A trace formula and high energy spectral asymptotics
for the perturbed Landau Hamiltonian
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Abstract

A two-dimensional Schrédinger operator with a constant magnetic field perturbed
by a smooth compactly supported potential is considered. The spectrum of this
operator consists of eigenvalues which accumulate to the Landau levels. We call
the set of eigenvalues near the n’th Landau level an n’th eigenvalue cluster, and
study the distribution of eigenvalues in the n’th cluster as n — oco. A complete
asymptotic expansion for the eigenvalue moments in the n’th cluster is obtained and
some coefficients of this expansion are computed. A trace formula involving the first
eigenvalue moments is obtained.

Keywords: Schrodinger operator, magnetic field, trace formula, Landau level, high energy
asymptotics.

1 Introduction and Main Results

1. Introduction Let H in L?(R? dx; dxs) be the following magnetic Schrodinger operator:

9 B\ 9 B\
H_<_Za_x1+5x2) +(—Za—m—§$1>, B> 0.

The operator H describes a quantum particle in R? in a constant homogeneous magnetic
field of the magnitude B; it is often called the Landau Hamiltonian. It is well known [10]
that the spectrum of H consists of a sequence of eigenvalues (Landau levels) A,, = B(2n+1),
n e Zy ={0,1,2,...}. Each of these eigenvalues has infinite multiplicity.

Let V € C5°(R?) be a real valued function (potential in physical terminology). Consider
the spectrum of the operator H+ V. It is well known (see [3]) that V is a relatively compact
perturbation of H and therefore the essential spectrum of H 4+ V is the same as that of
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H, ie. consists of the Landau levels. The operator H + V' may have eigenvalues of finite
multiplicities which can accumulate to the Landau levels.

Defining disjoint intervals Ag = [info(H +V),2B), A, = [A, — B,A,, + B), n € N, we
obtain the inclusion o(H + V) C U2 A,,. We shall call the set o(H 4+ V) N A,, the n’th
ergenvalue cluster. For a fixed n, the distribution of eigenvalues in the n’th cluster was
studied in [12], [13] (these papers contain also references to previous work on this problem).
It was found that eigenvalues accummulate to A,, super-exponentially fast.

Our aim is to study the asymptotic distribution of eigenvalues in the n’th cluster as
n — oo. Our first preliminary result is that the width of the n’th cluster is O(n~'/2):

Proposition 1.1. There exist C' > 0 and N € N such that for alln > N, one has
c(H+V)NA, C (A, —Cn Y2 A, 4+ Cn~ V).

The constants C' and N depend only on sup |V (x)| and on the diameter of supp V.
zER?

The power n~'/2 in the above Proposition is sharp; see Remark 3.2 below.

2. Definition of eigenvalue moments pu,. We would like to define moments of
eigenvalues in the n’th cluster. First, in order to explain the main idea of the definition, let
us define the eigenvalue moments ‘naively’ for the case ||V|| < B; here and in what follows

VI = ||V]|re. Fix n € Z; and enumerate Aj, A2, As,...all eigenvalues in the n’th cluster
so that [N\ — Ay = [Aa — Ay =[N3 — Ay = - -+ Let us define the eigenvalue moments by
=) (=M, neZy (|V]<B). (1.1)

J

By the above quoted result of [12], [13], the rate of convergence \; — A, as j — oo is
super-exponential, and therefore the series (1.1) converges absolutely.

In order to give the definition of eigenvalue moments which is suitable both for the case
IV|| < B and for the case ||V|| > B, we need to recall the notion of the spectral shift
function for the pair of operators H + V', H. The spectral shift function was introduced in
an abstract operator theoretic setting in [11, 9]; see also the book [16]. Recall that (see [3])

(H+V —Xo) ' = (H = X\o)~! € Trace class, Xy < info(H + V). (1.2)

This enables one to define the spectral shift function £ € L{ (R) for the pair H +V, H.
The spectral shift function ¢ is determined by the following two conditions:
(i) For any ‘test function’ ¢ € C3°(R), one has the trace formula:

To(H + V) = 6(H) = [ 0oV (13)
(i) £(N) =0 for A <info(H + V).
Note that ¢(H+ V) —¢(H) € Trace class by (1.2) (see [16]). In fact, the class of admissible

test functions ¢ is much wider than C§°(R). In particular, this class includes exponentials
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d(\) = e ¢t > 0, and the functions ¢(N\) = (A — 2z9) 72, 29 € C\ R; we will use these facts
in the sequel.

Condition (i) determines the spectral shift function up to an additive constant; condition
(ii) fixes this constant. As it follows from the trace formula (1.3), for A € R\ o(H + V') the
spectral shift function can be determined by (see [16], Section 8.7 and formula (8.2.20))

§ON) = TH(Ex(N) - Eupv(V), AER\o(H+V), (14)

where Fy(A) and Epyy (M) are the spectral projections of H and H + V associated with
the interval (—oo, A). In particular, it follows that £ is constant and integer-valued on the
intervals of the set R\ o(H + V).

Now we are ready to give a general definition of the eigenvalue moments:

o, = EN)AN, neZy. (1.5)
A"L

Let us explain why definitions (1.5) and (1.1) coincide for ||V < B. From (1.4) one can
see that for |V < B

(—1) x the number of eigenvalues of H + V in (A, — B, A) if A € (A, — B, A,).
(1.6)

€0 = { the number of eigenvalues of H +V in (A, A, + B) if A € (A,, A, + B);

From here it follows that (1.5) and (1.1) coincide.

Remark. Proposition 1.1 shows that
c(H+7V)NA, C (A, —Cn Y2 A, +Cn V%), vrelo1]

for any V' and all sufficiently large n. From here, using (1.4) and a continuity in 7 argument,
one can prove that for any V' and all sufficiently large n,

suppEN A, C (A, — Cn Y2 A, +Cn~1/?) (1.7)

and (1.6) holds true. Thus, for any V', definition (1.1) is applicable for all sufficiently large
n.

