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We consider a one-dimensional topological superconductor hosting Majorana bound states at its
ends coupled to a single mode cavity. In the strong light-matter coupling regime, electronic and
photonic degrees of freedom hybridize resulting in the formation of polaritons. We find the polariton
spectrum by calculating the cavity photon spectral function of the coupled electron-photon system.
In the topological phase the lower in energy polariton modes are formed by the bulk-Majorana
transitions coupled to cavity photons and are also sensitive to the Majorana parity. In the trivial
phase the lower polariton modes emerge due to the coupling of the bulk-bulk transitions across the
gap to photons. Our work demonstrates the formation of polaritons in topological superconductors
coupled to photons that contain information on the features of the Majorana bound states.

I. INTRODUCTION

Cavity embedding provides a promising avenue to
probe and control quantum materials and devices. On
the one hand there is tantalizing possibility of control-
ling phase transitions and phase diagrams by coupling
to a cavity mode, an idea which has received theoretical
and experimental attention [1, 2]. Another source of cav-
ity control can arise from the hybridization with finite-
frequency modes, leading to new hybrid quasiparticles –
polaritons [3], which can be then probed and control in
novel ways. A wide range of polaritonic modes have been
proposed and observed, classified depending on the type
of charged particles in the matter component [4].

A particularly appealing scenario arises when the ma-
terial has a non-trivial topological character, a feature
which can then be enhanced or suppressed [5–9] or even
generated by the coupling with a cavity and thus trans-
mitted to the emergent polariton excitations [10]. Among
topological phases of matter, topological superconduc-
tors hosting zero-energy Majorana bound states [11–
14] hold a specially interesting place for their poten-
tial for quantum computing [15]. The prototype sys-
tem for topological superconductivity is the Kitaev chain
model [11] describing a one-dimensional p-wave super-
conductor with Majorana bound states emerging at its
opposite ends in the topological phase. Promising plat-
forms for the Majorana bound states are superconductor-
semiconductor nanowires [16, 17], graphene-like sys-
tems [18, 19], and chains of magnetic atoms [20–22].
Signatures of the Majorana bound states in the form
of zero-bias peak have been experimentally observed in
superconductor-semiconductor nanowire platforms [23–
29]. However, theoretical works have demonstrated that
the zero-bias peak could arise due to non-Majorana
mechanisms [30–38].

The idea of using cavities to probe and manipulate the
Majorana bound states has been explored in different
settings [39–47]. In these cases the cavity plays mainly
the role of non-invasive spectroscopic tool to probe the
physics of these modes. A different scenario arises poten-

tially in the strong or ultrastrong light-matter coupling
regime where polariton modes are formed, which in the
case of a topological superconductor could take the form
of the Majorana polaritons [48, 49].

In this work we study the hybrid light-matter states
that emerge by coupling topological superconductors to
a single mode cavity. We consider two models of topolog-
ical superconductors hosting the Majorana bound states:
a prototype Kitaev chain model [11] and a more realis-
tic nanowire model [16, 17]. Hybridization between elec-
tronic and photonic states results in formation of polari-
tons. We focus specifically on the signatures of these po-
laritonic modes which emerge in the cavity photon spec-
tral function [7, 50–53], which is directly measurable in
a transmission/reflection experiment [40, 54]. We find
that the polariton spectrum is sensitive to the Majorana
parity in the topological phase. Moreover, the energies of
the polariton modes are different in the trivial and topo-
logical phases that could be used to probe the emergence
of zero modes in topological superconductor.

The paper is organized as follows. In Sec. II we in-
troduce two tight-binding models for topological super-
conductors and derive how to couple them to a single
mode cavity. Then, in Sec. III we calculate the polariton
spectrum of the coupled electron-photon system. Finally,
Sec. IV is devoted to conclusions.

II. COUPLING TOPOLOGICAL
SUPERCONDUCTORS TO LIGHT

We start by discussing how to couple topological super-
conductors described by a tight-binding model to a single
mode cavity. We consider two models for topological su-
perconductors: (1) a prototype Kitaev chain [11] and (2)
an experimentally relevant nanowire with spin-orbit in-
teraction and proximity-induced superconductivity sub-
ject to magnetic field [16, 17]. Contrary to previously
studied tight-binding models for non-superconducting
systems [7, 52], the Kitaev chain (nanowire) models con-
tain p-wave (s-wave) superconducting pairing term that
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pairs two neighboring sites (opposite spins) in the chain.

A. Kitaev chain coupled to cavity

The Hamiltonian for the Kitaev chain reads [11],

HK = −µ
N∑
j=1

c†jcj − t

N−1∑
j=1

(
c†jcj+1 + h.c.

