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Abstract

We consider quantum integrable systems associated with non-skew-symmetric
s1(2)-valued classical r-matrices. For a special class of such r-matrices we
construct a one-parametric family of integrable modifications of the ‘two-
level one-mode’ Jaynes—Cummings—Dicke Hamiltonians, with non-uniform
coupling constants, containing additional Kerr- and Stark-type nonlinearities.
We also construct a family of integrable Bose—Hubbard-type dimers and
a family of integrable models that unifies Bose—Hubbard- and Jaynes—
Cummings-Dicke-type models and may be called a ‘two-level, two-mode’
Jaynes—Cummings—Dicke model or a ‘spin generalization’ of a Bose-Hubbard
dimer. We diagonalize the constructed models with the help of the algebraic
Bethe ansatz technique in any irreducible representation of the sI(2)®" spin
algebra.

PACS numbers: 02.20.Sv, 02.20.Tw, 02.30.1k

1. Introduction

The simplest model describing an interaction of a one mode of a radiation field with a molecule
of N two-level atoms is characterized by the following spin-boson Hamiltonian [1]:
N N
Hp=wb'b+ ng(%’f‘) +b18%) + Zez(gék), €]
k=1 k=1
where the Bose operators b, bt describe the field of radiation, the components of s/(2)-spins

.§‘§k), S'f ) stand for the variables of the kth atom with the energies £ and gy is the strength of
interaction of the field of radiation with the kth atom.
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In the case N = 1 and the representation of s/(2) with the highest weight A = %,

the Dicke model was solved by Jaynes and Cummings [2]. In the totally uniform case
gr=g, € =¢€,k € 1, N, where N is arbitrary, the Dicke model was solved by Tavis and
Cummings [3]. The more complicated case of the Dicke model with the equal interaction
strength: g, =g,k € 1, N, different energies €, # €, k,l € 1, N, and an arbitrary irreducible
representation of the s1(2)®" algebra was considered and exactly solved by Gaudin [4] (see
also [5-7)).

In quantum optics, except for the simplest Hamiltonian (1), its special modifications that
include additional nonlinear terms are frequently used. One of the most important of them is

the following Hamiltonian:

ﬁmD = I:ID + Vst + Vkenr
N N N
=wb'b+ Y (b8P +5'8Y) +> e8P + ki (bh) Y 8 + ka (bTh), )
k=1 k=1 k=1

which includes coupling with a Kerr-like medium Vi [8, 9] and Stark-shift term Vg, [10].
In the present paper we consider the question of the complete quantum integrability of
the totally non-uniform Hamiltonian (2) with €; # €, gx # &1, k,1 € 1, N, in an arbitrary
irreducible representation of the s/(2)®" spin algebra. It is interesting to note that for N > 1
in an arbitrary representation of sI(2)®" a general totally non-uniform Dicke Hamiltonian
(1) is not integrable, but the more complicated ‘modified’ Hamiltonian (2) is (in some cases)
integrable. More precisely, we show that there exists a one-parametric family of completely

integrable Hamiltonians (2) of the following explicit form:

N N
N atn N ot oAk ik
H,,;, = wibyby + ng(bz @ 4 b'zS(,)) + ZekSé )
k=1 k=1
N | ,
~ ~ A k ~ "~
+(1—co)blby Y 8+ (co - E)(bgbz) , 3)
k=1
where wy, = w — ccg, € = —(2g,% +wy + c) and the parameters w, ¢, ¢ and g are arbitrary.

Note that in the case ¢y = % the Hamiltonian (3) contains only the Stark-shift term and in the
case c¢o = 1 it contains only Kerr nonlinearity.

We also show that there exists the integrable ‘two-level, two-mode’ modified Dicke
Hamiltonian, i.e. the Hamiltonian of a system of two bosons, interacting with N spins, having
the following form:

I:IdD = wlﬁll;] + wQ@;@Q + 46‘16‘2(1}11}2 + 2;@1)
N
- 5 2 ot 21\ alk
+ Z((clblgk - czbzgk)Sfrk) + (clbjlgk - czbggk)S(_))
k=1

N N 2
S| s i in
k k

+Y el + E<co( > 80— b;bz) — (co — 1)b{b,>

k=1 k=1

1 N ?

A k ~ ~ ~ ~

+ E((co - 1)( > 80— b{bl) - c0b§b2) , 4)

k=1

where w; = 2(w — (co — 1)¢), wy = 2(w — oc), & = — (2387 +2c3g; * +2w — c(2c) — 1))
and the parameters w, ¢y, ci, ¢2, ¢ and g; are arbitrary. The Hamiltonian H mp 18 recovered
from the Hamiltonian H;p in one boson case (¢; = 0, b'ibl = 0), after subtracting from it
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the integrals of motion (w — coc)M and (3 + (co — 1)2) M2, where M is the operator of a
number of excitations.

