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1.Spin-orbit coupled BEC

Spin-orbital coupling can be realized by apply two counter-propagating

Raman laser.
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1.Spin-orbit coupled BEC

* |n this direction, our contribution is that we first obtained the excitation
spectrum in the plane wave phase, and found the roton structure.
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1.Spin-orbit coupled BEC

« We first study the transition temperature of the spin-orbit coupled
BEC.
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1.Spin-orbit coupled BEC

« USTC experiment group determined the finite-T phase diagram of the spin-orbit
coupled BEC, we help them to understand the structure of the phase diagram.
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« The plan wave phase has larger low-energy DOS. So it has larger entropy

and lower free energy at finite-T.

Si-Cong Ji, Jin-Y1 Zhang, Long Zhang, Zhi-Dong Du, Wei Zheng, You-Jin Deng, Hui Zhai, Shuai Chen, and
Jian-Wei Pan, Nature Physics 10, 1038 (2014)



2.Dirving induced topological band

* We propose that by shaking optical lattice, one can realized the
topological band in cold atom system.

Shaking 1D lattice
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2.Dirving induced topological band

« After our paper, ETH group realized the Floquet Haldane Model by the
same proposal. This is the first topological band in cold atom physics.
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Our proposal

be found in references [S2-S8|, and applications to circu-

larly modulated hongyeequb lattices can be found in very
recent work [S5, S'H
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515, 237 (2014)




3.Bose-fermi superfluid mixture

* ENS group found the damping of dipole mode of the Bose-Fermi superfluid
mixture has a critical velocity.
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« We explain it as the Beliaev damping of the collective mode, and explain the
critical velocity behavior.
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Cold atoms coupled to optical cavities
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Steady state

BEC in cavity :

cavity : superradiant transition

Pump lattice depth (E)
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K. Baumann, et al., Nature (London) 464, 1301 (2010).
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Cavity induced long range interaction

Bose-Hubbard Model inside cavity

L,

Adiabatically Eliminate the cavity field
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Cold atoms coupled to cavities

Many works in this direction:
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Degenerate Fermi gas in cavity



Today

1. Cavity 1s coupled to the density of the atom cloud:

Couphng — f d’l"{)\ ) & CL}

> [ Superradiance ]

Other degree of freedom of atoms?




Today

1. Cavity 1s coupled to the density of the atom cloud:

Heguping = [ dr{\(r)(a +a®) + U(r)a*a}n(r),
> [ Superradiance ]

Other degree of freedom of atoms?

_ | Cavity-induced SOC
Topological Phase
J.-S. Pan, X.-J. Liu, W. Zhang, W. Yi, G.-C. Guo, PRL 115, 045303 (2015).

Y. Deng, J. Cheng, H. Jing, S. Yi, PRL 112, 143007 (2014).
L. Dong, et al., L. Zhou, B. Wu, B. Ramachandhran, H. Pu PRA 89, 011602 (2014)




Today

> [ Superradiance]

Cavity-induced SOC
Topological Phase

J.-S. Pan, X.-J. Liu, W. Zhang, W. Y1i, G.-C. Guo, PRL 115, 045303 (2015).
Y. Deng, J. Cheng, H. Jing, S. Yi, PRL 112, 143007 (2014).
L. Dong, et al., L. Zhou, B. Wu, B. Ramachandhran, H. Pu PRA 89, 011602 (2014)

> ; superradiance?




Today

2. The cavity generated optical lattice 1s commensurate with
the underline static lattice.

Commensur@ > [ CDW ]




Today

2. The cavity generated optical lattice 1s commensurate with
the underline static lattice.

Commensur@ > [ CDW]
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4. Dissipation induced current

Wei Zheng and Nigel R. Cooper, PRL 117, 175302 (2016)



Cavity-assisted-hopping lattice
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1. Energy gradient suppresses the direct hopping.
2. Atoms can only hop by a cavity-assisted Raman process.



Effective Hamiltonian

Considering the particle number conservation, Hamiltonian can be
simplified into:

H = Ala"a — )\Z ( ]Hc +acjciy )

B Al = A, — Ne,,

As we know the current on the lattice reads: / N = ijCj,

. (et ¢ — cTe.
(‘]JOCZ(CJ-HCJ C]CJ‘H)’]

The cavity field is coupled to the current of the atoms.




Mean field steady state: Periodic Boundary Condition

In lattice with periodic boundary condition (or in an infinite long lattice),
we can make Fourier transformation:

a = (a)

ne = C];‘_Ck

K Z] 1 ]"‘10'

[ ‘g, H] =0, [K H]= o,]

Initial (K') = 0

/>)\ >\

Dicke type coupling No threshold




Dynamical gauge field

: 0
In the superradiance phase, a=|ale

Hyr (a0 Z E(k)n,

Ek)=-A|al|cos(k+60) =~

Phase of the cavity Vector Potential
0(t) < > At)

*A route to the dynamical gauge field in cold atom system?

