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Abstract

This article is a response to the continued assumption, cited even in reports and reviews of recent
experimental breakthroughs and advances in theoretical methods, that the antiJaynes-Cummings (AJC)
interaction is an intractable energy non-conserving component of the quantum Rabi model (QRM). We
present three key features of QRM dynamics : (a) the AJC interaction component has a conserved
excitation number operator and is exactly solvable (b) QRM dynamical space consists of a rotating
frame (RF) dominated by an exactly solved Jaynes-Cummings (JC) interaction specified by a conserved
JC excitation number operator which generates the U(1) symmetry of RF and a correlated counter-
rotating frame (CRF) dominated by an exactly solved antiJaynes-Cummings (AJC) interaction specified
by a conserved AJC excitation number operator which generates the U(1) symmetry of CRF (c) for
QRM dynamical evolution in RF, the initial atom-field state |e0) is an eigenstate of the effective AJC
Hamiltonian FAJC, while the effective JC Hamiltonian Hjc drives this initial state |e0) into a time
evolving entangled state, and, in a corresponding process for QRM dynamical evolution in CRF, the
initial atom-field state |g0) is an eigenstate of the effective JC Hamiltonian, while the effective AJC
Hamiltonian drives this initial state |g0) into a time evolving entangled state, thus addressing one of the
long-standing challenges of theoretical and experimental QRM dynamics; consistent generalizations of
the initial states |e0) , |g0) to corresponding n > 0 entangled eigenstates | @e::) , |¥gn) of the AJC in
RF and JC in CRF, respectively, provides general dynamical evolution of QRM characterized by collapses
and revivals in the time evolution of the atomic, field mode, JC and AJC excitation numbers for large
initial photon numbers ; the JC and AJC excitation numbers are conserved in the respective frames RF
, CRF, but each evolves with time in the alternate frame.

1 Introduction

The quantum Rabi model (QRM) is the simplest form of quantized light-matter interaction coupling a single
two-level atom to a single mode of quantized light. The Hamiltonian of the system takes the standard form

1 1
Hp = hw <&Td + 5) + hwos, + hg(a+a")(s_ +s4) ; §2= 50z O =5- + 54 (1)

where (a, al, w) and (s, s_, S4+,wp) are the respective quantized field mode and atomic spin state operators
and frequencies with standard meanings, while g is the coupling constant. Opening the brackets in the
interaction term reveals that the Hamiltonian H g is composed of a rotating component, the Jaynes-Cummings
(JC) interaction and a counter-rotating component, the antiJaynes-Cummings (AJC) interaction, which we
obtain explicitly below. Since the two components are algebraically correlated in the sense that they do not
commute, the quantum Rabi Hamiltonian Hg must be considered in its full form, which has made it too
difficult, if not impossible, to determine the exact general time evolving state of QRM.

Great advances have been made in developing fairly accurate theoretical methods [1-5] to gain insight into
QRM dynamics beyond the rotating wave approximation (RWA). However, a major drawback has remained
the long-standing assumption that the antiJaynes-Cummings component does not have a conserved excitation
number and is not exactly solvable, even though it is now several years since the present author constructed
the AJC excitation number operator and proved its conservation in [6], followed by simpler reformulation
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and exact solutions of both JC and AJC dynamics in [7 , 8]. The good news is that experiments on the
full QRM have now made outstanding breakthroughs, determining details of the dynamics someway into the
USC-DSC regimes [9-12]. However, in both theoretical and experimental advances, the lack of information
on the solvability of the AJC interaction has meant that the coupling range is defined only from the JC
side where the rotating wave approximation (RWA) applies, considering the USC-DSC regimes far beyond
the RWA as the dynamical region dominated by the counter-rotating component of QRM. Since the main
purpose of the present article is to supply the long-missing information on the conserved excitation number
operator and exact solutions of the AJC interaction, we do not give details of the general historical and
technical developments of the outstanding theoretical and experimental achievements made so far on QRM,
but refer the interested readers to the most recent excellent reviews [13 | 14 , 15].

This article is organized as follows : we present the basic algebraic and dynamical structure of QRM in
section 2, where the JC and AJC components are defined together with the respective conserved excitation
number, U(1) and parity operators, as well as the rotating and counter-rotating frames RF , CRF, leading to
the corresponding rotating and counter-rotating wave approximations RWA , CRWA ; we develop dynamics
in RF (RWA) and CRF (CRWA) in section 3, where we provide consistent generalizations of the initial states
|e0) , |g0) to the corresponding n > 0 entangled eigenstates of the AJC and JC in RF , CRF, respectively ;
the Conclusion is given in section 4.

2 Basic algebraic and dynamical structure of QRM

An important point to note is that the algebraic properties of the basic state operators of a fully quan-
tized system such as QRM directly determine the dynamical structure of the system. To achieve a clear
understanding of the internal structure of QRM dynamics, we begin by applying the algebraic properties of
the atom-field state operators a , a' , s. , s_ , sy to develop the basic algebraic structure, automatically
leading us to identification of two algebraically correlated dynamical frames of QRM as we now present in
this section.

2.1 Basic algebraic structure of QRM

Following the original work in [6] where details are presented, we apply normal and antinormal operator
ordering of the basic atomic and quantized field mode state operators to express the standard quantum Rabi
model (QRM) Hamiltonian Hg in equation (1) in the symmetrized rotating and counter-rotating component
form [6-8]

Hp = %(H+F) (2a)

The rotating component H is the Jaynes-Cummings (JC) Hamiltonian obtained in the normal order form
. 1 .
H = hwN + hés, + 2hg(asy +als_) — S N=ala+sis. ; d=wy—w (20)

where N is the standard conserved excitation number operator of the JC interaction, commuting with the
Hamiltonian H according to R
[N, H =0 (2¢)

which we have proved explicitly in [6-8] and is easily proved here using the JC qubit state transition operator
introduced in equation (5¢). The parameter 6 = wy — w in equation (2b) is the usual JC red-sideband
frequency detuning.

The counter-rotating component H is the antiJaynes-Cummings (AJC) Hamiltonian obtained in the
antinormal order form

__ o~ _ 1 -~
H = hwN + hés, + 2hg(as_ +als,) — ghw i N=ad'+s_sy ; d=wo+w (2d)

where N is the (long-missing) conserved excitation number operator of the > AJC interaction, which we first
constructed and proved conserved in [6], commuting with the Hamiltonian H according to

(N, H]=0 (2e)



This commutation relation is easily proved here using the AJC qubit state transition operator introduced
in equation (7b) below. The parameter 6 = wp + w in equation (2d) is the AJC blue-sideband frequency
detuning.

The JC and AJC excitation number operators N , N commute, but each does not commute with the
alternate Hamiltonian according to

[N, N]=0; [N,H]#0; [N,H]#0;5; [H,H]#0 (2f)

where the last commutation relation shows that the JC and AJC components do not commute and are
therefore algebraically correlated as stated earlier.
With the specification of the basic algebraic structure provided above, we now present the U(1) and parity

symmetry properties of QRM generated by the JC and AJC excitation number operators N , N.

