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Dicke superradiance of a two-component Fermi gas coupled to a quantized light field
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We study the superradiance transition of a two-component three-dimensional Fermi gas interacting with a
single-mode light field of Dicke-type coupling. We find that for a noninteracting gas, due to the Fermi blocking,
a unique superradiant state with a superradiant outer shell surrounding an inner Fermi sea may appear, and the
critical atom-light coupling strength g, to trigger the superradiance approaches /w.Er/3 even for a vanishing
transition frequency between a two-spin state (w, — 0), in contrast to g. ~ ,/@.w, — 0 for a bosonic or spin
system. When the atom-atom attraction is included, we find that the atomic superfluid would compete with the
superradiance directly and both orders cannot coexist, giving rise to an interesting ground-state phase diagram
with a tricritical point. The resultant phases and phase transitions are characterized by the unique fluctuation
spectrum beyond the mean-field level. We further analyze the effects caused by the decay of the light field,
which is inevitable for a possible realization in a cavity with a cold atom system. Our results would be beneficial
for the understanding of the interplay between Fermi superfluid and superradiance.
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I. INTRODUCTION

In recent years, the dynamical realization [1] of the
well-known Dicke superradiance [2-5] in a cavity with
Bose-Einstein condensates [6,7] has stimulated intensive re-
search to study the nontrivial effects in atom-cavity systems
brought about by collective atom-light coupling [8§-27]. Such
effects include the superradiant enhancement of a Fermi
gas with a nested Fermi surface [11-13] or a disordered
Bose-Einstein condensate (BEC) [15-18], the induced long-
range interactions between atoms [19,20], and the multimode
superradiance with emergent U(1) symmetry [21-23]. Never-
theless, in most of these works the external motion degrees
of freedom (DOFs) of the atom are used to mimic the two
levels in the Dicke model, and the superradiance transition
with internal states in the cavity setup [28] has only been
realized recently [29,30].

The inclusion of the internal DOFs can have profound ef-
fects on the superradiance transition as well as the many-body
behaviors of the underlying systems [31-50]. For example,
it may lead to the self-organized spin texture in a spinor BEC
[31], the unconventional pairing of Fermi gas [35-37], and the
cavity-assisted dynamical spin-orbit coupling [38-48]. Com-
pared to the well-established Dicke superradiance of a bosonic
or spin system, there are few works devoted to fermionic
assemblies [51-54], and it is still unclear how the ground
state of a three-dimensional spinful Fermi gas with internal
atom-light coupling is affected by the superradiance and vice
versa.

In this paper, we address this issue by studying the ground
state and excitation spectrum of a two-component three-
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dimensional Fermi gas coupled to a quantized light field
homogeneously. We find that the ground state of the Fermi
gas is strongly affected by the atom-light coupling with unique
features. The main results are as follows: (i) In the presence
of a Fermi surface of a noninteracting gas, finite atom-light
coupling g. ~ +/w.Er/3 is needed to drive a superradiant
transition for a vanishing atomic transition frequency, in con-
trast to g. ~ /w.w, — 0 of a usual bosonic or spin system.
Meanwhile, a superradiant state may appear that involves only
a partial section of the outer atoms, with the remaining atoms
forming an inner Fermi sea; this is referred to as phase separa-
tion of the superradiance and normal gas in momentum space.
(i) When the atomic attraction is included, as the atom-light
coupling behaves as an effective transverse magnetic field, the
Fermi superfluid from the singlet pairing would compete with
the superradiance order directly, giving rise to a first-order
transition between these two states in the ground-state phase
diagram with a tricritical point even for a vanishing atomic
polarization. (iii) The observable excitation spectrum beyond
the mean-field level is obtained to characterize the resultant
phases and phase transitions. A further analysis shows that a
finite decay of the light field would shift the phase boundary
by renormalizing the superradiance threshold and lead to a
finite lifetime of the excitations, which are closely relevant
in experiment. This work would be helpful in the search for
nontrivial many-body hybrid states of atoms and light.

The rest of this paper is organized as follows: In Sec. II, we
present the model and derive the mean-field self-consistent
equations with the path integral approach. In Sec. IIT A, we
first analyze the superradiance transition of an ideal Fermi gas,
where the critical coupling can be determined analytically.
Then we determine the ground-state phase diagram numeri-
cally for an interacting gas in Sec. III B, and we discuss the
interplay of Fermi superfluid and superradiance. In Sec. III C,
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we derive the excitation spectrum of the Gaussian fluctuation
around the mean-field ground state, which can characterize
the unique features of the diverse phases and phase transi-
tions. Finally, in Sec. IV, we discuss the experiment-related
dissipation effect caused by the decay of the light field on the
superradiant transition as well as the excitation spectrum, and
we conclude in the end.

II. THE MODEL AND FORMULISM

Let us consider a three-dimensional two-component (la-
beled as 0 = 1, |) Fermi gas of mass m interacting with a
single-mode light field homogeneously through a Dicke-type
coupling, the Hamiltonian of which can be written as (by
setting i = 1)

H=oata+ 522 (a +a) f e[y P, + 9100 (0]
Vv? «
+/ Zp> wa'(”( -5 - m)%(r) + Eﬁmﬂ,
(1)

where @ and 1, represent the annihilation operators of the
photon and atom of spin o, respectively. w, is the frequency
of the light field, and we have assumed a homogeneous atom-
light interaction with the single-photon coupling strength g.
The state-dependent chemical potentials are 1y = 1 — % and
py =+ %, with u the chemical potential to fix the total
atom number N, and w, the transition frequency between two
spin states playing as a Zeeman field. At low temperatures,
the atomic interaction is well described by the contact density-
density attraction with strength U (< 0), which connects to the
low-energy s-wave scattering length a, via the renormaliza-
tion relation % = + Zk 3¢, - Here the atomic density

is i =y + Ay with A, = w Vo, e = k?/2m with k the mo-
mentum of atom, and V' is the quantum volume.

