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Connecting nth order generalised quantum Rabi models:
Emergence of nonlinear spin-boson coupling via spin rotations

Jorge Casanova', Ricardo Puebla'?, Hector Moya-Cessa (> and Martin B. Plenio’

We establish an approximate equivalence between a generalised quantum Rabi model and its nth order counterparts, where spin-
boson interactions are nonlinear as they comprise a simultaneous exchange of n bosonic excitations. Although there exists no
unitary transformation between these models, we demonstrate their equivalence to a good approximation in a wide range of
parameters. This shows that nonlinear spin-boson couplings, i.e., nth order quantum Rabi models, are accessible to quantum
systems with only linear coupling between boson and spin modes by simply adding spin rotations and after an appropriate
transformation. Furthermore, our result prompts novel approximate analytical solutions to the dynamics of the quantum Rabi
model in the ultrastrong coupling regime improving previous approaches.
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INTRODUCTION

The quantum Rabi model (QRM) lies not only at the heart of our
understanding of light-matter interaction,' but is also of
importance in diverse fields of research.” The Rabi model was
primarily proposed to describe a nuclear spin interacting with
classical radiation,®* whose quantised version only appeared two
decades later.> This contemplates a scenario which is of great
generality as it encompasses two of the most basic, yet essential,
ingredients in quantum physics, namely, a two-level system and a
bosonic mode. Indeed, this model emerges in disparate settings,
ranging from ion traps®’ to circuit or cavity QED,*° quantum
optomechanical systems,’® colour-centres in membranes,'’ and
cold atoms.'?

Even though the QRM has been exhaustively investigated in the
last decades, a number of recent findings has brought it again into
the research spotlight. Among them we can mention its
integrability,’®> the existence of a distinctive behaviour in the
deep strong coupling regime,’® or the emergence of a quantum
phase transition.'>™'® Closely related to the QRM, we find the nth
order QRM (nQRM) which differs from the QRM in that the nQRM
comprises n-boson exchange interaction terms because of the
presence of a nonlinear spin-boson coupling. This generalisation
of the QRM has recently attracted attention, mainly in its second-
order form (2QRM) as it shows striking phenomena such as
spectral collapse,’®™" due to its relevance in preparing non-
classical states of light in quantum optics**** and regarding its
solvability.?*~2® These studies have also been extended to a mixed
QRM comprising both one-boson and two-boson interaction
terms, which appears in the context of circuit QED.?~*°
Furthermore, solutions to this mixed QRM have recently been
found,*® and it has also been reported that this model displays
quantum phase transitions.>' Due to these compelling physical
properties, the coherent control of nth order quantum Rabi
models could open new avenues to develop different fields as

quantum computing or quantum simulations. In addition, because
of their different spectra, it is worth noting that there is no unitary
map between the QRM and the nQRM with n > 1.

In this article, we demonstrate the existence of a connection,
i.e, an approximate equivalence, among a family of Hamiltonians
comprising nth order boson interaction terms, where the standard
QRM or the 2QRM appear as special cases. As a proof of concept,
we show how the dynamics of a 2QRM and a 3QRM can be
captured without having access to the required nonlinear two-
photon and three-photon interactions, and after an appropriate
transformation of a linear QRM that includes spin driving terms,
i.e., spin rotations. The latter is dubbed here as generalised QRM
(gQRM). In this manner we can argue that, a quantum system that
contains a linear spin-boson coupling but lacks of nonlinear
interactions suffices for the simulation of models where nonlinear
terms are crucial. Our method works as follows: The dynamics of a
state |@) evolving under a nQRM (the targeted dynamics) can be
successfully retrieved from a gQRM (the starting point of our
method) by (i) evolving a transformed initial state T|¢) under
gQRM during a time t and (ii) measuring customary spin and
boson observables of the gQRM. We will demonstrate that the
latter corresponds to expectation values of observables of the
state |Y(t)) evolved under the nonlinear nQRM (see Fig. 1 for a
scheme of the method). Indeed, as creating n-boson interactions is
considered challenging in many quantum platforms, our method
opens new avenues for their inspection. It is worth stressing that
this reported method fundamentally differs from previous works
where resonant multi-boson effective Hamiltonians were
obtained, either via amplitude modulation as used in circuit
QED,**3* or via adiabatic passage.>>3° In these works, effective
multi-boson exchange terms do not comprise nonlinear spin-
boson couplings and hold only in a very limited parameter regime
and/or for particular states. Certainly, in this article we report an
approximate equivalence among nQRMs which holds in a large
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Hyq ‘h - Hyqra
(0)
[nqrm (0)) — - [5qrM (0)) = T(in/2) [$nqrm(0))
[aqrn (£)) <m— - [hgqru(t)) ~ TT(t) [Yaqru(t))
OnQRM s wp  Ogqrm = I'(t)OnqrMI'(t)

