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1 Introduction

In this survey article based on the papers [7], [10], and [8], we consider the 3D Schrodinger operator
with constant magnetic field of scalar intensity b > 0, perturbed by an electric potential V' which decays
fast enough at infinity, and discuss various asymptotic properties of the corresponding spectral shift
function.

More precisely, let Hy = Hg(b) := (iV + A)? — b be the unperturbed operator, essentially self-adjoint
on C§°(R?). Here A = (—1”372, b”’Tl, O) is the magnetic potential which generates the constant magnetic
field B = curl A = (0,0,b), b > 0. It is well-known that o(Hy) = 0.c.(Hp) = [0,00) (see [1]), where
o(Hyp) stands for the spectrum of Hy, and o,.(Hp) for its absolutely continuous spectrum. Moreover,
the so-called Landau levels 2bq, ¢ € Z4 := {0, 1,...}, play the role of thresholds in o(Hp).

For X = (71,72, 73) € R we denote by X | = (21, 22) the variables on the plane perpendicular to the
magnetic field. Throughout the paper assume that V satisfies

Vv % 0, Ve C(RS), |V(X)| < C(O<)(L>7mL <x3>7m33 X= (XLaxlS) € RSa (11)

with Cp > 0, m; > 2, mg > 1, and (z) := (1 + |z|*)"/2, € R%, d > 1. Some of our results hold under
a more restrictive assumption than (1.1), namely

V0, VeCR?, |[V(x)|<Cox)"™, mg>3, xcR3. (1.2)

Note that (1.2) implies (1.1) with any mg € (0,mg) and m; = mg — mg. In particular, we can choose
ms € (1,mg — 2) so that m, > 2.
On the domain of Hy define the operator H = H(b) := Hy + V. Obviously, inf o(H) < inf o(Hp) = 0.



Moreover, if (1.1) holds, then for every E < inf o(H) we have (H — E)~! — (Hy — E)~! € S; where S;
denotes the trace class. Hence, there exists a unique function & = £(+; H, Hy) € L'(R; (1 + E?)"'dE)
which vanishes identically on (—oo,inf o(H)) such that the Lifshits-Krein trace formula

'HUGU—ﬂHMFjéﬂEJLwawWE

holds for each f € C§°(R) (see the original works [22], [20], the survey article [5], or Chapter 8 of the
monograph [45]). The function £(-; H, Hy) is called the spectral shift function (SSF) for the operator
pair (H, Hp). If E < 0 = inf 0(Hy), then the spectrum of H below E could be at most discrete, and
for almost every E < 0 we have

€(B; H, Hy) = —N(E; H) (1.3)

where N(E; H) denotes the number of eigenvalues of H lying in the interval (—oo, F), and counted with
their multiplicities. On the other hand, for almost every F € [0, 00), the SSF &(F; H, Hp) is related to
the scattering determinant det S(F; H, Hy) for the pair (H, Hy) by the Birman-Krein formula

det S(E; H, Hy) = e~ 2mi¢(E:H, Ho)

(see [4] or [45, Section 8.4]). A survey of various asymptotic results concerning the SSF for numerous
quantum Hamiltonians is contained in [40].

A priori, the SSF ¢(F; H, Hy) is defined for almost every ' € R. In this article we will identify this
SSF with a representative of its equivalence class which is well-defined on R\ 2bZ ., bounded on every
compact subset of R\ 2bZ, and continuous on R\ (2bZ4 U op,,(H)) where opp(H) denotes the set of
the eigenvalues of H. In the case of perturbations V of definite sign this representative is described
explicitly in Subsection 3.1 below; in the case of general non-sign-definite perturbations its description
can be found in [7, Section 3].

In the present article we investigate the behaviour of the SSF in several asymptotic regimes:

e First, we analyse the singularities of the SSF at the Landau levels. In other words, we fix ¢ € Z,
and investigate the behaviour of £(2bq + A\; H, Hp) as A — 0.

e Further, we study the strong-magnetic-field asymptotics of the SSF, i.e. the behaviour of the
SSF as b — co. Here we distinguish between the asymptotics far from the Landau levels, and the
asymptotics near a given Landau level.

e Finally, we obtain a Weyl-type formula describing the high-energy asymptotics of the SSF.

The paper is organised as follows. In Section 2 we formulate our main results, and discuss briefly
on them. More precisely, in Subsection 2.1 we introduce some basic notations used throughout the
paper, Subsection 2.2 contains the results on the singularities of the SSF at the Landau levels, Sub-
section 2.3 is devoted to the strong-magnetic-field asymptotics of the SSF, and Subsection 2.4 to its
high-energy behaviour. Section 3 contains some auxiliary results. In Subsection 3.1 we describe the
representation of the SSF in the case of perturbations of fixed sign, due to A. Pushnitski (see [29]),
while in Subsection 3.2 we establish estimates of some auxiliary operators of Birman-Schwinger type
which are used systematically in the proofs of the main results. Some of these proofs could be found
in Section 4: in Subsection 4.1 we prove the results of Subsection 2.2, and in Subsection 4.2 some of
the results of Subsection 2.3. Since the detailed proofs have already been published in [10] and [7], the
proofs presented here are somewhat sketchy, preference being given to the main ideas rather than to
the technical details.



2 Main Results

2.1 Notations and preliminaries

In this subsection we introduce our basic notations used throughout the paper.
We denote by S, the class of linear compact operators acting in a given Hilbert space.
Let T = T* € So. Denote by P;(T) the spectral projection of T' associated with the interval I C R.
For s > 0 set
n+(s;T) := rank P, o) (£T).

For an arbitrary (not necessarily self-adjoint) operator T' € S, put
nu(;T) :=ny (s, T*T), s> 0. (2.1)

If T'=T%, then evidently
ne($;T) =n4(s,T) +n_(s;T), s>0. (2.2)
Moreover, if Tj =T} € S, j = 1,2, then the Weyl inequalities
nt(s1+s2, 11+ T2) < nx(s1,T1) +nx(s2, Tz) (2.3)

hold for each s1, so > 0.
Further, we denote by S, p € (0,00), the Schatten-von Neumann class of compact operators for which

the functional [T, : = (p [y~ s? " *n.(s; T) ds)l/p is finite. If T € S, p € (0,00), then the following
elementary inequality of Chebyshev type

na(s:T) < 5P| T2 (2.4
holds for every s > 0. T =T* € Sp, p € (0,00), then (2.2) and (2.4) imply

nt(s;T) < s7PT[P, s>0. (2.5)

2.2 Singularities of the SSF at the Landau levels

Introduce the Landau Hamiltonian
o bz’ o bz \’
h(b) = (z - “) + (z + §1> —b, (2.6)

i.e. the 2D Schrodinger operator with constant scalar magnetic field b > 0, essentially self-adjoint
on C¢°(R?). Tt is well-known that o(h(b)) = U2, {2bg}, and each eigenvalue 2bq, ¢ € Z, has infi-
nite multiplicity (see e.g. [1]). Denote by p, = p4(b) the orthogonal projection onto the eigenspace
Ker (h(b) —2bq), g € Z.

The estimates of the SSF for energies near the Landau level 2bq, ¢ € Z, will be given in the terms
of traces of certain functions of Toeplitz-type operators p,Up, where U : R?> — R decays in a certain

sense at infinity.
Lemma 2.1. [31, Lemma 5.1], [10, Lemma 2.1] Let U € L"(R?), r > 1, and q € Z. Then p,Up, € S;.
Assume that (1.1) holds. Set

W) = [ V(XL a)ldss, X, €2
R

Since V satisfies (1.1), we have W € L!(R?), and Lemma 2.1 with U = W implies p,Wp, € Si, q € Z.
Evidently, p,Wp, > 0, and it follows from V # 0 and V € C(R?), that rank p,Wp, = oo for all ¢ € Z



(see below Lemma 2.4). If, moreover, V satisfies (1.2), then 0 < W(X ) < C{(X ) ™ot X | € R?,
with Cf = Cy [ (x) "™ d.