Hamiltonian (1) bears the symmetry of U(1) ® Z;, in-
dicating that the total atom number N = f drii(r) and the
parity P = exp{im(a'a + N)} are conserved. In general, one
can obtain the superfluid or superradiance order from the
spontaneous breaking of U (1) or Z, symmetry, respectively.
When both orders are treated on an equal footing, they would
interplay with each other and give rise to rich physics dis-
cussed in the following.

We aim to study the mean-field ground state and fluctuation
spectrum of Hamiltonian (1). To this end, it is convenient to
work in the frame of a path integral by writing the partition
function as Z = [ D[y, ¥, &, alexp(—S[¥, ¥, &, a]) [55],
where ¥, and o represent the Grassmann field and boson field
variables of fermion and photon, and the action

B B
=/ d‘t/dr[Zl/;U@fI//g—i-H}-i—/ drad,a. (2)
0 P 0

Here 8 = o T,
temperature.
By introducing the pairing field A(r,7t) =
Uy, (r,T)Y4(r,7) to decouple the atomic interac-
tion and making use of the Nambu representation

with kg the Boltzmann constant and 7 the

U(r,7) = (Y4 ¥, ¥4 ¥)), the action after the standard
Hubbard-Stratonovich transformation can be recast as

1. A, > (K +K
:/dtdr —\IJQ_I\I/—l (r,7)| —i—( t +Ky)
2 U 2
4 / dt a(w. + ;). 3)
where K, = —% — Uy, and G is the single-particle Green’s
function with the inverse
o gla+a)
kom0 e
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Integrating out the field W, we arrive at the effective action
1 - |A(r,7)?
Ser = [ drd [——1 —pgH - =L
ff / rar 28 n(—pg—") U
1 . .
3R+ K))] +fdro7(wc tooa. ()
Here we have used the identity Indet(--- ) = TrIn(- - - ).

In what follows, we write A = Ay + A and o = o + S,
with § A and o being the fluctuations around the saddle point
(Ag, o), and further we write G~! = go—l + Mg with QO_I =

g—l |A=A0,0{=Cto and
idAo,
_ g(éo’t-&-ﬁot)o_ ’ (6)
JN x

g(éa+da) o

Mp=| WW_ "
F —idAoy

with oy and oy, being the Pauli matrices. For small fluctuations,

we expand the effective action (5) to the second order of Mg

as Seir = So + Sg, where

1
So = /drdr[—ﬁln(—ﬂgol) S M:|

+ Borc|ato|* (7)

and

SA|? 1
SF:/der[—| U| +E(QOMF){|

+ /dl’ 8a(0; + we)do )

are the action at the saddle point and that of the fluctuation.

The mean-field ground state is generally determined by the
thermodynamic potential at the saddle point 2y = éSo, which
in terms of the momentum-frequency coordinates (K, iw,) is
given by

1 .
Qo =—52 Y Inplio, — Exy)

2/3 kn,s
VAol

+ + welag|* —
ZEk wclag] o

, 9

where w, = (n + 5 ) , n € Z is the fermionic Matsubara fre-

quency. Ey s+ = /&2 + |Ao|* & /w2 /4 + g2(@0 + «)?/N
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are the mean-field quasiparticle spectra in the presence of
both superfluid order A and superradiance order o with & =
ek — . Further summing over the Matsubara frequency, we
arrive at

1 VAo
Q= — Y+ e ey - TIB0E g o
'3 Kk,s u
1
+ 2 [8 - 3B + B, (10)
k

Finally, we minimize the above 2y with respect to Ay and
a to obtain the equations for the superfluid and superradi-
ance, which are

m _ 1 1 ,BEk,s
e =T ] [Zatanh( 3 ) 28k:| (11)
wcz—l Eta h(ﬂb;"’s) (12)

Here, & = (/&2 + | Aol? and A = \/w? /4 + g2(@ + a0)*/N.

Self-consistently solving the above Egs. (11) and (12) together
with the atomic number equation

_ BQO ,BEk,s
=___2k:[ Zﬁt h( 5 )] (13)

we can determine the ground state of the system. In this paper,
we focus on the zero-temperature case, and the extension to
finite temperature is straightforward.

II1. SUPERRADIANCE TRANSITION OF THE FERMI GAS

A. Noninteracting case

We first consider the superradiance transition of a nonin-
teracting gas. In this case, the superfluid is absent, and the
self-consistent equations for the superradiance order (12) and
atom number (13) at T = 0 reduce to

Ve’

we = ——[(n+A)* -

3 2N A

N _ 3/2 3/2
V‘Q[(“JFA) + (= A)77] 15)
Then we can derive the critical coupling strength of super-

radiance,
46()CEF
Er= |[————, 16
8c/EF w§+lzu(wa)2 (16)

where Ep is the Fermi energy and p(w,) can be obtained
from Eq. (15) by setting o« = 0. In Fig. 1(a), we give the
evolution of critical g, with respect to the transition frequency
w, (solid line). Across g., the system transits from a nor-
mal gas (NG) with |o| = 0 to a superradiant state (SR) with
|| > 0. Compared to the Dicke transition of a Bose or spin
system where g. >~ ,/w.w,, the dependence of g. on w, of
the Fermi gas is quite different due to the Fermi blocking

especially for w, < Er, where we have u ~ @ and
8c ~ geo(l — 192E2) Specifically in the limit of w, = 0, g, =

(n—A)1, (14

0.6

g/Er

a/vVN

kin / kF

—wa/Ep:O

—-—-wa/Ep =1
0.5 0.6 0.7
9/Er
FIG. 1. (a) The solid line shows the critical atom-light cou-

pling strength g./Er as a function of atomic transition frequency
wq/Er. The color bar shows the scaled photon number |«|?/N. The
dashed line separates the superradiant state with (k;,, > 0) or without
(kiy = 0) an inner Fermi surface, which ends at a tricritical point at
(wq/EF, g/Er) = (1.577, 0.6288). (b) The Fermi momentum k;, /kr
of the inner Fermi sea and the scaled superradiant order parameter
a/~/N as functions of the atom-light coupling strength g/Ey for
different w,/Er = 0 (blue solid) and 1 (red dash-dotted). Here, the
light field frequency w./Er = 1.

g0 = Vw:Er/3 ~ 0.58/w.EF, in contrast to the g. — 0 of
the Bose or spin system.

