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Majorana Edge Modes

In a spinful particle-conserving model

1) Introduction: 2) Our model:
m Majoranas m Spinful ladder
m Kitaev 3) The results:

m Spinless ladder m Majorana phase
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1) Introduction
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Majoranas are half fermionic
degree of freedom

Majorana Fermions in HEP:
A fermion that is its own antiparticle Jr

Creation = Anihilation: ’")/ — ’)/
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Majoranas are half fermionic
degree of freedom

Majorana Fermions in HEP: 1 Fermion
A fermion that is its own antiparticle Jr =

Creation = Anihilation: ")/ — ")/ 2 Majoranas

Definition:

Ya=c+c!

ivg=c—c'
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degree of freedom

Majorana Fermions in HEP:
A fermion that is its own antiparticle

Creation = Anihilation: ’)/ — ")/

Definition:

Ya=c+c

iyg =c—c!

Majoranas are half fermionic

f

1 Fermion

2 Majoranas

Majorana occupation?

”y(];"ya — 1 Not very useful!

You cannot occupy a
single Majorana mode!!
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Majoranas on a chain? Definition: =
YA =C+C

ivg =c—c!

Number operator?

1 /-
n=cc=z(ivays +1)
We need two different Majoranas
to define an occupation number!

ivavg = 2cTe — 1 = +1

Different sites?
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Number operator?

1 /-
n=cc=z(ivays +1)
We need two different Majoranas
to define an occupation number!

ivavg = 2cTe — 1 = +1

Different sites?

Majoranas on a chain? Definition:

ya=c+cl

ivg =c—c!

DR s
m Non-local

- Does not conserve N,
H g VB YA 41
¢ j
H

but it conserves P!

—Z( C}L-cjﬂ —CiCjy1 + hc)
J
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Topological phase

in the Kitaev chain
Kitaev, Phys. Usp. 44, 131 (2001)

H = — Z(tc;r'cjﬂ T chcj‘l‘l + he) — “an | m Spinless
J

J :
m Doesn't conserve N

i
H =) —uav8; + (A + 818574541 + (A — t)y4578)41
J
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Topological phase

in the Kitaev chain
Kitaev, Phys. Usp. 44, 131 (2001)

H=— Z(tc;r-cjﬂ + Ac,cj1 +he) — ,uan w
J

m Spinless

J :
m Doesn't conserve N

i
H =) —uav8; + (A + 818574541 + (A — t)y4578)41

J
Topological case:

A=t u=20 What about the Majoranas at the ends?

~ 1 .
¢ = 5(va1 +4YBL)
Non-local zero-energy fermionic state!

H = —1t Zj’YBj'YAj+1
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Characteristics H = =ity 757441

ém = 5(va1 +ivBL)

(D) Both parity sectors
are quasi-degenerate

E(P=0) = E(P=1) !
Zero-energy mode

@ Non-local end-end correlations

(cle;)
1/2
1/4
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Characteristics H = =ity 757441

ém = 5(va1 +ivBL)

(1) Both parity sectors @ Double degeneracy on
are quasi-degenerate the Entanglement Spectrum
E(P:O) = E(P=1) ! . Schmidt decomposition
Zero-energy mode in(Aa) \%IZ@ ajla)p

@ Non-local end-end correlations

(cles)
1/2
1/4

(@ Robust against local noise
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A number conserving model

m Works from 2010
m Work from 2013 by Kraus et al

Idea:

Two chains coupled
only by a pair-hopping
Each one can act as

a pair reservoir for the other
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A number conserving model

m Works from 2010
m Work from 2013 by Kraus et al

Idea:

Two chains coupled
only by a pair-hopping
Each one can act as

a pair reservoir for the other

Kraus et al, PRL 111, 173004 (2013)

H = —tz (CLTCLJ'+1 -+ bTbj_|_1 -+ hC)
+W)., (ajajﬂb bi+1 + hc)
Fixed N!

