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Quantum fluctuations and unusual critical exponents in a quantum Rabi triangle
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The quantum fluctuations of a quantum Rabi triangle are investigated using an analytical method that goes
beyond mean-field theory. An artificial magnetic field applied in three cavities leads to the breaking of time-
reversal symmetry, which is evident in the directional transfer of photons. In contrast to previous studies, we
focus on the scaling exponents of quantum fluctuations of the local photon number and the position variance near
the critical point. Specifically, the fluctuations of photons do not diverge as the coupling strength approaches the
critical value from below for the chiral superradiant phase transition. Attributing to geometric frustration, two
distinct scaling laws arise for the frustrated cavity and the remaining cavities. Specifically, in the frustrated cavity,
the scaling exponent in the chiral superradiant phase differs from that without an artificial magnetic field for
the frustrated antiferromagnetic superradiant phase. The unusual scaling exponents indicate distinct universality
classes in contrast to the single-cavity Rabi one. We suggest that accurate critical exponents in few-body systems
are useful for identifying exotic quantum phase transitions in light-matter coupling systems.

DOLI: 10.1103/PhysRevA.110.013713

I. INTRODUCTION

The interaction between light and matter has brought forth
a new class of quantum many-body systems in understanding
strongly correlated systems and the quantum phase transi-
tion [1-4]. The effect of quantum fluctuations driving the
quantum phase transitions is especially pronounced in char-
acterizing singularity and universality classes by universal
scaling laws [5-8]. A superradiant phase transition (SPT) is
a remarkable phenomenon in the Dicke mode [9-13], which
describes an ensemble of two-level atoms interacting with a
quantized single-mode cavity. Such a SPT has been found
in the quantum Rabi model of a single-atom system in the
infinite-frequency limit [14—19], which has the same critical
exponents as the Dicke model [12-14]. A few-body system
of light-atom interactions sheds new light on the quantum
simulation of quantum phase transitions because of its high
control and tunability.

Recently, much effort has been devoted to imposing an
artificial magnetic field on neutral atoms and photons [20],
which have brought forth remarkable phenomena, such as
chiral edge currents in atoms [21,22], chiral ground-state cur-
rents of interacting photons [23], and fractional quantum Hall
physics in the Jaynes-Cummings Hubbard lattice [24,25]. In
the presence of an artificial magnetic field, unusual superradi-
ant phases have been found in the generalized Rabi and Dicke
systems, including chiral superradiant phases in a quantum
Rabi ring [26,27] and anomalous superradiant phases in a
Dicke lattice model [28]. Such exotic SPTs exhibit unusual
scaling behaviors compared to the conventional SPT in the
Dicke model. In addition to the artificial magnetic field, geo-
metric frustration has been proved to induce counterintuitive
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critical phenomena. Different critical exponents of the ex-
citation energy have been found on the two sides of phase
transitions in the Rabi triangle [27] and in the Dicke trimer
[28,29], which are associated with frustrated geometry. How-
ever, there appear to be no clear scaling exponents of quantum
fluctuations near the critical value. Since there is a challenge
of an accurate solution beyond a mean-field approach for
the Rabi and Dicke lattices including interactions between
cavities.

In this paper, we perform an analytical solution beyond the
mean-field approximation for the quantum Rabi triangle with
an artificial magnetic field. In contrast to previous studies, we
present an analytical expression of quantum fluctuations and
obtain accurate scaling exponents near the critical point. In
the chiral superradiant phase (CSP), the frustrated cavity has
different photon numbers compared to the other two. Its corre-
sponding quantum fluctuation of the photons diverges with an
anomalous critical exponent, which is distinguished from the
conventional exponent of the remaining cavities. Strikingly, it
is different from the scaling exponent of the frustrated cavity
in the frustrated antiferromagnetic superradiant phase (FASP)
in the absence of an artificial magnetic field. It demonstrates
that the artifical magnetic field and geometric frustration play
a different role in the frustrated cavity. Thus, the scaling be-
havior of quantum fluctuations falls into two classes, one for
the frustrated cavity and the other for the remaining cavities.
Moreover, the scaling behavior below and above the transition
point is different due to geometric frustration. However, the
scaling exponents are equal to each other on the two sides of
the transition of the ferromagnetic superradiant phase (FSP),
which are the same as those in the Dicke model.

