N

N

On the atomic orbital magnetism: A rigorous derivation of
the Larmor and Van Vleck contributions

Baptiste Savoie

» To cite this version:

Baptiste Savoie. On the atomic orbital magnetism: A rigorous derivation of the Larmor and Van Vleck con-
tributions. 2013. ¢hal-00785100v5)

HAL Id: hal-00785100
https://hal.science/hal-00785100v5

Preprint submitted on 24 Apr 2014

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-00785100v5
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

On the atomic orbital magnetism: A rigorous derivation of
the Larmor and Van Vleck contributions.

April 24, 2014

Baptiste Savoie™

Abstract

The purpose of this paper is to rigorously investigate the orbital magnetism of core elec-
trons in 3-dimensional crystalline ordered solids and in the zero-temperature regime. To
achieve that, we consider a non-interacting Fermi gas subjected to an external periodic po-
tential modeling the crystalline field within the tight-binding approximation (i.e. when the
distance between two consecutive ions is large). For a fixed number of particles in the Wigner-
Seitz cell and in the zero-temperature limit, we derive an asymptotic expansion for the bulk
zero-field orbital susceptibility. We prove that the leading term is the superposition of the
Larmor diamagnetic contribution, generated by the quadratic part of the Zeeman Hamilto-
nian, together with the ’complete’ orbital Van Vleck paramagnetic contribution, generated by
the linear part of the Zeeman Hamiltonian, and related to field-induced electronic transitions.

PACS-2010 number: 75.20.-g, 51.60.+a, 75.20.Ck, 75.30.Cr.
MSC-2010 number: 81Q10, 82B10, 82B21, 82D05, 82D20, 82D40.

Keywords: Orbital magnetism; Atomic magnetism; Zero-field susceptibility; Langevin formula;
Larmor diamagnetism; Van Vleck paramagnetism; Tight-binding approximation; Geometric per-
turbation theory; Gauge invariant magnetic perturbation theory.
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1 Introduction & the main result.

1.1 An historical review.

The first important contribution to the understanding of diamagnetism of ions (we assimilate
an atom to an ion of charge zero) and molecules (including the polar ones) goes back at least to
1905 with the three papers [36, 37, 38] of P. Langevin. We mention all the same that, in all likeli-
hood, W. Weber brought between 1852 and 1871 the pioneer ideas through his molecular theory of
magnetism, in which he already introduced the idea that the magnetic effects are due to orbiting
motion of electric charges around fixed charges of opposite sign, see [4]. The Langevin’s micro-
scopic theory essentially leans on the classical Maxwell equations of electromagnetism. Putting
things back into context (the nuclear structure of atoms was experimentally discovered in 1911),
Langevin considered that matter is formed by electrons in stable periodic motion, the mutual
actions between electrons assuring the mechanical stability. In particular, the molecules contain
at least one closed electron orbit with a fixed magnetic moment out of any external field (electrons
are assimilated with particulate Ampere’s currents), and the different orbits in each molecule have
such a moment and such orientations, that their resultant moment may vanish, or not. With these
assumptions, Langevin calculated the mean variation of the magnetic moment (orthogonal to the
orbit) of electron moving in intramolecular closed orbits under the influence of an external con-
stant magnetic field. This led to the so-called Langevin formula for the diamagnetic susceptibility
per unit volume of n electrons, see [38, pp. 89:

2

ia €
X%a = 7n4m02 <T2> ) (11)

where r is the distance from the molecule’s centre of mass to the electron (considering its motion
in the projected orbit on the plane perpendicular to the magnetic field) and (r?) is the average r>
over all the molecular electrons. Here and hereafter, e, m, ¢ are universal constants denoting re-
spectively the elementary electric charge, the electron rest mass and the speed of light in vacuum.
Note that (1.1) is independent of the temperature (provided that the orbits retain the same size)
and independent of whether or not the initial resultant magnetic moment of the molecule is null.
For completeness’ sake, we mention that Langevin derived also in [38] the analytic expression of
the Curie’s empirical law for molecules of paramagnetic substances. The paramagnetic suscepti-
bility per unit volume of N identical molecules with a non-zero resultant magnetic moment with
magnitude M reads as, see [38, pp. 119]:

N

X (B) = 36M2, B =

1
— 1.2
— (12)

where T' is the absolute temperature and kp denotes the Boltzmann constant. Note that, in the
derivation of (1.2), Langevin used the Boltzmann factor to determine the spatial distribution of
the permanent magnetic moment.

On the 1910’s, a series of works came up in response to the Langevin’s theory. For a review,
see [48, Sec. X]. Essentially, the purpose consisted in computing, within the framework of classical



statistical mechanics, the thermal average magnetic moment of various sorts of molecules taking
into account specific kinds of collisions. Among these works, we mention the paper [48] of J.H.
Van Leeuwen which played a crucial role in the understanding of the origin of magnetism. In [48,
Sec. VIII], she investigated the magnetic response of the free electrons in metals within the Drude
model, in which the electrons are assimilated to solid spheres and the velocity distribution is given
at thermal equilibrium by the Maxwell-Boltzmann distribution. In the presence of a constant
magnetic field, and assuming that the electrons collide elastically with the molecules (forming the
matter) assumed to be fixed, then she showed that, whenever a state of equilibrium exists, the
thermal average magnetic moment of the electron gas in an arbitrary volume element is identically
zero. In other words, within the framework of classical statistical mechanics, the free electron gas
displays no diamagnetic effect. This result is referred in Physics literature to as the Bohr-Van
Leeuwen theorem. This apparent contradiction with the Langevin results (also stated within the
classical theory) will be removed by the development of quantum mechanics: the assumptions
made by Langevin (stationary of the electron orbits and permanence of the magnetic moment)
are actually of a quantum nature.

In 1920, W. Pauli was interested in diamagnetism of monoatomic gases in [42]. Still within
the framework of the classical theory, his approach slightly differs from the one of Langevin, in
the sense that it is based on the Larmor precession theorem. This latter states that, when placed
in an external constant magnetic field with intensity B, an atom with any number of electron
orbits precesses around an axis through the nucleus and parallel to the magnetic field. It causes
the angular velocity of an electron in a periodic orbit to be increased by — 2?;6 without the orbit
undergoing any change. This led to the formula for the diamagnetic susceptibility per unit volume
of N identical atoms assumed to have random orientation in space, see [42, pp. 203]:

2 —
yla — N ¢ Zr?, (1.3)

6mc?

where the sum is over all the electrons of a single atom, r? is the square distance from the nu-
cleus to the i-th electron, and r? has to be understood as the time average of r?. Note that the
additional %-factor (see (1.1)) comes from the statistical mean (the orientations of the atoms are
random). (1.3) is sometimes referred to as the Langevin formula in the form given by Pauli.

In 1927-1928, J.H. Van Vleck revisited in a series of three papers [49, 50, 51] the Debye theory
on dielectric constant and Langevin theory on magnetic susceptibility of ions/molecules within
the framework of quantum mechanics. In particular, he derived a general formula in [51, Eq.
(13)] for the total magnetic susceptibility per unit volume, at any ’temperature’ 5 > 0 and in the
zero-field limit, of N non-interacting randomly oriented identical ions/molecules with a non-zero
(time-averaged) resultant magnetic moment. Only the contribution of electrons is considered (the
contribution of nuclei is assumed to be negligible), and the interactions between electrons are
disregarded. The ’proof’ given by Van Vleck requires the assumption that the energy intervals
between the various component levels of the low-energy states of the ions/molecules are small
compared to 371, see also [49, Sec. 2] and below pp. 5. This assumption implies that the
Van Vleck’s results do not cover the zero-temperature regime. The formula [51, Eq. (13)] is a
generalization of the complete classical Langevin formula (obtained by adding (1.3) and (1.2)) but
including quantum effects, and consists of the sum of two contributions:

e A S-dependent contribution (second term in the r.h.s. of [51, Eq. (13)]).

It is purely paramagnetic, depends linearly on g and arises from the presence of the non-zero
resultant magnetic moment. Van Vleck points out that this term vanishes when the total electronic
orbital and spin angular momentum of ions both are null. Moreover, its classical equivalent is (1.2).

e A f-independent contribution (first term in the r.h.s. of [51, Eq. (13)]).

It is assumed to represent the diamagnetic effect, since experimentally, diamagnetism in gases is
known to be temperature-independent (at constant density). Denoted by N, it is the sum of two



terms, see [51, Eq. (15)]:
Na =N (Xpyv + Xia) . (1.4)

Here, Xi,, is the so-called Larmor contribution which is purely diamagnetic, and N Xj,, reduces to
the Langevin formula in (1.3) in the classical limit. As for Xy, it is purely paramagnetic and has
no equivalent in the classical theory. It is often referred to as (orbital) Van Vieck paramagnetic
susceptibility. Besides, Van Vleck analyzed the origin of each one of these two contributions, see
e.g. [52, Sec. VIIL.49]. Restricting to the case of a single ion, he showed that X,v and Xi,, are
generated respectively by the the linear part and the quadratic part of the Zeeman Hamiltonian
of the electron gas which are defined by:

62 B X T; 2
Hz jin := pp (L + g0S) - B, Hz,qua::WZ( 2 ) ’ (15)

in the case where the magnetic vector potential is chosen to be in the symmetric gauge. Here and
hereafter, L and S stand for the total electronic orbital and spin angular momentum respectively,
go and pp for the electronic g-factor and Bohr magneton respectively, B for the external constant
magnetic field and r; for the position vector of the i-th electron. From the foregoing, Van Vleck
concluded that Xi,, always exists and is in competition with the paramagnetic contribution Xv
when the ion has either its total electronic spin angular momentum or orbital angular momentum
different from zero in its low-energy states. Moreover, he claimed that X,y does not vanish in
great generality in the case of molecules, see [52, Sec. X.69]. Hence NXi,, is an upper bound limit
to the diamagnetism of electrons in all cases (ions/molecules).

Let us outline the "proof”’ of [51, Eq. (13)], we refer to [51, pp. 594-598] and also [49, Sec. 3].
Van Vleck took into account many degrees of freedom of ions/molecules (such that the temperature
rotation, the orientations relative to the magnetic field, etc...). We simplify the model and restrict
to the case of a single ion. Assume for simplicity that the magnetic field B is constant and parallel
to the k-th (k € {1,2,3}) direction, i.e. B = Bey. The derivation consists of three steps. Step
1: Expressing the average induced magnetic moment with the Boltzmann distribution. Let E;(B),

j > 0 be the energy levels of the ion in the magnetic field. Let My (j, B) := fdd%' (B) be the
induced magnetic moment per unit volume of the state of energy E;(B). The average value of the
induced magnetic moment per unit volume (M (5, B)) at 'temperature’ 5 > 0 is defined as the

thermal equilibrium average (by the Boltzmann distribution) of the My(j, B)’s

1 dE;(B) _sp,
M B — J ﬁE](B). 16
(My(8, B)) >0 PP P) £ dB ¢ o)

Here, the energy levels are assumed to be non-degenerate. Step 2: Ezpanding the E;(B)’s in powers
of B. Provided that B is small enough, the asymptotic perturbation theory allows to compute
the changes in the energy levels by treating the magnetic field as a perturbation. Denoting by |7)
the j-th state, one has, up to the second order correction (in the absence of degeneracy):

. . |(j [Hz1i0 + Hz,qual DI
E;(B) = E;(0) + (j |Hz1in + Hz,qual 7) + : : +o
i(B) 5(0) + (j [Hz, Z,qual 7) Z E,(0) — E(0)

I#7

where Hyz 1in and Hz qua are defined in (1.5). This leads to the expansion:

E;(B) = E;(0) + BE{"(0) + B2 E(0) + -+, with: (1.7)
E](.l)(o) = pp (G (L + goS) - ex| 5) , (1.8)

2

(2) |(F [(L + goS) - ex| )]
£ 8mc2 < ’ i X ex) ‘J> + BZ B;(0) — B(0) (19

Step 3: Deriving the zero-field magnetic susceptibility. The rest consists in substituting (1.7)
into (1.6), then expanding the Boltzmann factor e=#%i(5) (in the numerator and denominator) in



Taylor series in B. Assuming that the field-dependent corrections to the energy in (1.7) are smaller
than 871, an expansion in powers of B of (M (3, B)) is derived. Within the framework of the
linear response theory, the zero-field magnetic susceptibility per unit volume X(3,0) corresponds
to the coefficient of the linear term in B. Since the induced magnetic moment is null in vanishing
field, x(8,0) reduces to:

X(8,0) = W > {ﬁ (E;”(O))2 - 2E](.2)(0)} O} (1.10)

720

In the derivation of [51, Eq. (13)], the excited states (i.e. j > 1) are assumed to be unoccupied.
Its counterpart for the particular case we consider here is:

x0(5,0) = 5 (B0 - 258 0). (111)

The fS-independent part in (1.11) can be identified from (1.9) and reads as:

0|(r; x ek)2‘0> + 22 Z' (0] L+gOSEO(e()k)| iy (1.12)

 4mc? - <

The first and second term are the Larmor and Van Vleck contributions respectively. If the ion
has its total electronic orbital and spin angular momentum both equal to zero, (1.12) reduces to
the Larmor contribution. In accordance with Hund’s rules, this is the case of an ion having all its
electron shells filled.

In regard to the magnetism of ions/molecules in the zero-temperature regime, another approach
is commonly encountered in Physics literature, see e.g. [3, Chap. 31]. Let us give the main idea.
Consider a system of N non-interacting identical ions subjected to a constant magnetic field
at thermal equilibrium. For simplicity, assume that the magnetic field is given by B = Bey,
k€ {1,2,3}. Let E;(B), j > 0 be the energy levels of a single ion in the magnetic field. In the
canonical ensemble of statistical mechanics, the zero-field magnetic susceptibility per unit volume
is defined by:

62
- 0B?
where F(8, N, B) stands for the Helmholtz free energy of the system:

X(B,N,B =0) := (B,N,B=0), B>0, (1.13)

F(B,N,B) : ——ln D e NAEB) ) (1.14)
7>0

Based on the principle that only the ground-state of the system is occupied in the zero-temperature
regime for B small enough, the Helmholtz free energy reduces to the ground-state energy: N Ey(B).
From (1.13) along with the expansion (1.7) obtained within the asymptotic perturbation theory:

lim X(3,0) = —2NE?(0),

Broo
which holds in the absence of degeneracy. If NV = 1, this is nothing but the p-independent part of
the magnetic susceptibility derived in (1.12).

1.2 What are the motivations of this paper?

In the light of the works mentioned in Sec. 1.1, a formula for the zero-field magnetic suscep-
tibility of ions in the low/high-temperature regime can be derived (at least, at the formal level)
knowing the energy levels of the ion likely to be occupied, and the associated stationary states.

The Van Vleck’s approach and the one in [3, Chap. 31] have many similarities. Firstly, an ion
is modeled as a (semi)classical object in its own right, characterized by a discrete set of energy



levels. In the wake of this model, the Maxwell-Boltzmann distribution is used to derive an ex-
pression for the thermal average induced magnetic moment/magnetic susceptibility, see (1.6) and
(1.14)-(1.13). The use of the Maxwell-Boltzmann distribution turns out to be essential to write
down ’easy-handled’ formulae for the quantities of interest. However, such formulae hold only for
temperatures large enough or in the semiclassical limit. Quantum mechanics is used only at the
second stage in order to compute the changes in the energy levels by treating the magnetic field
as a perturbation, see (1.7). Subsequently, when computing the zero-field magnetic susceptibility,
only the contribution involving the corrections to the ground-state energy (i.e. which couple the
ground-state energy with the excited-states energies) are considered, whereas the contribution in-
volving the corrections to the excited-states energies (i.e. which couple the energy levels between
them) are discarded, see the transition from (1.10) to (1.11). Such a simplification is justified by
the fact that the excited-states energies of an ion are not occupied in a regime of weak magnetic
field or low temperature, and actually dodges the questions of convergence of the series.

Treating an ion as a whole, and retaining only the energy levels which may be occupied dodge
the difficulty to compute directly the magnetic susceptibility of the core electrons within the frame-
work of quantum statistical mechanics, whose an expression is more delicate to derive. Indeed,
for a wide class of potentials (including Coulomb) used to model the interaction electron-nucleus,
the counterpart of the quantity (1.6) for the core electrons is divergent. As a result, some natural
question arise: do the results mentioned in Sec. 1.1 still hold true if one computes the magnetic
susceptibility of core electrons within the framework of quantum statistical mechanics? Does the
susceptibility representing the orbital effects still consist of two contributions? If so, how they dif-
fer from the 'usual’ Larmor and Van Vleck contributions? This paper takes place in this direction.

