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Abstract

Quantum interactions exchanging different types of particles play a pivotal role in quantum many-body theory, but
they are not sufficiently investigated from a mathematical perspective. Here, we consider a system made of two
fermions and one boson, in order to study the effect of such an off-diagonal interaction term, having in mind the
physics of cuprate superconductors. Additionally, our model also includes a generalized Hubbard interaction (i.e.,
a general local repulsion term for the fermions). Regarding pairing, exponentially localized dressed bound fermion
pairs are shown to exist, and their effective dispersion relation is studied in detail. Scattering properties of the system
are derived for two channels: the unbound and bound pair channels. We give particular attention to the regime of
very large on-site (Hubbard) repulsions because this situation is relevant for cuprate superconductors.

Contents
1 Introduction 2
1.1  Exchange interactions and high-Tc superconductivity . . .. . ... .. ... ... .. 2
1.2 Mathematical results . . . . . . . . . ... e 5
1.3 Concluding remarks and structure of the paper . . . . . . . . . ... ... ... .... 7
2 Setup of the problem 8
2.1 Background Lattice . . . . . . .. . . ... 8
2.2 Composite of two fermions andoneboson . . . . . . ... ... ... 0oL, 8
2.3 The model in spaces of quasi-momenta. . . . . . . . ... ... ... ... ..., 12
2.4 Fiber decomposition of the Hamiltonian . . . . ... .. ... ... ... ....... 14
3 Main results 16
3.1 Spectral properties . . . . . . ..o e e e e e e 16
3.2 Dispersion relation of dressed bound fermion pairs . . . . . ... ... ... 20
33 Quantumscattering . . . . . . . . ..o it e e e e e e e e e e e e 22
3.3.1 Unbound pair scattering channel . . . . ... ... ... ............ 23
3.3.2 Bound pair scattering channel . . . .. ... ... o000, 27

© The Author(s), 2025. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution and reproduction,
provided the original article is properly cited.

https://doi.org/10.1017/fms.2025.10083 Published online by Cambridge University Press


doi:10.1017/fms.2025.10083
https://orcid.org/0000-0001-9159-9407
https://orcid.org/0000-0002-8014-4076
https://orcid.org/0009-0008-1623-3884
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/fms.2025.10083&domain=pdf
https://doi.org/10.1017/fms.2025.10083

2 J.-B. Bru, W. de Siqueira Pedra and A. Ramer dos Santos

4 Technical results 30
4.1 Notation . . . . ..o e e e e e e e 30

4.2 Computation of the fiber decomposition of the Hamiltonian . . . . . . . . .. ... .. 30

4.3 Spectrum of the fiber Hamiltonians . . . . . . . ... ... ... ... ... ... 34
4.3.1 Essential spectrum . . . . . . . . ... e e e 35

4.3.2  Discrete Spectrim . . . . . . v i i e e e e e e e e e e e e e e 36

433 Bottomofthespectrum. . . . . . . . . . . e e 40

4.4 Spectral properties in the hard-core limit . . . . . . . .. ... ... ... ....... 44
4.4.1 The characteristic equation in the hard-core limit . . . . ... ... ... ... 44

4.4.2 Hard-core dispersion relation of bound pairs of lowest energy . . . . ... .. 47

4.5 Spectral gap and Anderson localization. . . . . . . . .. ... oL oL oL 52
4.6 Scatteringchannels . . . . .. ... L 56
4.6.1 Unbound pair scattering channel . . . . . ... ... ... ... ... ..., 56

4.6.2 Bound pair scattering channel . . . .. ... ... .. ... ... ... ... . 60

A Appendix 61
A.1 Toward a microscopic theory for cuprate superconductivity . . . . . . . ... .. ... 61
A.2  The Fock-space formalism . . . . ... ... ... ... ... ... ... . ..., 68
A.3  Non-autonomous evolution equations and scattering theory . . . . . . . . .. ... .. 70
A.4 Constant fiber directintegrals . . . . . . . . . . . . e 71
A.5 The Birman-Schwinger principle . . . . . . .. ... .. ... ... 76
A.6 Combes-Thomas estimates . . . . . . . . . . . oo v i i it e it e et 77
A.7 Elementary observations . . . . . . . . . . . e e e e 80
References 81

1. Introduction
1.1. Exchange interactions and high-Tc superconductivity

Exchange interactions in Mathematical Physics. Off-diagonal interaction terms of the form
B*A+ A"B, @)

with A, B being two monomials of annihilation operators of two species (a) and (b) of quantum particles,
play a pivotal role in the rigorous understanding of quantum many-body systems at low temperatures.
Such terms are also named ‘exchange’ terms because they encode (quantum) processes destroying a set
of particles of one specie to create another kind of particles.

For instance, for the Bogoliubov model, an off-diagonal term of the form

DA (b at+ @V ib). fik) 20, @
k

exchanging two bosons (a = bg) having zero momentum (k = 0) with a pair of boson having nonzero
momentum of opposite sign (bg=), is shown in [ 1] to imply a nonconventional Bose condensation. Made
of dressed bound pairs of (zero-momentum) bosons, the nonconventional condensate is structurally
different from the Bose-Einstein condensate of the ideal Bose gas. In particular, it must be depleted
to take advantage of the effective attraction induced by the exchange interaction (2). See [2]. This is
reminiscent of liquid helium physics, where 100% superfluid helium occurs at zero temperature with
only 9% Bose condensate [3, 4, 5, 6, 7]. Off-diagonal interaction terms (2) are conjectured in [8] to be
relevant to explain the macroscopic behavior of weakly interacting Bose gases.

Another example from quantum statistical mechanics is given by the spin-boson model within the
so-called ‘rotating wave approximation’. In this approximation, the model has terms of the form
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k

with oy = oy £ 0y (0%, 0y being Pauli matrices) and by being the annihilation operator of a boson.
Note that o— (o) can be related to the annihilation (creation) operator a (a*) of a fermion, via a so-
called Jordan-Wigner transformation. Such off-diagonal terms make impossible the diagonalization of
the quantum Hamiltonian with usual methods. In particular, the impact of these interaction terms on the
properties of the model is expected to be major. For a general presentation of spin-boson models, see,
for example, (9, Introduction and Section 2.3).

More recently, using the Hubbard model with nearest neighbor interaction near its Hartree-Fock
ground state, Bach and Rauch demonstrate [10] that interaction terms of the form

Z Z f3(x - y) (b;,gb;,tay,tax,s + a;,sa;,tby,tbx,s)a fZ(x - y) 2 07 (3)
x.y s,te{T,l}

exchanging fermions inside (a) and outside (b) of the Fermi surface are the only ones that can prevent
from getting uniform' relative bounds of the effective interaction with respect to the effective kinetic
energy. See [10, Theorems III.1, III.2 and III.3] for more details. In other words, (3) should again have
a drastic impact on the corresponding quantum many-body system.

Three-body fermion-boson exchange interactions. In the present paper, for a fairly general function
v : Z* — R, we study the effect of the off-diagonal interaction term

Zv(x—y)(c’; bx+b’;cy), “4)

X,y

where b, is the annihilation operator of a spinless boson on the site x of the two-dimensional (square)
lattice Z2, while cy represents the annihilation of a fermion pair of zero total spin, the two components
of which are spread around the lattice position y € Z>. See Figure 1.

Note that the opposite combination can also be made: a boson b is destroyed to create two fermions
f, which annihilate to recreate a boson b. This does not really create an interaction as such, but a kinetic
term, or seen another way, a self-interaction. The combination of two diagrams refers to a perturbative
approach of second order, but we can also combine several of the same diagrams (perturbative approach
of order n).

The purely fermionic part of the considered model corresponds to the extended Hubbard Hamiltonian,
as used in the context of ultracold atoms, ions and molecules [1 1], while the purely bosonic component
refers to an ideal gas; that is, it has only a kinetic part (or ‘hopping term’), without interbosonic
interactions. Because of the fermionic part, which is not exactly diagonalizable, the behavior of the full
quantum many-body system, outside perturbative regimes, is almost inaccessible with the mathematical
tools at our disposal.

We thus consider only a three-body problem, by restricting the model to the sector of one boson and
two fermions of opposite spins. In fact, the system restricted to this particular sector is very interesting,
both mathematically and physically. Note that such sector restrictions in Fock spaces are also performed
for the study of the Pauli-Fierz and Nelson models [26, 28, 27] in nonrelativistic Quantum Field Theory
(QFT).

Physical context: High-7,. superconductivity of cuprates. Physically, the model is related to cuprate
superconductors,? like, for instance, Lay_,Sr,CuO4 (LaSr 214 or LSCO) and La;_,Ba,CuQy. It is

'We mean a relative bound that is uniform with respect to the length of the discrete d-dimensional torus where the Hubbard
model is defined.

2You can take, for instance, the cuprate La;CuQOy, which is a Mott insulator with an antiferromagnetic phase at low temperature.
As with semiconductors, it is doped with atoms like Sr or Ba, which add a few charge carriers (in this case, holes). Then, with
moderate doping x, the material becomes superconducting at low temperatures. This is the meaning of the chemical formulae
Lay_, SrxCuOy4 and La_, Ba,CuOy, x being a small number characterizing the cuprate doping. See also Section A.1.
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Figure 1. lllustration of fermion-boson exchange interactions in the form of two Feynman diagrams. In
theoretical physics, a Feynman diagram visually represents the mathematical expressions that describe
the behavior and interactions of quantum particles. In the example on the left, the two arrows indicate
that two fermions, named (f), ‘collide’ to create a new particle, the boson (b). The oscillating line
is generally used to describe an interaction with a mediator, which can be seen by combining the
two diagrams: two fermions (f) interact to produce a boson, which annihilates again to produce two
Sfermions (f). This can lead to an effective interaction between fermions. In particular, this process
could produce a pair of fermions (f — f) bonded by the exchange of a bosonic field (b), according to
the coupling function v. This is typically what we are going to show. Note that the opposite combination
can also be made: a boson (b) is destroyed to create two fermions ( f), which annihilate to recreate a
boson (b). This does not really create an interaction as such, but a kinetic term, or seen another way,
a self-interaction on the boson (b). The combination of two diagrams refers to a perturbative approach
of second order, but we can also combine several of the same diagrams (perturbative approach of order
n). Note, however, that no such perturbative argument is used here.

known [12, 13, 14] that in such crystals, charge transport occurs within two-dimensional isotropic layers
of copper oxides. This is why we consider here quantum particles on 2-dimensional lattices Z>.

A convincing microscopic mechanism behind superconductivity at high critical temperature is still
lacking even after almost four decades of intensive theoretical and experimental studies. See Section A. 1
for more details. Many physicists believe that the celebrated Hubbard model could be pivotal, one way or
another, in order to get a microscopic theory of high-temperature superconductivity, but many alternative
explanations or research directions have also been considered in theoretical physics. For some of the
more popular models for cuprate superconductors, see, for example, [13, Chap. 7].

In many theoretical approaches to this problem, the existence of polaronic quasiparticles in relation
with the very strong Jahn-Teller (JT) effect associated with copper ions is neglected, as stressed in
(15, Part VII). The role of polarons is, however, highlighted in [16], since the JT effect actually led to
the discovery of superconductivity in cuprates in 1986. See [17, p. 2] or [18, 19].

Our theoretical approach differs from most popular ones, being based on the existence of JT bipolarons
in copper oxides, as is discussed in the literature [20] at least as early as 1990. The physics behind
this approach is explained in detail in [21], where a simplified version of the model studied here is
considered. In our microscopic model for cuprate superconductors, as presented in [22, 21], the bosonic
operator by (b3) in (4) refers to the annihilation (creation) of a JT bipolaron, whereas the fermionic
one ¢y (cy) annihilates (creates) a fermion pair, which is reminiscent of Cooper pairs in conventional
superconductivity.

Bipolaronic pairing mechanisms and cuprate superconductivity. As in the present paper, no ad hoc
assumptions, in particular concerning anisotropy, are made in [21]. In fact, [21] proves that unconven-
tional pairing may occur, breaking spontaneously discrete symmetries of the model, like the d-wave
pairing, whose wave function is antisymmetric with respect to 90° -rotations. It turns out that electro-
static (screened Coulomb) repulsion is crucial for such unconventional pairings, which are meanwhile
shown to be concomitant with a strong depletion of superconducting pairs.

Notice that the results of [21] are coherent with experimental observations on the cuprate LaSr
214: The coherence length at optimal doping and the d-wave pair formation in the pseudogap regime

https://doi.org/10.1017/fms.2025.10083 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.10083

Forum of Mathematics, Sigma 5

(i.e., at temperatures much higher than the superconducting transition temperature) are predicted in
good accordance with experimental data. In addition to the d-wave pairing and the high-temperature
pseudogap regime, the model considered here also captures another very special feature of high-Tc
cuprate superconductors — namely, the density waves [23]. For more details, see also Section A.1.

In fact, it is shown in [22, Section 4.1] that three-body fermion-boson exchange interactions, like
the one studied in this paper, imply an effective fermion-fermion interaction. Then, by considering the
mean-field limit of it, which corresponds to taking couplings (4) that are very localized in momentum
space (22, Section 4.2), it was rigorously proven [24] that, below the critical temperature, the equilibrium
states of the (purely fermionic) associated many-body Hamiltonian exhibit periodic modulation in space
of the charge density, even incommensurate with respect to the lattice spacing.

1.2. Mathematical results

Previous results. To our knowledge, the model considered here has not been studied mathematically,
apart from our own articles [21, 22] published in recent years. See also the Ph.D. thesis [24]. Mathemat-
ical studies for explicit exchange interaction terms are mainly those presented above. As far as we know,
concerning its physical interpretation regarding cuprate superconductivity, our approach has also never
been considered by other physicists, and we therefore doubt that any theoretical results in this direction
exist in the literature. For more details, see the introductory discussions in [21], which give a concise
overview of theories of high-temperature superconductivity.

Mathematically, the present paper improves [21, 22] to get more complete and general rigorous
results, including, among other things, extended Hubbard interactions and scattering properties. While
[21, 22] focus only on the ground state energy and the unconventional pairings in the limit of large
Hubbard interactions, here we provide the full spectral properties of the corresponding Hamiltonian.
In particular, we study in depth the effective dispersion relation associated with dressed bound fermion
pairs. It confirms that off-diagonal interactions of the form (1) produce bounded states by reducing the
energy of the system, similar to [2], possibly with a spectral gap.

This was already done in [21, 22], but only for usual ( non-extended) Hubbard interactions and one-
range creation / annihilation operators of fermion pairs. Even in this specific case, the dispersion relation
of dressed bound fermion pairs was analyzed only to a level of detail enough to deduce unconventional
pairings near the ground state. By contrast, in the present paper, other important properties of the
dispersion relation, like its regularity, are studied for the first time and in a more general framework.

Last but not least, the localization of dressed bound fermion pairs or the scattering properties of the
model have not been studied before.

Localized dressed bound fermion pairs. Using Combes-Thomas estimates, we show, among other
things, that the dressed bound fermion pairs are localized, in the sense that the fermion-fermion corre-
lation decays very fast in space. Group velocities and tensor masses of dressed bound fermion pairs are
also shown to exist under very natural conditions on the (absolutely summable function) v : Z> — R
appearing in (4).

In fact, our analysis allows one to accurately understand which features of the exchange strength
function v can strengthen the stability of the dressed bound fermion pairs. For instance, v has to be
sufficiently strong and localized in Fourier space in order to get a sufficiently strong ‘gluing effect’.
Additionally, the boson should be heavier than two fermions.

Notice that this second condition is consistent with the physical interpretation that the boson is a
bipolaron, which is known to be (effectively) much heavier than the fermions (electrons or holes), in
superconducting cuprates. Observe additionally that the very large mass of bipolarons (and polarons,
in general) is one of the main arguments used to discredit theoretical approaches based on bipolarons
because it is known from experiments that the charge carriers in superconducting cuprates have an
effective mass comparable to that of electrons and holes.

In fact, we prove that the effective mass of bound pairs mainly depends on the properties of the
function v, that encodes the fermion-boson exchange processes, but not much on the mass of the boson
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itself. This issue is discussed in [21], in detail. See also the discussion at the end of Section 3.2. That
is why we are interested in results concerning the mass tensor for bound pairs and we think we provide
here a convincing solution for the ‘mass paradox’ related to bipolaronic pairing mechanisms in the
microscopic theory of cuprate superconductors.

Relationship with the enhanced binding of QFT. The formation of dressed bonded fermion pairs as
described above is reminiscent of what is known as enhanced binding in Quantum Field Theory (QFT).
For more details on this phenomenon, we recommend the lecture notes [25], where it is well explained
in the context of nonrelativistic QFT. See also the references therein.

For example, the Pauli-Fierz model, which refers to nonrelativistic quantum charge particles inter-
acting with a massless quantized radiation field (photons), can have at low energies a dressed particle
with an effective mass bigger than the noninteracting one, leading to the existence of a ground state for
the model. A similar fact occurs in the Nelson model, in which N quantum particles interact linearly
with a field of photons (or mesons). The formation of such dressed particles is a direct consequence of
the bosonic field acting as mediator of a force.

Indeed, in both cases, the model involves a sum of interaction terms of the form y/; ® b+ ® by, cou-
pling the N-body quantum system with a spinless boson field of momentum k via annihilation/creation
operators by, b; . Note that in this case, there is no transformation of particles of one type into another,
as in the exchange interactions described above, but both cases are still similar, especially as we are car-
rying out our analysis in the sector with only two fermions and one boson. This makes the comparison
quite relevant, even if the model and mathematical methods considered here have essential differences
as compared to the previous ones.

Scattering properties of the model. We also study here scattering properties of the three-body model
in two channels, the unbound and bound pair channels:

o The unbound pair (scattering) channel corresponds to the wave and scattering operators with respect
to fermionic part, respectively defined via the strong limits

W* = s~ lim eMe™™Mr P (Hy) and S=(WH'w-,
t—+o00

where Hy is a generic, purely fermionic Hamiltonian representing free fermions that do not interact
with any bosonic field, H is the Hamiltonian of the full model and P,.(Hy) is the orthogonal
projection onto the absolutely continuous space of Hy . It refers to the case in which two fermions
start far apart from each other and only experience a very weak repulsion force due to the extended
Hubbard interaction, while the probability that they bind together to form a boson is very small. In
this situation, we show that two (almost) freely propagating fermions in the distant past can come
together and interact with one another, either via the repulsive electrostatic force or by exchanging
a boson, and then propagate away, again freely in the distant future. In this channel, the scattering
matrix can be explicitly computed via convergent (Dyson) series, making in particular the study of
the scattering effect of the fermion-boson-exchange interaction ( 1) technically uncomplicated.

o The bound pair (scattering) channel corresponds to the time evolution e/’H$B, r € R, where H is again
the Hamiltonian of the full model and B is an isometry from the L2-functions on the Brillouin zone
to the subspace associated with the fiber bound states of H. We show in particular that

eltHgB — gBeitME(.), te R,

with M., being some multiplication operator given by the dispersion relation k + E(k) characteriz-
ing the (fiber) bound states at fixed quasi-momentum in the normalized Brillouin zone T? = -, 7).
In terms of wave operators, it follows that

W* =5 — lim M Pe M0 Py (Mg (.)) = PPac (M),

t—+00
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which gives a scattering operator equal to
S = (W)W = Pac(Mgg)).

It refers to the case in which dressed bound fermion pairs are formed. In contrast with the first
channel, now there is a non-negligible bosonic component related with the exchanged boson that
‘glues’ the two fermions together. We prove that those (spatially localized) dressed bound fermion
pairs effectively move like a free (quantum spinless) particle. In this case, strictly speaking in the
physical sense, there is no scattering, and the pairs evolve freely in space, governed by an effective
dispersion relation, the Fourier transform of which is the effective hopping strength for the (spatially
localized) dressed bound pairs.

Composite system at strong on-site Hubbard repulsions. We additionally prove that all these proper-
ties hold also true in the limit of large on-site fermionic repulsions, provided that two fermions on two
different lattice sites can interact via the fermion-boson exchange interaction. It refers to a hard core
limit, preventing two fermions from occupying the same lattice site.

For cuprate superconductors, it is an important issue addressed and answered here, because of the
undeniable experimental evidence of very strong on-site Coulomb repulsions in cuprates, leading to the
universally observed Mott transition at zero doping [29, 30].

1.3. Concluding remarks and structure of the paper

To conclude, the mathematical properties of the model studied in the present work are well understood,
and as a consequence, the model can serve as a prototypical example of a quantum system including
exchange interaction terms of the form (1). From a physics viewpoint, it is also interesting, since dressed
bound fermion pairs are good candidates for superconducting charge carriers in cuprate superconductors,
as advocated in [21].

More specifically, our main results are Theorems 3.1, 3.5, 3.6, 3.9, 3.11 and 3.14. The paper is
organized as follows: Section 2 explains in detail the model, while Section 3 gives the main results.
Technical outcomes, along with all their proofs, are gathered in Section 4. Section A is an appendix
that gathers important standard mathematical results used here, an overview of cuprate physics for non-
physicists, as well as the Fock-space formalism, in order to make the article self-contained and accessible
to a wide audience.

Remark 1.1 (d-dimensional lattices). Our study focuses on two-dimensional lattice systems because
of their application to the superconductivity of cuprates and, in particular, their d-wave symmetry.
However, it can also be done at arbitrary dimension d > 1 provided the coupling functions used (i.e.,
up, P, v 2% — R below) stays absolutely summable. It is also important that the Fourier transforms
0, Py and P, of the functions v, p; and p, remain real-valued? continuous functions on the d-dimensional
torus T¢.

Remark 1.2 (Notation). For any normed vector space X over C, we omit the subscript X' to denote
itsnorm || - || = || - ||, unless there is any risk of confusion. Mutatis mutandis for the scalar product
(-, = {-,-)x in Hilbert spaces. As is usual, B(X,)) denotes the set of bounded (linear) operators
X — Y between two normed spaces X to V. If X = Y, B(X) = B(X, X) and its (operator) norm and
its identity are respectively denoted by || - [lop = || - |5(x) and 1x = 1. R denotes the set of positive
real numbers including zero, whereas R* = R¢\{0} is the set of strictly positive real numbers.

3A real-valued absolutely summble function f on Z¢ has a real-valued Fourier transform iff f (-z) = f (z). Considering
two-dimensional systems that are invariant under 90°-degree rotations (like we did, because of cuprates), this property is always
true and has not to be additionally imposed.
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2. Setup of the problem
2.1. Background Lattice

Copper oxide superconductors have a relatively complex three-dimensional lattice structure. However,
they always contain parallel two-dimensional layers of copper (Cu™) and oxygen (O™ ") ions. These
CuO, layers are essential to understanding low-temperature superconducting properties because the
(superconducting) charge transport takes place within the layers. This is explained in [12, 13, 14].
Considering a weak inter-layer interaction might also help to increase prediction accuracy, but charge
transport between each CuO, layer or, more generally, in the direction orthogonal to each layer remains
negligible.* Each CuO; layer generally has the symmetries of the square. In other words, it is invariant
under the group {0, /2, 7,37/2} generated by 90°-degree rotations. See, for example, (31, Section
9.1.2), [12, Section 2.3] and (14, Section 6.3.1). This is an important symmetry property that we keep
in mind throughout our study.

Having in mind these physical observations on cuprates, we consider here quantum particles on
lattices Z2. It means in particular that (disregarding internal degrees of freedom of the quantum particles,
like their spin) the (separable) Hilbert space £%(Z?) is the ‘one-particle space’ associated with the
physical system we are interested in. Its canonical orthonormal basis is {ey }, c72:

ex(y) = 6x,y, X,y € Zz, (5)

where 6; ; is the Kronecker delta.

2.2. Composite of two fermions and one boson

We consider a system of two fermions (electrons or holes in cuprates) with opposite spins interacting
via the exchange of one boson in a two-dimensional square lattice. Physically, the boson that we have
in mind in cuprate superconductors is a spinless bipolaron, since the very strong Jahn-Teller (JT) effect
associated with copper ions is an important property of such cuprates [16, 15]. See Section A.l for
more details. However, the exchanged spinless boson could be of any type, like a phonon or a spin wave,
depending on the physical system and mechanism one has in mind.

Hilbert Spaces. All quantum particles possess an intrinsic form of angular momentum known as spin,
which is characterized by a quantum number s € N/2 and a finite spinset® S = {-s, —s+1,...5-1,8} C
N. If s ¢ N is half-integer, then the corresponding particles are named fermions while s € N means by
definition that we have bosons. For example, photons or spinless bipolarons (s = 0) are bosons, while
electrons (s = 1/2) are fermions. In the latter case, S = {—1/2,1/2}, and in physics, the spin set is
always written as S = {T, | }, and we thus use this completely standard notation. By the celebrated spin-
statistics theorem, fermionic wave functions are antisymmetric with respect to permutations of particles,
whereas the bosonic ones are symmetric.

Therefore, the one-particle Hilbert space for the fermions is €2(Z2> x {1,1}), {1, 1} being the usual
spin set for electrons or holes, and for two fermions, we hence use the Hilbert space

b= N\ A@x (1) € § =§(A@ x (1 1D)

of antisymmetric functions,® which is a subspace of the fermionic (—) Fock space’ §- associated with
the one-particle Hilbert space £2(Z* x {1, }). See Equation (A.4) below for the precise definition of

4The superconducting coherence length is much smaller in this orthogonal direction than in the parallel planes made of copper
and oxygen ions.
5S represents the spectrum of the spin observable.

6 /\2 (72 x {01, 1}) denotes the 2-fold antisymmetric tensor product of £2(Z2 x {1, |}) .
e, §- = g A" (22 x {1, L}).
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&_. The one-particle Hilbert space of the spinless boson is £2(Z?), which can also be seen as a subspace
of the bosonic (+) Fock space

5 = (@)

associated with £%(Z?). See Equation (A.5) below for the precise definition of &,. For a concise review
of bosonic and fermionic Fock spaces, as well as the corresponding annihilation and creation operators,
see Section A.2.

We study here the effect of processes of annihilation of two fermions of opposite spins to create a
boson, which can conversely be annihilated to create two new fermions. The Hilbert space associated
with this composite system, made of two fermions and one boson, is the direct sum by @ EZ(ZZ), and
not the tensor product b ® ¢2(Z?). Note indeed that b & ¢*(Z?) can naturally be identified® with a
subspace of §- ® &.. This fact already unveils the strong interdependence of the bosonic and fermionic
parts. For this reason, from now on, we rather use the term ‘composite of two fermions and one boson
instead of ‘three-body system’, in order to avoid any misinterpretation.

Fermionic Hamiltonian. The fermionic part of the (infinite volume) Hamiltonian of the composite is
defined to be the restriction Hy € B(h) of the formal expression

€ ¢
5 Z Ay sly,s +2€ Z ay slx,s +U Z x, 1, | + Z W(2)nx ez, |
se{T.l}, x,yeZ?:|x-y|=1 se{T,l}, xez? xez? x,z€Z2

(6)

to the Hilbert space fy. Here, ay s (a} ;) denotes the annihilation (creation) operator acting on the
fermionic Fock space §_ of a fermion at lattice position x € Z2, the spin of which is s € {T,]}. As is
usual, ny ¢ = a’;,sax,s stands for the number operator of fermions at lattice position x € 72 and spin
se{T. 1}

The parameter € € R quantifies the hopping amplitude of fermions. In high-T.. superconductors
[29, 30], € is expected to be much smaller than the fermion-fermion interaction energy — more precisely
the on-site repulsion strength U € R{. The function u : 7> — R, which represents the fermion-fermion
repulsion at all distances, is absolutely summable and invariant with respect to 90°-rotations, that is,

Z [u(z)] < o and u(x,y) =u(-y,x), X,y €Z. 7

z€7Z?

