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Abstract:

This paper is a part of an ongoing study on the diamagnetic behavior of a quantum gas of
non-interacting charged particles subjected to an external uniform magnetic field together with
a random electric potential. We prove the existence of an almost-sure non-random thermo-
dynamic limit for the grand-canonical pressure, magnetization and zero-field orbital magnetic
susceptibility. We also give an explicit formulation of these thermodynamic limits. Our results
cover a wide class of physically relevant random potentials which model not only crystalline
disordered solids, but also amorphous solids.
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1. INTRODUCTION AND MAIN RESULTS

1.1. Introduction. In this paper we study rigorously the diamagnetic response of a quantum
gas of non-interacting charged particles trapped in an amorphous medium and subjected to
an uniform magnetic field of intensity B > 0. Under the grand-canonical conditions and in the
weak-field regime, this response is completely characterized by the pressure and its first two
derivatives w.r.t. B, i.e. the magnetization and the susceptibility. Especially we are focusing
on the bulk response which is of great interest since it is independent of the boundary effects.
This is obtained by proving the existence of the thermodynamic limit for these quantities
firstly defined at finite volume. From a mathematical point of view, this consists of showing
that the derivatives of the pressure w.r.t. B (performed at finite volume) commute with the
thermodynamic limit.

Our paper is an extension of the works of Briet et al. [3, 4, 5] where the case of a perfect
quantum gas has been treated. All these papers are in fact in the continuation of a study
initiated by Angelescu et al. [1, 2]; for a brief review see also [10, 4]. In the regime of positive
temperature 7" and small fugacity z, it is proved in [3, 4] the existence of the thermodynamic
limit for the pressure and all its derivatives w.r.t. B for any positive value of the cyclotron
frequency, b := ¢B/c. This proof is based on a main ingredient: the application of the so-called
gauge invariant magnetic perturbation theory to the corresponding Gibbs semigroups, see also
[10]. Afterwards in [5], they extend these results to the z-complex domain of analyticity of the
pressure, through the Vitali convergence theorem. Consequently they obtained the existence
but no explicit formula of the limits for all admissible values of z.

Recently, all these results have been improved in [6] covering the case of periodic interactions
with local singularities; basically of the Kato class. But in [6], only the limit of the pressure
has been considered. The proof is essentially based on the Pastur-Shubin formula for the
integrated density of states [15]. Later on the generalized susceptibilities were studied in [22].
These results have been used in [7] to get a zero-field orbital susceptibility formula for a Bloch
electron gas and the justification of the Landau-Peierls approximation at small density and
zero temperature.

In this paper, the background electric potential is assumed to be a G3-ergodic (G = Z or
R) random field having two types of singularities: local singularities and a polynomial growth
at infinity, see assumptions (R1)-(R2) below. These assumptions cover most of the electric
potentials widely used in the quantum theory of solids, see Section 1.3 for examples. Our
main results prove generically the existence of an almost-sure non-random thermodynamic
limit for the pressure, magnetization and zero-field orbital susceptibility. Furthermore we give
an explicit expression of these limits on the maximal (independent of b) z-complex domains
without resorting to the Vitali theorem. These significant advances are made possible by
employing the gauge invariant magnetic perturbation theory to control the perturbed resolvent
operator, see [11] for further applications.

1.2. The setting and the main result. Consider a 3-dimensional quantum gas composed of
non-relativistic identical charged particles, obeying either the Bose-Einstein or the Fermi-Dirac
statistics, and subjected to an external constant magnetic field. Since we are only interested
in orbital diamagnetic effects, we do not consider the spin of particles. Besides each particle
interacts with a random electric potential (the sense will make precise hereafter) modeling
a disordered medium. The interactions between particles are neglected (strongly diluted gas
assumption) and the gas is at thermal equilibrium.

Let us precise our assumptions. The gas is confined in a cubic box centered at the origin



2

given by A; = A7 (0) := (~L/2,L/2)?, L > 0. The magnetic field is defined by B := (0,0, B)
with B > 0, and we use the symmetric gauge, i.e. the magnetic potential vector is defined by
Ba(x) := Zeg Ax = B(—x9,21,0). In the following we denote b := % €R.

Let (Q, F,P) be a complete probability space and E[-] := [, P(dw)(-) be the associated ex-
pectation. We consider random electric potentials, i.e. scalar random fields V : Q@ x R? — R,
(w,x) = V@ (x) which are assumed to be jointly measurable with respect to the product of
the o-algebra F on € and the Borel-algebra B(R3). In the whole of the paper we suppose:

(E) V) is a R3-ergodic random field.

Recall that this assumption (see e.g. [17]) requires the existence of an ergodic group {7k }xers
of measure-preserving automorphisms on Q s.t. V'« is R3-stationary in the sense that:
Vin)(x) = V@ (x — k) Vx eR3 Yk e R?, Yw e Q. (1.1)
(R) The realizations of V() are given by:
Ve (x) =V %)+ V) (x) xeR3 weq, (1.2)
where P-a.s. on (2:

(R1) Vl(w) is an uniformly locally integrable function, i.e. Vl(w) erL?

P oo (R?) with p > 3.
(R2) Vz(w) obeys the conditions:

1
0 < V(%) < ca(w)(1 +|x]|%) with a € (0, 5) and ca(w) > 0. (1.3)

Recall that the space LﬁlOC(R?’) consists of measurable functions f : R? — C satisfying:

1

p

| f1l1<p<oco,uloc := sup </ dy ‘f(Y)‘p> < 00, | flloo,uloc := ess sup [f(x)[ < oo. (1.4)
x€R3 |x—y|<1 x€R3

We discuss below about the choice of these assumptions, see the Section 1.3.

Introduce the 'one-particle’ Hamiltonian in L2(Ar). On C§°(AL) consider the operator:
1
Hp(b,w) = 5 (=iV - ba)> + V@  peR. (1.5)

It is well-known (see e.g. [14, Prop. 2.1]) that P-a.s. on €, Vb € R, (1.5) defines a family of
self-adjoint and bounded below operators for any L € (0, 00), denoted again by Hy,(b,w), with
domain D(H(b,w)) = HE(AL) N H3(AL). Obviously this definition corresponds to choose
Dirichlet boundary conditions on OAy. Moreover Hy (b,w) has purely discrete spectrum; we

denote the set of eigenvalues (counting multiplicities and in increasing order) by {e§w) (b, L)}j>1.

Besides by [6, Prop. 2.2, P-a.s. on Q, {H(b,w),b € C} is a type (A)-entire family of operators.
When L = oo, define on C5°(R?) the operator:

Ho(b,w) = %(—z’v —ba)? 4V, peR (1.6)

Then P-a.s. on Q, Vb € R, Hy(b,w) is essentially self-adjoint and its self-adjoint extension
is bounded below, see [23, Thm. B.13.4]. Furthermore H..(b,w) is a family of R3-ergodic
self-adjoint operators. This comes from the measurability of the mapping w € Q — Hoo(b,w),
see [19, Coro. 3], associated to the assumption (E) which leads to the covariance relation
Ty pHoo (b, )Tk, = Hoo (b, Tkw), Vk € R3. Here {Tkp }yers stands for the family of the usual
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real magnetic translations, see (5.6). Our analysis is based on the fact that due to assumption
(R), the variational principle and the diamagnetic inequality [23], imply:

VbeR, info(Hp(b,w))>info(Hx(b,w)) > Ey, Ep:= Ep(0), (1.7)

as soon as the corresponding self-adjoint operators are well-defined.

Let us recall the basic points of the grand-canonical formalism of the quantum statistical
mechanics. Let 8 := (kpT)~! > 0 be the 'inverse’ temperature (kp is the Boltzmann constant).
Define the domains D, = D.(Ey), € = £1, by:

D_j :=C\ [’ +0), Dy :=C)\ (—o0,—e ], (1.8)

In the following the parameter ¢ = —1 refers to the bosonic case, ¢ = 41 to the fermionic case.
For 3 >0, b€ R and z € D. MR, the finite-volume pressure and density are defined as [1, 2]:

Péw)(ﬁ, byz,€) = ——Trr2(n, ) In(l + eze™ BHL(bw)y — 5|AL| Zln (1+ eze P4 )(bL)), (1.9)

ﬁIA |

(9P( )(ﬁ b,z,€) = 1 ze_BeJW)(b’L)
0z B

P (8,0, 2, €) =

(1.10)

The relations (1.9)-(1.10) are well-defined since P-a.s. on Q, Vb € R, the semigroup {e #Hr(0w) 3 >

0} is trace class, see [6, Eq. (2.12)]. Moreover from [6, Thm. 1.1], then P-a.s. on £, V3 > 0,
P (B, ., ., €) is an analytic function in (z,0) € D.xR. This allows us to define the finite-volume

magnetlzatlon and orbital susceptibility at 3 >0, b € R and z € D NRY. as [1, 3, 4]:

" P
Xﬁﬁ(ﬂ, b, z,€) = <c> o (B0 =12 (1.11)

Hereafter we will sometimes use the notation X éwo) (B,b,z,€) = Pr(B,b, z,€).

We now want to formulate our main results. We first introduce some notations.
By [23, Thm. B.7.2], P-a.s. on Q, Vb € R and V¢ € C\ [Ep, 00), Reo(b,w, &) := (Huo(byw)—&) 7t
has an integral kernel operator R((;,)(- ,-1b,w, &) jointly continuous on R®\ D, where Dy :=

{(x,y) € R®: x =y}. Under the same conditions, let T} oo(b,w, &), 7 = 1,2, be the operators
on L?(R3) defined via their integral kernel:

T oo (X, ¥;b,w,€) == a(x —y) - (iVx + ba(x))RY (x,y; b,w, ), (1.12)
Too(x,y:b,0,6) = gal(x Y BO(x,yibw,8), (x,y) €RO\ Dase  (L13)

Let 8 >0,b€R, z €D, and K C D, be a compact set containing z. Let ' be the positively
oriented contour around [Ey, o0) defined in (4.1). Introduce the following operators on L?(R3):

L0(B,b, 7€) = - /FK A€ .(B, 7€) Roo (b, 0, £), (1.14)
180,20 = —g [ AE B 5 Roe (0.0, )T (b.0,6), (1.15)

ﬁg?Q(ﬁab7Z76) = % A dgf5(57z;g)Rm(bawag)((Tl,OO(bawa5))2 _T2700(b7w7§))7 (116)
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where f.(3,z;.) := In(1 + eze™#). We will prove that generically these operators admit a

jointly continuous integral kernel on R® denoted by £§f§)n( .+ B,b,2,€), and are locally trace
class.

Our results concerning the pressure and the magnetization are the following:

Theorem 1.1. Suppose (E) and (R). Then:
i) P-a.s. on Q, Vb€ R, V0 < 1 < P2 and for any compact subset K of D, the thermodynamic
limit of the pressure and magnetization exist. These limits are non-random, and:

K050 = Jim 255,020 = (1) SEILLL0.0:50.2,0] n=0.1, (117)

uniformly in (B, z) € [B1, 2] X K.
ii) P-a.s. on Q, Vb € R and VB > 0, P (5,0, ,€) := 6IE[E((;;)?O(O,O;ﬁ,b,-,e)] is an analytic

B
function on D.. Moreover, Y0 < 1 < By and for any compact subset K of D., one has:
OP,
poc(B.b,2,¢) == lim p\) (B,b,2,¢) = B2 52 (B,b, 2, €), (1.18)
L—oo 0z

uniformly in (B, z) € [B1, B2] x K.
iii) P-a.s. onQ, VB >0,Vz € D¢, Poo(B,-,2,€) € CH(R), and X 1(B,b, 2, €) = (g)aaLgo(ﬁ,b, Z,€).

C

For the zero-field orbital susceptibility, we have:

Theorem 1.2. Suppose also (E) and (R). Then:
i) P-a.s. on Q, V0 < 81 < B2 and for any compact subset K of D, the thermodynamic limit
of the zero-field orbital susceptibility exists. The limit is non-random and it is given by:

2
Xoc2(B,0,2.6) := lim X[%(8,0,2,¢) = <%> GEI£22(0,0:5,0,,¢)], (1.19)

uniformly in (B, z) € [B1,B2] X K.
ii) Let o € [0, %) Then P-a.s. on Q, VB3>0 andVz € D, Poo(B,-,2,€) is a C3-function near

b=0, and X 2(B,0,2,€) = (%)2825;“ (8,0, z,¢€).

Remark 1.3. By using simple arguments, Py (8, —b,z,€) = Pxo(5,b,2,€) = Px(B,b,z,¢€).
Then Theorem 1.1 4i7) implies that P-a.s., V3 > 0, Vz € D¢, X51(8,0,2,¢€) = 0.