The aim of this paper is to rigorously revisit the atomic orbital magnetism (i.e. we focus on
the magnetic effects which do not arise from spin effects) in the zero-temperature regime, the most
complicated situation. Our approach is substantially different from the ones mentioned in Sec.
1.1. To model the core electrons of an ion, we consider a non-interacting Fermi gas subjected to
an external periodic potential (modeling an ideal lattice of fixed nuclei) within the tight-binding
approximation. Under this approximation, we suppose that the distance R > 0 between two con-
secutive ions is sufficiently large so that the Fermi gas ’feels’ mainly the potential energy generated
by one single nucleus. To investigate the atomic orbital magnetism, our starting-point is the ex-
pression derived in [12, Thm. 1.2] for the bulk zero-field orbital susceptibility of the Fermi gas
valid for any ’temperature’ g > 0 and R > 0. We emphasize that this expression is derived from
the usual rules of quantum statistical mechanics. Our main result is Theorem 1.1, and Remark
1.4 makes the connection with the works mentioned in Sec. 1.1.

In the framework of Mathematical-Physics, the rigorous study of orbital magnetism and more
generally of diamagnetism, have been the subject of numerous works. Let us list the main ones
among them. The first rigorous proof of the Landau susceptibility formula for free electron gases
came as late as 1975, due to Angelescu et al. in [1]. Then in 1990, Helffer et al. developed for the
first time in [30] a rigorous theory based on the Peierls substitution and considered the connection
with the diamagnetism of Bloch electrons and the de Haas-Van Alphen effect. These and many
more results were reviewed in 1991 by Nenciu in [40]. In 2001, Combescure et al. recovered in
[20] the Landau susceptibility formula in the semiclassical limit. In 2012, Briet et al. gave for the
first time in [11] a rigorous justification of the Landau-Peierls approximation for the susceptibility
of Bloch electron gases. Finally we mention the following papers [23, 24, 25] in connection with
atomic magnetism.

1.3 The setting and the main result.

Consider a three-dimensional quantum gas composed of a large number of non-relativistic
identical and indistinguishable particles, with charge ¢ # 0 and mass m = 1, obeying the Fermi-
Dirac statistics, and subjected to an external constant magnetic field. Furthermore, each particle
interacts with an external periodic electric potential modeling the ideal lattice of fixed ions in
crystalline ordered solids. The spin of particles is not taken into consideration since we are only
interested in orbital effects arising from the 'motion’ of particles in the medium (the spin-orbit



coupling is disregarded). Moreover, the interactions between particles are neglected (strongly
diluted gas assumption) and the gas is at equilibrium with a thermal and particles bath.

Let us make our assumptions more precise. The gas is confined in a cubic box A := (f%, %)3
with L > 0, centered at the origin of coordinates. We denote its Lebesgue-measure by |Ar|. We
consider a uniform magnetic field B := Bes, e3 := (0,0, 1) parallel to the third direction of the
canonical basis of R3. We choose the symmetric gauge, i.e. the magnetic vector potential is defined
by A(x) := iB x x = Ba(x), a(x) := 3(—2,1,0) so that B = V x A(x) and V- A(x) = 0.
Hereafter, we denote by b:= 2B € R the cyclotron frequency. The potential energy modeling the

interaction between each particle and the ideal lattice of fixed nuclei is given by:

Vi:= Y u(-—Rv), R>0, (1.15)

veZs
where the single-site potential u satisfies the following assumption:
(o) u e CHR3;R) is compactly supported.

We denote by Qr, R > 0 the Wigner-Seitz cell of the RZ3-lattice centered at the origin of
coordinates. Its Lebesgue-measure is denoted by |Qg|.
Introduce the one-particle Hamiltonian. On C3°(Ayr), define VR > 0:

1

Hp 1(b) := §(fiV —ba)? + Vg, beR. (1.16)
By standard arguments, VR > 0 and Vb € R, (1.16) extends to a family of self-adjoint and semi-
bounded operators for any L € (0,00), denoted again by Hp 1, (b), with domain HS(Ar) NHZ(AL).
This definition corresponds to choose Dirichlet boundary conditions on OAp. Moreover, since
the inclusion H{(AL) < L?(AL) is compact, then Hp 1 (b) has purely discrete spectrum with
an accumulation point at infinity. We denote by {A%,)L(b)}jm the set of eigenvalues of Hpg 1, (b)
counting multiplicities and in increasing order. As well, VR > 0 and Vb € R, denote by Ng 1 (E),

E € R the number of eigenvalues (counting multiplicities) of Hp 1 (b) in the interval (—oo, F).
When Ay, fills the whole space, on C5°(R?) define VR > 0:

1
Hr(b) := 5(—N —ba)? + Vg, beR. (1.17)

By [43, Thm. X.22], VR > 0 and Vb € R, (1.17) is essentially self-adjoint and its self-adjoint
extension, denoted again by Hp(b), is bounded from below. Sometimes, we will use the shorthand
notation Hgr = Hpr(b = 0). Moreover, the operator Hr(b) has only essential spectrum since
it commutes with the magnetic translations (of the lattice). Further, VR > 0 and Vb € R the
integrated density of states of the operator Hg(b) exists, see e.g. [32, Thm. 3.1]. Denoting by
P;(Hpg(b)) the spectral projection of Hr(b) corresponding to the interval I C R, it is given for
any E € R by the limit:

Npi(E T P (oo (Hr (b
Na(E) m tim YrB) o D) (e P (Hr®)xas )

, 1.18
Lteo  |AL Ltoco [ALl (1.18)

where A, is the multiplication operator by the characteristic function of Az,.

Let us now define some quantities related to the confined Fermi gas introduced above within
the framework of quantum statistical mechanics. In the grand-canonical situation, let (8, z, |AL|)
be the fixed external parameters. Here 3 := (kgT)~! > 0 (kp stands for the Boltzmann constant)
is the ’inverse’ temperature and z := e®# > 0 (u € R stands for the chemical potential) is the
fugacity. For any 8 > 0, z > 0 and b € R, the finite-volume pressure and density are respectively



defined VR > 0 by, see e.g. [31, 2, 1]:

1
Prr(B,2,b) == AL |TrL2(AL) { (1 + ze~PHR, L(b)) } |A 2 Zln (1 + ze PR L(b))
(1.19)
J)
OPRr 1, e~ BARL(D)
L(B,2,b) := fz B,z,b) = . 1.20
pRL( ) a ( |AL|le+Ze_B)\§Q?L(b) ( )

Note that the series in (1.19)-(1.20) are absolutely convergent since ¥b € R and VR > 0, the
semigroup {e #Hr.() 3 > 0} is trace-class on L?(Ar), see e.g. [10, Eq. (2.12)]. Moreover, from
[10, Thm. 1.1], then V3 > 0 and VR > 0, Pr (5, -, ) is jointly real analytic in (z,b) € (0, 00) x R.
This allows to define the finite-volume orbital susceptibility as the second derivative of the pressure
w.r.t. the intensity B of the magnetic field, see e.g. [1, Prop. 2J:

2 92Pp
Xp1(B,2,b) = (%) ab};’L (8,2,b), B>0,2>0,beR, R>0.

When Ay, fills the whole space (i.e. in the limit L 1 o), the thermodynamic limits of the three
grand-canonical quantities defined above generically exist, see e.g. [12, Thms. 1.1 & 1.2] and [11,
Sec. 3.1]. Denoting V8 > 0, Vz > 0, Vb € R and VR > 0 the bulk pressure by Pr(5,z,b) :=
limy 4o Pr, (B, 2,b), then under our conditions, one has the following pointwise convergences:

pr(5,2,0) = 5252 (5,2,) = lim 5L (5,2 ), (1.21)
8 P . 2 9%P,
(8, 2,0) = (1)’ abf(ﬂ,z,b): lim ()7 22 (8.2,0), (1.22)

and the convergences are compact w.r.t. (8,z,b). The limit commutes with the first derivative
(resp. the second derivative) of the pressure w.r.t. the fugacity z (resp. the cyclotron frequency
b). Moreover, V3 > 0 and VR > 0, Pr(f3,-,-) is jointly smooth in (z,b) € (0,00) X R, see e.g. [45].

Next, we switch to the canonical conditions and assume that the density of particles pg > 0
becomes, in addition with the ’inverse’ temperature, a fixed external parameter. Seeing the bulk
density in (1.21) as a function of the p-variable, denote by ,ugg) (8, po,b) € R, the unique solution
of the equation:

pr(B, 1, b) = po, B>0,beR, R>0.

The inversion of the relation between the bulk density and the chemical potential is ensured by
the fact that V8 > 0, Vb € R and VR > 0, u — pr(f, 1, b) is a strictly increasing function on R,
and actually it defines a C*°-diffeomorphism of R into (0, 00), see e.g. [45, 11]. In the following,
we consider the situation in which the density of particles is given by:

po(R) =

o

|Q—, no EN*, R >0, (1.23)
R

where ng plays the role of the number of particles in the Wigner-Seitz cell. From (1.22) and under
the above conditions, the bulk zero-field orbital susceptibility at fixed 5 > 0 and density po(R),
R > 0 is defined by:

Xn (B, po(R),b = 0) = Xn (8,1 (8, po(R),b = 0),b=0). (1.24)

Before giving our main theorem related to the quantity in (1.24), let us introduce some reference
operators which will be involved in its statements.
On C5°(R?), define the ’single atom’ Schrédinger operator:
1

Hp := 5(fN)2 + u, (1.25)



where w is the function appearing in (1.15) and obeying assumption (4%.). By standard arguments,
Hp is essentially self-adjoint and its self-adjoint extension, denoted again by Hp, is semi-bounded
with domain H?(IR?). Moreover, oess(Hp) = [0, 00) is absolutely continuous, and Hp has finitely
many eigenvalues in (—oo,0) if any, see e.g. [44, Thm. XIII.15]. Throughout, we suppose:

() Hp has at least one eigenvalue in (—o0,0),
together with the non-degeneracy assumption:
(na) All the eigenvalues of Hp in (—o00,0) are non-degenerate.

Hereafter, we denote by {\}/_;, 7 € N* the set of eigenvalues of Hp in (—00,0) counting in
increasing order, and by {®;}]_, the set of corresponding normalized eigenfunctions. Also, we
denote by II; the orthogonal projection onto the eigenvector ®;, and define Hf- :=1—1I;. Since
II; commutes with Hp, one has the decomposition in direct sum: L*(R?®) = I, L?(R3) @ II;- L2(R?).

In the presence of the uniform magnetic field (as in (1.17)), define on C§°(IR?), the ’single atom’
magnetic Schrodinger operator:

Hp(b) = %(f vV —ba)?+u, beR (1.26)
By [47, Thm. B.13.4], Vb € R (1.26) is essentially self-adjoint and its self-adjoint extension,
denoted again by Hp(b), is bounded from below. The nature of the spectrum of Hp(b) is not
known in general, except for b small enough. Indeed from [5, Thm. 6.1], the eigenvalues of Hp in
(—00,0) are stable under the perturbation by the magnetic field Hp(b) — Hp = —ba- (—iV)+ %aQ
provided that it is weak. From the asymptotic perturbation theory in [35, Sec. VIII] and due to
the assumption (%,q), then there exists b > 0 s.t. V|b| < b and for any [ € {1,...,7}, Hp(b)
has exactly one and only one eigenvalue A;(b) near A; which reduces to A; in the limit b — 0. In
particular, for any [ € {1,...,7}, N/(-) can be written in terms of an asymptotic power series in
b, see e.g. [7, Thm. 1.2]. Hereafter we denote by {A\;(b)}]_;, 7 € N* and [b] < b, the set of these
eigenvalues counting in increasing order.

Getting back to the ’single atom’ operator in (1.25), by [47, Thm. B.7.2], for any £ € C\
[inf o(Hp),00), the resolvent operator (Hp — €)1 is an integral operator with integral kernel
(Hp — &)71(-,-) jointly continuous on R6\ D, D := {(x,y) € R® : x = y}. Introduce on L?(R?)
the operators Tp;(£), j = 1,2 generated via their kernel respectively defined on R\ D as:

Tpa(x,y;€) = a(x —y) - (iVx) (Hp = §) 7' (x,¥), (1.27)
1 -
Tra(x,y:€) i= 3a(x —y)(Hp = € (x.¥). (1.25)
Here is our main result related with the quantity defined in (1.24):

Theorem 1.1 Suppose that the assumptions (), () and (hq) hold.

Assume that the number of particles ng € N* in the Wigner-Seitz cell is fized and satisfies ng < T,
while the density is given by (1.23). Then:

(i). For any 0 < o < 1, there exists a R-independent constant ¢ > 0 s.t.

X (po()) = im X (8. p0(R).b = 0) = i Zplg) + O (¢, (1.29)

with:

24

Zp(ng) = — (%) ;Tmm{ | asetn -9 [Tp,1<s>Tp,1<§>Tp,2<s>]}, (1.30)

where 'y, is any positively oriented simple closed contour enclosing the ng smallest eigenvalues of
Hp, while letting the rest of the spectrum outside.
(ii). The R-independent quantity in (1.30) can be identified with:

Lp(no) = — (%)ZZ%(bzo). (1.31)
=1



(iii). (1.30) can be rewritten as a sum of two contributions:

1

1 1
_ L 1.32
|QR|%p(7’LQ) |QR|%L,1(710)+ |QR|%U{/(7’LQ), ( 32)
with.:
1 o q\? 1 - 2 2

g 22000 = = () g 2 (0 O+ X8) ) (1.33)
L ) = (2)2 ! §n0:<L o, (I (Hp — M) 1) ' L q>l> (1.34)

|QR| vV o) - - 2|QR| - 3%, 1 l 3 L2(R3) ’ ’

Here, Xy, := X - ey, k € {1,2,3} stands for the position operator projected in the k-th direction,
and Ly := L - ey the k-th component of the orbital angular momentum operator L := X x (—iV).

Remark 1.2 (R-behavior in the asymptotic (1.29)) The leading term decreases as R™3, the
remainder (explicitly identified in the proof) decreases exponentially in R*, 0 < a < 1.

Remark 1.3 (Rewriting of (1.34) in a sum of two contributions) Denote by I, the or-
thogonal projection onto the absolutely continuous spectrum of the ’single atom’ operator Hp.
Since I, L € {1,...,7} and I, commute with Hp, then one has the decomposition in direct sum:

I L2 (R?) = @ I1,,, L*(R?) @ I, L*(R?).
m;él

Due to this decomposition, the reduced resolvent operator appearing in (1.34) can be rewritten
(below, we use the bra-ket notation) as:

P, _
(I (Hp — \) 11}") Z ' - Al + (Mae (Hp — X)) Tae) "
m#l

In view of (1.34), one has under the same conditions the rewriting:

1 1 I
m«%v(%) = m«%ﬂ/(%) + m%}v(%)a (1.35)

with:

21 ®,,, L3®;)
2= (4) 1330k f’Aj

=1 m_
; (1.36)
- ( )212 Z (bm,lji(il)l , ifn0<7', -
o 1=1 m=ng+1 ! ;
0, ifng =1
2
Xy (no) == (E) ; Z <L3<I>l, (Moo (Hp — \) Toe) ™! L3@1>L2(R3) , (1.37)

and the quantity in (1.37) can be expressed in terms of the generalized eigenfunctions of Hp by:

|\IIE w \IIE w|
e (Hp — \p) dE )
( ( P l /[0 00) /82 E— )\l

Hence, (1.34) is the superposition of two contributions: (1.36) involving the corrections to the
isolated eigenvalues which couple the isolated eigenvalues between them, and (1.37) involving the
corrections to the isolated eigenvalues coupling with the absolutely continuous part of the spectrum.
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Remark 1.4 (Connection with the Van Vleck results) Under the condition of large sepa-
ration of ions and in the zero-temperature limit, the leading term of the bulk zero-field orbital
susceptibility consists of the superposition of two contributions, see (1.32).

o Contribution in (1.33).

It is purely diamagnetic and generated by the quadratic part of the Zeeman Hamiltonian. Still
assuming one single ton in the Wigner-Seitz cell, it reduces in the classical limit to the Langevin

formula, see (1.1):
\? 1 2
— (% 1.38
(c) 4|QR|;”’ (1.38)

where 1y is the distance from the origin to the [-th particle in the plane orthogonal to es (as a rule,
the centre of mass of the ion nucleus is at the origin, and the fized axis passing through it, is taken
parallel to the magnetic field).

o Contribution in (1.34).

