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Abstract. The Dicke model is derived in the contraction limit of a pseudo-deformation of
the quasispin algebra in the su(2)-based Richardson-Gaudin models. Likewise, the integrability
of the Dicke model is established by constructing the full set of conserved charges, the form
of the Bethe Ansatz state, and the associated Richardson-Gaudin equations. Thanks to
the formulation in terms of the pseudo-deformation, the connection from the su(2)-based
Richardson-Gaudin model towards the Dicke model can be performed adiabatically.

1. Introduction
The interaction of a single quantized mode of electromagnetic radiation (photons) with a two-
state system, such as a nuclear spin or two-level atom, can be modeled by means of the Rabi
Hamiltonian [1]. Although simple and physically transparent in its formulation, the Rabi
Hamiltonian does not offer a known exact eigenstate in general, due to the ‘counter-rotating’
interaction terms in the Hamiltonian (We kindly refer the reader to a recent discussion on the
solvability and integrability of the Rabi Hamiltonian [2]). In the resonance regime however,
these fast-frequency counter-rotating terms average out with respect to the collective two-
level oscillations, and can be neglected in first-order perturbation (the so-called Rotating Wave
Approximation (RWA)). This gives rise to the Jaynes-Cummings (JC) Hamiltonian of quantum
electrodynamics [3]. Due to the RWA, the JC Hamiltonian exhibits an additional symmetry,
which allows for the decomposition of the Hilbert space into irreducible representations (irreps)
conserving the total number of (bosonic and atomic) excitations. For the two-level (s = 1/2
quasispin) formulation of the JC model, these irreps remain two-dimensional and therefore
reduce to two-level mixing models. One of the successes of theoretical and experimental
quantum mechanics is that such simple theoretical models have been validated in sophisticated
experiments situated in cavity quantum electrodynamics [4], circuit quantum electrodynamics
[5], etc.

A direct consequence of the additional symmetry is that the two-level JC model exhibits
two linearly independent conserved operators, ¢.e. the Hamiltonian and the operator counting
the total number of excitations. As the model has two degrees of freedom (the electromagnetic

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



30th International Colloquium on Group Theoretical Methods in Physics (Group30) IOP Publishing
Journal of Physics: Conference Series 597 (2015) 012025 doi:10.1088/1742-6596/597/1/012025

photon mode and the two-level system), the model is integrable by definition [6], and supports
a Bethe Ansatz product wavefunction [7]. This result can be generalized to general (2s + 1)-
level systems, also referred to as Tavis-Cummings models [8], or a collections of inequivalent
(2s + 1)-level systems interacting via a single mediating bosonic mode, called the Dicke model
[9]. The integrability of the Dicke model has been established first by Gaudin [7], by means of an
infinite dimensional Schwinger representation of the central spin in the Gaudin magnet. Later,
the full set of conserved charges of the Dicke model has been derived by Dukelsky et. al. [10],
by mapping one of the su(2) quasispin copies of the Richardson-Gaudin conserved charges onto
the bosonic mode [11]. As a Bethe Ansatz integrable model, the conserved charges and Bethe
Ansatz state of the Dicke model can also be obtained from the Algebraic Bethe Ansatz method
[12], however a direct and simplified derivation of the Bethe-Ansatz state with the corresponding
Bethe equations solution is feasible using a commutator scheme [13].

