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ABSTRACT. We prove the strong unique continuation property for
many-body Pauli operators with external potentials, interaction po-
tentials and magnetic fields in L (R?), and with magnetic potentials
in L _(R?), where p > max(2d/3,2) and ¢ > 2d. For this purpose,
we prove a singular Carleman estimate involving fractional Laplacian
operators. Consequently, we obtain Tellgren’s Hohenberg-Kohn the-

orem for the Maxwell-Schrédinger model.
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1 INTRODUCTION

Density Funtional Theory (DFT) is the most successful approach to model
matter at atomic and molecular scales. It is extensively employed to probe
microscopic quantum mechanical systems, in very diverse situations. The one-
body density of matter is the main object of interest in this framework. Indeed,
a statement by Hohenberg and Kohn [20], lying at the heart of the theory,
proves that, at equilibrium, the density contains all the information of the
system. Later, Lieb [36] showed that the rigorous proof of the Hohenberg-
Kohn theorem relies on a strong unique continuation property (UCP).

Unique continuation is an important and versatile tool in analysis. In particu-
lar, it is used to prove uniqueness of Cauchy problems, see [55] for a review of
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870 L. GARRIGUE

some results. Unique continuation mainly relies on Carleman inequalities, first
developed by Carleman [6], later improved by Hérmander [21] and Koch and
Tataru [26]. It implies that, under general assumptions, a function verifying a
second order partial differential equation and vanishing “strongly” at one point
vanishes everywhere. A famous result of this kind is due to Jerison and Kenig
[23], who dealt with eigenfunctions of Schrédinger’s operator —A + V() where

Ve LR

Nevertheless, most of the existing results fail to apply to situations that are
relevant in many-body quantum physics, because their assumptions on poten-
tials, which are generally L? conditions, depend on the number of particles V.
For instance if we want to use the result of Jerison and Kenig, we need the
electric potential to belong to LN/2(R4), which is very restrictive when N is
large. The only two adapted works, having N-independent assumptions on the
potentials, are the ones of Georgescu [17] and Schechter-Simon [53]. But they
hold only in a weak version, where it is assumed that the function vanishes in
an open set. We also mention [67, 34, 68] on this subject, and finally [25] which
goal is reached in this work.

This paper is a continuation of a previous article [16], where we showed the
strong UCP for the many-body Schrodinger operator having external and in-
teraction potentials. In this document as well, we replace LP conditions on
potentials by relative boundedness with respect to the Laplacian, which is a
classical assumption used in the analysis of Schrodinger operators. This en-
ables us to extend our previous result [16] to the important case of magnetic
fields. Our proof relies on a Carleman inequality involving fractional Lapla-
cians, which we prove using well-known techniques developed by Hérmander
n [22], further used by Koch and Tataru in [26], and by Riiland in [52]. This
inequality pairs very naturally with Sobolev multipliers assumptions on the ex-
ternal potentials, which are independent of the number of particles. One of the
difficulties with strong UCP results is that they need to use Carleman inequal-
ities with singular weights. They are more delicate to show than for regular
weights, because Garding’s inequality cannot be applied. We refer to [35] for
more details on Carleman estimates with regular weights.

There are many works concerning unique continuation for Schrodinger oper-
ators with magnetic fields in the case of one-particle systems [63, 64, 48, 47,
26, 8, 2], using Carleman estimates. Another way of proving strong UCP re-
sults relies on techniques developed by Garofalo and Lin [14, 15] which do
not employ Carleman estimates but Almgren’s monotonicity formula [1]. This
was used by Kurata in [29] to show strong UCP results for one-particle mag-
netic Schrédinger operators. Recently, Laestadius, Benedicks and Penz [33]
proved the first strong UCP result for many-body magnetic Schrédinger op-
erators, using the work of Kurata. However, they need extra assumptions on
(2V 4+ 2 -V)_ and curl A, and a result with only L? hypothesis on potentials
was lacking.

The dimension of space being d, we can deal with external and interaction
potentials as well as magnetic fields in L} (R?) and magnetic potentials in

loc
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Ll (R%), where

p > max (%,2),
q > 2d.

Our assumptions are independent of the number of particles N and can treat
the singular potentials involved in physics like the Coulomb one. Following
Simon in [54, Section C.9] and in light of [23, 64, 26], we conjecture that the
same results hold for p =d/2ifd >3, p>1ifd=2andp=1ifd =1,
and ¢ = 2p for any dimension d. We tried to adapt the approach of [26] to the
N-body setting, but did not manage to do so. We hope our work will stimulate
further results in this direction.

We also prove the strong UCP for the Pauli operator, which can be seen as
an operator-valued matrix and thus belongs to the category of UCP results
for systems of equations. Our result implies the Hohenberg-Kohn theorem in
presence of a fixed magnetic field.

In order to take into account photons in a DFT context, Ruggenthaler and
coworkers [51, 50] considered the Pauli-Fierz operator together with a corre-
sponding model where light and electrons are quantized, stating an adapted
Hohenberg-Kohn theorem and calling the resulting theory QEDFT. Maxwell-
Schrédinger theory is a variation of this hybrid model, in which photons
are treated semi-classically through an internal self-generated magnetic po-
tential a. Tellgren studied this model in [56] within DFT and baptized the
resulting framework Maxwell DFT. In a model describing external magnetic
fields but not internal ones [59, 60], a generalization of the Hohenberg-Kohn
theorem does not hold, counterexamples were provided in [5]. In DFT, an
important problem has been to find a model bringing back this property
[11, 40, 61, 41, 66, 57, 31, 30, 42, 58]. The models containing internal mag-
netic potentials do so, as explained in [50, 56] and in this work, and our strong
UCP result enables us to rigorously prove the Hohenberg-Kohn theorem in the
Maxwell-Schrodinger model. Thus in this setting the one-body density p and
internal current j 4 curl m + pa of the ground state contain all the information
of the system, that is the knowledge of the external classical electromagnetic
field.
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872 L. GARRIGUE

2 MAIN RESULTS

Because it is of independent interest, we start by explaining the Carleman
estimate which is the main tool of our approach.

2.1 CARLEMAN ESTIMATES FOR SINGULAR WEIGHTS

We denote by Bp the ball of radius R centered at the origin in R", for n > 1.
The first step in our study consists in a Carleman inequality obtained by stan-
dard techniques.

THEOREM 2.1 (Carleman inequality). Let 0 < « < 1/2, and let us define
¢(x) == —In|z| + (—1n|z|)~« for |z| < 1/2. In dimension n, there exist con-
stants ¢, and T, = 1 such that for any T > 7, and any u € CF(By 2\ {0},C),
we have

) / o426y N / D7y . / |V (e +D2y) |
T ————%7a T 7 T 1 4a T 7T T Ci2ta
By (In o) By (Infa) ™)™ By (Infz| ™)%™
TP 2
+7_71/ ’A(eilu)ii_agc_" ’€T¢Au‘2. (1>
B2 (1D|(E|_ ) o B2

Those are variants of known Carleman inequalities. The proof, given in Sec-
tion 3, follows from a rather standard reasoning. With ¢ a smooth pseudo-
convex function, the classical Carleman estimate for reqular weights is

73 <ep, HeT‘bAuHi2 ,

(2)

for T large enough, see [55, 35] for more detail. In [48], Regbaoui showed the
estimate

e(T+2)¢uHi2 +7 e(T+1)¢qui2 +rt HA (er)u) ||2L2

2

2 2
— 1
P L L

e

; (3)

u ’

||~ " Au’

L‘Z

where ¢ = In|z|~". This holds for 7 € N + 1 which is a set preventing some
quantity to intersect the spectrum of the Laplace-Beltrami operator on the
sphere. The estimate (3) is not good enough for us due to the slower increase
of the coefficients in 7. In [55], Tataru also presents a Carleman estimate with
singular weights,

73 e(TJrl)d)uH2 +7 ‘|€T¢VUH2 <c ||eT¢AuH2 (4)
L2 L2 X *n L2

with

@ = (la + Ala)?) 7, (5)
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where A has to be negative for ¢ to be striclty convex, and where u needs to be
supported near the origin. Here the behavior in 7 is optimal but the estimate
on Au was not considered in [55].) Another Carleman estimate with singular
weights was proved in [52]. It is similar to (4) and the weight function is

¢(x) = —In|z| + % <(1n|x|)arctan1n|x| - %ln (1+ (In |z|)2)> ,
for which ¢(z) ~ — (1 4+ 7/20) In |z| when |z| — 0.

