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First VM C calculation
Simultaneous workf Levesque
andVerletin Orsay. France.

«Used‘“classic Metropolis” for
energy, structure and condensate
fractionof liquid 4He (boson$

«McMillan produced important
physics! Verified that Jastrow
wavefunction was in reasonable
guantitative agreement with
experiment.

*New methods:
«Optimizationof trial function

«Expectations such as
momentum distribution

PHYSICAL REVIEW

VOLUME 138, NUMBER 2A 19 APRIL 1965

Ground State of Liquid He'f

W. L. McMmran®*
Department of Physics, University of fllinois, Urbana, Illinois
(Received 16 November 1964)

‘The properties of the ground state of liquid He* are studied using a variational wave function of the form
T f(ry). The Lennard-Jones 12-6 potential is uged with parameters determined from the gas data by
deBoer and Michiels. The configuration space integrals are performed by a Monte Carlo technique for 32
and 108 atoms in & cube with periodic boundary conditions. With ((r) =exp[[— (2.6 A/r)*], the ground-
state energy is found to be —0.78X107*® ergs/atom, which is 2095 above the experimental value. The liquid

structure factor and the two-particle correlation function are in

and neutron scattering experiments.

INTRODUCTION

HE interacting Bose gas'* has been the subject of

intensive theoretical investigation as a micro-
scopic model for the behavior of liquid He?. Successful
calculations have been performed for the Bose gas with
weak repulsive interactions' and for the low-density
Bose gas with short-range repulsive interactions.® This
work provides a beautiful model of the superfluid
behavior of the interacting Bose gas and of the existence
of phonons and quantized vortices, but it does not
permit one to perform quantitative calculations for
liquid He?,

A variational method®? in which the trial wave func-
tion is expressed as a product of pair functions [see
Eq. (3)] has been used extensively to describe the
ground state of the interacting Bose system. This
method can be applied directly to the intermediate
density hard-sphere gas or to a realistic Hamiltonian for
liquid He!, In this paper we report the guantitative
calculation of the properties of the ground state of
liquid He* using this variational method.

THEORY

We will consider ¥ helium atoms of mass m in a cubic
box of volume @ interacting through the two-body
potential V(r).

2 N N
H=—3 Y+ 5 Virg). 8
2m im1 i<ml

f This paper is based on a thesis submitted to the University
of Ilinois in partial fulfillment of the requirements of the Ph.D.
degree and was supported in part by the National Science Founda-
tion and by the U. S. Army Research Office {Durham) under
Grant ARO-G340,

* Xerox Fellow, 1962-63. Present address: Bell Telephone
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bly good ag with the x-ray

Estimates of the potential have been made theoretically
from the atomic structure of helium and empirically
from the gas kinetic data, Theoretically, it consists of
two parts: the attractive Van der Waals interaction
at!"* large r and the repulsive Coulomb and exchange
interactions’ for small », where the wave functions
of the two atoms overlap appreciably. deBoer and
Michiels** have obtained an empirical interaction by
fitting the parameters of the Lennard-Jones 12-6 po-
tential to the experimental values of the second virial
coefficient above 60°K. They found

Viry=4e(c/r)*—(o/7)"],
6=10,22°K, (2)
o=2.556 A.

Using this potential, Kilpatrick ef al.'* calculated the
second virial coefficient from 2 to 60°K and found a
good fit to the experimental data in that temperature
range. This form for the potential is convenient and
it is used in the present calculation. More recent
measurements at low temperatures by Keller!® indi-
cate that the potential should be somewhat more
attractive.

The trial wave function may be formulated in the
following way. In order to obtain a reasonable value for
(V) in the many-body system, the wave function must
be small whenever the potential is large, that is, when-
ever any two particles are less than 2.6 A apart. This
can be accomplished by choosing the trial wave func-
tion to be a product of pair functions, the product being
taken over all pairs.

N

v= II flre), ro=|ri—x. 3)
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ThelLLIAC |l was a revolutionary
super-computer built by the

that became operational in
1962.

