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Majorana physics in a Luttinger liquid with attractive interactions
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Majorana zero modes are the hallmark of topological superconductivity. In one-dimensional systems, these
zero modes are usually introduced in the context of gapped, mean-field models that do not conserve particle
number, such as the Kitaev chain. By nonlocally encoding a conventional fermion across spatially separated
Majorana zero modes, these systems become inherently immune to local decoherence. In this work, we show
that signatures of Majorana edge physics persist in a number-conserving, gapless Luttinger liquid of spinless
fermions with short-range attractive interactions. We identify the two-point correlator as a sharp diagnostic,
revealing an edge-to-edge revival whose sign depends on the fermion-number parity. This revival is robust in the
thermodynamic limit and persists in the excited states of the system and at different fillings. A simple particle-
hole ansatz for the ground state of the system with an odd number of fermions captures the physics of the system
for a wide range of interaction strengths, interpolating between the free-fermion limit and the strongly interacting
Majorana regime. Finally, we propose a concrete protocol to realize this model with ultracold dipolar molecules
or atoms in an optical lattice and to detect the revival via beam-splitter interferometry, opening an experimental
route to Majorana physics beyond the conventional gapped-superconductor paradigm.

DOI: 10.1103/9rlr-cqj6

Introduction. Majorana fermions are emergent zero-energy
modes which are localized at the two edges of a one-
dimensional topological superconductor [1,2]. Joined to-
gether, these two Majorana modes form a single fermionic
degree of freedom which is highly nonlocal and thus ro-
bust against local perturbations and decoherence [3]. This
robustness makes Majorana fermions a particularly promising
platform for topological quantum computation and has moti-
vated an intense search for their realization in both solid-state
[4–6] and ultracold atomic systems [7].

The paradigmatic model hosting Majorana fermions is
the Kitaev chain, a one-dimensional p-wave superconduc-
tor of spinless fermions [1]. The existence of Majorana
modes in the Kitaev chain relies on two key ingredients:
the model is not number conserving and it possesses a bulk
gap which protects the zero modes energetically and justifies
the BCS mean-field treatment of the spectrum. In realistic
quantum-simulation platforms, however, the microscopic dy-
namics usually conserves the total number of particles and
fermions in one-dimensional systems form a gapless Luttinger
liquid, unless the interactions are specifically shaped [8,9].
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Whether—and in what form—Majorana physics survives in
such conditions is thus a question that is both conceptually
and experimentally relevant, recently addressed in number-
conserving models [10–15] and in coupled wires [16–25].

In this work, we show that signatures of Majorana edge
physics persist even in the conceptually simplest number-
conserving, gapless Luttinger liquid of spinless fermions with
nearest-neighbor attractive interactions [Fig. 1(a)]:

Ĥ = −t
L∑

i=1

(ĉ†
i ĉi+1 + H.c.) + V

L∑

i=1

n̂in̂i+1, (1)

where ĉ†
i , ĉi are fermionic creation and annihilation operators

on site i and n̂i = ĉ†
i ĉi is the number operator. From now on,

we set the hopping amplitude t = 1 as the unit of energy. This
model is a gapless Luttinger liquid for V > −2 and undergoes
a phase transition to a phase-separated state for V < −2 [8].

In the Luttinger liquid phase with strong attractive interac-
tions, we show that the two-point correlator 〈ĉ†

1ĉ j〉 evaluated
on the ground state of the system decays to zero as j is moved
into the bulk of the system, but revives to a finite value when
j approaches the opposite edge of the chain [Fig. 1(b)]. The
sign of the revival depends on the parity of the total number
of fermions in the system. Additionally, we demonstrate that
the revival is a robust feature that survives the thermodynamic
limit and persists at different fillings and in the low-lying
excited states. Furthermore, a particularly simple ansatz pro-
posed in [14] relates the odd and even ground states for a wide
range of interaction strengths V .
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FIG. 1. (a) Schematic representation of the model in Eq. (1).
The model describes spin-polarized fermions hopping on a one-
dimensional lattice with nearest-neighbor attractive interactions.
(b) Two-point correlator 〈ĉ†

