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Abstract. The simplified models of interaction of charged matter with resonance modes of
radiation generalizing the well-known Jaynes—Cummings and Dicke models are considered.
It is found that these new models are integrable for arbitrary numbers of dipole sources
and resonance modes of the radiation field. The problem of explicit diagonalisation of
corresponding Hamiltonians is discussed.
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1 Introduction

In the last four decades, much attention has been paid to the problem of describing processes
of interaction of charged matter with electromagnetic radiation at resonance [1, 2, 3, 4]. This
problem, being overcomplicated from the mathematical viewpoint in the general case, admits
some very attractive simplifications which allow one to construct some rather simple models
having even ezact solutions. These models can be used for quantum statistical description of
real interaction processes.

The starting point for constructing such models is the quantum Hamiltonian [3]
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where p'and m are the momentum and mass of the electron in some atom, u(x) is the Coulomb
potential of interaction of the electron with nucleus, and A is the vector potential of the secondly
quantized electromagnetic field which is given by the formula
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where €}, are polarization vectors and by, b; are the usual operators of annihilation and creation
of the mode with wave vector k and the energy wj. There are several steps of simplification of
this general Hamiltonian. First, one neglects the term which is nonlinear in the vector potential,
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T A?. Second, one considers only transitions between higher levels of an atom,
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# is the Pauli matrix. Third, one considers only small E, ka < 1, where a is the

+ik@

where o
typical size of an atom, e ~ 1. Fourth, one uses the dipole and so-called rotating wave
approximations [4], which result in

—iﬁff — ngam(b']: +bg) — ng(bkﬁ_af + bk0+),
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where 0T are the usual Pauli matrices. And finally, one considers only the case of resonance:

> — kfixea- By all these steps one can write down very simple Jaynes—Cummings Hamilto-
nian [2] which is linear in the operators of creation and annihilation of one resonant mode,

1
Hjc = wobtb + §woaz +g(cTb+o7bT). (1)

The solution of eigenequation for the operator (1) is almost trivial, but it allows one to de-
scribetime evolution of the corresponding wave function in great detail, with transparent ap-
plications to physics of one-mode laser. This extremely simple model admits almost evident
generalisations in two directions.

2 The simplest generalisations of the JC model:
the n-level atom and Dicke model

The first of these generalisations is the model of one n-level atom with (n— 1) modes of resonant
radiation,

JC_ZwaN +ARHTL+ZQO¢ o noz"‘b Rom) (2)

where
Na = b;tba - Raa» (Raﬁ),y(; = 5a75ﬁ5a

the sets {wa}, {ga} are energies of the modes and their coupling constants, and A is so-called
detuning parameter [5, 6]. The extended physical motivation for this kind of the generalization
of the Jaynes—Cummings model can be found in [6]. There are evident commutation relations

N85 =0, (SN =0,

which make the problem of diagonalisation of (2) at n > 3 quite easy. The second way of
generalisation of the Jaynes—Cummings model consists in considering an arbitrary number N of
two-level sources of radiation,

—wb+b+z o9 + A(0Db+ o Wp)]. (3)

The solution of this so-called Dicke model which has been proposed many years ago [1] is
far from being trivial. It turned out that the problem with the Hamiltonian (3) has some
hidden dynamical symmetry which allows one to construct some nontrivial operators commuting
with (3).

What happens if one will try to use both the ways of generalisation of the Jaynes—Cummings
model, i.e. consider the Hamiltonian of the problem of an arbitrary number N of multilevel
sources interacting with an arbitrary number n — 1 of resonant modes of radiation,

n—1 N

Z walNy + Z ARRSE) 437 g b RE) + bR, (4)
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where N > 2, n > 3 (the detuning parameters {A} and coupling constants {g((lk)} are assumed
to be arbitrary)? The answer is not clear till now. In the following two sections we will argue
that there is some simplification of the spectral problem defined by (4) in the case of equality of
all the modules of the coupling constants {g}: these constants should not depend on k and their
dependence on « is given by the formula g((xk) X €q, € = 1. Namely, we will construct in this
case explicitly some set of N — 1 nontrivial operators commuting with (4); their existence allows

one to call the model (4) quantum integrable under the above choice of the coupling constants.