First computeto use transistors

The concept, proposed 1958,
pioneered (ECL)
circuitry, pipelining, and transistor
memory

ILLIAC Il had8192wordsof

, backedup by 65,536 words of

storage orni . The core
memory access time was 1@2 ys.
The magnetic drum access time was
8.5ms. ' A "fast buffer" was also
provided for storagef short loops and

intermediate results (similar in concept

to whatis now called ). The "fast
buffer" access time was 0.25 ps.
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McMillan did simulations
of 32 and 108 atoms

LJ potential
" Jastrow factor

5000 steps, 41 different
runs.




Projector QMC50years ago!

PHYSICAL REVIEW A VOLUME 9, NUMBER 5§ MAY 1974

Helium at zero temperature with hard -sphere and other forces

M. H. Kalos*
Courant Institute of Mathematical Sciences, New York University, New York, New York 10012

D. Levesque and L. Verlet r
Laboratoirve de Physique Théorique et Hautes Energies, Orsay, France
(Received 22 August 1973)

-Mal Kalos and others hadlonepreliminary calculation®n bosonic
systems including nuclear systems and helium

\ferlet generalized the woref Alder-Wainwright from hard-spherds LJ
with classical molecular dynamics

Levesque hadonetheoneof first large scale VMD calculations of
helium4, butMcMillan published first.
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« KLV did an exactcdculation for the energy 0256 hard spheed No
other calculationatthis scale until the electron gas 8 years later.

« Physical model for liquid and solid helium using a pertuidratheory.
The paper concerned this applicatiantthe algorithm.

KLV puttogether new QMC techniques

Drifting, branching, diffusing random walk just lika the DMC
algorithm. Butan‘“exact” (no-time step error) algorithm

« Imaginary time was disg@ed in the nne workings of the code. Only
the integral formulatioms discussed

« Importance sampling, essential for N>>1.
« Discussed theero variance principleof ProjectoMC
« Population control and bias estimates.

. S%?Iing addressdul using a cartesian product spheres and neighbor
tables.

« Forward walking useth companion papers.

« generalization from hard spheresyukawa (for neutron matter) and
Lennard-Jones (for helium) potentidi8751980.

TREX
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My PhD project: Fermion QMC

Why thel2 year lag fromMcMillan’s boson calculation for fermions?
Antisymmetry required!
« Slater-Jastrow for a fermion trial wavefunction.

P .U/j(”/j)
Y,(R)=Det{e™ }e ~
« Wemade the orbitals reéd avoid complex arithmetic.

« |Isthereanergodic problem? Since nodes divide space,wmaet
stuck?

— No, wefound that walks jump over nodes
— No, all regions are the samg.didn’t know this until later)
« Too slow? Fermion determinants are G\Msteadof O(N).
— Non-uniform transition probability improves convergence

— Update method for the determinants (the Shermanisdorr
formula) allow fast single particle moves.

TREX
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PHYSICAL REVIEW B VOLUME 16, NUMBER 7 I OCTOBER 1977

Monte Carlo simulation of a many-fermlor( study * ’

D. Ceperley and G. V. Chester
Laboratory of Atomic and Solid Stare Physics, Cornell University, Ithaca. New York 14853

M. H. Kalos
Courant Institute of Mathematical Sciences, New York University, 251 Mercer Streer, New York, New York 10012
(Received 15 Decomber 1976)

The Metropolis Monte Carlo method i1y used to sample the square of an antisymmetric wave function
composed of a product of a Jastrow wave function and a number of Slater determinants. We caleulate
variational energies for "He and several models of neutron matter. The first-order Wu-Feenberg expansion iy
shown always to underestimate the energy, sometimes seriously. The phase diagram (or ground-state Yukawa
matter is determined, There is a clasy of Yukawa potentinls which do not lead to @ crystal phase at any
density,

CDC 6600

Batch operating system

Punch cards, overnight runs, paper outjmat,
graphics,noremote access.
1200sweeps/hour fot28 particles
Saturdaysve owned the computer, hands!