In view of the rewriting (1.35) with (1.36)-(1.37), it is purely paramagnetic and generated by the
linear part of the Zeeman Hamiltonian. Arising from the quantum description, it has no classical
equivalent. It is related to field-induced electronic transitions.

Let us turn to the comparison with the Van Vlieck results in Sect. 1.1. The contribution
in (1.33) exhibits the same features than Xr, in (1.4), and its counterpart within the Van Vieck
formulation corresponds to the first term in (1.12). Then, it identifies with the diamagnetic Larmor
susceptibility. The contribution in (1.34) exhibits the features of X,v in (1.4), but to identify which
quantity from the decomposition (1.35) corresponds to the second term in (1.12) within the Van
Vieck formulation, we need the following. As pointed out below (1.12), when dealing with ions, the
orbital Van Vleck paramagnetic susceptibility vanishes when the ion has all its electron shells filled,
in accordance with Hund’s rules. In a way, this condition (i.e. the electron shells filled) corresponds
to have ng = T within our model, i.e. the number of negative isolated eigenvalues coincides with
the number of electrons in the Wigner-Seitz cell. Since (1.36) vanishes when ng = 7, then its
counterpart within the Van Vieck formulation corresponds to the second term in (1.12). From the
foregoing, this means that, within our model, the quantity in (1.37) is an additional contribution
to the ‘usual’ orbital Van Vleck susceptibility. Involving the corrections to the isolated negative
eigenvalues coupling with the absolutely continuous part of the spectrum, it has no counterpart
within the Van Vieck formulation. Due to this feature, (1.34) represents the ’complete’ orbital Van
Vieck paramagnetic susceptibility. In that sense, Theorem 1.1 is a generalization of the Van Vleck
results.

1.4 Outline of the proof of Theorem 1.1.

The starting-point is the expression (3.9) for the bulk zero-field orbital susceptibility (under
the grand-canonical conditions) which holds for any § > 0 and R > 0. The derivation of such an
expression is the main subject of [12]. Tts proof relies on the gauge invariant magnetic perturbation
theory applied on the magnetic resolvent operator. It allows to keep a good control on the linear
growth of the potential vector, see below for further details.

The difficulties coming up when proving Theorem 1.1 are threefold:

(1). Isolating the main R-dependent contribution (which decays polynomially in R) and a remain-
der term (which decays exponentially in R®) from (3.9) when switching to the canonical conditions
(the density of particles is fixed, and given by (1.23)). (2). Performing the zero-temperature limit,
while taking into account the location of the Fermi energy defined in (3.1). (3). Identifying the
leading term of the asymptotic expansion in the zero-temperature regime with the corresponding
relevant physical quantities.

e Outline of the proof of (i).
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The proof of the asymptotic expansion in (1.29) requires three steps.
Step 1: Isolating the main R-dependent contribution - Part 1. The formula in (3.9) involves the
trace per unit volume:

QR Trr2gs) {xar(Hr — &) [Tr1(§)Tr1(E) — Tr2(6)] Xar | (1.39)

where xq, denotes the operator multiplication by the indicator function of the Wigner-Seitz cell
Qr, and Tg ;(£), with j = 1,2 involve the resolvent operator (Hr —&)~!, see (3.10)-(3.11). In the
tight-binding situation, we naturally expect the error made in replacing each resolvent (Hg — &)1
with (Hp — &)~! (Hp is the ’single atom’ operator in (1.25)) inside (1.39) to be ’small’ for large
values of the R-parameter. Arising from this approximation, the ’corrective term’ (3.14) of (3.13)
involves the trace per unit volume:

Q| Trroms) {xar (Hr — &) [Tr1(§)Tr1(E) — Tr2(£)]
— (Hp = &) ' [Tr1()Trp1(§) — Tr2(8)]) xar}, (1.40)

where Tp ;(€), j = 1,2 involve the resolvent (Hp —&) ™1, see (1.27)-(1.28). In view of the operators
entering in the trace, to control the R-behavior of (1.40), it is necessary to control for large values
of R the error made in approximating xqo,(Hgr — &)™ by xa,(Hp — &)™t (or with yq, from the
right) in the Hilbert-Schmidt sense. To that purpose, we use a geometric perturbation theory in
Sec. 2. The key-idea consists in isolating in the Wigner-Seitz cell a region close to the boundary:
Br(k) = {x € Qg : dist(x,0Qr) < KR} for some kK > 0 and 0 < a < 1, from the bulk where
only the ’single atom’ operator Hp will act. It comes down to approximate (Hr — )1 with:

dr(Hp — &) Ygr + gr(Hr — )7 (1 — gr),

where gr, gr and &R are smooth cutoff functions; ggr,gr are supported in the bulk and satisfy
(2.2)-(2.3) and §p is supported outside and satisfies (2.4)-(2.5). Starting with this approximation,
we arrive at (2.13). From the exponential decay of the resolvent’s kernel along with the properties
(2.3)-(2.5) on the cutoff functions, then provided that the single-site potential u is compactly
supported, one gets that the Hilbert-Schmidt norm of:

Xor {(HR =& "= (Hp -6}, {(HR—& " —(Hp—&) "} xan,

are exponentially small in R*, 0 < a < 1. We emphasize that the assumption v is compactly
supported in («%) is crucial to get the exponential decay in R* of the norms. Indeed, (2.13)
involves the operator defined in (2.10), and the support of ngﬁR (or (1—gRr)xay) is disjoint from
the one of Vi only if u is compactly supported. Based on the foregoing, we prove that the trace
in (1.40) is exponentially small in R*, 0 < « < 1, see Lemmas 4.2-4.5.

Step 2: Switching to the canonical conditions and performing the zero-temperature limit. Re-
mind that, under the assumptions (@, )-(%a), {Ni}]_;, 7 € N* denotes the set of eigenvalues of
Hp in (—00,0) counting in increasing order. Now, we switch to the canonical conditions. We as-
sume that the number of particles ng € N* in the Wigner-Seitz cell is fixed and obeys ng < 7, while
the density is given by (1.23). (The reason for this will become clear below). The starting-point is
(3.16) corresponding to the sum of (3.13) with (3.14), but with ug) (B, po(R),b = 0) instead of p,
see (1.24). With the aim of performing the zero-temperature limit in (3.16), we need beforehand
to turn to the location for large values of R of the Fermi energy defined as the limit:

Erlpo(R)) = lim i) (5, po(R), b = 0).

Recall that, since Hp commutes with the translations of the RZ3-lattice, then o(Hp) is absolutely
continuous and consists of the union of compact intervals £g; (the Bloch bands): o(Hg) =
UX, Ert, with min€r; < min€p 41 and maxEp; < max&p 41 (we refer to Sec. 3.1.1 for the
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definition of the £g;’s within the Bloch-Floquet theory). If max&r; < min &g 41 for some [ > 1
then a spectral gap occur. Under the assumption (%), we know that the Fermi energy always
exists, see [11, Thm. 1.1]. Moreover, only two situations can occur: either the Fermi energy
lies in the middle of a spectral gap (this corresponds to the semiconducting/isolating situation if
max€p s < min€p s+1, the semimetal situation if max&p s = min€p 541), or in the interior of a
Bloch band (this is the metallic situation). In Proposition 3.1, we state that for large values of
R, our assumptions (#y)-(%%q) along with the fact that po(R) obeys (1.23), automatically lead
to the isolating situation:
max &R p, + MiNER ny+1

gR(pO(R)) = 9 < 0. (1.41)

The proof leans on two ingredients. The first one concerns the location of the negative Bloch bands
of Hpr at negative eigenvalues of Hp for large R, see Lemma 3.4. Since the \/s (I = 1,...,7)
are simple, then for R sufficiently large, the Bloch bands g, (I = 1,...,7) are simple, isolated
from each other and from the rest of the spectrum. Moreover, VI € {1,...,7} &g, is localized in
a neighborhood of \;, and reduces to \; when R T co. The second one is a relation between the
I.D.S. of Hr and the zero-temperature limit of the grand-canonical density expressed in terms of
the eigenvalues of the Bloch Hamiltonian, see Lemma 3.3. Then, it remains to use the criterion
in [11, Thm 1.1]. Let us get back to the zero-temperature limit. Performing it needs special
attention. In (3.13) and (3.14), the dependence in 3 is contained in

B (B (8, po(R),b = 0):€) . (B, €) = In(1 + =9)),

and Vu € R, (3, ;) is holomorphic on {¢ € C : 3¢ € (—%, %)} The difficulty encountered
is as follows. The contours involved in the integration w.r.t. £ in (3.13)-(3.14) depend on f,
see (3.15)-(3.4). When § 1 oo, they reduce to a half-line on the real axis. Here the isolating
situation in (1.41) plays a crucial role allowing to dodge this difficulty. In fact, our assumptions
have been chosen to force this situation. Indeed, for R sufficiently large, &r(po(R)) lies in the
interior of an open set I,,, containing w (we set Ay41:=0) and s.t. I,, No(Hg) =0 and
I, No(Hp) = (). In this way, we can decompose the contour (3.15) into three parts: the first one
enclosing the first ny eigenvalues of Hp, the second one enclosing I,,, but no eigenvalue, and the
third one enclosing the rest of o(Hp), see (4.2). Note that, for R large enough, these contours do
not intersect o(Hpg). Since the second contour lies in the holomorphic domain of the integrand,
the integral is null. Since for a given ug € R, f(8, f0;-) is holomorphic on {¢ € C : ¢ # uo},
then the first and third contours can be deformed in some $-independent contours. It remains to
use the Lebesgue’s dominated theorem knowing (4.5). From (3.16), Propositions 3.6-3.7 together
lead to (3.18). The behavior for large R of the remainder in (3.18) follows from the one of (1.40)
discussed in Step 1.

We mention that, if (¢#,q) is disregarded, then the insulating situation can still occur if one sets
some restrictions on the ng, see Sec. 1.5 and Sec. 1.6.

Step 3: Isolating the main R-dependent contribution - Part 2. We start by removing the R-
dependence arising from the indicator functions ygq,, inside the trace of (3.19). Getting the trace
out the integration w.r.t. the £-variable, it remains to control the R-behavior of the error made
in extending the trace to the whole space. In Proposition 3.9, we state that it is exponentially
small in R. To do so, the crucial ingredient is the exponential localization of the eigenfunctions
associated with the eigenvalues of Hp in (—00,0). Next, the Fermi energy can be removed from
(3.22) without changing the value of the trace, see Proposition 3.10. Thus, the main R-dependent
term behaves like R73.

e Outline of the proof of (ii) and (iii).
The proofs heavily rely on the stability of the eigenvalues {\;}]_,, 7 € N* of Hp in (—o0,0)
under the perturbation W(b) := Hp(b) — Hp.
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Outline of the proof of (ii). For b small enough, the key-idea consists in expressing the sum
over the ng eigenvalues \;(b) by means of the Riesz integral formula for orthogonal projections, see
(3.23). In the rest of the proof, we show that the second derivative w.r.t. b at b = 0 of the r.h.s.
of (3.23) is nothing but (1.30), see Proposition 3.11. From the rewriting of the trace in (3.23)
as the integral of the diagonal kernel (3.34), it comes down to prove that the integral kernel of
(Hp(b)—&)~1, far away the diagonal, is twice differentiable in a neighborhood of b = 0, and to write
down a formula for its second derivative, see Lemma 3.13. To that purpose, the crucial ingredient
is the so-called gauge invariant magnetic perturbation theory, see e.g. [41, 7, 18, 11, 12, 46].
The idea behind is to isolate the singularity of the magnetic perturbation (arising from the linear
growth of the vector potential) via an exponential factor involving the magnetic phase in (3.26).
Then (Hp(b) — &)~ can be approximated by Rp(b,0,£) generated by the kernel in (4.21), while
the ’corrective term’ behaves like O(|b]), see (4.27). Iterating twice (4.27) in the kernels sense,
then expanding the exponential factor in Taylor series, one obtains the beginning of an expansion
in powers of b for the kernel of (Hp(b) — &)~!. We mention that the exponential localization of
the eigenfunctions associated with the \;(b)’s for b small enough (see Lemma 3.14) plays a crucial
role to control the involved quantities, see Corollary 3.15.

Outline of the proof of (iii). From (1.31), the aim is to derive an expression for the second
derivative w.r.t. b at b = 0 of the perturbed eigenvalue \;(b), | € {1,...,n0}. To do that,
we use the Feshbach formula to write down ’the corrections’ to the unperturbed eigenvalue \;
under the perturbation W (b) = —ba - (—iV) + %aQ for small values of b, see (3.40). Here, the
exponential localization of the eigenfunction associated with \; allows to control the linear growth
of a. Tterating (3.40), we obtain the beginning of an expansion in powers of b for \;(-), see (3.41).
To conclude, it remains to use that A;(-) has an asymptotic expansion series, see e.g. [7, Thm.
1.2]. Note that the asymptotic perturbation theory and the gauge-invariant magnetic perturbation
theory both are used to control the b-behavior of the remainder in (3.41).

1.5 Discussion on the assumptions.

Let us first discuss the assumption (%) on the single-site potential u. The physical modeling
requires that the ’single atom’ operator Hp possesses finitely many eigenvalues (at least one) below
the essential spectrum. Then u has to be chosen accordingly. As emphasized in Sec. 1.4, choosing
u compactly supported plays a crucial role in our analysis since it gives rise to the exponentially
decreasing behavior in R¥, 0 < « < 1 of the remainder in (1.29), see Proposition 3.7. However,
we believe that the optimal v is a = 1, i.e. the remainder should behave like O(e=¢%), ¢ > 0. We
think that it could be obtained from our analysis by using a more refined geometric perturbation
theory to approximate the resolvent (Hp — &)~!. Furthermore, we point out that the leading
term in the asymptotic expansion (1.29) is unchanged if the single-site potential is not compactly
supported. Consider the assumption:

(=) u € CHR?R) with u = O(]x|~G+9)) for x| sufficiently large.

From [44, Thm. XIIL.6], cess(Hp) = [0,00) and Hp has a finite number of bound states in
(—00,0). Replacing (%) with (#%~) in Theorem 1.1, then under the same conditions, one may
expect the behavior of the remainder to be only polynomially decreasing with R owing to the ’tail’
of the potential. Finally, let us mention that u is chosen continuously differentiable to ensure some
regularities for the eigenvectors of Hp, see (4.17) and Lemma 3.14.

Let us discuss the non-degeneracy assumption (&%,q). Our analysis is based on the insulating
situation which occurs when the Fermi energy lies in the middle of a spectral gap of Hpg, see [11,
Thm 1.1]. When the number of particles ng in the Wigner-Seitz cell is any integer lesser than
the number of negative eigenvalues of Hp, while the density is given by (1.23), this together with
(#/ha) automatically lead to the insulating situation for R sufficiently large, see Proposition 3.1.
Nonetheless, we stress the point that, when disregarding the assumption (&,q), then the insulating
condition can still occur for R sufficiently large provided that one sets some restrictions on the
ng’s in (1.23). It has to obey (see proof of Proposition 3.1 and Remark 3.5):

no <7 and Jxe{l,...,v} st. ng=dim% +---+dimZ,. (1.42)
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Here, 7 is the number of eigenvalues of Hp in (—o0, 0) counting multiplicities, v < 7 is the number
of distinct eigenvalues and %, I € {1,..., v} stands for the eigenspace associated with the (possibly
degenerate) eigenvalue \; of Hp, A\ = {)\l(m)}gi:f’. Supposing that the assumptions (4 )-(%y,)
hold, and assuming that the number of particles ny € N* in the Wigner-Seitz cell is fixed and obeys
(1.42), while the density of particles is given by (1.23), then the formulae in Theorem 1.1 (ii)-(iii)

have to be modified accordingly (the statement in (i) is unchanged). Indeed, (1.31) becomes:

» dim% ;94 (m)
«%P(no):—(gfz dd>;l2 (b= 0);

C
=1 m=1

and (1.33)-(1.34) respectively become (with intuitive notations):

»x dimE;

1 q 2 1 (m) 2 2 (m)
— 2714 == E o (X X5) P ,
|Qr| za(mo) (C) 41| =1 m=1 < : ( o 2) : >L2(R3)
1 AR S o (m) (pm).L (m) L) 7 g (m)
_%V(no);:(_) <L3q)m,(Hm, (Hp*)\m)Hm7) L3¢m>
25| ¢/ 20| l; mz::l PV A AR

Note that the contribution 2,y (ng) can be decompose into two contributions as in Remark 1.3.