In the following two theorems we assume that V' has a definite sign, i.e. that either V' < 0 (then we
will write H_ instead of H), or V' > 0 (then we will write H, instead of H).

Theorem 2.1. (cf. [10, Theorem 3.1]) Assume that (1.2) is valid, and £V > 0. Let ¢ € Z4, b > 0.
Then the asymptotic estimates

—ny((1— 6)2\/X;qupq) +0(1) <¢&(2bg — A\ H-, Hyp) < —ny ((1 4+ E)Z\f/\;qupq) +0(1), (2.8)
hold as A | 0 for each ¢ € (0,1).
Suppose that the potential V' satisfies (1.1). For A > 0 define the matrix-valued function

w11 W12
w21 W22

Wy = Wh(X1) ::( ) X, € R? (2.9)

where

wyy 1= / [V (X1, 23)| cos? (VAxs)dzs,
R
W12 = Wo1 = / |V(Xl, 333)| COS (\f/\$3) sin (\/Xxg)dxg,
R

Wag i= / V(X 1, x3)|sin? (VAzs)ds.
R
It is easy to check that for A\ > 0 and ¢ € Z; the operator p,Wyp, : L?(R?)? — L?*(R?)? satisfies
0 < pgWipq € S1, and rank p,Wipg = 0.
Theorem 2.2. (cf. [10, Theorem 3.2]) Assume that (1.2) is valid, and £V > 0. Let ¢ € Z4, b > 0.

Then the asymptotic estimates

1
i;Tr arctan (((1 &+ E)Z\F)\)_lqu)\pq) +0O(1) <&(2bg+ X\; Hy, Hp) <

1
i;Tr arctan (((1F €)2VA) “tp,Wap,) + O(1) (2.10)
hold as A | 0 for each ¢ € (0,1).

Relations (2.8) and (2.10) allow us to reduce the analysis of the behaviour as A — 0 of £(2bg+\; Hy, Hp),
to the study of the asymptotic distribution of the eigenvalues of Toeplitz-type operators p,Upg. The
following three lemmas concern the spectral asymptotics of such operators.

Lemma 2.2. [31, Theorem 2.6] Let the function 0 < U € C*(R?) satisfy the estimates
U(X1) =uo(X1/IXLDIXLT*(A +0(1)),  [Xi] = oo,
|VU(XJ_)| §01<XJ_>_D‘_1, X ERQ,
where a > 0, and wg is a continuous function on S' which is non-negative and does not vanish identi-

cally. Then for each q € Z, we have

ny(5iaUpg) = 5 [{X0 € RIU(XL) > s}| (14 0(1)) = als) (L+0(1)), 510,

where |.| denotes the Lebesgue measure, and

b

Vals) = 3—2/“4—/ uo(t)?/dt, s> 0. (2.11)
™ Jst



Lemma 2.3. [38, Theorem 2.1, Proposition 4.1] Let 0 < U € L*°(R?). Assume that
InU(X1) = —plX (L +o(1), [Xi|— oo,
for some B € (0,00), u € (0,00). Then for each q € Z, we have

n4(5:04Upq) = ¢p(s)(1 +0(1)), s 10,

where
72Hl{/3|1n5|1/5 if 0<p<1,
©p(s) = 1n(1+lzu/b’)|ln5| if fg=1, s€(0,e7t). (2.12)
5 (n|Ins)~Ins| if 1<B<oc.

Lemma 2.4. [38, Theorem 2.2, Proposition 4.1] Let 0 < U € L™ (R?). Assume that the support of U
is compact, and that there exists a constant C > 0 such that U > C' on an open non-empty subset of
R2. Then for each q € Z. we have

n4(8;04Upg) = poo(s) (1 +0(1)), 510,
where

Voo(s) := (In|Ins|) " Ins|, se€(0,e1). (2.13)

Employing Lemmas 2.2, 2.3, 2.4, we easily find that asymptotic estimates (2.8) and (2.10) entail the
following

Corollary 2.1. [10, Corollaries 3.1 — 3.2] Let (1.2) hold with mg > 3.
i) Assume that the hypotheses of Lemma 2.2 hold with U = W and o > 2. Then we have

£(2bg — \; H_, Ho) = (XL eRAW(xL) > 2\&}’ (1+0(1)) =

b
o
—¥a(2V) (1+0(1)), A0, (2.14)
&(2bq+ \; Hy, Hp) = i% /R2 arctan ((2VA)TIW(X 1 ))dX, (1+0(1)) =

1
* 2cos (r/a)

the function 1, being defined in (2.11).
11) Assume that the hypotheses of Lemma 2.3 hold with U = W. Then we have

Ya(2V) (L+0(1)), A0,

€(2bq — N H_, Hy) = —p(2VA) (14 0(1)), A 10, B€(0,00),

the functions pg being defined in (2.12). If, in addition, V satisfies (1.1) for some m; > 2 and mg > 2,
we have

1
§(2bq + X Ha, Ho) = £ 5 95(2VA) (1+0(1)), A 10, € (0,0),
iii) Assume that the hypotheses of Lemma 2.4 hold with U = W. Then we have
£(2bg — X Ho, Ho) = —poc(2VA) (14 0(1)), A 10,

the function poo being defined in (2.13). If, in addition, V satisfies (1.1) for some m > 2 and mg > 2,
we have

(2bq + X Ha, Ho) = £ 5 pa(2VR) (14 0(1)), A L0,

the function @, being defined in (2.13).



In particular, we find that
2 s H_ H 1
A0 &(2bg — N H_, Hg)  2cos T

if W has a power-like decay at infinity (i.e. if the assumptions of Corollary 2.1 i) hold), or

£(2bg + \; H-, Ho)
im
A0 £(2bg — A\; H_, Hy)

1
5 (2.16)
if W decays exponentially or has a compact support (i.e. if the assumptions of Corollary 2.1 ii) - iii)
are fulfilled). Relations (2.15) and (2.16) could be interpreted as analogues of the classical Levinson
formulae (see e.g. [40]).

Remarks: 1) Since the ranks of p,Wp, and p,Wip, are infinite, the quantities n (s2V/X; pgWpg) and
Trarctan ((s2v/X) ™' p,Wap,) tend to infinity as A | 0 for every s > 0. Therefore, Theorems 2.1 and 2.2
imply that the SSF &(-; Hy, Hp) has a singularity at each Landau level. The existence of singularities
of the SSF at strictly positive energies is in sharp contrast with the non-magnetic case b = 0 where the
SSF ¢(E; —A 4+ V,—A) is continuous for E > 0 (see e.g. [40]). The main reason for this phenomenon
is the fact that the Landau levels play the role of thresholds in o(Hj) while the free Laplacian —A has
no strictly positive thresholds in its spectrum.