3. Main result

Theorem 1.2. The asymptotic expansion
PR 1.8
M ™~ Z i n — oo, (1.8)

j=0

holds true with some real coefficients a;. Moreover, one has

B VB V(z)V(y)
ay = — V(z)de, a1 =ay=0, az3=— —————~dzxdy. 1.9
O 7o S (z) P T 32208 /Rz /Rz e—y (19)




The identity (trace formula)

Z(Nn _B V(:v)dx) = —% V2(z)dx (1.10)

2
n=0

holds true.

Remarks (i) The coefficients o, a1, as are obtained by comparing the asymptotic
expansion (1.8) with the small + asymptotic expansion of Tr(et#*+V) —e=t) — see Section 2
below. It does not seem possible to obtain the coefficient ag by using a similar argument;
we obtain it by a more direct analysis (see end of Section 4). (ii) A similar trace formula
for the two-dimensional perturbed harmonic oscillator was obtained in [7]. (iii) It might be
interesting to note in connection with the formula for a; that the integral [ f iz ‘;(ly) dzdy
appears as the coefficient of the leading term in the high energy asymptotic expansion of
the total scattering cross-section for the pair of operators —A, —A + V(z) in L*(R?). (iv)
Some results concerning the eigenvalue distribution in clusters for large n can be found in
[14]. Also, related results concerning the distribution of eigenvalues of H + V' in various
asymptotic regimes can be found in [5] and [§].

Along with the moments p,,, we will use the higher order moments

™ = (k + 1)/A A= A)EEN)dN, kEN, neZ,. (1.11)

In the case |V|| < B, the last definition becomes uP = > —A,)F*. We will also prove
the asymptotic expansion

NORENOREING

(k) /2 (o) 1 @9 a3 o
Ly, (040 +n1/2+ . +n3/2+ ), keN, n—oo. (1.12)

Below for consistency we write p,, = MS)), a; = ozj(.o).

4. The structure of the paper We will use three distinct arguments to prove Propo-
sition 1.1, the asymptotic expansions (1.8), (1.12) and the trace formula (1.10). The proof
of Proposition 1.1 is self-contained, the proof of the asymptotic expansions (1.8), (1.12)
depends on the estimates (3.2), (3.3) obtained in the proof of Proposition 1.1, and the
proof of the trace formula (1.10) depends on both Proposition 1.1 and the expansions (1.8),
(1.12).

In Section 2, assuming Proposition 1.1 and existence of the asymptotic expansions (1.8),
(1.12), we prove the trace formula (1.10) and derive formulae (1.9) for the coefficients «ay,
a1 and as. The argument is quite elementary.

Proposition 1.1 is proven in Section 3.

In Sections 4, 5, 6 we justify the asymptotic expansions (1.8), (1.12). The proof is based
on a detailed analysis of the properties of the integral kernel of the resolvent of H (see
(5.1)) and on some facts from the theory of confluent hypergeometric functions. This part
of the paper is fairly elementary in nature but it is technically rather complicated.
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In Section 4 we also prove formula (1.9) for the coefficient as.

5. Notation We use notation ||Al|, ||Als,, ||Alls, for the operator norm, the Hilbert-
Schmidt norm, and the trace class norm of an operator A. By C, ¢ we denote various
constants in the estimates.

2 Proof of the trace formula

1. Heat kernel asymptotics.

Lemma 2.1. The asymptotic formula

1
Tr(e H — e MHHV)) = —/ V(z)dx — * Vi(x)dr + O(t?), t— +0 (2.1)
R2

4 T JRr2
holds true.

Proof. The required asymptotics can be obtained by using general results on asymptotic
expansions of heat kernels of second order elliptic operators. However, the two term asymp-
totic formula (2.1) is considerably simpler than the aforementioned general results, and so
we prefer to give a direct ‘elementary’ proof. We use the formula

¢
e—tH . e—t(H-‘rV) — / 6_(t_tl)HV€_t1(H+V)dt1 (22)
0
and the explicit formula for the integral kernel of e=*# (see [3]):

B
_tH .
e M (z,y) = mexp(—%]m—y\Qcoth(Bt)—l—z%[:v,y]), v,y €R? t>0, (2.3)

where [z, y] = x1y2 — zoy;. Iterating (2.2), we obtain

Tr(e  — e V)Y = [1(t) — Iy(t) + I5(t),

t 1

B = [ T Oy ot (Ve ) = = [ Vieds+O), 40,
0 7 e
t t1

[Q(t) = / dtl/ dt2 Tr(e_(t_tl)Hve_(tl_tz)HVe_tQH)7
Ot Otl to

I3(t) = / dtl/ dtg/ dts Tr(e—(t—tl)Hve—(tl—tz)HVe—(tg_tg)Hve—tg,(H+V))_
0 0 0

Consider the term I5(t). Introducing the new variable s =t — t; + to, we have

t
I(t) —/ ds s Tr(e sHV e~ =90y
0

¢ s
=/ d d —B(coth B th B(t — 2
/0 ® sinh Bs sinh B(t —s) /Rz : exp( 1(co §+co (t =)l ) W(z),



where W (z) = MBTQfRQ V(y)V(y + z)dy. Let us write W(z) as a sum of three terms:
W(z) = W(0) + (VIW(0), 2) + W(2), [W(z2)| < C|z|?, and split I5(t) accordingly: I,(t) =
IV + I2(t) + 1P (t). For I8V (1), explicitly computing the integrals, we obtain

2mt? t
IO =w0)— — = | V:x)de+ O3, t 0.
2 (1) O) e Bt ~ 8 o (z)dz +O(F), t—+

It is easy to see that the integral [2(2) () vanishes. For the integral Iég) (1), we get

t s
|I§3)(t)| S O/o s sinh Bssinh B(t — s) /dz |Z|26Xp(_%(00th Bs + coth B(t = 5))|:[")
C t
= m/ ds ssinh Bssinh B(t — s) = O(t*) t — +0.
0

Finally, let us estimate the term I3(¢). Using the Hilbert-Schmidt norm estimate
le V|5, < Ct71/2, t > 0, we obtain

|TI'( (t—t1 Hve—(tl to Hve—(tz t3)HV6—t3(H+V))|

C
< |le -ty —(t=t)Hy ) || |le tEHAV)||
e Is2lle s [1V7Illle I<s ==

which yields I3(t) = O(t?), t — +0. 1
2. Auxiliary estimate

Lemma 2.2. One has
[EN)|dA = O(1), n — oo.