)

+ ∆

N−1∑
j=1

(cjcj+1 + h.c.) , (1)

where c†j (cj) are fermionic creation (annihilation) op-
erators at site j, N is the total number of sites in the
chain, µ is the chemical potential, t is the hopping am-
plitude, and ∆ is a p-wave superconducting pairing po-
tential. The Kitaev chain is in the topological (trivial)
phase if |µ| < 2t (|µ| > 2t) hosting two Majorana bound

states describes by the operators γL(R) = γ†L(R). These

two Majorana operators form a full fermionic state with
cM = (γL − iγR)/2 that gives raise to the Majorana oc-

cupation nM = ⟨c†McM ⟩ that determines its parity. The
Majorana occupation nM can be 0 or 1 corresponding to
the even (odd) parity.

Next, we couple the Kitaev chain to a single mode
cavity given by the Hamiltonian Hph = ωc

(
a†a+ 1/2

)
,

where a† (a) is the photonic creation (annihilation) op-
erator and ωc is the cavity frequency. The Kitaev chain
Hamiltonian HK is coupled to the electromagnetic field
described by a homogeneous photonic vector potential
A = ux (g/e)

(
a+ a†

)
via the Peierls substitution, which

is equivalent to applying a unitary transformation U to
the electronic Hamiltonian (6) only [7, 52], HK−ph =
Hph + U†HKU , with

U = e
i g√

N
(a+a†)

∑
j Rjc

†
jcj . (2)

Here, Rj = j − l0, where l0 = N/2 for even N . Using
that

U†cmU = e
i g√

N
(a+a†)Rmcm,

(3)

we find that the superconducting pairing term acquires
a site-dependent phase and the full light-matter Hamil-
tonian reads

HK−ph = −µ
N∑
j=1

c†jcj −
N−1∑
j=1

(
te

i g√
N

(a+a†)
c†jcj+1 + h.c.

)

+

N−1∑
j=1

(
∆e

i g√
N

(2Rj+1)(a+a†)
cjcj+1 + h.c.

)
+ ωc

(
a†a+

1

2

)
. (4)

Moreover, we note that coupling the superconducting
pairing term to light is equivalent to dressing ∆ with
a phase, ∆ → ∆eiφ [41, 55, 56]. The phase φ could be
found under the assumption that the p-wave pairing term
in HK is inherited from the bulk s-wave superconductor
underneath the wire. In this case, we consider that the
instantaneous supercurrent flowing through the bulk su-
perconductor vanishes,

Js =
2e

m
|ψ|2(∇φ− 2eA) ≡ 0 . (5)

Here, m, |ψ|2, and φ are the electronic mass, the den-
sity of superconducting electrons in the s-wave super-
conductor, and its phase, respectively. The solution
of the differential equation ∇φ = 2eA gives us φj =

2g(a+a†)(j− l0 + 1/2)
√
N . Here, φj is chosen such that

φ1 = −φN [54]. We note that these two approaches result
in the same light-matter Hamiltonian given by Eq. (4).
Alternatively, light-matter coupling could be included in
the problem by starting with a semiconducting nanowire
tunnel coupled to a bulk s-wave superconductor and as-
suming that the tunneling hopping is dressed with the
Peierls phase [40].

B. Superconductor-semiconductor nanowire
coupled to cavity

We now consider a more realistic model of topological
superconductor coupled to photonic cavity. The tight-
binding Hamiltonian composed of N sites that describes
a semiconducting nanowire with Rashba spin-orbit inter-
action and proximity-induced superconductivity subject
to magnetic field reads [57]

Hnw =
∑
j,σ,σ′

[
c†j+1,σ (−tδσσ′ + iασy

σσ′) cj,σ′ + ∆c†j,↑c
†
j,↓

+
1

2
c†j,σ [(2t− µ) δσσ′ + VZσ

x
σσ′ ] cj,σ′ + h.c.

]
, (6)

where c†j,σ(cj,σ) is the creation (annihilation) operator
acting on electrons with spin σ located at site j, σx(y)
is the x (y) Pauli matrix acting in the spin space, and
t = ℏ2/

(
2m∗a2l

)
is the hopping amplitude, with m∗ the

effective mass and al lattice constant. Here, α is the
spin-orbit coupling, ∆ is the proximity-induced super-
conducting pairing potential, µ is the chemical poten-
tial, and VZ = g∗µBB/2 is the Zeeman energy, with g∗

the g-factor of the nanowire and µB the Bohr magne-
ton. The nanowire hosts Majorana bound states emerg-
ing at the opposite ends of the one-dimensional system if