Fig. 1 Scheme of the approximate equivalence. a Diagram of the
approximate equivalence among H;, Hnorm and Hgorm. The
transformation between H; and Hgorm is exact (solid arrow), while
between Hs and Hnqrwm is approximated (dashed arrow). Hence, we
establish an approximate map between nQRM and gQRM (blurred
arrow). b The latter is accomplished by the transformations between
initial states (|¢nqrm(0)), |Wgarm(0))), evolved states (|¢nqrm(®)), |
lngRM(t)»r and observables (OnQRMr OgQRM)

range of parameters and grants a large tunability to explore their
physics, as well as it unveils a fundamental relation between these
models. Moreover, we present a potentlaIAy scalable platform,*” a
microwave-driven trapped ion setting,**™*' in which nQRMs are
unattainable without resorting to our approximate equivalence,
which highlights the applicability of our method. Finally, we use
our theory to analyse the standard QRM and find that our method
provides, in addition, approximate analytical solutions that surpass
in accuracy previous approaches in the ultrastrong coupling
regime.*>™%’

RESULTS

Description of the approximate equivalence

We begin with the following general Hamiltonian (later we will
demonstrate its connection with the gQRM that only contains
linear spin-boson interactions and represents the starting point of
our approximate equivalence)

w Q i 1 g
Hs = va'a +EOZ +5§}:[0+e”7(‘”" )e™® 1 H.c , M

whose first two terms correspond to a bosonic mode of frequency
v and a two-level system with a frequency splitting w, described
by the usual annihilation (creation) operator a (a") and spin—% Pauli
matrices 6 = (ox,oy,oz). Both subsystems interact through a set
of coupling terms with amplitude /2 and parameter n,
considered here equal Vj, and q; being a time dependent phase.
The Hamiltonian Hy is central for our theory, as sketched in Fig. 1,
and establishes an approximate map between gQRM dynamics
with those of the nQRM. We perform a unitary transformation on
H, to find Hr =T(in/2)HsT'(in/2), where T(B)=
1/V2[D(B)(le)(gl + |9){gl) + D' (B)(|e) (e| — |g)(e)] with o, =
le)(e| — |g){(g| and D(B) = e ~F' is the displacement operator.
Note that this transformation has been used in the context of
trapped ions to derive the eigenstates of a system that comprises
a laser interacting with a trapped ion, and for fast implementa-
tions of the QRM.*** Now, choosing time dependent phases, a;=
(w +6))t, and moving to a rotating frame with respect to Hro =
—(w + 64)0,/2, the resulting Hamiltonian, Hyqrm, reads (for more
details see Methods section)

Hgam = Uro(t) (Hr — Hro)Uro(t)
=vala +% o, — L poy Q)
+5§ > {cos[(6; — 61)t]o, + sin[(§; — 61)t]oy }
]
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with p = i(at — a) and Ur o = o, The previous Hamiltonian is
the one of the gQRM, where its last term can be viewed as a
classical driving acting on the system, i.e. this is the term leading
to spin rotations. In particular, we note that Hygsu adopts the form
of a standard QRM in the case of having ;=0 Vj.

