Recent progress on the Fermi gas
from auxiliary-field QMC

Shiwei Zhang

e Auxiliary-field QMC (AFQMC)
— Connection with lattice methods
— Technical advances in FG (e.g. low-rank decomp - scaling NA3 -> N )

— Conceptual difference for general interactions:
controlling sign problem  (any realistic materials)

e Precision computation in the 2D Fermi gas
— Ground state: EOS, gaps, n(k), ...
— BKT Tc, contact, response

<- FLATIRON

\ Center for Computational
Quantum Physics



Collaborators:

N
Peter Rosenberg
(Sherbrooke, Canada)

Yuanyao He
(Northwest U, China)

Hao Shi Ettore Vitali
(Delaware) (Cal State Fresno)



The many electron problem

* We know the electronic Hamiltonian well!

CuO2 plane
in cuprates




The many electron problem

* We know the electronic Hamiltonian well!

CuO2 plane
in cuprates




The many electron problem

* We know the electronic Hamiltonian well!

h2 N N N
H = Hl—body + H2—body - _% szz + Zvext(ri> + Z %nt(‘ri o rj‘)
1=1 1=1

1<J

CuO2 plan
in cuprates



The many electron problem

* We know the electronic Hamiltonian well!

p2 N N
H = Hi_pody + Ho—body = o va + Z‘/ext(ri> + Z Vine([rs — 1)
i=1 i=1

1<J

* In any 1-electron basis - a generic lattice:

https://www.pnas.org/content/110/30/12235

HgBa,CuO,.; YBa,CuOg.; La,,SrCu0, TI,Ba,CuOg,;
(Hg1201) (YBCO) (LSCO) (T12201)

Cu Cu

(o}
(o]

Y La,Sr
Ba

Ba

CuO2 plane
in cuprates




The many electron problem

« We know the electronic Hamiltonian weII'
HZHl—body‘I’HQ—body — sz ‘|'Zvext r; ‘|'Zvlnt ‘rz -
1<

* In any 1-electron basis - a generic lattice:

https://www.pnas.org/content/110/30/12235

HgBa,CuO,.; YBa,CuOg.; La,,SrCu0, TI,Ba,CuOg,;
(Hg1201) (YBCO) (Lsco) (TI2201)

H = Z 1 chej + Z Vijmiclclere
1,7,k,l

Cqu plane
in cuprates



The many electron problem

* We know the electronic Hamiltonian weII'

H = Hl—body + H2—body — Z VQ + Z V;ext rz + Z Vlnt ‘rz

1<

* In any 1-electron basis - a generic lattice:

* 1-body: matrix - diagonalize to solve

. . . . . . . .
A https://www.pnas.org/content/110/30/12235
* * * * * * * * HgBa,CuO,,; YBa,CuOg.s La,. SrCu0, TIBa,CuOg,;
(Hg1201) (YBCO) (Lsco) (T12201)
. . . . . . .
Cu Cu Cu e cu
L] - L] - - h
o o)
- L] - - L] "

H = g T;j czcj + g Vwklc c -CL.C]
,7,k,1

Cqu plane
in cuprates
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The many electron problem

* We know the electronic Hamiltonian weII'
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The many electron problem

* We know the electronic Hamiltonian weII'
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Benchmark and multi-messenger

e Mobilized most methods from physics and chemistry - unusual in CM
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The H benchmark project

 The 10-atom chain (molecule)

— minimal basis 3-fold challenge
— -> complete basis set (CBS) limit

* Infinite chain (TDL)
— minimal basis (extended Hubbard)
— results at joint CBS+TDL: THE curve accuracy
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The H benchmark project

The 10-atom chain (molecule)
— minimal basis
— -> complete basis set (CBS) limit

Infinite chain (TDL)
— minimal basis (extended Hubbard)
— results at joint CBS+TDL: THE curve

Highlights

— Create handshake points: meticulous
comparisons and cross-checks

— large reference data - chem accuracy

— insights about technical needs; spurred
many developments
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What does AFQMC do?

Interaction can be decoupled:

k z k

o 20vd

v?
TV ey €
e \/_ / Hubbard-Strotonovich

Many-body propagator —> linear combination of independent-particle
propagators in auxiliary-fields

Connection to lattice QCD methods
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Auxiliary-field methods

models models Molecules/solids
(attractive, sym, (Doped, multi-orbital, SOC, (Quantum chemistry,

+U 1/2-fil .ag, ...) spin-imbalance, ...) ab initio materials, ...)