We learned bou:

« Determinant sampling

* Inverse updates

 Spins

* Local energy/zero variance
« Biased sampling

TREX Ceperley



Computer environment in 1975
Courant Institute, New York University
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Electron gas enters QM@ Paris

Ground state of the fermion one-component plasma:
A Monte Carlo study in two and three dimensions

D. Ceperley*
Loboratoire de Physique Theorique et Hautes Energies, Université de Parts X1, Orsay, France
(Received 26 Apnl 197K)

We have performed fermion Monte Carlo variational caloulations to determine the equation of state of the
uniform electron one-component plasma in two and three dimensions, The ground-state excess enorgies
calculated by the Monte Carlo method are very procise and in agreement with those of other calculations in
the metallio density range and in the very-low-density Wigner crystals. Three phases have been investigated;
the Wigner crystal, the normal or unpolarized fluid, and the polarized fluld. The Wigner orystal has the
lowest enorgy for r, > 67 in three dimensions and r, > 33 in two dimensions. The totally polarized quantum
Nuid is stable for 26 < r, « 67 in three dimensions and for 13 < », < 31 In two dimensions, and the normal or
unpolarized fluid s stable at higher densitles, #, < 26 in three dimensions and r, < 13 in two dimensions. A

« Ewaldsums
UNIVAC 1108/1110in Paris- « RPAtnal function: no

Orsay optimization necessary!
Punch cards  Cuspcondition,longrange
Overnight batch Jastrow

Printouts Ferromagnetism

Wigner crystal transitions

TREX
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Diffusion Monte Carlo (DMC)
Berkeley 1978

_@M;@: Ho(Rt) f(RO=y,(Rp(RY)
—ﬂ(atﬂﬂ =WV f =V (2 1V Iny  (R) )+, Hy )F(R.D)

Evolution = diffusion + drift + branching

Invented a simplified projection approach for QMC based on
the master eq. instead of integral approach in GFMC

Rejection technique to minimize time step errors (from
earlier work with Smoluchowski Eq. of polymers)

Used months of CRAY 1 time (“free” standby time)
- E.g. after the Jan 24, 1980 Livermore earthquake

Working from Berkeley, I talked to MaryAnn Mansigh every
day-she “vectorized” my new DMC code, ran production
runs and mailed me output weekly.

Ceperley



MaryAnn Mansigh, BerniAlder BerniAlder & David Ceperley Jari981
&Tom Wainwright 1962
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Fixed-node & release-node algorithm

1. Introduction

We describe here the methods we have been using to
simulate the ground state of a quantum many body system,
Our goals in this project are to construct an algorithm
which will enable us to calculate the ground state energy of
a many-body system (50-500 particles) in a reasonable amount
of computer time (several hours on a CRAY) . We would like
to eliminate all systematic errors and have the statistical
error to be small (.1%) and unblased.

2. The Bloch Bguation
The basis for our Monte Carlo method is the Block equa-

tion.
R, t
-%—L[u m).%n(g.t) (2.1)

where H(R) is the Hamiltonian function, is a trial
energy. Let |a> be a camplete set of normali states for H
and let ¥ (R) be ¥(R,8). Then

At

(R, t)=e Ia><al~ln°> (2.2)

where (B—&rllv |a> Por large time ¥ will converge to the
eigenvalye” of with the lowest energy and for which the
overlep at zero time is nonzero. Interpreting this as a
diffusion equation, we intially sample points R from the
distribution ¥ and then allow them to diffuse ,divide, and
die off according to equation 2.1 For large time the distri-
bution will be the ground state.

This equation is not suitable for a many particle sys-
tem because the random walk will spend too much time in
unfavorable regions of configuration space. The variance of
the process can be made finite by multiplying equation 2.1
by a trial function, an analytic function which is a reason-
able approximation to the ground state wave function. This
trial function usually consists of an antisymmetric part
times a correlation factor:

" “"iu n
=Det | le fir,.) (2.3)
By 4o 43

3. The fixed node approximation

The fixed node approximation results when we allow the
points to diffuse according to the Bloch equation but we
prevent them from crossing the nodes of the trial function,
in our present algorithm by making the pseudoforce infinite
there. Hence we are solving the many body Schroedinger
equation exactly within the volumes ( in 3N dimensional
space) defined bythenodesof\kr.

