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Abstract: We prove asymptotic formulas of Szegd type for the periodic Schrodinger
operator H = —% + V in dimension one. Admitting fairly general functions & with
h(0) = 0, we study the trace of the operator /(X (—a,a) X(—oco,1) (H) X(—a,)) and link its
subleading behaviour as @« — 00 to the position of the spectral parameter p relative to
the spectrum of H.

1. Introduction

The classical Szeg6 formula (see [30]) describes the determinant of the truncated Toeplitz
matrix as the truncation parameter tends to infinity, we refer to survey [14] for discussion
and further references. Our interest is closer to the continuous variant of this problem,
i.e. to truncated Wiener-Hopf operators. Let / C R be a finite (open) interval, and let
a = a(&), &€ € R, be a bounded, in general complex-valued function, which we call
symbol. By the truncated Wiener-Hopf operator we understand the operator of the form

Wi(a; I) = x1F*aFx;,

where F : L2(R) > L2(R) is the unitary Fourier transform, and x; is the indicator of
the interval /. Both a and x; are to be interpreted as multiplication operators on L?(R)
in this context. There is a vast literature studying the behaviour of the trace

trh(W(a; al))
with a test function /4, as the scaling parameter ¢ > 0 tends to infinity. The above trace is

known to be finite if the functions a and 4 are smooth, 4 (0) = 0, and a decays sufficiently
fast at infinity. We do not intend to give an extensive survey of known results, but only
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mention that, under these assumptions, there exists a complete asymptotic expansion of
this trace in powers of a~ L, see e.g. [3,33]. This expansion consists of two terms:

tr h(W(a; al)) = %|I|/h(a($))d§ +B+0(@ ™), a — oo, (1.1)

with an explicitly computable coefficient B = B(a; h), independent of the interval 1.
Note that in the multidimensional case, in general, the asymptotics contain infinitely
many terms, see [33].

In this paper, we do not need the precise value of B, since our main concern is the
case of a non-smooth symbol a. Assume, for the sake of discussion, that a = x; where
J C R is a bounded interval, and that /4 is a C*°-function such that 4#(0) = 0. Then the
results of [16,32] imply the asymptotic formula

trh(W(xy; al)) = %h(l)|1||]| +log(a)W(h) + o(log(a)), o — o0, (1.2)

with a coefficient W(%) independent of the intervals 7 and J, see (1.9) for the definition.
Thus, one observes that the first term on the right-hand side is the same as in (1.1),
but the second one exhibits a behaviour different from (1.1). The multidimensional
generalization of this result, even with more general discontinuous symbols a, was
obtained in [23,24]. Further extension to non-smooth functions # was done in [18,26,27].
The formula (1.1) is a continuous analogue of the second-order Szegd limit theorem, see
[30], so we loosely refer to (1.1) and (1.2) as Szegd formulas, or formulas of Szegd type.
It is clear that under the condition 4(0) = h(1) = 0 the leading term in (1.2) vanishes,
and the formula takes the form

tr h(W (xs; al)) = log(a)W(h) + o(log(a)), & — oo, if h(0) = h(1) =0. (1.3)

The increased recent interest in the asymptotic results of the described type with possibly
non-smooth functions # is partly due to their connection with the study of the bipartite
entanglement entropy (EE), see e.g. [9,10,18,19]. For instance, the formula (1.2), used
with the function

ni(t) = —tlogt — (1 —t)log(l — 1), t € [0, 1], (1.4)
which is not differentiable at the endpoints of the interval [0, 1], would describe the

scaling asymptotics of the von Neumann EE for free fermions in the Fermi sea J at zero
temperature, see [9,13]. The function (1.4) is just one representative of the family

ny(t) = log [t + (1 —1)"], t €0, 1], (1.5)

-y
with y > 0, where 1, is defined as the limit of n,, as y — 1,y # 1. Picking h = n,, one
obtains from (1.2) the asymptotics of the y-Rényi EE, see e.g. [18]. Due to the condition
ny(0) = 1, (1) = 0, formula (1.3) applies and the EE behaves as log(a) as o — 0.
Let us remark at this point that there is an extensive physics literature on the topic of
EE. However, we do not enter a detailed discussion of it in the context of this paper. For

the interested reader, we refer to general reviews [1,4,5,15,17] on the importance of EE
in the study of black holes, condensed matter systems and quantum information theory.
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Having in mind the application to EE, a natural generalization of discussed questions
is to move from free fermions to fermions in an external field. In mathematical terms,
that amounts to studying the trace of the operator

h(Xara(H)xar), (1.6)

where H is some general self-adjoint one-particle Hamiltonian. Such an analysis for
ergodic Hamiltonians H was conducted in [6,12,20], including multidimensional results.
In this new setting, a number of new and rather unexpected effects emerge. To give
just one example, as follows from [6], the EE for Fermions at zero temperature in a
disordered one-dimensional medium remains bounded as &« — o0, in contrast to the
free case, mentioned above.

Our objective in the present paper is to obtain formulas of Szegd type for the operator
(1.6) with the functiona = ¥ (—co, 1), 4 € R, and with H being the Schrodinger operator
with a periodic potential in dimension one. More precisely, set

2
H = —d—+V(x), dom(H) = H*(R), (1.7)
dx?
where V is a real-valued periodic L2 - function, so that the operator H is self-adjoint on
H?(R). Without loss of generality we assume that the period equals 277. The spectrum
o (H) is known to be absolutely continuous, and it is the union of infinitely many spectral
bands (closed intervals whose interiors are disjoint). We introduce the notation P, :=
X(—o0,u) (H) for the spectral projection of H associated with the interval (—oo, ). The
parameter p is naturally interpreted as the Fermi energy. Without loss of generality,
in the operator (1.6), we choose a symmetric interval / = (—1, 1), i.e. we obtain an
asymptotic formula for the trace

trh(Ba,p.)a Ba,u = X(~a,a) PMX(—O{,(X)’ (1.8)
as ¢ — 00. A mild condition is imposed on the test-function #.

Condition 1.1. The function h : [0, 1] — C is piece-wise continuous, it is Holder
continuous att = 0 and 1, and h(0) = 0.

For a function £ satisfying Condition 1.1, define the integral

1
[ (1) _th(l)]dz.

i (1.9)

1

The next theorem is the main result of the paper.

Theorem 1.2. Let H be the operator defined in (1.7) and suppose that V € C°(R).
Assume that the function h satisfies Condition 1.1. Then for any u € (a (H ))o we have
the asymptotic formula

tr[h(Bg, )] = 20h(1)N (i, H) +log(e)W(h) + o(log()), as a — o0. (1.10)
Ifu ¢ (o(H))°, then
tr[h(By, ;)] = 2ah(1)N(u, H) + O(1), as o — oo. (1.11)

Here, (O'(H ))o is the set of interior points of the spectrum, and N (., H) denotes the
integrated density of states for the operator H, defined in (2.5).
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Remark 1.3.(1) The two terms in (1.10) are of different nature: the first one (linear in )
depends on both the potential V and the parameter u, but the second one (log-term)
is - remarkably - independent of V or w, as long as i remains an interior point of
the spectrum o (H).

(2) To emphasize the dependence of the asymptotics on the spectral parameter ; consider
a function /4 such that 2(0) = h(1) = 0. Then tr h(By, ;) remains bounded if w is
in a spectral gap. If however, p is inside a spectral band, then the asymptotics are
exactly as in the case V = 0, described by the formula (1.3).

(3) We point out that the function %z in Theorem 1.2 is not required to be smooth, not
even at the endpoints ¢+ = 0, 1. If we do assume that % is differentiable at the
endpoints, then the conditions on the potential V can be relaxed to V € L2 (R).
This can be observed at the first step of Sect.7, where we take the closure of the
asymptotics, starting from polynomial test functions /. The increased smoothness
of V, i.e. the condition V € C*°(R) is required to handle the functions /4 that are
Holder-continuous at = 0, 1. To be precise, a finite smoothness of V', depending on
the Holder exponent, would have been sufficient, but we do not go into these details
to avoid excessive technicalities.

