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Abstract

Taking into account microscopic properties of most usual high-7, su-
perconductors, like cuprates, we define a class of microscopic model Hamil-
tonians for two fermions (electrons or holes) and one boson (bipolaron) on
the two—dimensional square lattice. We establish that these model Hamilto-
nians can show d—-wave paring at the bottom of their spectrum, despite their
space isotropy. This phenomenon appear when a “giant electron—phonon
anomaly” is present at the boundaries of the Brillouin zone (‘“half breath-
ing” bond-stretching mode), like in doped cuprates. Our results can be
used to derive effective electron—electron interactions mediated by bipo-
larons and we discuss regimes where the corresponding model is relevant
for the physics of high—temperature superconductivity and can be mathe-
matically rigorously studied.

Keywords: High Tc, Superconductivity, Hubbard model, BCS model, d—
wave, s—wave, Bipolaron
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1 Introduction

Cuprates and many other superconducting materials with high critical tempera-
tures have features which are non—usual as compared to conventional supercon-
ductors. Quoting [1]:

High—temperature superconductivity in the copper oxides, first discovered twen-
ty years ago, has led researchers on a wide-ranging quest to understand and
use this new state of matter. From the start, these materials have been viewed
as “exotic” superconductors, for which the term exotic can take on many mean-
ings. The breadth of work that has taken place reflects the fact that they have
turned out to be exotic in almost every way imaginable. They exhibit new states
of matter (d—wave superconductivity, charge stripes), dramatic manifestations of
fluctuating superconductivity, plus a key inspiration and testing ground for new
experimental and theoretical techniques.



Some of these “exotic” properties, as for instance the d—wave pairing and den-
sity waves (charge stripes) mentioned above, turn out to be common to many
high—7.. superconductors, in particular to those based on cuprates [1]. Hence, the
understanding of generic microscopic structures leading to that typical behavior
can reveal mechanisms behind high—temperature superconductivity.

In fact, the microscopic foundations of high—7. superconductivity are still
nowadays a subject of much debate. In the present paper we would like to ad-
dress this issue by analyzing a specific three-body problem. Indeed, we have
following aims:

e Taking into account microscopic properties of most usual high—7. supercon-
ductors (in particular cuprates), as found in recent experiments, we define
a class of microscopic model Hamiltonians for two fermions (electrons or
holes) and one boson (bipolaron) on the two—dimensional square lattice.

e We mathematically rigorously analyze the spectral projection on the bottom
of the spectrum of model Hamiltonians and identify the range of parameters
that leads to d—wave paring.

e We use the properties of such spectral projections in order to derive an ef-
fective model, here called “effective uncoupled model”, in which the two
species, bosons and fermions, do not interact with each other.

Our main mathematical assertions are Theorems 2, 3, 4 and Corollary 5. The
paper is organized as follows:

e Based on experimental facts about typical high—7. superconductors (like
cuprates), Section 2 gives and discusses assumptions on model Hamiltoni-
ans.

e Section 3 formulates the mathematical setting and our main results. In par-
ticular, we establish that model Hamiltonians which are invariant with re-
spect to 90°—rotations can show d—wave paring at the bottom of their spec-
trum.

e We derive the effective uncoupled many—-body model in Section 4, using
results of Section 3.

e Section 5 gathers technical proofs on which Sections 3—4 are based.



e Section 6 is an appendix on direct integral decompositions and the Birman—
Schwinger principle, which are important technical tools to prove our asser-
tions.

Notation 1

To simplify notation, we denote positive and finite constants by D € (0, c0). These
constants do not need to be the same from one statement to another. We denote the
Banach space of bounded operators acting on a Hilbert space H by B(H) with
operator norm || - ||op and identity 14,.

2 Prototypical Properties of High—7. Superconduc-
tors

In the next four subsections we briefly discuss some experimental facts giving,
in our opinion, important hints about the nature of the microscopic interaction
involving electrons in superconducting cuprates. Based on this discussion, we
propose a list of assumptions on our model Hamiltonians.

2.1 Electron Repulsion and Hoppings

It is well-known that undopped cuprates are insulators. Moreover, experiments
showed that the insulating phase of cuprates is indeed a so—called “Mott insulat-
ing phase”. See for instance [1] for a review. This phase is characterized by a
periodic distribution of electrons with exactly one particle per lattice site. Such a
space distribution of electrons is a consequence of a strong repulsion of two charge
particles sitting at the same lattice site. Dopping cuprates with holes or electrons
leads to a mean density p different from one electron per site and the above con-
figuration is not anymore energetically favorable. It turns out that, in this case, at
sufficiently small temperatures, the superconducting phase is the one minimizing
the free—energy density. In particular, the system undergoes a phase transition
and becomes a superconductor. This phenomenon was rigorously proven in [2]
for the strong coupling reduced BCS Hamiltonian perturbed by a repulsive Hub-
bard interaction. Further properties of the phase diagram of real cuprates are also
captured if we consider the two—band version of this Hamiltonian. In fact, for
real cuprates the phase diagram is not symmetric with respect to the axis p = 1
(no doping, one electron per site). The critical temperature tends to be higher for



hole doping than for electron doping. This property is shown to be true for the
two—band model studied in [3].

The results of [2, 3] confirm, from a mathematical point of view, that the
shape of the typical phase diagram of cuprates as well as the corresponding type
of phase transition can be drawn back to the competition between a strongly re-
pulsive short-range force between electrons and a weak but long—range BCS—type
interaction. We thus assume the following:

Assumption 1 (Hubbard repulsion)

The repulsive force between two near—lying electrons is represented by the usual
Hubbard repulsive interaction (which does not vanish only for particles at the
same lattice site).

The absence of hopping terms in the Hamiltonian studied in [2, 3] corresponds
to the so—called “‘strong coupling approximation” for the BCS model. Here, we
aim to introduce general hopping terms in our models. Note however that the
“strong coupling regime” is, from one side, technically convenient, but, first of
all, also the most relevant case in which concerns high—7, superconductivity: Ex-
periments suggest [4] that the inter—particle interaction energy is five to eight times
bigger than the hopping strength:

Assumption 2 (Strong coupling regime)
The interactions between particles are strong with respect to the hopping ampli-
tudes.

Charge transport in cuprates take place within separated (almost) independent
layers. In fact, we focus on high—T,. materials for which superconducting carriers,
mainly holes in the case of cuprates, move within two—dimensional CuO, layers
made of Cu™" and O~ see, e.g., [4, Fig. 5.3. p. 127]. The following assumption
is thus reasonable:

Assumption 3 (Two—dimensionality)
The charge transport occurs within independent two—dimensional layers.

We also know from [2, 3] that the reduced BCS interaction, also in presence of
the Hubbard repulsive term, always lead to s—wave pairing of electrons in the su-
perconducting phase. Hence, this component should be replaced by another effec-
tive long-range attractive force. Effective microscopic forces between electrons,
which could play a role in the phenomenon of d—wave pairing, are deduced in
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Section 4 from results of Section 3. One important physical fact that gives hint on
the nature of the microscopic forces leading to high—temperature superconductiv-
ity are the anomalous dispersion relations of phonons in high—7 superconductors
discussed in the following subsection.

2.2 Giant Electron—-Phonon Anomalies in Dopped Cuprates

Anomalous dispersion relations of phonons, i.e., dispersion relations of a form
not expected from lattice—dynamical models, are usually due to the coupling of
phonon to electrons. Such a phenomenon is observed even in conventional met-
als. In doped cuprates and other high—7. superconductors such an anomaly is
very strong (“‘giant electron—phonon anomaly”) and very localized in specific re-
gions of the Brillouin zone, suggesting a strong interaction between elastic and
charged modes in some small range of quasi-momenta. For a recent review on
giant electron—phonon anomalies in doped cuprates see for instance [5]. Exper-
iments with cuprates show that these anomalies get stronger at the boundaries
of the Brillouin zone (‘“half breathing” bond—stretching mode) as the doping is in-
creased [6]. Since, until a certain point, the increasing of doping also increases the
superconducting critical temperature, it is natural to expect that a strong coupling
between charged and “half breathing” bond-stretching modes is part of the mech-
anism leading to high temperature superconductivity [7]. In a two—dimensional
model for superconductors “half breathing” bond-stretching modes correspond to
(£m,0) and (0, &7) quasi-momentum transfers.

The precise type of coupling between charged and elastic modes responsi-
ble for the giant electron—phonon anomalies is a subject of debate. One possible
mechanism is the existence incipient instability due to the formation of polarons
and bipolarons [8, 9, 10, 11, 12]. For other mechanisms see the review [5]. In the
next subsection we discuss the bipolaronic scenario in more details. The follow-
ing physical assumption, that is, strong bipolaron instabilities at quasi-momenta
(£7,0) and (0,+7), is made with respect to the two—dimensional microscopic
models we consider:

Assumption 4 (Strong bipolaron instabilities)
The strong interaction between elastic and charged modes at half breathing bond—
stretching modes is related to the formation of bipolarons.

We also assume the following condition:



Assumption 5 (Zero—spin bipolarons)
The total spin of bipolarons is zero.

Considering spin—one bipolarons would also be feasible, but we refrain from do-
ing it for simplicity.

2.3 Bipolaron—Electron Exchange Interaction

There are experimental evidences of polaron and bipolaron formation in high—7.
superconductors, even in insulating and metallic phases. See, for instance, [13] for
a brief review on these experimental issues. Some efforts have been made to theo-
retically explain high—7;. superconductivity by assuming that bipolarons, and not
Cooper pairs, are the main charge carriers in the superconducting phase [14, 15].
Recall that it is experimentally known that, for cuprates and other high-7. su-
perconductors, the charge carriers in the superconducting phase have two times
the charge of the electron, as in the case of conventional superconductors. Nev-
ertheless, there is an important objection to this picture: polarons and bipolarons
(more generally, n—polarons, n € N) are charge carriers that are self-trapped in-
side a strong and local lattice deformation that surounds them (their are electrons
“dressed with phonons”). Such strong lattice deformations attached to bipolarons
can hardly move and this is not in accordance with the known mobility of super-
conducting charge carriers. Hence we assume:

Assumption 6 (Small bipolaron mobility)
The hopping strength of bipolarons (bosonic particles) is very small or even neg-
ligible.