They find a Majorana phase!
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A number conserving model

Kraus et al, PRL 111, 173004 (2013)

(1) Both parity (2) [ 100AE, ong A
sectors are | v
quasi- w |1
degenerate S 67

—10} .,'/1 !
°% _1/L
@ Non-local end-end correlations
; —0.4
) r Gy = (aja;) "'gﬁ )
;3 L=24 rungs =il &
f/\-\“" non-local 10-2
H con'elation\
N o4
24

1 12

site |
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A number conserving model
Kraus et al, PRL 111, 173004 (2013)

(D) Both parity  (2) [S095E, 50| . @ Double degeneracy on the ES
sectors are | B ©),| i
quasi- 5 L /Fl 4t -
degenerate 8 6/ 2 < O Ht o +t
/ ic? 4t
-19] I._llli | o | ++ ++
48 1/L |onc Ht
(@ Non-local end-end correlations 6 7 8 9 10
(b) - 5 0.4
v Gij = l{ala;)| |-*% _ _
Y L=24 rungs |~ & @ Robust against local noise
f/\- "‘ non-local 10-2
\,\-‘! con'elation\
I\ i
0
1 12 24

site |
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2) Our model
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A spinful model?

Single leg:

’—§

- -

7

\~!D

ta a¢3

Mag Field
h,=1

10
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A spinful model?

Single leg:
m/
\\ / \\ / \\ 7

— s — s

Spinless Ladder:

Spinful Ladder:

10
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Our Model

m Add U
m Add t'

11
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Our Model

m Add U
m Add t'

H:Htt’ —I—Hx—|—HU—|—HW

m Hy = Z(_t()‘;zjawjﬂ — t/a12j+10%2j+2

Jo

— tlaflgjaTQj—l—l — tOé$2j_|_1C¥T2j_|_2 + hC)
_ T
m H, —Z (hzag,ap; + he)

m Hy = ZUna“naw

" Hy = Z Wal,al bybrj + he)

J

m Single leg: P, conserved (N, is not)
m Doesn't conserve the total spin projection (X5))!

Do we have a Majorana Phase?

11



Majorana edge modes in a spinful-particle conserving model

3) The results

12



Majorana edge modes in a spinful-particle conserving model

Methods?

Ground state calculations using MPS

Size: up to 150 rungs
Bond dim: up to 3000
W = 2.6t

n = N/2L = 0.32 (fixed)

Criteria:

(D Both parity sectors have the same E
(@ We have end-end correlations

@ There is an even Deg in the ES
(@Robust against local noise

13
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Energy difference and
Entanigement spectrum

We compute the lowest-lying
energy in each parity sector

A = E(P, =0) — E(P, = 1)

t' = 0.2t

0.6.' ........................... -
[ —— [,—13 @ [ —100

: L=25 — [, =125 .
0.41 —e— 1,=50 L=150 -
—— =75 |

0.2} TP _'
O 0L o=y e .
—0.5 0.0 0.5 1.0
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Majorana edge modes in a spinful-particle conserving model

Energy difference and
Entanigement spectrum

We compute the lowest-lying Also the Entanglement Spectrum
energy in each parity sector

A=E(P,=0)-E(P, =1)
0.6.'

0.4F

0.2F

0.0
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Energy difference and
Entanigement spectrum

L =100 rungs 1o =2
N =64 |
0.5F
(D Both parity sectors have the same E | 3
@ There is an even Deg in the ES - O
- Z
A=FEP,=0)—E(P,=1) —0or
Ai: entanglement spectrum eigenvalue _1.03_ -
m Contour Plot: laglo(A) L5}
—5
— A
m Squares: AO 1
Ao + Ay 0.0 0.1 0.2 0.3
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Finite end-end correlations
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(DBoth parity sectors have the same E
(@ We have end-end correlations
@ There is an even Deg in the ES

16



Majorana edge modes in a spinful-particle conserving model

Finite end-end correlations

)I:II:II:II:II:I

O

=N

4
\
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— site g
(DBoth parity sectors have the same E
(@ We have end-end correlations

@ There is an even Deg in the ES
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Finite end-end correlations

_2 MR = max (ATT-) — max (ATT-)
| j€E[L/2-5,L/245]

Rev. Max.

. . . o
(DBoth parity sectors have the same E

@ We have end-end correlations
@ There is an even Deg in the ES
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Summary

@ Both parity sectors have the same E
@ Ve have end-end correlations

® There is an even Deg in the ES

@ Robust against local noise
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