The rest of this paper is organized as follows. In Sec. II,
we introduce the Hamiltonian of the quantum Rabi triangle
and the dynamics of photons with an artificial magnetic field.
In Sec. III, quantum fluctuations of the mean photons and the
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position variance are derived in the normal phase and in the
superradiant phase, respectively. Section IV gives the scaling
exponents of the quantum fluctuations and excitation energies
beyond the mean-field approximation. The conclusion is given
in Sec. V.

II. AN ARTIFICAL MAGNETIC FIELD
IN A QUANTUM TRIANGLE

The quantum Rabi triangle model describes photon hop-
ping between neighboring cavities in N = 3 coupled cavities,
where each cavity contains a two-level atom and is described
by the quantum Rabi model. The Hamiltonian reads

3 3
Horr = Y Hra+ Yy _J("alani + e azal, ), (1)
n

n

where the quantum Rabi Hamiltonian of each cavity is de-
A

scribed as Hg, = wa)a, + g(a} + ay)o; + S0z, a, (a)) is
the photon annihilation (creation) operator of the single-mode
cavity with the frequency w at cavity n, and o, are the Pauli
matrices of the two-level atom at site n with the transition
frequency A. g is the atom-cavity coupling strength. The
dimensionless coupling strength is defined as g, = g/~/Aw.
The quantum Rabi model exhibits a superradiant phase tran-
sition in the infinite frequency limit [14-17], where the
frequency ratio n = A/w approaches oo.

The second term of the Hamiltonian Hgrr describes the
hopping of photons between neighboring cavities with the
hopping amplitude J and a phase 6. The nonzero hopping
phase 6 arises from an artificial vector potential, A(r), which
leads the photon hopping terms between nearby cavities n
and m to become complex with the phase given by 6 = f:
A(r)dr. The effective magnetic flux is 36 in three cavities,
which form a closed loop. The hopping phase 6 can be real-
ized by a periodic modulation of the photon hopping strength
between cavities [26]. The complex hopping amplitude leads
to the breaking of the time-reversal symmetry (TRS) when
0 # mm (m € 7).

To explore the effects of the artificial magnetic field, we
study the dynamics of a photon flowing in the closed-cavity
loop. Att = 0, a photon is prepared in the first cavity, and the
two-level atom in each cavity is in the down state, giving the
initial state |@(0)) = |100)| | {). Figure 1 shows the dynam-
ics of the mean photon in each cavity depending on 6. The
photon number N; = ((p(t)|aja,~|g0(t)) is initially occupied in
the first cavity with Ny = 1. For 8 = 0in Fig. 1(a), the photons
transfer symmetrically from cavity 1 to cavity 2 and cavity 3
simultaneously and then transfer back to cavity 1. There is
no preferred circulation direction. Since TRS is preserved for
the trivial case 6§ = 0, the states at time ¢ and T — ¢ satisfy
o(t) = ¢(T — t) with a time-evolving period 7. A completely
different dynamics is observed for 6 = /2 in Fig. 1(b). The
photon flows unidirectionally, first from cavity 1, to cavity 2,
to cavity 3, and finally back to cavity 1. Such a chiral current
direction is a signature of the breaking of TRS. Because the
evolution of the state from ¢+ = T backward is different com-
pared to going forward from ¢t = 0, choosing § = —m /2 leads
to the opposite direction of the chiral photon flow in Fig. 1(c).

t 60 80

FIG. 1. Mean photon number in each cavity N, (black solid line),
N, (red dashed line), and N; (blue dotted line) as a function of time ¢
for three values of 8 = 0 (a),0 = 7 /2 (b), and 8 = —m /2 (c) for the
scaled coupling strength g; = 0.1. In this paper we use A/w = 50
and J/w = 0.05 by choosing w = 1 as the unit for frequency.

It shows that the artificial flux 6 leads to the breaking of TRS,
which behaves similarly to a magnetic flux.

Besides TRS breaking induced by artificial magnetic flux,
rich superradiant phase transitions have been explored de-
pending on 6 in the quantum Rabi triangle [26,27]. Unlike
previous studies, we study quantum fluctuations and extract
unusual critical exponents to classify the universality classes
of the nontrivial phase transition beyond a mean-field approx-
imation.

III. QUANTUM FLUCTUATIONS

Normal phase. For a weak coupling g1, the system is in the
normal phase (NP) with almost zero excitations. We perform a
Schrieffer-Wolff transformation with a unitary operator S, =
exp[—io; g1/ 0] A(al + a,)] [26]. The lower-energy Hamil-
tonian is obtained by projecting Hnp to the spin subspace || ),
giving

3
Hyp =) (0 = 208))aja, — wgi(a; +a)?)
n=1

3
+7) (¢’afay +H.e) + E, 2)
(nn')

where the energy constant is Ey = 3[—A/2 — a)g% + (0 +
J)w?g% / A]. The approximated Hamiltonian is valid under the
conditions of 7 > 1 and J/w < 1.