n

Proof. Recall that the spectral shift function is monotone with respect to the perturbation
V. lLe., denoting temporarily by &(A; V') the spectral shift function corresponding to the
potential V', we have

if Vi < Vs, then £(\; V1) < (A 12) ae. A €R.
Let us choose Vi, Vs € C5°(R?) such that
Vi>20, Vo<0 and Vo<V KV
Then
EA V) <ENV) <€V, €A 1) 20, £(As12) <0
Therefore, [E(A\; V)| < (A Vi) — &(A; V2) and
coviar< [ enaviar— [ e a)dn

An An An

By the asymptotics (1.12) for ,u%o), applied to the potentials V7 and V5, the r.h.s. of the last
inequality is O(1) as n — oo. 1



3. Proof of the trace formula (1.10) and formulae (1.9) for a(()o)’ ozgo), ag‘”.

1. By Krein’s trace formula (1.3) with ¢(\) = e~ ¢t > 0, and Lemma 2.1, we obtain
= —tA 1 —tH _ —t(H+V) 1 1 2
EN)e M dN = n Tr(e " —e )= — V(:E)d;v—g— Vi (z)dz+0O(t), (2.4)
—00 R2

47t T JRr2

as t — 40. On the other hand, one can rewrite the integral in the Lh.s. of (2.4) as a sum
over the eigenvalue clusters:

/ h EN\)e N = i A E(N)e . (2.5)
e  a,
Let us use Taylor’s formula for e=*, A € A,,:
e~ — e=tn (1 — (A — A,) + %t?(A A< CEA— AP, ACA,.  (26)
By (1.7) and Lemma 2.2, we have
i/A EOIIA— Auffdr = 3" 0(2) < oo, (2.7)
n=0 n n=0

Combining (2.5)-(2.7), we obtain

Ne P\ = (0)g=thn _ Z¢ (De=thn 4 _42 De=thn L O3, t — 0.
/_OO&() >l 1 SN ()

(2.8)
Below we compare (2.4) and (2.8).
2. We will use the following elementary formulae for ¢ — +4-0:
o0 —Bt
—tA € 1
;e T—cm g O (2.9)
n~12e 7t = /OO 2 tBR ) g 4 O(1) = VT + O(1); 2.10
; i (1) b (1) (2.10)
Zn’le’m” = / g~ le P g + O(1) = —logt + O(1); (2.11)
n=1 1

00 t 0o
S n e = [ ET 0, 21
n=1 0 n=1

Using (2.9)—(2.11) and the asymptotic expansions (1.8), (1.12) for 1| we obtain for ¢ —



+0:

(0) (0)
cthe _ %, G VT )
E — t+O(1); 2.13
:U/n QBt + \/Q_Bt 052 og =+ ( )7 ( )
E pilethn — oz(l)ﬂ + O(logt); (2.14)

i " V2Bt
Zun O(log ).

Substituting this into (2.8) and comparing with (2.4), we find:

B
04(()0) =5 V(z)dz, 0 — o0 = .

Thus, p' = Ozé ) + a(o) =3/2 1 O(n~?), and so we get:

o0

Z#;O)e—tAn _ a(()O) i e thn 4 i(”( _ ao + i —tAn —1)
n=0

_2Bt+z O _ a0 4af Zn‘g/z —I—Z o 'n=3/%) (e —1)+O(t)
th+2 — a\Y2v21 Bt + o(\/1), (2.15)

as t — +0. Upon comparing with (2.4), we find the trace formula (1.10) and also the
formula

all) = —8Bal. (2.16)

We will use (2.16) later in Section 4 in order to determine the coefficient aéo). |

3 Proof of Proposition 1.1

Let P,, n > 0, be the orthogonal projection onto the eigenspace of the operator H cor-
responding to the Landau level A,. An explicit formula for the integral kernel of P, is
available (see e.g. [13]):

B )
P.(z,y) = %Ln(%x — y|2) exp(—%]a: - y[Q + z%[m, y)), =,y€ R?, (3.1)

where L,, is the Laguerre polynomial and [z,y] = z1y2 — x2y.
Lemma 3.1. Let V be any bounded function on R* with compact support. Then
V2P VY2 = O(n~"?), n — oo,
V2PV ls, = O™, 1 — co.



In the proof of Proposition 1.1, we will only need the operator norm estimate (3.2). The
Hilbert-Schmidt norm estimate (3.3) will be used in Section 4.

Proof. We will use the following asymptotic formula for the Laguerre polynomials [6,
10.15(2)):

Lo(t) = e Jo(\/(4n + 2)t) + Ru(t), Rn(t) = O(n™3%), n — oo, (3.4)
where the bound O(n~3/4) is uniform on any bounded sub-interval of [0, 00). Let us write
V2P|V = Ay + By,

where A,, and B, are the operators in L?(R?) with the integral kernels
B

iZlx
Au(,y) = 2 Jo(v/Aale =y 20V (@) 2V (y) 2, (3.5)
B —Zlz— 15 |T
Bu(z,y) = 5 Ra(§la — yP)e e ool (a) 2V (y) 2,

As V' is bounded and compactly supported, (3.4) gives
1B,lls, = O(n=3/%), n — oo. (3.6)
Let us prove the estimate (3.3). By (3.6), we only need to check that
[alls, = O(n~'7%).

The latter estimate immediately follows from the explicit form of the kernel of A,, and from
the simple inequality |Jo(t)| < C/v/t for t > 0.

Next, let us prove the estimate (3.2). Let A, be the operator in L?(R?) with the integral
kernel

Aali9) = 5 Jo(/Rale = DIV )V ()2

Note that up to a constant, Jz(n coincides with the imaginary part of the sandwiched resol-
vent of the operator —A in L?(R?):

~ 2B
A, = 7Im (V"2 (=A = A, —i0) " HV V2.

It is well known (see [2]) that
VA=A =X =i0) V]2 = O(A2), A — .