It is conjectured that the singularity of the SSF £(-; Hy(b), Ho(b)), b > 0, at a given Landau level
2bq, q¢ € Z4, could be related to a possible accumulation of resonances and/or eigenvalues of H at
2bg. Here it should be recalled that in the case b = 0 the high energy asymptotics (see [27]) and the
semi-classical asymptotics (see [28]) of the derivative of the SSF for appropriate compactly supported
perturbations of the Laplacian, are related by the Breit-Wigner formula to the asymptotic distribution
near the real axis of the resonances defined as poles of the meromorphic continuation of the resolvent
of the perturbed operator.

ii) In the case ¢ = 0, when by (1.3) we have {(—\; H_, Hy) = —N(—X; H_) for A > 0, asymptotic
relations of the type of (2.14) have been known since long ago (see [43], [42], [44], [31], [17]). An
important characteristic feature of the methods used in [31], and later in [38], is the systematic use,
explicit or implicit, of the connection between the spectral theory of the Schrédinger operator with
constant magnetic field, and the theory of Toeplitz operators acting in holomorphic spaces of Fock-
Segal-Bargmann type, and the related pseudodifferential operators with generalised anti-Wick symbols
(see [12], [3], [41], [15]). Various important aspects of the interaction between these two theories have
been discussed in [37] and [7, Section 9]). The Toeplitz-operator approach turned out to be especially
fruitful in [38] where electric potentials decaying rapidly at infinity (i.e. decaying exponentially, or
having compact support) were considered (see Lemmas 2.3 - 2.4). It is shown in [11] that the precise
spectral asymptotics for the Landau Hamiltonian perturbed by a compactly supported electric potential
U of fixed sign recovers the logarithmic capacity of the support of U.

iii) Let us mention several other existing extensions of Lemmas 2.2 — 2.4. Lemmas 2.2 and 2.4 have been
generalised to the multidimensional case where p, is the orthogonal projection onto a given eigenspace
of the Schrédinger operator with constant magnetic field of full rank, acting in L2(R??), d > 1 (see [31]
and [25] respectively). Moreover, Lemma 2.4 has been generalised in [25] to a relativistic setting where
pg is an eigenprojection of the Dirac operator. Finally, in [36] Lemmas 2.2 — 2.4 have been extended
to the case of the 2D Pauli operator with variable magnetic field from a certain class including the
almost periodic fields with non-zero mean value (in this case the role of the Landau levels is played by
the origin), and electric potentials U satisfying the assumptions of Lemmas 2.2 — 2.4. In the case of
compactly supported U of definite sign, [11] contains a more precise version of the corresponding result
of [36], involving again the logarithmic capacity of the support of U.

iv) To the author’s best knowledge, the singularities at the Landau levels of the SSF for the 3D
Schrodinger operator in constant magnetic field has been investigated for the first time in [10]. However,
it is appropriate to mention here the article [19] where an axisymmetric potential V' = V(| X |, z3) has



been considered. It is well-known (see e.g. [1]) that in this case the operators Hy and H are unitarily
equivalent to the orthogonal sums ), ©H (™) and 3

mez @Hém) respectively, where the operators

10 9 9  (bo m\

H™ = ——Z o -+ (=+=) —b, H™ :=H™ +V(o,23), meZ, 2.17
are self-adjoint in L?(R; x R; ododxrs). For a fivzed magnetic quantum number m € Z the authors of
[19] studied the behaviour of the SSF §(E;H(m),HO(m)) for energies E near the Landau level 2m if
m > 0, and near the origin if m < 0, and deduced analogues of the classical Levinson formulae for the
operator pair (H <m),H(§’">>. Later, the methods in [19] were developed in [23] and [24]. However, it
is not possible to recover the results of our Theorem 2.1, Theorem 2.2 and/or Corollary 2.1 from the
results of [19], [23], and [24] even in the case of axisymmetric V.

v) Finally, [16] contains general bounds on the SSF for appropriate pairs of magnetic Schrédinger
operators. These bounds are applied in order to deduce Wegner estimates of the integrated density of
states for some random alloy-type models.

2.3 Strong Magnetic Field Asymptotics of the SSF

Our first theorem in this subsection treats the asymptotics as b — oo of &(-; H(b), Ho(b)) far from the
Landau levels.

Theorem 2.3. (cf. [7, Theorem 2.1]) Let (1.1) hold. Assume that € € (0,00)\ 2Z4, and A € R. Then

12 [E/2
E(ED+ 3 Hb), Ho(b) = &5 > (€ - 25)—1/2/ Vix)dx +0(1), b oo, (2.18)
78 =0 R3

where [E/2] denotes the integer part of the real number /2.

The following two theorems concern the asymptotics of the SSF near a given Landau level. In order to
formulate our next theorem, we introduce the following self-adjoint operators

Xo = —d*/dz}, x=x(X1)=x0+V(XL,.), X.€R?

which are defined on the Sobolev space H*(R), and depend on the parameter X | € R% If (1.1) holds,
then (x(X1) — o)™t — (xo — Ao) "t € S; for each X; € R? and \g < info(x(X1)). Hence, the SSF
&(5x(X 1), x0) is well-defined. Set A: = miny  ¢ge inf o(x(X1)). Evidently, A € [-Cy,0]. Moreover,

A = lim info(H(b)) (2.19)

b—oo

(see [1, Theorem 5.8]).

Proposition 2.1. (cf. [7, Proposition 2.2]) Assume that (1.1) holds.
i) For each A € R\ {0} we have £(\;x(.), x0) € L*(R?).
i) The function (0,00) 3 X [, (X x(X 1), x0)dX 1 is continuous, while the non-increasing function

(—00,0) 3 A~ [ ENix(X1),x0)dX1 =— [ Nx(X1))dXy
R2 R2

(see (1.3)), is continuous at the point A < 0 if and only if
HX1 eR%Ne€a(x(X1)} =0. (2.20)

ii) Assume £V > 0. If X > A, X #0, then £ [po §(A; x(X 1), x0)dX 1 > 0.



Remark: The third part of Proposition 2.1 was not included in [7, Proposition 2.2]. However, it follows
easily from the representation of the SSF described in Subsection 3.1 below, and the hypotheses V' % 0
and V € C(R3).

Theorem 2.4. (cf. [7, Theorem 2.3]) Assume that (1.1) holds. Let g € Zy, A € R\ {0}. If A <0,
suppose also that (2.20) holds. Then we have

Jim b71€(2bg + A; H(b), Ho(b)) = o

2 (A x(X 1), x0) dX 1. (2.21)
™ JRr2

The proofs of Theorems 2.3 and 2.4 are contained in Subsection 4.2. We present these proofs under
the additional assumption that V' has a definite sign, and refer the reader to the original paper [7] for
the proofs in the general case.

By Proposition 2.1 iii), if £V > 0, then the r.h.s. of (2.21) is different from zero if A > A, XA # 0.
Unfortunately, we cannot prove that the same is true for general non-sign-definite electric potentials
V. On the other hand, it is obvious that for arbitrary V' we have [o, &(X;x(XL), x0)dX 1 = 0if A < A.
The last theorem of this subsection contains a more precise version of (2.21) for the case A < A.

Theorem 2.5. (cf. [7, Theorem 2.4]) Let (1.1) hold.

i) Let X < A. Then for sufficiently large b > 0 we have £(X\; H(b), Ho(b)) = 0.

it) Let ¢ € Zy, q > 1, X < A. Assume that the partial derivatives of (x3)™*V with respect to the
variables X, € R? exist, and are uniformly bounded on R3. Then we have

q—
Jim b~ Y2¢(2bq + X; H(D), Ho(b)) = 4i Z (g—1)) 1/2/ V(x)dx. (2.22)
1=0 R3

The first part of the theorem is trivial, and follows immediately from (2.19). We omit the proof of
Theorem 2.5 ii) and refer the reader to the original work [7].

