, 2 (1999), 359-373.

HARTMAN, P., AND WINTNER, A. On the local behavior of solutions of non-parabolic partial
differential equations. Amer. J. Math. 75 (1953), 449-476.

HELFFER, B., HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T., AND OWEN, M. P.
Nodal sets for groundstates of Schrodinger operators with zero magnetic field in non-simply
connected domains. Comm. Math. Phys. 202, 3 (1999), 629-649.

HELFFER, B., HOFFMANN-OSTENHOF, T., AND TERRACINI, S. Nodal domains and spectral
minimal partitions. Ann. Inst. H. Poincar Anal. Non Linaire 26, 101-138 (2009).

29



[15]

[16]

HOFFMANN-OSTENHOF, M., AND HOFFMANN-OSTENHOF, T. Local properties of solutions
of Schrodinger equations. Comm. Partial Differential Equations 17, 3-4 (1992), 491-522.

HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T., AND NADIRASHVILI, N. Interior
Holder estimates for solutions of Schrodinger equations and the regularity of nodal sets. In
Journées “E’quations aux Dérivées Partielles” (Saint-Jean-de-Monts, 1994). Ecole Polytech.,
Palaiseau, 1994, pp. Exp. No. XIII, 9.

HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T., AND NADIRASHVILI, N. Regularity
of the nodal sets of solutions to Schrodinger equations. In Mathematical results in quantum
mechanics (Blossin, 1993), vol. 70 of Oper. Theory Adv. Appl. Birkhéuser, Basel, 1994, pp. 19—
25.

HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T., AND NADIRASHVILI, N. Critical
sets of smooth solutions to elliptic equations in dimension 3. Indiana Univ. Math. J. 45, 1
(1996), 15-37.

HOFFMANN-OSTENHOF, M., HOFFMANN-OSTENHOF, T., AND NADIRASHVILI, N. On some
properties of zero sets and critical sets of solutions to elliptic equations. In Partial differential
equations and their applications (Toronto, ON, 1995), vol. 12 of CRM Proc. Lecture Notes.
Amer. Math. Soc., Providence, RI, 1997, pp. 167-176.

LieB, E. H., AND Loss, M. Analysis, vol. 14 of Graduate Studies in Mathematics. American
Mathematical Society, Providence, Rhode Island, 2001.

Lin, F.-H. Nodal sets of solutions of elliptic and parabolic equations. Comm. Pure Appl.
Math. 44, 3 (1991), 287-308.

MELGAARD, M., OuHABAZ, E.-M., AND ROZENBLUM, G. Negative discrete spectrum of
perturbed multivortex Aharonov-Bohm Hamiltonians. Ann. Henri Poincaré 5,5 (2004), 979
1012.

RozENBLUM, G., AND MELGAARD, M. Schrodinger operators with singular potentials. In
Stationary partial differential equations. Vol. II, Handb. Differ. Equ. Elsevier /North-Holland,
Amsterdam, 2005, pp. 407-517.

Universita di Milano Bicocca,

Dipartimento di Matematica e Applicazioni,

Via R. Cozzi 53, 20125 Milano, Italy.

E-mail addresses: b.noris@campus.unimib.it, susanna.terracini@unimib.it

30



