Linear response theory for cavity QED materials at arbitrary light-matter coupling

strengths

Juan Romaén-Roche,'2 Alvaro Gémez-Leén,® Fernando Luis,™? and David Zueco' 2

! Instituto de Nanociencia y Materiales de Aragén (INMA),
CSIC-Universidad de Zaragoza, Zaragoza 50009, Spain
2 Departamento de Fisica de la Materia Condensada,
Universidad de Zaragoza, Zaragoza 50009, Spain
3 Institute of Fundamental Physics IFF-CSIC, Calle Serrano 113b, 28006 Madrid, Spain
(Dated: March 14, 2025)

We develop a linear response theory for materials collectively coupled to a cavity that is valid in all
regimes of light-matter coupling, including symmetry-broken phases. We present and compare two
different approaches. First, using a coherent path integral formulation for the partition function to
obtain thermal Green functions. This approach relies on a saddle point expansion for the action, that
can be truncated in the thermodynamic limit. Second, by formulating the equations of motion for
the retarded Green functions and solving them. We use a mean-field decoupling of high-order Green
functions in order to obtain a closed, solvable system of equations. Both approaches yield identical
results in the calculation of response functions for the cavity and material. These are obtained in
terms of the bare cavity and material responses. In combination, the two techniques clarify the
validity of a mean-field decoupling in correlated light-matter systems and provide complementary
means to compute finite-size corrections to the thermodynamic limit. The theory is formulated for
a general model that encompasses most of the systems typically considered in the field of cavity
QED materials. Finally, we provide a detailed application of the theory to the Quantum Hall effect

and to a collection of spin models.

I. INTRODUCTION

Linear Response Theory (LRT) is an elegant tool for
understanding how systems at equilibrium respond when
they are perturbed. The linearity refers to the condi-
tion that the perturbation is sufficiently weak, allowing
the system’s dynamics to be treated to first order in the
perturbation. This framework yields various relations
that determine response properties, regardless of the spe-
cific situation or model considered. Fundamentally, it
relates equilibrium fluctuations and dissipation through
the fluctuation-dissipation theorem [1][Chap. 7].

In this paper, we investigate a particular scenario
where a system containing N local degrees of freedom
is coupled to a single-mode cavity. The coupling is as-
sumed to be collective, and our theory yields exact results
in the thermodynamic limit for the matter, N — oo.
This is the typical limit considered in cavity QED ma-
terials, on which we will elaborate below [2—4]. Beyond
the assumption of collective coupling and the thermody-
namic limit, our approach is general. We obtain formulas
for the response of both the material and the cavity in
terms of the bare photonic and material response func-
tions, for any light-matter coupling strength. At equilib-
rium, it has been shown that the N — oo limit simplifies
the problem, allowing for exact results, particularly fa-
mous is the existence (or lack thereof) of the superradi-
ant phase transition. Various techniques have been em-
ployed, including thermodynamic inequalities [5], scaling
arguments [6], the stiffness theorem [7], and path integral
methods [8]. In this work, we are interested in perturb-
ing the equilibrium to build an equally rigorous result
for LRT. To achieve this, we use two independent but

complementary approaches: one based on a path inte-
gral formulation of the partition function and the other
on the equations of motion for the correlators. The main
idea underpinning our derivation is the fact that collec-
tive interactions can be exactly decoupled by an auxil-
iary mean-field variable. This is a common resource in
large-N theories in quantum field theory which is used
in combination with a saddle-point approximation for the
action [9]. The complementary formulation in terms of
the equations of motion for the correlators renounces the
provable exactness afforded by the path integral in ex-
change for a simpler derivation where the mean-field de-
coupling is explicit.

Cavity QED materials are actively discussed in the
literature, particularly the possibility of modifying the
properties of matter using quantum light [2-4]. This is
pertinent in the regime of strong light-matter correla-
tions, which is why a non-perturbative approach is rel-
evant. The problem is far from being a theoretical cu-
riosity, as initial experiments have reported modifications
in conductivity [10, 11], magnetism [12], and metal-to-
insulator transition [13]. Remarkably, one way to observe
these modifications is through the hybrid light-matter re-
sponse [14], which is where our work fits, providing a gen-
eral theory for such situations. In this context, our work
presents the LRT for cavity materials using both a path-
integral and an equations-of-motion approach. We dis-
cuss their relationship and the application of our theory.
We demonstrate that our theory recovers previous results
on the cavity-modified quantum Hall effect and explore
the response of magnetic materials in cavities, discussing
dipolar Ising systems with longitudinal and transverse
coupling to the cavity and Heisenberg ferromagnetism.



The theory has also been applied to the Dicke-Ising model
[15].

The paper is organized as follows. In Sec. II we present
the Hamiltonian and discuss its validity to describe the
typical models of cavity QED materials. In Sec. III we
develop and compare two distinct linear response theo-
ries. We provide expressions for different response func-
tions of the hybrid light-matter system in terms of the
bare response functions of the cavity and the material.
Section IV is dedicated to the application of the LRT to
the quantum Hall effect. More precisely to a 2D elec-
tron gas subject a homogeneous perpendicular classical
magnetic field. In Sec. V we apply the theory to sev-
eral magnetic models: the Dicke model, the longitudinal
and transverse Dicke-LMG models and the Heisenberg
model. We end the paper with some conclusions and
relegate some technical details to the appendices.

II. MODELS IN CAVITY QED MATERIALS

We will consider a Hamiltonian of the form
g2
H:Hm+QaTa+g(a+aT)C’x+C§C§. (1)

Here a and o' are bosonic annihilation and creation oper-
ators, [a, a'] = 1, with Q the frequency of the cavity mode
[See App. A for the multimode case]. The bare mate-
rial system is described by the Hamiltonian H,,, which
remains unspecified beyond the fact that it describes N
particles or degrees of freedom. Likewise C, is an un-
specified matter coupling operator that is Hermitian and
collective, i.e. Cp = ZN o0; with o; local hermitian oper-
ators of the material. The light matter coupling constant
g = )\/\/]V represents the coupling per particle, with A
the collective coupling. The last term is a P? term, tog-
gled by ¢ = 0, 1, that will have to be included if the model
is to describe electric dipoles coupled to the electromag-
netic field of a cavity in the dipole gauge.

Depending on the choice of Hy,, C., €, g and
this Hamiltonian can describe several distinct micro-
scopic systems in different gauges [16-20]. The Pauli-
Fierz Hamiltonian in the Coulomb gauge can be brought
to the form of Hamiltonian (1) by invoking the long-
wavelength approximation and diagonalizing the pho-
tonic sector with a Bogoliubov transformation to elimi-
nate the A? term [7, 8, 21]. It would correspond to setting
¢ = 0 and associating the electronic collective momenta
to C, and renormalized frequency and couplings, stem-
ming from the Bogoliubov transform, to © and g (See
Sec. IV for an example). Fermi-Hubbard models cannot
be cast to the form of Hamiltonian (1) due to the non-
linear nature of the Peierls coupling, unless it is linearized
by considering the weak coupling limit or by moving to
the dipole gauge [22-24]. Localized electric dipoles can
be described in the dipole gauge by setting ( = 1 and
associating the collective dipole operator to C, [8, 25].

Since the inclusion of the P? term to ensure gauge invari-
ance in dipolar systems is not always respected, toggling
off ¢ will clarify its effects within linear response theory.
Furthermore, we consider  a binary parameter here, but
promoting it to take arbitrary values also allows to study
a model where the P? term amplitude is not fixed by the
light-matter coupling and cavity frequency. To describe
magnetic dipoles instead, one can associate a collective
spin operator to C, and toggle off the P? term by setting
¢ = 0 [26-28]. Finally, a system of coupled oscillators is
also compatible with Hamiltonian (1), although solving it
with the theory described in this paper would be overkill.

III. LINEAR RESPONSE THEORY

Throughout this text, we will compute linear response
functions, i.e. retarded Green functions, for the light
and matter subsystems. In our derivation, we will not
specify the matter subsystem; instead, we will derive re-
lationships between the Green functions for the hybrid
light-matter system with the bare matter and photonic
Green functions. The bare photonic Green function is a
well know quantity that is trivial to compute. A full so-
lution will thus be contingent on being able to compute
the Green function of the bare matter, possibly subject
to some additional mean fields, as we will gather from the
derivation. The retarded Green function for operators A
and B is defined as

a,p(tt) = —if(t — t"){[A(t), B{X)]), (2)

With 6(t) the Heaviside step function. We will be par-
ticularly concerned with the photonic propagator

D(t) = G, ,1(t0) (3)

and matter response functions

Xoa(t) = =Gl 0, 8:0) @

where C). might be C, or any other collective matter
operator.

A. Imaginary-time path integral: Thermal Green
function

One way to compute retarded Green functions is to
obtain them by analytic continuation from the ther-
mal Green function, which can be computed from an
imaginary-time path integral formulation of the partition
function of the system. The thermal Green function for
operators A and B reads

Gl p(r—7) = —(T-A(r)B(7")) (5)

Within the imaginary-time formalism, we will obtain the
thermal Green functions in terms of imaginary time, 7, or



Matsubara frequencies, w.,,,. The retarded Green function
is then obtained with the replacement

fﬁl,B(w) = Gfﬁl,B(wﬂ”L>|iwm—>w+:w+iO+ ) (6)

for all positive Matsubara frequencies [1][Chap. 7].

1. Effective action

We formulate the partition function as a path integral

over coherent states
7= e (7)
a,a,c

2 &y

with

S =S+ [ a(r)(: +alr)
’ p 0
+ [(an) +amncun + & [ 2.

Here §, . . = [ Dla,a]D[d] is the functional integral over
coherent-state paths, with a and a the complex conjugate
fields corresponding to the cavity and c¢ standing for an
unspecified matter coherent field, and [ = foﬁ dr is the
integral over imaginary time. A partial integration over
the photonic fields, which is but a collection of Gaussian
integrals, yields an effective action Seg = Sp, + Sing With
an induced retarded collective interaction [29, 30]

Ny /02

Swa=g* [ Culr)Dofr = 7)C.

