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Abstract. We consider the three-dimensional Schrodinger operator H with constant magnetic field of
strength b > 0 and continuous electric potential V € L!(R?) which admits certain power-like estimates
at infinity. We study the asymptotic behaviour as b — oo, of the spectral shift function £(E; H, Hy) for
the pair of operators (H, Hy) at energies E = Eb+ A\, £ > 0 and A € R being fixed. We distinguish two
asymptotic regimes. In the first one called asymptotics far from the Landau levels we pick £/2 & Z
and A € R; then the main term is always of order v/b, and is independent of A. In the second asymptotic
regime called asymptotics near a Landau level we choose & = 2qq, qo € Zy, and X # 0; in this case the
leading term of the SSF could be of order b or v/b for different .
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1 Introduction

The main object of investigation in the present paper is the spectral shift function (SSF) for the three-
dimensional Schrodinger operator with constant magnetic field, perturbed by an electric potential
which decays sufficiently fast at infinity. Let us recall the abstract setting in which the SSF for a pair
of self-adjoint operators occurs. Let at first 75 and 7 be two self-adjoint operators acting in the same
Hilbert space, and 7 — 7y € S; where S; denotes the trace class. Then there exists a unique function
£(;T,70) € LY(R) such that the Lifshits-Krein trace formula

Te(f(T) - [(T5)) = / (BT To) ' (B)dE (11)

holds for every f € C§°(R) (see [19] or e.g. [31, Theorem 8.3.3]). Let now Hy and H be two lower-
bounded self-adjoint operators acting in the same Hilbert space. Assume that for some v > 0, and
Ao € R lying strictly below the infima of the spectra of Hy and H, we have

(H — )\0)_7 — (HQ — )\0)_’Y c Sl. (1.2)

Set
§(B: H, Ho) = { SEE X (20T (=0T i B>

Then we have (see [31, Theorem 8.9.1])
TH((H) — f(H0) = [ &(BH.Ho)f (EVIE. | € CFF(R).

The function £(-;H, Ho) is called the SSF for the pair of the operators (H, Hp); it does not depend on
the particular choice of v and )¢ in (1.2) and belongs to the class L'((Ag, ), (E — \g) 7" 1dE).
If F lies below the infimum of the spectrum of Hy, then H can have only finitely many eigenvalues

below E, and we have
§(EyH, Ho) = —=N(E;H) (1.3)

where N(F;H) denotes the number of the eigenvalues of H lying on the interval (—oo, E], and counted
with the multiplicities. On the other hand, for almost every F in the absolutely continuous spectrum of
Ho, the SSF &(E;H, Ho) is related to the scattering determinant det S(E;H,Hy) for the pair (H,Ho)
by the Birman-Krein formula

det S(E;H,Ho) = e~ 2mis(EHHo) (1.4)

(see [9] or [31, Section 8.4]).

In the present paper the role of H is played by the operator Hy := (iV +A)? —b, essentially self-adjoint
on the Schwartz class S (R?). Here the magnetic potential A = (—b%?, ble’ 0) generates the constant
magnetic field B = curl A = (0,0,b), b > 0. It is well-known that o(Hy) = 0ac(Hp) = [0,00) (see [3]),
where o(Hy) denotes the spectrum of Hy, and o,.(Hp) - its absolutely continuous spectrum. Moreover,
the Landau levels 2bq, ¢ € Z play the role of thresholds in the spectrum of Hy (here and in what

follows Z denotes the set of all non-negative integers).



For x = (z1,2,73) € R® we denote by X, = (x1,72) the variables in the plane perpendicular to the
magnetic field. We assume that V' satisfies

V0, VeCR?, |V(x)|<Co(X) ™ (x3)"™, xeR? (1.5)

with Co > 0, m, > 2, mz > 1, and (z) := (1 + |z|?)*/2, 2 € R%, d > 1. Set H := Hy + V. Obviously,
info(H) > —Cy. The role of the perturbed operator H is played in this paper by H. By (1.5) and
the diamagnetic inequality (see e.g. [3]), V¥/2(Hy — \g)~" with Ao < 0 is a Hilbert-Schmidt operator.
Therefore, the resolvent identity implies (H — \g) ™! — (Ho — X\g) ™! € S for A\g < inf o(H) < inf o(Hy),
ie. (1.2) holds with H = H, Ho = Hy, and v = 1, and, hence, the SSF £(.; H, Hp) exists.

The main goal of the present article is to study the asymptotic behaviour as b — oo of the SSF
&(-; H(b), Hyo(b)). Note that the distance between the Landau levels grows linearly with b. We study
the SSF in the scale adapted to this rate of growth. Namely, we fix a parameter £ € R and consider
E(Eb+ A H(b), Hy(b)) as a function of A € R. We distinguish two different types of asymptotics. The
first type which we call asymptotics far from the Landau levels, concerns the case € € R, £/2 ¢ Z,.
The second asymptotic regime called asymptotics of the SSF near a Landau level occurs when € = 2bqy,
go € Z. In both cases, convergence of £(Eb+ A; H(b), Ho(b)) to its limiting value takes place in L{<,
with respect to the variable \.

The paper is organized as follows. Section 2 is devoted to the formulation of the main results and brief
comments on them. In Section 3 we recall some basic properties of linear compact operators, and the
representation formula of the SSF due to F. Gesztesy, K. Makarov [15]. Various auxiliary results utilized
further in the proofs of the main ones, are established in Section 4. The proof of Theorems 2.1 and
2.4 containing SSF asymptotics of order v/b, can be found in Section 5. The properties of the limiting
quantity occurring in the asymptotic relations established in Theorem 2.3, are investigated in Section
6. Section 7 is devoted to asymptotic trace formulae for compact operators of Birman-Schwinger type.
Section 8 contains the proof of Theorem 2.3 dealing with the case where the asymptotics of the SSF
near a given Landau level is of order b. Finally, in Section 9, we reveal some spectral properties of the
Landau Hamiltonian (see (4.1)). In particular, we prove the unitary equivalence of Toeplitz operators
corresponding to different Landau levels.

2 Main Results

2.1 Formulation of the main results

In this subsection we formulate our main results as Theorems 2.1 — 2.4. Our first theorem treats the
asymptotics of £(+; H(b), Hy(b)) far from the Landau levels.

Theorem 2.1. Let (1.5) hold. Assume that € € (0,00) \ 2Z4, and let A C R be a bounded interval.
Then

p1/2 [£/2]
ess sup |{(Eb + A\; H(b), Ho(b)) — —5 Z (E—-2¢)7V? | V(x)dx|=0(1), b— oo, (2.1)
AeA dr = R3

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

The proof of Theorem 2.1 is contained in Subsection 5.2.

The following two theorems concern the asymptotics of the SSF near a Landau level. In order to
formulate our Theorem 2.3, we introduce the following family of self-adjoint operators in L*(R, dz3):

Xo = —d*/da3, x(X1):=xo+V(XL,)), XL€R?



which are defined on the Sobolev space H?(R), and depend on the parameter X, € R?. Then (1.5)
easily implies (x(X 1) — Xo)™ ' — (xo — Xo) "t € Sy for each X € R? and \g < info(x(X1)) Uo(xo)-
Hence, the SSF &£(+; x(X 1), x0) is well-defined as an element of L((Ag,00), (A — Xg) 2d\). It is well
known that under the assumption (1.5), one can choose &(+; x(X 1), xo0) to be continuous for A > 0. For
A < 0, let us choose &£(+; x(X 1), xo0) to be right continuous.

Proposition 2.2. For all X # 0, one has £(\;x(*),x0) € L*(R%,dX ). Moreover, the integral
Sz EQx(X 1), x0)dX 1 is continuous in X > 0. This integral is continuous in X\ at X = Ao < 0 if
and only if

(X1 eR* | X ea(x(X0)} =0,

where |-| denotes the Lebesque measure in R?.
Proof of Proposition 2.2 is given in Section 6.

Theorem 2.3. Assume that (1.5) holds, and let qo € Zy. Then:
(i) For any compact interval Ay C (0,00), one has

1
ess sup ’b_1§(2bq0 + X\ H(b), Ho(b)) — — . ENx(X1),x0)dX,1 | —0, b— oo. (2.2)
R

AEA; 21

(i) For any compact interval Ay C (—00,0), one has

1
limsup ess sup{b1§(2bqo + A\ H(b),Ho(b)) — — lim EAX—ex(X1),x0) Xm} <0 (23)
b—oo  AEA; 2T =40 Jpo

1
. . . —1 . = . . > .
i s ot {o6(200 4 4 HO) Ho®) - 5 1 [ €O ax(a X} 2o e
The proof of Theorem 2.3 can be found in Section 8. In particular, it follows from Theorem 2.3(ii) that
if the integral [, £(A; x(X 1), x0)dX . is continuous on a compact interval A; C (—oc0,0), then one has
(2.2).
Denote
A := min inf X1)).
Join i o(x(X1))
Evidently A € [-Cy,0] and A = 0 for non-negative V. By (1.3), we have £(A; x(X 1), x0) = 0 for all
X if A < A. Thus, the integrals in (2.3), (2.4) vanish if A < A. In this case there exists a more precise
version of (2.2) contained in our last theorem.