For the derivation of the conserved charges of the Dicke model from those of the Richardson-
Gaudin model [7, 10], a contraction of one of the quasispin algebras in the model was required.
This contraction maps the su(2) quasispin directly onto a bosonic Heisenberg-Weyl algebra
hw(1). Recently, it has been shown how the Bethe Ansatz states in the Richardson-Gaudin (RG)
solution [14, 15] of the reduced Bardeen-Cooper-Schriefer (BCS) Hamiltonian for conventional
superconductivity [16] can be connected adiabatically to a product state of generalized bosons
[17] employing a pseudo deformation of the quasispin algebra. The product structure of the Bethe
Ansatz state is reminiscent of the projected BCS approximation, in which the superconducting
state is approximated by a condensate of collective Cooper pairs [16, 18]. However, in general
the RG variables (or rapidities) parametrizing the generalized quasispin creation operators in
the Bethe Ansatz state differ from each other, which is not reconcilable with the concept of a
true condensate. The pseudo deformation maps the hard-core bosonic su(2) quasispin algebra
of the BCS pairing Hamiltonian into a genuinely bosonic hw(1) by means of a continuous
pseudo-deformation parameter. The reduced BCS Hamiltonian remains integrable along the
path of deformation, allowing for an adiabatic and injective mapping of the exact Bethe Ansatz
states into a condensate of (orthogonal) bosonic modes [19]. Accordingly, the coupled set of
RG equations of integrability reduce to a single decoupled equation, equivalent to the secular
equation of the particle-particle Tamm-Dancoff Approximation (pp-TDA) for the elementary
pairing modes for the reduced BCS Hamiltonian [20]. Reversely, the pseudo deformation enables
one to numerically reconstruct the solution of the coupled set of non-linear RG equations from the
simpler decoupled secular pp-TDA equation, by adiabatically reintroducing the Pauli principle
in the integrable model [17, 21].

In the present manuscript, we will reassess the derivation of the conserved charges of the Dicke
from those of the Richardson-Gaudin (RG) models in the framework of the pseudo-deformed
quasispin algebra. This will enable an adiabatic connection of the Dicke model with the su(2)
based Richardson-Gaudin models. The connection can be made consistently on the level of the
Hamiltonian, the conserved charges, the Bethe Ansatz state, as well as the Bethe (or Richardson-
Gaudin) equations, and sheds light on how the Dicke model can be embedded within the larger
class of Richardson-Gaudin integrable models.

2. Richardson-Gaudin models
The conserved charges of the Richardson-Gaudin [11] models are parametrized by

Ri=S" 49> [Xa(SLSi + SISk) + Ziw S S]] (1)
ki
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with the set of operators {S;r , 5%, SZQ} (¢ = 1...m) spanning a set of m mutually independent
su(2); quasispin algebras

1S9, 51] = 6], (S0, 5] = — i1, ST, 5] = 26,15, (2)
with irreps |s;, p;), and the X and Z antisymmetric matrices obeying the Gaudin algebra
Xij Xji — Xar(Zij + Zj,) = 0, Vi#£j#k#i (3)
As soon as X and Z span the Gaudin algebra, the conserved charges commute mutually
[Ri, R;] =0, Vi, 7, (4)

and therefore define a RG integrable model. Because the conserved charges (1) are in involution,
they have a common set of eigenstates. These eigenstates are given by means of the Bethe Ansatz

N m
vy =] (inaS,T) 16) (5)
a=1

=1

with N the number of excitations, and |#) = ®"|s;, —s;) the tensor product of the lowest-
weight irreps of each su(2); copy. The notation Xj, signifies that the m-dimensional matrix X
has been extended to an (m + N)-dimensional matrix which still obeys the Gaudin algebra (3)
and the antisymmetry condition. For state (5) to be an eigenstate of the conserved charges (1),
the extended Z (and X) matrices need to satisfy the following Bethe Ansatz equations

m
149> Ziasi—9 Y Zga =0, Va=1...N. (6)
i=1 BF#a

Up to this point, the Gaudin algebra has not been specified, so these results are fully independent
of the particular realisation of X and Z. There are several parametrizations existing in the
literature [22, 11], which can be classified according to the following copy-independent relation

with ¢ a constant for all ¢ # j. The widely used ¢ = 0 parametrization gives rise to the rational
model, whereas the ¢ > 0 and ¢ < 0 are known as the trigonometric and hyperbolic models
respectively!. In the present manuscript, we will mainly focus on the trigonometric case, which
can be parametrized in terms of a set of m real variables {n;} [11]

VA +m) (402 —
Xy = R ®)
J J

i — 1y i — M

and ¢ = 1, but equivalent parametrizations exist [10].