Remarks: 1) Relations (2.18), (2.21), and (2.22) can be unified into a single asymptotic formula. In order
to see this, notice that a general result on the high-energy asymptotics of the SSF for 1D Schrédinger
operators (see e.g. [40]) implies, in particular, that

1
lim EY2¢(E; x(X 1), x0) = */V(XL,ffs)dffs, X, eR2
E—oo 2 R

Then relation (2.18) with 0 < £/2 & Z., or relations (2.21) and (2.22) with €& = 2q, ¢ € Z., entail

[£/2]
§(Eb+ X H(b), Ho(bh)) = o Z —20) 4+ X x(X1),x0)dX1 (1+0(1), b—oo. (2.23)

On its turn, (2.23) can be re-written as
E(Eb+ X H(b), Ho(h)) = / E(Eb+ A — 5 (X 1), X0)dX Lduy(s) (1 + 0(1), b — oo,
R JR2

where v(s) 1= £ 3% O(s — 2bl), s € R, and O(s) := { (1) ﬁ z i 8’ is the Heaviside function. It
is well-known that v is the integrated density of states for the 2D Landau Hamiltonian (see (2.6)).

ii) By (1.3) for A < 0 we have {(\; H(b), Hy) = —N(X\; H(b)). The asymptotics as b — oo of the
counting function N(X; Hy(b)) with A < 0 fixed, has been investigated in [32] under considerably less
restrictive assumptions on V than in Theorems 2.3 — 2.5. The asymptotic properties as A T 0, and as
Al Aif A <0, of the asymptotic coefficient — 1 fR2 (A x(X1)dX | which appears at the r.h.s. of

(2.21) in the case of a negative perturbation, have been studied in [33]. The asymptotic distribution



of the discrete spectrum for the 3D magnetic Pauli and Dirac operators in strong magnetic fields has
been considered in [35] and [34] respectively. The main purpose in [32], [34], and [35] was to obtain the
main asymptotic term (without any remainder estimates) of the corresponding counting function of the
discrete spectrum under assumptions close to the minimal ones which guarantee that the Hamiltonians
are self-adjoint, and the asymptotic coeflicient is well-defined. Other results which again describe
the asymptotic distribution of the discrete spectrum of the Schrédinger and Dirac operator in strong
magnetic fields, but contain also sharp remainder estimates, have been obtained [17], [9], and [18] under
assumptions on V which, naturally, are considerably more restrictive than those in [32], [34], and [35].
iii) Generalisations of asymptotic relation (2.18) in several directions can be found in [26]. In particular,
[26, Theorem 4] implies that if V € S(R3), then the SSF £(Eb+\; H(b), Ho(b)), £ € (0,00)\2Z, A € R,
admits an asymptotic expansion of the form

1-2j

§(Eb+ N H(b), Ho(b)) ~ > eb 2, b— oo,
=0

iv) Together with the pointwise asymptotics as b — oo of the SSF for the pair (Ho(b), H(b)) (see
(2.18), (2.21), or (2.22)), it also is possible to consider its weak asymptotics, i.e. the asymptotics of the
convolution of the SSF with an arbitrary ¢ € C§°(R). Results of this type are contained in [6].

2.4 High energy asymptotics of the SSF
Theorem 2.6. [8, Theorem 2.1] Assume that V satisfies (1.1). Then we have

1
1 71/2 N = —_—
. h,r%eOTE &(E; H, Hy) s /RS V(x)dx, re€(0,b), (2.24)

where O, .= {E € (0, 00)|dist(E, 2bZ)}.

We omit the proof of Theorem 2.6 which is quite similar to that of Theorem 2.3, and refer the reader
to the original paper [8].

Remarks: 1) Tt is essential to avoid the Landau levels in (2.24), i.e. to suppose that E € O, r € (0,b),
as E — oo, since by Theorems 2.1 - 2.2, the SSF has singularities at the Landau levels, at least in the
case £V > 0.

ii) For E € R set

&a(E) = | (OB~ p+ AX)) ~ O(E ~ [p+ A = V() dxdp =

4
il (Ei/2 —(B- V(x))i/Q) dx
3 Jps

where O, as above, is the Heaviside function. Note that £,(F) is independent of the magnetic field
b > 0. Evidently, under the assumptions of Theorem 2.6 we have limg_.oc E~Y/2£0(E) = 27 [o, V(x)dx.
Hence, if [, V(x)dx # 0, then (2.24) is equivalent to

&(E;H,Hy) = (2m) 3¢a(E)(1+0(1)), E—oco, E€0O,, rec(0,b).

iii) As far as the author is informed, the high-energy asymptotics of the SSF for 3D Schrodinger
operators in constant magnetic fields was investigated for the first time in [8]. Nonetheless, in [19]

the asymptotic behaviour as £ — oo, E € O,, of the SSF §(E;H(m),H(()m)) for the operator pair

(H™), H(()m)) (see (2.17)) with fixed m € Z has been been investigated. It does not seem possible to
deduce (2.24) from the results of [19] even in the case of axial symmetry of V.



3 Auxiliary Results

3.1 A. Pushnitski’s representation of the SSF

In the first part of this subsection we summarise several results due to A. Pushnitski on the represen-
tation of the SSF for a pair of lower-bounded self-adjoint operators (see [29]).

Let I € R be a Lebesgue measurable set. Set p(I) := < [; %. Note that u(R) = 1.

Lemma 3.1. [29, Lemma 2.1] Let Ty = T} € So and To =T € S1. Then
1
/ni(51+52;T1 +tT2)d/.L(t) Sni(sl;Tl)—FrSzHTng, 81,82 > 0. (31)
R

Let H4 and Hg be two lower-bounded self-adjoint operators. Assume that
V:=+(Hs —Ho) > 0. (3.2)

Let Ao < info(H+) U o (Hop). Suppose that

(H — )\0)_’Y — (Ho — )\0)_'Y €Sy, v>0, (33)
V1/2(H0 — )\0)_1/2 S SOO, (34)
VV2(Hy = X)™" €85, 4 >0. (3.5)

For z € C with TImz > 0 set T (2): = VY/2(Hy — 2)~'V1/2,

Lemma 3.2. [29, Lemma 4.1] Let (3.2), (3.4), and (3.5) hold. Then for almost every E € R the
operator-norm limit T (E +40) :=n — lims o 7 (E + i9) exists, and by (3.4) we have T(E +i0) € Sx.
Moreover, 0 <Im7T(E +10) € S;.

Theorem 3.1. [29, Theorem 1.2] Let (3.2) — (3.5) hold. Then the SSF &£(-; H, Ho) for the operator
pair (H+,Ho) is well-defined, and for almost every E € R we have

E(B;Hy, Ho) = :l:/ ne(1;Re T (E +40) + t Im 7 (E + i0)) du(t).
R

Remark: The representation of the SSF described in the above theorem was generalised to non-sign-
definite perturbations in [14] in the case of trace-class perturbations, and in [30] in the case of relatively
trace-class perturbations. These generalisations are based on the concept of index of orthogonal pro-
jections (see [2]).

Suppose now that V satisfies (1.1), and £V > 0. Then relations (3.2) — (3.5) hold with V = |V,
Ho = Hp, and v =+ = 1. For z € C, Imz > 0, set T(2) := |V|Y/?(Hy — 2)~'|V|'/?2. By Lemma 3.2,
for almost every E € R the operator-norm limit

T(E +i0) :=n = lim T(E + id) (3.6)

exists, and

0 < ImT(E +10) € Sy. (3.7)

The following proposition contains a more precise version of the above statement, and provides estimates
of the norm of T'(E + i0), and the trace-class norm of Im T'(E + 40).
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Proposition 3.1. [7, Lemma 4.2] Assume that (1.1) holds, and E € R\ 2bZ,.. Then the operator limit
(3.6) exists, and we have

|IT(E +i0)|| < Cy (dist (E, 2bZ))/? (3.8)

with Cy independent of E and b.
Moreover, (3.7) holds, and if E < 0 then ImT(E + i0) = 0, while for E € (0,00) \ 2bZ4 we have