In our application to many-body Schrédinger operators, we needed a Carleman
inequality having the best possible powers of 7 outside the integrals, with a
weight such that ¢(z) ~ —In|z| when |z| — 0T, for e? to be close enough
to |-| 7", and with the same powers of e? as in the classical estimate (2). Our

inequality (1) fulfills those requirements. The function ¢ in Theorem 2.1 verifies
1 @ ¢ €
|| ||

We obtain the same powers of 7 as the classical estimate, and the singularity of
the weight is the same as in the regular case, up to some logarithms. Defining
o(x) := (= In|z|)~%, the inequality (1) can be rewritten as

7_3/ @2(2-"_0‘) +T/ (‘02(2-‘,-(1)
Bi/2 By /2

2
(r+1)¢
+T/ P22+ |y — || t7 1/ 22
B2 |-T| By

Cn
We transform now the inequality (1) in a form tailored to be used in a very
natural way for many-body operators.

2

2 (%)
||

eT?Au

|T

e +2ey | THDPTy

|$|T+1

|x|‘r+2

2

2

X
«

Bi)s |z

COROLLARY 2.2 (Fractional Carleman inequality). In dimension n, for any
0 €]0,1] there exist constants ky, and 79 = 1 such that for any s € [0,1],
s’ €[0,3], any 7 > 10 and any u € C°(B1\ {0}, C), we have

2

—4s —&)s (TP —4s’ < (1-6)s’ Th . 2
34 (—A)1—9) (e u)‘N(Rn)—i—Tl 4 ;H(—A) (e alu)‘Lz(Rn)
En 1 - 2
S 55/2 le ¢Au||L2(Bl)' (6)

The constant k,, depends only on the dimension n. The proofs of Theorem 2.1
and Corollary 2.2 are provided later in Section 3.

!The published version of [16] relies on this Carleman inequality. After publication of
[16], we realized that we could not locate in the literature the same estimate on A (e™%u)
as in (2) for the weight (5), contrarily to what was stated in [16, Theorem 1.1]. This article
solves the problem and the needed [16, Ineq. (8)] follows from Corollary 2.2.
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874 L. GARRIGUE

2.2 UNIQUE CONTINUATION PROPERTIES

We state a strong unique continuation property (UCP) result for Schrédinger
operators involving gradients, in which potentials are Sobolev multipliers. This
type of assumption pairs very naturally with the Carleman inequality involving
fractional Laplacians (6), as we can see from the proof. At the same time, those
assumptions will allow us to prove a corresponding result for the many-body
Pauli operator.

THEOREM 2.3 (Strong UCP for systems with gradients). Let 6 > 0 (small),
let Vi=(Va,8) <o pcm b @m xm matriz of potentials in L2 _(R™,C) and let

loc
A= (Aa)i<cacm be a list of vector potentials in L (R™,R™), such that for
every R > 0, there exists cr = 0 such that

]IBR |Va,,6|2 < Gn,m,(?(_A)%_é + CR,
1g, |Aa|2 < en,m,J(*A)§76 + CR, (7)
l(u, —ilprAa - Vu)| < enm (u,((—A) +cr)u), Yue CF(R"),

in R™ in the sense of quadratic forms, where €, m,s and €, m are small constants
depending only on their indices. Let U &€ HIQOC(R”,(CW) be a weak solution of
the m x m system

(—nmxmARn +iA - Van + \7) v =0, (8)

where A - Vgn is the m X m operator-valued matriz diag (Aq - VR")1<a<m'
If U vanishes on a set of positive measure or if it vanishes to infinite order at
a point, then ¥ = 0.

In all this document, when we write L < J for two symmetric operators L
and J, we mean it in the sense of forms. We recall that ¥ vanishes to infinite
order at g € R™ when for all £ > 1, there is a ¢ such that

/ |U)° dz < cpe®, (9)
|lz—zo|<e

for every e < 1.

Let A be a magnetic potential and B a magnetic field. Physically in dimen-
sion 3, A and B are linked by B = curl A, but we will consider arbitrary
dimensions and artificially remove the link between A and B. We consider the
N-particle Pauli Hamiltonian

H"Y(v,A,B) :

WE

A —
((—ng + A(x0))? + 00 - Bag) + v(ze)) + Z w(zy —x¢), (10)
1 ISt<KN

~
Il
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where oy are generalizations of Pauli matrices. They are d square matrices
of size 2L(4=1/2) x 2L(d=1)/2] ysed to form the (d + 1)-dimensional chiral rep-
resentation of the Clifford algebra, which structures Lorentz-invariant spinor
fields [10, Appendix E]. As an operator-valued matrix, the only non-diagonal
member is the Stern-Gerlach term Zévzl o+ B(xy), responsible for the Zeeman
effect. We refer to [7, Chapter XII and Complement Axpr] for a discussion
on this Hamiltonian. The previous theorem implies the strong UCP for this
operator, which is our main result.

COROLLARY 2.4 (Strong UCP for the many-body Pauli operator). Let 6 > 0

and assume that the potentials satisfy
(|u|2 + |w]® + |BJ* + |div A|2) 1p, <ean(-A)F°+cg  mRYL (11)
AP 1, <ean(-A)> P +cp  inRY (12)

for all R > 0, where eq,n is a small constant depending only on d and N. For
instance A € LL (R? R?) and |B|,div A,v,w € L (R% R) where

loc loc

2d
{2zt w

Let W € HE (RN be a solution to HN (v, A, B)¥ = 0. If U vanishes on a set
of positive measure or if it vanishes to infinite order at a point, then ¥ = 0.

The proof of this corollary is the same as the one of [16, Corollary 1.2]. In
particular, this result can be applied to the magnetic Schrodinger operator
H" (v, A,0). In the Appendix we recall how assumptions of this Corollary 2.4
imply assumption of Theorem 4.2 on the gradient term.

2.3 HOHENBERG-KOHN THEOREMS IN PRESENCE OF MAGNETIC FIELDS

We give here two applications of our strong UCP result in Density Functional
Theory. The first one is the classical Hohenberg-Kohn theorem in presence of
a fixed magnetic field.

2.3.1 FIXED MAGNETIC FIELDS

In presence of one spin internal degree of freedom, the one-particle density and
the paramagnetic current of a wave function ¥ are respectively defined by

N
p@(l’) = Z Z/]R |\Psk|2d1'1"'dl‘i,1d$i+1"'d1'N,

4 d(N—1)
(sk)1<hen E{T LY =1

N
qu($) :=1Im Z Z/}R ﬁvilﬂskdxl . 'd$i_1d$i+1 --day.

. d(N—1)
(sk)icicnE{T N =1
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876 L. GARRIGUE

THEOREM 2.5 (Hohenberg-Kohn with a fixed magnetic field). Let A € (L9 +
L>®)(R4,RY), B € (LP + L=)(R%, RY) and w,vi,vs € (LP + L>®)(R%, R), with
p and q as in (13). If there are two normalized eigenfunctions ¥y and U
of HN (v1, A, B) and HN (v, A, B), corresponding to the first eigenvalues, and
such that py, = pw,, then there exists a constant ¢ such that vi = va + c.