1.3. Discussions and examples. Let us comment (R1). Our approach is based on the
representation of the finite-volume pressure by using the Dunford-Schwartz integral formula,
see Section 4. However this requires the use of bounded below Schrédinger operators, see [12,
Sect. VIL9]. As we allow realizations of Vl(w) to be negative with local singularities, this
condition is fulfilled if P-a.s. Vl(m € LP) .(R?) with p > 3, see [23, Eq. (A21)]. The additional
condition p > 3 will appear when estimating the derivative of the infinite-volume resolvent’s
integral kernel in (1.12), see the proof of Lemma 2.4 ii). Notice that (R1) does not cover
Coulomb-type singularities and implies that Vl(w) roughly behaves locally like O(]x|~(179)),
€ > 0. Finally we mention that under the conditions on Vl(w) given in Section 1.2, there exists
a w-independent constant C' > 0 s.t. P-a.s. on Q, [17]:

Hvl(u))”p,uloc <C. (1.20)
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Let us discuss (1.3). Unlike Vl(w)7 we allow ‘/'z(w) to have a polynomial growth at infinity.
Notice that VQ(W) is not supposed to be monotone; indeed in that case the operator Huo(b,w)
may have only discrete spectrum, and then the problem becomes irrelevant. On the contrary,
Vz(w) is basically of sparse barrier potential type, so that the corresponding operator has [Ey, 00)
in its spectrum and with a non-trivial spectral type. By considering an arbitrary polynomial
growth: |x|*, o > 0, the condition (n + 1)a < 1 with n = 1,2 will appear when proving the
existence of the thermodynamic limits (1.17)-(1.19), see Proposition 6.2. However the relations
given in Theorems 1.1 4i7) and 1.2 4i) require the additional condition (n + 2)a < 1. Notice
that if we only are interested in the case of the pressure or density, the assumption (R) can
be relaxed to the ones ensuring the validity of the Pastur-Shubin formula for the integrated
density of states, see [24, Sect. 2] and the method in [6, Sect. 3.4].

Let us discuss the assumption (E). Since the proof of Theorems 1.1 i) and 1.2 4) is based
on the Birkhoff-Khintchine theorem in [21, Prop. 1.13], the use of R3-ergodic random field is
crucial. Nevertheless we can replace the assumption (E) with:

(E)) V@ is a Z3-ergodic random field,
since this reduces to a R3-ergodic random field with the suspension technique, see [21].

We now give physically relevant examples covered by the assumptions (E)-(R) or (E’)-(R).

0. The non-negative Poisson random field.

In (1.2) set Vl(w) = 0 and choose for Vz(w) the random field with realizations given by:

Vi) = [ n ) uly %) xR wen,

(@)

where p)”’ denotes the random Poisson measure on R? with parameter A > 0 and u(-) :
R3 — [0,00) is the single-site potential, see e.g. [21, 18]. By assuming that u is compactly
supported and u € L>®(R?), then (E) is satisfied as well as (R2), since we have P-a.s., ¥x € R3,
0< Vlgw)(x) < ¢(w)In(1 + |x[), see [13, Lem. 2.2].

1. The alloy-type random field (the so-called ’Anderson potential’).

In (1.2) set VQ(w) = 0 and choose for V} “) the random field with realizations given by:

Véw)(x):gZ)\j(w)u(x—xj) xeR weQ, geR.

Where {)j};ezs is a family of i.i.d. random variables with a common distribution what ensures
(E’), see e.g. [21, 18]. Besides we suppose that Vj € Z3, |A\;(w)| < 1 and u satisfies the Birman-

Solomyak condition: } ;.73 (fA1(j) dx |u(x)|l’)% < 00, p > 3, where A;(j) denotes the unit cube

centered on site j. Then V/(lw) € LP, (R3) with p > 3, and we have (see also [22]):

uloc

Koo (B,b,2,€) = <g> __c de[ﬁé‘é)n(x,x;ﬁ,b, z, e)} n=0,1,2. (1.21)
c) BlA1(0)] Ja,(0) ’

2. Further models.

The periodic case. Set Vo = 0. We assume that V; € Lﬁ IOC(R?’),p > 3 and Z3-periodic. The

suspension method can be applied to this case leading to define from Vi, a R3-ergodic random
field Vl(w). So (1.21) holds true but in that case, E[ﬁg?n(-,-;ﬂ, b,z,e)] = E((f.f)n( 3By z,€),
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see also [6, 22]. The random displacements model on R? (see e.g. [18]) or the quasi-periodic
case (see e.g. [21, 17]) are also covered by our results.

1.4. The content. In Section 2 we investigate the P-a.s. analyticity (in the Hilbert-Schmidt
topology) of the finite-volume resolvent and the analyticity of its integral kernel w.r.t. b.

In Section 3 we apply the gauge invariant magnetic perturbation theory (see e.g. [11, 20])
to the finite-volume perturbed resolvent. This allows us to get an expression of the partial
derivatives w.r.t. b of its integral kernel by keeping a good control over the linear growth of the
magnetic vector potential. Although taking the resolvent as 'central object’ leads to further
technical difficulties, but it allows us to get more powerful results.

In Section 4 we formulate the finite-volume quantities by using the expressions of the deriva-
tives w.r.t. b of the kernel of the finite-volume resolvent obtained in the previous section.

In Section 5 we investigate the main properties on the infinite-volume operators involved
in the thermodynamic limits. Note that here the gauge invariant perturbation theory gives
R3-stationary quantities, see (1.1). This is necessary to apply the limit ergodic theorem.

In section 6 we prove the almost-sure non-random thermodynamic limits by the Birkhoff-
Khintchine theorem and we investigate the bulk properties. This section also contains the
proof of Theorems 1.1 and 1.2.

2. REGULARITY OF THE FINITE-VOLUME RESOLVENT IN THE b-PARAMETER

2.1. Analyticity in the Hilbert-Schmidt topology. Hereafter we will denote respectively
by || l3,» | - [, and || - ||, the trace norm in J1(L?*(Ar)), the Hilbert-Schmidt (H-S) norm in
J2(L%(Ap)), and the operator norm in B(L?(Ap)).

From [6, Prop. 3.1], P-a.s., Vby € R, V0 < L < oo and V¢ € C\[Ep, ), there exists a complex
neighborhood Vg 1,(bg) of by s.t. the operator-valued function V¢ 1(by) > b — Rp(b,w,§) =
(Hp(b,w) — &)~! is analytic in the H-S topology. We now precise this result.

Consider the following operators on L?(Ay):

SLL(bQ,w,f) =a- (Zv + boa)RL(bo,w,f), SQ7L(b0,w,§) = %aQRL(bo,w,g). (2.1)

Again from [6, Sect. 2], P-a.s., Vby € R, VO < L < oo and V¢ € C\ [Ep, ), they are bounded
and, denote by d(&) := dist(&, [Ey, 00)), then there exists a constant ¢ > 0 s.t.:

1 c
Sy.r(b <ec(l+—=)(1 L and |[|Sor(b < —1% 2.2
151, (bo, w, )| < e(1 + d(g))( + €))L and  [|S2,L(bo,w, )]l < i@ (2.2)
For all integer k > 1, introduce the following family of H-S operators on L?(Ap):
k
Jk,L(i)(b07W7§) = RL(bO7w7§) H Sim7L(b07w7§)7 i= {ila o 721?} € {17 2}k7 (23)
m=1

and for n > k > 1, x7, the characteristic function :

n(4) ‘_{ 1 ifig+---+ig=n

Xk 0 otherwise.

Proposition 2.1. P-a.s. on Q, Vb € R, V0 < L < o0 and V¢ € C\ [Ey, 00), then there exists
a complex neighborhood Ve 1,(bo) of by s.t. in the H-S operators sense:

Ve Veslo) Rulbw.) = Rilbow. )+ OO g @

n=1



where forn > 1:

ag;:ffl (bo,w,é) = n'kZ(_l)k Z ( )Jk L( )(bo,w 5) (25)

ie{1,2}k
Proof. Let £ € C\ [Ep,0), 0 < L < oo and (b,by) € C x R. Set:
S1(b,bo, w,€) 1= 6b Sy 1 (bo,w, €) + (86)%Sa.1.(bo,w, €), 8 = b — by, (2.6)

From the n-th iterated second resolvent equation, one has:
RL(b,W,g) RL(bOaW 5 |:]I+Z SL(b bO,W 5)) :| ( 1)n+1RL(bawa£) (SL(b’ bO,w’g))n-i_l'

Then by (2.6), one gets after some rearranging:

R (b,w,€) = Ri(bo,w,¢) +Z 5b’f§j )T XF@) L () (b0, w, €) + Snat, (b, bo,w, ),
k=1 =1

16{1,2}l
(2.7)
n—1
with:  Spt1,2(b, bo,w, €) := (5b) "+1{ Z D X ) L () (b, w, )+
k=0 =1 16{1 2}
n+1 n+1
DY @0 Y T ORLb,w,6) ] Sz‘m,L(bo7w7§)}- (2.8)
ic{1,2}n+1 m=1

By using the analyticity properties of the resolvent in the H-S topology given above, the
proposition follows from (2.7) and (2.8). [

2.2. Regularity of the integral kernel. We know from [23, Thm. B.7.2] that P-a.s., Vb € R,

VL € (0,00], V¥ > 0 and V¢ € C, d(§) > n, Rp(b,w,§) has an integral kernel R(Ll)(- i byw, §)

jointly continuous on A2 \ Dy, Dy, := {(x,y) € A2 : x = y}. Moreover P-a.s., Vi > 0 there

exists a constant v = () > 0 and a polynomial p(-) s.t. Vb € R, VL € (0,00] and V¢ € C,

(&) = n:

e elx=yl ) v
with e == T

Notice that ¢ can be more explicit w.r.t. the energy parameter. The one given in (2.9), valid
for £ € C,d(§) > n > 0, contains the £-dependence we need in the whole of this work.

V(x,y) € A2\ Dr, RV (x,y:b,w,6)] < [p(6)] (2.9)

Ix —yl

Remark 2.2. Consquently the product II[* | R (b,w, &), m > 2 has an integral kernel jointly
continuous on A%, and moreover, P-a.s., Vi > 0, there exists a constant v = v(n,m) > 0 and
a polynomial p(-) s.t. Vb € R, VL € (0,00] and V§ € C,l =1,...,m, d(§) > n:

VoY) € AT, (TR0, &)) ()] < (T lp(e)he Y, e = ot (2.0)

This follows by induction on m from the case of m = 2 with:

<H}11RL(b,w,£Z)>(x,y) :/A dz (Hm LRy(b,w gl))( 2) R (2, y:b,w, Em).
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When m = 2 the continuity property holds true since the kernel R(Ll)(- , 3 b,w, €) fulfills the
assumptions of Lemma 7.1. Furthermore from (2.9) and (7.12), we get (2.10).

From Proposition 2.1 together with these results, we now prove:

Proposition 2.3. P-a.s. on Q, Vby € R, VO < L < 00, ¥ > 0 and V¢ € C, d(§) > n, then

there exists a complex neighborhood ve 1, .,(bo) of b s.t. ¥(x,y) € A3\Dp, b +— R(Ll)(x, yv;b,w,§)
is an analytic function on ve 1, ., (bo)

An important point for the proof of Proposition 2.3 is the following estimate. We choose to
give its proof in the appendix of the paper, see Section 7.

Lemma 2.4. i) P-a.s. on Q, Vb € R, VL € (0,00], Vn > 0 and Y € C, d(§) > n, then
(iVx + ba(x)) R (b,w, &) has an integral kernel jointly continuous on A2 \ Dr,.

ii) P-a.s. on Q, ¥n > 0, there exists a constant v = ~(n) > 0 and a polynomial p(-) s.t.
VL € (0,00], Vb € R, V¢ € C, d(€) > n, one has on A2\ Dy

(V4 b)) B (s, y2 b, ] < (14 (B pE(L + ™ 4 y1) S o= T
L » Wy ’X—y’Q, 1‘?2‘51’1)

Proof of Proposition 2.3. Under the conditions of the proposition, from (2.9) and Lemma 2.4,
the operators in (2.1) have an integral kernel jointly continuous on A2 \ Dy, given by:

Sl,L(X7y; b07w7§) = a(x) : (va + bOa(X))RS) (X7y7 bOawa 5)7
1
SQ,L(X7 Y b07 w, 5) = §a2(X)RS) (X7 Yy bo, w, 5)7

and moreover there exists a constant 7 = y(n) > 0 and a polynomial p(-) s.t. on A% \ Dr:

.677§|X7y| .
|55,(%,y5bo,w, §)| < [p(§)I(1 + L)LY j=12 (2.12)

x—y[*’
Then, considering (2.5), P-a.s., Vby € R, VO < L < oo, Vn > 0 and V¢ € C, d(§) > n, the

operator aggf (bo,w, &), n > 1 has an integral kernel given on A% \ Dy, by:
8”RL | > k n(s s
obm (Xay;bOawag) = ’I’LZ(—l) Z Xk(l)Jk,L(l)(Xay;bO,w’g)a (213)

k=1 ie{1,2}"

where Jy, ,(1)(-,-;bo,w, &) stands for the integral kernel of the operator in (2.3). It reads as:

T (1)(%, ¥ bo,w, €) ;:/

dz; -- / dzy, R(Ll)(X,Z1; bo,w, §) X
AL AL

X SZ'LL(ZI,ZQ; bOawag) o Sik,L(Zk’Y; bO,W,g)‘

Furthermore, from estimates (2.9) and (2.12), by applying k-times successively Lemma 7.1 )
combined with (7.14), we obtain that Ji 1(i)(-,-;bo,w, ) is jointly continuous on A% \ Dy.
By using (2.9), (2.12) with Lemma 7.2 ii), P-a.s., Vbg € R, Vn > 0, there exists a constant
v =7(n) > 0 and a polynomial p(-) s.t. V0 < L < oo, V& € C, d(€) > n and V(x,y) € A2\ Dp:
e—;—ﬁ\x—y\ ~y
—— = :

-yl E T 14

| Tk, (1) (%, ¥; b0, w, §)| < p(&)[F(1 4+ LYk Lt +in



This estimate then imply the following rough estimate which holds on A% \ Dr:

~
1 e_gin_lx_yl

Vn e N*, —
n!