Clearly, one could set U = 0, by redefining the coupling function u : Z> — R§. Itis, however, convenient
to have a separate parameter U € R{ for the on-site repulsion because we shall later on consider the
‘hard-core limit’ U — oo for some fixed coupling function u.

Extended Hubbard interactions. The above fermion-fermion interactions have been extensively stud-
ied in condensed matter physics during the last decade, in particular for two-dimensional systems. For
nonzero functions u, they are named extended Hubbard interactions and they can drastically change the
behavior of the system, as compared to the zero-range case (usual Hubbard interaction, u = 0). As one
example, they are used in the context of ultracold atoms, ions and molecules [11]. Its bosonic version is
also experimentally investigated. See, for example, [32] published in 2022.

In theoretical studies, frequently, only nearest-neighbor interactions added to the on-site (zero-range)
Hubbard interactions are considered. Here, we do not need the restriction to one-range (nearest-neighbor)
interactions. We only assume that u is absolutely summable (see (7)), which is physically a very mild
restriction, since the effective two-particle repulsive electrostatic potential in crystals is expected to
decay exponentially fast in space, because of screening effects.

8Denote the vacuum of the Fock space &= by Q. and define the mapping ¢ from by & CZH10F 9F by (o @ y) =
¢ ®Q_+Q, ® . Then, observe that ¢ is an isometric linear transformation from by & C(ZH0F 0F.
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The rotation invariance in Equation (7) refers to the isotropy of the system under consideration.
However, as shown in [22, 21], the system has low energy states that spontaneously break the isotropy.
This refers to unconventional parings, typically of d -wave type, of electrons one experimentally observes
in many high-T, superconductors [33, 30, 13]. In fact, to derive the existence of d- and p-wave pairings
starting from a physically sound microscopic model was the aim of [22, 21]. Here, instead, we keep a
broader perspective and do not study this particular question.

Bosonic Hamiltonian. Similar to the fermionic part, the bosonic part of the (infinite volume) Hamil-
tonian of the system is defined to be the restriction H;, € B(£*(Z?)) to the one-boson Hilbert space
£2(Z?) of the formal expression

hy . .
-5 Do Biby 42 Y biby|. (8)

x,y€Z2: |x-y|=1 xez?

Here, b, (b%) denotes the annihilation (creation) operator acting on the bosonic Fock space &, of a boson
at lattice position x € Z2. Observe that the bosonic part only contains a kinetic term. The parameter
hp € R§ quantifies the ratio of the effective masses of fermions and bosons: Taking /;, smaller than
one physically means that the bosons are heavier than the fermions. As experimentally found [34, 35,
36, 37] for cuprate superconductors, bipolarons should be much more massive than electrons or holes,
and, thus, in the physically relevant regime, %, is to be taken very small (or even zero, in an idealized
situation). See (21, Section 3.1). In the sequel, we take 4; € [0, 1/2], meaning that the boson mass is
at least as big as the mass of two fermions, as discussed in Section 3.

Exchange interactions. The term of the Hamiltonian that encodes the decay of a boson into two
fermions (i.e., one of the two-electron(hole)-bipolaron-exchange interaction of the Hamiltonian) refers
to the bounded operator

Whs @ € (Zz) - by, 9

which is defined to be the restriction of the formal expression

7-1/2 Z v(x — y)C; by (10)
x,yeZ2
to £2 (ZZ), where
cy = Z (Pl(z)a;m ay +p2(22)ay, .y a;%i) a

z€Z?

for some fixed functions pi, p : Z> — R that are invariant under 90°-rotations and exponentially decay
in space, that is,

Demllpy(r) <o and  py(ry) =wg(-y,x),  wyeZ fe{l,2},  (12)

z€Z?

for some @( > 0. In particular, the functions p;, p, are absolutely summable in space.
By definition, we take p2(z) = 0 if z € Z?\(2Z)? and we also assume that

pi+p2#0 and Pa(x) # —eig'xpl(x), x€Z, ke[-n, n)z. (13)

The condition p; + P2 # 0 only ensures the nontriviality of the exchange interaction, while the second
condition avoids the singular case of a quasi-momentum k¢ € [—n, 7)* at which the exchange interaction
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trivially vanishes; see below (36). This case can easily be analyzed, but it makes the argumentation
cumbersome. So, we omit it here, as it is a highly unusual and irrelevant situation. For example, (13) is
already satisfied as soon as p; (z) # 0 for some z € Z*\(2Z)?, since p2(z) = 0 for any z ¢ (2Z)?. In (22,
Eq. (6)), p» = 0 and, given « > 0, p;(z) = e ¥l for |z| < 1 and p;(z) = 0 otherwise, while in [21, Eq.
@], p2(2z) = p1(z) = 1 when |z] < 1 and p;(z) = p2(z) = 0 otherwise. This are the typical examples
we have in mind, the point here being the fact two fermions on different lattice sites can interact by
exchanging a boson. See also Section A.1.

Physically, ¢} represents the creation of a fermion pair of zero total spin, the two components of
which are slightly spread around the lattice position y € Z>. Such pairs have finite size, because of (12).
In fact,

(rp, +7py)5 (14)

N =

rp =

where, for any § € {1,2}, rp, = 0if py = 0, otherwise it is equal to

Lo bl _ J e LT as)

T = < 1n
()] T a0 ? Y.z [py(2)]

is naturally seen as being the actual size of such pairs. Note that the last inequality is a consequence of
the Cauchy-Schwarz inequality, along with the bound

2 —aplz| -2
|z]7e” ™ < oy

, ag > 0.
Allowing two fermions in different lattice site to interact by exchanging a boson simply means that
ry > 0. For the physical significance of this property for cuprates, see [22, 21].

Recall that the exchange strength function v : Z?> — R is only absolutely summable, not necessarily
exponentially decaying as p; and p,, and invariant under 90°-rotations, that is,

Z lu(z)| < o and v(x,y) =v(-y,x), X,y €Z. (16)

Note that the Fourier transforms 0,9, and p, of v, p; and p, are real-valued continuous functions (on
the two-dimensional torus T?) that are again invariant under 90°-rotations. Additionally, p; and P, are
real analytic, for p; and p, are exponentially decaying. The reverse process — that is, the annihilation of
two unbound fermions to form a boson — is represented by the adjoint operator

Wi = Wy by — 2 (zz). (17)

Mathematical remarks. The infinite sums (6), (8) and (10) defining formally H; € B(bs), Hp €
B(£2(Z?*)) and Wy_s € B(£*(Z?), br) (9) are to be understood as follows: If ¢ € b or ¢ € 2(Z%)
is a finitely supported function, then the sum corresponding to H ¢y, Hpyy or Wy is absolutely
convergent. Thus, H¢, Hy, and Wy_,¢ are well-defined linear operators acting on the dense subspace of
such functions. One checks that H ¢, Hj, and W;,_,¢ are all bounded on this subspace, and they thus have
a unique bounded linear extension to the whole Hilbert space where they are defined — namely, hs for
Hy, and £2 (Zz) for H, and Wy,_s. We denote the extensions again by Hr, H; and Wyp_¢. Note that,
being a bounded operator, Wy,_.¢ has an adjoint (17), while H; and H}, are clearly symmetric and so,
self-adjoint, for they are also bounded.

Full model. Finally, the full Hamiltonian for the fermion-boson composite is defined, in matrix notation
for the direct sum by @ £2(Z%), as follows:
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Hy Wyt
! e B(vs @ 3(2%)). (18)
Wiy Hp

Observe that this Hamiltonian is invariant under translations, as well as 90°-rotations.
Using the canonical orthonormal basis®

{ees 1xeZlse {11} C 52(22 x {T,l})
to define the closed subspace
bo = span{e(x.) Ae(y,)) : X,y € Z*} C by, (19)
we remark that the zero-spin subspace
$=pel(2’)ch 02 20)
is invariant under the action of the (full) Hamiltonian (18). We can thus consider its restriction

Hy Wyt
Wiy Hp

H = € B(9) 2

9

to this particular subspace  C hr @ 2(Z%).

In fact, as the boson is assumed to be spinless, by the conservation of angular momentum, we have
that the total spin of the fermion pair resulting from a bosonic decay must be zero. In other words, the
physically relevant (vector) states of the fermion-boson compound system always lie in §). Note finally
that H inherits the symmetries of the Hamiltonian (18) (i.e., H is invariant under translations and 90°-
rotations). Note that this last symmetry (i.e., the rotation invariance) is mainly relevant for the study of
unconventional pairings, which is not done here.

2.3. The model in spaces of quasi-momenta

We have a composite of two fermions and one boson whose Hamiltonian is translation invariant. In
this case, it is a standard procedure (see, for example, [38, Chapter XIII.16]) to use the direct integral
decomposition of the Hamiltonian in Fourier space in order to study its spectral properties.

For the two-dimensional lattice Z2, the (Fourier) space of quasi-momenta is nothing else than the
torus

T? = [-n,7)* C R%.
This set is endowed with the metric dy» defined by
dp (k, p) imin{lk—p—ql 1 q eZnZz}, (22)

where |k — p — g| is the Euclidean distance between k and p + ¢ in R?. This defines a compact metric
space (T2, dy2). Observe also that the usual group operation in T? (i.e., the sum in R? modulo (27, 27))
is a continuous operation, while any Borel set in T? is also a Borel set in R? (endowed with the Euclidean
metric).

We also need the normalized Haar measure v on T? defined for any Borel set B C T2 by

v(B) = (21)*A(B), (23)
91e., forany x,y € Z* and s, € {1, |}, (x,s) (¥, S) = 85,: Ox,y, Where 6y y is the Kronecker delta.

https://doi.org/10.1017/fms.2025.10083 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.10083

Forum of Mathematics, Sigma 13

where A is the Lebesgue measure in R2. This measure appears in relation with direct integrals of constant
Hilbert spaces on the two-dimensional torus T2, like the Hilbert space

LZ(T2> = Lz(TZ,C) = Lz(Tz,C, v) - /®c y(dk)
e

of square-integrable, complex-valued functions on T?. Since the Haar measure v is used in all our direct
integrals on T2, for simplicity, we often remove the symbol v from the notation of L2-spaces, unless this
information is important to recall.

The Fourier transform can be applied in the fermionic and bosonic sectors. In the fermionic one,
there is more than one natural way of implementing the transform, as the corresponding functions have
two arguments in Z2. It turns out that to be very useful to extract the total quasi-momentum of fermionic
pairs. In fact, we consider the direct integral

12 (Tz, 7—[) = LZ(TZ,H, v) - /T ;BLZ(TZ,C, v) ® Cv(dk) 24)
of the (constant fiber) Hilbert space
H = LZ(TZ) ®C= LZ(TZ,C, v) ®C 25)
over the torus T2, and choose a unitary transformation
Uu:9H— LZ(TZ,H)
in such a way that k € T2, the fiber quasi-momentum, is exactly the total quasi-momentum of the

fermion pair.
Recall that § defined in (20) is the Hilbert space on which H is originally defined. More precisely,

U=Us®F, (26)
where
Fi (ZZ) - 13(7) 27)

is the Fourier transform on £2(Z?), while the fermionic part

3]
Uy = UsUy : by — / LZ(Tz)v(dk) (28)
TZ
is the composition of two unitary (linear) transformations U; and U,, whose exact definitions are given
as follows:
Uy : bo — (222 x7?) — (2> xZ%) — 2(7%) ® (*(7?) 29)
DAy P fy) P fx-y) P & @exy
and
®
Up: B(2) ® (2%) — L*(T?) ® L*(T?) = [oo L*(T?)v(dk) (30)

ex ®ey_y — e ®8xy — ex()ex_y

Because {e(x,1) Ae(y.1) tx,yez2> {8(x.y) tx,yezz and {ex ® ey}, |72 are orthonormal bases and (x, y)
(x,x — y) is a bijection on Z> x Z2, U; is well-defined as a composition of three unitary linear
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transformations. Note also that the last unitary linear transformation defining U, is defined as in Propo-
sition A.8, while the first one defining U, is the tensor product 7 ® F of the Fourier transform F on
£%(Z?), defined for any f € £'(Z?) C £*(Z*) by

f=Ffri = e fx), keT? 31)

xez?

k - x being the usual scalar product of k € T2 and x € Z2, seen as vectors of R”. Here, we use the symbol
(/3 to shorten the notation of the Fourier transform. For instance, for any x € 72, we write above &, to
denote the function ¢’(")* on the torus T2. That is, {&, }, 72 is the image under the Fourier transform of
the canonical orthonormal basis{e, },cz2 (5) of £2(Z?).

For the reader’s convenience and completeness, in Section A.4, we gather key results from the
theory of direct integrals with constant fiber Hilbert spaces. In the next subsection, we explain how the
properties of the Hamiltonian H € B($) defined by (21) can be studied on the direct integral (24) over
total quasi-momenta.

2.4. Fiber decomposition of the Hamiltonian

By explicit computations, exactly like in [22, 21], we show that the conjugation of the Hamiltonian
H € B($) with the unitary transformation U of Equation (26) is a decomposable operator on the direct
integral L*>(T?, ). To state this result precisely, we need preliminary definitions allowing to define
the so-called ‘fiber Hamiltonians’, or ‘fibers’ for short, A(k) € B(H) of UHU* at total quasi-momenta
k € T2. In fact, the mapping k — A(k) defines an element of the von Neumann algebra®

Lo (T2,B(H)) =L (T2,B(H),v)

of (equivalence classes of) strongly measurable functions T> — B(#). See Section A4 for more details.

Given a total quasi-momentum k € T2 and the parameters €, h;, € R{ tuning the strengths of the
two (fermionic and bosonic) kinetic parts of the model, we define continuous, real-valued functions
f(k),d(k),b € C(Tz) on the torus T2 by

b(p) = hpe(2 - cos(p)), (32)
f(k)(p) = {4 —cos(p + k) —cos(p)}, (33)
p(k)(p) = Pi(k +p) +P2(k/2+ p), (34)
for all p = (p1, p2) € T2, where
cos(q) = cos(q1) +cos(q2), g =1(q1,92) € R, (35)

Recall that (the (27, 27r)-periodic function) p; and P, are the Fourier transform of p; and p,, which are
the functions defining the operator c7 in (11), representing the creation of fermion pairs in the model.

Note also from (13) that d(k) # O for all k € T2. Indeed, using p,(z) = O for z ¢ 2Z as well as (31)
and (34),

(k) = F|e®pi(x) + €5 “pa (1) |, (36)

where ¢’**py (x) stands for the function x > e™* *py(x) with § € {1,2}.

10The (unique) norm of this C*-algebra is the essential supremum with respect to the measure v on the torus; see (A.14).
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Then, at any quasi-momentum k € T2 and on-site repulsion strength U € R¥, we define the bounded
operators By 1 (k) and A; 1 (U, k) acting on the Hilbert space L?(T?) by

Bii(k) = My + ). u(x)Py, (37)
x€ez?
A1 (U k) = By,i (k) + UPy, (38)

where Mj () stands for the multiplication operator by f(k) € C(T?) and P is the orthogonal projection
onto the one-dimensional subspace C¢, C L?(T?). Note that the infinite sum defining the bounded
operator B (k) is absolutely convergent, for the function u : Z> — R is, by assumption, absolutely
summable. See (7).

We define next

Ayy(k): L?(T?) - C

¢ B 0(k)d(k),p), (39
Al’z(k) :C —> LZ(TZ)
7z = 0(k)d(k)z (40)
as well as
Apa(k): C > C )

z > b(k)z

for any fixed k € T2. By compactness of T2 and continuity (in operator norm) of the mappings
k+— A; j(k) foralli, j € {1,2}, we have

A(U,0) Aa()

AL =AU, = Ari() Axp(l)

) c L°°(T2, B(H)) 42)

(see Lemma 4.1), which is meanwhile the fiber decomposition of the operator UHU*:

Proposition 2.1 (Fiber decomposition of the quantum model). The conjugation of H by U (26) is
decomposable and has A(-) as its fibers; that is,

UHU" = /EBA(k)v(dk).
I\

Proof. This is proven from explicit computations which are almost the same as those done in [22, 21].
We postpone the details of this calculation to Section 4.2. O

The fiber decomposition given by Proposition 2.1 is useful because it gives access to spectral
properties of H. In fact, for an operator that is decomposable on L? (Tz, H), that is, an operator unitarily
equivalent to an element of the von Neumann algebra L? (Tz, B (7—[)) , like the Hamiltonian H, the fibers
A(k) of which are all self-adjoint, it is known that A € o-(H) if, and only if, for all £ > 0,

v({k €T : r(A(k) N (=8, +&) # @}) > 0.

See Theorem A.3. As is usual, here, o-(X) denotes the spectrum of any operator X acting on some
Hilbert space.
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3. Main results

In this section, we state our main results, starting with general spectral properties of the Hamiltonian H
to finish with results related with scattering.

Recall that the model has parameters €, U, h;, € Rg and @y € R*, and it depends on the choice of
functions

u:Zz—>Rg, P:Z*P >R, p:7Z*>R and v:Z* >R

(with po(z) = O for z ¢ 27Z) that are absolutely summable and invariant with respect to 90°-rotations.
Observe additionally that the functions p; and p, are required to be exponentially decaying; that is,
e‘"""pl and e"‘)'"pz are absolutely summable for some ag > 0. See Equations (7), (12) and (16). All
details of the Hamiltonian, like the precise choice of its parameters and functions, are not explicitly
mentioned in our discussions or statements below, unless it is important for clearness. There is however
one important condition to clarify:

While some of our results can be obtained without any other restriction, frequently we fix the
parameter 4y, in the interval [0, 1/2]. This choice physically means that the boson is heavier than two
fermions. As already discussed above, the assumption is perfectly justified when one views the two
fermions and the boson of the model as being electrons or holes and a bipolaron, respectively, in a
cuprate. In fact, polarons (and thus bipolarons) are charge carriers that are self-trapped inside a strong
and local lattice deformation that surrounds them, caused by electrostatic interactions between the
carriers and the lattice. A priori, such (strong and local) lattice deformations can barely move; that is,
their effective mass is huge. See, for example, [34, 35, 36]. This is coherent with the assumption of a
large mass of JT bipolarons in copper oxides [37], similar to JT polarons [39]. See also Section A.1 for
more details.

We show that the condition /;, € [0, 1/2] is crucial to obtain dressed bound fermion pairs, which are
expected to represent the charge carriers below the pseudogap temperature [21].

3.1. Spectral properties

Having in mind Proposition 2.1 and Theorem A.3, we start with the spectral properties of fiber Hamil-
tonians (42) at any quasi-momentum k € T2. This refers to the following theorem:

Theorem 3.1 (Spectral properties of fiber Hamiltonians). Fix €, U € R}, hy, € [0,1/2] and k € T2,

i.) Essential spectrum oess(+) of the fiber Hamiltonian:
Tes(A(U. ) = (k) (T2) = 2 cos(k/2) [ 1, 1] + 4e.

ii.) Ground state energy: There is a unique nondegenerate eigenvalue E(U, k) < b(k) of A(U, k) below
the essential spectrum, with associated eigenvector

W(U k) = (fx(U).=1), where fux = 0(k)(AL1(U, k) —E(U,K)1) "d(k) e LZ(T2).

In addition, E(U, k) = b(k) iff 0(k) = 0. Recall that b(k) is defined by Equation (32).
iii.) Spectral gap and Anderson localization: If 6(0) # 0 and ry, > 0, then

inf min{min oess(A(U, k)) —E(U,k)} >0
UeR{ keT?

and there are C,« € R* such that, for all k € T? and U € Rg,

|F Gl x)| < ce @Rl xez?
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iv.) E(U,-) : T2 — R is a continuous function, and if 0 is of class' C? on (-, 7)*\{0} C R? with
d € NU {w, a}, then so does E(U, -) on (—r, m)*\{0}.

Proof. The theorem is a combination of Theorems 4.8, 4.9, 4.18 and 4.20 together with Propositions
4.2, 4.19 and Corollary 4.6 (see (130)). O

Remark 3.2. Recall that if, for some natural number d > 1,

D)l < o,

x€z?

then the Fourier transform o of the function v : Z> — R, as defined by (31), is of class C 4 on the whole
torus T2.

Remark 3.3. If p; = p, € Ceyp,ie., rp = 0, then Theorem 3.1 (iii) remains true, but not uniformly in
Ue Rg. That is, in this case, one only has

min{min oo (A(U, k)) —E(U, k)} > 0,
keT?

and there are Cy, ay € R* such that, for all & € T2,
|7 [Puxl(x)] < Cye v, x €72

Assertion (i) of Theorem 3.1 holds true for all #;, € R}, but the other assertions need the restriction

hp € [0, 1/2] to ensure that the eigenvalues are below the essential spectrum, as stated in Assertion (ii).
In fact, iy, € [0, 1/2] iff

b(k) < 3(k) = 4e — 2ecos(k/2) = min oess (A(U, k)) (43)

for all k € T2, with equality only at k = 0. See Equation (32). Therefore, by Assertion (ii), E(U, k)
belongs to the essential spectrum iff & = 0 and 7(0) = 0. Otherwise, we have a uniform spectral gap, as
stated in Assertion (iii).

As is explained in [22, 21], the eigenvalue E(U, k) given by Theorem 3.1 is associated with the
formation of dressed bound fermion pairs with total quasi-momentum k € T2. These pairs are generally
exponentially localized, thanks to Theorem 3.1 (iii), which basically implies that the two fermions move
together confined within some small ball; that is, they are tightly bound in space, provided 9(0) # O.
When p;(z) # 0 or p2(z) # 0 for some z # 0, or, equivalently, r, > 0, the size of the small does not
depend upon the Hubbard coupling constant U and a very large U > 1 only prevents two fermions from
occupying the same lattice site. The condition p;(z) # 0 or p2(z) # O for some z # 0, or equivalently,
rp > 0, is therefore pivotal to get (Cooper) fermion pairs, the natural candidates for superconducting
charge carriers, in presence of strong on-site Coulomb repulsions, like in cuprates [29, 30].

For the usual (i.e., nonextended) Hubbard interaction (u = 0) and one-range'* creation operators ¢,
of fermion pairs (in this case (12) holds true for all @q € Rg), note that a weak form of pair localization
was previously shown in the ground state. See, for instance, [22, Theorem 3 and Proposition 13]. In this
particular case, estimates of E(U, k) and W(U, k) are known for large U > 1. See, for example, [22,
Theorem 4, Corollary 5, Theorem 16]. Recall that the aim in [22, 21] was to show the existence of d-
and p-wave pairings in the ground state for some physically sound model, and not the systematic study
of a general class of models. In [21], we conjecture that such dressed bound fermion pairs represent the
charge carriers below the pseudogap temperature in cuprates.

Given n,d € N and an open set Q C R, C d (€2) denotes the set of d times continuously differentiable, complex-valued
functions on Q, while C (£2) and C¢(Q) refer to the space of smooth and real analytic functions on €, respectively.

2]t means here that ¢35, = Y)1<1 (P1 (Z)a;ﬂ,T a;,i + p2(2z)a;+Z’T a;—z,l)'
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Theorem 3.1 combined with Proposition 2.1 and the theory of direct integrals (cf. Theorem A.3) has
direct consequences for the spectrum of the full Hamiltonian H € 5($), which is defined by Equation
(21). Among other things, we obtain the following corollary:

Corollary 3.4 (Spectral properties of H). Fix €,U € R} and hy, € [0, 1/2]. Then,
o (H) N (=00,8¢] = {E(U, k) : k € T} U (0, 8e),
where o (H) denotes, as is usual, the spectrum of H, and

mino(H) = E(U) = min E(U, k) < 0.
keT?

If additionally 0(0) # 0 and ry > 0, then

sup E(U) < 0.
UeRy

Proof. To prove the first assertion, it suffices to combine Proposition 2.1 and Theorem 3.1 with Theo-
rem A.3. The second one can be proven like in [22] by using Kato’s perturbation theory [40]. In Propo-
sition 4.1 1, we give an alternative and more direct proof of it. Finally, the last assertion is a consequence
of the inequalities

mig E(U, k) < E(U,0) = E(U,0) — min o5 (A(U, 0))
keT
and Theorem 3.1 (iii). O

Physically speaking, the spectral values of H represent the energy levels that are available to the
composite of two fermions and one boson — in particular, for a fermion pair exchanging a boson. As
expected, the minimum energy E, also well-known as the ground state energy, is given by minimizing
the eigenvalues E(U, k) over the torus T2,

We now study the model at very large on-site repulsion U > 1. In fact, quoting [21], ‘in all cuprates,
there is undeniable experimental evidence of strong on-site Coulomb repulsions, leading to the univer-
sally observed Mott transition at zero doping [29, 30]. This phase is characterized by a periodic distri-
bution of fermions (electrons or holes) with exactly one particle per lattice site. Doping copper oxides
with holes or electrons can prevent this situation. Instead, at sufficiently small temperatures a supercon-
ducting phase is achieved, as first discovered in 1986 for the copper oxide perovskite Lay_,Ba,CuO4
[16]’. However, instead of the usual s-wave superconductivity, one experimentally observes d-wave su-
perconductivity [33, 30, 13]. The fact that only the s-wave pairing is suppressed also advocates for a
very local (i.e., on-site) and strong effective repulsion of fermions. For this reason, we consider the limit
U — oo in our model. It corresponds to a hard core limit because it prevents two fermions from being
on the same lattice site.

In the limit U — oo, it is easy to see that the ground state energy E(U) of Corollary 3.4 defines an
increasing function of U € Rg, which is bounded from above by 0. Hence,

E(c0) = lim E(U) = sup E(U) < 0. 44)
U—eo UeR{

For more details, see Lemma 4.14. The limit U — oo of the eigenvalue and eigenvector of each fiber,
given by Theorem 3.1, is less trivial to obtain and is the object of the next theorem:
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Theorem 3.5 (Spectral properties of fiber Hamiltonians — Hard-core limit). Fix €,U € R} and
hy € [0, 1/2]. The following limits exist:

E(oo, k) = I}im E(U, k) = sup E(U, k) < b(k), k e T2
—® UeR}

(oo, k) = lim W(U, k) € H\{0}, k € T\{0}.

Assertion (iv) of Theorem 3.1 also holds true for U = co. In addition, when ry, > 0, E(co, k) = b(k) iff
0(k) =0. Ifry > 0and 0(0) # 0, then ¥ (oo, 0) exists.

Proof. See Theorems 4.15 and 4.18. )

Note that the eigenvalues given by Theorem 3.1 are not explicitly known. The same is of course true
in the hard-core limit U — co. For applications, it is important to have a sufficiently good control on
these objects to be able to compute them, either analytically or numerically. This is done in [22, 21] for
the special case of the usual Hubbard interaction (u = 0) and one-range creation operators ¢, of fermion
pairs, by providing estimates for E(U, k) and W(U, k) at large U. See [22, Theorem 4, Corollary 5,
Theorem 16].