The proof is the same as in the standard case where A = B = 0, the only
difference is that we need to use Corollary 2.4 to justify that the nodal set of
the ground states have zero measures. We refer to the same arguments as in
[20, 36, 43, 16].

2.3.2 ILL-POSEDNESS OF THE HOHENBERG-KOHN THEOREM FOR SPIN-
CURRENT DFT

We recall the definition of Pauli matrices in dimension 3,

. (01 , (0 —i . (1 0
“=\10) 27\ o) 7 7\o —1)

they act on one-particle two-component wavefunctions ¢ = (qu ¢¢)T, where
¢!, ¢+ € L*(RY,C) and [ |6]> = 1. We denote by LZ(R™) the space of anti-
symmetric functions of N variables in R?. The state of a system is described
by wavefunctions ¥ € L2(RV, €2"). We introduce the one-body densities

N —_
W= Y [ @) iy,

- d(N—1)
se{t V=l

where o, 8 € {1,]}. We remark that py = pi‘l,T =: £&y. We define the density
P = pg + pfl,i and the locally gauge invariant magnetization

Py + 0y 2Re &y
o= (il )| - ms
Py — Py Pu = Pu

The energy of a quantum wavefunction is coupled to the magnetic field only
through the density py and through the magnetization current jy + curl my.
Indeed, using either bosonic or fermionic statistics,

N
/=

<\p,z (00 (—iVe+ A(xg)))2\11>

1

:/|V\P|2+/A2pq;+/A~ (24w + curl my).
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Previously, the fields A and B were independent. We now assume the physical
relation B = curl A, take the Coulomb gauge div A = 0 and consider the
physical Hamiltonian H" (v, A) := HY (v, A, curl A).

A natural question is whether the model with Pauli operator and varying mag-
netic fields has a corresponding Hohenberg-Kohn theorem, i.e. we ask whether
(p\P1ﬂ2j‘1/1 + curl m‘l‘l) = (p‘l‘272.j\1/2 + curl m\P2) (OI‘ even (p\Puj‘I/um\In)
= (pwy, Ju,, My,)) implies A1 = Ay and v; = ve + ¢. This turns out to be
wrong, due to counterexamples found by Capelle and Vignale in [5].

Many authors studied this ill-posedness issue [11, 40, 5, 61, 41, 66, 57, 31, 30,
42, 58], also from the point of view of Spin DFT, in which current effects are
neglected [28, 62, 44, 13, 4, 27, 42, 49], and from the point of view of Current
DFT, in which spin effects are neglected [11, 40, 57, 61, 31, 41, 32]. In partic-
ular, see Laestadius and Benedicks in [31, Theorem 2] for a counterexample in
Current DFT.

Nevertheless, one could try to find a similar result using the physical total
current, that is the one which can be measured in experiments, j; = j +
curl m + pA and respects div j; = 0. As explained in [40, 57], for one particle
and for Current DFT where j; := j + pA, the relation curl (j;/p) = curl A
shows that the knowledge of j; and p gives the knowledge of A and v by the
Hohenberg-Kohn theorem. The case of N > 2 particles is still open.

2.3.3 HOHENBERG-KOHN FOR THE MAXWELL-SCHRODINGER MODEL

We keep the dimension d = 3. In order to get a model taking into account
current effects but having a Hohenberg-Kohn theorem, and as a second appli-
cation of our strong UCP result, we follow Tellgren [56] and investigate the
Maxwell-Schrodinger theory. This is a hybrid model of quantum mechanics
where electrons are treated quantum mechanically and light is treated classi-
cally, and provides an approximation of non-relativistic QED [18, 12]. It was
studied throught a DFT approach in [56] and the resulting framework was
called Maxwell DFT. We define

AR RY) = {A € H'(RY,RY) | div A = 0 weakly in Hl(Rd)} :

the set of divergence-free magnetic potentials, i.e. potentials in the Coulomb
gauge. A state of matter and light is given by a pair (¥,a) € L2(R4Y, C2V)x A,
where U describes electrons and where a is an internal magnetic potential
describing the photon cloud around the electrons.

We denote by HY := HM(0,0) the kinetic and interaction parts of the
Schrodinger operator. The energy functional takes into account the energy
of ¥ coupled to the total magnetic field, and the kinetic energy of the inter-
nal magnetic field. We denote by « the fine structure constant and define
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878 L. GARRIGUE
€ := (8ma?)~!. The Maxwell-Schrédinger energy functional is
Eo,a(W,a) = (U, HN (v,a + A)T) + e/ |curl a?
= (U, H)V) +/(U+ |a+A|2) 2%
+ /(a + A) - (2jy + curl myg) + e/ |curl al?,

for bosons or fermions. We denote by

FE = inf Ev,a(W,a),
Ve(HNL2)(RN C)
J1v)P=1
ac(LL _NA)(R?,CY)

loc

the ground state energy. This functional was studied in [39, 12, 38] when A = 0,
where the authors found that in the case of a Coulomb potential generated by
only one atom having a large number of protons, this minimum was —oo. In [38,
Theorem 1], they also prove that for Coulomb potentials induced by molecules,
if the total number of protons in the molecule is lower than 1050, independently
of the positions of the nucleus, then the functional is bounded below. This
justifies the applicability of the next theorem to physical systems. When one
removes the Zeeman term Zé\]:l o¢ - B(xp) and considers the corresponding
functional, then this issue disappears and the functional is always bounded
from below for v,w € (L¥? + L>®)(R%) and A € (L% + L*=)(R%), by the
diamagnetic inequality.

The corresponding Euler-Lagrange equations are the Schrodinger equation
together with a Maxwell equation. Using curl * = curl and curl curl =
Vdiv — A we can show that if it exists, the ground state (U, a) verifies

N

3 (—Ag —2i(a+A)-Vi+v+|a+ AP + 00 - (curl (a—f—A))g) U= BV,
=1
ju + curl my + py(a+ A) — eAa =0,

where we did not write all the x; arguments in the first equation for simplicity
of notation. The internal current of a state (¥, a) is defined by

J(w,a) = jw + curl my + pya.

We remark that if we did not fix the gauge div A = 0, j(y,q) would be lo-
cally gauge invariant. We make an other preliminary remark on the density of
solutions of Schrodinger’s equation.

REMARK 2.6. Let ¥ be a solution of HY (v, A, B)¥ = 0, under the assumptions
of Corollary 2.4. Then its density vanishes almost nowhere,

’{xeRd | pu(z) =0} =0.
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Indeed, if py vanishes on a set S C R? of positive measure, then

N[ o = [ g =0
S xRA(N—1) S

so U vanishes on S x R¥*™=1 which has infinite volume. But by the strong
UCP theorem for Pauli operators, Corollary 2.4, ¥ does not vanish on sets of
positive measure. This holds in any spin number, in particular this holds when
there is no spin. We are now ready to prove the Hohenberg-Kohn theorem for
this model.

THEOREM 2.7 (Hohenberg-Kohn for Maxwell DFT). Let p > 2 and ¢ > 6 and
let w,v1,ve € (LP+ L) (R3,R), A1, Ay € (Lfocﬂ.A) (R3,R3) be potentials such
that £, 4, and &, 4, are bounded from below and admit lowest energy states
(VU1,a1) and (V2,a2). If py, = pw, and jew, o) = J(0s.a), then Ay = Ay and
there is a constant ¢ such that v1 = vy + c.

This result shows that in the Maxwell-Schrodinger framework, the knowledge
of the ground state density p and internal current j 4+ curl m + pa gives the
knowledge of v and A. Said differently, at equilibrium, p and j + curl m + pa
contain the information of v and A. This is a rigorous justification of Tellgren’s
Hohenberg-Kohn theorem [56].