VZ >
√

∆2 + µ2 [16, 17].
Similarly to the Kitaev chain, the light-matter Hamil-

tonian for the nanowire coupled to a single mode cavity
could be obtained by performing the unitary transforma-
tion Hnw−ph = Hph + U†HnwU , with

U = e
i g√

N
(a+a†)

∑
jσ χjc

†
jσcjσ . (7)
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Here, χj = j − j0 is chosen such that χ1 = −χN [54],
with j0 = (N + 1) /2 for even N . Using that

U†cmσ′U = e
i g√

N
(a+a†)χmcmσ′ ,

(8)

we find that total light-matter coupling Hamiltonian be-
comes

Hnw−ph =
∑
j,σ,σ′

[
c†j+1,σ

(
− te

−i g√
N

(a+a†)
δσσ′

+ iαe
−i g√

N
(a+a†)

σy
σσ′

)
cj,σ′ + ∆e

−2i g√
N

χj(a+a†)
c†j,↑c

†
j,↓

+
1

2
c†j,σ [(2t− µ) δσσ′ + VZσ

x
σσ′ ] cj,σ′ + h.c.

]
+ ωc

(
a†a+

1

2

)
. (9)

In the next section we will discuss the cavity photon spec-
tral function for the two models in Eqs. (4) and (9) and
highlight the emergence of polariton excitations and their
topological signatures.

III. POLARITON SPECTRUM

In the strong light-matter coupling regime, the elec-
tronic and photonic states hybridize giving raise to the
formation of new hybrid quasiparticles – polaritons. The
polariton spectrum can be obtained by computing the
cavity photon spectral function

A(ω) = − 1

π
Im

∫
dte−iωt (−iθ(t)) ⟨

[
a(t), a†

]
⟩ . (10)

To compute this quantity we follow Refs. [7, 50–52], write
down the action for the electron-photon problem which
we evaluate at the saddle point plus Gaussian fluctua-
tions in the cavity field. Due to gauge-invariance the pho-
ton remains incoherent in presence of a uniform vector
potential [52, 58–61]. The light-matter coupling however
gives rise to a self-energy correction for the cavity mode
arising from current-current fluctuations of the electronic
system. As a result the cavity spectral function takes the
form [7, 52]

A(ω) = − 1

π

χ′′(ω)(ω + ωc)
2

(ω2 − ω2
c − 2ωcχ′(ω))2 + (2ωcχ′′(ω))2

,

(11)

where χ(ω) = K(ω) − ⟨Jd⟩ is the current-current corre-
lation function, with

K(t− t′) = −iθ(t− t′)⟨[Jp(t), Jp(t′)]⟩. (12)

Here, Jp (Jd) are paramagnetic (diamagnetic) current
operators that could be defined from the second-order
expansion in g [7, 52]

HK(nw)−ph ≈ ωca
†a+HK(nw) +

(
a+ a†

)
Jp −

(
a+ a†

)2
2

Jd

(13)

and θ(t− t′) is the Heaviside step function.
Polariton spectrum is approximately given by the so-

lutions of the equation [52, 60]

ω2 ≈ ω2
c + 2ωcχ

′(ω). (14)

For g = 0 the topological superconductor and cavity pho-
tons are fully decoupled and there is a single solution of
Eq. (14) given by ω = ωc. For finite light-matter coupling
g ̸= 0 electrons and photons are coupled resulting in mul-
tiple solutions that depend both on cavity frequency ωc

and parameters of the electronic system through the real
part of the current-current correlation function χ′(ω).
Therefore, the resulting polariton energies are sensitive
to the properties of the topological superconductor.

We start by deriving the general expression for the
current-current correlation function χ(ω). Coupling be-
tween topological superconductor and cavity photons in-
duces transitions between the Majorana and bulk states
in the chain [40, 46, 47]. These Majorana-bulk transi-
tions could be directly seen as peaks in the imaginary
part of the correlation function K(ω) Eq. (12). To eval-

uate K(ω), we rewrite the fermionic operators cj (c†j) in

terms of the annihilation (creation) operators c̃n (c̃†n) for
the Bogoliubov quasiparticles [40, 46]

cj =
∑
n

(
uj,nc̃n + vj,nc̃

†
n

)
, (15)

so that the electronic Hamiltonian (1) (6) becomes diag-

onal H̃el =
∑

n ϵn
(
c̃†nc̃n − 1/2

)
. Here, uj,n (vj,n) are the

electron (hole) components of the eigenvectors and ϵn are
the corresponding eigenvalues of the electronic Hamilto-
nian, with n = 1...N for the Kitaev chain Hamiltonian
(1) and n = 1...2N for the superconductor-semiconductor
nanowire Hamiltonian (6). To calculate the expectation
value of the diamagnetic current operator ⟨Jd⟩ over a bare
electronic Hamiltonian (1) (6) we rewrite Jd in terms of
c̃n (c̃†n) operators and use that ⟨c̃†nc̃m⟩ = f(ϵn)δn,m, with
f(ϵm) being the Fermi distribution function. Assuming
zero temperature, f(ϵm) reduces to the occupation num-
ber nm that can take values 0 or 1 for empty or occupied
state. Under this assumption, we arrive at the following
expression

