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The holy grail of computational physics

"The fundamental laws necessary for the math-
ematical treatment of a large part of physics
and the whole of chemistry are thus com-
pletely known, and the difficulty lies only in
the fact that application of these laws leads to

equations that are too complex to be solved.
I

Paul Dirac, 1929



The holy grail of computational physics

I'...approximate practical methods of apply-
ing quantum mechanics should be developed,
which can lead to an explanation of the main
features of complex atomic systems without
too much computation."

Paul Dirac, 1929



Trade-off between cost and accuracy



Statistical mechanics

S/NkZP ) log(P(2))

A microstate is a specific realization
of the coordinates and velocities of all
Ludwig Boltzmann atoms in the system.



What we will talk about:
@ A ML potential for water.
@ Hydrogen under high pressure.

@ The extend of locality in MLP.

o Extracting ice-like local environments from liquid water.
e Water phase diagram.



The mystery about water

@ Densest at 4 degree Celsius. @ Why hexagonal ice is more
@ Ice floats on water. stable?
@ Unusually high melting point.

@ Intricate nuclear quantum effects.

ice lh ice lc



ML potential, a blackbox view

A ‘machine learning”
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ML potential, a blackbox view
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Local atomic environments



Local atomic environments

Popular representations for comparing atomic environments

@ Smooth overlap of atomic positions (SOAP) [ Barték, Kondor & Csanyi
PRB 2013]

@ Behler-Parrinello symmetry functions [ Behler & Parrinello PRL 2008]

@ Permutation invariant polynomials [ Braam & Bowman 2008 ]
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Local atomic environments

Popular representations for comparing atomic environments

@ Smooth overlap of atomic positions (SOAP) [ Barték, Kondor & Csanyi
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@ Behler-Parrinello symmetry functions [ Behler & Parrinello PRL 2008]

@ Permutation invariant polynomials [ Braam & Bowman 2008 ]



Local atomic environments

@ Similar atomic environments are encountered over and over again.
@ If you do MD, you lose!

@ Near-sightedness of energy and forces of each environment.



Construct ML potentials

Step 1. Collect environments.

E=YE

Step 2: Interpolate.



Decide whether to make ML potentials

10



Training set for bulk water

revPBEO-D3 reference: Training set:
@ AIMD and PIMD simulations .
[Marsalek & Markland JPCL 2017] materialscloud:2018.0020 (/2018.0020/v1)
Ab initio thermodynamics of liquid and solid water: supplemental
@ Benchmarks with CCSD(T) and DMC roterials
[Brandenburg 2019] @ 1593 bulk liquid 64 water
molecules

( energy + forces)

@ 1000 structures from
quenches at a wide range of

Trained using BP neural network. densities.

[Behler Parrinello PRL 2008; @ 593 structures from PIMD.
Morawietz, et al. PNAS 2016]
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Neural network potential for water

[Cheng, Engel, Behler, Dellago & Ceriotti PNAS 2019]
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revPBEQ+4D3 DFT functional
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Neural network potential for water

[Cheng, Engel, Behler, Dellago & Ceriotti PNAS 2019]

revPBEQ+4D3 DFT functional
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Neural network potential for water

[Cheng, Engel, Behler, Dellago & Ceriotti PNAS 2019]

revPBEQ+4D3 DFT functional
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Thermodynamic integration
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Comparison between two NN potentials
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Promote NNP to DFT

DFT

MLP
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Promote NNP to DFT

DFT
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Promote NNP to DFT

DFT

15



From Neural network potential to DFT

The Gibbs free energy of the system described by the DFT:

U(q) + PV}

G:kaTIn/dqexp { T
B
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The Gibbs free energy of the system described by the DFT:
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Gy = kaTIn/dqexp { T
B

[ daexp {_ Um(a) + PV U(q) — UML(q)]
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From Neural network potential to DFT

The Gibbs free energy of the system described by the DFT:

U(q) + PV}

G:kaTIn/dqexp { T
B

The Gibbs free energy of the system described by the ML potential:

Umi(q) + PV]

Gy = kaTIn/dqexp { T
B

[ daexp {_ Ume(a) + PV U(a) — UML(q)]
G—GMLZ—I{BTM kBT kBT
[ dqexp |- Ume(a) + PV
) kBT
G— Gy = —kgTln <exp {U(q)—UML(q)]>
ke T ML

