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Hybrid Monte Carlo simulations of the Hubbard model [Ostmeyer et al. 2020, 2021]
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Hybrid Monte Carlo simulations of the Hubbard model [Ostmeyer et al. 2020, 2021]
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Beyond half filling?
Sign problem!

I Reweighting: 〈O〉 = 〈Oeiθ〉
〈eiθ〉

I Lefschetz thimbles & holomorphic flow
[Alexandru et al. 2016; Cristoforetti et al. 2013; Ulybyshev et al. 2020; Wynen et al. 2021]

I Tensor Networks
[Corboz 2016; Schneider et al. 2021]

3 / 13



Beyond half filling?
Sign problem!

I Reweighting: 〈O〉 = 〈Oeiθ〉
〈eiθ〉

I Lefschetz thimbles & holomorphic flow
[Alexandru et al. 2016; Cristoforetti et al. 2013; Ulybyshev et al. 2020; Wynen et al. 2021]

I Tensor Networks
[Corboz 2016; Schneider et al. 2021]

3 / 13



Beyond half filling?
Sign problem!

I Reweighting: 〈O〉 = 〈Oeiθ〉
〈eiθ〉

I Lefschetz thimbles & holomorphic flow
[Alexandru et al. 2016; Cristoforetti et al. 2013; Ulybyshev et al. 2020; Wynen et al. 2021]

I Tensor Networks
[Corboz 2016; Schneider et al. 2021]

3 / 13



Beyond half filling?
Sign problem!

I Reweighting: 〈O〉 = 〈Oeiθ〉
〈eiθ〉

I Lefschetz thimbles & holomorphic flow
[Alexandru et al. 2016; Cristoforetti et al. 2013; Ulybyshev et al. 2020; Wynen et al. 2021]

I Tensor Networks
[Corboz 2016; Schneider et al. 2021]

3 / 13



Projected Entangled Pair States (PEPS) [Orús 2014; Verstraete & Cirac 2004]
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Fermionic PEPS [Corboz et al. 2010]
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Parity link

Paritylink
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Ground state search

I Fix bond dimension D

I Initialise PEPS randomly

I Trotter-decomposed imaginary time evolution

I Local updates

I Contract network to calculate expectation values
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Simple Update

exp(−τHi)
truncate
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Simulations with chemical potential (3× 4 hex. lattice, U = 2)

even parity odd parity
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Simulations with chemical potential (30× 15 hex. lattice, µ = 0.5)

U = 0 U = 2
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Stability issues with odd parity
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Possible solutions

I Non-local Full Update

I Use only even parity ground state
→ alternative observables required

I Open for suggestions!
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Summary

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

∆
sp

µ

exact
D=20
D=15
D=10
D=5

−500

−480

−460

−440

−420

−400

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

E

D−2

even, simulation
odd, simulation

even, fit
odd, fit 0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30 35 40 45 50

E

t

odd, exact
even, exact

D = 2
D = 6

13 / 13



Summary

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

∆
sp

µ

exact
D=20
D=15
D=10
D=5

−500

−480

−460

−440

−420

−400

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

E

D−2

even, simulation
odd, simulation

even, fit
odd, fit

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30 35 40 45 50

E

t

odd, exact
even, exact

D = 2
D = 6

13 / 13



Summary

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

∆
sp

µ

exact
D=20
D=15
D=10
D=5

−500

−480

−460

−440

−420

−400

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

E

D−2

even, simulation
odd, simulation

even, fit
odd, fit 0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30 35 40 45 50

E

t

odd, exact
even, exact

D = 2
D = 6

13 / 13



Bibliography I
Alexandru, A., Basar, G. & Bedaque, P. Monte Carlo algorithm for simulating fermions on
Lefschetz thimbles. Phys. Rev. D 93, 014504. arXiv: 1510.03258 [hep-lat] (2016).
Corboz, P. Improved energy extrapolation with infinite projected entangled-pair states
applied to the two-dimensional Hubbard model. Physical Review B 93. ISSN: 2469-9969
(2016).
Corboz, P., Orús, R., Bauer, B. & Vidal, G. Simulation of strongly correlated fermions in
two spatial dimensions with fermionic projected entangled-pair states. Phys. Rev. B 81,
165104 (16 2010).
Cristoforetti, M., Di Renzo, F., Mukherjee, A. & Scorzato, L. Monte Carlo simulations on
the Lefschetz thimble: Taming the sign problem. Phys. Rev. D 88, 051501. arXiv:
1303.7204 [hep-lat] (2013).
Orús, R. A practical introduction to tensor networks: Matrix product states and projected
entangled pair states. Annals of Physics 349, 117–158. ISSN: 0003-4916 (2014).
Ostmeyer, J. et al. Semimetal–Mott insulator quantum phase transition of the Hubbard
model on the honeycomb lattice. Phys. Rev. B 102, 245105 (24 2020).

1 / 2

https://arxiv.org/abs/1510.03258
https://arxiv.org/abs/1303.7204


Bibliography II
Ostmeyer, J. et al. The Antiferromagnetic Character of the Quantum Phase Transition in
the Hubbard Model on the Honeycomb Lattice. 2021. arXiv: 2105.06936
[cond-mat.str-el].
Schneider, M., Ostmeyer, J., Jansen, K., Luu, T. & Urbach, C. Simulating both parity
sectors of the Hubbard Model with Tensor Networks. 2021. arXiv: 2106.13583
[physics.comp-ph].
Ulybyshev, M., Winterowd, C. & Zafeiropoulos, S. Lefschetz thimbles decomposition for
the Hubbard model on the hexagonal lattice. Phys. Rev. D 101, 014508. arXiv:
1906.07678 [cond-mat.str-el] (2020).
Verstraete, F. & Cirac, J. I. Renormalization algorithms for Quantum-Many Body Systems
in two and higher dimensions. arXiv e-prints, cond–mat/0407066. arXiv:
cond-mat/0407066 [cond-mat.str-el] (July 2004).
Wynen, J.-L., Berkowitz, E., Krieg, S., Luu, T. & Ostmeyer, J. Machine learning to
alleviate Hubbard-model sign problems. Phys. Rev. B 103, 125153.
https://link.aps.org/doi/10.1103/PhysRevB.103.125153 (12 2021).

2 / 2

https://arxiv.org/abs/2105.06936
https://arxiv.org/abs/2105.06936
https://arxiv.org/abs/2106.13583
https://arxiv.org/abs/2106.13583
https://arxiv.org/abs/1906.07678
https://arxiv.org/abs/cond-mat/0407066
https://link.aps.org/doi/10.1103/PhysRevB.103.125153

	Appendix
	References