Let us describe the strategy of the proof of Theorem 1.2, focusing on the case where
n e (cr(H ))O. The proof of (1.11) is considerably easier, and we do not comment on it
now.

To prove formula (1.10) we proceed in three steps. First we represent the function i
as the sum

h(t) =th(l) +hi(t) (1.12)

so that the function & satisfies Condition 1.1 and, in addition, /(1) = 0. The function
th(1) is responsible for the first term in (1.10) and the trace asymptotics for this function
are found easily (see Sect.2.2).

The analysis of the asymptotic behaviour of tr /11 (B, ), which yields the logarithmic
correction in (1.10), is the second and main part of the proof. Here we follow the strategy
of [16], where the asymptotics (1.2) were derived. As in [16], we focus first on polynomial
functions A1, choosing p,(t) = [t(1 —¢)]" and ¢, (¢t) = t[t(1 —)]",n =1,2,..., as
basis elements for polynomials that vanish at t = 0 and ¢+ = 1. However, the method of
[16] is not directly applicable since the kernel of the operator By, contains the Bloch
eigenfunctions of H instead of the plain waves. One of the central points of our proof
is to show that, at the cost of constant order errors, for the operators p;,(By,,) one
can replace the terms involving the Bloch functions by their mean values. This reduces
the problem to the case V = 0, and enables us to use the known formula (1.2) with
h = p,. Exploiting the periodicity of H, the study of polynomials ¢, can be reduced
to the polynomials p,. This requires extra work since, in contrast to [16], the reflection
symmetry and translation invariance of H which were essential for [16], are not available
in our problem.

At the final stage of the proof, we extend the asymptotics to functions /4 satisfying
Condition 1.1. To this end, we approximate &1 by polynomials, for which the sought
formula has been proved at the previous step of the proof. The error term is shown to be
of order o(log(«)) with the help of bounds for pseudo-differential operators in Schatten-
von Neumann classes, that are due to the second author (see [25]). The required extension
of the bounds from [25] to the periodic setting is relatively straightforward. This finishes
the proof.
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A few comments on the structure of this paper are in order. We begin with recalling
some fundamental properties of one-dimensional periodic Schrddinger operators (cf.
Sect.2). An approximation of the kernel of the spectral projection P, in terms of Bloch
eigenfunctions corresponding to the Fermi energy w is given in Sect. 3. Section 4 contains
some elementary trace class estimates, similar to the ones obtained in [16]. Here we also
introduce an averaging procedure for a particular type of integral operators (see Sect.4.4)
that allows us to average out the precise dependence on the Bloch eigenfunctions at Fermi
energy w. This is sufficient to prove Theorem 1.2 for polynomial functions /4, see Sect. 6.
As mentioned earlier, the extension to non-smooth functions calls for more advanced
bounds in Schatten-von Neumann classes. These bounds are collected in Sect.5. The
extension to non-smooth /£, i.e. the closure of the asymptotics from the polynomial 7, is
implemented in Sect. 7.

To conclude the introduction, let us fix some general notation. If f, g are non-negative
functions, we write f < gor g 2 fif f < Cg for some constant C > 0. This constant
may depend on the potential V but does not depend on the dilation parameter «. To avoid
confusion we sometimes make explicit comments on the nature of (implicit) constants
in the bounds.

For a set I C R, the notation /° is used for the set of all interior points of I and its
Lebesgue measure is denoted by |7|. In many situation (e.g. for the intervals I, J, K in
Sect.4) it will not matter whether considered intervals are open, semi-open or closed.
Whenever this is the case we shall use open intervals only.

2. Preliminaries

As introduced in (1.7) we consider a periodic Schrodinger operator
d? )
H =———+V(x), dom(H) = H*(R),
dx

in dimension 1. For now, let the potential V be a real-valued 27 -periodic L2 -function,
so that the operator H is self-adjoint on H>(R).

2.1. Floquet-Bloch theory. We heavily rely on the standard Floquet-Bloch theory for
periodic operators, see e.g. [21,31]. In particular, we make use of the Floquet-Bloch-
Gelfand transform

U :L*(R) — L*(T,L*(0,27)), T = R/Z.
For Schwartz class functions or L2 (R)-function with compact support, it is given by
U (x k)= Y ey +y), keT, x €0,27].
ye2n

The operator U is easily checked to be isometric, and hence it extends by continuity as
a unitary operator to the entire L?(R). Under U the periodic Schrodinger operator H
transforms into the direct integral

8]
UHU* =fH(k)dk,
T
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with self-adjoint fibres

2

d
H(k) = — ﬁ-l- V()C),

dom (H(k)) = {f € HX(0,27) : fQ2n) =™ f(0), f'2n) = f'(0)}, (2.1)

that are well-defined for k € T. It is well-known that each fibre operator H (k) has com-
pactresolvent and, therefore, a discrete spectrum that consists of eigenvalues A ; (k), j =
1,2, ..., labelled in ascending order counting multiplicity. Denote the corresponding
normalized eigenfunctions by ¢; (k) = ¢;(-,k) € H%(0,2n),j =1,2,....

It is clear that for all k¥ € R the functions

ej(x, k) = e ™ (x, k) (2.2)

and their derivatives de;/dx can be extended to all x € R as 2m-periodic functions,
which induces a corresponding extension of ¢;( -, k). Using the eigenfunctions ¢ ; (k)
we can write out the kernel P, (x, y) of the spectral projection P, :

P = X [ e oy 08 (e, 08, Bk 23)
Jor

In the next proposition, we summarize the properties of the functions ¢; (k) and eigen-

values A j (k) that we use further on. The points k = O and k = % will play a special role,

so it makes sense to introduce temporarily the notation

)

Proposition 2.1. Let H(k), k € T, be as defined above. Then

(1) For every k € T the operators H (k) and H(—k) are antiunitarily equivalent under
complex conjugation. In particular, A j(k) = L;j(—=k) forall j =1,2,....

(2) The eigenfunctions ¢;( -, k), j =1,2,..., can be chosen to be analytic in k € Ty,
and such that ¢ j(—k) = ¢ (k), k € To.
(3) The eigenvalues A j(k), j =1,2,..., are even continuous functions ofk € T. These

eigenvalues are simple and analytic on T.
(4) For j odd (resp. even) each X ( - ) is strictly increasing (resp. decreasing) on (0, %).

Let

0, jodd,
kj = (2.4)

%, J even.

Denote
wji=Ajkj), vj =kj(kj+§>, oj =1[uj,vjl, j=12,....

The spectrum o (H) of H is represented as the union of spectral bands o :

o(H) = U oj.
j=1
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It follows from Proposition 2.1(4) that the bands o; are non-degenerate, i.e. |o;| > 0
forevery j = 1,2, .... Introduce the counting function of H (k):

N(p, k) =#{j : 1j(k) <pu}, peR, keT,

and the (integrated) density of states:

1
N(u; H) = E/N(u,k) dk. 2.5)
T

In view of Proposition 2.1(4) again, the function (2.5) is continuous. The definition
(2.5) agrees with the standard definition of the density of states which is given via the
Hamiltonian with Dirichlet boundary condition on a large cube, see e.g. [29, Theorem
4.2] or [21, Ch. XIII].