Recall that ¢ is the Fourier transform of v, which is the function appearing in Equation (10), encoding
the (exchange) interaction between fermion pairs and bosons. By Theorem 3.1, if (k) = 0, then E(U, k)
is nothing else than the explicit function b(k) (32). Hence, we focus on the physically more relevant
case U(k) # 0. Using the Birman-Schwinger principle (Theorem A.10), we show in this case that the
eigenvalue E(U, k) is the unique solution to a relatively simple equation for real numbers, similar to the
characteristic equation used to compute eigenvalues of matrices.

To this end, we define a function ¥ : D — R on the set

D = {(U,k,x) € [0,00] x T2 xR :x < 3(k)} CR?
by

T(U, k, x) = <b(k), (A1 (U, k) —xl)*lb(k)> (45)

for any finite U € R}, k € T2 and x € (0,3(k)), while for the infinite on-site repulsion, k € T2 and
x € (0,3(k)),

T (oo, k,x) = L}im T(U, k,x),

the above limit existing by virtue of Corollary 4.13. Recall that 3(k) is defined by Equation (75). In fact,
for any k € T2 and x € (0,3(k)),

- 2
(o0, k. ) = RIL(RooRes—|Res') > 0,

where Rs s, Rs 3, Rys and Ry are four constants defined by Equations (99)—(102) with 4 = x. When
u = 0, these constants are given by explicit integrals on the torus T? [22, 21]. Then, the eigenvalues, the
existence of which is stated in Theorem 3.1, as well as their limits (Theorem 3.5), can be studied via the
following characteristic equation:

Theorem 3.6 (Characteristic equation for the fiber ground states). Fixe € R}, h;, € [0, 1/2] and k € T?
such that 0(k) # 0. Then, for any U € [0, ], E(U, k) is the unique solution to the equation

0(k)*T(U, k,x) +x—b(k) =0,  x < 3(k).

Proof. For U € R, combine Theorem 4.5 with Theorem 4.8, while for U = oo, use Theorem 4.15. O
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Notice that, more generally, for any fixed U € R{, the same characteristic equation determines
all eigenvalues of the fiber lying in the resolvent set p(A; (U, k)) of the operator A; (U, k). See
Theorem 4.5. Also the associated eigenspaces can be explicitly characterized, thanks to Corollary 4.6.
In this context, Corollary 4.7 shows that, for any &;, € [0, 1/2] and total quasi-momentum k € T2, there
is at most one eigenvalue of A(U, k) in each connected component of p(A; 1 (U, k)) NR.

3.2. Dispersion relation of dressed bound fermion pairs

By Theorem 3.1, E : T> — R s a continuous family of nondegenerate eigenvalues, generally (at least for
k # 0) associated with exponentially localized eigenvectors. Note that the case k = 0 is particular when
0(0) = 0, since E(0) is not an isolated eigenvalue of A(U, 0). However, the family (E(k))y 2 is still
continuous. The peculiar behavior at k£ = 0 leads us to only consider total quasi-momenta in the subset

S? = (-x, 1)2\{0} C T2, (46)

as, for instance, in Theorem 3.1 (iv).

Because of Proposition 2.1, the family (E(k)), <2 can thus be seen as the effective dispersion relation
of dressed bound fermion pairs. It is expected to determine transport properties of the quantum system
at low temperatures. We now define in mathematical terms what a dispersion relation is.

First, a dispersion relation x : T2 — R should be a functions mapping quasi-momenta k € T2
on the torus to spectral values of the corresponding fibers. More precisely, %(k) should be an isolated
eingenvalue of the fiber associated with the total quasi-momentum k. Recall that the dispersion relation of
a (nonrelativistic) particle in the d-dimensional continuum (that is, the particle moves in the continuum
d-dimensional space RY), whose (isotropic) mass is m, is k*/2m and velocity v(k) = k/m, k € R?.
Having this standard example in mind, we would like also to derive from a dispersion relation a group
velocity and a mass tensor, at any fixed quasi-momentum k € T2, as is usual. These are key objects,
for instance, in the study of transport properties. Notice that they require sufficient regularity of the
dispersion relation to be defined.

Keeping in mind that all our quantities are parametrized by the on-site repulsion U € [0, oo], we
define a family of dispersion relations associated with the fiber Hamiltonians A (U, k) as follows:

Definition 3.7 (Family of dispersion relations). A function x : [0, c0] x T> — R is said to be a family
of dispersion relations % (U, -) if the following properties are satisfied for all U € [0, o0]:

i.) Forany k € T> and U € R, #(U, k) is an eigenvalue of A(U, k) and

#(co, k) = l}im x(U, k).

ii.) Forall U € [0, o], %(U, -) € C(T?) and is of class C? on the open set S> C R?.

The first property is a very natural property, having in mind Proposition 2.1 and the theory of direct
integrals (Theorem A.3). The second property of Definition 3.7 is needed to define group velocities and
mass tensors.

To explain these two concepts, we need the Hessian of functions f € C?(S?) at fixed k, which is
denoted by

O [ OO f

Hess(f)(k) = (ak b0 f 8]%]”

)(k) € Mx(R), keS?, (47)

where M;(R) is the set of 2 X 2 matrices with real coefficients. It is a straightforward consequence of
the regularity of f € C?(S?) that

Hess(f) : S — Ma(R)
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is continuous. For any f € CZ(SZ), we consider the set
M, = {keS?: Hess(f)(k) € GLL(R)} € §? (48)

with GL;(R) € M, (R) being the set of invertible 2 X 2 matrices with real coefficients. As GL,(R) C
M, (R) is an open set (see [50, Theorem 1.4]), it then follows that

M = Hess(f) ™' (GL(R))

is also an open set.
We are now in a position to define group velocities and mass tensors of a family of dispersion relations.

Definition 3.8 (Group velocities and mass tensors). Atany U € [0, o], the group velocity v,y : S> — R
and the mass tensorm,, y : M, (u,.) — M2(R) associated with a family » : [0, co] xT? — R of dispersion
relations are respectively defined by

Veu(k) = Vie(U,k)  and  my,u(k) = Hess(x(U, ) (k)"

We deduce from Theorem 4.9 that E is a dispersion relation when the function v : Z> — R is at least
2 times continuously differentiable and, in this case, we can even compute the group velocity via the
characteristic equation (Theorem 3.6).

Theorem 3.9 (Dispersion relations of dressed bound fermion pairs). Fix € € R and hy € [0, 1/2].
Assume that O € C*(S?).

i.) Then, E : [0, c0] x T> — R given by Theorems 3.1 and 3.5 is a family of dispersion relations.
ii.) The associated group velocities are equal to

veu(k) = (0(k)26x1(U, k, x) + 1)71§(ﬁ(k)21(U, k, x) — b(k))

x=E(U,k)
forany U € [0, c0] and k € S?, with

Ve (k) = lim vey(k), k€S

iii.) If 0 is real analytic on S?, then, for any U € [0, o], either Me(u,.) has full measure or Mg = 0. In
particular, the tensor masses mg y are either defined almost everywhere in S? or not defined at all.

Proof. Use Corollaries 4.10 and 4.17. |

Similar to Remark 3.2, if for some strictly positive constant y > 0,

> M) < oo,

xez?

then the Fourier transform o of the function v : Z> — R, as defined via (31), is real analytic on the whole
torus T2. It is very natural to expect a local interaction between fermion pairs and bosons in (10), meaning
here that the function v should even have finite support. In particular, all conditions of Theorem 3.9,
including the ones of the third assertion, should hold true in the application to superconducting cuprates.

In fact, as shown in [21], the dispersion relation of Theorem 3.9 yields the formation of d-wave pairs
when one adjusts the parameters of the model (with u = 0) to fit those of cuprate superconductors — in
particular, the ones of the cuprate Lay_,SryCuOy4 (LaSr 214) near optimal doping. When considering
the usual Hubbard model — that is, the case where there is no other fermionic repulsion than the on-site
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one (i.e., u = 0) and no fermion-boson exchange (i.e., v = 0) — E turns out to be the function b : T2 > R,
defined by (32), which is nothing else than the dispersion relation

b(k) = hpe(2 — cos(k)), k € T2,

of free bosons (bipolarons for cuprates).

By turning on the fermion-boson-exchange interaction, the dispersion relation of dressed bound
fermion pairs with lowest energy can strongly deviate from b, the unperturbed one. Recall, for instance,
that b describes bosons with a very large mass as compared to the effective mass of electrons or holes in
cuprates. However, as shown in [21], for typical parameters of the cuprate LaSr 214, the effective mass
of the bound pair (with dispersion relation E) is comparable to the mass of electrons or holes. This is a
consequence of the mass of charge carriers calculated in [52], and the fact that a large effective mass of
dressed bound fermion pairs and a high fermion-pair depletion,’* close to 90% as measured in [53], is
not compatible with our model. This solves the so-called ‘large mass paradox’ of the microscopic theory
of cuprate superconductors, based on some kind mechanism involving bipolarons. For more details, see
[21] and references therein.

In fact, the effective mass of dressed bound fermion pairs, or more generally its (effective) mass
tensor, depends strongly on the coupling function & near its maximum. Bearing in mind Definitions 3.7
and 3.8, one can therefore provide via Theorems 3.6 and 3.8 not only qualitative but also quantitative
information, which is important for describing the physical behavior of fermionic pairs formed in this
way by means of a bosonic field. A natural question is then to study its scattering properties and this is
precisely what we propose to do in the next section.

3.3. Quantum scattering

Scattering in quantum mechanics constitutes a well-established mathematical theory aiming at analyzing
the behavior of quantum systems at large times. To this end, a reference (or free) Hamiltonian Y is chosen
and the dynamics (e’’X);cg of the quantum system driven by the (full) Hamiltonian X is compared at
large (negative and positive) times to (e/’Y),cr. In fact, scattering theory can be viewed as a kind of
perturbation theory for the absolutely continuous spectrum of X. See, for example, [40, Chapter X]. For
standard textbooks explaining in detail the scattering theory, we recommend [41, 42, 43]. Below, for the
reader’s convenience, we shortly recall definitions that are relevant here.

Take two bounded self-adjoint operators X and Y acting on two Hilbert spaces X and ), respectively.
Let P,.(Y) be the orthogonal projection onto the absolutely continuous space of ¥, which is defined as
follows:

ran(Pac(Y)) = { € ¥ 1 (¥, x(-) (Y)§), is absolutely continuous

with respect to the Lebesgue measure}, (49)

where ygq is its characteristic function* of any Borel set Q C R. The so-called wave operators for the
pair (X, Y) with identification operator J € B(Y, X) is, by definition, the strong limit

WE(X,Y;J) = s — tHIPOOei[X Je Y P (Y), (50)

when it exists. See, for instance, [43, Definition 1.3]. When ) = X and J = 1, like in (43, Definition
1.1), we use the shorter notation

WE(X,Y) = W5(X,Y;1) =5 — tgrinme”xe—”YPac(Y). (51)

13.e., the fermionic component of the dressed bound fermion pairs is very small in comparison with the bipolaronic component.
4yq(x) =1for x € Qand yqo(0) = 1 otherwise.
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In case the above wave operators exist, they are partial isometries [4 1, Proposition 1, Sect. XI.3]. They
are said to be complete when

ran(W*(X,Y)) = ran(W™(X,Y)) = ran(Py(X)).

See [41, p. 19, Sect. X1.3].
Similarly, in the general case, W*(X,Y;J) are said to be complete whenever

ran(W*(X,Y;J)) = ran(W=(X,Y;J)) = ran(P,.(X)).
See [41, p. 35, Sect. XI.3]. The corresponding scattering operator is equal to
S(X,Y;J) = WHX,Y; )W (X,Y;J) € B(Y). (52)

It leads to the scattering matrix (or simply S-matrix) in a representation where Y is diagonal, because
the scattering operator commutes with Y. See [43, Equation (1.12)].

Remark 3.10. For two bounded self-adjoint operators X and Y acting on two Hilbert spaces X and ),
note ' that

ran(Py (X @ Y)) = ran(Pyc (X)) @ ran( Py (Y)).

This is an elementary observation used to study the scattering channels in Section 4.6.

In our framework, the Hamiltonian X is the bounded self-adjoint operator
®
UHU" = / A(k) v(dk)
T2

of Proposition 2.1, which acts on the Hilbert space L? (Tz, H). Below, two different (reference) Hamil-
tonians Y are taken into account, corresponding to two scattering channels: the unbound and bound pair
channels. For cuprates, the first channel should be associated with the high temperature regime, while
the second one is related to sufficiently low temperatures.

3.3.1. Unbound pair scattering channel

Far apart from each other, two fermions only experience a very weak repulsion force due to the extended
Hubbard interaction while the probability that they bind together to form a boson is also very small.
Thus, in this situation, one expects that the dynamics of such a pair is governed by the fermionic part,
and even by the hopping term alone. During intermediate times, they could of course interact, as they
may get close to each other, and they could even be bound together via the effective attraction caused
by fermion-boson exchange processes. The lifetime of bound fermions should, however, be finite in this
situation, and they are expected to be released at some point and behave again as two free fermions that
go far apart from each other for large times. See Figure 2. We show below that this heuristics can be put
in precise mathematical terms.

To this end, define the Hilbert space

®

$y = Lz(TZ,LZ(TZ),v) i/ L2(T2,C, v) y(dk) (53)
e

15To show this property, take any Borel set Q C R and observe that ((¢, ¥), yo(X @Y) (¢, ¥))xey = (¢, xa(X)@)x +
(Y, xo(Y)y¥)y. Since yq(X) and yq(Y') are positive operators, the left-hand side of the last expression is zero iff each term in
the right-hand side is zero.
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p
q
Sk
k—q
k—=p
Figure 2. Illustration of the unbound pair scattering channel: Two free fermions of (quasi-) momentum
k — p and q respectively (i.e., the full momentum of the fermionic pair is k) at time t = —oo interact in

finite time with the composite system — in particular with the bosonic field — to be asymptotically free
again at time t = +oo, thanks to Theorem 3.11. Here, Sy = S(A(k), (Mjx) + R(V,V)) @ Az 2(k)) is the
scattering operator of this process in each fiber k, which depends explicitly on 0(k). See Theorem 3.13
and the example given by Equations (63 )—(64).

as well as the Hamiltonian

5]

Hf =Hy (V,v) = /]rz (Mf(k) + R(V, V)) v(dk) € B(Sf)f) 54
for any V € R{ and absolutely summable function v : 7 — R, where
ROV.V) = Y v(x)Px+VPy € B(LZ(TZ)), (55)
xez?

Mj(x) being the fiber Hamiltonian defined as the multiplication operator by f(k) € C(T?) (see ( 33))
while P, is the orthogonal projection onto the one-dimensional subspace C¢, C L?(T?). Observe then
that

Hf 0
00

UHU* -

2

99( 2 (ux) =v(x))Px+(U=V)Py Al,z(k))
2/ xez? V(dk)
T Az,](k) A2,2(k)

Compare indeed (54) with Equations 42-37 and Proposition 2.1. By Lemma 4.21, note that P, (Hy ) = 1.
Let us consider the identification operator W : $; — Lz(Tz, H) defined for any purely fermionic

state € Hr by

Wy : T > H=L*T})eC

k o ((k).0) (56)

See Equation (25). Note that U is an isometry (i.e., a norm preserving linear transformation). In fact,
it is the canonical fiberwise inclusion of $ into L?(T?, H). Recall from Proposition 2.1 that A(U, -),
defined by (37)—(42), is the fiber decomposition of the operator UHU*. Then, we obtain wave and
scattering operators with respect to fermionic parts:
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Theorem 3.11 (Unbound pair (scattering) channel). Let V € Rf and v : 7 — R be any absolutely
summable function.

i.) The wave operators, as defined by (50) forX = UHU", Y = Hy and J = U, satisfy
®
W*(UHU*,H/; 0) = (/ W= (A(k), (Msx) + R(V,V)) & A »(k))v(dk) |1 (57)
T
with range equal to
@
ran(W*(UHU*, Hy 1)) = / 13(T%) @ (0} v(dk). (58)
T2

ii.) The scattering operator, as defined by (52) forX = UHU", Y = Hy and J = U, equals

S(UHU*,Hf;II) = II*(/ EBS(A(k), (Mf(k) + R(V, V)) @ Az,z(k))v(dk) .

T2

Proof. Observe that the operator difference (UHU" — H) is not trace-class (it is not even compact)
and, thus, the existence of this scattering channel is not a direct consequence of the well-known Kato-
Rosenblum theorem [41, Theorem XI.8]. In fact, one of the main steps of the proof is to show that this
difference is the direct integral of a strongly measurable family of trace-class operators. By this means,
we are then able to apply the Kato-Rosenblum theorem ‘fiberwise’ to deduce the first assertion. See
Section 4.6.1 for more details — in particular, Theorem 4.23. Assertion (ii) is a direct consequence of
Assertion (i) together with the theory of direct integrals. O

Remark 3.12. If one would like to go back to the original Hilbert space b (19) for fermion pairs with
opposite spins — that is, if one wishes to use space coordinates, instead of the quasi-momenta — then one
employs Theorem 3.11, along with the observation that

W (H, U H U sUNU, ) = U'W*(UHU' Hy s W)Uy,

where Uy is defined by (28). See also Equation (26) and Proposition 2.1.

Theorem 3.11 refers to the unbound pair (scattering) channel. The subspace $ C $ corresponds
to the ‘incoming’ (+) and ‘outcoming’ (—) scattering states of the quantum system, in this particular
scattering channel. Physically, this theorem shows, among other things, that the bosonic component of
e'H vanishes on this channel, as t — +co. This is a direct consequence of Equation (58).

In addition, Equation (57) gives an explicit fiber decomposition of wave operators with respect to the
purely fermionic Hamiltonian in terms of k-dependent wave operators defined naturally from the fiber
decomposition of the operator UHU*. Mutatis mutandis for the scattering operator, thanks to Theorem
3.11 (ii). In other words, the knowledge of scattering properties of each fiber, almost everywhere, entirely
determines the scattering properties of the composite system, made of two fermions and one boson. We
can now use this property (i.e., Theorem 3.11) to obtain a more computable expression for the wave and
scattering operators in each given fiber. This can be done via infinite series (perturbative expansions),
thanks to Corollary A.2.

Below, we give an example of such a computation by taking U=V € Rjand v =u: 77 — R in
Theorem 3.11. With this particular choice, the unbound pair channel allows one to isolate the fermion-
boson exchange mechanism, which in terms of Hamiltonians refers to the use of off-diagonal operators

0
0 Bk

BUGk) =,
By)(k) 0

€ B(H), teR, k e T?, (59)
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in the fibers, where, for any t € R and k € T2,
BY) (k) = MUK 4, 5 (k)eitA220 and B (k) = 4220 4, (k)e A1 UR) - (60)

Recall that, for m,n € {1,2}, Ay, (k) is defined by (37)—( 41). Below, By, »(k), m # n, stands for the
norm-continuous family of operators (B,(nt,)n(k)),GR.

To shorten the notation, for any s,t € R, as well as two norm-continuous families X = (X;);er and
Y = (Y;);er of bounded operators X; : X — Y and ¥; : ) — X on two Hilbert spaces X and ),
respectively, we define the bounded operators:

sl t T2p-1
coss (XY;s,t) =1+ Z(—l)p / dry .- / drap (Xe)Yr)) - (Xoy, Yoo (61)
p=1 s s

sin, (XY s, t)—/ dr X, +Z( 1)”/ dry -- / dep+1X71((YTZXﬁ) (Yo, rzp+|)) (62)

The integrals above are Riemann ones, noting that (X;);cg and (¥;);cr are continuous families in
Banach spaces — namely, B(X;)) and B(); X), respectively. Note that cos. (XY;s,t) € B()) and
sin. (XY;s,t) € B(X,)) are always absolutely summable series in the operator norm. Then, we obtain
the following results:

Theorem 3.13 (Scattering operators as pertubative series). Let € € R* and Hy = Hy (U, u). Then, for
any ¢ € 9y, there is T > 0 such that

T <t = ||(WH(UHU* Hp: ) = Vo, W)g||, <
t<-T = ||(W (UHU*,Hz; 1) - Vo, W), <&

Moreover, for any ¢, € $y, there is T > 0 such that
s<-T<T<t = (y,S(UHU", Hy:W)p), = Uy, V; Up), +O(e),
where, for all s,t € R,

. [®( cos.(Bia(k)Bai(k);s,t) —isin, (By2(k)Ba1(k);s,1)
V”_/Tz (—iSin>(Bz,1(k)Bl,2(k);SJ) cos (B, 1(k)B1,2(k); s,1) v(dk).

Proof. It suffices to combine Lemma 4.24 with Equation (141) and Theorem 3.11, similar to Corol-
lary A.2. O

Theorem 3.13 provides a way to approximate the scattering matrix associated with the fermion-
boson-exchange interaction. Note for instance from (37)—(41) that the operator B(’)(k)B(s)(k) and

B(t) (k)B(Y) (k) have a relatively simple form for any s, € R and k € T:

B(’;(k)B(S) (k) = (0(k)2ei(s—z)b(k))eizAl,. (U,k)Pb<k)e—isu:1,l(U,k)’ 63)

BY (KB () = (0062900 ) (k) 0411 Uk ) ), (64)

where Py is the orthogonal projection onto the one-dimensional subspace Cb(k) < L*(T?). Similar
computations can be done for other choices of V € Rg andv: 7% — Rg in Theorem 3.11,likeV=0=v
(noninteracting fermion systems). See again Corollary A.2.
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p

o(k) o(k)

k—gq k—p

Figure 3. Illustration of the bound pair scattering channel. Here, k is the full (quasi-)momentum of the
(exponentially localized) dressed bound fermion pairs. The oscillating vertical lines between the two
fermions (e.g., electrons) before the scattering process and afterwards characterize their bound via a
bosonic (e.g., bipolaronic) particle transfer with coupling function 0(k); see Figure 1. It illustrates the
stability of these pairs of fermions in time, as expressed by Theorem 3.14, that is, the pairs cannot decay
into an (even only asymptotically) unbound pair of fermions.

The understanding of this kind of scattering, regarding free fermion (electron) collisions, is relevant
in physics, because it can allow the exchange function v of a real system to be studied. It is therefore
important to have a model from which not only qualitative, but also quantitative, information can be
obtained. This is the purpose of this section, in particular of Theorem 3.11, which gives the explicit
dependency of scattering in terms of v.

3.3.2. Bound pair scattering channel

Similarly, we also prove the existence of a scattering channel for dressed bound pairs. As dressed bound
pairs are space-localized objects (see, for example, Theorem 3.1 (iii)), the fermions forming the pair
efficiently exchange a boson, at a non-negligible rate, via the terms Wy_¢ (9) and Wi_p, (17) in the
Hamiltonian H. In particular, such quantum states must have some non-negligible bosonic component
representing the exchanged boson that ‘glues’ the two fermions together. This dressed bound pair is
however expected to move like a free (quantum spinless) particle in the real space. See Figure 3. We
translate this physical heuristics in precise mathematical terms by considering the effective dispersion
relations

E:[0,00] XxT> 5 R

given by Theorems 3.1, 3.5 and 3.9.
For any U € Rjj U {0}, we consider the identification operator

Py : L2 (TZ) = LZ(TZ, H)
defined for any ¢ € L?(T?) by’

PBug : TA\{0} - H = L2(T}) & C

ko o(O¥U.K) | ¥(U.K) (63)

where W(U, k) is the eigenvector associated with the (nondegenerate) eigenvalue E(U, k), as given by
Theorems 3.1, 3.5 and 3.9. Note from Theorem 3.1 that the mapping

ki ||W(U,&k)||~"W(U, k)

6Despite the fact that E(0) might not be in the resolvent set of Ay ;(U,0), we can simply ignore it for {k = 0} has null
Lebesgue measure.
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is continuous on T? for any U € RY, and its pointwise limit
ke (¥ (e0, k) |71 W (00, k)

(cf. Theorem 3.5) is therefore measurable. In particular, the linear transformation Py is well-defined for
any U € R{ U {co}. Moreover, one checks that it is norm-preserving.

Since E(U,-) € C(T%;R) C L®(T?2,v) (see Theorems 3.1 (iv) and 3.5), we can consider the
multiplication operator by E(U, -) on L?(T?), which is denoted by

3]
Mgy, = /T2 E(U,k)v(dk),  Ue€R} U {co}. (66)

Remark also from Theorems 3.1 (iv) and 3.5 together with Corollary A.5 that P, (Mg (u,.)) = 1 whenever
¥ is real analytic on S?. We then study now the (dressed) bound pair scattering channel, which is much
simpler than in the unbound pair channel:

Theorem 3.14 (Bound pair (scattering) channel). Let hj, € [0, 1/2]. Then the following assertions hold
true:

i.) Dynamics and wave operators at finite U € R} :
eiIUHU gBU — ‘BUC”ME(U'.), teR.

ii.) Dynamics in the hard-core limit U — oo:

s — lim Py = Poo and s — lim e"UHU By = PoelMe.) | teR.
U—>oo U—oo
Proof. Assertion (i) is Proposition 4.25. Assertion (ii) results from Proposition 4.26. m|

From Theorem 3.14, (i) the scattering channel is time independent. For instance, for any U € R*,
one trivially checks that

W*(UHU", Mgy, Bu) = BuPac(ME,.)).
and since B, Py = 1 and P, is a projection, its scattering operator is equal to
S(UHU", Mg(u,; Bu) = Pac(Me(u.,.))-

If ¥ is additionally real analytic on S2, then Py (Mgu,.)) = 1, thanks to Theorem 3.1 and Corollary A.5.
In this case, the wave and scattering operators are given by

W*(UHU", Mgu,.); Bu) = Pu and S(UHU", Mgy, Pu) =1

for any U € Rg. Their hard-core limit are then also trivial, thanks to Theorem 3.14 (ii).

This scattering channel is therefore easy to study. In particular, similar to Remark 3.12, we can
easily go back to the original Hilbert space fy (19), referring to space coordinates instead of the quasi-
momenta. With this aim, we first observe that, for any U € R*,

tHpy = puetUsrMewals e R, (67)
where Py € B(by, ) is the new identification operator
Py =UPulUs, UEeRE,

and Uy = U,U;. See Equations (26)—(28) and Proposition 2.1.
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On the one hand, Equation (67) together with Theorem 3.9 shows that E(U, -) defines (a family of)
dispersion relations, in the sense of Definition 3.7. The Fourier transform of E(U, -) is the (effective)
hopping strength for the (spatially localized) dressed bound pairs. On the other hand, the new identifi-
cation operator Py is translation invariant, that is,

Pub = O, Py, X € Zz,

where, for any fixed x € Z?2, 6, € B(f) and ®, € B($) are the unique unitary operators respectively
satisfying

Ox(e(y) AC(el) = (yexl) AC(zoxl)» 22 EZ

(see Equations (19)) and

0.0 ®¢) = (O ®p(x+),  Yeby pe (72

See Equations (20). In addition, when 0(0) # 0, Theorem 3.1 (iii) shows that the (dressed) fermion
pair in the bound pair channel is exponentially localized in space; that is, the associate fermion-
fermion correlation function decays exponentially fast with respect to the distance between the fermions,
uniformly in time. Note that it is not required that the range of Py has a vanishing bosonic component,
because of the expected presence of ‘gluing bosons’ in the dressed bound fermionic pair.

