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ABSTRACT We study a two-channel lattice Hamiltonian in a fixed particle-number sector on the one-dimensional
lattice Z. The model consists of a molecular channel coupled to a bosonic two-particle channel with on-site
interaction. In the momentum representation, translation invariance yields a family of reduced Hamiltonians
H, »(K) parametrized by total quasi-momentum K < T, each acting in C & L*°(T).

For contact interactions, each reduced Hamiltonian is a rank-two perturbation of the free diagonal opera-
tor. By means of the Lippmann—Schwinger method, the eigenvalue problem for energies outside the essential
spectrum €, &;t] is reduced to a 2 x 2 linear system and, equivalently, to the vanishing of an explicit scalar
Fredholm determinant involving the one-dimensional lattice Green function. The square-root singularities of
this Green function at the band edges 5}5 determine the threshold asymptotics of the determinant and lead to
explicit criteria for the existence of eigenvalues below the lower threshold and above the upper threshold.

We obtain a complete classification of the discrete spectrum of H,, ,(K) for all quasi-momenta in terms of
the parameters v, A\, and E,. We also analyze the threshold configurations Fy = S}Q, the exceptional flat-band
fiber K = 7, where the essential spectrum collapses to a single point, and the threshold states of the auxiliary
rank-one operator hy(K). For the latter, we provide a weighted-space description of threshold resonances,
clarifying how an eigenvalue emerges from a threshold resonance of h,(K) and approaches a band edge
when the interchannel coupling is switched on.
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1. Introduction
1.1. Background and motivation

The spectral theory of lattice hamiltonians for interacting quantum particles has been studied intensively for several
decades, beginning with the works [1,2]; see also [3—5] and the monographs [6,7]. The works of Mogilner [2, 5] estab-
lished the basic spectral properties of multiparticle discrete Schrodinger operators on lattices, including the structure of
the essential spectrum and the existence of bound states for systems of three identical bosons. His review [2] systemati-
cally formulated the N-particle lattice problem as a theory of bounded operators and outlined a number of open problems
that have subsequently stimulated intensive research. Unlike continuum Schrédinger operators, lattice hamiltonians have
bounded dispersion relations and are naturally formulated on the Brillouin zone T%. Consequently, their essential spectra
are compact, and their threshold behavior differs substantially from that of continuum models. Important examples arise
from few-particle sectors of Bose-Hubbard models, which lead to discrete Schrodinger operators with short-range inter-
actions; see, for example, [8—11]. In one dimension, the corresponding Green functions exhibit square-root singularities
at the band edges, making this setting especially suitable for the explicit analysis of threshold resonances, virtual levels,
and bound states.

Lattice models are widely used in mathematical physics. One such model is the lattice /N-body hamiltonian [1] that
represents a minimalist version of the corresponding Bose— or Fermi—Hubbard models involving just N particles of a
certain type. The lattice N-body hamiltonians are of great interest even for 1 < N < 3 and the respective lattice N-
particle problems have been intensively studied over the past several decades [8, 12, 13]. An additional reason to study
such hamiltonians is that, in fact, they serve as a natural discrete approximation of the continuous /N-body Schrédinger
operators. Setting down the /N-body problem on a lattice allows one to study it in the context of the theory of bounded
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operators. Notice that the one-particle 1D lattice case is essentially covered by the general perturbation theory for infinite
Jacobi matrices (see, e.g., [14, 15]).

The lattice N-body Schrodinger operators also serve as a model for systems formed by NV particles traveling through
periodic structures, e.g. for ultracold atoms injected into optical crystals [16]. In the last decades, the study of ultracold
few-atom systems in optical lattices has become of particular interest due to the availability of controllable parameters
such as temperature, particle masses, and interaction potentials (see e.g. [16] and references therein).

Such models provide natural testbeds for finite-rank perturbation methods, Fredholm determinant techniques, and
threshold singularity analysis, which are central themes in mathematical physics. The present paper fits into this circle of
ideas. We study a two-channel lattice model for two identical bosons coupled to an internal molecular mode. The model
is considered as a coupled two-channel hamiltonian in a fixed particle-number sector. Our main goal is to give a complete
description of the discrete spectrum of the associated reduced hamiltonians, to analyze their threshold behavior, and to
identify the mechanisms of bound-state formation.

1.2. The model

We consider two identical spinless bosons on Z with on-site interaction strength A € R, coupled to a molecular
channel of internal energy Ey € R. The interchannel coupling is governed by v € R. After the Fourier transform and
the Floquet-Bloch decomposition, translation invariance yields a direct-integral decomposition with respect to the total
quasi-momentum K € T. The corresponding reduced hamiltonians are denoted by H., »(K), K € T, and act in the
fiber Hilbert spaces Hy = C @ L*°(T), where C represents the molecular channel in the fiber and L*°(T) denotes the
subspace of even functions in the two-boson channel.

For contact interactions, the perturbation of the free reduced hamiltonian has rank at most two: one rank-one term
is generated by the on-site interaction, and the other by the molecular coupling. Thus the analysis reduces to the fiber
operators H., » (). The eigenvalue problem outside the essential spectrum reduces, by the Lippmann—Schwinger method
[17], to a 2 x 2 linear system and, equivalently, to a scalar Fredholm determinant. Alongside H., ) (K), the auxiliary rank-
one fiber operator h (K), acting in the bosonic channel alone, provides useful information on how isolated eigenvalues
approach the band edges.

1.3. Main results
(i) Reduced hamiltonians and essential spectrum. For fixed K € T, the essential spectrum of H., ) (K) equals
the range of the free two-particle dispersion
ex(p) = 4(1 - cos% cosp),
namely,
G (Ho A () = [, 5], € =41 ycos%). (1)

The fiber K =  is exceptional: the dispersion is flat, and the essential spectrum collapses to the singleton {4}.
(i) Lippmann-Schwinger reduction. For

2 & [Ex, 4
the eigenvalue problem reduces to a scalar equation
Ay A(K;2) =0, (2)
where A, (K z) is an explicit Fredholm determinant involving the one-dimensional lattice Green function
2m d
1 p
=— [ ——. 3
ax(2) QW/EK(p)—z )
0

Thus the discrete spectrum outside the essential band is completely determined by zeros of a single scalar func-
tion.