Thus, we obtain B
| A, = O(n~?), n— . (3.7)

Next, observe that the kernel of A, differs from that of A, by a factor iz [9l We are going
to use this observation and apply the theory of ‘multipliers of kernels of integral operators’
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[4]. Let © be a sufficiently large ball in R? so that supp V' C Q and let p € L>°(2 x Q). For
a Hilbert-Schmidt class operator 7' on L?(Q2) with the integral kernel T'(-,-) € L*(2 x Q),
let T be the operator with the integral kernel T'(z, y)p(z,y). Evidently, T is also a Hilbert-
Schmidt class operator and one has the estimate | T|s, < |[pllze||Ts,-

Next, suppose that the mapping T' — T sends the trace class S1 into itself and there
is a trace class norm bound ||T||s, < C(p)||Ts,. Then, by duality between the trace class
S, and the class B(L%(Q)) of all bounded operators on L2(€2), the mapping T — T can be
extended onto B(L2(€2)) and the norm bound ||T| < C(p)]||T| holds true for this extension;
see [4] for the details. In this case p is called a bounded multiplier on the class B(L?(€2)).

A sufficient condition (see [4]) for p to be a bounded multiplier on B(L?(Q)) is

supllp(, -)||ms@) < 00, s> 1,
z€eQ

where H*®(2) is the standard Sobolev class. Clearly, p(z,y) = ei3 2l gatisfies the above
condition, and therefore

M.l < ClAL = O(n™"?), 0 — oo,
which, together with (3.6), yields (3.2). B

Proof of Proposition 1.1. The proof is valid for any bounded compactly supported po-
tential. By the Birman-Schwinger principle, it suffices to show that for some C' > 0 and all
sufficiently large n,

“
\/ﬁ?

where R(\) = (H — \)~!. Choose [ € N sufficiently large so that ||[V||/A; < 1/2, and write
R()) as

I[VIV2PROW|VIV?| <1, forall e A,, |[A—A,|> (3.8)

Then, for A € A,

IIVIZRIVIYZ) < + VIRV

n—+l
3 |||V|1/2Pk|V|1/2||

k=n—I

By the choice of I, one has |||V [2R(\)|V|*2|| < 1/2. On the other hand, by Lemma 3.1,

n—+l
1IV]V2P, IV!1/2|V 12 IR §
kzl A, — < (204+1)O0(n )n_g’?%(n+l|Ak — AT =0 V) A, — A

Thus, we get (3.8) for sufficiently large C' > 0. B
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Remark 3.2. 1. The operator norm estimate (3.2) is sharp, i.e. for any V' not identically
zero, one can prove that

IIVIV2RVIY2) = ef/v/n

for some ¢ > 0 and all sufficiently large n. Indeed, without the loss of generality assume
that supp V_contains an open neighbourhood of zero and let V' be a spherically symmetric
potential, V(x) = v(|z|) < |[V(x)|. Then by Lemma 3.3 of [13], the eigenvalues \; of
IV|Y2P,|V |2 are given by

' oo
(Zk)' / o(v/2t/B)e LY (#)%dt, k= -n,—n+1,-n+2,..., (3.9
n - Jo

where LY are the Laguerre polynomials. Taking k& = 0 and using the asymptotics (3.4)
and the asymptotics of the Bessel function, one obtains that (3.9) has asymptotic behaviour
en ' 2(1 4 0(1)), as n — oo.

2. Using the above observation and an argument similar to the proof of Proposition 1.1,
one can prove that Proposition 1.1 is sharp in the following sense. Suppose that the potential
V' is not identically zero and is either non-negative or non-positive. Then for some ¢ > 0
and all sufficiently large n, (the width of the n’th eigenvalue cluster) > en~='/2.

4 Proof of the asymptotic expansions (1.8), (1.12)

We will prove the asymptotic expansions (1.8), (1.12) by expressing the eigenvalue moments
/Af) as contour integrals of an analytic function. Let I',, be a positively oriented circle around
A,, with the radius B. First, we need estimates on the norm of the ‘sandwiched resolvent’

of H on the contours I',,.

Lemma 4.1. For n — oo, one has

sup |[V['2R(2)|V|"2]| = O(n~"*logn), (4.1)
zel'y
S;lrp“|V|1/2R(z)\V\1/2Hs2 = O(n~Y*logn). (4.2)

Proof. Let us prove (4.1). Using the estimate (3.2), we get for z € I';:

= WVIERIVIE S C 3
IIVI'2R(2)[VIV2) < <Y ————+om™Y
2;% h\k‘_'A‘ g;; V/ELAk —-Z|
" dx * dz
< C C 9] =1/2y _ 9] 71/21
/0 Vr|B(2x +1) — 2| + w1 VZ|B(2z +1) — 2| +0(n~77) (n ogn),

as n — 00. The estimate (4.2) can be proven in a similar fashion by using (3.3). B

The core of the proof of the expansions (1.8), (1.12) is the following Lemma.
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Lemma 4.2. For all k € Z, and all j > 2, the integrals

/ Tr(VR(2)Y (= — Ay)hdz (4.3)

n

have a complete asymptotic expansion in integer powers of n? asn — 0.

The proof of Lemma 4.2 is given in Sections 5, 6.

Proof of the asymptotic expansions (1.8), (1.12). First of all, note that it suffices to

prove (1.8), (1.12) with some complez coeflicients ozj(-k); indeed, as ¥ are real, a posteriori

the coefficients aﬁ-k) are easily seen to be real. Thus, in what follows we will work with
expansions with complex coefficients.
By [3, Theorem 2.11], the difference of the resolvents of H + V and H belongs to the

trace class. This enables us to define the analytic function

W) = TV (=) = [

The second equality in the above formula is due to Krein’s trace formula (1.3). Let n be
sufficiently large so that

d, z € C\(oc(H)Ua(H+V)).