Free energy perturbation method
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From Neural network potential to DFT

G—Gm=—kgTlIn <exp [lj((])l;eljw(q)} >I\/IL

A= (G = Gu)/N
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Comparison between two NN potentials
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The workflow of ab initio thermodynamics
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Nuclear Quantum effects
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Quantum kinetic energy

[Cheng & Ceriotti JCP 2014;
Ej, Cheng, Behler & Ceriotti JPCL 2016]
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Hexagonal and cubic ice

ice Ih ice Ic

[http://www.phase-trans.msm.cam.ac.uk/dendrites.html]
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Hexagonal and cubic ice

ice Ih ice Ic

[http://www.phase-trans.msm.cam.ac.uk/dendrites.html]
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Hexagonal and cubic ice

ice Ih ice Ic

o NQEs significantly stablize
hexagonal ice.

@ Hexagonal ice is more stable.

[http://www.phase-trans.msm.cam.ac.uk/dendrites.html]
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
7'lbiased(q) = HML(q) + E (CD - (D)
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
7'lbiased(q) = HML(q) + E (CD - (D)

@ The difference between the melting points of H20 and D20 agrees with
experiment (3.82 K).
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
7'lbiased(q) = HML(q) + E (CD - (D)

@ The difference between the melting points of H20 and D20 agrees with
experiment (3.82 K).

@ Error in melting point of H20 is about 1%.
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What we will talk about:
@ A ML potential for water.

@ Hydrogen under high pressure.
@ The extend of locality in MLP.

o Extracting ice-like local environments from liquid water.
e Water phase diagram.
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High pressure hydrogen

@ Center of giant planets.

@ Exotic properties, e.g. room-temperature superconductor.
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Experimental measurement of liquid-liquid

Transition

[Celliers et al., Science 361, 677-682 (2018)]
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Probe LLT using DFT calculations
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ML potentials

ML atomic interactions

[ Behler & Parrinello PRL 2008;
Barték et al PRL 2010]

Density functional theory

Size: 7100 atoms .
. . 12 Size: >1,000 atoms
Time: picoseconds (107“ S) : 9
Scaling: cubic (ON?) Time: nanoseconds (1077 S)
' Scaling: linear (ON)

: illi h .
Cost: up to millions of CPU hours Cost: laptop friendly
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]

Regular solution model:
g(x) =xAg + kg TxIn(x) + kg T(1 — x) In(1 — x) + wx(1 — x)
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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Phase diagram of high pressure hydrogen

[Cheng, Mazzola, Pickard & Ceriotti Nature 2020]
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What we will talk about:
@ A ML potential for water.

@ Hydrogen under high pressure.
@ The extend of locality in MLP.

o Extracting ice-like local environments from liquid water.
e Water phase diagram.
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Construct ML potentials

Step 1. Collect environments.

E=YE

Step 2: Interpolate.

31



Use the atomic energies of MLPs
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Use the atomic energies of MLPs

-17.2

-17.22

-17.24

NN V1 Hartree/molecule

-17.26

-17.26 -17.24 -17.22 -17.2
NN V2 Hartree/molecule

Compare molecular energies from two NNPs

32



Green-Kubo for heat conductivity

The Green-Kubo (GK) relationship states that

1 o0
A= \/kBT2/0 dt(3(0)3(2))
where the heat flux is

N
3(e) =D e+ Y (Fy-vi)r

i<j
The problem:
the atomic energy e; and forces Fj; between two atoms are poorly defined.
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Heat conductivity from density fluctuations

Take a Fourier expansion of the density field in space

p(k, t) /drp r,t)exp(—ik - Zexp —ik - ri(t))

The approximate solution of the hydrodynamic equations of p to the second
order of k:
t
Colk.t) = [ de(p(k, 0)(k. 1)
0

-1 1
_ p12< ['Y exp(_ith) + = exp(—ert) cos(cskt)
¥ cp Y

Two poles modes:—i%k2 and c.k — iTk>.
A: heat conductivity Cs: speed of sound I: sound attenuation constant

34



High-pressure hydrogen fluid

[Cheng & Frenkel PRL 2020]

MLP of high-P hydrogen.
2000 K, 33 GPa
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High-pressure hydrogen fluid

[Cheng & Frenkel PRL 2020]

MLP of high-P hydrogen.
2000 K, 33 GPa
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What we will talk about:
@ A ML potential for water.