(iii) Threshold analysis and bound-state classification. The square-root singularities of ax (z) at the band edges
Sﬁ give asymptotic expansions of A, x([; z) near the thresholds. The leading coefficients provide criteria for
the existence of eigenvalues below the lower threshold and above the upper threshold. This yields a complete
classification of the discrete spectrum in terms of , A\, Ey, and the position of Ej relative to [8;(, E;Q]

(iv) Decoupled case, threshold configurations, and flat band. The decoupled case v = 0 serves as a reference case.
It shows how new spectral phenomena, such as the creation, displacement, or disappearance of eigenvalues near
the band edges, emerge when + is switched on. This is especially relevant for the threshold configurations

EO = SI_( or EO = 5;;,

where virtual-level behavior may occur. For the flat fiber K = m, the spectral problem reduces to an explicit
quadratic equation, giving a closed-form description of the discrete spectrum.
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(v) Threshold states of the auxiliary rank-one operator. For h)(K), we introduce weighted threshold spaces
adapted to the singular behavior at the band edges and classify its threshold states. This yields a weighted-space
description of threshold resonances and clarifies how threshold profiles transform into genuine eigenvalues out-
side the essential spectrum when + is perturbed away from zero. In this way, the analysis of h (K) complements
the decoupled case and explains the emergence of new spectral effects in the coupled model.

Taken together, these results provide a complete explicit spectral analysis of the reduced hamiltonians H., » (K) in the
one-dimensional contact-interaction regime, together with a detailed description of threshold behaviour for the associated
rank-one fiber operators.

1.4. Relation to previous works

We begin by recalling the well-known connection between one-dimensional lattice operators, Jacobi matrices, and
the theory of orthogonal polynomials. Comprehensive treatments appear in the monographs by Simon [18-20]. Related
results for discrete one-dimensional Schrodinger and Jacobi operators, including spectral and perturbative aspects, can be
found in, e.g., the work of Damanik, Hundertmark, Killip, and Simon [21].

Another relevant direction concerns one-dimensional lattice models whose spectral problem admits explicit or semi-
explicit analysis. In this context, the approach developed in [22,23] provides a useful point of comparison for the study of
bound states in one-dimensional lattice hamiltonians. The present paper is also conceptually related to the theory of thresh-
old states and virtual levels. We particularly refer to Yafaev’s foundational work on virtual levels for the three-dimensional
continuous Schrodinger equation [24]. Although Yafaev’s setting is continuous and three-dimensional, whereas our model
is discrete and one-dimensional, the functional-analytic idea of describing a virtual level as a non-square-integrable thresh-
old solution in a suitable weighted space is relevant for our threshold analysis below.

Our work is most directly connected to the spectral theory of two-particle lattice hamiltonians and Bose—Hubbard type
models, especially results concerning threshold effects, discrete spectra, and resonant phenomena on lattices [8, 1013,
25,26]. Recent studies of lattice Schrodinger operators with short-range and nearest-neighbor interactions have revealed
a rich spectral structure, notably the appearance of isolated eigenvalues and threshold phenomena [27,28]. These results
provide further motivation for investigating the coupled-channel lattice hamiltonians considered in the present work. In
contrast to these works, the novel feature of the present model is the inclusion of an additional molecular channel with
purely on-site interactions in one dimension, together with a systematic analysis of resonances on such lattices. This
structure yields a transparent block-operator formulation and reduces the spectral problem to a scalar Birman—Schwinger
equation, or equivalently, to a Fredholm determinant equation.

The methods employed here are also related to rank-one and finite-rank perturbation techniques for solvable quantum
models [6, 7]. In our setting, the effective finite-rank structure makes it possible to combine the Lippmann—Schwinger
reduction with explicit one-dimensional lattice Green functions. This yields a complete characterization of the discrete
spectrum, threshold configurations, and resonant phenomena for all values of the model parameters.

1.5. Organization

Section 2 introduces the model in the quasi-momentum representation, performs the fiber decomposition, and defines
the reduced hamiltonians H, x(K). Section 3 presents the Lippmann—Schwinger reduction and the scalar Fredholm
determinant. Section 4 classifies the discrete spectrum of H., »(K), including threshold configurations and the flat-band
fiber. Section 5 studies threshold states of the auxiliary rank-one fiber operator h (K).

2. The reduced hamiltonian at fixed total quasi-momentum

In this section, we study the reduced hamiltonians H., »(K) corresponding to fixed total quasi-momentum K € T.
In the constant-profile case av = 1, both the contact interaction in the two-particle channel and the interchannel coupling
are generated by the constant mode

eo(p) =1, VpeT.

We will only need this definition; from now on we work directly with the constant function 1 and do not refer to ¢ again.
As a consequence, the perturbation of the free reduced hamiltonian is of rank at most two. In particular, the eigenvalue
problem outside the essential spectrum can be reduced to a 2 x 2 linear system and, equivalently, to the vanishing of a
scalar Fredholm determinant.

For each fixed K & T, the reduced hamiltonian is defined by

Ey cr
Hy\(K) = i @
C, Hy(K)+ AR

in the Hilbert space
Hy = C @ L**(T).
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Here Ej € R is the molecular-channel energy,

(Ho(K)g)(p) =ex(p)9(p), g€ L**(T), 5)
and the fiber dispersion relation is given by
K K K
eK(p):€<2—p>+€<2 —i—p) 24(1—0055 cosp). (6)

Furthermore, Py denotes the orthogonal projection onto the one-dimensional subspace spanned by the constant func-
tion 1, that is,

Py =(01 (5.1 [ o) dvip). a)
T
where the Haar measure on T is normalized, so ||1||2 = 1.
Because the coupling profile is constant, the interchannel coupling operator does not depend on K. More precisely,

(Cy0)p) =ve,  c€C, ®)
i.e. Cycis the constant function equal to yc. Its adjoint is given by
Ci9=7 [ o) dvip) =~ (0.1), g€ L), ©

T

Hence H., »(K) is a bounded self-adjoint operator on H .
We next determine its essential spectrum.