As a by-product of the model with the Hamiltonian (4) in the case N = 0 we obtain a
one-parametric family of integrable modifications of Bose—-Hubbard dimer models with the
following Hamiltonian:

I:IBH = wli)T]i?] + wzlA);lAaz + 4C16‘2(Z\7];B2 + 77;@1) + ((1 — CQ)??J{IAH — C()B;Z)Q)z. (&)
In the case ¢y = % it coincides with the known integrable Bose—Hubbard Hamiltonian
[11,12].

Our technique is based on an application of the algebra of Lax operators and classical r-
matrices. In more details, we develop our previous idea [18—23] that one can associate quantum
integrable systems not only with skew-symmetric classical r-matrices but also with non-skew-
symmetric ones. If, moreover, this r-matrix is ‘diagonal’ [20] one can also diagonalize
the corresponding integrable Hamiltonians by means of the algebraic Bethe ansatz. Let
us emphasize that contrary to skew-symmetric r-matrices, general non-skew-symmetric r-
matrices are not connected with quantum groups or related structures. That is why in a general
case our results cannot be obtained using a quantum group technique.

In the present paper we consider a class of examples of non-skew-symmetric classical
r-matrices 7 (u, v) labeled by the parameter ¢y and corresponding quantum integrable systems.
These r-matrices are the simplest possible generalizations of the skew-symmetric trigonometric
r-matrix and coincide with it in the special partial case ¢y = % It is interesting to note that,
although there exist many more complicated examples of non-skew-symmetric 7-matrices [17—
23] even the simplest of them produce new interesting quantum integrable systems. Indeed,
in our previous papers [23, 24] we have used the r-matrices r“(u, v) in order to produce
new integrable fermionic systems of reduced BCS-type. In the present paper we utilize these
r-matrices in order to produce new integrable Dicke-type Hamiltonians containing additional
Stark- and Kerr-type nonlinearities (2). In more detail, we show that among the Lax operators
corresponding to these r-matrices there are Lax operators producing the Hamiltonians (3)—(5).
We diagonalize these Hamiltonians and the commutative algebra of the first integral by means
of the algebraic Bethe ansatz. It is necessary to note that the obtained integrable Hamiltonians
(3)-(4) also seem to be new in the more standard case of skew-symmetric trigonometric
r-matrices (case ¢y = %). In this partial case the Hamiltonian (3) does not contain Kerr-type
nonlinearity.

The structure of this paper is as follows: in the second section we explain general
relations of the theory of classical non-skew-symmetric #-matrices and the theory of quantum
integrable systems. In the third section we concentrate on concrete examples of classical (non-
skew-symmetric) r-matrices and the corresponding quantum integrable systems, namely, on
Bose—Hubbard-type dimers and two types of modified Dicke models.

2. Quantum integrable systems and classical r-matrices

2.1. Definitions and notations

Let g = s1(2) be the Lie algebra of traceless 2 x 2 matrices over the field of complex numbers.
Let {X3, X,, X_}, be the root basis in s/(2) with the commutation relations:

[X35Xﬁ:] ZiXia [X+, X_] =2X2
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Definition 1. A function of two complex variables r(u1, uy) with values in the tensor square
of the algebra sl(2) is called a classical r-matrix if it satisfies the following ‘generalized’
classical Yang—Baxter equation [14-16]:

[r12uy, uz), rizuy, uz)l = [r3(ua, uz), rio(uy, uz)l — [r3a(uz, uz), riz(ur, uz)l,

where ri2(uy, u2) = r(u;, u) ® 1, etc.

We will be interested only in the meromorphic r-matrices for which there exists a re-
parametrization # = u(s), v = v(¢) such that the following decomposition holds true:

Q
ru(s), v(t)) = ——+ro(u(s), v(1)), (6)

where ro(u(s), v(t)) is a holomorphic function with values in s/(2) ® sl(2), 2 € s{(2) ® sI(2)
is the tensor Casimir: @ = 1(X, ® X_ + X_ ® X,) + X3 ® X;.