On the other hand, the Hamiltonian H; in Eq. (1) can be brought
into the form of a H,qrm by properly choosing a; and in a suitable
interaction picture. More specifically, by defining Hs = H;o + Hs 1
with Hso = (v —¥)a'a + (w —@)0,/2 and considering two inter-
action terms (i.e,, j=1,2) such that 6,, = Fnv—wxnv (recall
that a; = (w +<?J )t and thus a; and §; are related) withw>0 and >0,
we find that H , = e™oH, ;e o apprOX|mater leads to

Hnarm =7a'a + Eoz +gn[€?0™ (a" + (a)") + H.c| 3

with ¢,=nn/2 and g,=n"Q/(2 n!). The validity of Eq. (3) is
ensured when Q<v, |w+n0|<Knv together with

In| <(a + aT)2> < 1 to safely perform a rotating wave approx-

imation (RWA) in the joint Hilbert space involving spin and
bosonic degrees of freedom. In this respect, an expression of the
leading order error committed by our scheme can be found in
section | of Supplementary Information for further explanation
and details of the calculation. The simulated nQRM can be
brought into strong or ultrastrong coupling regimes as the
parameters @ and 7 can be tuned to frequencies comparable
to gp.

In this manner, having access to Hyqrm that includes only a
linear spin-boson interaction, enables the exploration of a NnQRM
with nonlinear spin-boson coupling (n>1), whose physics is
fundamentally different. For example, the most exotic hallmarks of
the two-photon QRM (2QRM), are that the spectrum becomes a
continuum for g, =v/2 regardless of w, and for g,>/2 the
Hamiltonian is not longer lower bounded.'®?*?>*° The gQRM
lacks these features, and it is therefore not obvious that the
physics of H,geu can be accessed from Hgqrm. Moreover, the
Hgarm allows to simulate more exotic scenarios like combined
nQRM and mQRM (see section Il in Supplementary Information for
further explanation and details of the calculation).

Based on the previous transformations one can find the
following expression among operators that establishes a relation
between the gQRM and nQRM dynamics, which is the central
result of this article (see Methods for a more detailed derivation):

Ugarm ~ T (O)UngauT'(in/2). S

Here, Ugqrm and Unqrm are the propagators of the gQRM and
nQRM respectively, I(t) = U!  T'(in/2)Ur o with Us o = e~ ™0, and
the approximate character of Eq. (4) is only a consequence of the
RWA performed to achieve H,qrm from H. Hence, an initial state |
Ynarm(0)) after an evolution time t under H,qrm can be
approximated as |Wnqrm(t)) = F(t)|Pgarm(t)) with the initial state |
Wgarm(0)) = T(in/2)|Ynqrm(0)).

Remarkably, while the dynamics under the gQRM occurs in a
typical time 1/(nv), see Eq. (2), the simulated nQRM (Eq. (3))
involves parameters that are much smaller than v since they
satisfy the previously commented conditions Q< v,
W+ no| < nv, and g,=n"Q/(2 n!). As a consequence, a long
evolution time of gQRM is required to effectively reconstruct the
dynamics of nQRM.

Finally, our theory is completed with a mapping for the
observables. As it can be derived from Eq. (4) (see Methods), the
expectation value of an observable O,qpy, i-€., an observable of
the nQRM, corresponds to evaluate Ogqrm = I (t)Ongrul(t) in the
gQRM. Because T[(t) involves bosonic displacement and spin
rotations, OgQRM may be in general intricate. Yet, for two relevant
observables in NQRM, o, and a'a, the mapping leads to simple
operators, namely, o, transforms into —o, and a'a into
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a'a —n/2po, 4+ n?/4 (see Methods). Interestingly, it still possible
to obtain good approximations for other observables by truncat-
ing bosonic operators. Indeed, e /2 [02ycos(@ + 61)t) F
0y,zsin((@+ 61)t)] turns to be a good approximation of o, in
the gQRM frame (see Sec. Il in Supplementary Information for
further explanation and details of the calculation) which allows to
recover the full qubit dynamics of nQRM.

Approximate equivalence among gQRM and 2 and 3QRM

To numerically confirm our approximate equivalence, in Fig. 2 we
show the results of the simulated dynamics of a 2QRM and a 3QRM
using a gQRM for a certain set of parameters and initial states |y
(0)20mm) = [2)[1)x  and  [(0)300m) = (10) +[1))/V2[1),, with
1T (1)),= (le) £]g))/v/2. In addition, in Fig. 2c we show that the
targeted o, of a nQRM is retrieved by means of the previously
mentioned bosonic truncation of o, in the gQRM frame, i.e,
e /2[0, cos((@ + 61)t) — oy sin((@ + &;)t)]. Furthermore, in order
to quantify the agreement among these models and the validity of
the previous theory, we compute the fidelity between the ideal
quantum state of the nQRM and the approximated state evolved in
the gQRM and properly transformed with T(t), that is,
Fon(t) = (Wgarm(t) T (t)[naam(t)). The computed fidelities of
the considered cases are well above 0.99, showing the good
agreement among these two models. Note that although Hzqgrm
could present truncation problems for gz # 0 (see ref. 1), these do
not affect the dynamics for the particular case plotted in Fig. 2.
Indeed, for the chosen parameters and initial state, the dynamics
during the considered evolution takes place in a constrained