One way out of this mobility problem is to assume that bipolarons can decay
into two—electrons and, reciprocally, two moving electrons can bind together to
form a new bipolaron [13]:

Assumption 7 (Bipolaron—electron exchange)

Bipolarons can decay into two electrons and moving electrons can bind to form
bipolarons. This exchange process is strong for quasi-momenta near the half
breathing bond-stretching modes, i.e., in two—dimensions, (£7,0), (0, +x), and
weak away from these singular points.

This exchange process allows a good mobility of charge carriers because the
electronic state has a non—negligible hopping strength. Moreover, such a boson—
fermion exchange process effectively creates an attractive force between electrons,
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like in the Frohlich model for conventional superconductivity. So, we expect a
binding mechanism for electron pairs similar, in a sense, to the Cooper pairing,
but with the mediating boson being a bipolaron instead of (directly) a phonon.

As the exchange process described above is concentrated (in momentum space)
around a few isolated points (half breathing bond-stretching modes) of the Bril-
louin zone, it is conceivable that the following holds true:

Assumption 8 (Long-range effective forces)
The forces between electrons mediated by bipolarons are long—ranged (in space).

This assumption is not in contradiction with the experimentally known fact
that the pairs responsible for charge transport in high—7, superconductors have
(in contrast to conventional superconductors) a very small extension. Indeed, as
shown in [2], the small space extension of superconducting pairs is rather due
to the strong coupling regime. Note moreover that Assumption 8 is not used in
Section 3. It is only relevant for the effective many—body model we propose in
Section 4.

2.4 Space Isotropy

There are theoretical studies showing that an anisotropic phonon—electron (or,
more generally, boson—fermion) interaction can explain d—wave pairing of elec-
trons [16]. On the other hand, there is absolutely no evidence of such an anisotropy
in cuprates, see [5] for instance. So, we aim to derive d—pairing (among other phe-
nomena typical to high—T'. superconductors) from strictly isotropic models and we
assume the following:

Assumption 9 (Isotropy of interactions)
The interactions are invariant unter lattice translations, reflections and 90°—rota-
tions.

This condition concludes the list of assumptions on which we base our math-
ematically rigorous study.

3 Mathematical Setting and Main Results

In this section, we mathematically implement (the physical) Assumptions 1-7 and
9.



3.1 Bipolaron-Electron Model for High—7,. Superconductors

By taking into account all model assumptions formulated above, we propose bel-
low a Hamiltonian for bosons and fermions in the Z>—lattice. In particular, the
host material supporting particles is assumed to be a (perfect) two—dimensional
cubic crystal (cf. Assumption 3).
For any n € N, let S, + be the orthogonal projections onto the subspace of,
respectively, antisymmetric (—) and symmetric (+) n—particle wave functions in
©", the n—fold tensor product of either h_ := (?(Z*;C?) or b := (*(Z* C). Let
Bt :=Sn1b$" foralln € N, by := C, and define

f:ﬁ: = @ bn,:l:
n=0

to be respectively the fermion ((—), spin 1/2) and boson ((+), spinless, cf. As-
sumptions 4 and 5) Fock spaces. The Hilbert space of the compound system is
thus

[e.e]

Fop =F_@F ~ @ Oim,— @ bt -

n,m=0
Here, ~ denotes the existence of a canonical isomorphism of Hilbert spaces. A
dense subset of F_  is given by the subspace

D= span{ U hm,®hn,+}. (1)

m,neNo
The creation and annihilation operators are denoted by
U=, D1r, , Gps=0,sQ1f, , T € 73 s € {11},
for fermions and
V=1 @b, by=1r ®0b,, x€77

in the boson case.
The fermionic part of the (infinite volume) Hamiltonian is defined on the dense
subspace D C F_ | by the symmetric operator

1 * *
Hy:=¢ —5 Z Ay Oy s + 2 Z Ay Ors | + UZn$7¢n$’¢
se{t 1 haoyez? [o—yl=1 se{t 1} ,oez? vez?
(2)



with €, U > 0. The first term of this operator represents, as usual, next—neighbor
hoppings of fermions on the Z>-lattice. More generally, we could take a term of

the form
€ Z hy(|z — y\)a;';say,s )
se{1,{},z,yez?

for some real-valued function A satisfying

> ()] < 0.

TEZ2

We refrain from considering this general case for simplicity, only, but our study
can be easily generalized to this situation. The last term of (2) stands for the
(screened) Coulomb repulsion as in the celebrated Hubbard model. So, the pa-
rameter U is a positive number, i.e., U > 0. See Assumption 1. The parameter
e > 0 represents the relative strengh of the hopping amplitude with respect to the
interparticle interaction. In high—7. superconductors, € is expected to be relatively
small. Cf. Assumption 2.
The bosonic part of the Hamiltonian is meanwhile defined on D by

hb * *
Hy=c|—5 S by 20y b | 3)

z,Yy€Z2,|z—y|=1 x€Z?

where h, > 0 is very small or even zero (cf. Assumption 6). This symmetric
operator does not include any density—density interaction. Indeed, we only con-
sider below the one—boson subspace and such interactions are thus irrelevant in
the sequel. [If some density—density interaction is added here for the bosons, then
the effective model (26) has to include it.]

We define the full Hamiltonian (fermion—boson compound system) by the
symmetric operator

H:=H;+H,+We€LMD,F_,), “4)

where £(D, F_ ) stands for the space of linear operators from D to F_ | and

W= Yo (bicy + c;bs) (5)
x,y€EZ>?
encodes (spin—conserving) exchange interactions between electron pairs and bipo-

larons (cf. Assumption 7) with Z?~summable coupling functions v. The fermionic
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operator ¢, is defined, for all z € Z? and some (large) parameter x > 0, by

Cyp = Z e_ﬁlzlax—i-z,'raz‘,i : (6)

2€72,|2|<1

Note that we do not use the operator

Cp 1= Ze’”'z‘aﬂz,waz,¢ =Cg + O(ef\@ﬁ) (7

2€7Z2

instead of ¢, in the sequel in order to simplify technical arguments, only. The
action of ¢, can be viewed as the annihilation of an electron pair localized in a
region of radius O(x™!). It could be interesting to replace the Hubbard repulsion
by general density—density interaction resulting from the second quantization of
two—body interactions, like for instance

U Z u(|z —yl) ayaya,a, (8)

se{td}z,yez?

on D, where u (r) : RS — RT is some real-valued function. See discussion at
the end of Section 3.2.

We consider fermion—boson interactions (5) with real-valued coupling func-
tions v which are Z?-summable, symmetric and 90°—rotation invariant (cf. As-
sumption 9): v € ¢! (Z?,R) and, for all x = (z1,15) € Z,

v(z) =v(—x), wv(x)=v(r,x2) =0(—29,77) .
Note that the Fourier transform ¢ of such a v exists as a real-valued continuous

function which is symmetric and 90°-rotation invariant, i.e., for all k = (ky, ko) €

[_ﬂ-’ 71_)2’

o(k) =0(=k), 0(k)=0(k1,ka) = 0(—kg, k1) . )]

It is convenient, for reasons which become clear later on, to take v of the form
vV=vy —0U_, (10)

where vy € (! (Z?,R) are functions of positive type, i.€., their Fourier transforms
U4 are non—negative.
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3.2 d-Wave Pairing in the 2-Fermions—1-Boson Sector

We aim to study the unitary group generated by H on the smallest invariant space
of H containing the subspace related to one pair of electrons with total spin equal
to zero. This invariant space is

HEY = (0 @ bo1) @ (bo,_ @ b1) = b @by, (11)

with F)g?)_ being the subspace of one zero—spin fermion pair. f)g?)_ is canonically
isomorphic to the spaces

* (2% C) @ 1* (Z* C) ~ (*(Z* x Z*C) . (12)

The first Hilbert space ¢? (Z?; C) in the tensor product encodes the wave functions
of a fermion with spin up (1), whereas the second one refers to a fermion with spin
down ({). The isomorphism between l‘)g?l and (?(Z?* x Z?;C) is choosen in such
a way that, for any z,y € Z?, a, 1a, |, seen as an operator from ¢*(Z?* x Z?; C) to
C, satisfies

azray, (¢) =c(z,y) , c € *(Z° x7*C). (13)

Since b, , = (*(Z*; C), it follows that
HY ~ (22 x 72,C) x £*(Z*%C) . (14)

In particular, we denote elements ¢ of ’Hff) by ¢ = (c,b), where ¢ and b are
respectively the wave function of one fermion pair and one boson. Observe that

HED = H o (15)

is a bounded self—adjoint operator on the subspace ’Hfj) Recall thatv € ¢! (Z* R).

We study below the unitary group generated by the Hamiltonian H " in order to

show the formation of a bound fermion pair of minimum energy via a mediating

bipolaron (spinless boson, in the present case), as discussed in the introduction.
To this end, we define the ground state energy of the Hamiltonian H>!) by

Ey = inf o (H®V) |

where o(A) is, by definition, the spectrum of any self—adjoint operator A. From
Lemma 8, observe that £y < 0. In fact, we can give an explicit criterium for the
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strict negativity of Ey, which is interpreted as a bound fermion pair formation.
See Theorem 3 and discussion thereafter.