[35]
b
[Im T(E + i0)|[y = Tr InT(E +i0) = — » (E — 2bl)—1/2/ [V (x)|dx. (3.9)
47 =0 R3
By Lemma 3.1 and Proposition 3.1, the quantity
E(B: Hy, Hy) = i/ ne(1; Re T(E +i0) + ¢ InT(E + i0)) du(t), E € R\ 2074, (3.10)
R

is well-defined for every F € R\ 2bZ, and bounded on every compact subset of R \ 20Z. Moreover,
by [7, Proposition 2.5], £(+; H+, Hy) is continuous on R\ {2bZ; Uopy(H+)}. On the other hand, by
Theorem 3.1 we have ~

§(EsHy, Ho) = E(E; Hy, Ho) (3.11)
for almost every ' € R. As explained in the introduction, in the case of sign-definite perturbations we
will identify the SSF {(F; Hy, Hy) with E(E, Hy, Hp), while in the case of non-sign-definite perturba-
tions, we will identify it with the generalisation of & (E; Hy, Hp) described in [7, Section 3] on the basis
of the general results of [14] and [30].
Here it should be underlined that in contrast to the case b = 0, we cannot rule out the possibility that
the operator H has infinite discrete spectrum, or eigenvalues embedded in the continuous spectrum by
imposing conditions about the fast decay of the potential V' at infinity. First, it is well-known that if
V satisfies

V(x) < —Cx(x), x€R3, (3.12)

where C' > 0, and Y is the characteristic function of a non-empty open subset of R3, then the discrete
spectrum of H is infinite (see [1, Theorem 5.1], [38, Theorem 2.4]). Further, if V' is axisymmetric and
satisfies (3.12), then the operator H(®) defined in (2.17) with ¢ > 0 has at least one eigenvalue in the
interval (2bq — ||V (r3), 2bq), and hence the operator H has infinitely many eigenvalues embedded
in its continuous spectrum (see [1, Theorem 5.1]). Assume now that V is axisymmetric and satisfies
the estimate

V(X1 23) < —Cxo (X)) (x3)™™, (X ,x3) € R3, (3.13)

where C' > 0, y is the characteristic function of a non-empty open subset of R?, and m3 € (0,2) which
is compatible with (1.1) if m3 € (1,2). Then, using the argument of the proof of [1, Theorem 5.1]
and the variational principle, we can easily check that for each ¢ > 0 the operator H(? has infinitely
many discrete eigenvalues which accumulate to the infimum 2bq of its essential spectrum. Hence, if V'
is axisymmetric and satisfies (3.13), then below each Landau level 2bq, ¢ € Z,, there exists an infinite
sequence of finite-multiplicity eigenvalues of H, which converges to 2bq. Note however that the claims
in [10, p. 385] and [8, p. 3457] that [1, Theorem 5.1]) implies the same phenomenon for axisymmetric
non-positive potentials compactly supported in R3, are not justified. The challenging and interesting
problem about the accumulation at a given Landau level of embedded eigenvalues and/or resonances
of H will be considered in a future work.

Finally, we note that generically the only possible accumulation points of the eigenvalues of H are the
Landau levels (see [1, Theorem 4.7], [13, Theorem 3.5.3 (iii)]). Further information on the location of
the eigenvalues of H can be found in [7, Proposition 2.6].
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3.2 Estimates for Birman-Schwinger operators

For x,x’ € R? denote by P, ,(x,x’) the integral kernel of the orthogonal projection p,(b) onto the
subspace Ker (h(b) — 2bq), ¢ € Z4, the Landau Hamiltonian h(b) being defined in (2.6). It is well-
known that

b blx — x'|2 b .
Pastxx) = gLy (G5 exp (<= x P 4 2oy - o)) ) (3.14)

see or [37, Subsection 2.3.2]) where t) ;= —e e _ —i k, teR, qe€Z,, are the
21] or [37, Sub 2.3.2]) where L, Let@le ) — 5o ()52
Laguerre polynomials. Note that

b
Pyp(x,x) = 5o 4€Ly, x€ R (3.15)

Define the orthogonal projections P, : L*(R?) — L*(R3), q € Z4, by P, := p, ® I3 where I3 is the
identity operator in L?(R,,).
—1

For z € C with Im z > 0, define the operator R(z) := (—% - z) bounded in L?(R). Note that the

3
operator R(z) admits the integral kernel R, (x3 —x3) where R, (z) = ie?V?*l /(24/2), x € R, the branch
of \/z being chosen so that Im /z > 0.
Define that the operators

Ty(2) := [V['2Py(Ho — 2) V"%, qeZy,

bounded in L?(R3). We have T,(z) = |V|/? (pq(b) ® R(z — 2bq)) V|12,
For A € R, A # 0, define R(\) as the operator with integral kernel Ry (x5 — %) where

Y20 i A<
Ra(z) == limRyyis(z) = 2% " zeR (3.16)
510 Z€2ﬁ if A>0,

Evidently, if wy,ws € L?(R) and A # 0, then wy R(\)ws € Sy. For E € R, E # 2bq, q € 7., set
T,(E) = V2 (py(b) @ R(E — 26q) ) [V]'/2,

Then lims o || T, (E 4 i6) — T4 (E)||2 = 0 (see [10, Proposition 4.1]).
Proposition 3.2. Let E€R, g € Zy, E # 2bq. Let (1.1) hold. Then

IT,(E)|| < Co|E — 2bg|~*/2, (3.17)
1Ty (E)|I5 < CoblE — 2bg| ™, (3.18)
with Cy independent of E, b, and q.
Proof. We have
Ty(E) =MGgm, @t(E—2bg)M (3.19)

where M is the multiplier by the bounded function |V (X1, 23)|Y/2(X )™/ (x3)™3/2, (X, x3) € R?,
Gym,  L*(R?) — L?(R?) is the operator with integral kernel

<XJ->_mL/2'Pb,q(XJ-7Xj_)<Xj_>_mL/27 XJJXS_ €R27
and t()\) : L?(R) — L%(R), A € R\ {0}, is the operator with integral kernel

(z5) "3 2Ry (x5 — zg)(xg>7m3/2, x3, x4 € R.
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Then we have
1Ty (B)| < IM|1Z1Ggm I E(E = 2bg)[| < [IM|Z]|Ggm, I [[E(E — 2bg) |2, (3.20)

1Ty (B)ll2 < [IMIZ)IGqm . N2 [4(E = 2bg)]l2, (3.21)
where || Mo := || M| g (r2). Evidently,

1Ggm, I <1, (3.22)
b
1Gagm N3 < Trpg(X1) ™™ pg = 5 [ (X1)™™+dX, (3.23)
™ JRr2
(see (3.15)), and
1
E—2 2o - —ms .24
I = 260) 1§ < g [ o)~ (321)
(see (3.16)). Now the combination of (3.20), (3.22), and (3.24) yields (3.17), while the combination of
(3.21), (3.23), and (3.24) yields (3.18). O

Remark: Using more sophisticated tools than those of the proof of Proposition 3.2, it is shown in [7]
that for E # 2bg we have not only T,(E) € Sz, but also T,(E) € S1. We will not use this fact here.

Proposition 3.3. Assume that V satisfies (1.1). Let E € R\ 20Zy, q € Zy. Then we have 0 <
ImT,(E) € S, with any p > 2/m . If E < 2bq, then InT,(E) =0. If E > 2bg, then the estimate
n (s;Im T,(E)) < Cs (1 b (E - 2bq)*1/mis*2/mi) (3.25)
holds for each s > 0 with C3 independent of s, b, and E. Moreover, if E > 2bq, then we have
b
|Im T, (E)||; = TrIm T,(E) = 4—(E - qu)*l/Q/ |V (x)|dx. (3.26)
7 R3
Proof. By (3.19), we have
ImT,(E) = MG, @Imt(E — 2bq)M.
If E < 2bq, then Im¢(E — 2bq) = 0. If E > 2bq, then Im¢t(F — 2bq) admits the integral kernel
_
2/ E — 2bq

Since the function (X )~™+/2 is radially symmetric, the eigenvalues vy, k € N, of the operator Gpm, >
0 can be computed explicitly, and for k > ko we have v, < C4"™+/2k~™m+/2 with ko € N and C}
independent of b and E (see the proof of [7, Lemma 9.4]). Further, if E > 2bg, we have rank Im¢(E —
2bq) = 2, and the eigenvalues of Im ¢(E —2bq) are upper-bounded by ﬁ fR<x3>*m3 dxs. Therefore,

(25)7"3/2 cos (/E — 2bq (x5 — 565))(38%}7’"3/27 x3, 74 € R.

