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OVERSIMPLIFIED BUT RICH
WHY THE HUBBARD MODEL?

» simplest possible Hamiltonian with electronic
movement and interactions

» captures the Mott transition

» strong interactions render the model
intractable

» easy to decorate / enrich to model realistic
materials — all sorts of industrial applications

» much simpler than QCD




THE HUBBARD MODEL

BACKGROUND

Hubbard Gold Medal of Anne Morrow Lindbergh
Robert Lawton CC BY-SA 2.5
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THE TIGHT-BINDING MODEL
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Philip W. Anderson
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v Statistical errors are improved with run time (budget)
v Systematic errors are understood + controlled

% Events

Nature Detector Analysis

Monte Carlo Observable Analysis

Measurements

Configurations Measurements




Duane, Kennedy, Pendleton, and Roweth, PLB 195 216-222 (1987)
10.1016/0370-2693(87)921197-X
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Ergodicity Chiral Symmetry

TAKE THE CONTINUUM LIMIT!
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but, Jurici¢, and , 908 (2009)
PHASE DIAGRAM T 0B11.0610 10.1103/Physkev.79.085116

- Second order quantum phase transition (critical exponents)

T/k=1/Bxk - SU(2) Gross-Neveu (chiral Heisenberg) universality expected
f 7 (U — Uc)_y
§e ~ (U —Ue) ™ ~ &7
Quantum Emergent Lorentz symmetry: z=1
critical
Dirac semimetal ? AFMI Mott gap, due to interactions only!
Quantum critical point U/k
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THE PHASE TRANSITION
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PHASE DIAGRAM
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2105.06936

T/k = 1/Pk

Method Uc/k 2 B

Grand canonical BRS HMC (present work) 3.834(14) 1.185(43)" 1.095(37)*

Grand canonical BSS HMC, complex AF [27] 3.90(5) 1.162 1.08(2)

Grand canonical BSS QMC [64] 3.94 0.93 0.75

Projection BSS QMC [23] 3.85(2) 1.02(1) 0.76(2)

Projection BSS QMC, d-wave pairing field [65] 1.05(5)

Projection BSS QMC [59] 3.80(1) 0.84(4) 0.71(8)

Projection BSS QMC, spin-Hall transition [66] 0.88(7)

Projection BSS QMC, pinning field [21] 3.78 0.882* 0.794*

GN 4 — € expansion, 1st order |23, 62] 0.882* 0.794*

GN 4 — € expansion, 1st order |23, 63] 0.851 0.824

GN 4 — € expansion, 2nd order [23, 63| 1.01 0.995

GN 4 — € expansion, v 2nd order [5, 63| 1.08 1.06

GN 4 — € expansion, 1/v 2nd order [5, 63] 1.20 1.17

GN 4 — € expansion, v 4th order [67] 1.2352

GN 4 — € expansion, 1/v 4th order [67] 1.5511

GN FRGC [5] 1.31 1.32

GN FRG [68] 1.26

GN Large N [69] 1.1823
Quantum

critical
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Chiral Symmetry
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COMPLEX WEIGHTS LEAD TO SIGN PROBLEMS

The average sign, or statistical power 2

—

@ )r

is the ratio of two partition functions ~ differences of free energies

so is extensive in spacetime volume — exponentially decays
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LEFSCHETZ THIMBLES HAVE CONSTANT SIGN

Complexify ¢, try to integrate on steepest-descent analogues
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Cristoforetti, Di Renzo, Scorzato PRD 86, 074506 10.1103/PhysRevD.86.074506 1205.3996
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NETWORK ARCHITECTURES ¢ ucamp, 5, Gintgon. kricg, Low, Ostmeyer 2203.00390

[R-Valued Neural Network C-Valued Neural Network
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cf. normalizing flows

Train the network so that Train the network so that
- Input of the network is Re(d) at the end of the flow - Input of the network is @ at the start of the flow
- Output of the network is Im(®) at the end of the flow - Output of the network is @ at the end of the flow

Alexandru, Bedaque, Lamm, Lawrence, Physical Review D 96, 094505 (2017) 1709.01971
Albergo, Kanwar, Shanahan, PRD 100, 034515 1904.12072
Slide from M. Rodekamp, LATTICE 2022


https://arxiv.org/abs/1709.01971
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NONBIPARTITE EXAMPLES i, co, Gintgen, krice, Lo, Ostmeyer 220300350
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DOPED EXAMPLES Codskamp, EB, Gantgen, Krieg, Lus, Ostmeyer 2203,00390
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DOPED EXAMPLES
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SCALE SETTING

Deshpande et al., Science 323 5910 (2009) 10.1126/science.1165799

EB, Korber, Krieg, Labus, Lahde, Luu Lattice 2017 10.1051/epjconf/201817503009 1710.06213

+ work under way

WHAT HUBBARD MODEL BEST DESCRIBES CARBON NANUSTRUCTURES'?

» Directly simulate nanotubes and reproduce the
experimentally-observed gap's dependence on

radius
» Extrapolatetor =0

» Are nonlocal interactions really needed?
Can we exclude a Hubbard description of
graphene from first principles?

» Study 'the' Hubbard graphene,
carbon nanostructures, ribbons,
topological structures

» DOPE!
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SIGN PROBLEMS AT TRANSITION POINTS

Figures taken from C. Gantgen's master's thesis
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SQUARE LATTICE: HIGH Tc SUPERCONDUCTORS?

Figures taken from C. Gantgen's master's thesis
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