B
5]

(see (1.7)). Let, as above, I';, be a positively oriented circle around A,, with the radius B.
Integrating W (z)(z — A,)*** over z around I',,, we obtain

27”/ W )k+1dz=/_oo dr€() )271”/ %dz
§

N = A)RdN = B (4.4)

B
supp&NA, C [A, — E,An—i-

=(k+1)

Firstly we prove the expansion (1.12) (i.e. assume k > 1). Expanding the resolvent (H +
V — 2)71 yields

Z 1) Tr[R(2)(VR(2))7]. (4.5)

Lemma 4.1 ensures that the series in (4.5) converges absolutely for z € T',, and large n.
Substituting the expansion (4.5) into (4.4) and subsequently integrating by parts in each
term of the series, we obtain

[e.9]

W= ke Y EY L / Te(VR(:)Y (= — A)dz, k€ N. (4.6)
Parwi 27 Jr,

12



Here the summation starts from j = k£ + 1, as for 7 < k the integrand is analytic at z = A,
and therefore the integral vanishes. Usmg Lemma 4.1, we obtain the following estimates
for the integrals in the r.h.s. of (4.6):

/ Tr(VR(2)) (2 — Ay)*dz

n

<Bk/r |||V|1/2R(Z)|V|1/2||§2”|V|1/2R(z)|v|1/2||j_2dz

2 j—2
<O(Clogn) (Clogn)
nl/4 nl/z
This ensures that the series (4.6) converges absolutely (for sufficiently large n) and gives a
bound for the remainder:

o0

2 (_j.l)J% /F Te(VR(2)) (2 = An)'dz| = O ((logn)“n="V72) | i — 00, (4.7)

Combining Lemma 4.2 with the estimate (4.7), we obtain that the moments N

have an asymptotic expansion in integer powers of n='/? as n — oo. We also need to prove
that first several terms of the expansion for ,u%k) vanish, so that the expansion starts from
the term Cn~%/2. This can be seen as follows. For j = k + 1 we can compute the integral
in the series (4.6), which gives
— (-1y 1 :
p = Te(VP ) 4+ (k+1) > Qz— / Te(VR(2)) (2 — Ap)Fdz, keZ,. (4.8)
, j 2w Jp
Jj=k+2 n

Lemma 3.1 gives
Te(VE) S < VIRV VPP VIV = O(n™?), 0 — oo

Combining this with the estimate (4.7) with N = k + 2, we obtain P = O(n7*/?) as
n — 0o.

Secondly we prove the expansion (1.8), i.e., the case k = 0. Here the only difference
is that the first term in the series (4.6) is not well defined, as VR(z) is not of the trace
class. However, this term can be written as (cf. (4.8)) Tr(|V[*/2P,|V|"/?sign V), and by
the explicit form (3.1) of the integral kernel of P,, the last expression equals % f V(z)dx
The rest of the argument is the same as for £ > 1. 1

Proof of the formula (1.9) for a3 . We will prove

B3/2

(1)

a 4.9
0 4\/_7r3/R2/Rz |$—y| 49

By (2.16), this yields formula (1.9) for aéo).
Due to (4.8) and (4.7), we have

p) = Tr(VP,)? + O((logn)’n™"), n — oo,
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so it suffices to prove that

(1)

(VP! = 205 +on™?), n— o

with oz(()l) given by (4.9). By formula (3.1) for the integral kernel of P,, we have

TRP = (5 ) [ V@VOILEle - P exn(-5le — y)de dy

2w
B [ >
= L, (t*)?e” " h(t)tdt,

- 2
2m2 Jo

where h € C§°(R) is given by

h(t) = /sl dw /R2 dyV (y)V(y + \/%tw), teR.

By (3.4),

/ L, ()2 h(t)tdt = / Jo(tV4n + 2)%h(t)tdt + O(n /%), n — co.
0

0

Next, using the asymptotics of the Bessel function, we obtain
| Jo(z) — /2 cos(z — )| < Cz V21 +2)7t, x>0,
and therefore

| Jo(z)? = Z(cos(z — 7))*| < Cz7'(14+2)"", z>0. (4.10)

One has for n — oo:

| mteoste/amT2 = 5)2hdt = ey [

" ,r\/jm/o cos(2tVdn +2 — 5)h(t)dt = ﬁ/o h(t)dt + o(n™"/?);

(4.11)
/0 t\/47l+2(11+t\/4n+2)h(t)tdt =o(n~'?). (4.12)
Combining (4.10), (4.11), (4.12), and computing the integral fooo h(t)dt yields formula (4.9).
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5 Analytic properties of the resolvent R(z)

In this section, we discuss analytic properties of the integral kernel of the resolvent R(z) =
(H — 2z)~! and reduce the proof of Lemma 4.2 to Lemma 6.1. Our analysis is based on the
following explicit formula for this kernel:

Lemma 5.1. For any z € C\ o(H), the integral kernel of the resolvent R(z) of the mag-
netic Hamiltonian H can be expressed in terms of I'-function and confluent hypergeometric

function U(a, b; () as follows:

1 |
R(2)w,9) = T (3= 35) UG — 55 Ligle —yl) exp (= Flz —yP +ig[e)) . (B1)

where T,y € R?, x # y.

Proof. Let us employ the integral representation [1, (13.2.5)] for the confluent hypergeo-
metric function

I(a)U(a, 1:¢) = / (14 )y, 0 <Rea<1, >0 (5.2)
0

and the explicit formula (2.3) for the heat kernel [3] of the magnetic Hamiltonian H. Sub-
stituting (2.3) into the formula

R(z):/ e et qt,
0

denoting ¢ = 2|z — y|%, making the change of variable 7 = (coth(Bt) —1)/2 in the integral,
and taking into account (5.2), one obtains (5.1) for —B < Rez < B. Analytic continuation
in z completes the argument. B

For the reader’s convenience and ease of further reference we start by recalling the
necessary facts about the confluent hypergeometric functions U(a,b; (), M(a,b;(). Our
main sources are [1] and [15]. The functions U(a,b;() and M(a,b;() are two linearly
independent solutions to the Kummer’s equation

d*U aU
iz + (b OdC aU = 0.
We are only interested in the case b = 1 (see (5.1)) or b lying in a small neighbourhood
of 1, so we assume that |b — 1| < 1/2; this will simplify our discussion. We also assume
0 < ¢ < R for some fixed R > 0, as we are interested in the case ¢ = Z|z — y[* when both
x and y are in supp V' (see (4.3)).
The function M(a,b; () is given by a convergent Taylor series

a ¢ oz(a—l—l)C_2 a(a—i—l)(a—i—Q)C:’
b1l b(b+1)2!  bb+1)(b+2) 3!
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As it is readily seen from the above series, M (a,b;() is analytic in (a,b,{) € C x {b :
b—1| < 1/2} x C. For —a ¢ Z, ( > 0, b # 1, the function U(a, b; () is defined by