As a consequence, the bound channel describes an effective system of free localized, spinless quasi-
particles which minimize the energy at any fixed total quasi-momentum. In particular, such quasi-
particles of lowest energy, or dressed fermion pairs, are stable in time; that is, they cannot decay into
an (even only asymptotically) unbound pair of fermions. Conversely, we also show in Section 3.3.1 that
a pair of fermions that is asymptotically unbound far in the past is not able to bind together to form a
stable bound pair in the distant future.

Nevertheless, these quasi-particles should only be stable with respect to external perturbations as
soon as their states are related to quasi-momenta k such that E(U, k) < 0. If the (dressed) quasi-particle
is in a state whose support contains fibers k such that E(U, k) > 0, it is not in the most energetically
favorable state, since

min oess (A(U, 0)) =0

(see Theorem 3.1). In fact, if the component corresponding to quasi-momenta k such that E(U, k) > 0
has nonvanishing Lebesgue measure, then the quasi-particle should be instable with respect to external
perturbations, by possibly creating unbounded fermions with small quasi-momenta to decrease its total
energy. This situation clearly appears for quasi-momenta k € T2 such that #(k) = 0 or sufficiently small
|0(k)| < 1 when k # 0, since in these two cases, either E(U, k) = b(k) (0(k) = 0) or E(U, k) =~ b(k)
(J0(k)| < 1) with b(k) = hpe(2 — cos(k)) (see (32)). If such a decay process really occurs, one should
see critical quasi-momenta, like in physical superconductors.

To prevent from this situation, one needs sufficiently strong |0(k)| > 1 to have E(U, k) < 0 for all
k € T2. In the position space, this means that the exchange strength between the two fermions and the
boson, represented by the function v : Z> — R appearing in (9)—(17), has to be sufficiently strong and
localized, like in Remark 3.2, in order to get a sufficiently strong ‘gluing effect’ for dressed pairs, at all
quasi-momenta. Recall also that the boson should be heavier than the two fermions (i.e., 4; € [0, 1/2]).

Last but not least, all this discussion can be extended to the hard-core limit U — oo, in view of
Theorems 3.9 and 3.14 (ii).
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4. Technical results
4.1. Notation

The purpose of this section is to fix (or recall) the notation and terminology that is used throughout the
rest of the article. Let X’ be any complex Hilbert space. We denote its scalar product by (-, -) x, with the
convention that it is antilinear in the first argument and linear in the second one. The norm of X is thus

lellx = Vg, ©)x peX.

When there is no danger of confusion, as already said in Remark 1.2, we usually omit the subscript
referring to the Hilbert space and write || - || for || - ||x and (., -) for (-, -)x.

Recall that B(X’) denotes the set of bounded (linear) operators on X. 1 = 1y € B(X) is the identity
operator. Given T € B(X'), T* denotes its adjoint operator. The (full) spectrum, essential spectrum and
resolvent set of any 7' € B(X) are denoted by o (T'), 0ess(T) and p(T), respectively. The operator norm
of B(X) is

ITllop = sup{lIT ¢l x : ¢ € & with [l¢[|x = 1}.

Given T € B(X), Er () stands for the eigenspace associated with an eigenvalue A € o-(T') of T.

In all the Section 4, we study properties of the Hamiltonian H € B($) defined by (21). As one
can see from (18)—(21) combined with (6), (8)—(11) and (17), it depends on several parameters. More
precisely, €, U, hj, € R and ag € R*, while

u:Zz—>Rg, e®llp .72 SR, e®llp, 722 SR and v:Z> >R

(with pp(z) = 0 for z ¢ 27Z) are all absolutely summable functions that are invariant with respect to
90°-rotations. See Equations (7), (12) and (16). The parameters of the operator H are always fixed and
arbitrary, unless we need to specify them to clarify some particular statement. Recall that the invariance
under 90°-rotation is not that important here. In fact, here, the only important point concerning this
symmetry is that it implies that the Fourier transforms o, p; and p, are real-valued, because

v(=x) =v(x) =v(x), Pi(=x)=pi(x) =p1(x) and Pa(=x) = Pp2(x) = P2(x),

that is, the real valued functions v, p; and p; are reflection invariant, as a consequence of their 90°-
rotation invariance. Apart of this technical point, it is mainly relevant for the study of unconventional
pairings, which is not done in the present work.

Note additionally that the on-site repulsion U € R appears explicitly in all the quantities defined in
Sections 2—3. However, in Section 4, this parameter is only important for the Subsections 4.4 and 4.6.
Therefore, unless the parameter U is important for our discussions or statements, we omit it in order to
shorten the notation, by writing

f(k) = f(U, k)

for any function f(U, k) of the parameters U and k.

4.2. Computation of the fiber decomposition of the Hamiltonian

For completeness, we first proof in a simple lemma that the fiber Hamiltonians defined by (42) yield an
element of L* (T2, B(#)). Then, we prove Proposition 2.1.

Lemma 4.1 (Elementary properties of fiber Hamiltonians). Fix hp,€,U € R{. Then, A : T? — B(H),
as defined by (42), is continuous and, in particular, A(-) € L% (Tz, B(H)).
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Proof. Since cos : R*> — R, as defined by (35), is a nonexpansive mapping with period 27, given
k,k',p e T2, the quantity

f(k")(p) = T(k)(p) = €{cos(p + k) — cos(p + k") } = e{cos(p + k) — cos(p + k" +2nq)}
(see (33)) is bounded for any g € 7? by
[f(k)(p) —T(k) ()| < €l(p +k) — (p + k" +27q)| = €|k — k" + 2nq].

Hence, taking the minimum over all ¢ € Z? and the supremum over all p € T2, we obtain from (22) and
(38) that

A1 (k") - Al,l(k)HOP = || M5k — Mf(k)”op = Sug [f(k")(p) = T(k)(p)I
peT?

< eminlk — k" +2nq| = edp(k, k')
qez?

for all k, k" € T?. In other words, the mapping
Al,l(') . Tz — B(LZ(TZ))

is (e-Lipschitz) continuous with respect to the metric dy2. Similarly, we see that b : T?> — R, defined
by (32), is continuous with respect to dr2, and hence, so is A5 : T2 — L£(C) (see (41)). In addition, by
the triangle and Cauchy-Schwarz inequalities, for any k, k’ € T? and ¢ € L*(T?),

[0 (k") d(K), 0) = 0(k)(d(k), p)| < [0(k") = d(k)[IIDE) el + [0(k)[IId(K") = d(K)l Il
Because of (12) and (16), d(k),? € C(T?). So, since T? is ( dy2-)compact and

42,1 (k") = Az 1 (0|, = sup [0(k")(d(k), @) = 0(k)(d(k), )],
peL2(T), l|glb=1

we deduce from the last inequality and (39) that Ay ; : T? — L?(T?)* is continuous. As Aj (k) =
A1 (k)* for all k € T2, we conclude that the mapping A : T?> — B(H) is continuous, and hence
bounded on the d2-compact set T2. O

We now compute the following unitary transformation of the Hamiltonian H (see (18)):

U;ZO:
0 F

with U defined by (26)—(31). In fact, the remaining part of this section is devoted to the computations
leading to Proposition 2.1.

To begin with, we observe that, for any lattice site x € Z? and spin s € {1, |}, by = b(e,) and
ax,s = a(@(x,s)), Where {ex = .}, is the canonical orthonormal basis (5) of £2(Z%) and a,, (by)
denotes the annihilation operator acting on the fermionic (bosonic) Fock space §- (&) of a fermion
(boson). In both cases, Q denotes the vacuum state. We compute each term of the the right-hand side
(68) separately:

Computation of Uy H ¢ U} in relation to A ;. We first note from (A.6) that, for any x, y, u € 72 and

se{l.lh

UrHp Uy Up Wosr

(68)
FWinUy  FHpF*

— (Uf 0 )( Hy Wi

0 FN\Wemo Hp

1
axs (€. Auy) = @(@(x,s),e(mﬁe(u,i) — (€ (x5 C(u. 1) )e(y.1))
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vanishes whenever (x,s) € {(y,T), (u,])}. Using this observation and (A.7), one concludes that, for
any y,u € 72,

ai,sax+z,s (e(y,T) A e(u,l))
se{1.l}, x,zeZ2: |z|=1

= > (a;+z,Tay,T(e(y,T)/\e(u,l))+aZ+z,iau,l(e(y,T)/\e(u,l)))

z€Z2: |z|=1
DI
Y @ () = e €01
\/Ezew |z]=1
= Z () A€ l) + €y, A (urzl))- (69)
z€7?:|z|=1

Likewise, we see that, for any y, u € Z2,

@y s@x,s (0(y.1) A L)) = 26(y.1) A Gu,l)- (70)
se{T,l}, xez?

Moreover, as u : Z> — R is absolutely summable and invariant with respect to 180°-rotations (cf. (7)),
we also get that

D u@negn (e Atwn) = ) u@mez (e n Atwy) =l =) (e Alw)

x,2€Z? z€Z2

=u(y —w)(ey.n Aewl)s (71)

for any y, u € Z?, which, for u(z) = d0, is equal to

D i1 (0 A ) = Oyalenn Acwy)- (72)

xez?

We thus infer from (6) combined with (69)—(72) that

€

Hilewn Aeuwn) ==5 D, (f0wan ACuh +e0,n Awsz,)

z€72:|z|=1

+ (46 +Uby , +u(y — u)) (e(y,T) A e(u,l)),
for any y, u € Z*. Then, conjugating H by the unitary operator Uy (28)—(31) gives the equality

UpHp Uy (8y()8-u) = U Hp (e(y,1) A e(u,))
€ ~ ~ ~ ~
= _5 Z (ey+z(')ey+z—u + ey(')eyf(u+z))

z€Z%: |z|=1

+(4e+Uby , +u(y —u))éy()éy—y

for any y, u € Z?. By first evaluating the above expression at k € T2, and then at p € T2, and using (33)
and (35), we obtain that
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(U HP U} 608y (1)) (9) = & (0)Ey 1 (p) (U + u(y = )
+& (k)&y—u(p)e[4 - % Z; ](e"(k*”)'Z +e”"2))
= & (k)&y—u(p) (USyu +u(y —u) +f(k)(p))

= éy(k)

UPo+ ) u(x) Py + M) (p)) (&) (),

xez?

for any y, u € Z>. By (37)—(38), it follows that

®
UrHy U; (éy(')éy—u) = (./TZ Ar1(p) V(dp))éy(‘)éy—u- (73)

As {&,(-)8y—u}y ,ez is an orthonormal basis for the Hilbert space

/T 2@ L2(T2)v(dk),

we deduce from (73) that
®
UsHy U;i = / Ay 1 (k) v(dk).
T2

Computation of FHj, F™* in relation to A; . Using (A.8) and (A.9), we conclude that, forany y € 72,

. 1 . 1
Hyp(ey) = €hp 22 (ex,ey)biQ — 3 Z (exsz €y )DLQ | = €hp|2¢y — 3 Z Cyiz

xez? z€Z?: |z|=1 z€Z2%: |z|=1

so that

.1 .
FHyl(ey) = ehp| 28, ~ > > b yeZl

z€Z2:|z|=1

Therefore, using that &, = F(e,) = etky (see (31)) as well as (32), (35) and (41), we arrive at the result

. 1 . .
FHF* (&) (k) = ehpe*¥[2 - > Z e 2| = ehp (2 = cos(k))e'*Y
z€Z?%:|z|=1

=b(k)e™*Y = Ay (k)é, (k)

for all y € Z* and k € T%. As {€y},ez2 is an orthonormal basis for L*(T?), it follows that

3}
.FHb]:*:/ Az,z(k)v(dk).
TZ

Computation of F Wf_>bU;} and Uy Wy,_¢ ™ in relation to A, 1 and Ay >. Observe from (11) and (A.7)

that, for all y € Z?,
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QR =V2 3 (Pi(D)e(yezn Ayl + P22 (sz) A€oz,

z€Z?

and as a consequence, using (9)—(10) as well as ( A.8), we get that, for any u € Z2,

Wot(ey) = Z v(u=y) Z (P1(2)e(yezn) Al(y,l) + P2(22)€(yez1) A C(y—z1))-
yez? z€Z2

Therefore, by (28)—(31), for any u € Z,

Up Worrt F* (&) = Y 0 =) ) (P1(2)&e (D& +92(20)812()c).
yEZZ z€7?

In particular, as v, p1, p : 7? — Rare absolutely summable and invariant with respect to 180°-rotations
(cf. (12) and (16)), we deduce from the last equality that, for any u € Z and k, p € T2,

(Ubeﬂf]'—*(éu)(k))(P) _ Zv(u_y)z (pl(z)eik~(y+z)eip-z +p2(2Z)eik~(y+z)ei2p‘z)

yEZZ ZEZZ
= 3 (@t g2l (2D etk By — et v,
z€7? y622

Using now that

2 P@EEP =Pk +p)  and ) p(20)e KD = py(k/2+ p)

z7€Z2 z€Z2

(1 (z) = 0 for z ¢ (2Z)?), we arrive at the equalities

(U Worst F* (@)(0)) (p) = (81 (k + p) + Ba(k/2+ p)e™™ 3 v(2)eit

z€Z?

= 0(k)d(k) (p)&u (k) = [A12(K)& (0] (p),

with d(k)(p) and Ay »(k) defined by (34) and (40), respectively. As u € Z? and k, p € T? are arbitrary
in the above equations, this shows that U Wy, s F* coincides with the bounded linear transformation

I LA(T2) - [5 L2(T%)v(dk)
o A&

on the orthonormal basis {¢,},z2 and, therefore, Uy Wyt F* = J. By taking adjoints on both sides,
we also obtain F Wf_,bU;i. = J*. Finally, one can easily check from (39) that

V0K = A (O (k),  keT ye / L2(72)v(ak).
TZ

This completes the proof of Proposition 2.1.

4.3. Spectrum of the fiber Hamiltonians

We start with the study of the essential spectrum of fiber Hamiltonians (42) at any total quasi-momentum
k € T2, before considering afterwards the discrete one in Section 4.3.2. Then, in Section 4.3.3, we study
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the bottom of the spectrum (k € T? being fixed). The whole study leads to important spectral properties
of H, as previously explained, via Proposition 2.1 combined with Theorem A.3.

4.3.1. Essential spectrum
The essential spectrum o (A (k)) of the fiber Hamiltonian

A(k) = A(U, k),

defined by (42) at fixed U € R and total quasi-momentum k € T2, is completely determined by the
following proposition:

Proposition 4.2 (Essential spectrum of fiber Hamiltonians). For any k € T? and hy,, €, U € R, one has
Oess(A(k)) = o-ess(Al,l(k)) = Uess(Bl,l(k)) = O—(Mf(k)) =2ecos(k/2)[-1, 1] +4e,

where Mk stands for the multiplication operator associated with the function §(k) (33), while By 1 (k)
and Ay,1(k) = A11(U, k) are defined by (37) and (38), respectively.

Proof. Recall that v is the normalized Haar measure defined by (23) on T2. Fix k € T2. If 1 is an
eigenvalue of Mj k) with associated eigenvector ¢ € L?(T?), then

My e(p) = F(k)(p)e(p) = Ap(p)

for almost every p € T2. As ¢ # 0, there exists Q C T with strictly positive measure v(Q) > 0 such that
the above equality holds true with ¢(p) # O for every p € Q. Thus, f(k)(p) = A for all p € Q. Because

V([_ﬂ’ 7T)2\(—7T, 71.)2) = O,

we can assume without loss of generality that Q C (—x, )% Since f(k) — A is real analytic on the
open domain (-, 7)? in R? and the zeros of any nonconstant real analytic function have null Lebesgue
measure [49], we would have v(Q) = 0, which contradicts our choice of the set Q. Recall indeed that
v is the Lebesgue measure, up to a normalization constant (see (23)). Hence, Mjx) has no eigenvalues
and, thus,

Tess (Mi (1)) = o (Mi1y) = F(k)(T?).

The last equality holds true, for f is a continuous function on a compact domain — namely, the torus T2.
Clearly,

f(k)(T?) = 2e cos(k/2)[-1, 1] + 4e.

Observing that A 2(k), A2,1(k), A22(k) and P, are all rank-one linear transformations, we can apply
the stability of the essential spectrum under compact perturbations (see [95, Corollary 8.16]) to conclude
that

Tess(A(K)) = Tess (M5 (1)) = T(k)(T?). (74)

In fact, from the absolute summability of the function u : 72 - Rg (see (7)), along with the closedness
of the subspace of compact operators in the Banach space of all bounded operators, the operator defined

by the infinite sum
D u)Py

x€z?
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is not only bounded, but even compact on the Hilbert space L?(T?). Recall that P, denotes the orthogonal
projection onto the one-dimensional subspace C¢, C L?(T?) for any x € Z2. For the same reasons,

a'ess(Al,l (k)) = O'ess(Bl,l(k)) = O-ess(Mf(k) + UPO) = O'ess(Mf(k))- o

Corollary 4.3 (Bottom of the spectrum of A ; (k) and By 1(k)). For any k € T2, one has that
mino (A1, (k)) = mino (By,1(k)) = min o (Mjx)) = 4€ — 2ecos(k/2) = 3(k).
Proof. Fix k € T?. Since U € R, one has the operator inequalities
Miky < Mk + Z u(x)Py = By 1(k) < By,1(k) + UPy = Ay 1 (k),
x€ez?
for the set of positive operators on a Hilbert space forms a norm-closed convex cone. By combining the

last inequalities with Proposition 4.2, one arrives at the assertion. O

4.3.2. Discrete spectrum

In the following, it is technically convenient to assume that b(k), which is the kinetic energy of a boson
with quasi-momentum £, is below the bottom of the spectrum of A; ; (k) — that is, the minimum energy
of the fermion pair for the same total quasi-momentum. In other words, we assume from now on that

b(k) = hpe(2 —cos(k)) < 3(k) = 4e —2ecos(k/2) (75)

forall k € T?, with equality only at k = 0. See Equation (32) and Corollary 4.3. By direct computations, 7
one verifies that this amounts to take Ay, in the interval [0, 1/2]. This means that we consider a regime
where the boson mass is at least the mass of the two fermions, as physically expected for cuprate
superconductors; see [21, Section 3.1].

Proposition 4.4 (Eigenvalues of fiber Hamiltonians — I). Take any k € T? and hy, € [0, 1/2].

i.) A # b(k) is an eigenvalue of A(k) iff there is a nonzero vector ¢ € L*>(T?) in the kernel of the
bounded operator

A1) = A1 = (B(k) = )7 A1 (k) A1 (K) € B(LA(T2)).
In this case, A is an eigenvalue of A(k) with associated eigenvector
(go, —(0(k) = )" As (k)go) eH = LZ(TZ) ®C.

ii.) b(k) is an eigenvalue of A(k) iff 0(k) = 0.

Proof. Fix k € T? and h;, € [0,1/2]. We start with the proof of Assertion (i): If 1 # b(k) is an
eigenvalue of A(k) with associated eigenvector (¢, z) € H\{0}, then we directly deduce from (42) that

(Al’l(k) —/11)¢+A1,2(k)Z=O, (76)

Azyl(k)90+(b(k) —/l)Z =0. (77)

17(75) is clearly true for hp = 0. Take hp > 0. Using cos(0) = 2cos2(6/2) — 1 and (35), one verifies that (75) is
equivalent to hyp, (4 —2x2% - 2y2) <4-2(x+y)forx,y € [0, 1]. Since infxelo,”{hbx2 - x} =—1/(4hyp) for hy, > 1/2 and
inf yefo,1){hpx* — x} = hy, — 1 for hy, € (0, 1/2], we deduce that (75) holds true iff iy, € [0, 1/2].
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By combining these two equations, we obtain
2==(b(k) =V Ax1 (k) (78)
and thus,
[AL1(k) = A1 = (b(k) = 1) A1 2(k)As,1 (k) |@ = 0.

We have that ¢ # 0, for otherwise z would also be zero, by (78), and this would contradict the fact that
(¢, 7) is a nonzero vector. The converse is obvious and Assertion (i) holds true.
We now prove Assertion (ii): It is easy to check from (42) that #(k) = 0 implies that

A(k)(0,1) =b(k)(0, 1). (79)

Conversely, suppose that b(k) is an eigenvalue of A(k) with associated eigenvector (¢, z) € H\{0}, but
0(k) # 0. Then, by (39) and (42),

(AL1(k) =b(k) 1)+ Aia(k)z=0  and Az (k)¢ = 0(k)(d(k),¢) =0. (80)

Remark that the second equality says that ¢ L d(k), since we assume ©(k) # 0. Considering the scalar
product of ¢ with both sides of the first equation, we then get that

(¢ (AL1(k) =b(k)1)¢) + 20 (k) (@, D(K)) = (¢, (AL1 (k) = B(k)1) ) =0 81
see (40). Because hy, € [0, 1/2], if k # 0, then (75) holds true with a strict inequality, and therefore,
b(k) < 4e —2ecos(k/2) =mino (A, (k)),
thanks to Corollary 4.3. Hence,
Ay (k) =b(k)1 > cl,

for some constant ¢ > 0, which, combined with (81), in turn implies that ¢ = 0. If now k = 0, then
b(0) = 0 (see (32)) and we obtain from (81) that

L IeIPi0)(p) v(dp) = (o My 0) < (. A11(0)9) =, (82)
since M) < A1,1(U,0) (see (37)—(38)). As

f(0)(p) = ef4—2cos(p)},  peT?

(see (33) and (35)) defines a positive and continuous function that vanishes at p = 0 only, one deduces
from (82) that ¢ = 0 also when k = 0. In any case, ¢ = 0 and so, (80) combined with (40) yields

A1a(k)z = 0(k)d(k)z =0.

Since d(k) # 0 and ¥(k) # 0, we must have that z = 0.Thus, we arrive at (¢,z) = (0,0), which
contradicts the fact that (¢, z) is a nonzero vector. Therefore, if b(k) is an eigenvalue of A(k), then we
must have J(k) = 0. O

The Birman-Schwinger principle (Theorem A.10) allows us to transform the eigenvalue problem for
the fiber Hamiltonian A (k) into a nonlinear equation on the resolvent set p(Aj,1(U, k)) of the operator
Ay1,1(U, k), which is the resolvent set for a fermion pair with total quasi-momentum k € T2:
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Theorem 4.5 (Characteristic equation for eigenvalues). Fix h, € [0,1/2] and k € T2 Then,
A € p(Ar,1(k)) is an eigenvalue of A(k) iff it is a solution to the equation

0(k)*T(k,z) +z—-b(k) =0, z€ p(Ar1(k)), (83)

where X is the function defined by (45); that is,
T(k,2) = T(U, k,2) = (0(k), (41,1 (0) = 21) 2K ), (84)

Proof. Fix hy, € [0,1/2] and k € T?. We divide the proof in several cases:

Case 1: We first consider the case 0(k) = 0 and k& # 0. In that situation, b(k) is trivially the only solution
to (83). However, we already know from Proposition 4.4 (ii) that b(k) is an eigenvalue of A(k). We
must therefore prove that there is no other eigenvalue A of A(k) in p(Ay,1(k)) but b(k). In fact, if such a
A € p(Ayq,1(k)) exists, then, by Proposition 4.4 (i) with o(k) = 0, Ay 1 (k) — A1 would have a nontrivial
kernel, which is not possible, for A is in the resolvent set of Ay (k).

Case 2: Suppose that k£ = 0 and 7(0) = 0. We observe that (83) has no solution because
0e [O’ 86] = O-CSS(AI,I(O))9

thanks to Proposition 4.2. In addition, by applying Proposition 4.4 (i) and noting that b(0) = 0, we see
that A(0) has no eigenvalues in p(A;,1(0)).

Case 3: Finally, assume that (k) # 0 and take 1 € p(A;,1(k)). Observe from Proposition 4.4 (ii) that
b(k) cannot be an eigenvalue of A (k). Additionally, b(k) cannot be a solution to Equation ( 83). This
last observation is proven as follows: When k = 0, this is clear because b(0) = 0 is not even in the
domain of the equation to be solved in (83). For k # 0, if b(k) is a solution to (83), then T (k,b(k)) =0,
but we know from Corollary 4.3 and A, € [0, 1/2] that

A11(k) =b(k)1 > cl

for some constant ¢ > 0. Therefore, T(k,b(k)) = 0 would yield d(k) = 0, which is obviously wrong,
by (34). Therefore, in all cases, b(k) cannot be a solution to Equation ( 83), and we can assume that
A # b(k). Now, the remaining part of the proof is essentially the same as the one of [22, Proposition
10], but we reproduce it for completeness. By ( 39)—(40), the orthogonal projection S onto the subspace
Cd(k) € L*(T?) can be written as

S¢ = D)1 2(K), 9)d(K) = 0(6) 202 A1 2(B) Ao (K)p, ¢ € LF(T?).

Then, observe from Proposition 4.4 (i) that A is an eigenvalue of A(k) iff A is an eigenvalue of T — V2
with

V= 0(k)(b(k) = )72 [p(k)|IS, (85)
T = Ay (k). (86)

Thus, by applying Theorem A.10, we deduce that A is an eigenvalue of A(k) iff 1 is an eigenvalue of
the corresponding Birman-Schwinger operator, which, with the above operators 7 and V, is equal to

B(1) = 0(k)*(b(k) = 1) ID(K)[*S(Ay,1 (k) — A1)7'S.
Remark in this case that

Eey(1)=Cd(k)  and  dim&r_y2(2) =dimExyy (1) = 1, (87)
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since, obviously,
B(A)L2 (TZ) c SLZ(Tz) — Co(k).
We thus conclude that A is an eigenvalue of A(k) iff
B()d(k) =d(k) & (d(k), B(1)d(k) —d(k)) =0

& (0(k), B()d(K)) = [lo(k)|I?

& 0(k)*(b(k) = D)7 D) P (d(k), S(A11 (k) — A1)~ Sd(k)) = [[]o(k)||?

o 0(k)*T(k, 1) =b(k) - A.

This completes the proof.

39

]

Corollary 4.6 (Eigenspaces of fiber Hamiltonians). Fix h;, € [0,1/2] and k € T2. If 1 € p(Ay.1(k)) is

an eigenvalue of the fiber Hamiltonian A(k), then the associated eigenspace is
Ear (D) =Cg(k, 1),
where

g(k, ) = (ﬁ(k)(Al,l(k) —/ll)flb(k),—l) € H.

In particular, A is a nondegenerated eigenvalue of A(k).

Proof. Assume that 7(k) # 0. Recall from the proof of Theorem 4.5 that in this case, b(k) is not an
eigenvalue of A(k), and so we assume without loss of generality that 2 # b(k). In this case, observe
that we have (87) and a close look at the proof of Theorem A.10, in particular Lemma A.9, leads us to

Er_v2(2) = ker(T — V? - A1) = Coy,
where
g0 = (T = AD)7'Va(k) = 0(k) (b(k) = )~ DK 1(AL1 (k) = 1) "o (k),
by (85) and (86). From Proposition 4.4 (i) (¥(k) # 0), one then obtains that

Eaty (D) = {(@, =(0(k) =) Az 1 (k)g) € H : ¢ € ker(T -V - A1)}
=C (@0, —(b(k) = )7 Ag1 (k) o).