More remarkable in Fig. 1(a), we find a regime in which
the superradiance can coexist with an (inner) Fermi sea. To
see it clearly, in Fig. 1(b) we plot the evolution of the Fermi
momentum ki, of the Fermi sea and the scaled superradiant
order parameter «/+/N with respect to the atom-light coupling
g. One can see that for an intermediate-coupling strength g
(> gc), we have o # 0 and k;, > 0, suggesting a coexisting
state with both superradiance and a normal Fermi sea. The
emergence of a such state is a unique feature of this fermionic
system and is distinct from the bosonic counterpart, which
results from the interplay of the Fermi blocking and the atom-
light coupling.

To understand the underlying physics, it is intuitive to first
consider @, = 0. In this case, the atoms form a (spinful) Fermi
sea in the momentum space with Fermi momentum kg of the
Fermi surface for g = 0. To produce the superradiance, one
needs to bring the atoms out of the Fermi sea to form the
polaritons on top of the Fermi surface, which nevertheless is
energetically unfavorable for g < g., with kj, = kp and o = 0
shown in Fig. 1(b). When the coupling strength g goes beyond
the threshold g, the energy cost to take atoms out of the Fermi
surface can be compensated by the formation of polaritons
for the atoms around the Fermi surface, which generate the
superradiance, while the atoms deep in the Fermi sea are not
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FIG. 2. (a) The ground-state phase diagram in the g-w, plane at
unitary regime with (—a,kr )~! = 0, which contains three phases: the
superfluid (SF) state, the superradiant (SR) state, and the normal gas
(NG); (b) the SF order parameter A/Er (blue solid) and the SR order
parameter «o/+/N (red dash-dotted) as functions of scattering length
(—askr)~". The inset shows the evolution of the chemical potential
/. Other parameters are w./Er = w,/Er = g/Er = 1. (c) The crit-
ical coupling strength g./Er as a function of the scattering length
(—akp)~! for w, = 0 (blue dashed) and w,/Er = 1 (red solid). Here
w./Er = 1.

affected by the uniform atom-light coupling and form an inner
Fermi sea with Fermi momentum ki, < kp, giving rise to the
phase separation in momentum space. Further increasing g,
more and more atoms contribute to the superradiance, and the
inner Fermi surface is smeared out gradually with a decreasing
kin [see Fig. 1(b)]. Finally, across a second critical coupling
g = Jw.Erp/2*3 ~ 0.63/w.Er (labeled by the dashed line
in Fig. 1), all atoms are involved in the superradiance and
kin = 0. For w, > 0, the parameter regime of the superradi-
ant state with an inner Fermi surface shrinks and vanishes
at a tricritical point w, = 2*3Er ~ 1.59Ey and g. = g,. In
comparison, such a unique superradiant state is absent in 2D
[51], where the constant density of states gives a constant
superradiance threshold below w,/Er = 1.

B. Interacting case

Above we have discussed the case without atomic inter-
action. When the atom-atom attraction is included, we solve
Egs. (11)- (13) to find the ground state. Figure 2(a) depicts
the phase diagram in the g-w, plane, which contains three
different phases: the SR, NG, and a superfluid (SF) state.
For small g and w,, the system is always in a SF state with
Bardeen-Cooper-Schrieffer (BCS) type pairing. For large «,,
such BCS pairing is suppressed and the ground state becomes
a polarized NG. With the increasing of g, both the SF and

NG undergo a transition to the SR phase. The difference is
that for the SF, the transition to SR is of first-order while it is
continuous for the NG [refer to Fig. 2(b) and the correspond-
ing discussions in the following]. These three phase transition
lines merge at a tricritical point.

The discontinuous transition between the SF and SR states
suggests that the two orders cannot coexist in the mean-field
ground state [56]. In Fig. 2(b), we give a typical evolution of
the order parameter A and « across the superradiant transition
by tuning the scattering length. One can clearly see that in
the SF phase, A # 0 and o« = 0, while ¢ # 0 and A = 0 for
the SR state. It can be understood that the spin-flipping terms
in the atom-light coupling, which behave like a transverse
magnetic field and tend to form (triplet) polaritons, are in
competition with the atomic singlet pairing from the contact
interaction [24]. As a result, in the BEC regime (a; > 0),
a larger g is required to break the tight binding between
atoms compared with that required for the loose pairs in the
BCS regime (a; < 0) [refer to Fig. 2(c)]. It is worth noting
that unlike the suppression of superfluid in a large polarized
environment, here the atom-light coupling itself does not in-
troduce polarization (though it produces an effective Zeeman
field), and it can destroy the singlet pairing even for w, = 0
with vanishing polarization.

Figure 2(c) presents the critical coupling strength g. as a
function of scattering length a; for different w,. In general,
g decreases with a; moving from the BEC side to the BCS
side, and it approaches the noninteracting result in the BCS
limit. Note that for w, # 0, g. becomes a constant in the weak-
coupling regime, where the ground state is a polarized NG
independent of the scattering length.

