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Quantitative Bounds Versus Existence
of Weakly Coupled Bound States
for Schrodinger Type Operators

Vu Hoang, Dirk Hundertmark, Johanna Richter and Semjon Vugalter

Abstract. It is well-known that for usual Schrodinger operators weakly
coupled bound states exist in dimensions one and two, whereas in higher
dimensions the famous Cwikel-Lieb—Rozenblum bound holds. We show
for a large class of Schrodinger-type operators with general kinetic ener-
gies that these two phenomena are complementary. We explicitly get a
natural semi-classical type bound on the number of bound states precisely
in the situation when weakly coupled bound states exist not.
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1. Introduction: Quantitative Bounds Versus Weakly Coupled
Bound States

In this paper, we study operators of the form
T(p)+V

where p = —1V is the quantum-mechanical momentum operator and the ki-
netic energy symbol T : R? — [0,00) is a measurable function. See Sect. 3
for the precise definition of T'(p) + V and the condition we need on the ki-
netic energy symbol 7" and the interaction potential V. There has been an
enormous amount of interest in the study of bound states for such operators.
Usually, in standard quantum mechanics the symbol is given by T(n) = n?,
that is, the kinetic energy is given by the the Laplacian p?> = —A. In this
case, it is well-known that quantum mechanics in three and more dimensions
is quite different from one and two dimensions. In three and more dimensions
the perturbed operator p? +V can be unitarily equivalent to the free operator
p? for potentials V which are small in some sense [40, Theorem XIII.27], and
for a suitable class of potentials the famous Cwikel-Lieb—Rozenblum bound
(CLR) holds, which gives a bound on the number of bound states in terms
of a semi-classical phase-space volume, see [11,30,41,42]. The works of Cwikel
and Lieb had been motivated by Simon [48], the work of Rozenblum by the
St. Petersburg school of mathematical physics around Birman and Solomyak,
whose work had been virtually unnoticed in the west until the mid 1970s.!
Rozenblum’s paper [41] was an announcement of his result and, typically for
the journal, did not contain any proofs. A version of his result also appeared in
the summer school lecture notes by Birman and Solomyak [7]. The version with
full proofs was published in [42]. Similarly, Lieb’s paper [29] is announcement
of his result and the details of his proof had been published later in [30,51]
In one and two dimensions, arbitrarily small attractive potentials produce
a bound state, see Problem 2 on page 156 in [25], or [10,60] and also [38]. More
precisely, it was rigorously shown? by Barry Simon many years ago, see [50],
that it suffices that V is not identically zero and V € L' with [Vdx <0,

1See the “note added in proof” in [48].
2For a textbook treatment of weakly coupled bound states for the Schrédinger operator in
one and two dimensions, see page 679-682 in [53].
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together with some mild moment condition on V, so that —A + AV has a
strictly negative bound state in one and two dimensions, for any A > 0. This
had been generalized in [37,59] to higher order Schrédinger-type operators.

Recently renewed interest in weakly coupled bound states arose due to the
observation that such states can be found in many other physically interesting
cases and they are responsible for different physical behavior of these systems
compared to what one is used to from usual quantum mechanics in high dimen-
sions. These systems include quantum wave guides, systems with homogenous
or increasing magnetic fields, the Bardeen—Cooper—Schrieffer (BCS) model for
superconductivity. These examples are not necessarily one or two-dimensional,
but they are described by Schrodinger type operators with strongly degenerate
kinetic energies [16,18,26,38], that is, the kinetic energy T' can be degenerate,
T(n) = 0, not only at a single point but on a “large” set in momentum space.
For example, the kinetic energy could have a zero set which is an embedded
hypersurface in R%. At this point it is important to emphasize that the results
of [16] concern the special BCS Hamiltonian in three dimensions where, in
particular, the zero set of the kinetic energy is a two-dimensional sphere in
R3. The works [18,26,38] require that the kinetic energy T is locally bounded,
satisfying some growth conditions at infinity, the zero set of the kinetic energy
T is a smooth co-dimension one submanifold of R, in [38] only locally, and
that [V dx < 0 or, even stronger, V < 0 and V # 0. These last two condi-
tions are stronger than the conditions on the potential in the original work of
Simon. In particular, they leave open the question what happens if V' # 0 and
f Vdz = 0 or if the co-dimension of the zero set of the kinetic energy T is
larger than one.

Motivated by the above questions, we consider a very general class of
kinetic energies and potentials. More importantly, we have a sharp existence
result for weakly coupled bound states: We give conditions under which weakly
coupled bound states exist for any non-trivial attractive potential, f Vdz <0,
and if our conditions are not met, then for any strictly negative but sufficiently
small potential weakly coupled bound states exist. Moreover, in the second
case, we prove a quantitative bound on the number of negative bound states.

We are able to do this by identifying the mechanism which is responsible
for the creation of weakly coupled bound states: Roughly speaking 7 +— T'(n) ™!
being integrable or not in a small neighborhood of the zero set of T' distin-
guishes between having a quantitative bound on the number of negative bound
states in the first case or having weakly coupled bound states for arbitrarily
small attractive potentials in the second, see Theorems 1.1 and 1.3, for the
precise conditions.?

In the following we will always assume, without further mentioning it,
that the potential V' is relatively form small with respect to the kinetic energy
T(p). That is, there exists 0 < @ < 1 and b > 0 such that

3And Theorem 1.5, which shows that under some slight additional assumptions these are
complementary.
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(e, Vo)l < VT ()l + bllol?

for all ¢ € D(\/T(p)) = Q(T(p)), the form domain of T'(p). Here we identify,
for simplicity, (¢, Vo) = (/|V]e,sgn(V)/|V]p) for the quadratic form of the
potential V' and also assume that its quadratic form domain Q(V') contains
Q(T(p)). In this case, the famous KLMN theorem guarantees that one can
define the generalized Schrodinger operator as a sum of the quadratic forms
corresponding to T'(p) and V, see [40,56]. By a slight abuse of notation, we
denote this operator by T'(p) + V.

Our first theorem concerns the existence of bound states. We write V' # 0
if V' is not the zero function, more precisely, if V' # 0 on a set of positive
Lebesgue measure.

Theorem 1.1. (Weakly coupled bound states) Let T : R — [0, 00) be measur-
able. Assume that there exists a compact set M C R? such that

/ T(n)~'dny = oo for all § > 0, (1.1)
M

where Ms := {n € R? : dist(n, M) < &}. Then info(T(p)) = 0 and if the
potential V' # 0, obeys the basic assumptions from Sect. 2 and V < 0, then
T(p)+V, defined in the quadratic form sense, has at least one strictly negative
bound state.

Moreover, if T is locally bounded this also holds for sign indefinite po-
tentials in the sense that if V. € L'(R%), V # 0, obeys the basic assumptions
from Sect. 2 and [V dx < 0, then the operator T(p) +V has again at least
one strictly negative eigenvalue.

Remarks 1.2. (i) Our theorem poses rather weak conditions on the zero set
of the kinetic energy symbol T'. Moreover, T" does not have to satisfy
any growth conditions at infinity. Of course, if T' does not satisfy a
growth condition at infinity, then, even if V € L', it does not have
to be relatively form bounded with respect to T'(p). Assuming this and
Oess(T(p) + V) = o(T(p)), one can formulate a version of Theorem 1.1
which still guarantees the existence of some negative spectrum, but not
necessarily discrete, we leave the details to the interested reader.

(ii) If the potential is negative, V' < 0, and the zero set of the kinetic energy
is somewhat ‘thick’, there can be even be infinitely many bound states
below the essential spectrum, see Theorem 3.4 and Corollaries 3.6 and
3.7 below. Moreover, if the kinetic energy symbol T is continuous, then
the compact set M above can be chosen to be a subset of the zero set of
T. In this case, the behaviour of T' near its zero set determines whether
(1.1) holds or not.

(iii) We would like to emphasize that our result also holds when [V dx = 0.
This makes our criterion applicable in several cases, when previous results
[16,18,26,38] fall short. One example is when the Fourier transform V of
the potential is zero on a large ball centered at the origin.
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(iv) Our method in the proof of Theorem 1.1 relies on a very simple and
natural variational calculation, which also works in the critical case where
JVdx = 0. It does not require a detailed analysis of the generalized
Schrodinger operator T'(p) + V. Its main advantage is its simplicity and
its wide range of applications.

The situation discussed in Theorem 1.1 changes drastically when 7 +—
T(n)~! is integrable near the zero set of T, more precisely, when T_ll{T<5} S
L' (R?) for some 6 > 0. Not only do weakly coupled bound states cease to exist
but we have even a quantitative bound on the number of negative eigenvalues
in this case. More precisely, introduce the function G : [0, 0c] — [0, c0] by

d
Glu) = U/T(’V])<u A (27:7)d (12)

for w > 0. It is clear from the definition that G(u) < oo if and only if
Jrow T(n)~tdn < oo and if G(ug) < oo for some ug > 0, then G(u) < oo
for all 0 < w < wp and in this case lim,_o G(u) = 0. The function G is the
central object in our quantitative bound on the number of bound states for
the Schrédinger-type operator T'(p) + V.

Theorem 1.3. (Quantitative bound) Let T : R — [0,00) be measurable and
assume that the potential V' obeys the basic assumptions from Sect. 2. Then
for T(p) +V, defined in the quadratic form sense, we have the bound

a2

N(T(p)+V) < O_W/G(V_ (z)/a?)du, (1.3)

for all 0 < a < % Here V_ = max(0,—V) is the negative part of V and

N(T(p) +V) is the number of eigenvalues of T'(p) + V which are strictly neg-
ative.

Moreover, if for a given potential V there exists a perturbation W > 0
with G(V_ + W) < o0, then the above bound also includes zero-energy eigen-
values, that is,

No(T(p) + V) := #{eigenvalues of T(P) +V <0}

o2 , (1.4)
< g | GOV-@)et)da,

Remarks 1.4. (i) As we will see in Section A, in many practical cases, even
when the kinetic energy symbol T is not homogeneous, the function G
from Theorem 1.3 can be straightforwardly evaluated and in most cases
the result of this evaluation agrees with the precise semi-classical guess
up to a small factor. In particular, when T'(n) = n?, we recover Cwikel’s
version of the CLR bound.
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A straightforward argument shows that if for all u > 0 the sublevel sets
{T < u} have finite Lebesgue measure, then

/ T(n)~*dn < oo for some u > 0
T<u

— T(n)~'dn < oo for all u > 0.
T<u

In this case, G(u) < oo for all u > 0 is equivalent to G(ug) < oo for
some ug > 0. Moreover, in the case that the sublevel sets {T' < u} have
finite Lebesgue measure, Lemma B.2 in the appendix yields a non-trivial
relative form compactness criterium of a potential V' which does not
require that 7" diverges to infinity at infinity.
Of course, in all the applications we know of one usually has lim,,_, T'(n)
= oo or, in the case of discrete Schrodinger operators, the range of possible
momenta 7 is a bounded subset of R%. Thus in these applications one
always has G(u) < oo for all u > 0 once G(ug) < oo for some ug > 0.
The function G above has a nice semi-classical interpretation. We note

6= [ @ gli= [ ok [ s e as

T/u<1 T/u<l

dn ds
1{T<n> ~min(L8)u<0} 53
—/ 1 e ) / 1 o
= - {T(n)— u<0} - {T'(n)—min(1,s)u<0} 75 g (271—)d 52

Thus with the classical phase—space volume, given by

. dndx
NNT +V):= // L7 (n)+V(x)<0} @y

Re x R4
:/}Rd‘{neRd:T()-l-V <0}|

a reformulation of the bound in (1.3) is
2

=2

+m/ N(T 4 sV (2)fa?)

for all 0 < a < 1/2. The first part on the right hand side above is
clearly related to the classical phase space volume guess suggested by the
uncertainty principle and the second part can be considered as a quantum
correction. We would like to emphasize that for the usual Schrodinger
operator one has

N(T(p)+V) < NNT +V/a?)

L 1)

d
Nel([nf? + V/a?) = (ﬁl)L JRACEE (1.6)
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which for a large class of potentials, e.g., V € Cg°(RY) is finite in all
dimensions. On the other hand, it is well known that in dimensions one
and two the Cwikel-Lieb—Rozenblum bound does not hold. Thus even in
this well understood case, finiteness of the classical phase space volume
does not imply the existence of a quantitative bound of CLR-type. Our
quantum correction, the second term in (1.5) takes care of this. Theorem
1.3 shows that a simple general quantitative bound on the number of
bound states holds, exactly when the contribution from the quantum
correction, i.e., the second term in (1.5), is finite.

To show that under some slightly stronger conditions on 7', Theorems 1.1
and 1.3 are complementary, we provide

Theorem 1.5. Let Z := {T = 0} be the zero set of the kinetic energy symbol
T :R? — [0,00). Assume that Z is compact and that T is small only close to
its zero set, more precisely, we assume that for all 6 > 0 there exists u > 0
with

1
——dn < o0, 1.7
/{T<u}ng T(n) (L0

where Z§ is the complement of Zs := {n € R% : dist(n, Z) < §}. Then
(a)

/ZéT(ln)dn:oo for some § >0 (1.8)
is equivalent to T'(p) +V having weakly coupled bound states for any non-
trivial attractive potential V.. That is, for any V <0, V # 0, which obeys
the basic assumptions from Sect. 2 the operator T'(p)+V has at least one
strictly negative eigenvalue.

Moreover, if in addition the kinetic energy symbol T is locally bounded,
then (1.8) is also equivalent to T'(p) +V having a strictly negative eigen-
value for non-trivial sign changing potentials V' in the sense that if V €
LY(RY), V £ 0, obeys the basic assumptions from Sect. 2 and [V dz <0,
then the operator T'(p) +V has again at least one strictly negative eigen-
value.

/ZéT(ln)dn<oo for some § >0 (1.9)
s equivalent to the existence of a quantitative bound on the number of
bound states in the following sense: There exists a function Gy : [0, 00] —
[u, 00] with Go(u) < oo for all small enough w > 0 and lim, o+ Go(u) =0
such that for any potential V' which is relatively form compact with respect
to T(p) one has the bound

N(T(p)+V) < /Go(V, (x))dz,
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where V_ = max(0, —V) is the negative part of V. and N(T'(p)+V') is the
number eigenvalues of T'(p) +V which are strictly negative. Moreover, in
this case one can take Go(u) = ﬁG(a”u) with G defined in (1.2)
and 0 < o < 1/2.

Remarks 1.6. (i) To see that (1.7) is, indeed, a rather weak growth and

(i)

regularity condition on 7" we note that (1.7) is fulfilled under the following
two conditions on 71"

1) There exists 0 < &, R < co with T'() > ¢ for all |n| > R, (1.10)
which is, for example, the case if T'(n) — oo for
2) T is lower semi-continuous. (1.11)
Indeed, under the above two conditions one has
for any 6 > 0 there exists u > 0 with {T' < u} N Z§ = 0, (1.12)

which clearly implies (1.7). To see (1.12), define r(u) := sup{dist(n, Z) :
T(n) < u}. Then {T < u} C Zs is equivalent to r(u) < 4, so it is
enough to show lim, oy 7(u) = 0. Clearly, 0 < u +— r(u) is increas-
ing. Assume that there exists g > 0 with r(u) > 2¢q for all u > 0.
Taking u = 1/n, this yields the existence of a sequence &, € R? with
dist(&,, Z) > eo and T'(&,) < 1/n. Because of (1.10) we have &, < R
for all large enough n. Thus we can take a subsequence &, such that
n = lim;_. &y, exists. Because of the lower semicontinuity of 7' one
has 0 < T(n) < liminf; ,oo T(&,,) = 0, so n € Z, which contradicts
dist(n, Z) = lim;_, o dist(&n,, Z) > €9 > 0. So r(u) — 0 as u — 0, which
proves (1.12).