@ Hydrogen under high pressure.
@ The extend of locality in MLP.

o Extracting ice-like local environments from liquid water.
e Water phase diagram.
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Training set for bulk water

revPBEO-D3 reference: Training set:
@ AIMD and PIMD simulations ”
[Marsalek & Markland JPCL 2017] materialscloud:2018.0020 (/2018.0020/v1)

Ab initio thermodynamics of liquid and solid water: supplemental

@ Benchmarks with CCSD(T) and DMC materials
[Brandenburg 2019] @ 1593 bulk liquid 64 water

molecules
( energy + forces)

@ 1000 structures from
quenches at a wide range of

Trained using BP neural network. densities.

[Behler Parrinello PRL 2008; @ 593 structures from PIMD.
Morawietz, et al. PNAS 2016]
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Candiate ice phases

[ Engel, et al. Nature Comm. 2018]
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Candiate ice phases

PCA map for the ice phases
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PCA map of Ice and water

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]

1,000 liquid water + 54 ice phases
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PCA map of Ice and water

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]
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DFT Vs. NNP

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]

revPBE0-D3 (CP2K), revPBE0-D3 (VASP), HSE-3¢c (CRYSTALO?)
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DFT Vs. NNP

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]

revPBE0-D3 (CP2K), revPBE0-D3 (VASP), HSE-3¢c (CRYSTALO?)
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Phonon density of states

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]
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Phonon density of states

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]
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Phonon density of states

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]
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Phonon density of states

[Monserrat, Brandenburg, Engel & Cheng arXiv 2020]
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What we will talk about:
@ A ML potential for water.

@ Hydrogen under high pressure.
@ The extend of locality in MLP.

o Extracting ice-like local environments from liquid water.
e Water phase diagram.
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Hybrid DFT phase diagram of water

[Reinhardt & Cheng arXiv 2020]

classical
DFT

(ii) correction (iii) NQEs

(i) anharmonicity,

classical
MLP
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Hybrid DFT phase diagram of water
[Reinhardt & Cheng arXiv 2020]
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Hybrid DFT phase diagram of water

[Reinhardt & Cheng arXiv 2020]
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Future work: high-pressure water

[Millot et al. Nature 569,251-255 (2019)]

a4



https: //github.com/BingqingCheng /ASAP

Contributors: Ryan-Rhys Griffiths, Tamas Stenczel, Bonan Zhu, Felix Faber,
Noam Bernstein

@ Low-dimensional embedding, regression
@ Sparsification

o Clustering, kernel density estimation
45



Thermodynamic integration

< Classical
% o

armonic T

:E:/\/\/\/\/\/\/\

Quantum
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fn=m

Consider two systems, A and B, which
can be transformed continuously be-
tween each other via a parameter J,

Fa—Fp = [, d';(A ) dx

This parameter can be

@ Thermodynamic variables
(temperature, volume,
concentration, etc.)

@ Switching parameter between
different Hamiltonians

@ Order parameters (reaction
coordinates)



Thermodynamic integration routes

[Cheng & Ceriotti PRB 2018]

Between harmonic and real crystal.
1
AA = [5dA(U— Un)v 1.0
— Integrate with respect to temperature.

n(K+Uyr
AA = — T #dT
— From NVT to NPT ensemble; from A
to G.
> Integrate with respect to temperature.
n (Hpr
AG = — To 72 dT
@ To get the Helmholtz free energy A : —

@ To get the Gibbs free energy G: —
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Getting started

A detailed yet simple description of the methodology

Python notebooks and scripts Sample input files
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The 1-Pl 2.0 code

[V. Kapil, et al. Computer Physics Commgpnications (2018).]

A i-PL: a universal force engine (http:/ipi-code.org) NAVIGATION

The Socket Interface
Runi-Pl and the force calculator over different HPC centers!