Proposition 1. For every K € T, 0css(H4 1 (K)) = Ranek.
Proof. By (4), the operator H, »(K) differs from

Ey 0
Hfree (K) =
0 Ho(K)
by the finite-rank perturbation
0
Cy, AP

Since the scalar part Ej acts in a one-dimensional subspace, it can contribute only an isolated eigenvalue of finite multiplic-
ity and therefore does not affect the essential spectrum. Hence, by Weyl’s theorem, gegs (H% AK )) = Oess (HO(K )) =
Raneg. O

2.1. The free resolvent and the finite-rank perturbation

Let
FEy 0
Hfree(K) = 3 V'y,/\ = H’y,)\(K) - Hfree(K)~ (10)
0 Ho(K)
Then
0 C’;
Vo A(K) = (11)
C, P
For
z € C\ (Raneg U{Ep}), (12)
the free resolvent is
1 (EO — Z)_l 0
Rfree(K§ Z) = (Hfree(K) - ZI) = 5 (13)
0 ri(z)
where
i) = (oK) =7 (k(ela)) = — 20— (14

We also introduce the Lippmann—Schwinger operator

B\ (K z) := =V, A Rivee (K 2). (15)
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Proposition 2. Let
eo := (1,0) € H, e.:=(0,1) € Hg,
where the second component is the constant function 1. Then
RanV, » C span{eg, e.}.

In particular,
rank V, \ <2,

and therefore B, \(K; z) is a finite-rank, hence compact, operator.

Proof. Let (c,g) € Hi. By (11), (8), (9), and (7),

¢ 7(g,1)
V’y,A = ;
g (ve+ g, 1)) 1
which belongs to span{eg, e..}. This proves the claim. ]

3. Lippmann-Schwinger Reduction for the fiber hamiltonian

In this section we analyze the reduced hamiltonians H., »(K) corresponding to fixed total quasi-momentum K & T.
Since both the contact interaction and the interchannel coupling act through the constant function 1 (the constant mode),
the perturbation of the free fiber operator is of rank at most two. As a consequence, the eigenvalue problem outside the
essential spectrum reduces to a 2 x 2 linear system and, equivalently, to the vanishing of a scalar Fredholm determinant.

3.1. Finite-dimensional reduction and the reduced determinant

For

z € C\ Raneg, ak () = (rx(2)¢o, o) = / ng(IjD()pzZ’
T

where dv is the normalized Haar measure on T. The function a k is holomorphic on C\ Ran e, and forreal z ¢ Raneg
it is real-valued.
Theorem 1 (Finite-dimensional reduction). Let

z € R\ Raneg.

Then the following statements are equivalent:
(i) z is an eigenvalue of H., \(K);
(ii) there exists a nonzero vector (cg, ¢1) € C? such that

EO -z 0 Co
0, (16)
var(z) 1+ dak(2) ‘1
(iii) the reduced determinant
A ANK;2) = (Ey — z)(l + /\aK(z)) —y2ak(2) (17)
vanishes at z.
Proof. Let
Y = (co,9) € Hi \ {0}.
The eigenvalue equation
Hy \(K)Y = 21
is equivalent to the system
(Eo — 2)co + (g, o) = 0, (18)
(ex(p) — 2)9(p) + vcopo(p) + Alg; po)wo(p) = 0. (19)
Since o = 1, the term oo (p) may be identified with yco.
Set
C1 = (gv @0)

Then the first equation in the eigenvalue system becomes
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(Eo — 2)co + ye1 = 0.
Since z ¢ Ran e, the resolvent
ri(2) = (Ho(K) — 2)~!
is bounded. Hence the second equation in the eigenvalue system can be written as
(Ho(K) — 2)g = —(vco + Ac1)po.
Therefore
g = —(veo + Aer)rk (2)po. (20)
Taking the scalar product of (20) with ¢g, and using
ax (z) := (1K (2)¢o, o),
we obtain
c1 = —(yeo + Aer)ak (2),
Equivalently,
vak (2)co + (1 + Aak(z))er = 0.
Thus ¢( and ¢; satisfy the reduced finite-dimensional system

(Eo — 2)co +yer = 0,
vag(z)co + (1 + /\aK(z))cl =0.

This system is exactly the matrix equation (16).
Moreover, the vector (cg, ¢1) is nonzero. Indeed, if

2L

Co = 0 and c1 = 0,
then (20) implies g = 0, which contradicts ¢» # 0. Hence (i) = (ii).
Conversely, suppose that a nonzero vector
(co,c1) € C?
satisfies (16). Define
g = —(yco + Ac1)rk (2)po-
Then
(9, p0) = —(vco + Acr)ax (2).
By the second equation of (16), we have
vak (2)co + (1 + Aak(2))er = 0.
Hence
—(yco + Aer)ak (2) = ¢,
and therefore
(ga 900) =C1.
Using the first equation of (16), we obtain
(Eo — 2)co + (9, ¢0) = 0.
Thus (18) holds.
Furthermore, by the definition of g,
(Ho(K) — 2)g = —(veo + Aer)po.
Since ¢1 = (g, o), this is equivalent to

(Ho(K) — 2)g + ycoo + A(g: o) o = 0.
Therefore (19) also holds.
It remains to check that (cq, g) # 0. Suppose, on the contrary, that
co=0 and g=0.
Then
0=g=-Xaarkg(z)eo.
Since i (2)po # 0, it follows that Ac; = 0. If A # 0, then ¢; = 0. If A = 0, then the second equation of (16) gives
c1 = 0. In both cases,
(co,c1) = (0,0),
which contradicts the assumption that (co, ¢1) # 0. Therefore (co, g) # 0, and hence (co, g) is an eigenvector of H, \(K)
corresponding to z. Thus (i7) = (i).
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Finally, the homogeneous system (16) has a nontrivial solution if and only if its determinant is equal to zero. Since
Ey—z Y
det = (Eo — 2)(1+ Xag(2)) —~Ylag(z),

vag(z) 14+ dak(z)

this condition is precisely
AL A(K;2)=0.
Hence (i) < (i4i). The theorem is proved. O
Corollary 1 (Fredholm determinant). For
z € C\ (Raneg U{Ep}),

the Fredholm determinant of I — B, (K z) is given by

A (K
Dy A(K; 2) = det(I — By A(K:2)) = % = 14 hax(2)

