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ABSTRACT. The spectral shift function £(\) is considered for the pair of operators
Hp, Hy 4+ V, where Hy is the Schrodinger operator with variable Riemannian metric
and with electromagnetic field, and V is the operator of multiplication by the po-
tential V' (z). For the integrals of type [&(X)f(A)dA, where f(\) is a weight, some
estimates in terms of the integral characteristics of the potential V' are obtained.
These estimates are of asymptotically sharp order in A and V'; in a subsequent paper
they will be applied to the problem of the asymptotics of £(\) in the large coupling
constant limit.

§0. INTRODUCTION

0.1. Let Hy and H be selfadjoint operators in a Hilbert space H; we assume that
their difference V is a trace-class operator:

(01) V:=H—-H; ¢ Sl(H)

Then the following Lifshits—Krein trace formula holds (see [21, 19]):
(02) Tr(o(H) — ¢(Ho)) = | €05 H Ho) )

Here ¢ is any function of some function class, and {(\; H, Hy) is the spectral shift
function (SSF) for the pair Hy, H, which is given by the Krein formula

(0.3) &M\ H,Hp) = 1 hr-r|-10 argdet(I +V(Hy — (A +ie)I)™') for a.e. A €R.
e

The branch of the argument in (0.3) is fixed by the condition

argdet(I +V(Hy —2I)"") — 0 as Imz — +oo0.

1991 Mathematics Subject Classification. Primary 35Q40, 47B25.
Key words and phrases. Spectral shift function, Lifshits—Krein trace formula, Schrédinger
operator.

Typeset by ApS-TEX



2 A. B. PUSHNITSKII

A historical review and a description of the modern state of the SSF theory can be
found in [8, 36]. Among the most important facts of the SSF theory (see [19]) we
mention the Krein inequality

(0.4) / €\ H, Ho) dA < [V ]ls,

— 00

and the monotonicity of the SSF:

(0.5) V>0 = <L\ H Hy) >0.

From (0.5) it follows that

(0.6) §(\ Hy — V-, Hy) <&\ Ho+V, Hy) < &(N Ho+ Vi, Hy),

where 2V = |V| £ V.

0.2. In applications, instead of condition (0.1) it is usually possible to check the
relation

(0.7) h(H) — h(Hy) € S1(H),

where h: R — R is a sufficiently smooth monotone function. In this case, the SSF
for the pair Hy, H is defined by the natural formula

(0.8) §(N; H, Ho) »=sgnh’ - {(h(A); h(H ), h(Ho))-

Of course, the trace formula (0.2) remains valid; only the class of admissible func-
tions ¢ must be changed. As to relation (0.5), sometimes it can also be justified,
but this problem is far from being trivial if the SSF is defined via (0.8). In [18] (see
also [36, 8.10]), the implication (0.5) was proved for

(0.9) h(A) = (A= Xo) %, where k >0, \g < inf(o(Hp)Uo(H)).
This is sufficient for most applications.

0.3. Let

(0.10) Hy=—Ain Ly(RY), d > 1, V =V(x), H=H,+V.

If the potential V' decays sufficiently fast at infinity, then the relation (0.7) can be
verified for the functions h of the form (0.9). This makes it possible to define the
SSF via (0.8); relations (0.5), (0.6) are valid in this case due to the results of [18].

Estimates for the SSF for the pair Hy, H as in (0.10) were studied in [35]. The
potential V' was assumed to satisfy the condition

V@) < +)" p>d
The following estimate (see [35, Theorem 4.2]) was obtained:
(0.11)  £(X\; Ho + oV, Hy) < C(alY? 4 aX @D (|logA| + 1)), a >0, A>¢
for V' > 0 it was improved up to the inequality
(0.12) (N Hy + oV, Hy) < Cal¥D7(|logA|+1), a>0, A\>ec

Here C, ¢ are some positive numbers independent of the spectral parameter A and
the coupling constant «, but possibly depending on V' (this dependence was not
studied in [35]).

Besides estimates (0.11), (0.12), there are many results concerning the asymp-
totics of £(\; Hy + oV, Hy) as A — oo for fixed « (high energy asymptotics; here
the initial results were obtained in [9]) and as & — oo and A — oo with /o fixed
(semiclassical asymptotics); see, e.g., [30] and the references therein.
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0.4. The above results on the pointwise estimates and asymptotics for the SSF
of the pair (0.10) are based on the fact that the spectrum of Hy is absolutely
continuous and that V is smooth with respect to Hy in some sense. In this paper
we use a different approach, considering the SSF entirely in the framework of the
trace class perturbation theory. Starting with the Krein inequality (0.4), we obtain
integral estimates for the SSF. As an example, we present the following weighted
estimate obtained for the SSF of the pair (0.10) for d > 3 (see Theorem 6.4(ii) and
Corollary 6.8(ii) below and also (0.6)):

(0.13)
/0 |E(A; Ho + V, Ho)| f(X) dX

< /oo £V dA/Vf/Q(x) dz + +Ch /OO A@2=1 7 (3 d)\/|V(:c)|d:c.
0 0

If V> 0, then, obviously, the first term on the right vanishes and we obtain

(0.14) /OOO O\ Ho + V, Ho) f(\) d\ < Oy /Ooo AA/2D=1r(y) dA/V(:c) dz.

Here f = f()) is any nonnegative monotone decreasing function and Cy, Cy are
the constants independent of A\, V', f. The precise statements are given in Subsec-
tions 6.2 and 6.3.

Clearly, the pointwise estimates (0.11), (0.12) are stronger than the integral ones
(0.13), (0.14) (up to constants and a logarithmic factor). However, our method of
deriving integral estimates is “insensitive” to the specific nature of the spectrum
of Hy. This allows us to consider a wide class of Hy’s (the Schrodinger operators
with variable metric and electromagnetic field; see Subsection 5.2 below) and to
avoid imposing too restrictive conditions on V. Moreover, in contrast to (0.11),
(0.12), estimates (0.13), (0.14) explicitly indicate the dependence on V. Also, we
obtain some analogs of (0.13), (0.14) for Hy = (—A)! in Ly(RY), d > 1; here [ is
not necessarily an integer.

We note that the properties of concavity and subadditivity with respect to V'
were studied in [12] for the quantities fo/\ &(t; Ho+aV, Hy) dt and [~ e (X Ho +
aV, Hp) d, related to the pair (0.10) for d = 3.

0.5. Largely, the present paper is aimed at applications to the problem of asymp-
totics of the SSF in the large coupling constant limit (these applications themselves
will be considered elsewhere). To a great extent, this has determined the style of
presentation. Let V' > 0; then for A < inf o(Hyp) the SSF &(\; Hy — oV, Hyp) is equal
to minus the number N, (\; Hy, vV, ) of the eigenvalues of Hy — oV located to
the left from the point A on the real axis (see, e.g., [8]). The asymptotic properties
of Ny(\; Hy,vVV,a) as a — oo are well studied (see, e.g., [7] and the references
therein). In particular, a description is known of the class of perturbations V' (reg-
ular perturbations) such that the leading term of the asymptotics does not depend
on A. For this reason, in order to study the SSF in the large coupling constant limit
for regular perturbations V' > 0, it is natural to consider the quantity

(0.15) €\ Hy — aV, Hp) + Ny (A_; Ho, V'V, )

with some fixed A_ < inf o(Hp). Our initial estimates for £(\; Hy — aV, Hp) are
formulated in terms of this quantity (see Theorems 6.6, 6.9). As a consequence, we
obtain inequalities of the form (0.13) (see Corollary 6.8).