The existence of a quantitative bound on the number of strictly negative
eigenvalues of T'(p) +V clearly implies that weakly coupled bound states
do not exist, see Remark 1.4.i. On the other hand, we do not know of any
result in the literature which shows, without assuming strong additional
conditions on the kinetic energy T'(P), that the absence of weakly coupled
bound states implies the existence of a quantitative semi-classical type
bound on the number of strictly negative bound states of Schrédinger-
type operators T(P) + V. These strong additional assumptions refer to
Markov properties [27], positivity-preservation of the associated semi-
group [12,30,43] or the inverse of the kinetic energy being in a weak
LP-space, thus imposing a kind of homogeneity condition, [14,15], see
also [46,47]. The main point of our Theorem 1.5 is that under very weak
reqularity assumptions on T mnear its zero set, which are fulfilled in all
physically relevant cases, the two phenomena of weakly coupled bound
states and the existence of quantitative semi-classical type bound on the
number of strictly negative bound states are indeed complementary.
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(iii) Condition (1.7) ensures that we have the equivalences

1
——dn=ocforall§ >0
/zé T'(n)
1

— ——dn = oo for some § >0

2 T
1

<= ——dn = oo for all © > 0. 1.13

T<u T(U) ! ( )

This clearly ensures that conditions (1.8) and (1.9) are complementary.
The equivalence (1.13) follows from Lemma 6.4 in Sect. 6.2.

To put our work into perspective: Previously, the weakest condition on the
potential which guaranteed existence of at least one strictly negative eigenvalue
is due to Pankrashkin [38] who showed that a strictly negative eigenvalue exists
if V € L' and JVdx < 0. This condition is weaker than the condition of
[16,18] where the authors have to assume that the Fourier transform V is non-
vanishing within a large enough ball centered at the origin.* In [16,18,26], they
adapt the method of Simon, using the Birman—Schwinger principle [5,6,55],
to identify a singular piece of the Birman—Schwinger operator. This approach
needs global assumptions on the zero set of the kinetic energy, see also Remark
1.2.iii . The work [38] uses a construction of appropriate trial functions, as such
the assumptions on the zero set of the kinetic energy in [38] are local. More
precisely, there is an open set such that locally within this set the zero set of T’
is a smooth submanifold of R?. The work [26] establishes the precise asymptotic
rate of the negative eigenvalues, but for this they need strong assumptions.

It is easy to construct examples of potentials V' € L' such that its Fourier
transform V is zero on a large centered ball. Simply take any spherically sym-
metric Schwartz function V which is supported on a large enough centered
annulus in Fourier space and let V' be the inverse Fourier transform of V.In
this case [V dz = ‘7(0) = 0 and our Theorem 1.1 shows that there exists at
least one strictly negative eigenvalue under suitable conditions on the kinetic
energy T', whereas the previous results in [18,26,38] are not applicable. The
only exception is the pioneering work of Simon, which for the Laplace operator
T(p) = p? in one and two dimensions, shows that there are strictly negative
eigenvalues if [V dz < 0, V does not vanish identically, and, for some technical
reasons, some high enough moments of V' are finite.

Some additional remarks concerning Theorem 1.3 are

Remarks 1.7. (i) As already mentioned, from the definition of G together
with a simple monotonicity argument it is clear that if for some uy one
has G(ug) < oo then G(u) < oo for all 0 < u < ug and lim,,_,o4 G(u) =
0. Thus, if G(up) < oo, or equivalently, T17,, € L'(R?), for some
up > 0, a simple construction yields a potential V' < 0 such that®

4More precisely, in (18] they require that Vis non-vanishing on the set S — S = {nm —n2:
n; € S}, where S is the zero set of T'.
5for your favorite choice of 0 < o < 1/2, e.g., a = 1/42.
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Jra G(V_(z)/a?) dz < co. But then, replacing V by AV for 0 < A < 1, the
monotone convergence theorem gives limy o1 [ro G(AV_(z)/a?)dz = 0
and the bound provided by (1.3) shows

m/}R GOV (2)/a?)dz < 1

for all small enough A > 0. So in this case there exists a strictly negative
potential for which T'(p) + V has no strictly negative eigenvalues. So
Theorems 1.1 and 1.3 appear to be complementary. More precisely, as
Theorem 1.5 below shows this is, indeed, the case under some slight
additional global assumptions on the kinetic energy 7', which seem to be
fulfilled in all physically relevant applications.

(ii) Theorem 1.1 shows that strictly negative eigenvalues of T'(P) + V exist
once the integral of T'(n)~! diverges in a neighborhood of a compact
set. On the other hand, Theorem 1.3 yields a quantitative bound on the
number of negative eigenvalues under the condition that T’ll{T<5} is
integrable for some ¢ > 0. Naturally, one can ask the question what could
happen if 77! is integrable over every compact set, but diverges globally.
As an example of such a situation, we consider the operator

H)\ = (p% +p%)1/2 - /\U($1, 332,.133) Oon LQ(Rg)v

for some 0 < U € C5°(R3), A > 0. For sufficiently small A this operator
does not have negative spectrum (no weakly coupled bound states). On
the other hand, after some critical ., the infimum of the essential spec-
trum immediately goes down and discrete eigenvalues still do not exist.
More precisely, by construction we have

o(Hy) N (—00,0) = Gess(H) N (—00,0)

= | (0@} + 032 = \U(,23)) 0 (—00,0).  (114)
r3€R

N(T(p)+ V) <

For fixed x3 € R consider the operator (p? + p3)'/2 — \U(-,x3) as an
operator on L?(R?). Its quadratic form is monotonically decreasing in
A > 0 and for fixed 3 € R we can apply Theorem 1.3 to show that
for small enough A the operator (p? 4 p2)'/? — A\U(-, x3) is positive. This
example shows that for the existence of weakly coupled bound states one
needs that the kinetic energy goes to zero fast enough near its zero set.

We would like to stress that in all or our results, the assumptions on
the kinetic energy symbol T are very weak and fulfilled in all physically inter-
esting cases. Our theorems have several applications, discussed in Section A,
including Schrédinger operators with fractional Laplacians, different types of
Schrodinger type operators with degenerate kinetic energies such as pseudo-
relativistic Schrodinger operators with positive mass and two-particle pseudo-
relativistic Schrodinger operators with different masses, including very differ-
ent masses, BCS-type operators, and discrete Schrodinger operators.

Our paper is organized as follows: We first address the question of exis-
tence of negative bound states. The main idea in the proof of Theorem 1.1 is
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first shown in a simple model case in Sect. 4. In Sect. 5 we give the proof of
Theorem 1.1 and its refinement Theorem 3.4 and their corollaries. In Sect. 6
we give the proof of Theorem 1.3 and in Sect. 6.2 the proof of Theorem 1.5.
The applications of Theorems 1.1 and 1.3 are discussed in Appendix A.

2. Basic Assumptions
We consider operators of the form
H=T{p+V (2.1)

where p = —iV is the quantum-mechanical momentum operator and the sym-
bol of the kinetic energy T is a measurable nonnegative function on R%. We
define T'(p) as the Fourier multiplier,

T(p)p == F T()E()] (2.2)
where we use the convention
Fln) o= F(0) = Gy [ e e e
and

1 .
in-x

for the Fourier transform and its inverse. A-priori the above expressions are
only defined when f, g are Schwartz class, but they extend to unitary operators
to all of L?(R?) by density of Schwartz functions in L2(R), see [31,52].

For a positive self-adjoint operator A we denote by Q(A) its form domain
and by D(A) its domain. Thus Q(A) = D(v/A). In particular,

glz) = FH(g)(x) =

o) = {rer®): [ TwlfmPu<c} @3

The potential V : R? — R is a Borel-measurable function. In order to define the
Schrodinger type operator T'(P)+ V as a sum of quadratic forms, it is enough
to assume, for simplicity, that its modulus |V is form small with respect to
T(p), that is, for some 0 < a < 1 and b > 0 we have

(@, IV]e) < IVT)ell” + blloll® (2.4)

for all ¢ € D(y/T(p)) = Q(T(p)), the form domain of T'(p). In this case the
quadratic form domain Q(V') of V is given by the domain of the multiplication
operator |V[*/2, Q(V) = D(|V|*/?), and we identify, for simplicity, (p, Vi) =
(VIV]p,sen(V)/|V]p) for the quadratic form of the potential V. We also
assume that Q(T'(p)) C Q(V).

More generally, let V. = max(V,0), respectively V_ = max(—V,0), be
the positive, respectively negative, part of the potential V' and assume that
Q(T(p) N Q(V,) is dense in L2(R?) and that V_ is relatively form small with
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respect to T(p) + V. That is, Q(T(p) N Q(V4) C Q(V_) and there exists
0<a<1land0<f < oo such that

WV < a(IVT@I + IV I + 81712 (25)

Under either conditions (2.4) or (2.5), the famous KLMN theorem, see, e.g.,
[66, Theorem 6.24] or [53, Theorem 7.5.7], shows that the natural quadratic
form corresponding to T'(p) + V is closed on Q(T'(p)) N Q(V4) and defines a
lower bounded self-adjoint operator, which we will denote by T'(p) + V, for
simplicity.

Since we have the form smallness condition on |V, or we split V' into
its positive and negative parts, we do not discuss highly singular oscillating
potentials in this work.

Since T'(p) is a Fourier multiplier, i.e., multiplication by a function on
the Fourier side, it has purely essential spectrum, o(T(p)) = 0ess(T(p)) =
essrange(T") C [0, 00). Here the essential range of T is given by

essrange(T) = {E € R: |[T"'((E — 6, E +6))| > 0 for all § > 0}.

We also need a condition on the essential spectrum of T'(p)+ V. We will always
assume that

Oess(T(p) + V) C 0ess(T(p))- (2.6)

For sufficient conditions, which imply (2.6) and (2.5), respectively (2.4), see
Remark 2.1.

For the quantitative bound on the number of bund states we need a
slightly stronger assumption, where in (2.5) we replace V by zero and in (2.6)
we replace V by —V_.

Remarks 2.1. (i) The conditions (2.5) and (2.6) are, in particular, fulfilled
when |V] is relatively form compact with respect to T'(p), i.,e, (T'(p) +
D=Y2|V|(T(p) + 1)~'/2 is a compact operator on L?(R?). This is well-
known, see [56, Section 6.3] or [53, Section 7.5] for example. In this case,
V is automatically relatively form small with respect to T'(p) with relative
bound zero, [56, Lemma 6.26]. Moreover, by the relative form compact-
ness oess(T'(p) + V) = 0ess(T(p)) = o(T(p)), [56, Lemma 6.26] or [53,
Theorem 7.8.4],

(ii) Necessary and sufficient conditions are given in [35] for a potential V'
to be relatively form bounded, respectively relative form compact, with
respect to the usual kinetic energy T(p) = p?. These conditions cover,
in particular, examples where the potential is highly oscillatory. Since a
characterization of relatively form bound and form compact potentials V'
in the spirit of [35] is not known for the general class of kinetic energies
we are interested in, we provide in Appendix B two sufficient conditions
for the invariance of the essential spectrum of T'(p) under perturbation
by a potential V' which is relative form bounded with respect to T'(p).
These condition are far from optimal but are easy to apply in a wide
variety of cases.
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For example, assume that V is relative form small with respect to
T(p). Then one has oo (T(p) + V) = 0ess(T(p)) as soon as |V[/2(T(p) +
1)~! is a compact operator or if V € L'(R), assuming in addition that
lim,) oo T'(1) = 00, see Lemma B.1 in the appendix. A different criterium,
which still needs that T" diverges at infinity, is discussed in Lemma B.2.

3. Existence of Bound States: The General Setup

Physical heuristic suggests that a weak attractive potential can create a bound
state if T" is small close to its zero set. To make this precise we introduce a
local version of this.

Definition 3.1. Let 7' : R? — [0, 00) be measurable. T has a thick zero set near
we Zif

/ T(n)~'dn = oo for all § > 0, (3.1)
Bs(w)

where Bs(w) = {n € R?: dist(n,w) < §} is the open ball of radius § centered
at w.

In the following, we will assume, without mentioning all the time, that
the assumptions of Theorem 1.1 hold and T'(p) +V is defined in the quadratic
form sense. A local version of Theorem 1.1 is given by

Theorem 3.2. Suppose that V- < W # 0 obey the basic assumptions from
Sect. 2, W € L', [Wdx < 0, and T has a thick zero set near some point
w € Z. Then T(p) +V has at least one strictly negative eigenvalue.

Remark 3.3. The sole role of the comparison potential W is to be able to
easily include potentials V' obey the basic assumptions from Sect. 2, but are
not integrable. For example, if the positive part V, € L' and V_ & L', and V
obeys the basic assumptions from Sect. 2, we can choose

Wi =V, —min(V_,m)1p,

where Bp is a centered ball of radius R > 0. Then V < W' € L', WE obeys
the basic assumptions from Sect. 2, and [ W} dz < 0 for m, R large enough.
Thus Theorem 3.2 yields the existence of a negative eigenvalue of T'(p) + V in
this case.

In particular, the existence of a strictly negative eigenvalue of T'(p) + V
for potentials V' # 0, which obey the basic assumptions from Sect. 2 and which
are sign definite, that is, V' < 0, follows at once from Theorem 3.2. We do not,
however, consider sign changing potentials which are not in L!(R?).

A refinement of Theorem 3.2, when the zero set of the kinetic energy T’
has many disjoint thick parts is given by the next theorem, which also yields
an easy criterion for the infinitude of weakly coupled bound states.

Theorem 3.4. Assume that V,W # 0 obey the basic assumptions from Sect. 2
and that for some k € N the kinetic energy T has a thick zero set near k
pairwise distinct points wi,...,wi € Z.
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(a) If V<0, then T(p) +V has at least k strictly negative eigenvalues.

(b) If V<W, W € L', and the k x k matriz M = (W (w; — wm))t.m=1.... k-
where W is the Fourier transform of W, is strictly negative definite, then
T(p) +V has at least k strictly negative eigenvalues.

(c) If V< W, W € L', the k x k matric M = (W(wl — W) lm=1,...ks 1S
negative semi-bounded, the eigenvalue 0 of this matrix is non-degenerate,
and the function T is locally bounded, then T (p)+V has at least k strictly
negative eigenvalues.

Remarks 3.5. (i) In the spirit of Theorem 3.4, one can formulate a condi-
tion under which the operator T'(p) + V has at least k eigenvalues when
V < W, for a semi-bounded matrix M = (W(wl — Wm))i,m=1,....k With a
degenerate eigenvalue zero. We are not doing this for the sake of simplic-
ity, but leave it to the interested reader.

(ii) Similar to part (a) of Theorem 3.4, in [9,38] the authors also had the
condition that the matrix M = (V(wl —Wm))1,m=1,...k is negative definite,
but the conditions on the zero set of the kinetic energy are much stronger
than ours. Moreover, we can also handle the case of a non-degenerate zero
eigenvalue of M.

