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Accuracy Is a challenge: water at graphene

Binding curve from density functional theory [PRB, 84, 033402 (2011)].
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Lots of computational interest: Bludsky, Hamada, Jordan, Kresse, Paesani,
Paulus, Peeters, Silvestrelli...

More accurate approaches are needed!




Acdsorption of water on graphene with DMC
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J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Griineis, A. Michaelides, D Alfe, JPCL 2019, 10, 358
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« Consensus among DMC, CCSD(T), RPA+GWSE

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Griineis, A. Michaelides, D Alfe, JPCL 2019, 10, 358
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-130 meV DFT/CC Unreliable extrapolation
2 -130 meV DFT-SAPT Unreliable extrapolation,
SAPT is not a reference method
3 -70 = 10 meV DMC Large stochastic error,
finite-size effects are neglected
4 -135 meV i-CCSD(T) Single particle basis set too small
5 99 =+ 6 meV DMC Consensus between independent
-87 meV p-CCSD(T) evaluations from UCL group (DMC),
-98 meV RPA+GWSE Griineis’ group (pCCSD(T)), Kresse’s

group (RPA+GWSE)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfé, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402

E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Gruneis, A. Michaelides, D
Alfe, JPCL 2019, 10, 358

abkwbd~



Accuracy in molecular crysta
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A representative set of 8
molecular crystals,
comprising a diversity in
intermolecular interactions,
from strong hydrogen

' bonds to London

dispersion
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Three polymorphs of ice and five crystals from the C21 test set of Otero-de-la-Roza and Johnson

[JCP137:054103]

A. Zen, J.G. Brandenburg, J. Klimes, A. Tkatchenko, D. Alfe, A. Michaelides, PNAS,115, 1724 (2018)



Agreement between DVMC and experiments
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DIMGC in a nutshell

A propagation according to the imaginary time
Schrodinger equation is performed to project
out the “exact” ground state ®(R) from a trial
wave function Y(R).

oGenerate a set of configurations (walkers)
according to a trial wave function W{(R)
oPropagate in time, with finite time-step T,
according to the Green’s function (branching-
drift-diffusion process)

oThe set of walkers determines f(R,t),
converging to ®(R)W+(R) for large time.
oFixed node constraint

Two phases in DMC simulation:
oEquilibration (project out the exact G.S.)
oStatistical sampling (stochastic method,
autocorrelation time)

P

g

initial distribution

imaginary time

|
o1
-

ground-state distribution V

DMC computational cost is proportional to 1/7.

A"V‘\
-

X
Chem. Rev., 116, 5188, (2016)



Feature and Approximations in FN=DMGC

In traditional FN-DMC the guiding function W.(R) is a Slater-Jastrow wave function.

Features:

oAccuracy (improving DFT, typically comparable to CCSD(T), reference method)

oSize scaling (typically N3, same as DFT but with large prefactor: between 103 and 10%)
oldeal for HCP facilities (Parallel algorithms and limited memory requirements, also GPUs)

Approximations involved:

oFixed-node/phase (fermionic systems)

oPseudo-potentials (non-local terms)

oFinite time-step T (Green’s function is known exactly for infinitesimal T)
oModified Green’s function (stability)

oFinite size errors in periodic systems



Approximations in FN=DMGC

How bad are the approximations involved?

oFixed-node/phase (fermionic systems)

oPseudo-potentials (non-local terms)

First two are usually not an issue in non-covalent interactions (almost perfect
error cancellation).

oFinite time-step T (Green’s function is known exactly for infinitesimal 1)
Value of time-step T is crucial:
Trade-off between accuracy and efficiency

oModified Green’s function (stability)

If a walker goes close to the nodal surface, its branching weight can diverge.
Avoid that!

oFinite size errors
Either do an extrapolation to the thermodynamic limit via expensive supercell
simulations or rely on correction schemes.