1.6 An open problem.

From the foregoing, a natural question arises: does the insulating situation occur when ng is
any integer less than the number of negative eigenvalues of Hp counting multiplicities if some
of the eigenvalues are degenerate, while the density is given by (1.23)? Such a problem comes
up when the single-site potential is chosen spherically symmetric. To tackle it, we need to know
precisely the behavior of the negative spectral bands of Hi near the degenerate eigenvalues of Hp
in (—o0,0) for large values of the R-parameter. For instance, suppose that one of the negative
eigenvalue of Hp, say A., is two-fold degenerate. For R sufficiently large, it is well-known that the
spectrum of Hp in a neighborhood of A, consists of the union of two Bloch bands, see Lemma 3.4
and also [21, Thm. 2.1]. But we need to know much more; in particular we need to control how
the Bloch bands behave the one relative to the other. Especially, do they always overlap for R
sufficiently large or do they overlap only in the limit R 1 co? How fast each of the Bloch bands
reduces to A.? This remains a challenging spectral problem.

1.7 The content of the paper.

Our current paper is organized as follows. In Sec. 2, we use a geometric perturbation theory to
approximate the resolvent operator (Hgz — &)~ in the tight-binding situation. Sec. 3 is devoted to
the proof of Theorem 1.1. In Sec. 3.1.1, we show that under our assumptions, only the insulating
situation can occur in the tight-binding situation. Subsequently, in Sec. 3.1.2-3.1.3 we prove the
asymptotic expansion in (1.29). In Sec. 3.2, we prove the identity (1.31). In Sec. 3.3 we prove
the formula (1.32). In Sec. 4, we have collected all the proofs of the technical intermediary results
needed in Sec. 3.

2 An approximation of the resolvent via a geometric per-
turbation theory.

The method we use below is borrowed from [18, 16].
Forany 0 < @ < 1,0 < kK <10 and R > 0 define:

Br(k) = {x € Qg : dist (x, 0QR) < KR} .
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Hence, for R sufficiently large, Br(x) models a 'thin’ compact subset of Q0 near the boundary
with Lebesgue-measure |8r (k)| of order O(R?T%).
Let 0 < a < 1 be fixed. Below, by R sufficiently large, we mean:

R>Ry with Ry=Ro(a)>1 st. Bg,(8) < Qp,. (2.1)

Let us introduce some well-chosen families of smooth cutoff functions.
Let {gr} and {gr} satisfying for R > Ry:

Supp(gr) C (Qr\ Br(3)), gr=1ifx€c (Qr\Br(4)), 0<gr<1;
Supp(gr) C (Qr \ Br(1)), gr=1ifxec (Qr\Br(2)), 0<gr <1

Moreover, there exists a constant C' > 0 s.t.
VR > Ry, max{|D%gr|.,I|D%rl} <CR7I® V]s| <2, secN.
Also, let {ﬁR} satisfying for R > Ry:
N 6 . _\¢C .
Supp (9r) © (2 \Ba(6)) . dr=1ifx€ (U \Ba(5)) , 0<jr < 1.
Moreover, there exists a constant C' > 0 s.t.
VR > Ry, HDséRH < CR7Ble) ws| <2, 5e N,

By gathering all these properties together, one straightforwardly gets:

JrRIR = YR, (2.2)

dist (Supp(D*gr), Supp(gr)) > CR*, V1< |[s| <2, (2.3)
gr(1—gr) = (1 —gr), (2.4)

dist (Supp (DséR) ,Supp (1 — gR)) > CR®, V1<]s| <2, (2.5)

for some R-independent constant C' > 0.

Let us now define a series of operators. At first, introduce VR > Ry and V¢ € o(Hg) N o(Hp)
(here o(-) denotes the resolvent set) on L?(R3):

Re(§) = gr(Hp — &) 'gr + gr(Hr — &)~ (1 — gn). (2.6)
Due to the support of the cutoff functions, one has:
(Hr —&)gr = (Hp — §)Jr-
Using that Ran(Rg(§)) C Dom(Hg), then from (2.2) along with (2.4):

(Hr = §Rr(§) = 1+ Wr(S),
where, VR > Ro and V¢ € o(Hp) N o(Hp):

Since Wg(€) is bounded on L?(R?), see e.g. [12, Lem. 5.1], this means that:

(Hr — €)' = Rr(§) — (Hr — &) "' Wg(&). (2.7)
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Next, Rr(&) in (2.6) can be rewritten by the second resolvent equation as:

RR(§) = Zr(§) — Vr(S), (2.8)
where, VR > Ro and V¢ € o(Hp) N o(Hp):
RR(€) = gr(Hp — &) 'gr + Gr(Hp — &) 7' (1 - gr), (2.9)
Wr(€) == gr(Hr — &)~ 'Va(Hp — &)~ (1 - gn), (2.10)
with:
Ve:= Y ul - Ro). (2.11)
veZ’\{0}
Finally, Zr(&) in (2.9) can be rewritten as:
Zr(€) = (Hp — €)' +Wr(€), (2.12)

where, VR > Ry and V€ € o(Hg) N o(Hp):
Wr(&) :=(Hp—&)~" {—% (Agr) — (Vgr) - V} (Hp —&)"'gr

+(Hp - &)~ {% (A§R) - (V§R) : V} (Hp =€)~ (1 —gr)-
Gathering (2.7), (2.8) and (2.12) together, VR > Ry and V¢ € o(Hr) N o(Hp):

(Hr— &)~ ' = (Hp — &)~ +Wr(&) — #r(§) — (Hr — &) " Wr(9), (2.13)

and (2.13) holds in the bounded operators sense on L?(R3).

From (2.13) and taking into account the assumption (%), let us now prove that for R > Ry
sufficiently large, the error made in approximating xq, (Hg — &)~ with xq, (Hp — &)~ (or with
the indicator function xq, from the right) is exponentially small in R*, 0 < « < 1 in the Hilbert-
Schmidt norm sense. To do that, define Ry > 1 so that:

Supp(u) C (2r, \ Br, (7)) (2.14)

Such R; exists since the support of u is compact, see assumption (% ). Now, look at the r.h.s. of
(2.13). For any R > Ry, (Hr — &) *Wg(&) and g (€) have their operator norm exponentially
small in R, see (2.25)-(2.24) below. However, this is not the case for the operator norm of #x(§)
even for R > Ry and large enough, see (2.24). This comes from the fact that the support of éR
(or (1 — gg)) and the one of Vg in (2.11) are not disjoint. But for any R > max{Rg, R;}, the
Hilbert-Schmidt (H-S) norm of #%(&) when multiplied by the indicator function xq, from the
left (or from the right) is exponentially small in R*, see (2.27). The same holds true for the H-S
norms of (Hg — &) "' Wr(€) and 2 (€) when multiplied by the indicator function xq,,, see (2.26).
This last feature, which results from the fact that u is compactly supported, will turn out to be
decisive to get the exponential decay of the remainder term in the asymptotic expansion (1.29).

We end this section by giving a series of estimates we will use throughout. For any £ € C and
real number ¢ > 0, we use the shorthand notation:

le =01+ €)1 (2.15)

Lemma 2.1 Let E = P or R. For everyn >0 (and VR > 0 if E = R), there exists a constant
9 =9(n) > 0 and a polynomial p(-) s.t. V€ € C satisfying dist(¢,0(Hz)) > n and V(x,y) € R\ D:

e—ﬁs\X—YI
[(Hz - &)~ (x,y)| < p(l&l)w, (2.16)

e_19£|x_§"
|Vx(Hz — &) 7' (x,y)| Sp(|§|)W- (2.17)
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Proof. See [47, Thm. B.7.2] and [12, Lem. 2.4] respectively. O

Lemma 2.2 Let 0 < a < 1 and Ry = Ro(a) > 1 as in (2.1). For every n > 0, there exists a
constant ¥ = 9(n) > 0 and a polynomial p(-) s.t.
(i). VR > Ry, V¢ € C obeying dist(¢,0(Hg) No(Hp)) >n, V(x,y) € RS\ D:

e~ Velx—yl

max {|(Rr())(x, y)|, [(Zr(€))(x,y)[} < P(|€|)Wa (2.18)
e Velx—yl

max {|Vx(Rr(£) (%), [Vx(Zr(£))(x,¥)]} < p(|§|)w- (2.19)

(ii). VR > Ry, V¢ € C obeying dist(&,0(Hgr) No(Hp)) > n and V(x,y) € RS:
[(#R(€))(x,¥)| < p(le))e >V, (2.20)

e Velx—yl

IVx(7r(6))(x,¥)| < p(I£]) X#Y, (2.21)

x=yl~
max {|(Wr(€)) (%, )|, [(Wr(€)(x,¥)], [ Vx(Wr(€)) (x, ¥)[} < p(glJe™ s e eyl (2.22)
(iii). VR > max{Ry, R1} (R is defined through (2.14)), V¢ € C obeying dist(§,0(Hr)No(Hp)) >

n and ¥(x,y) € RS:
max { | (xndi) ) (Hr = 7 03IV )| [VaGo) (Hr — 7. 3) (o1 = 98)) ()]}

< p(jg))e Ve e ey,

Proof. We start by (i). In view of (2.6) and (2.9), (2.18) directly follows from (2.16) knowing
that 0 < gr, gr, gr < 1. Next, one has V(x,y) € RS\ D:

Vx(Re(€))(xy) ={(Vir) (x)(Hp — )7 (x,¥) + §r(x)Vx(Hp — €)' (x,¥) } gr(y)
+{(Vir) G)(Hr ~ €7 (x.¥) + ir(x) Vx(Hr — 7 (x,9) } (1 - gr(¥):
and by replacing (Hg — &)~ with (Hp — &)~ above, we get Vx(Zr(£))(-,-). Then (2.19) follows

from (2.16)-(2.17). Let us turn to (ii). From (2.10), (2.20) results from (2.16), our assumptions
on u along with [12, Lem. A.2]. Moreover:

Ve (©)x,) = (Vi) ) [ da(Hr— 7 x2)Ve@)(He — 7 3.3)(1 - g0)(y)
() [ da (i =) oxa)Vaa) (He ~ 7 @.5)(1 - g0)(¥),

Then, (2.21) follows from (2.16)-(2.17) combined with [12, Lem. A.2]. Next, we prove (2.22). The
properties (2.3)-(2.5) are the key-ingredient to make appear the exponential decay in R*. Under
the conditions of the lemma:

max {|(Vir) (OVx(Hz ~ )66 3)(1 ~ gr) ()] .| (Vi) () V= — € (¢ ¥)gr(y)]

[(Agm) (x)(Hz — &) (x,¥)92)] .| (Adr) (0 (Hz = 7 (x,3)(1 = 90) ()| }
< pllgl)e™s " eV, (2.23)

for another R-independent ¥ > 0 and polynomial p(-). This leads to (2.22) for the kernel of Wr(§)
and Wr(§). As for Vi (Wr(£))(-,-), it is enough to use (2.23), (2.17) along with [12, Eq. (A.12)].
Finally (iii) follows from (2.16) with (2.14) assuring that dist(Supp(u), Supp(xa,dr)) > R*. O
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Remark 2.3 From Lemma 2.1 and Lemma 2.2 (1)-(ii), together with the Shur-Holmgren criterion,
one has VR > Ry:

max {||(Hr — &) 7|, IRREI, |Zr@, 7= VR, V2R, [V#R(E)I} < p(|(§2|)2,4)

max {[Wr ()|, 120 IVWrE)II} < p(€))e™ """, (2.25)

for another R-independent constant ¥ > 0 and polynomial p(-).

Remark 2.4 Let (Jo(L?(R?)),|| - ||5,) be the Banach space of Hilbert-Schmidt operators. From
Lemma 2.2 (ii) and the x-ideal property of Jo(L?*(R?)):

VR > Ry, maX{HXQRmR(g)Hﬁw HXQR(HR - E)_IWR(E)sza

120 R(E) X2 ll32, 1(HR — &) Wr(E)xarlls. } < p(I€)e™"™",  (2.26)
and from Lemma 2.2 (iii) one has VR > max{Ry, R1}:

max { || xan 7z ()2, | #r(E)xan 5.} < pE)e™ "™, (2.27)

for another R-independent constant 9 > 0 and polynomial p(-).

3 Proof of Theorem 1.1.

This section is organized as follows. The first part is devoted to the proof of the asymptotic
expansion (1.29) in the tight-binding situation and in the zero-temperature limit. The second and
third part are respectively concerned with the proof of (1.31) and (1.32). For reader’s convenience,
the proofs of technical intermediary results are collected in Appendix, see Sec. 4.

3.1 Proof of (i).
3.1.1 The location of the Fermi energy.

Here, we are interested in the location of the Fermi energy in the tight-binding situation when
the number of particles ng € N* in the Wigner-Seitz cell is fixed, while the density is given by
(1.23). We recall that under our conditions, the Fermi energy defined as:

Er(po(R)) = lim iy’ (B, po(R),b=0), R >0, (3.1)
always exists, see [11, Thm 1.1].

Before stating the main result, let us introduce some basic elements of Bloch-Floquet theory.
We refer to [6, Sec. 3.5] and also [53]. We mention that the results we give below hold true for
any R > 0. Denote by Q% the unit cell of the dual lattice (27r/R)Z? (the so-called first Brillouin
zone) of the Bravais lattice RZ3. Denoting by .7 (R3) the Schwartz space of rapidly decreasing
functions on R?, the Bloch-Floquet(-Zak) transformation is defined by:

7]
U: 7R — L? (O, L*(Qr)) z/ dk L*(QR)
Q%
1 .
U (k) = ——== > e *g(x +v), ke Op, x€Qp,

V |QE| ’UERZ3

which can be continued in a unitary operator on L?(R3). The unitary transformation of Hg is
decomposable into a direct integral:

. 1
UHRL{* :/ dth(k), hR(k> — 5(fz‘v+k)2 + Vg,

Q%
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and the Bloch Hamiltonian hg lives in L?(R®/RZ3). By standard arguments, hp is essentially
self-adjoint on C>°(R®/RZ?) and the domain of its closure is H?(R3/RZ?). For each k € Q% hr(k)
has purely discrete spectrum with an accumulation point at infinity. We denote by {Er (k) }i>1
the set of eigenvalues counting multiplicities and in increasing order. Due to this choice of la-
beling, the Fr;’s are periodic and Lipschitz continuous on 2. Indeed, when crossing-points
occur, the Er;’s are not differentiable on a zero Lebesgue-measure subset of {1}, corresponding
to crossing-points. The spectrum of Hp is absolutely continuous and given (as a set of points)
by o(Hg) = U;21 €y where VI > 1, Ep = [minkeo:, Eri(k), maxkeos Er (k)] stands for the
[-th Bloch band function. Note that the sets £r,; can overlap each other in many ways, and some
of them can coincide. The energy bands are disjoint unions of £r;’s. If max&r; < min€pr 41
for some [ > 1, then a spectral gap occurs. Since the Bethe-Sommerfeld conjecture holds true
under our conditions, see e.g. [28, Coro. 2.3], then the number of spectral gaps is finite, if not zero.

Our main result below states that, under our conditions and in the tight-binding situation, the
Fermi energy always lies in the middle of a spectral gap of Hg (in other words, only the insulating
situation can occur, see [11, Thm. 1.1]), and moreover, it provides an asymptotic expansion:

Proposition 3.1 Suppose that assumptions (<), (%m) and (@) hold, and assume that the
number of particles ng € N* in the Wigner-Seitz cell is fized and satisfies ng < T, while the density
is given by (1.23).

(i). For any 8 >0, let ,ugg) (8, p0(R),b=0) € R be the unique solution of the equation pr(S, 1, b =
0) = po(R). Then for R sufficiently large,

. max &R py +MminEp p,
Erlpo(R)) := lim i) (8. po(R).b = 0) = ———remmsfnett <, (3.2)
(ii). Define:
R 1 ()‘no + )‘n0+1) if no <7,
gp(no) = 5 X { )\7— Zf no = 7. (33)

Then, under the additional assumption that ny < T, one has:
Er(po(R)) = &p(no) + O (e_v "\"OH‘R) .

Remark 3.2 (i). We stress the point that the non-degeneracy assumption (eaq) along with the
fact that po(R) is given as in (1.23), together imply the insulating situation for R sufficiently large.
(ii). We will see in Proposition 3.10 that the Fermi energy plays in fact no role in the statements of
Theorem 1.1 since it can be removed from the quantities of interest without changing their values.