G| M][3 b+ /2s~

2/ml
ny(s;ImTy(E)) < ko + 2 ( (x3>_m3dx3> , >0,

2\/ E— 2bq R
which entails immediately (3.25). Finally, if we write the trace of the operator Im T, (E) as the integral
of the diagonal value of its kernel, and take into account (3.15) and (3.16), we get (3.26). O
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Proposition 3.4. [10, Proposition 4.2] Let ¢ € Zo, A € R, |A| € (0,b), and § > 0. Assume that V
satisfies (1.1). Then the operator series T, (2bq + A 4 id) := Z[’iqﬂ T,(2bqg + A+ id), and

o0

T (2bg+X):= Y Ti(2bg+ ) (3.27)
l=q+1
converge in Sa. Moreover,
+ o Cob ¢ 3/2
T, (2bg + M3 < == > (2b(1 —q) = \) V(x)dx. (3.28)
8T I=g11 R3

Finally, lims o || T, (2bq + A 4 i6) — T;7(2bg 4 N)||2 = 0.

4 Proofs of the Main Results

4.1 Proofs of the results on the singularities of the SSF at the Landau levels

The first step in the proofs of both Theorems 2.1 and 2.2 is to show that we can replace the operator
T(E +1i0) by T,(E) in the r.h.s of (3.10) when we deal with the first asymptotic term of &(E; Hy., Ho)
as the energy F approaches a given Landau level 2bq, ¢ € Z,. More precisely, we pick ¢ € Z,, A € R
with [A] € (0,0), and set T, (2bg+ \) := ?;01 T1(2bg+ N); if ¢ = 0 the sum should be set equal to zero.
Evidently,

T(2bg + A +1i0) = T, (2bg + \) + T,(2bq + A) + T, (2bq + X),

Re T(2bg + A +i0) = Re T, (2bq + A) + Re T, (2bq + \) + T, (2bq + X),
Im T'(2bg + A 4 i0) = Im T, (2bg + \) 4 Im T, (2bq + ),

the operator T,F(2bq + \) being defined in (3.27). Combining the Weyl inequalities (2.3), Lemma 3.1,
(3.26), the Chebyshev-type estimates (2.5) with p = 2, (3.18), and (3.28), we easily find that the
asymptotic estimates

/ n+(1+e;ReTy(2bg + N) + ¢t Im T (2bg + X)) du(t) + O(1) <
R

/ n+(1;ReT(2bg + A+ i0) + t InT'(E +140)) du(t) <
R

/ ni (1l —e;ReTy(2bg + X) 4+t Im T (2bg + X)) dp(t) + O(1) (4.1)
R

hold as A — 0 for each € € (0,1) (see [10, Proposition 5.1] for details).
If A > 0, then T(2bg — ) is a self-adjoint operator with integral kernel

cip(ws—2})

1
3 VIVIX L] Poal(X1 X0 [ e V(X ) =

1 ,
ﬁ \% |V(XJ-5$3)| Pq,b<XJ->Xj_)e_ﬁ‘x3_x3| ‘V(Xivxé”a (XJ_vx3)> (Xj_,.%‘é) € R?.

In particular, Im T,(2bg — A) = 0, and Re T,(2bg — \) = T,(2bq — \) > 0. Therefore,

/ nt(s;ReT,(2bg — A) +t Im T, (2bg — X)) dp(t) = na(s;T4(2bg — A)), s>0, A>0. (4.2)
R
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Since T,(2bg — A) > 0, we have n_(s;T4(2bg — X)) = 0 for all s > 0 and A > 0, which combined with
(3.10), (4.1), and (4.2), implies (2.7). In order to prove (2.8), we write

Ty(2bg — A) = Og(N) + 7~—‘q()‘)

where Oy(\) is an operator with integral kernel
1
2\7& V |V(XJ-7$3)| Pq,b(XL’Xi) ‘V(Xiaxé)L (XJ_vxfi)? (Xj_,l‘g) € R37

and T,()\) := T, (2bqg — \) — O, (\). By (1.2) we have n —limy o T,(\) = T,(0) where T,(0) is a compact
operator with integral kernel

1
— 5 VIVIX L 28)] Pop (X1, X1 — aly/IV(XT, ah)l, (X1, ), (XD, ap) € RY.

Hence, the Weyl inequalities easily imply that the asymptotic estimates
04 (550, (0) + O(1) < iy (5T, (2bg — ) < na (s 04(N) + O(1) (43)

hold for every 0 < s’ < s < s” as A | 0. Further, define the operator K : L?(R3) — L?(R?) by
(K(X2) 1= [ | [ Pas(X0 X0y V(XL (X 08 diy dXL, X0 € B,
where u € L?(R3). The adjoint operator K* : L?(R?) — L?(R3?) is given by
(o) (X ) o= VIV )] [ Pap(X0 Xu(X0)dXL, (Xu.ag) € R,

where v € L?(R?). Obviously, O,(A) = ﬁK*K, pgWpy = K K*. Therefore,

ny(5;0,(\) = ny(s2VX;p,Wpy), s>0, A>0. (4.4)

Now the combination of (3.10) with (4.1) — (4.4) entails (2.8). Thus, we are done with the proof of
Theorem 2.1.

In order to complete the proof of Theorem 2.2, we recall that if A > 0, then the operator Re Tj,(2bg + )
admits the integral kernel

1 .
~ 5o VIO wlsin (Vs = 24])Poa (X, XV VXL )] (X1 2s), (XL 06) € B,

and hence n —limy o Re T, (2bg + \) = Tq(()). Applying the Weyl inequalities and the evident identities
1
/ ni(s;tT)du(t) = —Tr arctan (s7'T), s> 0,
R o
where T'=T* > 0, T € S1, we find that asymptotic estimates

lTr arctan (((1+€)s)"'Im T, (2bg + \)) + O(1) < / ni(s;Re Ty (2bg + A) + ¢ Im T3, (2bg + N))dp(t) <
R

™

1
—Tr arctan (((1 —€)s)'Im T,(2bg + \)) + O(1) (4.5)
T

are valid as A | 0 for each s > 0 and € € (0,1). Define the operator K : L%(R?) — L?(R?)? by

Ku:=v = (v1,v2) € L*(R*)?, u € L*(R?),
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where

(X0 s= [ [ Pus(X X0 cos(VAg) V(XL af (XL %) oy X

va(X1) = /R2/R7?q)b(XJ_,X'L)sin(\ﬁxg) V(XY eh)lu(X, ) daydX, X1 € R2.

Evidently, the adjoint operator K* : L?(R?)? — L2(IR?) is given by

(V)X 1, 25) = cos(vAzs)\/ [V (X 1as)] /R Poy(X 1, X' Yo (X,) dX, +

Sin(\/X.’I}g) V |V(XJ_,.T3)|/ Pq,b(XJ_7Xj_)U2(Xi)dXiﬂ (XJ_,.’I,‘g) € Rga
R2
where v = (v1,v2) € L?(R?)2. Obviously,
1
2VA
ny (8;Tm Ty(2bq + N)) = ny (s2VX; pgWapy), s>0, A >0,

Im T,(2bg + \) = KK,  pgWapq = KK,

and, therefore,
Tr arctan (s~ *Tm T,,(2bg + A)) = Tr arctan ((s2V\) "1p,Wapy), s >0, A > 0. (4.6)
Now the combination of (3.10), (4.1), (4.5), and (4.6) yields (2.10).