In the following we use for two real-valued functions f, g the notation
f < g if there exists a constant C' > 0 such that f < Cg. We also write

f~gif fSgandg S f.
Useful corollaries of Theorems 3.2 and 3.4 are

Corollary 3.6. Assume that V. < W # 0 obey the basic assumptions from
Sect. 2, that there are k isolated points w1, ...,wy and that near F = {w1, ...,
Wk}, i.e., in an open neighborhood O containing F, the kinetic energy symbol
obeys the bound

T(n) Sdist(n, F)Y  for alln € O and some v > d. (3.2)

(a) IfV <0 orif W e LY(R?) and the matriz M = (W(wl—wm))z,m:1 ,,,,,
negative definite, then T'(p)+V has at least k strictly negative eigenvalues.

(b) If W € LY(R?) and [W dz <0, then T(p) +V has at least one strictly
negative eigenvalue.

Corollary 3.7. Assume that V. < W # 0 obey the basic assumptions from
Sect. 2and that there is a C? submanifold ¥ of codimension 1 < m < d — 1
such that near ¥, i.e., in an open neighborhood O containing X, the kinetic
energy symbol obeys the bound

T(n) < dist(n,2)Y  for alln € O and some v > m. (3.3)

(a) If V <0 then T(p) +V has infinitely many strictly negative eigenvalues.
(b) IfV<W,W e L'(R?Y), and [ W dz <0, then T(p)+V has at least one

strictly negative eigenvalue.

Remark 3.8. In most applications 7" is continuous and the zero set of T' is either
a point, a collection of points, or a smooth submanifold in R?. So Corollaries
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3.6 and 3.7 would be enough to cover all applications we can think of. However,
we find that the proof for the general case is so simple, that adding further
structure to its assumptions only obscures the simplicity of the proof. So we
prefer to state Theorem 1.1 and its local versions, Theorems 3.2 and 3.4, in
their generality.

Some of the most interesting applications are considered in Appendix A.

4. Existence of Bound States: A Simple Model Case

We want to construct a test function ¢ such that (o, (T(p) + V)e) < 0. Once
one has such a state together with oess(T'(p) + V) C [0, 00), the Rayleigh-Ritz
variational principle shows that strictly negative discrete spectrum exists. Of
course, the catch is how to guess such a variational state ¢ in a systematic
way.

To motivate our construction for our general set-up, we will discuss here
the simple model case, where T'(n) = ||, i.e., T(p) = (—A)¥/? is a fractional
Laplacian.

4.1. The Case [V dz < 0: Learning from Failure

We will work mainly in Fourier-space and, for simplicity, consider f Vde <0
first. In order to make the kinetic energy small, a natural first guess for the
Fourier transform of the test function would be

Ws = 1a,,

for a suitably chosen set As of finite positive measure which concentrates
around zero, since this makes the kinetic energy small. However, it turns out
that this is not a good ansatz and it is instructive to see why. In order to
use the assumption [V dz < 0, we want our test function to converge to a
constant, so its Fourier transform should converge to a delta-function at zero.
Thus we need to normalize ws and are led to consider
_ Ws
P Ty
sllLy
Note that this choice fulfills two crucial assumptions: Let
1 .
ks(z) = FHPs)(2) = ——— ") d
$(@) 1= F@)w) = i [ € B
be the inverse Fourier transform of ¢5. We always have

lI@sllLy 1
ks(x)| < 1=
by our normalization of @5. Moreover, as long as Ay concentrates to the single
point zero in a suitable way, we also have
1 1

(2m)i2 ~ (2m)il?

() =
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for all 2 € R%. Since, by assumption the potential V is integrable, we conclude
with Lebesgue’s dominated convergence theorem

. 1
(%LI}%</€5,VI€5> = W/de. (4.1)

So if [V dz < 0, the choice for ¢s yields a test function which makes the
potential contribution strictly negative.

It only remains to see whether the kinetic energy vanishes and, since the
set As concentrates near zero, this should be the case, but there is a catch:
Note that

_ ~ 1
(s, (~A)"21s) = (B I0B) = T [ Il
w5171 Ja,
n
Since [lws|zy = [As|, the Lebesgue measure of the set As, we can use re-

arrangement inequalities, see, e.g., [31], to make the kinetic energy smallest by
chosing As to be centered ball of radius 6, say. In this case |45 ~ §¢ and thus

s
(K5, (=A% k) ~ 6%/ Pl qp ~ 57 (4.2)
0

and this goes to zero as & — 0 only if v > d and it misses the critical case
where v = d.

So we have to modify the test functions. A better choice, which also works
for v = d, turns out® to be given by

ws(n) == 0]~ La;(n) (4.3)
where now the set A5 has to stay away from zero to make @s(n) normalizable.
Note that |n|~7 is just the inverse of the symbol T'(n) = |n|".

We further set, as before,
ws
5= T
Tslizs
With this choice
(w5, (=8 2ws) = (@5 i) = [ 1l do = s,

)
hence
1

5 —A ’Y/Q - T -
<305 ( ) @5) ”wéHL}]

As before, we still have
1
<§05,V§05>*>(27r)d/‘/d$ as 6 — 0

as soon as As concentrates near zero in the limit § — 0. Since the function
R? > 5+ |n|~7 has a non-integrable singularity near zero for v > d, we can
make As concentrate near zero, thus having ||@s|[z1 blow up and, because of

6We will further generalize this ansatz in Sect. 5.
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(4.4), we get lims_o(ps, (—A)/2p;5) = 0, i.e., the kinetic energy vanishes in
the limit § — 0 as soon as vy > d.
Explicitly, choosing As to be the annulus

As i ={ris <|n| <ras}
we have
res In(722) if y=d
[@alley ~ [t ar et oea]
n s ﬁ [7”1,517 ) _ 7“27((;7 )} if v>d

and choosing r1 s = 62 and ry 5 = & we see limgﬁo [ws[ry = oo. With (4.4)

lim (. (A 4 V)gn) = oy [ Ve,
follows. So bound states with strictly negatlve energy exist once [V dz < 0.

4.2. The Case of [V dz =0

To include the case where V' does not vanish identically but [V dz = 0,
we have to further modify the test function. Second order perturbation theory
suggest that the test function should be modified by adding a suitable multiple
of the potential V. This suggests the ansatz

5+ g (4.5)

for some o € R and a suitably nice function ¢, to be determined later, as a
trial state for the computation of the energy. Using this we get, with T'(p) =
pl" = (=A)2,

E(6, ) := (ps + ad, (T(p) + V)(ps + ad))
= (s, T(p)ps) + (ps, Vips) + 2aRe((ps, T(p)9)) + 2aRe({ps, V§))
a*(¢, T(p)d) + a*(¢, V).

From the discussion above we know

gi_rfg)ws,T(p)%) =0,

1
hm ((,057 Vs) = 27T /de =0,

%1_{%@05, Vo) = W / Vodz, (4.6)

and, since T'(p) is a positive operator, we also have

05, T(P)9)] < (05, T(P)s)*(6, T(p)#)" /> = 0 as 5 —0.  (47)
Thus

E(a) := ;iir(l) E(,a) = 2a(27rl)d/2Re/V¢> dz + a*(p, T(p)p) + a*(p, V)
and
E(a) 2
QI—)II%)T = (27T)d/2Re/V¢dSC
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This shows that we will have E(d,a) < 0 for some finite § > 0 and « > 0, if
we can find a Schwartz function ¢ € Q(T'(p)) such that [V¢da < 0.

Split V=V, —V_, the positive and negative parts of V. By assumption,
JV_dz = [Vidz > 0. Take a big centered ball B such that [, V_dz > 0
and consider the set

D:=Bn{V_>0}.
Let k. € C5°(R?%) be an approximate delta-function and set
Oe 1= ke x 1p.

This is a nice infinitely often differentiable function with compact support,
in particular a Schwartz function, so its Fourier transform decays rapidly,
hence hence ¢. is in the form domains of T'(p) and Vi. By the properties
of convolutions [31], we have 0 < ¢. < 1 and ¢. — 1p in L! for ¢ — 0,
hence, after taking a subsequence, also pointwise almost everywhere. With
slight abuse of notation we denote this subsequence still by ¢.. With the help
of Lebesgue’s dominated convergence theorem one sees

lim [ V¢.dx = 7/ V_dx <0,

e—0 B
so using ¢, instead of ¢ for some small enough ¢ > 0 in the above argument
shows that there are «, d,¢ > 0 such that

(ps + ade, (T(p) + V) (ps + age)) < 0.

Hence the variational principle shows that we have a strictly negative eigen-
value of T'(p) + V also in the case where V' does not vanish identically but
[Vdz=0.

5. Existence of Bound States: Proof of the General Case

In this section we give the proof of Theorems 1.1 and 3.4 and Colloraries 3.6
and 3.7. To prepare for this, we give a lemma first, which is a convenient
replacement for (4.4). We have to be a little bit careful here, to ensure that
the constructed function is normalizable. The construction in (4.3) worked,
because there the kinetic energy was bounded away from zero in any open set
not containing zero. In the general case, where T is just measurable, this is not
so clear. As an easy way out we simply cut the kinetic energy close to zero.

Lemma 5.1. Let T\, x : RY — [0,00) be measurable and 0 < x < 1. For 7 >0
define the function W, by

w-(n) = max(T(n),7)""x(n) forneR?

Then w, := F~1(w,) € Q(T(p)), the quadratic form domain of T(p), and we
have the bound

(wr, T(p)w-) < ||@r]y

for its kinetic energy.
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Remark 5.2. At first sight the bound provided by Lemma 5.1 seems surprising,
since the left hand side of the bound scales quadratically in w but the right
hand side is linear in @. This is not a contradiction, though, since we assume
that @, = max(7T,7) "y and 0 < y < 1, which breaks the scaling.

Proof of Lemma 5.1. This is a simple calculation. Since T is positive and by
Plancherel,

<wT?T<p)wT> = <\/ T(p)wT) V T(p)w‘r> = <@T7T@T>

- / T(n) max(T(n),7)~2x(n)? dn

< |, max(T(m), )" Ix(n)* dn

< | max(T(n),7) " x(m) di = @ |y,
R
since, by assumption 0 < y < 1, thus also 0 < x? < x. O
Now we come to the

Proof of Theorem 3.2. Since V' < W, we have (¢, Vi) < (¢, Wip) < oo for
all p € Q(W,), ie,, QW) C Q(Vy). Hence Q(T'(p) + W) = Q(T(p)) N
QWy) c Q(T'(p) + V) and (¢, (T(p) + V)¢) < (¢,(T(p) + W)g) for all
p € Q(T(p) + W). The variational principle shows that T'(p) + V has at least
as many negative eigenvalues as T'(p) + W has, [4,8,53]. So replacing V' with
W, if necessary, we can, without loss of generality, assume V € L'(R%) and
[Vdx<o.
Let w € R? be such that

/ T(n)~" dn = oo
Bl/n(w)

for every n € N. By monotone convergence, we have
lim max(T(),7) My = [ Ty = ox,
T=0JBy(w) Bi/n(w)
so there exists a sequence 7,41 < 7, — 0, for n — oo, with
lim max (7 (n), 7,) " dn = oo. (5.1)
00 By (w)
Define the functions w, and @, by

. - ~ Wn (1)
wn(n) = maX(T(T})) T’ﬂ) 1131/n(77) and @n(n) = ||'[U\ ||L1
n n

for every n € R?. Note that w,, € L}], SO (o, is non-trivial. Because of Lemma
5.1, w, € Q(T(p)) C Q(V). By construction,

[@n|[ry — o0 as n — oo.
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In addition, since the sets By, (w) concentrate around w and ,, is L' normal-
ized, we also have that @,, is a sequence of approximate delta-functions which
concentrates at w. Thus we have the uniform bound

fon@)| < a1y = Gy

and the pointwise limit

1 oo
lim o, (x) e for all z € R%,

n— oo - (27r)d/2

Using Lebesgue’s dominated convergence theorem this shows

1
lim (pn, Vion) = g Vdx.

n—o0 (27T)d
For the kinetic energy we simply note that Lemma 5.1 yields
1 1
(n, T(P)pn) = =3 (Wn, T(P)wn) < 7—=—F7— — 0 asn — oco.
1@nllZs l[@n Ly

So if [V dz < 0 we can immediately conclude

1
lim (pn, (T(p) +V)pn) = =g [ Vdz <0
Rd

n—00 (27r)

and the variational principle implies that there is a strictly negative eigenvalue
of T(p) + V.

In the case [ Vide = [V_dz > 0,s0 [V daz = 0, we use the construction
of Sect. 4.2 to see that there exists a positive function ¢ € C§°(R?) with

/ Vodr <0.
Rd

Similarly to the discussion in Sect. 4.2, we modify the trial state to the form
() = pn(z) + ™ Tp(z) for € RY.
Setting q~5(x) = e ?¢(x) we have, analogously to the calculation in Sect. 4.2,

lim o=t hm <g0n+a¢ (T(p) + V) (¢n + ad))

a—0
(27T2)d/2Re/ eV (2)d(z) da
- (27r2)d/2/V(x)¢(x) dz < 0,

So for all large enough n € N and small enough a > 0

(on + 0o, (T(p) + V) (¢n + ad)) < 0

which, by the variational principle, implies the existence of at least one negative
eigenvalue for T'(p) + V. O
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Proof of Theorem 3.4. We will first prove part b: Assume that there are k
distinct points wq,...,wy such that

/ T(n)~tdn = oo (5.2)
Bs(wi)

for all » = 1,...,k and all § > 0. Using the previous construction, we see
that for each r = 1,. .., k there exist functions ¢, ,, where the support of &, ,,

concentrates in Fourier space near w,.. Then

k k
nh—>n<}o <Z CrPrn, (T(p) + W) (Z CT@T,n) >

k
= nhi%o Z CrCs <90r,n7 (T(p) + W)‘Ps,n>

r,s=1
Ly 1 L
= Cr W (z)e @@r—ws) dp = W (wy — ws)er
(27T)d Tglc o R4 (@)e . (277)65/2 ng:l (w ws)TrCs
1
= myir (@ Meler

with the matrix M = (W (w, — ws))r.s—1... k- If this matrix is negative definite,
then (¢, Mc)cr < 0 for all ¢ # 0, thus T'(p) + W, hence also T'(p) + V, will
be strictly negative on the subspace Ny, = span(¢,,,7 =1,...,k). For large
n the functions ¢, do not overlap in Fourier-space, thus dim Ny, = k for
all large enough n. This gives the existence of at least k strictly negative
eigenvalues of T'(p) + V by the usual variational arguments, see [4,8,53].

To prove part a, we simply note that if V< 0 and V # 0, then for By a
centered ball of radius R

Wg = —min(V_,m)lp,

is integrable for all m, R > 0 and V' < W < 0. Since V' # 0, one has
f Wgtdx < 0 for large enough m, R. Using the variational principle again, we
can assume V =W € L', W <0, and W # 0, without loss of generality.