⟨Jd⟩ =
∑
m

jdmnm, (16)

where jdm is the diagonal matrix element for the diamag-
netic current operator between eigenstates correspond-
ing to the eigenvalues ϵm. Defining the Fourier trans-
formation as K(ω) =

∫
eiωtK(t) and using that c̃m(t) =

c̃m(0)e−iϵmt, we find the general expression for the para-
magnetic current correlation function at zero tempera-
ture

K(ω) =
∑
l,m

|jpl,m|2 nl − nm
ω + ϵl − ϵm + iη

. (17)
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FIG. 1. (a) Energy spectrum of the Kitaev chain 1 as a function of the chemical potential µ/t (red solid lines). Vertical dashed
lines indicate the transition frequencies ωb and ωe(o). For the chosen set of parameters Majorana energy ϵM = 7.44× 10−7 and
ωe ≈ ωo. (b) Real part of the current-current correlation function χ′(ω) as function of frequency ω/t. Red solid (black dashed)
lines correspond to even (odd) Majorana parity. The transition frequencies ωe are shown in gray vertical dotted lines. (c)
Imaginary part of the current-current correlation function χ′′(ω) as function of frequency ω/t for even (odd) Majorana parity
shown in red solid (black dashed) lines. Gray vertical dotted lines correspond to the transition frequencies and indicate the
position of the peaks. Parameters are chosen as N = 100, ∆/t = 1, µ/t = −1.75 (except in panel (a)), η = 4 × 10−3.

Here, jpl,m are the matrix elements of the paramag-
netic current and η > 0 is the linewidth of the en-
ergy levels. At zero temperature only bulk states with
negative energies are occupied, while nl ≡ nM = 0, 1
for the Majorana states. We note that K(ω) = 0 for
l = m making it fully off-diagonal in contrast to ⟨Jd⟩.
When the system is in the topological phase the para-
magnetic current correlation function given by Eq. (17)
can be rewritten as a sum of three contributions K(ω) =
KBB(ω) + KBM (ω) + KMM (ω), corresponding respec-
tively to transitions between bulk states only (KBB), be-
tween Majorana and bulk states (KBM ) and between Ma-
jorana states only (KMM ). We note that KMM (ω) = 0
since Majorana parity remains conserved in the presence
of coupling to photons [40]. The bulk only contribution
in the topological phase (or the total paramagnetic cur-
rent correlation function in the trivial phase) could be
further simplified to

KBB(ω) =
∑

ϵl ̸=m>0

(
1

ω − ωb + iη
− 1

ω + ωb + iη

)
× |jpl,−m|2, (18)

where ωb = ϵl + ϵm is the transition frequency between
the bulk states l and m, and jpl,−m is the matrix element
between the bulk states with energies ϵl and −ϵm. The
peaks in the imaginary part of the bulk contribution ap-
pear at transition frequencies ωb > 2∆g, where ∆g is the
the effective gap in the electronic energy spectrum.

Furthermore, the bulk-Majorana transitions are in-
cluded in KBM (ω) term given by

KBM (ω) =
∑
ϵl>0

(
1

ω − ωe(0) + iη
− 1

ω + ωe(0) + iη

)
×
[
|jpl,o|2(nM − nl) + |jpl,e|2(1 − nl − nM )

]
, (19)

where ωe(0) = ϵl±ϵM is the transition frequency between
bulk state with occupation number nl = 0 and Majorana

state with occupation number nM = 0(1) corresponding
to even (odd) parity, and jpl,e(o) is the matrix element be-

tween bulk state l and even e (odd o) parity Majorana
state. The imaginary part of the paramagnetic current
correlation function K ′′

BM (ω) calculated for even parity
with nM = 0 has multiple peaks at frequency ωe > ∆g

with the amplitude given by |jpl,e|2, while for nM = 1

the peaks are at ωo with the amplitude given by |jpl,o|2.
Moreover, even in the absence of the overlap between two
Majorana bound states ϵM ≈ 0 the correlation function
KBM (ω) distinguishes between different Majorana pari-
ties through the matrix elements jpl,e(o) [46].