Methodological features for binding energies

Keep uncertainty small
(both for sampling and for optimisation)
Promote reproducibility & accuracy

Methocdological contrioutions

« Enforce size-consistency and reduce time-step bias
A Zen, et al., Phys. Rev. B, 93, 241118(R) (2016)

« Accurate and fast in periodic systems
A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)

* Improving reproducibility and reducing the optimization bias
AZen et al., J. Chem. Phys. 151, 134105 (2019)




Unecertainty in FN-DMC, case AE

¥r(R) = Z(R)  exp #(R)

: Tastrew
s e trigathon fﬂhﬁ*"“ﬁh
1+ > >
Get the
vl determinant
from a FoA
deterministic
o | method
-~ (HF, DFT, CASSCF,
: )
x
i)
i
* DMC dependece on parameters is smoother  DMC energy, in the limit of infinitisemal
than in VMC timestep, is independent on the Jastrow
* Many local minima in VMC energy parametrisation
* No general correspondence between VMC * DMC energy depends on determinant
and DMC minima e Jastrow parametrisation affects efficiency and
* Optimese parameters minimising the VMC timestep dependency

energy or the VMC variance
* DMC energy satisfies variational principle



DWMIC wie pseudopotentials

w/o PPs
All electrons (AE)

Hamiltonian A A A

H=K+V;

Time evolution 5

Ef(R, t) = %sz(R, t) - V- (VIR)f(R,1))

SR 1) = YrRY®R, 1
o —[EL(R) ~ Er]f(R 1),

Green’s function Branching drift diffusion

GBDD(R, <~ R,T) ~ GB(R, < R,T)GDD(R’ < R, T)

G(R' < R,7) = ‘\I’;T((I;))

(R exp(~riD[R)

Needed 1) Fixed node approximation



DMIC wile and wi pseucdeopotentials

w/o PPs w/ PPs
All electrons (AE) Effective core potentials (ECP)

Hamiltonian A A A A A A A
H=K+V; H=K+V;+ Vnt
Time evolution a%f(R’t) _ %sz(R,t) v (VRF(R 1))

s, 1 2 _v.
Ef(R, t) = EV f(R 1) = V- (VIR)f (R, 1)) _[(K+ VL)‘PT(R) Vey (R, 1) _

SR 1) = YrRY®R, 1
o —[EL(R) ~ Er]f(R 1),

¥r(R) V(R D) ET]f (R2)

Green’s function Branching drift diffusion

R’ < R, ~[T R < R, 7)*G.(R < R, 7)dR
Gron(R < R7) ~ Ga(R < Rr)Gop(R « Rr) C R ~RT) M (R <R 7)*GL(R < R,7)

G(R = Ror) = 30 R exp(-) ) GL(R' < R,7) = %(Rﬂe"(mmm
Tu(R « R7) = Fg (R]e ™ [R)
Needed 1) Fixed node approximation 1) Fixed node approximation

2) Either the locality approximation (LA),
the T-move (TM), or the determinant
locality approximation (DLA), to
project the NL terms

[LA] L. Mitas, E. L. Shirley, and D. M. Ceperley, J. Chem. Phys. 95, 3467 (1991).
[TM] M. Casula, Phys. Rev. B 74, 161102 (2006); M. Casula, S. Moroni, S. Sorella, and C. Filippi, J. Chem. Phys. 132, 154113 (2010).
[DLA] B. L. Hammond, P. J. Reynolds, and W. A. Lester, J. Chem. Phys. 87, 1130 (1987);

A. Zen, JG Brandenburg, A. Michaelides, D. Alfe, J. Chem. Phys. 151, 134105 (2019)



Unecertainty in FN-DMC, case PPs

¥r(R) = Z(R)  exp _#(R), Tastrew
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Accuracy in surface chemistry:
a prototypical molecule=surrace system
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racy in surrace chemistry:
pical molecule-suriace sysftem
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Cluster CCSD(T): $
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General embedded cluster protocol SE S kB o
for accurate modeling of oxygen Ve ST B ’W‘ ":W’
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racy In surrace chemistry:
pical meolecule-surrace system

) Cluster CCSD(T) w/ error bar

. . . \
Activation Adsorption 1999 - TPD

energy E__ energy E_ Wichtendahl et al.

X 2001 - TPD

, , Dohnalek et al.
1. Zero-point energies

2. Thermal contributions 2006 - TPD
3. pV and RT terms ——— X
4. Optimal pre-exponentialv

I ' T ' J ' :
\- / 100 ~150 ~200 ~250
Binding energy (meV)

Benjamin Shi, A. Zen, V. Kapil, P.R. Nagy, A. Grineis, A. Michaelides, JACS 145, 25372-25381 (2023).