7,7

Here Dy is the free photon propagator
efrﬂ

Do(7) = o

or in Matsubara frequency space

1

Dolwm) = 7-—5"
m

It is convenient to write

md - / C 1nd(

V}nd (T)

—7C (1), (12)

with
—7))+ 2(%26(7) . (13)

or in Matsubara frequency space

Q*(¢—1) +(wp,
Qwz, +0?)

= X*(Do(7) + Do(8

Vind (wm) = 2)\2

(14)

Note that we symmetrize Vi q with respect to 7. It can
be seen that the odd part of Vj,q does not contribute to
the action. This will be justified later, when we relate
Vina to the propagator of an auxiliary real scalar field,
which must be even.

2. Auziliary field decoupling

The induced interaction can be decoupled with a
Hubbard-Stratonovich transformation that introduces an
auxiliary scalar field, ¢:

e Sind — ZL?{exp - fN/
-if w(r)@(r)) .

We define the propagator of the auxiliary field as
W(r) = (e(1)¢(0))°. (16)

The generating functional for bare connected correlation
functions of the matter coupling operator, C,, is G2 [¢] =
—N~1log Z,[€] with

(r = )olr)

(15)

Zlé] = %e—(smﬂ' [ 0 (17)
such that
1) 1)
55(7_1) t 6§(Tn) Hl[é]‘f:o =
= _(_]\Zf) (Co(m1) -+ Co(T))S, (18)
- anc O( )

In the following we will denote Xii)’o = Xaa,0. With this,
after partial integration over the matter degrees of free-

dom, we can write [31]

7 = % e NIl (19)
7]

fliel=3 [ emVadr =)+ Ghll.  (20)

The exponent is proportional to N, suggesting that it
can be treated with the saddle-point method for large N.
The number of terms required for a good approximation
will be determined by the value of N. In the thermo-
dynamic limit, N — oo, it will be justified to truncate
the expansion at the quadratic term, which will reveal
what is the free propagator of the auxiliary field ¢. The
condition that the functional derivative of f with respect
to ¢ vanishes

5g [‘Psp] _
Spsp(T)

)up(r') + 5 (Cal))g, = 0

/
[ Vi =) +
!/ .

[ ikt -

or in Matsubara frequency space

(21)

Pup(iom) =~ Vinawm) Calom)lsy (22)



formally defines ¢gp,. Let us postpone the issue of finding
¢sp for now and continue on by expanding f in powers of
@ around ¢gp,. It is convenient to note that, by definition,

ACED S BRI REICANGNCHRNEAR

Meven
(23)
By virtue of ¢y, being a minimum of f, f is locally
quadratic in its vicinity

= flowl =3 [ 8607 (= 7)be(r)
+ (5(5&) .

(24)

Here 0 = ¢ — g and
(NWo)™ = Viod + Ramo (25)

with
Xaw.0(7,7') =M£(TWSS(T,>Q&[%})] -
= (GO,

Here Xz4,0 refers to the bare matter propagator but sub-
ject a field ipgp, as per Eq. (17). Note that if pg, = 0
then Xzz,0 = Xaz,0- At this point we note that Wy, which
is the free propagator of ¢, a real scalar field, is a func-
tion of Vinq. It now clear why we symmetrize Ving, Wy
must be even in time. The importance of Eq. (25) stems
from the fact that for N — oo one can safely truncate
the saddle-point expansion to second order, which implies
that W = Wy. We can now obtain relations between the
auxiliary field propagator, W, the photonic propagator,
D, and matter response functions.

8. Dressed response functions in terms of bare response
functions

In the following we will define generating functionals
for connected correlators in imaginary time. These differ
from the thermal Green function as defined in Eq. (5) in
symmetry broken phases when the expectation value of
the operator for which one is computing the connected
correlator acquires a finite value. However, this difference
only affects the zero frequency component of the correla-
tor and is thus unimportant for the analytic continuation
to real frequencies.

Let us define the generating functional for photonic
connected correlators by introducing a complex field in
Eq. (7): Gpn[n, 7] = —log Z[n, 7], with

2,7 = },{ @A) (97)

After partial integration of the cavity fields, this yields

Z[n,n]=£exp—(5m+cg/702(ﬂ

(28)

+ / m(r)Do(r = 7)m(7))

with m(7) = n(7) + gC, (7). With this
N .
D =)= G sy |
=Do(T — 7'

— /\2/ Do(7 — u)Xga(u —v)Do(v —7'),
| (29)

or in Matsubara frequency space
D(wm) = Do(wm) = A Do(wimn) Xz (Wm) Do(wm) - (30)

Likewise, we can define the generating functional for mat-
ter connected correlators. Since we are interested in re-
sponse functions, i.e. two point-correlators, we can rather
generally consider correlations of three distinct matter
operators, the matter coupling operator, C,, and two
others, that we label )y and C,. Note that z,y and
z are simply indices here and they do not necessarily
indicate spatial direction. The generating functional is

gm[gzagyvgz] =—-N"! IOgZ[gmfwgz]a with

Z[Saﬁ §y7 fz] = % 6_(Seff+i S 2, En(T)Cr (7)) ) (31)
P
After partial integration over the matter fields, this yields

21,8y, E) = % e NIlotarby Le] (32)
%]
with

1 -1 77_/ 7_/
flpotntl =y [ ooWadir=oetr)

+ ggl[gac + Saagyaé-z] s

Here gr?n[é:r:v fyv gz] =—-N"! log Zm[fz» §y7 gz] is the gen-
eralization of G [¢] (17), with

Tl 0,661 = 7St T (3

c

Then a second-order expansion of f[p,&,, &y, ;] around
Ysp yields



f[‘pvgﬁcagyvgz] - f[(Psp,0,0,0] =

)

+ dp(r

%/TT/(&O(T)(NW)* (1 —1")dp(T +Z§’" X0 — 7)Es(7)
ZX;ETO

(35)
+Z§T )Xo (r = 7)30(7) )

The functional integral over the auxiliary-field displacements dp is just a Gaussian integral that we can perform,

yielding

Gulte &6 =cstt 330 [ &) <>~<m,o<7 -

With this

0
8&- (1) 0&s(T")

er(T - 7'/) = gm[fxa ﬁyv gz]

&-=0Vr

or in Matsubara frequency space

- )zr:p,O(Wm)NW(wﬂT))ZIT,O(wm) .
(38)
(25) and (38) we arrive at the

Xrs (wm) = )27'3,0 (Wm)

Putting together Eqgs.

relations

)ZI’I’ O(wm)

zr (Wm y 39

X ( ) 1 + ‘/lIld(w"L)Xl.L O(wrn) ( )
Xra O(Wm)

re(Wm) = ’ = , 40

X ( ) 1 + Vvind(wm)wa,O(Wm) ( )
X"5|r,s7éa: (wm) = XTS,O(MW)

_ er,o(wm)vind(wm)ixs,o(wm) (41)
1 + Vvind(wm)sz,O(wm) ’

which together with Eq. (30) give us the dependence of
the photonic propagator and matter response functions
on the bare matter response function and the free photon
propagator. Note from Eqs. (26) and (34) that x,50 is
simply the response function of the bare matter subject
to an external field g, the saddle point. Equations (39),
(40) and (41) exhibit a structure similar to the response
functions commonly derived using the random phase ap-
proximation, such as those found in [31]. It is important
to highlight that these equations remain valid for all pa-
rameter ranges and are applicable to both normal and
superradiant phases.

4. Computing the saddle point psp.

We look for constant solutions of the saddle-point
equations, i.e. Ysp(T) = Ysp = Ysp(wm = 0) (all other
frequency components being zero). Then, from Eq. 22
we find
i
N m = 0)<Cz>wsp : (42)
This tells us that ¢gp is self-consistently proportional to
(Cz)y.,, i-e. to the expectation value of C, for the bare

Psp = — Vvind (w

= )27"8,0(7-

/ T (7 — W)NT (1 — )0 (1 — T')> ). (36)

5

U)NW(U U)f(;cs,O(u - T,) ) (37)

T/) _/ )er,O(T
u,v

s

(

matter subject to a field ipy, = %de(wm = 0){(C,).
This is precisely the self-consistent condition that arises
from computing (C,) from the mean-field Hamiltonian

A2(¢ -1

20%(C ~ 1 )iy
e LG (43)

HYY = Hy,+ NG )<C$>C$—
This is the mean-field theory of the effective Hamiltonian
that arises from taking the static limit in Vi,q in the
effective action [8]. Thus, if we assume ¢g, constant,
Xrs,0 are just the response functions of the mean field
matter Hamiltonian of Eq. (43). Thus, X,s,0 are obtained
as functions of (C,) which can be computed by solving
HMF variationaly with respect to (C,;). Note that in the
absence of symmetry breaking, i.e. when (C,) = 0, or if
¢ =1, the effective matter Hamiltonian is just the bare
matter Hamiltonian and thus X,s0 = Xrs,0 is just the
bare matter response.

B. Equations of motion for the retarded Green
functions

An alternative way to compute retarded Green func-
tions is by formulating their equations of motion and, un-
der some assumptions, solving them. Defining G 5(t) =

5 (t,0) we have from Eq. (2) that

i0,G’y p(t) = 0(t)([A, B]) = Gy a1,5(t)  (44)
or in frequency space
wy Gy p(w) = ([4, B]) = Gl a1 p(w), (45

with w, = w +i0t.

1. Solving the equations of motion

Let {|a)} be a basis of the Hilbert space of the mat-
ter subsystem and let us define the Hubbard operators



X = |a){y|. We start by computing the matter corre-
lation function y,s. Note that

1
Xrs = =3 Ge = Z COYGar e, (46)
where C2Y = («|Cy|y). Then

W+Gg<cw,cs (w) =([X*7,Cs]) - GfH,XM],cS (w)

=-T - Gme,Xow},Cs (w)
- gc;ﬂ(ra—&-af)[C%,X(’“/],C8 (w) (47)
g2
- Cﬁchg,xw],cs (w)-
Here 97 = ((Co, X)) = 37, (C4(X07) — Cqr(xn)).