The rest of this paragraph is devoted to the proof of Proposition 3.1.
Let us start by writing down an expression for the bulk density of particles. Under the grand-
canonical conditions, let § > 0 and p € R. VR > 0, let ‘géR) be the positively oriented simple
contour around [inf o(Hp), c0) defined as:

o = {wee oo se- =T ulme—sace - I e

Op :=info(Hp) — 1.

Let us mention that, for any R > 0, the closed subset surrounding by ‘géR) is a strict subset of
the holomorphic domain ® := {¢ € C: 3¢ € (—F, )} of the Fermi-Dirac distribution function
frp (B, ;&) = eBH=9(1 4 P1=9)=1 From (1.21), and seen as a function of the p-variable, the
bulk zero-field density of particles reads V3 > 0, Vi € R, VR > 0 as, see e.g. [12, Eq. (6.3)]:

1 4

Pr(B, 1,0 =0) := mgrﬁ%?(u@) {XQR ([ﬁg’” d&§rp (B, ;&) (HRr — 5)_1)XQR} : (3.5)
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Another way to express the bulk zero-field density consists in bringing into play the integrated
density of states of Hr. Under the conditions of (3.5),

pR(ﬂ,u,b:O):f[ at 2 (5 ct) V),

where Ng is the integrated density of states of the operator Hgp = Hg(b = 0) defined in (1.18).
We recall that, when the magnetic field vanishes, Ny is a positive, continuous and non-decreasing
function, and Np is piecewise constant when the energy parameter belongs to a spectral gap.

Next, in order to write down a convenient expression for the bulk zero-field density of particles in
the zero-temperature limit, we need to rewrite (3.5) by the use of the Bloch-Floquet decomposition,
see [11, Sec. 2]. Using the notation introduced previously, all the needed results are collected in:

Lemma 3.3 (i). Let 8> 0 and u € R. Then for any R > 0:
1 o0
pn(Bopb=0) = o S [ Akl (8. B (K)
( ol 2 oy, Tr0 (Pt P

(ii). For any R > 0, let pn > inf o(Hp) be fized. One has the identity:

1 %)
hmpR Ba,uab:() = T0 o+ 1 / deinfo’ s ER,’ k)) = Nr /j/)a 3.6
Froo ( ) |QR||QR| ; o [ (Hr) H]( J( )) ( ( )

where X(int o(fy),u) denotes the indicator function of the compact interval [inf o(HRg), p], and Ng
the integrated density of states of the operator Hp.

Now, let us get back to the location of the Fermi energy in the tight-binding situation when the
density is given by (1.23). We need first to know how the negative spectral bands of the operator
Hp are localized at negative eigenvalues of the operator Hp for large values of the R-parameter.
For completeness’ sake, in the below lemma, we disregard assumption (#%q4) and we allow the
negative eigenvalues of Hp to be (possibly) finitely degenerate:

Lemma 3.4 Let T € N* be the number of the eigenvalues of Hp in (—o0,0) counting multiplicities.
Denote by {\i}}_,, v < 7 the set of distinct eigenvalues counting in increasing order. Then, for
R sufficiently large, there exist 2v + 1 real numbers: cr,dr; < 0 withl =1,...,v and Cg,41
satisfying:

1
—A1 — 5 <cp1<dpi<--<cpy<dr, <Cpruyt1, 8.t
(1) o(HR)(—00,0) € Ui_1lcRrs drol,
(ii) [CRlade] [cRm, dR,m] = 0 if L # m,
(111) A\ E (chade)
(IV) dR,l/ + CR,V+1 < 07'

together with the properties that cr,,dr; — A\ and Cry41 — 0 when R 1 oo.
Furthermore, one has the following relations with the Bloch bands of Hg:

dimZ%;

[cr1,dri]l No(HR) = U Erm, 1=1,...,1,
CR,VJrl = mlnER,TJrl-

Here, E; denotes the eigenspace associated with the degenerate eigenvalue \;.
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Proof. The lemma follows from [21, Thm. 2.1] taking into account the labeling in increasing
order for the Eg;’s. Note that [21, Thm. 2.1] is stated under the assumptions that Vz is smooth
and sufficiently fast decaying at infinity. But the statements still hold true under our conditions
on the potential Vg, see [27, Thm. 2]. O

Now we are ready for:
Proof of Proposition 3.1. Let us first prove (i). Consider the equation:

1
A Z/ﬂ dK Xfint o(#z), 21 (ER.1(K)) = n0.
>1 R

Due to the assumption (@%4q), Lemma 3.4 ensures that the Bloch bands Ery, | = 1,...,7 are
simple, isolated from each other and from the rest of the spectrum for R sufficiently large. Hence,
if ng € N* satisfies ng < 7, then E must belong to [maxke% ER.n (k), mingeq:, ERng+1(k)]. This
comes from the fact that the Lebesgue-measure of the set {k € Q}, : Er (k) < E} equals |QF,| if
and only if £ > maxkeqs, Er,i(k). Getting back to (3.6), this means that for R sufficiently large:

VE € [maXER,no,minER,n0+1], NR(E) = po(R) (37)

In view of (3.7), it remains to use [11, Thm. 1.1] what leads to (3.2).
Let us turn to (ii). Assume that ng < 7. It is enough to use that:

max gR,no — )‘no min 5}{7”04_1 — )\n0+1
2 2 '

Er(po(R)) — Ep(no) =

along with the estimate which holds uniformly in k, see e.g. [27, Thm. 2]:

VIR
’,/|ER7l(k) — VN =O<QT>, I=1,...,7 O

Remark 3.5 From the foregoing, one can infer a sufficient condition which leads to the insulating
situation when allowing the eigenvalues of Hp in (—o0,0) to be finitely degenerate. From Lemma
3.4, then for R sufficiently large, (3.7) holds VE belonging to a spectral gap of Hr provided that:

Beec{l,...,v} st n0:Zdile.
=1

3.1.2 Isolating the main R-dependent contribution at zero-temperature.

We start by writing down an expression for the bulk zero-field orbital susceptibility. In the

grand-canonical situation, let § > 0 and p € R. For any R > 0, let %éR) be the positively
oriented simple contour around [inf o(Hp),c0) defined in (3.4). The closed subset surrounding

by ‘géR) is a strict subset of the holomorphic domain ® := {( € C : JC € (f%, %)} of & —
(8,15 €) = In(1 + €209 satisfying — 4 (D) (B, 1:€) = Frp (B, 3 €). Note that §(8, ;- ) admits

an exponential decay on %ﬁ(R), i.e. there exists a constant ¢ > 0 s.t.

VB >0,VE € G5, [f(8,m:€)| < ceMemIRE, (3.8)

From (1.22), and seen as a function of p, the bulk zero-field orbital susceptibility reads V3 > 0,
Vi€ R and VR > 0 as, see e.g. [12, Eq. (1.21)]:

oy (92 .
XR(/Bhu‘vbfo) 7(6) 6|QR|27T [ggﬁ) dff(ﬂ,u,f) (39)

X Trpzms) {Xan(Hr — &) [Tr1(6)Tr1(E) — Tr2(E)] Xk |
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where Tr ;(£), 7 = 1,2 are bounded operators on L?*(R?) generated via their kernel respectively
defined on RS\ D (D := {(x,y) € R® : x = y}) as:

TR,l(XaYQg) = a(x - y) ’ (’LVX)(HR - 6)_1(X,Y), (310)
T a(x,y:6) = 5a(x — y)(H €)' (x.3). (3.11)

Remind that we have introduced the operators T'p ;(§), j = 1,2 via their kernel defined similarly to
(3.10)-(3.11) but with (Hp—¢&)~! instead of (Hg—&) ™!, see (1.27)-(1.28). Since |a(x—y)| < |x—y|,
then under the conditions of Lemma 2.1 (below Z := R or P), one has on R®\ D:

ef"gﬁ |x7y‘

T=,;(x,y; )| < p(I€]) 1,2, (3.12)

. 1 19 ::—aj: Y
x—y] SR IATY

for another constant ¥ > 0 and polynomial p(-). Due to (3.12) and (2.16), the operators
(Hz — &) 'T=1(§)T=z1(¢) and (Hz — &)~ 'T=5(€), E = R or P are locally trace class on L?(R3).
Furthermore, both are integral operators with a jointly continuous integral kernel on R®, whose
diagonal part is bounded above by some polynomial in || uniformly in the spatial variable, see
e.g. [12, Lem. A.1]. This along with (3.8) ensure that (3.9) is well-defined.

Now, let us turn to the proof of (1.29). We point out that the main difficulty consists in iso-
lating the main R-dependent contribution from (3.9) in the tight-binding situation, while keeping
a good control on the behavior of the 'remainder’ term, even in the zero-temperature limit.

The starting point is the approximation of the resolvent (Hr — ¢)~! derived in Sec. 2. By
replacing in (3.9) each resolvent (Hg — &)~! (including the ones appearing in (3.10)-(3.11)) with
the r.h.s. of (2.13), and taking into account the features of the three last operators in the r.h.s. of
(2.13) we discussed in Sec. 2, we naturally expect the main R-dependent contribution from (3.9)
to be obtained by replacing each (Hr — &)~ with (Hp — ¢)~L. In this way, define V3 > 0, Vu € R
and VR > 0, the following quantities:

> A .

XR(/Bhu‘vbfo) 7(6) ﬁ|QR|ﬂ'[gL§P) d&f(ﬂvﬂa&) (313)
X Trpzws) {Xan(Hp — &)~ [Tp1()Tr1(€) — Tra2(€)] Xan | »
AR(B, 1) = Xr(B, p1,b = 0) — Xp(B, 1,b = 0), (3.14)

where ‘Kﬁ(P) appearing in (3.13) denotes the counter-clockwise oriented simple contour around the
interval [inf o(Hp), 00) defined by:

#) = {éreg € [6p, 00), I€ = i%} U {%5 — §p, 3¢ € {—% 21} } (3.15)

(Sp = inO'(Hp)—l :)\1 —1.

Now, we switch to the canonical conditions. Assume that the number of particles ng € N*
in the Wigner-Seitz cell is fixed and obeys ng < 7, while the density is given by (1.23). Let
ugg) (B, p0(R),b=0) € R be the unique solution of the equation pr(3,e*,b = 0) = po(R). Then,
from (1.24) together with (3.13)-(3.14), one has V5 > 0 and VR > 0:

X (B, po(R),b = 0) = X (B, 1y (B, po(R),b = 0),b=0) + A (8. 4y (8. po(R),b = 0))
(3.16)
The next step of the proof consists in performing the zero-temperature limit in (3.16) in the tight-
binding situation. Here, the crucial point is the insulating situation: for R sufficiently large, the
Fermi energy lies outside the spectrum of Hp and is located in a neighborhood of the middle of
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the interval (An,, Ang+1) if no < 7, (A, 0) otherwise; see Proposition 3.1 along with Lemma 3.4.
Remind that the insulating situation results from the non-degeneracy assumption (#,q) together
with the condition (1.23). To perform the zero-temperature limit in (3.16), we need the two
following propositions. Their proof are placed in Appendix, see Sec. 4.1. Recall that {\;}]_,,
7 € N* denotes the set of eigenvalues of Hp in (—00,0) counting in increasing order.

Proposition 3.6 Let I, ¢ € {1,...,7} be an open interval s.t. I. C (A, Acy1) and % el
if ¢ < 7; otherwise I, C (A\;,0) and 2= € I,.

Then, for any R > 0 and for any compact subset K C I.:
- 1
lim Xr(B8, 14,0 =0) = — Zr(u,b = 0),
lim Xr(8, p ) o r(p )

uniformly in pu € K, with:

Zlpb=0)=(4) 2 [ dctu-

C
x Trrarey {Xar(Hp — &) [Tr1(§)Tp1(€) — Tr2(f)] xan } -

T'¢ is any positively oriented simple closed contour surrounding the ¢ smallest eigenvalues of Hp
in (—o00,0) while letting outside the rest of the spectrum.

Proposition 3.7 Let I, ¢ € {1,...,7} be an open interval as in Proposition 3.6. Then, for
R sufficiently large, limgyoo Ar(5, 1) exists uniformly on compact subsets K C I.. Denote it by
Agr(u). Furthermore, Y0 < « < 1 there exist two constants ¢,C > 0 s.t. Yu € I. and for R
sufficiently large:

Ar(p)] < L+ e (3.17)

Let us emphasize that the exponentially decaying estimate appearing in (3.17) arises from the
fact that u is compactly supported, see assumption (<% ). The proof of Proposition 3.7 is essen-
tially based on the features of the three last operators in the r.h.s. of (2.13) we mentioned in Sec. 2.

Subsequently to Propositions 3.6 and 3.7, we are in a position to isolate a first main R-
dependent contribution from (3.16) in the tight-binding situation and in the zero-temperature
regime. Under the conditions of (3.16), let us show that VO < o < 1, there exists a R-independent
constant ¢ > 0 s.t.

Bim (3. ()b = 0) = 5 i (Enlpo(F)).b = 0) + O (=), (3.18)
with:
i Enlp(R).b=0) = (1) L [ ae (i) ~© 10

xTrr2rsy {xar(Hp — &) [Tr1(&)Tr1(€) — Tr2(€)] xan | -

To achieve that, let I,,, be an open interval s.t. I,,;, € (Ang, Angr1) and % € I, if ng < 7;

no =

otherwise I,, € (\r,0) and ’\TT € I,,. From Lemma 3.4 and Proposition 3.1, for R sufficiently

large, I, No(Hg) = ) and the Fermi energy &r(po(R)) = limgtoo ug) (B,p0(R),b = 0) € I,
respectively. Then, (3.18) follows from Propositions 3.6 and 3.7 together.

Remark 3.8 In the case of ng < 7, due to the asymptotic expansion in Lemma 3.1 (ii) along with
(3.17), then one obtains instead of (3.19):

B 1
1Q2r|

with Zr(Ep(no),b=10) as in (3.19) but with Ep(ng) instead of Er(po(R)).

lim X (B, po(R),b = 0) 2 (gp(no),b:0)+0(e_CRa),
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3.1.3 Isolating the main R-dependent contribution at zero-temperature - Continua-
tion and end.

The continuation of the proof of (1.29) consists in removing the R-dependence arising from
the presence of the indicator functions xq, inside the trace in (3.19).

The key-ingredient is Proposition 3.9 below whose proof lies in Appendix, see Sec. 4.2. The
exponential localization of the eigenfunctions associated with the eigenvalues of Hp in (—oc,0)
plays a crucial role in the proof.

Introduce the family of functions g, : C = C, 0 € C, w =0, 1, defined as:

90.1() :=0—¢& g00() =0, (£0)eC (3.20)

Proposition 3.9 V0 € C, Yw € {0,1} and Y5 € {1,...,7}, there exist two constants C' =
C(0,5) >0 and ¢ > 0 s.t. Vx € R3 and for any j € {1,2}:

)

max{’% / € 00.0() (T = Tra(OTra(©)} (6%

i (3.21)
37 [, €00 (@) {(Hp 9 T©)) (60

} < Ceclxl

T'¢ is any positively oriented simple closed contour surrounding the ¢ smallest eigenvalues of Hp
in (—00,0), while letting outside the rest of the spectrum.

As a result of Proposition 3.9, the error made in getting the trace out the integration w.r.t. &
in (3.19) and extending the trace to the whole space behaves like O(e~“%) for some R-independent
constant ¢ > 0. Hence, under the conditions of (3.19), there exists a R-independent ¢ > 0 s.t.:

Zr(Er(po(R)),b=0) = (€)2 iTrLzoRa{/ d¢ (Er(po(R)) —€)
©“r Fno (3.22)

< (Hp — ) [Tp (€)Tpa (€) — Tp,g(m} L0 ().

Gathering (3.18), (3.19) and (3.22) together, then to complete the proof of (1.29)-(1.30), it
remains to show that the quantity containing the Fermi energy inside the trace of the leading term
in the r.h.s. of (3.22) plays no role (i.e. we can get rid of it without changing the value of the
trace). This is contained in the below result, whose proof lies in Appendix, see Sec. 4.2:

Proposition 3.10 With the notation of Proposition 3.9, one has:

%TI‘LZ(]RS) {/ d¢ (Hp — &) [Tp1(&)Tp1(€) — TPQ(&)]} =0.