&, Accuracy in suriace chemistry:
b proftotypical molecule-surface system

g

( (a)
Activation =

-250

Binding energy (meV)

Benjamin Shi, A. Zen, V. Kapil, P.R. Nagy, A. Griineis, A. Michaelides, JACS 145, 25372—-25381 (2023).



Accuracy is a challenge: ice phase diagram

400
300
200

100

Experiment
C. Salzmann, J. Chem. Phys., 150, 060901 (2019) 700
hydrogen disordered 600
hydrogen ordered 500
polymeric 400
300
X
Vi
200
T
& 100
xy i
: 0
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Theory

DFT + machine learning
L. Zhang et al., Phys. Rev. Lett. 126, 236001 (2021)

A. Reinhardt and B. Cheng, Nat. Communication, 12, 588 (2021)



lce phase diagram rom DFT (1/2)

L. Zhang et al., Phys. Rev. Lett. 126, 236001 (2021)
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Blue: semiempirical force field (TIP4P/2005)



lece phase diagram rom DFT (2/2)

A. Reinhardt and B. Cheng, Nat. Communication, 12, 588 (2021)

No stable phases lll in the model
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Stalility of ice polymorphs from DMGC

Flaviano Della Pia, Andrea Zen, Dario Alfe, Angelos Michaelides, J. Chem. Phys. 157, 134701 (2022)



Stalility of ice polymorphs from DMGC

1) Constructing the dataset (DMC-ICE13)

* 7 hydrogen-
ordered phases

* 6 hydrogen-
disordered phases

e 13 polymorphs
covering a broad
part of the phase
diagram

DMC - ICE13

011

hydrogen disordered
hydrogen ordered

1| polymeric

XIII XV
Flaviano Della Pia, Andrea Zen, Dario Alfe, Angelos Michaelides, J. Chem. Phys. 157, 134701 (2022)



Stalility of ice polymorphs from DMGC

1) Constructing the dataset (DMC-ICE13) DMC - ICE13

2) Compare with experiments (when available) F
1 E. Whalley, J. Chem. Phys. 81, 4087 (1984);

111
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Relative Lattice Energ
6 | | | | | 1 1 | | 1 1 |
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Flaviano Della Pia, Andrea Zen, Dario Alfe, Angelos Michaelides, J. Chem. Phys. 157, 134701 (2022)



Stalility of ice polymorphs from DMGC

1) Constructing the dataset (DMC-ICE13)

2) Compare with experiments (when available)

1 E. Whalley, J. Chem. Phys. 81, 4087 (1984);
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Stalility of ice polymorphs from DMGC

DMC-ICE13 allows for a qualitative prediction of the V-IIl transition pressure

Approximation

Relative Lattice Energy

- lce Xlll instead of disordered ice V; 6 ———T—T—T—T———r—r——T—
experimental phase diagram Neglecti t t - m Experiment .
1 ce VI - eglecting temperature 5E ® @ Diffusion Monte Carlo|3
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o the zero pressure volumes; -?é 3 ° .
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z 101 ICHRN - :
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10 XTI a1F . 2 3
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150 200 250 300 - | :
PBI -k .
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stability of ice lll is 15 1 0.5 0 0.5 1

AExrrr—rrr (kJ/mol)
AE))((I%—HI ~ AE)I()II\I/IIC—III

Flaviano Della Pia, Andrea Zen, Dario Alfe, Angelos Michaelides, J. Chem. Phys. 157, 134701 (2022)



Comparing FN-DMGC & CCSD(T)

» Generally observed a good agreement between the CCSD(T) and the
FNDMC (with a Slater-Jastrow guide function) evaluation of non-covalent
interactions.

» Disagreement, when observed, could be explained from know issues, such
as small basis in CCSD(T) or optimization / timestep / size-consistency issues
in FN-DMC.