Indeed, for any € > 0, x > 0, A\ < O and k € [—7,7)?, let

1 1
RO . / Ak, , (16
(2m)2 Ji_y oy € (4 — cos(kp, — k) —cos(ky)) — A 7 (16)
1 (14 2e " cos(ky, — k))?
RO / i hyy, (17
0T G e (A= cos(hy — k) — cos(r)) —a C e (D)
1 1+ 2e " cos(kyy — k)
= g ne € (A= coslhy, — ) — cos(Rr)) — A e (19
where
cos(q) := cos(qu) +cos(qy) , ¢ = (qurqy) € [-7,m)%. (19)

These strictly positive constants can easily be determined to a very high precision
by numerical computations. Then, define the (possibly infinite) numbers

/

2
0) (0 0
,| RO RORS — (RY)

I(k,U) := limsup|v (k)] —0 O € [0, oo]

A0~ 1+ URY 1+ URY

r 2
0) (0 0

T
I(k,00) := limsup|v (k)] © € [0, o¢]

A—0— R575

\

forany U > 0 and k € [—7, )2, see (64). A sufficient condition to obtain a
bound pair (i.e., £y < 0) is as follows:

Theorem 2 (Strict negativity of £)
(1) Ey < 0 if and only if

sup  {I(k,U) — ehp(2 — cos(k))} > 0.

ke[—m,m)?
The latter always holds true whenever v (0) # 0.
(1) At fixed € > 0,
liminfFEy < 0
U—oo
if and only if
sup {I(k,00) — ehy(2 — cos(k))} > 0.

ke[—m,m)?
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Proof. The assertions are direct consequences of Proposition 10 and Lemmata 11,
14 and 15. O
Note that Theorem 2 yields £, < 0 for sufficiently small ¢ > 0, unless v = 0.

We are interested in the time evolution driven by this Hamiltonian for three—
body wave functions with minimum energy. We thus consider initial wave func-
tions (co, bp) in the subspace

9. = Ran (1jgy g1 (H?D)) € HEY (20)

for small € > 0. Here, for any a1,as € R, a; < as, and self—adjoint operator
A, 1[4, a,)(A) denotes the spectral projector of A associated to its spectrum in
the interval oy, s, while Ran(A) stands for the range of A. Note that Ej is
generally not an eigenvalue of H ('), see Section 5.

Then, for any positive real number 0 < ¢ < 1, we study the properties of the
time—dependent wave function (¢, b;), solution of the Schrédinger equation

d
VteR: ia(ct, bt) = H(Q’l)(ct7 bt) s (Ct, bt) € 538 . (21)

With this aim, define the (non—empty) set
Se 1= {(ct, b,) € C'(R, $.) norm—one solution of Equation (21)}

for 0 < ¢ < 1. Units are chosen so that A = 1.
We first show that the strict negativity of E, corresponds to the existence a
bound fermion pair:

Theorem 3 (Existence of bound fermion pairs)
Assume that Ey < 0. For any n,e € (0,1) and (¢;,b;) € Z., there is a constant
R < oo such that, for all t € R,

> vz, 2p)]* = fleoll3(1 = 1) > 0.
x4,@y €22:|zs—z |[<R
Moreover, if the hopping amplitude € > 0 is sufficiently small then one can choose

R=1

Proof. 1t is a direct consequence of Proposition 13. a
Since (¢, by) € =. has norm one for all £ € R, we infer from Theorem 3
that, uniformly in time ¢, the probability of finding an electron pair in a region of
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diameter 1 is always strictly positive for strictly negative £y < 0 and sufficiently
small hopping amplitude 0 < ¢ < 1. In other words, the fermion part ¢, never
vanishes in this regime while the two fermions behave as a composite particle, i.e.,
a bound fermion pair. We also have a non—vanishing boson part b; for all times.
The latter can be seen as a depletion of either the pair density or the boson (bipo-
laron) density. This depletion results from the interaction W (5) which implies
an effective attraction between fermions. This can heuristically be understood by
diagrammatic methods like in [17]. It is also reminiscent of the Bose condensate
depletion found in the rigorous study of the Bogoliubov model and its variants.
See for instance [18, 19]. The boson—fermion occupation ratio can be explicitly
computed in the limits € — 0 and U — oo:

ledd

1
s~ = (22)
||Ct||% + Hth% 2

see Lemma 23. Similar results in the regime ¢ — 0 and U — 0 can also be
deduced from our study.

For sufficiently small hopping amplitudes, the last theorem says that the bound
pair is (s) either localized on a single lattice site or (d) the fermions forming the
bound pair have distance exactly equal to 1 to each other. (s) mainly appears at
small coupling U > 0 and corresponds to a s—wave pair. By contrast, (d) occurs at
large U > 0 and is related to the formation of a d—wave pair whenever Assumption
7 is satisfied. If this assumption does not holds, we still have, at large U > 0, a
distance exactly equal to 1 between the fermions in the bound pair, but the pairing
symmetry is rather of generalized s—wave type instead of d—wave. We now devote
the rest of this section to the precise statements of these facts.

Atany k € [—m, m)?, define the function sy, : Z*> — C by

1 ik- ik (0.— ik- ik (—
sk (y) == 3 (ezk (0’1)5.1;,(0,1) +e* 0 1)5y7(0,—1) +e* (1’0)511,(1,0) + e 1’0)5;/,(—1,0))

2
(23)
for all y € Z2. Let

Ay e {ke[—mﬂ)zi\ﬁ(k)lz max_[o(q)] = H@Hoo} o4

q€[—mm)?

be the non—empty closed set of maximizers of the absolute value of the Fourier
transform ¢ of v € (' (Z% R).
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Theorem 4 (Generic space symmetry of bound pairs)

Assume that R, is a finite set and take any n > 0. For sufficiently small €,¢ > 0
and any (¢;,b,) € Z., there is a family {f®}eq C C(R,2(Z2;C)) of one-
particle wave functions such that:

(s) For sufficiently small U > O and all t € R,

S fawnm) = 3 (G, + 26 sy — 20} 50)

T4,T | €72 keRy

(d) For sufficiently large U > O and all t € R,

Z (s, ) Zsk zy — x)) f, )(l’T>

4,2 EL? kER,

2
<.

Proof. It is a direct consequence of Corollaries 17-18, Proposition 21 and Lemma
22. Note that Proposition 21 only treats the case of large U > 1 and Lemma
22 analyzes the 9—component of the wave function. To get Assertion (s) we need
similar results for the s—component at small U < 1. We omit the details since the
latter case is even simpler. a

If the above theorem holds and v is concentrated on half breathing bond-
stretching modes, 1.e.,

Ry ={(-m,0),(0,-m)} C [-m,7)? (25)
(cf. Assumption 7), then the system shows d—wave pairing:

Corollary 5 (d—wave space symmetry)

Assume (25) and take 1 > 0. For sufficiently small €,¢ > 0 and any (¢;,b;) €
E., there is a one-particle wave function f. € C(R,(*(Z*;C)) such that, for
sufficiently large U > O and all t € R,

2.

x4,x ) €72

2
ct(wp,2)) — d(zy —x)) filwr)| <,

where
d:= S(—7,00 = —S(0,—n)-
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If |0(%m, 0)| (or |9(0, 7)|) is sufficiently large, then the wave function of the
bound fermion pair has the d-wave symmetry, by Corollary 5. Indeed, the Fourier
transform d of d equals

d (k) = d (ky, ky) = cos(ky) — cos(ky)

for any k = (ky, ks) € [—m,m)?. [See for instance (89).] This is precisely the
orbital function of the d—wave pair configuration, see [1].

Note that the Hubbard repulsion could be replaced by a general density—
density interaction resulting from the second quantization of two—body interac-
tions, like for instance (8). In this case, one has to consider the more general
fermion pair annihilation operator ¢, as given by (7) (instead of c,). Such models
would lead to much more general pairing configurations, beyond s— and d—wave
orbitals. Basically, if u (r) has finite range [0, R] then in the limit U — oo bound
fermion pairs of radius less than 12 will be suppressed, but the interaction W will
bind pairs of fermion separated by a distance of at least 2, even when U — oo. In
this case, the minimum energy of the system does not depend much on U. Similar
methods to those used here should be applicable to such a more general situation.
However, we only consider the most simple physically relevant case R = 0 to
keep technical aspects as simple as possible.

4 Uncoupled Effective Models for High-7, Super-
conductors

4.1 Definition of the Effective Model

We propose a model which decouples bosons and fermions but which correctly
describes the dynamics ot the orginal model at low energies within the invariant
space 7{%1), as described in Section 3.2. The fermionic part is a BCS—like model,
as usually done in theoretical physics, while the bosonic part is a free model with
effective hopping amplitudes.

Indeed, using the decomposition (10) we define the bosonic effective Hamil-
tonian on the dense subspace D (1) by the symmetric operator

Hy:=— > wy(z—y)blb, (26)
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with

1
wy(2) =7 (05 (@) F 0 (@) + 55 (0x0) (0) @ €2, @D)
and 7, > 0. Note that the function w;, € ¢'(Z? R) is of positive type, and
hence the bosonic hopping amplitudes are of negative type. w; is however not
necessarily positive, as usual hopping terms. Meanwhile, the fermionic effective
Hamiltonian is defined on D by the symmetric operator

[j[f = € —% Z a;Say,s + 2 Z a::,sal’:s

se{t}z,y€Z2 |z—y|=1 se{t,4},zez2
+U2nm¢nm - Z wy (x —y)chey (28)
z€Z? x,yEZ?
with
gl
wp () =y (s (@) bo (@) = 5 e ) (@), 2 €, (29

and €,U,v; > 0. See (6) for the definition of ¢,. Observe that, at large enough
U > 0, the BCS-like kernel above is of negative type and is thus of attractive
nature. The precise form (29) we have chosen for wy is obtained by imposing that
the effective model gives the exact energy and fermionic wave—function at orders
U° and U™, by expanding this quantities at any fixed quasi-momentum. Recall
that we focus on the large-U regime, because this is the one related to d—wave
pairing.
Then, the uncoupled effective model is defined by

H:=H;+ H,€ L(D,F_). (30)

Because of (9), the uncoupled model is 90°—rotation, reflection and translation
invariant, in accordance to Assumption 9.

