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Introduction

Topological superconductors represent one of the key hosts of Majorana-based topological quantum computing. Typical scenarios for
one-dimensional topological superconductivity assume a broken gauge symmetry associated to a superconducting state. In this work, we
demonstrate that robust zero modes appear in a 1D many-body model without gauge symmetry breaking. The model we focus on would
give rise to a topological superconductor at the mean-field level if the gauge symmetry were explicitly broken. We demonstrate that no
such gauge symmetry breaking is required for the emergence of Majorana-like zero modes, establishing a peculiar paradigm of quantum
many-body excitations with no single-particle analog. Despite their fundamental differences to Majorana zero modes, we demonstrate that
these two types of many-body excitations share many properties, including robustness to perturbations and disorder.

Kitaev model

Kitaev model is a chain of spinless fermions with p-wave superconducting pairing between the neighboring sites:

ĤK = −t
L−1∑
j=1

(
â†j+1âj + â†j âj+1

)
+ ∆

L−1∑
j=1

(
â†j+1â†j + âjâj+1

)
− µ

L∑
j=1

â†j âj

This Hamiltonian can be diagonalized by a linear Bogoliubov transformation:

âj =
∑

k

(
ujkĉk + v∗jkĉ†k

)
, â†j =

∑
k

(
vjkĉ†k + u∗jkĉk

)
, ĤK = ε0ĉ†0ĉ0 +

L−1∑
j=1

εkĉ†kĉk + const

ε0 ∝ ∆e−L/ξ, εk > ∆ (k > 1)
One could use the states |Ψ0〉 and ĉ†0|Ψ0〉 as a qubit!
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A mean field superconductivity is required for all these realizations. But is it possible to have Majoranas without gauge symmetry breaking?

Interacting model

We consider Kitaev model and replace superconducting pairing term with an attractive interaction between the neighboring sites. Treated
within a mean-field approximation such interaction gives rise to p-wave superconductivity.

ĤI = −t
L−1∑
j=1

(
â†j+1âj + â†j âj+1

)
−V

L−1∑
j=1

(
â†j+1âj+1 −

1
2

)(
â†j âj −

1
2

)
− µ

L∑
j=1

â†j âj

Properties of model:
Gauge invariant
Bethe-ansatz integrable
Yields Kitaev model in a mean field approximation
Has three phases: phase separation (PS), Tomonaga–Luttinger
liquid (TLL), and charge density wave (CDW)
Gapless in the TLL phase V/t

µ/t

2−2

2

−2

PSTLLCDW

Spectral function

A(j, ω) = 〈Ψ0|âjδ(ω − Ĥ + E0)â†j + â†jδ(ω + Ĥ − E0)âj|Ψ0〉 =
∑
m

[
|〈Ψ0|âj|Ψm〉|2δ(ω − Em + E0) + 〈Ψ0|â†j |Ψm〉|2δ(ω − E0 + Em)

]
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(a, b) L = 10, µ = 0, V = 1.5t (c, d) L = 40, µ = 0, V = 1.5t (e, f) L = 40, µ = −0.2t, V = 1.5t

Peak splitting

ωp =
E0(N0 + 1) + E0(N0 − 1)

2
− E0 ∝

C(V)
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The peak splitting vs. the chain length and dependence of the prefactor C on the interaction strength at half filling µ = 0.

Robustness to the perturbations

(a, b) Second neighbor hopping

Ĥ2nh = −t′
L−2∑
j=1

(
â†j+2âj + â†j âj+2

)
L = 40, µ = 0, V = 1.5t, t′ = −0.2t

(c, d) Second neighbor interaction

Ĥ2ni = −V ′
L−2∑
j=1

(
â†j+2âj+2 −

1
2

)(
â†j âj −

1
2

)
L = 40, µ = 0, V = 1.5t, V ′ = 0.4t

(e, f) On-site disorder

Ĥd =

L∑
j=1

ujâ
†
j âj, uj ∈ [−W,W]

L = 40, µ = 0, V = 1.5t, W = 0.5t.
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Connection to a topological superconductor

Parametric Hamiltonian
Ĥ(s) = (1− s)ĤI + sĤK − µ̃(s)N̂, 0 6 s 6 1
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Local density of states at the first site (a) L = 40, V = 1.5t, ∆ = t, µ = −0.2t, µ̃ = 0 (b) L = 40, V = 1.5t, ∆ = t, µ = −0.2t, 〈N̂〉 = L/4

Interface between the interacting model and the topological superconductor

Ĥ = −t
L−1∑
j=1
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)
− V
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+ ∆
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Density of states for all sites for the interface with topological superconductor (a) L = 40, L′ = 20, V = 1.5t, ∆ = 0.5t, µ = 0, µ′ = 0 (b)
L = 40, L′ = 20, V = 1.5t, ∆ = 0.5t, µ = 0, µ′ = 3t

Continuous limit

Continuous wire

Ĥc =

L∫
0

{
ψ̂†
(
− ∂

2
x

2m
−

k2
F

2m

)
ψ̂ +

g
8k2

F
: [∂xρ̂]2 :

}
dx, ψ̂(0) = ψ̂(L) = 0

Spectral function

A(x, ω) = i
+∞∫
−∞

[
G>(x, x, t)−G<(x, x, t)

]
eiωt dt

G>(x, x′t) = −i〈ψ̂(x, t)ψ̂†(x′,0)〉 G<(x, x′t) = i〈ψ̂†(x′,0)ψ̂(x, t)〉
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Conclusions

We have demonstrated the emergence of robust Majorana-like edge modes in the many-body quantum system without mean-field
superconductivity.
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