In the topological phase the cavity spectral function
A(ω) given by Eq. (11) depends on the Majorana par-
ity through the different matrix elements entering in the
current-current correlation function χ(ω) and, therefore,
polariton spectrum could be used to probe Majorana
properties. Comparing Eqs. (19) and (18) we note that
the lowest-energy peaks in the topological and trivial
phases appear at frequencies ωe(o) ≈ ∆g and ωb ≈ 2∆g,
respectively, suggesting that the cavity spectral function
could be also used to differentiate between two phases.

A. Polaritons in Kitaev chain coupled to photons

We start discussing the cavity spectral function for the
Kitaev chain, Eq. (4). In this case the paramagnetic
and diamagnetic current operators could be found from
Eq. (4):

Jp = i
g√
N

∑
j

[
− tc†jcj+1 + 2∆(Rj + 1/2)cjcj+1 − h.c.

]
(20)
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and

Jd =
g2

N

∑
j

[
− tc†jcj+1 + 4∆(Rj + 1/2)2cjcj+1 + h.c.

]
,

(21)

where we see that in addition to the usual contribution
from single particle hopping there is also a term coming
from the superconducting pairing. We emphasize that
this current is not associated to a conserved charged in
the Kitaev model, which only enjoys a discrete Z2 parity
symmetry. However, it is the natural object entering the
response of the system to the cavity vector potential, see
Eq. (13).

To find the cavity spectral function we first calculate
the current-current correlation function using Eqs. (16)
and (17). In Fig. 1 (b) we plot the real part of corre-
lation function χ′(ω) as a function of frequency ω. Ver-
tical dotted lines indicate the bulk-Majorana transition
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FIG. 2. Cavity spectral function A(ω) as function of fre-
quency ω/t for g = 0.1. (a) In the topological phase (µ/t =
−1.75) red solid (black dashed) line corresponds to even (odd)
Majorana parity. Vertical gray dotted line indicates the cav-
ity frequency ωc fixed to be in resonance with the first bulk-
Majorana transition. (b) In the trivial phase (µ/t = −2.25)
there is a large peak emerging at ωc and smaller peaks ap-
pearing at ω > 2∆g. Vertical gray dotted line corresponds
to ωc and pink dotdahsed line indicates the first bulk-bulk
transition. Other parameters are the same as in Fig. 1.

frequencies ωe(o). For the Kitaev chain in the topologi-
cal phase ϵM ≈ 0 and therefore ωe ≈ ωo. We find that
χ′(ω) has different oscillation amplitudes for even and
odd Majorana parities stemming from the difference in
the matrix elements jpl,e. Next, we numerically evalu-

ate the imaginary part of the correlation function χ′′(ω)
(see Fig. 1 (c)). The function χ′′(ω) has multiple peaks
at resonant frequencies ωe(o) that differ for two parities,
similarly to the features present in χ′(ω). Therefore,
the current-current correlation function χ(ω) is a good
marker to distinguish between two Majorana parities in
the topological phase.

Given the above results for the current-current cor-
relator we can now focus on the cavity photon spectral
function (11). We plot A(ω) as a function of frequency in
Fig. 2 (a) at a fixed light-matter coupling g for different
parities in topological phase. The current-current cor-
relation function is calculated for a finite-length Kitaev
chain and has many resonances (see Fig. 1 (b)), there-
fore, Eq. (14) has multiple solutions for polariton energies
corresponding to peaks in A(ω). Moreover, the polariton
spectrum in topological phase depends on the Majorana
parity through χ′(ω). The cavity spectral function has
different patterns for two parities and can distinguish be-
tween the parities. We further compute the cavity spec-
tral function in the trivial phase [see Fig. 2 (b)] for the
same light-matter coupling strength g and the effective
gap ∆g. We find that A(ω) has a sharp peak around
the cavity frequency ωc as in the topologically nontriv-
ial phase. However, we note that contrary to topological
case small peaks emerge at frequencies larger than 2∆g

corresponding to bulk-bulk transition across the gap in
the system.

In Fig. (3) (a) we plot the cavity spectral function for
the Kitaev chain in the topological phase as a function of
frequency and light-matter coupling. We consider a cav-
ity frequency in resonance with the first bulk-Majorana
transition for the even parity (ωc = ωe). We see that
for low frequency there is a broad peak which shifts to-
wards lower frequencies upon increasing g. At higher
frequencies on the other hand we recognize sharp fea-
tures associated to transitions between Majorana and
bulk states. Next, we calculate A(ω) for the Kitaev chain
in the trivial phase [see Fig. (3) (b)]. As discussed for
the topological phase there is a broad peak that origi-
nates at ω = ωc for g = 0 and further broaden as the
light-matter coupling strength is increased. However, in
the trivial phase the current-current correlation function
χ(ω) that enters Eq. (11) has resonances only at frequen-
cies ωb > 2∆g. Therefore, other polariton modes appear
only at ω > 2∆g. Comparing the cavity spectral function
calculated in the topological phases we note the distinct
features between the two, namely that the sharp features
of the transitions between Majorana (bulk) - bulk states
appear at different energy scales of ∆g (2∆g). There-
fore, the polariton spectrum could be potentially used as
a way to probe zero-energy states in topological super-
conductors.