Proof. Let us denote by p := py, = pw, the common densities, by j' :=
J(U1,a1) = J(¥s,a5) the common internal currents, and by E; := &, 4, (¥, a;) for
i € {1,2} the ground state energies. By the standard proof of the Hohenberg-
Kohn theorem [20, 16], we can prove that &, a,(¥2,a2) = Ey. So (U3, A2)
verifies the Euler-Lagrange equations for &,, 4, , that is

Z (—Ag — 2@'(@2 + Al) -Ve+v1 + |a2 + A1|2 + o0 (CU.I‘l (a2 + Al))g) Uy

N
{=1

== EI\IIQ;
j 4+ pAl —eAay = 0.

We take the difference of those equations with the Euler-Lagrange equations
verified by (Vg az) for &,, 4, and get

N
Eg — E1 + Z ( — Q’i(Al — AQ) . V@ + gy - (CU.I‘l (Al — Ag))g)\lfg
(=1
N
+ Z (’Ul — Vg + |(12 + A1|2 — |a2 + A2|2 )(SC[)\IIQ = 0,
(=1
p(Al - AQ) =0.

(14)
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880 L. GARRIGUE

By the unique continuation result of Corollary 2.4, and by Remark 2.6, p does
not vanish on sets of positive measure, therefore the second equation in (14)
yields A; = As. Using it in the first equation of (14), we get

(EQ—E1+§§@1—W)@0)W2:O

=1
s0, by the same argument as in [16], we conclude that v1 = vo+(E1—F2)/N. O

One could still want to search for a Hohenberg-Kohn theorem in the standard
Schrédinger model but involving the knowledge of j; instead of the knowledge
of 7. This is an open problem. Our result easily extends to the same model but
without spin effects, that is when we take for the one-body kinetic operator
(—iV + A)? instead of (o - (—iV 4+ A))>. Then the internal current is j + pa
and the above results hold.

3 PROOFS OF CARLEMAN INEQUALITIES

3.1 PROOF OF THEOREM 2.1

We use standard arguments which can for instance be read in [26, 52]. We
denote by r := |z| the radial coordinate. In dimension n, the Laplace operator
in spherical coordinates is A = 0, + ”;1& + T%AS, where Ag is the Laplace-
Beltrami operator on the (n — 1)-dimensional sphere. Using log-spherical co-
ordinates t := Inr, we have

Z)* A = 8y + (n — 2)8; + As.

We take the function ¢(x) = —In|z| + (= In|z|)~* as in the statement of the
Theorem, and define p(t) := ¢(e?). More explicitly,

_ 1 / _ o 7 _ a(a+1)
@(t)——t‘f'ma 90(75)——1+Wa @ (t)—m,
gy aEDE e ala+ DDty

(% o

"

so —1 < ¢’ < —=1/8 and ¢",¢", """ > 0 on | — 00, —In2|. Conjugating the
previous operator |x|2 A with e™® yields

P=e™ 2> Ae™™ = Oy + (=279 +n—2) 8, + 72¢"? — 7(n — 2)¢' + Ag,

and decomposing the result in symmetric and antisymmetric parts, we have
P =S5+ A, where

S =0y + 120" —7(n —2)¢' + 19" + Ag,
A= (=219 +n—2)0 — 1".
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We implicitly take the L2(R™) norm. We want to manipulate |Pv|® =

1S0)” + || Av||® + (v, [S, A] v) for a function v € C° (] — o0, —In2] x S"71,C).
We compute

[S,A] = — 470" Oy — 279" O,
_ (_27_(p/ _"_n _ 2) (2T2(‘0/(pll _ T(TL _ 2)(p// +T(‘0/”) _ 7_(p////.

We have 2Re (Sv, Av) = (v,[S, A]v) so this term is real and integrating by
parts yields

(8,410 =47 [ ool + 202 [ (0 =) i
war [ 100l 4 rtn=27 [ 0P =2 [0 o~ rtn=2) [ oP.
Thus for 7 large enough,
17 [ WP var [ 7100 < S, A < [Po”. (19

With [(¢"v, Sv)| < [|¢”v||||Sv]| < 72| Pv||*/2, we compute the radial part of
the gradient

/“"” Vsol* = (", (~As)v)

= <gp”v, (—S + Oy 4+ T2 —7T(n —2)¢’ + Tcp”) v>
=7 [ o ~rtn=2) [ Wl 4 [ ol
g [l = 50— [ ¢ o
<7 [0 of? = (¢, 50) < ool
for 7 large enough. Now, using the inequality (15) again, we find
[l v 7 [ o (100l + 1Vsol®) < 1Pol” (16)
Working back in cartesian coordinates, we have
0] + [Vsv|? = |2 Vo]

We can now apply the previous well-known techniques to form the inequality
(1), which is fitted with our application. Defining u := e™®v and using

1< |z|e? <e, (17)
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inequality (16) implies

(T+2)d,,|? (T+2)¢
P /(\e af ]V () 2 [ oo

—In |z[)>*e (= In fz[)*e

Using also

y—1/2

1< J2] [V < el <4, (18)

in By /2, we have
e e

( (T+2)¢ ) (1 +2)e (ng) (T+2)¢ ‘2

2
2 e(r+2>¢u’

< 2e7%¢ ‘V (e T+2)¢u)‘ +2(1 + 2)%e

2 2
< 2)z) ’V (e(T+2)¢u)’ +25(1 +2)2 e(T+2)¢u‘ ,

and similarly

‘V (e““wu) ‘2 = ‘(T +1) (Vo) eTHD%y 4 (3(7+1)¢VU‘2

<2°(r+1)?

2
e(T+1)¢VU’ )

Eventually, we obtain

o [ |eTHRouf ;ef+1¢vu; |V (e + Do) |° (r+D)y)|?
T —_— 4T
/(flnlwl)““ (= Infz])>+e / —In |z|)2+e

14,4
< 2 /}er’Au}Q.
o

These are the first terms in (1). We now turn to the estimates on the second
derivative. Since |z|* Ap = (n — 2)¢'(In |z|) + ¢”(In |z|) we have

o2 |Ad] < |71_2|+4(111732)3/2 <ntd (19)
Since
Ve™® = 1e"V ¢, Ae™® = e (Aqﬁ +7 |V¢|2) , (20)
then we find
B s
(“Infa)2re «
The constant ¢, in (1) can be taken to be 2%%¢%(n + 4)2, for instance. O
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3.2 PROOF OF COROLLARY 2.2

We denote by ¢ a constant which only depends on the dimension n. We fix
a =1/2. For any a €]0, 1], we have

c

—2a¢
e ———m—
aF (—Ina])?

~ Y

on Bj/y. So the inequality (1) taken from Theorem 2.1 implies

2 2
73 e(TJrQ*a)‘ﬁuH + 7 e(TJrl*a)‘ﬁVuH (21)
s || eTH2oy |2 A CSaia v 2
<cerfa || —— e
(—In|z[)1 (—Infz[)1

<ca HemAuHQ.
We now compute
2| |A (eT‘z’u)‘
= |2|" [uAe™ + 2Vu - Ve + 7 Au|

Te" UG + 72 |V(,b|2 U+ 27V - €7Vu + e Au

= |=[*

<72l ([l |A0] + |o]" Vo] ) + 27¢7 | Vul |2 |V
+ e |Aul |z|*.
Since we work in Bj/y, we have |z|* < 1. Using (18) yields lz|* [Vo|* <

16 |2|"7% and |2|* |V < 4]z|*"", and (19) yields |z|* |A¢| < (n+4) |z]*72, so
we get

|2]" | A (e7u)| (22)
< (n+20)72 |22 €™ u| + 87 |2|* " €7 |Vu| + €7 |Aul
< (4 20)et 2727127009 |y | 4 8ea™Lre(TH1=0)% |7y | 4 €79 | Aul