S

3.2 Proof of (ii).

Before beginning, let us recall and introduce some notation. Under the assumptions (@ )-
(n)-(2na), let {\}]_,, 7 € N* be the set of eigenvalues of Hp in (—o0,0) counting in increasing
order. Let v;, [l = 1,...,7 be positively oriented simple closed contours assumed to be two by two
disjoint, chosen in such a way that VI € {1,...,7}, 9 surrounds the eigenvalue \;, while letting
outside the rest of the spectrum of Hp. Let Hp(b), b € R be the magnetic ’single atom’ operator in
(1.26). From [7, Thm. 1.1] (see also [39, 29]), there exists by > 0 s.t. V|b| < by, U[_,v € o(Hp(b))
(the resolvent set). Moreover, by [5, Thm. 6.1], the eigenvalues \;, [ = 1,...,7 are stable under
the perturbation Hp(b) — Hp for b sufficiently small. Due to the assumption (#%,q4), this means
that there exists by > 0 s.t. V|b| < by, Hp(b) has exactly one and only one eigenvalue \;(b) nearby
A, L =1,...,7. Furthermore, by the asymptotic perturbation theory, Vi € {1,...,7} X\/(b) can
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be written in the first order in b as A\ (b) = A + be; + o(b), see e.g. [35, Sec. VIII, Thm. 2.6].
Actually, the \;(b)’s can be written in terms of an asymptotic power series in b, see e.g. [7, Thm.
1.2]. From the foregoing, then there exists 0 < b < min{bg, b1} s.t. V|o| < band VI € {1,...,7},
A1(b) lies inside the closed contour v; surrounding \;. Under these conditions, we denote here-
after by IT;(b) the orthogonal projection onto the eigenvector corresponding to the eigenvalue A;(b).

Let us turn to the proof of (1.31). Under the above conditions, the Riesz integral formula
allows to write for any I € {1,...,7}:
i -
Vbl < b, ML) = He(b(b) = 5 [ deeltn) - ¢
"
Since dim Ran(IT;(b)) = 1 by stability of the A;’s, then for any ng € {1,...,7}:

7

no .
Vbl < M (b) = —Trpzg: d¢E(Hp(b) — &)~ s . 3.23
[b] < b, ;l() o I“L(lRﬁ'){/UlnUlw EE(Hp(b) =€) } (3.23)
Next, the proof of (1.31) follows from the following result which is concerned with the quantity
in the r.h.s. of (3.23) (seen as a function of b):

Proposition 3.11 Let {gow, 0 € C}, w = 0,1 be the families of functions defined in (3.20).
Then, there exists a neighborhood T of b =0 s.t. V0 € C and Yw € {0, 1}, the following map:

i _
b Foald) i= - Trpaeey § [ d€anal€)(He®) - €71 (3:24)
2 Urlim
is twice differentiable on I. Moreover, its second derivative at b =0 reads as:
d>Zy i 1
g 0=0)="Trreee [ - d€gew(§)(Hp — &)™ [Tp1(§)Tra(€) — Tr2(O)] o (3.25)
Ui

Since the A(+)’s are twice differentiable w.r.t. b in a neighborhood of b = 0, then (1.31) follows
directly from (3.23) along with Proposition 3.11.

The rest of this section is devoted to the proof of Proposition 3.11. It is essentially based on
the so-called gauge invariant magnetic perturbation theory, see [13, 17, 14,41, 7, 8, 19, 9, 18, 15,
11, 12, 46] and references therein.

Before starting, let us introduce some notation. Define V(x,y) € RS the magnetic phase ¢ as:

o(x,y) == %eg (y xx)=—¢(y,x), e3:=(0,0,1). (3.26)

By [47, Thm. B.7.2], Vb € R and V¢ € o(Hp(b)), the resolvent (Hp(b)—&)~! is an integral operator
with integral kernel (Hp(b) — €)71(-,-) jointly continuous on R®\ D. Introduce on L?*(R?) the
operators T'p;(b,€), j = 1,2 via their kernel respectively defined on R®\ D by:

Tpi(x,y;b,€) :=a(x —y) - (iVx + ba(x))(Hp(b) — £) ' (x,y),
Tpa(x,y;b,6) := %aQ(X —y)(Hp(b) — &) (x,y).

From [12, Eq. (2.9)] together with [12, Lem. 2.4], Vi > 0 there exists a constant ¢ = J(n) > 0
and a polynomial p(-) s.t. Vb € R, V¢ € C satisfying dist(¢, o(Hp(b))) > n and V(x,y) € RS\ D:

—V¢|x—y]|
[(Hp(b) =€) (x,y)| Sp(l&l)eb:fﬂ, Og =91+ €))7, (3.27)
—9¢|x—y|
ITp;(x,y;0,6)| < p(I€)(A + |b|)3%, j=1,2. (3.28)
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By the Shur-Holmgren criterion, the T ;(£)’s are bounded on L?(R?):

[(Hp®) =7 <€),  1Tp;5, Ol < p(ENQ + [b])?, (3.29)
for another polynomial p(-). Let j € N* and i := (i1,...,i;) € {1,2}/. For any k € N* with
k>7>1,let X?(i) be the characteristic function given by:

. 1 ifiy+---+i;,=k .
k) = ! 7= <j<
Xj Ok { 0 otherwise o I=sisk

Restricting to k € {1,2}, define Vm € {0,1} and Vb € R the function on R®:

k

Tpr(x,y:b,8) = —1)/ k(i dzy--- [ dz;(i¢(z;,y) — ip(z5,%x))™
Faleyibn€) = Yo >E§%fgx@ v [ dayio(a.y) = i0(a;. %) 530,

x (Hp(b) — &)1 (x,21)Tr, (21,22;b,§) - - - Tp; (2, ¥; b, €),

where by convention, we set 0° = 1. Note that, due to the antisymmetry of ¢, the terms in the
r.hs. of (3.30) containing the magnetic phases vanish when x = y. Moreover, Vn > 0, Vb € R
and V¢ € C satisfying dist(&,a(Hp(b))) > 1, TH.(-,-;b,€) is jointly continuous on R®. This
follows by applying j-times [12, Lem. A.1] together with (3.27)-(3.28). Furthermore, from (3.26),
(3.27)-(3.28) along with [12, Lem. A.2 (ii)], there exists a b-independent polynomial p(-) s.t. for
any k € {1,2}, m € {0,1} and V(x,y) € RE:

m m 'f
S yi O <1+ 0" x { T FIT A (3.31)

where, in the case of x # y, we used the rough estimate:

V(X,y>€R6, |¢(X,y>|§|y||X*y|

Remark 3.12 In view of (3.30), one has on R3:

Tha(x,%;0,€) = */ dz (Hp(b) — &)~ (x,2)Tpa(z,x:b,£),

R3
‘I}D,l(xa X3 ba 6) = 0)

E%,Q(X,X;b,f) = _/ dz (HP(b) - 6)_1(X,Z)TP,2(Z,X;Z),§)
R3
+/ dz1/ dzo (Hp(b) — €)' (x,21)Tpa (21, 22; b, ) Tr (22, %; b, €).
R? RS

Now, let us turn to the proof of Proposition 3.11. It requires the two following technical results
whose proofs lie in Appendix, see Sec. 4.3.

The first one deals with the regularity of the integral kernel of (Hp(b) —&) ™, seen as a function
of the b-variable, in a neighborhood of b = 0:

Lemma 3.13 Let K C (o(Hp)N{¢ € C:RC < 0}) be a compact subset. Let by > 0 s.t. V|b| <
b, K C (o(Hp(b)) N{¢ € C: RC < 0}).

Then, V¢ € K and ¥(x,y) € RS\ D, the map b+ (Hp(b) — £)71(x,y) is twice differentiable on
the interval (—bg,br). Furthermore, its first two derivatives at by € (—bg,bx) read as:

%(Hp(b) - 6)_1()(,)’) - = (’L'(b(X, y))S(HP(bO)_g)_l(Xay)"i_SZE;,_kk(xay;bOag)a s=1,2,
—bo k=1

where the functions Tp, (-, -;b0,§), k= 1,2, m = 0,1 are defined in (3.30).
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The second one deals with the 'uniform’ exponential localization of the eigenfunctions associ-
ated with the A\;(b)’s, I =1,...,7 for b sufficiently small:

Lemma 3.14 Let \;, I € {1,...,7} be a simple eigenvalue of Hp in (—o0,0). Let b sufficiently
small s.t. Hp(b) has exactly one and only one eigenvalue \j(b) near \;. Denote by ®;(-;b) the
associated (normalized) eigenfunction. Then, there exists b > 0 and two constants ¢,C > 0 s.L.

for any k € {1,2,3}:
V|p] < b, Vx € R®,  max {|®;(x;b)] , |0, Br(x;b)|} < Ce™X, (3.32)

The exponential decay for the ®;(-;b)’s is a well-known result, see e.g. [33, Thm. 4.4] and
also [34, Thm. 1.10], [26, Sec. 7.2]. For b sufficiently small, we stress the point that all the
constants can be chosen b-independent. As a result of Lemma 3.14, one directly gets as a corollary
of Proposition 3.9:

Corollary 3.15 Let {\}]_, be the set of eigenvalues of Hp in (—o0,0). Let b > 0 s.t. V|b| < b
and ¥Vl € {1,...,7}:

(i). Hp(b) has exactly one and only one eigenvalue \(b) located nearby A;.

(ii). The (normalized) eigenfunction associated with A\j(b) obeys estimate (3.32).

Then V0 € C, Yw € {0,1} and Vs € {1,...,7}, there exist two constants C = C(0,5) > 0 and
c>0 st Vb <b, vx € R? and for any j € {1,2}:

mx{}% / A€ g0.n(€) {(1p0) ~ 7 Ty .0)) (6.0

, (3.33)
o= [ €000 ((F100) ~ O Ta (0T 0,80} (.
7 Jr.

} < O(1+ b)) e,

where gg . are the maps in (3.20) and T a contour as in Proposition 3.9.

Note that the presence of the factor (1 + [b])% in the upper bound in (3.33) comes from the
estimate (3.28) (the estimate in (3.27) is b-independent).

We are now ready for: Proof of Proposition 3.11. Let § € C and w € {0,1}. Let b > 0 s.t.
V|b| < b, (3.23) holds. Let us first prove that:

VB < b, Fou(d) =~ / 0 g9, () (Hp (b) — €)Y,

has an integral kernel jointly continuous on RS. By the Dunford-Pettis theorem, Fy () is an
integral operator since (Hp(b) — &)~ is bounded from L?(R?) to L>(R?) by some polynomial in
€], see (3.27). Let & < info(Hp) and large enough s.t. & < minj<;<-{y NR}. By the first
resolvent equation:

i

fe,w(b> :% (/u"o dfﬂ@,w(é)) (HP(b> - 50)71

+ 7 A€ 90,00 (€) (€ — &) (Hp(b) — &)~ (Hp(b) — &)~

2 U?:O1'Yl

By the Cauchy-Goursat theorem, the first term in the above r.h.s. is identically zero. The second
term has a jointly continuous integral kernel on R® due to [12, Lem. A.1] along with (3.27).
Denoting by Fy (-, -;b) the integral kernel of Fy ,,(b), its diagonal part reads Vb € (—b, b) as:

(3.34)

=1

d€ g0, (§)(Hp(b) — 5)_1(X,Y)>

3 gy b
Vx € R%,  Fpuw(x,x;b) 1= 5 (/Uno

y=x
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Next, from Lemma 3.13 together with (3.31), one can prove that for any x € R?, the map b
Fo,w(x,%x;b) is twice differentiable on (—b, b). Moreover, its first two derivatives at by € (—b,b)
satisfy (below s = 1,2):

0° Fo o
5 (x,x;bp) .7527T/u'

no
=17

Vx € R3,

d€ g0.w(€) D Th (%, x5 bo, €).
k=1

Here, we used that ¢(x,x) = 0. Finally, let 0 < b <bs.t. V|b| < b and for any [ € {1,...,n0},
the (normalized) eigenfunction associated with X\;(b) obeys an estimate of type (3.32). From the
explicit expressions in Remark 3.12 together with the estimate (3.33), then for any compact subset
K C (—b,b), there exist two constants ¢ > 0 and C' = C(ng, 0, K) > 0 s.t.

Vx € R®, sup

beK

O°Fo.w
ob®

(X,X;b)‘ <Ce X s=1,2.
Since the upper bound belongs to L!(IR?), the proposition follows. O

3.3 Proof of (iii).

Let us recall some notation. Under the assumptions (2% )-(e/m)-(2%a), let {\}]_; be the set
of eigenvalues of Hp in (—00,0) counting in increasing order. For any [ € {1,..., 7}, denote by @,
the normalized eigenfunction associated with A;, and by II; = |®;)(®;| the orthogonal projection
onto ®;. We define II* := 1 — II;. From [5, Thm. 6.1], there exists b; > 0 s.t. V|b| < b; and
Vi e {1,...,7}, A is stable under the perturbation W(b) := Hp(b) — Hp = —ba - (—iV) + 2b%a’.
This means that V|b| < by, Hp(b) has exactly one and only one eigenvalue \;(b) nearby A; which
reduces to A; in the limit b — 0. For such b’s and any [ € {1,...,7}, denote by ®;(b) the normal-
ized eigenfunction associated with X;(b), and by II;(b) = |®;(b))(®;(b)| the orthogonal projection
onto the eigenvector ®;(b). We define I~ (b) := 1 — II;(b).

Let us turn to the proof of (iii). Let [ € {1,...,7} and K be a compact neighborhood of ;.
Let 0 < b < by s.t. V|b] < b, KN (oc(Hp(b)) \ (b)) = 0 and X(b) € K. From the Feshbach
formula in [22] and under our conditions, V|b| < b and small enough, X\;(b) is the unique number
¢ near \; for which:

(N — OTL + LW (B)TL, — TLW (b) {T1 (Hp + W (b) — QT W (b)II,, (3.35)

is not invertible. Note that W (b)II; is bounded on L?(R?), and its operator norm behaves like
O(]b]). This follows from the exponential localization of ®; and V®; in (3.32). We point out that
W (b)II; remains bounded even with an exponential weight. More precisely, there exists eg > 0
and a constant C' > 0 s.t.

Y0 < & < o, HW(b)Hle€<'>H <Cpl, ()=+vIt] (3.36)
Now, let us justify that the operator II;*(Hp(b) — &)IL is invertible V|b| < b and small enough,

and V¢ € K. To do so, introduce the Sz-Nagy transformation in [35, Sec. 1.4.6] corresponding to
the pair of projections II;(b), IT;:

U () = (1 - ((b) — 1)) 2 {T, ()T, + (BT} (3.37)

Since I1;(b) converges to IT; in norm as b — 0, see e.g. [35, Sec. VIIL.2], the square-root in (3.37) is
well-defined by a binomial series. U(b) is a unitary operator, and it intertwines both projections:

I0,(b) = U (b)ILU*(b). (3.38)
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From (3.38), one gets I} (b) = U(b)II;-U*(b) what leads to U*(b)ILj-(b) = II;;U*(b). As a result,
V|b| < b and small enough, and for any ¢ € K:

UO)IL;- (Hp(b) = OI1;-U* (0) = I ()U (b) (Hp(b) — U (D)1 (b), (3.39)

i.e. ILH(Hp(b) — &I} is unitarily equivalent with the operator in the r.h.s. of (3.39). Next, from
the asymptotic perturbation theory in [35, Sec. VIIL.2.4]:

Ub) =1+ {ILW(OB)(Hp — &) (1—1L) — (1 —IL)(Hp — &) ' WO)IL} +ui(b),
U*(b) =1+ {(1 = IL)(Hp — )" W(b)IL, = ILW (b)(Hp — &) (1 = IL))} + ua(b),

where the u;(b)’s, j = 1,2 are operators satisfying b='u;(b) — 0 in the strong sense. Putting these
asymptotic expansions into (3.39), then we obtain:

Ub)IG (Hp(b) = OTU*(b) = 1 (b) (Hp(b) — TG (b) [1 + T(€,0)]

where T(¢,b) is an operator s.t. || (&, )| = O(]b]) uniformly in &. Tt follows that IT;-(Hp (b)—&)TT-
is invertible V|b| < b and small enough, and V¢ € K.