2.2. The main term in the trace asymptotics. Having established formula (2.3) for the
kernel of the spectral projection, we are ready to prove Theorem 1.2 for the special case
h(t) = t. Via the decomposition (1.12) this gives the main term in the trace asymptotics
(1.10), (1.11), as explained in the introduction. Indeed, according to (2.3),

o

Bunller =B =3 [ [ g0k dkar.
I —a keT(y<p

Assume for simplicity that o is a multiple of 2. Since the ¢;’s are normalized on
(0, 27), by the definition (2.5), we have

UBay =~ / dk = 2aN(u, H).
T

J keTnj () <p

If « is not a multiple of 27, then one easily checks, using the monotonicity of the trace
in o, that

4n L%J N(u, H) <t By, <4 (%W N(u, H), Va > 1. (2.6)

Consequently, we conclude that
tr By =2aN(u, H) +0(1), a — oo.

The study of tr i1 (Bg,,) is much more difficult, and the rest of the paper is focused on
this task.

2.3. Touching spectral bands. Note also that the spectral bands of the operator H cannot
overlap, but they may touch. This situation is our main concern in the next proposition.

Proposition 2.2. Let 1. ; = A (k), ¢p; = ¢ (k) be as described in Proposition 2.1. Then

(1) If for some j the bands o;_1 and o are separated from each other, i.e. vi_1 < |4},
then the eigenvalues A ;—1(-), j( -) and eigenfunctions ¢;_1(x, -), ¢;(x, -) are
analytic in k in a neighbourhood of k j, for each x € R. Furthermore, the functions
@j1(-,kj)and ¢;( -, kj) are real-valued.
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(2) Iffor some jwehavevj 1 = uj,i.e. hj_1(k;) = Aj(k;j), theninaneighbourhood of
kj, the eigenvalues ). ;1 and X j, and the eigenfunctions ¢;_1(x, -) and ¢;(x, -) are
analytic continuations of each other. Moreover, A; (kjx) #0, ¢1(kj—) = ¢i(kj+),
and the limits ¢;(k;j—) and ¢;(kj+) are mutually L%-orthogonal forl = j — 1, j.

Although Propositions 2.1 and 2.2 are well-known, we need to make some comments.
The analyticity on T in Proposition 2.1 is a straightforward consequence of the analytic
perturbation theory, see [11], or [21]. The analyticity of ¢; (k) and A ; (k) in the vicinity
of points k ; in Proposition 2.2 is a more subtle fact, and it follows from abstract theorems
[11, Ch. II, Theorems 1.9, 1.10] and [21, Theorems XII.12, XII.13]. In the context of
the periodic operators the analytic properties of eigenfunctions ¢; are described in [7]
and [8]. Also, the relation )\; (kjE) # 0 from Proposition 2.2(2) can be found e.g. in [8,
formula (3.1)].

Assume again that v;_; = u;, i.e. the bands o _; and o; have one common point.
Since ¢;_1(k) and ¢ (k) are orthogonal for all k& € Ty, and ¢;_1(k; L) = ¢;(k;F),
the functions ¢; (k;—) and ¢; (k;+) are mutually orthogonal, as claimed in Proposition
2.2(2). In view of the identity ¢;(k;—) = ¢ (k;+), this implies that

2
/¢j(x,kji)2dx =0, if vj_ = pu;. 2.7)
0

Itis natural to group the bands that have common points (i.e. touch) together. Suppose that
thebandsoj, 041, ..., 0j4y—1 areof thistypeandthato; 1Noj =, 0j1,—1N0j4y =
&. Thus the interval

n—1
S=Joju =), vjnl, (2.8)
=0

is a “genuine" spectral band. Sometimes we informally use this term, “genuine", to
distinguish the bands {0} and S. Using this construction, we can somewhat simplify the
description of the spectral structure of H inside S. Indeed, define on [k; —n/2, kj+n/2]
the real-valued function

l I+1
A(k):)\.j+[(k), k e I:kj+§,kj+7i|, l=0,1,...,n—l,

A) = AQkj — k), k € [k,- _ g,kj}.

According to Propositions 2.1 and 2.2, the above function is analytic on the circle
nT = R/nZ, monotone increasing ink € [k;, k;j +n/2], and symmetricink = k;. Note
also that

Akj)=pj>vi1, Akj+n/2) =Vjpm_1 < [Ljsn. (2.9)
In the same way, one defines the eigenfunction @ (x, k) that incorporates all of the ¢ 4;s,
[=0,1,...,n—1:
[+1

k,»+—}, 1=0,1,...,n—1,

!
D (k) = pju(k), k € [kj+ 5

55

O(k) = PQ2k; —k), k€ [kj—%,k,}. (2.10)
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Similarly to A( - ), the function ®(x, - ) is analytic on the circle nT. The functions
®(-,kj)and ®(-, k; +n/2), associated with the ends of the band S, are real-valued.
It is also useful to define the function

E(x, k) = e " @ (x, k), (2.11)

built out of the functions (2.2) in the same way as ®(k) is built out of ¢;(k)’s. The
functions E (x, k) are analytic in k € R, and 2 -periodic in x € R.

Of course, it may happen that all bands starting with o; touch. In this case the above
construction still works and yields analytic functions @, A, and E on R. To keep the
notation simple we shall allow in the following n = oo and use the convention coT = R.

Using the functions A and ® we can write the spectral representation of the operator
H as follows. Let P[S] be the spectral projection of H corresponding to a band S defined
as in (2.8). Then

UHP[S|U* =/A(k)P[CI>(k)]dk,
nT

where P[] is the orthogonal projection in L?(0, 27) on the span of the function ¥ €
L2(0,27). As a consequence, the formula (2.3) leads to the following formula for the
kernel P, [S](x, y) of the projection P,[S] := P, P[S]:

PuLSI(x. y) = f ®(x. )0y dk. 2.12)

kenT:A(k)<p

2.4. Mean values of Bloch eigenfunctions. Given the properties of the Bloch eigen-
function ®( - , k), for every k € nT, it belongs to the algebra CAP(R) of continuous
almost-periodic functions on R, which is defined as the closure of the span of exponen-
tials ¢*¢, & € R, in the L™-norm. For any f € CAP(R) the almost-periodic mean

T

M(f) := T]i_)moo(ZT)’] /dzf(z)

-T

is well-defined. For an introduction to almost periodic functions and their properties we
refer to [29] or [28].

For the future use we need to evaluate some means for the eigenfunctions ® (k), see
(2.10).

Lemma 2.3. Let & = O( -, k) be the eigenfunction associated with the band S, see
(2.8). Then

1
M(|®%) = 7 Vk € nT, (2.13)

and

M(D?) =0, Vk #kj, k #kj +n/2. (2.14)
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Proof. The function ® is normalised in L2(0, 27), whence M(|d>|2) = Qn)7L, as
claimed in (2.13).

To prove (2.14), suppose first that 2k # 1 mod Z, so that k # k; £1/2,] =
0,1, ..., n. We use the representation (2.11), so

M(CD2) — M(eZikxEZ).

The function w = E( -, k)? is continuous and 27 -periodic. Picking an ¢ > 0 we can
approximate w by trigonometric polynomials

N
px)= Y pee',
s=—N

so that w = p + p, where p is a continuous periodic function such that |p| < e. Let us
find the mean for each component of the polynomial p separately:

T
o i Chisyx |1
eszx+zsxdx = - ,
i(2k +5)
-T =T

which is bounded uniformly in T foralls = —N, —N+1, ..., N.Thus J\/[(ez””‘p) =0,
and hence

IM(®)| = IM(EZ* p)| < e.

As ¢ > 0 is arbitrary, this entails that M(®?) =0, as required.