The matrix M above will be negative definite. For |c[? = >
le|? = 1, we have

k
r=1
2

de <0

k
§ cr e W

r=1

(¢, Mc)or =

1
@n)i2 Jp " )

since = +— Z’::1 cre”™@r is real-analytic, thus not zero on any open set of
positive Lebesgue measure and W < 0, W # 0. Moreover, let S*~! be the unit
sphere in C* and note that the map S*~! 3 ¢ — (¢, Mc)cx is continuous and
M is a hermitian matrix. Thus by the above, we see that the largest eigenvalue
of M is negative. So M is negative definite and by part b, we conclude that
T(p) + V has at least k strictly negative eigenvalues.

To prove part ¢, we note that it is enough to show that T'(p) + W has
at least k negative eigenvalues. Let M be the k£ x k matrix as above and let
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a = (a,...,ax)" be the normalized eigenvector corresponding to the eigen-
value zero, which we assume to be non-degenerate. Let U, be the £k — 1 dimen-
sional orthogonal complement of the vector a in C¥. Furthermore, we set

k
Nop = {Zcrwr’n = (cl,...,ck)t € Ua} ,
r=1

where the functions ¢, , are defined just below Eq. (5.2). Note that N, , is
a k — l-dimensional subspace of L?(R?) for large enough n since then Or.m)
r=1,...,k, have disjoint support in Fourier space. Define, for some positive
Q,

k
QE = Z QrPrn + Ot¢
r=1

and Ly o.n := span{N, ,, ¢}. That is, any vector in Ly o , can be written as

k k
d)n,a = ¢n,a(77 C) = Z CrPrn + v (Z ArPr.n + Oé¢> = Z &T‘()OT,TL + ’YO&d)
r=1
(5.3)

r=1

were we set ¢ = &(7y,¢) = ya + ¢ € CF. Since U, is the orthogonal complement
of a in C*, the map é: C x U, — C* is a bijection.

Our goal is to show that the dimension of Ly, is k and T(p) + W is
negative on Ly 4., \{0}, for large enough n and a suitable choice of ¢ and
a € R. Writing ¢, o = (¢ + va)g. »n + yop, we have

(Yn,a: (T(p) + W)tn,a) = (¢ +7a)p. 0, (T(p) + W)(c+7a)p. )
+ 2Re(vag, (T(p) + W)(c+ va)p. n) (5.4)
+yal*(¢. (T(p) + W)9).
Since the ¢, ,, 7 = 1,..., k, have disjoint supports in Fourier space when n € N
is large and, as before, (¢rn, T (p)@rn) = 0n(1) — 0 as n — oo, we have
(¢ +70)p. .0, T(p)(c +7a)p..n) = 0n(D)]e+7a|* = 0,(1)(|c]” + |7]?)
where we also used that since @ is normalized in C* and ¢ L a, we have
e+ yal* = [c]* + [7/*. Also
((c+7a)p.n, W(c+ya)p.n) = ((c+ya), (M + AMy)(c + va))cr,

—

where M = (W(w, — ws))rs=1,....k is the k x k matrix as before, but now it
has a single zero eigenvalue since Ma = 0 and (¢, Mc)cr < —Aplc|? for some
A1 > 0 and all ¢ L a. Moreover, AM, is a k x k matrix which converges to
zero as n — 0o, that is, (¢, AM,&) = 0,(1)|¢|? for all ¢ € C*. Using Ma = 0
and ¢ L a, we get

((e+ra), (M + AMy)(c +a))cx = (¢, Me)er + (¢ +7a), AMy(c +va))cx
=il + on (1)(|el* + 7).

N



Quantitative bounds versus existence...

For the part due to the kinetic energy in the cross term we use the Cauchy
Schwarz inequality to bound it as

[(vag, T(p)(c +va)e. )l
< yal(¢, T(p))'? (¢ + 7a) @, T(P) (¢ + ya)p..n) /2
= on(DaPy|(le* + [7[*)'? < on(Da(le]* + [1]?).
The part due to the potential in the cross term is bounded as
Re(yag, W(c +9a)¢.n) = aRe(7(¢, Wep. n) + 1|*aRe(d, Wap. n)
< aly|IW'26 )W 2e.nll + 1 PaRe(g, Wagp. )
< Calyle] + [v[*aRe(p, Wagp. n),
where we also used
IIW26)1* = (6, [W]g) < C and [|[W[ e nll* = (. n, [Wlep.n) < Clef?

for some large enough constant C.
Plugging all of this into (5.4) and collecting terms we get the upper bound

(Yn,a,(T(p) + W)thn,a)
< on(1)(Jef? + [712) = Mlef? + a(Relé, Wag...) + Ca) y|? + Calyllel.
(5.5)
for some large enough constant C, any ¥, € Lgn,q in the form given by
(5.3), and o > 0.
Note that
k

(6. Wap.,) = (2m) /2 / FOW @)Y typrndz — (2m) 42

. r=1
X /Wa&)W(x) ; apert dx

so with the choice ¢(z) = ((x) 21:21 a,e™r® for some real-valued function ¢
k
Za eiwr-z
T
r=1

2

(0, Wap. ) — (2m)~ Y2 / C(z)W (z) de.

Of course,
2

dz = (a,Ma)cr =0

k
§ : arezwr~m

r=1

(2m)~4/2 / W(z)

but, since ) Z’:Zl arei“’r‘””‘ can vanish only on a set of measure zero and W is

not identically zero, there must exist a real-valued Schwartz function (5 with
, 2

compact support such that f{o(a:)W(x)‘ Zle are*r | dzr < 0. We cut this

Schwartz function in Fourier space with a spherically symmetric and smooth
cut-off function, to get a real-valued Schwartz function ¢ which has compact
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support in Fourier space and for which, by making the cut-off in Fourier space
large enough, one has
2

/ ()W () dz < 0,

With this choice we then have
Re<¢a Waga’n) S —p

k
§ aresz-z
r=1

for some p > 0 and all large enough n. Thus (5.5) implies
(Yn,a (T(p) + W)hn,a)
< 0n(D)(|e* +[11*) = Ml —a(p — Ca)y|* + Calyl|c]
< oa(D)(|e* + 1?) = Mlel® = alp = Ca)|y* + Cal?[e]? + Ca® 2|y ?
= —(on(1) + Cat/? — M)l 4+ a(Cla+ al/?) — p)|vI?

A, 9 Qp
Sl =5

IN

v? <0,

(5.6)
for all large enough n and all small enough and positive o and all ¢+ ya # 0.
Thus the quadratic form T'(p) + W is negative definite on the space Ly, ,, and
the usual min—max variational arguments show that T'(p) 4+ V has no less than
dim(Lg,q,n) negative eigenvalues.
It remains to show that Ly , has dimension k. Assume that

Van(c,y) = (c+7a)p.n +yap =0 (5.7)
and « # 0. Since in the construction above, we chose (; to have compact
support, its Fourier transform 60 will not have compact support. The function
©rn has support in a small ball, depending on how large n is, around each
center w,, r = 1,..., k. So for large enough n the supports of , ,, are pairwise
disjoint and, moreover, since EO does not have compact support, we can choose
the cut-off in Fourier space so large that the support of Z is not contained in
the union of the supports of the &, ,,. But then (5.7) immediately implies that
v = 0. Once this is the case, the linear independence of the ¢, ,,r =1,...,k
for large n shows that also ¢ = 0.

Thus for fixed a € C*\{0}, the map C* 3 (c+7a) — Ya.n(c,Y) € Lin.as
with ¢ L a, is a bijection. Hence Ly, o is k-dimensional for all large enough
n. This finishes the proof. O

Now we come to the

Proof of Corollary 3.6. A simple calculation shows that the assumption of
Theorem 3.4 is fulfilled at k distinct points wq,...,wg. So Theorem 3.4
applies. O

For the proof of Corollary 3.7 the following Lemma is helpful, which
gives the so-called nearest point projection parametrization of a suitable open
neighborhood of X.
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Lemma 5.3. Let ¥ be a C? submanifold in R? of codimension 1 < n < d —
1. Then for each point w € X, there exists a neighborhood O of w in RY
and neighborhoods Uy in RY™™ and Uy in R™ both containing zero and a C'
diffeomorphism ¥ : Uy X Us — O, such that

U(0,0) =w and ¥(y,0) € X for all y € U.
Moreover,
dist (U (y, 1), %) = |¢|.

This type of result seems to be well-known to geometers, at least in the
analytic category, see for example [54]. However, we could not find a reference
which assumes only that ¥ is a C2 manifold. So for the convenience of the
reader, and ours, we give the proof of this Lemma in Appendix C. We now
come to the

Proof of Corollary 3.7. Assume that 3 has codimension 1 < m < d — 1. Pick
a point w € ¥ and let O, Uy, Uy be the neighborhoods and 7 the C! diffeo-
morphism from Lemma 5.3. Since O is open there exists dg > 0 such that
B;s(w) C O for all 0 < § < dp. Fix such a § and choose 47 C Uy and Ay C Us
both centered closed balls in R4~™, respectively, R™, with

W(A; X Ag) C Bs(w).
We use 1 to change coordinates in the calculation of a lower bound for

fBé(w) T(n)~!dn. Parametrize n as n = ¥(y,t), then the change of variables
formula gives

/ T(n)‘lan/ T(n)~"dn
Bs(w) »(A1xAz)

- // T(Y(y,t)) | det(D(¢(y,t)))| dydt
A1 X As

diam(A2)
2] s [ ([T
Al ><A2 Al 0

=0 dy = oo,
Ay

where in the second inequality we used the assumption on the symbol 7', and
the fact that D1 is continuous, so |det(D(y,t))| 2 1 on the compact set
Ay x As. In the last steps we simply used v > m. Together with the £ = 1
case of part ¢ of Theorem 3.4 this shows that T(p) + V has at least one
strictly negative eigenvalue if V is relatively form compact with respect to
T(p), V€ L'(R?), and [V dz <0.

Of course, we can pick arbitrarily many distinct points w; € ¥ and then
the above shows that for arbitrarily many distinct points w; € ¥ one has

/ T(n)~'dn = oo
Bs(wr)

for all small enough §, hence by monotonicity also for all § > 0. Thus if V' #£ 0
and V < 0, the assumption of part a of Theorem 3.4 is fulfilled for any k € N
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and so T(p) + V has infinitely many strictly negative bound states in this
case. g

Finally, we will prove Theorem 1.1, by reducing it to the & = 1 case of
Theorem 3.4.c. For this, the following Lemma is useful.

Lemma 5.4. Assume that T : R — [0,00) is measurable and that there evists
a compact set M C R? such that (1.1) holds. Then there exists a point w € M
such that T has a thick zero set near w.

Proof. By assumption we know that there exist a compact subset M C R?
with

/MS ()~ dn = o0

for all § > 0, where Ms is the closed §-neighborhood M; = {n € R? :
dist(n, M) < 6}
Assume, by contradiction, that for every w € M there exists §,, > 0 with

/ T(n)~tdn < .
Bs,, (w)
We clearly have

Mc | Bs.(w)
weM

and by compactness of M there exist a finite subcover, i.e., N € N and points
wpeM,l=1,...,N, such that

N
O:U&JWDM
=1

Clearly

/T@*m<m (5.8)
(@]

by construction of O. Since M is compact and contained in the open set O, it
has a strictly positive distance from the closed set O¢. Thus there exists § > 0
such that Ms C O, but then with (5.8) we arrive at the contradiction

m>/TW”®2/TW”M:w
o Ms
Hence there exists w € M for which (3.1) holds. O

Now we can give the short

Proof of Theorem 1.1. From the assumption of the Theorem and Lemma 5.4
we have that there exists a point w € R? such that T has a thick zero set near
w and hence the k = 1 case of Theorem 3.4.c applies. g
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6. Quantitative Bounds

6.1. Proof of Theorem 1.3: Quantitative Bound

Our approach is inspired by Cwikel’s proof of the Cwikel-Lieb—Rozenblum
inequality. We will give a slight modification of Cwikel’s proof, which enables
us to reduce his constant by a factor of two, see Lemma 6.1. For different
modifications of Cwikel’s proof see [57,59] and, in particular, [61]. Since T'(p)+
V > T(p)—V_, in the sense of quadratic forms, the variational principle shows

N(T(p)+V) < N(T(p) = V-)

where N(A) denotes the number of negative eigenvalues of an operator A. Thus
it is enough to bound the number of strictly negative eigenvalues of T'(p) — U,
where U > 0.

Since U is relatively form compact with respect to T(p), the operator
VU(T(p) + E)~'/? is compact for all E > 0, see [56, Lemma 6.28]. Let A be
a compact operator with singular values s;(A4), j € N, and let

n(A4;1) :=#{j e N: s;(4) > 1}

be the number of singular values of A greater or equal to one. Furthermore,
for E > 0let N(T'(p)— U, —E) be the number of eigenvalues of T'(p) — U which
are less or equal to —FE. The Birman—Schwinger principle, [53, Theorem 7.9.4],
shows

N(T(p) — U,~E) = n(Kg; 1) (6.1)

with the so-called Birman-Schwinger operator K = vU(T(p) + E)~'VU,
which is also a compact operator for any £ > 0. Factorizing K = Ag A}, with
A = f(2)ge(p), where we introduced the multiplication operator f = /U and
the Fourier-multiplier gz (p) = (T(p)+E) /2, the Birman-Schwinger principle
shows

N(T(p) —U,—E) = n(Ag;1)

since the singular values of Ap are just the square roots of the positive eigen-
values of Kg. Since N(T'(p) — U) = limg_o4+ N(T(p) — U,—E), we have to
control n(Ag;1) for small E > 0. For convenience, we will write g for gg below.
Following Cwikel, we decompose f and g as

f:an andg:zgn;

nez nez
where f,, := fligm-1cf<arn) and gn = glimn—1og<pny

for some a > 0 and r > 1 and introduce the operators

Bari= Y fe@)g(p), Hari= > ful@)gp)

k+1<1 k+1>2

We have the bounds O
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Lemma 6.1. For any a > 0 and r > 1 and any functions f,g > 0 the operator
B, is bounded and its operator norm is bounded by

’]"4 1/2
B, | < .
Bl < (5 )

Moreover, define éa(u) foru,a >0 by

Golu) == u? / g9(n)* (;:I)d-
ug(n)>a

If for a > 0 we have f]Rd Go(f(z))dz < oo, then Hy, is a Hilbert-Schmidt
operator for all v > 1 and its Hilbert—Schmidt norm is bounded by

ve< [ @ |
1Horlfys < [ G @) da

Remarks 6.2. (i) If g is ‘locally’ L? in the sense that 9lig>a) € L?(R%) for
any a > 0, then éa(u) < oo for all u, > 0 and lim,_,¢ éa(u) =0 for
any a > 0.

(ii) Note that the right hand side of the bound on the operator norm of B, ,
is minimized by the choice r = v/2 and the bound for the Hilbert—Schmidt
norm of H, , is independent of r > 1. This improves the constant from
Cwikel’s original proof by a factor of two. We will use the choice r = /2
later.

Before we give the proof of the lemma, we state and prove an immediate
consequence.

Corollary 6.3. If [, éa(f(x)) dx < oo for all « > 0, then the operator
f(@)g(p) is compact.

