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In this work we show that light-matter excitations (polaritons) generated inside a hollow-core one-
dimensional fiber filled with two types of atoms, can exhibit Luttinger liquid behavior. We first explain
how to prepare and drive this quantum-optical system to a strongly interacting regime, described by a
bosonic two-component Lieb-Liniger model. Utilizing the connection between strongly interacting
bosonic and fermionic systems, we then show how spin-charge separation could be observed by probing
the correlations in the polaritons. This is performed by first mapping the polaritons to propagating photon
pulses and then measuring the effective photonic spin and charge densities and velocities by analyzing the
correlations in the emitted photon spectrum. The necessary regime of interactions is achievable with

current quantum-optical technology.
DOI: 10.1103/PhysRevLett.106.153601

Introduction.—One of the most counterintuitive charac-
teristics of one-dimensional electron gases is spin-charge
separation. In this case the electrons cease to behave as
single particles, and collective excitations appear carrying
only charge (and no spin) or only spin (and no charge),
which propagate through the system with different veloc-
ities [1]. Efforts to observe spin-charge separation include
among others the seminal tunneling experiments in metal-
lic chains, organic conductors and carbon nanotubes [2],
and more recently in one-dimensional copper oxide sys-
tems and quantum wires [3].

In parallel with the studies of strongly correlated phe-
nomena in real condensed matter systems, works in artifi-
cially engineered many-body systems have emerged in the
last two decades. In the latter, many-body effects could be
reproduced and simulated in well controllable environ-
ments. Cold atoms and ion traps are the most famous
example [4]. Proposals to observe spin-charge separation
have also been in place in cold atoms, including both
bosonic and fermionic species [5]. However, the lack of
necessary individual accessibility and measurement, and
the challenges in trapping and cooling especially fermionic
gases make current results unclear so far.

Strongly interacting photons (SIPs), as hybrid light-
matter quantum simulators, promise to provide the neces-
sary extra manipulation and measurement that are so far

PACS numbers: 42.50.Gy, 71.10.Pm, 71.36.4+c

separation could be efficiently observed in a hollow fiber
filled with atoms where stationary light-matter polaritons
[7] could behave as a quantum Luttinger liquid. We first
describe how to prepare and drive the system to a regime
where a two bosonic component Lieb-Liniger model is
generated. Utilizing the connection between strongly in-
teracting bosonic and fermionic systems [5], we proceed
by showing how to identify and measure the effective
photonic spin and charge densities and velocities through
standard optical methods.

System.—Consider a waveguide, a hollow-core fiber to
be more specific [12], filled with two types of atomic gases
a and b (two isotopes of Rb atoms, for example). Two
quantum light fields and two classical fields El,i(z, 1),
E, . (z 1) and Q, (1), Q, - (1) respectively can propagate
towards the left and right directions and couple to the
atoms as shown in Fig. 1. Initially two resonant optical
pulses carried by £ L+(z 1), E2,+ (z, t) are incident from one
direction, say the left side. They are injected into the
waveguide with the copropagating control fields ) . (7)
and (), . () initially turned on. Hereafter, we will omit the
explicit time and spatial dependence of the field operators
for economy of notations. The Hamiltonian in the
Schrodinger picture can be expressed as a sum of two
independent parts describing the evolution of the different
atomic species H = H* + H” with

lacking from other proposals. Motivated by significant 2 i

advances in both the fields of cavity QED and quantum H* = —hn; Z / df—wi;0% + (mwq + AY)o3,
nonlinear optics [6,7], arrays of coupled resonators were =1

proposed initially for photonic gates [8] and then for the + (—w§3 — wgg — Aok, + gif\/zﬂ-(g)zf] + 0-23)
quantum simulation of photonic and polaritonic Mott tran- 0o e

sitions [9]. More recently among other works, the crystal- X (E; efnimowd) + F ol ~kui=oal)

lization of photons has also been proposed in a nonlinear iD= ) — ik 4 07)

fiber [10] and studies of the properties of driven dissipative Qe + 0, e N)og; + He)
arrays have appeared [11]. We show here that spin-charge (D
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FIG. 1 (color online). A schematic diagram of the system
under consideration. A hollow fiber with two quantum light
fields ﬁH, E2‘+ and two pairs of classical fields (); . and
), + propagating towards the left and right directions. The fiber
is filled with two atomic gases a and b. Appropriate tuning of the
couplings of the light fields to the corresponding atomic tran-
sitions, forces the trapped polaritons to behave as an effective 1D
quantum Luttinger liquid. The available tunability of the effec-
tive interaction parameters allows us to reach the spin-charge
separation regime. Coherently transferring the polaritons’ corre-
lations to propagating light pulses and allowing them to exit the
fiber, provides for the efficient measurement of both the dynam-
ics of the propagation of the effective spin and charge quasipar-
ticles or of the spectral function characteristic of the effect taking
place.