C. Fluctuation spectrum

To further characterize the unique phases and phase tran-
sitions, we turn to the excitation spectrum of the fluctuations
8A and S« around the mean-field ground state. From Eq. (8),
the action of the fluctuation can be rewritten as

14 . .
Sp = _57 Xq:mqmq + B Xn: 8, (—iv, + we)day,

1
+ 2 TG WMr (=)Gotk — DMr (@], (17)

k.q

where k = (k,iw,) and g = (q,iv,), with v, = n%’, neZz
being the bosonic Matsubara frequency. As A and « cannot
coexist, the fluctuations § A and S« in Eq. (17) are decoupled,
which for A = 0 takes the form of (see the Appendix for more

details)

_ _ _1(sa,
Se=PY BASA,+ g > 6a,  ban)g,! (33)
q n

(18)
Here 8, = | %ﬁ'gﬁ“"‘” — % describes the familiar
spectrum of the pair fluctuation [55], and
_ K K
1_ (K 2
g, = (ICz K])’ (19)
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FIG. 3. Evolution of the excitation energy E.c/Er vs the atom-
light coupling strength g/Er for two typical interaction parameters:
(a) —1/askr = —1 and (b) —1/askr = 1. Here, w./Er = w,/Er =
1. There are three branches: one is of photon-type (blue dash-dotted)
and two are of matter-type (green solid and red dashed).

IBEkv)

g2 sw? tanh (
Ki = —iv, + 0. — Z —+ 4A2)

wZ :8 k,s
Ky =-% a h ’ 21
? NkZSZA(v,%+4A2)tan ( 2 ) @D

is the fluctuated Green function of the light field, with the pole
of G, giving the excitation energy. For « = 0, we can also
derive the corresponding fluctuation action and the resultant
excitation spectrum (see the Appendix for explicit expres-
sions).

In this paper, we are interested in the unique excitations of
the light field, which carry the information of the underlying
many-body ground states not captured in the mean-field level
and can be measured via the cavity transmission spectrum
[57,58]. In Fig. 3, we plot the excitation spectrum E as a
function of atom-light coupling g for two typical scattering
lengths. In general, there are three branches of E¢, contributed
by the photon fluctuation via three types of excitations: one
is of photon-type by simply creating or annihilating a single
photon (~w,, blue dashed-dotted line), and the other two
are of matter-type by annihilating an |-atom and creating an
t-atom (~w,, green solid line) and vice versa (~ — w,, red
dashed line), which are decoupled for g = 0. With the increase
of g, such excitations couple to each other with the energy Ex
of each branch been corrected by the atom-light coupling.

Below the superradiant threshold g., one can see that the
excitation spectrum is weakly dependent on g for a SF state
[Fig. 3(a) with (—askp)~' = —1] while it is considerably
modified by g for a NG [Fig. 3(b) with (—askp)~' =11
Above g, the excitations in the deep SR regime exhibit sim-
ilar behaviors for both cases except around the critical point
g., where the excitation energy E.x exhibits a discontinuous
jump for all branches across the SF-SR transition. In contrast
for a NG, the single-photon excitation energy decreases with
g continuously, and becomes zero at the superradiance transi-
tion point [see the blue dashed-dotted line in Fig. 3(b)]. We
emphasize that the unique dependency of the excitation spec-
trum on relevant parameters in different phases can not only
signal the (first-order) phase transitions, but it can also carry

(20)

- - k/Ep=0

—-—-k/Ep =05
KJ/EF =1

1.2
3 \

Q R
\ N

QL« N\
0.8

-0.5 0 0.5 1

FIG. 4. The SR critical coupling strength g./Er as a function of
(—askp)~! for decay rate x = 0 (red dashed), 0.5 (green dot-dashed),
and 1 (blue solid). Here, w, = 0 and w./Er = 1.

the important information of each phase, which is beyond the
mean-field theory and can be accessible in experiment.

IV. DISCUSSION AND CONCLUSION

So far, we have discussed the results of equilibrium states
without decay. For a realistic cavity realization of the single-
mode light field [53], one needs to take into account the loss
of the cavity field due to the leakage, which can generally be
captured by the master equation d,p = —i H, pl+xQapa —
&a'p — pa’@) on the density matrix p, with « being the
decay rate. Instead, a nonequilibrium steady state can be ex-
pected [28], which is achieved by writing

. . 8 *
i, = (w, — ik)a + —(R+ R") 22)
VN
with o = (&) and R = ka:mékl)- For a steady state, o, =
0 and we have

g(R+R¥)
 N(w, — i)

Solving the above Eq. (23) together with Eqgs. (11) and
(13) self-consistently, we can obtain the steady-state phase
diagram, as shown in Fig. 4. Compared to the (equilibrium)
case without decay (k = 0), we find that the critical atom-light
coupling strength g, increases with «, with a global shift of the
phase boundary. This becomes transparent in the limit of weak
interaction, where g, can be derived explicitly as

w2 +k*  4Ep
8e/Er = \/ we @2+ 12p% -

(23)

For « =0, it recovers the dissipationless result given by
Eq. (16).

In Fig. 5, we plot the evolution of the excitation spectrum
across the SF-SR/NG-SR transition in the presence of a finite
k. Compared to the case of k = 0, an important consequence
brought about by the cavity decay is that due to the atom-
light coupling, all three branches become dissipated with a
complex energy. For the real parts of the energy [Figs. 5(a) and
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FIG. 5. The real part (a), (c) and the imaginary part (b), (d) of the
excitation energy Ee/Er as functions of g/Er for two interaction
parameters: (a), (b) —1/a,kr =0 and (c), (d) —1/askr = 1. Here,
k/Er = 1 and other parameters are the same as in Fig. 3.

5(c)], they show similar behaviors to that of k = 0 (Fig. 3),
while for the imaginary part it approaches —« /Ep ~ —1 in
the NG phase with small g or in the SR phase with large g, and
there is a considerable variation in the intermediate regime for
the photon-type branch [blue dash-dotted lines in Figs. 5(b)
and 5(d)]; on the other hand, for the two matter-type branches
[green solid and red dashed lines in Figs. 5(b) and 5(d)], the
imaginary parts vanish in the small/large g limit and become
significant in the intermediate regime.