7r I'(a) o M1 4a—b2-b)
sin(7b) (F(l +a— b)F(b)M(a’ biQ) - ¢ I'(2-1b) ) '

[(a)Ufa, b; ¢) =

(5.3)
We assume that arg¢ = 0; this fixes the branch of (*7*. The function I'(a)U(a,b;() is
meromorphic in a € C with poles at a = 0,—1,—2,... which correspond to the Landau

levels — see (5.1).
The r.h.s. of (5.3) is analytic in b with a removable singularity at b = 1; the limit as
b — 1 is easy to compute:

[(a)U(a,1;¢) = —2My(a, 1;¢) — M;(a, 1;¢) — (2 + ¥(a) +log()M(a,1;¢),  (5.4)

where M = 8M , M = 8b7 (a) = T"(a)/T(a) is the digamma function, v is Euler’s
constant v = —w( ) =~ 0.577, and log ¢ € R, { > 0.
Using the reflection formula for the v function,

¥(a) = ¥(1 - a) - 7 cot(ma),

let us rearrange formula (5.4) as

T'(a)U(a,1;¢) = M(a, () + m cot(ra)M(a, 1; ), (5.5)
M(a,¢) = =2Mj(a, 1;¢) = M;(a,15¢) = (2y + (1 — a) + log OM(a, 1;¢).  (5.6)

The function M (a,() is analytic in a at the points —a € Z,. The singularities of the
function I'(a)U(a, 1; () written in the form (5.5) are easy to analyze, as they are due to
the elementary function cot ma. Incidentally, (5.5) gives a formula for the residues of the
resolvent R(z); due to the identity M(—n,1;() = L,(¢), this formula agrees with (3.1).

Proof of Lemma 4.2. Substituting formula (5.1) into the integrals (4.3) and using (5.5),
we see that in order to obtain the required asymptotic expansions, we need to analyse the
asymptotics of the integrals

/ (a+n)*(cot ma)"G(a)da, n — oo, k€Z,, ucN, (5.7)
Tn
where 7, is a positively oriented circle around a = —n with the radius 1/2, and G(a) is the

analytic function

G(a) = /2‘ F(xy,... ,xj)Hilep(a, §|azp+1 — xpH)dxy - - dz;, Tjp1 = 1. (5.8)
R25

Here
F(xy...x;) =V(xy)---V(xj)exp ( Z|mp+1 z,* + gz Tpy Tpi1 ) , Tjy1 =Ty,
p=1
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each of the functions M, (a, () is either M (a, 1; () or M(a, () and at least one of the functions
M,(a, Q) is M(a, 1;().

Applying the residue formula to the integral (5.7), we see that the required statement
follows from Lemma 5.2 below. R

Lemma 5.2. For any F' € C°(R¥), let G(a) be given by (5.8), where each of the func-
tions M, (a, () is either M(a,1;C) or M(a,¢) and at least one of the functions M, (a, ()
is M(a,1;¢). Then the function G(a) and all of its derivatives G©®)(a), s > 1, admit
asymptotic expansions in integer powers of \a|_1/2 as a — —oo, a € R.

Proof. The proof is based on using suitable asymptotic expansions of the functions M(a, 1; ()
and M (a, () in terms of Bessel functions and on application of Lemma 6.1.

(i) First consider the special case when M, (a,() = M(a,1;() for all p in (5.8). Our
main tool is a convergent expansion of M (a, b; () in terms of Bessel functions due to Tricomi
[15]. For our purposes it suffices to consider the following range of parameters:

Rea< -1, |Ima| <1, [b—1]<1/2, 0<(<R (5.9)

for some fixed R > 0. The expansion of [15] (see also [1, (13.3.7)]) reads:

m/2
) A Jo—14m(V/ (2b — 4a)(),

(5.10)
where J,_1,., are Bessel functions and A,, = A,,(a,b) are the coefficients in Taylor expan-

sion ) .
G =2\ .
f(z)—<1+z> (e 1+z> —;Amz |2l < 1. (5.11)

—b)/2
Note that Re (b — 2a) > 1 and the principal values of <(b 2'1)() and \/(2b — 4a) are

taken in (5.10). Due to a fast decay of the Bessel function J,(z) for v — oo, the series
(5.10) converges absolutely for the range of parameters (5.9). Take b = 1 and for a given
N € N, write Tricomi’s expansion (5.10) as

m=0

M(a,1;¢) = MY (a,C) + My (a,C), (5.12)
where p
o) / ¢ \" —
M <22A a,1) (2_4a> Jn(V/(2 — 4a)0).

Let us recall the argument of [15] which gives the estimate for M ](Vl)(a, ¢). By inspecting
the integral representation for the Bessel function, one obtains a uniform estimate

| Jmn(V/(2—4a)()| < C  for meZy, Rea< -1, [Ima|<1, 0< (<R
(5.13)
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Next, one needs a bound for the coefficients A,, of the expansion (5.10). Applying Cauchy’s
theorem to Taylor expansion (5.11) yields

[ Am| < 7" max|f(2)]

|2|=r

for any r € (0,1). Note that

() = <1iz>b (140(*) 20

Choosing r = |a|~% (one can take r = |a|=® for any 1/3 < § < 1/2), one obtains for all
sufficiently large |al:

| Ap| < Cla|2™(1 4 Cla)~13) R < 2C|a| 2™, (5.14)

Combining (5.13) and (5.14) gives for all sufficiently large |al:

m/2

R
= O(|a\_%N), Rea — —oo, |Ima| < 1. (5.15)

2 —4da

o0 im
M (a,0)| < C D al
m=N

In the same way, the estimates (5.13) and (5.14) show that
1M (a,0) =0(1), Rea— —oo, |Imal<1. (5.16)

Substituting (5.12) into (5.8), we obtain

GS\?)((I) = . F(ay,... ,xj)szlMJ(\?)(a, g]xpﬂ — xp]2)dx1 - dxy, Tjp1 = 7.
J

By (5.16), (5.15), we get
GW(a) = O(ja] #Y),  Rea— —oo, |[Ima|<1.