As in the case of the boson—fermion model H, the subspace Hff) is an in-
variant space of H. Therefore, we analyze the dynamics driven by the bounded
self—adjoint operator

720 . h
H = H| H(szf)

at the bottom of its spectrum in order to compare it with the one given by H 1),

see (15) and (21). The result is the following:
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Theorem 6 (Effectiveness of the uncoupled model)
Set 7y, := 2e”" and vy, = fyb_l. Then, there is £g > 0 such that, uniformly for
e €(0,e0), t €R ande, U >0,

_itH@D _itF@D
H(e e )1[1;0,1;0(1_8”(}1(2’”)

=0 ((L+th)(e+U?)) .
op
Proof. The proof is a direct consequence of Lemmata 7 and 20, Corrollary 18,
Equations (90)—(91), and Propositions 24-25. O
If the functions vy decay sufficiently fast in space, then we can find kernels
wy, wy € L' (Z?,R) of positive type such that

—itH@1) —itH@1) _
[ (e =) 1y g (HED) | = O (e U72)

op

uniformly in time ¢ € R. Indeed, when E, < 0, one chooses wy and w; with
Fourier transform @ and w0y, respectively, such that

Wy (k) R(k,UE(k)) =1

and (k) = E(k) for k in open neighborhood of the set of minimizers of E(-) on
[—m, m)%. See Proposition 10, Theorem 12, and Equation (92).

4.2 Long-Range Idealization of the Effective Electron—Electron
Interaction

The analysis of equilibrium states of fermionic models like (28) is known to be
a very difficult task. Indeed, the complete phase diagram of the Hubbard model,
which is (28) with w; = 0, is still unknown for dimensions bigger than one, at
least in a mathematically rigorous sense. However, for certain classes of long—
range couplings wy, the equilibrium states of (28) become much more tractable:
We showed in [20] how to construct equilibrium states of long-range models as
convex combinations of equilibrium states of much more simple “Bogolioubov
approximations” of the starting model.

By Assumption 7, the Fourier transform ¢ of the coupling function v is con-
centrated around a few points in the Brillouin zone. See (25). This implies from
(29) that wy is also concentrated around the same points. We can thus consider
the idealization where the Fourier transform w; tends to a distribution supported
on that few points. More precisely, it is reasonable to replace w; by

w}MF) (z) := 7chF) (ei(—mO)ﬂ: + ei(O,—ﬂ)w)
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for x € 72, where V;MF) > 0 is a positive constant. However, this kernel is not

anymore summable in the Z?-lattice. The corresponding interaction has thus to
be interpreted as a mean field term. Hence, we define the corresponding mean
field type model in cubic boxes A; C Z? of size length [ € R with volume |A[:

F(MF) 1 ‘ N
se{td}z,yeA,|z— y|*1 se{t}zeN;
+2U2nmn%¢ |A | Z ’LU MF) C ey - (31)
TEN; zYEN

Compare with (28). Observe that the last term is | ;| times the sum of the squares
of the space averages of two operators:

’AlZw Y) chcy

JYEN

= 7<MF)|Al <‘A’Zez7r0 x) <‘ l’Zesz )

TEN; TEN;

(MF)
+7 | A ( Ze x) ( Ze ) i
a:EA A l’xEA

This leads to a long-range interaction (cf. Assumption 8) similar to the ones
treated in [20]. The long-range component of the model discussed here is rather a
sum over periodic (but not translation invariant) mean field type quadratic terms.
The methods of [20] have to be adapted to this case, but they are still applicable.

In this case, one has to be able to study the “Bogolioubov approximations”
of the model lflj(f\l/[F) at least in the strong coupling regime (Cf. Assumption 2),
1.e., for e = 0. It is also important to check that the behavior of the system is not
singular at e = 0. In this context, methods of constructive quantum field theory,
as Grassmann—Berezin integrations, Brydges—Kennedy tree expansions and de-
terminant bounds [21] will be important. We recently applied such methods in a
similar situation in [22] to analyze the Meissner—Ochsenfeld effect, starting from
a microscopic model. Technically speaking, this last study is difficult. We plan to
work out these problems in subsequent papers.
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5 Technical Proofs

Even if it is not explicitly mentioned, we always have ¢, U, h, > 0 and x > 0.
For simplicity and without loss of generality, in this section we sometimes fix
hy, € [0, 1].

5.1 Fiber Decomposition of the 2-Fermions—1-Boson Hamilto-
nian

The (fermionic and bosonic) kinetic parts of the Hamiltonian H ") defined by

(15) are diagonalizable by the Fourier transform. The interaction term (5) is such

that it annihilates either a boson to create a fermion pair or a fermion pair to

create a boson with same total quasi-momentum, in both cases. As a consequence,

it is natural to decompose H*)) on fibers parametrized by Fourier modes k €

[—, m)?%, which stand for total quasi-momenta on the torus. It is done as follows:
We denote the Haar measure on the torus [—7, 7)? by m, i.e.,

m (d%q) == (2m)*d’q .

Using the direct integral of Hilbert spaces (see Section 6.1), let

D
7 = /[ L*([-m,7)%,m; C) x Cm(d*k)

—m,m)2

~ /[@ L[, )%, m: ©) m(d2k) x L2([—, )2, m:C) .

7,72

This space is also unitarily equivalent to the Hilbert space
2,1
HD ~ (22 x 72;,C) x (2% C),
see (11) and (14). An isometry between both spaces is defined by

(&, B) = (W4 (6),8,(0) e HZY | (,0) € 32, (32)

where the wave function i, (¢) of one fermion pair in ’Hff) equals

800y (©)) (21 2,) = /[ ) /[ (@)
e [ ()] (kyy) (33)
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for any z+, z, € Z?, while the wave function ${,(b) of one boson is

10(6)] () := / ¢ 0b (k) m(d?k) (34)
[777777)2
for x;, € Z2. Since

Lz([_ﬂ-a 7T)2 X [—77', 7T)27m®m; C) C Ll([_ﬂ-vﬂ')Q X [_7T7 7T)27m®m; C) ) (35)

and
L2([_7T77T)27m; (C) C Ll([—7T77T)27m;C) ) (36)

note that the r.h.s. of (33)—(34) are well-defined. Moreover, the operators
@
$hyy / L*([-m, 7)), m;C) m(d®k) — £*(Z* x Z*;C)
[_71'171—)2

and
Uy : L*([—m, 7)), m; C) — (*(Z*; C)

are unitary. The inverse U™ = {* is
U= LUy (37)
and 3%1) = Ll*?-[%l) (using (14)).
To obtain explicit expressions for the actions of L[5, and 417, it suffices to con-

sider dense subspaces of (?(Z? x Z?; C) and (*(Z?; C), respectively. Note indeed
that, in contrast with (35)—(36),

(1(7* x 7*,C) ¢ (*(Z* x Z*;C) and (*(Z*C) ¢ (*(Z*C).
For any ¢ € (*(Z* x Z*;C) and k, ky| € [, 7),

LG, ()R] (k) = > e ™ot otie(py, oy + 1))

:ET,:ET¢€22

while, for any b € ¢*(Z*;C) and k € [—7, ),

WO)k) = 3 e b(w)

Ty, €72
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Now we study the operator {{* H(?V{( acting on S%l) (cf. (15)). We start by
deriving that its fiber decomposition (see Section 6.1 for more details). To this
end, recall that v is the Fourier transform of the coupling function v and, at each

k€ [—m,m)? lets,0(k) € L*([—m,7)% m; C) be defined by

ﬁ(kﬂ,) =1 and [DU{)](kTi) =2 " COS(]C'N — ]{7) s (38)

for all ky; € [—m, )2, where the function cos is defined on the torus [—m, 7)?

by (19). Let Py = By, € B(L*([—m,7)? m;C)) be the orthogonal projection
with range
Ran(Pa(k)) = (C(D(/f) + 5) . (39)

Similarly, Py = P; € B(L*([—m,m)% m;C)) is the orthogonal projection with
range
Ran(Py) =Cs . (40)

Atany k € [—m, m)?, define now the bounded operators

A K) © LA([=m71)?mC) = L¥([—m,m)%m; C)

A (k) o L¥([-7,m)?m;C) = L*([-7,7)%m;C) ,

Asq (k) - L*([-m,7)?,m;C) = C,

Aio(k) @ C— L*([-m,7)%m;C),

Ays(k) + C—C,

by
(A (k)W ](kyy) == € (4 = cos(hyy — k) — cos(hyy)) Wy (kyy) , (41

A (k)W = A (k) yy + UPy, (42)
Ay 1 (B)Wy == 0 (k) (0(k) +5,Tq) , (43)
Ao(R)Uy = W0 (k) (0(k) +5) , (44)
Ago(k)Wy = €ehy(2 — cos(k))Uy , (45)

for all ¥y € L*([—m, )% m;C) and ¥, € C. Here, (-,-) stands for the scalar
product of L?([—m,m)?, m;C). By continuity of o, the maps k — A, ;(k) are
continuous, in operator norm sense, for all 7, j € {1, 2}. In particular,

o A Aa() - 2 a2 5
A(Y) = ( Ao1() Asa( ) € L>([—m,m)%, m; B(L*([—-m,m)°, m;C) x (C()ié)
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By [23, Theorem XIII.83] (see also Section 6.1), there is a unique decomposable
operator