N

c (726(7+2_“)¢ u| + TeT T2 | Ty 4 e7? |Au|) ,

where in the second inequality we applied (17). We will also use the fractional
Hardy inequality,

|(=2)7 |

2
T (n—26)
_41—9 4
L2(R™)— L2 (R") =4 (1’\ (n+26) < 1’ (23)
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which holds for any 6 € [0,n/2[. Its sharp constant was found in [19, 3, 65].
Choosing a = §/2 € [0,n/4], we are ready the deduce that

I(=2)"7% (e?u) |
= (=2 F el 2" (-a) (e7éu)|
<2 (=2) (e™u) |
<c (72 e(T+2_“)¢uH + 7T

5 1
ca” 172 "67¢Au||,

e(T+1_“)¢VUH + ||eT¢AuH)

N

where, in the inequalities, we respectively used (23), (22) and (21). Applying
Holder’s inequality together with

_s _3
||eT¢u|| <ca AT 2H67¢Au||,

as implied by (1), yields the first part of our claim (6). We remark that this is
also true for a € [n/4,1].
Now we show the second part of the inequality. We begin by expanding

] [0; (e7*0;u)
0ij (e7u) — 7(8i;8) €™u — 72 (0;9) (9;9) €™ %u — 7 (0;0) €™ *Dju

< cr2elTt2-a)d |u| + crelTt1-a)d |Oiu| + }&-j (eT¢u)} .

= |=I*

Therefore by (23),
|25 (o)
= H(—A)f%v (em@ju)H
< ||l2)* v (e705u) ||
e (72 4 e+ o (e=0u) )
e s s o))

_5 1
ca” 472 ||eT¢AuH,

N

N

e(r+2—a>¢uH g

N

where we used 2 |k;k;j| < k? + kf Applying Holder’s inequality together with

_5 _3
HeT‘bajuH <ca 4T 2"67¢Au

)

we obtain the second part of the sought-after inequality (6). O

4 PROOF OF THE STRONG UNIQUE CONTINUATION PROPERTY

We present here the proof of Theorem 4.2, which follows rather closely that in
[16].
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STEP 1. VANISHING ON A SET OF POSITIVE MEASURE IMPLIES VANISHING TO
INFINITE ORDER AT ONE POINT.

To prove that ¥ vanishes to infinite order at a point, we extend a property
showed by Figueiredo and Gossez in [9], to magnetic fields.

PROPOSITION 4.1 (Figueiredo-Gossez with magnetic term).
Let V € LIOC(R”,(C) and A € LIOC(R",R") such that for every R > 0, there
ezist a,a’ and ¢ > 0 such that a +a’ <1 and

—]IBRRG 14
<’LL, —i]lBRA . Vu)

a(—A) + ¢,

<
< (u, (a'(=A) +c)u)y, Yu € CX(R").

Let ¥ € H} (R") satisfying —AV +iA - VU + VU = 0 weakly. If ¥ vanishes

on a set of positive measure, then ¥ has a zero of infinite order.

Proof. We take 6 € (0,1/2] and define a smooth real positive localisation func-
tion n with support in Bas, equal to 1 in Bs, and such that |Vn| < ¢/§ and
|An] < ¢/6%. And integration by parts and the use of 2Re UV = V |¥|?
yields

Re /nQTA\II = —/|77V\I/|2 —/V(n2)Re VA

1
= [P [ e ac)

Hence, multiplying Schrodinger’s equation by 7?W, taking the real parts, inte-
grating by parts and rearranging the obtained equation yields

/|77V\If|2:—Re/ 2WiA- VU - Re /V|77\I/| + 2 /|\11| An?
— [@ia- v v - [ Rev)lge?+ 5 [ 1w ar

1
< (a+a’)/|V(77‘1/)l2+20/|n‘1’|2+—/|‘1’|2A772
=(a+d /|77V\IJ| +(a+d /|\IJV77| + /|\Il| An?
2e [ Invf?, (24)

where we used the assumptions on the potentials. We move the first term of
the right-hand-side to the left, which yields

[ <e [ (el v o) < 5 e, @)
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where we used that supp 7 C Bas. Then we have

/|W|2=/ |nW|2</|nW|2<%/ o,
Bg Bg 5 B26

where c is independent of d, and where we used that n = 1 in Bs. This estimate
is the same statement as [9, Lemma 1]. The end of the proof is thus exactly the
proof of [9, Proposition 3]. This consists in applying Holder’s and Sobolev’s
inequalities, so |, Bs |\I/|2 is controlled by | Bos |\Il|2 times a factor which is proved
to be small by using Lebesgue’s density theorem. Iterating this estimate yields
(9), that is the definition of ¥ vanishes to infinite order at the origin. O

The last proof extends to Pauli operators, which Zeeman part can be put in a
matrix potential.

PROPOSITION 4.2 (Figueiredo-Gossez for Pauli systems).
Let V := (Va,8)1<a.pm b€ @ m X m matriz of potentials in L2 (R",C) and

let A := (Aa)1<acm be a list of vector potentials in L, (R™,R™), such that for
every R > 0, there exists cg > 0 such that

7113RR6 Vaﬁg
(u, 7i]lBRAOt : Vu>

6n,m(*A> + CR,

<
< (U, (€nm(—A) + cr)u), Yu € CF(R™),

where €,,m is a small constant depending only on the dimensions n and m. Let
U € H2 (R",C™) be a weak solution of the m x m system (8), that is

loc
(—llmxmARn A Ve + 17) v =0.

If U vanishes on a set of positive measure, then ¥ has a zero of infinite order.

Without loss of generality, we can thus assume that ¥ vanishes to infinite order
at the origin.

STEP 2. VU AND AV VANISH TO INFINITE ORDER AS WELL.

As remarked in [16, Section 2, Step 2], if ¥ € L?(R"), then vanishing to infinite
order at the origin is equivalent to [, |2|™" |¥|? dz: being finite for every 7 > 0.
With additional assumptions, we can show that V¥ and AW vanish to infinite
order as well.

LEMMA 4.3 (Finiteness of weighted norms).
i) If U € Hllo'ge(R") with € > 0 and if U vanishes to infinite order at the origin,

then VU as well.
ii) Let V € L2 (R",C) and A € L (R",R™) be such that

loc loc

—1p,Re V <a(-A) +c,
(u, =il A-Vu) < (u,(a'(=A) + )u), YueCF(R"),
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for some a,a’ such that a+a’ <1 and ¢, > 0. Let ¥V € HL _(R™) satisfying
—AVU +3iA- VU + VU =0 weakly. If ¥ vanishes to infinite order at the origin,
then VW as well.

iii) Let V € L} (R",C) and A € L% (R™,C") be such that

|V|2 ]lBl < a(_A)2 +c, |A|2 ]lBl < 6(_A) + Ce,

for some a < 1, ¢ 2 0, for all € > 0 and some c. > 0 depending on €. Let
U € HE (R™) satisfying —AV +iA- VU + VU = 0. If ¥ vanishes to infinite
order at the origin, then VU and AV as well.

This lemma also extends to Pauli operators.