U8 Projector MC “Fermi gas:
» No sign problem -> exact

» But be careful w/ infinite variance

DQMC/BSS Shi & SZ, PRE "16
finite-T 'IT_I;\AMCC » Algorithmic advances to reach/ AcC

exceed expt precision

Sign/phase problem
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Ultracold atomic Fermi gas
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In 3D, can tune V to modify 2-body s-wave scattering length:

V depth large unitarity small

2-body scattering length >0 infinity <0

physics molecule unbound
BEC <« » BCS
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Ultracold atomic Fermi gas - 2D
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Ultracold atomic Fermi gas - 2D
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Expt realized (recall tremendous precision in 3D)
-- 2D important in condensed matter: cuprates, ....



Ultracold atomic Fermi gas - 2D
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Ultracold atomic Fermi gas -- 2D
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Ultracold atomic Fermi gas -- 2D

New expt and comparison
Exact EOS obtained — 11—
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Ultracold atomic Fermi gas -- 2D
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Pairing gap
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Response functions
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Dynamical structure factors

scattering experiment
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Dynamical structure factors

scattering experiment

Response functions
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Response functions

Dynamical structure factors

scattering experiment

0.2

0.1

\\~ .
~

SO(k.w) = ( Oz 8(w — H) O_3)

osl *
0.04

0.02

01+ 005115 2 25 3
o (DR

N-N .‘
' N\

N

.

»
. N,
O 1 |L_1_ | | I

\,
\,

005115 2 2
R

Vitali et al PRA 17 @ ©R

00511522533544.5 005115225335445

o/ og

- main: density

Inset: spin
h2k?
2m

p,

T q‘

WR = atom recaoill



Spin-orbit coupling
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Spin-orbit coupling
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Expt: synthetic spin-orbit coupling realized, e.g. Rashba
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Singlet and triplet pairing --- cond frac
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Singlet and triplet pairing --- cond frac
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Recent progress on the Fermi gas
from auxiliary-field QMC

Shiwei Zhang

e Auxiliary-field QMC (AFQMC)
— Connection with lattice methods
— Technical advances in FG (e.g. low-rank decomp - scaling NA3 -> N )
— Conceptual difference for general fermions: controlling the sign problem
(repulsive models, real materials)

e Precision computation in the 2D Fermi gas
— Ground state: EOS, gaps, n(k), ...
— Finite-T: BKT Tc, contact, response
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Transition 7c in 2D Fermi gas
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Transition 7c in 2D Fermi gas
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Transition 7c in 2D Fermi gas

10
5
0
0 05 1 15 2 0 05 1 15 2
Kk k,k,:
T —
025r Theory rperiment | 1 « Tour de force <= new alg.
i Petrov et al. [36] O Ries et al. [24] 1 _ _ -
020k — ot e) || Sobitey otal 54] -\ | low-rank decomposition
’ Bauer et al. [40] \\\_— (PRL ’19)
L —A— Mulkerin et al. [60] /§. \tJ - . .
L 045} -2 - 300 -> 5000 lattice sites;
& \ T/TF~0.2 ->0.02
m "
010} * Problems w/ expt. in
. crossover and BCS ?
0.051 This work ' '
' O71=45, N=58 « Gap (Vitalietal PRA’17)
® [=co, Ne=oo
000
BEC log(k-a) BCS

He, Shi, SZ, PRL 129, 076203 (2022)



0.25

0.20

0.15

BKT/ F

0.10

0.05

0.00

Transition 7c in 2D Fermi gas

0 05 1 15 2 0 05
K/ke

T —

————— BCS mean-field

L —A— Mulkerin et al. [60]

—
Theory .
Experiment

Petrov et al. [36] O Ries et al. [24]

—— Bighin et al. [36] <> Sobirey et al. [34]
Bauer et al. [40]

This work
~-©-1=45, N,=58

® [=co, N=c
e

T T T I

BEC log(k_a)

3 2 4 0 1

F

- Tour de force <= new alg.

- low-rank decomposition
(PRL ’19)

- 300 -> 5000 lattice sites:
T/TF~0.2 ->0.02

* Problems w/ expt. in
crossover and BCS ?

« Gap (Vitali et al PRA ’17)
A/TgkT ~ 2.7 notso BCS!

He, Shi, SZ, PRL 129, 076203 (2022)



Fermion and pair momentum distributions
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Density response Preliminary
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Spin response
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— Connection with lattice methods
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— Conceptual difference for general interactions:
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Density and spin responses
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Density and spin responses
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Density and spin responses
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Density and spin responses
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Exotic state in spin polarized systems

Vitali, Rosenberg, SZ, PRL '22



Exotic state in spin polarized systems

optical lattice

* pairing correlation
change sign -
Larkin-Ovchinnikov

 Density correlation
has checkerboard
pattern with
modulation

Vitali, Rosenberg, SZ, PRL '22