Yag(z)

In particular, for z € R\ Raneg,
2 € 0gisc(Hy A (K)) <= A, \(K;z)=0.
Moreover, if z # Ey, then
2 € 0dgisc(HyA(K)) <= D, \(K;z)=0.
Proof. By Proposition 2,
Ran B, »(K; z) C span{eg, ec}.
where ¢ := (1,0) and e, := (0, 1) (the second component is the constant function 1). Hence the Fredholm determinant

reduces to the determinant of the restriction of I — B, »(K; z) to this two-dimensional subspace.
Using (13) and (15), one computes
~
EO —z
Therefore the matrix of I — B, (K z) in the basis {eg, e.} is

By (K;z)eg = — €c) By (K;z)ec = —vak(2)eg — Aak (2)ec.

1 vak(z)
7 3
1+ A
EO —Z + aK(Z)
whose determinant equals the right hand side of (22). (I

3.2. The one-dimensional lattice Green function

We next compute explicitly the scalar Green function associated with the one-dimensional lattice dispersion. This
computation is one of the key technical ingredients of the spectral analysis below, since it gives the explicit form of the
perturbation determinant and describes its behavior near the spectral thresholds.

We emphasize that formulas of this type are standard in the spectral theory of one-dimensional discrete Schrodinger
and Jacobi operators. In particular, the Green function of the discrete Schrodinger operator with a point interaction was
studied in detail by Yafaev [15], where closely related computations are expressed in terms of generalized Chebyshev
polynomials. More generally, Green functions and Weyl-type functions for broad classes of Jacobi operators are sys-
tematically discussed in Teschl’s monograph [14]. The calculation below is included for completeness and to make the
dependence on the total quasi-momentum K explicit in the present model.

Assume first that

K €T\ {r},
and set
ki = |cos(K/2)| € (0,1]. (23)
Then the band edges of the multiplication operator with dispersion € are
Ep =41 —kg), & =41+ kk), (24)

and therefore
Raneg = [Ex, EF].
For
z e R\ [Ex, &4,
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we define
27
1 dp
= [ —. 25
ax(2) 27‘(/81{(])) — 2z (25)
0
Equivalently,

ar(z) = (TK(Z)SOOMPO), ri(2) == (Ho(K) — Z)_lv wo = L.
Lemma 1. Ler K € T\ {n}. Then, for

2 € R\ [Ex, £,
one has )
, 2 < &g
z— &)z —EF
ax(z) = Vi W) (26)
— , Z> SI‘E.
VG- €)= - £7)
Here the square root denotes the positive branch.
In particular,
ak(z) >0 forz <&y, ax(z) <0 forz>Ef.
Moreover, ay is strictly increasing on both intervals
(—00,&x) and (&, 00),
and
. _ + . _ —_
zgr_noo ar(z) =07, zgr-ir-loo ak(z)=0". (27)
Finally, as z T £,
1
aK(Z) 2m(l( Z) + ()7 (28)
andas z | EF,
1
=———— (2-&H7V2+0(1). 29

Proof. By the explicit form of the one-dimensional two-particle dispersion, one has

ex(p) =4 — 4Kk cosp.

Therefore
27
(2) 1 / dp
ag(z) = — .
K 2 ) 4— 2z —4KkK cosp
0
This is the standard diagonal Green function of a one-dimensional Jacobi operator. Using the classical integral identity
27
1 dp sgn(a)
2/ - el > 1
2m ) a—bcosp a2 — b2
0
with
a=4-z, b=4kg,
we obtain
sgn(4 — z
ax(z) = g ) =
(4 —2)2 — 16K3%
Since

(4-2)? — 165% = (= — Ex)(= — EF),
formula (26) follows.
The sign properties are immediate from (26). The limits

. _ + . _ —
A e =0l ox(3) =0

also follow directly from the same formula.
To prove monotonicity, it is enough to differentiate under the integral sign:
2 d
1
a (2) / B

" 21 ) (ex(p) - 2)?
0
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Hence ay is strictly increasing on each connected component of
R\ (€, Exc]-
It remains to derive the threshold asymptotics. As z 1 £, one has
(2 =€)z =€) = (Ex — 2)(Ef — 2),
and
Ef —2=EF —Ep +E —2=8kk +Ef — 2.

Therefore
1 1

= - _ )12
\/(51? ) (8kk + € —2)  2V2RK (€ —2) 7+ 0(),

ak(z) =

which proves (28).
Similarly, as z | € =+,

(2= &)z —EF) = Bk +2— EF)(z — EF).
Using the negative sign in the upper part of (26), we get

ak(z) = — ! =

1 —
ot a- b -y VK (= = €077+ 0(D).

This proves (29).

3.3. A scalar Birman-Schwinger equation

259

Forz € R\ ([£x, E]U{Eo}), the equation A, (K z) = 0 is equivalent to the scalar Birman—-Schwinger equation

P (2) = Uqyn(2),
where
1 'yQ
- v =)\ - .
aK(z)’ ”/7/\(2) Eo— 2

Indeed, multiplying (30) by —ax (2)(Eop — z) yields exactly A, x (K z) = 0.

D (2) =

Remark 1. By Lemma 1, the function ® i is strictly increasing on (—00, ;) and on (€3, 00), and

lim ®x(z) = —o0, lim ®x(z) =07,
Z—r—00 ZTg;(
. _ + . _
zlil?}; Dr(z) =07, ZEI_POO D (z) = +o0.
On the other hand,
2
/
Lalz) = @ <0 (2 # Ep),

so V., x is strictly decreasing on every interval not containing the pole Ej.