Theorem 2.4. Let (1.5) hold. Assume that the partial derivatives of (x3)™3V with respect to the
variables X, € R? exist and are uniformly bounded in R3. Let qo € Z, and let A C (—oo,A) be a
compact interval. Then

qo—1

_ 1 _
esssup B 1/2€(2bay + X ), Ho) = 75 3 (2ao =)™ [ Vi

—0, b—oo. (2.5)

q=0
Remark: Here and in the sequel we set the sum Zgoz_ol equal to zero if gg = 0.

The proof of Theorem 2.4 is contained in Subsection 5.3.
Note that for gy = 0 the above theorem is trivial. Indeed, in this case the sum over g vanishes. On the
other hand, one has

A = lim inf o(H (b)); (2.6)

b—oo



this follows from [3, Theorem 5.8]. Thus, by (1.3), for all sufficiently large b > 0 the SSF £(2bgo +
A H(b), Ho()) in (2.5) also vanishes.

Remark: One can check that for A > A, a sufficient condition for the non-vanishing of the limit coefficient
in (2.2), is for V' to be of a definite sign. In this case the coefficient [, £(A; x(X 1), x0) dX 1 has the
same sign as V.

2.2 Continuity of the SSF

As a by-product of our construction, we obtain a result on the continuity of the SSF. This result might
be of an independent interest, so we decided to include it in the paper:

Proposition 2.5. Assume that (1.5) holds. Then the SSF &(E; H(b), Ho(b)) is bounded on every
compact subset of R\ 2bZ4 and continuous on R\ (o,(H (b)) U2bZ, ), where o,(H (b)) denotes the set
of the eigenvalues of the operator H(b).

Note that H(b) may have not only isolated negative eigenvalues but also eigenvalues embedded into the
continuous spectrum [0, 00) (see [3, Theorem 5.1]). The following proposition concerns the location of
the eigenvalues of o, (H (b)).

Proposition 2.6. Assume that (1.5) holds. Then
op(H (b)) C Ugo[2bg — C(m3)*CF, 2bg + C(m3)*C]
where Cy is the constant from (1.5) and C(ms3) = (1/2) [p(x) "*dzx.
Remark: Generically, the only possible points of accumulation of the eigenvalues of H (b) are the Landau
levels 2bq, g € Z4 (see [3, Theorem 4.7], [14, Theorem 3.5.3 (iii)]). We will not use this fact here.

2.3 Comments

In this subsection we comment briefly on our main results and compare them with the results existing
in the literature.

e Generically, asymptotic relations (2.1), (2.2), and (2.5) can be unified into a single formula.
Indeed, it is well-known (see e.g. [11]) that

1
lim EY2¢(E;x(X1),x0) = */ V(X 1, 23)drs, X1 €R2
FE—oco 2 R

Thus, each of relations (2.1) with 0 < £/2 ¢ Z,, or (2.2)-(2.5) with 2¢9 = &, qo € Z+, implies

b [€/2]
b+ NH®), Ho0) = 5= > [ 60 —20) + Xx(X)x0)dXo (1 +o(1). b= oc, (27)
q=0

31 oo
in Ly,

(R\ {0}). On its turn (2.7) can be re-written as
E(Eb+ X H(b), Ho(b)) = /R [ €D+ A= six(X.). Xo)dX sav(s) (1 + o(1)) b = .

where v(s) = %Zqzo O(s — 2bg), s € R, and O(s) := { (1) 1tf" j;g

function. It is well-known that v is the integrated density of states for the two-dimensional
Landau Hamiltonian (see (4.1)).

is the Heaviside



e By (1.3) for A < 0 we have &(X\; H(b), Hy) = —N(\; H(b)). The asymptotics as b — oo of the
counting function N(A; H (b)) with A < 0 fixed, has been investigated in [25] under considerably
less restrictive assumptions on V' than in Theorems 2.1 — 2.4. The asymptotic properties as A T 0
and as A | A of the asymptotic coefficient — 5= [oo N(A; x(X1))dX which appears in (2.3), (2.4)
in the case of a negative perturbation, have been studied in [26].

e As mentioned in the Introduction, on the absolutely continuous spectrum of Hg(b) the SSF is
related to the scattering determinant by the Birman-Krein formula (1.4). The existence and
completeness of the wave operators for the pair ((iV + A)? + U, (iV + A)?) has been established
in [3] for quite general electromagnetic potentials (A, U) including the case of constant magnetic
fields. More recent results on the scattering theory for the pair (Hy(b) + V, Hy(b)) can be found
in the monograph [14]. As far as the authors are informed, the asymptotics as b — oo of the
scattering phase arg det S(\; H(b), Hp(b)) has not been studied before in the literature.

e Finally, we would like to mention several possible extensions of our results.

We believe that the assumptions about the continuity and boundedness of V' and its derivatives
could be lifted by using an appropriate approximation procedure. In particular, we expect that
some local integrable singularities can be allowed. We do not include this approximation proce-
dure in the present article in order to avoid the unreasonable growth of its size.

Furthermore, it is natural to try to obtain an optimal remainder estimate in (2.2) and (2.5), in
the cases where such an estimate exists. Hopefully, the theory of the pseudo-differential opera-
tors (YDO) with operator-valued symbols, developed in [5], [18], and [12] could be useful in this
respect.

3 Representation of the SSF as an averaged index of projec-
tions of compact operators

In this section we recall the representation formula of the SSF (see formula (3.15) below) in terms of an
integral of an index for a Fredholm pair of self-adjoint spectral projections. This formula was obtained
in [15] for the case of trace class perturbation and generalized in [23] to the case of relatively trace class
perturbations. The formula generalizes earlier results of [21], [30] and can be regarded as a far going
extension of the Birman-Schwinger principle (see [7]).

In order to write down this formula, we need to recall basic properties of compact operators and the
notion of an index of a pair of projections.

3.1 Basic properties of linear compact operators

We denote by S, the class of linear compact operators acting in a fixed Hilbert space. Let T = T* € So.
Denote by Er(I) the spectral projection of T associated with the interval I C R. For s > 0 set

ny(s;T) :=rank Eyp((s,00)).
For an arbitrary (not necessarily self-adjoint) operator T € S, put
ne(s;T) == ny (s T*T), s> 0. (3.1)

If T =T, then evidently
ne(s;T) =ny(s,T) +n_(s;T), s>0. (3.2)

Moreover, if Tj =T} € S, j = 1,2, the Weyl’s inequalities

na(s1 + s2,Th + To) < ni(s1,T1) + ne(se, Ts) (3.3)



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

the functional ||T|s, : = (p f,~ s* " 'n.(s;T) ds)l/p is finite. If T € S, p € (0, 00), then the following
elementary inequality
ni(s;T) < 57775, (34)

holds for every s > 0. I T =T* € Sp, p € (0,00), then (3.1) and (3.2) imply
ny(s;T) < s_p||T||gp, s> 0. (3.5)
Finally, we define the self-adjoint operators Re T := %(T +T*)and Im T := %(T — T*). Evidently,

ny(s;ReT) < 2n.(s;T), ne(s;ImT) < 2n,.(s;T). (3.6)

3.2 Index of a pair of projections

A pair of orthogonal projections P, ) in a Hilbert space is called Fredholm, if
{1, =1} Noess (P — Q) = 0.

In particular, if P — @ is compact, then the pair P, @ is Fredholm. The index of a Fredholm pair is
given by the formula

index(P, Q) = dimKer(P — Q — I) — dimKer(P — Q + I).
In particular, if P — @ € Sy, then index(P, Q) = Tr(P — @). Clearly, one has
index(P, Q) = —index(Q, P) = —index(I — P, I — Q).

If both P, @Q and @, R are Fredholm pairs and either P — Q) or @ — R is compact, then the pair P, R
is also Fredholm and the following ‘chain rule’ holds true:

index(P, R) = index(P, Q) + index(Q, R). (3.7

See e.g. [4] for the proof of the last statement and the details.
Let M and M be bounded self-adjoint operators. If the spectral projections Ejs((—0o0,0)), Eg7((—00,0))
are a Fredholm pair, we will use the shorthand notation

ind(],\z M) := index(E3;((—00,0)), Ep((—00,0))).

We will mostly use this notation in the case M=M+ A, where A is a compact self-adjoint operator
and M is a bounded self-adjoint operator such that 0 is not in the essential spectrum of M. In this case,
representing the spectral projections by Riesz integrals and using the resolvent identity, it is easy to see
that the difference E77((—00,0)) — Ea((—00,0)) is compact and therefore the above pair of spectral
projections is Fredholm.

Below we list the properties of ind that we will need in the paper.

(a) If A € S; and 0 is not in the essential spectrum of M (and, hence, of M + A), then

ind(M + A, M) = lim €(~¢ M, M + A). (3.8)

This follows from the trace formula (1.1) after approximating the characteristic function of the interval
(—00,0) by smooth functions.