"Ry,

abr x -yl
for some constant ¢ > 0. So the analyticity property follows from (2.4), (2.14) since for [b— bg|
sufficiently small, the corresponding Taylor expansion converges. Here we use,

e~ awlx—Yl ony 2
sup/ dy —— = (—> , ¢>0. (2.15)
x€eAr, JR3 ’X_y‘ S

(%, ¥5b0,w,8)| < "[p(E)[" (1 + LY)"L" (2.14)

3. A NEW EXPRESSION FOR THE FIRST AND SECOND DERIVATIVES W.R.T. b

In order to determine the thermodynamic limits, we want to isolate in the expression (2.13)
the term giving rise to the growth w.r.t. L when L — oo, see (2.14).
Let x,y € Ap. Define the magnetic phase ¢ as:

1

d(x,y) = Sl (y Ax)=—¢(y,x) with eg:=(0,0,1). (3.1)

Introduce on L?(Ay) the operators Tj 1,(b,w, &), j = 1,2 defined via their integral kernel:
V(x,y) € AL\ D, Tip(xyibw,§) i=a(x —y) - (iVx +ba(x) R (x,y:b,w,),  (3:2)
1
T2,L(Xa Y b’ w, 5) = 532 (X - y)RS) (X’ Y; b’ w, 5) (33)

Obviously |a(x —y)| < |x —y|, then from (2.9) and (2.11), P-a.s., Vb € R, Vn > 0, there exists
v =(n) > 0 and a polynomial p(-) s.t. V0 < L < oo and V¢ € C, d(§) > n:
e Yelx—vl

300,935, < O+ L)

j=1,2. (3.4)

Hence Tj,1.(b,w, &), j = 1,2 are bounded operators and
1T5,(b,w, Il < [p(E)I(1 + L) j=1,2, (3.5)
for some polynomial p(-). For any k € {1,2} and m € {0, 1}, define on AZ%:

k
T yibw,§) = > (10 3 G |

j=1 ic{1,2)9 Ar
X Rg) (X7 Zy; b7 w, §)E17L(Z17 Zo, b7 w, g) e Ej,L(Zj7 y; b7 w, 5) (36)

Here we set 0° = 1. Notice that for x = y, the terms in the r.h.s. of (3.6) containing
the magnetic phase vanishes. Clearly P-a.s., Vb € R, V0 < L < oo, V¥ > 0 and V¢ € C,
(&) > n, kmL( ,+3b,w, &) is jointly continuous on AZ. To see that, we apply j-times Lemma
7.1 considering (2.9), (3.4) and (7.13). This also gives:

V(x,y) € AL, L% yib,w, O] < p(€)FL™(1+ LY, ke {1,2}, me{0,1}, (3.7)

dz, - /A dz (i¢(z;,y) — id(z;,%))" x

for some polynomial p(-). Note also that when x =y, the r.h.s. of (3.7) behaves like L.

We now formulate the main result of this section; its proof is given in the next subsections:
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Proposition 3.1. P-a.s. on Q, Vb € R, VO < L < o0, ¥ > 0 and V¢ € C, d(§) > n, then
V(x,y) € A2\ Dy, and forn =1,2:

1 9"RY (ip(x,y))"
m (%" (X7yab7w7§)_n7

R(l)(x yvib,w,§) +Z (x,y;b,w,&). (3.8)
k=1

3.1. Some preliminary results. Let (b,by) € R{and set 6b := b - bg. Let n > 0 and
¢ € C, d(¢) > n. Introduce on L?*(Ar) the operators Ry (b, by, w, &) and T} 1,(b, by, w, €), j = 1,2
through their integral kernel which are respectively defined by:

V(x,y) € A% \ Dr, R(Ll)(x, y;b, by, w, &) = ewbd)(x’y)R(Ll)(x, y;bo,w,§), (3.9)
T 1(x,y; b, bo, w, £) := ei5b¢(x’Y)7}7L(x,y; bo,w, ). (3.10)

Set also:
Ty, (b, b, w, €) = 6b Ty 1,(b, by, w, &) + (b)* T, 1,(b, by, w, ). (3.11)

Except a gauge phase factor, the integral kernel of Ry (b,bo,w,¢) and Tj 1(b, by, w, &) is the
same as the one of Ry (by,w, &) and T} 1,(by, w, €) respectively. Therefore, P-a.s., V(bg, b) € R?,
V0 < L < 00, ¥n > 0and V¢ € C, d(§) > n, they are bounded operators with a norm satisfying
(3.5). Besides they are eventually H-S operators on L?(Ay), and:

~ 3 ~ oy s
[1R2.(b; b0, w, |3, < P(E)IL2, | T5,2.(b, b0, w, E)ll5, < [p(E)I(1 + L)Lz (3.12)
Under the same conditions as above, introduce the following bounded operators on L?(Ay):
ﬁ,L(b, bOa W, 5) = _RL(b’ bOa w, é)Tl,L(b, bO’ w, 5)5 (313)
Ton(b,b0,0,€) 1= Re(bbo,w, ) (T (b,b0,0,)* = Tor(b,bo,w,©)),  (314)

1
Ts,.(b,bo,w, &) 1= (6b)° > (0)F > X3 RL(b, b0, w,&)Ti, L(b, bo, w, &) T, (b, by, w, §)+
k=0 ie{1,2}2

- RL(b’w’ 5) (TL(ba bO,W, 5))3 (315)
Then we prove (see also [4, Lem. 3.2] and [11, proof of Prop. 3.2]):
Lemma 3.2. P-a.s. on Q, ¥(b,by) € R?, VO < L < oo, ¥ > 0 and V¢ € C, d(&) > n, then
one has in the H-S operators sense:

2
Rp(b,w, &) = Rp(b,bo,w, &) + > (6b)"Tr. 1.(b, bo, w, €) + Ts,L.(b, bo, w, §). (3.16)
k=1

Proof. From [10, Sect. 2], P-a.s, Vb € R, D := {¢ € CY(A;) NC3(AL), plon, = 0} is a core for
Hyp(b,w). Since a(-) is the symmetric gauge, one has in the form sense on D x D:

(—iVy — ba(x))ePy) — (0¢(¥) (i, — pya(x) — dba(x —y)). (3.17)
In view of (3.9)-(3.11) and (3.17), we get for any (p,%) € D x C*(Ar):
1L(, %) == ((Hp(b,w) = &)@, Rr(b,bo,w, )¥) = (@, 9) + (0, Tr.(b, bo, w, ) ).
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By standards arguments, /1, can be extended in a bounded form on D(Hp(b,w)) x L*(Ag).
Let ¢ = Rp(b,w, &)@, with ¢ € L2(Az). Then the following identity holds in B(L?(Ar)), and
eventually in the H-S operators sense (see (3.12)):

Ry (b,w,€) = Rr(b,bo,w,€) = Ru(b,w, T (b, bo, w, ). (3.18)
Now we iterate twice (3.18), in view of (3.11) and (3.13)-(3.15) the lemma follows. [ |

3.2. Proof of Proposition 3.1. Following Lemma 3.2, and by rewriting (3.16) in terms of
corresponding integral kernels, we get on A% \ Dr:

2
RS) (X’ y; b’ W, 5) = RS) (X’ y; b’ bOa W, 5) + Z(6b)k7~7c,L(Xa Y; b, b(), w, 5) + 7?37L(X, Y; b, b(), W, 5),
k=1

(3.19)
where, for all integer k € {1,2} and for any (x,y) € A%:
k
k(s A 10b(p(x,21 )+ +0(Z5,
Trsf it bo, €)= 3 (-1 {zlg}jxj@)/% Q2 - - dg, MO T 802,
Jj=1 ie{l,

X RE)(X Z17b07w 5) i1, L(Z17Z27b07w 5) EJ‘7L(Zjay;607w7§)7 (320)

and 7§,L( ,+3b,bo,w, &) stands for the kernel of ’7},,L(b, by, w, ), see (3.15). We now remove the
b-dependence of the coefficient of (6b)* in the sum (3.19) by expanding in Taylor series the
exponential phase factor in (3.9) and in (3.20) up to the second order. Thus on A? \ Dy

2 2 . k
Ry (%, y:b,00,0,€) + Y (60) Tho (%, ¥3b.bo, 0, €) = Z(éb)’“%}%@(x,y;bmw,sw
k=1 k=0 '

2 k
+ ) (ob)F Z T (%, y1b0,w, &) + T3, (%, ¥ b, bo, w, &),

where by construction the remainder term 7},, L(x,y; -, bo,w, &) satisfy the property that its
first and second derivatives at by are all zero. It remains to use the definitions (3.9)-(3.11)
combined with (2.9), (3.4)and Lemma 7.2, this shows that P-a.s., V(b,by) € R?, V0 < L < oo,
Vn > 0and V€ € C, d(€) >, [Ts.0(x,y;b,bo,w,&)| = O(|6b*) when |6b] — 0 uniformly in
x,y € Ap. Then the proposition follows from Proposition 2.3. |

4. THE FINITE-VOLUME DIAMAGNETIC RESPONSE

Here, by using the results of the section 3, we want to get a new expression for the mag-
netization and the susceptibility. Recall that by applying [6, Thm 1.1 )], P-a.s., V8 > 0 and
Vb € R, the pressure defined in (1.9) has an analytic extension in z € D, (see (1.8)). This
analytic continuation is defined as the following.

Let 8 > 0 and K C D, be a compact subset. Let I'ix be the positively oriented contour
around the interval [Ey, 0o) defined by:

19;( 191(

]}U{%ge[EKng) 3= i }U

U e > ex, arg(s—é“mEZZ—B) ). (41)
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The constants g > 0, Ex < Ep, ¢ € (0,7/2) and {x > Ej are chosen so that for all
z € K, the closed subset surrounding by ' is a strict subset of the holomorphic domain of
the map & € C +— fo(B,2;€) := In(1 + eze=%), see [6, Lem. 3.4]. Besides f.(8,2;-) admits an
exponentially decreasing estimate on I'k, i.e. there exists a constant ¢ = ¢(3, K) > 0 s.t.:

Vee K, VE €Tk, |f(B, 2€) < ce e (4.2)

Let 8>0,0€eR, 0< L <00, z€ D, KC D, bea compact neighborhood of z and ' given
n (4.1). Introduce on L%(Ap):

L0050 = o [ AR5, 5O RL (b, €). (4.3

'k
Then P-a.s., V8 > 0, Vb € R, VO < L < oo and Vz € D, N R, (4.3) defines a trace class
operator on L?(Ap) (see [6, Sect. 3.2]), and via the standard functional calculus we have,

E(Lw) (B,b,2,€) = In(I + eze PHLb)) Hence, this allows to us to define the finite-volume
pressure as:

w € w
PI(, )(5’ b,Z,E) = MTTLQ(AL) (Eg )(ﬁab, 2, E)) (44)

It is shown in [6, Sect. 3.3] that (4.4) can be analytically extended to any z € D, and on the
other hand, the definition (4.4) is independent of the choice of the compact subset K.

Proposition 4.1. P-a.s. on Q, V0 < L < 0o, V8 >0, Vb € R, Vz € D, and for any compact
subset K of D¢ s.t. z € K, then one has forn=1,2:

X[ (B,b, ) = (g> e (T (80,20 =

n ; O"R
(g) m%m(m( /F drSfe(ﬁ,Z;S)an(bawaf)) (4.5)

Proof. Let n := min{Ey—FE¥, g—g} > 0. From (2.7) and (2.5), P-a.s., ¥(b,by) € R% V0 < L < 00
and V¢ € C, d(€) > 1

(6b) kokR
RL(b7 W, 5) RL(b07 w 5 + Z k! (%kL (bO7 w, 5) + S3,L(b7 bOy w, 5) (46)

(4.6) holds in the bounded operators sense. Under the conditions of Proposition 4.1 and in
view of (4.1), we get from (4.3) followed by (4.6):

W) & "Ry,
LBz =3 08 X {—/P A€ fe(B, 25 €) 5 <bo,ws>}
k=0 K
1
2_ dg f5(57 Z; 5)83,L(b7 bOa w, 5) (47)
T Tk
Now from (2.2), (2.3), (2.5) and the estimate ||Rp(bo,w,&)| < 07, € € Tk, then P-as.,
V0 < L < oo there exits a polynomial p(-) s.t. Vby € R, V& € T'x and £ = 0,1,2,

||8§ch (bo,w, &)l < [p(§)|- Hence from (4.2), all the operators in the sum of the r.h.s. of
(4.7) are bounded operators. Moreover in view of (2.8) with n = 2, and since b € R, the same
arguments as above applied to the last term of the r.h.s. of (4.7), show that this term behaves

like O(|6b]3) in the B(L?(AL))-sense. The proposition follows since P-a.s., V3 > 0, Vz € K
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and VO < L < oo, E(Lw) (B,-,2,€) is an J1(L?(AL))-real analytic operator-valued function, see
[6, proof of Prop. 3.5]. [ |

We now give the main result of this section:

Theorem 4.2. P-a.s. on 2, V0 < L < 00, V3 > 0, Vb € R, Vz € D, and for any compact
subset K of D, s.t. z € K, we have forn=1,2:

() __€ A rW (x v
PL (5,(),2,6)— 5’AL‘27T /AL dx</FKd£fe(/85Z7£)RL (X?Yabawa£)>

, (4.8)

y=x

n . n
00 = (1) gigas [ diime [ ax ST e (49
where 7;”3;( i byw, &) with k € {1,2}, m € {0,1} are given in (3.6).
The above result together with the joint continuity of ﬁmL( ,-3b,w, &) on A? lead to:
Corollary 4.3. Under the same conditions as in Theorem 4.2, we have:

: c

X (,b,2,6) = (q) W% /F AETe(B, 2 )T, (Ro (0w, OT L (b,w,€) ), (4.10)

2 .
Xéﬁ(ﬁ,b,z,a:(%) T /F A€ Te(B, 2: €)%

X Trp2a,) <RL(b,w,g)((TLL(b,w,g))2 - T27L(b,w,§)>>, (4.11)

where Tj 1,(b,w, &), j = 1,2 are defined via their kernel in (3.2) and (3.3) respectively.