May 22, 1979
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c)

d)
i)

i1)

ii1)

-8'm

The total number of particles will grow asymptotically
in time while the difference between the positive and
negative particles at any point ( the signed distribu-
tion) will go to a constant. We need a way of cancel-
ling the positive and negative points but leaving the
difference unchanged.

The possible choices for S(R) are:

The boson ground state trial function. This is the sim-
plest distribution to use but will lead to an ineffi-
cient use of the configurations since the weights will
vary over an order Qf magnitude. In fact the efficency

(umedby%—) for 54 electrons is about 5%.
>

If D(R) is the antisymmetric part o!ir ( the Slater

determinant) let
sm-\lo’m’ih

This function is like i) away fram the nodes hence the
variation of the weights will be much smaller. Unfor-
tunately we seem to have runaway branching near the
nodes  of i& yif @ is made too small, because of the
large curvatOre in S(R).

Take the limit of ® goes to zero in ii) .
S(R)-lﬁr(k)l

This is the same as the fixnode importance function
except that particles can tunnel through the nodes.
The probability distribution should vanish only
linearly near the nodes. The basis for this type of
sampling is the exact relationship:

Gp(R,R',T)=Gy (R,R',T) ID(R') /D(R) |

where GB is the Greens function for the Boson diffusion
and is the Greens function for the present case.
This hod has not yet been tried but T believe it to
be more efficient than those above. because the
weights will be plus and minus one euby, and Whe emess
branching is totally isolated at the nodal surface,

David Ceperley o

May 22, 1979



Electron Gas Standard for DFT

VoLume 45, NUMBER 7 PHYSICAL REVIEW LETTERS 18 AucusTt 1980

Ground State of the Electron Gas by a Stochastic Method

D. M. Ceperley
National Resource for Computation in Chemistry, Lawrence Berkeley Laboratory, Berkeley, California 94720

and

B. J. Alder
Lawvence Livermore Laboratory, University of California, Livermore, California 94550
(Received 16 April 1980)

An exact stochastic simulation of the Schroedinger equation for charged bosons and
fermions has been used to calculate the correlation energies, to locate the transitions
to their respective crystal phases at zero temperature within 10%, and to establish the
stability at intermediate densities of a ferromagnetic fluid of electrons.

« Both fixedhode& releasenodein 2 & 3 dimensions,
liquids and Wigner crystals
* Properties: energy, errors,1 body density matrix, pa

correlation, structure function
 About2K of vectorized FORTRAN lines

* Only aboutb0K words of ‘core’ memory
« Dynamic memory management
* Ensemble read/writteio disknotheldin “core”

TREX Ceperley



Research at the first QMC meeting
Paris, Dec. 1982

e Helium droplets (nuclear physics model)
e Many fermion GFMC

e Electron gas and hydrogen
e Fock space QMC

e Chemistry

e PIMC for molecules

e F center in molten DCI

e PIMC of hard spheres

e Heisenberg model

e Quantum spin models

e Electron-phonon models

e |attice Gauge Theory

TREX Ceperley



Applications of DMC followed in 1980’'s

Physics 1088 (1981) 875876
North-Holland Publishing

THE CALCULATION OF THE PROPERTIES OF METALLIC HYDROGEN USING MONTE CARLO*

Generalizedo treat Y

TREX

National Resource for Computation in Chemistry
Lawrence Berkeley Laboratory

small molecules T o i
Lawrence '.1ve:-.or‘]e' NA:td ‘eor”n Lahoratory

Unfversity of California
n erson e- e Livermore, Californfa 94550 USA
. . The application of Monte Carlo to hydrogen at zero temperature is discussed, The
trial function is a generalization of the pair product type used for jellium,
In eraC Ion Preliminary results for the metallic phase are given.