4 A. B. PUSHNITSKII

0.6. Relation (0.6) shows that in order to obtain estimates for the SSF, we can
restrict ourselves to perturbations of definite sign. We use the following approach.
Suppose that a nonnegative operator V is factored as V. = G*G. In [25], the
following new representation of the SSF was obtained (see Propositions 2.6, 2.7
below):

(0.16) §(A Ho £V, Ho) = £Nz(A; Ho, G).

Here N1 ()\; Hy, G) is the integral (see (2.4)) of the counting function for the eigen-
values of a certain family of compact operators (this family is related to G and to
the resolvent of Hy). Formula (0.16) is of abstract nature. In applications it turns
out that the existence of the quantities N} can be established under somewhat
more general and more natural conditions than the existence of the SSF (see Sub-
section 6.1). For this reason, we regard the quantities N1 as an initial object and
define them independently of SSF. To analyze N, we combine different approaches,
employing, on the one hand, the straightforward analysis of the integral represen-
tation for N1 and, on the other hand, identity (0.16) together with estimate (0.4)
for “intermediate” objects. This yields integral estimates for Ny (\; Hy, G). The
corresponding inequalities for the SSF are obtained by using Propositions 2.6 and
2.7, which give conditions sufficient for the validity of (0.16).

0.7. The paper is organized as follows. In §1 we collect the necessary notation and
definitions. In §2 we define the quantities N1 (\; Hy, G) and discuss their basic prop-
erties and relationship with the SSF and the “counting function” Ny (\; Hy, G, @).
Estimates for the quantities N3 are obtained in §3 and for the quantity (0.15) in
§4. The results of §§2—4 are of abstract nature. In §5 we introduce the Schrodinger
operator and the polyharmonic operator (in applications, they play the role of Hy)
and present relevant information. Finally, in §6, on the basis of the results of §§3—4
we obtain integral estimates for Ny (X; Hy, VV ), where Hy is the Schrdédinger or
the polyharmonic operator and V' is the operator of multiplication by the potential
V(xz) > 0.

0.8. Acknowledgments. The author is deeply grateful to his scientific advisor
M. Sh. Birman, who introduced him into the SSF theory, for many valuable discus-
sions and remarks. The author thanks V. S. Buslaev, who attracted his attention to
the problem of integral estimates for the SSF. The author is grateful to A. Laptev
and G. Rozenblum for consultations and to N. D. Filonov for useful remarks on the
text of the paper. Finally, the author expresses his gratitude to the Department of
Mathematics of the Royal Institute of Technology, Stockholm, for hospitality and
to the ISF foundation for financial support.

§1. NOTATION AND PRELIMINARIES

1.1. Notation.

1) The integrals in which the integration domain is not indicated explicitly are
taken over R%. We denote wy := vol{x € R? : |z| < 1}. The statements with
double indices + or F should be understood as a pair of statements: in one of them
all indices take the upper values, and in the other all indices take the lower values.
In the statements involving upper estimates we assume that all quantities (norms
and integrals) on the right-hand side are finite. A constant that appears for the
first time in formula (i.j) is denoted by C; ;.
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2) Functions. The spaces L,(R%), L, 1oc(R?) are defined in a usual way. Let
Q? = (0,1)% c RY. The space 11(Z%; L2(Q?)) consists of the functions u € Ly(R%)
such that the functional

1/2
ol = 3 ([, k)
Qd+j

jeza
is finite. For a real-valued function F' we put 2Fy := |F| & F. The characteristic
function of a set M is denoted by xas.

3) Operators. In what follows, H, H;, Ho are separable Hilbert spaces. By
Dom A, Ran A, and Ker A we denote the domain, the range and the kernel of a
linear operator A, respectively; |A| := VA*A; I is the identity operator. For a
selfadjoint operator A, the symbols o(A), p(4A) = C\ o(A), and E4(4) denote,
respectively, the spectrum, the resolvent set, and the spectral measure of a Borel
set 6 C R; we put 244 := |A| £ A. The resolvent of a selfadjoint operator Hy is
denoted by Ro(z) = (Ho — 2I)~L.

We denote by Soo(H1,Hs) the space of compact operators acting from H; into
Ha; Soo(H) = Soc(H,H). For T =T* € Soo(H) and s > 0 we put ny(s,T) :=
dimRan Er, (s,+oc), and for T' € Soo(H1, Ha) we put n(s,T) := ny(s?, T*T). If
Ty, Tb are compact selfadjoint operators, then
(1.1) ni(sl—l—SQ,Tl +T2) Sni(sl,Tl)—Fni(sQ,Tg), S1,82 >0
(see, e.g., [3]); this estimate can be written in the form
(1.2) nt(s1,Th + To) > ni(s1 + s2,T1) — ng(s2,To),  S1,82 > 0.

For 1 < p < 00, the Neumann—Schatten class Sp,(H1,H2) C Soo(H1,H2) is defined
as the set of all compact operators T' for which the norm

oo 1/p
|Ts, := (p/ sp_ln(s,T) ds)
0

is finite. In particular, S; is the trace class and Sy is the Hilbert—Schmidt class.

1.2. Auxiliary facts from perturbation theory. Let H be a “basic” and K an
“auxiliary” Hibert space, Hy a selfadjoint operator in H, and G a linear operator
acting from H into K. Assume that

(1.3) @ is closed, Dom G D Dom |Hy|'/?, G(|Ho| +I)7'? € Soo(H, K).
For z € p(Hy) we introduce the operator
(14)  T(z Ho,G) := (G(|Ho| + 1)™/*)(|Ho| + I)Ro(2)(G(|Ho| + 1)""/)7,

which is compact in IC. We shall write T'(z) in place of T'(z; Ho, G) if the choice
of Hy, G is clear from the context. On the set Dom G* (dense in K) the operator
T(z) can be defined by a simpler formula:

(1.5) T(2)Y = GRy(2)G™y, 1 € DomG”.
It is easy to check that for all z € C\ R the operator I +£7T(z; Hp, G) has a bounded
inverse. Let V := G*G. Below we introduce the operator corresponding to the

formal sum Hy £ V. For z € C\ R, we define a bounded operator Ry (z) in H by
the formula

(1.6) Ryi(2) = Ro(2) F (GRy(2))* (I £ T(z; Hy,G)) H(GRy(2)).
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Proposition 1.1 (see [14] or [36]). The operator Ry (z) coincides with the resolvent
(evaluated at the point z) of an operator Hy = Hy(Hy, G) selfadjoint in H and
independent of z. For all z € p(Hp) N p(Hy) the operator I +T(z; Hy,G) has a
bounded inverse, and identity (1.6) is fulfilled for Ry(z) = (H+ — 2I)~t. If Hy is
lower semibounded, then Hy coincides with the sum Hy £V in the form sense. If
V' is Hp-bounded with relative bound v < 1, then Hyx = Hy £V in the sense of the
Kato-Rellich theorem.

From (1.6) and (1.3) it follows that the difference Ri(z) — Ro(z) is compact;
consequently, the essential spectra of Hy and Hy coincide. It is easy to check that
Hy(Ho, G) = Hy(Ho,|G]).

Proposition 1.2 ([17, Lemma 1]). Under conditions (1.3), for every A € p(Ho)NR
we have

(1.7) dim Ker(Hy (Hy, G) — M) = dimKer(T'(\; Hy, G) + 1).

In particular, Proposition 1.2 implies that the eigenvalues of Hy(Hy, /aG),
a > 0, are monotone functions of a. For A € p(Hp) NR and « > 0, the
“counting function” N (\; Hy, G, ) is defined as the number of the eigenvalues
of H(Hy, VtG) (counting multiplicities) that cross the point A as ¢ grows mono-
tonically in the interval (0, ). Proposition 1.2 implies the following identity, known
as the Birman—Schwinger principle:

(1.8) Ni(\ Ho, G o) =ni(a TN Hy,G)), € p(Hp)NR.