2.2 QRM in the rotating frame : RF

The free evolution operator Uy(t) = e~ !N generated by the JC excitation number operator N is a U(1)
symmetry operator which effects transformation of the JC and AJC Hamiltonians in equations (2b) , (2d) to

the rotating frame (RF) according to [6]

L — -~ 1 — . .
Up(t) = e N - Ul()HUy(t) = H ; U{(t) H Up(t) = hw( N — 5) + hds, + 2hgle 2 @tas_ + e¥lals,)
(3a)
Using equations (2a) , (2b) , (3a), we obtain the transformation of the QRM Hamiltonian Hp to the rotating
frame reorganized in the final form

US(t)HrUo(t) = Hyc + hg(e™**as_ + ¢*“'alsy) ; Hjo =hoN +hés. + hg(asy +a's_)  (3b)

where H jo is the effective JC Hamiltonian in the rotating frame.

According to equation (3b), the effective JC Hamiltonian H ;o dominates over the fast oscillating AJC
interaction component in the RF. Hence, QRM dynamics in the RF is dominated by the JC interaction mech-
anism characterized by red-sideband transitions generated by the effective JC Hamiltonian H;c. Dropping
the fast oscillating AJC component in equation (3b), we obtain the QRM Hamiltonian in a rotating wave
approximation (RWA) in the RF in the form

UgHRUQ(t) ~ HJC (30)

2.3 QRM in the counter-rotating frame : CRF
The free evolution operator Ug(t) = e~ wIN generated by the AJC excitation number operator Nisa U(1)
symmetry operator which effects transformation of the JC and AJC Hamiltonians in equations (2b) , (2d) to
the counter-rotating frame (CRF) according to [6]

— o= —t _ — 1 . .

Up(t) = etV . Uf)(t) HUy(t)=H ; Uf)(t) HUy(t) = hw(N — 5) +hds, +2hg(e”tas, +e*@lats )
(3d)

Using equations (2a) , (2d) , (3d), we obtain the transformation of the QRM Hamiltonian Hg to the counter-

rotating frame reorganized in the final form

Th(t) Hr To(t) = Haso+hgle > as, +e'als_) i Hase = hw( N—1)+hds.+hglas_+alsy) (3¢)

where H 4;¢ is the effective AJC Hamiltonian in the counter-rotating frame.

According to equation (3e), the effective AJC Hamiltonian H 4 ;¢ dominates over the fast oscillating JC
interaction component in the CRF. Hence, QRM dynamics in the CRF is dominated by the AJC interaction
mechanism characterized by blue-sideband transitions generated by the effective AJC Hamiltonian H 4 ;c¢.
Dropping the fast oscillating JC component in equation (3e), we obtain the QRM Hamiltonian in a counter-
rotating wave approximation (CRWA) in the CRF in the form

UZ) HR Uo(t) ~ HAJC (3f)



2.4 QRM parity symmetry

An important algebraic property has arisen that QRM is characterized by two commuting excitation number
operators, namely, the JC conserved excitation number operator N which generates U(1) symmetry in the

rotating frame according to equations (3a)-(3c), and the AJC conserved excitation number operator N which
generates U(1) symmetry in the counter-rotating frame according to equations (3d)-(3f). The two excitation

number operators commute with the respective RF/CRF Hamiltonians H;c , H aj¢, but each does not
commute with the Hamiltonian in the alternate frame according to

[N, Hjc)=0; [N, Hajc]#0; [ﬁ,FA,]C]:(); [ﬁvHJC]7EO; [Hijc, Hasc]#0 (4a)

where we recall [ N, N | = 0 in equation (2f). We observe that equation (4a) essentially re-emphasizes the
commutation relations in equation (2f), now within the dynamical frames RF , CRF.

The U(1) symmetry generated by either excitation number operator N or N in the respective frame RF
or CRF is therefore not a common symmetry of the full QRM. However, in [6], we established that setting
wt =km, k=1,2,3,...,in Up(t) , Up(t) in equations (3a) , (3d), provides the parity operator I, = ( II )k
which generates parity symmetry as a common symmetry of QRM according to [6]

I, = e~k _ o—ikrN _ ( 11 e [l = e~imNV — g—i7N o k=1,2,3,.. (4b)
ﬁzHﬁk:H ; ﬁlﬁﬁk:F = ﬁLHRﬁk:HR (40)

where II in equation (4b) is the standard QRM parity operator in usual definition with respect to the JC
excitation number operator N, but now given equivalent definition in terms of the AJC excitation number

operator N. The equality arising in the corresponding definition with respect to the AJC excitation number
operator N is easily proved [6], using the relation (recall aa’ = afa+ 1, sys_ +s_sy =1)

N =N+ 2875+ . e—iﬂ'N — e—iﬂ'Ne—2i7rs,s+ : €—2i7rs,s+ =7 = e—iTrN _ e—iﬂ'N —1I (4d>

This parity symmetry has been applied to obtain approximate solutions of QRM in the deep strong coupling
(DSC) regime [2] and exact stationary state solutions in [3], noting also the related dynamical evolution in

).

3 QRM dynamics in RF and CRF : following experiments

It follows from subsections 2.2 — 2.3 that QRM has two dynamical frames, namely, the rotating frame (RF)
and the counter-rotating frame (CRF). Dynamics in RF is dominated by the JC interaction mechanism and
through a U(1) symmetry transformation generated by the conserved JC excitation number operator N, the
QRM Hamiltonian is approximated by an effective JC Hamiltonian H ;¢ in a rotating wave approximation
(RWA) according to equations (3b)-(3¢). Dynamics in CRF is dominated by the AJC interaction mechanism
and through a U(1) symmetry transformation generated by the conserved AJC excitation number operator

N, the QRM Hamiltonian is approximated by an effective AJC Hamiltonian H 4 ;¢ in a counter-rotating wave
approximation (CRWA) according to equations (3e)-(3f). This specification of the QRM dynamical frames
which we have achieved here has never been done earlier, since CRF was never known to have a conserved

excitation number operator, until the present author constructed the correct form N and proved conservation
in [6]. By a comparison with the theoretical models [1, 2,4, 13, 14] and experimental designs [5 , 9-12 , 14
, 15] of the full QRM dynamics, RF as specified in the present article may be identified with the JC (weak-
strong coupling) regime, but CRF as specified here may not be interpreted as the USC-DSC regime where
the RWA breaks down and the counter-rotating terms (AJC interaction) start contributing to the dynamics.
We note that the definition of CRF in subsection 2.3 does not involve the dimensionless coupling parameter
£, which is explicitly used in characterizing the USC-DSC regimes [2 , 4 , 13 , 14], meaning that CRF,
even though dominated by the effective AJC interaction, may not necessarily be equivalent to the USC-DSC
regime. The property established earlier in [6] and in the present article that QRM dynamical frames RF

and CRF are each specified by a corresponding conserved excitation number operator N , N, respectively,
means that these commuting excitation number operators may be used as order parameters for characterizing



QRM dynamics in RF and CRF regions of the general quantum state space. According to the commutation
relations in equation (4a), the JC excitation number operator N is conserved in the dynamics generated
by the effective JC Hamiltonian Hjc in RF, but non-conserved in the dynamics generated by the effective

AJC Hamiltonian H 4 ;¢ in CRF, while the AJC excitation number operator N is conserved in the dynamics
generated by the effective AJC Hamiltonian H 4 ;¢ in CRF, but non-conserved in the dynamics generated by
the effective JC Hamiltonian H ;¢ in RF. The dynamical property that the JC excitation number operator
N is conserved in the RF (RWA) coupling regime, but evolves with time in the USC-DSC regime has been
determined in QRM experiments [9]. We now follow the initial states specified in the experiments and apply
the RF and CRF specifications in subsections 2.2 —2.3 to determine and clarify the observed physical features
of QRM dynamics. The experiments have focussed attention on QRM dynamics evolving from an initial state
with the field mode in the vacuum state and the atom in excited or ground state specified by |e0) or |g0)
in standard notation. In the present work, we provide consistent generalizations of these atom-field initial
states to include field mode initial states |n > 0).