By introducing the Fourier transformation a =
> q ei"qa; /~/N with the quasimomentum ¢ = 0 and 27 /3,
the transformed Hamiltonian becomes HN¢P«/N /2=
Zq a)qa;aq — wgj(aa_, + agaiq) + Ey, with 0, = 0 — 20
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& +2J cos(9 — q). By performing a unitary transformation
Sy = exp[kq(a;aiq —aga_g)] with a variational squeezing
wq+w_q74wg2]
wgto_gtiogt’

tained in diagonal form as Hl\iIP =V2/(Nm) ), eqa;aq + Eg,
with the ground-state energy E,. The excitation spectrum is

obtained as
1
slq\lp = 5(1/91’4 — 160%g} + Q_ ), 3)

with the dispersion Q. , = w, £ w_,. The lowest excitation
energy is associated with the quasimomentum ¢ dependent on
0. For 6 = 0, the excitation energy &), , ; with ¢ = +27/3
becomes the lowest one and decreases to O for g; approaching
g. from below in Fig. 3(a). As 0 increases, the lowest energy
is 8};272/3 with ¢ = —27 /3 in Fig. 3(b). Then it changes to
gy with ¢ = 0 in Fig. 3(d). The vanishing of &}” = 0 depen-
dent on 6 and g-momentum gives the critical scaled coupling
strength glc(q) _1 1+4J/w cos 6 cos g+4J2 /w? cos(0+q) cos(8 — q)

14+2J/w cos 6 cos g
The ground state in the NP is

(@up) = [ ] a2 0} 1), )
q

parameter A, = —%ln the Hamiltonian is ob-

where ||) is the lowest state of the atom. The average
number of photons in the ground state can be obtained
as (a;aq),,p = ((pnp|a2aq|<p,,p) = (cosh4i, — 1)/2, which de-
scribes the quantum fluctuation of photons for g; approaching
the critical value g, from below. The local mean photon
number in the nth cavity is obtained as
Q
2 _ 1].

G =y Sl Z[W
)

The variances of the position quadrature x, = a, + a; and

the momentum quadrature p, = i(aj} —a,) are derived as
(qu)2 = (¢np|x§|(pnp> - <‘pnp|xq|§0np>2 = 34)”7 and (qu)2 =
(o) — (pg)* = e~ respectively. The local variances of the
position and momentum quadratures in the nth cavity are
found to be

(Ax)? = — %ZM (6)

1 2
N Z(qu) 2e,— 2,
and (Ap,)* = N Z e,

This indicates that the singularity of the mean photon num-
ber (alay)p, the variance of (Ax,)? and (Ap,)?, is determined
by the excitation energy &, and €2_, in the denominator.
Obviously, &, becomes 0 at the critical value gj.. It is interest-
ing to understand the divergence from Q_ , = 4Jsinfsing
dependent on g and 6. In the absence of the magnetic field
with & = 0 or the momentum g = 0, we have Q_, =0. It
leads to the singularity of quantum fluctuations of (a}ay),,
and (Ax,)? at the critical point. In contrast, for 6 # 0 and
q = £2m /3, it gives a nonzero value of Q_ ,, which results
in a finite value of (alan) ~p and (Ax, )IZ\IP, respectively. There
appear nondivergent fluctuations in Figs. 4(b) and 5(b) for g;
approaching g;. from below.

These strikingly analytical results allow for some
interesting observations at the critical value g =

1+ 2cosbJ/w/2 for the momentum ¢ = 0. As g — g1,
the excitation energy vanishes as
amo(81 = g10) ~ 8wgi (g1c — 81" (7

This reveals that the excitation energy vanishes as e)F; o

(g1c — &1)7 with the exponent y = 1/2, which agrees well
with numerical values in Fig. 3(d). In the vicinity of g;., we
find that the quantum fluctuations diverge as

2. — &

8g)

(@ an)np ~ =L (g1. —g)™/* (8)

¢
and

81
(Axa)y, ~ [ 55

5 (g1e =g ©)
It yields the critical exponent 1/2 for the diverging of the
quantum fluctuations when g; approaches g;. from below for
the case g = 0, which is consistent with numerical results in
Figs. 4(d) and 5(d).