(b) If 0 < A € S, and 0 is not in the spectrum of M, then one has a simple Birman-Schwinger type
formula for computing ind(M + A, M):

ind(M + A, M) = — Z dimKer(M + sA) = —rank E1/2 371 41/2((—00, —1]); (3.9)
s€[0,1]

see [15, Corollary 4.8] and [23, Lemma 5.2] for the proof.
(c) One has a stability result for ind (see e.g. [15, Theorem 3.12] for the proof):

0€p(M+A4), lim|A,—A|=0= lim ind(M + A,, M) = ind(M + A, M). (3.10)

(d) If A is a finite rank operator, then
—rank Ay <ind(M 4+ A, M) <rank A_,

(JA] £ A). This follows from the property (a) and the analogous bound for the SSF (see

where A4 = %

e.g. [31]).

(e) Let M > M; then ind(M, M) < 0.
Proof. Tt suffices to prove that
Ker(E7((=00,0)) = Ep((—00,0)) — I) = {0}.

Suppose to the contrary that for a vector ¢ # 0 one has (E57((—00,0)) — Epr((—00,0)) — 1)y = 0;

then Eg;((—00,0))Y = ¢ and Ep((—00,0))y = 0. It follows that (Mw,w) < 0 and (My,¢) >0 —
contradiction. O

(f) Let M be a bounded self-adjoint operator such that [—a,a] C p(M) for some a > 0. Let Ag and A
be compact self-adjoint operators and suppose that ||A|| < a. Then

ind(M +Apg+a,M+a) <ind(M + A+ A, M) <ind(M + Ao — a, M — a).
Proof. By the chain rule,
ind(M+ Ag+ A, M) =ind(M + Ao+ A, M + Ay — a) + ind(M + Ay — a, M).

By the property (e), ind(M + Ag + A, M + Ag — a) < 0. This gives the second of the two required
inequalities. The first one can be obtained in a similar fashion. O

(g) Combining the properties (d) and (f), one obtains the following bound. Let M be a bounded
self-adjoint operator such that [—a,a] C p(M) for some a > 0. Let Ag and A be compact self-adjoint
operators. Then

ind(M+Ag+a, M+a)—ny(a,A) <ind(M+Ag+A, M) <ind(M+Ag—a, M —a)+n_(a,A). (3.11)

3.3 Representation of the SSF

Now we are ready to describe the required representation for the SSF.
Let H and Hy be two lower-bounded self-adjoint operators acting in the same Hilbert space. Let
Ao < info(H)Uo(Hy). First of all, assume that (1.2) holds for some 7 > 0. Further, let

V:=(H—-Hoy) =K*"IK, (3.12)
such that J is a bounded self-adjoint operator with a bounded inverse, and

K(Ho — Xo) ™% € Ss. (3.13)



Finally, suppose that )
IC(HO — )\0)7’Y € Sy (314)

holds for some v > 0. For z € C with Imz > 0 set 7 (2) := K(Ho — 2) 1K*.

Lemma 3.1. [8] Let (3.12) — (3.14) hold. Then for almost every E € R the operator norm limit T (E +
i0) :=n—lims o 7 (E+10) exists, and by (3.13) we have T (E+10) € Soo. Moreover, InT (E+1i0) € ;.

Theorem 3.2. [15], [23] Let (1.2) and (3.12) — (3.14) hold. Then for almost every E € R we have

oo

(B H, Ho) = / (71 + Re T(E +i0) + ¢ Im T(E +i0), T~1)dp(t), (3.15)

where du(t) = 71 (1 + )~ 1dt.

The representation (3.15) was found in [15] for the case of trace class V. A generalisation for relatively
trace class perturbations was proven in [23].

Let us comment on the convergence of the integral in (3.15). Below we mimick the proof of [21, Lemma
2.1]. Choose s > 0 sufficiently small so that [—s, s] does not contain the spectrum of J~!. Using the
property (g) of ind, we obtain:

lind(J ! + Re T(E + i0) + tIm T (E +i0), 7~ Y)| < n.(s,Re T(E +i0) + tIm T (E +i0)).  (3.16)

Applying Weyl’s inequality (3.3), we obtain for any s1,s2 € (0,1), s1 + s2 = s:

/ " (5, Re T(E+i0) +Hlm T(E-+10))dpu() < nu(s1, Re T(E+i0))+ / (59, T T (E-+i0))du(t)
0

— 00

1
< n«(s1,ReT(E +10)) + EHIm’T(E +140)||s,-  (3.17)
2

This proves absolute convergence of the integral in (3.15) and provides a bound which we will use in
the sequel.

Suppose now that V satisfies (1.5). Then relations (3.12) — (3.14) hold with V = V, Hy = Ho,
K=|VI}? J=signV and y =+ =1. For 2 € C, Imz > 0, set T(2) := |V|'/2(Hy — 2)"'|V|'/2. By
Lemma 3.1, for almost every E € R the operator norm limit

T(E +10) := n—%iFOlT(EJrié) (3.18)
exists, and
0<ImT(FE+i0) € S;. (3.19)

It follows from Lemma 4.2 below that the limit in (3.18) exists and relation (3.19) is valid for every
E & 2b7.,. Denote

A(E) =ReT(E +i0), B(E)=ImT(E +1i0), J=signV. (3.20)

Then (3.15) becomes

oo

¢(B: H(b), Ho(b)) = / ind(J + A(E) + tB(E), J)du(t), ae. E€R, (3.21)

— 00

the r.h.s. being well-defined for every E € R\ 2bZ...



4 Preliminary uniform estimates

In Subsection 4.1 we obtain estimates of the spectrum of the sandwiched resolvent T'(E + i0) which
will be essential for the proofs of Theorems 2.1, 2.3, 2.4 in Sections 5 and 8. Moreover, these estimates
allow us to prove Propositions 2.5 and 2.6, which is done in Subsection 4.2.

4.1 Estimates for the sandwiched resolvent

Recall (see e.g. [3]) the formula for the resolvent of Hy(b):

(Ho(b) —2)"' =Y py@r(z—2bg), Imz>0.

q=0

Here p, is the orthogonal projection onto the eigenspace corresponding to the Landau level 2bq of the
two-dimensional magnetic Hamiltonian

L . 5 bJZQ 2 . 8 bl‘l 2

and 7(2) is the resolvent of —d?/dz% in L?(R,dz3). Due to the assumption (1.5) on V, one can write
|V(x)] = M (x)(X )™ (x3)"™3, where 0 < M € L>®(R?).
For z € C4 := {z € C|Imz > 0}, consider the sandwiched resolvent

T(Z) = ZT(](Z)7
q=0
Ty(2) = MY2(({X1) "4 Ppg (X 1) ™™ /2) @tz — 26)) MY/2, t(2) = (w3) " Pr(2) (ws) 7"/2.
(4.2)

Bounds on t(z). Recall that m3 > 1. Under this assumption, it is well known (and can be immediately
seen from the explicit form of the integral kernel of 7(z)) that for z € C, the operator ¢(z) belongs to
the Hilbert-Schmidt class So, is continuous in z € C4 \ {0} in the Hilbert-Schmidt norm, and obeys
the bound

I4(E + i0)]s, < ZU2)

-~ VIE|
where C(mg) = (1/2) [p(x)~™*dz. It is less evident that similar properties hold true in the trace class
S1. This can be seen as follows. According to the spectral theorem, write

E e R\ {0}, (4.3)

)= [ ForFm Y, secy,

vV —2z

where F(v) : L?(R) — C? is given by

1 o . 1 o0 .
F):ulz)— (1/_1/4 eTVVE (VM8 2 (1) da, ——p /A e IVVE (RN T M8/ 2y (1 dac) .
) s ula) = (Gomr [ e, g [ ) )

It is easy to see that F(v) belongs to the Hilbert-Schmidt class S, and is Holder continuous in v in
the Hilbert-Schmidt norm. It follows that for any z € C,, the operator t(z) belongs to the trace class,
is continuous in z € C; \ {0} in the trace norm and satisfies the bound

[6(E +i0)]ls, < ——(1+ EYY). B eR\{o. (4.4)

VIE]
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The r.h.s. in (4.4) can be replaced by \/%(1 + E9) for any 6 > 0, but for our purposes it suffices to

take ¢ = 1/4. Finally, a direct inspection of the integral kernel shows that for all E # 0, Im¢(E + i0)
has rank two and one has the estimate

[Mm¢(E +i0)|§ < C|E|~"/? (4.5)

for any 0 < p < 1.
A bound on (X ) "+/2p (X )~™+/2. One has an explicit formula for the integral kernel of p,:

b

blx — x'|2 b
Kyalox) = 520 (P50 Yexp (- Jbx P 4 2iCaton - ) (16)

(see e.g. [20] or [27, Subsection 2.3.2]) where the Laguerre polynomials L((ZO) are defined in (9.7) below.
Note that K, ;(x,x) = % for each ¢ € Z, and x € R?. Using this fact, we immediately obtain

(X L) ™™ pg 1%, = INXL) ™™ 2pg (X 1) ™™ 2|s, = Te((X L) ™™+ 2pg (X 1) ~"+/?)
b

= (Xl> dX, =Cb. (4.7)

Later on, we will prove a stronger bound (see Lemma 8.1).
Bounds on T;(z). Putting together the above bounds in (4.2), we obtain

Lemma 4.1. For any z € C,, the operator Ty(2z) belongs to the trace class Si, and continuously
depends on z € C4 \ {2bq} in the trace class norm. Moreover,

Ch

|E — 2bg|1/2°
Cab

|E — 2bg|1/2

IT4(E +i0)[| < E e R\ {2bq}, (4.8)

ITy(E +i0)]|s, < (1+E—2bg'/"),  EeR\{2bq}. (4.9)

In the sequel for £ € R\ {2bg} and for A € R\ {0} we denote

T,(E) = M1/2((<XL>7ml/2pq<XL>me/2) QRtE — 2bq))M1/27 t(\) = (x3>7m3/2r()\ + iO)(x3>7m3/2.
(4.10)
Finally, we get a bound for T'(z).