The last two terms of Eq. (47) correspond to three-point
Green functions. One could now write the equations of
motion for such three-point Green functions, which would
in turn depend on four-point Green functions, and so
on and so forth. This infinite hierarchy of n-point cor-
relators involves light-matter interactions, as discussed
in the context of lasing physics [32, Chapter 9] or light
emission [33]. At some point, the hierarchy needs to
be truncated. The crudest approximation is to restrict
the theory to two-point Green functions, assuming that

Yo ~ (A)Gg o + (B)GY ¢, which amounts to ne-
glecting correlations of order higher than two for all terms
stemming from light-matter interaction. In terms of fluc-
tuations, this means that only linear fluctuations between
the two systems are relevant, and that correlated fluctu-
ations are largely suppressed. This approach is reminis-
cent of RPA or mean-field approximations, which need to
be justified. This has indeed been discussed within the
Dicke model, where the traditional educated guess that
quantum fluctuations vanish in the N — oo limit [32,
Chapter 9] [Cf. with the equilibrium argument in [6]]
has been rigorously demonstrated recently [34]. In that
work, the proof was restricted to the Dicke model and
within the Lindblad framework, i.e., adding dissipation
in a Markovian manner. This result is relevant to us since
LRT falls within the conditions of the theorem demon-
strated in that reference, which requires the dynamics
to start with an uncorrelated initial condition between
light and matter. This can be safely assumed here since
the response is independent of the excitation and can be
obtained from excitation functions where the initial con-
dition is assumed to be at equilibrium, which can be well

It is true, however, that in our case we are not considering
dissipative Lindblad dynamics and we include potential
matter-matter interactions. In any case, we believe that
restricting to two-point Green functions can be proven to
be exact, as it agrees with the saddle-point solution for
N — oo discussed in the previous section. In fact, this
section concludes by obtaining the same response func-
tions as within the path integral formalism. This suggests
that generalizing Ref. [34] might be possible in a future
work. With this,

W+G§<w7cs (w)=-T¢" — Gan,,XawLCS (w)

—g{a+ GT>G][rCm,ch] c. (W)
2

2g .
- Cﬁ<cz>G[cm,Xav],Cs (w) (48)
_ gl"cw (

0.(@) + Gl o, (@)

F"”Gcw,c (W)

)

Q

We can put together the second, third and fourth ele-
ments in the right-hand side to build a mean field matter
Hamiltonian

2 2
HMF = H, + gla+a")C, + C%<Cx>0x . (49)

Note that the constant terms in this mean-field Hamil-
tonian are omitted here. We will show later that this
Hamiltonian is equivalent to the mean-field effective
Hamiltonian (43) obtained with the path integral ap-
proach under a mean-field decoupling of full light-matter
Hamiltonian. At this point we can assume that the basis
that we have been using, {|a)}, is precisely the eigenbasis
of HMF  with eigenenergies {E,}, obtaining

EV)GB(M ,Cs (w)
0. )+ G e, @) (50

—Cfr(w c..o.(W).

xHs

W+G§(aw,cs (w)=-T7" — (Ea —

_ gre (

We can compute the photon-matter Green functions that
appear on the second line obtaining

(wy =Gy ¢, (W) = 9Ge, o, (W), (51)
(wy + Q)Gaf c. (w) = —9GGe, c. (w). (52)

approximated by uncorrelated light-matter states [7, 28]. Putting together Egs. (50), (51) and (52) we get
J
1
(Wi + Ea = By)Gxor ¢, (W) = —T77 =TT Vina(w) G, 0, (@) (53)
with Vipg(w) = Vind(Wm)liw,, swrio+- Together with Eq. (46) this gives
1 r rev
rs = =~ C(X’Y+ I Cav#wn s .
() = 5 26 Wi + Eo — B, pBLet Wi + Eo— B, a(@)xes (@) (54)

ay

ay



From the definition of I'?” and noting that (X*7) =

iy e 11
Na’y r w++Ea—E7_NZa’Y

With this and Eq. (54), we finally obtain

o >~(zr 0( )

o XTm,O( )
Xs ) = T3 el 57
X7'8|r,375z (W) = Xrs,0(w)

_ )NCrx,O(W)Vind(w))N(xs,O(w) (58>
1 + Vvind (W)er,o (UJ)
which coincide with the analytic continuation of Egs.
(39), (40) and (41).
Proceeding in a similar fashion, we can now compute
D and Dy = Gy; ;- First we have

(W =) D(w) = 1+ 9Gg, 4t (W), (59)
(Wi + Dy (w) = —9Gg, 41 (W) (60)
Again we use the decomposition Go, ot
D a CC”GE(M ,+ and compute

(Wi + Ea = Ey)Gxar g1 =—9F°‘” (D(w) + Dy (w))

- Cira’y Cy,atf (UJ) )
(61)
such that
o= kel (py D). (62)

T1+ (& ? Xaw0(w)

Plugging this into Egs. (59) and (60) we get
(w—Q)D(w) =1

XM Xawo(w)
1+ (2 %0 0(w)

(D(w) + Dy (w))
(63)
)‘ >~(zx (J( )

W+ Dy (w) = . (D(w) + Dy (w)) -
1+ CQ{;?X.L‘L O( )
(64)
We can now solve for D and D to get
+0+ )\224(W++Q) Q- e
D)= =~ )
-2+ 2)\2$er7o(w)
)\QXCEI,O(W)
D+(W) = 5 C(w2 —02)+Q2 _ : (66)
T -2 2Nt Xzz,0(W)

Although not immediately obvious, Eq. (65) is precisely
the analytic continuation of Eq. (30). We prove this
relation in App. B.

e_ﬁE'y —e 5E

w++Ea—E.Y

Z 7164 exp(—BE,) we find that

0] Cr ) (1] Cula) = Ko@) (55)

2. Mean-field decoupling of the light-matter Hamiltonian

Let us consider the Hamiltonian in Eq. (1) with a
mean-field decoupling of the light-matter interaction and
P? terms. We expand C, = (C,) + 0C, and a + o' =
{a+a')+6(a+a') and neglect terms quadratic in fluctu-
ations, obtaining two decoupled Hamiltonians and some
constants: H = HMF + H%F + cst. with

2

NP — H, 4 gla+ aT)Cy + g%@.m . (67)

th = Qa'a+ g(a+a')(C,), (68)
2

est. = —gla+a")(Cy) — (5 (Ca)?. (69)

The mean-field photonic Hamiltonian H)}* can be diag-
onalized with a displacement, a = b — g/Q(C,), yielding
H)F = QbTh, a new constant —g?/2(C,)? and the rela-
tion {a + a') = —2¢g/Q(C,). Plucking this relation into
the mean-field matter Hamiltonian, HMF  and all the
constants gathered in the different steps yields precisely
the mean-field effective Hamiltonian, HM", of Eq. (43).
The constants are important for a potential variational
solution.

C. Comparing the two theories

In this section we have shown the equivalence between
two different approaches to address the linear response
regime of cavity QED materials. Although seemingly
very different, the path-integral in imaginary time and
the equation of motion in real time provide exact analyt-
ical results in the thermodynamic limit, N — oo. The ef-
fect of the thermodynamic limit is clearly identified in the
path integral approach when the saddle point method is
invoked. Instead, with the equation of motion method it
requires an analysis of the scaling of the correlated parts
of higher-order correlation functions with N. On the
other hand, the equations-of-motion approach does not
require the auxiliary field of the Hubbard-Stratonovich
transformation, which allows us to interpret the steps
used to calculate its propagator W. We can see that the
auxiliary field ¢g, plays the same role as the mean-field
background in the equation of motion, which couples to
the fluctuations.

The two approaches cement the understanding that
mean-field approaches are exact in the thermodynamic
limit for Dicke-like models, even if matter interactions are
considered. Together, they paint the following picture.



One can construct a hierarchy of light-matter correla-
tions: observables, response functions, three-point corre-
lators, etc.. Normally, this hierarchy is not closed, mean-
ing that n-point correlators depend on n + 1-point corre-
lators, and so on, ad infinitum. This can be seen in our
equations-of-motion approach. In contrast, for Dicke-like
models of the form of Eq. (1) it seems that this hierar-
chy can be truncated at any order and still provide exact
results for that order of the hierarchy. In this paper we
have confirmed that this is the case for one- and two-
point correlators. One-point correlators (expected values
of a single light or matter observable) are computed from
the effective mean-field Hamiltonian of Eq. (43). Note
that at this level it seems like we are neglecting all light-
matter correlations, even two-point correlations. Then,
two-point correlations, which define linear-response the-
ory, are given by Eqs. (30), (39), (40) and (41) and de-
pend solely on bare two-point correlators, in particular
on those of the mean-field effective Hamiltonian. From
our path-integral approach, we see that this is simply a
consequence of the fact that each order of correlations
corresponds to a new term of the saddle point expan-
sion, and as such is a factor 1/N less significant than the
previous order [35]. In the thermodynamic limit every
order is completely independent of all higher orders in
the hierarchy.

As a caveat, note that this discussion only applies to
light-matter correlations. The material subsystem will
generally be an interacting many-body system on its own
where correlations can not be computed exactly with the
same mean-field philosophy. As such, even though we
have expressed the response functions of Dicke-like mod-
els in terms of the bare response functions of the cavity
and the mean-field effective Hamiltonian, computing the
latter will generally be a challenge itself. In the rest of
the paper and in Ref. [15] we study some cases in which
this can be done exactly as well.

This has been studied and exploited before at equilib-
rium [6-8, 28, 36], in the dynamics [34, 37] and in Refs.
[31, 38] and now here for the LRT. Beyond the LRT,
the equations-of-motion approach opens the possibility
of studying real-time dynamics.