We have focused above on the BCS-type pairing of the
Fermi gas. It is also possible to consider polarized superfluid
phases such as the Sarma phase [59] and the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) state [60,61] in this system.
However, on the mean-field level, such polarized superfluid
phases still arise from the singlet pairing induced by the

J

contact interaction, and thus they cannot coexist with the
superradiance as the BCS-type superfluid discussed above.
Moreover, since the Sarma state mainly appears at finite
temperature while the FFLO state appears in a very narrow
parameter regime in the phase diagram of a polarized Fermi
gas [62], their contributions to the zero-temperature phase
diagram are quite small, and are therefore neglected in this
work.

In experiment, we note that the strong coupling between
a Fermi gas and an optical cavity has been realized recently
[53], where the low-lying (ground-state) energy level and the
high-lying excited one of the °Li atom is directly coupled to
an optical cavity mode. To realize the Dicke-type atom-light
coupling, one may also resort to the cavity-assisted Raman
transition between two hyperfine states [63]. The contact in-
teraction strength can be tuned by Feshbach resonance [64],
which enable us to address the whole phase diagram across the
BEC-BCS crossover. To detect the superradiance transition,
one can measure the photon number leaking from the cavity
[1], and/or the (fluctuated) excitation spectrum. The latter is
closely related to the optical absorption of the cavity [65], and
it can be obtained via the transmission spectrum [57,58].

In summary, we have investigated the ground-state phase
diagram and the excitation spectrum of an interacting Fermi
gas coupled to a single-mode light field homogeneously. The
competition between interatomic singlet pairing interaction
and atom-light coupling can lead to a first-order transition
between the SF and SR orders with a tricritical point in the
phase diagram. Due to the Fermi blocking, a finite atom-light
coupling strength is generally needed to induce the SR order
even for a vanishing atomic transition frequency, in contrast
to the Dicke transition of a bosonic or spin system. It would
also be interesting to find more exotic states like the uncon-
ventional superradiant superfluid with both SR and SF orders
simultaneously in this hybrid system, but this is beyond the
scope of this work, and we leave it for future studies.
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APPENDIX: DERIVATION OF THE FLUCTUATION SPECTRUM

To evaluate the fluctuation action Eq. (17), we write the Green’s function at the saddle point as

Go1 Go.12 0 Go, 14
_ Go21  Go22 G023 0
Gotk) = [T (2+E2)| O Gosx Goszz  Gojsa (AD
s== " \Goa1 0 Goss  Goas
where
Go.i1 = (— iwn + & + %)[(—iwn — &) — A’ - |A0|2( — iw, — & — %) (A2)
Gox = ( — i + & — %)[(—iwn — 57— A - |Ao|2< — i, — & + %) (A3)
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Goxs = (— i + & — %)[(—iwn + )7 — A7) - |A0|2< — i, + &+ “’7) (A4)
Goas = (— i, — &+ %)[(—iwn + ) — A% - |A0|2( — iy + & — %) (AS)
Go2 = Gy = W[( ity — & — A)(— i, — & + A) + [ 8ol], (A6)
Goa = Goq1 = AO[( —iw, + & + %) ( —iw, — & + %) + M] (A7)
Goms =Gy = —AO[< — i, — ek — %) ( — i, + ok — %) + M] (A8)
Goos = Giis = —g(é“)—%“o)[( i+ 82+ A)(— ion + £ — A) +1Aol] (A9)

As A and « cannot coexist in the mean-field ground state, i.e., Ag = 0 or oy = 0, this would simplify the calculations, and in
the following we present the results in those cases.
Case I: Ag = 0. In this case, the system can be a normal state (¢« = 0) or a SR state (« # 0). We have

1 1 . . _
kZ Z TG OM e (~)Gok = DM (@)] = Y 55, 6an)<gzj g) (gg) + ) Ga8A88,  (AL0)
»q n q

where
Gao = Yoz = Gaa = Goa
= gﬁz > 1G0.12(k)Go,12(k — @) + Go.11(k)Go22(k — q) + Go.3a(K)Go3a(k — @) + Go33(K)Go.astk — )1, (A1)
k.q

Ga = Z[go,lz(k)go,M(k —q) + Go,11(k)Go,44(k — q) + Go 22(k)Go 33(k — ) — Go,21(k)Go,3a(k — q)]. (A12)

k

Substituting Eqs. (A2)-(A9) into the above equations (A11) and (A12) and performing the summation over the Matsubara
frequencies iw,, we obtain

1 _ g2 swi ,BEk,s

gl ="y kz 2A(v2 +4A2) tanh = (A1
1 1 —np(Exs) — np(Ex—q,s)
—Gp = ) Al4
B Ga Z iy — &k — €k—q A

k,s

Here we have taken use of é > — 1_6 = np(€) with the Fermi distribution function ng(€) =

the fluctuations together, we can derive the final form Eqgs. (18)—(21) in the main text.
Case II: oy = 0. In this case, the system can be a SF state (A # 0) or a NG (A = 0). Similar to case I, we can derive the final
form of the fluctuation action Eq. (17), which is given by

1 = Gaow  Gaa \ [ San — ga Gxx SA
o= 5[; (8atn San)(gw gaa) (86{,,) T Xq:(‘SAq ‘SAq)(gii giz) (SAZ>1|’ (A15)

where Gao = Goua = —1Vy + @ + Gag With

1 .
PO Putting the free terms of

— Ep, 4E2 &(iv, + w,) + 2v2ex(w, + sex) + v2E(iv, — 25Ex
Gus = Guw — Z% o, tanh BEx, N ksSk( ) p k§ i k) + vy 8k( k.s) (AL6)
Ks 2(1)n + (,()a) 2 Sk(vn + 4Ek.s)
and