» Recently observed a disagreement in large complexes not coming from the
above issues

0 ‘ ' T T T T ' L
& estimated CCSD(T)
5 ® FN-DMC 7]
'._.-.. Previous works
—g '10 L™ ‘ Inmin B
E '15 L ! ]
e ; [ }
= =20 E 3 E
>
o 1.1 kcal mol*? i
o 25} B
c
@ £ 3
5 -30F 2.2 keal mol? o]
S -35}- g
o 7.6 kcal mol?
£ -40F E

-45

GGG Ge\'\ GGGG (',‘3’" "Ldz? QY\?’ 030%60‘:@'?99‘
| & Q8 - .
Y.S. Al-Hamdani, P.R. Nagy, A. Zen, D. Barton, M. Kallay, J.G. Brandenburg, A. Tkatchenko, Interactions between Large
Molecules: Puzzle for Reference Quantum-Mechanical Methods, Nature Communications 12, 3927 (2021).



Discrepancies in large molecules
oetween GCSD(T) anal FNDDM@

Complex No. of atoms  CCSD(T FN-DMC A,
pyridine-pyridine PD (No. 25) 22 —3.70 £ 0.08 —3.51 £ 0.20 0.0 indistinguishable
biivibodmethads pyridine-pyridine TS (No. 48) 22 —-3.48 £+ 0.06 —3.44 £ 0.20 0.0 indistinguishable
1. CCSD(T) benzene-pyridine PD (No. 27) 23 —3.28 £ 0.07 —=3.03 £ 0.16 0.0 indistinguishable
| luster Th
A7l o R R e benzene-pyridine TS (No. 49) 23 —3.24 £ 0.05 —3.08 £ 0.16 0.0 indistinguishable
E DifEIon MoRte Cago pytidine-uracil PD (No. 29) 93 —6.61 + 0.09 —6.38 £ 0.18 0.0 indistinguishable
3Ll — benzene-benzene PD (No. 24) 24 —2.67 £ 0.07 —238+ 012 0.1
X Ain = 7.6 kcal mol?
2 benzene-benzene TS (No. 47) 24 -2.81 +£0.06 —2.71 £ 0.12 0.0 indistinguishable
g :"" 5 uracil-uracil PD (No. 26) 24 —9.61 £ 0.10 —9.40 £ 0.16 0.0 indistinguishable
[} [ X\ 4 '_-;‘."' S
g ‘e"}(’:ejbé ¢ LAY R benzene-uracil PD (No. 28) 24 —548 +0.11 -5.11+0.18 0.1 ¢
-E Ia .\QL ((\Q - \ -
o . < GGG 48 -21+£02 -15+£0.6 0.0 indistinguishable
0 "
= - CBH 112 -11.0+ 02 -11.4+ 0.8 0.0 indistinguishable
25 — Amin = 0.1 kcal mol?
B GCaC 58 —136+04 -124+08 0.1c
O 7 F -t C3A 87 —165+08 —150+ 1.0 0.0 indistinguishable
System size /| number of ExpliCit atoms CQCQPD 72 —206+06 —18.1+08 1.1 in
PHE 87 -254+02 -26.5+13 0.0 indistinguishable
C3GC 101 —28.7+10 —242+13 22
Cg0@[6]CPPA 132 —41.7+17 -311+14 7.6 inconsis

Y.S. Al-Hamdani, P.R. Nagy, A. Zen, D. Barton, M. Kallay, J.G. Brandenburg, A. Tkatchenko,
Interactions between Large Molecules: Puzzle for Reference Quantum-Mechanical Methods,
Nature Communications 12, 3927 (2021).



Issue with pi-p!

(a) Parallel Displaced (PD)

Pyridine Dimer Benzene-Pyridine

Dimer

¢ ¥
i ¥

Benzene Dimer Pyridine-Uracil

Dimer

(b) T-shape (TS)

Pyridine Dimer Benzene Dimer
o v - { -

Benzene-Pyridine
Dimer

SRe:

(c) Guanine Trimer (GGG)

Octadecane Dimer
(CBH)

Circumcoronene
Adenine (C3A)

. ﬂ,. i

Coronene Dimer
(C2C2PD)

Guanine-Cytosine
Tetramer (GCGC)

1

Phenylalanine Residue
Trimer (PHE)

Circumcoronene
GC (C3GC)

¥ 8%,

L Buckyball-in-a-Ring
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Is FN-DMC or CCSD(T) having accuracy issues?