Finally, the comparison between the two approaches is
not just an academic exercise. In many cases it can be
interesting to go beyond the N — oo limit. This would
be the case in topological systems, where boundaries play
an important role. In that case the two approaches of-
fer complementary methods incorporate finite-size cor-
rections. In the path integral approach, corrections are
computed by extending the saddle-point expansion to
higher orders, and thus relaxing W = W, for the weaker
W=! = Wy + II, where II can be computed with
standard diagrammatic techniques in terms of fourth-
and higher-order matter response functions [31]. In the
equations-of-motion approach, corrections are introduced
by expanding the theory from two- to three- and higher-
order Green functions before invoking the mean-field fac-
toring of the correlators.

IV. INTEGER QUANTUM HALL EFFECT IN A
CAVITY

A. The Hamiltonian

To demonstrate the applicability of our theory, we will
use it to study the modification of the integer quantum
Hall effect. The matter system under consideration is a
two-dimensional electron gas subject to a perpendicular
classical magnetic field. This model has been used to
explain the breakdown of topological protection that un-
derlies the observed modifications of the quantum Hall
effect by coupling to a cavity [11, 39-41]. The Hamilto-
nian of the electron gas coupled to a single-mode cavity
reads

— eAexi (1) — eAo(b+b7))?
H =
Z 2m
(70)
+ V(ri—r;) +Qb'b.
>

Here r;, p; are respectively the position and momentum
operators of the i-th electron. Both the external classical
vector potential and the cavity’s vector potential point
along the z-direction: Acx(r;) = —Byje, and Ay =
V1/(260VQ)e,. The V and ¢ are respectively the cavity
mode volume and the dielectric constant. V(r; —r;) is
the Coulomb interaction between the electrons. After
some manipulations, we can write the Hamiltonian as

Tt R <\/OT i \/gy> R

i i
+ Qb'h + Q(b+b)

where H,, is the bare (without cavity) electron gas
Hamiltonian

eAx (r;
Hm :Z (pj et J +ZV —TJ (72)

J i>]

and p, and gy are adimensionalized collective operators

1
Pz = § DPzx,j
‘ v/ 2muwyp, ; !

5= (74)

We have defined the plasma frequency, w, = /e2p/(meg)
with p = N/V the density of electrons is the cavity, and
the cyclotron frequency w. = eB/m. The photonic terms
of the Hamiltonian can be diagonalized with a Bogoli-
ubov transformation, which yields

 (F ) o

(75)

(73)

H=H, -



with ©@* = Q2 + w2. By identifying g = —~w,/VN and
Cy = Jwp/@hy + \/wc/@Y the Hamiltonian takes the
form of Eq. (1). Note that in this case there is no P?
term, i.e. ¢ = 0. In exchange, the elimination of the A2
term through the Bogoliubov transform renormalizes the
cavity frequency and light-matter coupling.

B. Current and optical conductivity

In the quantum Hall effect [42, 43], one is typically
interested in computing the longitudinal and transverse
conductivities. The optical conductivity tensor can be
computed with the Kubo formalism in terms of the cur-
rent response functions

i [e*pap A

<

,  (76)

&
+
h

where w; = w + 4§, A and pop are the area and sur-
face density of the two-dimensional electron gas, § is the
broadening parameter, 6, is the Kronecker delta and J;.
are the current operators in the r and s directions, with
r,s € {z,y} [44, 45]. We will now compute G% ; us-
ing the theory outlined in Sec. III, i.e. we will express

J

G, ;. in terms of the response functions of the bare elec-
tron gas, GTJ?JS.
The current operator is given by

J:eZvj
LY

Then, after some manipulation, we can express

L=\ B2 G rra)) . )

(77)
—eAexi(rj) —eAg(b+ bT))

2e2®
with v = —vNuw,/(20) and C, = /w,/0p,. Here
v/ 2mwpDy Z Dy,j- Meaning that we need to compute
. 2¢%0
G0, = o CCatratal) O ty(atal) (80)
. 2e%w
Tedy = G0 4(atat) C, (81)
. 2¢%0
GJy,Jy = m o CuiCy - (82)

Following App. C, these are given by

G (w) (1+(wp)2 LDDS( )> GT]?J( ) (83)
Juydy\ W) = - ) oW - )
w 2 1= Vina(w )QeQ&JNGJE,J( )
W2 O G0, (W) Ne? jwp\2 @

G =(14+(=2) =D; ) + =) S Dyw), 84
o) = (14 (2) 5 030) e o (2) 3P (51)
r G525, (@) + Vina (@) 5ty (G2, @)D, (@) = G52 (@G5, (@)

GJ,,,Jy (w) = . (85)

Obtaining explicit expressions for the current response
functions is now just a matter of computing the current
response functions of the bare electron gas, foﬂ 7.~ We
refer to the later as bare current response functions and
we compute them in the next section.

C. Computing the bare current response functions

To study the bare 2D electron gas we lean on the rea-
soning laid out in Ref. [41]. There, they study the same
2D electron gas subject to a perpendicular classical mag-
netic field and coupled to a cavity (70). They show that
the cavity only couples to the center-of-mass coordinates.

]. - V}nd( )2?20,)NGI<.]7(‘)7] ( )

(

Furthermore, they show that the center-of-mass and rel-
ative coordinate sectors of the Hamiltonian commute.
This essentially splits the problem into two, the prob-
lem of the relative coordinates unmodified by the cavity,
and the problem of the center or mass coupled to the
cavity. Note from Egs. (78) and (79) that the currents
also only depend on center-of-mass coordinates. Most
importantly, the Coulomb interaction between electrons
only depends on the relative coordinates. In summary,
the full problem of a 2D electron gas coupled to a cav-
ity can be broken into the problem of the relative coor-
dinates, subject to Coulomb interactions but decoupled
from the cavity, and the problem of an independent cen-
ter of mass coordinate, which couples to the cavity and



is solely responsible for the conduction properties of the
electron gas. Consequently, in order to compute bare
current response functions, we only need to study the
center-of-mass sector of the matter Hamiltonian

P — ¢Aui(R))’

2m

Hem = : (86)

with vV NR = >-;rj and VNP = >_; p; the center-of-
mass position and momentum operators. This is just the
Hamiltonian of a single electron under a classical mag-
netic field, the prototipical example of Landau quanti-
zation [46][Chap. 1]. The eigenstates of the system are
separable, into plane waves in the X direction and eigen-
states of a displaced harmonic oscillator of frequency w,
along the Y direction
5 ) s

HMKx, n) = w. (cTch

(87)
(ﬂ+ )lKX7 >,

With Px|Kx,n) = Kx|Kx,n). Here

V= ! (c+ch) (88)
2we ’
Py =i %(chc), (89)
and V = \/%(Y +leg), Py = Py/\/ﬁ, with [, =
1/(eB).

From the definition in Eq. (77) (ignoring the contribu-
tion from the cavity to get the bare current) we can see
that the current only depends on center-of-mass coordi-
nates

J = VN% (P — ¢Aou(R)) . (90)

After some manipulation, we can express

o ewe 1 7 1 ot ot
1= (P - K+ (e ) (o)
Jy =i (=) (92)

and the matrix elements

e\/w
=0k x K% ﬁﬂ;(vm + Lon,m+1
+ \/E(Sn,m—l)7

(93)

<K3(7n‘JI|KX7m>

@

i

We

(K nlJy| Kx,

(Vm + 165 41

- \/Tinén,mfl) .
(94)

m> = 5KX,K;(Z.

This shows that the current operators are diagonal with
respect to the plane waves along the X direction, such

10

that the spectral decomposition of the current response
functions can be written simply as a sum over eigenstates
of the harmonic oscillator along the Y direction. At zero
temperature, this reads

. B (0].J|n) (n| J5]0)
GJT,JS(w) - Z ( wy + Ey— FE, -

<n|Jrl0><0|an>>
wy + B, — Ep ’

(95)
Note that w, = w + id, with § a broadening parameter.
From Egs. (93), (94) and (95) we obtain the bare current
response functions

fo’f,Jw (w) = GTI’OJ (w)

_ Ne we 1 1 , (96)
N m 2 w++wc Wy — We
New 1
r,0 C
97

J”’Jy( (++UJC +—UJc)) ( )
0 () = - el — ). o)
T Jo m 2 w++wc wy —we )

D. Closed expressions for the current response
functions

Substituting Eqgs. (96), (97), (98) and Vipa(w) =
wZD§(w), with Dj(w) the analytic continuation of
D§(wm)|iwp—w. (C5), into Egs. (C11), (C12) and (C13)
yields, after some manipulation,

Ne? W4 (w+ QQ)
) = e ) -
2 0202
. Ne2 (UJ +w )( 2+£2)
1ot (@) = m (w} —@?) (W —w?) —wiw?’
(100)
)= ¢ W (w3~ 0?)
N [ e e
(101)

These current response functions have poles at wi =
+Q.4, with Q4 the frequencies of the Landau polaritons

20, = 0%+l /(@2 -wd)? + Aol (102)
This is all in agreement with the Landau polaritons
and current response functions computed in Ref. [41].
There, they solve the system exactly, computing the en-
ergies and wavefunctions and subsequently the current
response functions from the spectral decomposition for-
mula. Therefore, the agreement serves as validation that
our effective theory correctly predicts the response func-
tions of a material coupled to a cavity. We also recover
the dc conductivities in the long-wavelength limit 2 — 0,
d — 0 of Ref. [40].



For completeness, let us write down the dc (w — 0)
conductivities, which are tipically of interest when con-
sidering the quantum Hall effect,

v w20 +6?)

T WP ) (103)
2 +u2) (o +9°)
Ozz=0p | 1 — 5 YLD 5 , (104)
(2 1 02) (2 1 57
w2 (0% + 62)
Tvy = oD (1 T (¢ 52)> - (105)

Note that op = e?pop/(md) is the Drude dc conductivity
and that in o,y we have introduced the Landau level
filling factor v = paph/(eB).