Proof. i) Take ¢ €]0,1/4[, and choose a smooth real positive localization func-
tion 1 equal to 1 in Bs C R", supported in Bsys, and such that 0 < n < 1,
[Vn| < ¢/6, and |An| < ¢/62. For any k € N, k > 0, there exists ¢, > 0 such
that

/35 Vel = /B Vo) < /|V(77‘I’)|2 <c

_1
VI - -
< e ([ ) < ()T —dotr
Bas

1 .
14€ Tte

14e
(=A) w7 el

L

92 92

where we applied Gagliardo-Nirenberg’s inequality in the second inequality,
we used U € HLT¢(R™) in the following one, and we used the definition of ¥
vanishing to infinite order at the origin (9) in the last inequality. We notice that
our estimate is the definition of VU vanishing to infinite order at the origin.
i1) Let 1 be the same function as in ), and consider the inequality (24) again,
in which we used Schriédinger’s equation of ¥, we obtained (25), and we will
use it once more. Since n =1 in Bj, we have

/ VP = / v < / v < S / WP < < (e (20)%) =y,
Bs Bs d Bas 4

where we used the definition of ¥ vanishing to infinite order, and this proves
that VW vanishes to infinite order as well.

iii) We take the same funtion 7 as in 4), adding the constraint |9;;n| < ¢/r? for
any i,7 € {1,...,n}, and we take § €]0,1/4[. We know that for any £,0 € R
and any « €]0, +o0|, we have

E+0)°<(1+a)+ (1+a7h)0%
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So using the assumption on V', we have

/ Vi
@ / A + e / I
:a/|77A\IJ+2V77~V\IJ+\IJA77|2+C/|77\IJ|2
1
a(l JrOc)/IWA‘I’I2 + (1 + E) /|2V77-V‘If + WAp|? +C/|77‘1’|2
2 1 2
a(1+a)/|77A\I/| 2 (1+5) /I‘I’Anl
1 2 2
+4 1+a VU -Vn|"+c¢ [ In¥]7,

for any a > 0. As for the gradient term, we have

/ A VI[? < / AP Vo2

e [ IV vl s [ v
= [1nvIve]+ (V0 e [ P

< 26/n2|V|V\I/||2+2e/|V77|2|V\I/|2+ce/|nV\Il|2.

We denote by V2¥ = (0iV), <, i<n the Hessian of U, its square being }VQ\I/ |2

doi<ij<n |8ij\11|2. Now by convexity of the map f — ‘V\/ﬂQ and then the
diamagnetic inequality, we have

2

n n

VIve|® = v, | Y e <Y Ivigw|P < o) = v

Also,

fivmr= 3 fh

1<i,j<n

1
<5 5 (P mP) ] =n [1amu,

1<i,5<n

therefore, denoting by ® the tensor product on n x n matrices, and making use
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of previous inequalities, we obtain
/ Inv2u|* = / V2 (n¥) — UV — V@ VI — VI © Vi|*
<4/|v2 (n\p)|2+4/|w2n\2+8/|vn®v\y|2
<4n/|A(n\1:)|2+4/]\w2n12+4n2/|vn|2|v\11|2
<4n/|nM/|2+4n/|q/An|2+4/y\w%f
+4n(n +2) / Vnl? V).

We use Schrédinger’s equation pointwise and gather our previous inequalities.
We get, for any «, 8 > 0,

/|77A\11|2 =/|nV\1/+mA-v\1/|2
2 1 2
<(1+6)/|V77\I/| + <1+E>/|77A'V‘If|
< (a(l +B)(1 +a) + 8en (1 + %)) /|nA\I/|2

n (2 (1+é) (1+ B) + 8en (1+%))/|\Mnl2

+ <4 (1 + é) (14 8) + 2¢ (4n(n+2) + 1) <1 + %)) /|vn|2 hadk

+(1+ﬂ)c/|n\11|2+ce <1+%) /|77V\IJ|2+86 <1+%>/y\1}v2n\2.

We take a, 8 and € such that a(1+ 8)(1+ ) +8en (14 87') < 1. This allows
us to move the term [ InAW|? to the left and obtain

2 o 2 ¢ 2 2\ o © kY — o gk—4
/BJ P < [lnavP < g [ (0P 4 IVHP) < (020 = o

This proves that AW vanishes to infinite order at the origin, by the definition
(9). O

STEP 4. PROOF THAT ¥ = 0.

We consider some number 7 > 0 (large), and we call ¢ any constant which
does not depend on 7. We take a smooth localisation function 7, equal to 1
in By, C R", supported in By, and such that 0 < n < 1. We take the same
weight function ¢ as in Theorem 2.1. Thanks to Step 3, all the expressions we
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write are finite. We define &5 ,, 1= knd 3. We start by controling the gradient
term by using the assumption on A,

n

'r¢ "'¢ ¢
i V(UW‘N(B) > ;Amnwm)
<n 30 et AL0 (Vo) )
1<as<m
1<i<n
Comenms Y |- (o o) [
1<asm LB
1<i<n
+ nmc Z H6T¢8i (n‘lla)“2L2(Bl) .
1I<asm
1<ign

We now use the fractional Carleman inequality (2.2) with s’ = 1/4 and s’ =0,
this yields

AV <nw>\

L?(B,)

< s (s O/4)7F 4 771) 32 78 (%0 s,

= kpnm? (emm,g ((5/4)_g +7 ) H TOA (n) HLz (B1) "

Similarly, for the multiplication potential V, we begin by using the assumption
(7) and we get

T¢77V\I/‘

L2(By)

m

= Z eT¢77 Z Vap¥s
a=1

p=1 L*(B1)

. 2
sm Z e d)nvaﬂ\llﬁ”m(fsl)

1<a,B<m

<3 (-2t v

- 2
o F )
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We proceed by using our fractional Carleman inequality of Corollary 2.2, yiel-

ding
T¢ —% -3 % T 2
nm’p . <mnm(en,m,5(35/4) tr c);l”e IO .
= (€ms(30/4) 7% +77%) [T A 00 [},
‘We can now estimate
TP 2 _ - Td 2
e nA\P”m(Bl) *Zl”e UA\IIO‘HLZ(BI)
<2|em®na- V\If‘ +2 eﬂi’nv\p‘
L2(B1) L2(B1)
—2leAd. (Vi) — wv ] \II‘
(V(n¥) — ¥Vn) Le5) on L
~ 2
<4le?d.v \IJ’ 4 T¢\IJAV’
(n¥) 25y Moo,
+2 T¢77V\Il‘
L2(B1)

< 6k,nm? (enm5(5/4 72 +77 ) HeT‘bA nv) HL2 B1)

+4[e™UA- Vn‘

L2(By)

eTPWA - Vn‘ (B

€A @0z, +4 e

657'

where

4 3 C
2 2
= 6Ky n,m < B
s Knnm (e mo (5> + )

Eventually, the last inequality yields

HeT‘i’A nv) HLZ(B
< e nAY| o,y + 270V V| Lo, + €7 CAN Lo,

eTPUA - Vn

L2?2(B,)

< ceor € “A(n HLZ(B +2

+2[emVn - V| gy + [7OVAY] Lo
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Now we recall that Vn and An are supported in B1\Bj o and that they are
bounded by a constant independent of 7, €, §, hence

H€T¢A )| .
< ccar |7A @O g,y el wd] L )
+cHeT¢V\I/HL2(Bl\Bl/2 +e e e s, ,)
< Cesr €PN (nT) |2(m,y +ce” H‘I]A‘ L2(Bi\Bi)») @7)
4 eem(3) IVl L2(5,\5,,.) cem®(%) 1912 (5,\,),)
< cesr €7?A (77‘1’)HL2(31) +een?(3), (28)

where ¢ does not depend on d, 7 or €, and where we used that ¢ is decreasing.
We recall that ¢ is fixed, and can be taken as small as we want. The constant
€n.m.s Needs to be small enough so that 6r,nm?(4/0)> %€, ms < 1. Then 7
needs to be large enough so that c. 5, < 1. Then we move the first term of the
right hand side of (26) to the left and get

NI PR (29)

Finally, using our Carleman inequality once more, and because ¢ is decreasing,
we find

L*(Byy2)

L2(By,2)

< eT(d)() d)(%))n ’
L2(B1)
< e/EnT e(90)=9(3)) A \Il‘
(77 ) L2(B1)
<CT_%,

where we used (29) is the last step. Letting 7 — oo proves that ¥ = 0
in By/3. We can propagate this information by a well known argument, see
for instance the proof of [46, Theorem XIII.63]. This concludes the proof of
Theorem 4.2. O