Lemma 4.2. For any z € C,, the operator T(z) is compact, continuously depends on z € C, \ 2bZ.
in the operator norm, and obeys the estimate

CoC(m3)

T(E +i __ovims)
IT(E +30)l| < dist(E, 207, )12’

EcR\ 2bZ,. (4.11)
Moreover, for E € R\ 2bZ., the operator B(E) = T(E + i0) is non-negative, and vanishes if E < 0.
Further, B(E) belongs to the trace class S1, and continuously depends on E € R\ 20Z in the trace
norm. Finally, for 2b(qo — 1) < E < 2bqo, qo € Z+, o > 1, and r = 0,1, we have

"B i - — —1/2 sign V (x))" |V (x)|dx
(T B(E)) = - g 20) 7 [ (sgn () [V (). (412

Proof. Compactness follows from the diamagnetic inequality; in fact, one has T'(z) € Sy, but we do not
need this fact here. Next, fix g9 € Z4. For E < 2bgy, E € R\ 2bZ, continuity in the operator norm

can be seen by representing
go—1
T(E+i0) = Y T,(E)+ T, (E). (4.13)

q=0

11



Here each T,(FE) is continuous by Lemma 4.1 and T} (E) is even analytic in E € C\ [2bgo, 00) by the
spectral theorem. Using (4.3), one obtains

C()C(m3)

T(E+i0)]| <C t(E —2bg)|| < C t(E—-20)|| < ————————.
I7(E+i0)] < ol Y_py @ HE = 2ba)| < Co sup 1B = 2| < e o

q=0

Taking imaginary parts in (4.13) gives
B(E)= Y B,(E), E<2q, E€cR\2L,

where By(E) = ImT,(E) is trace norm continuous by Lemma 4.1. Note that the relations B(E) > 0
for E € R\ 2bZ4, and B(E) =0 for E < 0, follow easily from the definition of the operator T'(z) (see

(4.2)).

Finally, from (4.10), (4.6) and the explicit formula for the integral kernel of Im¢(\),

oy o2 €05V (a3 = a5)
2V

we obtain (4.12). O

/\—m3/2 /
(xh)™™me/2 x3 0k € R,

4.2 Proof of Propositions 2.5 and 2.6

1. Proof of Proposition 2.5.

Let us identify the SSF with the r.h.s. of representation (3.21) and prove its continuity on the set
R\ (op(H(b)) U2bZ,). According to the stability result of [15, Theorem 3.12], the r.h.s. of (3.21) is
continuous in F at the point E = Ej if the following conditions are satisfied:

Jim IA(E) ~ A(E)| =0, lim |1B(E) ~ B(Ey)lls, =0. (4.14)
0 € p(J+ A(Ep) + TB(E)p)) for some 7 € R. (4.15)

The limiting relations (4.14) are met by Lemma 4.2. By the analytic Fredholm alternative, (4.15) will
follow from 0 € p(J + A(Ep) + iB(Ey)) or, equivalently, from —1 € p(JT(Ep + i0)). By mimicking
Agmon’s ‘bootstrap argument’ [2], one obtains that for Fy € R\ 2bZ,,

—1 € o(JT(Eo +i0)) < Eo € op(H(b)). (4.16)

Thus, condition (4.15) holds true for all Ey € R\ (o,(H (b)) U 2bZ).
Let us now prove that the r.h.s. of representation (3.21) is bounded on any closed interval which does
not contain Landau levels. By the bound (3.17), one has

o 3
|/ ind(J + A(E) + tB(E), J)du(t)] < n(1/3, A(E)) + | B(E)|s,-
By Lemma 4.2, the r.h.s. is bounded on any closed interval of R\ 2bZ.. .

2. Proof of Proposition 2.6.

By (4.16), the problem reduces to an estimate on the norm of T'(E + i0). The estimate (4.11) shows
that for dist(E,2bZ) > C2C(ms3)?, one has ||[T(E +i0)|| < 1 and therefore E ¢ o,(H (b)). O

5 SSF asymptotics of order v/b

In this section we study the asymptotic behaviour, as b — +o0, of the SSF £(E; H, Hp) in two situations.
First to prove Theorem 2.1 we consider energies far from Landau levels, that is for E = £b+ A with
£ € R\2Z.,. Then to prove Theorem 2.4 we consider energies under Landau levels, that is E = 2qob+ A,
with A < A (A: = miny  cgzinfo(x(X1))).
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5.1 Abstract Lemma

First let us prove a simple lemma of an abstract nature. This lemma might be of an independent
interest. Note that formulae similar to (5.17) can be found in [15].

Lemma 5.1. Let A = A* be a compact operator, 0 < B € Sy, and let J = J* = J~*. Suppose that
0€p(J+A). Then

/ ind(J + A+ tB, J)du(t) = ind(J + A, J) + 7 Trarctan(BY/?(J + A)~' B'/?) (5.17)
and
1
‘7r_1 Trarctan(BY/2(J 4+ A)~*BY/?) — 71 Tr(JB)‘ < g||(J + AP T B + |Tr(BJA(J + A)~Y)).

(5.18)

Proof. Using the ‘chain rule’ (3.7) and integrating, we get

/ ind(J + A+ tB,J)du(t) = ind(J + A, J) +/ ind(J+ A+1tB,J+ A)du(t).

—0o0 — 00

Let us split the integral in the r.h.s. into the sum of integrals over (—oo, 0) and (0, 00). Using (3.9), we
obtain:

/ ind(J—i—A—i—tB,J—i—A)du(t)z/ ind(J+A+tB,J+A)du(t)+/ ind(J+A—tB, J+ A)du(t)
0 0

— 00
oo

=—/'nxLﬁW%J+m*BWmmo+/‘n#LﬁW%J+m*BWmmw
0 0
= 77! Trarctan(BY/2(J + A)~1B/2).

This proves formula (5.17).
Let us prove the bound (5.18). Denoting M = B'/2(J 4+ A)~'B'/2, we get

Trarctan M — Tr M = Mdt—/ Mdt—/ n+(t,M)dt+/ n_(t, M)dt,
0 1+1¢2 0 1+1¢2 0 0

and therefore

© 2n(t, M o0 1
|Tr arctan M — Tr M| < Mdt < t2n.(t, M)dt = —| M|}
1+ 3 s
0 0
1 _ 1 _
< SUBV2IBI0 + A1) = ST+ A) P T B,
Finally,
Tt M — Tr JB| = ‘ﬁ(Bl/Q((J + A"t = )BY?)| = T(BJA(J + A) ).
This proves the estimate (5.18). O

Now, using notation (3.18), (3.20) and (4.10), we will employ Lemma 5.1 to prove Theorem 2.1 and
Theorem 2.4.
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5.2 Proof of Theorem 2.1

We will use the representation (3.21) and Lemma 5.1. Denote gy = [£/2]. Suppose that b is sufficiently
large so that Eb+ A\ < 2(go + 1)b for all A € A. Then by (4.12)

q0
T Tr JB(Eb 4 \) = Z Eb+ A — 2bq) 1/2/ V(x)dx
=0 R3
b1/2 90
=1z (5—2q)*1/2/ V(x)dx + O(1), b— +o0, (5.19)
q=0 Re

uniformly over A € A. Next, by (4.11),

sup||[T(Eb+ A +i0)|| = O(b~ %), b — oco. (5.20)
AEA

It follows that for all sufficiently large b,

sup||A(Eb + A +i0)|| < 1/2 (5.21)
AEA

and therefore ind(J + A(Eb+ N),J) =0, A € A.
Let us estimate the error terms given by the r.h.s. of (5.18). By (5.21), for all sufficiently large b one
has supyea ||(J + A(Eb+ X)) 71| < 2. Using this and (5.19), (5.20) and Lemma 4.2 we obtain:
I(7+ AP TeB® <2 BIPTr B =00~ H)O®?) = 0(b™1/?), b — oo;
ITe(BJA(J + A~ < TeBJA||l[(J + A) 7' = 0000~ 1/?) = 0(1), b — oo,

uniformly over A € A. This completes the proof of Theorem 2.1.