It is also interesting to consider the limit of vanishing
classical magnetic field w. — 0, where the system is just
the bare electron gas coupled to a cavity. In this case,
we can see from Eqs. (99), (100) and (101) that only
G ;. is non-zero. This stems from the fact that all the
bare current response functions vanish in this limit, Cf.
Egs (96), (97) and (98). Despite this, G%; does not
vanish because it contains a term that depends solely
on the cavity, i.e. the cavity acts as a current channel
in the direction of the light-matter coupling independent
of whether the material is a conductor or not. This is
evidenced by Eq. (C9) where the last term solely depends
on the free photonic propagator. With this, the optical
conductivity reads

i6 w?
W4 wy —w

This is in agreement with the optical conductivity of the
2D free electron gas computed in Ref. [21]. Once again,
there, they solve the system exactly, computing the en-
ergies and wavefunctions and subsequenctly the current
response functions.

(106)

V. SPIN MODELS IN A CAVITY

In this section we apply our LRT to a number of spin
models. We consider these models in the context of
magnetic systems, which couple to the magnetic field
of the cavity via the Zeeman coupling and as such do
not present a P? term [8, 28]. In the particular case
of the Dicke model, for the sake of completeness, we
will compare the cases with and without the P? term,
¢ = 0,1, since it was historically proposed to describe
electric dipoles [47], in which case the P? term is neces-
sary to ensure gauge-invariance [48, 49]. Thus, with the
P? term the Dicke model describes electric dipoles and
without it it describes magnetic dipoles. Then, we will
proceed to consider the rest of the models without the
P2 term, assuming that they describe magnetic dipoles.
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FIG. 1. Cavity response, D, of the Dicke model as a function
of the collective coupling, A, without the P? term, ¢ = 0,
(a) and with the P? term, ¢ = 1, (b). The dashed lines cor-
respond to the exact polaritons computed via bosonization.
The spins and cavity are resonant, w, = €.

A. Dicke model

We apply now our LRT to the paradigmatic Dicke
model [47], for which Hy, = %> ;07 and C, = >, 07.
Here the matter subsystem 1s Just a collection of inde-
pendent emitters and the only interactions are those me-
diated by the cavity. Accordingly

_ W 2)\ -1
Z o5+
(107)

with m, = N_l(zj of). Note that for ¢ =1, i.e. in the
presence of a P? term, the effective term vanishes and
HCI‘IéIfF = H,,. In this case there is no phase transition, as
the effective Hamiltonian describes free spins, and m, =
0. For ¢ = 0, Hamiltonian (107) is non-trivial and can
be solved variationally with respect to m, (See App. D

for details) obtaining, at zero temperature,

{O
My =
Qw,
1 (%)
We see that for ¢ = 0 the model exhibits a phase tran-
sition between a paramagnetic phase with m, = 0 and a
ferromagnetic phase (also termed superradiant when the

emphasis is put on the cavity) with m, # 0. In any case,
the response function reads

Z 1)m2

if A<

4wzQ
(108)

2
- w 2e
Xaz0(W) = _?gwi — 2

; (109)
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with €2 = w? + <me) . It depends on the value

of m, and thus on the phase.

The photonic propagator, D(w), which exhibits poles
at the resonant frequencies of the hybrid system, is shown
in Fig. 1. In Fig. 1(a) we see that for ¢ = 0 there is a
complete softening of the lower polariton at the critical
coupling \? = w,Q/4, signaling the phase transition. In
contrast, in Fig. 1(b) we see that for { = 1 the softening
is partial and no phase transition occurs.



The exact polaritons can be obtained with a bosoniza-
tion of the Dicke model in the thermodynamic limit [See

J
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App. E for details]. In the case of ( = 0, which corre-
sponds to the standard Dicke model, these read [50]

202 =

w2+ 0%+ \/(wg —02)® +16)2w.

if A< inKL

W22 4 02 £ (@2 — ) + 42

with g = w.Q/(4)\?). In the case of ( = 1, the same
analysis is possible, except in this case there is only a
paramagnetic phase due to the presence of the P? term.
In the bosonization, the P? term affecting the spin be-
comes an A2 term of the corresponding oscillator. It can
be eliminated with a Bogoliubov transform, yielding a
renormalized frequency ©? = w,(w, + 4A\?/Q) and cou-

pling X = A (1+ 4)\2/(wZQ))_1/4. Then, the polaritons
are just those of the standard Dicke model in the nor-
mal phase (top case of Eq. (110)), with the substitution
w, — @, and A — X. For both ¢ = 0 and ¢ = 1 we
find perfect agreement between the exact Dicke polari-
tons and the poles of the propagator computed with our
linear response theory.

B. Longitudinal Dicke-LMG model

We consider now the Lipskin-Meshkov-Glick (LMG)
model with longitudinal coupling to the cavity as a
marginal generalization of the Dicke model. In contrast
with the Dicke model, this one incorporates intrinsic all-
to-all interactions in the matter subsystem [51, 52].

The full Hamiltonian reads

z z J xr T
H:%Zaj —NZain
ij

J (111)

—&—QaTaJrg(a—&—aT)Za;”.
J

Interestingly, the collective nature of the intrinsic inter-
action allows two alternative treatments within the lin-
ear response theory. The first option is to treat it like
we would any other intrinsic interaction: bundle it to-
gether with the field term to form the matter Hamilto-
nian, Hy = ¢ >, 07 — % Zij ofof, and then follow the
linear response theory as described in Sec. III. The sec-
ond option exploits the collective nature of the intrinsic
interaction and treats this term not within H,, but ex-
plicitly within the linear response theory, analogously to
the P? term, as it is, in fact, just a negative P? term [Cf.
Egs. (1) and (111)]. We will follow this second option
for its simplicity, since, as we show below, the resulting
H é\éfF corresponds to free spins and is identical in struc-
ture to the one from the Dicke model (107). Accordingly,

(110)
if A2>1w.Q,
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FIG. 2. Cavity response, D, of the LMG model with longi-
tudinal coupling to the cavity as a function of the collective
coupling, A\, for different values of the intrinsic interaction, J.
The dashed lines correspond to the exact polaritons computed
via bosonization. The top right insets show the magnetiza-
tion. The transverse field is set to w, = €.

we have
222 Q2

Via@) =5 o e

—2J, (112)

and

Wz z T
HMF — - > o7 —2Lama »_oF + Jegm2, (113)
J J
with m, = N_1<Zj of) and Jeg = %2 + J. Solving the
Hamiltonian variationally with respect to m, (See App.
D for details) yields, at zero temperature,

0 it w, >4,

2 (114)
1= (g95) i ws < 4o

My =

Like the Dicke model (for ¢ = 0), the LMG model ex-

hibits a phase transition between a paramagnetic phase

with m, = 0 and a ferromagnetic phase with m, # 0.

The response function reads (See App. D for details)
w? 2

z

Xoz,0(W) = Pl (115)

with &2 = w2 + (4Jogm,)>. It depends on the value of
my, and thus on the phase.

In Fig. 2 we show the photonic propagator, D(w),
which exhibits poles at the resonant frequencies of the



hybrid system, as a function of the collective coupling. In
Fig. 2(a), for J < w,/4, the lower mode goes to zero at fi-
nite coupling, signaling the phase transition. The critical
point is displaced to a lower coupling, A, with respect to
the Dicke model due to the synergy between the intrinsic
and effective interactions. In Fig. 2(b), for J > w,/4 the
system is always on the ordered phase independently of
the value of A\. In both cases there is a splitting at zero
coupling, A = 0, due to the intrinsic interactions. In Fig.

J

202 =

P24+ 0%+ \/(a;g —02)% + 16M2w. 0
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2 we also overlay the exact polaritons obtained with a
bosonization of the longitudinal Dicke-LMG model with
longitudinal coupling to the cavity in the thermodynamic
limit. It is is a generalization of the bosonization of the
Dicke model, developed in Ref. [50], to account for the
interaction term [See App. E for details]. It is also a
particular case of the polaritons obtained in Ref. [52]
for the anisotropic Dicke model with collective matter
interactions. The resulting LMG polaritons are

if Wz Z 4ch'fa (116)

w2/i? —4pJw, + Q% + \/(wg/[ﬂ —4iJw, + 02 + 1602w Q  if w. < 4],

with @2 = w.(w. — 4J), A = A1 — 4J/w,)""/* and
i = w,/(4Jog). We find perfect agreement between the
exact LMG polaritons and the poles of the propagator
computed with our linear response theory.

This model describes recent experiments in rare earth
quantum Ising systems, such as LiHoF4 [26, 27]. These
experiments aim to observe how the lowest excitation
mode softens as it approaches the ferromagnetic transi-
tion. We can understand that Eq. (111) is equivalent to
a Dicke model where A becomes v A2 + JQ. Therefore,
the softening of the mode can be viewed as the behavior
of the lower polariton in the Dicke model.

C. Transverse Dicke-LMG model

Thus far we have only considered models where the
intrinsic and cavity-mediated interactions are synergis-
tic, here we consider the transverse Dicke-LMG model:
an LMG model with transverse coupling to the cavity
[51, 52], named in analogy to the (transverse) Dicke-Ising
model [36, 53-58]. The full Hamiltonian reads

T T z z J z __z
H:%Zoj —&—%Zaj —NZUZ-UJ-
J J ij

—l—QaTa—l—g(a—i-aT)Zof.

J

(117)

For vanishing longitudinal and transverse fields, w, and
w,; respectively, the transverse Dicke-LMG model has a
Zo X Zs symmetry. The first symmetry corresponds to
a spin flip, 05 — —o7, and in the bare LMG model it is
spontaneously broken in a second order phase transition
from a paramagnetic to a ferromagnetic phase. The sec-
ond symmetry corresponds to a simultaneous cavity-field
and spin flip, @ = —a and o] — —o7j, and in the bare
Dicke model it is spontaneously broken in a second order
phase transition from a normal to a superradiant phase.
As we show in the following, we find that the combina-

(

tion of the two symmetries gives rise to a first-order phase
transition in the transverse Dicke-LMG model between
two symmetry-broken phases: a ferromagnetic normal
phase for large J and a paramagnetic superradiant phase
for large A\?/Q2. Switching on the external field has the
effect of explicitly breaking the corresponding symme-
try, preventing the spontaneous symmetry breaking that
characterizes a phase transition. We find that if only
one external field is switched on, the phase transition is
demoted from first to second order. If the two external
fields are switched on, the phase transition is eliminated
completely.