3.4. The flat-band case K =7
If K = 7, then cos(K/2) = 0, and therefore

Hence 0egs (Hy, 2 () = {4}, and

Substituting (33) into (17), we obtain

AW,A(WQZ)Z(E0—2)<1+ A >_472 (o= 2)(d+A=2) =

4—z -z 4—z

Thus, in the flat-band case K = T, the spectral problem reduces to the explicit quadratic equation

(Bo —2)(4+ X —2) =~

(30)

€2y

(32)

(33)

(34)

(35)
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4. Discrete spectrum of the reduced hamiltonian ., ) (K)

In this section we classify the discrete spectrum of the reduced hamiltonians H., x(K) in the constant-profile case
« = 1. The analysis is based on the scalar Birman—Schwinger equation derived in Section 3.

Recall from Section 3 that the location of the molecular energy Ej relative to the essential band [£, EIJQ] determines
three generic regimes: Ej inside the band (€5 < Ey < E;Q), Ey below the band (Ey < &), and E; above the
band (Ey > 5}) The discrete spectrum of H., (K) is classified separately for each of these cases, with the threshold
configurations Fy = £ treated as limiting situations.

Throughout this section, unless stated otherwise, we assume that K € T \ {7}. Recall that the essential spectrum of

H., (K) is the interval
Tess (Hy 2 (K)) = [0, €] (36)
with €5 defined in (24).
We write
n (Hy A (K) = # (e (Haa () 0 (=00, €5) ) (37)
and
4 (Hy A (K)) = #(0aise (Ha A (K)) 0 (6, 50)), (38)

where eigenvalues are counted with multiplicities.
The threshold behaviour of the reduced determinant A, » (K; z) is governed by the coefficients

S, A) =XMEo— €)=, SE(1,A) = AEEL — Eo) +4° (39)

If By # 8?5, the corresponding critical curves in the (-, \)-plane are given by
2 2
- Y + Y
A=A =—_—, A=A == 40
k() Fo—&x k() Fo—cF (40)
Equivalently,
SN =0 <= A=xx(1), SN =0 <= Xx=xL().
The spectral classification below is based on the scalar Birman—Schwinger equation
Pk (2) = ¥qa(2), (41)

with @, U, \ defined in (31). By Remark 1, ® is strictly increasing on each of the intervals (—oo, &) and (€%, 00),
whereas WU, , is strictly decreasing on every interval not containing the pole Ey. This monotonicity is the basic tool in
what follows.

4.1. Thecase &, < Ey < S;Q

We begin with the case in which the molecular energy lies inside the essential band. Then the pole of ¥, y lies inside
the band and therefore does not affect the analysis on the two spectral half-lines.

Theorem 2. Assume that

8;( < Ey < 5} (42)
Then
1, Sg(v,A) <0,
no(Hoa(K) =1 K @)
07 SK(,% ) Z Oa
and
1, SE(y,A) >0,
n (Hya(K)) = N (44)
Equivalently,
n_(Hy \(K)) =1 < A< Ag(v), ny(Hya(K)) =1 < A> AL(y). (45)

Proof. Since Ey € (Ex,E;%), the pole of W,y lies inside the essential band and does not interfere with the spectral
half-lines (—oo, £ ) and (£, 00).
Consider first the lower half-line and define
F_(z) :=®k(2) — Uya(2), z € (—00,Ex).
Because @ is strictly increasing and W, » is strictly decreasing, F_ is strictly increasing. Moreover,

lim F_(z) = —o0.

Z—r—00
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Using the threshold asymptotics of ® i, one obtains

lim F_(z) = —M.
21E E() _gK

Since Ey — £f > 0, this limit is positive if and only if S (7, A) < 0. Hence F_ has exactly one zero in (—oo, £ ) when
S (v, A) < 0, and none otherwise. This proves (43).
The argument for the upper half-line is analogous. Define

Fi(z):=®x(z) — ¥,ya(2), z € (&, 00).

Again F is strictly increasing, and

SE(y, A
lim Fy(z) = —#, lim Fy(z) = +oc.
Zig; EK — EO z—r—+00
Because £ — Ey > 0, there is exactly one zero in (€7, 00) if and only if Sjz (7, A) > 0. This proves (44). O

4.2. Thecase Fy < &,

We next consider the case when the molecular energy lies below the essential band. Then the pole of ¥,  lies on the
lower spectral side and splits the lower half-line into two monotonicity intervals.

Theorem 3. Assume that

Then
2, Sg(r,A)>0,
n_ (Hya(K)) = " (47)
17 SK(’Y& )‘) S Oa
and
1, Sk(v,A) >0,
n (Hya(K)) = " (48)
Equivalently,
no(Hoa\(K)) =2 <= A<Xg(7), ne(HA(K)) =1 <= XA>M:(y). (49)

Proof. We begin with the decoupled case v = 0. Then
A A(K;z) = (Ey — z)(1+ Aak(z)).

Hence z = Ej is always an eigenvalue below the essential band, while the remaining discrete spectrum is determined by
1+ Aax(z) = 0. Since ax(z) > 0 on (—o00,Ex ) and ax (z) < 0 on (£, 00), this equation has one solution below the
band iff A < 0, and one solution above the band iff A > 0. This agrees with the formulas in the theorem, because for
7 =0,S%(0,\) = MN(Ey — £x) (negative since Ey — £ < 0) and S5 (0,\) = M€ — Ep).

Assume now that v # 0. On the interval (—oo, Ep), set

Fi(z) .= Pg(z) — U, 2 (2).
The function Fj is strictly increasing and satisfies

lim Fi(z) = —o0, lim Fy(z) = +oo.
Z—>r—00 zTEq

Hence F} has exactly one zero in (—oo, Ey).
On the interval (Ey, £f;), define
Fy(z) = Px(z) — ¥y a(2).

Again F5 is strictly increasing, and

lim Fy(z) = 0o, lim Fy(z) = — 20N
z|Eo 21Ex Ey—E&x
Because Ey — £ < 0, the last limit is positive if and only if S (7, A) > 0. Therefore there is exactly one zero in
(Eo, ) when S (v, A) > 0, and none otherwise. This proves (47).
Finally, on (5;, 00) the pole Ej is irrelevant, and the same argument as in Theorem 2 shows that there is exactly one
eigenvalue above the band if and only if S}E(*y, A) > 0. This proves (48). O
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4.3. The case Ey > £

We finally consider the case when the molecular energy lies above the essential band. This is symmetric to the
previous case, with the pole of ¥, y now lying on the upper spectral side.