APPENDIX

The results presented in this appendix are very classical [24, 45, 37], and we
recall them for completeness. In the proof of [16, Corollary 1.2], we already
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qd
recalled how to show that if v, w € LEC(Rd), then for any » > 0 and any € > 0,
there is ¢, 2 0 such that

[v]?1p, + |w|'1p, <e(—A)° +ccr in RY,

in the sense of forms and that this implied that for any R > 0 and any ¢ > 0
there is ¢, g = 0 such that

q

N
1p, Zv(:cg) + Z w(xze —z;)| <e(—A) +cer in R,
=1 ISE<EN

in the sense of forms at the level of many-body operators. Here we present a
similar proof in the case of gradient operators, this is the subject of the textbook
problem [45, Problem 37 p343]. In some assumptions on magnetic potentials
of this document, we could not use the notation ilgA-V < e(—A) + ¢ because

i1pA -V is not a symmetric operator. But we show that our assumptions of
type (30) are verified when A € L{ (R).

loc

LEMMA 4.4. Let A € L{ (R4 RY), then for any ¢ > 0 and any r > 0, there

loc
exists ce,r = 0 such that

[(u, =i, A - Vu)| < (u, (e(=A) + cer)u)  Vu € C(RY). (30)
Moreover, for any € > 0 and any R > 0, there exists cc. g 2 0 such that

<u, —i]lBR Z A(mg) . V[u>

{=1

< (u, (€(=A) +cer)u), Vue CR(RM).

Proof. Let d > 3 and r > 1. Take M > 0 and let us decompose A = AT| 5>+
Al p<pr. For any u € C°(R?), we have

[{(u, —ilp, A Vu)| < /|A]IBT| |[uVul

g/ |A] |uVu|+M/|uVu|
{|A|>M}NB,

— 2 2

S Y N - S ey S e A
_ 2 2
< 1AV oy By 19l 2070 [ (90 4222 [

< (el Atiapoal gy + M) 19l + 0 [l

where we used Holder’s and Sobolev’s inequalities, and where the coefficients
are independent of u. By dominated convergence, HA]llA|>MHLd — 0 when
M — +o00, so this proves (30). For the N-body case, we use the previous
result on each N components and sum. For d € {1, 2}, we have the subcritical
Sobolev injections and the argument is the same. o

DOCUMENTA MATHEMATICA 25 (2020) 869-898



894 L. GARRIGUE
REFERENCES
[1] F. J. ALMGREN, JR., Dirichlet’s problem for multiple valued functions

[13]

and the reqularity of mass minimizing integral currents, in Minimal sub-
manifolds and geodesics (Proc. Japan-United States Sem., Tokyo, 1977),
North-Holland, Amsterdam-New York, 1979, pp. 1-6.

N. ARRIZABALAGA AND M. ZUBELDIA, Unique continuation for the mag-
netic Schrodinger operator with singular potentials, P. Am. Math. Soc.,
143 (2015), pp. 3487-3503.

W. BECKNER, Pitt’s inequality and the uncertainty principle, Proc. Amer.
Math. Soc., 123 (1995), pp. 1897-1905.

K. CAPELLE AND G. VIGNALE, Nonuniqueness of the potentials of Spin-
Density-functional theory, Phys. Rev. Lett., 86 (2001), p. 5546.

K. CAPELLE AND G. VIGNALE, Nonuniqueness and derivative disconti-
nuities in density-functional theories for current-carrying and supercon-
ducting systems, Phys. Rev. B, 65 (2002), p. 113106.

T. CARLEMAN, Sur un probleme d’unicité pour les systémes d’équations
aux dérivées partielles o deux variables indépendantes, Ark. Mat. Astr.
Fys. 2B (1939) 1-9.

C. CoHEN-TANNOUDJI, B. Diu, AND F. LALOE, Quantum mechanics,
volume 2, 626 pp. ISBN 0-471-16435-6. Wiley-VCH, (1986).

B. DAVEY, Some quantitative unique continuation results for eigenfunc-
tions of the magnetic Schrédinger operator, Commun. Part. Diff. Eq., 39
(2014), pp. 876-945.

D. G. DE FIGUEIREDO AND J.-P. GOSSEZ, Strict monotonicity of eigen-
values and unique continuation, Commun. Part. Diff. Eq., 17 (1992),
pp. 339-346.

B. DE WIT AND J. SMITH, Field theory in particle physics, vol. 1, Elsevier,
1986.

G. DIENER, Current-density-functional theory for a nonrelativistic elec-
tron gas in a strong magnetic field, J. Phys. Condens. Matter, 3 (1991),
p- 9417.

L. ERDOS, Recent developments in quantum mechanics with magnetic
fields, Spectral theory and mathematical physics: a Festschrift in honor
of Barry Simon’s 60th birthday, Proc. Sympos. Pure Math., 76, Part 1,
Amer. Math. Soc., Providence, RI, 2007, pp. 401-428.

H. EscHriG AND W. E. PICKETT, Density functional theory of magnetic
systems revisited, Solid State Commun., 118 (2001), pp. 123-127.

DOCUMENTA MATHEMATICA 25 (2020) 869-898



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[26]

[27]

UNIQUE CONTINUATION AND THE HK THEOREM II 895

N. GAROFALO AND F.-H. LIN, Monotonicity properties of variational

integrals, Ap weights and unique continuation, Indiana U. Math. J., 35
(1986), pp. 245-268.

N. GAROFALO AND F.-H. LIN, Unique continuation for elliptic operators:
a geometric-variational approach, Commun. Pure Appl. Math., 40 (1987),
pp. 347-366.

L. GARRIGUE, Unique continuation for many-body Schrodinger operators
and the Hohenberg-Kohn theorem, Math. Phys. Anal. Geom., 21 (2018),
paper 27, 11 pp.

V. GEORGESCU, On the unique continuation property for Schrddinger
Hamiltonians, Helv. Phys. Acta, 52 (1980), pp. 655-670.

W. HEISENBERG, Bemerkungen zur Diracschen Theorie des Positrons, Z.
Phys., 90 (1934), pp. 209-231.

I. W. HERBST, Spectral theory of the operator (p*> + m?)'/2 — Ze?/r,
Commun. Math. Phys., 53 (1977), pp. 285-294.

P. HOHENBERG AND W. KOHN, Inhomogeneous electron gas, Phys. Rev.,
136 (1964), pp. B864-B871.

L. HORMANDER, The Analysis of Linear Partial Differential Operators,
volume 1-4, 1983.

L. HORMANDER, The Analysis of Linear Partial Differential Operators,
volume 2, Springer-Verlag, Berlin, 1983.

D. JERISON AND C. E. KENIG, Unique continuation and absence of posi-
tive eigenvalues for Schrodinger operators, Ann. of Math. (2), 121 (1985),
pp- 463-494. With an appendix by E. M. Stein.

T. KaTo, Perturbation theory for linear operators, Springer, second ed.,
1995.

D. KINZEBULATOV AND L. SHARTSER, Schrodinger operators and unique
continuation. Towards an optimal result, J. Funct. Anal., 258 (2010),
pp- 2662—-2681.

H. KocH AND D. TATARU, Carleman estimates and unique continuation
for second-order elliptic equations with nonsmooth coefficients, Commun.

Math. Phys., 54 (2001), pp. 339-360.

W. KonnN, A. SaviN, AND C. A. ULLRICH, Hohenberg—Kohn theory in-
cluding spin magnetism and magnetic fields, Int. J. Quantum Chem., 101
(2005), pp. 20—21.

DOCUMENTA MATHEMATICA 25 (2020) 869-898



896

(28]

29]

33]

[34]

[35]

[36]

37]

[38]

[39]

[40]

[41]

L. GARRIGUE

W. KouN AND L. J. SHAM, Self-consistent equations including exchange
and correlation effects, Phys. Rev. (2), 140 (1965), pp. A1133-A1138.

