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A general method, suitable for fast computing machines, for investigating such properties as equations of
state for substances consisting of interacting individual molecules is described. The method consists of a
modified Monte Carlo integration over configuration space. Results for the two-dimensional rigid-sphere
system have been obtained on the Los Alamos MANTAC and are presented here. These results are compared
to the free volume equation of state and to a four-term virial coefficient expansion.

I. INTRODUCTION

HE purpose of this paper is to describe a general
method, suitable for fast electronic computing
machines, of calculating the properties of any substance
which may be considered as composed of interacting
individual molecules. Classical statistics 1s assumed,

II. THE GENERAL METHOD FOR AN ARBITRARY
POTENTIAL BETWEEN THE PARTICLES

In order to reduce the problem to a feasible size for
numerical work, we can, of course, consider only a finite
number of particles. This number NV may be as high as
several hundred. Our system consists of a squaref con-
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Quantum to Classical Mapping
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Modern QMC Methods
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bosons
World-line Approach

N. V. Prokof’ev et al, JETP, 87, 310 (1998)
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quantum spins

Stochastic Series Expansion

A. W. Sandvik et al, PRB, 43, 5950 (1991)
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fermions

Determinantal Methods
Gull et al, RMP, 83, 349 (2011)
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Challenges

Sign problem

What about a negative probability ?

There has always been surprise...

Berg et al, Science, 2012 Huffman and Chandrasekharan, PRB, 2014

“designer” new solution to
Hamiltonian  the sign problem




Spinless t-V Model
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A 30 years old sign problem

s+ No sign problem
k\’ model] at B

r
w(C) = det My x det M ’/w'\

2
= | det MT‘ >0 Kramers pairs

W et al, PRB, 20053

@ But, h "

‘@
w(C) = de L}
(C) =det M

e.g. spinless t-V model
Scalapino et al, PRB, 1984 Gubernatis et al, PRB, 1985 Meron cluster approach, Chandrasekharan and Wiese, PRL, 1999
up to 8*8 square lattice and T> solves sign problem only for V > 2t



Determinant = Pfathan?

FOI‘ Irc al SkeW_SymmetriC Huffman and Chandrasekharan, PRB, 2014

(7

> Appears naturally in
det M = (pf M) >0 ,’Z]o)dem CT—QJA%C

Small idea solves big problems!

X

spinless fermions | split Dirac cone strain SU(3)

LW and Troyer, PRL 2014
LW, Corboz, Troyer, NJP 2014 (IOPselect)
LW, Iazzi, Corboz, Troyer, 1501.00986,

PRB in press (Editors' Suggestion)




Observables & Scaling Ansatz
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Observables & Scaling Ansatz
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Observables & Scaling Ansatz

+1 for A(B) sublattice
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Binder Ratio

LW, Corboz, Troyer, NJP 16, 103008 (2014)
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Data Collapse

LW, Corboz, Troyer, NJP 16, 103008 (2014)
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(Gross-Neveu-Yukawa Theory

g E Rosenstein et al, PLB, 1993
= 0.797 n = 0.502
& functional renormalization ZTOUP Rosactal, PRL20or Hofling et al, PRE, 2002

v = 0.738 ~ 0.927 n =0.525 ~ 0.635

r—[ Honeycomb )\

v = 0.80(3)
n = 0.302(7)

J

1%
]

* Field theory calculations are based on 2-flavors of
2-component Dirac fermions with the



M, /(My)*

Check-I: m-flux square lattice
r—( 7-flux lattice %
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Updates: results at T=0

L

Tazzi, Troyer, 1411.0683
LW, Iazzi, Corboz, Troyer, 1501.00986

0.60

1.30 1.32 1.34 1.36 1.38 1.40

25 —2.0 -15 -1.0 —05 00 05 1.0 15 2.0
(V=V,)L'"

Consistent with finite-T results

Majorana

Li, Jiang and Yao, 1408.2269
Li, Jiang and Yao, 1411.7383
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Summary-I

The new solution
old problem about spinless fermions

Critical point ? Universality class ? C

There are still some discrepancies, to
resolve them

¢ Compare
¢ Make sure to compare with the

¢ Larger systems

—{ cTQMC }—

V./t = 1.356(1)

v = 0.80(3)

n = 0.302(7)
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What’s that ? Why should I care ?

A

(H()\) — Hy + Aﬁ[l)
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Quantum
Critical

Phase 1

Temperature
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Fidelity SEOWE) = [(T (M) [T (X + €))]

You, Li, and Gu, 2007
Campos Venuti et al, 2007

Fidelity
Susceptibility



What’s that ? Why should I care ?

A A A You, Li, and Gu, 2007
H()\) — HO —|— )\Hl Campos Venuti et al, 2007

A general indicator of quantum phase transitions

No need for local order parameter e.g. Kitaev model, Abasto et al
2008, Yang et al 2008

Fulfills scaling law around QCP Gu et al 2009,

Albuquerque et al 2010

Fidelity SEOWE) = [(T (M) [T (X + €))]

Fidelity
B 2
= | = ?e . Susceptibility




What’s that ? Why should I care ?

You, Li, and Gu, 2007

[ﬁ()\) — HA—O —|— )\ﬁl) Campos Venuti et al, 2007

A general indicator of quantum phase transitions
No need for local order parameter e.g. Kitaev model, Abasto et al

1 2008, Yang et al 2008

Fulfills scaling law around QCP Gu et al 2009,

Albuquerque et al 2010

However, very hard to compute,

only a few limited tools



Fidelity Susceptibility Made Simple !

LW, Liu, Imriska, Ma and Troyer, 1502.06969
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Fidelity Susceptibility Made Simple !

LW, Liu, Imriska, Ma and Troyer, 1502.06969
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Bose-Hubbard Model
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correctly single out the quantum critical point



Honeycomb Hubbard Model
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A hotly debated problem in recent years



There is only one peak !

Suggesting a single transition,
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i.e. no intermediate phase
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cf. 1411.0683 & 1501.00986



Why it works ?
2 B
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cf. Anderson and Yuval, 1969
Maps the Kondo model

to a classical Coulomb gas



Summary-11

Fidelity Susceptibility: A general purpose indicator of

quantum phase transition

Thanks to my collaborators !

Mauro lazzi Philippe Corboz Ye-HuaLiu Jakub Imriska Ping Nang Ma Matthias Troyer
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