3.1 QRM dynamics in RF

We have established in subsection 2.2 that QRM dynamics in RF is generated by the effective JC Hamiltonian
H o in RWA according to equations (3b)-(3c). The experiments [9-12] have identified the state |e0) with the
field mode in the vacuum state |0) and the atom in the excited state |e) as the appropriate initial state for
QRM dynamics in RF (JC regime). Here, we establish that the initial state |e0) in RF is an eigenstate of the
effective AJC Hamiltonian H 4 ;¢ and provide a consistent generalization to the corresponding n > 0 initial
AJC eigenstate which reduces to |e0) for n = 0.

3.1.1 Dynamics from initial state |e0)

We introduce appropriate notation |ic) for the initial state and |¢41) for the associated transition state
defined in standard notation as

[heo) =10) 5 [thg1) = [g1) (5a)
We observe that the effective AJC Hamiltonian H 4 ;¢ does not generate dynamical evolution of the initial
state |e0) in RF, since |e0) is an eigenstate of H 4 ¢, which, using H 4¢ from equation (3¢) and applying
standard atom and field mode state algebraic operations, is easily established to satisfy an eigenvalue equation
(recall § = wo + w)

H ayc|te) = %h(wo + w)tbeo) (5b)

where we identify the energy eigenvalue %h(wo + w) as the atomic excited state energy %hwo and the field
mode vacuum state energy %hw as expected. Equation (5b) means that the effective AJC Hamiltonian Haijc
generates only plane wave evolution e*%(“"’*“’)meo) of the initial state [tbe0) which does not describe the
general QRM dynamics in RF. However, in agreement with the theoretical models and experiments, the
effective JC Hamiltonian H ;¢ generates dynamical evolution of the initial state |te0) into a time evolving
entangled state which describes the general QRM dynamics in RF as we now demonstrate.

We introduce a JC qubit state transition operator A and apply standard algebraic properties of the atom
and field mode state operators @ , af , s, , s_ , s, to determine the relation with the JC excitation number
operator N in the form

A o 1 ~
A=4ds, +glasy +a's_) ; A% = 152 +¢*N (5¢)

Using A from equation (5¢), we express the effective JC Hamiltonian H ;o defined in equation (3b) in the

form R A
Hjc = hwN +hA (5d)

Conservation of the JC excitation number in the dynamics generated by H ;¢ in RF is easily proved by using
the relations in equations (5¢) , (5d) to show that N commutes with H ¢, thus confirming equations (2f)
(4a) and simplifying the earlier proof in [6].

Applying A from equation (5¢) on the initial state |1).o) defined in equation (5a), using standard atom-field
state algebraic operations and reorganizing as appropriate, we obtain JC qubit states |teo) , |deo) satisfying
qubit state transition algebraic operations in the form

A |weO> = R€O|¢€0> 3 A |¢eO> = R€O|¢€O> (56)



where |¢eo) is an entangled qubit transition state obtained in the form

1) 1)
|¢80> = 080|¢80> + 580|1/}gl> i Reo=gv1+ 52 ;o Ce0 = % ;o Se0 = RgeO ) 52 % (5f>

We identify R¢y as the Rabi frequency of the JC qubit oscillations. Repeated application of A on [theq) even
and odd number times using equation (5e) gives useful general qubit state transition algebraic operations

AQk |1/)80> = Rgg |1/)80> ) A2k+1 |1/160> = R?’S—H |¢60> 3 k = Oa 17 25 37 (59)

The general time evolving state | (¢)) describing QRM dynamics generated by Hjc from the initial
state |1)co) is obtained in the form

Weo (1)) = Usc(B)lbeo) 5 Uselt) = e mHe (6a)
where U,c(t) is the JC time evolution operator which on substituting H,c from equation (5d) and noting
the commutation relation [ N, A ] = 0 takes the factorized form

ch(t) _ e—itAe—ith (6())

Substituting this into equation (6a) and applying N = ata + s4s_ on [the) gives

Nigeo) = [heo) = [Weo(t)) = e "e " iheq) (6¢)
Expanding e~ A and reorganizing in even and odd power terms
Cith N (CDRPE o s (FDRR A2k+1
= — A" - — A 6d
¢ kZ:O (2k)! ZkZ:O 2k + 1)! (6d)

and substituting into equation (6¢), applying the general qubit state algebraic operations from equation (5g),
then introducing standard trigonometric expansions, we obtain the general time evolving state in the final
form

[Weo (1)) = ™! (cos(Reot) |¢oeo) — isin(Reot)|¢eo)) (6e)

which describes Rabi oscillations at frequency Reo between the initial separable state |.0) and an entangled
transition state |¢eo). Substituting |¢eo) from equation (5f) into equation (6e), reorganizing and introducing
the definitions of |1)eo) , |t0g1) from equation (5a) reveals that in general, the time evolving state |¥o(t)) is
a normalized entangled state obtained in the form

[Weo(t)) = e (cos(Reot) — iceo sin(Reot) )|e0) — isesin(Reot)|gl)) ; (Ueo(8)|Peo(t))y =1  (6f)

Hence, as we set out to demonstrate, the effective JC Hamiltonian H jo generates dynamical evolution of the
initial atom-field state |e0) into a time evolving entangled state |¥.o(t)) in RF. We can now compare QRM
dynamics described by [Weo(t)) in RF to the corresponding dynamical features observed in the JC (£ = 0.04)
regime in the QRM simulation experiment in [9]. In this respect, we determine the atomic excitation number,
field mode mean photon number, the JC and AJC excitation numbers in the state |Ueo(t)).

Applying the JC excitation number operator N on |U.o(t)) gives an eigenvalue equation

NWeo(t)) = [Yeo(t)) =  N(H)=1 (69)

from which it follows that the JC excitation number N(t) is conserved in the QRM dynamics generated
by the effective JC Hamiltonian Hjc in RF as expected from the corresponding commutation relation
[N, Hje ] =0 in equation (4a). The experiment in [9] confirmed conservation of the JC excitation number
(the only total excitation number known at the time of the experiment) in the corresponding JC regime
characterized by £ = 0.04 in [9].

We determine the atomic population inversion 5, (¢) and excitation number 575-(t), the field mode mean

photon number 7(t) and the AJC excitation number N (¢) in the QRM time evolving state |Uo(t)) in RF in
the form (recall sys_ = % +5,; 5.5, = % —5.)

5.(t) = %(1—2550 sin?(Reot)) ;  575-(t) = %—i—gz(t) o (t) = 52 sin®(Reot) ; N(t) =2(1-3.(t)) (6h)



It follows immediately from equation (6A4) that the AJC excitation number ﬁ(t) is non-conserved and evolves
in time in the QRM dynamics generated by the effective JC Hamiltonian H ;o in RF as expected from the

corresponding commutation relation [ N , Hyc | # 0 in equation (4a). This dynamical evolution was not
investigated in [9], since the authors were not yet aware of the existence of the AJC excitation number
operator as a QRM order parameter at the time of the experiment in [9].