Moreover, in the present paper we will mainly consider ‘diagonal’ in the root basis
r-matrices of the following explicit form:

ru,v) = (3r7, 0)Xe ® Xo+ 37, v)X- @ Xy + 77 (1, v) X3 ® X3). (7)

2.2. Algebra of Lax operators

Using a classical r-matrix r(u, v), it is possible to define the ‘tensor’ Lie bracket in
the space of certain s/(2)-valued functions of u with the operator coefficients L(u) =
L)X+ L )X, + L~ ()X _:

[L1(u), Ly()] = [riau, v), Ly )] — [r21 (v, u), Lo()], (8)

where Ly (u) = Lw) ® 1, Lr(v) = 1 @ L(v).

The Lie bracket (8) has the following simple but important property, giving one a
possibility of constructing new quantum systems with a new Lax operator using known
quantum subsystems with the known Lax operators.

Proposition 2.1. Let the operators L™ (u), k € 1, N, have Lie bracket (8) and [L® (),
LO@w)) = 0,k,1 € T, N. Then the operator L) = Z,ivzl L® W) also satisfies the Lie
bracket (8).

For the case of diagonal r-matrices the commutation relations (8) written in the component
form are as follows:

(L™ (), L* ()] = = (u, v) L™ () +r~ (v, u) L™ (v)), (9a)
[L* (), Ls(v)] = (r(u, v)L¥ () +r* (v, w) L* (v)), (9b)
[L*w), L~ ()] = =3¢~ ., v)L* @) +r* (v, w)L* (v)), (9c)
[L3(u), L ()] = [L*(u), L*(v)] = [L™(w), L (v)] = 0. (9d)

The components of the Lax operator L% (x) depend on an auxiliary parameter « and non-
commuting quantum dynamical variables. The form of this dependence is not arbitrary but
agrees with a structure of an r-matrix. In the following sections we will explicitly consider
several types of such dependencies.

4
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2.3. Quantum integrals

In this subsection we will explain the connection of classical non-skew-symmetric r-matrices
with quantum integrability. It was shown in our previous paper [20] that just like in the case
of classical r-matrix Lie—Poisson brackets [13—15] the Lie bracket (8) leads to an algebra of
mutually commuting quantum integrals.

Let us consider the following quadratic in generators of the Lax algebra operators:

tw) = S+ (L@ L™ @) + L~ @) L* ). (10)

In order to obtain quantum integrable systems one has to show that [T (u), T(v)] = 0. This
equality does not follow directly from the classical Poisson commutativity of t(«) and 7 (v)
with respect to the corresponding Lie—Poisson brackets because of the problem of ordering of
quantum operators. Nevertheless, the following theorem holds true [20].

Theorem 2.1. Let i(u) be the Lax operator satisfying the commutation relations (8). Assume
that in some open region U x U C C? the function r(u, v) is meromorphic and possesses
decomposition (6). Then the operator-valued function T(u) is a generator of a commutative
algebra, i.e.

[T(u), 2(v)] =0.

In the case of the r-matrices diagonal in the s/(2) basis, the algebraic structure of the
algebra of the Lax matrices permits one to diagonalize % (u) for all operators L (u), satisfying
the commutation relations (2.2), using the algebraic Bethe ansatz technique.

2.4. Algebraic Bethe ansatz

In this subsection we diagonalize the generating functions of the quantum integrals % (u) for
the case of the diagonal r-matrices (7) possessing the regularity property (6) and for the
corresponding algebra of Lax operators (2.2). The procedure is the same for the cases of all
types of diagonal r-matrices and all types of Lax operators in the representations possessing a
‘vacuum’ vector. That is why we proceed purely algebraically without fixation of the concrete
form of the Lax operator as a function of the spectral parameter.

In more details, let H be a space of an irreducible representation of the algebra of Lax
operators. Let us assume that there exists a vacuum vector |0) € H such that

L3w)|0) = A3(w)]0), L™w)]0) =0, (11)

and the whole space H is generated by the action of L*(u) on the vector |0).
Using the explicit form of the generating function (10) it is easy to show that the vector
|0) is an eigenvector of the generating function of the quantum Hamiltonians:

£)[0) = 5 (A3) + 3, Az(u) + (ry (u, u) +rg (u, u)) As(u))]0),
where As(u) is an eigenvector of L+(u) and we have used the equality
[L™u), L* )] = (8, La) + (ry (u, ) +rg (u, w)) L3 (w)).
Let us now construct other eigenvectors of 7 (u) using the Bethe ansatz technique.

