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Auxiliary-Field Quantum Monte Carlo

Random walks in non-orthogonal Slater determinat space
Scales as N3 : can simulate large systems

Systematic error with constraint:
- highly accurate even with Hartree-Fock trial wave function

Recently, release constraint, symmetry, Generalized HF:
systematically improvable QMC method.
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Example
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» Symmetry for wave function

Spin in z direction: 5.
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Symmetry-preserved Wave Functions

» Symmetry for wave function

Spin in z direction: 5. Nt
Total number of particles: N N|
TOta:- SPiDI 82 (Preserve symmetry in projection! ] r

Linear Momentum: K

Space group: rotation, mirror, ...
-Closed shell system in Hubbard model: symmetry

-5, and /V are natural for UHF trial wave function  pnysrevs 8s.125132(2013)
PhysRevB.89.125129(2014)
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Strongly Correlated Regime
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* Large U, highly accurate results
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Symmetry in Trial Wave Function

¢ Large U, hlghly accurate results correlation energy~50%

-8

ED ——
FS TWEF —=—
10 SYM TWF ¢

4ok

4k
WA - open shell
a8 b

-20 |+

-22 |-

24

1 1
0 2 4

1 1
8 10

symmetry twf improves results Hubbard Model 4x4 7u 7d  CPMC

Col




Symmetry in Trial Wave Function

* spin structure factor  s(x)=1/N" s:8; explk (R, - Rj)
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Generalized HF Trial Wave Function

* Release constraint: exponential scaling
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Generalized HF Trial Wave Function
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Generalized HF Trial Wave Function

* Release constraint: exponential scaling

« Symmetry trial wave function: multi-determinant
» Generalized Hartree—Fock: single-determinant
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Generalized HF Trial Wave Function

* Release constraint: exponential scaling

« Symmetry trial wave function: multi-determinant
» Generalized Hartree—Fock: single-determinant
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Generalized HF Trial Wave Function

* Release constraint: exponential scaling

« Symmetry trial wave function: multi-determinant
» Generalized Hartree—Fock: single-determinant
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Generalized HF Trial Wave Function

» 2D repulsive Hubbard model: AFM order at Half-filling.

Trial wave function?
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Generalized HF Trial Wave Function

» 2D repulsive Hubbard model: AFM order at Half-filling.

Trial wave function?
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Generalized HF Trial Wave Function

» 2D repulsive Hubbard model: AFM order at Half-filling.

Trial wave function?
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Generalized HF Trial Wave Function

 Half-filling Hubbard model:

- NO sign problem
- add constraint deliberately
- largest constraint bias
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Generalized HF Trial Wave Function

 Half-filling Hubbard model:

- NO sign problem
- add constraint deliberately
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Generalized HF Trial Wave Function

 Half-filling Hubbard model:

- NO Sign prob|em More benchmark results:

- add constraint deliberately Emanuel Gull's talk!

- largest constraint bias
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Doped Hubbard Model

* 16x4 ladder, 1/8 doping, U=8

CPMC
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Doped Hubbard Model

* 16x4 ladder, 1/8 doping, U=8

CPMC
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Doped Hubbard Model

* 16x4 ladder, 1/8 doping, U=8

CPMC

-0.74 IDMRG  — .
GHF
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075 | GHF gives more accurate results than UHF!
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DMRG is good for ladders. 6
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Doped Hubbard Model

e GHF trial wave function
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Doped Hubbard Model

e GHF trial wave function
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Doped Hubbard Model

e GHF trial wave function
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2D Fermi Gas with Rashba Spin-orbit Coupling

H = Z k%;rmcka + U Z niTm@ Ckiq{@
ko i

Rashba SOC: Couples spin to momentum with
strength ) allows for spin flips.

Sample GHF wave function in AFQMC!

SOC and strong interaction in ultra-cold atom experiment.
For details on FG w/o SOC, see arXiv:1504.00925
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2D Fermi Gas with Rashba Spin-orbit Coupling

H= Zk%k cka%—UananJrZ)\

CkﬁkT + h.c.