L although the trigonometric and hyperbolic case can be transformed into one another by introducing an imaginary

coupling constant g — ig
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3. Pseudo deformed quasi-spin algebra
The pseudo deformed quasispin algebra su(2) is given by [17]

[S°(€), S1(&)] = ST(€), [5°€),S(©)] =—S(), [ST(€),5(&)]=2(£S")+(E—1)s) (9)

with ¢ the pseudo-deformation parameter and s the original (¢ = 1) su(2) irrep label. It can
be easily verified that the limits £ = 1 and £ = 0 give rise to the original su(2) algebra and
a (unnormalised) bosonic hw(1) algebra respectively. The nomenclature pseudo deformation is
chosen because this algebra can be reduced to a canonical su(2) algebra

[A°(€), AT(&)] = AT(€),  [A%(€),A(9)) = —A(E),  [AT(€), A(¢)] =24°(¢), (10)

with
A = 2510, A0 = —5(, 4% = 5%+ (1) (1)
except for the £ = 0 limit. For this limit, the following operators
b= \/£51(0), b= 1/L5(0), b'b=50) (12)
close the hw(1) algebra
[bT6, 0" =0, [bb,b] = —b [b,bT] = 1. (13)

The representations of the {Af(£), A(€), A°(€)} algebra are labeled by s(¢) = s(1)/¢. The
physical interpretation of this is that the effective degeneracy of the quasispin algebra is gradually
increased with decreasing &, reaching infinity for the full £ = 0 contraction limit. It should be
noted that only discrete values of &, = % (with n = 2s,2s + 1,...) give rise to unitary irreps.
Nevertheless, this is not an obstacle because the theory of RG integrability does not depend
on matrix representations (with integer dimensions), and the parameter £ can be regarded as
a continuous variable. This is illustrated by the following construction. Because the set of
generators {AT(£), A(€), A°(€)} span an su(2) algebra, the following set of conserved charges are

equally in involution

Ri(€) = AYE) + 98 > [Xing (AL(E) Ai(€) + Al(©) Ar()) + Zu AN &) AL(E)], (14)
ki

provided the matrices X and Z fulfill the Gaudin algebra (3). Note that the coupling constant
g in eq. (1) has been renormalized as g§. The Bethe Ansatz state

)y =] ( Xia Al (5)) 16) (15)

a=1

is again an eigenstate of the conserved charges (14) if the pseudo-deformed RG equations

L4+9> Zialsi(§) — 96> Zga =0, Va=1...N, (16)
i=1 BF#a

are solved. Although the irrep labels s(§) approach infinity for & — 0, the value of £s(§) remains
constant over the range & € [0,1], so limg_,9[¢s(§)] = s. Consequently, the problem of solving
the set of pseudo-deformed RG equations (16) is perfectly well defined for any value of the
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parameter £ € [0,1], and is not restricted to discrete values &, = % for unitary irreps. The
¢ — 0 limit offers a particular case, because the conserved charges (up to a diverging constant)
become purely bosonic

Ri(€ =0) =bbi + 9> [Xiuy/5i5r(blbr + 0Lbi) — Zig(sibbx + s1b[b;)] (17)
ki

and the pseudo-deformed RG equations become completely decoupled

m
149Y  Ziasi =0, Va=1...N, (18)
i=1

which is equivalent to a set of independent secular equations of the pp-TDA. This construction
forms the backbone of the numerical RG solver method introduced in [17, 21]. In this approach,
the RG equations are solved in the tractable full contraction limit (18), and are then adiabatically
brought into the original form (6) by tuning & — 1.

4. Dicke model derived from Richardson-Gaudin models

The pseudo-deformation in the previous section was used to transform all su(2); copies (i €
[1...m]) in the system into a bosonic hw(1);. Because the JC and Dicke models contain only
one bosonic mode, it would be interesting to see whether an equivalent scheme can be used to
obtain the Dicke model from the ®!" su(2) RG systems by deforming a single quasispin copy.
Denote this special copy by ¢ = 0, and consider the conserved charge

Ro(€) = AY(€) + 9> _[1 Xor(AN(€)Sk + S{Ao(€)) + ZorAY(€)SH]. (19)
k#£0

In contrast to the pseudo-deformed conserved charges (14), the coupling constant will be
28 G

$50G? hw?
of the electromagnetic field. The other conserved charges are given by

renormalized as g = with G a finite, £-independent, constant and Aw the energy

Ri(€) = S+ 9 i[5 Xin(S] Sk + S13) + ZwSPS])
+93Xio(S]40(€) + A(E)S:) + ZioAY(€)ST). (20)
From here on, we will employ the trigonometric realization (8) of the Gaudin algebra (3).