Theorem 4. Assume that

Then
1, Sg(r,A) <0,
n_ (Hya(K)) = * (51)
07 SK('% )‘) Z Oa
and
2, Sg(n,A) <0,
ny (Hyn(K)) = " (52)
1 Sg(nA) =0
Equivalently,
no(Hy A\ (K)) =1 < A<Ag(7), ni(HoA(K)) =2 <= A> (). (53)

Proof. If v = 0, then A, \(K;2) = (Eo — 2)(1+ Xak (2)) and z = Ej is always an eigenvalue above the essential band.
The equation 1 + Aag (z) = 0 contributes one eigenvalue below the band iff A < 0, and one additional eigenvalue above
the band iff A > 0. This matches the statement of the theorem.

Assume now that v # 0. On (—oo, SI}), the pole Ej is absent, and the same argument as in Theorem 2 shows that
there is exactly one eigenvalue below the band iff Sy (v, A) < 0.

For the upper half-line (£;;, 00), the pole at Ej splits the interval into two parts. On (€}, Ey), define

Fi(z) .= Px(z) — ¥y 2(2).
Then F} is strictly increasing and satisfies
Sy, A
lim Fy(z) = —w, lim Fi(z) = +o0.
zlEF Ex — Eo 21 Eo
Since £;; — Ey < 0, there is exactly one zero in (€%, Eo) iff S} (v, \) < 0.
On (Ey, 00), define
Fy(z) = Pg(z) — U, 2 (2).
Again F is strictly increasing, and

lim Fy(z) = —o0, lim Fy(z) = +oo.

z)Eg z—+00

Hence F5 has exactly one zero in (Ey, o). Therefore

g (Hya(K)) =14 165 <oy
which is exactly (52). [l

4.4. Threshold configurations Fy = 51%

We now discuss the limiting situations in which the molecular energy coincides with one of the band edges. These
configurations are the boundaries between the three generic regimes treated above, and the counting formulas can be
obtained by taking the limits £y — Eii( in Theorems 2 — 4 while keeping track of the eigenvalue that emerges from the
threshold when v # 0.

Proposition 3. Assume that K € T \ {7}. Then the following assertions hold.
Q) If By = &, then
L, v#0,
n_(Hyx(K)) =41, y=0and\ <0, (54)
0, y=0and X >0,

and

1, MEF—EX)+ 2>0,
{ (K K) Y (55)

0, M&f—Ex)+a2<0.
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(i) If Eo = EF, then

1, MEL—Ex)—72 <0,
n_(H,\(K)) = TR (56)
0, MEx—-E)—7" >0,
and
1, v#0,
ny(Hya(K))=<¢1, y=0and X\ >0, (57)

0, y=0and A <0.

Proof. The proof follows by taking the limits £y — &5 and By — 5;; in Theorems 2 and 3 (or 4) respectively, and
using the continuity of the eigenvalue counting functions with respect to Ej as long as the thresholds are approached from
the appropriate side. When v # 0, the pole of V., 5 at Ej forces one eigenvalue to bifurcate from the band edge, which
is reflected in the first case of the counting formulas on the side where the pole is located. The explicit expressions are
obtained by evaluating the limits of Sﬁ- (7, A) and the corresponding sign conditions. ([

Remark 2. The threshold configurations Ey = 5?5 are the natural boundaries between the three generic regimes. The
counting formulas above are consistent with the sharp spectral transitions described by the critical coefficients Sfi( (v, A)
and can be obtained directly from the generic results by taking the appropriate limits.

5. Threshold states and virtual levels of the rank-one fiber operator h (K)

In this section we study threshold states, or virtual levels, of the auxiliary rank-one fiber operator h (K'). Recall that
when the interchannel coupling vanishes (y = 0), the reduced hamiltonian Hy »(K’) decouples and its fiber part reduces
precisely to h (K); see the proofs of Theorems 3 and 4. Although h) (K) is simpler than the full two-channel hamiltonian
H, \(K), its threshold behaviour is of independent interest. It clarifies the mechanism by which an eigenvalue emerges
from a threshold resonance and approaches the edge of the essential spectrum when the interchannel coupling +y is turned
on.

The notion of a virtual level used below is inspired by the classical functional-analytic theory developed by Yafaev
for the three-dimensional continuous Schrédinger equation [24]. In that setting, virtual states are described as non-square-
integrable solutions of the threshold equation which nevertheless belong to a suitable larger weighted space. The present
paper deals with a one-dimensional discrete lattice model, so Yafaev’s results are not applied directly. Rather, they
provide a useful conceptual prototype for the functional-analytic treatment of threshold states. In our one-dimensional
lattice setting, the threshold singularity is produced by the behaviour of the dispersion relation Ex (¢) near a nondegenerate
band edge. The threshold profile associated with such an edge is not an element of the physical Hilbert space LZ(T), but
it becomes admissible after passing to a suitable weighted space adapted to the singularity of the dispersion relation. Thus
the construction below may be viewed as a one-dimensional discrete analogue of the general functional-analytic idea
underlying Yafaev’s theory.

5.1. Threshold equation and weighted spaces

For each K € T, consider the fiber operator

(ha(K)g)(@) = Exc(q) 9(q) + A / o) dv(t),  qeT,
T

acting in the fiber space h(K). After the usual identification of h(K) with L%°(T), the operator may be regarded as acting
in L*°(T). Its essential spectrum is the interval

Oess (h/\(K)) = [51_(’ 5}]7

where

— e mi + .
Ex = Zrlel%SK(q), Ex = 1(1112%&(((1).