where x = {a, b} labels the two atomic species a and b.
Here, the continuous collective atomic spin operators
Thy = o-’lc,q(z, 1) (p,qg =A{1,...,4}) describe the average
of | p)*(g|* over the atoms of type x in a small but macro-
scopic region around spatial coordinate z and g} are the
coupling between the atomic spin operators and the quan-
tum fields. The densities of the two species of atoms in the
same region are assumed to be different and equal to n¢ and
n? respectively.

Moreover we use i = {1, 2} to label the two quantum and

two classical fields with frequencies a)ffg and wi’i)

vectors k( ) and kﬁll), respectively. Both quantum fields £, .
and E,. drive four possible atomic transitions and for
simplicity we assume that each field couples with the
same strength to the two transitions of the different atoms.
The field £ 1.+(z 1) is detuned by A¢ from the transition
[1)* — |2)* and by A§ from |3)* — [4)%. Similarly, the
quantum field £, . (z, 1) is off-resonant from |1)” — [2)"
and |3)> — |4)” by A2 and A% as shown on Fig. 1. Finally,
the applied classical control beams with Rabi frequencies
Q. (r) and Q, . (1) couple to both atoms and drive the
transitions [3)* — |2)*.

The evolutions of the slowly varying quantum operators
E,-,i(z, f) are given by four Maxwell-Bloch (MB) equa-

and wave

tions: (8, = »Wa,)E, . = ix2mnigi(o¢,. + 0%,.) and
(9, £ v?0,)E, . = iN2mnlgh(oh, . + b, ) where we
have introduced the slowly varying collective operators

o i)z b
P‘I Pq

ab, (2 ne Kz + ob,—(z e kn2. Here, »(1? are the
velocities for each quantum field in an empty waveguide.
In the derivation of the equations of motion we have
assumed the Rabi frequencies of the control fields to be
slowly varied and ignored the high-frequency terms oscil-
lating at frequency 2A3¢ following the methods in [7]. We

proceed to define the polariton operators as W, . =
cos#?E, + — sing*\27nlod, and V,. = cos®’E,. —
tand* = g{\2mn?¢/Q; and

tang? = gIg‘/Z'n'nf /€Q,. For simplicity we have assumed

that the amplitudes of the counterpropagating classical
fields are equal, i.e., ;. = Q;(i=1,2). In the limit
when the excitations are mostly in spin-wave form, i.e.,
sind* =~ 1 and since 0§, = —gfE,./Q, and o} =
- 81271:?2,1/ ),, the polariton operators are W,. =
g4\ 2Zmn?E, .+ /Q) and ¥, . = gl2"/277n§EA2,i/Qz.
Setting Wy, = (¥ +W¥5-)/2 and A, =
(W 2.+ — Wy.-)/2 as the symmetric and antisymmetric
combinations of the two polaritons and using the MB

equations from earlier, we derive the equations of motion
for the polariton combination W, A;:

—\/2—7;(5322 néo, W,
I
(g)*
J_A
- (9)%(g5)°Q3
IR =PIy
X (‘I’;‘I’z + A2A2)‘1’1 + noise,

(g9)? (1)
9,A + vV W, = —i27r-LniA, — =L
Az ' '\/27TAZ

+ noise. 2)