Proof of Theorem 4.2. Under the conditions of Proposition 4.1 and for a fixed &y < min{0, Ey}
and large enough, the first resolvent equation followed by the Cauchy integral formula lead to:

w ]
E% )(57 ba 2 6) = % (/F d§ (5 - 50)f6(57 2 g)RL(b7w7 §)> RL(b7 w, 50)
K

From Remark 2.2 and in view of (4.1), then P-a.s., Vb € R, Y0 < L < oo and V¢ € T'k, the
operator Ry (b,w,&)Rr(b,w,&y) has a jointly continuous kernel. Moreover P-a.s., there exists
a polynomial p(-) s.t. Vb € R, V€ € Tk and V(x,y) € A2, |(RL(b,w,&)RL(b,w,&))(x,y)| <
Ip(€)|. By using (4.2), the joint continuity of the integral kernel of E(Lw) (B,b, z,€) follows by
standard arguments. This proves (4.8). Let n = 1,2. Clearly as in the proof of Proposition
4.1, we have for any ¢ € C3°(Ar) and x € Ap:

oLt i o"RY)
= — ; ; . 4.12
(T b= 0e)00 = 5 [ aeiisz0) [ ayTptpoyibe o) @12
The estimates (2.14), (2.15), (4.2) and standard arguments then imply:

n W) n (1)

oL j
V(x,y) € A7, Tﬁ(x,y; B,b,2,€) = i/r;{ d€fe(B, 2:€) (%,f (x,y;0,w,§).  (4.13)
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Now use (3.8). Then from (4.13), we have on AZ:

anﬁ(w)
A (6,3 5,5,2,6) —n'z ~ sk s b o

(4.14)
+ (i(x, ¥))" L5 (x, 53 B, b, 2, €).

We have already proved that the second term in the r.h.s. of (4.14) is jointly continuous on AZ%.
Besides we know from Section 3 that P-a.s., Vb € R, VO < L < o0, V¢ € T, T[75 (-, -1 b,w f)

k=1,2, m =0,1, are jointly continuous on A2 . Moreover we have the bound (3.7). Again by
standard arguments, we conclude that each term in the sum of the r.h.s. of (4.14) is jointly
continuous on A%. So we perform the trace in (4.5) as the integral on A, of the diagonal part
of the integral kernel (4.14). This together with ¢(x,x) = 0 imply (4.9). [

Remark 4.4. Due to (2.5), (4.5) can be extended for any integer n > 3 to define the gener-
alized susceptibilities at finite volume, see [3, 4, 5]. If n = 3:

w 3 93P
X)(B,b,2,¢) = <c> (%3 (8,0, 2,€) =

Pe 3 v v
(g) e /F ) dffe(ﬁ,Z;f){ /A AU (6 xi,6) + /A ) dxu£,3<x,x;b,§)}, (4.15)

where: Z/léwl) (x,¥;0,6) =

<RL<b,w,£> (71,60, )T, 16,0, ) + To,p (b0, )T 1 (0,0, ) — (Tl,L<b,w,£>)3)) (x.),

7

U (x, y:b,6) - /Adzl/A sz/A dzs (i($(x, 21) + d(21,22) + B(z2,¥))) X

RL)(X Zlab w g)Tl L(Zl,ZQ,b w £)T1 L(Z2ay7b w 5) (416)
Due to (2.9), (3.4) and the estimate |p(x,21) + ¢(2z1,22) + ¢(22,%X)| < |x — z1||z1 — 22| (see
(3.1)), P-as., Vb € R, VO < L < o0, V¢ € T'k, the integral kernels Uﬁ?(-,-;b,&), j=1,2 are

well-defined on A% and eventually jointly continuous.

5. THE BULK OPERATORS

5.1. Preliminaries. In the following we denote by P;(b) := P(b) - ¢, [ = 1,2 where P(b) :=
(iVx + ba(x)), e1 := (1,0,0) and ey := (0,1,0).

Lemma 5.1. P-a.s. on Q, Vb € R, Vn > 0, V€ € C, d(§) > n, then Pi(b)Roo(b,w,&)Pi(b),
k,l = 1,2 are bounded operators and there exists a polynomial p(-) independent of (w,b) s.t.:

[Pk () Roo (b, w, ) P(B)|| < [p(&)]- (5.1)

Proof. By using (1.20), the analysis of [23, Sect. A2] and the diamagnetic inequality, we know
that for any € > 0, then if £ < Ej and large enough, P-a.s., Vb € R:

IV 12 R (0,00, ) V2] <
This implies that Ve > 0, there exists a(¢) independent of w and b s.t. Vo € D(Hoo(b,w)):

(0, Vi) < €|(p, Hoo (b, w))| + a(e)[0]3- (5.2)
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Besides P-a.s., Vb € R, D(Hoo(b,w)) C {¢ € L2(R3) : (iV + ba)¢ € (L2(R3))3, (V)2 €
L?(R®)}, see [23, Sect. B13]. Under these conditions we conclude the following. From (5.2),
for any ¢ € D(Huo(b,w)):

%HPk(b)@H% < (1+e)R(p, (Hoo(b,w) = E)p) + (1 + &) IRE| + ale))llll3- (5:3)

Choose ¢ = Roo(b,w, &)y with v € L2(R3), ||[¢|l2 = 1 and & € C, d(¢) > n, then (5.3) shows
that there exists a constant ¢; > 0 independent of w and b s.t.:
1Pk (6) Roo (b,w, )bl < e (1 + [€])"/2. (54)

Therefore Py (b)Roo (b, w, £) is a bounded operator and || Py(b) Reo (b, w, €)|| < ¢1(14€])Y/2. Now
choose ¢ = Roo(b,w,€) Pe(b)t) with § € D(Hao(b,w)), 0> = 1, and ¢ € C, d(€) > 7, then
(5.3) and (5.4) imply that there exists a constant ca > 0 independent of (w, b) s.t.:

1P (0) R (b, w, ) P (D)3 < (|| Pr(b) Roo (b, w, §) Pi(b)ll2 + (1 + [€])?). (5.5)
Hence Py (b) R (b, w, &) Py (b) is bounded and || Py (b) Roo (b, w, &) P (b)|| < h(1+ |€|) for another
constant ¢ > 0 independent of (w,b). Let ¢ = Roo(b,w,&) P, (b)), with ¢ € D(Huo(b,w)),
l¥]l2 = 1, then (5.3)-(5.5) together imply:

12 (8) Roo (b, w0, ) P(B)Y 13 < 2([| Pu(B) Roo (b, ) P ()2 + (1 + [€])7)-
Again Py(b) Roo (b,0, €) Pi(b), k # 1 is bounded and | Py(b) Roo (b, w, ) PL(B) | < es(1 + J€]) for

some constant c¢3 > 0 independent of (w, b). [ |

Let {Tx p}kers be the family of the usual real magnetic translations defined as the following.
Let ¢ be the phase defined as in (3.1), and:

Vk € R?,  (Typth)(x) i= e??Mg(x —k) ¢ € LX(RY). (5.6)

Lemma 5.2. P-a.s. on Q, Vb€ R, VY >0 and V¢ € C, d(&) >, then for j =1,2:
i) Tj.oo(b,w, &) is a bounded operator and there exists a polynomial p(-) independent of (w,b)
ERA

[1T5.00 (b, w, )| < [p(E)]- (5.7)
i1) Tjoo(b,w, &) satisfies the covariance relation:
Vk € R?, TipTjoo(b,w, )T 1 = Tj oo (b, e, €). (5.8)

Here Tj oo (b,w, &), j = 1,2 are defined via their integral kernel in (1.12), (1.13) respectively.

Proof. Let us consider the operator Ti o (b,w,§). In view of its integral kernel (1.12), the
definition of the symmetric gauge and under the conditions of Lemma 5.2, we have on R\ D.:

1.
To0(x,y3b,w, ) = 5 (IVx +ba(x)) - (—(22 —y2)er + (21 — y1)e2) RY (x,y:b,w, ).
By using the same arguments as the ones in the proof of [7, Prop. 3.2], we get:
i
Tl,oo(b’w’ 5) = 5 (Pl(b)Roo(bawa g)PQ(b) - PQ(b)Roo(ba w, £)P1 (b)>Roo(b’w? 5)’ (59)

which is valid in the form sense on C§°(R3) x C§°(R?). By Lemma 5.1, P-a.s., ¥b € R, ¥n > 0,
V¢ € C, d(€) > n, the r.hus of (5.9) defines a bounded operator on L2(R3). So this holds for
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the operator T} o (b,w,&). The same arguments can be applied to the operator T5 o (b, w,§),
but from the equality valid in the form sense on L?(R?):

Ty 00(b,w, &) = —% (Roo(b,w,{)Pl(b)Roo(b,w,f)H(b)—i-

+ Roo(b’ W, £)P2(b)Roo(ba W, £)P2(b) - ROO(b’ W, £)> Roo(ba W, 5) (510)

This proves 7). Let us show 4i). The measurability of w +— Hy(b,w) combined with the
assumption (E) lead to the covariance relation:

Vk € R} Ty pReo(b,w, )T xp = Roo(b, Tkw, &). (5.11)
This implies the following identity on R®\ Dg:
vk e R®, RY(x —k,y — kibw,&e MWK = o= R R (x yib new, ),
and from (3.17), e~ 0K a(x — y)(iVy + ba(x)) = a(x — y)(iVyx + ba(x — k))e~®?<K)  Then
(5.8) follows from these two relations together with(1.12)-(1.13). [

We now use these results to investigate the P-a.s. properties of the operators involved in
the definition (1.15) and (1.16). Introduce the notation:

Zi(b,w, &) = Roo(b,w, )T} oo (b,w, &) j €{1,2}, (5.12)
Ts(b,w, €) = Roo(b,w, )T} o0 (b,w, &), (5.13)

and also set:
Zo(b,w,&) = Zy(b,w, &, &) = Roo(b,w,g)Rgo(b,w,go), (5.14)

for a fixed {y < min{0, Ey} (see (1.7)) and large enough. Notice that from Lemma 5.2, P-a.s.,
Vb € R, Vn > 0 and V¢ € C, d(£) > 7, these operators are bounded on L?(R?). Below we
denote by yr the characteristic function of a given U C R3.