1ĉ j〉 evaluated on the ground state of the
model in Eq. (1) at half filling N = 50, L = 100 for strong attractive
interactions V = −1.9. The correlator goes to zero as j is moved
into the bulk, but revives to a finite value when j approaches the
opposite edge of the chain. (c) Schematic representation of the pro-
posed experimental setup to measure the revival using beam-splitter
interferometry. The spin-polarized fermions can hop along a one-
dimensional horseshoe (highlighted in gray), since the red sites are
blocked by a strong repulsive potential �. The labels 1, . . . , L of
the sites of the chain are written in small black boxes. Performing
beam-splitter interferometry between sites d and L + 1 − d allows
us to measure the two-point correlator 〈ĉ†

d ĉL+1−d 〉. (d) Two-point
correlator 〈ĉ†

d ĉL+1−d 〉 evaluated on the ground state of the model
in Eq. (1) at approximately half filling N = 50, L = 101 for strong
attractive interactions V = −1.9. The peak of the revival is located at
d = 3, which corresponds to a nonzero correlator between two points
located at the opposite edges of the chain.

Finally, we propose an experimental realization of the
model in Eq. (1) using ultracold dipolar atoms or molecules
in an optical lattice [26–31]. The dipoles can hop along a
one-dimensional horseshoe-shaped chain [Fig. 1(c)] and the
two-point correlator 〈ĉ†

d ĉL+1−d〉 can be measured using beam-
splitter interferometry between sites d and L + 1 − d . This
correlator exhibits a peak when d corresponds to two points
located at the opposite edges of the chain [Fig. 1(d)], which is
a smoking-gun signature of the nonlocal nature of the under-
lying Majorana modes present in the system.

Edge-to-edge revival. In the Kitaev chain, Majorana
fermions correspond to two zero-energy modes localized at
the left and right edges of the chain [1]. At finite sizes, these
two zero modes hybridize and acquire a finite energy splitting
[32]. The localization of these two hybridized zero modes can
be characterized by the two-point correlator 〈ĉ†

i ĉ j〉 evaluated
on the ground state of the system. For the Kitaev chain, the
two-point correlator decays exponentially with the distance
|i − j| between the two sites when the first point i is located
in the bulk. The presence of modes localized at the edges of
the chain is signaled by a revival of the two-point correlator
when the first point i = 1 is located at one edge of the system.
The correlator 〈ĉ†

1ĉ j〉 goes to zero as j is moved into the bulk
of the system, but revives to a finite value when j is located
at the opposite edge of the chain. The revival is thus a robust

FIG. 2. (a) Two-point correlator 〈ĉ†
1ĉ j〉 evaluated on the ground

state of the model in Eq. (1) at half filling N = 50, L = 100 for
different values of the interaction strength V . The correlator goes to
zero as j is moved into the bulk, but revives to a finite value when
j is located at the opposite edge of the chain and V is sufficiently
large. (b) Two-point correlator 〈ĉ†

1ĉ j〉 evaluated on the ground state
of the model in Eq. (1) at strong interaction strength V = −1.9 and
L = 100, for different values of the total fermion number N . The
revival is robust to adding fermions to the half filled chain, but its sign
depends on the parity of the number of fermions N in the system.

fingerprint of the underlying Majorana modes present in the
Kitaev model.

In Fig. 2(a), we show that the two-point correlator 〈ĉ†
1ĉ j〉

evaluated on the ground state of the model in Eq. (1) also
exhibits a revival when j approaches the opposite edge of the
chain, provided the attractive interactions are strong enough.
At the same time, 〈ĉ†

i ĉ j〉 ∝ |i − j|−α decays as a power law in
the bulk [8], with an exponent α = (K + 1/K )/2 that depends
on the Luttinger parameter K of the system.