4.2 Proofs of the results on the strong-magnetic-field asymptotics of the
SSF

In this subsection we prove Theorems 2.3 and 2.4 under the additional assumption that £V > 0. As
before if V' > 0 (or if V < 0), we will write H; and x4 (X ), X, € R? (or H_ and x_(X)) instead
of H and x(X ) respectively.

First, we prove Theorem 2.3. For brevity set

A=A(D)=ReT(Eb+ ), B=DB(b) =ImT(Eb+ \).
Note that if £ € (0,00) \ 2Z4, and X € R, then (3.8) and (3.9) imply
1A@)I = 0(0'2), [BE)| =0®"2), |B®)|1=00"?), b— . (4.7)

Assume that b is so large that ||A(b)|| < 1. Then the operator I — A is boundedly invertible, and
limp_, 0 ||(I — A(b))~1|| = 1. By the Birman-Schwinger principle we have

/ni(l;A—&—tB)d,u(t) :/ni(l;tBl/Q(IﬂpA)_lBl/Q)du(t) =
R R

/ n(s: BY2(IF A)~'BY2)du(s) = L Trarctan (31/2(1 ¥ A)*lBl/z) . (4.8)
0 s
Further,

Tr arctan (31/2(1 + A)‘lBl/Q) <Tr (31/2(1 + A)—131/2) =TrBFTr (I+A)'AB), (4.9)
Trarctan (31/2(1 + A)—131/2) > Tr (31/2(1 + A)‘lBl/Q) - %||Bl/2(l + A)"IBY2E =
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TrBFTr ((1+A)'AB) - éHBl/Q(I + A B2, (4.10)
By (4.7) we have
T (1= A AB) | < (T £ A 4Bl = 0(1), b oo, (111)

|BY2(1+A)7'BY?|§ < ||BV*(I+ A)7'BY?|? | BV*(I+£ A)7' B2, =0(b7'/?), b— 0. (4.12)
Putting together (4.8) — (4.12), and bearing in mind (3.10), we get

€(Eb+ X Ho(b), Ho(b)) = i%TrB(b) +0(1), b— . (4.13)

Recalling (3.9), we find that the asymptotic estimate

p1/2 [€/2]

T B) = " S (E -2 /R IV (x)ldx + O(b~Y/2) (4.14)
=0

holds as b — co. Now the combination of (4.13) and (4.14) yields (2.18).
Next, we pass to the proof of Theorem 2.4 under the additional assumption that =V > 0. To this end
we establish some auxiliary results. Introduce the operator

T(X132) = V(XL ) (x0 = 2) VXL,

defined on L?(R), and depending on the parameters X, € R? and z € C with Im z > 0. The operator
7(X 1 ;2) admits the integral kernel

V(X1 a3)[ VPR (25 — 25)|V (XL, 25)| V2, w25 € R,

Evidently, 7(X 1 ;2) € Sz. For X | € R?, X\ € R\ {0}, define the operator (X ; A\+i0) : L2(R) — L?(R)
as the operator with integral kernel

V(X1 a3)[ 2Ry — 23) V(X1 25)[V?, 23,25 €R,

the function Ry (x), © € R, being defined in (3.16). Some explicit simple calculations with the kernel
of the operator 7(X ;A + 0) yield the following

Proposition 4.1. Let X € R2, A € R\ {0}. Assume that (1.1) holds.
i) We have 7(X ;A +1i0) € Sy,

1 2
7 (X1 ;A —i—zO)H% < m (/ |V(Xl,a:3)|da:3> , (4.15)
R

and 7(X ;A +140) — 7(X ;A +140) in Sy as § | 0, uniformly with respect to X, € R2.
it) We have Im 7(X 1 ;A4140) > 0, and Im 7(X 1 ; A\+90) =0 if A < 0. If A > 0, then rank Im 7(X 1 ; A+
10) =2, and

1
n4(s;Im 7(X ;A +i0)) <20 (/ V(X 1,x3)|dxs — s) , §>0. (4.16)
2VA Jr
For X €e R?, A e R\ {0}, s > 0, set

Ei:’S(XJ_) = / ni(s;Re 7(X 1 ;A +40) + ¢ Im 7(X 1 ; A +40) dps(t). (4.17)
R
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Corollary 4.1. Let (1.1) hold. Fix X, € R?, A€ R\ {0}, s > 0. Then we have

N x+(X1),x0) = £ E5,(X1) (4.18)

where £(-; x+ (X 1), Xo) s the representative of SSF for the operator pair (x+(X 1), Xo) which is monoto-
nous and left-continuous for A < 0, and continuous for A > 0.

Proof. Tt suffices to apply Theorem 3.1 with Hy = x+(X 1) and Hy = Xxo. O
Corollary 4.2. Under the assumptions of Corollary 4.1 we have
Ey () € L'(R?). (4.19)

Proof. Combine Lemma 3.1 for T} = Re7(X ;A 4+ 40) and T = Im 7(X 1 ; A 4 40), with Proposition
4.1. O

Proposition 4.2. Let A > 0. Assume that (1.1) holds. Then the function [g. EiS(XL)Xm is con-
tinuous with respect to s > 0.

Proof. Fix s > 0. First of all we will show that for almost every (X ,t) € R? x R the functions
s —ny(s';Re (X1 ;A +i0) +¢ Im 7(X ;A +140))
are continuous at the point s’ = s. Evidently, this is equivalent to
ts € o(Re 7(X ;A +140) + ¢t Im 7(X 1 ; X +40)). (4.20)

In order to prove (4.20), we will use an argument quite close to the one of the proof of [29, Lemma 4.1].
Note that the compact operator Re 7(X ;A +40) + ¢ Im 7(X | ; A + i0) depends linearly on ¢. By the
Fredholm alternative the sets

OF(5,X1,\) i ={2€C|+scaRer(X ;A+1i0) + 2 Im 7(X ;X +1i0))}

either coincide with C, or are discrete. However, i € Q% (s, X1, ) is equivalent to dim Ker (xo F
sTHV(X1,.)|]=A) > 1. On the other hand, it is well-known that the operators yo Fs~'|V(X_,.)| have
no positive eigenvalues (see e.g. [39, Theorem XIIL.58]) since (1.1) implies lim | o0 23|V (X1, 23) = 0.
Therefore, dim Ker (xoFs HV(X1,.)|=\) =0,i ¢ Q% (s, X1, ), and the sets QF (s, A, X ) are discrete.
In particular, [R N QF (s, X, \)| = 0. Put

QF(s,)) :={(X1,t) e RZxR|+ s € o(Re 7(X ;A +40) + ¢t Im 7(X 1 ; A +140))}.