Superadiant phase. As the atom-cavity coupling increases
g1 > 81c, rich superradiant phases emerge by adjusting
the flux 6 [26,27]. The bosonic operator a (a,) is ex-
pected to shift by a displacement transformatlon D(x)
with a complex displacement «,, = A, + iB,, yielding a, =
D (ay)a,D(a,) = a, + a,. We consider the quantum fluctua-
tions of the shifted bosonic operator &, (El);), which is different
from the mean-field approximation. The effective low-energy
Hamiltonian is obtained as follows by projecting to the spin
subspace || ) (see Appendix A):

Hyy = Zwa ap — —( T+ a,)’

+Ja (e an+1 +€ an 1)+E ) (10)

where the renormalized parameter A, =./A?+ 16g?AZ,
and the effective coupling strength is A, = gA/A,. The
ground-state energy is obtained as E, =) woio, +
Iy ooy + e Pa,_) — Ay/2. Minimizing the en-
ergy E, with respect to the real and imaginary parts of a,
yields

0 =wA, — gsin2y,) + J[(Ays1 +As_1) cos B
+ (By—1 — Byy1)sinf] =0 (11
and
0= wB, 4+ J[cosO(B,+1 + B,—1) +sin0(A,+1 —Au_1)].
(12)

Thus, the mean value of ¢, can be accurately obtained by
solving the above equations.

The phase diagram is plotted in the 6-g; plane for the
quantum Rabi triangle in Fig. 2(a). It contains three intrigu-
ing superradiant phases, which can be characterized by the
order parameter «,,. First, for 6 = 0 and g > g}fﬁ‘sp(:th /3),
«, is real with B, = 0. Geometric frustration in three cav-
ities induces a site-dependent «,. It is observed that one
cavity (n = 1) always has the sign of A, opposite to the
other two due to J > 0 in Fig. 2(b). So the system forms
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FIG. 2. (a) Phase diagram in the 0-g; plane for the quantum Rabi
triangle. There occurs a phase transition from the NP to the FASP
at 0 = 0. The critical line g;. (solid black line) indicates the phase
boundary from the NP to the CSP and the FSP by varying 6. The
CSP, FSP, and NP join at the triple point (TP) at 6. = 0.5167. (b) The
real part A, and the imaginary part B, of «, as a function of g,/g.
at & = 0 for the NP-FASP transition. (c) A, and B, as a function of
g1/81c at 6 = /3 < O, for the NP-CSP transition. (d) A, and B, as
a function of g, /g1 at 6 = 27 /3 > 6. for the NP-FSP transition.

a frustrated antiferromagnetic order, the so-called frustrated
FASP. Second, for 0 < 6 < 6., it is in the CSP. Unlike the
FASP, o, of the frustrated cavity (n = 1) is real with the
opposite sign, while it is complex for the remaining cavities
in Fig. 2(c). It results in different mean photon numbers in
the frustrated cavity. However, in the FSP with 6, < 6 < m,
each cavity has the same mean photons with the same real
value of «, as in Fig. 2(d). It forms a ferromagnetic order
with the same displacement of neighboring cavities due to
the effective hopping strength Jcosf < 0 [27]. The critical
value g?fp(q = —2m/3) in the CSP changes to glffp(q =0)in
the FSP by varying the magnetic flux. It leads to the critical
flux 6, = % cos™'[—2J/(v/8J% + w? 4+ w)], which classifies
the phase boundaries between the CSP and the FSP.

The Hamiltonian in Eq. (10) is bilinear in the cre-
ation and annihilation operators @ and @, We perform a
Bogoliubov transformation to diagonalize the Hamiltonian
by using the bosonic operators g = {bJ{, b;,b;,bl,bz,ln},
which are a linear combination of y = {a;, a,, as, &1', Zz; Zl;" }.
It satisfies y7 = T 87 with a paraunitary matrix 7. To ensure
the bosonic commutation relation, the paraunitary matrix 7

satisfies the relations of TTAT = TAT' = A, where A =

(1353 B ,2 XS), with L33 being the identity matrix of order 3.

