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L. Verlet: ‘Chiméres et paradoxes’
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R. P. Feynman ‘Statistical Mechanics' (1961) 1/2




R. P. Feynman ‘Statistical Mechanics' (1961) 2/2




A transition (renormalization-group predictions)
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A transition (observed reality)

Image above: STS-52 Crew photo with Commander James D. Wetherbee, Pilot Michael A. Baker, Mission Specialists
Charles L. Veach, William M. Shepherd, Tamara E. Jernigan and Payload Specialist Steven A. MacLean. image Credit:

The primary mission objectives were the deployment of the Laser Geodynamic Satellite Il (LAGEOS-II) and
operation of the U.S. Microgravity Payload-1 (USMP-1). LAGEQOS-II, a joint effort between NASA and the
" \ @ 'talian Space Agency (ASI), was deployed on day two and boosted into an initial elliptical orbit by ASI's
4y ltalian Research Interim Stage (IRIS). The spacecraft's apogee kick motor later circularized LAGEQS orbit
‘-’; at its operational altitude of 3,666 miles. The USMP-1, which was activated on day one, included three
experiments mounted on two conga guipment Support Structures (MPESS) mounted
in the orbiter's cargo bay. USMP-1 experiments were IMateriel Pour L'Etude Des Phenomenes

o Columbia Space Shuttle mission STS-52 (1992).
@ Experiment by Lipa et al. (1996), (2003).
a = 0.0127(3).
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A transition (theory + observed reality)

0O(2): Scaling Dimensions
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e Campostrini et al. (2005): 3D XY model, Cluster MC + HTE.

@ Xu et al. (2019): 3D XY model, worm algorithm.

e Hasenbusch (2019): (N + 1)-state clock model, Cluster MC.’-x-‘, —
@ Chester et al. (2019): Conformal bootstrap for O(2) — ZQ@@ fggf:::;w



Xu, Sun, Lv, Deng (2019)

Model Ref. Method Year T, or (t/U),

XY [15] MC 1993 2.201 67(10)
[32] MC 1996 2.201 843(19)
[33] MC 2002 2.201 833(19)
[31] MC 2005 2.201 840 5(48)
[13] MC (GPU) 2012 2.201 831 2(6)
[13] MC (GPU) 2012 2.201 852(1)
[14] MC (GPU) 2014 2.201 836(6)

this work MC 2019 2.201 844 1(5)

@ Transition temperature of the 3D XY model.

@ Non-universal model input required for computation of
universal .
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What's the required samples size n?

‘Non-chimeric’ computations do not require n — oo limit.
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Dvoretzky—Kieffer—-Wolfowitz inequality (1956) 1/3
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o Empirical CDF F, no hypothesis on (atomic) CDF F.

o (Cumulative distribution function).
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Dvoretzky—Kieffer—-Wolfowitz inequality (1956) 2/3
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@ Empirical CDF F, iid samples.
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@ ‘Corridor’, no hypothesis beyond iid.



Dvoretzky—Kieffer-Wolfowitz inequality (1956) 3/3
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F(x)| > €] < 2exp (—2ne?).
e Tight constraint: Massart (1990), figure by Botao Li.
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What's the required run time t?

Non-chimeric computations do not require t — oo limit.

o Département
wad de Physique

&,
e}

Ecole normale
supérieure



Perfect Markov-chain sampling

Fij
grid.

1. An equilibrated Ising state at the critical temperature on a 4200 x 4200 toroidal

e Propp & Wilson (1996)
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Liquids and computations on liquids
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Metropolis et al (1953) (1/2

URNAL OF CHEMICAL PHYSICS VOLUME 21, NUMBER 6 JUN

Equation of State Calculations by Fast Computing Machines

Nicuoras METROPOLIS, ARIANNA W. ROSENBLUTH, MarsHALL N. ROSENBLUTH, AND AucusTa H. TELLER,
Los Alamos Scientific Laboratory, Los Alamos, New Mexico

AND

EpwaArp TELLER,* Depariment of Physics, Universily of Chicago, Chicage, Illinois
(Received March 6, 1953)

A general method, suitable for fast computing machines, for mvestlgatmg such propertles as equations of
state for substances consisting of interacting individual mo) e3_is f a
modified Monte Carlo integration over configuration space
system have been obtained on the Los Alamos MANTAC and"are pr €

to the free volume equation of state and to a four-term virial coeﬂicnent expans:on
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Metropolis et al (1953) (2/

1092 METROPOLIS,

[N

s RS A.. a..
distinguished by primes, For example, A; is given
schematically by the diagram

A3n3: A

and mathematically as follows: if we define f(r,) by
flrijy=1
flriy)=0

ROSENBLUTH,

it rg<d,
it ry>d,
then

1
Ay :=*f' . -frh‘ldxzdmsdy.dy,dya(/mfnfu).
wtd!

The schematics for the remaining integrals are indicated
in Fig. 6.
The Fugﬂicieqts Asz Ay and Ay wrererca.h:’u!ated

ROSENBLUTH, TELLER, AND TELLER

were put down at random, subject to fio=fa=fa
= fis=1. The number of trials for which fis= 1, divided
by the total number of trials, is just As 5.