Molecular & atomic
Fixed-node quantum Monte Carlo for molecules®®
hydrogen Peter . Reynokds® and Daid W, Coper®

National Resource for Computation in Chemistry, Lowrence Berkeley Laboratory, University of California,
S | - d | 'th - Berkeley, Californiac Y720
O I I IUI I l Berni J. Alder
Lawrence Livermore National Laboratory, University of California. Livermave. California 94550

Simulation of hydrogen s s |
without the BO L |
approximation

Muon-catalyzed fusion

Ceperley



Imaginary Time Path Integrals

" PHYSICAL REVIEW

A journal of experimental and theoretical physics established by E. L. Nichols in 1893
Swounn Sertes, Vor. 91, No. 6 SEPTEMBER 15, 1953

Atomic Theory of the 2 Transition in Helium

R. P, Feysuan
Californu Institute of Technology, Pasadena, California

(Reveived May 15, 1953)

It fs'shonn from first principles that, in spite of the large interatomic forces, liquid He* should exhibit a
truisition atalogous to the transition in an ideal Bose-Einstein gas. The exact partition function is written
as an mlr:m_l over trajectecdos, using the space-time approach to quantum mechanics. Tt is next argued
that the motion of ane atom through the others is not opposed by n potential barrice because the others
may move out of the way, This just increases the effective inertia of the moving atom, This permits a
:impl‘ct form to be written for the partition function, A rough analysis of this form shows the existence of &
transition, hut o( the l.lzird order, Ttis possible that a more compilete analysis woukl shaw that the transition
impliasl by 1he simulisied partition iunctinn is actually like the experimental one.

PHYSICAL REVIEW B VOLUME 30, NUMBER 5 1 SEPTEMBER 1984

Simulation of quantum many-body systems by path-integral methods

E. L. Pollock and D. M. Ceperley
Lawrence Livermore National Laboratory, Livermore, California 94550
(Received 2 April 1984)

Computational techniques allowing path-integral calculations of quantum many-body systems are
introduced and applied to liquid and solid helium. The computations presented in this paper do not
include exchange effects. The range and limitations of the method are demonstrated by presenting
thermodynamic properties, radial distribution functions, and, for the solid phase, the single-particle
distribution and intermediate tering function for imaginary times.

TREX “Cepériey e




Path Integral Picture

Each atoms a ring polymeranexact
representation c quantum
wavepackein imaginary time.

Bose paths allow reconnecting
differently.

At the superfluid transitioa
“macroscopic’” permutation appears.

Thisis reflectionof bose condensation
within PIMC.

NO trial function, only the Hamiltonian

Fermion path integrals using
restrictions followedn 1987.

TREX
Ceperley




The Sign Problem

The expression for Fermi particles, sua$He3, is also easily written down.
However,in the caseof liquid He3, the effectof the potentials very hard to

evaluate quantitativelin anaccurate manner. The reason for tisithat the
contributionof a cycleto the sum over permutatiomseither positiveor negative
dependingon whether the cycle hasnoddor even numbeof atomsin its length L.

At very low temperature, the contribution§cycles suctasL=51 and L=52 are

very nearly equabut oppositein sign, and therefore they very nearly candels
necessaryo compute the difference between such terms, and this requires very
careful calculatiorof eachterm separatelyt is very difficult to sumanalternating
seriesof large terms which are decreasing slowtymagnitude when a precise
analytic formula foreachtermis notavailable Progress coulthe madein this
problemif it were possibldéo arrange the mathematics describing a Fermi system in
away that correspond® a sumof positive terms. Some such schemes have been
tried, butthe resulting terms appetoy be much too hardo evaluate even

gualitatively.

The (explanationpf the superconducting stateasfirst answeredn a convincing

way by Bardeen, Cooper, and Schrieffer. The path integral approach pieypdrt

in their analysis, anth fact has never proved useful for degenerate Fermi systems.

Feynman and Hibbs,1965.
TREX Ceperley



Supecomputers

1965-|pe 6600 10 MIPS 3 megaflops

1969

1969-

1975 |CDC 7600 36 megaflops

1974- CDC Star-100 100 megaflops (vector), ~2 megaflops
1975 (scalar)

1975- CFiv-T 80 megaflops (vector), 72 megaflops
1983 y (scalar)

1975-

1982 ILLIAC IV 150 megaflops, <100 megaflops (average)
1981- CDC Cyber-205 400 megaflops (vector), average much
1983 lower.