@
Am / A(k) m(d2k) € BE2Y) | @7)
[

—m,m)2

which turns out to coincide with {* H@Dg[:

Lemma 7 (Direct integral decomposition)

A=SCHEDU  and [H®D = max (Ao
€

Proof. Define the dense set
* 2,1
D&Y = g* [(1(22 x 72;,C) x ((2%C)] c §7

For any (c, 6) € DN Y we infer from (2), (3), (4), (5), (6), and (13) that

21) (/2 Y (2,1)
H®Yg((e, b) = (¢, b)) € Hio

where, for any xy, 2, € Z2,
€

(1) = —g > Wy (O] (21 +2,20) = 5 > @)@z +2)

z€Z2, |z|=1 2€72, |z|=1

e[ty ()] (24, 2y) + Udy o, [, (6)] (24, )
+ ) 0@y = 2) Oay, [6(B)] (1)

:L‘bEZ2

+eT YD w(@y — ) Gapne, [L(6)] ()

Tp€Z2 2€72, |z|=1
and, for any z, € Z2,

Ehb

b)) = == > [(0))(zs + 2) + 2ehp[th (b)] ()
2€72, |z|=1
+ ) vwy — ) [y (©)](x, 7)

_“Z Z (xp — ) [y (O))(z + 2, ) .

z€Z? 2€72, |z|=1
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~

Therefore, for any (¢, b) € Dﬁ’l),
SHCDLU(E b) = (&, 6) € 33V,
where, for any k, k| € [—7, )%,
[€"(F)](kry) = €(4— cos(kyy — k) — cos(kyy)) [e(K)] (K1)
U /{ﬂﬁﬂ);ewn(m m(d2ks))

+0 (k) (1 + 207" cos(ky, - k)b(k)
b'(k) = ehy(2—cos(k))b(k)

T (k) /[ )2<1 T 20 cos(ky, — k) [E(R)] (ry) m(dky,)

By (41)-(47), it follows that {* H il A on the dense subspace D( 2 . By the

boundedness of both operators on ST, > we arrive at the first assertlon. To prove
that
[Allep =, max JAK)op

and thus the second assertion, note that

||A||0p = €88 SupHA( )HOP .
ke[—m,m)2

See Section 6.1. Now, to complete the proof, use the continuity of the map k£ +—

A(k). 0
By using Lemma 7 and Proposition 25, we can extract spectral properties of

H®Y _1In particular, the spectrum o( H?1) of H21) is bounded from below by

Ey:=info(H®Y) > inf {mino(A(k))} . (48)

ke[—m,m)?
In fact, the latter bound holds with equality:

Lemma 8 (Bottom of the spectrum of H )
Forany k € [—m,m)? let 04(A(k)) be the discrete spectrum of A(k). Then

Ey = minc(H®*Y)= min {minc(A(k))}

ke|—m,m)?

— mm{o,ke][mm) {mmad(A(k))}} <0.
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Proof. The operators A1, Ay 2 and F, are compact operators. Hence, for any
k € [—m, m)?, the essential spectrum o (A(k)) of A(k) equals

Oess(A(k)) = 2ecos(k/2) - [—1,1] + 4e C [0, 8¢ (49)

for any € > 0, while oe(A(k)) = 0 when e = 0. It follows from (48)—(49)
and Proposition 25 together with Kato’s theory for the perturbation of the discrete
spectrum o4 of closed operators that

Eo = mino(H®Y) = pnin {min {oe(A(k)) Uaa(A(K)}} . (50)
e|—m,m
Since
min _ {minoe.s(Ak))} =0, (1)
ke[—m,m)?
we thus infer the assertion from (50). O

5.2 Negative Eigenvalues of the Fiber Hamiltonians

We analyze now the bottom of the spectrum of the fiber Hamiltonians A(k) for

quasi-momenta k € [—7, 7)%:

Lemma 9 (Negative eigenvalues of A(k) —1I)
Letk € [—m,m)*and A < 0. Then, \ € o(A(k)) if and only if v (k) # 0 and there
is Uy, € L*([—7,7)?, m; C)\{0} such that

(A1 (k) = A) = A (k) (Az2(k) = N) 7 Az (k)] 4y = 0.
In this case, \ < 0 is an eigenvalue of A(k) with associated eigenvector
(T, —(Az2(k) — N)7' Az (k) Ty, ) € L*([~m,m)%, m; C)\{0} x C\{0} .

Proof. Fix k € [—m,m)?> and A\ < 0. Assume that \ € o(A(k)). Then \ €
oa(A(k)), by (49). For such a discrete eigenvalue there is Uy, € L?([—7, 7)?, m; C)
and ¥, € C such that (¥4, ;) # (0,0) and

(Ap (k) = Ny + A(k)T, \ [0
< Az 1 (k)W) + (Ezz(k) — )\)\IJ: ) - ( 0 ) , (52)

see (46). From (41)—(42) and (45) with U, ¢, h, > 0 and A < 0, note that As 5 (k) —
A > 0and A; (k) — A > 0. This yields Wy, # 0, ¥, # 0 and v (k) # 0.
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Hence, if A < 0 then A € o(A(k)) if and only if (52) holds true with W, €
L*([—m, )% m;C)\{0} and ¥;, € C\{0}. By combining the two equations of
(52) we arrive at the assertion. O

We next analyze conditions for the existence of negative eigenvalues of A(k)
for k € [—m, 7). With this aim, we use the Birman—Schwinger principle (Propo-
sition 26) to transform the eigenvalue problem (52) into a non-linear equation for
A on negative reals. This permits us to study afterwards the behavior of negative
eigenvalues of A(k) as functions of the couplings v and U.

Proposition 10 (Negative eigenvalues of A(k) —II)
Letk € [—m,7)? and \ < 0. Then, \ € o(A(k)) if and only if

10 (B)? R(k, U, \) + X — ehy(2 — cos(k)) =0, (53)

where
R(k,UN) := (d(k) + s, (A1 (k) = N) "' (0(k) +5)) . (54)

In this case, \ is a non—degenerated discrete eigenvalue of A(k).
Proof. Fix k € [—m, )% Since

(k) +sl5 = l[o(k)ll5 + llsll> = 4e™>* + 1, (55)
note from (43)—(44) that

Ap2(k)Agi (k) = (14 4e72) |0 (k)| Py

where Py is the orthogonal projection with range (39). Because U, ¢, hy, > 0,
recall that A, 1(k) > 0 and As5(k) > 0, see (41)-(42) and (45). Hence, by
applying Lemma 9 and Proposition 26 (Birman—Schwinger principle) to

H[) = Al,l(k) and V= ALQ(]{) (AQQ(k) — )\)71142,1(]?) ,
A < 0 is an eigenvalue of A(k) if and only if

(1+4e7%) |0 (k )7 Pyy(A11(k) — N) 7 Py = (€hp(2 — cos(k)) — A) Por -
(56)
Note that /%) is a rank one projector and hence, again by Proposition 26, A is a
non—degenerated eigenvalue of A(k). So, we deduce the assertion from (55), (56)
and the fact that A\ € o(A(k)) with A < 0 implies A € a4(A(k)), by (49). O
We next study the behavior of the function R(k,U, \) for negative spectral

parameters A\ < 0 atany k € [—7, 7)%.
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Lemma 11 (Behavior of the function \ — R(k, U, \))
Letk € [—m,7)?> and U > 0. Then

R(k,UN) =4\ e + (U +|\) + Sk, U\
is a strictly increasing function of A < 0 with
|S(k, U, \)| < 8eA™(1 + 4e™2%) .

Proof. Fix in all the proof k € [—m,m)%, U > 0and A\ < 0. First, it is easy to
check that the function A — R(k, U, \) is strictly increasing for negative A < 0,
by strict positivity of the operator (A; 1(k) — A\)~2 when €, U > 0. Secondly, by
using (41)—(42) and the second resolvent equation we obtain

(Aa(k) = N7 = (UPy = A~ = (UPy = N AL (k) (A (k) = V)71 (57)
Clearly,
1O Py = 2) lops [(Ana(k) = ) lop < [A7" and  [[AL}()|op < 8e .
It follows that
[(ALi(R) =N = (URy = X)) < 8eA™ .
Therefore, from (54) and (55),
(R(k,UX) — (k) +5,(UPy — N) "' (0(k) +5))| < 8eA*(1+4e) . (58)

Meanwhile, recall that F, is the orthogonal projection with range (40) while
(0(k),s) = 0. Therefore,
(3(k) +5,(UPy — X\) "' (0(k) +5))
= (0(k), UP0 —N)o(k)) 4 (s, (UPy — X)'s)

= A7 < (k),2(k)) + (U + A (s.5)

which, combined with (58), yields the assertion. O
From Proposition 10 and Lemma 11 we deduce the possible existence of a
unique negative eigenvalue:
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Theorem 12 (Estimates on the negative eigenvalue of A (k))
Letk € [—m,7)% hy € [0,1], U > 0 and set

e72n

S —— > 0.
CT i1t 4 0 "

(i) There is at most one negative eigenvalue E(k) < 0 of A(k). If it exists, E(k) is
non—degenerated.

() If 0 < e < ¢ |0 (k)| with |0 (k)| # O then there is a negative eigenvalue
E(k) = E(k,U, €) of A(k) that satisfies

e |6 (k)| < [E(k)| < |6 (k)| VI + 52 .

Proof. (i) Use Proposition 10 and the monotonicity of the map A\ — R(k, U, \)
on R~ (Lemma 11).