In this paper, the scope of applications is restricted to lower semibounded op-
erators Hy (the Schrodinger and the polyharmonic operator). In this case, Hy
can be defined as a form sum, which simplifies the arguments. However, in the
abstract part of the paper we do not suppose that Hy is lower semibounded (with
the exception of §4, where this condition is dictated by the nature of the question).

We note that the requirement that G be closed is imposed only for the sake
of simplicity. The content of the present section, as well as that of §§2—4, can be
reformulated for the case of a nonclosable operator G. What matters is that the
second and the third of conditions (1.3) be fulfilled.

§2. THE FUNCTIONS N4

2.1. The definition of the functions Ni. In this and the next two sections
‘H is a “basic” and K an “auxiliary” Hilbert space, Hy is a selfadjoint operator in
H, and G is an operator acting from H into K and satisfying conditions (1.3). For
z € p(Hp) we use (1.4) to define operators T'(z; Hp, G) compact in K; next, we put

(2.1) A(z; Ho, G) :=ReT(z; Hy, G), K(z;Hy,G) :=1ImT(z; Hy, G).
We shall write A(z), K(z) in place of A(z; Hy, G), K(z; Hy, Q) if the choice of Hy,

G is clear from the context. Suppose that for some A € R the pair of operators Hy,
G satisfies the following condition.
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Condition 2.1. The limit

(2.2) lim T(X+ie; Ho, G) =: T(A +i0; Ho, G)
£—

exists in the operator norm, and
(2.3) K(\+1i0; Hy,G) € S1(K).
Then we define

(2.4) NL(\; Hy,G) := l/ izni(l;A()\—i—iO) + tK (A +10)).
T ) l+t

It is easily seen that condition (2.3) implies the convergence of the integral (2.4).

Lemma 2.2. Fizing an open interval § C R and a number \ € §, we put G5 :=
GEp,(9). At the point A, condition 2.1 is satisfied for the pair Hy, G if and only
if it is satisfied for the pair Hy, Gs.

Proof. Let Gy := GEp,(R\ ¢). Obviously, for every z € p(Hp) we have

T(z; Hy, G) = T(z; Ho, Gs) + T(z; Hy, Gy).
It is clear that the limit T+ iO;Ho,é5) exists in the operator norm and that
K(M\+10; Hy,Gs) = 0. This implies the assertion of the lemma. [

Lemma 2.3. For any A € R, Condition 2.1 is satisfied for Hy, G if and only if it
is satisfied for Hy, |G|; moreover,

(2.5) Ni(A Ho, G) = Nx(A; Ho, |Gl).
Proof. Let G = ®|G| be a polar decomposition of G; the operator ® acts unitarily
from Ran |G| into Ran G. It is easy to check that

T (z; Ho, |G|) = T(2; Ho, G)®, =z € p(Ho).
This implies the first assertion of the lemma and the identity

n+(1; A(A+10; Hy, G) + tK (A + i0; Hy, G))

=ng (1; A(A +i0; Ho, |G|) + tK (X +140; Ho, |G))).

Integrating this relation in ¢ with the weight 7=1(1 + ¢?)~!, we arrive at (2.5). O

Lemma 2.4. Let Vi, V4 be selfadjoint operators in H such that 0 < Vi < Vs.
Suppose that for some X € R Condition 2.1 is fulfilled for the pair Hy, V21/2; then
so it is for the pair Hy, ‘/11/27 and

Ni(Xs Ho, VIM?) < N (A Ho, V).

Proof. We write Vi = (BV;”/?)*BV,”/?, where ||B|| < 1. Then
T(z; Hy, Vi) = BT (2; Ho, V;/*)B*, 2 € p(Hy).
It follows that Condition 2.1 is satisfied for the pair Hy, Vll/ 2, and
n (1; A\ +i0; Ho, V%) + tK (X +i0; Ho, V;/?))
< ne(1; AN+ i0; Ho, Vi /%) + tK (X +i0; Hy, V,/?)).

Integrating this inequality in ¢ with the weight 7= 1(1 + ¢2)~1, we get the desired
result. [
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2.2. Relationship between Ny and the “counting function” Ni. Let \ €
p(Ho)NR. Comparing (1.8) and (2.4) and observing that K (A +40; Hy, G) = 0 and
A(N+1i0; Hy, G) = T(\ +i0; Hy, G), we arrive at the following statement.

Proposition 2.5. For A € p(Hp) NR we have
(26) Ni(AvH(%G) :Ni(A7HO7G71)

2.3. Relationship between N} and the SSF. Here we formulate the results
of [25] that will be used in what follows.

1) Trace class perturbations. Let Hy be a selfadjoint operator in H, and let
G € S3(H,K). It is well known that under these conditions for a.e. A € R the
limits (2.2) exist in the Hilbert—Schmidt norm and that (2.3) is true (see [2] or
[36]).

Proposition 2.6 ([25]). If Hy is a selfadjoint operator in H and G € Sa(H, K),
then

(2.7) §(\;Ho £ G*G,Hy) = tNz(\; Ho,G)  for a.e. X € R.

2) Relatively nuclear perturbations. Let Hy be a selfadjoint lower semibounded
operator in H,

(2.8) Ho = Hi in M, —oo < info(Hy).

Suppose that the operator G: H — K satisfies conditions (1.3), and for some m > 0
we have

(2.9) GRI(1) € So(H,K), p < inf o(Hp).

Then for a.e. A € R Condition 2.1 is fulfilled for the pair Hy, G (see, e.g., Corollary
3.8 below). Let Hy = Hy(Hy,G) (see Proposition 1.1). In order to define the
SSF for the pair Hy, Hy, assume additionally that for some k£ > 0 and some
Ao < inf(o(Hp) Uo(Hy)) we have

(2.10+) (Hy — XoI)™% — (Hy — X\oI) 7% € S1(H).

Relation (2.10) allows us to define the SSF via (0.8) with h(\) = (A — \g)*.
Proposition 2.7 ([25]). Under conditions (1.3), (2.8)—(2.10) we have

(2.11) §(\;Hy,Hy) = £N+ (N Ho, G)  for a.e. A€ R.

Finally, we mention two conditions ensuring (2.10).

Proposition 2.8. (i) If conditions (1.3) and (2.9) are true with m = 1, then (2.10)
with k =1 is true for all Mg € p(Ho) N p(Hy).
(ii) Under conditions (1.3) and (2.8), if for some m > 0 we have

(2.12) (GRY* ()" (GRy (1)) € S1(H),  p < inf o(Hy),

then (2.10) is true for all integers k > m + 1/2 provided that the absolute value of
Ao < inf(o(Ho) Uo(Hy)) is sufficiently large.

Statement (i) follows directly from the definition (1.6). Statement (ii) was proved
in [28, Theorem XI.12].
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§3. ESTIMATES FOR N

In this section, Hy is a selfadjoint operator in H and G is an operator acting
from H into K and satisfying conditions (1.3).

3.1. Monotonicity estimates. For A € R we put
(3.1) E(\) := Eg,(—00, ), G_(\) :=GE(\), G+ (\) :=GEp, (A, +00).

Lemma 3.1. Let A\, Ay be numbers satisfying £(A— Ax) > 0. Then Condition 2.1
is fulfilled for Hy, G1(Ay) if and only if it is fulfilled for Hy, G, and

(32:|:) Nj:(/\;Ho,G) SNi()\;Ho,Gi()\i)).

Proof. The first assertion follows from Lemma 2.2. For definiteness, we prove
(3.2—). It is easily seen that

A\ +i0; Hy, G) > A(A+i0; Ho, G_(A_)),
K(\+1i0; Hy, G) = K(\ +i0; Hy, G_(\_)).

