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       ”There is life beyond the Landau paradigm” 
                                                                      — Anonymous



Landau versus Topological orders

        Landau orders       Topological orders

(Local) Order parameter String (non-local) Order / 
Topological Invariants

Broken (global) Symmetry
Robustness against  
local perturbations/ 

Bulk-boundary correspondence
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Most of the work on Topological Quantum Matter is based on 
the Mean-Field quasi-particle picture                                          
— Paired Superfluids are particle-number non-conserving          
— Zero-energy modes are Majorana fermions (MFs) by default              
— MFs are blueprints for topological quantum computation



Most of the work on Topological Quantum Matter is based on 
the Mean-Field quasi-particle picture                                          
— Paired Superfluids are particle-number non-conserving          
— Zero-energy modes are Majorana fermions (MFs) by default              
— MFs are blueprints for topological quantum computation

But real “closed systems” are interacting particle-number 
conserving (pnc) systems                                                              
— What is a topological superfluid in a pnc system?               
— What is a Majorana fermion in a pnc system?                                    
— How one detects Majorana fermions?                             
— Can one braid MFs in pnc systems?
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Meaning to emergent many-body Majorana zero-energy modes
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PRL 113, 267002 (2014); Ann.Phys. 372, 357 (2016); PRB 95, 201114(RC) (2017)

Meaning to emergent many-body Majorana zero-energy modes

What is the Fate of Majoranas Beyond Mean-Field?

Coherent superpositions of states with different # of particles
          modes anti-commute with fermionic parity
 Non-number conserving in number conserving systems
�1,2
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Some Answers
PRL 113, 267002 (2014); Ann.Phys. 372, 357 (2016); PRB 95, 201114(RC) (2017)

Can one prepare/manipulate/braid coherent superpositions 
of states with a different number of particles?

Meaning to emergent many-body Majorana zero-energy modes

What is the Fate of Majoranas Beyond Mean-Field?

Coherent superpositions of states with different # of particles
          modes anti-commute with fermionic parity
 Non-number conserving in number conserving systems
�1,2
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Majorana in the News10/31/2017 'Angel particle’ which is both matter and anti-matter discovered in ‘landmark’ quantum physics breakthrough | The Independent

http://www.independent.co.uk/news/science/angel-particle-anti-matter-quantum-physics-discover-stanford-university-california-irvine-a7851661.html 1/8

Two angels painted in Byzantium between 395 and 1453AD Public domain image/St Catherine's Monastery, Mount Sinai

News › Science

Ian Johnston Science Correspondent | @montaukian | Thursday 20 July 2017 18:41 BST | �98 comments

'Angel particle’ which is both matter and anti-matter discovered
in ‘landmark’ quantum physics breakthrough
Scientists say they have found the first evidence that 'Majorana fermions' exist, 80 years after they
were first suggested

Like Click to follow 
The Independent Online

1K
shares

Physicists believe they have discovered a particle that is both

matter and anti-matter, an idea that was first theorised 80 years

ago.

When the Big Bang created the universe out of nothing,

scientists believe the explosion created equal amounts of matter

and anti-matter.

And, if they were ever to meet, they would annihilate each other

– returning to ‘nothing’ apart from a burst of energy.

However, in 1937 an Italian theoretical physicist, Ettore

Majorana, predicted the existence of a strange class of particles

called fermions that were their own anti-particles.

READ MORE

Scientists teleport particle into space in major breakthrough

Scientists discover new subatomic particle at Large Hadron Collider

Large Hadron Collider finds five new subatomic particles

‘Human sacrifice’ staged at Cern, home of the God Particle

�We use cookies to enhance your visit to our site and to bring you advertisements that might interest you. Read our Privacy and Cookie Policies to find out more.

News Voices Sports Culture Indy/Life Video Daily Edition 
 � 	 �
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Collaborators:

Ana Maria Rey:   JILA, University of Colorado - Boulder 

Leonid Isaev:   JILA, University of Colorado - Boulder 

Mostly:   PRL 113, 267002 (2014)               Ann.Phys. 372, 357 (2016) 
and arXiv:1710.02768

Adam Kaufman:   JILA, University of Colorado - Boulder 



Motivation 

Repulsive Superfluidity in Optical Lattices 

Developing Probes in AMO Experiments

Outline

Attraction from Local Fluctuations: New Mechanism

Topological Superfluidity in 2-D
Topological Superfluid State in a quasi-1D Lattice

Probing Topological Superfluidity

What and Why Topological Superfluidity?