Substituting for y and y ' in terms of BT and B, one obtains
the diagonalized form as ijf =2 Zi:l skbzbk + (e — w)/2.
The eigenvalues +¢; are obtained by diagonalizing the matrix
AM as T'AMT = Ae with the transformed Hamiltonian
matrix M in Appendix A. The corresponding eigenvector
gives the kth column vector of the paraunitary matrix as
T = [Tix, Toks - - -, Tex] "

The ground state of photons in the superradiant phases is
the vacuum state

losr) = 10)5,10)5,10) 55, (13)

where |0),, satisfies b,|0),, = 0. Note that the operator b,
corresponds to the original operator a,, with the displacement
transformation D(«) and the transformation 7'. It is straight-
forward to give a, = Z?:] T,.ibi + Tn,i+3bf + «,. The local
photon number in the nth cavity of the ground state |@sg) is
explicitly derived as

(@lay) = |Tul* + |Ts|* + [Tl + loal*. (14)
The variances of x,, and p,, are obtained as
(A% = T + THP + T + T5P + | Tis + Til* (15)

and  (Ap,)’ = T — Tul? +1T5 — Tl + T — Tal
which are derived in detail in Appendix B. Thus, the quantum
fluctuations of photons and the position variance are obtained
beyond the mean-field approximation. We calculate the
scaling behaviors of the critical fluctuations in the vicinity of
the critical value g, in the following.

IV. UNUSUAL CRITICAL EXPONENTS

Our major interests are the scaling exponents of quan-
tum fluctuations as g; approaches g;. for the second-order
phase transitions from the NP to different superradiant phases.
Generally, the energy gap measured by the lowest excitation
energy ¢; vanishes as g approaches g.:

g1 o< g1 — giel”. (16)

Here, the critical exponent y = zv is usually universal [6],
which is independent of most of the parameters of the Hamil-
tonian. The variance of position quadrature diverges as

Ax o |g1 — giel™" (17

with a critical exponent v. Meanwhile, the fluctuations of the
local mean photons near the critical value diverge as

(alay) o< |g1 — g1l 7P, (18)

where B is a critical exponent. Using Bogoliubov’s diago-
nalization method, we calculate the scaling exponents of the
lowest excitation energy &, the fluctuation of position vari-
ance (Ax)? in Eq. (15), and the mean photon number (aZa,,)
in Eq. (14).

For the NP-FSP transition, the exponents of the excitation
energy on the two sides of the phase transition are the same
y = 1/2 in Fig. 3(d), &; o |g1 — g1c|'/?, which is consistent
with the analytical results of Eq. (7). And the mean pho-
tons of the nth cavity diverge as (aa,) o |g1 — g1c|7"/? in
Fig. 4(d). The fluctuation of Ax, at the critical value gives
the exponent v = 1/4 in Fig. 5(d), which diverges as (Ax)ﬁ x
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FIG. 3. The lowest excitation energy &; and the second excitation
energy &, below and above the critical coupling strength g,. for
the NP-AFSP transition (6 = 0) (a), the NP-CSR transition (6 =
/3 < 6,) (b), the triple point (8 = 0,.) (c), and the NP-FSP transition
(@ = 1.7 > 6,) (d). The inset in panel (b) shows the second excitation
energy &, for the NP-CSP transition, which exhibits an obvious
energy gap in comparison to &;. The analytical results of the lowest
excitation energy in Eq. (3) are shown for ¢ = —27 /3 (black dashed
line), ¢ = 2 /3 (solid green line), and g = 0 (blue dotted line) in
panels (a), (b), and (d) for the NP (g; < g1.)-

lg1 — g1c|™"/2. The exponent agrees well with the analytical
one in Egs. (8) and (9). The scaling exponents of the NP-FSP
transition are the same as those of the conventional superradi-
ant phase transition of the Rabi model [14,16] and the Dicke
model [12,13]. The scaling laws hold with the same value of
the exponent y for both g; > g, and g < g..

For the NP-FASP transition with 8 = 0, Fig. 3(a) shows
both the excitation energies ¢; and ¢, closing the gap at g;.
with the exponent y = 1/2 for g; < gi.. In contrast, for g; >
81c, €1 and &, vanish with different scaling behaviors:

erpase X (81c — 81", earase & (g1 — g1)'2. (19)
It exhibits two different exponents y (y_) at the two sides
of the phase transition for g; > g (g < g1.), which is dis-
tinguished from conventional second-order phase transitions.
Two different exponents y; = 1/2 and y; =1 in Eq. (19)
appear for g; > g, for which the latter is the unconventional
scaling exponent of the frustrated cavity n = 1. The distinct
scaling behavior is consistent with results in the Dicke trimer
[29]. Meanwhile, Fig. 4(a) shows the fluctuations of the mean
photons in each cavity diverging with the same exponent
B_ =1/2 for g, < g;.. However, for g; > gy., the photon
number diverges locally dependent on n, which is associated
with the frustrated geometry. (aa,) for the nth cavity exhibits