This implies (3.2—). O

Corollary 3.2. For any A\ € R we have the estimate®

(334) / N (t: Hy, G)dt < |[G=(V)II2,.
+(t—X)>0

Proof. Using Lemma 3.1, Proposition 2.6, and inequality (0.4), we obtain
/ Ni(t; Hy, G) dt
£(t=X)>0

< / N (t: Ho, G (V) dt = / €(t: Ho F G (N Gx (V). Ho)| dt
£(t—X)>0 £(t—X)>0
< / €(t: Ho F G NG+ (N), Ho)| di

<IGLNGWlls, = [GV]S,. O

Lemma 3.3. Let f: R — [0,00) be a function such that +f is monotone nonde-
creasing. Then

(3.4) / N Ho G F N dA < |GV TR,

Proof. For definiteness, we consider the case of the lower signs. First, we assume
that f(A) — 0 as A — +o00. We denote

(3.5) Amax = sup supp f < +oo.

IWe remind the reader that in the upper estimates all quantities on the right-hand side are
assumed to be finite.
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Since G\/f(Hp) € Sa, it follows that G_(A) € Sy for A < Apax. We fix two
numbers Ry, Rs such that Ry < Ry < Apax (from what follows it will be seen
that if f is bounded, we can take R; = —o0). For A € (Ry, Rz), we put S(A) :=
fé\l N_(t; Hy, G) dt (since G_(A\) € Sy, inequality (3.3—) shows that this integral
converges). Integrating by parts, we get

Ro
[N O Ho, GO — F(r) i

Ry

Ry R>
(3.6) - / (FO) = F(R2)dS(N) = — [ S dfN)

R: Ry
R>
< /R R

where at the last step we have used inequality (3.3—). Next, we integrate by parts
once again to obtain

(3.7)
R2

- / IG_ (N2, dF (V)
Ri

R>
= —Tr(G-(Re) i EN\)d(f(N) — f(R2))GZ(R2))
= Tr(G-(R2)(f(R1) — f(R2))E(R1)G(R2)
+ Tr(G-(R2)(f(Ho) — f(R2)I)En, (R1, R2)G™ (R2))
< Tr(G-(Re) f(Ho)E(R1)GZ(R2)) + Tr(G-(Rz) f(Ho)GZ (R2))
<GV [(Ho)E(R)|[3, + |GV f(Ho)lI3,-
Combining (3.6) and (3.7), we see that
R2
i N_(X; Ho, G)(f(N) = f(Ra)) dX < |G/ f(Ho)lI3, + |G/ f(Ho) E(Ry)|I3, -

Now, letting Ry — —oo and Ry — Amax, we arrive at (3.4—).

Suppose that limy_, 4 o0 f(A) =: f(00) # 0. Then G4/ f(Hy) € Sy implies G € S,.
Hence, by Proposition 2.6 and inequality (0.4), we have

(3.8) | Mt G)ar< 67Gls, = GI1R,
The first part of the proof shows that
| N, G - f(00))

< 1GV/f(Ho) = ()T,
= Te(G(f(Ho) — f(00))G*) = |G/ f(Ho)|§, — f(20) G5,
Combining this inequality with (3.8), we arrive at (3.4—). O

The following result of [4] is very close to Lemma 3.3.
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Proposition 3.4. Suppose that Hy = H} in H, V = V* € S;(H), and H =
Ho+ V. Let f(\), A € R, be a continuous® nonnegative monotone nonincreasing
function. Then

() < [ 6 HL Ho) F(N) d < Tx(f(Ho)V).

It is easy to check that for trace-class perturbations of definite sign and for
bounded functions f Proposition 3.4 and Lemma 3.3 are equivalent.

In a certain important special case, estimates of the form (3.4—) for the SSF can
be proved straightforwardly, without using A/_.

Proposition 3.5. Let Hy > 0 be a selfadjoint operator in H. Suppose that G
satisfies (1.3) and that GRo(—1) € So(H,K). We put Hy = H (Hy,G). Then for
any Ao < 0 relation (2.104) is true with k = 1; thus, the SSF for the pair Hy, H
is well defined. Moreover, we have

(3.9) / (A= Xo)2¢(\ Hy Ho) dA < [GRo(Mo)3,. Ao < 0.

— 00

Proof. Relation (2.10+) with k& = 1 follows from (1.6). On the basis of (2.10+), the
SSF &(X\; Hy, Hyp) can be defined via (0.8) (with H = Hy and h(\) = (A — X\og)™h).
Applying (0.4) and taking into account the fact that T'(Ao; Ho, G) > 0, we find

/OO (A= Xo) 26\ Hy, Ho) dX

—0Q0

< |[(Hy = XoD)™" = (Ho — AoD) ™ 's,
= [[(GRo(X0))*(I + T (Xo; Ho, G)) " (GRo(Xo)) s,
< |GRo(Mo)13,- O

3.2. Partition of the spectrum. Let §1,02 C R be Borel sets such that §; Ny =
@ and J(Ho) C 61 Udy. We put Gj = GEH0<5j)7 7 =1,2.

Lemma 3.6. If for some A € R Condition 2.1 is fulfilled for the pairs of operators
Hy, Gy, j =1,2, then so is it for the pair Hy, G, and
(3.10+)

Ne(X; Ho, G) < Na(X; Ho, (1= 0)12Gh) + N (X; Ho, 07 /%Ga), 6 € (0,1),
(3.11%)

Ni(\;Ho, G) > Nie(\; Ho, (14 0)7Y2G)) — N=(X; Ho, 0-12G,), 6>0.

Proof. Clearly, for all z € p(Hy) we can write

T(ZaHOaG) = T(ZvH()le) + T(Z;HOaGQ)a
(312) A(Z, Ho, G) = A(Z, I’I()7 Gl) + A(Z, Ho, Gg),
K(z; Hy,G) = K(z; Hy, G1) + K(z; Hy, Gs),

21t is easily seen that the condition of continuity of f can be lifted.
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which implies the first assertion of the lemma. Using (3.12) and (1.1), we obtain
n (1; A\ +i0; Ho, G) + tK (A + i0; Ho, G))
< ni(ﬂ; A()\ + 10; Ho, Gl) + tK()\ + 10; Hy, Gl))
4+ na (1 — 0; A\ +0; Hy, Gy) + tK (X + i0; Hy, G2)).

Integrating this inequality in ¢ with the weight 7=1(1 + ¢?)~!, we arrive at (3.10).
Relation (3.13) can be proved in a similar way, by using (1.2) instead of (1.1). O

Remark 3.7. We sketch another proof of Lemma 3.6, which clarifies the role of the
fact that the perturbation is of definite sign. In order to prove (3.10), first we
observe that, as is easily checked, for any 6 € (0,1) we have

V=G'G<(1-0)"'GiGL+0'GiGy = G*G,

where the operator G = (1 — 60)~Y/2G, & 0~/2G, acts from H to K & K. Here the
condition V' > 0 is essential. Next, we use Lemma 2.4 (for Vi =V, Vo = G*G) and
Lemma 2.3 to obtain

Ne(X Ho, G) < Nx(X; Ho, (G*G)'/?) = N (X Ho, G)
= N1\ Ho, (1 —60)7Y2Gy) + Ni(X; Ho, 07/2Gy).
The proof of (3.11) is similar. Also, we note that there is a version of Lemma 3.6
for a partition of the spectrum into an arbitrary finite number of sets d;.

Corollary 3.8. Suppose that
(3.13) GEHO((S) € SQ(H,’C)

for some open interval § C R. Then for a.e. A € 6 Condition 2.1 is fulfilled for the
pair Hy, G, and

(3.14) NL(X; Ho, G) € L 10c(9).
In particular, if (3.13) is true for any bounded interval § C R, then
N:I:()‘; Ho, G) S Ll,lOC(R)'

Proof. For definiteness, we consider the case of the upper signs. In (3.10+) we take
0 =1/2,6 =46, 5o =R\ . By (3.13), Proposition 2.6, and inequality (0.4), we
have

Ny (X Ho, V2Gh) = —£(X; Ho — 2GGh, H) € Ly (R).