3 The models of Gaudin type

In this section, let us consider some more general operators introduced first by Gaudin [7],

n N+1
= > T Is,. i=1.. N+, (5)
a,B=1 s#j

where {Tg ﬁ} are operators of absolutely arbitrary representations of SL(n), obeying the com-

mutation relations
(T35 T3] = 655 (13,007 — T3 50an) (6)

and { f] } are arbitrary sets of numbers, obeying the evident restriction fj Sﬁ ffs It is easy
to see that operators

N+1

No =2 Tl
j=1
trivially commute with (5),
(HN, N, =o.
Now let us pose the problem: how to find such the sets of numbers {f} that

HN 1M =0 (7)

for all indices {j, k}. It is easy to see that in this case the “Hamiltonian”

N+1

= > HY 43 wall, (8)
j=1 a=1

(N)

where 7; and wgpn, are arbitrary constants, commutes with all Hj
N) 2,(N)y _
(=M, HV] = 0.

In the simplest nontrivial case of n = 2, one can always choose {f} such that f k ] , and
the equations (7) can be written in the form

N+1 n
Y 1 == 3 N IR D+ £ R
s#7.k a,8,2=1
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which immediately gives a overdetermined set of bilinear equations for {f},

PR+ FR + £ f =0, (10)

It has been shown by Gaudin [7, 8] that for n = 2 there is some so-called anisotropic solution
o (10),

(e703%

1
o = cot(uy — us), fo"g

78 sin(uj — us)’

(11)
where {u;} are arbitrary numbers. Now, following Gaudin, let us choose them as

uk:—sz\k—l—g—i—uNH, k=1,...,N.

Ase — 0, then N1 ™ eNj, f N1~ L Let us choose {To%“} as Jordan—Schwinger realization
of SL(2), TOJ[\EFI = —bab;r and consider the limit Ny > 1, where Ny is an eigenvalue of the

operator Ny, Tt is easy to see that in this limit b-operators can be treated as c-numbers;
-1

ba, b ~ V/Na; let us also take e ~ N,?> and send Ny — oo. In this limiting process, one easily
finds

lim H™) =wibfby + Z N (T =T + (TG0 + T61)]. (12)

No—o00

And finally, if we will choose {T O(fﬁ) } as o-representation of SL(2), we will obtain just the Dicke
Hamiltonian!

This derivation of the Dicke model proposed first by Gaudin [7] is not original of course. There
are some recent papers in which the connection between it and the Gaudin models was exploited
for construction the algebraic Bethe ansatz method for eigenvectors of the Dicke Hamiltonian
and some generalisations which might be considered as the interaction term without the rotating
wave approximation [9, 10, 11].

The above limiting procedure, however, does not work in the general case n > 3. One also
has in this case the overdetermined system of bilinear equations

PP+ F R+ £ o =

but, if n > 3, there is a possibility of the choice of indices @ # 3 # A which excludes all
“anisotropic” solutions of the type (11). There are only “isotropic” solutions of the type

fﬁf = V_iy , and hence there are no parameters for N, — co. Hence it seems that the Gaudin
7 s
approach does not lead to any integrable system of the type (4).
Let us prove absence of “anisotropic” solutions to (10) as N = 2, n > 3. In this simplest

nontrivial case the set {f} can be parametrized as

3 3
A
W= Al fR = Z)SskpAMa =" ejpAl (13)
p=1 p=1

As j # k # s, (10) reads:

AR ARN 4 AP AP + AP A =0
with general solution
A o A

A Aa)x: ’ A3 - _

siny;’ 2 sin vy sin(vy + v2)’

aX __
AT =
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AT* = Acot v, ASY = Acot v, AS* = —Acot(vy + 1),
where A, vy, vo are some parameters. Now, if one takes aw # (3 # A, one gets from (10)

AQ

nuy v vitv
2 cos 5+ COS 3 €O ~5

Surprisingly enough, one can construct integrable models of Gaudin type at n > 3 by using only
“isotropic” solution of (10). It will be done in the next section.