5.3 Proof of Theorem 2.4

Lemma 5.2. Assume that (1.5) hold and that the partial derivatives of (x3)™3V with respect to the vari-
ables X, € R? exist and are uniformly bounded in R3. Then we have limy_o ||(1— Py, ){z3)™ V P, || =
0, where Py =p, @ I in L*(R3) = L?(R?,dX ) ® L*(R,dx3).

The proof of Lemma 5.2 can be found in Subsection 9.2.
Proof of Theorem 2.4. We will use the representation (3.21) and Lemma 5.1.

1. First observe that for any A < 0, the operator T,,(2gob + A) is selfadjoint and non-negative and
belongs to the trace class. Let us prove that

ind(J + Ty, (2q0b + A), J) =0, VA€ A, (5.22)

sup | (J + Ty, (2g0b + A)) 71| < O, where C does not depend on b > 0. (5.23)
AEA

Consider the operator I®@xo+V in L2(R3) = L?(R?,dX )® L?(R, dz3). Our assumption A C (—oo, A)
means that supA < A =info(I ® xo + V) and therefore, by the Birman-Schwinger principle,

iupll(f® Xo— N2V @xo— ANV < 1.
cA

It follows that
supl| (g, @ (X0 N Y2V (pge @ (xo — NV < 1,
S
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or equivalently,
§ugll(qu(2qOb + )2 (T4, (2900 + A) 2| < 1. (5.24)
€

;From here, using the formula

(J+Ty) ' =T = JT) 2T+ T)2IT,/?) T2
and the estimate (4.8), we obtain (5.23). Using (3.9) and (5.24), we get (5.22).
2. Next, similarly to (4.11) we have

§UIA>||A(2bqO +A) = Ty (2bg0 + N)|| < Co §U2||<$3>_m3/2 (> pg®r(2b(g0 — q) + A+ i0)) (w5) /2|
€ € q7#qo0

< CoC(ma)sup{|2b(go — q) + N 7/? [ g € Zy, q # g0, N € A} =O0(b"/?), b— 0. (5.25)
(From here and (5.22) by the stability of index, one has
ind(J + A(2bgo + \), J) =0, A€ A, (5.26)
for all sufficiently large b. Also, from (5.23) and (5.25) we get

sup||(J + A(2bgo + \)) | = O(1), b — 0. (5.27)
AEA
3. Let us apply Lemma 5.1. For the leading term, we have formula (5.19) which gives the limiting

expression in (2.5). Now let us check that the remainder terms given by the r.h.s. of (5.18) can be
estimated as o(b'/2). Consider the term ||(J + A)~!||*> Tr B2. For A <0,

qo—1
B(2bgo + A) = > ImT,(2bgo + A), (5.28)
q=0
and so by (5.19) and (4.11),
sup Tr B?(2bgo + A) = O(b™ ). (5.29)

A€A

Combining this with (5.27), we get the required bound for ||(J + A)~!||* Tr B3.
4. Finally, consider the term Tr(BJA(J + A)~!). Let us prove that

sup || B(2g0b + A)JA(2g0b + M) ||s, = o(b'/?), b — oc. (5.30)
AEA

By (5.25) and (5.19), it suffices to prove that

sup [ B(2qob + NI Ty (2000 + N[5, = o(b"/?). b o,

AEA
By (5.28), it suffices to consider Im (7}, (2gob+\))J Ty, (2gob+ ) for any fixed ¢ < go. Using the notation
M(x) = |V(x){X )™ (x3)™ and V| (X1, x3) := (x3)™3V (X1, x3), we obtain

Im (T4(2q0b + X)) J T4, (2qob + A)
= MY2((X )7 2py © Imt(2b(q0 — @) + ) Py Vi Pyg (pgo (X 1) ™™+ @ ¢(A)) M2,

By Lemma 5.2, as b tends to infinity, we have | P,V P, | = o(1). Next, by (4.3) and (4.7), we have

(X 1)™/2pg @ Im¢(2b(go — @) + A)||s, < CB'/212b(q0 — q) — A| 7/ = 0O(1), b — o0,

[1Pgo (X1)™ /2 @ t(M)||s, = O(b'/3), b — o0,

uniformly over A € A. Combining the above bounds, we get (5.30). O
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6 Properties of £(\; x(X 1), xo0)

Here we prepare some auxiliary statements for the proof of Theorem 2.4. These statements concern
the SSF £(X; x(X 1), x0). We will use the representation (3.15) for £(A\; x(X 1), x0). With the notation

T(X1,2) = [V(XL, )2 (x0 = A = i0) V(X L, )2, (6.1)
UXy) =signV(X1,), a(XL,A)=Re7(X1,)), B(XLA)=In7(XL,N), (6.2)
this representation reads
s x(X 1), x0) = / ind(¢(X1) + a(X1,A) +18(X1L, A), o(X1))du(t),  ae AeR. (6.3
Along with the operator x (X ), we consider its modification: for n € R, |n| # 1, let
X(X1,m) = xo + V(X1 )| (((X1) —m)
According to (3.15), for this operator we have
oo
5()‘7 X(XJ_777)7X0) = / E)\(n7XJ_7t)d:u’(t)7 a.e. A € ]Ra (64)
where
Ex(n, X1, t) :=ind(e(X 1)+ a(X1,A) +t8(X1,A) —n,u(X1)—n), |n#1. (6.5)

We will need some continuity and measurability properties of Z5(n, X ,t).

Lemma 6.1. (i) The set
Q={\n X1, 1) | n¢o((XL)+a(XL,A)+16(X1,A),A#0,In| # 1}

is open in R x R x R? x R and the function Zx(n, X1 ,t) is constant on connected components of this
set.
(i) The function Zx(n, X 1,t) is lower semicontinuous on the set

Proof. 1. First consider the difference of resolvents
((X 1) + (X1, A) + (XL, A) —2) 7 = (X)) —2) 7

for a fixed z away from the spectra of ¢(X ) and (X ) + (X1, A) +t6(X1,A). Let us prove that
this difference continuously depends on A, X, ¢ in the trace norm. Here the only non-trivial issue is
continuous dependence on X | (observe that ¢(X | ) is not continuous in X even in the operator norm).
In order to prove continuous dependance on X |, first observe that the operators a(X,\) +¢68(X 1, \),
WX L)(@(X 1, A) +B(X L, ), (a(X L, A) + 88X 1, A)e(X 1), and o(X ) (@(X 1, A) + EB(X 1, A)i(X.)
continuously depend on X in the trace norm. Using the identity

(ttattf—2)""=(—2) ==+ (-2 (a+t8) " (1t —2) a+tB)(—2)7",

and expanding (¢ — z)~! in norm convergent series, we obtain the desired statement.

2. From the result of the previous step we obtain that the eigenvalues of ¢(X )+ a(X 1, A\) +t6(X 1, \)
continuously depend on A, X , ¢. This proves that Q is open. As a(X |, ) +t8(X 1, ) is of the trace
class, one has

Ex(n, X1,t) = index(Ey(x, )4a(x, N+t8(x 0 ((—00,1)), Eyx ) ((—00,1)))
= Tr(EL(XL)*HX(XL,)\)J”tﬂ(xl,)\)((_OO? 77)) - EL(XL)((_OO777)))'
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Representing the above spectral projections as Riesz integrals, and using the result of the first step of
the proof, we see that Zy(n, X, t) is continuous on 2. As Zx(n, X ,t) is integer-valued, it is constant
on connected components of §2. Precisely the same reasoning also shows that =y (n, X ,t) is lower
semicontinuous on the whole range of its variables. O

Recall that lower semicontinuous functions are measurable. Thus, Lemma 6.1 ensures that =y (n, X, ?)
is measurable with respect to any combination of its variables. We will need to integrate Zx(n, X, t)
with respect to some of its variables; integrability is provided by the following

Lemma 6.2. (i) For any p € (0,1), one has the bound

sup [Ba(n, X1, 1) < C(1+ AY ATV L) 7™ CIA7P/242 (X ) 7P (6.6)
n|<1/2

(ii) For any t € R and any A C R\ {0}, one has

sup/ dn / dX 1 |Ex(n, X1 ,1)] < 0. (6.7)
A€EA J -0 R2

Proof. (i) Recall that 7(X 1, ) is a trace class operator which satisfies (4.4) and 5(X 1, A) has rank two
and satisfies (4.5). Thus, by the estimate (1.5) on V, we have

C . _ o
JalX L, Nlls, € —= L+ AYDHEXLD) ™, B NIE < CAP2(X) 7™ (6.8)

~ VI

Using these bounds and arguing similarly to (3.16), (3.17), we obtain for any p € (0,1):

sup (A0 X4 O] £ e (1/4,0(X0 ) + (X1 0) < 1 (1/8,0(X1 )+ (1/8, 15X )
n=

< [IBa(XL, Mlls, + 88X L, VI, < C(L+AYHATV2XL) ™™ + CIATH2 ()7
(ii) First note that by the property (a) of ind, one has
E)\(U,XJ_,t) = — CEIEOS(H — € L(XJ_) + Oé(XJ_, )\) + t,@(XJ_, )\)7 L(XJ_)) (69)

Using this fact and Krein’s bound for the SSF (see e.g. [31, Theorem 8.2.1]), we obtain:

[ [ aXLI€0me) + alXe ) + (XL (X))
< [ la(Xu + (XL N5, dX < o.
R2

This completes the proof. O

Lemma 6.3. (i) For any n € [-1/2,1/2] and any X, € R?, the function [°_ Ex(n, X1, t)du(t) is
continuous in A > 0 and right continuous in A < 0.
(ii) The function [g. dX1 [ du(t) Ex(n, X1, t) is continuous in A >0 and n € [-1/2,1/2].