The following theorem holds true [20].

Theorem 2.2. Let the components L*(u), L? (u) of the quantum Lax operator L(u) satisfy
commutation relations (9) and r-matrix r(u, v) possess the decomposition (6) with u = s,
v = t. Let us consider vectors of the Bethe type:

[viva .. oy) = LX) LY (v2) ... L¥(uu)|0),
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where the complex parameters v; satisfy the following Bethe-type equations:
M

1
As(vi) — Z (v, v) =1y (v, v;) — E(rg(vi, v;) +1g (v, V7)), iel,....M.
J=Lj#
(12)
Then the vectors |viv, ... vy) are eigenvectors of the generating function of the quantum
Hamiltonians t(u) : tTw)|viva...vy) = Al{vi})|viva...vy) with the following
eigenvalues:
M 2
20 @) = (Ag(m =Y u))
i=1
M
= i)™ (g ) + (rg () + g (e, w)) A3 () + 3, As(w). (13)

i=1
3. Dicke, Jaynes—Cummings and Bose-Hubbard-type models

3.1. s1(2)- ‘twisted’ non-skew-symmetric r-matrices

Let us consider the non-skew-symmetric solution of the generalized classical Yang—Baxter
equation on s/(2) of the following explicit form (see [23]):
2
. v
, V) = + X X3+
rip(u, v) <u2 — 2 Co) 3® X3

uv
— (X, ®X_+X_®X,), 14
2o —on X+ ® ® X.) (14)
where ¢ is an arbitrary constant.

It is evident that the considered r-matrix is diagonal in the s/(2) basis and

2 uv

"C‘S(u, v) = (u? —v2)’

+ Co, I’C’+(u,"l)) ZrC’i(usv) =

u? —v?

Remark 1. A parametrization in which the r-matrix possesses the decomposition (6) is the
‘hyperbolic’ parametrization u> = e*, v> = ¢'. For such a parametrization one has that

1
X3 X3+ — (X, X _+X_®X)+rd(s —1).
" 3@ X3 2(S—t)( +® ® X4) +rp(s )
c,3

In this parametrization it is easy to show that ry” (u, u) = co — %, ro (u,u) =rg " (u,u) = 0.

riz(u(s), v(t)) =

Remark 2. The considered non-skew-symmetric 7-matrix (14) is the simplest generalization
of a skew-symmetric trigonometric r-matrix and coincides with it in the special case ¢y = %
3.2. Lax algebra and Bethe equations: general case

Having fixed a concrete classical r-matrix it is possible to obtain more explicitly the Bethe
equations and spectrum of the generating function of quantum integrals if the corresponding
Lax algebra possesses a representation with the vacuum vector.
By direct calculation it is easy to obtain the more explicit form of the Bethe
equations (12):
M v? 1 .
As) = Y =Moo, ielM, (15)
j=lj#i i

where A;(v;) is an eigenvalue of the operator L3 (v;) on the vacuum vector.

6
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Using the Bethe equations (15) and concrete form of the non-skew-symmetric 7-matrix
it is possible to re-write formula (13) for the spectrum of the generating function of quantum
integrals as follows:

A A !
v; ( 3(U) ’%(u)) + Eaé.Ag,(M)’

Aul{v;}) = —<A3(u) M(co— 1)+ Z

i=1
where u? = ¢°. (16)

From this formula one deduces that A (u#|{v;}) does not have additional poles if u = v;.

Now we will fix the form of the Lax operator in order to specialize the integrable model
(i.e. its phase space, explicit form of Hamiltonian and quantum integrals) and in order to
obtain a more explicit form of the Bethe equations (15) and a more explicit expression for the
spectrum (16).

In the present paper we will be interested in special Lax operators L (u) possessing poles
of an order not higher than one in the spectral parameter u?.

The following proposition holds true.

v} —u?