6

<latexit sha1_base64="oW9q63Z+pVY+EVGsaRqxzFW1QfM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXQvQY8OIxonlAsoTZySQZMju7zPQKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjv3209cGxGpR5zG3A/pSImhYBSt9FAOLvvFkltxFyDrxMtICTI0+sWv3iBiScgVMkmN6XpujH5KNQom+azQSwyPKZvQEe9aqmjIjZ8uTp2RC6sMyDDSthSShfp7IqWhMdMwsJ0hxbFZ9ebif143weGNnwoVJ8gVWy4aJpJgROZ/k4HQnKGcWkKZFvZWwsZUU4Y2nYINwVt9eZ20riperVK9r5bqtSyOPJzBOZTBg2uowx00oAkMRvAMr/DmSOfFeXc+lq05J5s5hT9wPn8AiYKNSA==</latexit>

(b)
<latexit sha1_base64="7Ba+XI9pWnqRrov+X/t/c487m44=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBDiJexKiB4jXjxGMA9JljA76SRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63t7a+sbm1ndvJ7+7tHxwWjo6bRiWaQoMqrnQ7IgY4k9CwzHJoxxqIiDi0ovHtzG89gTZMyQc7iSEUZCjZgFFinfR4U+oqAUNy0SsU/bI/B14lQUaKKEO9V/jq9hVNBEhLOTGmE/ixDVOiLaMcpvluYiAmdEyG0HFUEgEmTOcHT/G5U/p4oLQrafFc/T2REmHMRESuUxA7MsveTPzP6yR2cB2mTMaJBUkXiwYJx1bh2fe4zzRQyyeOEKqZuxXTEdGEWpdR3oUQLL+8SpqX5aBartxXirVqFkcOnaIzVEIBukI1dIfqqIEoEugZvaI3T3sv3rv3sWhd87KZE/QH3ucP4S+PyA==</latexit>

A(!)

<latexit sha1_base64="z5bRzwLp5FHr2yMxvpjB+QMlfYI=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKe5KiB4DXjxGMDGQLGF2MpsMmcc60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD4/aVqeGshbVQptORCwTXLEWcBCskxhGZCTYQzS+mfkPT8xYrtU9TBIWSjJUPOaUgJM6PS3ZkFxAv1zxq/4ceJUEOamgHM1++as30DSVTAEVxNpu4CcQZsQAp4JNS73UsoTQMRmyrqOKSGbDbH7vFJ85ZYBjbVwpwHP190RGpLUTGblOSWBkl72Z+J/XTSG+DjOukhSYootFcSowaDx7Hg+4YRTExBFCDXe3YjoihlBwEZVcCMHyy6ukfVkN6tXaXa3SqOdxFNEJOkXnKEBXqIFuURO1EEUCPaNX9OY9ei/eu/exaC14+cwx+gPv8wfVdY/P</latexit> !
/t

0.

0.2

0.4

0.6

<latexit sha1_base64="31WXDE5RNw7eENiKynpKzEt9t4I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep187pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHy8eM6A==</latexit>g

<latexit sha1_base64="z5bRzwLp5FHr2yMxvpjB+QMlfYI=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKe5KiB4DXjxGMDGQLGF2MpsMmcc60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD4/aVqeGshbVQptORCwTXLEWcBCskxhGZCTYQzS+mfkPT8xYrtU9TBIWSjJUPOaUgJM6PS3ZkFxAv1zxq/4ceJUEOamgHM1++as30DSVTAEVxNpu4CcQZsQAp4JNS73UsoTQMRmyrqOKSGbDbH7vFJ85ZYBjbVwpwHP190RGpLUTGblOSWBkl72Z+J/XTSG+DjOukhSYootFcSowaDx7Hg+4YRTExBFCDXe3YjoihlBwEZVcCMHyy6ukfVkN6tXaXa3SqOdxFNEJOkXnKEBXqIFuURO1EEUCPaNX9OY9ei/eu/exaC14+cwx+gPv8wfVdY/P</latexit> !
/
t