NP-FASP
150F @0=0 =900 T
o (afa); 3 o< |g1 — gicl
2100} ; = !
3 s (a'a) ~ 0
s ( 1 1.005  1.01
~ 50t g1/ 9ie 1
I o ln gllc|70.498
0.99 0.995 1 1.005 1.01
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6ol (0= /3 i 10, -
—~10 Bing
= B=—0498 = 5
—~40 "‘_@ 5 \‘\‘*‘N = B %&700000000000000 T
-~ 1= 13 03 0
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2007 g s 2 /g
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@8 = 2r/3 gy g
3
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.S 200+ o B9 1
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°°° °o In |g1 - glc‘
0 °°°°°.°°°°° : °°°°oocclocooo
0.99999 0.999995 1 1.000005 1.00001

gl/gl(:

FIG. 4. Quantum fluctuations of the local mean photons for the
nth cavity (a;a,,) as a function of g, /g;. for the NP-FASP transition
(@ =0) (a), the NP-CSP transition (8 = 7 /3 < 6,) (b), the triple
point (6 = 6,) (c), and the NP-FSP transition (8 = 27 /3 > 6,) (d).
The inset in panel (a) shows the scaling behavior of (azo)az@)) [blue
(green) triangles]. The right side of the inset in panel (b) shows
the behavior of (afa]) (red circles) in the frustrated cavity, and the
left side shows the scaling exponents. The inset in panel (c) shows
the scaling results by the solution in the CSP, which is same as the
solution in the FSP. The inset in panel (d) shows the scaling exponent.

a different scaling law as follows:

1
(@lar)pase o lg1 — gicl ™,

<a;(3)az(3)>FASP o lg1 — giel V2. 20)

The scaling of the frustrated cavity (n = 1) produces an un-
usual exponent 8 = 1, while the remaining cavities (n = 2
and 3) diverge with the same exponent 8 = 1/2 as in the Rabi
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FIG. 5. Quantum fluctuation of the variance of position for the
nth cavity (Ax,)?* as a function of g /g;. for the NP-FASP transition
(@ =0) (a), the NP-CSP transition (# = /3 < 6,) (b), the triple
point (6 = 6,) (c), and the NP-FSP transition (8 = 27 /3 > 6,) (d).
The inset in panel (a) shows the scaling behavior of (Axya)?. The
inset in panel (b) shows the fluctuations of the first frustrated cavity
(Ax;)? above g.. The inset in panel (c) shows the scaling results by
the solution in the CSP, which is the same as the solution in the FSP.

model, respectively. The similar n-dependent fluctuation of
(Ax,)? is shown in Fig. 5(a). The scaling exponent of Ax, of
each cavity below the critical value g;. is the same v_ = 1/4
for g; < gi.. By contrast, for g; > g, the fluctuation diverges
respectively as

(Ax1)iasp 181 — g1l ™",

(Axa3))iasp & lg1 — giel ™2 (21

Thus, the scaling exponents for Ax, are extracted as vy = 1/2
for the frustrated cavity (n = 1) and v, = 1/4 for the remain-
ing cavities (n = 2, 3) when g approaches the critical value
from above.

For the NP-CSP transition with the artificial magnetic
field (0 < 6 < 6,), the unusual mode &; closes the gap for
g1 approaching gi. from below or above in Fig. 3(b). It
behaves as

e1ne O g1 — gicl,  ercsp o lg1 — g1l (22)

It gives two unconventional exponents y_ = 1 and y; = 3/2
below and above g;., which are different from the results in
the NP-FASR transition. In contrast to the FASP, the artificial
magnetic field induces the nontrivial chiral phase with the
unusual critical exponent. Interestingly, nondivergent fluctu-
ations of (aflan)Np and (Ax,)np for g; < g1 are observed
in Figs. 4(b) and 5(b). The numerical results are consistent
with the analysis from Egs. (5) and (6), which ascribe to the
nonzero value of the denominator dependent on the momen-
tum g. For g; > gj., the mean photon number on the frustrated
cavity is different from the other two due to geometric frus-
tration in Fig. 2(c). Figure 4(b) shows n-dependent scaling
behaviors of the local photon number:

—1/3
(@lar)csp o 1g1 — giel ™73,

(@}3,a23))csp o g1 — gl 1. o3

(al(al) of the frustrated cavity diverges with the exponents

1/3, which is different from that of the Dicke lattice [28].
Meanwhile, Fig. 5(b) shows the fluctuation of the position
variance of the nth cavity, which diverges as

(Axl)ésp g1 — glc|_1/3

(Axa3))esp  lg1 — g1cl ™2 (24)

The unusual exponent of the frustrated cavity (n = 1) vy =
1/6 for Ax, is also different from v, = 1/2 in the FASP tran-
sition. It demonstrates that contributions from the geometry
frustration and the artificial magnetic field lead to different
unusual critical exponents. It exhibits distinct exponents of the
frustrated cavity by comparing it to the NP-FASP transition
without the magnetic flux.

At the triple point 6., there appear two excitation modes
that close the gaps at g;.. Figure 3(c) shows two different
behaviors of power laws:

’

eitp X |81 — gicls  &atp o lg1 — g1clV (25)

We obtain exponents y+ = 1 and y; = 1/2. This is a signa-
ture of the coexistence of both the CSP and the FSP. And the
scaling exponents are the same on the two sides of the TP. We
calculate the fluctuation of (ajlan) by the analytical solutions
in the FSP phase in Fig. 4(c), which behaves the same as
that in the CSR in the inset. Figure 5(c) shows the scaling
laws of (Ax,)%p. Thus, the scaling behaviors of the quantum
fluctuations near the critical point can be expressed as

—1/2

—1/2
(alan>TP X |gl - glc| s / .

(Ax)7p o g1 — g1cl
(26)

Thus, we obtain the scaling exponents 8 = 1/2 and v = 1/4
at the triple point, respectively.
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TABLE I. Scaling exponents y. of the excitation energy &,, v,
and B. for quantum fluctuations of the Ax, and (afla,l) on two
sides of the phase transitions of the NP-FASP (6 = 0), the NP-CSP
(6 < 6,), and the NP-FSP (6 > 6.) as well as the triple point (TP)
(60 = 6.). Especially, the symbol “—" denotes that a particular ex-
ponent is nondivergent when g, approaches the critical value from
below for the NP-CSP phase transition.

V- Y+ V- Vi B- B+
NP-FASP 1/2 1,12 1/4 1/2,1/4 1)2 1,1/2
NP-CSP 1 3/2 - 1/6,1/4 — 1/3,1/2

TP 1,12 1,12 1/4 1/4 172 1/2
NP-FSP 1/2 12 1/4 1/4 1/2 1/2

Various critical exponents for g; approaching g;. from
below and above are listed in Table I for different superradiant
phase transitions. Scaling exponents below and above g;. are
different for the NP-FASP and NP-CSP transitions, while they
are the same for the NP-FSP transition. In particular, for the
NP-CSP phase transition, the exponents v_ and S_ are non-
divergent when g, approaches the critical value from below.
For the special frustrated cavity, the unusual critical exponents
of the photon fluctuations are 8, = 1 and B = 1/3 for the
NP-FASP and NP-CSP transitions, respectively. Meanwhile,
the anomalous exponents of the fluctuations in position vari-
ance are v = 1/2 and v; = 1/6. They are distinguished from
the exponents of the remaining cavities with g, = 1/2 and
v, = 1/4. This reveals that the magnetic flux leads to unusual
exponents compared to geometric frustrations, resulting in
the distinct universality classes of the NP-CSP and NP-FASP
transitions.

V. CONCLUSION

Quantum fluctuations and scaling behaviors in the Rabi
triangle with an artificial magnetic field are investigated be-
yond the mean-field approximation. Our analytical method is
an accurate solution even by involving the fluctuations terms
and is valid for a large system of N > 3 under the constraints
of a large frequency ratio of A/w > 1 and a small hopping
strength of J/w < 1. At the critical value, two scaling laws

J

w/2 =23/ A e )2 Je 2
Je )2 a)/2 A3/ A Je )2
Y Je )2 Je? ]2 /2 — A3/ As
=)}/ A 0 0
0 —A3/As 0
0 0 —23/ A,