*xSingle-cavity : global gauge field
Multi-cavity : local gauge field



Superradiance induced Current

Cosider half fillingn, = ©(|k|—7/2), = (K)=1L/m,
No pumping

(a) A=0
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Superradiance induced Current

Cosider half fillingn, = ©(|k|—7/2), = (K)=1L/m,

No pumping k=0

(a) A=0 (b) A%0
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K
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no superradiance dispersive band
flat band =0

no current no current



Superradiance induced Current
Cosider half fillingn, = O(|k|—7/2), = (K)=1L/m,

No pumping Kk =0 k = (0

(a) A=0 (b) A=0 (b) A%0

-7 s 0 z T = _E 0 z o -7 . 0 Z T
k k K
Qg =0 OJSS:)\L/WA(/: OJSS:)\L/W<A2—?;K,)
no superradiance dispersive band dispersive band
flat band 0 =0 0 =0

o 2
no current no current J =k | assl



Dissipation Does Matter
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Dissipation Does Matter
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Consider the fluctuation

superradiance induced current
Local current reads

[Jz'sr = —)\ Im(Oz*PHl,z' )7]/




Consider the fluctuation

superradiance induced current
Local current reads

[Jfr — Alm(a®piiss),

> fi = Py
2K\
Jd = 1— ) f
L Asymmetric exclusion process (ASEP)
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| " *Steady State 1s depend onthe boundary condition



Consider the fluctuation

superradiance induced current
Local current reads

[str = —)\ Im(Oz*le,z’ )a]/

2 = ..
[Jz‘d 21 (1fz'—|—1)fz'>] f; P

25\
J = — Re( pit1,j+105i );
Quantum correction

*Even when o = 0, the fluctuation

will induce a current J' 4 J".




Initial state

Steady state 1.0f
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Steady state
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How the understand the steady state?

Adiabatically eliminate the cavity field when k > AL, ),

O1pr = —i| Heropr | + K (2L pr Ly — Lige Legrpr — prLige Lett ) s

Ak
A? + g2
Lt = K,

Heg | D) = E|D), .
If = ( | D)1s asteady state,
Legt | D) = 0,

\
TE>

KK,

For a pure state | D) Hy =—




Possible steady states

ST

+
L—N+j

|0), — Fermi sea in real space

K|FS) = 0,



Possible steady states

|E'S) = H]]-v:1 1w+ ;10),— Fermi sea in real space

S e
]:8—|—1 ]_S ]

K|FS) = 0,

— bosonic excitation in Luttinger theory

Kb |FS) =0, s=1,



Possible steady states

|E'S) = H]]-v:1 1w+ ;10),— Fermi sea in real space

. K|FS) = 0,
|
. L . . T .
by = ijer [ Cj_sCj = bosonic excitation in Luttinger theory
e’ :“3\-‘:- Kb |FSYy =10, s=1,
O : »
by
b, s

*Only by = K 1s couple to the

cavity field, and can be damped. —_—




Summary

b) A% ~ 1 2
<0 nwa Blk) ~ oo (k+67,
S Dynamical gauge
field

- -Z ] £y Ly
K

Dissipation induced
flow

Cavity-assisted-hopping-lattice

ASEP / \ Multiple steady statesb
4
b, b
b

—

i —

)
o 00 0- \L
L 2

|FS)




5. Anomalous diffusion
inside cavity

Wei Zheng and Nigel R. Cooper arXiv: 1709.03916



Experiment setup
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A dynamical Aubry-André (AA) model

Considering the mean field Hamiltonian for atoms, and setting 3 to be

an irrational number

[HMF () = —JZ(C;__HCJ' + h.c.) — 2\ Re(a)z cos (273 + qb)c;rc]D
J J

Aubry-André (AA) model: delocalization-localization transition

2ARe(a) < J, oo _ —72ARe(a) > J,

0.08!
“_ 0.06}
2 0.04}

- '
o.ozf-wlhhwlll@ i -
"""""""""""""" 0 20 40 60 80 100 120 140

O'OOd 20 40 60 80 100 120 140

j J




How is the particle transport?

Considering the wave packet spreading dynamics

width of wave packet

o(t) = J(X?) — (X

X(t) = 3 il

In general, long time behavior 1s a power law

v =0, — localization
(o) ~ 1) o
v = 1/2,— diffusive

v =1 — ballistic




Dissipationless limit <« = 0
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Adding Dissipation

We found anormalous diffusion behavior :

ot) ~t7, 0<y<l,
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Dissipation Does Matter

No dissipation, x = 0
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How to understand this anomalous diffusion?

Check the single trajectory

photon number wave packet width

o vs 20n,
— — %]
(&) o (&) o

Large photon | _, | Large effective Localized | _
number Potential > | States No transport
Small photon Small effective Delocalized
—> —> isti
number Potential — | states Ballistic transport




Map to Levy walk with rest

delocalized,

rest

Levy walk,



Levy walk with rest

Lévy walk + rests v




Map to Levy walk with rest

1.2
1.0

estimate an n, g*g‘
> (.6t
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0.0/ N
1 2 3 4 B\ 6 o
superdiffusion f{ A \ subdiffusion

100 200 300 400500 100 200 500

Th Tw
p(T;,) has long tail p(Ty) has long tail

(T}, ) — diverging (T, ) — diverging



Summary

Cavity AA model
’ pumping laser ' optical lattice
Y LI .
» 2
cavity field : os e A i
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Transition

Quantum noise ]
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Anomalous diffusion



Future Plan

Quantum simulation based on
cold atom system

/

Strongly Interacting

System

Unitary Bose or Fermi Gas

Quantum magnetism

Topological matters

N\

Non-equilibrium
Problem

Quantum thermalization

Transport

Driven-dissipative system



Thank you for your attention!

Thanks to my cooperator:
Prof. Nigel R. Cooper
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