<latexit sha1_base64="sBqNEuykC5HjrFn9PinyIJVM1ls=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXQvQY8OIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8NNMY/ZCOJB9yRo2VHsr0sl8suRV3AbJOvIyUIEOjX/zqDSKWhCgNE1TrrufGxk+pMpwJnBV6icaYsgkdYddSSUPUfro4dUYurDIgw0jZkoYs1N8TKQ21noaB7QypGetVby7+53UTM7zxUy7jxKBky0XDRBATkfnfZMAVMiOmllCmuL2VsDFVlBmbTsGG4K2+vE5aVxWvVqneV0v1WhZHHs7gHMrgwTXU4Q4a0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz+H/Y1H</latexit>

(a)
<latexit sha1_base64="7Ba+XI9pWnqRrov+X/t/c487m44=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBDiJexKiB4jXjxGMA9JljA76SRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63t7a+sbm1ndvJ7+7tHxwWjo6bRiWaQoMqrnQ7IgY4k9CwzHJoxxqIiDi0ovHtzG89gTZMyQc7iSEUZCjZgFFinfR4U+oqAUNy0SsU/bI/B14lQUaKKEO9V/jq9hVNBEhLOTGmE/ixDVOiLaMcpvluYiAmdEyG0HFUEgEmTOcHT/G5U/p4oLQrafFc/T2REmHMRESuUxA7MsveTPzP6yR2cB2mTMaJBUkXiwYJx1bh2fe4zzRQyyeOEKqZuxXTEdGEWpdR3oUQLL+8SpqX5aBartxXirVqFkcOnaIzVEIBukI1dIfqqIEoEugZvaI3T3sv3rv3sWhd87KZE/QH3ucP4S+PyA==</latexit>

A(!)

0.

0.1

0.2

0.3

0.4

<latexit sha1_base64="31WXDE5RNw7eENiKynpKzEt9t4I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep187pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHy8eM6A==</latexit>g

FIG. 3. Spectral function A(ω) as a function of g and ω/t.
Horizontal black dashed line corresponds to frequency ωc cho-
sen to be equal to first bulk-Majorana transition frequency
and horizontal pink dotdashed line corresponds to ωb in the
trivial phase. (a) In the topological phase with µ/t = −1.75
the lowest polariton branch originating at ω = ωc for g = 0
goes down as g is increased. White horizontal lines corre-
sponding to bulk-Majorana transitions coupled with photons
that appear at frequencies ω > ∆g. (b) In the trivial phase
with µ/t = −2.25, the lowest polariton branch appears at
ω = ωc. In contrast to the topological phase, white horizon-
tal lines correspond to bulk-bulk transitions and appear at
ω > 2∆g. In two phases white horizontal lines corresponding
to bulk-Majorana (a) and bulk-bulk (b) transitions emerge
at different frequencies signalling the presence of zero-energy
states in the topological phase. Other parameters are the
same as in Fig. 1.

B. Polaritons in nanowire coupled to photons

We now move to the superconductor-semiconductor
nanowire model, Eq. (9), for which the paramagnetic and
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(b)

FIG. 4. Cavity spectral function A(ω) of the nanowire as
function of frequency ω/t for light-matter coupling strength
g = 0.05. (a) Red solid (black dashed) lines correspond to
nM = 0 (nM = 1) in the topological phase with VZ/∆ = 1.8.
Gray vertical dotted line indicates the cavity frequency ωc

resonant with the first bulk-Majorana transition at ωe ≈ ωo

(ϵM/t = 10−6). (b) A(ω) for the nanowire in the trivial phase
with VZ/∆ = 0.2. Vertical gray dotted line indicates ωc and
pink dotdashed line signals the position of the first bulk-bulk
transition frequency ωb. Other parameters are fixed as N =
100, ∆/t = 0.1, µ = 0, VZ/∆ = 1.8, α/t = 0.4, and η/t =
10−3.

diamagnetic current operators read respectively

Jp = i
g√
N

∑
j

[
t
(
c†j+1↑cj↑ + c†j+1↓cj↓

)
+ α

(
c†j+1↑cj↓ − c†j+1↓cj↑

)
− 2∆χjc

†
j↑c

†
j↓ − h.c.

]
(22)

and

Jd =
g2

N

∑
j

[
− t

(
c†j+1↑cj↑ + c†j+1↓cj↓

)
+ α

(
c†j+1↑cj↓ − c†j+1↓cj↑

)
+ 4∆χ2

jc
†
j↑c

†
j↓ + h.c.

]
. (23)

To find the cavity spectral function of the nanowire
model, we proceed in the same way as for the Kitaev
chain. The real and imaginary part of χ(ω) has similar



7

0.