Although the modular design of the code allows for direct, library-like calls to force evaluators, the main mode of functioning of i-Pl allows to

use a separate ab initio or empirical force eval

ode to compute it ic forces. The i ion is based on a client-server
paradigm, where i-Pl acts as the server and deals with the propagation of the nuclear dynamics, whereas the calculation of the potential
energy, forces and the potential energy part of the pressure virial is delegated to one or more instances of an external code, acting as clients.
Since the main focus is on performing ab initio PIMD - where the cost of the force evaluation is overwhelming relative to the ionic dynamics -
clarity has been privileged over speed. Still, the implementation of i-Pl is efficient enough that it can be used with empirical forcefields to
perform simple benchmarks and preparatory simulations. See more about i-PI ionin the that its
release.
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Path-integral formulism

_k+0
The density of states: p(q) = (gle *&87|q)
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Path-integral formulism

_k+0
The density of states: p(q) = (gle *&87|q)

~ A ~ A __Kk_ __U __0 _ Kk
KU # UK — e *Te kBT);ée kgT ¢ kT
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Path-integral formulism

_k+0
The density of states: p(q) = (gle *&87|q)

A A _ Kk _ U __0 _ Kk
KU# UK —e *Te *8T)#£e *k8Te kT
Trotter expansion:
K+ U 3 P

_ _ _ __ U A
e T = |im |e 2PkaT @ PkpT g 2PkgT = lim QP
p—00 p—00
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Path-integral formulism

_k+0
The density of states: p(q) = (gle *&87|q)

A A _ Kk _ U __0 _ Kk
KU# UK —e *Te *8T)#£e *k8Te kT
Trotter expansion:
K+ U 3 P

_ _ _ __ U A
e T = |im |e 2PkaT @ PkpT g 2PkgT = lim QP
p—00 p—00

Insert identity: 1 = [ dq(qlq)
(gle 5T |q) = limpee [ dgWg® ... g(P-1D)

x(q|QgM) (gM1Q]g@) (@] ... 1¢P ) (gP1|Qq)
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Path-integral formulism

_k+0
The density of states: p(q) = (gle *&87|q)

A A _ Kk _ U __0 _ Kk
KU# UK —e *Te *8T)#£e *k8Te kT
Trotter expansion:
K+ U 3 P

_ _ _ __ U A
e T = |im |e 2PkaT @ PkpT g 2PkgT = lim QP
p—00 p—00

Insert identity: 1 = [ dq(qlq)
(gle 5T |q) = limpee [ dgWg® ... g(P-1D)

x(q|QgM) (gM1Q]g@) (@] ... 1¢P ) (gP1|Qq)

mPkBT %T““))e mPhET (qli)—qU+ D)2
2mwh? *

<q(j)|§2‘q(j+1)> -
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Ring polymer molecular dynamics

Isomorphism between a quantum mechanical particle and a ring polymer connected
by harmonic springs. The Hamiltonian can be expressed as

ZP: [pY)]2
=

; 1 PkgT
V(@) + 5m(——

) [q () q(jfl)]2

[Tuckerman, Statistical Mechanics]
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
Hpiasea(q) = Hue(a) + 5 (- d)
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
Hpiasea(q) = Hue(a) + 5 (- d)
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
Hpiasea(q) = Hue(a) + 5 (- d)

@ The difference in the melting points of H20 and D20 is compariable
with experiment (3.82 degrees).

52



Ice and liquid water

Umbrella simulation using NN potential:
K =2
Hpiasea(q) = Hue(a) + 5 (- d)

@ The difference in the melting points of H20 and D20 is compariable
with experiment (3.82 degrees).

@ D20 and classical water have almost the same chemical potential, why?
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Ice and liquid water

Umbrella simulation using NN potential:
K =2
Hpiasea(q) = Hue(a) + 5 (- d)

@ The difference in the melting points of H20 and D20 is compariable
with experiment (3.82 degrees).

@ D20 and classical water have almost the same chemical potential, why?
@ Error in melting point of H20 is about 2%.
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Benchmark on Lennard-Jones

[Cheng & Frenkel arXiv 2020]

Dashed lines: simulations
Solild lines: fits using the hydrodynamic equation.
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Benchmark on Lennard-Jones

[Cheng & Frenkel arXiv 2020]

Dashed lines: simulations
Solild lines: fits using the hydrodynamic equation.
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Benchmark on Lennard-Jones

[Cheng & Frenkel arXiv 2020]

Blue dots: heat conductivity computed with WAVE at different k.
Solid line: Green-Kubo
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Benchmark on Lennard-Jones

[Cheng & Frenkel arXiv 2020]

WAVE Vs. Green-Kubo
at different thermodynamic conditions
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