Proof. By Lemma 6.1 we have f(x)g(p) = Ba + Hq, where B, is bounded and
H, is a Hilbert—Schmidt, in particular, a compact operator. Since the operator
norm of B, is bounded by ||B.|| < 2«, where we chose r = 2 for convenience,
we see that f(2)g(p) is the norm limit, as & — 0, of the compact operators
H,, so it must be compact. O

Proof of Lemma 6.1. The proof of the bound for the operator norm of B, ,
follows Cwikel’s ideas closely, with the difference that we defined B, , slightly
differently” than Cwikel in [11]. We give the short proof for the convenience
of the reader and in order to implement a little trick, which allows to improve
on Cwikel’s constant by a factor of two:

"This slight change in definition is the reason why the bound on the Hilbert-Schmidt norm
of Hy r is independent of r > 1, so we can freely optimize the bound on Bg,, from Lemma
6.1 in r > 1. This was already noticed in [22].
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Let ¥, ® € L*(RY), fk =a 7 Ff, and g, :=r~'g; . Then
(U, Bo @) = > (@), q(p)®) =a > " ({0, 5P)

ki<l k<1
:az<ﬁﬁl,2r gn—kq)>
kez n<i
Thus
(T, By, ®) |a<2‘<fk\11 S G k<1>>‘ <OzZ||fk\I/HHZT G kch
kEZ n<1

1/2

1/2 2
<a (Z ||<ﬁ\v||2> > [ i

kEZ n<l n<l

Moreover, 0 < fk < 1 and they have disjoint supports, so Zkez(ﬁ)Q <1
pointwise, hence

S el = (0,3 (F)2W) < (0,150 0) < |02
k+leZ =
For the second term, we note
~ 112 ~ ~ ~ ~
[ S| = 3 @ GGk ®) = D@, (Gaen) B
n<l ny,ne<1 n<l1

since gn,—r and gn,—x have disjoint supports when n; # nq. In addition, we
also have >, _,(gn—x)? < 1 for any n € Z, hence

YOI DI Zr2"<<1> D (G0 ® < 3B =

k€Z n<l n<i

follows. So we get the bound

ol 1/2
IBarl < (5=

for the operator norm of By, ;.

The bound of the Hilbert—Schmidt norm of H, is a simple calculation.
It is convenient to consider the operator H, = f(x)F 'g(n), since H*H, is
unitarily equivalent to H ;ﬁ[a, so their Hilbert—Schmidt norms are the same.

The advantage is that one can easily read off the kernel of ﬁa, for which we
have the bound

|H(z, )| < 2m)~ 42 > fu@ai(n) = @m) " " fu@) g )1 s@)g0m >a}
ht>2 ht>2

< (27) Y2 f (@) gL {5 2yg(my>ats

since the supports of fx, gi, respectively, are pairwise disjoint and for (x,n) in
the support of frg; we have f(x)g(n) = frx(x)gi(n) > trk*1=2 > t by construc-
tion of fr and g; and since k 4+ [ > 2 in the above sum. Thus with Tonelli’s
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theorem one sees
1Hallss = | Halies = [ [ Vot dods

<eo [ r@rem?

f(@)g(n)>a
dndx ~
= [rer [ e = [ Gatr@)as
f(x)g(n)>a
with
- dn
.2 2
Ga(u)*u / 9(77) (27T>d
g(n)>a
as claimed. O

Now we come to the

Proof of Theorem 1.3. The usual arguments, see [56, Lemma 6.26] or [53, The-
orem 7.8.3], show that the essential spectrum does not change, gess(T(p)+V) =
Oess(T'(p)), when V is a relatively form compact perturbation of T'(p). That
Oess(T'(p)) = o(T(p)) C [0,00) is clear, since T'(p) is a Fourier multiplier with
a positive symbol T

It remains to prove the bound (1.3): As already discussed in the beginning
of this section, setting f = V/? and ¢ = gp = (T + E)~Y/2, the Birman
Schwinger principle and the variational theorem yield

N(T(p) +V,—E) = n(/V_(T(p) + E)""/%1) = #{n : su(f(x)g(p)) > 1}
(sn(f(x)g(p)) - N)Q (Sn(Ba + Ha) - N)Q
<2 (1—p)? S (1—p)? -

neN neN

(6.2)
for any 0 < p < 1, where the inequality follows from the simple bound (s —
w3 /(1 —p)? > 1 for all s > 1 and where we split f(z)g(p) = Bo + Hq, with
the optimal choice of r = 2.

Ky—Fan’s inequality for the singular values and the first part of Lemma
6.1 gives

S$n(Ba + Hy) < 81(Ba) + $n(Ha) = ||Ball + $n(Ha) < 2a 4+ s,(Hy).

So choosing 1 = 2« in (6.2), we arrive at the bound

N(T()+V.=E) < (1= 20) 2 Halys < (1 =200 | Galf(@) o
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for all 0 < a < 1/2. Since g = gp = (T + E)~"/? and f = /V_ a straightfor-
ward calculation and a simple monotonicity argument shows

/ 1 dn
T+E<u?/a? T(U) + E (27T)d

1 dn u?
cof L)
T<u?/a? (77) (27T)d a?

with G from (1.2). So, since f(z) = y/V_(x), we have
2

Go(u) = u?

N(T(p)+V,-E) < A= 200 )

and letting E — 0 finishes the proof. O

G(V_(x)/a?) dx (6.3)

6.2. Proof of Theorem 1.5: Dichotomy
We start with

Lemma 6.4. Under the conditions of Theorem 1.5 we have

1 1
—dn = oo for some § > 0 = —dn =00 for allu >0
ZgT T<uT

1
= —dn = oo for all § > 0.
z5 T

Remark 6.5. Lemma 6.4 clearly shows

1 1
/ —dn = oo for some § > 0 < —dn=o0 for all § >0
Zs

T zs T
and
1 1
—dn < oo for some § > 0 <= — dn = oo for some u > 0,
Zs T T<uT

which explains Remark 1.6.iii.

Proof of Lemma 6.4. Note the simple identity

1 1 1
—dn = / —dn+ / —dn
/T<u T {T'<u}nZs T {T'<u}nNZz§ T

8

1 1 1
= —dn—/ —dn—i—/ —dn (6.4)
Zs T {T>u}NZs T {T<u}ﬂZ§ T

where f{T<u}nZ§ % dn < oo for all § > 0 and all small enough u > 0, depending
on 0, because of (1.7). Also f{Tzu}ng #dn < |Zs|/u < oo by assumption. So
the left hand side of (6.4) is infinite for all small enough w > 0 if for some
§ > 0 we have st 7 dn = co. But by monotonicity, then also [;._, 7 dn = oo
for all u > 0, which proves the first implication in Lemma 6.4.

On the other hand, once fT<u % dn = oo for all w > 0, one sees from
(6.4) that st #dn = oo for any § > 0, since the last two terms in (6.4) are
finite for all small enough u > 0. g
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Now we come to the

Proof of Theorem 1.5. For part (a) we note that by Lemma 6.4 one has

/ ldn:ooforsome5>0<:> ldn:ooforadlc5>0
2T 4T
so one can use Theorem 1.1 to see that one weakly coupled bound states exist
once (1.8) holds.

On the other hand, assume that (1.8) fails. Then, again by Lemma 6.4,
we have [, #dn < oo for all small enough u > 0. Thus G(u) defined in
(1.2) is finite for all small enough » > 0 and lim, o4+ G(u) = 0. Then a simple
argument, see Remark 1.4.i, yields a strictly negative potential V' such that
T(p)+V has no negative spectrum. Thus condition (1.8) is equivalent to having
weakly coupled bound states.

For part (b) we simply note that Lemma 6.4 shows that | Zs 2dn < oo

for some & > 0 implies fT <0 %dn < oo for all small enough u > 0. Then The-
orem 1.3 shows that a quantitative bound on the number of strictly negative
eigenvalues of T'(p) + V in the form (1.3) holds.

Conversely, assume that (1.9) fails. Then Theorem 1.1 applies. Thus
weakly coupled bound states always exist for any non-trivial attractive poten-
tials, hence no quantitative bound on the number of strictly negative bound
states can exist. g
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Appendix A. Applications

In this section we discuss the following applications of Theorems 1.1 and 1.3
and their corollaries.

A.1 Schrédinger operators with a fractional Laplacian.

A.2 Relativistic one-particle operators with positive mass.

A.3 Relativistic pair operators with positive mass.

A .4 Ultra-relativistic pair operators.

A.5 Relativistic pair operators: one heavy and one extremely light particle.

A.6 Operators arising in the mathematical treatment of the Bardeen—Cooper—
Schrieffer theory of superconductivity (BCS).

A.7 Discrete Schrodinger operators on a lattice.

In all cases, except one, when there exists a finite bound for the number of
bound states, these bounds agree, up to constants, exactly with what one
would guess from semi-classics.

While not all of the applications we discuss in this appendix are com-
pletely new, they can be straightforwardly analyzed within our framework.
We do not need to bound singular values of compact operator or show that a
Birman—Schwinger type operator has a singular part. All we need is to analyze
a real-valued integral, which, in most cases, is straightforward.

The one example, where we do not get a semi-classical type bound, is
considered in Theorem A.12 in section A.3. In this critical case one expects to
have corrections to the semi-classical picture and our quantum correction gives
the right logarithmic correction term to the semi-classical picture. Moreover,
the analysis of weakly coupled bound states in section A.4 solves a conjecture
in [57].

We would also like to emphasize that Theorem 1.3 easily allows to get
these semi-classical bounds even for kinetic energies which are not homogenous!

A.1 Schréodinger Operators with a Fractional Laplacian

We consider the operator (—A)Y/2 +V = |p|” + V in R? assuming that V'
satisfies the conditions of Theorems 1.1 and 1.3. It follows immediately from
Corollary 3.7 that

Theorem A.1. Suppose V' £ 0 is an attractive potential in the sense that
dex < 0. Then for v > d the operator |p|” + V has at least one striclty
negative eigenvalue.
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On the other hand, Theorem 1.3 implies for this operator that

Theorem A.2. Assume that, v < d then the number of negative eigenvalues of
the operator |p|Y +V satisfies

4d \*" d—~ |BY
N(|p|” < L
(e *V)( ) a2 @) o

where |B{| denotes the the volume of the unit ball in RY.

V_(z)¥7 dz, (A1)

d—r

Proof. Inequality (A.1l) follows from (1.3) for the optimal choice of o =

d—vy
- O

Of course, if v > d, then there cannot be a quantitative bound on the
number of negative eigenvalues, but for 5 > 0 the number of eigenvalues below
— 03, which we denote by N(|p|” + V,—f), can be bounded.

Define, for v > d and § > 0,

4 |BY . ¢ nd
G p(u) = B (Q;)L i ((; 1) %) (A2)
and, for v =d,
d
Gaap(u) = (|QB;—1)d uln <1 + (% - 1)+) (A.3)

for u > 0. Then we have

Theorem A.3. Assume that y > d and 3> 0. Then for all 0 < o < 1/2
a2
N(p+V,-8)< ———— | G “2V_(x)) da.
(|p| + ’ B)— (17201)2 ~/Rd d,’y,ﬁ(a (.’L')) €L

Remarks A.4. (i) If V_ < 3, then |p|” +V cannot have any spectrum below
—f and the bound from Theorem A.3 reflects this.

(ii) Note that Lgl, = Zil
0,d = (2m)d

constants [23,33].
Proof. Of course, N(|p|” + V,—8) = N(B+ |p|” + V) = N(T(p) + V) with

T(n) = B+ |n|” by a simple shifting argument. Thus Theorem 1.3 shows that
a bound of the form of (1.3) holds for N(|p|* + V, —f) with G given by

—u L dn —u 1 dn
G(U) B /T<u T(W) (27T)d /|’n|7<u_5 ﬂ + |’r]")’ (271-)(1 : (A4)

We have

1 d 1 d 87 pd—l
7dn:ﬁ771/ ——dp = |Sd_1|ﬂ?71/ dr
/|n|“1<ﬁs 6 =+ |77|'y |7 <s 1+ |77|'Y 0 1+r7

by scaling and going to spherical coordinates, |S9~!| is the surface area of the
unit sphere in R?. Thus, if v = d, then

G(u) = C'{?;;)ld uln (1 + (% - 1) +>

is one of the so-called classical Lieb—Thirring

2
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and since |B¢| = [S971|/d this proves the claim for v = d. If v > d, then
o] d—1 e’}
1
/ L dr:—f/jt%*%1+@*Hh=4ff£1—
o 1477 v Jo sin(wd/7)
by a contour integral over a keyhole contour encircling the positive real axis
1 1

1 1 l
[2]. On the other hand, [, {i—;i dr < [77 rdtdr = 22 s0
1 dn |Sa-1 u $ wd/y
- < - min (— — 1) ,—————
il <u—p B+ |7 (2m)¢ = d(27) B /4 sin(wd/v)
which shows G(u) < Ggq,p(u) if v > d. This proves the theorem. O

A.2 Relativistic one-Particle Operators with Positive Mass

If one wants to include relativistic effects, one is often lead to pseudorelativistic
operators where the kinetic energy is of the form T.z,,(p) = /|p|? + ¢*m? —
c?m [3,12,13,20,21,32,34]. Here m is the mass of the particle and c is the
velocity of light. In the limit of ¢ — 0, i.e., the ultra-relativistic limit, and in
the limit of vanishing mass, i.e., massless particles, this becomes simply the
operator |p|, which was already discussed in Section A.1l. For non-vanishing
mass, one can set ¢ = 1 by absorbing ¢? into m with a simple scaling argument.
We have

Theorem A.5. Let d = 1, or d = 2, V € LYR?) is relatively form compact
with respect to T,,(p) and an attractive potential in the sense that V # 0 and

[V dz <0, then the operator \/|p|?> +m? —m + V has at least one strictly
negative eigenvalue.

Proof. Since \/|n|?> +m?—m = % +O(|:,7TI;), the claim follows from Corollary
3.6. g

For larger dimensions, we have a quantitative bound on the number of
negative eigenvalues, counting multiplicity.
Theorem A.6. Ford >3 and m > 0 let
d_ |Bf|
Gam(u) :=
am(U) = 075 (o)
where | BY| denotes the volume of the ball of radius one in R?. Then the number

of negative eigenvalues of \/|p|2 +m2 —m + V on L?(R?) satisfies, for any
0<a<i
27

ud/Z(u + 2,',n>d/27

2

NPT m2 —m+V) < (1_0‘7)2 9 Gam(a~2V_(z))dz.  (A5)

Remarks A.7. (i) We have
d_|Bf) .

G = R%: 1
d,m(u) d—29 (27-(-)d ’{77 S m(n) < u}

where |A| denotes the volume of a Borel set A C R%. So up to a factor
of d/(d —2), the function G4, is exactly what one would expect from a
semi-classical guess.

9
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(ii) In the limit m — 0, one recovers, with a slightly worse constant, the
bound from Theorem A.2 as long as d > 3.

(iii) Physical intuition suggests that for bound states large (negative) values
of the potential correspond to a large momentum and small values to a

small momentum. Since /|n|%2 + m?—m =~ |n| for large and \/|n|? + m?—

m ~ |’7| for small momentum, physical heuristics thus suggests that a
pseudo relatwlstlc system has a finite number of bound states if the “large
values” of V_ are in L4(R?) and the “small values” are in L%?(R?). Tt is
easy to see that

G () ~ min(u, 1)¥? + max(u, 1)%,

where the implicit constants depend only on m and d, so our bound (A.5)
corroborates this physical heuristic argument quantitatively.