The points k = k; £1/2,1 =1,2,..., (n — 1) are exactly those, where the bands
0j+1—1 and o touch. Thus the equality M(Cbz) = 0 for these values of k follows from
(2.7). This leads to (2.14) again. O

3. An Expansion of the Integral Kernel of the Spectral Projection

Let us temporarily assume that 4 € S where S is a “genuine” band of o (H) defined
in (2.8). Inspecting the formula (2.12), we observe that the set {k : A(k) < u} is the
interval (2k; — 8, 8) where § = d(u) € [kj, k;j +n/2] is the uniquely defined value
such that A(8) = . The following lemma provides a convenient expansion of P, [S]in
powers of |x — y| =L

Lemma 3.1. Let n € S, where S is the band defined in (2.8), and let 5 = 5(u) be as
defined above. Then for all x, y € R we have

Py [S1(x, y) = T, (x, y) + R,[S](x, y), (3.1
where
D(x,8)D(y,8) — D(x,8)D(y, 8
M, (x, y) = (x,8) (yi(i_y)(x YD (y )7 3.2)
and

Ru[S10x, ) = O((1 + x — y»7Y), Va,y e R. (3.3)
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Moreover, R, [S1(x, y), P,[S1(x, y) and I1,(x, y) are continuous functions of x, y € R,
and

|PL[S10, )|+ T (e, )] = O((1+|x —yD~), Vx,y e R. (3.4)

If w ¢ S°, then P,[S](x,y) is a continuous function of x,y € R, and it satisfies the
bound

PuIS1x, y) = O((1+]x — yH)7!), Va,y e R. (3.5)

Proof. Letus deduce the bound (3.5) first. Observe thatif 1 ¢ S°, then either P,[S] =0
(if w is below S§°), or P, [S] = Py, [S] where o = vj4n—1,i.e.6(o) = k;j +n/2 Gif Sis
bounded). In the first case the bound (3.5) is trivial. In the second case the function ® (§)
is real-valued, so that IT,, (x, y) = 0, and hence the bound (3.5) follows from (3.1) and
(3.3).

It remains to prove the continuity and the bounds (3.3) and (3.4) for u € S. Note
that the kernel P,[S] (cf. (2.12)) is bounded uniformly in x, y, as ®(x, k) is uniformly
bounded due to (2.11). It is also continuous in x, y. Furthermore, since E(x, k) are
continuous and periodic in x, the kernel (3.2) is continuous and bounded by |x — y|~!
for all x,y : |x — y| > 1. Due to the continuity of the derivative ®,, the kernel (3.2)
is continuous and uniformly bounded for |x — y| < 1. As a consequence, IT,(x, y)
satisfies (3.4), and the remainder R, [S](x, y) is continuous and uniformly bounded.
Thus it remains to prove the bounds (3.3) and (3.4) for P, (x, y) with [x — y| > 1.

Using (2.11), we rewrite

P IS1(x, y) = / e* N E(x, k) E(y, k)dk, (3.6)
2k;j—8
and integrate by parts to arrive at
eitx—=y)
i(x—y)

ol 2k —8)(x—y)
—————E(x,2k; =8 E(y,2k; — ) + R, [S](x, y)

Pu[S1(x, y) = E(x,8)E(y,$)

ix—)
with
ik(x—y)
RuISI(x, y) = — / f(x — (B OEG, D)k
2%k;—8

Due to (2.11) and the symmetry property (2.10) one obtains the representation (3.1).
Another integration by parts for R, [S] gives

eik(x—y)ak(E(x,k)E(J’vk)) 8

Ru[S1(x, y) =
S (x —y)? 2Uj—8
eik(xfy) 5
/ mak(E(x»k)E()’,k))dk. (3.7)

2k;—8
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Hence, estimate (3.3) follows from the fact that the functions E, d; E, and Ble are
uniformly bounded. O

Now Lemma 3.1 may be used for each “genuine” spectral band separately to get the
corresponding expansion of the kernel P, (x, y).

Lemma 3.2. Let u € S, where S is the band defined in (2.8), and let § = §(11) be as in
Lemma 3.1. Then for all x, y € R we have

Pu(x,y) = Hu(x, y) + Ru(x, y), (3.8)

where Tl is as defined in (3.2), and
Ru(x,y) =0(0+|x —yH7"), ¥x,y e R. (3.9)
Moreover, R, (x,y), I1,,(x, y) and P, (x, y) are continuous functions of x, y € R, and
[Py (x, y)| + [, (x, )| = (9((1 +[x — y|)_1), Vx,y eR. (3.10)

If u ¢ (G(H))O, then P, (x,y) is a continuous function of x, y € R, and it satisfies the
bound

Pu(x,y) =0((1+]x —y»7"), Vx,y e R. (3.11)

Proof. The continuity of the projection kernel P, (x,y) follows immediately from
Lemma 3.1.If s« ¢ (o(H))°, then (3.11) follows directly from (3.5).

Assumenow that u € S.Let Sy, S2, ..., Sy, be “genuine” spectral bands lying below
the band S. Using Lemma 3.1, we can write

N

Pu(x,y) =Y PulSiI(x, y) + PulS](x. )
=1

=TI, (x,y) + Ru(x, ),
where

N

Ry (x,y) =Y PulSI(x, y) + R [S1(x, y).
=1

By Lemma 3.1, the kernel R,[S] and each term P,[S;],] = 1,2, ..., N satisfy (3.9),
whence (3.8). The bound (3.10) for the kernel P, [S](x, y) follows from (3.4). O

4. Elementary Trace Norm Estimates

Throughout the proof of Theorem 1.2 we need various trace class bounds for operators
involved. It is interesting that for most of our needs we can get away with rather ele-
mentary bounds, as in [16]. This fact is due to the specific form of the operators studied.
As we see in the next few pages, many of the technical issues that we come across, boil
down to trace class bounds for the operators of the form

X1 PuxsPuxk, 4.1)

where 1, J, K C R are some intervals that may depend on the parameter & > 0.
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4.1. Schatten-von Neumann classes. Throughout this paper, we make use of the standard
notation for the Schatten-von Neumann classes of operators &,, g > 0, in a Hilbert
space, see e.g. [2,22]. The class &, consists of all compact operators A whose singular
values (sx(A))ren are g-summable, i.e.

Zsk(A)q < .

keN

For A € G, we denote by

1
1Ally == (Zskm)q)q,

keN

thenorm (forg > 1) or quasi-norm (forg € (0, 1)) on G, . Note the “Holder’s inequality”
1 1
IABI = [IAlIpIBllg. —+—=1,
P 9

which holds for any A € &, and B € G,. While in this section we limit ourselves to
estimates in the trace class &1, Sect. 5 treats operators in the classes &, for g € (0, 1].

The next elementary trace class estimate (see [16, formula (12)]) plays a central role
in our paper. We provide a proof for the reader’s convenience.

Lemma4.1. Let M C R be a Borel-measurable set. Consider (weakly) measurable
mappings f, g : M +— L*(R), such that

/ If @I2llg @l 2 dz < oo.
M

Then the operator A : L2(R) — L2(R) which is defined via the form

(u, Av) 2 == /(u, F@)12(g(), v)2dz, u,v e L*(R),
M

is of trace class with

1Al < / 1f @2l dz.
M

Proof. Let (d,), and (e,,), be orthonormal bases (ONB’s) of L2(R) and denote by (-, -)
and || - || the scalar product and the norm respectively, on L2(R). Then we have

[t Aen| =3 [ fidn £ 0] dz

=/ 3 l{dn. F@)(8(2). en)| dz.
M n
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The Cauchy-Schwartz inequality and Parseval’s identity yield

>l f@Ne@ )] = (3 [t @) (X He@s )

=1f @Il g

This implies that

> [(dn. Aen)| s/ 1£ @I 8@l dz.
M

n

The supremum of the left-hand side over all ONB’s coincides with the trace norm,
whence the claimed estimate. O

Equipped with these basic trace norm estimates, we can start now our investigation
of the operator (4.1).

4.2. Replacing the spectral projection by its approximation. Let us recall the following
general notation. If f, g are real-valued functions we shall write | f| < |g| if and only
if | f| < Clg| for some constant C > 0 which might depend on the potential V but does
not depend on the dilation parameter «. Let IT, be as defined in Lemma 3.1.