Proof. (i) Let us first prove continuity in A > 0. We shall use the dominated convergence theorem;
Lemma 6.2(i) gives an integrable bound, and Lemma 6.1(i) provides continuity of the integrand away
from the set S := {t | n € o(t(XL) + a(X1,\) +t6(X1,N)}. We only need to prove that this set
has zero measure in R. By the analytic Fredholm alternative, one has ¢t € S either for countably
many t or for all ¢t € C. Let us show that the latter is impossible. Indeed, if i € S, then —1 €
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o(((X1)—n) " a(XL,\)+iB(X L, N))), and by the classical Agmon’s ‘bootstrap argument’, it follows
that A > 0 is an eigenvalue of the one-dimensional Schrédinger operator x(X | ,7), which is impossible.
This proves continuity in A > 0.

Lower semicontinuity of Zy(n, X ,t) is retained by its integral over ¢. Also, Zx(n, X1 ,t), and therefore
its integral, is non-increasing in A < 0. It follows that the integral of Z5(n, X ,t) is right continuous
for A < 0.

(ii) can be proved by following the same argument. O

Proof of Proposition 2.2. 1. Lemma 6.3(i) shows that with our choice of £(A; x(X 1), xo) (continuous
in A > 0 and right continuous in A < 0), the equality (6.3) holds true for all A # 0. Then integrability
of £&(A; x(X 1), x0) is ensured by the estimate (6.6) with 2/m  <p < 1.

2. In view of (1.3), the second statement is obvious. O

7 Asymptotic trace formulae

In this section we establish the key limiting relation used in the proof of Theorem 2.3. Let T,(E) be
as above (see (4.10)) and denote

Ay =ReT,(2¢b+ )), B, =ImT,(2¢b + N), J =signV. (7.1)
Moreover, we use the notation introduced in (6.1) — (6.2).

Proposition 7.1. Let (1.5) hold and let A be a compact interval in R\ {0}. Then for everyt € R and
each integers p > 1, r > 0 we have

i bV (g + #ByPT7) = 5o [ T (@KL + 9 N XL (72)
— 00 T JR2

where convergence is uniform in A € A.

Proof. Since J? = I and +(X,)? = I, we have only to consider the cases r = 0 and r = 1. For r = 0 or
r =1, we have
Tr ((AQO + tBQo)pJT) =

/]RZP /Rp(SignV(XJ-,hxS,l))rH§:1‘V(XJ_’j,.”L'g,j)‘><

P 14
1 Ko o (X1 s X1 jr1)Re(@s,j — @354 dX 1 jdas

where
sin(v|z|) cos(vVAz) -
- +1 if A>0,
Re(x) = 47—%@ 2V teR, zceR,
€ it A<,

2v/ =X

and the notation H’;’:l means that in the product of p factors the variables X, ,1; and 3 ;1 should
be set equal respectively to X | ; and x31. For p = 1 the claimed asymptotic is an equality because
Kou(X1,X1)= 5. For p>2, let us change the variables

Xi =X\, Xi;=X|,+b'2X\, j=2...p (7.3)

Thus we obtain
Tr ((Aqo + tBQO)pJT) =

b [ (st V(X)) VXL IV 572X )] x
R2r JRP
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Ko 1(0, X' )T, Ky 1 (X' 5, X ) Kot (X, OV TVY_ Ry 4 (s 5 — s ) TE_ d X, das 5. (7.4)

Here and in the sequel, if p = 2, then the product H?;%quyb(XJ_ i» X1 jy1) should be set equal to one.
The modulus of the integrand on the r.h.s of (7.4) is upper-bounded by the L!(R3P)-function

p
() X PO e X e e T (g )

where P is a polynomial, and g is a positive constant. Moreover, for each (X1'y,z31,..., X1/, 23,)

we have
=T0_ V(X' p,23,5)]-

Jim V(XY ws0) [T=a V(XL + bVAX e )
Applying the dominated convergence theorem, we find that (7.4) entails
Jim b Tr ((Agy + By, )P ") =

/}Rz/]R V(XL s )7 joaRae(@sy — 23 541)(sign V(X1 1, 231)) " dX 1 1T dag j X
/R2( b Kq0,1(07XJ_,2)H§;%KqU,1(XJ_,j7XJ_,j+1)KqO,1(XJ_,p70)H§:2dXJ_’j —
/2 Tr ((Oz(Xl’l, A) + tﬂ(XlJ, )\))pL(XLJ)T) XmJ X
R

/( )qu,l(ovXL,2)H§;§qu,1(XL,j’XL,j+1)qu,1(Xi,p’O)ngzdxi,jv (7.5)
R2(p—1

uniformly in A € A. In order to conclude that (7.5) is equivalent to (7.2), it remains to note that

_ 1
/2( ) KQO,l(OvXL,Q)H];:%KQOJ(XL,]"XL,j-‘rl)qu,l(Xl,paO) j= ZdXL g qu 1(0 0) 27'("
R2(p—1

O
Corollary 7.2. For any polynomial ¢ and any t € R, one has
1
Jm b~ FTr(¢(J + Agy +1By,) — 6(J)) = o / dX 1 Tr(op(e(X 1)+ (X1, A)+18(X1,A)) —o(u(X1))),
b—oo R2

where the convergence is uniform in A on compact subsets of R\ {0}.

Proof. By the linearity of the trace and of the integral, it is sufficient to prove the lemma for ¢(z) = z*,

k € Z. Using the cyclicity of the trace, we have:

k
k! _
((J + Aqo + thO) Jk = Z W r ((AQO + tBQO)ka P) .
p=1

Then applying again the cyclicity of the trace and Proposition 7.1, we deduce:
lim b~ Tr ((J + Agy + tBg,)" — J¥) =
b—oo

o /11@22 k —p)! (( (X2, )+t5(XL’)‘))pL(XJ-)k_p) dX, =

% - Tr ((L(XJ_)-‘rOz(XJ_,)\)—i—tﬁ(Xl’)\))k_L(XJ_)k) X,

This completes the proof of Corollary 7.2.
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8 SSF asymptotics of order b: Proof of Theorem 2.3

In this section we use the above results and the notation (3.18), (3.20), (4.10), (7.1) to prove Theorem
2.3.

Lemma 8.1. For any q € Z4 and any p > 2/m , one has
Ipa(X1) " plll = Ob), b— ox.

The proof of the lemma can be found in Subsection 9.4.
Fix qo € Z4. All ‘constants’ C' appearing in the proof, may depend on V and gqq.

Lemma 8.2. Assume (1.5) and let A be a compact interval in R\ {0}. Then:
(i) For allb> 0 and all g € Z,, one has Ty(2bgo + \) € S1 and

§u2”T4(2bq0 + /\)”51 = O(b3/4)7 b— o0, qu 7é qo,
€

SupHqu (2bq0 + )‘)”5'1 = O(b)7 b — oo.
AEA

(i) For any p > 2/m  and X # 0, one has By, (2bgo + ) € S, and

sup|| By, (2bg0 + A5, = O(b), b — oo.
AEA P

Proof. First note that by (1.5), the proof reduces to the case V(z) = (X )"+ (x3)~™2. Let us consider
this case. One has

T, (2bgo 4+ A) = (X 1) "™/ 2p (X ) "™L/2 @ £(20(q0 — q) + A).