Proof of Theorem A.6. With T(n) = T,,(n) = /|n|?> + m? — m we rewrite G
from (1.2) as

G(u) :u/T<u 27r /T/u<1/ “1ir() ju<sy () ds 2ryd

1 —2
= T< (1 d
(27r)d_/0 { min(1, s)u}| ds
1 u
= @y {‘{T<u}’+u/ 8_2‘{T<8}‘d8:|. (A.6)
0
Since f{T < u}| \n|<(u(u+2m))1/2 dn = |Bf[u®?(u + 2m)%?, we get from
(A.6)
|Bfl| /2 2 Yoag d/2
Gu) = 7= (u+2m)2 +u | s27%(s+2m)**ds]| .
(2m) 0
Using the simple bound
u u 2
u/ 5%72(5 + Qm)% ds < u(u+ Qm)% / s272ds = 75 %(u + 2m)%
0 0 -

we get the upper bound

d_|Bfl . 4
2 2 2 =
7=z (ema" (42 = Gamlv)

and Theorem 1.3 applies. 0

G(u) <

A.3 Relativistic Pair Operators with Positive Masses

Considering two relativistic particles of masses m. interacting with each other
one is lead to study the operator

\/PL+mE —my + /P2 +mZ —m_+V(ry —x)

on L?(R??), with p1 = —iV,,, the momenta of the first (+) and second
particle (=), where R?? 5 2 = (z4,7_) € R? x R%. See, for example, [28],
where they study the essential spectrum, the extension of the famous HVZ
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Theorem to semi-relativistic particles, for an arbitrary but fixed number of
particles.

It turns out that, due to the fact that this operator does not transform
in a simple way under Gallilei transformations, this system has some unusual
features. Transforming this two-particle operator into center of mass coordi-
nates, one gets a direct integral decomposition flg?i Hiel m. (P)dP, see [28,57],
where Hyelm, (P) is the pair-operator

Hyelmy (P) := \/|M+P —q|? + pi M2+ \/|M—P +q + pZ M2

VPP 4 V()

= TP,M,ui (Q) + V(y) (A7)

on L*(R%). Here y € RY is the relative coordinate and ¢ = —iV, the relative
momentum of the two particles, M = m_ +m is the total mass, P € R3 the
total momentum, and we set i := my /M.
Note that the dependence on the total momentum is much more compli-
cated than in the non-relativistic case, where the two particle operator
[
ﬁ+277177+‘/(z+71‘_)

on L?(R?) is unitarily equivalent to a direct integral fﬂgi Hponrel(P) dP with
the non-relativistic pair-operator
P2

P+V(y)+-—

Hnon-rcl(P) : 2M

- 2m+m_

Here the term % is simply the kinetic energy of the center of mass frame and

the shift by % corresponds to the covariance of non-relativistic Schrodinger
operators under Galilei transformations.

Bounds for the number of bound states for the relativistic pair-operator
(A.7) were considered in [57]. Here we want to show how their results are an
easy consequence of our approach. Moreover, in the following section, we will
consider the ultra-relativistic pair-operator and prove a conjecture made in
[67] concerning the limit of vanishing masses when both particles are ultra-
relativistic in Section A.4. Moreover, we will also see how within our approach
one can easily discuss a mixed relativistic-ultra relativistic case, where one
particle has positive mass while the other one has zero mass, see Section A.5.

For positive masses and low dimensions we have

Theorem A.8. Suppose that V # 0, V. € LY*(R?) is relatively form-compact
with respect to Tpar,u, (p) and is an attractive potential in the sense that
[Vdz < 0. Then for d = 1,2 and any P € R?, m+ > 0 the operator
Hyem. (P) has at least one negative eigenvalue.
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. . 2
Proof. Using the Taylor expansion 1+ x = 1+§ — % +O(z3) and py +pu_ =
1 one sees

Tp,M s ()

2 _ . 2 .
Wy (M\/anwu#_%ﬂwmy _1>

A (P2 + M?) 2 (P2 + M?)

(PP + M?)np?* — (P -n)? In|* + pan?| Pl

= 2M+U—(P2+M2)3/2 + (/J/::}t(PZ_'_MQ)QS/Q)
_ e Pl o | P
RIS Yo e VAR IO
where M =my +m_ >0, pur =my /M >0, and = sP+n, with s € R and

1. orthogonal to P if P # 0. Thus the kinetic energy vanishes quadratically
near 7 = 0 and Corollary 3.6 applies. O

To give a quantitative bound on the number of negative bound states we
need a little bit more notation. Let d € N, P € R?, M >0, gp ., = VP2 + M2,
—1/2 <1 <1/2, and define

Gé ~(U) — 3|Bf| ud/Z(u + gP,M) (u + 29}9‘]%)(1/2
P,M,pn ’ (47r)d (u2 + 2ugp 0 + M2)1/2
" u? + 2ugp \ + (1 — 40%) M?> d/2
u? + 2ugp  + M? '

(A.8)

Remark A.9. The function G‘},M i is quite natural. Up to a factor of three it
is exactly what one would guess semi-classically, that is,

3
Ghar(u) = i {n e RY: Tparu. (n) < ul

with & = (u— — p4)/2. For the convenience of the reader, we sketch the
calculation of [{n € R?: Tp s, (n) < u}| from [57] in Appendix D.

In four and more dimensions we have a simple bound for the number of
bound states of the relativistic pair-operator.

Theorem A.10. (Bound states in high dimension) If d > 4, then the number
of negative eigenvalues of the relativistic pair-operator Hyepm. (P) on L*(R%)
satisfies for 0 < a < %

N(H'rel,mi (P)> S m /Rd G?’,M,ﬁ (CK_QV,(SU)) dx. (Ag)

Remark A.11. For positive total mass M > 0 we have

/2

G%’M’ﬁ(u) ~ min(u, 1)%¥? 4 max(u, 1)¢

where the implicit constants depend only on the total momentum P € R? and
the total mass M > 0. So the right hand side of (A.9) is finite if and only
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if the interaction potential is locally L%(R¢) and globally L%?(R%), as in the
single particle case.
In the limit of zero total mass one has

3| B¢
G%}O(u) = Al[imo G?D,M,ﬁ(u) = (Jlﬂ-)lclu(d—l)/Q(u + |P|)(u + 2|P|)(d—1)/2

~ min(u, 1)@ /2 4 max(u,1)?

Compared to the massive case, where V' € there is a loss of one dimension in
the massless case: the negative part of the interaction potential V_ has to be
locally in L4(R%) and globally in L(?~1)/2(R%) so that the right hand side of
semi-classical bound (A.9) is finite.

Informally, setting d = 3, one sees that G?j{O contains a term linear in wu.
This hints at the fact that in this case a quantitative bound on the number of
bound states should not exist. As Theorem A.12 below shows, this is indeed
the case. Moreover, any bound for positive masses m+ > 0 should diverge as
M =my +m_ — 0. We will see in the next theorem, that this divergence is
at most logarithmic in the limit of vanishing total mass M when d = 3. That
such a divergent term is necessary is shown in Theorem A.13.

Proof of Theorem A.10. With

T(1) = Te e () =\l P =02 + 2. M2

+\/lu= P+ nf2 + p2 M2 — /P2 1 (A.10)
we rewrite G from (1.2) as
1 dpy 1 o
G(u) = u/ = / 8_2 {T‘p,]w7 < min(l, s)u} ds
r<u T(n) 2m)4  (2m)* Jo | = |

1 u
= (om)d {HTP,MWi < u}] +U/ S_QI{TP,M#& < s}’ ds} (A.11)
(2m) 0

From Appendix D, see formula (D.2), we know

‘Bﬂ Ud/Q(U + gpar)(u+ 29P,M)d/2
24 (u? + 2ugp a + M2)1/2
" u? + 2ugp  + (1 — 40%) M? d/2
u? 4 2ugp \ + M?

{Tparpy <u}| =

where i = (u— — p4)/2 and gp = vV P?2 4+ M?2. So it is enough to show that

u/ s Tp s < s} ds < 2{Tparu, <u}l. (A.12)
0

Since the map

u? + 2ugp  + (1 — 40%) M?
u? + 2ugp r + M?

0<um—
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is increasing, we have for d > 4

2d|B-'jl|*1/ 372|{Tp,M,ui < s}|ds
0

u? + 2ugpa + (1 — 4ﬁ2)M2)d/2

d_
<wuz 2(U + 29P,M)d/2 ( NCa 2ug TR
P,M

% /u S+ Gpum ds
o (82 + 2SgP,M + M2)1/2

and
u S+ 9pr.m . 2 o112
/0 (82 4 28gp o + M2)1/2 ds = (u” + 2ugp + M7)"/= = M
— u? 4 2ugp m
(u2 + 2ugP‘JW + M2)1/2 + M
2“’(“ + gP,M)

n (u2 + 2ugp ar + M2)1/2 )

Putting the above bounds together shows (A.12) and with Theorem 1.3 we
conclude the proof. O

In tandem with Theorem A.12, the following result shows that the rela-
tivistic pair-operator is “critical” in three dimensions.

Theorem A.12. (Bound states in dimension 3) Let P € R?, my > 0 and set
M=my+m_, pr=ms/M, i = (p- = pi4)/2, gy = VP> + M? and

Grﬁ,ﬁ,ﬁ(u)

= G?ﬁ,M,ﬁ(U) +

| BY| 2, g2 NIV 3012
w3y —I—M)ln(\/l—i—P/M +\/2+P/M).

Then the number of megative eigenvalues of the relativistic pair-operator

Hiel,m, (P) on L*(R3) satisfies for 0 < a < %

N(Hrelm, (P)) < (1_0“7)2 /R ] GB51 5 (a7 ?Vo(x)) dz. (A.13)

Proof. As in the proof of Theorem A.10, Theorem 1.3 yields a bound on the
number of bound states with

1 u
W {|{TP,M,H:E <U}’ +U/O 572|{TP7M»H1 < 5}|d5}

where now |A| denotes the volume of a Borel set A C R3. So it is enough to
show

u/ 572’{Tp,M’Mi < s}’ds
0

< 2[{Tparps < u}| +u2?g? B|In(g/M + /1+ (9/M)?)
(A.14)

G(u) =
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where we abbreviated ¢ = VP?+ M? and 7 = |P|/M. Using (D.2) for
|{Tpar,u, < s}|, we have, similarly as in the proof of Theorem A.10,

23 [,
TBE / s {Tpasus < s}|ds
1Bi| Jo
(4 2ug + (1 47AM2\ A 57V2(s +29)*(s 1 g)
- u? + 2ug + M2 o (824 2sg+ M?)1/2
and an integration by parts shows

/“ s~1/2(s +29)%(s + g)
o (s2+2sg+ M2)1/2

= [371/2(5 + 237)3/2 ((52 + 2sg + M2)1/2 — M)]

ds

ds

u

0
w 1

—/ (—53_3/2(8—1—25])3/2+s_1/2g(s+29)1/2>((32+239+M2)1/2—M) ds
0

1/2 5/2 u _
_ u'/%(u + 2g) +/ 57812 (5 4 2g)1/2 (g —s)s(s+29)
(u2 + 2ug + M2)1/2 + M 0 (s2 4+ 289+ M2)1/2 4+ M
< 20! (ut g)(u+29)°/ / s71/2(s 4 29)%/2(g — s)
(u? + 2ug + M2)1/2 o (s2+2sg+ M2)1/2

ds.

Since (s + M?/g)(s + g) < s? + 2sg + M?, we have
/95—1/2(3 +29)*2(g — 5)
o (824 2sg+ M?2)1/2

< / ¢ s12(s + 29)%2(g — 5)
“Jo (s+9)V2(s+ M2/g)1/?

ds

g g
§23/2g2/ 8_1/2(8+M2/g)_1/2d8:25/292/ (82+M2/g)_1/2d8
0 0

9/M
- 25/292/ (s> +1)72ds = 2°%¢° In(g/M + /1 + (9/M)?)
0

(5429)*(g=5)

where we also used that s +— is decreasing on [0, g]. The last

(s+971/?
three bounds together with the trivial bound “ +i§i§£§;ﬁz)M < 1 show that
(A.14) holds, which finishes the proof. O

A 4 Ultra-relativistic Pair Operators

In the ultra-relativistic limit one takes the velocity of light to zero. Equiva-
lently, one takes the limit of vanishing masses. The kinetic energy symbol of
the pair operator becomes

Tpops (n) = lim Tpary, () = |ps P =l +|u-P +n| = |P|.  (A.15)

The triangle inequality shows Tpg ., () = |p+P —n| + |p—P +n| — |P| >
|P| — |P| = 0, so T is positive.® It was noted already in [57] that the kinetic
energy Tpo,,, is, for P # 0, zero on a ‘large set’: If 7 is parallel to P we can

8This also follows from the fact that Tp,o,. is the limit of positive terms.
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write it as n = sP with s € R, and then, assuming also —pu_ < s < uy, one
has

Ty (1) = 14 P = sP| + [u_P + sP| — ||
— (s — 8)|P| + (u— + 3)|P| - |P| =0,

since p— + puye = 1, so the kinetic energy symbol has the whole segment
[—p— P, puy P] as a zero set. This observation led to the conjecture in [57] that
the ultra-relativistic pair operator Tpg ,, + V should possess weakly coupled
bound states in three dimensions whenever the total momentum does not van-
ish. Our next theorem confirms this.

Theorem A.13. Assume that d = 3, the total momentum P € R3\{0}, V is
relatively form compact with respect to T'py ., and an attractive potential in
the sense that V. # 0 and [V dx < 0. Then Tpg,, + V has at least one
strictly negative eigenvalue and if, in addition, V < 0 then it has infinitely
many strictly negative eigenvalues.

Proof. We already convinced ourselves that Tp . is non-negative and zero
on the line segment [—pu_ P, 4 P].

Now let n = sP 4+ 1y, where —pu_ < s < py and 7, is perpendicular to
P. Then

Troys () = /(s — 9)2P2 403 +/(uz + )22 402 — ||

2 4
_ nm (|771_|>
2y — ) (pu_ +5)|P| |t F sP|P)3

using the Taylor expansion /1+xz =1+ £ 4+ O(z?).
Since the line segment [—p— P, 4 P] on which the kinetic energy vanishes
has codimension 2 in R?, we can apply Corollary 3.7. 0

In dimension d > 4, there is a useful bound on the number of bound
states even in the ultra-relativistic limit. It has the interesting feature that
even though the kinetic energy of the massless pair still remembers, through
14, the ratio of the two masses before taking the limit of vanishing total mass,
the semiclassical bound is independent of this.

Theorem A.14. Let d > 4 and define

(d—1)|Bf]
(d — 3)(4m)d
Then the number of negative bound states of the ultra-relativistic pair operator
Tpous +V on L2(RY) is bounded by

052
(1—2(1)2/Rd Gho (a7*V_(x)) da, (A.16)

Gholu) = w2 (w4 |P)) (u+ 2P,

for all0 < o < 1/2.

Remarks A.15. (i) Note G(},—,’O(u) = %limM_,oG%’Mﬁ(u) < limy—o

G%,,Mﬂ(u). So Theorem A.14 improves upon the M — 0 limit in Theorem
A.10.
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(i) Since G%O(u) < min(u, 1)@/2 4 max(u, 1)%, one needs min(V_,1) €
L4=1/2 and max(V_,1) € L% in order that the right hand side of (A.16)
is finite.