4 o r v SORM
3 b @ ’ra> 4
2

1t 4

Vt/(2m)
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region of the Hilbert space and thus it does not show Fock space
truncation problems (see section IV in Supplementary Information
for further explanation and details of the calculation] for further
details). It is however worth stressing that this is not the general
case, because the 3QRM is not bounded from below. Therefore, the
number of excitations can grow very fast and, as a consequence,
the simulation of the 3QRM relying on the approximate

equivalence will break down since |n| <(a+a*)2> < 1 is not

longer satisfied. It is important to mention that our approximate
equivalence is, in addition, not restricted to small times. The latter
assertion is corroborated in Fig. 2 where the propagators for the
2QRM and 3QRM for the final time tf = 271% (values of 7 in the

caption) are exp{—in [;iaTa + %0 — Oy (az + (aT)2>} } and

exp{—:Zn/S{ a'a+s2-0;+0, (a + (a')? )] } respectively. Note

that in both previous cases the coupling terms are multiplied by a
phase m and 2m1/5 respectively. We furthermore stress that these
phases (m and 271/5) can be increased without deteriorating the
achieved fidelities by simply choosing a larger value for v. As
previously commented, this is indeed possible since the approx-
imate character of our method appears when we equal H; to
Hnarm, Whose performance is enhanced for large values of v (see
Methods).

Application for microwave driven ions

The proof-of-concept of our method can be illustrated in a
microwave driven ions platform. Note that the developed theory

(b) 3 QRM

1
0
(o,
_1 ' '
0 1 2 3 4
Vt/(2m)
10° v .
@D 1F a(f) oo
10” }Eg’zit; 1
- ’3t —
10'2 [ £ 1
. \i"":i:,%’
VARt
]
2 3 4

Vit/(2m)

Fig.2 Simulated nQRM dynamics using gORM. Comparison between the dynamics of H,qrm and the simulated one using Hgorw, for n =2 (a)
and n=3 (b). a, b Show (0,) and <aTa> of the nQRM (solid green lines) and their counterpart in the gQRM frame, that is, —(o,) and
<a"a> —n/2{poy) + n?/4, respectively, depicted with dashed dark blue (2QRM) and dotted-dashed red lines (3QRM). With the same style, in (c)
we show the ideal (o,) for 2QRM (top) and 3QRM (bottom) and its approximated counterpart using gQRM, obtained through bosonic
truncation (see main text). We take as initial state |¢qrm(0)) =|2)|1)x and the parameters g,/ = 0.125 and w = 2. For the 3QRM,

|(IJ3QRM (0)> =

(10) +11))/vV2|1),s g3/7 = 0.05 and @ = 3. For Hygpwm, w/v=10% Q/v=0.1 and /v =5x 10~*. In d we show the infidelity

between the states for the two considered models, 1 — Fg,(t) (dashed dark blue line) and 1 — Fy3(t) (dotted-dashed red line)
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may be relevant in other systems as circuit QED.” A microwave-
driven trapped ion in a magnetic field gradient is described by (for
more details see ref. 3**)

w
Huw = 50:+ vala+A(a+a')o, + ; Qioxcos(wit +;),  (5)

where w is the qubit energy splitting with a value that depends on
the ion species. For example, for '7'Yb", we have w = 12.4 GHz>?
plus a factor yB, with y = 1.4 MHz/G that depends on the applied
static magnetic field B,. The coupling parameter A determines the
rate of the spin-boson coupling, while the last term corresponds to
the action of microwave radiation on the system.>* In this setup
the spin-boson coupling is restricted to be linear, and therefore our
theory appears as an alternative to introduce higher-order boson
couplings in the dynamics. In order to take Eq. (5) into the form of
Eg. (2), and subsequently (via the mapping T) into the general
expression in Eq. (1), we define w = §; + @ and move to a rotating
frame with respect to the term % o,. Considering two drivings such
that ., =1 w; = W and w, =w — (6, — &§;) and after eliminating
terms that rotate at frequencies on the order of GHz, we find