As a function of the interaction strength V , the revival
emerges more distinctly for values of V which approach the
critical value Vc = −2 from above. For weak attractive in-
teractions, the correlator approaches the free-fermion regime,
for which the correlator in the bulk of the system is finite
and oscillates with a period of kF without reviving at the
opposite end of the chain [see the lowest panel of Fig. 2(a) for
V = −0.8]. For stronger attractive interactions, the fermions’
tendency to pair is enhanced and the correlator becomes
more suppressed in the bulk of the system. This reflects the
divergence of the Luttinger liquid parameter, K → ∞, as
V approaches Vc, leading to bulk correlations 〈ĉ†

i ĉ j〉 ∝ |i −
j|−K/2 becoming arbitrarily short-ranged close to Vc = −2.

The model in Eq. (1) conserves the total number of
fermions N . In Fig. 2(b), we show the dependence of the re-
vival on the number of fermions N . In particular, we show that
the magnitude of the revival is robust to adding fermions to the
half filled chain. The sign of the revival, however, depends on
the parity of the number of fermions N in the system. This
constitutes a direct manifestation of the underlying Majorana
modes present in the system, which are known to be sensitive
to the parity of the number of fermions.
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This can be understood directly for the Kitaev chain at
the special point t = � and μ = 0, for which the two Ma-
jorana modes are exactly localized at the edges of the chain
and they can be expressed in terms of the original fermionic
operators ĉi as γ̂L = ĉ†

1 + ĉ1 and γ̂R = i(ĉ†
L − ĉL ). The two

Majorana operators γ̂L and γ̂R can be used to build a nonlocal
fermionic operator d̂† = γ̂L − iγ̂R, which is an exact zero-
energy quasiparticle operator. For this reason, the ground state
of the Kitaev chain is twofold degenerate and the two ground
states |even〉 and |odd〉 differ by the parity of the number of
fermions. In particular, d̂|even〉 = 0 and the d̂† quasiparticle
operator connects the two ground states with opposite parities

d̂†|even〉 = |odd〉. (2)

The parity operator P̂ in the ground-state subspace is thus

P̂ = 1 − 2d̂†d̂ = −iγ̂Lγ̂R = −(ĉ†
1ĉL + ĉ1ĉL + H.c.). (3)

Equation (3) shows that in the Kitaev chain the parity of
the ground state 〈P̂〉 is directly connected to the expecta-
tion values of the nonlocal normal and anomalous two-point
correlators 〈ĉ†

1ĉL〉 and 〈ĉ1ĉL〉. In number-conserving mod-
els, such as the one in Eq. (1), the anomalous correlator is
zero and the sign of the revival 〈ĉ†

1ĉL〉 directly dictates the
parity of the ground state [see Fig. 2(b)]. More specifically,
in the number-conserving case it is possible to build two
self-adjoint operators γ̂L and γ̂R (localized at the left and
right edges of the chain, respectively) such that the parity
P(N ) of the ground state |N〉 with N fermions is given by
P(N ) = −ic〈N |γ̂Lγ̂R|N〉, where c is some N-independent con-
stant [14].

It is important to note that the revival is not a finite-size
effect [33]. In analogy to the Kitaev chain, the revival is a man-
ifestation of proper, normalized quasiparticle operators, which
are unaffected by the L → ∞ limit. Furthermore, the revival
is not a peculiar feature of the ground state of the system at
half filling. In fact, we show that the revival is also present at
low fillings with a spatial extension which is comparable to the
Fermi wavelength of the system and is thus filling dependent
[33]. Finally, we find that the revival is also present in the
low-lying excited states of the system [33]. In a Luttinger
liquid, the low-energy excited states emerge on top of the
ground state as long-wavelength density fluctuations, which
do not affect the short-wavelength physics of the revival.