Ik, k — @)np(Exs) | TI(K — q, K)np(Ex—qs) Ax U
Gan=0aa = o+ e : - . (A7)

s €k 1k €k—q 1k 28k8k—q[(lvn + &k)* — Ek_q] 14

A% (V,% - 812( + Sﬁ_q)nF(Ek,s) (V,% + 3]% - Sﬁ_q)nF(Ek—q,s) By
Gan =0an=—Y o + - (A18)
k,s k €k Ek—q 28k8k—q
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Here Yy = [11,2Z — (e + sk,q)z][vf — (&g — ek,q)z] and

M(ki, ko) = (eie, + ivai, ) (v +&i,) + iva e, (i, — 1) — 265, £ ] + g (v + &8, — &)
A = i, (Ex—qex + ek—qbk) + (Eibk—q — ekEk—q) (€K + Ek—q) + 26kEk—q(Ek — Ek—q),

. 2 . 2 2 2
Bk = exk—q(ivy — ek—q)” + ek (iv, + €Kk)" — x—q&k — EkEk—_q-

(A19)
(A20)

(A21)

Numerically solving the pole of G, we obtain the excitation spectrum given in the main text.

[1] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical
cavity, Nature (London) 464, 1301 (2010).

[2] R. H. Dicke, Coherence in spontaneous radiation processes,
Phys. Rev. 93, 99 (1954).

[3] Y. K. Wang and F. T. Hioe, Phase transition in the Dicke model
of superradiance, Phys. Rev. A 7, 831 (1973).

[4] K. Hepp and E. H. Lieb, On the superradiant phase transition for
molecules in a quantized radiation field: the dicke maser model,
Ann. Phys. 76, 360 (1973).

[5] K. Hepp and E. H. Lieb, Equilibrium statistical mechanics of
matter interacting with the quantized radiation field, Phys. Rev.
A 8,2517 (1973).

[6] D. Nagy, G. Szirmai, and P. Domokos, Self-organization of a
Bose-Einstein condensate in an optical cavity, Eur. Phys. J. D
48, 127 (2008).

[7] D. Nagy, G. Kénya, G. Szirmai, and P. Domokos, Dicke-Model
Phase Transition in the Quantum Motion of a Bose-Einstein
Condensate in an Optical Cavity, Phys. Rev. Lett. 104, 130401
(2010).

[8] J. Keeling, M. J. Bhaseen, and B. D. Simons, Collective Dy-
namics of Bose-Einstein Condensates in Optical Cavities, Phys.
Rev. Lett. 105, 043001 (2010).

[9] H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, Cold
atoms in cavity-generated dynamical optical potentials, Rev.
Mod. Phys. 85, 553 (2013).

[10] H. KeBler, J. Klinder, M. Wolke, and A. Hemmerich, Steering
Matter Wave Superradiance with an Ultranarrow-Band Optical
Cavity, Phys. Rev. Lett. 113, 070404 (2014).

[11] J. Keeling, M. Bhaseen, and B. Simons, Fermionic Superradi-
ance in a Transversely Pumped Optical Cavity, Phys. Rev. Lett.
112, 143002 (2014).

[12] F. Piazza and P. Strack, Umklapp Superradiance with a Colli-
sionless Quantum Degenerate Fermi Gas, Phys. Rev. Lett. 112,
143003 (2014).

[13] Y. Chen, Z. Yu, and H. Zhai, Superradiance of Degenerate
Fermi Gases in a Cavity, Phys. Rev. Lett. 112, 143004 (2014).

[14] Y. Chen, H. Zhai, and Z. Yu, Superradiant phase transition of
Fermi gases in a cavity across a Feshbach resonance, Phys. Rev.
A 91, 021602(R) (2015).

[15] L. Zhou, H. Pu, K. Zhang, X.-D. Zhao, and W. Zhang, Cavity-
induced switching between localized and extended states in
a noninteracting Bose-Einstein condensate, Phys. Rev. A 84,
043606 (2011).

[16] K. Rojan, R. Kraus, T. Fogarty, H. Habibian, A. Minguzzi,
and G. Morigi, Localization transition in the presence of cavity
backaction, Phys. Rev. A 94, 013839 (2016).

[17] W. Zheng and N. R. Cooper, Anomalous diffusion in a dynam-
ical optical lattice, Phys. Rev. A 97, 021601(R) (2018).

[18] H. Yin, J. Hu, A.-C. Ji, G. Juzeliunas, X.-J. Liu, and Q. Sun,
Localization Driven Superradiant Instability, Phys. Rev. Lett.
124, 113601 (2020).

[19] J. Klinder, H. KeBler, M. Reza Bakhtiari, M. Thorwart, and A.
Hemmerich, Observation of a Superradiant Mott Insulator in the
Dicke-Hubbard Model, Phys. Rev. Lett. 115, 230403 (2015).

[20] R. Landig, L. Hruby, N. Dogra, M. Landini, R. Mottl, T.
Donner, and T. Esslinger, Quantum phases from competing
short- and long-range interactions in an optical lattice, Nature
(London) 532, 476 (2016).

[21] J. Léonard, A. Morales, P. Zupancic, T. Esslinger, and T.
Donner, Supersolid formation in a quantum gas breaking a
continuous translational symmetry, Nature (London) 543, 87
(2017).

[22] J. Léonard, A. Morales, P. Zupancic, T. Donner, and T.
Esslinger, Monitoring and manipulating Higgs and Goldstone
modes in a supersolid quantum gas, Science 358, 1415 (2017).

[23] Z. Wu, Y. Chen, and H. Zhai, Emergent symmetry at super-
radiance transition of a Bose condensate in two crossed beam
cavities, Sci. Bull. 63, 542 (2018).

[24] Q. Sun, J. Hu, L. Wen, H. Pu, and A.-C Ji, Unbound-to-bound
transition of two-atom polaritons in an optical cavity, Phys. Rev.
A 98, 033801 (2018).