‘ ] Q
Hiw = va'a+A(a+a')o, +—o,

Q ,
S0 =505 (o*e’(‘sf‘s‘)r + H.c‘),

(6)

which equals Hgorm after a basis change, that is,
e e I 3% — Hyay, where Hgopu is given in Eq.
(2) with n = 2A/. Hence, it is possible to use a microwave-driven
ion to simulate models with nonlinear spin-boson couplings (see
section V in Supplementary Information for further explanation
and details of the calculation] for more details concerning the
implementation in this setup).

Approximate analytical solution for the QRM
Finding a solution to the QRM has been subject of a long-standing
debate, which still attracts considerable attention.'>?>>*°> Based
on our theory, we obtain a simple expression for the time-
evolution propagator and expectation values of the QRM. The
general expression given in Eq. (2) adopts the form of a standard
QRM with a unique driving and 6, =0,

v Q
HQRM = HgQRM(61 = 0) = Va*a — %pox + EOZ, (7)
which, applying our method, approximately corresponds to
Haux = Q/204[1 — n?(afa 4 1/2)]. Indeed, from H,=H;q+ H;,
with H,o = vata + wo,/2 (setting @ =7 = 0), we obtain now
LII‘OHSJZ/IS,O ~ Hayx instead of H,qrm, and where fast oscillating
terms have been neglected performing a RWA, requiring again

10 —
('(1) 1'FQRM,aux(t) -
1-Forms(®
102 1-Form.GRWA®D == ]
yy

Vt/(27)

In| <(a + a*)2> < 1, and only considering resonant terms up to

n? (see Sec. IV in Supplementary Information for further

explanation and details of the calculation). As a consequence,
the following analysis does not apply to the deep-strong coupling
regime,'® found here when n = 2. Hence, the propagator for the
QRM is approximated as

Uarm = U o T(in/2)Us Uau T (in/2), ®)

which is expected to hold even in the ultrastrong coupling regime of
the QRM, although restricted to the condition Q < v. Because H,
has a simple form, the time evolution can be analytically
solved, with an initial state [, (0)) = T1(in/2)|Wgau(0)). Indeed,

Hax = Yo s EX |05 )(05 | with  [o7) =[n)[T (1), and
EX = £Q/2(1 —n*(n+1/2)). Now, employing the map between
the two models, Eq. (8), we obtain the relation between observables.
For example, a'a in the QRM translates to afa+n?/4+
n/2(xo,sinvt — po,cosvt) in Hy,, (see section VIl in Supplementary
Information for further explanation and details of the calculation).
In addition, we show that our method improves the typical
Bloch-Siegert (BS) approximation**** and the generalised RWA
(GRWA) of the QRM*™ in a particular parameter regime. The

former, ie, the BS, is found as e “Horwe® = Hgs, Wwith
Hgs = (v + ghay)ata + (Q + gN) /20, — glia'o~ — iac™),  where
the anti-Hermitian operator is given by
S=iNa'o, +ao_) — &, (a® — (a')?), with parameters

A=3g/(v+Q), E=gN/(2v) and §=nv/2 (see ref. ¥**). The
GRWA of the QRM is attained in a similar manner, but with S =
G/vxo(a' — a) such that e *Hgpme® = Horwa Where Herya has a
Jaynes-Cummings form with modified parameters, see ref. *°*’ and
section VIl in the Supplementary Information for further explanation
and details of the calculation] for furtherdetails. In Fig. 3 we compute
the overlap between time-evolved states for these three approaches
(our approximate solution, the BS approximation, and the GRWA)
and the QRM. The approximate solution reproduces correctly the
time evolution of the QRM as the coupling enters in the non-
perturbative ultrastrong regime, g/v = 0.2 (see ref. **) with a fidelity
Farmaux > 0.99, while approximations Hgs and Hgrwa fail as their
fidelities drop significantly. For smaller couplings these approaches
lead to similar high fidelities (see Fig. 3a).