Proposition 5.3. P-a.s. on Q, Vb € R, Vn > 0, V¢ € C, d(§) > n, one has for j =0,1,2,3:
i) For any open and bounded set U C R3, xyZ;(b,w,&)xu is trace class on L*(R3) and

”XUIj(bvwaf)XU”jl < ‘p(f)lv

for some polynomial p(-).
i1) Zj(b,w,&) has an integral kernel T;(-,-;b,w,&) jointly continuous on RS, and moreover
there exists a polynomial p(-) independent of (w,b) s.t.:

V(x,y) €R®, |Zi(x,y5b,w,6)| < [p(€)]- (5.15)
iii) (w,x) — Zj(x,x;b,w, €) is a R3-ergodic random field with a finite expectation:
vx € R3, E[Z;(x,x;b,w,8)|] < 0. (5.16)

Proof. From (2.9) and (2.11), P-a.s., Vb € R, Vp > 0 there exists v = y(n) > 0 and a polynomial
p(+) s.t. VL € (0,00] and V€ € C, d(€) >n, on A2 \ Dy

e—l—_;ﬁ\x—ﬂ

IR (x,y:b,w, )], [ To,L (%, y: b, w, €)| < \P(f)’ﬁa (5.17)
o~ T XY
71,0 (%, y5 b, w,8)] < [p(IA + [x|* + |y[*) (5.18)

x -yl
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Then we have the following estimates [16]:

HXUROO(baWag)ij ||XUT1,oo(b,W,£)H32, HXUTQ,oo(b,W,g)HJQ < |p(£)|’

for some polynomial p(-). Besides we have (5.7). By standard operator estimates, i) follows.
Let us show 4i). From (5.17), (5.18) and Lemma 7.1 ii), the integral kernels of Z;(b,w,§),
j =0,1,2 are jointly continuous on RS. This also holds for Z3(-,-;b,w, &) from the identity:

IS(X7y; bawaé.) :/

dz Zl (Xa Z; b7 w, g)Tl,OO (Z7 Y; b7 W, 5)7
R3

followed by Lemma 7.1 ii) together with (5.17) and the rough estimate:
V(xy) €R®|Ti(x,y;b,w. )| < [p(E)[(1 + x|* + [y|Y),

for some polynomial p(-). We now prove (5.15). Although the case of j = 0 is straightforward,
the method given below covers all cases j = 0,1,2,3. Let £y < min{0, Ey}. We firstly show:

Zj(b,w, &) = Roo(b,w, &) A;(b,w, §) Roo (b, w, &o), (5.19)
where A;(b,w, &) consists of a finite linear combination of operator products of type:
(€ = €0) RE (b, w, E){ Py (D) Roo (b, w, ) Fi() Y R (b, w, &) 7+ s+ > 1, (5.20)

where the exponents ¢,r,t € {0,1,2}, s € {0,1}, k,l € {1,2} depend on j. Notice that Lemma
5.1 implies that P-a.s., Vn > 0 there exists a w-independent polynomial p(-) s.t. Vb € R and
veEeC,d&) >n:

[14;(b; @, &) < [p()]- (5.21)

Obviously (5.19) holds for j = 0. If j = 1,2, we use once the first resolvent equation for the
resolvent appearing in (5.12):

I](ba W, 5) = Roo(ba W, £O)T],Oo(b, w, 5) + (5 - £O)Roo(b’ w, £O)Ij(b? w, 5)

Then we use (5.9)-(5.10), and again the first resolvent equation for the last resolvent in the
expression (5.9)-(5.10). This leads to (5.19) by a straightforward calculation. For j = 3,
we use twice the identity (5.9) in (5.13) and we repeat the same procedure as above. This
proves (5.19). Furthermore from (1.20), [23, Sect.A2] together with [8, Eq. (2.40)], then P-a.s.,
V¢y < min{0, Ey} and large enough, there exists a w-independent constant ¢ > 0 s.t. Vb € R:

HROO(b’W’&])Hl,Q = HRoo(baWago)HZoo <eg,

where || - ||, denotes the norm for operator from LP(R3) to LI(R3), 1 < p,q < oco. Further,
let B(b,w, &) be a bounded operator on L?(R?). Then for any ¢, € C5°(R?):

’((P? ROO(b7w7 50)3(67("}7 g)ROO(b7w7 50)1/})’ < CQHQPHﬂW}Hl HB(b7w7 g)”

Suppose that the operator Roo(b,w,&p)B(b,w,&)Rao (b, w, &) has a jointly continuous integral
kernel. Then by using a limiting procedure we conclude that:

V(X7y) € R67 ’(ROO(bawaSO)B(@w?g)ROO(b?w?50))(X7y)‘ S C2HB(b7w7§)”' (522)

Thus by setting B(b,w,§) = A;j(b,w,§), we get (5.15) from (5.19) and (5.21).
Let us prove iii). As a result of (5.11) and (5.8), the following covariance relation holds:
Vk € R3, Ty v Zj (b,w, &) T-xp = Z;(b, kw, §). This implies V(x,y) € RE:

vk e Rg, Zi(x,y; b, kw, §) = eib¢(x’k)Ij(x -k,y—k;b,w, §)e_ib¢(y’k).
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Then (w,x) — Z;(x,x;b,w, &) is well defined and R3-stationary. (5.16) follows from the w-
independent estimate (5.15). [ |

We deduce properties of the operators in (1.14)-(1.16) from the following. Let &y as above.
The first resolvent equation and the Cauchy integral formula imply that P a.s., V5 > 0, Vb € R,
Vz € D, and VK compact subset of D, s.t. z € K:

Eﬁ(;)),)()(/ﬁa b’ 2, 6) = é /I‘K d£ (5 - 50)2f6(/8’ Z3 é)Io(b,w, 5), (523)
and, from (5.12)-(5.13),

@b =5 [ T3, 5OT . 8), (5.24)

bz =L [ AR, 56) (T ) = Tl )

Then Proposition 5.3 together with the estimate (4.2) imply:

Corollary 5.4. P-a.s. on Q, VG > 0,¥b € R, Vz € D, and any compact subset K of D, s.t.
z € K, one has forn=20,1,2:

i) For all open and bounded set U C R3, XU/J&??n(ﬂ, b, z,€)xu is trace class on L*(R3).

11) ﬁg‘g’?n(ﬁ, b, z,€) has an integral kernel Lg‘g’?n( ,-18,b,2,€) jointly continuous on RS,

i) (w,x) — Eg‘é?n(x,x;ﬁ, b, z,€) is a R3-ergodic random field with a finite expectation.
The last two results of this section needed to prove our main theorems are the following.

Proposition 5.5. P-a.s. on 2, Vb € R and j =0,1,2,3, then the following maps:
i)
1
§elg = MTTH(RS)<XALIj(b,W,§)XAL>

is continuous uniformly in L € (0, 00).
ii) € € ' — E[Z;(0,0;b,w,&)] is continuous.

Proof. Let & € 'k be fixed. Due to Proposition 5.3, to prove i) it is sufficient to show that
P-a.s., Vb € R, there exists a constant ¢ > 0 independent of L s.t. Vx € R3, V¢ € ' with
|0&] :=|€ — &1] small enough:

12, 36,35 by, €) — Ty 36,35 by, €0)] < el (5.25)
Let j = 0. From (5.14) together with the first resolvent equation, we get for any x € R3:
Zo(x,%5b,w, &) — Zo(x,x;b,w, &1) =
(6 = 1) (Roo (b, w, §0) Roo (b, w, €) Roo (b, w, £1) Roo (b, w, £0)) (%, X).

Since HROO(b’ W, g)ROO(b’ W, 51) || < 77_2a by applying (522) with B(b’ W, 5) = ROO(ba w, g)ROO(ba w, 51),
we get (5.25). Let 7 =1,2,3. In view of (5.19), we have to estimate:

Ti(x,x;b,w,&) — Zj(x,x;b,w,&1) =
<Roo(b,w,§0)(Aj(b,w,§) _ Aj(b,w,fl))Rw(b,w,§0)> (x,%x), (5.26)
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where A;(b,w,.) consists of a finite linear combination of operators of type (5.20). Choose a
generic term appearing in (4;(b,w,§) — A;(b,w,&1)):
C(b7 W, §7 51) = (5 - §O)qROO(b7 w, S)Pk(b)ROO(Z% W, g)ljl(b)—i_
— (&1 = &0)" Roo(b,w, §1) P (b) Roo (b, w, &1) Fi(b) ¢ € {0, 1,2}

By using twice the resolvent equation in the first term of the r.h.s. of this formula, we get:
C(b,w, & &) = ((§—80)" — (61— &0)?) Roo (b w, §1) P (b) Roo (b, w, &1) P (b) + (€ — &1) (€ — £0) %
Roo(b,,61) (Roc (b0, €) Ph(8) Roo (0,0, ) FU(8) + Pe(6) R (b, €) R (b0, 1) PL(5)).

By (5.1) and (5.4), P-a.s., Vb € R, V¢ € I'k sufficiently near £, there exists ¢ > 0 independent of
€and Ls.t. ||C(b,w,§, &) < ¢|6g]. This also holds for || A;(b,w, ) —A;(b,w, &1)|| which implies
(5.25) from (5.22) and (5.26). Now i) follows from the continuity of ¢ — Z;(x,x;b,w, ),
Vx € R? together with the w-independent estimate (5.15). [ |

Proposition 5.6. P-a.s. on 2, V¢ € ' and j = 0,1, then the following maps:
i)
1
b € R — MTTLQ(RS) (XALI](b, w, g)XAL),
is continuous uniformly in L € (0, 00).

ii) b € R +— E[Z;(0,0;b,w,&)] is continuous.

To prove this result we need the following. Introduce on L?(R?) the operator W (b, by, w, £)
through its integral kernel defined on R%\ D, as:

W(x,y:b,by,w, &) := e Y)a(x — y)Roo (X, y; b, w, ). (5.27)
From (2.9), P-a.s., ¥(b,bg) € R?, V¢ € I'g, it is bounded and there exists a polynomial p(-)
independent of (bg, b) s.t.:
Lemma 5.7. P-a.s. on §, ¥(bg,b) € R%, V¢ € Tk, P(b) - W(b, by, w, &) is bounded and there
exists a polynomial p(-) s.t. Vb € R2, |b — bg| small enough and V& € Tk :
[P(b) - W (b, bo,w, &)l < p(§)]- (5.28)

Proof. Similarly to the proof of Lemma 3.2, then P-a.s. , ¥(b,by) € R? and V¢ € I', we have
in the bounded operators sense (see also [11, Prop. 3.2]):

Roo(ba W, 5) - Roo(ba bO, w) 5) - Roo(ba W, g)TOO(b’ b07 w? 5)’ (529)
where Roo (b, by, w, £) is the operator generated by the kernel defined in (3.9) with L = co and:
Too (b, bo, w, €) := 0T o0 (b, b, w, &) + (8b)* T 00 (b, bo, w, €), (5.30)

with ij(b, bo,w, &) the operator generated by the kernel defined in (3.10) with L = co. Notice
that due to (2.9), P-a.s., there exists a polynomial p(-) s.t. V(b,by) € R?, V¢ € T'g:

|| Roo (b, b0, )|, | T2.00 (b, b0, €) || < [p(€)]. (5.31)

Now we remove the (w, £)-dependence. From (5.29), we have on R%\ D

(P(b) - W(b,bo))(x,y) = a(x —y) - P()) R (x,y;) + a(x = y) - P(b)(Reo (b)Tos (b, b)) (x, y)-
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The first term in the r.h.s of this expression is the integral kernel of T7 o (b) which is bounded,
and its norm satisfies (5.7). We want to study the second term. On RS\ D, we have:

a(x —y) - P(O)(Rac (DT (b)) (x.5) = [ dzalx ) PORY (x2) Ty b, b+
R3

+ / dzP(b)RY (x,z)a(z — y)Tro(z,y;b,bo), (5.32)
R3

The first term of the r.h.s. of (5.32) is the integral kernel of T} o (b) T (b, bo) = L(PiRoo(b) P —

PyRoo(b)Py)Roo (b) T (b, bo) which is bounded due to (5.1) and (5.31) knowing (5.29), its norm
is bounded above by a b-independent quantity. Furthermore in view of (3.17), on R®\ Dq:

N . 2
a(z — y) Tz y:b.b) = P ¥)a(z — y)(P() -a(z — y) + P2z - y)) RO (2. v bo)
= P (B0 (2 — y) R (v b) — (0% a ) Bz, y: ko). (5.39)

which is the integral kernel of 266P (b) T o (b, bo) — (9b)2Y (b, bo), where Y (b, bo) = Y (b, by, w, £)
is the operator defined via its integral kernel on RS\ Dg.:
1
Y(X, y; ba bOa W, 5) = §a2(x - y)W(Xa y; b’ bO’ w, 5) (534)

Notice that from (2.9) and (5.27), |[Y (b, by, w,&)|| < |p(§)| for some polynomial p(-) indepen-
dent of (b,by). Since Y (b,by) is bounded, then by Lemmas 5.2 and 5.1 the second term of
the r.h.s. of (5.32) is the kernel of the bounded operator 5bP(b)Roo(b)(2P(b)T27oo(b, bo) —
Y (b, bo)) and its norm is bounded above by a b-independent polynomial in &. |

Proof of Proposition 5.6. Let j = 0. Define Zo(b, bo,w, &) as in (5.14) but we replace each
operators Roo(b,.) with Roo(b,bg,.). Then from (5.29) and (5.14), P-a.s., V(b,by) € R?, V¢ €
Tk

To(b,w, &) — To(bo, w, &) = Zo(b, bo,w, &) — Zo(bo,w, &) — Ro(b, b, w, &),
where R (b, by, w, €) is the following bounded operator:
(Roo(++0))* Roo (- €)oo (- €) + Roo (- €0) Too (- €0) Roo (- €0) Roo (- €) +
+ Roo(a SO)Roo(w §O)Too(7 §O)Roo('a 5) (5'35)
Firstly in the kernel sense, for any x € R3:

To(x,x35b,bo,w, &) — To(x,x; by, w, &) = / dzdzy {P(P(21)Fé(21,22)+6(22.%)) _ 1}
R6

X Rg) (X7 7z, b07 W, SO)R&) (Zla Zo; b07 W, S)R&) (Z27 X5 b07 w, 50)

Since |?b(¢(z1)+0(21,22)+6(22.X)) _ 1| < |6b||x — z1||z1 — 22|, then (2.9) imply that P-a.s., there
exists a polynomial p(-) s.t. V¢ € Tk, Vx € R3, ¥b € R with |b — bg| small enough:

|i0(X, X b’ bO’ W, 5) - IO(X’ X bOa W, £)| < |6b| |p(£)| (536)
Let us now estimate TTL2(R3){XAL7§/0(5, bo,w,&)xa, }- Consider the following term in (5.35):

ro(b, bo, w, &) i= (Roo (b, b0, w, &0))” Reo (b, w, ) oo (b, bo, w, £).
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By using (3.10), (3.11) with L = oo and (3.17), we have on RS:
(Roo(b,0, ) Too (b, bo, w0, €)) (%, ) = = (80)7 (R (b, w, €) T, 0 (b, b0, w, ) (%, ¥ )+
+ 56/3 dz R (x,z;b,w, &) (iV, + ba(z)) - a(z — y)e?EY) R (2, y: by, w, £).
Then :
R (b, 0, )T (b, b0, 0, ) = 8bBoc (b, w,€) (P(8) - W (b, b, w,€) = 86T, (b, b0,,€) ), (5.37)
where W (b, by, w, £) is defined in (5.27). Hence we have to estimate:
[ (R (0, bo. .60)) " R (0.0, €) (P(6) - W (b bo 2, )X, — The(brbo. 0. ), ) | -