A.5 Relativistic Pair Operators: One Heavy and One Massless Particle

Considering a pair of relativistic particles in the center of mass frame when
the particles have very different masses, say the first one is much heavier
than the other, it makes sense to consider the idealized limit where m4 =
m is kept fixed, while m_ — 0. In this case py = my/(my +m-) — 1,
p_m_/(mim_) — 0, and gt = (p— — p14)/2 — —1/2, so the kinetic energy of
the pair becomes

Tpm,1,0(n) = uleEOTP,Af,Mi () =+VI|P=n2+m2+n| — VP?+m?
(A7)

In this case

‘Bill ud/2(u + 9p,m) (u+ 29P,m)d
24 (u? + 2ugp,m + m?2)d+1)/2
(A.18)

HTPm10 < u}| = Jim, {Tparpy <u}| =
+—

where we recall gp,, = v P? +m?2. We define

R L [ud/2(u+ gppn) (u + 2gp,m)"
Pt (4m)a) (0 + 2ugp g + m?) (D)2

+od (gp,m)d w2 (u + 2gpm) (A.19)
m / (u? 4 2ugpm +m2)Y2 4+ m |’ '

With this function we have

Theorem A.16. For all d > 2 the number of negative bound states of the rela-
tivistic pair operator Tpm1.0(q) +V on L?(RY), describing one heavy and one
massless particle, is bounded by

052 —
N(TP,m,l,O(Q) + V) < m /Rd G%,m,l (a QV_(Z)) dzx, (A.QO)

for all0 < o < 1/2.

Proof. Using a by now familiar argument, Theorem 1.3 yields a bound for
N(Tpm,1,0(q) +V) with

1 u
Gu) = W {|{Tp7m7170 < u}| + u/o 8_2‘{Tp,m,170 < s}| ds}
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and we have (A.18) for [{Tp 1,0 < u}|. Since the map 0 < s (52&3%%

is decreasing,
u
\Billfl/ s {Trm10 < s} ds
0

1 /u S%—2(S +gpm) (s + 29P,m)d
24 Jo (8% +2sgpm +m?2)d+1)/2

Su%—z (9 ,m>d/u S+ gprm ds
m o (824 2sgpm +m?)1/2

ds

d
—yi2 (QPJ) ((uz + 2ugpm +m?)? — m)
m

:u%*l (gP,m>d u+29pm
m (u? + 2ugp . + m2)V2 +m
So G(u) < G‘}D,myl(u) for all u > 0. O

A.6 BCS Type Operators

In the Bardeen—Cooper—Schrieffer theory of super-conductivity the symbol of
the kinetic energy is given by the function

Bm*—p) 41
o T
Kﬁ,l’«(n) - (77 ,u) 65(712—/1) 1
where [ = % is the inverse temperature and p the chemical potential, i.e.,

the Fermi energy of the system, see [19] for a review. A-priori, the function
RY > 15— Kg,(n) is only defined for n? # y, but we can extend it to n? = u,
by setting Kg,(n) = 267" whenever n? = u. Extended in this way, Kg,, is
even C™(RY), see the proof of Theorem A.17 below, and

lim Kp,,(n) = oo, Kz, (n) > 28" for all n € R? and
77— 00

Kpu(n) =267" & nl = Vi
Hence (K, (p)) = ess(Kp,u(p)) = [267", 00).
The function Kg, decreases pointwise in § > 0 and the limit of the
kinetic energy as 8 — o0, i.e., the zero temperature limit, is given by
Koo u(p) = p* — pl-
In In BCS theory the operator
Kﬁ“u (p) + Vv

models the binding of Cooper pairs of electrons, where V' describes the inter-
action of electrons. The free kinetic energy is modified to the above form to
take into account the filled Fermi sea and finite temperature effects, u is the
Fermi energy.

The critical inverse temperature is given by

Tee(V) ™! i= Be(V) :=sup{B > 0 : info(Kp,,.(p) + V) > 0}. (A.21)



Quantitative bounds versus existence...

It was shown in [17] that the BCS gap equation has a non-trivial solution if
8 > Ber(V) while for 0 < § < B, (V) it does not. Thus the phase transition
from a normal state to the superconducting state is determined by S, (V') and
there is a phase transition at positive temperature if and only if G..(V) > 0.
Our method yields a painless simple criterion for it.

Theorem A.17. Assume that V #0, [V dz <0, and the Fermi energy p > 0.
Then

(i) The operator |p? — u| +V in R, d > 2 has at least one strictly negative
etgenvalue and if, in addition, V < 0, then it has infinitely many strictly
negative eigenvalues.

(ii) For all B > 0 the operator Kg ,(p)+V has at least one eigenvalue strictly
below 28~ and if, in addition, V < 0, then it has infinitely many eigen-
values strictly below 2371, Its ground state eigenvalue is strictly decreas-
ing and becomes strictly negative for large enough (3 > 0.

(i) Ber(V)defined in (A.21) is finite, hence the critical temperature Te, (V') >
0. Moreover, if 0 < 8 < Bq, then inf o(Kps,,(p)+V) >0, and if 8 > Ber,
then inf o(Kg,,(p) + V) < 0.

Remarks A.18. (i) Our theorem shows that for arbitrary weak attractive
interaction, even in the limiting case where V £ 0 but deac =0,
Cooper pairs will always bind. This is a key ingredient for the BCS theory
of superconductivity.

(ii) In [16,18] a criterion was proven which implies positivity of the critical
temperature for the BCS model for potentials AV for arbitrary small
coupling \ once a suitable integral operator has a strictly negative eigen-
value. However, their approach, modeled after the one of Simon [50],
identifies a singular part of the Birman—Schwinger operator, which forces
weakly eigenvalues to exists. But, in order that this ‘singular part’ is
not vanishing, this requires V to be non-vanishing in a centered ball
By z(0) = {n € R? : [n| < 2/u}. On the other hand, our Theorem
shows that the full Birman—Schwinger operator is singular, even for po-
tentials whose Fourier transform vanishes on By /z(0): Just take for v
any spherically symmetric Schwartz function which is supported on a cen-
tered annulus disjoint from By /(0). Then our Theorem A.17 shows the
existence of weakly coupled bound states, whereas the criteria in [16,18]
are not applicable.

(iii) According to Theorem 1.1 the operator |p? — u| + V has weakly coupled
bound states for arbitrarily small V' also in the one-dimensional case.
However, in this case the number of negative eigenvalues is finite.

(iv) One can generalize the results of Theorem A.17 (i) and consider the
operator |p? — u|Y +V for v > 0 and d > 2. Theorem 1.1 implies in this
case that the operator has an infinite number of weakly coupled bound
states for all v > 1, independently of d > 2. On the other hand, for
v < 1 Theorem 1.3 implies a quantitive bound on the number of negative
eigenvalues.
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Proof. Of course, part (iii) follows from part (ii), since the supremum on the
right hand side of (A.21) is finite once the lowest eigenvalue of Kz ,(p) +V is
strictly negative for large enough 3 > 0.

For part (i) we simply note that the zero set of n — |n? — u| is equal to
the centered sphere Sfl/%lof radius /g > 0 and

02 =l = (Il = V) (Il + /i) ~ dist (n, ST ).

Since S%l has codimension 1 in R? Corollary 3.7 applies.
Instead of using Corollary 3.7, we could use Theorem 3.4, since for any
point w € S%l one can easily see that f)&;(w) [n? — p| =t dn = oo for any & > 0.

For the proof of part (ii) consider the map R 3 a — aZSZﬂ, at first
defined only for a # 0. Since

Ba Ba

eP’r +1 e’ 41 _

v = g W a0,
Ba

we can extend this to all a € R by continuity. Moreover, this map is clearly
infinitely often differentiable for a # 0, close to zero a short calculation reveals

Ba 4 1 Ba(eP? 4+ 1) — Qeﬂaa—l 1
aZBa J_rl —237 = P fo - @((ﬁa)2 +0((Ba)*)) (A.22)
Ba

and one sees that it is even infinitely often differentiable for all a € R and
growing linearly in a for large a. Moreover,

0 ( eﬁ"+1) 1 _g,sinh(3) — Ba

—|a
Oa e

{ >0 fora>0
2 (sinh(Ba))?

Ba _ 1 <0 fora<0’
SO
Kgu(n) =287 for all n € R? and K ,(n) = 287" < |n| = /i,

that is, K, attains its minimal value 23! exactly at the sphere Sil/%l.

Furthermore,
Ba a?ePe :
gae +1: —2ETy 1fa7é0<0.
9B efa —1 —2372 ifa=0

So the symbol K3 ,(n) is strictly decreasing in # > 0. In particular, Kg ,(n) >
|n? — | for all B> 0 and n € R%.
The asymptotics (A.22) shows

B 1\ 2 _ C\3
Kpu(n) — 267" = dist (n,sdﬁl) +0 (8 dist (n,sjﬁl) ,

and again Corollary 3.7, or Theorem 3.4, show that K3 ,(p)+V has infinitely
many eigenvalues strictly below 2371.

Let Eg :=inf 0(Kp3 ,(p) + V) be the ground state energy of Kz ,,(p)+V.
We claim that it is strictly decreasing in 8 > 0 and limg .o Eg = Eo =
inf(|P? — pu|+V) <0.



Quantitative bounds versus existence...

Let B2 > (1 > 0 and let ¢; be an eigenfunction of Kg, ,(p) + V corre-
sponding to the ground state energy Eg,. Then the variational principle and
the strict monotonicity of the symbol K3 ,(n) in 8 > 0 implies

Ep, = Ep, < (1, K, u(p) + V)ih1) = (¥1, Ky u(p) + V)t1)

= <¢17 (KB%N(.) - K517M('))w1> <0,
so the ground state energy is strictly decreasing in 8 > 0. Moreover this implies
Ej > Ey = info(|p? — p| + V), the ground state energy of [p? — u| +V and,
again by the variational principle, letting 1o, be a ground state of |p? — u|+V,
we have

Ez < W’oo’ (K,&M + VW’OO) - <1/’oo7 (|p2 - Ml + V)¢<>O> =FEy <0as 8 — occ.

So Eg decreases strictly to Fo, < 0. In particular, there is a unique S > 0
such that inf o(Kps,,(p)+V) > 0for all 0 < 3 < Ber and inf o(Kg,,(p)+V) <0
for all 8 > Be;. O

A.7 Discrete Schrédinger Operators

We give the details of the method for discrete Schrédinger operators on Z4.
In principle, one can consider a general d-dimensional lattice. One just has to
use the dual lattice and adjust the notion of the discrete Fourier transform
accordingly.

On [2(Z%) we consider operators T'(p) similar to (2.2) given by

T(p) :=F 'TF, (A.23)

where for this section F now denotes the discrete Fourier transform given by

Fh(n) =Y e ""™h(n)
nezd

for n € T'*, the d-dimensional Brillouin zone’ T'* = [, 7)% The inverse
Fourier transform is given by

Flg(n) = / e""g(n) (Qd:)d,

where dn/(27)? is the normalized Haar measure on the torus. A priori they are
defined when h € I*(Z?) and g € L*(I'*), and it is well-known that F extends to
a unitary operator F : [?(Z%) — L?(T'*) with adjoint F~!. We call the function
T admissible if T'(n) € [0, Tmax| for some finite Tinax and inf(o(T(p))) = 0.
This is, for example, the case if T' is continuous with min,er- T'(n) = 0 and
Tmax 1= maxycr- T'(n). In this case one even has o(T'(p)) = [0, Trmax]-

Our Theorems 1.1 and 1.3 easily extend to this setting, yielding

Theorem A.19. (Weakly coupled bound states for discrete Schrodinger opera-
tors) Let T : T — [0, Thnaa) be measurable. Assume that there exists a compact
set M C T'* such that

/ T(n)~tdn = oo for all § > 0, (A.24)
M

9Here simply the torus
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where Ms = {n € T : dist(n, M) < 6}. Then info(T(p)) = 0 and, if the
potential V € 1Y(Z), also inf oess(T(p) + V) = 0. Moreover, if V. # 0 with
Y neza V(n) <0, then the operator T'(p) +V has at least one strictly negative
eigenvalue.

Assume that there exists a compact set N C I'* such that

/ (Tmax — T(n)) "t dn = oo for all § > 0, (A.25)
Ns

where Ny := {n € T* : dist(n, N) < 6}. Then supo(T(p)) = Tmax, and, if
the potential V € I1(Z4), also sup oess(T(p) + V) = Tinax- Moreover, if V # 0
with ", ;4 V(n) >0, then the operator T(p) +V has at least one eigenvalue
strictly greater than Tiax-

Theorem 1.3 also has a counterpart in the discrete setting.

Theorem A.20. Let T : T — [0, Tinax| be measurable,

G, (u) :== u/T<u/Ot2 T(n)~? (;j)d foru >0, (A.26)
and
G (u) = U/ (Tmax — T(U))_l dn for u>0. (A.27)
" Tinax—T<u/a’ (2m)?
Then

(i) G5 (u) < oo for all a,u>0 < T '1posy € LYT*) for some 6 > 0.

(i) GF(u) < oo for all ,u >0 < (Thax — T) 'Ly, —1<sy € LY(*) for
some § > 0.

(iii) Assume that the potential V is bounded and inf oess(T (p) +V) > 0. Then
one has, for all 0 < o < %, the bound

N_(T() +V) < ey 3 Ga(Vo(n), (A.28)
(1-2a) =

where V_ = max(0, —V') is the negative part of V. and N_(T(p) + V) is
the number eigenvalues of T(p) +V which are strictly negative.
Similarly, if sup oess(T'(p) + V) < Tinax, then one has, for all 0 < a < %,
the bound

Ny (T +V) < ———— 3 GH(Vy(n) (A.29)

+4L P =1 -2a)2 — a\V+ ) .

where Vi = max(0,V) is the positive part of V and N (T (p) +V) is the
number of eigenvalues of T'(p) + V which are strictly above Tyax-

Remarks A.21. (i) Theorem A.20 is a generalization of the results by Bach,
de Siqueira Pedra, and Lakaev [1], who considered the case that T is a
Morse function, in particular it is smooth and has no degenerate singular
points, and T has exactly one zero. The work of Rozenblum and Solomyak



(i)

(iii)

(iv)
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[44,45] considers only the standard discrete Schrédinger operator, which
is given by a Morse function, but their approach also needs the fact
that the standard discrete Schrédinger operator generates a positivity
preserving semi-group on [?(Z%). In contrast, Theorems A.19 and A.20
hold and are complementary to each other when the kinetic energy symbol
T is, for example, lower semi-continuous. In particular, 7" may have an
arbitrary sub-manifold, or even a more general set, as its zero set.

The proofs of the two theorems above are a literal translation of the
continuous case to the discrete setting. We leave the proofs as an exercise
to the interested reader.

In the case of the usual discrete Schrédinger operator Ay on 12(Z9) one

has T'(n) = 2?21 2(1 —cos(n;)) = Z;l:l 4sin(n;/2). So in this case we
can take M = {0} and N = {(m,...,m)'}. Since T behaves quadratically
near M and N, one sees that (A.24) and (A.25) hold in dimension d < 2.
Our Theorem 3.4 and Corollaries 3.6 and 3.7 have a natural counterpart
in the discrete world with virtually the same proofs as in the continuous

setting.