Proposition 3.1. Each of the following sl(2)-valued functions of u with operator coefficients

L) = (—CQ@E@Z + c)X3 + u(cQ@2X+ + czlAagX_) + 2uzc§X3, (17a)
LOW) = (0 = co)blby + ) X3 +u~" (e1h1 Xs + 1) X ) — u=22¢} X5, (17b)
2
: u (i ug;i &G )
L&) (y =< +c>s<)x —2 (8O x_+89x 17¢

satisfies the llnear r-matrix algebra (2.2). Here ¢, ¢/, ¢}, ¢, g, i € 1, N, are the arbitrary
constants, b b; j. i, J € 1,2, constitute the Heisenberg algebra

[6l.b;]=6;, b bj1=[bl,b}]=0, (18)
and the operators Si) S(l) i e 1,N, constitute the spin sl(2)®N algebra in some
representation:

[30,8V) =258, [89.8]=—s;80,  [89.8']=4;37,

[39,89] = [3V,39] = [8%, 39'] = 0.

Remark 3. Note that the constants ¢, ¢’ in the Lax operators (17a), (17b) play the role of the
‘argument shift’ [22]. It will be sufficient to keep only one of them, putting ¢’ = 0.

Using the Lax operators constructed in this proposition and proposition 2.1 it is possible
to construct from the ‘elementary’ Lax operators (17) the Lax operator of interacting systems.
For example, if one considers the sum of the Lax operators (17¢) for different points g;, one
arrives at the Lax operator of the Gaudin-type systems considered in our paper [23]. If one
considers other combinations of the Lax operators (17a)—(17¢), one comes to other quantum
integrable systems. In the next subsection we will consider them in detail.

3.3. Example 1. Bose—Hubbard-type dimer

3.3.1. Lax operators and commuting integrals. Let us consider at first the simplest
combination of the Lax matrices (3.1), namely

L) =L W)+ LOw).
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This will be the Lax operator of the Bose—Hubbard-type dimer. It has the following
components:

f,3(u) = 2u2c§ + ((l — co)iaﬁyl — col;;i)z + c) — 214_26%, i+(u) = ucziaz + u_lclin,
i’(u) = ucz@; + u’lcllA)J{.

Let us now consider the generating function % (#) and commutative integrals it produces via

the decomposition T(u) = Zi:q u?*H .. By a direct calculation it is easy to show that
Hy = 2c‘2‘, H_4, = 2c‘11 and non-trivial Hamiltonians have the following form:

[:I() = %((1 — Co)lsflgl — 00221;2 + 6)2 + 2C1C2(@J§l;2 + B;Bl) — 46‘126‘%,

Ay =263((1 — co) (b + biby) + ¢ — 1),

1:1_2 = ZC%(C()([A?TIZ\)] +Z)£i)2) —C — %)
The integrals H 2, H _, are proportional up to a constant to the operator of the number of
particles M = b b + b;bz. The generalized Bose-Hubbard dimer Hamiltonian obtained in
the framework of our construction is H gy = wM + Hy + 4cfc% — % It has has the form
I:IBH = uﬂi)i@l + wgz);iaz + 2C]CQ(BTIZ)2 + Z)Ei)[) + %((1 — C())Z\?le;l — Coi)éi)z)z,
where w; = w + c(l — ¢p), w» = w — ccp. In the partial case ¢y = % it coincides with the

standard Bose—-Hubbard dimer Hamiltonian [12].

Remark 4. Note that by the re-parametrization of the spectral parameter # one can eliminate
one of the coefficients ¢;, i € 1,2, from a Lax operator, Hamiltonians, Bethe equations, etc.
We have left both coefficients in all formulas in order to preserve symmetry between the
bosons. Also note that it was necessary for the ‘shift parameter’ ¢ to provide the independence
of the frequencies w; and w; in the Hamiltonian H BH -

3.3.2. Spectrum. Let us now pass to a calculation of the spectrum of #(u) and H;. The
representation space of the Heisenberg algebra (18) evidently admits the vacuum vector |0)
such that

bi10) =0, iel,?2, and L= w)|0) = 0.
It is easy to show that in this case we have i3(u) |0) = A3(u)|0), where
As(u) = —2u"%c? + (1 — 2co +¢) + 2u’c3.

The eigenvalues of 7(u) are calculated using formula (16) and have the following form:
Au|{v;}) = 2u’4cf +ulh_ s +ho+u’hy + 2u4c§,

where v; satisfy Bethe-type equations obtained by a specialization of formula (15):

M
3 2 _
2234 (S re—coM+D) ) 42033 = Y i, ieTM. (19)
2 o Vi TV

By a direct calculation, specializing the general formula (16), one obtains the spectrum of H
and H 428

M
1
ho=2c3 ) v} + (=) (M +2)+c— 12 —4cie3,
i=1

1 1
hy = 2c§<(1 —c))(M+2)+c— 5), hoy = 2c%((c0(M +2)—c— 5),

where v;, i € 1, M, are the solutions of equations (19) and (M + 2) is an eigenvalue of M.