By Cauchy’s formula for the derivatives, this entails

d\* 1
(%> GWV(a) = O(la] =), a— —o0, acR.

As N can be taken arbitrary large, we see that it suffices to prove that for any N > 0, all
derivatives (%)S Gg\(;)(a), s € 7, have an asymptotic expansion for a — —o0, a € R.

From (5.11) it follows that the coefficients A,,(a,b) are polynomials in a and b. This
observation reduces the problem to justifying the asymptotic expansion of the integral (5.8),
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where each of the functions M,(a, () is ("™/%J,,(1/(2 — 4a)¢) with some m € Z,. Such an
expansion is provided by Lemma 6.1. .

(ii) Consider the general case. First let us obtain an expansion for M(a,() similar to
(5.10). Substituting (5.10) into the r.h.s. of (5.6), after a rearrangement we obtain

—~ o0 m/2
F1(a.€) = ~(4(1 — @) ~ log(% — a))? 3 A ( ¢ ) TV a0

2 —4a
m=0
m/2 m/2
¢/2 ' — —eb/? —
—2e ZA (2_4a) Jn(V/(2 = 4a) ZB (2_4a) Jn(V/(2 = 4a)(),
(5.17)
where DA, 0A 0J,(2)
m 7 . v\%
Bu= (354 ) b Il = 25

A fast decay of J,, and J,, as m — oo ensures convergence of the series and validates
differentiation with respect to a and b.

Using the expansion (5.17), we can complete the argument by following the same steps
as in part (i) of the proof. First we need to obtain estimates for the remainders of the series
in the r.h.s. of (5.17) in the strip Rea < —1, [Ima| < 1 (cf. (5.15)). The estimate for the
remainder term of the first series in the r.h.s. of (5.17) is provided by (5.15). The estimate
for the second series in the r.h.s. of (5.17) is obtained in exactly the same way by using the
estimates |Jo(1/(2 — 4a)¢)| < C 4 Cllog|(2 — 4a)¢|| and (see [1, (9.1.22)])

|Jn(v/(2—4a)0)| <C, meN, Rea<—-1, |Ima/<1, 0<(<R

instead of (5.13). In order to estimate the remainder term of the third series, we need
an estimate on the coefficients B,,. The coefficients B,, are readily seen to be Taylor
coefficients of the function (cf. (5.11))

9(z) = (Qa—g( ) + %(z)) = f(2)log(1 — 22)"1/?

which similarly to (5.14) gives
|Bul < Cla] 2"

This gives the analogue of the estimate (5.15) for the third series in the r.h.s. of (5.17).

Next, the function (1 — a) — log(3 — a) in (5.17) admits asymptotic expansion in
integer powers of a~! as Rea — —oo (see [1, 6.3.18]). Thus, we have reduced the problem
to justifying an asymptotic expansion of the integral (5.8), where each of the functions
M, (a,C) is either ¢™/2J,,(v/(2 —4a)¢) or ¢™?J(1/(2 —4a)¢) and at least one of the
functions M, (a, ¢) is ¢™/2J,,(1/(2 — 4a)¢). Finally, the formula [1, (9.1.66)]

mml (/2
A

k=0

(¢/2)" (€)= 5(¢/2)"Yin(C) J(Q)

k)]

reduces the problem to Lemma 6.1. B
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6 Asymptotics of integrals containing Bessel functions

Lemma 6.1. Let F' € C°(R%). Define a function G1(k), k > 0, by
J
Gi(k) = /2. F(ay, - 2;) [ [ Imy (Klwp — mpia Dy — wpia[rda - - daj, i1 = 25 (6.1)
R?J ol
where each of the functions I, (C) is either Jn, (¢) or Y, (¢) with some m, € Z,, and

at least one of the functions Jp,,(C) is Jm,(C). Then the function G1(k) and all of its

derivatives Ggs)(/i), s > 1, have a complete asymptotic expansion in integer powers of k!

for k — +o00.

Proof. Recall the identity [1, (9.1.27)]
¢ (Q) = 20C" I (C) = G Q) Tu=dyor ] =Y,

This identity allows us to reduce the problem to the case when all the indices m, in the
integral (6.1) are 0 or 1. Next, assume for the convenience of notation that the first [
functions J in the integral (6.1) are the Neumann functions Y, and the remaining j — [
functions are the Bessel functions J. For k1 > 0, kp > 0, ..., K; > 0 define

GQ(KZl, ey /ﬁ}j)
J

l
:/ F(ajla"-xj)HYO("{p’xp_xp-i-l') H Jo(kpl|p — Tpsa|)day -+ - dy, @40 = a0
R2J
p=1

p=l+1
(6.2)
Formulae 0 Iy
show that it suffices to obtain an asymptotic expansion of the functions
B1 Bj
(g) . (g) Gokry - #5) lrmmnymns By € Zy (6.3)
for kK — oo. We shall obtain an asymptotic expansion for the function G3(k) := Ga(k, ..., k)

as kK — 00. From the construction it will be clear that the derivatives (6.3) can be dealt
with in the same way. Let us make a change of variables in the integral (6.2). Denote

Yp = Tp — Tp+1, p:l’...,j—l, Z:‘%l—i_."_'_xj;
Fi(y) = / F(xy...x5)dz, Fy € C°(R¥2),
R2

Then we obtain

! j—1

Gatr) = [ Rl + -+ D [T Yaloll) ] ot 60

p=1 p=Il+1
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Next, we use the formulae

1 - 1
Iulal) = % [ = s alulyl) = = v |

T
Substituting these formulae into (6.4), we obtain

Bud, — 1)+ 8(u2 — 1)
G = V.p. / F: — U, — Uiy ooy Ui — Uj))duy ... du;
3(5) v p /R2j (u% o 1) . ('U/l2 . 1) 2(5(7,[/1 u]7u2 u]? 7uj 1 u])) ul uj?

where F5 is (up to a multiplicative constant) the Fourier transform of Fj. Note that F,
belongs to the Schwartz class S(R*~2).