In view of Equation (39), (88) and Theorem 4.5, the last vector can be rewritten as follows:
(0, =(b(k) = )~ Aa.1 (k) o) = (o, —(b(k) = )~ D (k) (d(k), o))
= (0, =(b(k) = V)0 (k)[D(K) 1T (K, )

= (@0, —(b(k) = ) [p (k) )
= (b(k) — )7 2|p (k) g (k, A),
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whenever 0(k) # 0. Finally, if 0(k) = 0 and 1 € p(A; (k)) is an eigenvalue of A(k), then it is
straightforward to check that 4 = b(k) with eigenspace generated by the vector (0, 1) € H; see, for
instance, (76)—(77) and (79). |

Corollary 4.7 (Eigenvalues of fiber Hamiltonians — IT). Fix h;, € [0,1/2] and k € T2. There is at most
one eigenvalue of A(k) in each connected component of p(Ay,1(k)) NR.

Proof. In view of Theorem 4.5, it suffices to show that the derivative of the mapping
p(A11(k) NR 3 x — 0(k)*T(k,x) +x —b(k) €R
is strictly positive. For any xo € p(A1,1(k)) N R, we have that
O {0 (k)T(k,x) +x = B(k)}],_, = D()I(AL1 (k) = xoD) ™ RU)IP+1> 1, (89)
]

4.3.3. Bottom of the spectrum

As is well-known, physical properties of quantum systems at very low temperatures are essentially
determined by the bottom of the spectrum of the corresponding Hamiltonian. In our case, having in
mind the application to superconductivity in cuprates, we would like to study the bottom of the spectrum
of the Hamiltonian H € B($)) defined by (21). By Proposition 2.1 and Theorem A.3, we thus study
the bottom of the spectrum of the fiber Hamiltonian A (k) (42) at fixed total quasi-momentum k € T2,
similar to [22, 21].

Theorem 4.8 (Bottom of the spectrum of A(k)). Fix hp € [0,1/2]. If k # 0, then there is exactly
one eigenvalue E(k) = E(U, k) of the Hamiltonian A(k) strictly below oess(A(k)). In this case, the
eigenvalue is nondegenerated and E(k) < b(k) when 0(k) # 0, whereas E(k) = b(k) if (k) = 0. This
statement remains valid for k = 0 provided (0) # 0.

Proof. Assume that k # 0. Recall that 3(k) is defined in Corollary 4.3. From Corollaries 4.3 and 4.7,
the interval (—oo, 3(k)) contains at most one eigenvalue of A(k). By Corollary 4.6, the eigenvalue is
nondegenerate, if it exists. If 7(k) = 0, we know from Proposition 4.4 (ii) that b(k) is such an eigenvalue.
Recall that for k& # 0, one has that b(k) < 3(k), because hy, € [0, 1/2]. Now, suppose that (k) # 0.
When b(k) < x < 3(k), we have

(A1 (k) —x1)" > 1
for some constant ¢ > 0, and hence, T(k,x) > 0; see (84). Consequently,
0(k)>T(k,x) +x —b(k) >0,

which means that A(k) has no eigenvalues in the interval [b(k), 3(k)), by Theorem 4.5. We shall now
look for an eigenvalue in the interval (—oco, b(k)). On the one hand, using Corollary 4.3, observe that

(21T (k, )] < (A1 (k) = x1) M lop = 3(k) —x)™" < (b(k) —x) 7",
whenever x < b(k). Taking x — —co, T(k, x) tends to zero, and hence,
lim {9(k)*T(k,x)+x—b(k)} = —co.
On the other hand, the continuity of the mapping

T(k,-): p(A11(k)) = R
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on (—oo,b(k)] gives us

li{)?k){ﬁ(k)zi(k,x) +x=b(k)} = 0(k)*T(k,b(k)) > 0.

By the intermediate value theorem, there is E(k) € (—o0, b(k)) such that
0(k)>T(k,E(k)) +E(k) —b(k) = 0.

By Theorem 4.5, E(k) must be an eigenvalue of A(k).
The proof for k = 0 is done in a similar way. Basically, the only difference is that, in this case,
b(0) =3(0) =0 and

111{)17{19(0)21(0,)6) +x} € (0, 0]

occurs due to other reasons. Indeed, from Corollary 4.3, we deduce that T (0, -) is strictly positive on
the interval (—oo, 0). Because of (89), we also have that 0, % (0, x)|x=x, = 0 whenever xo < 0. Thus, the
limit of (0, x) as x — 0~ exists, being possibly infinite. O

If 9(0) = 0, then, by Theorem 4.5, the fiber Hamiltonian A(0) has no negative eigenvalues. In this
case, we set E(0) = 0, which is obviously an eigenvalue of A(0) with associated eigenvector (0, 1).
(Note that s (A(0)) = [0, 8€], by Proposition 4.2.) With this definition, observe that, for all k € T2,
E(k) is the minimum spectral value of A(k):

E(k) =mino (A(k)) < 3(k) = min oess(A(K)). (90)

The lowest eigenvalue E(k) of A(k), when E(k) < 0, is related to the formation of dressed bound
fermion pairs of fermions with total quasi-momentum k € T2. In Theorem 4.20, we make this claim
more precise and prove the spatial localization of such bounded pairs. Before doing that, we study the
regularity of the real-valued function

E=EU,):T* >R

on the two-dimensional torus.
To this end, we rewrite the characteristic equation given by Theorem 4.5 via the function ® : O — R
defined by

@ (k,x) = (U, k,x) = 0(k)*T(k,x) +x — b(k), 91
where O is the open set
O ={(k,x) e S*xR:x<3(k)} R (92)

Observe from Equation (89) that 9, ® > 0 over the whole domain of ®.

We now study the continuity of the function E : T> — R and give a sufficient condition for E to
be of class C¢ on S? for every d € N U {w, a}, where C4(Q), d € N, stands for the space of d times
continuously differentiable functions on Q, while C“(Q) and C%(Q) refer to the space of smooth and
real analytic functions on Q, respectively.

Theorem 4.9 (Regularity of the function E). Let hy, € [0, 1/2].
i.) The family {E(U, ')}UERS of real-valued functions on T? is equicontinuous with respect to the

metric'® dyo.

18Note that as de is smaller than the Euclidean metric for T2 as a subset of Rz, the equicontinuity also holds true for the
Euclidean metric.
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ii) If o € C4(S?) (S? € R?) for some d € NU {w,a}, then E = E(U,-) € C4(S?) for all U € R}. In
this case,

O E(k) = —(0.@(k, E(K) 0, ®(k,E(K), ke s je{l,2}. 93)
Proof. By the spectral theorem, we deduce from (90) that, for any U € Rg,

E(U,k) =mino(A(U,k)) = inf (¢, A(U, k)y), k e T?. (94)
ver, llyl=1
Given any & > 0 and ko € T2, by the (operator norm) continuity of the mapping A(0, -) : T?> — B(H)
at the point k¢, we can find 6 > 0 such that

Sup Sup |<lﬁa A(U7 k)lﬁ> - <lﬁa A(U7 kO)w>| S Sup ”A(U’ k) - A(U’ kO)“Op
UeR) yeH. |y|=1 UeR;,

= sup |A0, k) = A(0,ko)llop < &
UeR}

for every k € T? with dpa(k, ko) < &. Recall that A stands for the (fiber) Hilbert space L?(T?) & C
(see (25)), while dr is the metric (22) on the torus T2. Therefore, E : T2 — R can be expressed as the
infimum over the equicontinuous family {(y, A(U, ')‘/’>}U€R$,w€7ﬂll w|l=1 of (continuous) functions and
Assertion (i) follows.

Take again some ko € S%. Assume that ¥ is of class C¢ on S C R? with d € N U {w, a}. Let
9 = (ko,E(ko)) € O. Using Theorems 4.5 and 4.8 as well as Equation (89) and the (operator norm)
continuity of the mapping

A() T > B(LZ(TZ)), (95)

one checks that ® € C4(O) with d > 1, ®(#) = 0 and 9, D(F) # 0. See, for instance, (89). We can
thus apply the implicit function theorem (see, for example, [91] for an ordinary version and [92] for an
analytic version) to obtain open subsets U C R%ZandJ C Rsuchthatd € UxJ C O and, foreach k € U,
there is a unique real number £(k) € J satisfying ®(k, £(k)) = 0. Moreover, the mapping & : U — J
defined in this way is of class C¢ and its partial derivatives are given by

O, £ (k) = —(0,D(k, £(k)) 0, @k, E(K)), ke U, je{l,2}. (96)

As &(ko) = E(kg) < 3(ko) (see (90)), by continuity, there exists a neighborhood V C U of kg such that
&(k) < 3(k) for every k € V. It follows that, for all k € V, £(k) and E(k) are in the same connected
component (—co, 3(k)), and from 9, ® > 0, we conclude that E | V = ¢ | V. So, Eis of class C¥ near kg
and (96) yields (93) for any k € V —in particular, for k = kq. As kq is arbitrary, Assertion (ii) follows. O

We can now deduce from Theorem 4.9 that E is a dispersion relation (see Definition 3.7) when
the function ¥ : §2 — R is at least 2 times continuously differentiable, and in this case, we can even
compute the group velocity. To see this, recall that, for any f € C?(S?), we define in (48) the subset

M, = {k eS?: Hess(f)(k) € GLy(R)} € §2

with GL, (R) being the set of invertible 2 x 2 matrices with real coefficients.

Corollary 4.10 (E as a dispersion relation and group velocity). Let hp € [0,1/2] and U € R. Then,
E = E(U, ) € C(T?) and is of class C* on the open set S*> C R* whenever ¥ is of class C* on S%. In this
case, the corresponding group velocity is

ve(k) = ViE(k) = —(0,®(k,E(k))) 'V, ®(k,E(k)),  keS2

https://doi.org/10.1017/fms.2025.10083 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.10083

Forum of Mathematics, Sigma 43

Moreover, if U is real analytic (i.e., of class C* in the above terminology) on S?, then either Wg has full
measure or is empty.

Proof. The first part of the assertion is a direct application of Theorem 4.9. It remains to study the set
M. If O is real analytic then, from Equation (47) and Theorem 4.9, the function f : > — R defined by

f(k) = det(Hess(E)(k)), ke s

is real analytic and satisfies £~ ({0}) = S?\Mg. Since the zeros of any nonconstant real analytic function
have null Lebesgue measure (see, for example, [49]), either Mg has full measure or is empty. O

Itis natural to derive now the ground state energy of the Hamiltonian H € B($)) defined by (21), which
is related to the ground state energy of fiber Hamiltonians, thanks to Proposition 2.1 and Theorem A.3.
As expected, one has the following equality for the ground state energy

E(U) = mino(H) = min E(Tz).

A proof can be done like [22, Lemma 8] by using Kato’s perturbation theory. In the sequel, we provide
an alternative way of proving the equality, which is much more direct.

Proposition 4.11 (Bottom of the spectrum of H). We have that

EU) = lin%r% mino (A(k)) = min E(Tz) <0.

€

Proof. We first remark that the union
K= J{oAw) : keT?} cr

of the spectra of all fiber Hamiltonians is closed. To see this, let (1, ),en be a sequence of real numbers
converging to A € R with 1,, € o(A(k,)) for some k, € T? at n € N. By compactness of T2, we can
assume without loss of generality that (kj, ),y converges to some point ko € T2. By the (operator norm)
continuity of the mapping A : T2 — B(H), it follows that

lim (A(kn) = 1,6) = A(ko) — A1

(in operator norm). Hence, A € o-(A(ko)), for otherwise A (k,)—A1,1 would be invertible' for sufficiently
large n. Thus, K is a closed set, and as a consequence, for any s ¢ K, there is € > 0 such that

(s—e,s+&)No(Alk) =0, k € T

With this property, we infer from Proposition 2.1 and Theorem A.3 that o-(H) C K, which yields the
inequality

E(U) > min mino(A(k)) = minE(Tz). 97)
keT?

Note that the last equality results from (90). By Theorem 4.9 (i), E : T?> — R is continuous. From the
compactness of the torus T? and the Weierstrass extreme value theorem, E has a minimizer in T2, say
ko € T2. The continuity of E at ko implies that, for every & > 0, there is 6 > 0 such that, for all k£ € T2
satisfying dp (k, ko) < 6,

E(k) € (E(ko) — &, E(ko) + &),

19Recall that the set of invertible operators on a Banach space X is an open subset of 3(X), with respect to the operator norm.
See, for example, [50, Theorem 1.4].
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and as a Consequence,
v({k € T2 : o (A(K)) N (E(ko) — &, E(ko) + &) # @}) > v(T2 N B(;(ko)) >0,

where B (ko) is the open ball (for the metric dy) centered at kg € T? of radius ¢ € R*. By Theorem
A3, this implies that E(kg) € o-(H), which, combined with (97), yields the equalities

E(U) = min mino(A(k)) = min E(Tz).
keT2
Using Equations (75) and (90), we note that

E(U) = min E(Tz) < min 3(k) = 4€ — 2e max cos(k/2) = 3(0) = 0. O
keT? keT?

4.4. Spectral properties in the hard-core limit

We now study the spectral properties of fiber Hamiltonians A (k) (42) in the hard-core limit. It refers to
the limit U — oo. In fact, a very strong on-site repulsion U (see Equation (6)) prevents two fermions
of opposite spins from occupying the same lattice site. We study in particular the continuous function
E : T2 — R defined by Theorem 4.8, which corresponds to the continuous family of nondegenerate
eigenvalues at lowest energies in each fiber, in this limit.

An important result in this context is the characterization of such eigenvalues via the Birman-
Schwinger principle, given by Theorem 4.5. In particular, we need first to study the hard-core limit of
the characteristic equation, which amounts to determine the limit U — oo of the quantity (84); that is,

T(Uk2) = Tk, ) = (000), (41U, 0 =) 2(0)), A€ p(Ai(Uh),  ©8)

for hy, € [0,1/2] and k € T?. We start with this point, which allows us to study afterwards the limit of
the lowest eigenvalues and all the derived quantities, like, for instance, the group velocity.

4.4.1. The characteristic equation in the hard-core limit
Let s = & € L?(T?) denote the constant function 1 on the torus T2. For any fixed k € T2 and
A € p(B1,1(k)), define the following four constants:

Res = Ros(k, ) = (s, (Bri(k) = 1) s), (99)
Rep = Rep(k, ) = (s, (Br.i (k) - 41)'o(k)), (100)
Ros = Ros(k, 1) = (0(k). (B (k) - 1) 's), (101)
Roo = Roa(k, ) = ((k), (B1.1 (1) - 21)'o(k)), (102)

where we recall that By ; (k) is defined by (37). In the following lemma, we write T(U, k, 1), which is
defined by (98), in terms of these four quantities.

In the following, it is technically convenient to assume that d(k) ¢ Cs for all k € T2. Notice that this
holds true iff p; ¢ Ceg or p ¢ Ceg (i.e., rp > 0). Indeed, recall (36); that is,

(k) = F|e®pi(x) + €5 “pa (1) |,

ik-x ik-x

where e'**py(x) stands for the function x + e
Equations 13-14.

py(x) with § € {1,2}. See also discussions around
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Lemma4.12. Letk € T2, U € R§ and A < 3(k), with 3(k) € R defined in Corollary 4.3. Then,

2
Ry» N URD,DRs,s - |Rs,b|
UR; s+ 1 UR; s+ 1

b}

T(U, k,A) =

with Ry »Rs s — \RS,D|2 > 0. Moreover, if ry > 0 (see (14)—(15)), then the inequality is strict.

Proof. The proof of the first part is a slightly more complicated version of the one of [22, Lemma 14].
Fixk e T2, U e R§ and A < 3(k). Define the complex numbers

Oss = <57 (Al 1(U, k) _/11)_15>,

Oco = (5. (411 (U k) = A1) oK) ),
<b(k) A,,I(U,k)-u)*s},
{

Ovo = (0K, (A1 (U.K) = 1) oK) = T(U. &, ),
where we recall that
A11(U, k) = By1,1(k) + UPg > By 1(k), (103)
by Equation (38). Using Corollary 4.3, note at this point that
3(k) =mino (A1 (U, k)) =mino (By1(k)) > 0. (104)
In particular,
A € (=20,3(k)) € p(A1,1(U, k) N p(B1,1(k)), (105)

and the resolvent operators (A (U, k) —A1)~" and (By,; (k) — A1)~ are strictly positive. By using the
second resolvent identity together with Equation (103), we compute that

(A1 (U, k) = 21) " = (Bri(k) = A1)~ = U(A11(U, k) — A1) Py(By .1 (k) — a1) ™"

Recalling that Py is the orthogonal projection onto Cs = Cg(, we have that

Ocs = Reo - U<s, (AL1(U, k) = 1) Po(B1y (k) - u)*ls>
= Res — UQsRes.

Qv = Rop = U(d(K), (411U, k) = A1) Po (B1,1 (k) - 21) "'o(k))
=Ry» —UQp sRs p,

Qs = Ry = U(s, (41,1 (U, k) = 1) Po(B1.1 () - 41) 'o(k))
=Rsp —UQs sRs »,

Qvs = Roe = U(0(k), (A1,1(U, &) = 21) ™' Po(Br,1 (k) = 1) 's)
= Rys — UQpsRss.
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In matrix notation, the above equations can be rewritten as

Rs,s Rb,s
Rsp Ry

-U Qs,sRs,s Qb,sRs,s + Qs,s Qb,s —
Qs,sRs,h Qb,sRs,b Qs,b Qb,b

URs o +10 Oss Ovs
UR.y 1/\@sn Qo)

As (B1,1(k) - A1)~! > 0 (because of (105)) and URs s > 0,

UR;s+10
det =URs;s+1>0,
URsp 1
which means that the matrix appearing in the above determinant is invertible. From this, we conclude
that
Qs,s Qb,s _ 1 1 0 Rs,s Rb,s
Osp Ovn)  URss+1\=URsp URss +1J\R,y Ry, )
In particular, since Rs 5 = Ry s,
2
Ry » RysRss — |Rs p|

|Re[ =

T(U,k,A) = Qv = Rop — “Ur.+1" TR +1
5,5 5,5

Because A < 3(k) < 0and (B, (k) —16)~! > [3(k) — A1 (see (105)), the sesquilinear form

(@, 00) > (@, (By1 (k) — A1) "'y)

is a scalar product, and using the Cauchy-Schwarz inequality,?® we deduce that
2
RysRss — [Rsn| 2 0.

When ry, > 0, the set {d(k), s} is linearly independent for every k € T?. O

The last lemma is useful to deduce the behavior of the quantity T (U, k, A) at large Hubbard coupling
constant U > 1:

Corollary 4.13 (T (U, k, 1) at large on-site repulsions). Let k € T? and A < 3(k), with 3(k) € R
defined in Corollary 4.3. Then, for all U € RY,

Ry »
0<T(U, k) —T(o0, k) < —2>
< Z( ) = E(eo k) 1+ UR..
where
_ 2
T (o, k, A) = RS,;(RD’DRS,S—|R5,D| ) >0. (106)

Proof. By Lemma 4.12, we have Rs s > 0 and Ry R s > |R5,r,|2 while

2 2
Rb,hRs,s - |Rs,b| |Rs,b| Rb ?
T(U,k, ) — = < - .
( ) Rs.s (1+URyo)Rss ~ 1+URss o

20Recall that the Cauchy-Schwarz inequality applied to a scalar product is an equality iff the vectors are linearly dependent.
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4.4.2. Hard-core dispersion relation of bound pairs of lowest energy
We are now in a position to study the spectral properties of the model H € B($)) defined by (21) in the
hard-core limit. We study in particular its ground state energy E(U) (see Corollary 3.4) and the limit
of the continuous function E : T> — R defined by Theorem 4.8, which corresponds to the continuous
family of nondegenerate eigenvalues at lowest energies in the fibers.

We start with the hard-core ground state energy, which is a well-defined quantity that even stays
negative:

Lemma 4.14 (Existence of the hard-core ground state energy). In the hard-core limit U — oo, the
hard-core ground state energy (44) is well-defined and is equal to

E(o0) = sup E(U) < 0.
UeRy

Proof. When 0 < U <V, one obviously has

AV, k) = AU, k) = (V —U)(IZ)O 8) >0

see Equation (42). In other words, A(U, k), U € R, defines an increasing family of bounded operators
and by Proposition 4.2 and Equation (75),

min o (A(U, k)) < mino(A(V, k)) < 3(k) 107)
whenever 0 < U < V. In particular, by taking the minimum over k € T2, if 0 < U < V then
E(U) <E(V)<O.

See Proposition 4.11. This shows that E is an increasing function of U € R}, which is bounded from
above by 0. This yields the assertion, thanks to the monotone convergence theorem. )

We give in the next theorem a hard-core limit version of Theorems 4.5, 4.8 and 4.9. To this end,
recall that E(k),k € T2, are given by Theorem 4.8 as a family of nondegenerate eigenvalues. This family
depends upon the parameter U € R, and we thus use here the notation E(U, k) = E(k). This defines a
function E : R x T2 — R.

Theorem 4.15 (Dispersion relation in the hard-core limit). Let hj, € [0, 1/2]. Recall that (o0, k, 1) > 0
is defined by (106).

i.) For every k € T2, the following limit exists:

E(oo, k) = lim E(U, k) = sup E(U, k)
U—co UeR}

ii.) E(co,-) : T2 = R is a continuous function;
iii.) For k # 0, E(co, k) is the unique solution to the equation

9(k)*T (o0, k,2) +z-b(k) =0,  z<3(k). (108)

iv.) If 0 is of class C¢ on S* C R? with d € NU {w, a}, then so does E(o, -).
If, in addition, ry > 0, then

v.) For every k € T2, E(co, k) < b(k) with equality iff (k) = 0.
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Proof. Fix hy, € [0,1/2]. By (90) and (107) together with Corollary 4.3 and Theorem 4.8,
E(U, k) < E(V,k) <b(k) <3(k) =mino (B11(k)),  keT? (109)

whenever 0 < U < V. This shows that, at any fixed k € T2, the function U — E(U, k) from R{ to R is
increasing and bounded. Therefore, for any k € T2,

E(co, k) = I}im E(U, k) = sup E(U, k) < b(k), (110)
— UeRy

thanks to the monotone convergence theorem. In particular, Assertion (i) holds true.
By Combining Equation (110) with (94), note that

E(co,k) = sup  inf (¥, A(U, k)y), k e T
UeR} veH,lyl=1

Meanwhile, for any £ > 0 and ko € T2, there is 6 > 0 such that
IA(U, k) = A(U, ko) llop = IA(0, k) — A(0, ko) lop < 6.
As a consequence, similar to what is done after (94), the set
{(. A(U, ) : U € Ry, ¢ € Hwith [l = 1}

is a family of equicontinuous functions on T2. Therefore, E(eo, -) is continuous and Assertion (ii) holds
true.

Fix k # 0. If (k) # 0 and U € R*, then we deduce from Corollary 4.3, Theorem 4.5 and Equations
(109)—(110) that

{E(U, k) : U e R} U{oo}} C p(By,1(k))
and
H(k)72(b(k) —E(U, k)) — T(co, k, E(U, k)) = T(k, E(U, k)) — T(co, k, E(U, k)).
Invoking next Corollary 4.13, we obtain the inequality

[6(k) = E(U, k) — 9(k)*T (o0, k, E(U, k))| < %Z”.
We can take the limit U — oo in this last inequality by using (110) and the continuity of the mapping
T(oo,k,7) : p(Br1(K) - R
at the point E(oo, k), to arrive at the equality
0(k)*T (oo, k, E(c0, k)) + E(co, k) —b(k) = 0. (111)

This proves that E(co, k) is a solution to (108). There is no other solution below 3(k) because of the
following arguments: Given any U € [0, oo], let

fux) = 0(k)*T(U, k,x) +x, x € (—00,3(k)).

By Corollary 4.13, ( fU)UeR(‘; converges pointwise to f., as U — oo. Since the pointwise limit of
monotonically increasing function is again monotonically increasing, it follows that f., is monotonically
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increasing. Given any x < y < 3(k), take any » > 0 with r > fo(y) — fe(x) = 0. Then, for some
Uy € R{ sufficiently large, one has

—r < fu,(») = fe(y) <r and -7 < fu,(x) = feo(x) <,

so that

2r > (fu, () = fo (1)) = (fu, (%) = foo (X))
= (fuo(¥) = fu,(x) = (feo (¥) = foo (%))
2 on()’) - fU()(x) —-r.

Then, the mean value theorem combined with (89) implies that
3r 2 fu,(y) = fu,(x) = i, ()(y=x) 2y -=x>0 (112)

for some ¢ € (x,y). This implies that the function f is strictly increasing on (—co,3(k)), and hence,

there is a unique solution, E(oo, k), to (108). Meanwhile, if #(k) = 0, then Theorem 4.8 implies that

E(U, k) = b(k) for all U € R, and obviously, E(co, k) = b(k) is the unique solution to (108).
Consider now the open set O defined by (92). Let ®(co,-) : O — R be defined by

@ (o0, k,x) = 0(k)>T (o0, k, x) +x — b(k), (k,x) € O. (113)

By Corollary 4.13, note that ® (o0, ) : @ — R is nothing else than the pointwise limit of the function
@D(U,-) : O — R defined by (91):

[}im O(U, k,x) = (o0, k, x). (114)

The function ® (o, -, -) is a continuously differentiable function satisfying
0x®D(00, k,x) 2 1/3 >0, (k,x) € O,

thanks to Inequality (112). Observe also that ®(co,-) € C4(©) if ¥ is of class C¢ on S? C R? with
d € N U {w, a}. Therefore, by repeating essentially the same argument used in the proof of Theorem
4.9, one concludes that E(co, -) € C4(S?) whenever 0 is of class C¢ on S C R? with d € NU {w, a}.

Finally, assume that , > O; that is, p; ¢ Cey or p, ¢ Cep.For k # 0, we deduce from (111) and
Lemma 4.12 that

E(co, k) = b(k) © 0(k)>T (o0, k, E(o0,k)) =0 & (k) = 0.

To conclude the proof of Assertion (v), it remains to show that #(0) # O implies E(c0,0) < b(0).
Assume on the contrary that

Jim E(U.0) = b(0), (115)

keeping in mind that b(0) = 3(0) = 0. Then, we infer from Theorems 4.5 and 4.8 that the following
equality must be true:

Jim T(U,0,E(U,0)) = lim 9(0)72(6(0) — E(U, 0)) = 0.
By Lemma 4.12, it follows that

Ry »(U)
by 1
T P (116)
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where, by a slight abuse of notation,

R s(U) = Rs 5(0,E(U, 0)),
Ry »(U) = Ry »(0,E(U,0)),
Rs,b (U) = RS,D(O’ E(U’ O))

Therefore, we deduce from Corollary 4.13 that

_ Ryn(U)Re s (U) = [Ren(U)[
lim

Jim 0 = lim T(e0,0,E(U,0)) = 0. (117)

Now, observe that

Rya(U)Rs 5(U) = [Ren (U)[

R; 5(U)
R :(U) {(Rs.s(U)D(0) — Rs 5(U)s), (B1,1(0) — E(U,0)1) " (Rs s (U)d(0) — Ry »(U)s) )
= (d(0) - @(U)s, (B,1(0) - E(U,0)1)"' (5(0) - a(U)s)) i1s)

where
a(U) = Ry s(U) 'R »(U).