DISCUSSION

We have presented a connection, i.e., an approximate equivalence,
among a family of Hamiltonians, including the QRM and its higher
order counterparts (nNQRM) comprising a nonlinear interaction
term that involves the simultaneous exchange of n bosonic

10 : : :

asusuRBRRTESTATASNATESS
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=
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Fig. 3 Approximate solutions to the QRM. Infidelity between the time-evolved state of QRM and its approximate solution evolved from H,,,,
the BS Hamiltonian Hgs and the GRWA approach Hggrwa. These are denoted by 1 — Form aux (sOlid red), 1T — Fqrm ss (dashed green) and 1 — Fqpp,
crwa (dashed-dotted blue), respectively. For a Q/v=0.1,g/v = n/2 = 0.15 and |(0)) = |0)|1),, and in b Q/v=0.04, n/2 = 0.2 and |Y(0)) = |2)|

9
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excitations with the spin—qubit, such as the two-photon QRM. In
particular, the standard QRM including spin driving terms, i.e., the
gQRM, allows us to retrieve the nQRM dynamics with very high
fidelities. This theoretical framework shows that nQRMs can be
accessed even in the absence of the required nonlinear spin-
boson exchange terms, as illustrated with a microwave-driven
trapped ion. Therefore, we find that this fundamental model, the
gQRM, approximately contains the dynamics of all other nth order
models. Moreover, we have derived an approximate solution to
the dynamics of the QRM even in the ultrastrong coupling regime
which surpasses in accuracy previous approximate solutions. In
this manner, we have defined a general theoretical frame for the
study and understanding of this family of fundamental Hamilto-
nians and their associated dynamics, which may open new
avenues in quantum computing and simulation.

METHODS

Transformation between H, Hyqrm, and Hngrm
The Hamiltonian H;, given in Eqg. (1), after the unitary transformation

Hr = T(in/2)HsTt(in/2), adopts the following form

wn?

"1 (a —a')o, + 2 T3 Z cosq; 0; + sing; 0, ],

w
Hr = vata — 500+

)

which becomes Hyqrm in the rotating frame with respect to Hro = —(w +
64)0,/2, namely, Hyopm = L{TT‘O(t)(HT — Hro)Uro(t) as given in Eq. (2). For
simplicity, we constrain ourselves to the case in which Q; = Q Vj, although
the procedure can be easily extended to a more general scenario. On the
other hand, H; leads to the desired nQRM when moving to an interaction
picture with respect to Hso = (v —v)a'a+ (w—)/20, with Hy=H,o+
Hs1 Then, the interacting part of Hs can be written as

Hi o = Uly(t to)(Hs — Hso)Ulo(t, to)

mwu)rlelrl(a(r/)JraT (tr) e +H.c. }’ (10)

= vala+%0, + Z% {0+€"

j
with a(t) = ae ), gt(t) = a’e ), and Usy(t,ty) the time-evolution
operator associated to H;o such that t =t—t, Then, expanding the
exponential, considering that Q < v and |n| <(a + af)2> < 1, and that

61, = Fnv—w=xnv with [ + nJ| < nv, one can perform a rotating wave

approximation just keeping those terms resonant with 6"a” and o a@". In
general,

) . )
H., = Huqrw =va'a + 502+ n [€?0" +e o] x [a" + (a)"], (11)

with g, =n"Q/(2 n') and ¢, = nm/2. Hence, it is possible to achieve a H,qrm
from H,. Note however that the corresponding attained coupling g,
becomes smaller for increasing n, as it is proportional to n/nl. In particular,
forn=2, H. 1 €can be approximated as

. 0 20
H. | = Hagrw =7a'a +‘§cz - nTox <a2 + (af)z). (12)

Note that, while the Hamiltonians H; and Hyqrm are related through a
unitary transformation, the achievement of a n-photon QRM, H,qrm, from
H, requires of certain relations between parameters, such as Q < v, W +

no| < nv and |n]y / <(a + aT)2> < 1 to safely perform the rotating wave

approximation. In addition, it is worth stressing that the equivalence to a
good approximation is not restricted to Hnqrm and Hgqrm. For example, a
Hgarm can lead into a more complex Hamiltonian, such as one comprising
both nQRM and mQRM interaction terms (see Supplementary Information
for further explanation and details of the calculation).