8
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3.4. Example 2. Modified Dicke model

3.4.1. Lax operators and commuting integrals. Let us now consider more complicated Lax
matrices namely the Lax matrices with N + 1 simple poles in u? of the following form:

L) = L) + Z L®) ).

k=1

As we will show below, this Lax matrix will correspond to the integrable Dicke-type spin-boson
model. It has the following components:

N
is(u) = ((C() —1) Z 3‘3(]() — C()@Ei?z + C) + ZC u + Z

k=1 k=1 gk

gk_”

. 2:8% T 2:8%
L(u)—u czb2+z—2) , L= (uw)=u czb +Z—u) . 21

Let us consider the generating function % (#) and the commutative integrals it produces via the
decomposition

2 N 2 4
A / 8k A 8k ~
T DUV BED gt ST S
k=0 k=0 8k )
Using the explicit expression for the components of the Lax operators (20) it is easy to show
that C,, coincides with a Casimir operator of the kth copy of the s/(2) Lie algebra:
Co = HBLY +1(BVIO 4 3050)) ke TN

Other non-trivial integrals are

I:ng = ngk(i?zs‘ik) + 2\723‘(_]()) +2c ng(k) (S3(k) ((CO - 1) Z S(l) - COBLEZ + C) S‘?Ek)

Y (2828080 + g (3 8V + 3VEDY
* Z 2 2 I 13
2(g7 - 8k)

I1=1,1#k

Hy=—c, (szng(k) +bT Zg S(k)>
k=1
1 N ’
—2c22 2S§k)+§<(c0—1)23§k)—00@;@2+c) ,
k=1
y 2 3 _pig 1 2 y !
Hy =23((co—1) 253 —bib J+e— ) =25 (1 —cyM+e— 5 ),
k=1

where the integral M = 273272 - Z/lcv=1 S’gk) is the operator of the number of excitations.
Not all of the above Hamiltonians are independent. By direct calculation one obtains

N

N 2
A S B ot 1.
D (Hy +Cy)+ Ho= 3 (co (Z © _ b§b2> +c> = (bl +0)’.

k=1 k=1
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One may take for the modified Dicke Hamiltonian the linear combination of the
Hamiltonians M and Hy: H,p = wM + Ho + % and obtain the following Dicke-type
Hamiltonian:

N 2
+ % <(c0 —n> 8- coia;iaz) , (22)
k=1

where w, = w — ccp and we have put ¢; = —1 (this condition can always be achieved
by re-parametrization of spectral parameters and parameters g;) and the parameters w, cg, ¢
are arbitrary. The Hamiltonian (3) is obtained from the Hamiltonian (22) by subtracting the
integral of motion %(co — I)ZM 2 from it.

The Hamiltonian H,,, may be interpreted as a Hamiltonian of a one mode of an
electromagnetic field interacting with a molecule of N two-level atoms with coupling constants
g and detuning parameters Ay = — (2g,§ + c) dependent on a number k of atoms in a molecule.
The last term in the Hamiltonian (22) is not present in the standard Dicke Hamiltonian. The
presence of this term in the Hamiltonian H.,,  is necessary in order to preserve the integrability
of the model in the non-uniform case.

Remark 5. In the case N = 1, the Hamiltonian (22) coincides with the modification of the
Jaynes—Cummings Hamiltonian and has the following simple form:

N At A A A At oA A A AtA N2
Aypyc = woblby + g (28, +558_) — (287 + wr + )85 + L((co — D85 — cobibs)”.