Let oy = d(0) —(U)s # 0 and Wy = B1,1(0) —E(U, 0)1. Since Wy is strictly positive, it has an unique
square root, which is also strictly positive. Then

-1/2 1/2 -1/2 1/2
leull* = W52 ou, W Peud P < [IW5 P eul PIWY ool <

< Wulloplleul*¢eu. W5 eu) < lleull*(eu, W5 eu) (11B1,1(0)]lop + [E(0, 0)]).
As {pu, W(JlgoU) tends to 0 when U — oo, it follows that also ¢y vanishes in this limit; that is,

Jlim a(U)s = d(0). (119)

As Cs is a closed subspace of L>(T?), we get that d(0) € Cs, which is a contradiction. Therefore,
Assertion (v) holds true. ]

Remark 4.16. Under the additional conditions that r, > 0 (i.e., p; ¢ Ceg or p, ¢ Ceg) and 7(0) # 0,
Assertion (iv) remains valid with (-7, )2 instead of S? (i.e., by including the zero quasi-momentum
case k = 0). Also, Assertion (iii) holds true for k£ = 0. In fact, under these further conditions, we know
from Assertion (v) that E(oc0,0) < 3(0) = 0.

Corollary 4.17 (Hard-core dispersion relation). Let h;, € [0,1/2] and © be of class C* on S?. Then,
E(co,-) € C(T?) and is of class C? on S2. In this case, for any k € S?,

VE,oo(k) = ﬁkE(OO, k) = —(6X(I)(OO, k’ E(OO, k)))_]%kq)(oo’ k’ E(OO, k)) = [}i_IEOVE,U(k)'

Moreover, if 0 is real analytic (of class C¢, in our terminology) on S?, then either ME (o0, has full
measure or is empry.

Proof. Recall that O is the open set (92) and ®(-,-) : Rj x O — R is the real-valued function defined
by (91). Note that, for any U € Rg, the function ®(U, ) is a smooth function on O, and we estimate its
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derivatives with respect to the parameter k, at fixed U € R{ and x, where (k,x) € O: For any (k,x) € O
and U € R, Equations 37-38 together with the second resolvent formula yield the derivative

6kj (Al,l(U, k) —xl)_l = —(Al,l(U, k) —xl)_l{aijf(k)}(Al,] (U, k) —xl)_l

forany j € {1,2}, where k = (k1, k) € S2. Therefore, by (33) and (91), for any (k,x) € O and U € R*,
|0k, @ (U, k,x)| < 8et(k)*[3(k) — x|~ (120)
for any j € {1,2}, where k = (k, kp) € S2. Taking the second derivative, one can easily check that
‘a,fjop(U, k,x)( < 8ed(k)2[3(k) — x| (121)
for j € {1,2}, where k = (ky, k») € S?. In the same way, we deduce from the identities
BD(U, k. x) = (k) (0K, (A1,1(U, ) = x1) Z0(k)) + 1
920U, k,x) = 2ﬁ(k)2<b(k), (A1 (UL k) — x1)‘3b(k)>
the following inequalities:

105D (U, k, )| < 0(k)*[3(k) = x| +1, (122)
030U, k, )| < 20(k)*[3(k) - x|, (123)
for any (k,x) € O and U € R{.
Now, fix (kg,xp) € O. The function 3 of Corollary 4.3 is continuous with respect to k1, k», where
k = (ky, ko) € S%. Then, there is a closed cube centered at (ko, xo) with side length § € R* contained

in O. Suppose that 9, ®(U, kg, xo) does not converge to dD(co, kg, xo). Then we can find ry € R* and
a sequence (U, ),en of positive numbers such that U,, — oo as n — co and, for every n € N,

|0x D (U, ko, x0) — 0x P (00, ko, x0)| > ro.
Let
& = {0x@(Un, ko, ") I [xo —0,x0+6] : n €N}
By combining Equation (123) with the mean value theorem, we see that § is Lipschitz equicontinuous. In
particular, this family of functions is equicontinuous. Moreover, it follows from (122) that & is bounded
in the supremum norm. We can hence apply the (Arzela-) Ascoli theorem [44, Theorem AS], according
to which 9,®(U,, kg, -), when restricted to the compact interval [x¢ — &, x¢ + §], converges uniformly
along some subsequence. Assume, for simplicity and without loss of generality, that the (full) sequence
of functions converges itself. By Equation (114), recall that ®(U, -, -) converges pointwise to the function
@ (oo, -,-) on O, which is is the real-valued function defined by (113). Then, by [93, Theorem 7.17],
8X(D(OO, k()s-x) = hm axq)(Un» k()s-x)9 X € [XO - 67 X0 + 6]
n—oo

For x = xg, this lead us to a contradiction. Thus,

0x®D(0, k,x) = [}im 0P (U, k, x)
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for every (k,x) € O. In the same way, we invoke Equations (120) and (121) together with the mean
value theorem and the (Arzela-) Ascoli theorem [44, Theorem AS5] to deduce that

O, ®(0, k, x) = I}E)Igo Ok, @(U, k, x), j=1,2.

for every (k,x) € O. To prove the corollary, we eventually use these observations together with Theorem
4.15 (i), Corollary 4.10 and the equicontinuity of

{0,@(U, ko, ) I (—00,b(ko)] : U€R"},

with u standing for the variables k1, k> or x. Note that the last assertion concerning Mg (w0, .) is a direct
consequence of the fact that the zeros of any nonconstant real analytic function have null Lebesgue
measure [49]; see the proof of the same assertion for U < co in Corollary 4.10. O

Note that no additional condition is required for E to have a well-defined hard-core limit. Compare
Corollary 4.10 with Theorem 4.15. Moreover, by Corollary 4.17, E(co, -) can be viewed as the (effective)
dispersion relation of the dressed bound fermion pairs, with lowest energy, in the hard-core limit.

We close this section by showing the convergence of the low-energy eigenvector of A (U, k) for large
Hubbard couplings. This refers to the (hard-core) limit U — oo of the vector

W(U, k) = ¥(k) = (a(k)(Al,l(U, k) —E(U, k)1) "o (k), —1) e

see Equation (130).

Proposition 4.18 (Hard-core limit of eigenvectors). Let h, € [0, 1/2]. Fix k € T>\{0}. The following
limit exists:

W(eo, k) = lim W(U, k) € H\{0}.

This statement remains valid for k = 0 provided that 0(0) # 0 and rp, > 0 (i.e., p; ¢ Ceg or p2 & Ceo).

Proof. Fix k € T? with k # 0. By using the first resolvent formula together with Theorem 4.8, Theorem
4.15 (i) and (v), we find that

[E(U, k) — E(e0, k)|

k) — E(co, )~ — k) —EBU DD lop <
1(AL1(U. ) = E(e0, D™ = (411 (U 6) = B(U DD llop < =552

— 0.

Note that E(co, k) < b(k) < 3(k) for any k # 0. (When 0(0) # 0 and p; ¢ Ceg or p; ¢ Cep, we also
have that E(c0,0) < b(0) = 3(0).) However, by Proposition A.14, {(A; (U, k) — E(co, k)1)~'}yso is
a decreasing family of positive operators, and by Proposition A.15, it converges strongly as U — oo.
Consequently, (A1.1(U, k) — E(U, k)1)~! also converges strongly. O

4.5. Spectral gap and Anderson localization
By Equation (90), the spectral gap of fiber Hamiltonians is equal to

a(U, k) = min oess (A(U, k)) —E(U, k) > 0, k € T?, (124)

for any Hubbard coupling constant U € Rj. When r, > 0 (i.e., p1 € Ceo or p2 ¢ Ceo) and (0) # 0, this
quantity turns out to be strictly positive, uniformly with respect to the parameter U:
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Proposition 4.19 (Uniform spectral gap of fiber Hamiltonians). Fix h; € [0,1/2]. If r, > O (i.e,
p1 ¢ Ceg or py & Ceg) and 0(0) # O, then

inf min g(U, k) > 0.
UeR} keT?

Proof. The family {E(U, ')}UERS of real-valued functions on T? is equicontinuous, thanks to Theorem
4.9 (i). Since Proposition 4.2 says that, for any k € T2,

min oess (A(U, k)) = 3(k) = 4e — 2e cos(k/2), (125)

we thus deduce from (124) that the family {g(U, -) }y eR? of real-valued functions on T? is equicontinuous.
It follows that the function

Rg 5 U+ ming(U, k) € R (126)
keT?

is continuous. Moreover, from the compactness of T2, g(U, -) has a global minimizer, say ky € T? for
allU e Rg. Since (0) # 0, by Theorem 4.8,

E(U, ky) < min oeg(A(U, ky)) =0
when ky = 0, while in the case ky # 0,
E(U, ku) < b(ky) < 3(k) = min oess (A(U, ky)).
In particular,

min g(U, k) = g(U, ky) > 0, U eRj.
keT2

Using this together with the continuity of the function (126), we arrive at the inequality

inf ming(U,k) >0 127
ulfie RO e

for any positive parameter ¢ € R{. Now, we perform the limit U — oco. Since T? is compact, the
net (kU)UeRg converges along subnets (in fact, subsequences). Assume without loss of generality that

(ku)u eR} converges to some ke € T? (otherwise, one uses all the following arguments on subsequences).
If ko, # 0, then

lim min (U, k) > lim 3(ku) — b(ku) = 3(ke) — b(keo) > 0, (128)
U—>oo keT2 U—>co

thanks to Theorem 4.8 and the continuity of the functions 3 and b. Assume now that k., = 0. Since, for
allU e RY
O’

[E(U, ku) — E(e0,0)| < [E(U, ku) — E(U, 0)| + [E(U, 0) — E(0, 0)],
we infer from the equicontinuity of the family {E(U, -) }UERS (Theorem 4.9 (i)) and Theorem 4.15 (i) that

Jim E(U, ky) = E(e0,0).
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Combined with Theorem 4.15 (v) and 9(0) # 0, this last limit in turn implies that

Jim min g(U, k) = lim {3(ku) — B(U, ku)} =3(0) ~ B(e0,0) = =E(e0,0) > 0. (129)

The assertion is therefore a combination of Inequalities (127), (128) and (129). |

We study now the space localization of the (dressed) bound pair with total quasi-momentum k € T2
and energy E(U, k). Assume that (0) # 0. By Corollary 4.6, for any fixed k € T2, it corresponds to
study the fermionic part of the eigenvector

W(U,K) = g(k, B(U,K) = (0(K) (411 (U, k) ~EU, 1) "2(k),~1) € H, (130)
written in the real space 72 via the inverse Fourier transform F~! (see (31)). This function is denoted by
Yug = F! [a(k)(Al,l(U, k) —E(U, k)l)_lb(k)] € ZZ(ZZ) (131)

for any fixed k € T2. One should not be confused here by the parameter k. Recall, for instance, that,
given k € T2, d(k) € C(T?) is itself a function on the torus T2, defined by

d(k)(p) = Pr(k+p)+P(k/2+p), peT? (132)

see Equation (34). In particular, observe that
v =000 F ! [(A11 (U0 - EU 1) (k). (133)

We now show that this function is exponentially localized in the real space:

Theorem 4.20 (Exponentially localized dressed bound fermion pairs). Fix h; € [0,1/2], k € T? and
suppose that ry > 0 (i.e., p & Ceg) and G(0) # 0. There exist positive constants C,a > 0 such that, for
all k € T and U € RS,

[u,k (x)| < Cem @, x € 7%
Proof. By (36), we compute that
F (A1 (U k) - E(U, k)1) b (k)|
= (F'AL1(U k) F —EU, D) F (k)]

= 2 (En )+ ()| (F AU O F ~ E(U D e (134)
yez?

By Equation (133), it suffices to estimate the exponential decay of this particular function. This is done
by using the celebrated Combes-Thomas estimates, which correspond here to Theorem A.13. To this
end, several quantities, one of them being related to the spectral gap g(U, k) (124), have to be controlled
and, as in Section A.6, we use the notation (A.22), that is,

A T) =min{|[d—a| :a € o(T)} (135)

for the distance between a complex number A € C and the spectrum o (T') of an operator T € B(£*(Z?)),
as well as (A.20), which, in the present case, refers to the quantity

S(T, ) = sup > (411 = 1)(er, Tey )| € [0, 0] (136)
xezZ? yEZZ
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forany T € B(£%(Z*)) and u € R§. We do it in three steps: The first one controls the spectral gap g(U, k)
(124) and a quantity like (135) for A = E(U, k), while the second step is an analysis of quantities like
(136). These two steps allow us to apply, in the last step, Theorem A.13 in order to get the desired result.

Step 1: Observe from Equation (124) and Proposition 4.19 that we can find @ > 0 such that, for all
k eT? and U € R,

0 < 4e(e”—-1) < inf ming(U, k) < g(U, k) = minoess(A(U, k)) — E(U, k).
UeR} keT?

Using now Proposition 4.2 and the fact that
min o5 (A1,1(U, k)) = mino (A1 (U, k)),
forallk e T2and U € Rg, we deduce from the last inequalities that

0<4e(e®-1) < Uin]g min g(U, k) < A(E(U,k); A1,1(U, k)) = mino(Ay,; (U, k)) — E(U, k)
€RY keT

see also Equation (135). Since F is a unitary transformation, A1 (U, k) and F*A; ; (U, k)F have the
same spectrum, and it follows that

0 < 4e(e” - 1) < inf ming(U, k) < A(E(U, k); F*A; 1 (U, k).F) (137)
UE€R] keT?

forall k € T> and U € R{.
Step 2: By Equations (5) and (31), one easily checks that

&y (p) = Z ei”'xey(x) =Py, peT? yeZ?

x€z?

while, for any fixed k € T?, the real-valued functions f(k), defined by (33) and (35) on the torus T2, can
be rewritten as

f(K)(p) = e(d—cos(p+ k) —cos(p)} =4e == 3 (PP 2ee?s), per?.

z€Z2, |z|=1

Therefore, since Mj ) stands for the multiplication operator by f(k) € C (T?), for every p, k € T? and
y €z

Mf(k)éy(p):4efp~ye—§ > (e"k'2+1)efp~<y+z>=4eéy(p)—§ > (eik‘2+1)éy+z(p),

z€Z2, |z|=1 z€Z2, |z|=1

which, by (37)—(38), in turn implies that

f*Al,l(U, k)]-'ey =F Mf(k)éy +UP()éy + Z u(Z)PZéy

z€Z?

= F" (Mi)8y + (Udy0 +u(y))&y)

= 4ee, — g Z (e”“Z + l)ey+Z +(Udy 0 +u(y))ey,

z€Z2, |z|=1
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keeping in mind that P, is the orthogonal projection onto the one-dimensional subspace C¢é, C L*(T?).
Recall that F* = F~!, the Fourier transform being unitary. Thus, since @ > 0, for each x € 72, we
obtain that

P [e = 1[G Fr A (U ) Fey )| = Ser-n Y e 1] < dee - 1),

yez? yeZ2, |x-y|=1

Hence, taking the supremum over all x € Z in this equation and using the notation given by (136) as
well as (137), we arrive at

S(F*ALI(UK)F.a) < 4e(e” ~ 1) < inf ming(U.k) < A(B(U.K): F ALI(UKF)  (138)
€RY k€T

for any fixed k € T and U € R .

Step 3: Thanks to (138), we are now in a position to apply Theorem A.13 for H = F*A; 1 (U, k) F and
M = a to obtain that, for any x,y € 72,

(e, (F 414U O F-EU. 1) e, )|
el

<
- A(E(U, k); F*A11(U, k)]:) - S(]:*AL] (U, k).F, (l)

emlx-yl

" infyery ming e g(U, k) —4e(e® - 1) '

Combined with Equations (133)—(134) and the triangle inequality as well as the reverse one |x — y| >
|x| = ||, we then arrive at

vk ()| = |{ex, yu i)
<101 D" ()] + 2 (3)1)

-1
<ex, (F AU O F - EU. 1) ey>
yez?

[0(k)]
- inerRg ming 2 §(U, k) — 4e(e® —

DU+ () e
I)yEZ2

|0 (k) e~ !
- inerRg ming 2 §(U, k) — 4e(e® —

D P+ P2 () e (139)
I)yGZ2

for all x € Z%, k € T? and U € R{. By choosing a sufficiently small (more precisely @ < aq), we
can assume, without loss of generality, that the above sum is finite; see (12). This completes the proof,
because the Fourier transform ¢ of v is a continuous function on the torus T2, which is compact, and is
consequently bounded. O

4.6. Scattering channels

4.6.1. Unbound pair scattering channel
Recall that § is defined by (53) and Hy is the operator defined by (54) for any V € R and absolutely
summable function v : Z* — R¥.

For any operator Y acting on a Hilbert space ), P,.(Y) denotes the orthogonal projection on the
absolutely continuous space of Y, defined by (49). In order to show the existence of a unbound pair
scattering channel, we need the following technical lemma:
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Lemma 4.21 (Absolute continuous space of fermionic Hamiltonians). For any V € Ry and every
absolutely summable function v : 7> — R, the orthogonal projection P,.(Hy) on the absolutely
continuous space of Hy, defined by (49), is equal to 1.

Proof. Take any ¢ € $r and observe from Corollary A.5 that
v(k) € ran(PaC(Mf(k))), k € T?,

where Mj ) is the fiber Hamiltonian defined as the multiplication operator associated with the continu-
ous function f(k) € C(T?) (see (33)). Forany V € R§ and absolutely summable function v : 7? — Ry,
the operator defined by (55); that is,

R(V.V) = 3 v(x)Py+ VP € B(LZ(TZ))

x€z?

is a trace-class operator, where we recall that Py is the orthogonal projection on the one-dimensional
subspace Cé, C L? (Tz). By [40, Theorem 4.4, Chapter X], it follows in this case that

Y(k) € ran(Poc (Myiy + R(V,V))), k€T

Let B C R be an arbitrary Borel set with zero Lebesgue measure. By using (54), we deduce that

5]
(W xs(Mi)u)g = <lﬁ, (/Tz X8 (M) + R(V,V)) V(dk))tﬁ>$5f

= [ 0 xn(di + R0 v(H) =0

For the first equality, note that we apply Theorem A.3 (iii). O

The following results imply that the dynamic generated by the Hamiltonian H (i.e., included the ex-
change interaction and extended Hubbard repulsions) asymptotically far in the past or future approaches
the purely fermionic dynamics for two unbound fermions. This is, of course, physically expected, since
all interaction strengths get weak as the distance between the fermions increases. This is a consequence
of the next assertions.

To shorten the notation, for any V € Ry and every absolutely summable function v : 77 — Ry, we
define the Hamiltonian

HO = HO (v, v) = /T;BH“)(/C) ® As 2 (k)v(dk) € B(L2(T2,H))
with
HW (k) = M) + R(V,v) € B(H), k € T (140)
Here, Mj), R(V,v) and A, (k) are respectively the multiplication operator associated with the

continuous function f(k) € C(T?) (see (33)), the trace-class operator (55) and the operator defined on
C by (41). We start with the unbounded pair scattering channel in each fiber:

Lemma 4.22 (Fiberwise unbound pair (scattering) channel). For any V € R, every absolutely
summable function v : 7> — R§ and all k € T2, the wave operators

. " o Tirm aitAK) =it HD (k) @A (K)
w (A(k),H (k)EBAz,z(k))—S Jlim e e ’
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as defined by Equation (51), exist and are complete with
ran(Wi (A(k), HY (k) ® Az,z(k))) = ran(Pac (H(l) (k) ® Az,z(k))).

Proof. Note that P,.(Hy) = 1, thanks to Lemma 4.21. By (51), it justifies the strong limit given in the
lemma. As we discuss in the proof of Proposition 4.2, for any k € T2, the operator A(k) is the sum
of Msk) ® Az2(k) and a compact operator 7. In fact, as the function u : Z? — R (defining the fiber
Hamiltonian A(k)) is absolutely summable (see (7)), the operator difference T is even trace-class. As
explained in Lemma 4.21, R(V, V) is also a trace-class operator, because Vv : 72 - Rg is absolutely
summable, again by assumption. By using the Kato-Rosenblum theorem (41, Theorem XI.8), it thus
follows that the wave operators

W (A(k), HY () @ Az,z(k)) = W (AK), (Miz) + R(V,V)) ® Ay (K))

exist and are complete for every k € T?. O

We are now in a position to prove Theorem 3.11. Recall that 2 : $, — L? (Tz, H) is the operator
defined by (56), while Az »(k) and H () (k) are respectively defined by (41) and (140). The definition
of wave operators W= are given by Equations 50-51.

Theorem 4.23 (Unbound pair (scattering) channel). For any V € Rg and every absolutely summable
function v : 7> — Rg,

W*(UHU", Hy 1) = (/ eaWi(A(k),H“)(k) ® Az,z(k))v(dk))u
T
with

ran(W* (UHU*, Hy ;) = /GBLZ(TZ) ® {0} v(dk).
4

Proof. For almost every k € T? and every ¢ € § f
(H W) () = HO () @ 42,2 (6) ) (k) = (HD () (K), 0) = (&H[ v (k).

In other words, U is an intertwining operator for Hy and H (M and hence, for their respective complex
exponential:

WeitHr —e=tHVy ;1 eR. (141)
We also observe that, for any z € C and any Borel set B C R containing b(k) € R (see (32)),

(z.xB (Az,z(k))2>c = |zl xp(b(k)) £ 0

even if the Lebesgue measure of B is zero. This last observation, together with Remark 3.10 and
Lemma 4.21, yields

ran(PaC(H(l)(k) ® Az,z(k))) _ 12 (TZ) ®{0), keT. (142)

In particular,

®
/ Pac(H“)(k) ® Az,z(k))u g (143)
']IQ
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We can then apply Proposition A.6 together with Lemmata4.21,4.22, Theorem A.3 and Equations (14 1)—
(143) to arrive at

w* (UHU*, Mf;u) = ¢— lim eilUHU*ue—itHf Pac (Hf)

t—Fo0

_ s—tlir_n i UHU" yo~itHy
I tlim it UHU" o=itH (" gy
—Foo
o & W
=5~ lim / eitA(k) v(dk))( / e t(H (k)*BAz’Z(k))v(dk))II
t—>Fo0 T2

=s— lim ( / e”A(k)e_”(Hm(k)EBA“(k))Pac(H(l)(k) ® Az,z(k)) v(dk))u
T2

>

Note that Lemma 4.22 combined with (142) implies that

ACk), HD (k) @ Azz(k))v(dk))

ran(Wi(A(k),H“)(k) ® Az,z(k))) - LZ(TZ) ® {0}.
In particular,

ran(W* (UHU*, Hy ; 1)) =/®L2<T2)@{0} v(dk). o
2

Observe that Lemma A.1 allows one to write

eitXei(s—t) (X+Y)e—isX’ s,t €R

as a Dyson series for all bounded operators X, Y. This can be applied to X = H()) and ¥ = UHU* —

or in each fiber k € T2 to X = HV (k) ® Az(k) and ¥ = A(k) — X. When U = V € R} and
v=u:7? > Ry in H (D this result is particularly advantageous because the operator family (¥;);er
appearing in Lemma A.1 can be represented in a relatively simple way in this situation:

Lemma 4.24 (Finite-time scattering and wave operators). For U € Rg and all s,t € R,

itH i(s— * _isHM
eltH (U,u)et(s t)UHU e isH'" (U,u)

_ [®( coss(Bia(k)Ba1(k);s,1) —isin, (B12(k)By1(k);s,1) (dk)
= Jro \ =ising (Bo,1(k)Bi2(k)ss.1) coss (Bt (k)Bi2(k)is.r) |7

where By (k) and By.1(k) are the operator families defined by (60) for any k € T2, while coss and
siny. are respectively defined by (61) and (62).

Proof. Let HV) = H(D (U, u). We infer from Lemma A.1 applied to X = H(") and ¥ = UHU* — X that

. . « . b t Tn-1
eitH " gi(s—DUH U oisH Y _ vy o q Z(—i)n/ dr / dr, B ... BT,
n=1 S s
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with (B®), g € B(L?(T?,H)) being the norm-continuous family defined by

B — gitH" (UHU* _ H(l))e—itH(”

~ ® [ pitAr1(Uk) 0 0 Aj (k) e~ itAL1(UK) 0 i
I o 0 elt42200) I\ A, (k) 0 0 e—itA22(k) v(dk)

o[ 0 B(k)
= / o ’ v(dk),
™ \B; (k) O

the operators Bét)l (k) and B;t; (k) being defined by (60) forany ¢ € Rand k € T?. Then, one combines ex-
plicit computations together with Proposition A.6 and A.7 to arrive at the assertion. Notice that the above
integrals are Riemann ones, (B(")), cx being a continuous family in the Banach space B(L?(T?,#H)). O
4.6.2. Bound pair scattering channel

We start by studying the wave operator (50) with respect to the operators X = UHU" and Y = Mgy, )
(66), the identification operator J being Py (65) for any fixed Hubbard coupling constant U € R{.

Proposition 4.25 (Wave operators in the bound pair channel). Let h, € [0,1/2] and U € R{. Then,
UHU*PBy = BuMgu,.), and for every bounded continuous function f € Cp(R),

52
PO =B [ FEU )

Proof. Using Proposition 2.1 and Theorem 4.8, we note that, for any ¢ € L?(T?) and almost every
k e T2,

(UHU*Bugp) (k) = A(k) (Bue) (k) = E(U, (k) I¥ (U, k) |7 (U, k) = (BuMew, ) (k)

(i.e., UHU*PBy = PuMg(u,.)), keeping in mind Equations (65) and (66). We then obtain the last assertion
by using the Stone-Weierstrass theorem and the spectral theorem. O

We now study the (dressed) bound pair channel of lowest energy in the hard-core limit. This is a
consequence of the following assertion:

Proposition 4.26 (Bound pair channel in the hard-core limit). Fix hj € [0, 1/2]. Then,
s = Jim B(U) = B, (144)
and for every bounded continuous function f € Cp(R),
(52
s Jim FOOUHU)P =B [ | FE@ 00,
—00 T
Proof. Fix ¢ € L*(T?). For any U € R} and almost every k € T2, one has that

[Bue(k) = Beo (k)| < 201¥ (0, )T IV (U, k) = ¥ (o, k)l (k).

Thus, by Lebesgue’s dominated convergence theorem, we arrive at

i [Bug() = Bl 1o = Jim [ [Bupk) = Bup (k)P v(dh) =0.
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Take now a bounded continuous function f € Cp, (R). In particular, there exists L € R* such that

sup sup |f(E(U,k))| < L.
UEeR] keT?

By Theorem 4.15 (i) and continuity of the function f, one has that

Jim f(E(U, k)) = f (E(e0, k), k e T2

Moreover,
T? 5 k —> f(E(U, k)) € L(C)(= B(C))

is a composition of continuous functions and is in particular strongly measurable. Using Proposition
A.6 (or Lebesgue’s dominated convergence theorem), we arrive at the limit

] [S7] 5]
s - lim fT FEU)v(dk) = /T F(E(e0, k)v(dk). (145)

By using Equations (144), (145), Proposition 4.25, Theorem A.3 (iii) and the fact that [|B(U)|lop = 1
forallU e Rg, we find that

s = Jim F(UHU )Py = 5~ lim o f (M)
(&)
= s~ Jim %y /T F(E(U, ) v(dk)

= [ (B (e :

A. Appendix
A.l. Toward a microscopic theory for cuprate superconductivity

Superconductivity was discovered in 1911 through the study of the resistance of solid mercury at
very low temperatures, which was found to disappear below the critical temperature 7, = 4.2 K. This
phenomenon was subsequently observed in several other materials, such as lead (in this case, T, = 7 K).
The first microscopic explanation of this unexpected, but very interesting physical behavior was given
in 1957 by J. Bardeen, L. Cooper and J. R. Schrieffer with what is now known as the BCS theory. They
were awarded the Nobel Prize in Physics in 1972. Their theory explained all the superconductors known
at the time, named today ‘conventional’ superconductors. For more details, see [51, Chapter 10].