The form of dynamical evolution of the atomic excitation number X = §75-(¢) and the field mode
mean photon number F' = 7(t), characterized by pure Rabi oscillations in Fig.1 , Fig.2, respectively, agrees
precisely with the corresponding dynamical evolution observed in the JC (£ = 0.04) regime in the experiment

in [9]. Fig.3 reveals the conservation of the JC excitation number N(t) in RF, agreeing with the behavior
observed in the JC regime in [9]. The dynamical evolution of the AJC excitation number N(t) in Fig.4 was
not investigated in [9] as we have already explained.
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Figure 2: JC-field mode mean photon number in RE .i(7) , r=gt: £=0; e=...
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Figure 3: JC-excitation number in RF N(7) , 7 =gt: £=0;¢e=..
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Figure 4: AJC-excitation number in RF ﬁ(T) ,T=gt: £=0;¢e=..
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set the dimensionless coupling parameter £ = 5~ = 0 coinciding with wp = w in [9], but the parameter e = £

There are two points to note at this stage : (i) in presenting the dynamical evolution in Fig.1-Fig.4, we have
s
2
used to characterize the coupling regimes in [9]g does not affect the dynamical evolution described by |W.o(t))
in RF, noting § =0, £ = 0 gives Regp = ¢, ce0 = 0, Se0 = 1, [Weo(t)) = e cos(Reot)|e0) — i sin(Reot)|gl))
according to equations (5f) , (6f) (ii) taking note of the dynamical features of the USC-DSC regimes regarding
the vacuum state [1 , 4, 5, 11 ; 12], the atom-field initial state in [9] is defined with the field mode in a
displaced vacuum state with displacement parameter =£, while the atom may be in an eigenstate of the spin
operator o, = s_+ sy so that the general dynamical evolution of the atom-field initial state takes the form of
a Schroedinger cat state, which depends on the coupling regime parameter £. Varying £ from the JC to the
USC-DSC regimes then determines the dynamical features of QRM as observed in the three coupling regimes
in [9]. To obtain corresponding dynamical features in the description developed in the present article, we
provide a consistent generalization of the atom-field initial state |e0) to an n > 0 entangled eigenstate of the
effective AJC Hamiltonian H 45¢ here below.

3.1.2 Dynamics from a general initial AJC eigenstate

Noting that the initial state |1.o) used above in developing QRM dynamics in RF is an eigenstate of the
AJC Hamiltonian H 45¢ according to equation (5b), we now provide a consistent generalization to an n > 0
initial AJC eigenstate. Since the atom starts in the excited state |e), the basic n > 0 atom-field state is |en).
Considering that the state algebraic operation for determining a general eigenstate of the AJC Hamiltonian
couples the state |en) to the state |[gn — 1), we introduce appropriate notation |ten) , |¥gn—1) for the two
states in the form

[Yen) =len) 5 |hgn-1) =lgn—1) (7a)

Introducing an AJC qubit state transition operator A related to the AJC excitation number operator N

defined by
o~ ~2 1- S
A=70s.+glas_ +alsy); A = 152 + (N -1) (7b)

we express the effective AJC Hamiltonian H 4 ;¢ in equation (3e) in the form
Hase=ho( N—1)+hA (7¢)
Applying j from equation (7b) on the state |¢p) in equation (7a), reorganizing, then applying j on the

resulting transition state | ¢,,,), we determine AJC qubit states [ten) , | @.,) satisfying qubit state algebraic
operations

Z |¢en> = E8n| 56n> 7 Z | aen> = E8n|1/}6n> (7d)
where
| 5en> = Een|7/}en> +§en|¢gnfl> 5 Een =gvn+ (5 + 5)2 i Cen = 2}—;1” 5 Sen = i—;ﬁf y €= % (76)

where we have rewritten § = § 4+ 2w , §/2g = §/2g + w/g and the parameter £ = §/2g is defined in equation
(5f). We identify R., as the Rabi frequency of oscillations between the AJC qubit states [en) , | @e,,), Well
developed in [7 , 8] and in subsection 3.2 below.

Noting that the qubit states |1e,) , | @, ) are non-orthogonal satisfying

<"/’en|¢en> =1, <"/’en| 58n> = Cen , < aen|wen> = Cen , < aen| 5%) =1 (7f)



we introduce normalized AJC eigenstates | TJ) , | ¥,,,) obtained as simple linear combinations of the qubit
states in the form

+ 1 1

| T ) = N (Ioen) +1 Pen)) 5 | Uen) = N (Ipen) = | ben)) (79)
satisfying eigenvalue equations
ATy = 2Fen | Ty s N[ T) = (0 +1)| T)
Hase | V) =Ben | Wen) i By = hom £ hRey (7h)

If we now set n = 0 in equations (7e) , (7g) , (7h), the general n > 0 eigenstates | @;) reduce to the forms
(recalling 0 = wp +w )

n=20 : | Ven) = | Vo) = [Ye0) ; E

- _ — 1 .
| \I/en> — | \IJeO> =0 ; EeO = _Eh(w0+w) (77’)

which show that | TJ) is the general n > 0 AJC eigenstate which reduces to the n = 0 initial state [i)co)
with the correct AJC energy eigenvalue Feg = %h(wo +w) agreeing precisely with equation (5b). Notice that
for n = 0, the eigenstate | ¥,,,) reduces to | ¥ ) = 0 specified by energy eigenvalue E,, = —3h(wo + w)
which may represent a closed state in the lower AJC spectrum with the atom in the normal ground state of
energy —%T“Lwo and the field mode in the antinormal vacuum state of negative energy —%hw.

From equation (74), we identify | Te—,:) in equation (7g) as the consistent n > 0 generalization of the
AJC eigenstate defining the general initial state for general QRM dynamics generated by the effective JC
Hamiltonian H ;¢ in RF which we now present below. In this respect, we substitute the definition of | ¢,,,)

from equation (7e) into equation (7g) and reorganize to express | WED in the form

Ty 1 z 3 j
19,5 = e (4 o)) + Benl i) )

Substituting the definitions of |te,) , [¥gn—1) from equation (7a) reveals that | @;) is an entangled state.
Note that choosing an AJC eigenstate as the initial state inactivates the AJC interaction in the QRM
dynamics in RF, noting that according to the eigenvalue equation (7h), H 4jc generates only plane wave

evolution e~ #E&t| T, 1)
The general time evolving state |Ugp(t)) of general QRM dynamics in RF is generated from the general
initial n > 0 AJC eigenstate | WED through the effective JC Hamiltonian H ;o according to

U e (t)) = Use(t) T ) (8a)

where the time evolution operator U (t) is defined in equations (6a)-(6b). Substituting | WED from equation
(74) into equation (8a) gives the form

1 _ _
|Vrr(t) = m (1 +Cen)[Wen(t)) + Ben|Pgn—1(t)))
|\I/en(t)> - U,]C(t)|wen> ) |\I/gn71(t)> == U,]C(t)|1/)gn71> (Sb)

Applying the JC qubit state transition operator A from equation (5¢) on |ten) , |¥Ygn—1) generates the
respective qubit states (|Yen) , |Pen)) , (|¥gn-1) , |Pgn—1)) satistying state transition algebraic operations

A |U)en> = Ren+l|¢en> ; A |¢en> = Ren+l|¢en> ; |¢en> = Cen+1|1/}en> + Sen+1|¢gn+l>
) vn+1
|¢gn+1> = |9n +1); Reny1 =9y (n+1) +£2; Cen+1 = ; Sen+1 = ALl (8¢c)
2Ren+1 Ren+1