0.5

1.0

1.5

2.0

<latexit sha1_base64="7Ba+XI9pWnqRrov+X/t/c487m44=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBDiJexKiB4jXjxGMA9JljA76SRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFMWfG+v63t7a+sbm1ndvJ7+7tHxwWjo6bRiWaQoMqrnQ7IgY4k9CwzHJoxxqIiDi0ovHtzG89gTZMyQc7iSEUZCjZgFFinfR4U+oqAUNy0SsU/bI/B14lQUaKKEO9V/jq9hVNBEhLOTGmE/ixDVOiLaMcpvluYiAmdEyG0HFUEgEmTOcHT/G5U/p4oLQrafFc/T2REmHMRESuUxA7MsveTPzP6yR2cB2mTMaJBUkXiwYJx1bh2fe4zzRQyyeOEKqZuxXTEdGEWpdR3oUQLL+8SpqX5aBartxXirVqFkcOnaIzVEIBukI1dIfqqIEoEugZvaI3T3sv3rv3sWhd87KZE/QH3ucP4S+PyA==</latexit>

A(!)

<latexit sha1_base64="z5bRzwLp5FHr2yMxvpjB+QMlfYI=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKe5KiB4DXjxGMDGQLGF2MpsMmcc60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD4/aVqeGshbVQptORCwTXLEWcBCskxhGZCTYQzS+mfkPT8xYrtU9TBIWSjJUPOaUgJM6PS3ZkFxAv1zxq/4ceJUEOamgHM1++as30DSVTAEVxNpu4CcQZsQAp4JNS73UsoTQMRmyrqOKSGbDbH7vFJ85ZYBjbVwpwHP190RGpLUTGblOSWBkl72Z+J/XTSG+DjOukhSYootFcSowaDx7Hg+4YRTExBFCDXe3YjoihlBwEZVcCMHyy6ukfVkN6tXaXa3SqOdxFNEJOkXnKEBXqIFuURO1EEUCPaNX9OY9ei/eu/exaC14+cwx+gPv8wfVdY/P</latexit> !
/t

<latexit sha1_base64="31WXDE5RNw7eENiKynpKzEt9t4I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep187pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHy8eM6A==</latexit>g

FIG. 5. Cavity spectral function A(ω) of the nanowire as a
function of the light-matter coupling g and frequency ω/t.
Black dashed line indicates the value of cavity frequency
ωc = ωe (resonant with the first bulk-Majorana transition
for even parity). White horizontal lines correspond to bulk-
Majorana transitions and emerge at frequencies ω > ∆g.
Other parameters are same as in Fig. 4.

structure to Fig. 1, but the position and amplitude of the
peaks are less homogeneous due to more involved energy
spectrum of the nanowire.

In Fig. 4 we plot the cavity spectral function for the
nanowire model as a function of frequency ω for a fixed
value of the light-matter coupling g. In the topologi-
cal phase we consider different parities depicted in solid
red and black dashed line. The cavity spectral function
has a large peak around the cavity frequency ωc reso-
nant with the lowest bulk-Majorana transition frequency
ωe ≈ ωo and multiple smaller peaks corresponding to
higher in energy bulk-Majorana transitions appearing at
ω > ∆g [see Fig. 4 (a)]. Considering the superconductor-
semiconductor nanowire in the trivial phase coupled to
photonic cavity, we find that the cavity spectral func-
tion has a sharp peak originating at the frequency ωc

and multiple smaller peaks at frequencies ω > 2∆g that

stem from the bulk-bulk transitions in the nanowire [see
Fig. 4 (b)]. Similar features were found for the Kitaev
chain [see Fig. 2 (b)] and allow one to probe the presence
of zero-energy modes in the topological superconductor.

Finally, we present A(ω) for the nanowire in the topo-
logical phase as a function of frequency and light-matter
coupling strength in Fig. 5. By choosing the cavity fre-
quency to be equal to the first bulk-Majorana transi-
tion frequency, we find the appearance of a broad low-
frequency polariton mode that goes down in ω with in-
creasing g. Higher-frequency polariton modes appear
due to coupling between higher bulk-Majorana transi-
tions and photons showing a dense pattern of modes.
Similar behaviour was found for the Kitaev chain (see
Fig. 3).

IV. CONCLUSIONS

In this work, we studied the topological superconduc-
tor coupled to cavity photons. We calculated the cav-
ity spectral function of the electron-photon system that
revealed the polariton spectrum of the hybrid system.
The peaks in cavity spectral function appear at different
energy scales for the electronic chain in the trivial and
topological phase. Moreover, in the topological phase as-
sociated with the presence of the Majorana bound states
the polariton spectrum has different pattern for two Ma-
jorana parities. Therefore, cavity spectral function could
be used to probe topological properties of the electronic
chain.
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