At the same time, it is easy to check that T(\ + i0; Hy, G2) is selfadjoint and
that NV, (\; Ho,vV2G2) = ny (1;2T(\ + i0; Hy,G2)) is a monotone nonincreasing
Z-valued function of A € §, possibly unbounded near supé. It follows that
Ny (A Ho, V2G2) € Ly 10c(0), which yields (3.14). O

We note that for the SSF there is no statement similar to Corollary 3.8. Namely,
operators Hp, G and an interval § can be constructed such that the hypotheses
of Corollary 3.8 are true, but p(Hy) — ¢(Hp) € Sy for some ¢ € C§°(d). Thus,
the SSF for the pair H4, Hy cannot be defined on the interval ¢ in any reasonable
sense.
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§4. ESTIMATES FOR N} — N,

The content of this section is aimed at applications to the asymptotics of SSF in
the large coupling constant limit. The operator Hy is assumed to be nonnegative;
we consider the function Vi (A; Hy, G). For A < inf o(Hy), the asymptotic behavior
of Nt (\; Ho, VtG) = Ny (\; Hy, G, t) as t — oo is well studied in applications. For
this reason, we estimate the difference

Q(A;A_,Oé) = N—i—()‘aHOaG) - N+(A—;H07G7a)7
where A_ < info(Hy) is fixed, and a > 0 is some auxiliary parameter. Let
Qr(MA_ ) = (QNMA_,a))t.
We keep the notation introduced in (3.1) and set E(\) = I — E(\).

4.1. Local estimates.

Lemma 4.1. Suppose that conditions (1.3) are satisfied for the operators Hy > 0
and G. Then for any 0 € (0,1) and any A_ < A_ <Ay <Ay, A_ <info(Hy), we
have

A Ay — A .
@ QM g ) A< OGO A

Proof. We apply estimate (3.104) for §; = [Ay,+00), d2 = (—o0,A}), A €
(A=, A\;4) C d2, obtaining
(4.2) N (A Ho, G) < Ny (A Ho, (1—60)"Y2GE(AL)) + N (X Ho, 07 2G_(A4)).

We dominate the first summand on the right in (4.2). To do this, first we observe
that for A < A we have the following simple relation:

~ Ay — A
Ro(ME(A4) < 5——Ry(A_).
This implies that
, ~ Ay — A
(43) T()‘+207H07GE(A+)) < —T(A—;H07G)7
Ay — My

which yields the estimate
N (X Ho, (1= 0) " 2GE(A4)) = ny (15(1 = 0) 7' T (X +i0; Ho, GE(Ay))
Ay —A_
<nygll
( (1—0)(Ay —Ay)
for any A < A;. Substituting this in (4.2), we find:
Ay —A_
Q+ (N A,
+( (1-60)(Ar —Ap)
Integrating the latter inequality in A and using (3.34+), we see that

At A
Lo ) @

At o0
< No (N Ho, 072G (M) dA < | No(\ Ho, 07Y2G_(AL)) dA
A Ao

<OMGEn, (A, AL, O

T(A; Ho,G)) = Ny (A Ho, G, Ay — A )

1= 0)(Ar — )

) S NL O Ho, 072G (A4)).
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Lemma 4.2. Under the assumptions of Lemma 4.1, for any 01, 62 > 0 and any
A_ < A_ <Ay, A <info(Hy), we have

At
Q_(\A_, (1+6,46,)"1)ax
(4.4) L 9 (1461 +62)77)
<07 Oy = AIG- )Ry (AR, + 05 16— (A1,
Proof. We apply (3.114) with d; = [Ay,+00), d2 = (—00, Ay ), A € (A_, Ay) C do,
0 = 05; this yields
(4.5) Ny (A Ho, G) > N.o(\; Ho, (1+05) " V2GE(M\L)) —N_(\; Ho, 05 2G_(\)).

In order to get a lower estimate of the first summand on the right in (4.5), first we
observe that for A € (A_, A\;) we can write

E(A1)Ro(N) > E(\4)Ro(A-) = Ro(A-) — E(\y)Ro(A-),
which implies that
T(X+1i0; Hy, GE(\y))
> T(A_; Ho, GE(\y)) = T(A_; Hy, G) — T(A_; Ho, G_(A\1)).
Recalling (1.2), we deduce that
(4.6)
NN\ Hy, (14 60) " Y2GE(Ay)) = ny (14 62, T(A +i0; Hy, GE(\4)))
2 ng(1+ 02+ 01, T(A—; Ho, G)) — ny(61; T(A—; Ho, G- (A4)))
=N (A_;Ho, G, (1461 +602)7 ") —ny (01, T(A—; Hy, G_(A4))).
The second summand on the right in (5.6) will be estimated as follows:

(4.7)
n+(91; T(A—; H07 G- (>\+)))

< 07 T(A=; Ho, G- (Ay))lls, = 65 HIG— (A )Ry > (M),
Substituting (4.6) and (4.7) in (4.5), we obtain
Q-(NMA_,(1+6,4+0,)71
< OGO Ry P (AL, + N (X Ho, 05 °G_ (A1)

We integrate this inequality in A and estimate the second summand on the right in
accordance with (0.4) to get

Ay
Q_(\A_, (146,467 1)ax
A
At
<07 (O = AIG- )Ry (AR, + | N-(X; Ho, 052G (A1) dA

<O s = A G- (AR P (AR, + 051G (A)|E,. O
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4.2. Weighted estimates.

Lemma 4.3. Under the assumptions of Lemma 4.1, let A_ < inf o(Hy), and let
fi1(A_,00) = [0,00) be a monotone nonincreasing function such that f(A) — 0 as
A — oo. Then for any 01, 65 € (0,1) we have

oo

Qr(MA_, (1 —01)H(1—05)7 1) fF(A) dA
(4.8) Ao

<O7IGV F(02Ho + A (1= 02))[[3,.

Proof. Replacing Hy and f(x) by Hy + A_ and f(x — A_), we see that it suffices
to consider the case where A_ = 0. We restore the notation (3.5). The relation
G/ f(62Hy) € Ss implies that G_(\/63) € Sy for A < Apax. Taking A_ = A_ =0,
0 =0, and AL /Ay =02 in (4.1), we get

A
(4.9) /0 Q4 (t0,(1 = 01) 71 (1 = o)1) dt < 0TG- (N/B2)II§,, A < Amax.