Transformations of observables and states

Here we show the derivation of the Eq. (4) which is a central result of this
article. Having established the transformations that connect Hgqrm With Hs,
and Hporm With H; we can relate them in terms of the time-evolution

Published in partnership with The University of New South Wales
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operators,

Ur = T(in/2)UsT' (in/2), (13)
Ur = Ur oy = Ur dlUgarm, (14)
Us = Us U = UsolUnarm, (15)

where Z/{fQ1 denotes the time-evolution propagator of H, ; in an interaction
picture with respect to H,g such that Hy = H;o + Hs:. Note that we have
dropped the explicit time dependence for the sake of readability (see
previous Egs. (9-11) for the specific transformations). Then, combining the
Egs. (13-15), we arrive to

Ugarm ~ Us o T(in/2)Us Unara T (in/2), (16)

which is the Eq. @), Ugewm =TT ([OUaaruT(in/2)  with
M(t) = Ul Ti(in/2)Ur . Then,

)) = Unarm |¥narm (0))
~ T(OUgarm T (in/2) [¥narm (0)) a7)
=T t)‘ngRM(t»

with the relation between initial states [¢gqrm(0)) = T(in/2)|Pnarm(0)).
Finally, from Eq. (17) it is straightforward to obtain the observable that
must be measured in the gQRM frame in order to retrieve O,qrm Of the
NQRM, i.e.,, Ogarm = ' (£)Onarul (t). Explicitly, T(t) reads

I'(t) _ e—/'r(u")—w)/zoze—it(ﬂ—u)a*aTT (in/z)e—/t(—(w+61)/20x)

|anRM

and thus, for O,qrm = 0, and a'a the transformation leads to

(OZ)gQRM = —0x (18)

; n n?
(a'a)yomu = a'a — SPOx+ (19)
while for other observables, like o, and oy, a more intricate expression is
attained,
t)o, }Re[D(in)e/@ 9]
+{sin((w + 81)t)o; + cos((w + &1)t)oy }m[D(in)e'@o)]
(20)

(0x) gorm = {€0S((w + 81)t)0; — sin((w + &)

(0))garm = {5in((w + 81)t)0; + cos((w + &1)t)oy, }Re[D(i
—{cos((w + &)t)o; — sin((w + &)t)oy, }Im[D(in)e' @)
(21)

as it involves qubit and bosonic operators due to the presence of the
displacement operator D(B). However, because the condition

)ei(wﬂﬁ)t]

[nly/ <(a + a?)2> < 1is required to guarantee a good realisation of H,qgm

and so that of Eq. (4), the previous expression can be well approximated by
truncating D(B). Indeed, in our case D(in) can be approximated up to third
order as

in) — e /2|1 4 B (gt H2 | g2
D(in) =e l+1n(a+a)_? 2d'a+ (a')" +a

) + O(r)3a3)]
(22)

In general, we can approximate the observable (gj)gqrm by truncating at
order M, that is,

M

(9)garm ~ (9)) gQR (99) gQRM7 (23)
n=0

where the terms (cf,)gQRM for j=xy and can be calculated from Egs. (20-

22). In particular, for 4, and for n=0,

(0x)0m = € 72 [0,c05(@ + 61)t) — 0,sin(@ + 61)1)] (24)

(ay)ggRM —e M2 [o25in(@ + 61)t) + oycos(@ + 61)t)] (25)

Note that measuring (oxy)(o)RM would require measurements of
observables in the gQRM of %the form 0,.(a" + (a)™) as well as
0y,(a")"a™ with n+m=M and n=m (see Supplementary Information
for further explanation and details of the calculation). Remarkably, for the
considered cases here, the zeroth order approximation already reproduces
reasonably well the expectation value of o, of a NQRM. Therefore, having
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access to qubit observables in gQRM, o,,,, allows to reconstruct the full
qubit dynamics of a nQRM. Note that Egs. (24) and (25) correspond to the
expressions given in Results, which for o, is plotted in Fig. 2c for the
simulation of a 2QRM and 3QRM.
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