Throughout this subsection we assume K # m; the flat-band case K = w is treated separately in Subsection 5.5.
Then the extrema of £k are nondegenerate. Let ¢_(K) and ¢4 (K) be a point of minimum and a point of maximum,
respectively. Thus

Ex(a) —Ex < la—a- (K, & —Ex(a) = g — a+(K)P?
asq — ¢o(K), 0 € {—,+}.
For z ¢ [€5;, E}], the eigenvalue equation

(ha(K) —2)g=0
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is equivalent to

Ex(@) - Dgl@) +Ae=0, co= / o(t) du(t),

hence to the representation
Ac

Exla) — 2
Accordingly, the discrete spectrum outside the essential band is determined by the scalar equation

AN(K;2) =0, ANK;2) =14 Aak(2),

9(q) = —

where
dv(q)

ak(z) = Trle) =
T

At a threshold energy E = £7;, the formal threshold profile is
1
9(@) ~ e~
Ex(q) — &%
Since the extremum is nondegenerate, this yields

const

~—_— - (K).

9(q)
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(58)

Such a function does not belong to L?(T). Therefore threshold states cannot be treated in the usual Hilbert space and

must instead be described in a suitable weighted space.
To this end, define the weight

wi o (q) = (1—cos(q — ¢-(K)))%,  oe{—+}.

Then
|4 as ¢ — ¢, (K).
|72

Wk o (q) X |q — ¢o(K)

This choice is natural, since the threshold profile behaves like |¢ — g, (K )|~ ~, and therefore

19(0)|* wi,o(q) =< const  as ¢ — ¢, (K).

Thus the weighted space captures precisely the borderline singularity of a threshold state.

Definition 1 (Weighted threshold space). For each K € T and o € {—,+}, define

%,0(T) =9 f: T — Cmeasurable : /|f(q)|2 Wik,o(q) dv(g) < oo
T

If one works in the even sector, the corresponding space is

L (T) = { f € L*(T) ; / F(@)? wie.o(q) di(g) < oo
T

Lemma 2. For each K € T and o € {—,+}, the space L ,(T) is a Hilbert space with inner product

(F9)er.. = [ H@5@) wola) dvla).
T

Moreover, L*(T) is a dense proper subspace of LY 5(T), and the embedding
L*(T) = L ,(T)

is continuous.

Proof. Define (Ug o f)(q) = wx.o(q)*/%f(g). Then Uk , is an isometric isomorphism from Ly ,(T) onto L*(T),

which proves completeness.
Since 0 < wi »(q) < 4, we have

15, = [ 15 Purca@ dvte) < 41513,
T

hence || f|lzv. < 2| f]lL2- Thus the embedding is continuous.

K,o
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To see that the inclusion is proper, set f(q) := wg o (q) "2 Then |f(¢)|? wx.o(¢) = 1,50 f € Ly »(T). On the
other hand, since w »(q) ™% = |¢ — ¢, (K)| 72 as ¢ — ¢, (K), we have f ¢ L?(T). Finally, density of L?(T) in
%.o(T) follows from the identification via Uk . O

Remark 3. The terminology “virtual level” is used here in the same spirit as in Yafaev’s rigorous theory of virtual states
for the three-dimensional continuous Schriodinger equation [24]. The present lattice model is one-dimensional and dis-
crete, and therefore the singular structure of the threshold state, the natural weighted space, and the spectral consequences
are different from those in the continuous three-dimensional case. Nevertheless, the underlying functional-analytic prin-
ciple is analogous: the threshold state is detected not as an ordinary eigenvector of the Hilbert-space operator, but as
a generalized threshold solution whose singularity is controlled by an appropriate weight. This provides the conceptual
link between the present classification of threshold resonances for hy(K) and the classical theory of virtual levels.

5.2. Threshold eigenvalues and threshold resonances
At threshold, the quantity
o ante
T

need not be well defined for singular states of the form (Ex — £5)~'. For this reason the threshold equation must be
understood in a weak, or formal Lippmann—Schwinger, sense.

Definition 2 (Threshold equation). Let E = £F, o € {—,+}. We say that g is a threshold solution of hy (K) at E if
there exists a constant ¢ # 0 such that

(Ex(q) —E)g(q) +AXe=0  forae geT. (59)
Equivalently,
Ac
= 60
9(q) Exla) —F (60)

Definition 3 (Threshold eigenvalue and threshold resonance). Let E = £5, o € {—, +}. A nontrivial threshold solution
g is called

e a threshold eigenfunction if g € L*(T);
e ¢ threshold resonance if

9 € L3, (T)\ L*(T).
If the analysis is restricted to the even sector, L*(T) is replaced throughout by L*°(T).

Remark 4. The above definition separates two qualitatively different threshold states. A threshold eigenfunction is
genuinely square integrable and therefore belongs to the underlying Hilbert space. By contrast, a threshold resonance
fails to be square integrable, but its singularity is exactly mild enough to be captured by the weighted space ,C}”(,U(']T).

5.3. Existence of threshold resonances
The next result gives the threshold classification for the rank-one fiber operator h (K).

Proposition 4. Assume K € T\ {n} and \ # 0. Then, for each o € {—, +}, the threshold equation (59) at E = £ has
a nontrivial solution

e

¢ =z
Ex(q) — EF% #

90(q) = —

Moreover,
9o € L o(T)\ L*(T).
Consequently, EY; is a threshold resonance of hy (K), but not a threshold eigenvalue.

Proof. Fix o € {—,+} and choose any ¢ # 0. Then the function
Ac

9o\q) ‘= — o7~ Qo5
( ) Ex (Q) -& K
satisfies (59) by construction.

We prove the claim for o = —; the proof for o = + is identical. Since K = 7, the minimum of £k is nondegenerate.

Hence there exist g_ (K) € T and a constant C;; > 0 such that
Ex(q) — € ~Cxlg—q-(K)*  asq— q (K).
Therefore
const

BRI

9-(q)
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and hence )
5 cons

g-\qQ)m ~ =

o=l 1= q-(K)[*
This is not integrable in one dimension, so g_ ¢ L*(T).