[25] S. Ostermann, W. Niedenzu, and H. Ritsch, Unraveling the
Quantum Nature of Atomic Self-Ordering in a Ring Cavity,
Phys. Rev. Lett. 124, 033601 (2020).

[26] C. Halati, A. Sheikhan, H. Ritsch, and C. Kollath, Numerically
Exact Treatment of Many-Body Self-Organization in a Cavity,
Phys. Rev. Lett. 125, 093604 (2020).

[27] E. Mivehvara, F. Piazza, T. Donner, and H. Ritsch, Cavity QED
with quantum gases: New paradigms in many-body physics,
Adv. Phys. 70, 1 (2021).

[28] F. Dimer, B. Estienne, A. S. Parkins, and H. J. Carmichael,
Proposed realization of the Dicke-model quantum phase transi-
tion in an optical cavity QED system, Phys. Rev. A 75, 013804
(2007).

[29] M. Landini, N. Dogra, K. Kroeger, L. Hruby, T. Donner, and
T. Esslinger, Formation of a Spin Texture in a Quantum Gas
Coupled to a Cavity, Phys. Rev. Lett. 120, 223602 (2018).

[30] R. M. Kroeze, Y. Guo, V. D. Vaidya, J. Keeling, and B. L. Lev,
Spinor Self-Ordering of a Quantum Gas in a Cavity, Phys. Rev.
Lett. 121, 163601 (2018).

[31] F. Mivehvar, F. Piazza, and H. Ritsch, Disorder-Driven Density
and Spin Self-Ordering of a Bose-Einstein Condensate in a
Cavity, Phys. Rev. Lett. 119, 063602 (2017).

053313-8


https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRevA.7.831
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1103/PhysRevA.8.2517
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.105.043001
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/PhysRevLett.113.070404
https://doi.org/10.1103/PhysRevLett.112.143002
https://doi.org/10.1103/PhysRevLett.112.143003
https://doi.org/10.1103/PhysRevLett.112.143004
https://doi.org/10.1103/PhysRevA.91.021602
https://doi.org/10.1103/PhysRevA.84.043606
https://doi.org/10.1103/PhysRevA.94.013839
https://doi.org/10.1103/PhysRevA.97.021601
https://doi.org/10.1103/PhysRevLett.124.113601
https://doi.org/10.1103/PhysRevLett.115.230403
https://doi.org/10.1038/nature17409
https://doi.org/10.1038/nature21067
https://doi.org/10.1126/science.aan2608
https://doi.org/10.1016/j.scib.2018.04.008
https://doi.org/10.1103/PhysRevA.98.033801
https://doi.org/10.1103/PhysRevLett.124.033601
https://doi.org/10.1103/PhysRevLett.125.093604
https://doi.org/10.1080/00018732.2021.1969727
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevLett.120.223602
https://doi.org/10.1103/PhysRevLett.121.163601
https://doi.org/10.1103/PhysRevLett.119.063602

DICKE SUPERRADIANCE OF A TWO-COMPONENT ...

PHYSICAL REVIEW A 104, 053313 (2021)

[32] E. J. Davis, G. Bentsen, L. Homeier, T. Li, and M. H. Schleier-
Smith, Photon-Mediated Spin-Exchange Dynamics of Spin-1
Atoms, Phys. Rev. Lett. 122, 010405 (2019).

[33] E. I. R. Chiacchio and A. Nunnenkamp, Dissipation-Induced
Instabilities of a Spinor Bose-Einstein Condensate Inside an
Optical Cavity, Phys. Rev. Lett. 122, 193605 (2019).

[34] B. Buca and D. Jaksch, Dissipation Induced Nonstationarity in
a Quantum Gas, Phys. Rev. Lett. 123, 260401 (2019).

[35] A.Camacho-Guardian, R. Paredes, and S. F. Caballero-Benitez,
Quantum simulation of competing orders with fermions in
quantum optical lattices, Phys. Rev. A 96, 051602(R) (2017).

[36] F. Schlawin and D. Jaksch, Cavity-Mediated Unconventional
Pairing in Ultracold Fermionic Atoms, Phys. Rev. Lett. 123,
133601 (2019).

[37] Z. Zheng and Z. D. Wang, Cavity-induced Fulde-Ferrell-
Larkin-Ovchinnikov superfluids of ultracold Fermi gases, Phys.
Rev. A 101, 023612 (2020).

[38] F. Mivehvar and D. L. Feder, Synthetic spin-orbit interactions
and magnetic fields in ring-cavity QED, Phys. Rev. A 89,
013803 (2014).

[39] Y. Deng, J. Cheng, H. Jing, and S. Yi, Bose-Einstein Conden-
sates with Cavity-Mediated Spin-Orbit Coupling, Phys. Rev.
Lett. 112, 143007 (2014).

[40] L. Dong, L. Zhou, B. Wu, B. Ramachandhran, and H. Pu,
Cavity-assisted dynamical spin-orbit coupling in cold atoms,
Phys. Rev. A 89, 011602(R) (2014).

[41] L. Dong, C. Zhu, and H. Pu, Photon-induced spin-orbit coupling
in ultracold atoms inside optical cavity, Atoms 3, 182 (2015).

[42] F. Mivehvar and D. L. Feder, Enhanced stripe phases in spin-
orbit-coupled Bose-Einstein condensates in ring cavities, Phys.
Rev. A 92, 023611 (2015).

[43] J.-S. Pan, X.-J. Liu, W. Zhang, W. Yi, and G.-C. Guo, Topolog-
ical Superradiant States in a Degenerate Fermi Gas, Phys. Rev.
Lett. 115, 045303 (2015).

[44] C. Zhu, L. Dong, and H. Pu, Effects of spin-orbit coupling on
Jaynes-Cummings and Tavis-Cummings models, Phys. Rev. A
94, 053621 (2016).