Let S(\) denote the left-hand side of (4.9). As in the proof of Lemma 3.3, we
integrate by parts and use (3.7) to obtain

R R
/0 Qe (00, (1= 01) 11— ) ) (F(N) — F(R)) dA = / (F(N) - F(R)) dS()

R R
_ _/O S\ df(\) < _91_1 A HG_(/\/92)||%2 df (A)
< 071GV F(02Ho) |13,

where R < Apax. Letting R — Apax, we arrive at (4.8). O
Lemma 4.4. Under the assumptions of Lemma 4.1, let f: (0,00) — [0,00) be a
monotone nonincreasing integrable function, and let F(\) = f;o f@)dt. Then for
all A_ <0, 61, 65 > 0 we have
(4.10)
/ Q- (M A, (140, +05) ") f(N) dA
0

< 07 Y|IGRY (A2 )/ F(Ho)|3, + (071 + 03 )G/ F(Ho )12,

Proof. First, assume that f is bounded. Taking A_ = 0 in (4.4), we obtain

A
/ Q*(t7A*a(1+61+92)_1)dt
0

< OG- (VRSP (A3, + 051G (V2

(4.11)

Since G/ f(Hp) € Sa, the right-hand side of (4.11) is finite for A < Apax (see
(3.5)); we denote by S(A) the left hand side of this inequality. As in the proof of
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Lemma 4.3, we integrate by parts and use (4.11) to obtain

(4.12)
/Q (AL (14 6) +62) () — F(R)) dA

R
=/O (FON) — F(R) / SO df(A
R 1/2 o R
< o / NIG_(NRYZ (A, dF(N) — 6; / IG_ (VI dF().
0 0

where R < Apax- We estimate the first summand on the right in (4.12). As in
(3.7), we get

R R
- / NG (MVEY2(AD)Z, df(N) = — Te(G_ (R)Ro(A_) / AE(N) df(VG™ (R))

R
= — Tr(G-(R)Ro(A-) / E\) d(F(\) + Af (V)G (R))
= Tr(G_(R)Ro(A_)(F(Ho) + Hof(Ho) — F(R)I — RF(R))G" (R))
< IGRy*(A-)/F(Ho)l3, + G/ F(Ho) Hy* Ry (A_)13,

< |IGRy*(A=)/F(Ho) |3, + |G/ F(Ho)lI3,-

Substituting this inequality and (3.7) in (4.12), we see that

R
/0 Q- (N A, (146, +62) ") (F(N) — F(R)) dA
< 07| GRY*(A_)V/F(Ho)|I3, + (07 + 63 H)IIG/F(Ho) |3,

Letting R — Amax, we arrive at (4.10). Now, suppose that f is unbounded (i.e., f
has a singularity at « = 0). We pick a sequence of bounded integrable functions
fn such that f,11(x) > fn(z) and f,(z) — f(x) for any = > 0. Using inequality
(4.10) for f, and passing to the limit as n — oo, we obtain the desired result. O

§5 PRELIMINARY FACTS ON DIFFERENTIAL OPERATORS

5.1. Operators dominated by the “free Hamiltonian”. In this subsection
Hy is an operator such that

(5.1) Hy=H; >0inH = Ly(RY), d>1,
and
(5.2) le~Hotyy| < MePAyp|, t>0, ¢ eH,

for some constants M > 0, > 0. Below we shall often use the following obvious
observation. Let

(5.3) n(\) = / e ™ du(t), where p is a finite measure on (0, 00).
0
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Then (5.2) implies the inequality
(5-4) (n(Ho)y| < Mn(B(=L))[¥], ¢ €H.
In particular, taking du(t) = e~ t™~1dt with m > 0, v > 0, we obtain
(5.5) |(Ho + D)~ < M(B(=L) +4I)"™|Yl, ¢ €H.

The following two propositions are obvious generalizations of the corresponding
statements in [1].

Proposition 5.1. Let V' > 0 be the operator of multiplication by a measurable
function in H; suppose V is (—A)-form compact. Then V is Hy-form compact.

Proof. We argue as in [1]. Inequality (5.5) implies the pointwise estimate
WV (Hy + )72y < MVV(B(=2) + 1)7?1y|, o € H.

By assumption, the operator on the right-hand side of the above relation is compact;
hence (see [1, Theorem 2.2]), so is the operator on the left-hand side. O

Sufficient conditions for the (—A)-form compactness of a multiplication operator
can be formulated in various terms; see, e.g., [22, 5].

Proposition 5.2. (i) Let F' be the operator of multiplication by a function F €
Ly(R%), and let n be a function of the form (5.3). Then

66 IFa)IR, < n) e [T a0y [ iR ds
0
in particular,

(5.7) FRIM(—1) € So(H), m > d/A.

(i) Let F be the operator of multiplication by a function F € 11(Z%; Ly(Q?)).
Then

(5.8) FRIM(~1) € S1(H), m > d/2.

Proof. (i) By (5.4), we have

[En(Ho)lls, < [ FllL, ln(Ho)l

2.00 S [ FllLaM{[n(B(=A)) 2,00,

where || - [|2,00 denotes the norm of an operator acting from Ly(R?) into Lo, (R?).
Calculating the norms on the right-hand side of the above inequality, we obtain
(5.6).

Statement (ii) was proved in [1, Theorem 2.12] in the case of a magnetic
Schrodinger operator Hy (see also [32, Theorem B.9.2]). The proof presented in
[1] can be carried over to the general case without any modifications. O
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5.2. The Schroédinger operator. As a basic example of an operator of the
form (5.1), (5.2), we consider the Schrodinger operator with variable metric and
electromagnetic field. In RY, d > 1, we fix a real (d x d)-matrix-valued function
g = g(x) such that

(5.9) g-1<g(z)<g4l, 0<g-<g4<oo

(here and in what follows 1 denotes the unit (d x d)-matrix), a real magnetic
vector-potential A = A(z) with

(510) |A| € LZ,IOC(Rd)v
and a scalar electric potential U = U(z) with
(5.11) U € Li(RY), U>0.
We introduce the quadratic form
(5.12)
d Ju ou
0 . .
h§7A7U[u7u] = Z /9kj(33)( - Za—xk - Aku) ( —ip—~ Aju) dr + / Ulu|? dx

k,j=1 J
: (0) _ (Yoo (Tod
on the domain d[h, » ;] = C5°(RY).

Proposition 5.3. Under conditions (5.9)—(5.11), the form h;?LU is closable, and
the domain of its closure hg o v s given by the formula

(5.13) dlhg av) = {u € Ly(R?Y) | iVu + Au € Lo(RY), UY?u € Ly(R?)},
where the expression Vu s understood in the distribution sense. The corresponding
selfadjoint operator Hy = Hy(g,A,U) satisfies conditions (5.1), (5.2) with some
constants M >0, 3 > 0.

For the flat metric (g;;(x) = 0;;) Proposition 5.3 is well known (see, e.g., [34]
and the references therein); in this case we have M = 3 = 1. Essentially, in the

above form Proposition 5.3 was proved in [11]. Some comments on this point can
be found in the Appendix.

Proposition 5.4. Let d > 3, let Hy = Ho(g,A,U) be a selfadjoint operator cor-
responding to the form hg a v, and let V be the operator of multiplication by a
function V(z) >0,V € Ld/Q(Rd). Then V is Hy-form compact, and

(5.14) N (\; Ho, VV,1) < 05‘14(d)g:d/2/Vd/2($) dr, X<0.

Proof. Obviously, Ho(g,A,U) > g_Hp(1,A,0). For the operator Hy(1,A,0) the
following magnetic variant of the Cwikel-Lieb—Rozenblum estimate is known (see
[20], and [31, p. 168]):

Ny (X Ho(1,A,0),VV,1) < C(d)/Vd/Q(x) dr, \<O0.

This implies (5.14). O

We note that in [23] an estimate of the form (5.14) was proved under condi-
tions on A and g much more general than (5.9), (5.10). Concerning estimates of
Ny (\; Ho, V'V, 1) for d = 2, see [27].
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5.3. The polyharmonic operator. Let
(5.15) Hy= (=)', 1>0inH = Ly(RY), d > 1;

here [ is not necessarily an integer. We denote s := d/(21).

Proposition 5.5. (i) Let F be the operator of multiplication by a function F €
Loy(RY), and let f: (0,00) — [0,00) be a function such that [;° A*~1 f2(X)dA < oo.
Then

G16)  IFFHIE, < @x) o [ AP0 [ IF@)P b

in particular,
(5.17) FRJ'(—1) € So(H), m > /2.

(ii) Let F be the operator of multiplication by a function F € 11(Z%; Ly(Q%)).
Then

(5.18) FRIM(~1) € S1(H), m > ».