A |¢gn—1> = Rgn—l|¢gn—l> ; A |¢gn—1> = Rgn—l|¢gn—l> ) |¢9n—l> = _an—1|"/]gn—1> + Sgn—l|¢en—2>
) vn—1
en2)=len=2);  Rpni=gVn-D+E5  eoa=gm—3  sgo1=1t—  (8d)
2*Rgn—l Rgn—l

where Rep41 , Rgn—1 are the respective Rabi frequencies of qubit oscillations.
Substituting U ¢ (t) from equation (6b) into equation (8b), noting

N|¢en> = (n+ D)|¢en) ; N|¢gn—1> = (n—1)[gn-1) (8e)

and using equation (6d) with repeated application of A on |ihe,) | [thgn—1) even and odd number of times,
giving general qubit state algebraic relations similar to the relations in equation (5g), then introducing
trigonometric functions according to the expansions as appropriate, we obtain

|q}en(t)> = eiiw(nﬂ)t(COS(Ren-i-lt)|1/’en> - iSin(Ren-‘rlt)Wen»

[Wgn-1(t)) = et (cos(Rgn—1t)|¥gn—1) — isin(Rgn—1t)|dgn—1)) (8f)
Substituting these into equation (8b) provides the explicit form of the general time evolving QRM state
|¥rr(t)) in RF generated by the effective JC Hamiltonian H ;¢ from the general n > 0 entangled AJC eigen-

state | @eb according to equation (8a). Introducing the definitions of the states ( [ten) , [Ygn+1) , |Pen) )
and ( |[Y¥gn-1) » |[Yen—2) ; |pgn—1) ) from equations (7a) , (8¢) , (8d) reveals that |¥rp(t)) is a general time
evolving entangled state.

We easily obtain orthonormalization relations

(Wen(®)[Wen () =15 (Ven(®)Wgn-1(t)) =05 (Wgn1(H)[Wen(t)) =05 (Ygn-1()|[¥gn-1(2)) =1

(Urr(t)|Yrr(t) =1 (89)
We obtain the JC excitation number N(t) in the general time evolving QRM state |¥gx(t)) in the form
nN gin
N(t):n‘f'l—m (Sh)

which once again confirms that the JC excitation number is conserved in RF as expected according to the
commutation relation [ N , Hjc | = 0 in equation (4a). The atomic population inversion and excitation

3.(t) , 575-(t), the field mode mean photon number 7i(¢) and the AJC excitation number N () in the general
QRM state |Ugp(t)) in RF are obtained in the form

_ 1 _ . _ )

5.(t) = m{ 1+ Cen)2(1 - 2S§n+1 Sln2(Ren+lt)) - Sgn(l - 23;2;71—1 Sm2(Rgn—1t)) }
515- (t)—l—f—E(t)- ﬁ(t)—n—l—l—i—E(t)' ﬁ(t)—n—i—i—%l—g(t)) (8i)
TomN T g e - 2 147c, 7 - 1+ Con ?

We observe that setting n = 0 reduces |V rp(t)) in equation (8b) to |Peo(t)) in equation (6e) , (6f) and the
results in equation ((8¢) reduce to the corresponding results in equation (6h), showing that QRM dynamical

evolution from the general n > 0 entangled AJC eigenstate | WBD in equation (7j) is a consistent generaliza-
tion of the dynamical evolution from the n = 0 AJC eigenstate |1).) in equation (5a). Plots of the excitation
numbers in equation (8¢) for initial field mode photon number n = 0 reproduce the corresponding plots in
Fig.1-Fig.4.

For initial photon numbers n > 1, the time evolution of the excitation numbers in equation (8:) is
characterized by quantum collapses and revivals largely determined by the field mode initial photon number
n, which we display for the arbitrarily chosen case n = 40 in Fig.5-Fig.7 for the atomic excitation number
X =375-(t), field mode mean photon number F' = 7(¢) and the AJC excitation number N (¢), respectively.
In contrast to the collapse and revival phenomena in the USC-DSC regime due to specification of the atom-
field initial state with field mode in initial displaced vacuum state in [9], the collapse and revival phenomenon
revealed here in Fig.5-Fig.7 is due to the superposition of time evolving entangled states [¥cy, () , |V gn—1(t))
with competing Rabi frequencies Rept1 , Rgn—1 which constitute the general QRM state |¥gp(f)) in RF
according to equations (8b) , (8f). We observe that the collapses and revivals in Fig.5-Fig.7 agree particularly
well with the field mode mean photon number collapses and revivals obtained in [1].

10



10 20 20 40

Figure 5: JC-atomic excitation number in RF 575-(7) , r=gt: £=0;e=..; n=40
Figure 6: JC-field mode mean photon number in RF (1) , r=gt: £=0;e=..; n=40
Figure 7: AJC-excitation number in RF ﬁ(T) , T=gt: £=0;¢e=..;n=40
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We note that the collapse-revival phenomenon revealed here in Fig.5-Fig.7 is a familiar dynamical feature
of JC interaction mechanism for atom-field initial states formed from superpositions of atom or field mode
states with specified initial photon distributions, which may not be related in any way to the interaction
mechanisms in the USC-DSC regimes of QRM as generally defined in [1, 2, 4, 9-15]. QRM dynamics in
the USC-DSC regime has generally been associated with the AJC component, but without specifying how
the AJC interaction generates dynamical evolution from an initial state, which we now present in the next
subsection.

3.2 QRM dynamics in CRF

We have established in subsection 2.3 that QRM dynamics in CRF is generated by the effective AJC Hamil-
tonian H ;o in CRWA according to equations (3e)-(3f). We note that various theoretical and experimental
studies of QRM beyond the RWA have characterized CRF as the USC-DSC regime [1 , 2, 4, 9-15]. With
this USC-DSC characterization in mind, we follow the experiments [9-12] in identifying and using the state
|g0) with the field mode in the vacuum state |0) and the atom in the ground state |g) as the appropriate
initial state for QRM dynamics in CRF. Here, we establish that the initial state |g0) in CRF is an eigenstate
of the effective JC Hamiltonian H ;o and provide a consistent generalization to the corresponding n > 0
initial JC eigenstate which reduces to |g0) for n = 0.

3.2.1 Dynamics from initial state |g0)

We introduce appropriate notation |i40) for the initial state and |¢.1) for the associated transition state
defined in standard notation as

[hgo) =190) i [ter) = le1) (9a)
Determining the dynamical evolution of the QRM ground state |g0) has been problematic, noting that the
effective JC Hamiltonian H ;o cannot generate dynamical evolution of |g0) in CRF, since this initial state
is an eigenstate of Hjc. Indeed, using Hjc from equation (3b) and applying standard atom and field mode
state algebraic operations, we easily establish that the QRM ground state |140) is an eigenstate of the effective
JC Hamiltonian satisfying an eigenvalue equation (recall § = wy — w)

Hjclvgo) = —%h(wo — w)[¥g0) (9b)

where we identify the energy eigenvalue —%Tz(wo — w) as the atomic ground state energy —%TIWO and the
field mode vacuum state energy %ﬁw as expected. Equation (9b) means that the effective JC Hamiltonian

H ;o generates only plane wave evolution e%(WO_“)WgO) of the initial state |z/1g0_> which does not describe
the general QRM dynamics in CRF. However, the effective AJC Hamiltonian H 45¢ generates dynamical
evolution of the initial state |140) into a time evolving entangled state which describes the general QRM

dynamics in CRF as we now demonstrate.