[45] D. Yu, J.-S. Pan, X.-J. Liu, W. Zhang, and W. Yi, Topological
superradiant state in Fermi gases with cavity induced spin-orbit
coupling, Front. Phys. 13, 136701 (2018).

[46] C. Halati, A. Sheikhan, and C. Kollath, Cavity-Induced Spin-
Orbit Coupling in an Interacting Bosonic Wire, Phys. Rev. A
99, 033604 (2019).

[47] R. M. Kroeze, Y. Guo, and B. L. Lev, Dynamical Spin-Orbit
Coupling of a Quantum Gas, Phys. Rev. Lett. 123, 160404
(2019).

[48] S. Ostermann, H. Ritsch, and F. Mivehvar, Many-body phases
of a planar Bose-Einstein condensate with cavity-induced spin-
orbit coupling, Phys. Rev. A 103, 023302 (2021).

[49] J. Fan, X. Zhou, W. Zheng, W. Yi, G. Chen, and S. Jia, Magnetic
order in a Fermi gas induced by cavity-field fluctuations, Phys.
Rev. A 98, 043613 (2018).

[50] E. Colella, S. Ostermann, W. Niedenzu, F. Mivehvar, and H.
Ritsch, Antiferromagnetic self-ordering of a Fermi gas in a ring
cavity, New J. Phys. 21, 043019 (2019).

[51] Y. Feng, K. Zhang, J. Fanl, F. Mei, G. Chen, and S. Jia, Quan-
tum mixed phases of a two dimensional polarized degenerate
Fermi gas in an optical cavity, Sci. Rep. 7, 10568 (2017).

[52] E. Colella, R. Citro, M. Barsanti, D. Rossini, and M.-L.
Chiofalo, Quantum phases of spinful Fermi gases in optical
cavities, Phys. Rev. B 97, 134502 (2018).

[53] K. Roux, H. Konishi, V. Helson, and J. Brantut, Strongly cor-
related fermions strongly coupled to light, Nat. Commun. 11,
2974 (2020).

[54] A.Dodel, A. Pikovski, I. Ermakov, M. Narozniak, V. Ivannikov,
H. Wu, and T. Byrnes, Cooper pair polaritons in cold fermionic
atoms within a cavity, Phys. Rev. Res. 2, 013184 (2020).

[55] A. Altland and B. Simons, Condensed Matter Field Theory, 2nd
ed. (Cambridge University Press, Cambridge, 2010), p. 786.

[56] At finite temperature, we can solve a coexistent solution with
A # 0and o # 0, which, however, is energetically unfavorable.

[57] F. Brennecke, T. Donner, S. Ritter, T. Bourdel, M. Kohl, and T.
Esslinger, Cavity QED with a Bose-Einstein condensate, Nature
(London) 450, 268 (2007).

[58] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger,
and J. Reichel, Strong atom-field coupling for Bose-Einstein
condensates in an optical cavity on a chip, Nature (London) 450,
272 (2007).

[59] G. Sarma, On the influence of a uniform exchange field acting
on the spins of the conduction electrons in a superconductor,
J. Phys. Chem. Solids 24, 1029 (1963).

[60] P. Fulde and R. A. Ferrell, Superconductivity in a strong spin-
exchange field, Phys. Rev. 135, A550 (1964).

[61] A. 1. Larkin and Y. N. Ovchinnikov, Nonuniform state in su-
perconductors, Zh. Eksp. Teor. Fiz. 47, 1136 (1964) [Sov. Phys.
JETP 20, 762 (1965)].

[62] K. B. Gubbels and H. T. C. Stoof, Imbalanced Fermi gases at
unitarity, Phys. Rep. 525, 255 (2013).

[63] Z. Zhang, C. H. Lee, R. Kumar, K. J. Arnold, S. J. Masson,
A. L. Grimsmo, A. S. Parkins, and M. D. Barrett, Dicke-model
simulation via cavity-assisted Raman transitions, Phys. Rev. A
97, 043858 (2018).

[64] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Feshbach
resonances in ultracold gases, Rev. Mod. Phys. 82, 1225
(2010).

[65] P.R. Eastham and P. B. Littlewood, Bose condensation of cavity
polaritons beyond the linear regime: The thermal equilibrium of
a model microcavity, Phys. Rev. B 64, 235101 (2001).

053313-9


https://doi.org/10.1103/PhysRevLett.122.010405
https://doi.org/10.1103/PhysRevLett.122.193605
https://doi.org/10.1103/PhysRevLett.123.260401
https://doi.org/10.1103/PhysRevA.96.051602
https://doi.org/10.1103/PhysRevLett.123.133601
https://doi.org/10.1103/PhysRevA.101.023612
https://doi.org/10.1103/PhysRevA.89.013803
https://doi.org/10.1103/PhysRevLett.112.143007
https://doi.org/10.1103/PhysRevA.89.011602
https://doi.org/10.3390/atoms3020182
https://doi.org/10.1103/PhysRevA.92.023611
https://doi.org/10.1103/PhysRevLett.115.045303
https://doi.org/10.1103/PhysRevA.94.053621
https://doi.org/10.1007/s11467-017-0695-5
https://doi.org/10.1103/PhysRevA.99.033604
https://doi.org/10.1103/PhysRevLett.123.160404
https://doi.org/10.1103/PhysRevA.103.023302
https://doi.org/10.1103/PhysRevA.98.043613
https://doi.org/10.1088/1367-2630/ab151e
https://doi.org/10.1038/s41598-017-10686-3
https://doi.org/10.1103/PhysRevB.97.134502
https://doi.org/10.1038/s41467-020-16767-8
https://doi.org/10.1103/PhysRevResearch.2.013184
https://doi.org/10.1038/nature06120
https://doi.org/10.1038/nature06331
https://doi.org/10.1016/0022-3697(63)90007-6
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1103/PhysRevA.97.043858
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRevB.64.235101