Since the S,-norms of the operators p,(X ) ™+p, and (X )~"™+/2p (X )~™+/2 coincide, the state-
ment follows from Lemma 8.1, the bounds (4.4), (4.5), and the fact that t()) is of rank two.
O

Proof of Theorem 2.3
1. Let us first prove that for any n € (0, 1),

oo
limsup sup {b_l/ ind(J + A +tB, J)du(t)

b—oo AEAUAS — o0

7/ b ind(J — 0+ Agy + tBqy, J — n)du(t)} <0,  (8.1)

By (3.11) and (3.17),
/ ind(J + A + tB, J)du(t) <

— 00

oo

/ lnd('] —-n+ AQO + tB‘]CH J— U)dﬂ(t) + / n— (777 A-— Aqo + t(B - qu))d:u(t) <

— 00 — 00

e 2
/ lnd(J —n+ Aqo + tBQO’ J - U)dﬂ(t) + n,(n/Q,A - Aqo) + 71'77]||B - qu||51'

— 00

By a calculation similar to (5.25), we get

sup [ A(2qob + A) — Agq (2000 + V)| = O(~?),
AEAUA,
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and therefore n_(n/2, A — Ag) =0, A € Ay U A, for all sufficiently large b. Next, by Lemma 8.2(i),

qo—1
sup ||B(2gob+ A) — By, (290b + N)||s, = sup || Z B,(2q0b + N, = O(%*), b — .
AEAIUA, AeMUA: 1T

This proves the bound (8.1).
2. Below we prove that for any n € (0,1/2),

limsup sup {bl / ind(J —n+ Agy + 1By, J — n)dp(t)

b—oo AEATUA, —o0
1

—5 Xm/ du(t)E,\(Qn,XL,t)} <0. (8.2
™ JRr2 — 0

Fix t € R. Applying Corollary 7.2, Krein’s trace formula (1.1), and (3.8) we get for any polynomial ¢

[e’e] L 1 o0 _
sup | [0 a7 0+ A+ BT moin - - [ axs [ anzaon X000 -0
AEATUAS —00 ™ JRr2 oo
(8.3)
as b — oo. Further, the bounds
sup  sup [T, (20g0 + A)|| < oo, sup  sup  [|7(XL, A)|| < oo,
b>0 AeA1UAS X ER2 ANeAUA,

ensure that for all A € Ay U Ag, the functions ind(J — n + Ag, + tBy,,J —n) and Zx(n, X1 ,t) vanish
when 7 is outside some fixed interval (—R, R), where R may depend on go, V/, and ¢, but not on b or
X | . Together with the inclusion Z)(-,-,t) € L'(R x R?,dndX ) (see Lemma 6.2(ii)) this allows us to
change the order of integration in the second integral in (8.3). This yields

sup
AEAUA,

R
) 1 —
/ dno(n) (bl ind(J —n+ Agy + 1By, J — 1) — Py / :A(nny,t)dXL)| —0 (8.4)
—R R2

as b — oo.
3. Let us show that (8.4) extends to any ¢ € C(—R, R). By (3.8), Krein’s inequality (see e.g. [31,
Theorem 8.2.1]), and Lemma 8.2(i),

R R
sup / |b_1ind(J—77—|—Aq0 +tByy,J —m)|dn = sup / |b_1§(77;J—i—AqO +tBy,,J)|dn
AEATUAL J_R AEAUAs J—R

<b ' sup  |Ag, + tBylls, = O(1),
AEAIUA,

as b — oo. Thus, the norms of b=!ind(J —n+ Ay, +tBy,, J —n) are uniformly bounded in L'(—R, R),
and so using the Weierstrass theorem, we can extend (8.4) by continuity from polynomials onto all

¢ € C(—R,R).

4. Consider (8.4) with any ¢ € C(—R, R) such that supp¢ € (—1/2,1/2). Let us apply the domi-
nated convergence theorem to show that (8.4) can be integrated over du(t). For any n € (—=1/2,1/2),
proceeding similarly to (3.16), (3.17), and applying Lemma 8.2(ii), one obtains

\b_lf(m J+Aq0 +thov ‘])| S b_ln*(1/2, Aqo +tB<Zo) S b_1||4A<Zo||51 +b_1H4tB<Zo||g'p S C+Ctp’ (85)

uniformly over n € (—=1/2,1/2) and A € A; UA,. Choosing 2/m < p < 1, we get an integrable bound
for the first term in (8.4). An integrable bound for the second term in (8.4) is provided by Lemma 6.2.
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Thus, (8.4) can be integrated over du(t) and so we obtain

sup

/ du(t)/ dno(n) <b1 ind(J —n+ Ag, + 1By, J — 1) — 7/ Ex(n,XL,t)dXL>|
AEATUAS R2

—o0 ~1/2 27

/ dno(n) <bl ind(J —n+ Agy +tBgy, J — 1) — */ EA(WvXLat)dXL>
—-1/2 21 Jg2

< / h du(t)  sup

—o0 AEATUA,

—0 (8.6)

as b — oo. The bounds (8.5) and (6.6) show that one can interchange the order of integration in the
Lh.s. of (8.6), which yields

sup

1/2 0o 1 1
/ dnfb(n)/ dp(t) (b ind(J —n+ Agy +tBgy, J — 1) — 7/ Ex(n,th)XmM —0
AEATUA 1/2 — o0 T Jr2

) (8.7)

as b — oo.

5. Using the chain rule (3.7) and the property (e) of ind, it is straightforward to see that the functions
ind(J—n+Aq,+tBy,, J—n) and Ex(n, X 1 ,t) are non-decreasing in € (—1,1). For a given ng € (0,1/2),
choose a continuous nonnegative function ¢ with support in (1, 27) such that anOTIO ¢(n)dn = 1. Then

1/2 0 1
7 anotw [ aute) (v imar A 1 -0 = 5 [ 2 x00)

—1/2

00
> . 1 -
Z / du(t) (b_l 1nd(J — 1o + Aqo + thm J — ’170) — % /2 :k(Qno,XJ_,t)> .
— 0 R

Combining this with (8.7), we get (8.2).
6. Combining (8.1), (8.2) and (3.21) we obtain

1 o0
limsup ess sup {blf(%qg + X\ H(b), Ho(b)) — —/ dXL/ du(t)Ex(2n, Xl,t)} <0. (8.8
b—oo AEA;UAS 21 Jge —o0

Similarly, one obtains

1

s -1 . _ - =a(— > 0. .
hbnig}f)\gs&gl&{b (g0 + X; H(B), Hol0)) — 5- /R ax, /_ ()= 277,Xl,t)} >0, (8.9)

Further arguments are different for A; and As. Let us first consider the interval A;. By Lemma 6.3(ii),
the integral [p, dX1 [*° du(t)2x(n, X1,t) is continuous in (A, n) € Ay x [~1/2,1/2] and therefore is

uniformly continuous on this set. It follows that

sup

s [ aut) @0 X000 - 200X 0)| = 0 s g 0. (5.10)
AEAIUA |JR2 —0c0

Combining (8.8), (8.9), recalling that 1 can be taken arbitrary small, and using (8.10) and (6.4), we
obtain the desired limiting relation (2.2).

7. Finally, using (8.8), (8.9), let us prove the relations (2.3), (2.4). Note that here A < 0 and therefore
B(X1,\) = 0. For any n € (—1,1), X, € R? by the representation (3.15), formula (1.3), and a
continuity argument we obtain

Ex(m, X1,1) = ind(((X1) + (X1, A) =0, u(X 1) =n) = = Hm NQA+exo+ V(XL )[(u(XL) —n)7).
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Next, for || < 1/2 we have

N+ x0+ V(XL )X —m)™) = NA+ex0+ V(XL )+ VXL, )In(1 = o(X)m) ™)
>NA+e— 200|77‘7X0 +V(X1,),

and therefore we get

E/\(naXJ_at) S EA*QCQM\(O7XJ_,t)' (811)
Similarly, for |n| < 1/2, 2Cyn < —\, we obtain
E)\(U7Xlat) > E/\+2CO|7]|(O’Xlat)' (812)

Together with (8.8), (8.9), and (6.4) this completes the proof.

9 Spectral properties of the Landau Hamiltonian

9.1 Creation and annihilation operators. Angular momentum eigenbases

In this subsection we construct orthonormal bases of the subspaces H,, := Ker (h(g) —2bq) = p,L*(R?),
q € Z4 (see Subsection 4.1), known in the physics literature as the angular-momentum eigenbases (see
[13], [17]). For x = (z1,x2) € R? introduce the complex variable ¢ := x1 + iz2, set

g9 _1(0 0\ f5_0_1(0 .0
T 6( o 2 6.2?1 6372 ’ T az o 2 8.131 81‘2 ’

and define the annihilation and the creation operators

a=a(b) = —2i <a+ zg) = 2 bIC/4 G ISP/, (9.1)

a* = a(b)* = —2i <a - Z() = —2eblCP/4 g oIS/, (9.2)

defined originally on the Schwartz class S(R?), and then closed in L?*(R?). It is easy to see that the
operators a and a* are mutually adjoint. Moreover, on S(R?) we have

[a(b), a(b)"] = 2b, (9.3)

and h(b) = a*a. Therefore, the common domain of both closed operators a and a* coincides with
the domain of h(b)!/2. A standard argument from the representation theory of the Heisenberg al-
gebra yields Hy = Ker a, H, = (a*)?Ho, ¢ > 1, (see e.g. [6, Section 5.2]). Moreover, Ker a =

{f € L*(R?)|f = ge*b|x‘2/4, 0g = O}. Hence, it is easy to check that the functions

1o\ Nk —blx|?/4 2
Yo k(X)) =—| 2 (z1 + iz2)"e , x€eR* keZy, (9.4)
k! \ 2
form an orthonormal basis of Hg, while the functions
1
= ——— ((a™)? R? Z .
(Pq,}g(X) (2b)‘1q! ((a ) (POJC) (X)’ X € . kel (9 5)

form an orthonormal basis in H,, ¢ > 1. The functions ¢, 1 can be written in polar coordinates (p, )

as
q! b batt 2
Pan(peost, psind) = (=" | — (2> k=)l phmap(k=a) (p2 /2 e=br7/4 (9.6)
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where

q
- By
L0 = 3 €20, qeZi, kelZ,,  (9)
— | A | | ’ - Y 5 s
l=max{0,q—k} (k q+ l)(q l) l!

are the generalized Laguerre polynomials.