Let us get back to the quantity in (3.35). By using the scalar product, VI € {1,...,7} and
V|b| < b and small enough, A;(b) has to obey the equation:

N(B) = A+ (@0, W (0) 1) — (W (0)r, (T (Hp(b) — M(b) TI) " W (B)21) (3.40)
By iterating the identity in (3.40), one obtains under the same conditions:
A (D) = N + (@, W (b)D;) — <W(b)<1>l, (IL" (Hp — \) Hf)’1 W(b)@l> + O (|p]*). (3.41)
To control the behavior in b of the remainder term, we used that:
o= (Ut (Hp®) = M) 1) ™ = (11 (Hp = W 1) e | = O,
with 0 < e < &g as in (3.36). It can be proved by using an asymptotic expansion for the projection
IT;(b) together with the application of the gauge invariant magnetic perturbation theory for the

kernel of the unperturbed projector as we did for the kernel of the resolvent in Sec. 3.2. Note that
the fourth term involved in the expansion (3.41) can be identified with:

-2
— (@1, W(0)@r) (W (0)y, (T (Hp — ) TI) W (0)d;)
-1 —1
+ <W(b)<1>l, (I (Hp — N\) 105 W (b) (I (Hp — \) II}F) W(b)@l> :
Since A;(+) has an asymptotic series expansion for b small enough, then one obtains from (3.41):

%(b =0) = (®,a°®;) — 2 <a~ (—iV)®y, (T} (Hp — A)TIE) ' a- (*iV)@z> _ (3.42)

From (3.42), the proof of (1.32) directly follows from (1.31).

4 Appendix.

4.1 Proof of Propositions 3.6 and 3.7.

We start by introducing some notation. Recall that under the assumptions (o )-(%n )-(2na),
{N}]_; with 7 € N* denotes the set of eigenvalues of Hp in (—o00,0) counting in increasing
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order. For simplicity’s sake, we set \;11 := 0. Let I, ¢ € {1,...,7} be an open interval s.t.
I € (A, Acy1) and % € I.. Without loss of generality, we give an explicit form to I.:

2Xs + A1 Ac +2Ae
I = 3 , 3

) , with the convention A;4; := 0. (4.1)

Introduce the following decomposition of the contour ‘gép) defined in (3.15):

e =T U U, ce{l,... 1} (4.2)
m T
7512 - {%Rg € [wj,oo), 3¢ = i%} U {%g — wj, 3¢ € [_%, %] } ,
m T
e {%5 € lwe,wl], SE = iQ—} U {%5 =w, e [—%, ﬁ} } :
[ m T
—w. S T~ T
o{re—oc. see |55 5]}
where wg = % and w:r = %, with the convention A,y = 0.

Let us turn to the proof of Proposition 3.6:
Proof of Proposition 3.6. Let ¢ € {1,...,7}. From (3.13) and (4.2), Vu € I:

v _oy— (9?1 1@ .
.m0 =0 = () Gz o TP 00RO (43)
Or(§) = Trrams) {xar(Hp — &) [Tp1(§)Tr1(E) — Tp2(€)] xan } »

and (4.3) holds VR > 0. Since [w_,w]No(Hp) =0, then Vi € I the closed subset surrounding

by ’y( B) is a strict subset of the holomorphic domain of the integrand in (4.3). Therefore, the
Cauchy—Goursat theorem yields:

[, i e)0n(e) =0,
Vo8

Now, the contours 1"g g and 7( ) can be deformed respectively in I‘g 1 and 7( 1) (set § =1 in their
deﬁn1t1on) due to the 1ocat1on of the interval I.. In the wake of the deformation of the contours,
then under the conditions of Lemma 2.1, from (2.16) and (3.12) with = = P and by setting n = 1,
there exists a polynomial p(-) independent of 8 (and R) s.t.

1Or(E)] < p(IE)IQER]- (4.4)

It remains to use the Lebesgue’s dominated convergence theorem which yields:

: 1 . —_ —
im 3 [ dsiBme0n(©) = [ d(n=0n(o).

Fea s, 1

éiTrgoﬂ/(l) £1(8, 1:)On(€) =0,

where we used the pointwise convergence:

ptoo ﬁ
The uniform convergence on compact subsets K C I is straightforward. O
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Remark 4.1 We emphasize that the deformation off‘g,g and 751[3 in some [-independent contours

is crucial to make the estimate in (4.4) B-independent.

Next, let us turn to the proof of Proposition 3.7. To do that, we need beforehand to introduce
some operators. Recall that R(§) and Zr(€), R > Ry are respectively defined in (2.6) and (2.12)
(Ry is defined through (2.1)). Introduce VR > Ry, the bounded operators Tr ;(§) and g ;(§),
j=1,2 on L*(R?) generated via their kernel respectively defined on R®\ D by:

Tia (e, y:€) 1= alx ~ y) - (V%) (Ri(€)) ()
Tha(x,y:€) = 5%(x — ¥)(Rn(€) (x.y),
Tnay:6) = alx —y) - (V) (Fr(©) (%),
Tnale,y:€) = 52 (x — y)(#r(©)(x,).

The proof relies on the following four lemmas whose proofs can be found in Appendix, Sec.
4.4. Recall that Ry, Ry > 1 are respectively defined through (2.1)-(2.14). With the shorthand
notation introduced in (2.15):

Lemma 4.2 Let 0 < o < 1. For every n > 0, there exists a constant 9 = 9(n) > 0 and a
polynomial p(-) s.t. VR > Ry and V¢ € C satisfying dist(§,0(Hg) No(Hp)) > n:

ﬁ | Tr ey {Xr (HR = €)' [Tr1(E)TRA(E) = Tr2(E)] X0k }

—Trrz@s) {x0aRr(E) [Tr1 (&) Tr1(E) — Tr2()] Xar | < p(|€)e 7"

Lemma 4.3 Let 0 < a < 1. For every n > 0, there exists a constant 9 = 9(n) > 0 and a
polynomial p(-) s.t. VR > max{Ro, R1} and ¥¢ € C satisfying dist(§,0(Hgr) No(Hp)) > n:

(4.6)

al | Trr2msy (X0 RR(E)Tr2(E)Xan} — Trrzrs) {X0nZr(€) Tr2(€)xan}| < p(I€])e™ ¢ ",
(4.7)

| Q

Lemma 4.4 Let 0 < o < 1. For every n > 0, there exists a constant 9 = ¥(n) > 0 and a
polynomial p(-) s.t. VR > max{Roy, R1} and V¢ € C satisfying dist(§,0(Hr) No(Hp)) > n:

| | Tr 2 (23) {x2 RR(E) TR1 () Tr1 (§) X008 }

—Trrore) {Xr Zr(E) Tr1 (&) Tr1(E)xan }| < p(€])e "R

Lemma 4.5 Let 0 < o < 1. For every n > 0, there exists a constant 9 = d(n) > 0 and a
polynomial p(-) s.t. VR > Ry and V¢ € C satisfying dist(§,0(Hg) No(Hp)) > n:

|Q (4.8)

|Tr 2@y {X ZR(E) [Tr1(E) TR (€) — Tr2(E)] X0k }

—Trras) {xan(Hp — &) [Tra(§)Tra(€) — Tra(§)] xax | < p(€))e """

We are now ready for:
Proof of Proposition 3.7. In view of (3.9) and (3.13), then V8 > 0 and Vu € R the quantity
ARg(B, ) in (3.14) can be rewritten for R sufficiently large as:

|Q | (4.9)

N T / o AEH(5, 1) A ©), (1.10)

HR(E) = Trrawsy {xax {(Hr — &)~ [TR,1(§)TR 1(§) = Tr2(8)]

—(Hp — &) [Tp1()Tr1(€) — Tra(6)]} Xan ) - (4.11)
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By R sufficiently large, we mean R > Ry > 1 chosen in such a way that VR > Ra, info(Hpg) >
A1 — 3. Such Ry exists since inf o(Hp) has to coincide with inf o(Hp) when R 1 oo, see Lemma
3.4. Next, let us estimate the quantity in (4.11). In view of the definition of ‘gép) in (3.15), set
n := min{3, 35} > 0. Pick 0 <a <1 and set R3 := max{Ro, 1, Ro} > 1. From Lemmas 4.2-4.5,
there exists a constant ¥ = 9(n) > 0 and a polynomial p(-) s.t. VR > Ra:

veedl”, AR < p(ENIQnle R, de = 9(1+ |¢) 7. (4.12)
We point out that ¢ and p(-) in (4.12) are S-dependent (at least for large 3).
Let ¢ € {1,...,7}. From now on, we limit the domain of u to the interval I.. Without loss of

generality, we give the explicit form (4.1) to I.. Justified by Lemma 3.4, we assume that R > Rs
and large enough so that [5/\‘2/\‘*1 , A‘J“Z)““ INo(Hg) = 0 (we set A1 :=0). Let w® be the reals
defined below (4.2). Since I C [w_,wl] C [SA‘J%A‘“, /\‘Jr%)““], then VR > Rj3 and large enough,
I.No(Hg) =0 and I'g, %(1; No(Hg) = 0. Here I, 4 and %(1; are the contours coming from the

decomposition of ‘gép) in (4.2). From the foregoing, it remains to mimic the proof of Proposition
3.6 to perform the zero-temperature limit. One arrives, for any compact subset K C I, at:

21 4
Ap(p) = él’r%lo Ar(B,p) = (g) m; /fg’1 d€ (u — &) Hr(E),

c

uniformly in p € K. We emphasize that, as in the proof of Proposition 3.6, the deformation of
IA“Q s and %(1[3 in some S-independent contours makes the estimate in (4.12) S-independent on these
contours, see above the definition of the 7. Finally, it remains to use (4.6)-(4.9) along with (4.12)

which lead to the existence of two constants ¢, C' > 0 s.t. VR > R and large enough:
Ve L, |Ar(p)| < C+ |upe. O

4.2 Proof of Propositions 3.9 and 3.10.

Proof of Proposition 3.9. Let {\}]_;, 7 € N* be the set of eigenvalues of Hp in (—00,0)
counting in increasing order. Let ¢ € N* with 1 < ¢ < 7. For any [ € {1,...,¢}, denote by II; the
orthogonal projection onto the eigenvector corresponding to the eigenvalue A;. Recall that II; is
given by a Riesz integral:

_ _ -t
= oo [ dsimr -9,

where 7; is any positively oriented closed simple contour surrounding the eigenvalue J);, while
letting outside the rest of the spectrum of Hp. Denote by IIy := >";_, II;. Introduce the following
decomposition of the resolvent:

VE € o(Hp), (Hp—&) ' =(Hp - '+ (Hp -8, (4.13)
(Hp = &)y' :=Ty(Hp — €)' ZZ)\ll nga (4.14)

=1
(Hp— )7 = (1 - Th)(Hp — €)' = — O (4.15)

Due to (4.14), we have in the kernels sense on RS:

1
AL —¢€
where ®; denotes the normalized eigenfunction associated with the eigenvalue \;. Note that under

our conditions, the ®;’s with = 1,..., ¢ satisfy the following, see e.g. [21, Eq. (5.8)]. There exists
a constant C' > 0 s.t.

(Hp =3 (xy) =) ()8 (y), (4.16)
=1

Vx € R®,  max {|®(x)], |0, ®1(x)|} < Ce”VIMIXI ke (1,23} (4.17)
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Moreover, denote by Tg]—(f), j = 1,2 and p = N, 1, the operators on L?(R?) defined via their
kernel as in (1.27)-(1.28) but with (Hp — &), " instead of (Hp —&)~". Due to (4.15), the kernel of
Tp (), j = 1,2 still obey (3.12).

Let # € C, w € {0,1} and j € {1,2}. Due to the decomposition in (4.13), introduce for any
(p1,92) € {X, L}? the bounded operator on L?(R3):

i

M= L / A€ 9o, (€) (Hp — €518 (6). (4.18)

21

It is clearly an integral operator with a jointly continuous integral kernel on RS, We denote it
v ///9(]11’@1’@2 (+,-). The first part of the proof consists in showing the existence of two constants
¢>0and C =C(0,¢) >0 s.t.

Vx € R3, Z ‘%(j)’pl’pz (x,x)| < Ce—clxl,

6,w
(p1,02)E{N, L}?

At first, due to the location of T', ///(]) L J‘(x,x) = 0 on R? by the Cauchy-Goursat theorem.
Secondly, from (4.16) followed by the re51due theorem:

N
Vx € R3, %B(fil,N,J‘(x7 X) = Zg&,w()\l)@l(x)/ dz q)l( )TPJ(Z X3 Al)

Due to (4.17) and (3.12), use next that there exists a constant C' > 0 s.t.

V1<Il<g, sup/ dz |P(z )TPJ(ZX)\Z)‘ C.
R3

x€R3

Then, it follows that |.#, (j)’N’L(x x)| < Ce~cI*l ¥x € R3, for another ¢ > 0 and C' = C(#,¢) > 0.

A similar estimate still holds true for |.Z"; (). L (x x)|. This comes from the previous arguments,
the upper bound (4.17) and the rough estimate la(x —y)| < (Jx| + |y|), combined with:

Y >0,Yu >0, tre "< Ce 5 >0, (4.19)

for another C'= C(v, 1) > 0. The last term we have to treat reads as:

///“) Y(x,x) = > P, (x) / dz ®;, (z)a(z — x) - (iV,®y,)(2)®y, (x),
11,la=1 R3
@R Y 1,
%9,1 (Xv X) : Z (I)ll(x) - dz @11(2)23 (Z X)q)lz (Z)q)lz (X)a

l1,l2=1

ifw=1and j=1orj=2 respectively; and if w = 0 regardless of j = 1, 2:
)RR
*///0(70) (x,x) =0;
where we used the following identity provided by the residue theorem:

go, w(&) B —Qiﬂzgh — ifw=1,
Z/dé)\l 0, — ) {0 M=o

l1,lo=1 1

In the case of w = 1, it is enough to use (4.17), the rough estimate |a(x—y)| < (|x|+|y|) combined
with (4.19). This leads to |%;ff’N’N(x,X)| < Ce ¥l ¥x € R? and j = 1,2, for another constant
C=C(0,¢)>0and c>0.
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Afterwards, we turn to the second part of the proof. Under the conditions of (4.18), introduce
V(p1, p2, p3) € {X, L}3 the operator on L?(R3):

[ degnn(itn - 95 TROTE O

e/’/@hKDmWS =
6,w It

It is an integral operator with a jointly continuous integral kernel on RS. We denote it by
NE9203 (L) Let us show that there exist ¢, C' > 0 s.t.

Vx € RS, Z ‘%pul],@mm (x,x)| < Ce—clxl.
(91,92,03) €{N, L}?

Firstly, e/i/ei;l’l(x,x) = 0 on R? by the Cauchy-Goursat theorem. Also, by a direct calculation,

%Nf’}l(x, x) = 0 since the residue theorem leads to:

- ge,w(f) _
2 /F RO VY T v 1o WS By

l1,l2,l3=1

It remains to treat six terms. Let us treat the trickiest one (we make it clear hereafter) which is
Jl{glu;N’L(x, x). From the residue theorem:

S
f/i/ei;N’L(x,x) = Zgg,w()\l)/ dzl/ dze (Hp — )\l)j_l(x,zl)
l:l RS RS

x a(z1 —22) - (Vg P1)(21) Pr(22) T (22, %5 \).