These superconductors not only have zero resistivity (below some critical current value), but also repel
magnetic fields. This is the Meissner effect (or Meissner-Ochsenfeld effect). See, for example, the popular
images showing a superconducting piece levitating above a magnet. However, when the magnetic field
exceeds a critical value, superconductivity can be broken and the Meissner effect disappears abruptly.
This is referred to as type I superconductivity, while type II superconductors manisfests the appearance
of vortices beyond a first critical magnetic field and the disappearance of any Meissner effect beyond a
second critical field. The BCS theory refers to conventional superconductors but applies for both type I
and II superconductors.

Superconductors are characterized not only by the critical temperature but also their superconducting
coherence length, which quantifies the characteristic exponent that describes variations in the density
of the superconducting component. It is often several hundred nanometers for conventional supercon-
ductors. More precisely, from (51, Chapter 10, Table 5), we have the following coherence lengths & and
critical temperatures 7. for the following conventional superconductors:
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¢innm | T, in K | Type
Tin (Sn) 230 3.72 I
Aluminium (Al) 1600 1.2 I (A1)
Lead (Pb) 83 7.19 I '
Cadmium (Cd) 760 0.52 I
Niobium (Nb) 38 9.26 II

Note that the superconducting coherence length of a Niobium superconductor is much smaller than
others, which is consistent with the type-II property, which requires shorter coherence lengths compared
to type I superconductors.

In 1986, there was a major breakthrough in physics with the discovery of a new class of supercon-
ductors by G. Bednorz and K. A. Miiller [16]. They were awarded the Nobel Prize in Physics in 1987.
Physically, these materials are antiferromagnetic and insulating at low temperatures, but as with semi-
conductors, one dopes them with impurities that provide extra charge carriers and break the perfect
Mott insulator phase, which is characterized by an integer number of charge carriers on each lattice
site. As doping increases, the antiferromagnetic phase turns into a superconducting phase. This was the
discovery of high-T,. superconductors in ceramics materials (i.e., cuprates) for critical temperatures T,
that today range in the interval [39, 164] K (approximately).

These superconductors are nonconventional, and the BCS theory fails to explain their properties.
Indeed, while the conventional superconductivity results from an effective attraction between fermions
(electrons or holes, depending on the charge carriers in each material) via phonons (i.e., lattice exci-
tations), it soon became apparent that this kind of explanation could not work for cuprates, and the
question of the mediator that could produce such an attraction has remained an open problem ever since.
In fact, even if a large amount of numerical and experimental data is available, there is no pairing mech-
anism firmly established (through, for instance, antiferromagnetic spin fluctuations, phonons, etc.). See,
for example, [13, Section 7.6]. The debate is strongly polarized [54] between researchers using a purely
electronic/magnetic microscopic mechanism and those using electron-phonon mechanisms.

This is undoubtedly one of the most important questions in condensed matter physics, even if current
research seems to have shown less interest in this fundamental issue in recent years. Quoting the Nobel
Prize winner Miiller in 2007 [17]: .. .It is a remarkable fact that in these 20 years since the discovery
of high temperature superconductivity no other class of materials has been found which exhibits this
property above the boiling point of liquid nitrogen. With a view to finding another class, it would be
rewarding to understand why these exceptional properties occur, which per se are regarded as among
the important unsolved problems in present day physics.”

Our theoretical approach differs from all others and stems from a microscopic model — first proposed
in 1985 by Ranninger-Robaszkiewicz [55] (see also [56, 57] or [13, Section 7.4.3]) and independently
by Ionov [58] — which, before our works, was never investigated in the presence of strong Coulomb
repulsions.

The cuprates are a class of compounds containing copper (Cu) atoms in an anion, and cuprate super-
conductors are oxide-based cuprates with two-dimensional CuO, layers made of Cu** (cf. ‘cuprate’)
and O™~ (cf. ‘oxide’) ions, which generally possess the symmetries of the square, at least for the im-
portant family of tetragonal cuprates such as Lay_,Sr,CuO4 (LaSr 214) and La,_,Ba,CuOy. See, for
example, [31, Section 9.1.2], [12, Section 2.3] and [14, Section 6.3.1].

As stressed in [ 15, Part VII], the very strong Jahn-Teller (JT) effect associated with copper ions (Cu
and its consequences for polaron formation are largely neglected in much of the physics literature, even
though it was the JT effect that led to the discovery of superconductivity in cuprates [ 16]. See also [17, 18,
19]. For nonexperts, let us explain that the JT effect (or JT distortion) is a spontaneous symmetry breaking
of molecules and ions that occurs via a geometrical distortion that suppresses the spatial degeneracy
of the electronic ground state and lowers the overall energy of the system. See [15]. In this context,
it can produce JT n-polarons. Polarons, bipolarons or more generally, n-polarons, n € N, are charge
carriers that are self-trapped inside a strong and local lattice deformation that surrounds them. They are
quasi-particle formed from fermions ‘dressed with phonons’. For example, a bipolaron involves two

++)
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fermions dressed with phonons. A JT polaron is a polaron for which the local lattice deformation is
associated with the (geometrical) JT distortion. The existence of JT (bi)polarons in cuprates is attested
in numerous experiments on cuprate superconductors [59, 17, 18, 19], and we have the following
experimental facts:

o Superconducting transport in cuprates occurs in two-dimensional CuO; layers and only on oxygen
atoms — a fact well established experimentally from 1987 by Bianconi and others [60, 61, 62, 63, 65,
64, 66] — while bipolarons are related to the strong JT effect of copper ions.

o Because of the presence of strong antiferromagnetic correlations of copper-oxides, experimentally
proven even outside the antiferromagnetic phase (see, for example, [68, 67] and (13, Chapter 3)), it can
be concluded that JT bipolarons have zero total spin and that other types of polaronic configuration
are disadvantaged. This is, for instance, stressed in [17, Sect. 5.2].

o There is also an experimental evidence of the short lifetime of polarons in cuprates [69], decaying
into fermions (pairs of holes or electrons). Expressed in terms of a length ¢, one sees a lifetime
comparable to the lattice spacing [69]. Remarkably, near the critical temperature, ¢ is actually close
to the coherence length in cuprate superconductors.

The most straightforward approach would therefore be to consider the JT bipolarons as the charge
carriers of cuprate superconductors. That is exactly what Alexandrov and coauthors have done in
their bipolaron theory, based on light bipolarons [70] as charge carriers. Quoting [71, p. 4]: “cuprate
bipolarons are relatively light because they are intersite rather than on-site pairs due to the strong on-
site repulsion, and because mainly c-axis polarized optical phonons are responsible for the in-plane
mass renormalization.” See, for instance, [71, 72, 73, 74] and references therein. However, this approach
does not seem consistent with superconducting transport in cuprates occurring on oxygen ions in CuO;
layers:

In fact, a priori, (strong and local) lattice deformations (or JT distortions) attached to n-polarons
should barely move, and this is not in accordance with the known mobility of superconducting charge
carriers. This is confirmed in experiments:

o Experimental evidence (still controversial [52]) of a large mass (approx. 700 electronic masses) of
polarons in cuprates [37].

o Experimental evidence (apparently not controversial) of the small mass (approx. 3—4 electronic
masses) of superconducting carriers in cuprates [75, Fig. 2.].

For more recent discussions on the (im)mobility of (bi)polarons in cuprates, we recommend, for
instance, [34, 35, 36].

We bypass this problem by using the exchange interaction (10), while seeing the fermions as the true
charge carriers. In other words, we use exchange interactions like (10) to define a simplified model for
cuprates, taking into account a large mass of bipolarons but non-polaronic superconducting carriers.
Since the lifetime of bipolarons in terms of a length £ is comparable to the coherence length in cuprate
superconductors near the critical temperature, this suggests a strong exchange interaction between the
(Bose-like, zero-spin) bipolaronic state and fermion pairs (electrons or holes).

As shown in Figure A1, bipolarons are formed around an oxygen ion (x) binding an adjacent pair of
copper ions, because of the JT effect associated with Cu**. It leads to JT ‘intersite bipolarons’. That is
why we consider an annihilation (creation) operator ¢ (c*) of a fermion pair of zero total spin at x € Z2
as defined by Equation (11). One simple example of such an operator is

Cx = Z (ax+z,Tax,l + axﬂ,Tax_Z,l) (A2)

z€Z2,|z|<1

with a; s (a} ;) being the annihilation (creation) operator of a single fermion of spin s € {T, |} at lattice
site z € Z?. In this example, we set p»(2z) = p;(z) = 1 when |z] < 1 and p;(z) = p2(z) = 0 otherwise.
Of course, one can also assign other weights to each space configuration of fermion pairs in Equation
(11), as soon as at least one intersite configuration has a nonzero weight.
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Figure Al. CuO; layer.

There is also an undeniable experimental evidence of strong on-site Coulomb repulsions (cf. the
Mott insulator phase at zero doping), which forces us to consider terms like

U Z Nx x| U>1,

xez?

in Equation (6), where we recall that ny ; = a), jax,s is the number operator of fermions at x € 7% and
spin s € {T, | }. It justifies our strong interest in studying in this paper the hard-core limit U — oo. See,
for example, Theorem 3.5 and, more generally, related results that hold for U € [0, oo].

The exchange interaction as formally given by (10); that is,

2712 Z u(x = y)cy by
x,y€z?

with b, (b}) being the annihilation (creation) operator of a JT (intersite) bipolaron, is inspired by an
interband interaction proposed by Kondo in 1963 for superconducting transition metals. In [55, 58],
only an on-site version (i.e., ¢y, = ay 1a,, ) was proposed in 1985. Our version ( A.2) of ¢, captures
the ‘intersite’ character of the bipolarons present in cuprates, and in [21], we specify the form of the
coupling function v in (11) based on the presence of large electron-phonon anomalies?' in cuprates at
optimum doping for the following points in the normalized Brillouin zone T? = |-z, 7)*:

(0,-m), (=m,0) [76,77] and (0, +7/2), (xm/2,0) [77,78,79].

The anomalies at (0, +£7/2) and (+7/2,0) are correctly predicted by the Density Functional Theory
(DFT) involving electrons and phonons [80, Fig. 1 (a)], in contrast to those of (0, —x), (-, 0). More-
over, when no superconducting phase appears, DFT works very well at all quasi-momenta, including
(0, —m), (—m,0) [79, Fig. 18 (b)].

The above anomalies at quasi-momenta (0, —r), (-, 0) in the superconducting phase, which cannot
be reproduced by the DFT, is expected to be a consequence of the existence of polaronic quasiparticles.
Indeed, the DFT used in [80, Fig. 1 (a)] does not take into account the formation of compound particles

21'The so-called softening of phonon dispersion and the broadening of phonon lines.

https://doi.org/10.1017/fms.2025.10083 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.10083

Forum of Mathematics, Sigma 65

out of phonons and fermions like polaronic modes. In our theory, they are interpreted as being JT
(intersite) bipolarons which should then interact strongly with charge carriers only at quasi-momenta
(=m,0) and (0, —-m) (at moderate doping). The congruence between the DFT and experimental data
for phonon dispersions at (+7/2,0) and (0, +7/2) indeed makes the formation of such quasiparticles
unlikely in this region of the (normalized) Brillouin zone T2, and more generally in any other region
relatively far from (-, 0) and (0, —r). Consequently, the Fourier transform 9 of v is chosen to take its
maximum absolute value at the points (-, 0) and (0, —x). This property is fundamental to explaining
the superconductivity of cuprates in our microscopic theory.

There is indeed one very important property of superconducting carriers (pairs) in cuprates that
differs from conventional superconductors, their d -wave symmetry. The (fiber) space of a fermion pair
at constant quasimomentum K is the Hilbert space LZ(TZ, C, v), see Section 2.3. Define by

[Rilp)] (kx, ky) = @(ky,—ky),  (ky,ky) € T2

the unitary operator R, implementing the 7/2-rotation on L? (Tz,C, v). Then define the mutually
orthogonal projectors

R +R+R2 +R,

Psi 4 b

» LRI -RI+RI-R,

d — b
4

L, L R-R

p = .

2

Since P + P4 + P, = 1, any wave function ¥y € L?(T%,C,v) of a fermion pair can be uniquely
decomposed into orthogonal s-, d- and p-wave components as

LTER SRS (S T SOy O

In other words, an arbitrary (fermionic pair) function ¥y can be uniquely decomposed into ‘s-, d- and
p -wave’ components, denoted respectively by ‘{’j(f), ‘P}d) , ‘I’j(f’ ). Observe that

RWS =9, R =9l R = ), (A3)

So, each component has a well-defined parity with respect to the group {0, /2, x, 371/2} of rotations:
The s-wave component ‘I‘](f) is invariant under these 4 rotations, the d-wave one ‘P}d) is antisymmetric

with respect to the 7 /2-rotation and the p-wave one P g antisymmetric with respect to the r -rotation
(reflection over the origin), just like ‘s’ , ‘d’ and ‘p’ atomic orbitals.

In conventional superconductivity, one has s-wave symmetry. For superconducting cuprates, it is
more complex. It is firmly established that fermion pairs in cuprate superconductors have zero total spin
[33], which is believed to lead to s- or d-wave superconductivity only. The s-wave symmetry is expected
to correspond to fermion pairs on same lattice sites, which should be problematic in the presence of
the strong on-site Coulomb repulsion. Therefore, d-wave superconductivity is anticipated in cuprate
superconductors. This prediction is experimentally confirmed. See [33, 30, 13]. In cuprates, d-wave
pairing is therefore predominant, but experiments (involving bulk properties) still indicate the presence
of a non-negligible s-wave superconducting part; see [17, 59]. This is what our theory demonstrates,
using the fact that the Fourier transform ¢ of v is maximal at the points (-, 0) and (0, —x), but first
we need to say a few words about the quantitative choice of its parameters. For example, if we take the
hard-core limit U — oo, we get pure d-wave superconductivity, as shown in the first article [22].

In the second paper [21], we study the ground state W(U, k) = (44 (U), —1) of Theorem 3.1 to give
estimates on key features of cuprate superconductors by using real parameters taken from experiments
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on the prototypical cuprates based on hole-doped cuprates La;CuOy4 (e.g., LaSr 214) and YBa;Cuz Oy
(YBCO), near optimal doping:

o The hopping amplitude € of charge carriers (here holes) in (0) is accessible using the lattice spacing
and the effective mass of charge carriers. Both quantities are known for cuprates: The lattice spacing is
a = 0.2672 nm (14, Section 6.3.1) of the oxygen ions and the effective mass of mobile holes m* ~ 4m,
[75, Fig. 2.], where m, is the electron mass. This corresponds to € = K2 / (m*az) ~ (0.266 eV.

o In the same way, the hopping amplitude e/ of JT bipolarons in (8) is accessible using the lattice
spacing and the effective mass of bipolarons. The former is known, and the latter is estimated [37]. It
leads to A, =~ 0.00575 < 1. That is, JT bipolarons can barely move, compared to fermions.

o The coefficient U in (6) can be fixed by using the first electronic affinity of oxygen — that is, the energy
difference between the O~ anion state (one hole added to the O™~ anion) and the neutral state (two
holes added to O™7). These values are known with great precision: By [81], U ~ 1.461 eV. Note that
Ue™! ~ 5.5, which refers to a strong coupling regime, but it is not the hard-core limit U — oo yet,
from the perspective of real physical estimates.

o The intersite repulsion represented by the functionu : Z> — R{ in (6) results from the screening of the
Coulomb repulsion, usually estimated via the Thomas-Fermi screening length Atg. However, in two
dimensions, the decay of the screened Coulomb repulsion is not exponential but rather polynomial
[82, Eq. (5.41)]. In particular, even if Atp < a, we consider the Coulomb repulsion for a few
neighboring sites, with, of course, decaying strengths (for z # 0). For example, u(z) = 0 only when
|z| = r for some r < 2, with u(0) = 0 and u(z) < U.

It remains to fix the exchange strength function v : Z> — R in (10), taking into account the special
choice (A.2) for the annihilation and creation operators of a fermion pair of zero total spin. We already
know that the absolute value of the Fourier transform & of v takes its maximum at the points (-, 0)
and (0, —), but its precise amplitude has to be still determined. This is performed indirectly through
a phenomenological relationship with the density of the superconducting charge carriers (also named
superfluid): From recent experimental data [53], for optimum doping, around 90% of the charge carriers
inserted via the doping do not form superfluid. If x (U) and —1 are respectively the fermionic and
bosonic parts of the eigenvector ¥(U, k) = (Y x (U), —1) associated with the eigenvalue E(U, K) and
K = (n,0), (0, ), then we can interpret

100%

0= —FV——"—>5——
Ik (U)]I3 +1

as the proportion of charge carriers forming JT bipolarons. Computing this quantity, we can identify the
unique value 0(K) ~ 0.11 eV making o = 90%. Similar to [83, 84], note that we choose ¥ of the form

[a((kx —m)+ ki) + l]_1 (resp. [a(k)zc + (ky = n)z) + 1]_1)

for quasimomenta (ky, ky) € T? near (r,0) or (0, ), where & > 0 determines the effective mass m***
of (dressed) bound fermion pairs. Conversely, a can be recovered from m***.

Using our mathematical results and rigorous numerical computations, we show in [21] that the model
gives the following quantitative estimates in relation with properties of hole-doped cuprates LayCuQO4

(LaSr 214 or LSCO) and YBa,Cu30O7 (YBCO):

o Pairing symmetry.
— Prediction: 16.5%s-wave, 83.5%d-wave, 0% p-wave. See [21, p. 10 and Corollary 1.1].
— Experimental data: ~ 20 — 25%s-wave, ~ 75 — 80%d-wave, ~ 0% p-wave. Indirect measurement
with rough estimates for the s -wave/d-wave ratio, see [17, 59].
o Pseudogap temperature 7. (i.e., pair dissociation energy).
— Prediction of the binding energy of (d-wave) pairs: E = 1250 K found for the quasi-momenta
(=m,0) and (0, —x). See Theorem 3.1 (ii)—(iii) and [21, Fig. 6].
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Figure 5. Normalized density |F ' [/ 1.461,(0,-7) ] | of the dressed bound fermion pair as a function of
the (relative) position space at total quasimomentum (0, —n) for the prototypical parameters. It is a
reproduction of (21, Fig. 5).

— Experimental data:

* Experiments on cuprates demonstrates a pseudogap appears at (—m,0) and (0, —x). See [30,
Fig. 4] and references therein.

* T, = 100 — 750 K, depending on the doping [85, Fig. 26]. For example, 7, ~ 400 K around
optimal doping for La; g5Srg 16CuOy4 and 7, ~ 200 K for La; §Srg,CuOy4. The ratio between
the theoretical bond energy (in K) and the dissociation temperature?? of dressed fermion pairs
should be between E/T, and E/T.. For La; gSrp ,CuQOy, the coherence length of which perfectly
matches our prediction below, E/T, ~ 6.2 and E/T,. = 34.247, with an average ratio of around 20.

* Binding energy of bipolarons [87, Fig. 2]: 1500 K at zero doping and 500 K at optimal doping
for LaSr 214.

* To compare with, for standard diatomic molecules, the ratio between the bond energy (in K) and
their dissociation temperatures ranges?* from 10 to 40, with an average of around 20.

o Superconducting coherence length ¢ (i.e., pair radius).

— Prediction: £, = 1.6 nm in one direction, £, = 2.1 nm in the orthogonal one at quasi-momenta
(—=m,0) and (0, —x). See Figure 5 (in lattice units), reproducing [21, Fig. 5]. It refers approximately
to 6 lattice sites in one direction and 8 lattice sites in the other one. Compare this result with
the exponential localization of the fermionic component F~![y x| of the eigenstate given by
Theorem 3.1 (iii).

22How to theoretically determine the dissociation temperature of a dressed fermionic pair is not entirely clear to us. Clearly,
this temperature must be higher than the critical temperature 7. and lower than the pseudogap temperature 7.

23For example, a quick internet search reveals that the dissociation temperatures 7,; (in K) and bond energies E (in K) of ten
common diatomic molecules are as follows: Hy : T; = 4000K, E = 52438K,E /Ty ~ 13;N, : T; = 9500K, E = 1.133 0x10° K,
E|T; ~12;0,:T; =6000K, E =59895K, E /Ty ~10;F, : T; = 1300K, E = 19003 K, E /Ty ~ 14.6;Cl, : T; = 1200 K,
E =29226K, E /Ty ~24.3;Brp : Ty =800K, E =23212K, E/Ty ~29;1, : T4 =700 K, E = 18161 K, E/T; ~ 25.9;
CO : Ty =5000 K, E =51356 K, E/T; =~ 10.3; NO : Ty = 4100 K, E = 75891 K, E/T; ~ 18.5; HCl : Tz = 3000 K,
E =1.2893x10°K, E/T; ~ 43.
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o — Experimental data:

* &4p = 1.6 nm is obtained for an optimally doped YBa,Cu3Og 9 for which 7, = 95 K. See [89,
above the “Summary and conclusion™].

* £.p = 2.1 nm is obtained for La; gSry ,CuQy for which T, = 36.5 K. See [86, Table II].

* &ap = 3.8 nm is obtained for an optimally doped La; g5Srg.16CuQy4 for which 7, = 38 K. See
[89, above the “Summary and conclusion’].

* More generally, &, is in the nanometer range, between 1 nm and 3.8 nm for various other
examples of La,CuO4 and YBa,Cu30;. See, for example, [14, Table 9.1] and (88, Table 3.2 on
page 60). The coherence length is very small compared to conventional superconductors, for
which it is generally several tens or hundreds of nanometers. See, for example, the table in (A.1).

The pseudo-gap temperature is the temperature below which the Fermi surface of a material exhibits
a partial energy gap, in fact a gap in a particular direction, as in the quasi-momenta (—x, 0) and (0, —7).
Compare with Theorem 3.1 (iii). The 2-fermion 1-boson problem studied here and in [21] cannot a
priori explain the superconducting phase, which is a collective phenomenon, but only the pseudogap
regime which is expected to be related to the formation of fermion pairs (mainly for quasi-momenta
(=m,0) and (0, —x)).

To conclude, this paper together with [22, 21] contributes a mathematically rigorous microscopic
model for cuprate superconductors that includes Jahn-Teller-type bipolarons with zero spin and local
repulsions. This model captures the following phenomenological aspects of these materials:

d-wave pairing not based on anisotropy.

Low density superconducting superfluid.

Pseudogap temperature.

Very accurate coherence lengths.

Solution to the ‘large bipolaron mass vs. small mass of superconducting carrier pairs’.

O O O O O

In addition, as proven in the Ph.D. thesis [24], in a mean-field-like approximation, the many-body
version of the model considered here also explains another very special feature of cuprate superconduc-
tors — namely, the density waves [23]. We therefore think that the model we present here deserves to be
studied in much more detail, in view of a microscopic theory for cuprate superconductivity.

A.2. The Fock-space formalism

In quantum mechanics, one generally starts with a (one-particle) Hilbert space ), often realized as a space
L*(M) of square-integrable, complex-valued functions on a measure space (M, a). The states of a
quantum system of n € N quantum particles are then represented within the n-fold tensor product h®" of
. However, identical quantum particles are indistinguishable, meaning that they cannot be differentiated
from one another, not even in principle. In this situation, the states of these indistinguishable quantum
particles are only taken from a subspace of H®".

Recall meanwhile that all quantum particles possess an intrinsic form of angular momentum known
as spin, characterized by a quantum number s € N/2. If s is half-integer, then the corresponding particles
are named fermions; otherwise, we have bosons. By the celebrated spin-statistics theorem, fermionic
wave functions are antisymmetric with respect to permutations of particles, whereas the bosonic ones
are symmetric. The states of a system of n € N fermions correspond then to vectors in the subspace A"}
of totally antisymmetric n-particle wave functions in H®", while the states of a system of n € N bosons
are vectors in the subspace V"§"of totally symmetric n-particle wave functions in h®".

In most many-body quantum systems, the exact number of particles is not known. In quantum
statistical mechanics, physical properties are typically studied in the limit n — oo of infinite number of
particles. Quantum field theory deals with situations where the particle number and species vary with
time. The so-called Fock spaces are used to encode both situations. For fermionic systems, the Fock
space is, by definition, the Hilbert space
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§ =%m =P, Ab=c (A4)
n=0
while, for bosonic systems,
F=FO) =PV,  Vh=cC (A.5)
n=0

The respective scalar products are denoted by (-, -)g. . The two scalar products are the sum over n € N
of each canonical scalar product on the sector A" and V", respectively. In both cases, we denote the
vacuum state by Q = (1,0,...).

The Fock space proved very useful, not least because it allows so-called creation and annihilation
operators:

Fermionic case. The annihilation operator a(¢) € B(&-) of a fermion with wave function ¢ € b is the
(linear) bounded operator uniquely defined by the conditions a(¢)Q = 0 and

. \Vn
a(@) (i A== An) = — Z sgn(m) (¢, l/’n(l)>blﬂn(2) A AN (A.6)
n: nell,
for any n € N and ¢q,...,¥, € b, where II, is the set of all permutations 7 of n elements and

sgn : IT,, — {-1, 1} denotes the sign of these permutations, while Q = (1,0,0, .. .) is the vacuum state
and | A- - - Ay, is the orthogonal projection of /| ®- - - ®,, € h®" onto the subspace of antisymmetric
n—particle wave functions:

1
'7/’1 /\"'A’;bn = ; Z Sgn(ﬂ')d/ﬂ(l) ®"'®l//7r(n) € /\nb~

nell,

The creation operator of a fermion with wave function ¢ € b is the adjoint a*(¢) = a(¢)* of a(y) —
namely, a*(¢)Q = ¢ and

a (@)W1 A AYp) =Nn+ LAY A Ay, (A7)

Such operators are known to satisfy the so-called Canonical Anticommutation Relations (CAR): For all
®1,92 €D,

a(pr)a(ez) +a(e2)aler) =0, a(eale:)” +ale2) aler) = (@1, e2)pl.

See [90, p. 10]. Here, 1 stands for the identity operator on the Fock space §-.

Bosonic case. The annihilation operator b(¢) of a boson with wave function ¢ € b is the (linear)
unbounded operator acting on &, and uniquely defined by the conditions b(¢)Q = 0 and

_Vn
b)Y V- Vi) = o Z <¢,lﬂn(1)>h¢n(2) Ve Vi a(n (A8)
T omelly,
foranyn € Nandy, ..., ¥, € b, where y; V- - - Vi, is the orthogonal projection of ¥ ®- - - ®r,, € h®"

onto the subspace of symmetric n—particle wave functions:

1 n
lﬁlV“'Vlﬁn=E Z Ua() ® - ®Ygrm) € V"'D.