4 New integrable model with IN sources and n — 1 modes

The receipt of constructing the integrable model of the type (4) is quite unusual. Let us choose
the above H-operators as obeying the equality
N N 5 -
R 1) = S5 ({T2) (2)), (14)
where z is some parameter and S’jk have the following property: as x — oo, there are only zero
eigenvalues of them in a subspace in which {T ;ﬂ} act nontrivially. Then we can introduce new

(N)

N
i ) in this subspace which will commute, and HY ™! = — 3~ H;N) is some
j=1

nontrivial Hamiltonian. By direct calculation of the commutator of the operators (5), one finds

operators ( lim H
rT—00

N n
S'jk({Tasg}; {e}} = - Z Z (fﬁff?k/\ + f;?}/\fﬁ)\ + fﬁgﬁffs)\)

s#£j,k a,B,A=1
n
& gk A M kg B8 A A 2B B £BA
X (T2 T30 Tix — TipTarTg) — Z (Fine N s + e Fven + Fig fions)
a?ﬁz)‘zl
Nk ANAL g ik AN
X (ngﬂT)\aTﬁ)\+ - TZ}ATa)\T)\ﬁ+ )- (15)

Let us choose f]‘.lkﬁ = A(v; — v)"1, 1 < 4,k < N, ie. use the isotropic Gaudin solution at
7,8,k < N. Then the double sum vanishes and we are left with

n
5 o A
Su({Tash el == 3 [fRnffs+ = (v = )]
a,B,A=1
X (LTI = THTATE)- (16)

There are no other restrictions to the numbers { fja]ﬁv +1} except symmetry. Hence we have

W free parameters at given {A, {v;}} in the relation (16). Of course, there is trivial case

if all f2 . =0. Fortunately, one can construct the nontrivial ansatz:
§N+1

fjojl[\jﬂrl = (55nfﬁ%+1 + dan jﬁ,JT\LfH) (1 - 5an5,8n) f;,LKf—H»

ie. ﬁ‘]’%ﬂ = 0 unless a # n or B # n.

The commutator [H;V ,Hy' ] (16) is still too complicated. Let us make the next assumption:

ff\,rjifﬂ = e\VAF, N1 = —Fuj, lexl =1, (17)
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where {v;} are arbitrary numbers. Then (16) can be recast in the form

n—1
N) (N Si ks 5 ks o
W 1M = S AFegen (T2,1%, TN - 13, TE TN

B,A=1

(H

n—1
=Y VAF{Fvex (T3, T8, TIN5 — 13, TH TN+
A=1
= Fue (DT T = T T T ) (18)
Let now choose
PN+ _ +
T\ = —bgby
as Jordan—Schwinger representation of SL(n)). Hence the basis of the whole Hilbert space of the

problem consists of the direct products of the basis vectors of the spaces in which Té wI1I<j<N

act, and various basic vectors of above Jordan—Schwinger representation, {Hﬁ o (bg)lﬁ |O>},
{l} € N. Consider the action of the right-hand side of (17) on the subspace spanned by the
vectors 4,07(1];1) with [, = L, L > 1 such that

Nublt) ~ L8, Rl == (27431 ) = bt~ S
J=1 j=1

Then

TN+ 2 TN o —pr, TNF o —Lb,,  1<a<n-—1
If

F= %: 1?,7\/+1 = _%> f}é\f]lvﬂ = 8)\1&2@7
then

R
and

ﬂg-N) = lim HJ(,N)

L—oo

commute on this subspace! The explicit form of H-operators reads

N n
(N 2i s 1,
H; ):AE g T3 5150 (v — vs) ™! + oy,

S#] a,ﬁ:l
;= A |30 eaVA (T, + 05T, ) + AT, | (19)
A=1

(N)