(i) Fix k € [—m,7)% hy € [0,1] and U > 0. Assume that |0 (k)| # 0, let
x :=e "|v (k)| and take € > 0 such that

0<e<elo(k)] < (59)

T
1
Then, by Lemma 11,

k)|?R(k,U, —z) — 2z

|0 (k)|
= |0 (k) (4o 'e™ + (U+2)" + Sk, U, —z)) — 2z
> o (k)]*4 (z7'e™ — 2ex7?(1 + 4e7")) — 2z
> Jo(k)|*2z e —22=0.

Recall now that R(k,U, \) > 0 is a strictly positive and increasing function of
A < 0, by Lemma 11. Therefore, for any parameter e satisfying (59), there is
a solution E(k) of (53) that satisfies |E(k)| > x. Note that one also uses here
hy, € [0, 1].

Now, take

y = 0 (k)| V1+ be 2%

where we recall that |0 (k)| # 0. Then, using (59) and Lemma 11, we obtain that
0 (KPR, U, —y) —y < [o(k)7y" (4o + 1+ 8ey (14 4e™™)) —y

< (lqu:—)5|e—2 5 (2—\/5—1—62“) <0.
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Then, by Lemma 11, if € satisfies (59), there is a solution E(k) of (53) satisfying
|E(k)| < y. O

We now conclude this subsection by proving the existence of a bound fermion
pair whenever the bottom F of the spectrum of H 2 is strictly negative:

Proposition 13 (Bound fermion pair formation at strictly negative energy — I)
Assume that Ey < 0 and take any (co, bg) € H\{0} with e € (0,1). Let

(Ct; bt) = eiitH(Q,l)(Co, b()) , teR.
(i) Non—vanishing fermion component:
leill, = lleoll, >0, teR.

(i1) Bound fermion pair formation:

. 2
Rh_r};o Z |Ct($Tax¢)‘2 = |lcolly
4,2 €L |xp—x |[<R

uniformly with respect tot € R.

~

Proof. (i) For any t € R, let (¢, by) := U*(cs, by), see (37). If Ey < 0 and
(co, bp) € $., then we infer from Lemma 8, Equation (49) and Theorem 12 (i)
together with Proposition 25 (iii) that

(e1, 1) = 4 ( /[ ) e "M (& (k) , bo (k) m(ko)) (60)

_71—771-)2

for any ¢ € R, where, by Lemma 9,
t(k)=0 ifandonlyif by (k)=0. (61)

This implies Assertion (i), because
el = [ 1o 091 mia) =l - (62

(i) By (60), there is a family {P®} g+ of orthogonal projectors acting on
L?([—m,7)?,m; C), converging strongly to the identity as R — oo, and such that

> |ct(af¢7l‘¢)l2=/{_ . [P®e (k)|; m(d®k) . (63)

4,2  €EL2:|wp—z |[<R

By Lebesgue’s dominated convergence theorem, Assertion (ii) then follows. O
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5.3 Coefficients R (k, U, \) in terms of Explicit Integrals

To prove Theorem 2, we need to express the positive numbers R (k, U, \) for
k € [—m m)% U > 0and A < 0 in terms of the explicit quantities Réf? , Rg?a), and
R defined by (16)—(18). See Proposition 10 for the definition and the use of

5,

R(k,U, \). This is done in the following lemma:

Lemma 14 (Explicit expression for R(k, U, \))
Letk € [—m,m)% U > 0and \ < 0. Then

0 0 0 0
~ R{ Ry RY — (RE)?
R(k,U,A) = (0) (0)
1 _'_ UR5’5 1 + URE,S
with (0) (0) 15(0) (0)
R RyIRed — (R.Y)?
% >0 and U 00”57 ((0)5’0) 2 0. (64)
1+ URs 1+ URg

Proof. Fix k € [—m,m)%, U > 0 and A < 0. From Definitions (16)—(18), (38), and
(41), note that

Define the real numbers

.Rs’ﬁ = <5, (Al,l(k> —)\>_15> s
Roy = (0(k)+s, (Aia(k) — N '(0(k) +5)) , (65)
Rey = (5,(A11(k) —A) ' (d(k) +5)) .

and observe that R, , is only another notation for R(k, U, \):
Ryp =R(k,U,N). (66)
From the resolvent equation
(Aia (k) = X)7 = (AL(R) = 27! = U(AT (R) = )~ Ro(Av (k) = 2 67)
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(see (42)), we arrive at the linear system
(fyszya) _ _p[ Be¥Bes RAR\ [ B R
Rep Ry RO R,. RU)R,; RY) RY)

_ _(URD o (&ﬁRw)+ Ryl Ry
U Ré?a) 0 Rep R RS)D) R§?§ 7
which means

URYD +1 0 (f% &@): % RO
URY) 1 Rey Roy RO RY) |-

Note that, by positivity of the constants Rf(,?s) > 0 and U > 0, the matrix

URY +1 0
URY) 1
is invertible and we obtain

<1gsfya)__ 1 (1 0 ) RY RY
Reo Roo ) 14 0URYD \ —URY URE +1 )\ RY) RY |-

In particular,
0 0 0 0 0) (0 0
Bog(1+URQ) —URQ? Ry FoaRed — (R)?
1+ URY) 1+ URY) 14 URY)
which, combined with (66), implies the assertion. Note that the second inequality

of (64) follows from the positivity of the operator (Agof (k) —\)~L O

The behavior of R(k,U, \) at large Hubbard coupling U > 0 can now be
deduced. This is useful for the proof of Theorem 2 (i1).

Lemma 15 (R(k,U, \) at large U > 0)
Forany k € [-m,m)% U > 0and A < 0.

e (A +46) T+ (U+4e+ NS R U N <de™ N+ (U+|A)
(68)

Ryp =

Y

and for any U > 0,

(1+4e ")*U~t. (69)



Proof. The Inequalities (68) are direct consequences of the definition of R(k, U, \)
(see, e.g., (65) and (66)) and the fact that A=* < B~! for any strictly positive op-
erators A, B > 0 with B < A. Moreover, we infer from Lemma 14 that
R(O)R(O) - R(U) 2 R(O) 2
R(k, U, )\) i 0,07 %5,8 - ( 5,0) — ( 5,0(3) (0) ) (70)
R (1+ URss)Rss

5

=

o

Note that Ré?ﬁ) > 0, by strict positivity of (Agoi(k) — )71 > 0. Since, by (16) and
(18),
IR < (1+ 4e7%) RY)

5,5 )

we thus deduce from (70) Inequality (69) for any U > 0. O

5.4 Pairing Mode of Fermions with Minimum Energy

Recall that if at quasi-momentum k € [—7, )2,

0<e<eli(k) = e "o (k)|

then there is a unique negative eigenvalue E(k) = E(k,U,¢€) of A(k) for any
hy € [0,1] and U > 0. See Theorem 12. In this section, we are interested in the
asympotics of E(k) in the limits of small kinetic terms ¢ — 0" and large or small
Hubbard repulsions U — oo, 0". We start by general results which hold for any
U > 0, provided € < & |0 (k)| with

ef2n 1 efn
€o 1= min , < ¢ . 71
0= {6\/71+5e2” (1+4e—2w)} 0 (71

Theorem 16 (Asymptotics of the negative eigenvalue of A (k) — 1)

There is a constant D,;, < oo depending only on k > 0 such that, for every hy €
0,1], U > 0, k € [—m, 7)? and any parameter € > 0 satisfying 0 < € < & |0 (k)
one has:

(i) Negative (non—degenerated) eigenvalue of A (k):

b + L) (Ur@g)(lk) . \/166% +(U|@(k)\ )

>

(i1) Eigenvector: There is an eigenvector

(\IjTi(k)v \I]b<k)) = (\DTi(k:7 U’ ﬁ)? \I,b(kv U? ﬁ))
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associated with E(k) such that

o= (% (5 + 7m0 7wt

and

[Wy(k) — 1| < el (k)| D, . (72)
Proof. Similarly to A(k), forany U > 0 and k € [—m, 7)?, let

Bk) = < Aﬁ%) Aialk) > € B(L2(|—m,m)%,m:C) x C))

where Fj is the orthogonal projection with range (40). Compare this with (41)—
(46) in the limit e — 07 to see that B(k) = A(k)|c=o. Therefore, by Theorem 12,
if 0 (k) # 0 then there is a negative eigenvalue F(k) of B(k) that satisfies

e "o (k)| < [F(R)] <0 (k)[V1+5e2. (73)

This eigenvalue is moreover non—degenerated and the unique strictly negative
eigenvalue of B(k). In fact, it can be explicitly computed together with its eigen-
vector.

Indeed, for any k € [—m, )2, let

e (F(k) o(k) o (k)

Then, by explicit computations, observe that (®+,(k), 1) is an eigenvector of B(k)
associated with the eigenvalue

py - (L iy (R ) .