In order to solve the model, we will consider the intrin-
sic collective interactions explicitly within the linear re-
sponse theory. However, unlike in the case of the longitu-
dinal Dicke-LMG model, in this case the cavity-mediated
and intrinsic interactions act on different axes, i.e. they
couple different collective operators: C, = Y j o and
C, = Zj o; respectively. Accordingly, a slight gener-
alization of the linear response theory presented in Sec.
IIT is required as there are now two induced interaction
terms within the effective action

202 Q2
Vind,o(w) = ?W’ (118)
Vina,z(w) = —2J . (119)

The system can be solved with the multimode generaliza-
tion of the linear response theory developed in App. A,
since from Eq. (A3) onward it is irrelevant whether the
different induced interaction terms all stem from actual
cavity modes or if some stem from cavity modes and oth-
ers from intrinsic collective interactions. The expression
for the photonic propagator remains unchanged, see Eq.
30, as it solely determined by the operator that couples
to the cavity. In contrast, matter correlators have new
contributions afforded by the new interaction channel,
Vind,z- We find



)ZQEJ:,O + Vind,z det(f(o)

Xz

with (Xo)rs = Xrs,0- The mean-field effective Hamilto-
nian reads
~ ~ 2
HMF — % Z J;Ur% Z ajJr%miJrNJmi , (121)
J J
with 0, = w; — 4’\52771_,,3 and w, = w, — 4Jm,. Solving
variationaly with respect to m, and m, (See App. D for
details) allows us to compute the equilibrium values of
m, and m, numerically and subsequently the response
functions Xzz,0, X22,0, Xs2,0 and X:»,0, which depend on
the values of m, and m,.

In Fig. 3 we show the photonic propagator, D(w),
the matter response function, x..(w), (left inset) and the
magnetizations, m, and m., (right inset) as functions of
the collective coupling, A, in four different scenarios of
external fields values. The intrinsic interaction is set so
that at zero coupling the cavity and the spins are reso-
nant: 4J = Q. In the case of vanishing w, and w,, Fig.
3(a), we observe a first order phase transition, evidenced
by the discontinuous behaviour in the order parameters
of the two ordered phases. The photonic propagator has
a pole that goes to zero at the critical point, signaling the
gap closing. We include ., in the left inset for complete-
ness because the photonic propagator depends on xg.
[Cf. Eq. (30)] and the system becomes unresponsive to
probing along the z direction in the superradiant phase.
This is caused by the fact that the intrinsic interaction
is the only term in the Hamiltonian containing ¢* opera-
tors. Due to its collective nature, its effect is switched off
(mean-field behaviour) in the superradiant phase where
m, = 0 [Cf. Eq. (121)]. The system is then fully or-
dered along x and with no off-diagonal terms it becomes
unresponsive to probing with o*. Accordingly, in the su-
perradiant phase the photonic propagator only shows a
pole at the cavity frequency. To witness the other exci-
tation of the system we look at x,, which shows a pole
that emerges from zero at the critical point, signaling the
gap reopening. The combination of D and Y., provides a
complete picture of the excitations of the system. In Fig.
3(b) we see that switching on the transverse field, w,,
eliminates the superradiant symmetry. The phase tran-
sition becomes of second order, with m, the sole order
parameter. Like in the previous case, the absence of non
mean-field terms containing ¢* in the Hamiltonian makes
the system unresponsive to o, in the superradiant phase.
Thus, we also include x., to witness the gap reopening.
Alternatively, in Fig. 3(c) we see that switching on the
longitudinal field, w,, eliminates the ferromagnetic sym-
metry. The phase transition becomes of second order,
with m, as the sole order parameter. In this case, the
presence of the longitudinal field endows the photonic
propagator with visibility of all the excitations, show-
casing the full gap closing and reopening at the critical

B 1+ Vvind,:vjzzz,o + Vind,zjzzz,o + ‘/ind,m‘/ind,z det(;(O) ’
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FIG. 3. Cavity response, D, of the Dicke-LMG model (LMG
model with transverse coupling to the cavity) as a function of
the collective coupling, A, for different values of the longitudi-
nal and transverse fields, w, and w, respectively. The top left
insets show the matter response x... The dashed lines cor-
respond to the exact polaritons computed via bosonization.
The top right insets show the magnetizations. The intrinsic
interaction is set to 4J = €.

point. Finally in Fig. 3(d) we switch on both the lon-
gitudinal and transverse fields. All symmetries are now
explicitely broken and the phase transition gives way to
a smooth crossover of m, and m, dominant regimes for
small and large A respectively. The gap remains finite at
all times.

In Fig. 3 we also overlay the exact polaritons obtained
with a bosonization of the transverse Dicke-LMG model
in the thermodynamic limit. It is a generalization of the
bosonization in Refs. [50, 52][See App. E for details].
In contrast with previous examples, the resulting polari-
tons do not have a closed expression for w, # 0 because
the superradiant symmetry is explicitely broken in this
case. Nevertheless, we find perfect agreement between
the exact polaritons and the poles of the photonic and
matter response functions computed with our linear re-
sponse theory.

D. Heisenberg ferromagnet coupled to a cavity

We finish the section by commenting on the paradig-
matic Heisenberg model. In particular we consider a fer-
romagnetic Heisenberg model on a 3D lattice, such that



the model is ordered below a critical temperature,
w
Hm = —JZO',L'O']' + ?ZZUJZ
(ig) J

Here (i) is the sum over nearest-neighbor pairs. The
ground state of the model corresponds to a symmetry
broken ferromagnetic state. For vanishing field, w, = 0,
the spins will be magnetized in a random direction of
space, spontaneously breaking the SO(3) symmetry of
the model. The addition of a field demotes the symmetry
to SO(2) in the plane perpendicular to the field, setting
the magnetization direction along the field. It also opens
a gap between the spin-wave band and the ground state,
such that the zero momentum spin-wave has an energy
gap with respect to the ground state of w,. The coupling
to a cavity in a direction perpendicular to the classical
field will demote the remaining SO(2) symmetry to Zs
in the cavity field direction. The cavity coupling, C, =
> ; 07, will compete with the classical field in setting
the magnetization direction. The corresponding effective
Hamiltonian reads

HMF :% Zaj» — JZUiO'j
J (7)

(122)

2 e X
ng”joj QM

If we assume that the model is ordered, the interaction
term contributes an energy —Jz with z the coordination
number, independently of the value of m,. Thus, the
variational Hamiltonian is equivalent to that of a Dicke
model [Cf. Sec. VA.]. The behaviour of the magnetiza-
tion, mg, is also inherited from the Dicke model. For a
subcritical coupling, A < v/w,Q/2, the model is ordered
along z. When the coupling reaches the critical point,
the magnetization starts to turn towards the x axis in a
second order phase transition.

The response function Xz, corresponds to the exci-
tation of the zero-momentum magnon, with a pole at
w? = w2+ (4X?m, /Q)?%. Therefore, our LRT predicts the
formation of polaritons of this zero-momentum magnon
with frequencies given by Eq. 110, following the physics
of the Dicke model.

VI. CONCLUSIONS

In this paper, we have presented a linear response the-
ory for materials collectively coupled to a cavity. We have
employed two different approaches. The first relies on a
path integral formulation of the partition function and a
saddle point expansion of the partition function that is
truncated exactly in the thermodynamic limit. The sec-
ond is more direct and relies on formulating the equations
of motion for the response functions. These are truncated
to second order in light-matter fluctuations and solved,
yielding equivalent expressions for the response functions
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to the first approach. This provides a posteriori valida-
tion for the truncation of the equations of motion, which
confirms the validity of a mean-field decoupling of the
light-matter interaction in cavity QED materials. We ob-
tain exact expressions for the response functions of the
hybrid system in terms of the bare response functions of
the cavity and the material.

The theory has been demonstrated in several systems,
showcasing its applicability. In the Quantum Hall effect
we have recovered the optical response and Landau po-
laritons computed previously in Refs. [40, 41]. In mag-
netic systems, we have started from the non-interacting
Dicke model and progressively complicated the model by
adding collective intrinsic interactions to yield the lon-
gitudinal Dicke-LMG model and then changing the cav-
ity coupling direction to induce a competition between
intrinsic and light-matter interactions in the transverse
Dicke-LMG model. Finally, we have explored the effect
of the cavity in an ordered Heisenberg ferromagnet. Our
predictions have been validated against other analytical
results.

Even if the focus of the paper has been the linear
response theory, the study of the different spin models
has provided some interesting independent physical in-
sights. In particular that first order phase transitions
arise in hybrid systems with competing orders, such as
the transverse Dicke-LMG model. In this sense, our re-
sults also point to the fact that the robustness of this first
order phase transition depends on the nature of the in-
trinsic material interactions. A transverse field demotes
the phase transition to second order for the transverse
Dicke-LMG model (collective interactions) but not for
for the (transverse) Dicke-Ising model (nearest-neighbor
interactions) [15, 36, 53, 58]. We underline that this has
been witnessed through the lens of the photonic response,
which is relevant for its experimental implications. Cav-
ity transmission is a common probing mechanism for
magnetic materials inductively coupled to a cavity [59-
63].