9.2 Proof of Lemma 5.2

Lemma 5.2 is an immediate corollary from the following

Lemma 9.1. Let v € Lip(R?) such that sup,cp>(|v(z)| + |Vo(z)|) < 0o. Fiz q € Z4. Then

10 = poepall <072VE (Va+ 1+ va) sup [Vo(x). (98)
xR
Proof. Without any loss of generality we can assume that v € C°°(R?), and all its derivatives are
uniformly bounded on R%. We have (1 — p,)vp, = (1 — pg)[v, pglpy where [v,p,] := vp, — p,v denotes
the commutator of the operators v and p,. Suppose that 2b > 1. Then p, = 5= [i. (z — h)~'dz where
T, is the circle {z € C | |z — 2bg| = 1} run over in the positive direction. Therefore,

1
__ 1 -1 _ -1 -1
o2 = gy [ 1=kt = =5 [ (et = i+ 20— )
Since h = a*a, we get [h,v] = [a*a,v] = a*[a,v] + [a*,v]a = —2i(a*OV + OV a). Hence,
(1= po)[v, palpg = 2i(h — 2bq) ™" (1 = pg)a™dVpg + 2i(h — 2bq) ™' (1 — pq) OV ap,. (9.9)
It is easy to check that
- . - qg+1
I(h—20)™ (1~ p)al| = llah — 20) (1)l = /o gl =1, (9.10)
_ 1
I(h = 2bg) " (1 = po)ll = 5> llapall = v/2ba. (9.11)
Combining (9.9) with (9.10) — (9.11), we immediately get (9.8). O

9.3 Unitary equivalence of Toeplitz operators corresponding to different
Landau levels

By (f,9) = [g. fgdx, f,g € L*(R?), we denote the scalar product in L?(R?). Moreover, we use the

notation (f,g) := (f,9), f,g € L*(R?). If g € S(R?) is fixed, then the functionals (f,g) and (f,g) can

be extended by continuity to f € S’(R?). Note also that if f € S’(R?), h € S(R?), then the product
fh is a well-defined element of S’(R?), acting according to (fh,g) = (f, hg).

Lemma 9.2. Let F € 8'(R?). Let j,k,q € Zy. Then we have

(Foq.k: q.0) = ((DgF) 0.k, 00.5) (9.12)
where
(D F)(x) = ids,q(ASF)(x), x € R?, (9.13)
and - '
dyq = m(zb)—% (9.14)



Proof. First of all note that the functions ¢, ., ; as well as g P, ,; are in the Schwartz class
S(R?). Therefore, we can assume without loss of generality that F € S(RQ) since S(R?) is dense
in 8'(R?), and D, : §'(R?) — S’(R?) is a continuous mapping. Then all the functions (D*F)ps ) =

'121))” (D“F)(a*)“"a,oo,;C with o € Z2, s € Zy, k € Z are in S(R?), and hence in the domain of the

operators a and a*. Further, (9.1) - (9.2) imply

[a, F] = —[F,a] = —2i0F, [a*,F] = —[F,a*] = —2i0F, (9.15)

and, consequently, B B
[la, F],a*] = =2i [OF,a*] = 400F = AF. (9.16)

Fix j,k,q € Z,. First we will prove by induction with respect to ¢ € Z,, that (9.12) is valid with
coefficients d , which depend only on s, ¢, and b.

Fix Q € Zy. Assume that (9.12) is valid with coefficients d5 , which depend only on s,¢, and b for
every ¢ =0,...,Q. We will prove that the analogous relations hold for ¢ = @ + 1. We have

1 N *
(Fpq+1,k: pq+1,5) = W(ﬂa )9t ok, (@) 0 5). (9.17)

Utilizing the commutation relations (9.3), (9.16), and (9.15), and taking into account the fact that ¢g ;
is in Ker a, we get

(F(a*)? oo, (a") 00 5) = 20(Q + 1)(F(a™) Yok, (a*) Pp0,5) + ([a, FI(a)? 0,5, () Ppok) =

26(Q + 1){F(a*) %ok, (a*) %0 ) + (AF (a*) %ok, (a*)%po;) + 26Q([a, F](a*) 0ok, (a*)° e0,5)
if @ > 0; if @ = 0, the last term should be set to be equal to zero. By recurrence we obtain

(F(a") ¥ o, ()9 p0,5) = 26(Q + 1)(F(a*) P po.k, (a*) po5)+

Q
2bQZ

q ' )qQOO,ky (a*)q¢07j>- (918)
o )1q!

Combining (9.17) with (9.18), we get

Q Q+1
(Foqr1k:PQ+15) = (Foq.ks 9Q.5) Q 1) D (AF@qn,045) = Y dsgi1(A°Fo, @o,5)

q:0 s=0

with

doo if s=0,
ds,Q+1 := 2b(é+1) ZS;I ds—1,n—1 +ds,Q if 1<s<Q,

Evidently, ds,g+1 depends only on s, @ and b. In order to demonstrate that the numerical values of the
coefficients ds , are given by (9.13) we proceed in the following way. Set F,(x) := |x|*", p =0,...,q.
Then the identities

q
(Fp©q,0:04,0) = ((DgFp) 0,0, p0,0) = Z ds,q((A°Fp)po0, p=0,...,q. (9.19)
s=0

are special cases of (9.12). A straightforward calculation yields

0D )

(Fpq,05Pq,0) =
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s 4° (b/2)*7P if 0<s<p
A F s = (p 5) ’
(( p)‘P0,0 </70,0> { 0 if p<s<g
Therefore, it follows from (9.19) that ds 4, s =0, ..., ¢, is be the unique solution of the linear system
45 _(p+0)
Z b/2 A — (b/2)7P, p=0,...,q (9.20)
:() q!
Setting
d51q = (Qb)ishsyq? §= 07"'7qa (921)
we find that (9.20) is equivalent to the system
£ p p+gq
hs,q = , p=0,...,q. 9.22
2 (p—s) " ( P ) 5:22)

s=0

Taking into account the elementary combinatorial identity Y.7_, (%) (pﬁ )= ;q) (see e.g. [16, Eq.
0.165]), we find that the solution of (9.22) is given by

_(f\L _
heg = (s) S s=0..0 (9.23)
The combination of (9.21) and (9.23) yields (9.14). O

Corollary 9.3. Let ¢ € Zy and F be the multiplication operator by a real function F € C?1(R?).
Assume that ASF € L>®(R?), s = 0,...,q. Then the operator p,(b)Fp,(b) : L*(R?) — L*(R?) is
unitarily equivalent to the operator po(b)(DyF)po(b) : L*(R?) — L?(R?), the differential operation D,
being defined in (9.13) - (9.14).
9.4 Proof of Lemma 8.1
For 6 > 0 and ¢ € Z, define the operator G, g5, : L?(R?) — L?*(R?) by
Gg.0,6 1= Pq(b) Wo pg(b).

where Wy is the multiplication operator by the function (x)~2/?, x € R2. It is easy to check that G, g5
is compact, self-adjoint and non-negative (see [24, Lemma 5.1]).
Now Lemma 8.1 is a direct corollary of the following
Lemma 9.4. Let 0 >0, g€ Z,, s >0, and b > 1/2. Then we have

n4(s;Gg00) < Cs + Cybs™ (9.24)
where C3 = C3(0) and Cy = C4(q, 0) are independent of s and b.

Proof. By Lemma 9.3 the non-zero eigenvalues of the operator G, g1 coincide with the non-zero eigen-
values of the operator Gy g4 = po(b) (DyWa) po(b). Evidently, there exists a function wg g : [0,00) — R
different from zero almost everywhere such that (D,Wy)(x) = wg.0,5(|x|?), x € R2. By [28, Lemma 3.3]
the non-zero eigenvalues vy of the operator Qq,‘g’b can be written as

1 (o)
Vi (qa 9 b) k' / wq,b,@(Qn/b)e_nnkdna ke Z+' (925)
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Since b/2 > 1 we have ds, < ¢! (see (9.13) — (9.14)). Hence, wyp(t) < C5(t)~1/? ¢ € R, with Cs
which may depend on ¢ and 6 but not on b and ¢. Therefore, (9.25) implies

1 [ Cs [~
nla..0) = 35 [ wnonmeatan < 3 [ e tay <

AN Cs 11y Dlk+1-1/6)
— = —npk=1/0 4, _ =5 g1/ Z\MVT 2T 2/Y) B
Cs (2> kj!/o € dn 21/6 b T(k+1) , keZy, k>-1+1/6.

Since limg_, o0 kl/ew =1 (see [1, Eq. (6.1.46)]), there exists ko = ko(8) > 1 such that k > ko

implies v (q,0,b) < 221(’;;; (k/b)~1/%. Therefore,

14(53Ga.0) = i (5 Gapo) = #{k € Zy|vi(q,0,b) > s} <

2C 1
ko + # {k > ko 21—/2(k/b)*1/9 > s} < kot 5 (2C5)7 bs™0
which is equivalent to (9.24) with C3 = ko, Cy = (205)0 /2. O
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