3.4.2. Spectrum. Let us now pass to a calculation of the spectrum of £ (x) and H;. For this
purpose it is necessary to consider a representation of the Lax algebra in some Hilbert space H.
In our case the Lax algebra is isomorphic to the algebra H & sl (2)®V, where H is a Heisenberg
algebra generated by the elements b, b,. Due to the fact that any irreducible representation
of a direct sum of the Lie algebras is a tensor product of irreducible representations of its
components, we will have H = V ® V* @ V* @ ... ® V*¥, where V* is an irreducible
finite-dimensional representation of the kth copy of s/(2) with the spin Ay, Ay € %N ,and V
is an irreducible representation of the Heisenberg algebra H. Each of the representations V*¢
contains the highest weight vector v,, such that

Sﬁvxk =0, Sé‘v,\k = AkVa, and b;Vz =0,

where v, is the ‘highest vector’ of the Heisenberg algebra in the space V. Let us now consider
the following ‘vacuum’ vector in the space H: [0) = v, ® v;, ® - - - ® v,,,. We have

L=@)0) =0, L3 @)10) = A3 @)]0),
where
al N Agu?
As(m) = | co Zkk +(c — co) +2c5u* + Z 2"—2
k=1 =1 8k — U

by the very definition of L~ (u) and L3 (u).
By a direct calculation we obtain the following explicit form of the Bethe equations (15):

N Av M v?
(ZA, >+c+ +2cv2+Z ! = Z ——. i€l M. (23)

I=1 gl i j=t1jzi Vi T Vi

10
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It is possible to write the formula for the spectrum of the generating function of quantum
integrals (13) in this case in the following explicit form:

Aulfv) = Z W ho + Z S hg + Z

————Cy
k) A

where

N
1 1
ha=2¢ ey =hlutD, zzcg((co— 1)(2)\, —M) +(c—co)+§>,

=1

N 2
ho ((co—l) <Z,\,—M>+(c—co)) +2c22v —2C§ZA1gl,
M 2_ 1
hgk:)‘k<z Yi 5+ Z +202g,%+(co—l)(ZA;—M>+(c—CO)—§>.
I= lZ;ék =1

i=1 g — v}
Here v ,i € 1, N, are the solutions of (23) and (M + 1 — Zl | A1) is a spectrum of M.

3.5. Example 3. ‘Two-level, two-boson’ Dicke model

3.5.1. Lax operators and commuting integrals. Let us now consider the most general Lax
matrix that can be obtained using proposition 3.1, namely the Lax operators of the following
explicit form:

L) =L + LO®w) + Z L) (w).
k=1
It has the following components:

L L N N ng(k)
L) = 2c3u® — 2ciu™ + | (1 = co)blby — bbby + ¢+ (co— 1) Y 8§ Z k

_ 8k §—u?

k=1 =1

i 3

L*(u) = (clblu +czb2u+zugk—2 ,
k=1 (gk —u )

R N S(k)
L) = [ciblu™" +cobbu + Z 18k .
gk —u?

Let us consider the generating functlon r(u) and the commutative integrals it produces via the
decomposition

N 4
A 2% 8k 2
= Yy iy e
f=—2 o (= g7)
It is easy to show that Cgk coincides with a Casimir operator of the kth copy s/(2) Lie algebra.
Other trivial integrals are H4 = 2c§, 4= 2c1 Non-trivial integrals have the form

U 1
= —2¢2 (co <Z 8O _bib, — bgbz) +e+ 5) ,

N
R e ain 1
H, =2c3 ((co -1 (§ —blb, - b§b2> +e— E) ,
k=1

11
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Hy =c (g,:lbls'frk) + g,:lbm(,k)) + cz(gkiazgik) + gkIAJLS’(,k)) + 2c§g,%$’§k) — 2c%g,:23'§k)
N
1. .
5(s§k>)2 + ((c(, =1 8 — (co — Dbiby — cobiby + c) 8

+ XN: 2gl SS(k)S(l) + 8r8i (S‘ik)g(_l) + S‘(_k)s‘_f_l))) _ C
2(g7 — &) .

=1,k

Ao = 2cic2(biby + bby) — 2 (bz > e8P +b) Z ng(k)) —2c2 Z g28%

2
((co -1 Z 80— (co = Dbiby — coblby + c) — 4.
k=1

It is easy to see that the Hamiltonians H 1, coincide up to non-important constants with the
operator of a number of excitations: M = b} b1+ bsz Z,ICV . S(k) Using the Hamiltonians

H,, itis possible to construct a counterpart of the Hamiltonian Ho: Hj) = =y o (Hy +Co)+
H o- It has the following form:
N