We recall the AJC qubit state transition operator A and effective Hamiltonian H 4;c as defined in
equations (7b)-(7c), which we now rewrite here for ease of reference as
12

o~ ~2 A~ __ A~ -~
A=0s,+glas_ +alsy); A =70 +¢*(N—-1);  Hajc=hw(N-1)+hA (9¢)

Conservation of the AJC excitation number in the dynamics generated by H 45¢ in CRF is easily proved by
using the relations in equation (9¢) to show that N commutes with H 4 ¢, thus confirming equations (2f) ,
(4a) and here again simplifying the earlier proof in [6].

Applying A from equation (9c) on the initial state |¢40) defined in equation (9a), using standard atom-
field state algebraic operations and reorganizing as appropriate, we obtain AJC qubit states |¢q40) , | Eg())
satisfying qubit state transition algebraic operations in the form

A [g0) = Reol By0) 3 A | By0) = Rooltheo) (9d)

where | ago) is an entangled qubit transition state obtained in the form

>l
|
B

| $g0> = —Cg0|¥g0) +Fg0|Ve1) ; RqO =gV1+(§+¢e)?; Cg0 = 7= Sg0 =

12



The general time evolving state | W,0(t)) describing QRM dynamics generated by H 4;c from the initial
state |1g0) is obtained in the form

| Wyo(t)) = Uasc(t)l¥go) ; Uajc(t) = e~ wHasc (10a)

where U ;¢ (t) is the AJC time evolution operator which on substituting H ajc from equation (9¢) and
noting the commutation relation [ N , A ] = 0 takes the factorized form

UAJC(t) _ e—itze—iwt( N-1) (101))

Substituting this into equation (10a) and applying N =aal + S_sy on |thgo) gives

( N - Dlbgo) = tbg0) = | Tgo(t)) = eimeiitj [¥g0) (10c)

Expanding e~ "4 in even and odd power terms similar to the corresponding JC time evolution operator
expansion in equation (6d) and substituting into equation (10c), we apply A on |140) even and odd number
of times using the qubit state transition algebraic operations from equation (9d) giving relations similar to
equation (5g) and then introduce trigonometric functions in the expansions as appropriate to obtain the

general time evolving state in the final form
| Wgo(t)) = ™" (cos( Rgot)|togo) — isin( Rgot)| dgo)) (10d)

which describes Rabi oscillations at frequency }_%go between the initial separable state |140) and the entan-
gled transition state | ¢,o). Substituting | ¢ ) from equation (9¢) into equation (10d), reorganizing and
introducing the definitions of |1)40) , |te1) from equation (9a) reveals that in general, the time evolving state
| Wy0(t)) is a normalized entangled state obtained in the form

| Wgo(t» = eiiwt( (cos( Egot) +1Cgo sin Rgot) )lg0) —i 540 sin Rgot)|€1>) ; ( @go(t” Wgo(t» =1 (10e)

Hence, as we set out to demonstrate, the effective AJC Hamiltonian H 4 jc generates dynamical evolution of
the initial atom-field state |g0) into a time evolving entangled state | W o(¢)) in CRF. We observe that this
form of dynamical evolution of the QRM ground state |g0) into a time evolving entangled state generated
by the effective AJC Hamiltonian has never been determined in the various theoretical models or related
experiments in [1 , 2, 4, 9-15] and others, noting that the solution procedure for AJC interaction has
only been developed by the present author in recent work [6-8]. As we pointed out earlier, considering the
dynamical features of QRM in the USC-DSC regime, the authors of studies in [1 , 2 , 4 , 9-15] defined the
initial atom-field ground state |g0) in a more general form with the field mode in initial displaced vacuum
state and the atom in initial eigenstate of the spin operator o, = s_ + sy, so that the ground state evolves
into a Schroedinger cat state in the USC-DSC regime [9 , 12 , 14 , 15]. Comparison of QRM dynamics
described by | W 0(t)) in CRF with the dynamical features observed in the USC-DSC regime in the QRM
simulation experiments in [9-12] may therefore be inappropriate, since the definition of CRF as a dynamical
frame of QRM as we have developed it in this article is independent of the coupling parameter £ used to
characterize the QRM coupling regimes in [1 , 2 , 4, 9-15], meaning that CRF may not be equivalent to the
USC-DSC regime. With this in mind, we determine the atomic excitation number, field mode mean photon
number, the JC and AJC excitation numbers to study QRM dynamical features in the state |¥4(¢)) in CRF.

Applying the AJC excitation number operator N on | Wy(t)) gives an eigenvalue equation

N| Ugo(t) =2| Ugo(t) =  N(t)=2 (10£)
from which it follows that the AJC excitation number ﬁ(t) is conserved in the QRM dynamics generated
by the effective AJC Hamiltonian H 4 ;¢ in CRF as expected from the corresponding commutation relation

[ N, Hjc ] =0 in equation (4a). This property has never been investigated experimentally, since, as we
have explained earlier, the AJC excitation number operator has largely been unknown to both theoreticians
and experimentalists, a fact which has necessitated the work presented in this article.

Noting that AJC operators are defined in antinormal order form, we determine the atomic population
inversion 5,(¢) and antinormal order excitation number $”s¢(t), the field mode antinormal order photon

13



number aa*(t) = n(t) + 1 and the JC excitation number N(¢) (normal order) in the QRM time evolving state

| Wyo(t)) in CRF in the form (recall sys_ =3 +s,; s_s; =4 —s.; aal =ala+1)
1 — 1 — -
5.(t) = —5(1 - 2530 sin?( Ryot)) ; 5-51(t) = 5 5.(t); mE) = 530 sin?( Ryot) ;  aa*(t) = 1 +7(t)
— _ 1
N(t) =n(t) + - +5.(t) (10g)

2

It follows from equation (10g) that the JC excitation number N () is non-conserved and evolves in time
in the QRM dynamics generated by the effective AJC Hamiltonian H 4;¢ in CRF as expected from the
corresponding commutation relation [ N, Hasc | # 0 in equation (4a). Experiments [9] have established
that the JC excitation number N (¢) is conserved in the JC regime corresponding to RF here, but evolves in
time in the USC-DSC regime, which is associated with, but not necessarily equivalent to CRF. In general,
the experimental observations agree with the results we have obtained in equations (6g) , (8h) in RF and

here in equation (10g) in CRF. Here, we now only mention the familiar and overemphasized fact that the
non-conservation of the AJC excitation number N(¢) in equations (6h) , (8i) in RF and its conservation
determined here in equation (10f) in CRF has not been investigated in experiments.

We have plotted the antinormal atomic excitation number X = 5-51(¢), the field mode mean antinormal
photon number F' = aa*(t), the AJC and JC excitation numbers N(¢) , N(t) from equation (10g) in Fig.8-
Fig.11, respectively. We notice the striking similarity with the time evolution of corresponding quantities
determined in the JC interaction in RF plotted in Fig.1-Fig.4. The similarity in the form of time evolution is
that the excitation and mean photon numbers are defined in quadratic form in both JC and AJC interactions.
We observe that the non-quadratic atomic state population inversion 3,(¢) and the coherence functions 3, ,
Sy (t) obtained in JC and AJC interactions in RF , CRF evolve in time in reverse order, which we have not
plotted.
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Figure 8: AJC-atomic antinormal excitation number in CRF s=s(7) , 1 =g¢gt: §£= % ;€=016;n=0

Figure 9: AJC-field mode mean antinormal photon number in CRF aa™(7) , 7 = gt : £ = 147 ; € =
0.16; n=0
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Figure 10: AJC-excitation number in CRF ﬁ(T) , T=gt: &= 1—131 ;6=0.16; n=0

CRF - JCEO

Figure 11: JC-excitation number in CRF N(7), 7=gt: (= 1—131 ;6=016; n=0

We now generalize the initial atom-field state by determining the n > 0 JC eigenstate which reduces to
the ground state |g0) at n = 0.