" nell,
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As in the fermionic case, the creation operator of a boson with wave function ¢ € § is the adjoint
b*(¢) = b(p)" of b(y), where b*(¢)Q = ¢ and

(@)W1 V- Vi) =Vn+ 1oV V.- Vi (A9)

Such operators are known to satisfy the so-called Canonical Commutation Relations (CCR): For all
®1, 92 €D,

b(p1)b(p2) = b(@2)b(¢1) =0, b(@1)b(p2)" —b(p2)"b(¢1) = (@1, @2)pl.

See [90, p. 10]. Here, 1 stands again for the identity operator on the Fock space ..

The interest of Fock spaces lies in the use of creation and annihilation operators, which not only give
a mathematically rigorous definition for precesses of creation or annihilation of physical particles, but
also possess essential algebraic properties: the CAR and CCR relations given above. Although Fock
spaces and the creation and annihilation operators are not strictly necessary for our proofs, we use them
in this paper because they allow us to define the model in a very intuitive way, which makes its physical
meaning easy to understand once the Fock-space formulation is familiar.

A.3. Non-autonomous evolution equations and scattering theory

This section collects simple results on wave and scattering operators (50)—(52) for bounded Hamilto-
nians, related to their approximation by Dyson series. We start with the following elementary lemma,
resulting from the theory of non-autonomous evolution equations:

Lemma A.1 (Finite-time scattering and wave operators). For any self-adjoint X,Y € B(X) acting on a
Hilbert space X and all s,t € R,

. A . ks 1 Tn-1
Xl X isX = g 4 3 (g / dry - / dt,Ye, -+ Yo, (A.10)
n=1 S §

with (Y;);er C B(X) being the norm-continuous family
Y, = elXye X, teR. (A.11)
Proof. We compute that, for any s, € R,
o, {eitXei(s—t) (X+Y) e—isX} - (eitXYe—itX) (eitX ei (5= (X+Y) e—isX)
as well as
o, {eitXei(s—t) (X+4Y) gisX } _ (eitXei(s—t) (X+Y)e—isX) (l-eisX Ye—isX)
both in B(X). In other words, the family
Vg = eliXelsmD (X emisX = o4 e R, (A.12)

of (uniformly) bounded operators is a norm-continuous two-parameter family of unitary operators
solving the non-autonomous evolution equations

VS,Z‘ € R N 6tZ[,S = _iY[Zl,S’ 6SZI,S = iZl,SYS? ZS,S = 1, (A.13)

in B(X), where (¥;);er € B(X) is the norm-continuous family defined by (A.11). As is well-known,
there is a unique solution to this non-autonomous evolution equation (A.13), which is given by the Dyson
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series (A.10). This series is absolutely summable in B(X'). Notice that the integrals appearing in it are

Riemann integrals, for their arguments are continuous functions taking values in a Banach space.

Corollary A.2 (Approximation of scattering and wave operators). Let X,Y € B(X) be two self-adjoint

operators acting on a Hilbert space X. Assume that the waves operators

Wi(X+Y, X) - tlim eit(X+Y)efitXPaC(X)

—+00
exist. Let € € RY. Then

i.) For any ¢ € ran(P,. (X)), there is T > 0 such that
T<t = [[(W(X+Y.X)-Vos)¢|, <&
whereas
1<-T = [|[(W (X+Y.X) = Vou)e|, <&
ii.) For any ¢, € ran(P,.(X)), there is T > 0 such that
W.S(X+Y. X))y = (. WHX +Y, X)W (X +Y.X)0) ., = (¥, Vis0) ,, + O()

uniformly fors < -T < T < t.

Here,

> t Tn-1
Vis = 1+Z(—i)n/ dT1---/ dr, Yy, Yy, ,
n=1 s N

the norm-continuous family (Y;);ecr C B(X) being defined by (A.11).

Proof. Assertion (i) is a direct consequence of Lemma A.1. Concerning the scattering operator, remark
in particular that, for any r,s,t € R, V; (V, , =V, , and V,’is = Vy.r. Given @, € ran(Pyc(Y)), we have

that
(. (S(X+Y.X) = Vis)e) o
_ W (W+(X Y, X)W (X +Y, X) — Vg’tvo,s)¢>x|
= [y, (WHX+Y.X) = Vo) W (X+Y,X)o),
+(, V5, (W (X +Y,X) - VO,S)¢)X|
< [[WH X+, X) = Vo )yl L IW (X +Y, X)gll x
W (X +¥,X) = Vo )¢l o Il x -

Assertion (ii) therefore follows from assertion (i).

A.4. Constant fiber direct integrals

For more details, we refer to [38, Section XIII.16] as well as [45] for the general theory.

Let (X, u) be any semifinite measure space and ) any separable Hilbert space. The constant fiber

direct integral of ) over X is, by definition, the Hilbert space

(53]
/X Yu(do) = 12,9, 1) = {F e Y ¢ [FOIE € L1 (X, )}
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of equivalence classes of square-integrable )/—valued functions with scalar product®*

(o) = oz = [ O WWIpH@). g € XD,
and the pointwise vector space operations
(e +¥)(x) = o(x) + ¢ (x), (a9)(x) = ap(x), @ €C, g,y € L(X,V,p).

If ) = C, then we use the shorter notation L>(X, u) = L*(X, C, u).

A mapping A : X — B()) is strongly measurable whenever the mapping x +— (¢, A(x)¥)y, from
X to C is measurable for all ¢, € Y. Let L*(X, ), u) be the C*-algebra of equivalence classes of
strongly measurable functions A : X — B()) with

1Al = ess—sup{[|A(x)[lop : X € X} < co. (A.14)

Here, ess— sup denotes the essential supremum and |||, stands for the operator norm. If J = C, then
we use the shorter notation L= (X, u) = L*(X,C, u).

A bounded operator D on L?(X, ), u) is decomposable if there is A € L®(X,)), u) such that, for
all y € L2(X, ), ),

(DY) (x) = A(x)y(x), x€eX (u-ae).

If such an A exists, then it is unique. Moreover, the mapping A — D defined by the above equality is a
x-homomorphism which is isometric. See [38, Theorem XIII.83]. The operators A(x) € B()), x € &,
are called the fibers of D and we write

®
D:/); A(x) u(dx).

For the reader’s convenience, we now give three essential properties of decomposable operators used
in the paper, referring to [38, Theorem XIII.85 (a), (c) and (d)]. Note that o-(X) denotes below the
spectrum of any operator X acting on some Hilbert space, as is usual.

Theorem A.3 (Properties of decomposable operators). Let D be a decomposable operator on
L*(X, Y, n), the fibers A(x) € B(Y), x € X, of which are all self-adjoint. Then

i.) D is self-adjoint.
ii.) A € o(D) iff, for all € € R*,

pu{xe X :o(Ax))N(A—g,1+¢&) #0}) > 0.

iii.) For any bounded Borel function f on R, f(D) is decomposable and has fibers f(A(x)), x € X;
that is,

F(D) = fX FAG)) u(dx) .

The above theorem can be used to elegantly prove the following well-known results about multiplica-
tion operators M, by any bounded measurable function ¢ € L* (X, u), defined for any ¢ € L*(X, ), by

(Mgy) (x) = p(x)y (x), xeX (p-ae.).

24The scalar product is well-defined, by the polarization identity and the Cauchy-Schwarz inequality. See for instance (46,
Section 7.3.2).
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Corollary A.4 (Properties of multiplication operators). The multiplication operators M, by
@ € L® (X, u) have the following properties:

i.) For any bounded Borel function fon R, one has f(My) = My o.
ii.) o (M) is the essential range ess — im(¢) of ¢.
iii.) Its operator norm ||M||op is equal to ||¢||c.

Proof. Noting that M, is a decomposable operator on

) B (&)
(X, ) —/X C u(dv)

with ¢(x), seen as a linear operator on C, being its fibers, we can use Theorem A.3 (iii) to get the equality

(&)
F(M,) = /X Flo()) u(dx) = Moy,

This proves Assertion (i). For the second one, we use that o-(¢(x)) = {@(x)} for all x € X and thus
infer from Theorem A.3 (ii) that A € o (M) iff, for all € € RY,

u{x e XA —ex)| <e}) >0.

In other words, one gets Assertion (ii). Assertion (iii) is an elementary application of [38, Theorem
X111.83]. .

Below, we study the special case of multiplication operators on L>(T?,v), where T? = [-nx, m)? is
the torus and v is the normalized Haar measure (23) on T2. It is again an elementary result, used in the
paper. To this end, we recall that, for any self-adjoint operator Y acting on a Hilbert space ), P, (Y) is
the orthogonal projection onto the absolutely continuous space of Y, which is defined by ( 49).

Corollary A.5 (Absolutely continuous space of multiplication operators on L>(T2,v)). Let ¢ : T2 — R
be a bounded Borel function with the property that, for every Borel set Q& C R with zero Lebesgue
measure, one has v(¢~'(Q)) = 0. Then, Poc(My) = 1; that is,

ran(Pyc (M) = L*(T2,v).
Proof. Given any Borel set Q C R, we deduce from Corollary A.4 (i) that
xa(My) = Mygop = My 1

which in turn implies that, for any ¢ € L2 (Tz, V),
oral o) = [ WPy
¢ Q)

Hence, if Q C R has zero Lebesgue measure, then under the conditions of the corollary,

(W, xa(My)y) =0.

In other words, for any ¢ € L*>(T2,v), (¢, X()(My)y) is absolutely continuous with respect to the
Lebesgue measure. O

We next provide a result on the strong operator convergence and a version of Fubini’s theorem for
(constant fiber) direct integrals, which are also used in our proofs.
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Proposition A.6 (Strong operator convergence). Let (Ap)nen be any bounded sequence in
L¥(X, Y, ). If

s— lim A,(x) = A(x), xeX,
n—oo

then A € L*(X,), u) and
®

s lim An<x>u<dx>=/ AG) ().
X X

n—oo

Proof. The assertion is well-known, but for the reader’s convenience, we give here its complete proof.
For any ¢,y € ), it follows from the fact that A, (x)¥ — A(x)y everywhere and the continuity of
(p,-) € Y* that

lim (o, An(x))y = (p, ACW)y,  x€X.

This shows that A is strongly measurable, because the pointwise limit of a sequence of real-valued
measurable functions is measurable as well. Now, let

M = sup||Ap|le < 0.
neN

For p-a.e. x € X and any ¢ € ),

An(elly < 1An (D) llopllelly < Mlielly,  neN. (A.15)

Taking the limit n — oo, one thus gets that, for y-a.e. x € X and any ¢ € ),
A ¢lly = lim [[Ax()elly < Mlglly. (A.16)

Hence, M is an essential upper bound for {||A(x)llop}xcx and, therefore, A € L*(X, Y, u). Finally,
given any element ¢ € L*>(X, ), i), by (A.15)—(A.16) and the triangle inequality, we have the estimate

A (x)e(x) - AX) @)y < 2Mlle(X)lly,  xe€ X  (u-ae.).

Since A, (x)p(x) — A(x)p(x) forall x € X', we can therefore apply Lebesgue’s dominated convergence
theorem to conclude that, for any ¢ € L2 (X, D, u),
=0. O

(/ An(x),u(dX))‘P—(/ A(X)ﬂ(dx))sa
X X L2(Xx,Y,u)

Before proving a version of Fubini’s theorem for constant fiber direct integrals, we fix some
terminology concerning the Riemann integral: A partition of the interval [a,b] is a finite set
P ={t <t < -+ <t} where t) = a and t; = b. The norm of the partition P is the num-
ber |P| = maxj<;<k(t; — t;—1). A tagged partition is a pair P* = (P,&) where P is a partition and
&E=(&,...,&)issuchthatt;_) < & < t; foreveryi =1,...,k. If P* is a tagged partition of [a, b],
the corresponding Riemann sum for f : [a, b] — Z, with Z being a vector space, is

lim

n—oo

k

S(fiP7) = ) (= 1) f(&) € 2,

i=1

Proposition A.7 (Fubini’s Theorem for direct integrals). Let A,y : [a, b] — L (X, Y, ) be a contin-
uous function. Then
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i.) The mapping

b
Xox r—)/ Ai(x)dt € B(Y)

is an element of L (X, Y, u);
ii.) The mapping

(&) @
[a,b]arH/X A,(xw(dx)eB(/X ymdx))

is continuous and

/ab/:At(x)u(dx)dt:/:/:A,(x)dtu(dx).

Proof. If A : [a,b] — L*(X, Y, u) is continuous, then so is A(.)(x) : [a,b] — B(Y) for x € Xu-
a.e. For simplicity, we may assume that A.)(x) is even continuous for all x € X. If fact, as this is true
for x € Xp-a.e., for some Borel set Xy € X with u(&p) = 0, 1[x ¢ Ay]A(.)(x) is continuous for all
x € X. Note that, for all ¢ € [a, b], the functions A; and 1[(-) ¢ Xp] A, are strongly mensurable and
represent the same element (i.e., equivalence class of strongly mensurable functions X — B()))) of
L¥(X,Y, u). Moreover, as [a, b] is compact, {A;},¢[q,5] is bounded as a subset of the metric space

(LOO(X’ y’ /J)7 || : ”00) ThUS,
b b
< / 1AL () lop df < / 1Al dr
op a a

b
/ A (x)de
a
<(b-a) sup ||Afll <0 (u-ae.).
tela,b]

Let P;, be a tagged partition whose norm of the corresponding partition P, goes to zero as n — oo.
Then for every ¢, € Y and x € Xu-a.e,

b b
<<,0, (/ At(X)dt)¢> =/ (@, Ar())y dr = lim Z((y, A¢y (X)@)y; Py).
a y a n—oo

For the first equality, we used the fact that the Riemann integral commutes with bounded linear transfor-
mations. Observing that for x € X p-a.e., the right-hand side is a pointwise limit of a linear combination
of continuous (hence Riemann integrable) functions, this proves assertion (i).

Note that the mapping defined in Assertion (ii) is a composition of two continuous functions —
namely, A(,y : [a,b] — L*(X, Y, u) and

(&3] (&)
Lm(x,y,maBH/X B(x)y(dx)eB(/X yu(dx)).

Given any ¢, € L>(X, ), u), observe that the function
X x[a,b] > (x,1) = f(x,1) = (p(x), A ()¢ (x))y € C
is measurable when A () (x) € C([a, b], B(Y)) for any x € X.
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To prove this, for each n € N, define the function f,, : X X [a,b] — Cby f,(x,t) = f(x,s;), with
s; = min{m, ,/n, b} and m, , € Z being such that (m, , — 1)/n <t < m;_,/n. In particular,

fu(x,t) = Z l[t en'[m- l,m)]f(x, min{m/n, b}).

meZ:m>na

Characteristic functions are measurable on [a, b], and f (-, ) is also measurable on X forevery ¢ € [a, b].
So, f, is measurable for all n € N. It is easy to check that m, ,/n — t for any ¢ € [a, b], which in turn
implies that f;, pointwise converges to f, as n — co, because of the continuity of f(x,-) for any fixed
x € X. The last continuity property is a direct consequence of the assumption Ay (x) € C([a, b], B()))
together with elementary estimates using the Cauchy-Schwarz inequality.

As a consequence, f is measurable on X' X [a, b]. Note also that

b
[ [ 176001t a@0) < = 6l 91 Royy 550 A <,
a tela,b]

thanks to the Cauchy-Schwarz inequality for both spaces ) and L?(X, ), u1). We can then apply (usual)
Fubini’s theorem to obtain

® b b
<so,(/X /a A'(x)dtu(dx))w>Lz<x,y,mZ/x<¢(x)’(/a At(y)dt)t,//(x)>y“(dx)=

b b
- / / (@), A () dr () = / / (@), A (W () () di =
X Ja a X

b 3 b ®
= , A, dx dr = (¢, A; dx)d .
J A amaole) we=fe [ [ acomavay)

As @, are arbitrary, we arrive at Assertion (ii). O

We conclude this short account on constant fiber direct integrals by providing a representation of
them as tensor products:

Proposition A.8 (Direct integrals and tensor products). There is a unique unitary transformation
V:LX(X,n)®Y — L>(X, Y, n) such that

V(fee)x)=f(x)e, feLl* (X, pel. xeX (uae.).

Proof. See [45, Proposition 5.2]. ]

A.5. The Birman-Schwinger principle

There are various versions of the Birman-Schwinger principle in the literature, and we give below the
precise version that is used in our proofs. To this end, we first define Birman-Schwinger operators: For
any operator T acting on some complex vector space, recall that p(7) C C denotes its resolvent set.
Given two (bounded) operators 7', V acting on some complex vector space and any A € p(7T'), we define
the associated Birman-Schwinger operator to be

B(1) =B(A,T,V) = V(T —a1)"'v. (A.17)
It turns out that, for all 1 € p(T), 1 is an eigenvalue of B() iff A is an eigenvalue of 7 — V?:
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Lemma A.9 (The eigenvalues of Birman-Schwinger operators). Let T,V be two bounded operators
acting on a vector space X over C. Assume that A € p(T) is an eigenvalue of T — V? and let {¢;}ier
denote any basis of the corresponding eigenspace. Define y; = V;, i € 1. Then,

@i = (T -V, =(T-21)"'Vy;, el (A.18)
and {y;}ics is a linearly independent set satisfying
B()yi =V =vi, iel. (A.19)

Proof. Suppose that 1 is an eigenvalue of T — V2 and let {¢;}ic; be a basis of the corresponding
eigenspace. Set y; = Vg;,i € I. Then

(T - N)g; = (T - Vz)go,- + (V2 - Al)goi = g; + (V2 - Al)gol- = V2

so that (A.18) holds true. By (A.18), y; is a nonzero vector for any i € [ since ¢; # 0 for all i € I.
As linear transformations map a linearly dependent set onto a linearly dependent set, we conclude that
{yi}ier is a linearly independent set. Equation (A.19) is a direct consequence of (A.17) and (A.18). O

This last lemma is explicitly used in the proof of Corollary 4.6 and allows meanwhile to prove the
Birman-Schwinger principle for eigenvalues. Below, for any operator 7, we use the notation &7 (1) for
the eigenspace associated with the eigenvalue A of T.

Theorem A.10 (Birman-Schwinger). Let T,V be two linear operators acting on a vector space X over C
and A € p(T). Then A is an eigenvalue of T —V? iff 1 is an eigenvalue of B(1) = B(A, T, V). In this case,

dim & _y2(4) = dim Eg () (1) ;

that is, the corresponding (geometric) multiplicities of eigenvalues are equal to each other.

Proof. If A is an eigenvalue of T — V2, then Lemma A.O implies that 1 is an eigenvalue of B(1) and
the eigenspace of B(A) corresponding to the eigenvalue 1 has at least dimension |I| = dim &r_y2(4).
Conversely, if {¢;} jes is a basis of the eigenspace of B(1) corresponding to the eigenvalue 1, then we set

g = (T-aA)""'Ve;,  jel.
Then, by (A.17),

¢;=BD)¢; =Vy;, JE€J,
which implies that {¢/;} ;e is a linearly independent set. Thus,

(T—vz)wj = (T - Ay + (41 —vz)lp,- =V + (u—vz)wj =l jel,

and hence, the eigenspace of T — V2 corresponding to the eigenvalue A has at least dimension
|J| =dimEB(,1)(1). [m}

A.6. Combes-Thomas estimates

We give here a version of the celebrated Combes-Thomas estimates, first proven in 1973 [47], which is
well-adapted to our framework. For the nonexpert reader, we provide also its proof, which is relatively
short and easy to understand in the particular situation we are interested in.
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Fix a countable set A and a pseudometric d : Ax A — R{ on A. Let £2(A) be the (separable) Hilbert
space of square summable functions A — C. Similar to (5), its canonical orthonormal basis is defined by

ex(y) = dx,y, X,y €A,
where 6; ; is the Kronecker delta. For simplicity, as before, we use the shorter notation (-, -) = (-, -) 2(A)

for its scalar product.
For each bounded operator T € B(£?(A)) and positive parameter u € R}, we define the quantity

S(T, 1) = sup Z(eﬂd(x’ﬁ - 1)|<ex,Tey>| € [0, oo]. (A.20)
x€eA yeA

Compare with (136). By definition of a pseudometric, the function d is symmetric with respect to the
variables x and y. The same occurs with the factor |(e,, Te,)|, provided that T is self-adjoint. Thus, in
this particular case, S(7', u) is equal to

S(T, ) = sup )" (e#90) ~1}|(ey, Te, )| € [0, . (A21)
YEA XA

The lemma below provides an estimate of the operator norm of 7 in terms of quantities that are
similar to (A.20) and (A.21):

Lemma A.11. For any bounded operator T € B(£*(A)),
||T||Op < (sup Z| ex,Tey ) sup Z| ex,Tey
yeA xXeA yEA

Proof. Assume without loss of generality that the above bound is finite for 7 € B(£%(A)). Otherwise
the assertion would be trivial. Let V : £1(A) + £*°(A) — £'(A) + £ (A) be the mapping defined by

Vi(x) = Z F)(enTe,),  xeA, fel'(A)+L2(A).

yeA

If f € £°(A), then Vf € £*°(A) because

sup D 1F O ews Ty )| < 1l sup 3 [ews Tey)|

xeA yeA yEA

while, for any f € £'(A), we also have V f € £'(A) because

VAl 2IVF@I < DT 1IFO (e Tey)] < I llera sup > [{ex.Tey)| < oo,

x€eA x,yEA A e

using Tonelli’s theorem. It then follows from the Riesz-Thorin theorem [94, Theorem 6.27] that, for any
function f € £2(A) C £1(A) + £2(A),

V12 < IIfII[z(A)(sup > lex.Tey) ) sup 3 (e, Tey )|

x€eA yEA
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Finally, we observe that

(TF)X) = T = Y FO) e Tey) = (VAK)

yeA

whenever x € A and f € €2(A). O

We now state another, well-known, technical lemma, which is given here for completeness. Recall
that, here, p(T) € C and o (T) = C\p(T) respectively denote the resolvent set and the spectrum of
any element 7 in some unital C*-algebra (like the space of bounded operators on some Hilbert space).
Similar to (135), we use the notation

A4 T) =min{|d—al|:a € o(T)} (A.22)

for the distance between a complex number A € C and the spectrum o (T) of any element 7 in some
unital C*-algebra.

Lemma A.12 (Norm estimates of resolvents). Let X be an unital C*-algebra with norm ||-||. Take
T, B € X with T being self-adjoint and let A € p(T). If ||B|| < A(A4;T), then A € p(T + B) and

1
T+B-a)7Y g ———.
| ” A T) - |IB||
Proof. Assume all conditions of the lemma, in particular that ||B|| < A(A;T). Then,
|(T—a0)'B|| < A7) IBI < 1,

and using the Neumann series [46, Lemma 4.24] for —(T — 11)"!B, the element 1 + (T — A1)"'B is
invertible with norm bounded by

(o] n 1
<> (T-a)7'B|" =
< 1 3 AA4;T)
T 1-AT) B AWMT) - Bl

H(l +(T - /11)‘13)71

Finally, one uses the equality
T+B-A1=(T- /11)(1 +(T - /11)"3)

for any A € p(T) to deduce that A € p(T + B) and

N
AGLT) - 18]

We can now prove the following version of Combes-Thomas estimates:

T+ B-21)7"| = H(1 +(T - 41)-13)_1 (T - 1)

Theorem A.13 (Combes-Thomas estimates). Let T € B(£2(A)) be a self-adjoint operator. Given u € RS
and A € Cwith A(A;T) > S(T, u), the following inequality holds true:

e_/‘d(x’y)
A;T) = S(T, )’

[(ex, (T — A1) 7'e, )| < X,y €A

Proof. Fixy € A and R € R*. Define the function ¢ : A — [1,e#R] by

¢(x) = exp(umin{d(x, y), R}), x €A.
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Clearly, ¢ and 1/¢ are bounded, and the inverse of the multiplication operator M, € B (L2(N)) by ¢
is nothing else than Mj,,. Because ¢ is a real-valued function, M; = M, and, for any x € A, e, is of
course an eigenvector of M, with associated eigenvalue ¢(x). In particular,

(ex, MTM;'e.) = ‘p (ex, Te.),  x,z€A.
Since (x, z) — min{d(x, z), R} is another pseudometric on A, for all x, z € A, we have that
min{d(x,y), R} —min{d(z,y), R} < min{d(x,z),R} < d(x,z).
In particular, the operator B = M,TM ;1 — T satisfies the bound
(ex, Beo)l < (4909 — 1) (e, Te)l, xze A
By Lemma A.11 together with Equations (A.20) and (A.21), it follows that
I1Bllop < S(T, p) < A(LT).

Applying now Lemma A.12, we then arrive at the bound

1 1
< < .
op  AMT) =By, — A(LT) = S(T, p)

H(M(K,TMW' - /u)_l

Finally, for any x € A such that d(x, y) < R, we observe from the last upper bound that

p(x)

A0 e, (T - A ler)| = 75

Slee T —anTle)| =

-1
<ex, (m,Th;! - 1) ez>

< ! .
T AT) - S(T, p)

Since y € A and R € R* are arbitrary parameters, the above inequality in fact holds true for all
x,y €A O

A.7. Elementary observations

For completeness and the reader’s convenience, we conclude the appendix by given a few elementary
results related to the space of bounded operators on a Hilbert space.

Proposition A.14 (Monotonicity of the inverse on operators). Let B and C be two positive bounded
operators on a Hilbert space with bounded (positive) inverse. If B < C, then C™!' < B!,

Proof. The proof is standard. Since it is very short, we give it for completeness. If B and C commute,
then

_c'=BYCc-B)C!

because B~!, C~! and C — B are positive commuting operators. If B and C do not commute, then we
observe that B < C yields
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which in turn implies that

because 1 and C~2 BC~% commute. From the last inequality it follows that B~! > C~!. O

Proposition A.15 (Monotone convergence theorem for operators). Let X' be any complex Hilbert space.
Any increasing (decreasing) monotone net (A;); <y of self-adjoint elements in B(X') that is bounded from
above (below) has a supremum (infimum) in B(X). The supremum (infimum) is itself also self-adjoint
and is the strong operator limit of the net.

Proof. [46, Proposition 2.17] already tells us that any increasing (decreasing) monotone net (A;);cy
of self-adjoint elements in B(X) that is bounded from above (below) has a supremum (infimum) A
in B(X). The supremum (infimum) A, is itself also self-adjoint and is the weak operator limit of the
net. This is proven by using the polarization identity and the Riesz representation theorem together
with elementary estimates. To conclude the proof, it remains to show that A, € B(X) is the limit of
the increasing net (A;);¢s also in the strong operator topology. To this end, assume that (A;);¢; is an
increasing net and define the (decreasing) net (B;);c; of positive operators by B; = Ae, — A; > 0. By
construction, this net converges in the weak operator topology to 0 € 5(X’), which in turn implies that
the net (Bg/ z)iel converges in the strong operator topology to 0 € B(X). As the net (Bg/ z)iel is norm-
bounded and B; = Bl! / 231} / 2, we then conclude that also (B;); <y converges in the strong operator topology
to 0 € B(X); that is, A is the strong operator limit of the net (A;);er. If (A;)ies is a decreasing net,
then we consider the increasing net (—A;);¢; to conclude that (A;);¢; has ainfimum A, = AL € B(X),
which is again the strong operator limit of the net (A;);e;. O
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