1983-

1985 Cray X-MP 500 megaflops (4 CPUs)

1985- Crav-2 1.95 gigafiops (4 CPUs) 3.9 gigaflops (8
1990 | CPUs)

During the1970’s and1980°’s | useda variety of supercomputers in
NYU, Berkeley, Livermore, Sandia, Los Alamos, BochGermany,
NASAAmMes thoxe with unused capdy.

Before1986,supercomputers were primarily locatatdJS

government labs. TREX
Ceperley
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Exact fermion calculations have a biasgb
. . Ceperley Alderl 980
Errors grow exponentially in N oot cpay 1

Release node calculations for the HEG.
Bottom line is NOT the asymptotic

analysis but: can we do calculation FIG. 1. The energy In rydbergs per particle of a 38-
. . electron system at the density », = 10 vs diffusion time
W |th aval Ia b I e resou rce57 (in inverse Rydbergs) from removal of the fixed nodes.

The lower curve is the relaxation of an ensemble of
1.6x10* systems from the nodes of the unpolarized
determinant of plane waves. The upper curve is the
relaxation of 1.0% 10° systems from the nodes of a
linear combination of polarized and unpolarized deter-

sl b
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Changes in work

e Unix operating system (1980)

e LATEX 1986

e Internet started being useful in 1980’s
— Sent files to Europe in 1985

e Work from home
- IBM PC in 1985

Silent-700 Terminal &J

e Moved to UIUC in 1987 A e T

1) First transfer files to MFE

—_ Open enVIFOHment & Er.:t:':::.m & 7600 but in CRAY format (do not do TRANS).

ADY +tname flist
€) Get tape froa Bldg 113 and take to MFECC operator in 451,

— Lots of students/postdocs/visitors Phanemisbar for 300 bocs. 13, aiarer’ o t4pe dnd otare auiy tiles.

A 7117 A AJOCRA “2" IKHIKU :Ceperley’s account *z*escontrol z
REFILES tname SEVEN, ALL. tread tape
FILEM
NRITE .TRENTO #list FoTxe
2} Sang files over arpanet and bitnet.
4) login to C machine and retrieve files,
C 7117 A AJ0CRA “2" IKHINU
FILEM
READ .TRENTO #list
B} use trixgl to make sure files are still in CRAY format and fina
number of lines.
£) Send fi1les using TELL. Look tn
The nd Wisconsin, I

for full description.
ve only tried

keley.

TELL VYSARICINECA.RITNETIUCE-VAX.ARPA FILE=fname
or

TELL VYSAXICINECA.BITNETANISCUM. ARPA FILE={name

in an 80 character header line: J s nama of
progras and total number of lines. After this type § to send frams
Log 1nto my account occasionaly to check {or mat) from me
sall. The systea will prompt you on 1login 1f thers are p
Tune holn 34 wrei sre nfomilioe wibbh blio Wrossss

Ceperley-Martin group reunion, AR@arch1997

TREX Ceperley



Top reasons why quantum Monte Carlo
is not widely used (N.B. list from 1995)

12. We need forces, dummy!
11. Try getting O , to bind at the variational level.

10. How many graduate students lives have been lost optimizing
wavefunctions?

. It is hard to get 0.01 eV accuracy by throwing dice.

. Most chemical problems have more than 50 electrons.

. Who thought LDA or HF pseudopotentials would be any good?
. How many spectra have you seen computed by QMC?

. QMC is only exact for energies.
Multiple determinants. We can't live with them, we can't live
without them.

A U1 O NN OO

OV

. After all, electrons are fermions.
2. Electrons move.
1. QMC isn't included in Gaussian 90. Who programs anyway?

TREX Ceperley
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Developments in QMC since 1995

Forces including zero variance zero bias.
Pseudo potentials

trial functions: Multi-determinant, backflow, neutral-net
trial functions, optimization techniques

QMC Methods: auxiliary field, reptation, coupled-
electron ion MC, restricted Path Integrals

Methods for Excited states, complex trial functions with
fixed-phase

Finite size error corrections, Twist Average Boundary
Conditions

Codes: QMCPACK, CASINO, CHAMP, TURBO-RVB...
Many methods for lattice models.