Remarks A.22. (i) If GE(u) is finite for some o and w, then it is finite for

(i)

all a, uw > 0. Moreover, since the integration in (A.24) and (A.25) is over
a subset of the compact set I'*, the functions G (u) behave linearly in
u for u large, once they are finite. We can improve this a little bit, see
Corollary A.24.

As in the continuous case, one can reformulate the bounds on the discrete
spectrum as

Ni(T(p)+V) < (1—2a)2 /000 N§(max(a?,s)T + V) ds (A.30)

with the semiclassical expressions

dn
]\/vc1 T+V Z / l{T(,,] +V<O}< )

nezd
and
dn
NHT+V):= / (T () 4V > Tomax} Tovd
(2m)®
nezd
The proof of Theorem A.20 is a straightforward adaptation of the proof

in the continuous case. We leave it to the interested reader.

In the case of the usual discrete Schrodinger operator Ay on [2(Z%) The-

orem A.20 gives us the following explicit bounds.

Theorem A.23. The numbers N_(—Ag+V) and Ny (—Aq+V) of eigenvalues
of =Ag + V below 0 and above 4d, respectively, satisfy for any o € (0,1/4)

Sd71|
_ < *2‘—
N_(—Aqg+V)<(1+2a) 22d(d—2)ad—2

X Z V_(n)min(V_(n), 4da?)?2~1, (A.31)

nezd
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and
N_(=Ag+V)<(1+ 2a)f2|5d—71|
- ¢ - 22d(d —2)ad—2
X Z V., (n) min(V, (n), 4da?)?/?=1, (A.32)
neze
Proof. Using that
x
i 2) > —
sin(x/2) > -

for x € [—m, 7| we estimate

4
T(n) > 5l

To get the first bound (A.31) we have to estimate G, (u). We have

-1

3 Asin?(n,; /2 dn
Sasntn/2) | 5

j=1

a-

[e3

(u) = u /
{WG[—Wvﬂ]dIZ‘;zl 4sin?(n;/2)<u/a?}

7T2 d77
<uf s
Inlgwmin(“;(ﬁz .d1/2) 4 (27r)d
__ s
= 22d(d _ Q)ad—Q

umin(u,4da2)%*1. (A.33)

Now, the claimed inequality follows immediately from (A.28).
For the proof of the second bound (A.32), we need to investigate

Go(u) = u /
{n€l0,2m)|4d—3"7_, 4sin?(n;/2)<u/a?}
d - dn
2
x | 4d — E 4sin”(n;/2) G (A.34)

j=1

But by the change of variables n; = (; + 7,1 < j < d, we see that (A.34) and
(A.34) are exactly the same. Now, the claim follows from (A.29). O

Copying a simple trick from [36], that exploits special properties of the
discrete setting, we can improve our result a little bit.

Corollary A.24. The numbers N_(—Ag+V) and Ni(—Aqs+V) of eigenvalues
of —=Agq+V below 0 and above 4d, respectively, satisfy for any o € (0,1/4)

|5
N_(=Ag+V) < (1+2a)72 P~ Dol > Vvo(m)?
V_<4da?

+#{n €z | V_(n) > 4da?}, (A.35)
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and

_ Sdfl
N_;,.(—Ad"‘V) < (1+20é) 222d(d_2)|a“ E V+(n)d/2
Vi <4da?

+#{n ez |V, (n) > 4da?}. (A.36)
Proof. We split the potential V =V, —V_ =V, 1 +V o —V_ 1 —=V_ 5, where
Vii(n) <h, and Vis(n)>h
for all n € Z% and some h > 0. Furthermore, let
nE(h, V) =#{n €z | Vi(n) > h}

denote the number of values n € Z? for which the positive and negative part
of the potential, respectively, are greater than h. Assuming that V' is suitably
summable, both n* (h, V) as well as n~ (h, V) are finite and V_ 5 and V 5 can
be considered finite rank perturbations.

Thus, for any € > 0

N7 (=Ag+V) (—(

<N (- 17€)Ad*V_71)+N7(7€Adfv_72)
<N (—(1

(1—=e)Ag—V_1)+n" (h, V),
and
NT(=Ag+ V)< Nt (—=(1—e)Ag+ Vi) + NT(—eAy+ Vi)
<NY(—(1—-¢e)Ag+Viq)+nT(hV).
Now, we choose h = 4da? and apply Theorem A.23 to —(1 —¢)A, — V_ 1 and

—(1 —e)Ag + V4 1. Since the resulting estimates are valid for any & > 0, we
pass to the limit e — 0 and end up with inequalities (A.35) and (A.36). O

Remark A.25. Of course, with virtually the same proof a version of Corollary
A.24 holds also for more general kinetic energies T' than just the discrete
Laplacian.

Appendix B. Invariance of the Essential Spectrum

The following Lemma was used in Remark 2.1.ii.
Lemma B.1. Assume that |V|, the modulus of the potential V', is relative form

small with respect to T(p), where T : R? — [0,00) is a measurable function
with lim, o T(n) = 0o and p = —iV.

(a) If V € LY(RY), then
Jess(T(p) + V) — Oess (T(p)) = essrange(T). (Bl)

(b) More generally, if the operator |V |Y/?(T(p) + 1)~ is compact, then again
(B.1) holds.
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Recall that the essential range of T' is given by
essrange(T) = {E € R: |T"'((E — §,FE +6))| > 0 for all § > 0}.

If T is continuous, then essrange(T") = range(T).
For the second compactness criterium we need one more notation. Let

1 dn

Gi(u) =u / —_—
= e TG +1 )1

(B.2)

for u > 0.
Lemma B.2. Assume that
y G1(s|V(z)|)dz < oo for all s > 0.
Then |V|, in particular V', is relatively form compact with respect to T (p).

Proof of Lemma B.1. We will show that the resolvent difference (T'(p) +V +
A) "t —(T(p)+)~!is a compact operator for large enough A > 0. Then Weyl’s
theorem, see, e.g., [56, Theorem 6.24] shows that oess(T'(p)+V) = 0ess(T(p)) =
essrange(T"), where the last equality holds since T'(p) is a Fourier multiplier.

Let A > 0 and Oy = (T(p) + \)"Y2V(T(p) + \)~V/2, ie., Cy is the
operator given by the quadratic form

(W, Oxg) = VIV () + 220, sgn(VIVIVAT () + 2) 2.

Since |V is relatively form small with respect to T'(p) we know that Cy is
bounded with operator norm ||Cy|| < 1 for large enough A, see [56, Theorem
6.30].

Tiktopoulos’ formula, see [49] or [56, Theorem 6.30] then shows

(T(p) +V + N = (Tp) + )21+ ) T(p) + )2 (B.3)

for any A > 0 such that ||Cy| < 1. Using (B.3) and (1 + Cy)~! — Oy =
—(1 + Cy)~tCy, the difference of the resolvents is given by

(TP +V+XN"=(TpE) +N"
= —(T(p) + N)"V2(1 + )" LON (T (p) + N)~1/2

= —(T(p) + N) 21+ C) (T (p) + N2V 2sgn(V)[VV*(T(p) ﬂL(A)_)1
B.4

Since |V| is relatively form small with respect to T(p) the operators |V|'/2
(T(p)+N\)'/? and (T(p)+\)'/?|V|*/? are bounded. Thus also (T'(p)+\)*/?|V|'/2
sgn(V) is bounded on L?(R%).

(1+ Cy)~! is bounded since ||Cy|| < 1 for large A. So (B.4) shows that
the difference of the resolvents is a compact operator when A is large as soon
as |[V|Y2(T(p) + A\)~! is a compact operator and, in this case, the essential
spectra of T'(p) + V and T'(p) will be the same. So we only need to show that
[V|Y2(T(p) + \)~' is compact.

If |V|Y/2(T(p) + 1), then for all A > 0 also

V2T (p) + )7 = [VIVA(T(p) + 1)~ (T(p) + D)(T(p) + 27!



Quantitative bounds versus existence...

is compact. This proves the second claim of the lemma.

Fix A > 0 so large that [[Cy|| < 1. Let 1<r = 1y,<r} be the characteris-
tic function of the closed centered ball of radius L in momentum space, 1<r.(p)
the corresponding Fourier multiplier, and 1+ (p) = 1—1<1(p). If V € L' (R9),
then -

AL = VIHT0) +3) 1<)
is compact, in fact, it is a Hilbert—Schmidt operator. To see this, it is enough
to show that By, = |V |2 F~1(T'()+1) = is a Hilbert-Schmidt operator, since
A7 Ap is unitarily equivalent to B} By. The operator By, has the kernel

Br(x,m) = (2m) 2|V (2)| 2 (T (n) + \) "2 1< (n)

and from V € L'(R?) it follows that the kernel of By is square-integrable
with respect to (x,7n) € R? x R, which shows that By, hence also Ay, is a
Hilbert—Schmidt operator. Since T'(n) — oo as 1 — oo one sees that

I[VIZ(T(p) + X))~ = [VIE(T(p) + X)) 1< (p)]
= [IVIZ(T(p) + \)"2(T(p) + N1 (p)l|
< IVI2(T(p) +X) "2 sup (T(n) +A) "% — 0

[n|>L

as L — oo. Thus |V|2(T(p) + A)~! is the norm limit of compact operators,
hence compact. This proves the first claim of the Lemma. O

Proof of Lemma B.2. Note that Corollary 6.3 applies with the choice f =
[V|'/2? and g = (T + 1)~'/2 since then G (su) = s 2Gy(s2\/u).

O

Appendix C. Nearest Point Projection

In this section we give a sketch of the proof of Lemma 5.3 for completeness
and, more importantly, we could not find a reference in the C? setting, which
we need. We follow the presentation of [54] where it was done in the analytic
setting.

Proof of Lemma 5.3. We assume that M is a C? submanifold of codimension
n embedded in R%. At each point wy € ¥, there exists an open set w € O C R4
and a chart, i.e., an open set 0 € Uy C R and a C? map ® : Uy — X such
that every point w € ¥ N O can be uniquely written as w = ®(y) for y € U.
Without loss of generality we can always assume wy = ®(0).

The vectors {9; ¢(y)}‘j;f form a basis of the tangent space of M at ¢(y).
Using the Gram—Schmidt orthogonalization, we can find n additional vectors
v1(y), ..., vn(y) € R? such that the vectors

MW,y 0a—nd(¥), 1Y), -, Vn(y)

form a basis of R? at the point ¢(y). Additionally, since ® is C2, we have that
the above basis vectors of R? depend continuously differentiable on y € U;.
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Now define a map on U; x R™ by
Uy t) = D(y) + > tviy).
j=1

A computation shows D1)(0,0) = I;x4, o by the inverse function theorem, 1) is
a Cl-diffeomorphism on a suitable neighborhood U; x Us of (0,0) € R4~ x R™.

For all n in a small enough § neighborhood of ¥ N O, the problem of
minimizing

¢ (y) —nl?

over y € U; has a unique solution for which we must have that all partial
derivatives of |¢(y) — n|? vanish, i.e.,

d d
0=09; > (Puly) —m)* =2 9;®u(y)(Puly) —m) = 20;®(y) - (B(y) — )
=1

=1

Thus for y minimizing the distance |®(y) — n|, the vector ®(y) — n is perpen-
dicular to the tangent plane of 3 at w = ®(y). It follows that ¢(y) — n can be
written as a linear combination

Oy)—n=>_ tv;(y),
j=1

n=o(y)+ Ztm(y) =P(y,t).

So locally the function 1) yields a parametrization of a neighborhood of ¥ in R¢
with the property that for n = ¥ (y,t) we have dist(n, ¥) = dist(¢(y,t), %) =
[t]. O

Appendix D. The Classical Phase Volume of the Relativistic
Pair Operator

Recall that the kinetic energy of the relativistic pair operator in (A.7) is given
by

Tp at s (1) = /e P — 02 + p3 M2 + \/Ju_ P+ f2 + 2 M2 — /P2 4 M2
(D.1)

n € R? is the the relative momentum of the two particles, M = m_ + my is
the total mass, P € R? the total momentum, and we set p4 := m4 /M.
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The the volume of the set {Tpar,. < u}={n€ R : Tpr . (n) <u}
is given by

H{Tpm s < ull

— |Bd|ud/2(u + gP,M)(u + 2gP,M)d/2(u2 + 2gp m U+ (1 - 4/72)M2)d/2
2d(u2 +29P,MU+M2)(d+1)/2

(D.2)

with gp, = VP? + M?2. The calculation of the volume [{Tp s, < u}| was
done in [57, Appendix I]. Since we need it in a slightly different form and
notation, we sketch the calculation for the convenience of the reader.

Using a suitable rotation, we can assume P = |P|ey, with e; = (1,0,...
0)!, the standard first unit vector in R?, and by scaling one has

b

{Tpaspe < ull =[PI{C € R : Trgpu, (Q) < u/|P[}]

with 7 = M/|P|, g = V1 + 72, and

Trgns () = lser — CP + 372+ yfln_er + (2 + 4272 — g

Split ¢ = (9,€) € R x R4~ and put Ty = \/|§|2 + e FIJ? + 272 Then

Tr g.u.(C) < s is equivalent to T +T_ < s+ g, that is,

2T, T- < (s+g)? -T2 - T (D.3)
= (s+9)° = QUP + Iy =P+ [p— + 9|+ (W +p2)7%).

Define fi = 3 (u— — py). Clearly 47% = (u— — pu4)* and since py + p_ =1 we

also have 1 = (4 + p—)?. Thus

1
ui+u2:2<4+u2).

Set ¥ = ¢ —pand A= s+ g. Then puy F9 = 3 F ¢, so (D.3) is equivalent to

A2 2 2 1 1 ~2 2
T+T_<?* |£‘ +Q0 +1+ Z+/l T N (D4)

in particular, the right hand side of (D.4) is positive. Note that

2 :ui+£+ﬁ_£:ui+/fi+(u++u—)(u+—u—)
T2 2 2 2 2 2
L
=t
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and similarly p? = % + 712 + 1. Thus T?T? equals
1 1 ~
<€|2 +e <4 +u2> ™= (p+ u72)>

1 (1 -
(|§2+¢2+4+ (4+u2) 24 (<,0+u7'2))

1 (1 ? ~ g\2
(1 g (§452)77) = o)
hence (D.4) is equivalent to
11 g2 A
w1 oo o (1)) - (o) <

which in turn is equivalent to
A% -1 a2 \?
€2+ (¢ - o
A A2 -1

A2 (1 (1 L\ 1
<4—<4+<4+M>T>+A2_1(u7')

(A2 —1)(A% — 1 — (1 +40%7?)) + 4pr
4(A%2 1)
(A2 —1—72)(A% — 1 —4°7?)
- 4(A2 1) '
So the set where T 4 ,,, (¢) < s is an ellipse with d — 1 semiaxis of length
1\/(A2 —1—72)(A%2 =1 —4p272)
2 Az 1
and one semiaxis of length
LAV(A2 —1—72)(A2 — 1 — 4p272)
2 (A2 —1) '
Thus its volume is given by
|Ba| A(A% — 1 — 72)4/2(A2 — 1 — 4pi%7%) /2

{Trg e <s}H = od (A2 — 1)(@+D/2
_ Bal s"2(s + 9) (s + 29)2(s* + 295 + (1 — 4p*)7%) /2
-ood (s2 4 2gs + 72)(d+1)/2 ’

since A = s+ g and g = /1 + 72. Rescaling this one arrives at (D.2).
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