N
B =S AY =~ Ya a3
j=1 j=1 k=1

n—1
Z EA\/Z(Z))\TJLC)\ + bjffn) + AVkTTlfn
A=1

- N N
They commute with {H§N) }and Ny = — 3 Ta + bl b
j=1
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And finally, let us choose as T iﬁ the matrix representation of SL(n),
T’ 5 Riﬁ,

n—1 R
and add linear combination > wqN, to H](V]\Ql

a=1
It is easy to see that we obtain just the operator of generalized Dicke model (4) for n > 3,

n—1 N
Zwaz\f +ZAkRnn+ZZg &)+ bt R
a=1k=1
with coupling constants
gW) = —Ae VA, eq =1 (20)

Hence, under the above choice of the coupling constants, the most general model (4) becomes
quantum integrable and the spectral problem might be simplified. However, we did not find
the way for doing it except the simplest nontrivial case of N = 2 which is described in the next
section.

5 Explicit solution for N = 2

In this case the Hamiltonian (4) under the conditions (20) can be written as

n—1 2

Z waNo + AR, + 8oR2, + 373 [baRE, + b1 RE,], (21)
a=1k=1

@ = btby — Z Rl
j=1
Let us rewrite (21) as
n—1 . .
H7(12) = Z wWalNa + k1 + ko, (22)
a=1

/27172 =+ (A — A2)71 pLQ + Z [baﬁe}l’g + bzRi’g] + Ay QRnn, P1 2= Z R! BRﬁa
a,B=1

Eigenfunctions of (22) are of course common eigenfunctions of (n + 1) operators { N, }, k1, ko,

n—1 n—1
1 2
= | 3 Anpde2bitf + 3 (BUde? + BY G eb)bf + Col? | Z,|0),
Apu=1 A=1
R R n—1 N
where ¢}, goi are eigenvectors of {R%,}, {Riu} and Z, = [] (b))
a=1

One gets from the relations iélw = k19, /%rm = ko) the following set of algebraic equations
for the coefficients {A, B, C'},

An(Ar = Ag)™h + BR) = k1 Ay,
B (A~ Ag) ™'+ C = kB,
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B (A1 — Ag) 4 A BY + 3T AN, + 14 6),) = ki BY,
I
C(Ar—Ag) ™' +CAL + Y BN, +1) = kaC,
7
—An(Ar — Ag) 1 4+ BY = kA,
—Bgl)(Al — Ag)fl +C = kQBg\Q),

—B§\2) (Al — AQ)_I + AQB/(\I) + ZAAM(NH + 1+ 6/\H) = kQBg\l),
"
—C(A1 — Ag) ™'+ AC+ > BP (N, + 1) = koC.
”w

They can be easily reduced to two equations for ki, ko:

n—1

(k1 + ko — A1)(A1 — D)™+ (A1 = Do) 2 — ki (ky — A + 14 ) (N, +1) =0,
p=1
n—1

(AQ — k1 — k’g)(Al — Ag)_l + (Al — Ag)_2 — kQ(k'Q — Ag) +1+ Z(AN;u -+ 1) =0,
p=1

and the eigenvalues of the Hamiltonian (21) are given by

n—1

h2" = ZwaNa + Ky + ko.

a=1

6 Conclusions

In this paper, we found the most general quantum integrable model of interaction of (n — 1)
modes of radiation with NV dipole sources which comprises all known models of that type: Jaynes—
Cummings model (N = 1, n = 2), its generalisation for arbitrary number of modes (N = 1),
Dicke model (arbitrary N, n = 2). The commutative ring of operators which includes H;LN)
is found in explicit form. We did not use any “anisotropic” form of the Gaudin solution; the
Hamiltonian of the model was obtained via some limiting procedure. We almost immediately
got solution for N = 2, arbitrary n with the use of additional integrals of motion, but the
most interesting case of solution for arbitrary N and n is unreachable at the present stage of
investigation. We hope to come back to this problem in the future.

This paper has been presented for memorial volume of Vadim Kuznetsov. We both knew him
personally — he was our guest in Dubna almost 17 years ago when he was a PhD student of
Professor 1.V. Komarov in Leningrad. We remember him as bright young man, very active in
the field of quantum and classical integrable systems. Later he solved very complicated problem
of integration of equations of motion for classical Toda chains with non-exponential ends [12]
proposed by one of us (V.1.).
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