Although not explored here, the computation of finite-
size corrections is possible. In the path-integral approach
this would be achieved by considering higher order terms
in the saddle-point expansion. Alternatively, one could
truncate the equations of motion at higher order, to in-
clude three- or higher-order correlators [64-66]. This
would be relevant in the study of topological systems,
where boundary effects are crucial [67-69]. Also, real
time dynamics could be easily studied with the frame-
work of the equations of motion [37, 70].
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Appendix A: Linear response theory for a
multimode cavity

Consider the Hamiltonian for a material coupled col-
lectively to a multimode cavity

H :Hm + Z Qka,tak
k

+ > gi (ar + af)
k

(A1)

J

e_Sind —

Zy

We define the propagator of the auxiliary fields as
Wip(7) = {0r(T)ep(0))°. (A6)

The generating functional for bare connected correla-
tion functions of the matter coupling operators, Cj, is

Golék] = =N ' log Zm[€] with
Znl&k] = fef(smﬂ' 3 S & (T)Cr(7) 7 (A7)
such that
5 5 -
TG R T e R
=) Cutmn Y
—X}Sl) kn,o( ey Th)

In the following we will denote Xl(cp),o = Xkp,0- With this,
after partial integration over the matter degrees of free-
dom, we can write

Z:f e~Nfle]
Pk

Z/ ,%Ok(T)Vile,k(T—T')wk(T')+g&[<ﬂk]-
f (A10)

(A9)
with

flex] :%

Lj{e INS S on(MVind n (T en(7) =i 5, [, n(1)Ci(r)
%)
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The corresponding action reads

S =S+ Y [ au(r)@ - Wan(r)
k} T
+zyk/
g 2
+C§Q];/T0k(7)

After partial integration over the cavity field, the induced
action reads

Sina = 5 Z/ Ci(r

with

7) + a(7))Cr(7)

1nd k(T*T )Ck( )7 (A3)

Q2 (¢ —1) +¢w,
(w2, +92)

Vind k(Wm) = 27 (A4)

The induced interaction can be decoupled with a
Hubbard-Stratonovich transformation that introduces an
auxiliary scalar field for each mode, @y:

(A5)

(

Like in the single-mode case, we apply a saddle-point ap-
proximation for large N. This requires that the number
of modes, M, be finite, i.e. that limy_o M/N — 0.
Otherwise higher order terms in the saddle-point expan-
sion might not actually be negligible. The condition that
the functional derivatives of f with respect to ¢ vanish

i

ﬁ‘find,k(wmxck(wm»«pk,sp (All)

Prsp(Wm) = —
formally defines ¢y, «p. Assuming a constant solution for
Yk sp, We find

)
Pk,sp — _Nvind,k(wm = 0) <Ok’>tpk-.sp : (A12)
This tells us that ¢y, o, is self-consistently proportional to
(Ci)pp..p» 1-€. to the expectation value of C}, for the bare
matter subject to fields iy op = %de,k(wm = 0)(Cg)-

This is precisely the self-consistent condition that arises
from computing (C}) from the mean-field Hamiltonian

2X2(¢
" =Ha +Z NQ;

Ai - >
- ;W<0k> .

Yiene,
(A13)



This is the mean-field theory of the effective Hamiltonian
that arises from taking the static limit in Vinqx in the
effective action [8].

Expanding f around the saddle-point yields

(NWoli = bV + Tapoe (ALY
with
~ 6 6 0
Xkp,0{T1,72) =
(T4 72) = 5o S S ) (A15)
1 ¢
:N<Ck(7—)cp<7/)>tpk,sp )

For N — oo one can safely truncate the saddle-point
expansion to second order, which implies that W = Wj,.

We can now obtain relations between the auxiliary field
propagator, Wy, the photonic propagator, Dy, and mat-
ter response functions. Let us define the generating func-
tional for photonic connected correlators by introducing a
complex fields in Eq. (A2): Gpn[nk, k] = — log Z[nk, 7k,
with

Z[nk,ﬁk] = % e—(S-i-Zk S (ar (7)1 (T) 48 (T) 15 (7)) )
ag,ak,C

(A16)
J

flek: €] — flor,sp, 0] = % Z/ /(590k(7)(NW);;,1(T —7)00p(1") + &k (T) Xbp,o (T — 7")Ep (")
kp YT
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After partial integration of the cavity fields, this yields

Z [, k) = j{exp— (SIH+CZ;§/O’3(T)
c - -

+3 [ mDetr —7mn).
k T, T
(A17)
with mg(7) = ni(7) + g Cr (7). With this
Dy(wm) = Dio(wWm) — Az Do (Wi )Xok (Wi ) Do (wim) -
(A18)

Likewise, we can define the generating functional for mat-
ter connected correlators: G [&x] = —N~!log Z[¢] with

Zle] = f o~ (Sete+i 5y [, E6(T)Ci () (A19)
G Pk

After partial integration over the cavity fields, this yields

Z[&] = ]ik e Nlowal, (A20)
with
flon: &kl =
32 [ OVl =Pt + Gl + 6.
(A21)

Then, a second order expansion of f[pg,&x] around the
saddle point yields

(A22)

ST a7 = TV () + €7 Kapo (7 — 70 (7) )

The functional integral over the auxiliary-field displacements dpy is just an M-dimensional Gaussian integral that we

can perform, yielding

Gults) =cste+ 33 [ 60 {Ramolr =) = 3 [ Sowalr = )N Waw (u = 0)rpalv = 7) | (7). (429
k.p T,7' u,v

k' ,p’

With this

ka(wm) = )ka,O(wm) - Z )Zkk’,O(wm)NWk’p’ (wm)y(p’p,O(wm) .

V% ’p/

(A24)

Note that obtaining final expressions for xx,(wm,) requires inverting the matrix (NW)~! that is defined in Eq. (A14).

Appendix B: Equivalence between the photonic
propagator in the path-integral and the
equations-of-motion formulations

In the equations-of-motion formulation, the photonic
propagator is given by Eq. (65). Here, we show that

(

after some manipulations, this expression is equivalent
to Egs. (30) and (39) obtained from the path-integral
formulation.



First we rewrite Eq. (65) as

Do(w) + A2 %Xm,o (w)

D(w) = 7 _2 (B1)
— +Q2 _
1+ 2A2%X;&c,0 (w)
Then, we note that
2 _ QQ Q2
2)\2 C(w+ ) + — ‘/ind (w) , (B2)

Q

and similarly

Q = Dy(w) (Vina(w) — A’ Do(w)) -

(B3)
With this
Dy(w) + Do(w) (Vina(w) = A*Do(w)) Xaw,0(w)
14 ‘/ind (w)f(mm,()
Do(OJ) (1 + Vind(w)im,O(W)) B A21)8(("))
1 + V‘ind(w)Xazz,O
Naz,0(w)
1+ Ving (W)f(mm,O(w)

D(w) =

= Do(w) — A2 Dy (w) Dy(w),

(B4)

which is precisely the analytic continuation iw,, — w4 of
the combination of Egs. (30) and (39).

Appendix C: Implicit expressions for the current
response functions in the quantum Hall effect

a. Computing mixed light-matter correlations

To compute the mixed Green functions of Egs. (80),
(81) and (82) following our section III, we formulate the
following generating functional for mixed connected cor-
relators: Guix[, &x, &y] = —log Z[n, €4, &), with

Zintn&l= ¢ ew—(5+ [nin)eln) +an)

a,a,c T

+3 [amem).

(C1)

After partial integration of the cavity fields, this yields

z[n,gw,gy]zfeXp_(5m+/ |

&(1)C(7)),

+ZT:/

T

m(7)Do(1 — 7"Ym(T)

(C2)
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with m(7) = n(7) + gC. (7). With this

t AN d o .
Gatan,e, (T=7) = 757)(7) 66 (1) Gunie[1:€2- €3]
= '7/ D(S)(T - U)NgX:vT(u - Tl) ’
u (03)

or in Matsubara frequency space
G (ataty.c, @m) = =YDf(wm)NgXar (W) . (C4)

Here D§(1) = Do(T) + Do(—7) is the symmetrized free
photon propagator

s 1 1
Dy (wm) = =

W — @0 Wy, + @

(C5)

Likewise

t

Gcmfy(a.g.af)(wm) = —vD§(wm) N gXaa (W) (C6)

and

G'ty(a+aT),'y(a+aT) (wm) :’72DB (wm)

- '72D(S)(Wm))‘2xocx(wm)p8(wm) .
(C7)

With these we obtain, after analytic continuation iw,, —
w4 = w + 19,

2 (1 4 (22 ;"Ds(w)) Yan(®@)
()

and similarly



T

with éf]ﬂh = —NxXrs,0. Likewise
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. 220 wp\2 @ ., O\ 1 fwp\2@
(@) = ~N = ((1 +(2) 2Do<w>) Xas (@) = 5= (2) 2Do<w>> : (Co)
2e20%
We can relate Xzz, Xy and Xyy t0 Xzz,05 Xay,0 and Xyyo0 through Egs. (39) and (41), obtaining
Ar,0
. wWp\2 W Gy, W)
GJmajy (W) = (1 + (Tp> 2D0(OJ)> m =10 s (Cll)
w 1= Vina(w) 5255 G, g, (W)
) wp\2 @ 2 é}f’h(w) Ne? jwp\2@
To,g. (@) =1+ (T) 5 D5 (w) m AT + (T) 5 Di(w) (C12)
w/ 2 1= Vina(W) 5255 G, 0. (W) m \w/ 2
GZ?,J?/ (@) + Vina (W) 5255 (éf,Jy (w)éf]’:,h (w) = G WA (W)éfi??,J?, (w)) (C13)

Gy,.0, (W) =

. ~ ~r,0 _
We will now show that X,s0 = Xrs,0 and thus Gf]m 5=
Gr,O
Iy ds®
b.  Proof that Xrs,0 = Xrs,0

From Egs. (43) and (75) we see that the mean-field
effective Hamiltonian of the electron gas is given by

2
4 .
Hé\lé[fp :Z (pj mwcygex) i ZV(’H —r)

J 2m i>)
2 . C(C14)
w Pjz + mwey (
~ 222 (p, + muey) S ]277””
J
+ cst.,
with (py + mwey) = (pjo + mwey;)Vj. Completing
squares yields
2
MF 1 %2,
Hef-f = Z % Dj,x + mwey; — §<pa: + mwcy>
j
P2
+Z2J—nz + ) V(ri —rj) + cst..
J >]
(C15)
We can see now that
2
w
Pi.a+ maeyj — = (pr +mwey) o< [, HiF ] (C16)
and since ([z;, HMF]) = 0 we have
w2
(pe +mwey) [ 1— prg =0, (C17)
p

m ~r,0
1 = Vind(W) 5255 G, g, (W)

(

which implies that (p, +mw.y) = 0 and thus HMF = H,,
and Xrs,0 = Xrs,0- This is a no go theorem, implying
that the equilibrium properties of the electron gas are not
modified by the cavity. Despite this, the linear response
properties are modified, as we show in the following.