3.2.2 Dynamics from a general initial JC eigenstate

Noting that the initial state |¢)g9) used above in developing QRM dynamics in CRF is an eigenstate of the
JC Hamiltonian H ;o according to equation (9b), we now provide a consistent generalization to an n > 0
initial JC eigenstate. Since the atom starts in the ground state |g), the basic n > 0 atom-field state is |gn).
Considering that the state algebraic operation for determining a general eigenstate of the JC Hamiltonian

couples the state |[gn) to the state |en — 1), we introduce appropriate notation |1gn) , |ten—1) for the two
states in the form

[Ygn) = lgn) 5 [Yen—1) =len—1) (11a)

Applying the JC qubit state transition operator A from equation (5¢) on the state |¢g,) in equation (11a),
reorganizing, then applying A on the resulting transition state |¢g4,), we determine JC qubit states |tg,) ,

|pgn) satisfying qubit state algebraic operations
A |1/)gn> = Rgn|¢gn> 5 A |¢gn> = Rgn|1/}gn> (11b)
where

1) n
|¢gn> = _an|1/)gn> + Sgn|7»/1en71> ; Ry = gv/n+ £ Cgn = 55 3 Sgn = M (11c)
2Ry, Rgn

Noting that the qubit states |tbgn) , |@gn) are non-orthogonal satisfying

<1/}gn|1/)gn> =1, <¢gn|¢gn> = —Cgn , <¢gn|¢gn> = —Cgn , <¢gn|¢gn> =1 (lld)

we introduce normalized JC eigenstates [W F) , [¥ ) obtained as simple linear combinations of the qubit

states in the form

1 1
v t T Ao n) + n)) v ; = T e n) — n 1le
Wont = =y (Won) F10aml) s Wgn) = Zpmmms (Wyn) = |0gn) (11e)
satisfying eigenvalue equations
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Hic |95y =EE VL) Ef =hwn+hRy, (11f)

If we now set n = 0 in equations (11c) , (11e) , (11f), the general n > 0 eigenstates |W F) reduce to the
forms (recalling 6 = wy —w )

1
n=0 : |\Ifgj;> — |\I/gf5> =0; Egsr = §h(wo —w)

1
[Wgn) = Wgo) =[g0) 5 Egg = —5h(wo —w) (11g)

which show that |[W ) is the general n > 0 JC eigenstate which reduces to the n = 0 initial state [140) with
the correct JC' energy eigenvalue E ; = —%h(wo — w) agreeing precisely with equation (9b). Notice that for
n = 0, the eigenstate |¥ ) reduces to |\I/g6r> = 0 specified by energy eigenvalue Egar = 1h(wo — w) which
may represent a closed state in the upper JC spectrum with the atom in the normal excited state of energy
%hwo and the field mode in the antinormal vacuum state of negative energy —%hw.

From equation (11g), we identify |¥ ;) in equation (1le) as the consistent n > 0 generalization of the
JC eigenstate defining the general initial state for general QRM dynamics generated by the effective AJC
Hamiltonian H 4¢ in CRF which we now present below. In this respect, we substitute the definition of |¢,)
from equation (11¢) into equation (11e) and reorganize to express [, ) in the form

o *; c -5
W) = s (1 con)lvin) = sonlten-1) (1)

Substituting the definitions of [thgn) , [then—1) from equation (11a) reveals that [ ) is an entangled state.
Note that choosing a JC eigenstate as the initial state inactivates the JC interaction in the QRM dynamics
in CRF, seeing that according to the eigenvalue equation (11f), Hjc only generates plane wave evolution
eiéE;nthI/g*n).

The general time evolving state | Wogr(t)) of general QRM dynamics in CRF is generated from the
general initial n > 0 JC eigenstate |¥ ;) through the effective AJC Hamiltonian H 45¢ according to

| Worr(t)) = Uaso(t)|¥,,) (12a)

where the time evolution operator Uasc(t) is defined in equations (10a)-(10b). Substituting |¥ ) from
equation (11h) into equation (12a) gives the form

— 1 — —
| Werr(t) = m (T +cgn)l Ygn(t) — sgn| Ven—1(t)))
| Wgn(t» = UAJC(t)|¢gn> ) | aen—l(t» = UAJC(t)lwen—l> (12b)

Applying the AJC qubit state transition operator Z_from equation (9¢) on [Ygn) , [en—1) generates the
respective qubit states (|¢gn) , | ¢gn)) » ([Yen—1) 5 | Pen_1)) satisfying state transition algebraic operations

A |1/’gn> = Ren+1| 5gn> ) A | agn> = Rgn+1|1/)gn> ; | 59n> = _Egn+1|1/)gn> +§gn+1|¢en+1>
_ _ ] _ Vn+1
[Went1) = len+1;  Rgppr =gV/(n+ 1)+ (E+€)?;  Cgni1 = = L Sgen = 2 (120)
2Rgn+1 Rgn+1

A |1/)en71> = }_%en71| aen71> ; A | aen—1> = Ren71|7/}en71> ) | 5en—1> = Een71|1/)en71> +§en71|7/}gn72>

5 Vn—1
_ 0 S =T 19g)
2Ren—1 Ren—l

|wgn—2> = |g7’L—2> 5 Een—l = g\/(n - 1) + (5 + 5)2 3 Cen—1 =

where Egnﬂ , Eﬂl,l are the respective Rabi frequencies of qubit oscillations.
Substituting U 4 j¢(t) from equation (10d) into equation (12b), noting

(N = 1) [g) = 4 Dldgn) s (N = Dltbnr) = (0 = Dlten—1) (12¢)
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and expanding e~ 4 in even and odd power terms similar to the corresponding JC time evolution operator

expansion in equation (6d), then substituting into equation (12b), we apply A on [thg,) , [then—1) even and
odd number times using the qubit state transition algebraic operations from equations (12¢) , (12d) giving
relations similar to equation (5¢) and introduce trigonometric functions in the expansions as appropriate to
obtain

| an(t» = e_iw(n+1)t(cos( Egn+1t)|¢gn> — isin( Egn-i-lt” agn»

| aen—l(t» = eiiw(nil)t(cos( Ren—lt”d’en—ﬁ — i sin( Een—ltﬂ aen—l>) (12f)

Substituting these into equation (12b) provides the explicit form of the general time evolving QRM state
| Worrp(t)) in CRF generated by the effective AJC Hamiltonian H 4jc from the general n > 0 initial
entangled JC eigenstate |¥ ). Introducing the definitions of the states ( [tgn) , [Yens1) » | @,,) ) and
(|en—1) s [Ygn—2) | Gen_1) ) from equations (11a) , (12¢) , (12d) reveals that the general time evolving
QRM state | Worp(t)) in CRF is a time evolving entangled state.