Lemmad4.2. Let I, J, K C R be intervals such that I N J = G and K NJ = . Then
we have

xz Puxs Puxx — xiTuxaMuxk |, S 1. (4.2)
where the integral kernel of T1,, is defined in (3.2).
Proof. With the notation of Lemma 3.2 we may write
Xt PuxsPuxx = xi1puxs M xx + xiuxs Ruxx + X1 Ruxs Puxk.

Let us then estimate the trace norm of the operator x; R, x7 P, x k , Which has the integral
kernel

XI(X)XK()’)/R,u(X,Z)PM(Z,y)dZ.
7

We apply Lemma 4.1 with
f(xv Z) = X[(.X)RM(.X, Z)v g()’» Z) = XK(y)P[L(Zﬂ )’) = XK(}’)PM()” Z)7

leading to

It Ruxs Puxll < f 1Ry ) 200 1P 2 2 d
J
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Thus estimates (3.9) and (3.10) yield

1

1 1
Ixr Ruxs Puxxlly S f[f(l +lx — z|)4dx}2 [/(1 +lz—yD7? dyT dz
K

1
< [ (1+dist(z. D)3 (1 +dist(z. K)) 7 dz

< | [(1+dist(z, D) 77 + (1 +dist(z, K)) 7 ]dz S 1.

S— S Y—

The operator x;I1, xs R, xk satisfies the same bound. Hence, the claim follows. O

4.3. Uniform trace norm bounds. Under particular assumptions on the intervals I, J
and K the operator (4.1) is of trace class with uniformly bounded trace norm. We list
some of these conditions in the following proposition.

Proposition 4.3. Let I, J, K C R be intervals such that one of the following conditions
holds:

(ORMABEH
(ii) Either
(a) |J] < max{dist(, J), dist(J, K)}, or
(b) |K| < dist(J, K), [I]| < dist(Z, J), or
(©) |K| < dist(J, K), |J| < dist(Z, J).
(iii) J is finite, and I and K lie on opposite sides of J, i.e.

x<y<zorz<y<ux, forall (x,y,z) el xJ xK. 4.3)
W) || <SlandINJ =2, KNJ=2.

Then the operator xy Py xj Puxk is uniformly bounded (independently of «) in trace
norm, i.e.

X1 Puxs Puxklli S 1. (4.4)

Remark 4.4. At this point we emphasize again that the intervals /, J, and K may depend
on «. In particular, assumption (iii) includes intervals J of size «. In the free case, i.e.
for V = 0, Proposition 4.3 with assumptions similar to ((i)) and (iii) has been obtained
in [16, Lemma].

Proof of Proposition 4.3. According to Lemma 4.2 and bound (3.10),

} }
||XIP;¢XJP;LXK||15][/(1+|Z—x|)_2dx] U<1+|z—y|)—2dy] dz. (4.5)
J 1 K

Let us estimate this integral under the conditions of the lemma.
Assume condition (i). i.e. | /| < 1. Both integrals inside (4.5) are uniformly bounded,
evenif I and K are unbounded. Thus the trace norm does notexceed | J| < 1, asrequired.
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Assume now condition (ii). Using the Cauchy-Schwarz inequality, we estimate the
right-hand side of (4.5) by

L/fu+u—xnﬁdm&TL/fa+u—y04¢w45
J 1 J K

The first integral is bounded by
|11 +dist(Z, 1)) ™" or [1](1+dist(1, 1))
The second integral is bounded by
IK|(1+dist(J, K)) ™ or [J|(1+dist(J, K)) .

Thus, under any of the conditions (ii), the right-hand side of (4.5) is uniformly bounded,
as required.
Assume that the first of the conditions (4.3) holds. Let

I'=(s1,0), J = (s2,12), K = (53, 13) (4.6)
with
—00<s| <t <$p <t <s3 <1tz <O00.
Using (4.5), we get the bound

n

1 1 13 1
2 2
X1 Puxs Puxklli 5/[/ Iz—xlzdx} [/ Iz—ylzdy] dz
1 3

52 S K

5]

S/Q—nrﬂa—m%dz
852

n N
< /(z - Sz)_%(lz - z)_% dz = /z_%(s - z)_% dz,
52 0
with s = 1, — 5. By rescaling, the last integral equals
1
/Z_%(l — z)_% dz <1,
0

which leads to (4.4) again.
Finally, assume that (iv) holds. The right-hand side of (4.5) is bounded by

Vik: / (1+dist(z, 1)) ™" (1 + dist(z, K))_% dz
J

3 3
< / (1+dist(z, ) 2 dz +/ (1+dist(z, K)) 2dz < 1.
J J
The proof is complete.



Formulas of Szeg6 Type 691

4.4. Replacing almost periodic functions by their mean value. Looking at the formula
(3.2) we see that the kernel of x;I1, x;I1, xx contains kernels of the form

11k f) = x1 )Xk () / . A, (4.7)
J

—x)(z—y)

where f is a product of functions such as ®( -, §) and ®( -, §). The following lemma
gives conditions for the intervals /, J, K under which we may replace f in Sy j x (x, y; f)
by its almost periodic mean value while the resulting error is uniformly bounded in trace
norm.

Lemma 4.5. Let © C R be a countable set, and let (ag)g C C be such that

> lagl(1+1617") < oc. (4.8)
0e®
070
Let the function f € CAP(R) be defined by
fx) = Z ape'?*.

0e®

Assume that the intervals 1, J, K C R satisfy dist(I, J), dist(J, K) 2 1 and consider
the operator Sy j k (f) in LZ(R) with the integral kernel (4.7). Then we have

IS1,7,k(f) = S1.7.x (M) S 1. (4.9)

Proof. Without loss of generality we may assume that M(f) = 0, i.e. 0 ¢ ©. (other-
wise consider f — M(f)). Consider the primitive F(x) := f(;‘ f(t)dt of f. Then the
assumption (4.8) implies that F is uniformly bounded:

X
Z agp / e dr
0

|F(x)| =

<> :“,’—(’(e”" . 1)‘ <1, VxeR
0
0e® 0e®

Let J = (s, t), so integrating by parts gives

t

F(2)

S1aK (2 ) = XKD 55

=S

F(2) F(2)
+ )(1(36))(1<(y)}/[(Z “ 92—y + (z=x)(z— y)z] dz.

(4.10)

The first term in (4.10) constitutes the kernel of a rank two operator, whose norm, and
hence trace norm as well, is easily estimated by a constant times dist(/, J)~!/? dist
(J, K)~!/2. The second term on the right-hand side of (4.10) is treated with the help of
Lemma 4.1, as in the proof of Lemma 4.2. Thus (4.9) follows. 0O
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5. Schatten-von Neumann Class Estimates for Pseudo-Differential Operators
with Periodic Amplitudes

So far our main tool for getting trace-class estimates has been Lemma 4.1. At the final
stages of the proof, however, when we pass to non-smooth functions 4, we also need
some estimates in more general Schatten-von Neumann classes &, with g € (0, 1].
Lemma 4.1 is not applicable any longer, and we have to appeal to other results available
in the literature.

We use the formalism of pseudo-differential operators (W DO). For a complex-valued
function p = p(x, y, &), x, y, & € R, that we call amplitude, we define the VDO Op(p)
that acts on Schwartz class functions u as follows:

1 .
Op(pyu() = 5 - / f 50 p(x, y, Eyuly) dyde. 5.1)

This integral is well-defined, e.g. for any amplitude p which is uniformly bounded and
compactly supported in the variable &.

The main result of this section is the following proposition that implies Schatten-
(quasi)norm estimates for the operator

AO(,/A = Ba,u(]l - Ba,u) (5.2)
(see Corollary 5.3).