Proof. Statement (i) is obtained by a straightforward estimation of the Hilbert—
Schmidt norm.
Statement (ii) follows from [6, Theorem 11.1]. O

Proposition 5.6 (see [5]). Let Hy be the operator (5.15), let k > 1, and let V be
the operator of multiplication by a function V(z) > 0, V € L.(R?). Then V is
Hy-form compact and

(5.19) Ny(X\ Hy, VV,1) < 05_19(d,l)/V"”"(z) dz, X\ <0.

Estimates of N (\; Ho, vV, 1) for » < 1 can also be found in [5]; they are
slightly more involved than (5.19).

§6. ESTIMATES FOR THE SSF: APPLICATIONS

Below we apply the abstract results of §§2—4 to the differential operators Hy
introduced in §5. In Subsection 6.1 we present conditions sufficient for (2.11), and
in Subsections 6.2, 6.3 we obtain estimates for Ay. Estimates for the SSF arise as
direct combinations of the results of Subsections 6.1 and 6.2, 6.3; we do not record
these statements explicitly.

To treat the Schrodinger operator Hy(g, A,U), we need only properties (5.1)
and (5.2). Therefore, keeping in mind that the Schréodinger operator is of primary
interest for the applications, we formulate the theorems for an arbitrary operator
Hyj satisfying (5.1), (5.2).

6.1. Relationship between A and the SSF.
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Theorem 6.1. (i) If Hy satisfies conditions (5.1) and (5.2), and the perturbation
potential V. = V(z) > 0 in R? is (—=A)-form compact and V € Li(R%), then
Condition 2.1 for the pair Hy, \/V is satisfied for a.e. X\ € R, and Nz (\; Hy, \/V) €
Ll,loc(R)-

(ii) If Hy is the polyharmonic operator (5.15), and the perturbation potential
V =V(x) >0 in R? is Hy-form compact and V € Li(R?), then Condition 2.1 for
the pair Ho, 'V is satisfied for a.e. X\ € R, and N1 () Hy, \/V) € L1 10c(R).

Proof. We check the assumptions of Corollary 3.8 with X = H and G = V.

(i) Condition (1.3) (i.e., the Ho-form compactness) follows from Proposition 5.1.
Relation (3.13) is valid for any bounded interval § C R by Proposition 5.2(i).

(ii) Relation (3.13) is valid for any bounded interval § C R by Proposition
5.5(1). O

In connection with the assumptions of Theorem 6.1(i) we note that the relation
V € Li(R?) implies the (—A)-form compactness of V for d = 1, but, in general, it
does not imply even the (—A)-form boundedness of V for d > 2.

Theorem 6.2. (i) Under the assumptions of Theorem 6.1(i), suppose that d < 3.
Let Hy = Hy(Ho,VV). Then, for any \o < inf(c(Hy) U o(Hp)) relation (2.10)
is fulfilled with k = 1; thus, the SSF for the pair Hy, Hy is well defined. Identity
(2.11) is true for a.e. X € R.

(ii) Under the assumptions of Theorem 6.1(ii), suppose that s < 2. Let Hy =
Hy(Ho,VV). Then for any Ao < inf(o(Hx) U o(Hyp)) relation (2.10) is fulfilled
with k = 1; thus, the SSF for the pair Hy, Hy is well defined. Identity (2.11) is
true for a.e. X € R.

Proof. Tt suffices to refer to Propositions 2.7 and 2.8(i) with K = H and G = V.
The relation vV Ro(—1) € Sy is a consequence of Proposition 5.2(i) in case (i) and
of Proposition 5.5(i) in case (ii) (cf. [1, Theorem 2.11]). O

We have not succeeded in extending Theorem 6.2(i) to the case where d > 4
and in extending Theorem 6.2(ii) to the case where sr > 2. However, the quantities
Ni(\; Hy,v/V) are well defined in these cases (see Theorem 6.1).

Theorem 6.3. (i) Under the assumptions of Theorem 6.1(i), suppose that V €
1 (Z% Ly(QY)). Let Hr = Hy(Hy, V). Then (2.10) is fulfilled for all integers
k> (d—1)/2 and all Ny < inf(o(Hp) U o(Hy)) with sufficiently large absolute
value; thus, the SSF for the pair Hy, Hy is well defined. Identity (2.11) is true for
a.e. A€R.

(ii) Under the assumptions of Theorem 6.1(i), suppose that V € 11(Z%; L2(Q%)).
Let Hy = Hy(Ho,VV). Then (2.10) is fulfilled for all integers k > »—1/2 and all
Mo < inf(o(Hp) U o(Hy)) with sufficiently large absolute value; thus, the SSE for
the pair Hy, Hy is well defined. Identity (2.11) is true for a.e. A € R,

Proof. Tt suffices to refer to Propositions 2.7 and 2.8(ii) with K = H and G = V/V.
Relation (2.9) follows from Proposition 5.2(i) in case (i) and from Proposition 5.5(i)
in case (ii). The relation

(VVRY?(~1))*(VVRy™/?(~1)) = Ry*(-1)VRyT/?(~1) € S1(H)

is ensured by Proposition 5.2(ii) in case (i) and by Proposition 5.5(ii) in case (ii)
(cf. [1, Corollary 2.13]). O
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In connection with the assumptions of Theorem 6.3(i) we note that the relation
V € 11(Z% Ly(Q?)) implies the (—A)-form compactness of V for d < 4, but, in
general, it does not imply even the (—A)-form boundedness of V for d > 5.

6.2. Estimates for NV_.

Theorem 6.4. (i) Under the assumptions of Theorem 6.1(i), for any t > 0 we
have

/Oo N_(X; Ho, VV)e ™ dA
0

(6.1) < (QW)*dwdgM%*d/?/ A/ 21—t d)\/V(x) da
0

= (2w)_dwdgM25_d/2t_d/2F (g) /V(x) dz.

(ii) Under the assumptions of Theorem 6.1(ii), let f: (0,00) — [0, 00) be a mono-
tone nonincreasing function. Then

(6.2) /0 TN Ho, VD) F(N) A < (2)~Tugse /O T L) dA / V(z) da.

Proof. (i) It suffices to apply Lemma 3.3 with K = H, G = VV, f(\) = e ** (the
case of lower signs) and estimate the right-hand side of (3.4—) in accordance with
(5.6).

(ii) We apply Lemma 3.3 with K = H, G = vV and estimate the right-hand
side of (3.4—) in accordance with (5.16). O

Remark 6.5. 1) Let n = n(X) be a function of the form (5.3). Under the assumptions
of Theorem 6.4(i), inequality (6.1) implies the estimate

(6.3)
/ N_(X; Ho, VV)n(N) dA < (%)*flwd%lM?ﬁ*d/?/ A/2= 1 (0) d)\/V(a:) dz.

2) Suppose that the perturbation potential V' = V(z) > 0 decays rapidly as
|z| — co. We recall the asymptotic formulas for the SSF as A — oo:

(6.4)
E0% Holg, A U) +V: Holg, A, U)) ~ 2m) ag X771 [ Vi) (detg(a)) 7 da,

(6.5) £ (=) 4V, (=AY ~ (21)asgzer ! / V(z) da.

Formally, these relations can be derived by computing the corresponding phase
space volume. Under certain conditions on g, A, U, V, formulas (6.4), (6.5) can
be justified either as pointwise asymptotics or in the sense of some averaging; we
do not dwell on this subject. It is clear that (6.4), (6.5) agree with (6.3), (6.2);
moreover, the constant in (6.2) is sharp, and in the case of the flat metric the
constant in (6.3) is also sharp.