()
h{ )
o ® r
°o® IR
discretization! b ° < d
® ° ? e °
[ ° )|
® o
°
°
d ®
g ®

Lattice size: L

Number of particles: N

n=N/L

Particles in the box
For details on FG w/o SOC, see arXiv:1504.00925

Continuous limit: fix N, send L to infinite
Thermodynamic limit: sent N to infinite



2D Fermi Gas with Rashba Spin-orbit Coupling

H= Zk%k cka%—UananJrZ)\

discretization!

CkﬁkT + h.c.

Lattice size: L

Number of particles: N

n=N/L

Particles in the box
For details on FG w/o SOC, see arXiv:1504.00925

Continuous limit: fix N, send L to infinite
Thermodynamic limit: sent N to infinite



Non-Interacting Limit

— ikx)CLCkT + h.c.

For U = 0 (i.e. non-interacting):

[Dlagonallzatlon J (k)+ = k% + \k

yields two bands
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Non-Interacting Limit
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Non-Interacting Limit

(ky — iky)el cxr + hec.

YT

A=0.0 A=0.17 A\ = 0.54 A = 1.68]




Non-Interacting Limit

T

H = Z kQCLJCkU + U itni + Z )\(ky — ik$)ck¢CkT + h.c.
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Momentum Distribution and Spin State
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« Withno SOC (k). = e(k)_

the dispersion is the standard k2.



Momentum Distribution and Spin State

a = 0.0
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» As SOC strength increases, the dispersion separates
into two distinct bands: e(k) and e(k)_
e Spin rotates in momentum space



Momentum Distribution and Spin State

a = 0.5
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* As SOC strength increases, the region of k-space where E(/f)+
IS occupied shrinks.



Momentum Distribution and Spin State
a = 2.0
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» As SOC strength increases, the region of k-space where E(/f)+
IS occupied shrinks.



Momentum Distribution and Spin State
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 Weak SOC to strong SOC transition
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Momentum Distribution and Spin State

a = 6.0
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« Eventually for strong enough SOC, only the e(k)_ band is occupied.

- With increasing SOC strength, the region where (k) _ is occupied
moves away from k=0, and shrinks.



Momentum Distribution and Spin State
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- With increasing SOC strength, the region where (k) _ is occupied

moves away from k=0, and shrinks.



Momentum Distribution and Spin State

a = 8.0
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- With ingfeasing SOC strength, the region where (k) _ is occupied
mo away from k=0, and shrinks.

Effective 1D density of states, enhances quantum fluctuations!



Momentum Distribution with Interaction
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* In weak SOC regime, both

bands are occupied.
* As interaction strength
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Momentum Distribution with Interaction
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* As interaction strength
Increases, occupation
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Singlet and Triplet Paring

* Singlet pairing

AT(/@) T A

.l.
3 (Cep €l = chyCli)
* Triplet pairing

T _
AL(k) = CJ/LTCT—M Ai(k) — CLWT—/@J,

e Pairing matrix

M(ko,k'o") = AT (k)Ag (K)

o
3Lx3L matrix



Outline

 |ntroduction to AFQMC

> Release constraint
> Symmetry in trial wave function
> Generalized Hartree—Fock (GHF) wave function

* Magnetic orders in 2D Hubbard model GHF trial wave function

~ Half-filling: restores symmetry
- Doped: more accurate results

« Rashba spin-orbit coupling in 2D Fermi gas GHF random walker

> Interplay between SOC and interaction
» Singlet triplet pairing wave function

e Conclusion



Conclusion

« Systematically improvable AFQMC method

- Release constraint
- Symmetry 1n trial wave function
- Generalized Hartree—Fock ( ) trial wave function

* Magnetic orders in 2D Hubbard model

- trial wave function restores symmetry at half-filling
- trial wave function gives more accurate result in the
doped (magnetic), strongly correlated region.

* Rashba spin-orbit coupling in 2D Fermi gas

- random walkers
- Interplay between SOC and strong interaction

B Smglet and tr1plet pairing For details on FG w/o SOC, see arXiv:1504.00925