K. KURATA, A unique continuation theorem for the Schréodinger equation
with singular magnetic field, Proc. Am. Math. Soc., 125 (1997), pp. 853—
860.

A. LAESTADIUS, Density functionals in the presence of magnetic field, Int.
J. Quantum Chem., 114 (2014), pp. 1445-1456.

A. LAESTADIUS AND M. BENEDICKS, Hohenberg—Kohn theorems in the
presence of magnetic field, Int. J. Quantum Chem., 114 (2014), pp. 782—
795.

A. LAESTADIUS AND M. BENEDICKS, Nonexistence of a Hohenberg-Kohn

variational principle in total current-density-functional theory, Phys. Rev.
A, 91 (2015), p. 032508.

A. LAESTADIUS, M. BENEDICKS, AND M. PENZ, Unique Continuation for
the Magnetic Schrodinger Equation, preprint (2017), arXiv:1710.01403.

P. E. LAMMERT, In search of the Hohenberg-Kohn theorem, J. Math.
Phys., 59 (2018), paper 042110.

J. LE Rousseau AND G. LEBEAU, On Carleman estimates for elliptic
and parabolic operators. Applications to unique continuation and control of
parabolic equations, ESAIM Control Optim. Calc. Var., 18 (2012), pp. 712—-
747.

E. H. LieB, Density functionals for Coulomb systems, Int. J. Quantum
Chem., 24 (1983), pp. 243-277.

E. H. LiEB AND M. Loss, Analysis, vol. 14 of Graduate Studies in Math-
ematics, American Mathematical Society, Providence, RI, 2nd ed., 2001.

E. H. LieB, M. Loss, AND J. P. SOLOVEJ, Stability of matter in magnetic
fields, Phys. Rev. Lett., 75 (1995), pp. 985-989.

M. Loss AND H.-T. Yau, Stability of Coulomb systems with magnetic
fields. III. Zero energy bound states of the Pauli operator, Commun. Math.
Phys., 104 (1986), pp. 283-290.

X.-Y. PAN AND V. SAHNI, Density and physical current density functional
theory, Int. J. Quantum Chem., 110 (2010), pp. 2833-2843.

X.-Y. PaN AND V. SAuNI, Comment on “Density and physical current
density functional theory”, Int. J. Quantum Chem., 114 (2014), pp. 233—
236.

DOCUMENTA MATHEMATICA 25 (2020) 869-898



[42]

[43]

UNIQUE CONTINUATION AND THE HK THEOREM II 897

X.-Y. PAN AND V. SAHNI, Hohenberg-Kohn theorems in electrostatic and
uniform magnetostatic fields, J. Chem. Phys., 143 (2015), paper 174105.

R. PiNo, O. BokaANOWSKI, E. V. LUDENA, AND R. L. BoaADA, A re-

statement of the Hohenberg—Kohn theorem and its extension to finite sub-
spaces, Theor. Chem. Acc., 118 (2007), pp. 557-561.

A. RAJAGOPAL AND J. CALLAWAY, Inhomogeneous electron gas, Phys.
Rev. B, 7 (1973), p. 1912.

M. REED AND B. SIMON, Methods of Modern Mathematical Physics. II.
Fourier analysis, self-adjointness, Academic Press, New York, 1975.

M. REED AND B. SIMON, Methods of Modern Mathematical Physics. IV.
Analysis of operators, Academic Press, New York, 1978.

R. REGBAOUL, Strong unique continuation results for differential inequal-
ities, J. Funct. Anal., 148 (1997), pp. 508-523.

R. REGBAOUI, Strong uniqueness for second order differential operators,
J. Differ. Equations, 141 (1997), pp. 201-217.

S. REIMANN, A. BOorGOO, E. I. TELLGREN, A. M. TEALE, AND T. HEL-
GAKER, Magnetic-field density-functional theory (BDFT): lessons from the
adiabatic connection, J. Chem. Theory Comput., 13 (2017), pp. 4089-4100.

M. RUGGENTHALER, Ground-State Quantum-FElectrodynamical Density-
Functional Theory, ArXiv e-prints, (2015).

M. RUGGENTHALER, J. Frick, C. PELLEGRINI, H. AppPEL, I. V.
TOKATLY, AND A. RUBIO, Quantum-electrodynamical Density-Functional
Theory: Bridging quantum optics and electronic-structure theory, Phys.

Rev. A, 90 (2014), paper 012508.

A. RULAND, Unique continuation for sublinear elliptic equations based on
Carleman estimates, J. Differ. Equations, 265 (2018), pp. 6009-6035.

M. SCHECHTER AND B. SIMON, Unique continuation for Schrddinger
operators with unbounded potentials, J. Math. Anal. Appl., 77 (1980),
pp- 482-492.

B. SIMON, Schrédinger semigroups, Bull. Amer. Math. Soc. (N.S.), 7
(1982), pp. 447-526.

D. TATARU, Unique continuation problems for partial differential equa-
tions, Geometric methods in inverse problems and PDE control, 137
(2004), pp. 239-255.

E. I. TELLGREN, Density-functional theory for internal magnetic fields,
Phys. Rev. A, 97 (2018), paper 012504.

DOCUMENTA MATHEMATICA 25 (2020) 869-898



898

[57]

[58]

[59]

[60]

61]

[62]

[63]

[64]

[65]

L. GARRIGUE

E. I. TELLGREN, S. KvaaL, E. SAGVOLDEN, U. EKSTROM, A. M.
TEALE, AND T. HELGAKER, Choice of basic variables in current-density-
functional theory, Phys. Rev. A, 86 (2012), p. 062506.

E. I. TELLGREN, A. LAESTADIUS, T. HELGAKER, S. KVAAL, AND A. M.

TEALE, Uniform magnetic fields in density-functional theory, J. Chem.
Phys., 148 (2018), paper 024101.

G. VIGNALE AND M. RaAsoLT, Density-functional theory in strong mag-
netic fields, Phys. Rev. Lett., 59 (1987), p. 2360.

G. VIGNALE AND M. RAsorLt, Current-and spin-density-functional theory
for inhomogeneous electronic systems in strong magnetic fields, Phys. Rev.

B, 37 (1988), paper 10685.

G. VigNALE, C. A. ULLrICH, AND K. CAPELLE, Comment on “Den-
sity and physical current density functional theory” by Xiao-Yin Pan and
Viraht Sahni, Int. J. Quantum Chem., 113 (2013), pp. 1422-1423.

U. vON BARTH AND L. HEDIN, A local exchange-correlation potential for
the spin polarized case. I, J. Phys. C, 5 (1972), pp. 1629-1642.

T. H. WOLFF, Unique continuation for |Au| < V|Vu| and related prob-
lems, Rev. Mat. Iberoamericana, 6 (1990), pp. 155-200.

T. H. WOLFF, Recent work on sharp estimates in second-order elliptic
unique continuation problems, J. Geom. Anal., 3 (1993), pp. 621-650.

D. YAFAEV, Sharp constants in the Hardy-Rellich inequalities, J. Funct.
Anal., 168 (1999), pp. 121-144.

T. YANG, X.-Y. PAN, AND V. SAHNI, Quantal density-functional theory
in the presence of a magnetic field, Phys. Rev. A, 83 (2011), p. 042518.

A. ZHou, Hohenberg-Kohn theorem for Coulomb type systems and its gen-
eralization, J. Math. Chem., 50 (2012), pp. 2746-2754.

A. ZHou, A mathematical aspect of Hohenberg-Kohn theorem, Sci. China
Math., 62 (2019), pp. 63-68.

Louis Garrigue

Ceremade

University Paris-Dauphine
75016 Paris

France
louis.garrigue@gmail.com

DOCUMENTA MATHEMATICA 25 (2020) 869-898