On the other hand,
1
wi—(g) ~ 7la—a-(K)[*  asq—q(K),

and therefore
l9—(q)|? wx,—(q) ~ const.
Hence g € L} _(T). We conclude that g € L} (T)\ L*(T), that is, £ is a threshold resonance and not a threshold

eigenvalue.
O

Remark 5. The notion of threshold resonance used here is based on the existence of a nontrivial threshold solution in
the weighted space LY ,(T). This is conceptually different from the behaviour of the scalar determinant Ay (K z) at

2 = EZ. In the present rank-one model, the formal threshold profile (£x — £%) ™" exists for every X # 0, whereas the
equation Ay (K;z) = 0 governs genuine eigenvalues outside the essential spectrum. Note that Ay (K; z) has no zero at
the threshold because ax (z) diverges, so the threshold is not an eigenvalue in the usual sense.

5.4. Discrete spectrum outside the essential band

Although threshold resonances exist in the above weighted sense, the discrete spectrum outside the essential band is
still determined by the scalar equation (58). The following statement is standard.

Theorem 5. Assume K € T\ {r}. Then:

@) if X <0, the operator hy(K) has exactly one eigenvalue below € and no eigenvalues above £ +
(i) if X > 0, the operator hy(K) has exactly one eigenvalue above 8}2 and no eigenvalues below & ;
(i) if \ = 0, the operator hy(K) has no discrete spectrum outside £, E).

Proof. For z ¢ [E5, L], eigenvalues are precisely the zeros of

dv(q)

AN(K;z) =14 dak(z), aK(z)zT Erle) 2

The function ax (2) is continuous and strictly increasing on each of the intervals (—oo, £ ) and (£, 0o). Moreover,
ag(z) >0 forz <&y, ax(z) <0 forz> &L,

and ax (2) = 0 as |z| = oo. Therefore, if A < 0, the equation 1 + Aax (z) = 0 has exactly one solution on (—oo, £x)
and none on (5;5, o0). If A > 0, the situation is reversed. Finally, if A = 0, the equation has no solution outside the
essential spectrum. (]

Corollary 2. Let z)(K) denote the unique discrete eigenvalue from Theorem 5. Then
2(K) 1&g as A — 07,

and
2 (K) L EL as A — 07,

Thus the isolated eigenvalue approaches the corresponding threshold as the coupling tends to zero.

Proof. This follows immediately from the monotonicity of ax(z) and the equation 1 + Aag (zx(K)) = 0. Indeed,
as A — 0%, the zero must move toward the point where ax (z) becomes unbounded, namely the corresponding band
edge. (]

5.5. The exceptional flat-band case K = 7
We now treat the degenerate situation K = 7. The dispersion relation becomes constant:
Ex(q) =4, qeT.
Hence the free fiber operator is a scalar multiple of the identity, and the essential spectrum collapses to the single point
Tess (ha(m)) = {4}.
The rank-one perturbation takes the form

(B (m)g) () = 4g(q) + A / o(t) du(t).

T
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Thus the operator splits into a direct sum of the constant function (the zero mode) and its orthogonal complement. Indeed,
write

L(T) = C1 & {1},
where 1(q) = 1. Then for any g orthogonal to 1, we have

hy(m)g = 49,
so the whole orthogonal complement is an eigenspace with eigenvalue 4. On the one-dimensional subspace spanned by
1, the operator acts as
hy(m)1=41+X1=(4+\)1.
Therefore the spectrum of h) (7) is
o(ha(m) = {4} U {4+ A},

where the eigenvalue 4 has infinite multiplicity (the whole orthogonal complement), and the eigenvalue 4 + A is simple
with eigenvector 1.

Consequently:

e If A\ = 0, the operator reduces to the free one: all states have energy 4 (the essential spectrum).

o If \ # 0, the eigenvalue 4 + A is isolated and lies outside the essential spectrum if and only if A # 0. Specifically,
for A < 0 we have 4+ )\ < 4, giving a discrete eigenvalue below the essential point; for A > 0 we have 4+ \ > 4,
giving a discrete eigenvalue above.

The threshold analysis in this flat-band case is trivial because there is no continuous band. The notions of threshold
eigenvalue and threshold resonance become degenerate. Nevertheless, one may still consider the formal threshold profile
at £ = 4. The equation

(€x(q) —4)g(g) + Ac =0
reduces to A\c = 0. Hence a nontrivial threshold solution exists only if A = 0, in which case any function g with zero
mean is a solution (in fact an eigenfunction). For A # 0, the only solution is g = 0. Thus the flat-band case exhibits a
different behaviour: the threshold is not a resonance for A # 0 but rather the essential spectrum is a single point that also
supports an embedded eigenvalue when A = 0.

Remark 6. From the perspective of the limit K — 7 with K # , the band edges satisfy £, — 4 and 5;} — 4. The
discrete eigenvalue z)(K) approaches 4 as K — 7 for any fixed \ # 0, in agreement with the fact that for K = 7 the
eigenvalue becomes 4 + )\ (which is not equal to 4 unless A\ = 0). The apparent discontinuity is resolved by noting that
the essential spectrum collapses, so the notion of “outside the essential band” changes.

6. Conclusion

We have provided a complete spectral analysis of the fiber hamiltonians H, (K) in the constant-profile case. By
exploiting the rank-two nature of the perturbation, we reduced the eigenvalue problem to a 2 x 2 linear system and obtained
a scalar Fredholm determinant whose zeros give the discrete spectrum. The explicit form of the lattice Green function
ar (z) allowed us to compute threshold asymptotics and to classify the discrete spectrum below and above the essential
band in terms of the critical coefficients Si(’y, A). The results cover all generic positions of E relative to the band, as
well as the threshold configurations Fy = 8; The flat-band case K = 7 was treated separately.

In addition, we studied the rank-one fiber operator hy (K'), which serves as a simplified model. We showed that for
K # 7 the band edges are threshold resonances (not eigenvalues) in a natural weighted L? space, and we characterized
its discrete spectrum. The flat-band case K = 7 exhibits a degenerate essential spectrum and an extra isolated eigenvalue.

These results form a solid foundation for further investigations, such as the analysis of the full two-channel model
with a non-constant profile a(g), or the study of resonances and scattering theory.
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