In view of (5.27) and (2.9), P-a.s., there exists a polynomial p(-) s.t. V¢ € I'g, Vb € R and
VL € (0,00):
N ~ 3
XA, Roo (b, b0, w, 0)ll3,, W (b, b0, w, E)xap |7, HTQ,OO(b’bO’W’g)XALH% < [p(§)|Lz. (5.38)

Then from (5.4) and (5.31), P-a.s., there exists another polynomial p(-) s.t. V§ € 'k, Vb € R
with [b — bg| small enough and VL € (0, c0):

AL Trp2ms) {xa, 70(b, bo,w, €)xa, } < |6b]|p(E)]. (5.39)
Now consider the operator 71 (b, by, w,§) := Roo(-,£O)Too(-;£0)Roo(-,£O)Roo(-,£)- From (5.37):

r1(b, by, w, €) = 6bRoo(.,£0)(P(.) CW(., &) — 5bT”2,OO(.,go))Roo(.,gO)Roo(.,g)

Then by using (5.28) and the above arguments, we conclude that P-a.s., there exists a poly-
nomial p(-) s.t. V& € Tk, Vb € R with |b — by| small enough and VL € (0, c0):

ALY Tr o sy {xa,m1(b, bo, w, €)xa, } < [86Ip(€))- (5.40)

This also holds for the last term of (5.35) and then |AL|_1|TrL2(R3){XAL7§,O(b, bo,w,&)xa, H <
|0b||p(§)]. This together with (5.36) prove i) with j = 0. Let us show éi). From (5.17)-(5.18),
(5.30), (5.35) and Lemma 7.2 ii), then P-a.s., there exists a polynomial p(-) s.t. V¢ € 'k,
Vb € R with |b — by| small enough:

Vx € Rg’ |7€0(X’X; b’ bO,W,f)| < |5b||p(£)|(1 + |X|a)'
This together with (5.36) imply:

Then ) with j = 0 follows from (5.41) and the w-independent estimate (5.15).
Let j = 1. Define the function on R3:

Ty (x,x;b,bp, w, §) := / dz R (x,2;b, by, w, £)a(z — x) - (iV, + ba(z))RY (z,x; b, by, w, £).
R3

Due to (5.17)-(5.18) and (3.1), P-a.s., V(b, by) € R?, V€ € Tk, it is well-defined since by (3.17):

Zl(xa X3 ba bOa w, 5) = / dz Ré})) (X7 Z; bo, W, S)Tl,oo(za X3 b07 w, §)+
R3

—i—25b/ dzR&)(x,z;bo,w,f)Tgm(z,x;bo,w,&). (5.42)
R3
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From the definition (5.12) of Z;, we replace the resolvent on the left and the one in T o (see
(1.12)) with the r.h.s. of (5.29). Then V¥x € R3:

II(X, X b’ ) 5) - II(X’ X bOa W, 5) = j'-l(xa X3 ba bOa W, 5) - Il(X, X bO’ W, 5) + 7€1 (X, X b’ bO’ W, 5)5
where 7%1('7 S b7 b07 w, 5) = 80('7 3 b7 b07w7 g) + 81('7 3 b7 b07w7 g) and

SO(', g b’ bO’ w, 5) = (Roo(b’ w, f)foo(b, bO’ W, g)Tl,oo(b, w, 5)) (" ')’ (543)
81(', ) b, bO’ w, 5) = / dz Rg)(a Z; b, bOa W, g)a(z - )P(b) (Roo(b’ w, f)foo(b, bOa W, 5)) (Z? )
R3
(5.44)

First by (5.42), we have for any x € R3:
:Z~'-1 (X, X; ba bOa w, 5) -1 (Xa X; b07 w, 5) - 25b((ROO(bO7 w, g)TZ,oo(bm W, 5)) (X7 X)'
Then by (5.17)-(5.18), P-a.s., there exists a polynomial p(-) s.t. V¢ € Tk, Vb € R, Vx € R3:
|i1 (X, X b’ bO’ W, 5) -1 (X, X bOa W, £)| < |6b| |p(£)| (545)
From (5.37), (5.43) is the diagonal part of the integral kernel of the bounded operator:
i6b -
SO(b’ bOa W, 5) = 7Roo(b’ w, 5) <P(b) : W(b’ bO, W, 5) - 5bT2,OO(ba bO’ w, 5)) X
(PLO) B (b, 0, ) Pa(5) = Pa(b) B (b0, ) PL(b) ) Roc (b, ).

By using again the same arguments as above together with (5.1), (5.28) and (5.31), then P-a.s.
there exists a polynomial p(-) s.t. V& € I'k, Vb € R with |b—bg| small enough and VL € (0, 00):

ALY T2 sy DX, 50(0, bo, @, E)xa, } < [8bIp(E)]- (5.46)

Similary to the proof of Lemma 5.7. Then (3.17), (5.9), (5.33) and (5.37), show that (5.44) is
the diagonal part of the integral kernel of the bounded operator :

R (6,0, ) (P1(6) Roc (b, €) Pa(b)— Pa(6) R (b, €) Py (5) ) R (b, €)Toc (b, b, )+

o 3R (b, bo, )P (8) R (6,€) (2P (0) T (b, b0, §) — BY (b, b0, ).

with Y (b, by, &) the operator defined in (5.34). Due to (5.1), the first term in the above r.h.s.
can be treated exactly as the operator ro(b, by, w,&) at the beginning of this proof. For the

N | .

51(b,bo,w, &) =

second term, we have (5.38) and under the same conditions, ||Y (b,bo,&)xA, |7, < |p(£)|L%
Therefore P-a.s., there exists another polynomial p(-) s.t. V¢ € 'k, Vb € R with |b — bp| small
enough and VL € (0, 00):

AL Tr sy {xa, 51(b, bo,w, €)xa, }] < [8b]Ip(€)]-

Due to (5.46), this also holds for |AL|_1|TrL2(R3){XAL7§,1(b, bo,w,&)xa, }|- This together with
(5.45) prove ¢) with j = 1. Now consider (5.43)-(5.44). From (5.17)-(5.18) and Lemma 7.2 i),
[P-a.s., there exists a polynomial p(-) s.t. V€ € 'k, Vb € R, |b — bg| small enough:

vx € R?, [Ra(x,%;0,bo,w, )| < [60][p(&)I(1 + [x[*)*.
This together with (5.45) imply:
Then i) follows from (5.47) and the w-independent estimate (5.15). [ |
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6. PROOF OF THEOREM 1.1 AND THEOREM 1.2

In the whole of this section, for any compact subset K of D, and any 8 € [f1, 52] € R, 'k
is defined for 5 = (3, so we will use 7 := min{Fy — FF, ;%;} We first give two important
points proven subsequently.

Proposition 6.1. i) P-a.s. on Q, Vb € R, V0 < 81 < B2, VK compact subset of De, one has:
1
lim — dxﬁg‘g?n(x,x; B,b,z,€) = E[ng}n(o, 0:5,b, z, e)} n=0,1,

uniformly in (B, z) € [b1, B2] x K.
i1) P-a.s. on Q, V0 < 1 < P2, VK compact subset of D., one has:

lim —— dxﬁg?z(x,x; B,0,z,¢€) = E[ﬁg?z(o,o;ﬁ,O,z,e)],

uniformly in (B, z) € [B1, 2] X K.
Proposition 6.2. P-a.s. on Q, Vb € R, VO < 81 < B2, VK compact subset of D, one has:

lim —— / d (mﬁ(Lw)( B,b,z,€) — LY (x,x;8,b )>' 0 0,1,2, (6.1)
m ———= X X, X30,0,2,€) — Logn\X, X5 0,0,2,€ = n=4u1l,z, .
L—oo |[AL| B AL ob™ ’

uniformly in (B, z) € [B1, B2] x K.
6.1. Proof of Theorem 1.1.

6.1.1. Proof of i). The results follow from Propositions 6.1 and 6.2, with the simple relation:

n n (W)
(w) _ (4 € "Ly . _ rw) .
X1 (B, 2,€) = (c) IV dx ( S (x,%; 8,0, 2,€) — L, (%,%; 8,0, 2,€) | +

q\"_« @) (x .
+ | = dx £ (x,x;3,b,z,€). (6.2
<C> BIAL| Ja, al ). (62)

6.1.2. Proof of ii). Define the operator on L?(R3):

() S e
e AL e N )

Since the function & — % is also exponentially decreasing on I'x when |RE| — oo, the
study of the operator jég) (8,b, z,€) is therefore similar to the one of Egg?o(ﬁ, b, z,€). Then we
deduce that P-a.s., VO < 81 < o2, Vb € R and for any compact subset K of D,:
poc(B.b,2,¢) = lim p)(B,b, 2, €) = E[TL)(0,05 8,b, 2, )], (6.3)
—00

uniformly in (53, z) € [51, f2]x K. Here ééu)( .3 B,b, z, €) is the integral kernel of jo(g) (B, b, z,€).
Let K’ be the interior of K which is supposed nonempty. Fix 25 € K’. Let z € K near 2.
Since P-a.s., V3 > 0 and Vb € R, Péw) (B,b,-,€) is an analytic function on D, then:

P (B,b,2,¢) = P (8,20, €) + (2 — mﬁp(;’ (B,b,20,€) + 0((z — 20)).  (6.4)
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Notice that since ||Rr(b,w,&)|| < ¢,V€ € 'k and L € (0,00], the third term in the r.h.s. of
(6.4) is L-independent. It follows from Theorem 1.1 i), P-a.s., VG > 0, Vb € R and for z € K
near zg, the following identity between non-random limits:

Poo(ﬁy b,Z,E) - POO(/Bab, Zan) = (Z - ZO)%ELZ)(;U)(O’OHBab, ZOaE)] +0(Z - ZO)‘

0o (B,b, 20, €) = E[J (0,05 8,b, 20, )].

6.1.3. Proof of iii). Let a € (0,%) and by € R be fixed. Since P-a.s., V8 > 0 and Vz € D,
b— Péw) (B,b, z,€) is a C*°-function, then for b € R near by:

Péw)(/@,[%z’e) = P[(,W)(/BabO7Z7€) (b - bO) L 1 (57 b07Z 6) + 0((b — bo))

In virtue of Remark 6.5 below, the third term in the r.h.s. of the above equality is uniformly
bounded in L € (0,00). It follows from Theorem 1.1 i), P-a.s., V3 > 0, Vz € D, and for b € R
sufficiently close to by, the following relation:

Poo(,B,b,Z,E) —Poo(ﬂ, bo,z,e) (b bo) 001(57 bQ,Z 6) +0((b—bo))

Then Py (S, -, z,¢€) is differentiable at by and 8 (ﬁ,bo,z €) = (q) Xoo,1(B,bo, 2, €).

So Pso(B,b, -, €) is analytic in zp,

6.2. Proof of Theorem 1.2. i) follows from (6.2) for n =2 and b = 0, Propositions 6.1 ii)
and 6.2. Let us prove ). Let a € (0, 7). Since P-a.s. V3 > 0 and Vz € D, b — XL 1 (ﬁ, b, 2, €)
is a C*°-function near by = 0, then for real b sufficiently small:

X[ (8,6, 20¢) = X9)(8,0,z,€) + ngﬁ’; (8,0, 2, €) + o(b).

From Remarks 4.4 and 6.5, the last term in the r.h.s. of this equality is uniformly bounded in
L € (0,00). it follows from Theorems 1.1 i) and 1.2 7):

c
Xoo,l(/Ba b7 Z, 6) - Xoo,l(/Ba 07 Z, 6) = baXOO,Z(57 07 Z, 6) + O(b)
Then together with Theorem 1.1 i), this implies that P (53, -, z, €) is twice differentiable near

b=0 and aaf;“ (8,0, z,€) = (g)QXoovg(ﬁ,O,z,e).