This implies that Gf,’?’ 5= Gf]’g 7.~ With this, Equa-
tions (C11), (C12) and (C13) turn into Eqgs. (83), (84)
and (85) and provide us with an implicit expression of the
current response functions of the electron gas coupled to
a cavity in terms of the current response functions of the
bare electron gas. This culminates the application of our
linear response theory.

Appendix D: A spin subject to variational fields
1. Spectrum and response functions of a free spin

Let us consider the following free spin model

Wy Wz
H=—o0,+

It is diagonalized by a rotation that defines spin operators
along new directions

/ Wy Wy

= 0z —0g, D2

o EO‘ 60 (D2)

o =% + Y0, (D3)
€ €

where €2 = w? + w?. With these, the Hamiltonian reads
(D4)

Hz%og7

with ground-state energy Ey = —¢/2.



We compute the response functions from their spectral
decomposition, which, at zero temperature, reads

ralw) == 3 (Olor|n)(n|os|0)  (n|ov|0){0]os|n)
" wt+Ey—E, wt+E,—FEy )’
(D5)
where the sum is over the eigenstates of the system. With
the matrix elements

Wy
(nlr2]0) = ===, (Do)
W
(nlo=10) = =, (D7)
we obtain
w? 2
Xoa (W) = Teg e (D8)
W,  2€
Xoz(w) = Xza(w) = — 2 ma (D9)
w2 2
Xzz(w) = —?m . (D10)

2. Considering variational fields

There will be situations in which we arrive to a free spin
model like the one defined in Eq. (D1) from a mean field
approximation. As a result we will have a Hamiltonian
of the form

%) )
L op + =0, + A(mg,my),

H(mg,m;) = 5 5

(D11)
where now the fields, @, and &, depend on mean-field
parameters My, .} = (0,) and there is a constant en-
ergy term that also depends on the variational parame-
ters. The Hamiltonian can be diagonalized as explained
in the previous section, and the ground state energy and
response functions are now functions of m, and m,. In
particular, Fo(m,,m,) = —e(mg,m,)/2 + A(mg,m,),
with €2 = @2 + @2. The values of m, and m, are deter-
mined variationaly from a minimization of Eg(mg,m.).
Depending on the particular problem, this can be done
analytically or numerically.

Appendix E: Bosonization of Dicke-LMG models

In Ref. [50] the ground-state sector of the Dicke model
is solved exactly in the thermodynamic limit. A Holstein-
Primakov transformation is used to bosonize the collec-
tive spin representing the N two-level atoms of the Dicke
model. The resulting model is that of two coupled quan-
tum harmonic oscillators and can be diagonalized with a
Bogoliubov transformation to obtain the normal modes
of the system. These are the polaritons of the Dicke
model. To describe the superradiant (symmetry-broken)
phase of the Dicke model, a displacement is introduced in
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the two oscillators prior to invoking the thermodynamic
limit, to account for their finite occupation at equilib-
rium. Here we extend this technique to the longitudinal
and transverse Dicke-LMG models considered in Sec. V.
Similar extensions have been developed in Ref. [52].

1. Longitudinal Dicke-LMG model

The ground-state sector of the Hamiltonian of the lon-
gitudinal Dicke-LMG model [See Eq. (111)] can be writ-
ten in terms of maximum-total-spin operators as

H=w.S.— = (5 +5)+Qa

Ay
N Lom
+ —=(S++5-)(a+a
\/N ( + ) ( ) )

with S, S;, S_ spin S = N/2 operators. The Holstein-
Primakov transformation provides a mapping between
bosonic annihilation and creation operators and spin op-
erators

S.=blb—N, (E2)
1]
S+=ﬂwf1_%l (E3)
bth
S_=VN 1- b, (E4)

with [b, bT] = 1. Ignoring constants, the resulting bosonic
Hamiltonian reads

2
btb btb
H=w,blb— bT\/l \/1b
w J( N + N

bTh bTb

Qa'a + A bT\/1 \/11)

+ Ya'a + < N+ N
(E5)

To allow for the description of both a normal and a
symmetry-broken phase, in which the bosonic degrees
of freedom acquire macroscopic occupations, we displace
the bosonic operators as

(aJraT) .

at =+ Va, (E6)
b — df — /5. (E7)

with a and (3 real parameters whose value we will deter-
mine later but which are assumed to scale as N. This
is equivalent to assuming that in the symmetry broken
phases the two modes acquire a macroscopic occupation.
With these displacements and ignoring constants, the



Hamiltonian becomes
H = w, (d'd—/B(d+d))
k 2
—Js (dT\/E+ VEd - 2\/6\/5)

+Q (cfe+ Va(e+ )
k
+ /\\/; (dT\/E+ N~ 2\/5\/5) (c+d +2va),
(E8)
with
B dtd — \/B(d + dt)
\/E_ \/1 - k ’ (EQ)

and k = N — . Taking the thermodynamic limit by
expanding the square root /€ and setting terms with
overall powers of NV in the denominator to zero we obtain

_ 2\ |aBk B
H_{wz+ o\ +4JN}dd

A |aBk k (48 )2
+{2k2 N(2k+6)+JN(k—1>}(d+d)

2\ [k (N
feyr 2 5 (D i f
+Qcle+ — N<2 5) (d+d") (c+c")

+{L:\\/07§<];5> —w.v/B
+W(Z—ﬁ)}(d+cﬂ)

N
+ {2A\/€V>k ~ Q\/&} (c+cf)

(E10)
To eliminate the linear terms we impose
| Bk
22X %—Q\/E:O, (E11)

X |Jak (N 8J (N
* N<25>“’2 f’*w(gﬁ)ﬂ.
(E12)

These equations admit a trivial solution \/a = v/ = 0,
which corresponds to the normal phase, and a non-trivial
solution for w, < Jog

(E13)

N -
S=7), (B14)
with i = w,/(4Jeg) and Jeg = J + A2/, which corre-
sponds to the symmetry-broken phase. Accordingly, the
Hamiltonian in the normal phase reads

H=w.did—J(d+d)* + Qe+ A (d+d) (c+cl),
(E15)
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and in the symmetry-broken phase

w 2
H = 22(1+ a)d' o T i
2,&( +p)d'd + \i 1+ﬂ(d+d)(c+c)
1— )3+ 1) /12} >
Qc' Z(——jS d+d")" .
+ cc-i—{w i1+ i) T+7 (+ )

(E16)
These can be diagonalized with a Bogoliubov transfor-
mation to obtain the polaritons of Eq. (116).

2. Transverse Dicke-LMG model

Here we will apply the same method to obtain the po-
laritons of the transverse Dicke-LMG model. To avoid
repetition, we will present the main equations and we
will discuss only the differences between the two models.

The ground-state sector of the Hamiltonian of the
transverse Dicke-LMG model [See Eq. (111)] can be writ-
ten in terms of maximum-total-spin operators as

47
H=w.S. + % (S4 +5-) = 5752 + Qala

+\/>\N(S++S_)(a+aT),

(E17)

After the Holstein-Primakov trasnformation, the Hamil-
tonian reads

4 N\?
szbTbN<bTb2) +Qadla

we VN btb bib
We VIV [y [, 00 _ b
+ =5 (b \/1 ~ TVl b) (E18)

bib bib
+A<bf\/1N+ 1Nb> (a+a).

Once again, we introduce the displacements of Egs. (E6)
and (ET), which yield

H =, (d'd = \/Bld+d")) + Qe+ Vale+ )
+ %\/E (dT\/E+ VEd - 2\/5\/5)

47 N\?
- = (de— VB +d" + 8- )
N 2
k
0 3 (4VE+ VEd—2VBVE) (e +d +2va) .
(E19)
Here we take the thermodynamic limit by expanding the

square root /¢ and the square in the first term of the
second line and neglecting terms with overall powers of



N in the denominator, obtaining

B 2\ [apk 8] (N ;
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To eliminate the linear terms we impose
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In this case, since we are considering a finite longitudi-
nal field w, the symmetry is always explicitly broken,
so there is no spontaneous symmetry breaking. Accord-
ingly, there is no trivial solution, and in general Egs.
(E21) and (E22) do not have an analytical solution. Nev-
ertheless, they can be solved numerically, and the result-
ing Hamiltonian can be diagonalized with a Bogoliubov
transform to obtain the polaritons that we show in Fig.
3.

For the sake of completeness, let us solve analytically
the case of w, = 0. In this case, Egs. (E21) and (E22)
admit a trivial solution v/a = /8 = 0, which corresponds
to the normal phase, and a non-trivial solution for w, <
4(X\?/Q — J) with the same expression for \/a and /B as
in Egs. (E13) and (E14) but now with

Wy

b=
45 - J)

(E23)

22

which corresponds to the symmetry-broken phase. The
difference in the value of i between this (transverse)
case and the longitudinal case showcases the fact that
in the longitudinal case there is a synergy between the
intrinsic and cavity-mediated interactions whereas in this
(transverse) case there is a competition. Accordingly, the
Hamiltonian in the normal phase reads

H=0.d'd+Qc’c+ A(d+d') (c+c),  (B24)
with @, = w, +4J, and in the symmetry-broken phase

H=(1+7) (;"M +2J) did+ Qcle

+ A 7 (d+d") (c+ch)

L A=RE+H) (1= @)+ 3) 2
+{Z SRS T }(“d)'

(E25)
These can be diagonalized with a Bogoliubov transfor-
mation to obtain the polaritons. In the normal phase,
the Hamiltonian is that of a Dicke model with a bare
spin energy w,. Thus, the polaritons are the same as
for the normal phase in Eq. (110) with the substitution
w, — W,. In the symmetry-broken phase, the polaritons
can be written formally as

203 = w3 + dwawp + Q2

(E26)
+ \/(wi + dwpawp — 92)2 + 16wawd 2,
with
wa = (1+) 2+ 2.]) (E27)
A 2‘& )
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