The data on A4 is quite reliable. We obtained

VI. CONCLUSION

The method of Monte Carlo integrations over con-
figuration space seems to be a feasible approach to
statistical mechanical problems which are as yet not
analytically soluble. At least for a single-phase system
a sample of several hundred particles seems sufficient.
In the case of two-dimensional rigid spheres, runs made
with 56 particles and with 224 particles agreed within
statistical error. For a computing time of a few hours
with presently available electronic computers, it seems
possible to obtain the pressure for a given volume and
temperature to an accuracy of a few percent.

In the case of two-dimensional rigid spheres our re-
sults are in agreement with the free volume approxima-
tion for A/ 40 < lSandgui s

2 5. Wilhere s _no_indication of a_phase]

jLransition,
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Alder-Wainwright (1962)

PHYSICAL REVIEW VOLUME 127, NUMBER 2

IJUI.V 15, 1962

B. J. Atper anp T, E. WAINWRIGHT
University of California, Lawrence Radiation Laboratory, Livermore, California
(Received October 30, 1961)

The study of a two-dimensional system consisting of 870 hard-disk
region has shown that the isotherm has a van der Waals-like loop. The

articles in the phase-transition
_nsity change across the transition

is about 4% and the corresponding entropy change is small.

STUDY has lJeLn made of a two-dimensional
éﬂs&;’mm g of 870 hard-disk particles,
Slmu]lancous mollons Of the particles have been calcu-

M™Clectronic computer as described

prevmusly ! The dlSkS were again placed in a periodi-
cally repeated rectangular array. The computer program

interchanges it was not possible to average the two
branches,

Two-dimensional systems were then studied, since
the number of particles required to form clusters of
particles of one phase of any given diameter is less than
in three dimensions. Thus, an 870 hard-disk system is
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Kosterlitz—Thouless (1973)

Ordering, metastability and phase transitions in
two-dimensional systems

J M Kosterlitz and D J Thouless

versity of Birmingham, Birmingham B152TT, UK
Received 13 Nov :mbr

1. Introduction

Peierls (19351 has argued that thermal motion of long-wavelength phonons will destroy

1he lon e order of a Iv«u dlmrnmonal solld m lhe sense that [he mean suare

size of the sys!em and |he Brdgg peaks of thc d:ﬂ'ras.lmn pattern formed by the system
are broad instead of sharp. The absence of long-range order of this simple form has been
shown by Mermin (1968) using rigorous inequalities. Similar arguments can be used to
show that there is no spontaneous magnetization in a two-dimensional magnet with
spins with more than one degree of freedom (Mermin and Wagner 1966) and that the
cxpcctalmn \raluc of the superfluid order parameter in a two-dimensional Bose fluid




Possible phases in two dimensions
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solid algebraic long-range
hexatic short-range algebraic
liquid short-range short-range B S



equation of state

n
0.72 0.715 0.71 0.705 0.7
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o lst-order liquid—hexatic (Bernard & Krauth, PRL (2011)). 7



Irreversible Markov chains in equilibrium statistical physics

e Bernard, Krauth, Wilson (2009).

o Infinitesimal moves: consensus.

e Michel, Kapfer, Krauth (2014) (smooth potentials).



Factorized Metropolis algorithm

@ Metropolis algorithm
pMet(a — b) = min |1, Hexp(—BAU,-,j)
i<j
e Factorized Metropolis algorithm (Michel, Kapfer, Krauth 2014)

pFact(a — b) = H min [1,exp (—BAU; )] .
i<j

XFat(a = b) = X120 A X1z A  AXn_1n



All-Atom Coulomb problem (1/5)
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@ 3D water model: bond, bending, Lennard-Jones, Coulomb
(SPC/Fw). m e



All-Atom Coulomb problem (2/5)

. :
«\/\..}

VJ.;,'YV
M~ A

@ 3D water model: bond, bending, Lennard-Jones, Coulomb
(SPC/Fw).

@ Factors and types. B, e



All-Atom Coulomb problem (3/5)
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e Factor M = (Iy, Tm): |Im| = 6, two molecules. Ty =
‘Coulomb’. P B
E



All-Atom Coulomb problem (4/5)
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@ Water model: bond, bending, Lennard-Jones, Coulomb
(SPC/Fw). m e
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All-Atom Coulomb problem (5/5)

>
'—-.
e Complexity O(1) per ‘lifting’ move.

@ This is the cell-veto algorithm (Kapfer, Krauth (2016)). .
e Thinning, Walker (1977). ¥, fgnxznnimls

(\b
&
. 2



ECMC for all-atom water simulations

e ECMC: Event-driven, approximation-free, canonical.
e ECMC: Potential U not evaluated to sample exp (—3U).

reversible MC
---- ECMC (inside-first)
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e See: Faulkner, Qin, Maggs, Krauth (2018).
@ See: Hoellmer, Qin, Faulkner, Maggs, Krauth (2020).




Conclusions

Golden age of physics, and of statistics.
Universality of models.

Computation: road to knowledge.

e 6 o6 o

Loup Verlet: a constant inspiration.
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