6.3. Proof of Proposition 6.1. By Corollary 5.4, we can apply the Birkhoff-Khintchine
theorem [21, Prop. 1.13] to (w,x) — Egg,)n(x,x; B,b,z,€),n =0,1,2. Then implies that P-a.s.,
for any >0 and 2z € K:

1
lim —— dx Eg‘g)n(x, x;3,b,z,€) = E[ﬁﬁfg)n(o, 0;8,b, z, 6)] n=20,1,2.
L—oo ’AL‘ Ap ’ )
But this is not sufficient to prove Proposition 6.1. Consider the case of n = 0. In view of (5.23)
and Proposition 5.3, we can use the Birkhoff-Khintchine theorem for (x,w) — Zy(x,x; b, w, &).
Vb € R and V¢ € I', there exists Q¢ C Q with P(Q¢ ;) = 1 s.t. Vw € Q¢

1
lim dxZp(x,x;b,w,&) = E[IO(O, 0;b,w, 5)] . (6.5)
L—oo ‘AL’ AL
Now choose a countable dense subset of T'r, I'. := {§;,7 € N}. Then Vb € R, there exists
Oy C Q with P(Qp) = 1 s.t. Yw € Qp and V¢; € T, (6.5) holds. Next we use Proposition 5.5 4):
Vb € R, there exists Q) C Q, with P(Q}) = 1 s.t. Yw € Q, the map £ € Tk — (b, w,§) :=



25

IA—lL\ \[AL dx Zp(x, x; b,w, ) is continuous uniformly in L € (0,00). Let £ € T'x. Then Ve > 0

there exists & € I'c s.t. VL € (0,00), [sp(b,w,§) — sn(b,w,&)| < e. On the other hand by
Proposition 5.5 ii), & can also be chosen s.t. |E[IO(O,O;b,w,£)] — IE[IO(O,O; b,w,&m < e.
Then taking the real part we get:

R{E[Z(0,0:b,w,€)] } — 22 < lim inf R{c1 (b, w, €)} <
lim sup R{sz,(b,w, &)} < R{E[Zo(0,0;b,w,)] } + 2e.
L

Obviously, this also holds true for the imaginary part. Consequently Vb € R, Vw € Q. (6.5)
holds V¢ € I'y. We can repeat the same arguments as above to remove the b-dependance but
with the use of Proposition 5.6. Then we conclude that P-a.s., Vb € R and V¢ € T'x (6.5)
holds true. Notice that since P-a.s., Vb € R and V¢ € T'k the integral kernel of Zy(b,w, ) is
uniformly bounded by a constant independent of w and &, therefore we have:

% . d§ (5 - 60)2116(57 2 g)E [10(07 07 b7 w, 5)] =E [Eg?o(oa 07 /87 b7 2, 6)] :

Afterwards consider the quantity:

Qo(B.b,z,¢) = - / a¢ <§—§o>2f5<ﬁ,z;fs><i

21 Jrg ALl Ja,
Then by using (4.2) there exists a constant ¢ = ¢(f1, K) > 0s.t. VB € [f1,02] and Vz € K:

|Qo(B,0,2,€)| < c/F |de] |€ — &o[2e P

dXIO(X7 X; b7 w, g)_E [IO(Oa 0; b7 w, g)] > :

1 dx Zo(x,x;b,w, &) —E[IO(O,O;b,w,g)]'.
’AL’ Ap
In view of (6.5), this proves the proposition for n = 0.

Similary we consider the case of n =1 from (5.24). in view of Propositions 5.3, 5.5 and 5.6,
P-a.s., Vb € R and V¢ € T'k, (6.5) also holds true if we consider now the kernel Z; (x,x; b, w, §)
instead of Zy(x,x;b,w,&). Hence, following the proof for the case of n = 0 step by step, we
conclude the proof for the case of n = 1.This proves 7). ii) also follows by the same arguments
but we disregard the b-dependence since we only treat the zero-field case.

6.4. Proof of Proposition 6.2. Let L > 0 and x > 0. We use the decomposition:

AL = (AL \A,Q) UA, with A, := {X eAp d(X) < Ii}, (66)
where we set d(x) := dist(x,0Ar). Note that the definition (6.6) implies:
|Ax| = O(L*) when L — oo. (6.7)

Hereafter we denote by xa, the characteristic function of Aj.

Lemma 6.3. P-a.5s. on Q, Vb€ R, V0O < L < 00 and V& € 'k, then:
i) X — (R(Ll)(x,y; byw,§) — Rg;) (x,y;b,w, {)) ‘y:x and X > ((ivx + ba(x))(R(Ll)(x, yvibw,§) —

Q,) (x,¥;b,w, f))) |y:x are continuous functions on Ap \ A.

ii) There exists a constant v > 0 and a polynomial p(-) both L-independent s.t. on A2 \ Dp:
7)) (. y:b,0.6) = B (xy:b.0.8)]

< |p(£)|(1 + |X|a_|_ |y|oz)el+ﬂ/§|XY|<XAm(X) + XAn(y) +el+"’§(d(x)+d(y))>’ (6.8)
x-yl [x-yl
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|(iVx + ba(x)) (R (x, y; b,w, €) — RO (x, y: b, w, €))]

< (I + x| + [y|)2e” e <Y (éﬁf,‘,l + ‘iﬁ’,’,l + e‘lfs(d(*)*d(”’)- (6.9)

Proof. Under the conditions of Lemma 6.3 and from the Green’s identity, we have on A% \Dpr:

1
R(Ll)(XaY§b7w7§)_R&)(X7Y§ b,w,f) = __/BA dU(Z) Ré}))()gz;bawag)[nZ'szS)(Z7y; bawag)]a
L

2

where do(z) is the measure on OAf, and n, the outer normal to dAr. From (2.9), Lemma 2.4
and since z € 9Ar, then P-a.s., Vb € R there exists a constant v > 0 and a polynomial p(-)
s.t. V€ € 'k the integrand in the r.h.s. is a continuous function on (A \ A,)? satisfying

[ o) |RO(xzibw. ) in, - Var oy b, )
OAL

~

< PO+ x| 4 [y|")eT TN (6.10)
Then (6.10) together with (2.9) imply (6.8). We also have on A% \ Dp:

(iVx + ba(x))(RV (x, y1b,w, €) — B (x,y: b, w, €)) =
1

-3 / do(z) (iVy + ba(x)RY (x, 2:b,w, &), - VR (2, y:0,w, )],
OAL

Then Lemma 2.4 together with the above arguments show that (iVX—i—ba(x))(R(Ll) (-, 3b,w,&)—
Rg))(- ,-1b,w, €)) is also a continuous function on (Ay \ Ax)? and (6.9) holds. [ |
Remark 6.4. Definitions (3.2) and (3.3) then imply the following estimates. Under the same
conditions as Lemma 6.3, V(x,y) € (A x Ar)\ Dr, and for j =1,2:

|z},L(Xa Y b’ w, 5) - z},oo(xa Y b’ w, £)|

< PO+ x| + [y[o)2e” TR <|XA (X)| * TCA“(Y)| * e_ﬁ(d(md(y”), (6.11)
X—y X—y

for another constant v > 0 and polynomial p(-).

6.4.1. The case of n=0. Under the conditions of Proposition 6.2, we have:
11
ALl B Jay

11 ¢
EYEbE </FK de (8,7 6) /AL\AH dx (R (x,y3b,0,6) = RO (x,y3b,w,6) |+

dx <£(Lw) (x,x;8,b,2,€) — Egg?o(x,x;ﬁ, b, z, e)) =

/ RIGEOIEED /

Here we have used the first resolvent equation and the integral Cauchy formula to rewrite the
second term of the r.h.s. of this expression. From Remark 2.2 and (4.2) this second term is
bounded above by ¢ x |A,| for some constant ¢ = ¢(f1, K) > 0. On the other hand, due to
(6.8), a straightforward calculus leads to:

/ dx (R (x,y:b,w,6) — RY (x,y:b,w,6))|
AL\AN

dx (R (b,w, &) R (b, w, §))(x,X)—(Roo (b, w, &) Roo (b, w, €)) (x, x)> .

K
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for another polynomial p(- ). Hence as in the proof of Proposition 6.1, then P-a.s., V3 € 51, 52],
Vb € R, Vz € K and for L sufficiently large:

' 1
ALl Ja,

for some constant ¢ = ¢(f1,b, K) > 0. This proves the case of n = 0.

1
dX (ﬁ(Lw)(X7X7/87 b7 Z, 6) - ﬁg?o(x,x, 57 b’ Z, €)> ' S cm’

6.4.2. The cases of n=1,2. For any b € R, L € (0,00] and £ € 'k, introduce the notations:
’CL,j(XaZ) = ICL,j(X,Z; bawag) = (_1)J+1R9) (X,Z; b’w’g)z},L(Z’X; b’w’g) .] = 1’ 25

where (x,z) € A% and x # z. Furthermore for j = 1,2 set:

u(Lu:])(b,ﬁ) ::/ dx/ dz Ky j(x,2), ug?j(b,g) ::/ dx/ dz K j(x,2), (6.12)
AL AL AL AL

vg?j(b,f) ::/ dx/ dz K j(x,2).
Ar R3\Ay

Obviously we have the following estimate:

/AL dx </AL dzKp j(x,2) — /R3 dleooJ(x,z))' < |u(L“j])(b,£) —ug?j(b,éﬂ + |vg?j(b,f)|.

We want to estimate each term in the above r.h.s. Firstly let us prove the following result.
P-a.s., Vb € R, there exists a polynomial p(-) s.t. V¢ € 'k and for large L:

) (b, €) — ), (0,6)] < |p(€)| 7. (6.13)
With our previous notations we have:
u(L“j])(b,g) — ug?j(b,g) = /A dx/A dz <’CL7]'(X,Z) — ICOOJ'(X,Z)). (6.14)
L L

By leaving out the dependence on b, w and & for the kernels, we have for j = 1,2:
K Lj(x,2) Koo j (x.2)| < (R~ R (¢, 2)Tj.1. (2, )| 1R (. 2) (T .~ Ty (2, )| (6.15)

In view of (6.15), let us estimate the r.h.s of (6.14). By (5.18)-(5.17) for L = oo, (6.8) and
(6.11), then P-a.s., Vb € R there exists a constant v > 0 and a polynomial p(-) s.t. V¢ € ',
for L large and V(x,z) € A2 \ Dp:

Lo
2 g x 2l

L5 (%, 2) — Koo (x,2)| < (6|12 (X 0) | X0u(2) | g (), © . (6.16)

Ix —z| |x—z |x — 2|
Put the estimate (6.16) in the r.h.s. of (6.14) and a straightforward computation leads to
(6.13). On the other hand from (5.18)-(5.17), we have:

5
o~ T X2

VEETK, [Keoj(x:2)| < |p(&)I(1+[2|%) 5

|x — 2|

for another v > 0 and polynomial p(-). We now use that there exists a constant ¢ > 0 s.t.:

Yy > 0, VL € (0,00), / dx/ dz ——— < ey WL k=12
AL R3\Ag x — 2|
Then P-a.s., Vb € R, there exists another polynomial p(-) s.t. V€ € I'x and for large L:
080, < Ip()IL>+. (6.17)
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Then (6.13)-(6.17) imply:

/AL dx(/AL dz Ky j(x,2) — /RB dleoo,j(x,Z)>‘ < [p(&)|L* . (6.18)

From this analysis we conclude the case of n = 1. Indeed from (6.13)-(6.17), P-a.s., Vb € R
there exists a constant ¢ = ¢(f1, K,b) > 0 s.t. V3 € [81, 2], Vz € K and large L:

oLy
‘|A—1L| | ax (a—imx; B.b,z,6) - ﬁé‘é%(X?X%ﬁ’b’Z’e)) '
L
1

= [Az] Jry l4ellse(5. = £)|‘ /AL dx </AL dzKCr,1(x,2) — /RS dz lCoo,l(X,Z)> ‘ < C#.

We now complete the proof of the proposition. Define for any b € R, L € (0,00] and { € T'k:
’CL,?)(Xa Z) = RS) (Xa AR ba w, g)Tl,L (Zla Zo; b, w, £)T17L(Z2, X5 b, w, 5)’

where Z = (z1,22), (X,21,22) € A3 and x # 7 # z5. Introduce the quantities u(Lw;(b, €), ug??)(b, €)
as in (6.12) but with ICr, 3(x, Z) instead of Ky, j(x,Z),j = 1,2 and integrating w.r.t. the mea-
sure dxdZ. Moreover set:

v (6, €) ;:/ dx{/ dzl/ dzzicoo,g(x,Z)Jr/ dzl/ szicoo,g(x,Z)}.
AL R3\AL R3 A B (6.19)
6.19

Let us estimate u(Lwi),,(b, &) — ugg?g(b, ¢) with the same method as above. (6.15) is replaced with:

Kr3(%,Z) — Koo a(x,Z)| < (R = RO)(x,21)T1 1. (21, 22) T, 1. (22, %) |+
’Rg) (%, Zl)(Tl,L — TLOO)(Z17 ZQ)TLL(ZQ, X)‘ + ’Rg,) (x, Zl)Tl,oo(Zh ZQ)(TLL - TLOO)(Z27 X)‘

Here it is convenient to set zgp = z3 = x. By using (5.18), (5.17) together with (6.8), (6.9),
then P-a.s., Vb € R there exists a constant v > 0 and a polynomial p(- ) s.t. V¢ € 'k, for large
L and Y(x,Z) € A3 with x # z; # zo:

2
K 13(%, Z) — Koos(x, Z)| < |p(€)| L3 T1a im0 212l

2 2
1 — 2 (d(zug)+d (1))
- - _ 1+[€] +1 l
X (l|_0| iz = Zl’) ;_0 (XA, (20) + Zi41 — zile ). (6.20)

So from (6.20) by a tedious computation, we obtain that P-a.s., Vb € R, there exists another
polynomial p(-) s.t. V¢ € 'y and for large L:

i) (6, €) — 2y (b,6)] < Ip(E)|L3+5. (6.21)
We also have the estimate:
2
1 — X2 |z—z
Koo,3(¢,Z)] < [p(O)|(1 + |z2]*) (1 + |z2|*)(] | m)e e PUARICEC R
1=0

for another constant v > 0 and polynomial p(-). In view of (6.19), by some straightforward
estimates, P-a.s., Vb € R, there exists another polynomial p(-) s.t. V& € ' and large L:

04 (6,6)| < |p(€)|LF+2. (6.22)
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Consequently,

/AL dx (//\2 dZKp3(x,Z) — /}R3 dZ Koo 3(x, z)>' < |p(€)|LH3e, (6.23)

Let us prove the case n = 2. From (6.18) and (6.23), P-a.s., Vb € R there exists a constant
c=c(f1,K,b) >0s.t. V3 € [p1, 5], Vz € K and for large L:

: _ pw) .
‘ ’AL‘ //;L ( 8b2 X X) 57 bazae) £0072(X7 X7/8,b7 Z7 6)) ‘
1
) ‘dff”ff‘ﬁ’“”{\/ ([ i [ azinm)s
ALl Jrg A, a2 g

dx ([ dakpotez) — [ deKes(x2))|} <ot (6.20)
L=, L )} <z

Since we suppose that 0 < a < %, the proposition follows. |
Remark 6.5. (6.18), (6.23) and (4.5) show that the finite-volume magnetization and suscep-
tibility, if they are defined, are uniformly bounded in L provided that « € (0, %) In fact these
considerations can be extended to estimate Xéwg) (B,b,z,¢€) in (4.15). Indeed let:

2
Z (/A dxugj)(x,x; b, &) _/A dxl/{( )(X x;b §)> (6.25)

j=1

where Lléw])( ,+3b,&) are defined in (4.16) and L{é:)J( ,+3b,&) are defined in the same way but
with L = co. (6.25) can be estimate as above. In that case, handling heavy technicalities, we
can show that P-a.s., Vb € R there exists a polynomial p(- ) s.t. V¢ € ', the quantity in (6.25)
is bounded above by [p(¢)|L2+4<. It follows that if a € (0, 1), then (4.15) and (4.2) imply that

P-a.s., V8 >0,Vbe R and Vz € K, ngug (8,b, z,€) is also bounded uniformly in L € (0, 00).

7. APPENDIX

7.1. Proof of Lemma 2.4. For all L € (0,00]| and b € R denote by Gr(-,-;t,b) the integral
kernel of the strongly continuous semigroup {e~*#0..() ¢ > 0}; here Hyr(b),L < 00,L = o0
is the free operator defined respectively in (1.5) and (1.6) with V(&) = 0. Tt is known that
GL(-,-;t,b) is smooth and obeys, see [4, Eq. (2.31) & (4.13)]:

|2
V(x,y) € A%, |(iVx + ba(x))Gr(x,y;t,0)| < c(1+ ]b[)?’(l + t)5t_2€_‘ = , (7.1)

where ¢ > 0 is a L-independent constant. Let A\ < min{0, Ey}. By using the Laplace transform
[15, Eq. (2.5)] in the kernels sense, we get on A% \ Dp:

+oo
(iVx + ba(x) R (x, ¥:b, A) = / dt M (iVx + ba(x))Gr(x, y;t,b), (7.2)
’ 0

where Rt()lj);( ,-3b,\) denotes the integral kernel of R 1(b,\) := (Ho (b) —A\)~1, L € (0,00].
Due to (7.1), (7.2) is well-defined and the function (x,y) — (iVx + ba(x))R(()lj);(x,y;b, A) is
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jointly continuous on A2 \ Dy,. Besides, there exists a constant ¢ = ¢(\) > 0 s.t.:

2 : ) je WAy
V(x,y) € AL\ Dr, [(iVx +ba(x)) Ry 1, (x,¥;0,M)| < c(1+ [0]) TRyl (7.3)
Now P-a.s., Vb € R, VA < min{0, Ey} and VL € (0, o], the second resolvent equation:
Ry(b,w,\) = Ro.1.(b,\) — Ro.(b, \ V@ RL(b,w, \), (7.4)

holds in the bounded operators sense. Indeed, P-a.s., Vb € R, V(“’)RL(b,w,)\) is bounded if
L < 0o. When L = o0, Ry (b, )\)V(”)Roo(b, w, A) is defined as the closure of the same operator
defined on the domain (Hy (b, w) — A)CE°(R3) which is dense in L?(R3). Hence, we have

(iVx + ba(x)) RS (x,y:b,w,A) = (iVx + ba(x)) R} (x,¥:b,A) = Mp(x,y;0,w,\),  (7.5)
Mu(x.yibw,N) = [ da iVt baGO)RY) (x,2ib WV (@) Ry (2,33 o, ).
Ag ’
According to the decomposition V&) = Vl(w) + Vz(w), set on A% \ Dy
ML(X7 Y b7 w, )‘) = ML,l(Xa y: b7 w, )‘) + ML,Q(X7 y: b7 w, )‘)
From (2.9), (7.3), Lemma 7.4 with (R1) if { = 1 and, Lemma 7.1 i) with (1.3) if [ = 2 together
with (7.2) and (7.4) imply P-a.s., Vb € R, VA < min{0, Ey}, VL € (0,00] and Y(x,y) €
A2\ Dy, (iVx + ba(x)R{) (x,30, VWV )RV (- y;0,w0,0) € LN(AL) ¥(x,y) € A\ Dy.
From Lemmas 7.1 and 7.4 then (x,y) — My (X, y;b,w, \) are jointly continuous on A% \ Dy,
Therefore this also holds for (x,y) — (iVx + ba(x))R(Ll)(x, y;b,w, \).
On the other hand, from Lemmas 7.2 and 7.3 together with (2.9), (7.3) and the inequality:
x—2| Mz -y < x—y[TH(x -z Hz -y x#y £z (7.6)

then there exists a constant ¢ > 0 s.t.:

— (\)x—y|

[~
where ¢ ()) := %min{é/—_\;g‘, %w} = %%\M if A < 0 is chosen large enough. From (1.3), (2.9),

(7.3) together with (7.6), then there exists ¢ > 0 s.t.:

(§]
V(x,y) € AL\ D, [Mra(x,y;b,w,A)| < e(1+[b])° ; (7.7)

s
=i x=vl
e 4
V(x,y) € AT\ D, |[Mpa(x,y;b,w,A)| <e(1+[b)>(1+ |x|* + \y,a)ﬁ
Therefore in view of (7.5), then (7.3) together with (7.7) and (7.8) imply that P-a.s., VA <
min{0, Ey}, there exists ¢ > 0 s.t. VL € (0,00], Vb € R, we have on A2 \ D:

(7.8)

’
A
— x|

. (0% (e €
[0V + BaGIRE (5,3 by, ] < el ) (1 x| [y [*) =

(7.9)
Now the first resolvent equation allows us to write V(x,y) € A2 \ Dy:
(1Y + ba(0)) Ry (%, ¥ b,,€) = iV + ba(x) RY (6,¥50,0, ) + N (%, 735, 0,€, V),

Np(x,y:b,w, &) = (£ — )\)/ dz (iVyx + ba(x)) RV (x,2; b, w, NRY (z,y;b,w,€).  (7.10)
AL
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Due to (2.9), (7.9) and Lemma 7.1 7), P-a.s., Vb € R, VL € (0,00], Vi > 0, VA < min{0, Ep},
and V¢ € C s.t. d(&) > n, (x,y) = NL(x,y;b,w, &, \) is jointly continuous on A2 \ Dy. This
proves Lemma 2.4 7). i7) follows from (2.9), (7.9) and the fact that for || large enough, there

exists v/ > 0 s.t. V€ € C, d(§) > n, min{cl(é‘), 1+7|§|} > 11]§|' [ ]

7.2. Some kernel estimates. Here we give some useful estimates needed in this paper.
Lemma 7.1. Let U C R? be an open set and D := {(x,y) € U2 : x =y}.

Let Ki(-,-) : U?\ D — C, | = 1,2 be integral kernels satisfying:

(h1) K1(-,2) and Ko(z,-) are continuous on U \ {z} for almost all z € U.

(h2) There exists real numbers ¢,y > 0 and vy, > 0 as well as §; € [0,3) s.t.:

efPYl |x7y|

V(x,y) €U\ D, |Ki(x,y)| < allx[" + |y[") I=12 (7.11)

x -yl
Then:
i) Ki(x,-)Ka(-,y) € LY(U) for all (x,y) € U?\ D. Furthermore the map:
(x,y) = K(x,y) := [, dz K1(x,2) K2 (z,y) is jointly continuous on U?\ D.
ii) Under the additional assumption &1 + &3 € [0,3), Ki(x,-)Ka(-,x) € LY(U) for allx € U.
Moreover x — K(x,x) is continuous on U.

This result is obtained by using standard arguments, see e.g. [9, Sect. 3.

Lemma 7.2. Consider the assumptions (h1)-(h2) of Lemma 7.1 but with p;,v; = 0.
i) Let & = 1,2 and y := min{~y1,v2}. Then there exists a constant ¢ > 0 s.t. on U?:

if 01,00 #1 and x £y
if 01,00 = 1 '

ii) Let vy =y and & =1, | = 1,2. Then Vk > 2 there exists a constant ¢ > 0 s.t. on U?:

1
| aaliix ) afay)| < Coteodl { poi (7.12)

/ dz; - - - dzy Ky (x,21) K1 (21,22) - - - Ki (21, y)] < Qlf_ el (7.13)
Uk Y
¢ o 2k xY
/ dzy - - dzg | Ky (x,21) K2 (21, 22) - Ko (2k,y)| € o ————— i xX#Y. (7.14)
Ut 7 x =yl
Proof. The main ingredient is the following estimate. For all v > 0 and ¢ € [0, 3),
—x-yl oo ri3-=:5
sup/ dy 676 = / drr? e = %, (7.15)
xeU Jrs  [x—yl 0 2l

where I'(-) denotes the usual Gamma Euler function. When 6; = d2 = 1, we have:

o= Blx—2l o= Zlz-y]

V(x,y) € U?, / dz| K (x,2)Ka(2,y)| < creee 2F Y] [ daz
U

re |x—z| |z—y|

Then by the Cauchy-Schwarz inequality and (7.15), (7.12) follows. Similarly we get the cases
of 61 = 2,09 =1 and §; = 02 = 2 from (7.6) combined with (7.15).

The estimates (7.13) and (7.14) are obtained by induction from the above arguments. |
Lemma 7.3. Lety >0, 6 € (0,3) and p > % Suppose that V € LﬁIOC(R?’). Then Vx € R3,
V(e ljx — |70 € LY(R3), and there exists a constant ¢ = c(v, 3, ||V ||puloc) > 0 s.t.:

sup [V (-)e " lx — || <.

x€R3
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Proof. Let 1 + = =1andp> [6E0) 5) By the Holder inequality, we get:

[ v Ay ( gy Y
yIVy < ul / y7> < o0.
Ix—yl<1 x —y[° N R

On the other hand, with same p, ¢, we have:

e Vx=yl - . » L
dy |V (y)| =5 < ( / dy|V(y)|pe2xy> ( / dy€2|xy|>
/xyzl | Y|5 Z k<|x—y|<k+1 |x—y|>1

Since the domain k < |x —y| < k + 1 is covered by cste x k% unit balls, then the above r.h.s.

1
is bounded from above by ||V || uloc ( > pey k2e_p_glk) » < oo for some constant ¢ > 0. |

From Lemma 7.1 together with Lemma 7.3, we finally prove:

Lemma 7.4. Consider the assumptions (h1)-(h2) of Lemma 7.1. Let V € L, (R®) with
p > ?Hnaj’w if 81 + 0y # 0, elsewhere p > 1. Then Ki(x,-)V (- )Ka(-,y) € LY(U) for all
x #y. Furthermore, (x,y) — [, dzKi(x,2)V(2)K2(z,y) is jointly continuous on U*\ D.

Proof. Consider only the most tricky’ case which occurs when U = R3. Note first that the
estimate in (h2) can be rewritten on U2\ D as:

e
|Kao(x,y)| < ca(1 4+ |y|*21#2)

vi+tpt P —
Ky, y)] < en(L+ [x]) S T

ey (7.16)
for another constants c1,c2 > 0. Set J(x,y;) := Ki(x,-)V(-)Ka(-,y). Let 0 < ¢ < 3|x —
y| and denote by B(-,s) the open ball having the radius ¢ > 0. From (7.16), there exists
a constant ¢ = ¢(|x|,|y|) > 0 s.t. Vz € B(x,9), |J(x,y;z)| < c]V(z)\e_%|x_Z|\x — 7|70,
Then by Lemma 7.3, J(x,y;-) € L'(B(x,5)) as soon as p > 3/(3 — d;). On the same way
J(x,y;-) € LY(B(y,s)) as soon as p > 3/(3 — d3). Besides there exists a constant ¢ =
¢ (1xl,lyl) > 0 s.t. Va € B3\ (B(x,5) UB(y,<)), |J(x,y;2)| < ce™ 2 K2V (z)[e” =¥ As
supyeps ||V (- )e™ % IHp,SprGR?’ lle™ %"_Y‘Hq < oo whenever p,q > 1, then by the Holder
inequality, J(x,y;-) € LY(R3\ (B(x,s) UB(y,s))). Therefore J(x,y;-) € L'(R3) provided
that p > 3/(3 — max(dy,02)). By standard arguments, the continuity property follows. [ |
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