Lemma 5.1. Let I, Q C R be bounded intervals, and let the function p be C* in all
three variables, 2w -periodic in x and y, and such that p(x,y,&) =0 forall x,y € R,
and |&| > R with some R > 0.

Denote

plR)(x,y,§) = p(x,y,E) xa(§).
Then, for any q € (0, 1] we have

1 Xar OP(P) (A = XaD)llg S 1, (5.3)

and

I xar Op(PIQD) (L = xaD)llg < (log(@))7. (5.4)

The implicit constants in (5.3) and (5.4) depend on the amplitude p, number R and also
on the intervals I and Q.

Our proof relies on similar results from [25]. We state these results in the form
adjusted for our purposes.

Proposition 5.2. Let I, Q C R be bounded intervals, and let the function p = p(&€) be
C3°(R) with p(§) = 0 for || > R with some R > 0. For q € (0, 1] denote

Ny(p):=  max  sup|p™ (&) < o0. (5.5)
0<m<|[2g~1]+1 £

Then

1 Xar Op(P)(L = xaD)llg S Nq(p), (5.6)
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and

I xer OP(PIRD) (1 = xan)llg S (10g(a))5Nq (P)- (5.7)

The implicit constants in (5.6) and (5.7) depend on the intervals 1, 2 and number R,
but are independent of the amplitude p.

Thus, our task is to extend Proposition 5.2 to amplitudes, that are periodic in x and

y.
A few remarks are in order. Proposition 5.2 is a direct consequence of [25, Corollary

4.4, Theorem 4.6]. At this point it is important to emphasize that the main focus of [25]
was the quasi-classical asymptotics, whereas our objective in the current paper is the
scaling asymptotics. In the context of pseudo-differential operators, these two types of
asymptotics are equivalent if the amplitude p is x, y-independent.

Proof of Lemma 5.1. We prove only the bound (5.4). The bound (5.3) can be derived in
a similar way.

Performing translations, dilations and renormalization of «, one may assume that
I = Q =(0,1). Since p is 2w-periodic in x and y, we can represent it as

plx.y. &) =Y " ay &),
nl

where a,;( - ) are C8° in & with supports in (—R, R), and decay in n and [ faster
than any reciprocal polynomial, uniformly in & € (—R, R). Precisely, a straightforward
integration by parts shows that

2 2w

|a,§’;”<s>|5(1+|n|)*S<1+|l|>*’//|a;a;a§1p<x,y,s>|dxdy, n,l e,
0 0

for arbitrary #, s = 0, 1, .. ., so that
Ny(an) S (L+n)~*A+ D7, nlel,

with a constant independent of n, [, but depending on s, ¢, g (see (5.5) for the definition
of N,). Consequently, the operator Op(p[£2]) can be represented as follows:

Op(plQD) = Y e Aye'™, Ay = Op(anx)-
nl

Using (5.7), we immediately obtain the bound
Ixer A (L = xeDllg S (1+1nD 721+ (1) 7" log(a).

Employing the g-triangle inequality for the ideals &, (see [2, p. 262]), we arrive at the
bound

X OP(PI2N) (L = xaD)l§ < D lxer Aut(L = Xa) 1]
nl
< log(er) D (1 +[n) ™4 (1 + 1))~

nl

The sum on the right-hand side is finite if sq, ¢ > 1. This completes the proof.
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Corollary 5.3. Assume that V.€ C®(R). Let Ay, be as defined in (5.2).
(1) Let I C R be an interval. If i € (a (H))o, then for any q € (0, 1],

I Xeet Pu(L = xa)IIE S Tog(e). (5.8)
If u ¢ (O’(H))O, then for any q € (0, 1],
I xet Pu(L = xan) 14 < 1 (5.9)

(2) Forany g € (0, 1],

N X ACIC: D)
lAg,ullg S (5.10)
log(ar), € (o (H))°.

Moreover, assume that h satisfies Condition 1.1. Then h(By,,,) is of trace class and

alh(D]+1, pn ¢ (o (H))°,
1A (Ba, )l S (5.11)
alh(1)| +log(er), € (o (H))°.

B)If i ¢ (o (H))®, then (1.11) holds.

The implicit constants in the inequalities (5.8), (5.9), (5.10) and (5.11) are independent
of a.

Proof. It suffices to prove (5.8) and (5.9) for the projections P, [S] under the conditions
n e S°and u ¢ S° respectively, for any “genuine” band S of the type (2.8).

Suppose that . € S°. By virtue of (3.6), the operator P, [S] has the form Op(p[Q])
with

p(x,y,8) = E(x,§)E(y,§) and Q= (2k; —34,6),

where k ; isas definedin (2.4),and § € (k;, k;j+n/2)is the unique solution of the equation
A(8) = p. The function E(x, &) is 2 -periodic in x, and due to the C*°-smoothness of
V,itis also C*°-smooth in x. Now (5.8) follows from (5.4).

Suppose that & ¢ §°. According to (2.12), either P,[S] = 0, in which case (5.9) is
trivial, or

Pu[ST(x, y) :/ D(x, k)P (y, k)dk.

nT

Using a straightforward partition of unity on the circle n'T one can represent P, [S] as a
finite sum of operators of the form Op(p) with

p(x,y,§) =EX,§)E(y,§)¢(), ¢ € CT[R).

Therefore, (5.9) is a consequence of (5.3).
From || Py x(—a,a) [l < 1 we get that

”Aa,u”q = ”X(—a,a)Py.(]l - X(—a,a))Pu.X(—a,a)”q =< ||X(—a,a)P;L(]l - X(—a,a))”q,
and (5.10) follows from (5.9).
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To prove (5.11) we use the representation (1.12): h(¢) = th(l) + hi(¢), so that
h1(0) = h1(1) =0and |h(#)] S t9(1 —t)?, where g € (0, 1] is the Holder parameter
of the function /. The first term on the right-hand side of (5.11) follows from the bound
(2.6). For the second term write:

A1 (Bay) It S AL I = I Aa,ullgs

and hence the required bounds follow from (5.10). Together with Remark 1.3, this also
implies Part (3) of the corollary. O

6. Proof of Theorem 1.2: Polynomial Test Functions

By virtue of Corollary 5.3(3), the formula (1.11) is already proved. Thus it remains to
prove Theorem 1.2 for u € (o(H))°. From now on we assume that x is an interior point
of aband S of the type (2.8). As before, define 6 € (k;, k; +n/2) as the unique solution
of the equation A(S) = u. For simplicity we abbreviate ® = ®( -, §).

6.1. Polynomial classes. We begin the proof of (1.10) with studying polynomial test
functions. The following classes of polynomials on the interval [0, 1] will be relevant:
P :={p:10,1] — C, polynomial},
Po:={peP:p0)=pd) =0}
P :={peP:pk)=p —1)forallt},
Ps.o := Ps N Po. (6.1)

As explained in Remark 1.3, it suffices to prove (1.10) for the functions £ satisfying
Condition 1.1, such that 21 (0) = k(1) = 0. Thus we need to study polynomials p € ‘Bo.
In fact, it is enough to consider a basis of By. As in [16] we choose the basis

{(Pnyqn) = pu(@®) = (L =1)", gu(@®) =1(t(L—=1)", n=1,2,...},

and start by considering the symmetric elements p, (), which form a basis of 3; ¢. So,
we study the operators

pn(Ba,u) = AZ,W Aa,u = Bot,p.(]l - Ba,u)~

In so doing, we follow the strategy of [16], where a similar problem was analysed in
the unperturbed case V = 0. In fact, our objective is to reduce the calculations to the
unperturbed case, by using Lemmas 2.3 and 4.5.