Observe that a solution F(k) < 0 of (75) always exists. Indeed, F(k) < 0 solves
(75) if and only if £ (F(k)) = 4e~%F, where

T 4z z<0. (76)
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Note that £ (z) — o0, as © — —o0, and

1

ZL’OZE

<U — U2+ 4]0 (k;)|2)
is the unique strictly negative solution of £ (x) = 0. Therefore, by continuity of £
on —R, there is a solution z; < x¢ of (76). Hence (75) holds for some F(k) < 0.
By Theorem 12 (ii), if € < €y |0 (k)| with 0 (k) # 0 then there is a strictly
negative and non degenerated eigenvalue E(k) of A(k). This eigenvalue is close to
F(k) for ¢ < 1 because of the equality B(k) = A(k)|.—o and Kato’s perturbation
theory.
Indeed, let

3 (k) = % (ViThem4e™),  helma, (77)

and C be the contour defined by

e—H

cw=10®I(~s®+ (300 -5 ) ) e, yebi. a9

for any k € [—m,m)? with (k) # 0. Then, we define the Riesz projections
associated with E(k) and F (k) respectively by

. 1
PEO) = — §((=A(k) ' and PO = — j{(C—B(k))ldC-
C C

Both operators are well-defined for any h, € [0,1], U > 0, k € [—m, m)* with
0 (k) # 0 and € < ¢ |v (k)| because of Theorem 12, see also (73). Using the
resolvent equation,
1
PER) —PEW) = —— ¢ (¢ — B(k)) ™ (A(k) — B(k)) (¢ — A(k))'d¢

271
C

from which we deduce

20 /T+ be 2%
[PEE) — pE®)| < 5 0] (HALYEY lop + 11 422(k) op

< 24e*V/1 +5e= 2 |0 (k)| e (79)
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for any hy, € [0,1], U > 0, k € [—m,7)? such that © (k) # 0, and parameters
€ < € |0 (k)|. See Theorem 12 and Equations (41)—(46), (49), (73) and (77)—(78).
Since

PEW(@4 (k) 1) = (Pyy(k), 1), (80)

it follows that, for any h, € [0,1], U > 0, k € [—m, m)? such that 9 (k) # 0, and
parameters € < & |0 (k)| (cf. (71)), the vector

(Upy(k), Wy () := PEE (@4 (), 1) # 0 (81)

is an eigenvector of A(k) associated with the unique strictly negative eigenvalue
E(k) of A(k) while
[E(k) — F(k)| < 12€. (82)

By combining (79)—(82) with Theorem 12 (ii) and (74)—(75) we arrive at the as-
sertions from direct estimates. Note only that D, is a function of e exponentially
growing to infinity when x — oo. a
Clearly,
1 (R =1 [T (k)" < 1

is the probability of finding a pair of fermions, and not a boson, with quasi—
momentum k € [—m, ). Similarly, | ¥, (k) \2 is the probability of finding a boson
with the same quasi-momentum. The norm—one function || Wy (k)||;" W4, (k) de-
scribes the orbital structure of the bound fermion pair. Theorem 16 says that, for
small parameters € < &, |0 (k)|, the orbital structure of the bound fermion pair has
mainly s—and d-wave components. This fact holds true even in the limit U — 07

Corollary 17 (Asymptotics of the negative eigenvalue of A (k) — II)

There is a constant D,;, < oo depending only on k > 0 such that, for every h, €
0,1], U > 0, k € [—m, 7)? and any parameter € > 0 satisfying 0 < € < & |0 (k)
one has:

(i) Negative (non—degenerated) eigenvalue of A (k):

E(k) + |0 (k)| V1 + de=2s

)

< D,(e+U).

(ii) Eigenvector: There is an eigenvector (V4 (k), Vy(k)) associated with E(k)
such that (72) holds and

191y (k) + (k) + 5, < Dy (e]é ()7 +T) .
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In contrast to U < 1, in the limit of large Hubbard couplings U > 1 the s—
wave component of the orbital structure of the bound fermion pair is suppressed
by the Hubbard repulsion without changing (at leading order) the binding energy
of the particles.

Corollary 18 (Asymptotics of the negative eigenvalue of A (k) — III)

There is a constant D,, < oo depending only on k > 0 such that, for every h, €
0,1], U > 0, k € [—7,7)? and any parameter € > 0 satisfying 0 < ¢ < & |0 (k)
one has:

(i) Negative (non—degenerated) eigenvalue of A (k):

>

[0 (k)

E(k) + 27" |0 (k)| + i

<D, (e+U7?) .

(ii) Eigenvector: There is an eigenvector (V4 (k), V,(k)) associated with E(k)
such that (72) holds and

Note that Corollaries 17—18 and the operator monotonicity of A, ; (k) with respect
to U imply that, for all k& € [, 7)? with € < ¢ |0 (k)|, and every hy;, € [0, 1] and
U>0,

Wy, (k) — Ssem (0 (1) o(k) — L)

5 < Dy (elo(R) " +U?) .

2

2" |0 (k)] + O (¢) < |E(E)] < [0 (k)] VI + 4e25 + O (e) .

Compare with Theorem 12 (ii).
By definition of 9(k) (see (38)), observe that

s (0 (k) (k)

=1
2

for all x € Ry. Hence, the fact that orbital of the bound pair is of d-wave type
only depends on |0 (k)| U~ being small.

Recall that Proposition 13 shows the existence of a bound fermion pair when-
ever the bottom E of the spectrum of H Y is strictly negative. In this case, for

any (co, bo) € H-\{0} with e € (0, 1),

(e, by) = e 1" (¢o. b)) | teR, (83)

37



has a non—vanishing fermion component, i.e., |[c;||, = [[col|, > 0. By explicit
computations, one checks that the s— and d—wave components of the orbital struc-
ture of the bound fermion pair both corresponds in the lattice Z? to wave functions
with a fermion pair localized in a ball of radius 1. Therefore, by using Theorem
16, we can improve Proposition 13 (ii):

Corollary 19 (Bound fermion pair formation at strictly negative energy - II)
Assume Ey < 0 and let (¢;, b;) be defined by (83) for any t € R and (cq, by) €
9H\{0} with ¢ € (0,1). Then, uniformly with respect to t € R and (cq, bgy) €

H:\{0},

. —2
Gm ell? Y e =1,

xy,0) €22 |z —x ) |<1

Proof. From (63),

> Ict(l‘mle:/{ . [Py (k|2 m(d®k) . (84)

x4, €EL2:|wp—x ) |<1

Theorems 12 (ii) and 16 (ii) imply the existence of D < oo such that, for all
k e [—7’(’, 7T)2 and (Co, bo) S .65\{0},

H (1L2([—7r,7r)2,m;(C) - P(l)) E0 (k)HQ <eD ||EO (k)||2 :

By (62) and (84) together with Proposition 13 (i), the assertion then follows. O

The existence of the negative eigenvalue E(k) of A (k) is not clear in general.
Therefore, we define the function E*t(k) for all k € [—7, 7)? by E™*(k) := E(k)
if there is a negative eigenvalue of A (k) and E®*(k) := 0 otherwise. To simplify
notation, we set E**(k) = E(k). [By Kato’s perturbation theory for the discrete
spectrum of closed operators together with Equation (49) and the continuity of v,
the map k — E(k) from [—7,7)? to R, is continuous. This information is not
important in the sequel.]

Recall (24), that is,

8= {k € [-mm)?: [o(k)] = o]} -

This set can be seen as being the set of quasi—-momenta of minimal energy, up to
some small errors when ¢!, U — oo:
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Lemma 20 (Quasi-momenta of minimal energy at large ¢!, U)
Assume that |R,| < cc. For any n > 0, there are € > 0 and D < oo such that, for
all e\, U > Dandall k € [-m,7)*\ {R + B(0,7)},

E(k) > (1 —¢)infE ([-7,7)%) .

Proof. Assume without loss of generality that ||0]|,, > 0. For any n > 0, there is
¢ > 0 such that, for all k € [—m, 7)*\ {&, + B (0,7)},

[0(k)] < (1—¢) max [o(k)|, (85)

ke[—m,m)?

by continuity of ©. Indeed, assume the existence of 1 > 0 such that, for all € > 0,
there would exist k. € [—m,7)°\ {&, + B (0,7)} so that

0 (ke)] > (1 —¢) max  [o(k)]

ke[—m,m)?

By compacticity of [—n, 7]2 and continuity of 0, there is ko € [—m, 7)*\ {&, + B (0,7)}
with
|0 (ko) = max |0(k)| .

ke[—m,m)?

Therefore, for any 1) > 0, there is ¢ > 0 such that, forall k € [—7, 7)*\ {&, + B (0,71)},
(85) holds true, which, combined with Corollary 18 (i), yields the assertion. O

For any k € [—m, m)°, let ﬁa(k) be the orthogonal projection acting on the
Hilbert space L*([—m, m)%, m; C) x C with

K

~ e .
Ran(Py)) = C (Eb(lﬂ), sgn (0 (k))> .
Recall that e* = 2|[d(k)||5'. Then, for all € > 0, define the projections

(&%) -
P - /[ -0 (E () Poy m(d2k)

and, for any k € [—7,7)* and 7, > 0,

~ @ ~
Pealh) = [ @) Py mic). (56)
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where, for any ¢ € [—,7)°,

X8 (q) = 1, mo0-o) (B (@) Ler B0 (4) - (87)
These operators are used to approximate now the spectral projection

l[Eo,Eo(l—a)] (H(Q’l))

of the Hamiltonian H > on the bottom [Ej, Ey (1 — )] of its spectrum for any
parameter ¢ € (0, 1).