Interpolating from Majorana to free fermions. A key sig-
nature of the presence of Majorana modes in gapped models
that do not conserve particle number, such as the Kitaev chain,
is the twofold degeneracy of the ground state. In particular,
the two ground states differ by the parity of the number of
fermions and they are related by the action of a quasiparticle
fermionic operator d̂† [see Eq. (2)]. In terms of the original
fermionic operators ĉi, one can express the quasiparticle oper-
ator as

d̂† = 1√
2

L∑

j=1

(α j ĉ
†
j + β j ĉ j ), (4)

where the coefficients α j and β j are exponentially localized at
the edges of the chain and form two orthonormal vectors.

In number-conserving models, such as the one in Eq. (1),
a similar construction that relates the even- and odd-parity

FIG. 3. (a) Squared overlap |〈N + 1|N + 1〉ansatz|2 of the ansatz
in Eq. (5) with the exact ground state |N + 1〉 of the system with
N + 1 fermions (N = 50, L = 100). The squared overlap is very
high |〈N + 1|N + 1〉ansatz|2 ≈ 0.85 for a wide range of interaction
strengths V . (b) Coefficients αi used in the ansatz in Eq. (5) as a
function of interaction strength V . The coefficients αi are localized
at the edges of the chain for strong attractive interactions, while
they are delocalized in the bulk of the system for weak attractive
interactions, smoothly interpolating between the Majorana and free-
fermion limits. The analytical expression for the coefficients αi in the
free-fermion limit V = 0 is displayed as a gray dashed line.

ground states can be made [14]. In particular, one can make
the following ansatz for the ground state |N + 1〉 with an odd
number of fermions N + 1:

|N + 1〉ansatz ∝
L∑

j=1

α j ĉ
†
j |N〉 +

L∑

j=1

β j ĉ j |N + 2〉. (5)

The αi and βi vectors are the two orthonormal eigenvectors
corresponding to the only nonzero eigenvalues of the ma-
trix �Ci j = 〈N + 1|ĉ†

i ĉ j |N + 1〉 − 〈N |ĉ†
i ĉ j |N〉, which can be

shown numerically to have approximately rank two [14].
As shown in the left panel of Fig. 3(a), the ansatz in Eq. (5)

has a very high squared overlap with the exact ground state
of the system |〈N + 1|N + 1〉ansatz|2 ≈ 0.85 for a wide range
of interaction strengths V . To explain this, we decompose
the ansatz in Eq. (5) into two parts |N + 1〉ansatz ∝ |p〉 + |h〉,
where |p〉 ∝ ∑L

j=1 α j ĉ
†
j |N〉 and |h〉 ∝ ∑L

j=1 β j ĉ j |N + 2〉 are
the particle and hole components, respectively.

In the limit of strong attractive interactions V = −1.9,
the particle and hole components are almost orthogonal
|〈p|h〉|2 ≈ 0.1 and the ground state is well approximated
by an equal-weight superposition of the two components
|〈N + 1|p〉|2 ≈ |〈N + 1|h〉|2 ≈ 0.6. Furthermore, the αi and
βi coefficients are localized at the edges of the chain [see
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Fig. 3(b)]. This is analogous to the quasiparticle operator d̂†

introduced for the Kitaev chain in Eq. (4), which is an equal-
weight superposition of a particle and a hole component.

This picture changes drastically as the interaction strength
is decreased, but the ansatz in Eq. (5) still captures the ground
state of the system with a high overlap. For V = −0.2, the
ground state is well approximated by the particle component
alone |〈N + 1|p〉|2 ≈ 1 and the αi coefficients are delocalized
in the bulk of the system. This can be understood explicitly
in the free-fermion limit V = 0 in an open chain, where the
ground state of the system with an odd number of fermions
N + 1 is obtained by adding a fermion with momentum kF

to the ground state of the system with an even number of
fermions N . In other words, |N + 1〉 = ĉ†

kF
|N〉, where ĉ†

kF
=√

2/(L + 1)
∑L

j=1 sin(kF j)ĉ†
j and kF = π (N + 1)/(L + 1) is

the Fermi momentum.
As shown in the right panel of Fig. 3(a), the αi coefficients

interpolate smoothly between the Majorana-fermion regime
for strong attractive interactions, in which the coefficients
are localized at the edges of the chain, and the free-fermion
regime for weak attractive interactions, in which the coef-
ficients are delocalized in the bulk of the system. For this
reason, the ansatz in Eq. (5) is a very good approximation of
the ground state of the system for a wide range of interaction
strengths V .