6.2. Trace class calculus for the operator Ay, . Rewrite the operator Ay ,, in the form
Ag =4y, +AL,
with
Ay = X(*O{,O{)PMX(*OO,*O()PMX(fot,a)a
oh (6.2)
Agut = Xaw Puteoo) Put-a.w-

Now we perform various transformations with each of these operators that constitute
“small” perturbations in &;. Thus, it is natural to adopt the following notational con-
vention:
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Definition 6.1. Let A and B be bounded operators on L>(R). We write A ~ B if ||A —
B|1 < 1, uniformly in « 2 1. We write A ~ B if A and B are trace class and
|[tr A —tr B| < 1 uniformly ina 2 1.

Clearly, for trace class operators A, B the relation A ~ B implies A & B, but not the
other way round. Note also, that for operators A and B with uniformly bounded operator
norm (in ), A ~ B implies A" ~ B" foranyn =1,2,....

To begin with, by virtue of Proposition 4.3(i),

A;,M ~ X(—a,a)PMX(aH,oo) Pch(—a,a)- (6.3)

and

A;M ~ X(—a,a) P[,LX(—OO,—O{—])P;,LX(—O[,O!)' (6.4)

6.2.1. Operators Dojf The next step is to replace A(f . With operators that do not contain

any information on the function ® (x, k). These are the operators Dojf :L2(R) — L2(R),
defined via their integral kernels

e¢]

1 1
D+ S = — — — —d ’
a(x y) o) X( Ol,Ol)(-x)X( a,o) ) / (z—=x)(z—y)
a+l
—a—1
X, y) = —=x(— - GZ—x)(z—y) =
o (6 )= e F Xae) (D) X (—aw (Y C-0G-y"
—00

Note that D} and D, are unitarily equivalent via the change x — —x. The crucial fact
is that the asymptotic formulas for the traces of powers (Dét)” can be easily deduced
from the results of [16]:

Lemma 6.2. Let p,(t) =t"(1 —t)", n=1,2,.... Then
1
tr(DéE)" =1 loga W(p,) +o(log(a)), o — o0, (6.5)

where W( - ) is as defined in (1.9).
Proof. Since D and D, are unitarily equivalent, we show (6.5) for D, := D} only.

By translation and reflection, the operator D,, is unitarily equivalent to the operator with
kernel

oo
1 1
R —d ’
47_[2X(l,2a+])(x)X(],201+])(y)/ G+~
0

This is the kernel of the operator which is denoted by K. in [16, p. 476]. Thus the formula
(6.5) immediately follows from [16, formula (19), p. 477]. O

A useful way to write DT is

DF = (zH)*zZ,
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where Zf have kernels

X(—oo,—a—l)(x)X(—(x,a) (y)
2m(x —y)

X(a+1,00) () X (=) (V) _
Z+ X, = R and V4 X, =
MEIRY) 2 — ) o (X, Y)

(6.6)

respectively. Now we need to establish a few facts for operators Djf and Z;E. Recall that
we abbreviate ® = ®(x, §), § = §(u), remembering that u is strictly inside the band S.

Lemma 6.3. Denote by Yf any of the two operators Zojf or (ng)*. With the notation as
above,

1
VEARPOE) ~ YF O, Yt ~0.

Proof. We prove the lemma for the “+” sign and for the case Y, = Z} only. The
remaining cases are treated in the same way. For brevity we omit the superscript “+”
and write Z, instead of Z}.

The operator Z,, f Z}; coincides with the operator @rH-1s 1.7,k (f) with

I=K=(+1,0),J =(—a, o),
see the definition (4.7). Thus by Lemma 4.5,
ZofZy~M()ZaZ;.

In view of (2.13) and (2.14), M(|®|?) = (27)~! and M(P?) = 0, whence the claimed
result. 0O

Corollary 6.4. Let
+ N\ g L e HEV —
Ky, =27[®(D)'®+d(D,)'®], n=1,2,.... (6.7)
Then foralln = 1,2, ..., we have
(Kg )" ~ Ko, (6.8)
and

(K;)" ~2(DI)", o — 0. (6.9)

Proof. For brevity we omit the superscript “+” and write K1, Dy instead of K ;tl, Djf

etc. The powers of K, | contain terms of the form Dy f D, with f = |®|%, ®?or CTDZ.
The operator Dy, f Dy, is written as

Z;ZafZ;Za.
Thus by Lemma 6.3,
K!'| ~ Qn)"[(®Dy®)" + (BD®)"] ~ 27 [®D!!® + BD! @],

as claimed.
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In order to prove (6.9), use the cyclicity of the trace. If n = 1, then, again by Lemma
6.3,

ODy® ~ Zy|®PZE ~ LZo,z* ~ LDO,.
2 ¢ 27
If n > 2, then, in the same way,
ns n—2 7% 2 7% 1 n—2 7% * 1 n
CDGP ~ Zo Dy 25 2a| P25 ~ S 2u Dy 25 ZaZy ~ 5D

The same is done with the component containing ® and ® in the other order. This implies
(6.9). Thus the proof is complete. 0O

6.2.2. Approximating operators Ai . Assume that . is as before and K, ain are as defined
in (6.7).

Lemma 6.5. Let S be a band of the spectrum of H, and let u € S°. Let§ € (kj, kj+n/2)
be the unique solution of the equation A(8) = . Then we have

and
Ag,#N(A;’M "+(Ao_w ”N(K;’])”+(Kl;1)". (6.11)

foreveryn =1,2,....

Proof. To prove (6.10) it suffices to consider the case n = 1. As before, we do it for
AZ .. only, omitting the superscript “+”. From (6.3) and Lemma 4.2 it follows that

A;,M ~ X(—a,a)HuX(aH,oo)nuX(—a,a)-
By (3.2) and (6.6),
X+1,00 L X (—a0) = — Zni(tbza@ - (T)Zaq))y
X~y M X(@s1,00) =270 (PZED — DZL D),
so that
Al ~ AT (RZE @1 Za D + DL | PP Ze D)
— 47X (DPZED Zy D + DL D2 Z, D).
Consequently, by Lemma 6.3,
AL~ 2 (PZyZy P+ PZYZy D) = Ko
as required.
Proof of (6.11). By the definition (6.2),
A;,MA;,M = X(—a,) Pu (X(foofa)PMX(foua)PHX(a,OO))PMX(fa,a)-

By Proposition 4.3((iii)), the trace norm of the operator in the middle is uniformly

rb}(l)lunded, and hence A, , Ay, ~ 0. In the same way one checks that A7 /A, , ~ 0.
us

N (AT 1 — \n
Ay ~ (A )" +(Ag )"

and (6.11) is now a consequence of (6.10). O
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6.3. Proof of Theorem 1.2 for symmetric polynomials. By (6.11), (6.9) and (6.5),
trAy, = tr(K)" +tr(K,)" +0(1)

=2tr(D})" +2tr(D;)" +O(1)

= log(@)W(p,) +o(log(®)), n =1,2,.... (6.12)

Hence, Theorem 1.2 for polynomials p € B o follows from the identity p, (B, ) =
Al . 0O
e

6.4. Arbitrary polynomials. As above, we assume that u € S°, where S is a band of
the type (2.8). So far we have proved Theorem 1.2 for polynomials p € B o (cf. (6.1)
for notation). To extend this result to arbitrary p € Py it remains to treat basis elements
of the form ¢, (t) = t[t(1 — 1)]",n = 1, 2, .. .. Following [16] for the free case, this is
done by a symmetry argument that reduces tr [ By, , AL | to tr A2 |

Lemma 6.6. For everyn = 1,2, ..., we have
1
Ba,u(Aoz,/L)n ~ 5 tr (Aa,//.)n, (6.13)
as o —> 00.