6.3. Estimates for V.
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Theorem 6.6. (i) Under the assumptions of Theorem 6.1(i), for any t >0, A_ <
0, and 6 € (0,1) we have

(6.6)
/OO(N+()\; Hy,VV) = Ny (A5 Ho, VV, (1= 0)7%)) ye~* d)

< (27r)_dwdgMzﬁ_d/29_1_d/2e_(1_9)A*tt_d/2f(d/2) / V(x)da.

ii) Under the assumptions of Theorem 6.1(ii), let A_ < 0, and let f: (A_,00) —
[0,00) be a monotone nonincreasing function. Then for any 0 € (0,1) we have

(6.7)
/ (N (A Ho, VV) — Ny (A_: Ho, WV, (1— 6)2)) 4 f(A) dA

o0

< (27) wgah 1 /

(1-60)A_

A= (1 —=0)A )L F(N) dA/V(:c) dz.

Proof. (i) Tt suffices to apply Lemma 4.3 with K = H, G = VV, 6; = 6, = 6,
f(\) = e and to estimate the right-hand side of (4.8) in accordance with (5.6).

(ii) It suffices to apply Lemma 4.3 with K = H, G = V/V, 6; = 6, = 0 and to
estimate the right-hand side of (4.8) in accordance with (5.16). O

Remark 6.7. Let n = n(A) be a function of the form (5.3) where the measure p has
the property that the integral in (5.3) is convergent for any A > A_; for example,
we can take n(A) = (A —Xg)™7, Ao < A_, v > 0. Then, under the assumptions of
Theorem 6.6, inequality (6.6) implies the estimate

(6.8)
[ o V)~ N A Ho VT 1 0)7) )

d o0
< (QW)_deiMQ,@_d/Qe_l_d/z/

(A—(1—0)A_)¥21p(N) d)\/V(as) dz.
(1-6)A_

Corollary 6.8. (i) Under the assumptions of Theorem 6.1(i), let Hy =
Hy(g,A,U), and let d > 3. Then for any function n of the form (5.3) and any
6 € (0,1) we have

(6.9)
/ N+ (s Ho, VT)n(\) dA
0
—d/2q _ p\—d > 4/2 (1) dee
< Cyaa(d)g~ (1~ 0) /O n(\) dA / V42(2) d

+(27r)_dwdgM2B_d/20_1_d/2 / A@/2=153) g / V() da.
0
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(ii) Under the assumptions of Theorem 6.1(ii), let k > 1. Then for any 6 € (0,1)
and any monotone nonincreasing function f: (0,00) — [0, 00) we have

(6.10)
/ N (s Ho, V) F(A) dA
0

< s 1o(d,1)(1 — 0)~2 /OOO OV d)\/V”(x) dx
+ (2m) " wgrf A / e FON) dx / V(z) d.

0

Proof. Tt suffices to relax inequalities (6.7), (6.8) by transferring the terms that in-
volve N to the right-hand side, then applying estimates (5.14), (5.19), and putting
A_=0. O

Theorem 6.9. (i) Under the assumptions of Theorem 6.1(1), for any A_ < 0, any
p > max{1l, s}, and any 6 € (0,1) we have

(6.11)
/DQ<N+(A; Ho,VV) = Ny (A_; Ho, VV,(1+6)71) (A — A_) P dA

< (27?)*dwdgM2[3’d/20*1\A,|"*I’B(d/2,p —d/2) A _12 /V(x) dzx.
p—

(ii) Under the assumptions of Theorem 6.1(ii), let A_ < 0, and let f: (0,00) —
[0,00) be a monotone nonincreasing integrable function. Then for any 6 € (0,1) we
have

(6.12)
/ " (WL O Hou V) = N (A Hou VT, (14 6)~1))_F(A) dA
0

< (27) dwysh ! /OOO (4»@1 +2/0A ttjx_ dt)f()\) d)\/V(x) da.

Proof. (i) It suffices to apply Lemma 4.4 with X = H, G = V'V, 6 = 6, = 0/2,
f(A) = (A—A_)~P and to estimate the right-hand side of (4.10) in accordance with
(5.6).

(ii) We apply Lemma 4.4 with K = H, G = V/V, 6; = 6, = 0/2 and estimate
the right-hand side of (4.10) in accordance with (5.16). O

Remark 6.10. For I < 1, the semigroup et =2) ip Ly(RY) is positivity preserving.
Using this, we can apply the construction of §§5-6 to the differential operators Hy
of order I < 1 that satisfy the condition

le=Hoy| < Me=CA 1|, 4 € Ly(RY).

As a typical example we mention the pseudorelativistic magnetic Schrodinger op-

erator
(Ho(1,A,0) + 1)'/? + U(w);

see, e.g., [26].
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§7. APPENDIX. REMARKS ON THE PROOF OF PROPOSITION 5.3

7.1. In [11], Proposition 5.3 was proved under the additional assumption U €
Loo(RY). Tt is easy to carry the desired statement over to the general case. Indeed,
first we observe that

0 0 0
(7.1) 9JL(1,E\,U < hé,L,U < 9+h(1,2A,U~

Under conditions (5.10), (5.11), the form h(lchU is closable, and its domain is given
by the expression on the right-hand side of (5.13); see [34]. Now, the first statement
of Proposition 5.3 follows from (7.1).

Next, the results of [11] imply that if conditions (5.9), (5.10) are fulfilled and

(7.2) U>0, Ue Ly(RY,
then
(7.3) e tHo(@:8.0) | < o=tHo(@00) |y ¢ 50, o € Ly(RY).

We put Uy, (z) = min{U(z), n}; arguing as in [34, Theorem 2.1], we can check that
Ho(g,A,U,) — Ho(g,A,U) in the strong resolvent sense. Then, writing (7.3) with
U= U, and passing to the limit as n — oo over a subsequence that converges
almost everywhere in R?, we get

(7.4) e~ o@Dy | < e H@O0 gl >0, ¢ € Ly(RY)

(cf. the proof of Theorem 3.1 in [16]). It is well known (see, e.g., [10]), that the
semigroup e~ *10(9:0.0) i positivity preserving and that for some constants M > 0,
B > 0 we have

(7.5) e tHo(0.0.0) 1) < Me D)y, >0, 9 € Ly(RY).
Combining (7.4) and (7.5), we arrive at (5.2).

7.2. In [11], the proof of (7.3) was based on a certain new domination criterion for
semigroups (see [24]). We are going to show that (7.3) can be proved by using the
“classical” semigroup theory technique: the Kato inequality [15], the domination
criterion [33, 13], and an approximation argument [16, 34].

Let g € CH(R?) be of the form (5.9), let A € C*(R?), and let U be of the form
(7.2). Lemma A in [15] gives the pointwise estimate

Re(sgnuHy(g, A, ﬁ)u) > Hy(g,0,0)|ul,

in the sense of distributions. Using the domination criterion [33, 13], from this
estimate we deduce (7.3) for the class of functions g, A, U specified above. Now,
let g, A be of the form (5.9), (5.10). We take a sequence A, € C'(R?) such
that A, — A in L joc, and a sequence of matrix-valued functions g, (x) satisfying
g-1 < gp(x) < g4+1 (with the same g_, g4 as in (5.9)) and such that g, — g
almost everywhere in R?. Arguing as in the proof of [34, Theorem 4.1] (see also
[23, Proposition 2.5]), we check that H(gn,An,(j) — Hg, A, (7) in the strong
resolvent sense. Here the key point of the proof is the fact that if ¢ € C§°(R?),
then ¢,(V —iA,)p — g(V —iA)p strongly in Lo. Next, in the inequality

‘eftHo(gn,An,ﬁ)w S e*tHO(gnaO:O) |’l/}|

we pass to the limit as n — oo along a subsequence converging almost everywhere
in R%. This yields (7.3).
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3. We note that in [11] the condition on the matrix g(z) was much weaker than
.9); this allowed the authors of [11] to cover the case where Hy(g, A,U) is non-

selfadjoint. Of course, the alternative proof sketched above does not include this
case.
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