N N
Hj = 26162(791792 +1A9T27A91) + (791 ng_lsik) + b} ng_lg(—k)> -2} ng_zggk)
=1

k=1 k=1

2

1

+§ <COZS(k) (co — l)bTbl — cobsz +c> —4clc2
k=1

Using the integrals H/ 0 H and number of particle operators M one constructs the ¢ two level,
two-mode’ Dicke Hamiltonian (spin-dimer Hamiltonian) H=2wM+ H '+ H o0+8¢2 c2 — %

= w1b1b1 + IUszbz + 4016‘2([91[92 + bzbl)
N
+Z ((clﬁlgk_l — czBng)S‘ik) (c bfgk - czbzgk)S(_k))
k=1

N | N 2
) a8+ <c0 (Z 8% —blb ) (co— Dbib )
k=1 k=1
N 2
<(c0 —1 (Z S0 b*bl) - coia;i}z) :

k=1

hJIhﬂ

where w; = 2(w—(co—1)c), wy = 2(w—cpc) and €, = —(20§g,f+2cfgk_2+2w—c(2c0—1)).

3.5.2. Spectrum. Let us now pass to a calculation of the spectrum of #(u) and H,. For
this purpose we will consider an irreducible representation of the Lax algebra in some Hilbert
space H. The Lax algebra in our case is isomorphic to the algebra H®2 @ s5i(2)®V, where H®?
is the Heisenberg algebra generated by the elements b ,b;,i €1,2. Due to the fact that any
irreducible representation of a direct sum of the Lie algebras is a tensor product of irreducible
representations of its components, we willhave H = V@ VM @ V2 ® - - ® V*¥, where V*
is an irreducible finite-dimensional representation of the kth copy of s/(2) with the spin A,
where A, € %N and V is an irreducible representation of the Heisenberg algebra H®?. Each
representation V** contains a highest weight vector vy, such that

S‘fvxk =0, S’é‘v,\k = MVa, and ?ij =0, iel,?2,

12
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where v is the ‘highest vector’ of the Heisenberg algebra in the space V. Let us now consider
the following ‘vacuum’ vector in the space H: [0) = v® v, ® - - - ® v,,,. We have that
L~ w)0) =0, L3 w)|0) = A3w)]0),

where
N

As(u) = 2c3u® — 2c3u” + Z S+ (co—1) Zxk +(c+1—2c)
k=1

due to the very definition of L‘(u) and L3(u).
Using the explicit form of Az(u) we obtain the explicit form of the Bethe equations (15):

N 3 2 72 N )\.kv
Co Zkk—M—Z +c+ — 2021) — +Z
k=1 2 k= ]gk_v

- vi T M
= > ER—_ iel, M.
j=lj#i 0 i
By a direct calculation, using formula (16), it is possible to write explicitly the formula for the
spectrum of the generating function of quantum integraIS'

N

4
A<u|{v,})—2u2’<h2k+z Hshy, Zg—kz)zcgk,

k=—2 k=0 (“2 — &k

where hy = 2c2, h_y = 26‘1, Cq = E)‘k (A + 1) and the eigenvalues of the non-trivial integrals
are

N
1
h,QZ—ZC% <CO (kzl)»k—M—2>+C+E>,
N 1
h2_2c2<(c0—1)<2 —2)+c—5>,

1
M N N 2
h0=2c§Zvi2—20fZ)\k gl + ((co—l) <Z)‘k_M 2>+c—l> —dcies,

k=1

1
M N 2

hg = A Z 2vi 2t Z ;\L+2c2g,{ 26%&:2
i1 8k Vi 8

3
+(co—1) <Zkk—M—2>+c—§).

k=1

Here v? are the solutions of the Bethe equations, and (M +2 — ", ;) is the eigenvalue
of M.

4. Conclusion and discussion

In the present paper we have constructed a one-parametric family of integrable modifications
of the ‘two-level one-mode’ Jaynes—Cummings—Dicke Hamiltonians, a family of integrable
Bose—Hubbard-type dimers and a family of integrable models that may be called ‘two-
level, two-mode’ Jaynes—Cummings—Dicke models. We have calculated the spectrum of
the quantum Hamiltonians of the proposed models using the algebraic Bethe ansatz.

13
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It would be very interesting to find other physical quantities of these models. In particular
it seems to be possible to construct correlation functions of the proposed models using r-matrix
and Bethe ansatz techniques. For this purpose it is necessary to generalize the approach of
[25] from the Gaudin to Dicke models and from the case of skew-symmetric r-matrices to
non-skew-symmetric cases. We plan to return to this problem in our future publications.
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