We easily obtain orthonormalization relations

( Wgn(ﬁ)l ﬁgn(t» =1; Wqn(ﬁ)l Wen—l(t» =0; aen—l(t” an(t» =0; aen—l(t” aen—l(t» =1
(Torr(t)] Yorr(t) =1 (129)

We obtain the AJC excitation number ﬁ(t) in the general time evolving QRM state | Uorp(t)) in the form

2

== S
N(t) = pR—_ 12h
() =n+2- g2 (121)

which once again confirms that the AJC excitation number is conserved in CRF as expected according to the

commutation relation [ N , H4yc ] = 0 in equation (4a). The atomic population inversion and antinormal
order excitation s,(t) , 5_s1 (), the field mode mean antinormal order photon number aa*(¢) and the JC

excitation number N (¢) (normal order) in the QRM state | ¥orr(t)) are obtained in the form

_ 1 _ 9o _ 9o
S:(t) = —m{ (14 ¢gn)*(1 = 255,41 sin*( Rygniat)) — 55, (1 = 252, sin*( Rep—1t)) }
an
1 — 3 Son - Son .
S=s1(t) == —35,(t) ; ac*(t)=n+ - — —L— +35,(t); N{t)=n+1-—L— +25,(t) (12i)

2 1+cqn 1+an

We observe that setting n = 0 reduces | ¥crp(t)) in equation (12b) to |¥y0(t)) in equation (10d) , (10e)
and the results in equation ((12¢) reduce to the corresponding results in equation (10g), showing that QRM
dynamical evolution from the general n > 0 entangled JC eigenstate [¥ ;) in equation (11h) is a consistent
generalization of the dynamical evolution from the n = 0 JC eigenstate |¢)40) in equation (9a). Plots of the
mean values in equation (12¢) for n = 0 reproduce the corresponding plots in Fig.8-Fig.11, while plots for
field mode initial photon numbers n > 1 show time evolution characterized by quantum collapses and revivals
largely determined by the initial field mode photon number n.

We have plotted the atomic antinormal excitation number X = 5-s;(¢) , field mode mean antinormal
photon number F' = aa*(t) and the JC excitation number N(t) for arbitrarily chosen initial photon number
n = 40 and dimensionless parameters ¢ , ¢, in Fig.12 , Fig.13 , Fig.14, respectively, which clearly undergo
collapses and revivals similar to the corresponding JC cases in RF presented in Fig.5-Fig.7. Again, we
observe that the field mode mean photon number collapse-revival profile takes the form obtained in the full
QRM DSC regime in [1]. Here again, we consider the collapse-revival phenomenon to be a dynamical feature
of AJC interaction mechanism for atom-field initial superposition state such as the n > 0 entangled JC
eigenstate, noting that CRF where the effective AJC interaction is dominant is not necessarily equivalent to
the USC-DSC regime of QRM as usually defined.
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Figure 12: AJC-atomic antinormal excitation number in CRF 5=53(7) , T =gt : &= 147 ;e=0.16; n=
40

CRF-Fn

Figure 13: AJC-field mode mean antinormal photon number in CRF aa*(7) , 7 =gt : § = 155 ; € =
0.16 ; n =40
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Figure 14: JC-excitation number in CRF N(7) , 1 =gt: &= 1—11 ;€=0.16; n=140
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4 Conclusion

By demonstrating that the AJC interaction has a conserved excitation number operator and is exactly
solvable, we have addressed a major challenge of theoretical and experimental efforts to investigate the internal
dynamics of QRM. We have established that QRM has two correlated dynamical frames; the rotating frame
(RF) where the dynamics is dominated by the exactly solved JC interaction characterized by red-sideband
transitions, with a conserved JC excitation number operator which generates the U(1) symmetry of RF, and,
the counter-rotating frame (CRF) where the dynamics is dominated by the exactly solved AJC interaction
characterized by blue-sideband transitions, with a conserved AJC excitation number operator which generates
the U(1) symmetry of CRF. The two conserved, JC and AJC, excitation number operators commute and
generate a common parity symmetry operator of both JC and AJC interactions, thereby providing the parity
symmetry operator of the full QRM. The U(1) symmetry operator of JC reduces QRM Hamiltonian to
an effective JC Hamiltonian in an RWA in RF, while the U(1) symmetry operator of AJC reduces QRM
Hamiltonian to an effective AJC Hamiltonian in a CRWA in CRF. Considering the initial atom-field states
|e0) and |g0), preferred as the fundamental QRM initial states in the experiments, we have established
that the effective JC Hamiltonian H ;o generates dynamical evolution of the state |e0) into a time evolving
entangled state in RF, while the effective AJC Hamiltonian H 4 ;¢ generates dynamical evolution of the
(absolute) ground state |g0) into a time evolving entangled state in CRF, thus addressing another major
challenge of determining QRM dynamics beyond RWA. Identifying the initial atom-field states |e0) and |g0)
as eigenstates of the effective AJC and JC Hamiltonians, respectively, we have derived the corresponding
general n > 0 entangled AJC and JC eigenstates as consistent generalizations of QRM initial states in RF
under RWA and CRF under CRWA. The general QRM state in RF or CRF is then a general time evolving
entangled state generated by H j¢ from the general n > 0 initial entangled AJC eigenstate | Te;:) or a general
time evolving entangled state generated by H 4;c from the general n > 0 initial entangled JC eigenstate
|\Ifg;>. In QRM dynamics from the general n > 0 initial entangled states in RF or CRF, the general time
evolution of the atomic population inversion and excitation number, the field mode mean photon number and
the JC/AJC excitation numbers undergo quantum collapses and revivals determined by the initial field mode
photon numbers n > 1, where we note that the JC excitation number is conserved in RF, but evolves in time
in CRF, while the AJC excitation number is conserved in CRF, but evolves in time in RF. An important
point which arises is that the clear specification of the QRM dynamical frames RF and CRF dominated
by the exactly solved effective JC and AJC interaction mechanisms, respectively, now calls to question the
true physical interpretation of the coupling regimes, which have been characterized in the theoretical models
and experimental designs as the weak-strong coupling (WSC) regime where JC interaction dominates and
the USC-DSC regime where AJC interaction is believed to be dominant. Considering the QRM dynamical
frames as we have specified and demonstrated their physical characteristics in the present article, can we
consistently interpret the WSC regime as RF dominated by the JC interaction mechanism and the USC-
DSC regime as CRF dominated by the AJC interaction mechanism ? Such an interpretation may have to
be reviewed, noting that the basic definitions of RF/CRF do not depend explicitly on the dimensionless
coupling parameter £ used to characterize the coupling regimes WSC , USC-DSC and that the respective JC
and AJC qubit state transition algebraic operations in equations (5e-5f , 8¢-8d) which characterize dynamics
in RF and (9d-9e , 12¢-12d) which characterize dynamics in CRF are generally applicable over the physical
parameter ranges, independently of the coupling regimes. We may therefore interpret USC-DSC simply as
the coupling regime where neither RWA nor CRWA applies and the general QRM dynamics must then be
determined by the full QRM Hamiltonian Hg ~ %(H jo+H a5¢ ). In this respect, we may take advantage of
the useful property that each component Hamiltonian H ;e , H 4jc generates exact dynamical evolution to
develop algebraic methods to disentangle the full QRM time evolution operator Ugras (t) ~ e~ (HictHasc)
to determine the general dynamics generated by the full QRM Hamiltonian Hpg.
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