(D)
= O, +(z, fetknz + ol _(z, fe~ and o

sing’y[27nl o, where

9, W, +vWa A =

Qviw, +afa)w,

Viw A,

A similar set of equations hold for the pair W,, A,. The
noise terms in Egs. (2) account for the dissipative processes
that take place during the evolution. Fortunately, for the
dark state polaritons under consideration, as long as the
spontaneous emission rates I' from the states |2) and |4) are
much less than the detuning |A4], |A%], the losses in the
time scales of interest are not significant and thus can be
neglected [7,10]. Assuming sufficient optical depth of a
few thousand and a large ratio between the density of
atoms to the density of photons ni/pg; ~ 10%, the anti-
symmetric combinations A; and A, can be adiabatically
eliminated from the equations of motion for the polaritons
and moreover, the nonlinear terms \PI\P 1AL, ‘I’;r W,A, are
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negligible. Then, Egs. (2) simplify to id, ¥V, =
—ﬁ@%‘l’l + Ul\lfir\ljlqu + VIW;WZ\PI and iat‘lf2 =
- ﬁ@%‘l’z + UZ\P—Z'-\P2\P2 + Vz\pir\lflq’z. These are the
equations of motion of a two-component Lieb-Liniger

model (LL) of polaritons with the corresponding
Hamiltonian:

H=n j dz{Z[ 2'1’” 0.9 (2)0.W,(2) + %p%(z)]

+ V12F’1(Z)Pz(2)}- (3)
. . . . . 1 4A§ Vi,l)
m; is effective mass for the ith polariton with = T T
ID™"2
1 4AED ab ..
and -—- = — 2% with I'{;; the spontaneous emission rate
my o n? 1D

of a single atom in the waveguide modes. V(gl) =

02/ 7(g)?n? and v = v Q32/m(gh)?nt are the cor-
responding group velocities of the propagating polaritons.

The intraspecies repulsions are given by U; =
U, =t
2 207
(g} (g8,
(sD?ag0D

and the interspecies repulsions by Vi, =

2
m(85)*(e})* vy
(g9 AL

Let us now define the effective parameters u; =

‘\/po,iUi/mi and K; = \/szo,i/(miUi) with pg; equal to

Nph i the photon number of ith quantum field in our scheme.
It is known from the works by Girardeau and others [1],
that when u; = u, = u and K; = K, = K, the above LL
Hamiltonian Eq. (3) can be transformed into a Luttinger
liquid one comprising separately of two parts, the charge
part H, and the spin part H; as H = H,. + H,. The latter
allows for the separation of a single excitation into two
separate ones each comprising of spins or of charge or
density. These can propagate through the liquid with differ-

. . . +
ent velocities given by u,., = u\/I + WtVIK 1 our case,
29 mu

the charge (spin) density corresponds to the sum (differ-
ence) of the corresponding polaritons’ densities n., =
n, * n, with n; = <‘I’l1L W.). Recall that W, is the symmet-
ric combinations of the two counterpropagating dark state
polaritons generated by each set of atom-field interaction
as defined earlier.

Preparation and detection.—Initially, two probe pulses
are sent in from the left and become trapped in the usual
slow light manner [6,7]. Labeling 7y, the ratio of the
interaction to the kinetic energies for each polariton spe-
cies, at this stage 7y, <1 the pulses are noninteracting
with the photons expanding freely due to dispersion. By
slowly shifting in the 4th levels, the effective masses m; ,
can be kept constant whereas the effective intra- and
interspecies repulsions U;, and Vj, are increased. This
drives the system into a strongly interacting regime with
v1, > 1 (the bounds on the relevant time scales for the
process to be efficient against losses are discussed further

down in the text). This dynamic evolution is possible by
keeping for example the corresponding two photon detun-
ings A4, Ag constant, while shifting the level 4 responsible
for the nonlinear shifts.

Once this correlated state is achieved, one field—for
example (); ,—from the pair of control fields that trap
polariton type W, is slowly turned off. This will release the
corresponding quasiparticle and allow it to propagate to-
wards the exit of the fiber. As all correlations established in
the previous step—the evolution under the LL. Hamiltonian
Eq. (3)—are retained, this wave packet containing mostly
light now, comprises of two separated parts propagating
with different velocities u, and u,. towards the end of the
fiber. The detection in our case can occur through dynami-
cally probing the time evolution of a single excitation as in
cold atom proposals [5] or by measuring the corresponding
single particle spectral function S(g, ) as in condensed
matter experiments [1-3].