Proposition 21 (Approximating projectors)
Let ¢ € (0,1) and assume that Ey < 0. For any n > 0, there is a constant D < oo
such that, for all e*,U > D,

110,200 (H®Y) = P

Moreover, if |R,| < 0o and € < 1 is sufficiently small, then

Op_

1[E0E0(1 —e)] H(21 ZPEW

keRy

<7n.

op
Proof. By Lemma 7 and Proposition 25 (iii),

®
1[E0,E0(1—a)](H(2’1)) = /[ Lo, 5o (1-e) (A (k) m(d?k) . (88)

—7,7)
and the assertion follows by using Theorem 12, Corollary 18 (ii) and Lemma 20.
Note that Fy < 0 yields ||0||oc > 0, by Lemma 9. O
Recall that the function s, : Z? — C is defined, for any k € [—m, 7)?, by (23),
that is,

L/ i ik (0.— ik ik (—
sk (y) = B (ezk OG5, 01y +e* OG5, o 1)+ eF 105, 1 o) + e 1’0)5;/,(—1,0))
forally € Z2 Forany n,e > 0, k € [-m,7)> and y € Z2, let
1 » .
aw) = 3 /[ . m(d%q) x*)(q)e™s /[ . m(d?p) cos(p — k) [¢(q)] (p)

+w / m(d?q) x*)(q) €Y b (q)
[—mr,m)2

with ch% defined by (87). These functions are important because they are directly
related to the projections (86):
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Lemma 22 (Range of projections 75&,77)
For any (¢, b) € 7—[%1), ne>0kel[-mmn)

[Py ()] (c,6) = (¢, 1),
where, for any v+, x| € 72,
(2, 2,) = sp(wr — 21) g% (24)
and, for any x, € 72,

1

V) = 5 [ e G b+ EE ] )

<) [ ) coslin, — ) (o) ()
Proof. Fix all the parameters of the lemma. We then compute from (86)—(87) that

1 .
a%mﬁﬁ([);wmﬂ%wmemeﬁ

X / . m(d’q) x)(q) et
<sgn (0 (k) b(q) + /[_M)Q m(d?p) cos(p — k) [¢(q)] (p)) ,
while, for all y € 72,
[ el — Ry () = s ) 9

by using (19). A similar computation can be done for b’. We omit the details. O
For any k € [—, 7r)2, let the orthogonal projection Ph(o) acting on 7-[%1) with
2,— y

range hg?)_. Recall that hg?)_ is the subspace of one zero—spin electron pair, which
is canonically isomorphic to the spaces (12). Then, we can see a 50% depletion
of either the fermion pair density or the boson density for large e =1, U (cf. (22)):
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Lemma 23 (Bosonic depletion at large ¢!, U)
Let e € (0,1) and assume that Ey < 0. Then, uniformly for all normalized vectors

(2,1)
¢ E %Tvi i)

. 1
Jdim P Lig, ea-a)(H*D)¢len — 5l - (H E0Y e

=0.

Proof. 1t 1s direct consequence of Corollary 18 (i1) and Equation (88). O

5.5 Effective Fermi Model

Similar to the three-body case studied above, the fermionic effective Hamiltonian

S0 T
H@D .— H‘Hff) ,

which is defined by (30), is decomposable:

~ ® ~ T
WDy — / A (k) @ Aga(k) m(d2k) (90)

[771'77")2

where, for any k € [—7, )2,

Ava(k) == Avg(k) — (L+4e ) by (k) Poy ,  Aoa(k) == —aiy(k), (91

with @, and w being the Fourier transforms of wy, (27) and wy (29), respectively.
See also (42) for the definition of A; ;(k) and recall that P is the orthogonal
projection with range (39). The fiber decomposition of * H>D§[ is obtained by
direct computations and we omit the details.

The bosonic and fermionic subspaces are clearly invariant under the action of
H@®Y_ Eigenvalues and eigenvectors of A, 5(k), k € [—m, )2, do not need to be
discussed as these operators act on one—dimensional spaces. Thus, we focus on
the fermionic subspace. Here, by (29), w; (k) > 0 and we can use the Birman—
Schwinger principle (Proposition 26) once again with

Ho=Ai (k) and V= (1+4e )by (k) Py ,

to study the negative eigenvalues of Ay (k): Let k € [—m, 7). Then, A < 0is an
eigenvalue of A, (k) if and only if

wy (k) R(k,U,N) = 1 92)
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with R(k,U, \) defined by (54). Moreover, this eigenvalue is non—degenerated
and unique, by Lemma 11. Note that, by compacticity of Py and Ays(K) as
well as the positivity of A, (k), any strictly negative eigenvalue of A, (k) is
discrete. Comparing the last equation with Proposition 10 and Corollary 18, wy
(29) is chosen such that the negative eigenvalues E(k) and E(k) of A; (k) and
A(k), respectively, coincide in the limit e — 0" and U — oo. Indeed, we tune the
parameter v, > 0 in (29) in order to maximize the rate of convergence of

[E(k) —E(k)| =0,
as € — 0%, U — oo, and we obtain the following result:

Proposition 24 (Asymptotics of the negative eigenvalue of [11,1 (k))

Let vy, =" /2. Then, there is a constant D,, < oo depending only on k > 0 such
that, for all k € [—m,7)% € > 0 satisfying 2¢ < éq |0 (k)|, and every U > 0, one
has:

(i) There is a unique negative eigenvalue E(k) of Ay1(k). Moreover, it is non—
degenerated and satisfies

[0 (k)
2U

E(k) 4+ 2¢7" |0 (k)| + <D, (e+U?) .

(ii) There is an eigenvector \TJT 1 (k) associated with E(k) satisfying

Proof. By (29) for 77, = " /2 and (42), note that

(k) — & sem 0 () o() — 1)

U <D, (elo (k) +U?) .

2

~ e” ok R e” A 2
Aot = Auah) = G (1+407) (1000 = 57510 (0F ) Py

Therefore, similar to Theorem 16, it suffices to study the operator

ef 9% N e” N 2
UPO_3(1+46 2 ) (|U(l€)|—4U+2‘U(kJ)| )Pa(k;)
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for large U > 0. Explicit computations shows in this case that the negative eigen-
value of the last operator is

P = (’@(j)‘ e Wk)|2) (!@(k)\ - 4[% 0B <e5 ! QQ_H)

2
U er
— e~k — — 4 93
(!@(k)\ YT 2) ! &7

T 4AU+2

with associated eigenvector 4, (k) equal to

- _(1o®)] | |0 (k) [0 (k)]
q)”(k)_(_ﬁ(k)+ i )D(k)+ 5o (94)

Then, direct estimates from (93)—(94) imply Assertions (i)—(ii). Note that, in order
to use Kato’s perturbation theory as in Theorem 16 we need the estimate E(k) =
O (1), uniformly with respect to U > 0, which is deduced from (92) as in Theorem
12 for E(k). 0

6 Appendix

6.1 Direct Integral Decomposition

For more details, we refer to [23, Section XIII.16].
Let (9%, m) be any o—finite measure space and (#, (-, -),,) any separable Hilbert
space. The constant fiber direct integral

/j H m(dx)

is denoted by L?(9t, m;H) and corresponds to the usual Hilbert space of H—
valued functions on 91 with scalar product

(f.g) = /m (f(2). g(2)) m(de).

Recall that we denote the Banach space of bounded operators acting on ‘H
by B(H) with operator norm || - |[,p. A map A(-) from 9 to B(H) is called
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measurable if and only if the map x — (¢, A(x)1),) from 9 to R is measurable
for all ¢y, 5, € H.

Let L>° (9%, m; B(H)) be the space of equivalence classes of measurable func-
tions A : 9 — B(H) with

| Al := ess sup [|A()]],, < oo .

A bounded operator A on L*(9, m; H) is decomposable or decomposed by
the direct integral decomposition if and only if there is A(-) € L= (9, m; B(H))
such that

(AD) () = A(2) V¥ () , Ve (M mH) .

The operators A (z) € B(H) are the so—called fibers of A and we write
@
A= / A(z) m(dz) .
m

The space of decomposable operators can be isometrically identified with the
space L> (9, m; B(H)). See, e.g., [23, Theorem XII1.83]. [23, Theorem XIII.85]
also gives properties of self-adjoint operators on the space L (9, m; B(H)) in
terms of its fibers. Only [23, Theorem XIII.85 (a), (¢), (d)] is used in this paper
and so, for the reader’s convenience, we reproduce it below:

Proposition 25 (Self-adjoint decomposition)

Let A € L™ (O, m; B(H)) with A (x) being self-adjoint for any x € IN. Then:

(i) A is self-adjoint with spectrum o(A).

(ii) A € o(A) if and only if, for all ¢ > 0,
m{zeM:o(A(zx))N(A—e,A+e)#0}) >0.

(iii) For any bounded Borel function f on R,
@
£ = [ (4@ miao).
6.2 The Birman-Schwinger Principle

There are various versions of the Birman—Schwinger principle. The following one
is used in our proofs:
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Proposition 26 (Birman-Schwinger principle)

Letd > 1and Hy,V € B((*(Z%)) be positive bounded operators. Assume further
that V' is compact. For any A < 0, define the compact, self-adjoint, positive
Birman—Schwinger operator by

B(\) = B\, Hy,V) = VY (Hy— X)) V/2,

Then \ < 0 is an eigenvalue of (Hy — V') of multiplicity M if and only if 1 is an
eigenvalue of B(\) of multiplicity M.

Proof: We recall that, due to the compactness of V/, the Birman-Schwinger op-
erator B(\) is compact and has only discrete spectrum above 0. Similarly, the
spectrum of (Hy — V') below 0 is discrete because V' is compact.

Suppose that A < 0 is an eigenvalue of (Hy — V') of multiplicity M € N and
let {¢y,..., 05} C (?(Z%) be an orthonormal basis (ONB) of the corresponding
eigenspace. Set

Uy =V P0, g = VP € (27 (95)

Then
Pm = (HO - A)ilvwm = (HO - A)*lvl/Zwm ) (96)
and the boundedness of (Hy — A\)~'V/2 implies that {1, ...,v,,} C (*(Z%) is
a linearly independent family. Clearly, (95) and (96) also yield
B\, = VY2(Hy = NV =1, (97)

and hence the eigenspace of B(\) corresponding to the eigenvalue 1 has at least
dimension M.

Conversely, if {¢1,...,%,} C (*(Z%) is an ONB of the eigenspace of B(\)
corresponding to the eigenvalue 1 of multiplicity L € N then we set

¢1 = (Ho — )‘)_lvl/21/)1a g = (Ho — A)_lvl/QwL € (Z°). ©8)

Then,
Uy = By, = V20, (99)

and the boundedness of V'/2 implies that {¢,,..., o, } C (3(Z%) is a linearly
independent family. Clearly, (98) and (99) also yield

(HO - V)‘Pk = Aoy (100)
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and hence the eigenspace of (Hy — V') corresponding to the eigenvalue A has at
least dimension L. a
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