Experimental realization and outlook. The strong, control-
lable attractive interactions required to observe the revival in
the model in Eq. (1) can be realized with ultracold dipolar
quantum gases in an optical lattice. We checked numerically
that all the results obtained in this work also apply to the
case of dipolar 1/r3 interactions, since they are essentially
short ranged in one dimension [8]. Two routes are particularly
promising: ultracold molecules, whose dipole-dipole interac-
tion is dressed by a microwave field [34–37], giving direct
control over both the sign and the strength of the interaction,
or atoms with an induced [38] or permanent dipole moment
[39–41].

To detect the revival, we propose a single-chain interfer-
ometric protocol. The molecules or atoms are loaded in a
horseshoe-shaped chain [see Fig. 1(c)] and the ground state
of the system is prepared. A beam-splitter operation is then
performed between sites d and L + 1 − d , which maps the ĉd

operator to the new operator ĉ′
d :

ĉd → ĉ′
d ≡ 1√

2
(ĉd + ĉL+1−d ). (6)

Measuring the occupation number at site d after the beam-
splitter operation is equivalent to measuring the number
operator

n̂′
d = ĉ′†

d ĉ′
d = 1

2 (n̂d + n̂L+1−d ) + 1
2 (ĉ†

d ĉL+1−d + H.c.), (7)

where n̂i = ĉ†
i ĉi. This protocol, which consists of beam-

splitter operations and single-site occupancy measurements,
thus allows us to directly reconstruct the two-point correlator
〈ĉ†

d ĉL+1−d〉 [42] and to detect the revival in the system [see
Fig. 1(d)]. Crucially, since the revival survives in the low-lying
excited states of the system, a thermal mixture of low-energy

states is sufficient to observe the revival, thus relaxing the
cooling requirements for the experiment. Furthermore, an
experimentally relevant quantity is given by the ratio of the
revival’s magnitude to the bulk value of the two-point corre-
lator |〈ĉ†

1ĉL/2〉|. Since we are in the Luttinger liquid phase, the
bulk value of the two-point correlator near the phase transition
V → Vc = −2 is suppressed as

|〈ĉ†
1ĉL/2〉| ∝ L−K/2 = L−1/

√
ε, (8)

where ε ∝ 2 + V at half filling [8]. Remarkably, even in finite-
size systems, the two-point bulk correlator |〈ĉ†

1ĉL/2〉| can be
heavily suppressed by fine-tuning V close to the critical point
Vc. This highlights a major advantage of cold-atom platforms,
where the interaction strength V serves as a highly adjustable
experimental tuning knob.

An important direction for future work is to understand
whether these Majorana modes in spinless Luttinger liquids
can be stabilized and protected to realize a topological qubit
[43]. Coupling two copies of the model in Eq. (1) to a com-
mon third wire, in a spirit analogous to Ref. [16], could
similarly pin the edge modes identified in this work. No-
tably, the specific scaling behavior near the phase transition
in Eq. (8) plays a beneficial role by efficiently suppressing
single-particle excitations and could provide an advantage in
turning this number-conserving, cold-atom-compatible Lut-
tinger liquid into a genuinely topologically protected qubit.

Methods. All the numerical results presented in this work
were obtained using DMRG simulations performed with the
SYTEN library [44].

Note added. Recently, we became aware of Ref. [14],
which originally considered a long-range-interacting model.
A discussion of the short-range case appeared in the published
version [14].
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