Fermion Pairing from Repulsion
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<latexit sha1_base64="7OjWW/fKJCgRcwDhDATZ4GJONgs="></latexit><latexit sha1_base64="7OjWW/fKJCgRcwDhDATZ4GJONgs="></latexit><latexit sha1_base64="7OjWW/fKJCgRcwDhDATZ4GJONgs="></latexit><latexit sha1_base64="7OjWW/fKJCgRcwDhDATZ4GJONgs="></latexit>

1S0,
3P0

<latexit sha1_base64="qm/UGuKR7UMSkVQ0Xor+5ganxdE="></latexit><latexit sha1_base64="qm/UGuKR7UMSkVQ0Xor+5ganxdE="></latexit><latexit sha1_base64="qm/UGuKR7UMSkVQ0Xor+5ganxdE="></latexit><latexit sha1_base64="qm/UGuKR7UMSkVQ0Xor+5ganxdE="></latexit>

J = 0
<latexit sha1_base64="glZ1rjOw+8FRjLtMoQlW3HIJLvQ="></latexit><latexit sha1_base64="glZ1rjOw+8FRjLtMoQlW3HIJLvQ="></latexit><latexit sha1_base64="glZ1rjOw+8FRjLtMoQlW3HIJLvQ="></latexit><latexit sha1_base64="glZ1rjOw+8FRjLtMoQlW3HIJLvQ="></latexit>



New Mechanism of Pairing: Engineer Subsystem Mediator 
Interplay between atomic repulsion and kinetic energy
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Superfluid State in a quasi-1D Lattice

1 2 1 2
i=xi i+1

Jg

−Λ

Je

e

g

v

H = �Je

X

in

(e†i,1nei,2n + h.c.) + Ugg

X

ia

n
g
ia(n

g
ia � 1)�

�Jg
X

in

(g†i,1ngi,2n + g†i+1,1ngi,2n + h.c.)+

+Ueg

X

ia

ne
ian

g
ia + Vex

X

iamn

e†i,anei,amg†i,amgi,an

| {z }

i

<latexit sha1_base64="AJ5DOwgYL1frN32hcjF6neCmtjE="></latexit><latexit sha1_base64="AJ5DOwgYL1frN32hcjF6neCmtjE="></latexit><latexit sha1_base64="AJ5DOwgYL1frN32hcjF6neCmtjE="></latexit><latexit sha1_base64="AJ5DOwgYL1frN32hcjF6neCmtjE="></latexit>

Mobile g-atoms

e-atoms: 1 atom/dimer

          = Nuclear spins
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Emergent Fermion pairing
e-atom quantum fluctuations
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Effective Model (Schrieffer-Wolff Transformation)

Hef = �Jg

X

k

(g†k1 g
†
k2)

✓
0 1 + e

�ik

1 + e
ik 0

◆

| {z }

✓
gk1

gk2

◆
� v

2

4Je

X

i

n
g
i,1n

g
i,2



Effective Model (Schrieffer-Wolff Transformation)

Hef = �Jg

X

k

(g†k1 g
†
k2)

✓
0 1 + e

�ik

1 + e
ik 0

◆

| {z }

✓
gk1

gk2

◆
� v

2

4Je

X

i

n
g
i,1n

g
i,2

Attraction is intra-dimer



Effective Model (Schrieffer-Wolff Transformation)

Hef = �Jg

X

k

(g†k1 g
†
k2)

✓
0 1 + e

�ik

1 + e
ik 0

◆

| {z }

✓
gk1

gk2

◆
� v

2

4Je

X

i

n
g
i,1n

g
i,2

Effective spin-orbit interaction 

due to doubling of unit cell

HSOI = (1 + cos k)�x + sin k �y

Attraction is intra-dimer



Effective Model (Schrieffer-Wolff Transformation)

Hef = �Jg

X

k

(g†k1 g
†
k2)

✓
0 1 + e

�ik

1 + e
ik 0

◆

| {z }

✓
gk1

gk2

◆
� v

2

4Je

X

i

n
g
i,1n

g
i,2

Effective spin-orbit interaction 

due to doubling of unit cell

HSOI = (1 + cos k)�x + sin k �y

Attraction is intra-dimer

Non-interacting band-structure
Quasiparticle states
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Phase Diagram in quasi-1D

Unconstrained Single-site unit cell
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Topological Superfluidity in two-dimensions
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Synthetic Magneto-Electric Effect
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