In our case the charge (spin) density waves, after the
release of the polaritons, will transfer to the sum (differ-
ence) of the corresponding time dependent photon inten-
sities n; for each propagating field where n; = <E:r LE ).
One could dynamically probe the corresponding photonic
intensity maxima, and from that infer the corresponding
velocities. Alternatively, we could measure the spectral
function by probing the first order correlation function of
one of the fields, say £, for a specific quasimomentum g.
The latter should exhibit two peaks as shown in the inset of
Fig. 2 centered around u,q and u,.g with ¢ the correspond-
ing quasimomentum of the propagating excitation. In our
case, ¢ is inversely proportional to the initial extend of the
pulse z,. For clear distinction between the two spin and
charge peaks, we should tune our optical detectors around
q = 21 / 20-

In Fig. 2 we plot the spectral function as analytically
derived for a two-component bosonic system [13], for
intra- and interspecies values corresponding in our system
tou =1and k = 1. Here U,/V, = U,/V;, = 0.6 which
in turn give a ratio between the effective charge and spin
velocities of u,/u; = 2. The corresponding necessary val-
ues of the parameters in our system are optical depths
OD = 3000 and roughly N,;? = 10 photons initially in
each pulse and single-atom cooperativity of n = 0.4. We
assume the same single-atom cooperativity for both spe-
cies n®? = n = I';p/T’, which is the ratio of spontaneous
emission into the waveguide to total spontaneous emission.

We note here in calculating the parameters, we take into
account that both the linear and the nonlinear loss mecha-
nisms will define a maximum evolution time 7,,,, for the
second phase of the process [7,10]. This in turn, gives the
following condition on the achievable ratio of interaction

. . . . N a,b
to kinetic energies: yha, ~ mm[exp(| & l, nﬁ %)]'
2 ph

Optimizing over Ag‘b will give the numbers mentioned
above. We add here that in order to omit the noise terms
and also be able to neglect the higher order derivatives so
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FIG. 2 (color online). The single particle spectral function for
our photonic system. The effective spin and charge velocities are
u, = 0.5 and u. = 1 and can be achieved for optical depths
around OD = 3000, with 10 photons in each pulse initially, and
single-atom cooperativity for each atomic species of 0.4.
Subsequent releasing of one of the trapped polaritons through
its coherent mapping to a propagating light pulse, allows for the
efficient measurement of the spectral function by measuring
cross correlations in the intensities of the output fields. In the
inset we plot a 2D cut for the value of ¢ = 2. The units of @ and

g are in T’Z X 2‘/%u and 77/z, respectively (see text).

that the system is described within good approximation by
the Lieb-Liniger Eq. (3), the following conditions need to
be satisfied: The Stark shift of levels |2) for each atomic
species should stay within the transparency window and a
bound on spin-wave excitations wave vector should be in
place [7]. These conditions translate to n;/n? <
[AG]/IT — 2iA4], ny/n? < [AL]/IT — 2iAS] and
ny/nd < T4 /1248 + il ny/n? < Tt /1244 + iT|
which is satisfied in our case as the numbers of atoms
can be two or three orders of magnitude larger than the
number of photons. We note that in this case the ratio
between kinetic and repulsion energies for each species
can reach the value of 40 which for the single component
case was shown to lead to a Tonks gas of photons [10]. For
spin-charge separation, the required repulsions could be of
a smaller value, thus relaxing the overall quantum-optical
requirements but the two peaks in the spectral function will
be less pronounced.

We would like to stress here that our proposal is inher-
ently different to the one proposed in [10] both in terms of
the quantum optics scheme under consideration (two
atomic species), the measurement part (spectral function
accessibility) and also fundamentally. Here we are using
photons to simulate a purely fermionic effect, i.e., spin-
charge separation and not hardcore bosons in one dimen-
sion [1]. In our opinion measuring spin-charge separation
and directly accessing the spectral function of a Luttinger
liquid has proven more cumbersome and has not been
clearly experimentally verified yet, in spite seminal efforts
in both the condensed matter setups and cold atom simu-
lators [2—4].

In conclusion, we have shown that stationary light-
matter excitations generated inside a hollow one-

dimensional waveguide filled with atoms can be made to
generate a photonic two-component Lieb-Liniger model
simulating a quantum Luttinger liquid. Moreover the rele-
vant interactions exhibit the necessary tunability both to
generate and efficiently observe spin-charge separation
using standard quantum-optical methods.
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