We perform a Bogoliubov transformation to give bosonic
operators 8 = {bT, bJf bg, by, b2, b3} which are a hnear com-
bination of y = {a;, a az,a3,a1, az, a3}. It satisfies y™ = T 87
with a paraunitary matrix 7. The Hamiltonian can be diago-

of the observables emerge, one for the frustrated cavity with
an unusual exponent and the other for the remaining cavities
with the same exponent as the conventional quantum Rabi
model. It ascribes to the geometric frustrations of the triangu-
lar system. In addition, the frustrated cavity exhibits different
scaling exponents by applying the magnetic flux in the chiral
phase. Moreover, we find nondivergent quantum fluctuation
below the critical value in the chiral phase, which is associated
with the magnetic flux. The unconventional critical exponents
predict different universality classes beyond the conventional
superradiant phase transitions. Our work paves a way for
exploring unconventional phase transitions in the few-body
light-matter interacting systems.
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APPENDIX A: DIAGONALIZATION OF HAMILTONIAN
IN THE SUPERRADIANT PHASE

After shifting the bosonic operator a, = a, + «,, the
Hamiltonian in the superradiant phases becomes

Hsg = Zwa a, — —nt7 + )»n(fll + an)t,

+ Ja (e ayi1 + e ®ay_1) + Vot + Eo, (A1)

where the transformed Pauli matrix is 77 = A/A,07 +
4gA,/Ayo;,. The off-diagonal term is expressed as Vo =
Zn a)(a,,ZzZ + a;,kan) + g(a;+an) Sln(z)/n)ff,f‘i‘][a; (eieanﬂ +
e %a,_1)+H.c.]. By eliminating the Vi term, we obtain
the equations explicitly of A, and B, in Egs. (11) and (12).
The Hamiltonian Hgg in Eq. (Al) has the same form as
the original QRT Hamiltonian Hggrr, one can obtain the
effective Hamiltonian by using the similar Schrieffer-Wolff
transformation described for the normal phase. Then we
obtain the lowest-energy Hamiltonian in Eq. (10).

Using the denotation y = {a, &, a3, d,, az, ag} the
Hamiltonian in Eq. (10) can be written in matrix form as
H:ff =yMy" —3(w —A2/A,)/2, where a transformed ma-
trix M is as follows:

=23/ A 0 0
0 —A3/A, 0
0 0 i/ (A2)
/2 =23/ A Je? )2 Je )2
Je /2 /2 — A5/ Ay Je' /2
Je 2 Je )2 /2 =33/ As

[
nalized as H, = T MT B = 23°_, exbibi + (er — w)/2.
The eigenvalues ¢ are obtained by diagonalizing the matrix
AM, where A = (1353
matrix of order 3.

), with I3 being the identity

123
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APPENDIX B: DERIVATIONS
OF QUANTUM FLUCTUATIONS

In the superradiant phase, the operator a, is shifted as
a, + «a,. Using the Bogoliubov diagonalization method, the
ground state of the photon part is obtained as |psr) =
[0)5,10)5,10)p,, with b,|0)s, = 0. With the transformation
D(a) and the transformation o' = 7' 87, the operator a be-
comes a, = 21‘3=1 T,.b; + Tn,i+3b:-r + «,. The expected value
of x, = (a, + a}) is given by

(%) = b, (0@, + a})|0)y,

3
=y + o + 5,01 Y Toibi + Tpivab]

i=1
+ I by + T abil 0,
=a) + a,. (BD)

Then we derive the mean value of x2 as

(x2) = 5, (Ol(@n + af + a; + )0},
((an + al )y + (o + on)(an + ah)) + (@) + )
= {@srI[(Tu1 + T,)b1 + (T2 + T)5)b2

+ (Ty3 + T)bs + He Plosr) + (o + o)
= T + T + |Ton + T

+ T + TP + (o + o)’

The expected value of the variance of Ax, is obtained as
(Bx,)* = () = ()’
=T + T3P + T + T517 +1Ta + T, (B2)
Additionally, the expected value of the momentum quadrature
Pn = i(ajl —ay,)is
(Pn) = b, (0li(a; — an + iy — @)|0)p, = i(y — ). (B3)
The expected value of pi is derived as
(P2} = 5,401 = (af — @y + oy — )0,
= —((@} — @)’ + () — )@} — ay)) — () — @)’
= —(l[(Ts — Tu)br + (T5 — T2)ba + (T — Tu3)b3

— (T — T))b, — (T5 —

¥ T,5)b5 — (Tus — T)bLP)
— (o) — o)’
=T — Tl + 1T — Tol* + T, — Ta
— (o —ap)* (B4)
Then one obtains the variance of Ap,,:
(Apa)* = (p}) — (pa)?
=T — Tul* + T — Tol* + | T, — Tl (BS)
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