In order to simplify the last integral, we introduce some notation. Let us use the polar
coordinates u; = ril/Qu_)’i, where &; = (cosw;,sinw;) € R? w; € T = R/27Z. Denote also
w=(wi,...,wj_1) € TV r=(r,...,r) € R,. Define the function

flrw,w) = (r""& =&, ..., r &) — &, G141 — Gy ..., D1 — W) € RITZ

With this notation, we have

Gs(k) =277 /T dw /le dw v.p. /Rl+ dr (r]?_("&lJ;(.Tj W(;ﬂjdg_ﬁl) (6.5)

Note that
froww)=0& (r=(1,...,1) R, andw = (wj,...,w;) € TV 1)

and rank f'(r,w,w;) = [+ j — 1 at the point r = (1,...,1), w = (wj,...,w;). Let us show
that only an arbitrary small neighbourhood of the point r = (1,...,1), w = (wj,...,w;)
gives contribution to the asymptotics of the integral (6.5). First recall some estimates for
the principal value integrals. Let 6 > 0 and ¢ € C*°(—4, ). Then

5 5
V.p. /—5 @dm = /—5 @' (z) log|d/z|dz,

and using the Cauchy-Schwartz inequality, one obtains

5 bl ,
v [ el < O s (6.6)
Similarly, for ¢ € C*([-4,d]"),
!
V.p. / de‘ < C(0) ‘ _9¢ . (6.7)
(7676)l le st xl 61’1 A axl L2((—(5,5)l)

Denote U = (1 —¢&,1+¢)! X (wj —e,wj + &)t C R x TV"! where ¢ > 0 is sufficiently
small. Let us show that

Ga(k) = 277 /T dw;v.p. /U drduw (: 2_(“1’;(.7"_’_“2;‘;’3'_))1) +O(k™). (6.8)
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For simplicity consider the case j = 2, [ = 1. Then for kK — oo one has

d?"l

dw2 dw1

1F2(/1f(r1,w1,w2))

<C sup |Fy(kf(ri,wi,we))| = O(k™™),

[r1—1|>¢

R \(1—¢,14¢) T

and also by (6.6)

1+e d
/dwgv.p./ n / dwi Fa(kf (11, w1, wa))
T 1—¢ —1 T\ (w2 —e,w2+€)

1+e F 2
C/dWZ/ dwl/ drq OFy (K f (1w, ws))
T\(wz2—e,wa+e) 1—¢

=0(k™ ™),
g ofe)
as Fj is the Schwartz class function.

Thus, it suffices to prove an asymptotic expansion of the integral in the r.h.s. of (6.8).
The asymptotic expansion of the integral over (r,w) is provided by Lemma 6.2 below. It
remains to note that the expansion given by Lemma 6.2 is uniform in wj;; integrating this
expansion over w;, we obtain the required expansion for Gs(x). B
Lemma 6.2. Let f € C*°(R™ R"), m < n, and suppose that f(0) = 0, rank f'(0) = m.
Then for any sufficiently small open neighbourhood of zero U C R™, any F € S(R"), and

1 €{0,1,...,m}, the integral
(%) = vp. /U Flef@) ;. (6.9)

a’;‘l...xl

2

has a complete asymptotic expansion
I(k) = /{l_m(co Y e Y R N ), K — 0.

Proof. Choose U sufficiently small so that

1
|f (@) = f(0)a] < 51f(0)a], Yz eU. (6.10)
For a given N € N, N > [, let us prove that
N—m—1
I(k) = "™ Z ik +O(K™N), Kk — 0. (6.11)
i=0

By Taylor’s formula for f(z) and F(kf(x)),

f(2) = f/(0)z + (), =3 OO + (), (6.12)
F(f(z)) = F(cf'(0)z + rfa(x)) = Z FO(kf'(0)x)(kfa(z)! + Fy(z, k), (6.13)
Fr(z, k) = % /0 (1= )N (L) B (s (0)z + wr fola) )dr. (6.14)
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Here we use simplified notation; f(*)(0)z* stands for the polylinear form of the s’th differ-
ential of f at zero, etc.

Substituting (6.12) into (6.13) and collecting the terms that contain and that do not
contain fy(z) into two different sums, we can write

F(rf(x)) = Z F,(kx)P,(z) + Z F,(kx)g,(x) + Fy(z, k). (6.15)
09N q=N+1

Here both sums over ¢ are finite, ﬁq € S(R™) are obtained from various components of
derivatives of F', P,(z) are polynomials in x of degree ¢, and g, € C*(U) are functions,
satisfying the polynomial type estimates

) (e

Consider the terms obtained by substitution of the r.h.s. of (6.15) into the integral (6.9).
First, using the estimate (6.7) and the fact that F} is a Schwartz class function, we obtain

<Cylal™ B =Pi+-+8<q zeU  (6.16)

v.p. /U Folrr) P,(z)dx = v.p. / Folrr) P,(z)dx + O(k™)

xl---xl Rmxl--.a’;‘l

= KTy p, / Fol) P,(x)dzx + O(k™), K — 00.
w1 T
So, these terms will give contribution to the asymptotics (6.11).

Next, consider the terms obtained by substitution of the second sum in (6.15) into the
integral (6.9). Using (6.16), we obtain the estimate

!
d (Fq<’€x>gq<x>> < C/{/lf%fq'
oxy---0x
12(U)
By (6.7), it follows that all the corresponding integrals are O(x!~) as k — oo.

Finally, consider the term Fy(z, ). By (6.10), we obtain for some ¢ > 0:
1
[0z +7fo(2)| = 5| F(0)2] = clal, €U, 7e€(0,1).

Using this fact, we obtain

|Fn(z, k)] < O |ys>1i103x|IF(N“)(y)fz(l’)N“|
and therefore
| Fn (s 6) || 2wy < O(k~ 2 N1, Kk — 4oo.
Similarly, one can prove the estimate
O'Fy(z, k)
Ay -0y

L2(U)

By (6.7), it follows that the integral of Fy is O(k/"=1) and will only give contribution to
the remainder term in (6.11). W
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