Without loss of generality, the Xgr and Zp, matrix elements can be evaluated in the ng — oo
limit, giving rise to the parametrization

2 2
Xop = lim Vit \/1 + 72, Zop = lim Lmome — (21)

70 —>00 10—k 10— 00 no—"nk

Using this realization and the definition of the Gaudin algebra (3), it is straightforward to show
that

XoXor V1 +n7 \/1 +77 1
Xy = 10<%X0k i k /ka +77ﬂ7k (22)

Zio+ Zor
which is indeed a standard trlgonometrlc parametrlzatlon (8) of the Gaudin algebra (3). The set

of parameters {n;} can be chosen freely, so we renormalize them as g, = —/ 230%5’% with {ex}
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a set of free, £&-independent, variables. It is noteworthy that the Xgi and Zy, matrix elements

take the form
Xor =1+ 430%6% + 0(52)7 Zok = _\/280%6167 (23)

in the & — 0 contraction limit, which is related to the parametrization proposed by Dukelsky et.
al. [10] in their derivation of the Dicke model. Substituting the expressions of X, and Zyi (egs.
(21)) in the conserved charge, and taking the proper { — 0 limit, one obtains the Hamiltonian
of the Dicke model (up to a divergent constant)

Hpysepe = hwRo(§ — 0) = hwbTd + > epSP+ G > (b S, + S[b), (24)
k=1 k=1

where the ¢ = 0 notation has been omitted for the bosonic operators. A similar procedure leads
to the other conserved charges

m 2
hwRi(€ — 0) = (hw — )80 + :G —[5(STSk + 5[5:) + 5757) — G(sTb+bTsy). (25)
Sk T Ci
ki

To obtain an expression for the Bethe Ansatz state in the contraction limit, one needs a
parametrization of the matrix elements Xy, and Xp,. The former can be chosen according to

eqs. (21) with 9, = —4/ 250%%4 , from which the latter can be derived

Xpo X e N sy
o = 0200 — VR, (26)
k0 + Zoa o

Substituting these parametrisations for Xy, and Xy, into the Bethe Ansatz state eq. (5), and
taking the & — 0 limit, one obtains

s % N m +
w=(%")"11 (bT—GZ kf’f) o), 0

a=1

where the factor (Qﬂ)% can be absorbed by the normalization of the state.
Finally, the RG equations for the Dicke model can be obtained likewise. Starting from the
RG equations (6) with the ¢ = 0 quasispin copy replaced by a pseudo deformed su(2),

m
1+gZ0a30(§)+gZZ;msk—gZZga:0, Ya=1...N. (28)
k=1 B#a

and substituting the proper expressions for Zi, and Zg,

1 1
T = w} Zge = M’ (29)
Mk — Na N3 — Na
we obtain the RG equations for the Dicke Hamiltonian
“ s N 1
hw — ) — 2G? b 4+26°Y ——— =0, Ya=1...N. 30
(o= 2) =2G° 3 24262y =0, (30)
k=1 B#a
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5. Conclusions

In conclusion, we have derived the RG integrability of the Dicke model in the contraction limit
of a single pseudo deformed quasispin algebra copy in the ®;—gsu(2); RG system. In addition to
the Dicke Hamiltonian, the additional conserved charges for the integrability have been obtained,
as well as the correct form for the Bethe Ansatz state and the RG equations which the rapidities
in the Bethe Ansatz need to satisfy. It would be interesting to investigate how the Bethe Ansatz
eigenstates of the trigonometric RG Hamiltonian are adiabatically connected to the Bethe Ansatz
eigenstates of the Dicke model. This will constitute the subject of future investigations.
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