Compared to [16], the proof requires some extra work. The main difference is that
instead of the reflection symmetry used in [16], we use the periodicity of the operators.
The operators A;’ and A, (see (6.2)) are considered separately. Applying Proposition
4.3 ((ii)b), we get

Ag,u ~ X(*O(,O()PILX(O!,&)() P/LX(*O!,O()- (6.14)
Let U be the unitary shift operators defined by

o
UEF) = fx Fao), @ =27 | —|.
2
The equivalence (6.14) implies that

(U AL Uy ™~ X(~20.0) PuX(0.20) PuX(~20:.0)- (6.15)

Indeed, (6.14) yields:
(U AL W Ug ™~ X(—a—ag.0—a0) PuX(@—ao.30—a0) PuX(—a—a.c—ao)»
since (U})*P, U} = P,. Now, to get (6.15), one needs to use repeatedly Proposition
4.3(1), (iv). We denote
Xo = X0.20)> Xa = X(—20,0)
and
Ty = xd Puxa Puxd-

Thus one can write

U Ay Uy ~ Ty, (6.16)

o, o

w9

This relation with the “+” sign coincides with (6.15), and for the sign it is proved
in the same way. The proof of Lemma 6.6 begins with the following observation.
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Lemma 6.7. Foranyn = 1,2, ..., we have
Pu(T5)" ~ (L= P)(TF)", asa — oo. (6.17)
Proof. For brevity we write x* = Xai, T* = Tfﬂ, P = P,,and Q =1 — P. We have
P(T*)" = Py" PY*Py (T = =Py~ Qx* Py~ (1"
= P(L—x Q) Py (TH"!
=PxTOx Px (T*)" '+ R + Ry, (6.18)
with
Ri = PX(u.00)Qx Px~ (T,
Ry = PY(—c0,—20) QX P~ (TH)""".
We notice that Q = 1 — P can be replaced by — P in R;. By Proposition 4.3(iii),
X@u.co) PXTPX™ ~0,
so that R; ~ 0. To handle R», observe that
XPx (@ = @) Py (6.19)
and hence, by cyclicity of the trace,
Ry~ Qx* (T )" Px™ P X(—o0,—20)-

Applying Proposition 4.3(iii) to the factor x* P x ™ P x(—co,—2«) We infer that Ry ~ 0.
Apply (6.19) to the first operator on the right-hand side of (6.18) and use again the
cyclicity:

P OQx Px (I =Pyt Q@ )" 'xtPx”
~ Q)" PPy PxT =0T

Together with (6.18) this yields (6.17) for the “+” sign. The relation (6.17) for the “—"
sign is obtained in the same way. 0O

Proof of Lemma 6.6. We shall use the simplified notation as in the proof of Lemma 6.7
and also write A = Ay 4, AT = Agﬁu, and B = By ;. First observe that BA" ~ PA".
Thus by (6.11) and (6.16),

BA" ~ P(AY)" + P(A™)" ~ P(T*)" + P(T")".
By Lemma 6.7,
2P(TH)" ~ P(TH)" + (L= P)(TT)",
so that
2P(TH +2P(T)"~ P(TH"+ (1 — PY(T)"+ P(T)" + (1 — P)(TH)"
=(TH"+(T)".
Using (6.16) and (6.11) again, we get
2BA" =~ A",

which leads to (6.13), and hence completes the proof.
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As a consequence of Lemma 6.6, Theorem 1.2 can be proved for arbitrary p € Po.
Proof of Theorem 1.2 for arbitrary polynomials. It remains to prove the theorem for

polynomials of the form ¢, (t) = tp,(¢),n = 1,2, .... From Lemma 6.6 and (6.12)
we deduce that

n l
tr [Ba,M(Aa,#) ] = 5 log()W(py) + o(log(a)), o — 0. (6.20)

To convert W(p,,) into W(g,) we perform a very elementary calculation:

JTZW(qn):f tpn (1) ‘”Zf pa(0) d;:/ )
0 f(l—l) 0 1—1t¢ 0 ¢

Therefore

! 1 1 0
2 _ - o n 2
27 W(qn)_/o pn(t)<1_t+t)dt_/0 —t(l—t) dt = 7" W(py).

Together with (6.20) this leads to Theorem 1.2 for arbitrary polynomials p € ‘Bo.

7. Proof of Theorem 1.2: Closure of the Asymptotics

Throughout this final section we assume that /4 satisfies Condition 1.1. Also, without loss
of generality we may assume that / is real-valued (otherwise treat real and imaginary
part separately). The proof splits into three steps.

Step 1 First we prove the theorem for continuous functions 4 such that 4(0) = A(1) =0
that are differentiable at + = 0 and ¢+ = 1. The differentiability condition at + = 0 and
t = limplies that h(t) = t(1 —1t)g(¢) for a continuous real-valued function g. Fixe > 0.
Due to the Stone-Weierstrass theorem, there exist a real-valued polynomial p € ‘B3 with
lp — glloo < €. Denoting p(t) :=t(1 — t) p(t) we estimate

h(t) <t(1 =1)(p@) +€) = p(1) +et (1 —1), (7.1)
and
h(t) = t(1 —1)(p(t) —€) = p(t) — et (1 —1). (7.2)
The monotonicity of the trace in combination with (7.1) gives
tr [h(Ba,H)] <tr [ﬁ(Ba,H)] +etr [Ba)u(]l — Bow)].
From Theorem 1.2 for polynomials from B¢, we get

lim sup —tr [h(Ba'ﬂ)]

< W) + €W — 1) = W(p) + —.
o—>00 log(ot) T

where we have used that W(z (1 — 1)) = 72, see (1.9). Moreover, we notice that

W) = WH)| = W - p)] < 55,
T
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and hence,

lim sup —tr [h(Ba’M)]

2
< Wh) + =<
00— 00 log(a) 72

In the same way (7.2) implies

tr [A(Bay)] 2¢

lim inf > W(h) — =
11

a—00 log(a)
and as € > 0 was chosen arbitrarily we deduce (1.10) for our choice of 4.

Step 2 Now let i be a continuous function, which is Holder-continuous at 0 and 1 with
exponent g € (0, 1], so that

[h()| <91 —0)?, 1 €0, 1].

Fix again € > 0 and choose a smooth function ¢, such that 0 < ¢, < 1 and

) {(1) tel0,e/2]U[1 — /2, 1],
, tele, 1—e€l

In view of the estimate

[ STt =D (t) St =], r= =,

NSRS

we have

1(¢eh)(Bay) i S € 11 Bayu (1 — Ba o)l

By Corollary 5.3, the right-hand side does not exceed log(«), @ > 2. Consequently,

|tI‘ [(Ceh)(Ba,M)“ <€ a>2. (7.3)
log(a)

~

On the other hand, 7. = (1 — ¢{c)h vanishes in a vicinity of 0 and 1 and, therefore, by
Step 1, we have

tr [he (Ba, )] = log(e)W(he) + o(log(e)), o — oo. (7.4)

It is clear that
€ 1
W(h) —W(he) S (/ +/ )tq‘l(l — 097 dr < 9. (7.5)
0 1—e€

Combining (7.3), (7.4), and (7.5) gives

lim sup ‘tl'[/’l(Ba,/L)] . W(h)‘ <
a—00 log (@) ~

Since € > 0 is arbitrary, this yields the claim.

Step 3 Suppose that & satisfies Condition 1.1. Fix an € > 0. Let i1, i3 be two continuous
functions, such that
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(1) hi(t) = ha(t) = h(t) in a neighbourhood of the endpoints t = 0, 1,
2) hi(t) < h(t) < hy(t)ae.t €(0,1),and
(3) llhy — A2l < €.

By (1.9), this implies that
(W(hi) = Wh)| < €, IWh2) = W(h)| S €.
Also, in view of monotonicity, we have
trhy(Bo,u) S trh(Bg, ) <trho(Bg ).
Thus, by Step 2,

tr h(B,
lim sup T Papt) (Bap)

—W(h)| < e.
a—00 log (@) W=

Since € > 0 is arbitrary, the required result follows.
This completes the proof of Theorem 1.2.
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