Ceperley



Improved Wavefunctions

11. Try getting O, to bind at the variational level.

7. Who thought LDA or HF pseudopotentials would be any
good?

4. Multiple determinants. We can't live with them, we can't
live without them.

These things have been addressed.

TREX Ceperley



Problems that will be solved

9. It is hard to get 0.01 eV accuracy by throwing dice.
8. Most chemical problems have more than 50 electrons.

Computer time, scaling up of algorithms, software tools
have been addressed by more capable computers

1. QMC isn't included in Gaussian 90. Who programs
anyway?

Long term support needed to develop open source
production and research codes. QMC cannot expand its
usefulness with the current state of the software. This is
the surest way to accelerate growth of QMC.

rregveral codes are ngyy gyailable.



Technical Problems

12. We need forces, dummy!

10. How many graduate student’s lives have been lost
optimizing wavefunctions?

8. Most chemical problems have more than 50 electrons.
5. QMC is only exact for energies.

The community has been slow to solve these problems
and implement them in codes.

They can be solved by systematic, applied math research.
(Very important progresssince 1995 in energiesand properties)

TREX Ceperley



Difficult problems

6. How many spectra have you seen computed by QMC?
3. After all, electrons are fermions.
2. Electrons move.

The “sign problem” is a key problem in computational
physics. Its solution would be a major advance.

The fixed-node method can be very accurate and can be
improved upon since correlation is built in at the
beginning. This is a key advantage of QMC.

The “dynamics” problems is hardly touched. Some
dynamics problems are not too hard (linear-response,
scattering) Which dynamical methods are hard and
which are easy?

TREX Ceperley



Machine learning is great opportunity

e First principles accuracy at empirical potential cost: can
treat longer length and time scales.

e Bespoke potentials can be tailored to precise conditions and
ingredients.

e But we need accurate data to construct ML potentials.
e Potentials needed beyond the electronic ground state.

Quantum MC for ML data is a great application
e Lower bias than DFT (i.e. generally higher accuracy).
e Can model exotic quantum states, e.g. superconductivity.

e Continuum basis set (VMC, DMC, PIMC) is better for
disordered systems, e.g. liquids.

e Naturally parallel

TREX Ceperley



QMC hvdrogen database

Large-scale publicly accessible database of
QMC force calculations for dense hydrogen
enabling more accurate machine-learned

potentials.

Database of 100,000 configurations for 96 protons
generated with MD and CEIMC.

Forces from DFT with PBE and vdW functionals

20,000 configurations selected for accurate QMC
calculations (~5.8M data items).

QMC forces using Chiesa estimator with extrapolated
electron density

https://gmc-hamm.hub.yt
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Comparisons of Models usiné the hydrogen database

2.3 eV
PBE vdW-DF

Energy error

of 96 atoms
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Wediscovered a new dominant crystal structwréh a higher

melting temperature! Different from DFT and experiment!
Y. Yang,H. Niu, DMC, S.JensenM. Holzmann,C. Pierleoni PRL130,76102,2023.

1600+

liquid

1400+

— 1200-

[
00) o
o o
o o
1 1

Temperature (K

400

—l m:4_
I c2/c-2

T CGO I 80 100 120 140 160 180 200 220
REX eperiey Pressure (GPa)

200




Challenges for QMC&ML

e What type of QMC is best? VMC,DMC,RMC?

e How to select configurations? How many?

e What estimator to use for forces? Its bias?

e Need to speed up QMC (speed of data generation)
— Need robust but lightweight QMC
- A simplified trial function
- Minimize wavefunction optimization

e What model to fit to? e.g. 2 level A-model.

e How to put physical constraints in the model?

— Long-range properties, e.g. dielectric screening in metal
phases.

— Dispersion (van der Waals), quadrupole-quadrupole
interaction.

e Quantify errors of the resulting model.

TREX Ceperley
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