Define for any 1 <1 <, k € {1,2} and V(x,21,22) € R? with x # z; # za:
Tt 1, 22) = [(Hp — AT 0, 20) (, 0) ) ] [T T 2 30 00)|

From (2.16), (3.12) and (4.17), there exist two constants C,c > 0 s.t.

e—clx—z1] . o5 lz2—x|
jl(l)(x, 21,2) < C———|z1|e™V Nillzilg=v/IAillz2l g =5 lze—x[ 2~

|x — 23 |zo — x|

Using that e~ ™in{s VIMH(z2l+lze—x]) < o= min{5.V/IX}xl yx ¢ R3, along with (4.19) leading to

the estimate |z1Je”VI<ll#1l < |X|~2 Vz; € R3, then by [12, Lem. A.2 (ii)], there exist another
constant C' > 0 s.t. for any 1 <[ <g:

vx € R?, /dzl/ dze TV (x, 21, 25) < Ce™mind5.V/INDHxI, (4.20)
R3 R3

Clearly, the upper bound in (4.20) still holds true when replacing Jl(l) with %(2). Hence, one

arrives at |</V9J;;N’J‘(x, x)| < Ce=**l vx € R3, for another constant C' = C(,s) > 0 and ¢ > 0. We

1w@2 3 (X, X)

do not treat the other terms which are simpler. Note that they have all the form .4,
with (923 @3) € {N) J*}Q and §22, 3 7& Na or ﬁ/’/gfaul;pzyN(an) with (pla @2) € {Na J~}2 and 1, 92 7& N.
Therefore, they can always be written on R?, via the residue theorem, as > ;_; ®;(x).A4;(x) with
Supyeps |Ai(x)| < este. Thus, the announced exponential decay in |x| results only from (4.17). O

Proof of Proposition 3.10. The proof we give requires the notation introduced in Sec. 3.2. We
do not recall them, and we refer to the beginning of Sec. 3.2. Let ¢ € {1,...,7}. From the Riesz
integral formula (for orthogonal projections) together with the definition (3.24), one has:

Vbl < b, > Trpees) {IL(b)} = %TYLQ(RB') {/ d¢ (Hp(b) — 5)1} =t F1,0(b).
=1 U

L§:1'Yl
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Here, the b and the 7;’s are the same as the ones appearing in (3.23). Since the map b — %1 o(b) is
twice differentiable in a neighborhood of b = 0 (see Proposition 3.11), then by using the expression
for the second derivative at b = 0 given in (3.25) (with # = 1 and w = 0), one gets the identity:

% <Z TrLz(]RS){Hl(b)}>
=1

But the quantity in the above lLh.s. is zero. Indeed, by stability of the eigenvalues of Hp in
(—00,0), one has dim RanII;(b) = 1 and thus the sum is a b-independent quantity (equals to ¢).0J

= %Try(]gz) {/ d¢ (Hp — &)~ [Tra(§)TpPa(E) — TPQ(O]} ’
b=0 Vizm

4.3 Proof of Lemma 3.13.
Introduce V(b,by) € R? and V¢ € o(Hp(by)), the operators Rp(b, by, &) and Tp (b, by, ), j =
1,2 on L?(R3) via their kernel respectively defined on R®\ D by:
Rp(x,y;b, b, &) := Y (Hp(by) — €) 7 (x,y), 6b:=b— by, (4.21)
TP,]' (X; Y; b7 bOa 5) = ei6b¢(X7y)TP,j (Xa Y, b07 5)5 (422>

where ¢ is the magnetic phase defined in (3.26). Also, set:
7~1P (ba bOa €) = 6bTP,1(ba bOa €) + (6b)2TP,2(ba bOa 5) (423)

Except for a gauge phase factor, the kernel of Rp(b, by, &) and Tpﬂj(b, bo, &), j = 1,2 is the same
as the one of (Hp(by) — &)~ and Tp ;(bo, &) respectively. Therefore, ¥n > 0 and V¢ € C satisfying
dist(&, 0(Hp(bg))) > 7, then Vb € R Rp(b, by, &) and Tp (b, by, €) are bounded with operator norm
obeying (3.29) (with by instead of b). Under the same conditions, introduce on L?(R3):

T (0,00, €) 1= —Rp (b, bo, &) Tp 1 (b, by, £), (4.24)

~ ~ ~ 2 ~
{:g) (b7 bOa&) = RP(bab()vé.) { (TP,l(babOaé)) - TP,Q(bv bva)} ) (425)
as well as, with the additional condition & € o(Hp (b)) N o(Hp(bp)):

T (0,bo, &) == — (Hp(b) — &)~ (TP(babOaf))S
) (4.26)

1
5b325b Z STEG)Rp (b, bo, & H p.i, (b, o, )
0

k= ie{1,2}2 r=1

Now, we turn to the actual proof. Let K C (o(Hp)N{¢{ € C:R({ < 0}) be a compact subset.
From [7, Thm. 1.1], then there exists bx > 0 s.t. V|b| < b, K C (o(Hp(b)) N{¢ € C: R < 0}).
From now on, let by € (—bg,bx) be fixed. The starting point of the gauge invariant magnetic
perturbation theory is the following identity which holds V¢ € K in the bounded operators sense
on L?(R3), see [18, Proof of Prop. 3.2] and also [12, Lem. 3.2]:

Vbl < bx,  (Hp(b) =€)~ = Rp(b,bo,&) — (Hp(b) — &)~ Tp(b, bo, €). (4.27)

It results from (4.27) that, for b sufficiently close to by, the operator norm of (Hp(b) — I3
Rp(b,bo,&) behaves like O(|6b]). This comes from (4.23), the definitions (4.21)-(4.22) and the
estimates (3.27)-(3.28) which yield:

Vb < bk, max{sup HRp (b,b0,8) sup HTP] (b,bo, & H} <C, j=12,
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for some constant C' = C(|bg|, K) > 0. Next, by iterating twice (4.27) and in view of (4.24)-(4.26),
one arrives V|b| < b and V¢ € K on L%(R?) at:

2
(Hp(b) — €)' = Rp(b,bo, &) + > _(8b)*TL (b,bo, &) + T (b, bo, €). (4.28)
k=1

In terms of corresponding integral kernels, one has on RS\ D:

2

(Hp(b) - 6)_1()(’ Y) = RP(Xay;ba bOa + Z (k) X y;ba bOa&) +§(P§)(Xay;bab035)a (429)
k=1

where, for any k € {1,2}, V(x,y) € RS and V|b| < bk:

k
TP (o yib,bo, &) =D (-1 3 ) /R don - /R dzj VPm k0 YY)

Jj=1 ie{1,2}7
X(HP( ) ) (X Zl)TP“(Zl,ZQ,bo,g)'"TPyij(Zj,y;bo,f),

(4.30)

and ig)(' , 30,00, €) in (4.29) stands for the kernel of ‘fg’) (b,bo,&). Let us note that, in view of
(4.26) along with (4.21)-(4.22) and the estimates (3.27)-(3.28), the kernel ig)( , -3 b, bo, ) behaves
like O(|6b]?) uniformly in & € K.

Afterwards, we remove the b-dependence in the first two terms of the r.h.s. of (4.29). To achieve
that, we expand in Taylor power series the exponential phase factor appearing in (4.21) and (4.30)
up to the second order in db. In this way, one obtains V|b| < by and V(x,y) € RS\ D:

2
Rp(x,y;b,b0,6) + > _(0b)* TP (x, 330, b, ) =
k=1

2

S E I (1) 72y + 300 3 T vsba, )+ T4 b o),
k=0 ’ k=1 m=1

(4.31)

where the function ‘I’;}T( ,300,€), 2>k >m > 1 is defined in (3.30), and the last term stands
for the remainder term. We mention that we have used the explicit expressions in Remark 3.12 to
rewrite the second term in the r.h.s. of (4.31) coming from (4.30). Note also that, by construction,

‘ng)c ,+50,bg, &) satisfies the property that its first two derivatives at by are identically zero.
From (4.31), it holds on R®\ D for b € [~bk, bx] sufficiently close to by:

(Hp(b) — &)~ (x,y) — (Hp(bo) — &)~ (x,y) =
b {ip(x,y)(Hp(bo) — &)~ (x,y) — (Hp(bo) — &) ' Tpa(bo,)) (x,y)} + 0 (b).

It follows that the map b — (Hp(b) — )~ !(x,y) is differentiable at by, and:

0
Gb(HP(b) O '(x,y) = ip(x,y)(Hp(bo) — &) (x,y) = (Hp(bo) — &) ' Tpa(bo, ) (x,¥).
b=by
This can be extended to (—bg, bx). The lemma follows by induction. O

4.4 Proof of Lemmas 4.2-4.5.

Throughout this section, (J2(L?(R3)), | - |l5,) and (J1(L*(R?)),| - ||3,) denote the Banach
space of Hilbert-Schmidt (H-S) and trace class operators on L?(R?) respectively.
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Proof of Lemma 4.2. Let us denote:

Vra(€) = Qg Trr2@e) {xar(Hr — &) "Tr1()Tr1(§)Xn | »
Vr2(8) == [Qr| " Trrzws) {xan(Hr — &) ' Tr2()Xn } -

By replacing (Hr — &)~! with the r.h.s. of (2.7) in Vg ;(€), j = 1,2 then:

Vr1(€) = |Qr| " Trresy {xan Rr() TR () TR (X008} + QR1(E),
Vr2(8) = [Qr| " Trr2ms) {xarRr(E)Tr2()xan} + Qr2(E),
where Qr 1(§) and Qr () consist of seven and three terms respectively. Let 0 < v < 1 and 7 > 0

be fixed. Let us show that, under the conditions of Lemma 4.2, the quantities |Qg ()], j = 1,2
obey an estimate of type (4.6). To do that, take one generical term from Qg () and one from

Qr,2(§):

1
qr.1(&) == m o dx/RS dz; /]RS dzo (Rr(€))(x,21)
x a(z1 — 22) - Vg, (RRr(€)) (21, 22)a(22 — X) - Va, {(Hr — §) 7' Wr(§)} (22,%),
1 1 5 -1
o) =~y | ax [ da(Ral€)x.2) g2 -0 (0~ O W(©)) ().

We need the following estimates. From (2.16)-(2.17), (2.22) combined with [12, Lem. A.2], then
under the conditions of Lemma 2.2 (i), one has VR > Ry:

02— 7 (. 2) OV (E)(a.3)| < pllfpe e (432

Ve |x—y|

(4.33)

[ 4l = 7 2 OVR(€) .3)| < pllye

for another ¥ > 0 and polynomial p(-) both R-independent. From (2.18)-(2.19), (4.32)-(4.33)
combined with [12, Lem. A.2 (ii)], |gr;(€)| < p(|¢])e™?<%" for another ¥ > 0 and polynomial
p(-) both R-independent. The other terms coming from Qg ;(£), j = 1,2 can be treated by using
similar arguments. O

Proof of Lemma 4.3. Let us denote:

Dr2(8) = || Trrems) {xeaRer(ETr2(E) X8} -
By replacing Rr(§) with the r.h.s. of (2.8) in %R 2(§), then we have:

Dp2(&) = |Qr| ' Trre@s) {x0rZr(€) Tr2(E)xar} + 2r,2(€),

where 2p 2(&) consists of three terms. Let 0 < a < 1 and n > 0 be fixed. Let us show that, under
the conditions of Lemma 4.3, the quantity |Zr 2(£)| obeys an estimate of type (4.7). To do so,
take a generical term from 2 2(§):

1
1Qr| Jag

ana(€) = dx [ | ((6)) (x.2) 50 (2 = ) /() 2. ).

Introduce on L2(R3) the operators () and T8V (€), with 2 := R or P and R > Ry, generated
via their kernel respectively defined by:

Yoo y) € RS Zilx, i) i= 5atx — 3) (/al€) (x¥),
V(x,y) € RO\ D, T (x,y;€) = a(x - y)(Hz — &)~ (x,). (4.34)
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Due to the estimates (2.20) and (2.16), the operators Zx(§) and Tél)(f) are bounded on L?(R3).
We stress the point that Z%7(€) can be rewritten as:

Z0(€) = or {Tra(©Va(Hp — 7" + (Hr = ) VaTra(©) + TR ©OVRTE ()} (1 = gr),

where we used that a?(x —y) = {a(x — z) + a(z — y)}? for any x,y,z € R3. Now, it comes down
to prove that there exists a ¥ > 0 and a polynomial p(-) s.t. VR > max{Ry, R1} and V¢ € C
obeying dist(&,0(Hg) No(Hp)) > n:

QR IX0aZR(€) Zr(E)xarla < p(IE])e™ e . (4.35)

To do so, it is enough to use these estimates which hold VR > max{Ro, R }:

max { [xandn(Hz €, Ixandn(Hz — 75, b < p€hVIRL  (4.36)

max { IVa(Hz — &)~ (1 = gr)xan |52, IVRTEV (€)(1 = gr)xanll2s: VR T=2(6) (1 — gr)Xax ||32}
< p(|€])/|Qrle < ", (4.37)

with Z = R or P, and for another R-independent polynomial p(-). Here, we used the definitions
(4.34), (3.11)-(1.28) with (2.16) and Lemma 2.2 (iii). The two other terms of 2r2(§) can be
treated by using similar arguments. (|

Proof of Lemma 4.4. Let us denote:
D (€) = |Qr| " Trrzrs) {X0nRe(E)Tr1 (&) Tr,1(€)Xn} -
By replacing Rz (€) with the r.hs. of (2.8) in @1 (€), then we have:
Y1 (€) = QR Trr2ms) {xanZr(E) Tr1(E) Tr1 (€)X} + 2RA(E),

where Z2p 1 (&) consists of seven terms. Let 0 < ov < 1 and > 0 be fixed. Let us show that, under
the conditions of Lemma 4.4, the quantity |Zr 1(£)| obeys an estimate of type (4.8). To do so,
take a generical term from 2 1(§):

1

Q| Ja,

ana(6) ax [ dm [ dan (Fn©) )
X a(z1 — 23) - Vg, (Zr(£))(21, 22)a(22 — X) - Vo, (Wr(E)) (22, X).
Let us note that from (2.9) and (2.10):
V#r(€) = [(Vgr) (Hp = &) + grV(Hp =€)~ gr
+[(Vin) (Hp = 7" + gr¥V(Hp — )] (1 = gn).
V(€)= |(Vir) (Hr =& ValHp — 7' + jrV(Hr — & Va(Hp - €)7'] (1 - gr).
By using the definitions (4.34), the quantity qz,1(¢) can be rewritten as:

qr1(§) = qSA (&) + q%i)l (€), where:

050 = o [ ax [ dm [ don (@n(@)xm) {(Vir) @) T} (01,221 n )

Q| Jay,

+ (VﬁR) (21)T (21, 23 ) (1 — gR)(Zz)} a(z2 — x) - Vg, (Wr(€))(22, %),
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401(6) = ~ 1T e9) { X #n(©) |9 T (€)gn + GnTra()(1 — gm)
X {(VéR) [ngal)(f)VR(HP —&7 '+ (Hr — 5)71VRT1(31)(§)}
+ir | ~iTr1 (&) Va(Hp — &' + V(Hr — VRl ()] } (1 - gr)xan } -

Let us first estimate |q%ﬁ)1 (¢)]. By mimicking the proof of (2.23), then under the same conditions,
there exists another ¥ > 0 and polynomial p(-) s.t. VR > Ry:

max {|(Vr) (074 (6,y:)gr(v)] .| (Vir) GITE (e 3:€)(1 = gr)(v)| | < pllghe"s e el

From (2.18), (2.21) and the above estimate, one concludes by [12, Lem. A.2] that |qgﬁ)1(§)| <
p(|€))e= %" YR > Ry, for another constant ¥ > 0 and polynomial p(-) both R-independent.
Next, let us estimate |qg’)1 (€)]. By mimicking the arguments leading to (4.35), the trace norm of

the operator inside the trace in the expression of qg,)l (&) is bounded above VR > max{Ro, R1}
by polynomial x |Qg|e~?¢%" due to the H-S norms in (4.36)-(4.37) and the operator norms in

(2.24)-(2.25). Then VR > max{Ro, R1}, |qgﬁ)1 (©)] < p(|€])e~Y¢E" for another constant ¥ > 0 and
polynomial p(-) both R-independent. The other terms coming from 2 1(§) can be treated by
similar arguments. 0

Proof of Lemma 4.5. Let us denote:
V1 (&) = [Qr| " Trrers) {x0rZr (&) Tr1(£) Tr1 (E)XR )
Dr2(8) = Q- Trr2ms) {xn Zr () Tr2(E) xR} -
By replacing Zg(§) with the r.h.s. of (2.12) in Yg ;(£), j = 1,2 then:
Dr1(6) = (el Trrees) {xon(Hp — &) Tp1(&)Tr1()xan | +Qr1(8),
Dr2(8) = Qe Trr2mey {xar (Hp — &) "Tr2()xar } + Qr2(8),

where Qpr 1(£) and Qg 2(£) consist of seven and three terms respectively. Let 0 < o < 1 and
n > 0 be fixed. Let us show that, under the conditions of Lemma 4.5, the quantities |Qg ;(£)],
j = 1,2 obey an estimate of type (4.9). To do so, take one generical term from Qg 1(§) and one

from Qg 2(§):

_ 1
IQr| Jag

_ﬁ O dX/Rg dZ1 /Rg dZ2 (HP - 5)_1(X’Z1)a(zl - Z2)
XV, (Hp — 5)71(21, z2)a(z2 — X) - V4, (Wr(£))(22, ).

From (2.16)-(2.17), (2.22) combined with [12, Lem. A.2 (ii)], then one obtains VR > Ry, | ;(§)| <
p(|€))e= %" j = 1,2, for another constant ¥ > 0 and polynomial p(-) both R-independent. The
other terms coming from Qg ;(§), j = 1,2 can be treated by using similar arguments. (]

() dx [ da(Hp =€) (x.2) 5% (@ — ) (Wn(€)) (2.,

QR,l(f) =
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