The eigenvalues of the compact operator Re 7(X ;A +i0) 4+ ¢ Im 7(X 1 ; A 4 i0) are continuous, and
hence measurable with respect to (X ,t) € R? x R. Therefore, the sets Q¥ (s, \) are measurable, and
by the Fubini-Tonelli theorem

|§~2i(s,/\)|:/Rz/RlQi(s’/\)(Xl,t)dthL: [ RO XL A)XL =0

where 1g. ) denotes the characteristic function of Q% (s,A\). On the other hand,

lim 74 (s";Re 7(X 1; A+i0)+¢ Im 7(X 1 ; A+140)) = n+(s;Re 7(X 15 A+i0) +¢ Tm 7(X 1 ; A+i0)) (4.21)

if (X1,t) & Q%(s,)\). The Weyl inequalities (2.3) and estimates (4.15) — (4.16) imply

ne(s';Re 7(X ;A +i0) + ¢ Im 7(X ;A +00)) <
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2
t
" (/ v ( Xl,x3)|dx3> +2@< id /|v XL,x3)|dx3—s> (4.22)

Note that the r.h.s. is in L*(R? x R;dX | du(t)) for each s’ > 0, and is a sum of two monotonous
functions of s > 0. Bearing in mind (4.21) — (4.22), we apply the dominated convergence theorem, and
get limy s oo B3 (X1)dX | = [pu Ex (X1 )dX . O

Set
5 (1) ::/ ny(s;Re 7(X ;A +i0) +tIm 7(X ;A 4+10))dX,, teR.
bhs R2

Corollary 4.3. Assume that (1.1) holds. Let A >0, s > 0. Then limgy <I>/“\—Lvs, (t) = <I>is(t) for almost
every t € R.

Proof. Since the functions @f,s(t) are non-increasing with respect to s > 0, the one-sided limits
(I)f,s—o( ) > of opo(t) exist. Next, Proposition 4.2 implies [,, =5, o(X1)dX1 = [, EF s_,’_O(XJ_)dXJ_

By the Fubini theorem [y, Efg (X)dX1 = [p @is(t)d/i(t). Hence, [, (@is_o( ) — <I>f srolt )) du(t) =

0. Since the functions ®5, (t) — <I>fs+0( ) are non-negative, we conclude that

HteR"I’As 0 )>(I))\s+0()}‘20'

The following proposition contains key limiting relations used in the proof of Theorem 2.4.

Proposition 4.3. (cf. [7, Proposition 7.1]) Let (1.1) hold. Then we have

lim b~ 'Tr (Re T,(2bq + A\) +t Im T,(2bq + \))? =

b—oo

1

o Tr (Re 7(X ;A +i0) + ¢t Im 7(X ;A +:0))" dX . (4.23)
™ JRr2

for every t € R and each integer p > 2.

Proof. Let t € R, z € R. If A > 0, set Ry (x) := 51n(2\gac\) + Coségw). If A < 0, then Ry (z) =
Ri(z) = 2?“ We have

Tr (Re T,(2bg + \) + t Im Ty, (2bg + )" =

/ / P WV(XL s )T Pan(X 1 5, X ) Rae(asy — w3 j40) I dX | jdas
R2r JRP

where the notation II 5-’:1 means that in the product of p factors the variables X, ,.; and 3 ;41 should
be set equal respectively to X| ; and z3;. Change the variables

Xig=X\,, Xi;=X\, 407X\, j=2....p (4.24)

Thus we obtain
Tr (Re T,(2bg + \) + t Im Ty, (2bg + \))” =

b / / VXL s )Ty V(XL + 62X g )]
R2r JRP

Py (0, X' ), Py (X105, X1 )Py a (X, )T Ry (s 5 — s jy)I_ X dws ;. (4.25)
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Here and in the sequel, if p = 2, then the product H?;;P%b(Xij, X1';11) should be set equal to one.
Bearing in mind (1.1) and (3.14), and applying the dominated convergence theorem, we easily find that
(4.25) entails

lim b~ 'Tr (Re T,(2bq + A +i0) + ¢ Im T,(2bq + A +i0))? =

b—oo
/}R2 /Rp 0 V(XL 1,23 ) TS R i (s 5 — w3 j41)dX 1 41T das j
/2( b Pq,1(07XJ_,2)H§;21P ,I(XJ_,jaXJ_,j+1)Pq,1(XJ_,p7O)H§:2dXL,j =
R2(p—
/ Tr (Re (X1 13 A +i0) + ¢t Im 7(X | 15X +10))" dX | 5 x
RQ

/( )Pq71(0’XL72)H§;;Pq,1(XL,j’Xl7j+1)an1(XJ-,p’O)H§:2dXJ—,j'
R2(p—1

In order to conclude that the above limiting relation is equivalent to (4.23), it remains to recall (3.15),
and note that

_ 1
/2( , Pt (0, X1 o) Py 1 (X1, X1 ji1)Paa (X, OTE_ydX | ;= Py1(0,0) = —.
R2(p—

2

Corollary 4.4. Assume that the assumptions of Theorem 2.4 hold. Then we have
Jim b ni(s;Re T,(2bg + )+t Tm T, (2bg + \)) =

1
by ny(s;Re 7(X ;A +140) +tIm 7(X ;A +00))dX |,
™ JRr2

for each t € R, provided that s > 0 is a continuity point of the r.h.s.

Proof. It suffices to notice that the norm of the operator Tj(2bg + X) is uniformly bounded with respect
to b, and to apply a suitable version of the Kac-Murdock-Szeg6 theorem (see e.g. [32, Lemma 3.1])
which tells us that under appropriate hypotheses the convergence of the moments of a given measure
implies the convergence of the measure itself, and to take into account Proposition 4.3. O

Now we are in position to prove Theorem 2.4. By A. Pushnitski’s representation of the SSF (see (3.10)
and (4.18)), in order to check the validity of (2.21), it suffices to show that

Jim b / n (1 Re T(2bg + A + 0) + Tm T(2bq + A + i0))dpu(t) —
R

b—oo

1
o / / ny(L;Rem (X1 ;A4 40) + ¢tIm7(X 15 X +40))dp(t)dX | . (4.26)
R JR2

Arguing as in the derivation of (4.1), we easily find that the asymptotic estimates

/ ne(l+e;ReT,(2bg + \) + ¢t Im T, (2bg + X)) du(t) + o(b) <
R

/ ny(1L;ReT(2bg + A +i0) + ¢ Im T'(2bg + A 4 i0)) du(t) <
R

/ ne (1 — & Re Ty (2bq + \) + tTm T, (2bq + \)) dpa(t) + o(b), (4.27)
R
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hold as b — oo for each € € (0,1). Assume A > 0. Corollary 4.3 and Corollary 4.4 imply
blim b ni(s;ReT,(2bg + ) +t Im T, (2bg + \)) =

1
% n+(s;Re7(X ;A +40) + tIm7(X ;A +140)) dX | (4.28)
™ JRr2
for any fixed s > 0, and almost every ¢ € R. Further, by (2.3), (2.5) with p = 2, Proposition 3.2, and
Proposition 3.3 we have

b~ ng (s;Re Ty (2bg + A +i0) + t Im T, (2bg + A 4 i0)) < Cy(1 + [t|*/™+), teR, (4.29)

with C4 which may depend on s > 0, A € R\ {0}, ¢ and m but is independent of b > 1 and ¢. Note
that the function on the r.h.s of (4.29) is in L*(R;du). By (4.28) — (4.29), the dominated convergence
theorem and the Fubini Theorem imply

lim b_l/ni(s;ReTq(qu—F/\—FiO) +t Im T3, (2bg + A + 10) du(t) =
R

b—oo

1
%/ /ni(s;ReT(XL;)mLiO)thImT(Xl;)\JriO))d,u(t)dXL, s> 0. (4.30)
r2 JR

Putting together (4.27) and (4.30), we find that the following estimates

— 00

/ B 1y (X1)dX ] ghbminfbfl/ni(1;ReT(2bq+A+i0)+tImT(2bq+/\+i0)du(t) <
Rz 7 R

b—oo

limsup b~ * / na(L;ReT(2bq + A +i0) + ¢t ImT'(2bg + A +40) du(t) < / = (X1)dX,
R Rz

are valid for each £ € (0,1). Letting € | 0, and taking into account Proposition 4.2, we obtain (4.26),
and hence (2.21), in the case A > 0. The modifications of the argument for A < 0 are quite obvious; in
this case we essentially use assumption (2.20) guaranteeing that A is a continuity point of the r.h.s of
(2.21).
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