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Optical lattices [1]

• quantum gas microscopes

• single-site resolution

• mass, charge, and spin transport

• equilibrium and time-dependent
multipoint correlation functions

• existing numerical methods can’t
easily reproduce raw exptl. data

Hubbard model

H =
∑

kσ εknkσ + U
∑

r nr↑nr↓
εk = −2t(cos kx + cos ky) [−µ]︸︷︷︸

GCE

Optical-tweezers arrays [2]

• low-entropy
(almost pure)
many-body states

• various lattice
geometries

• charge-density
and spin-density
waves

ABQMC Formalism [3]

...

Thermodynamics

...

canonical & grand-canonical ensemble

Keldysh contour

......

Dynamical symmetries of the Hubbard model [3, 4]

manifestly invariant under{

manifestly invariant under{
an exemplary CDW state

an exemplary SDW state

a single Markov chain for all interactions and times
partial particle-hole transformation (only on spin-dn electrons)

2

(the same holds for the survival probability)
we combine Markov chains for CDW and SDW

...
Survival probability

...
time-reversal symmetry

bipartite lattice symmetry

U/t = 4, T/t = 1, 4× 4
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U/t = 24, T/t = 1, 4× 4
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Survival probabilities, 4× 4 cluster, Nt = 2

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

S
u

rv
iv

a
l 
p

ro
b

a
b

ili
ty

U=0, exact

U=0, ABQMC

U/D=0.25, ABQMC

U/D=0.5, ABQMC

U/D=0.75, ABQMC

U/D=1, ABQMC

0 0.5 1 1.5 2 2.5
Time (1/D)

0

0.2

0.4

0.6

0.8

1

S
u

rv
iv

a
l 
p

ro
b

a
b

ili
ty

(a)

(b)

|<sgn>|=1.5x10
-4

N
MC

=3.87x10
10

|<sgn>|=2.1x10
-4

N
MC

=4.34x10
10

0 0.5 1 1.5 2 2.5
Time (1/D)

0

0.2

0.4

0.6

0.8

1

S
u

rv
iv

a
l 
p

ro
b

a
b

ili
ty

U=0, exact

U=0, ABQMC

U/D=0.25, ABQMC

U/D=0.5, ABQMC

U/D=0.75, ABQMC

U/D=1, ABQMC

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

S
u

rv
iv

a
l 
p

ro
b

a
b

ili
ty

|<sgn>|=5.5x10
-5

N
MC

=4.42x10
10

|<sgn>|=2.6x10
-4

N
MC

=2.71x10
10

(c)

(d)

Sign problem / Keldysh contour
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