Interaction energy (kcal mol™)

interactions?

0 [ Ll T T Ll T 1 Ll
f t & estimated CCSD(T)
-SF ® FN-DMC .
[ Previous works
-1 0_ t Amin 7]
-15F | 3 ]
E [}
'20'_‘ ! —

1.1 kcal mol?

[ k
k3

2.2 kcal mol?

7.6 kcal mol?

s

= 45" f L L 1 L L
G o O oOue
@ c® 000 C c,‘?«c'?g ?\A

There is an inconsistency between
CCSD(T) and FN-DMC
in some systems
with pi-pi interactions

Y.S. Al-Hamdani, P.R. Nagy, A. Zen, D. Barton, M. Kallay, J.G. Brandenburg, A. Tkatchenko, Interactions between Large
Molecules: Puzzle for Reference Quantum-Mechanical Methods, Nature Communications 12, 3927 (2021).



Inspecting FN-DMGC weaknesses

WHEN
YOU HAVE
ELIMINATED THE

IMPOSSIBLE

WHATEVER REMAINS
HOWEVER IMPROBABLE
MUST BE THE

TRUTH

SHERLOCK HOLMES

Weaknesses in FN-DMC:

aBoe e dhe coda No, 2 codes agree [1,2]

sfcodorolorniiale No, AE and PP agree [1,2
Hizat No: tested LA, TM & DLA [1]

ization No: tested LDA, PBE, PBEO [1]
* FN beyond single Slater  (?) Work in progress

[1]1 Y.S. Al-Hamdani, P.R. Nagy, A. Zen, D. Barton, M. Kallay, J.G. Brandenburg, A. Tkatchenko, Interactions between
Large Molecules: Puzzle for Reference Quantum-Mechanical Methods, Nature Communications 12, 3927 (2021).

[2] A. Benali, H. Shin and O. Heinonen, Quantum Monte Carlo benchmarking of large noncovalent complexes in the L7
benchmark set, JCP 153, 194113 (2020).

[1] uses CASINO, DMC with PPs testing LA/TM/DLA; [2] uses QUCPACK, DMC with all-electrons



Slater-Jastrow wave function

¥r(R) = Z(R) % exp #(R)

\

\

Schrédinger Equation
HY = EY

approximate solution
using Hartree-Fock (HF),
density functional theory (DFT),

|

One-particle orbitals

(" )
= i
-] ——
T o—_
> —_—
e~
® ;
o :
o —t—
(®) _H_
o
. y,

Single Slater determinant | l[/0>

Jastrow factor
electron-electron and
electron-nucleus terms

captures dynamical correlation

Parameters are optimised
to minimise the
energy (variational principle)
or the variance

The Jastrow does not change
the nodal surface



FN=-DMGC beyond the single Slater-Jastrow w..
rlow to malke it possible with TurbeRVB




@9

Wave functions implemented in TurboRY

e Pfaffian (Pf) ) (s0)

f Pfaffian with constraints (Pfn) \

@tisymmetrized Geminal Power (AGR) //’ V\\
( AGP with constraints (AGPn) \ (AGPn) ( Pfn )

( Single Slater determinant \

vt vt
BLYP (acp )&( P )

HF
S PBE0
LDA B3LYP

= Conversion (no loss of information)

@ + Projection (loss of information)

FIG. 4. Ansatz conversion.

L

FIG. 3. Ansatz hierarchy. The output of Hartree-Fock (HF) or DFT simulations with
different exchange-correlation functionals are special instances of the SD Ansatz.

K. Nakano, et al. J. Chem. Phys. 152, 204121 (2020) TurboRVB: A many-body toolkit for ab initio electronic simulations by quantum Monte Carlo



Wihen cdo we need a multiceterminamnt

Slater-Jastrow w.i.?

Breaking bonds

C2H4 1001 & vmc/iIsD *
+ LRDMC/JSD

80 =« VMC/JAGP 1
+ LRDMC/JAGP +**

planar twisted

(v

-

torsional barrier

P

b/a

051

ahythy b po b

J. Chem. Theory Comput. 2014, 10, 1048-1061

Static and Dynamical Correlation in Diradical Molecules by Quantum
Monte Carlo Using the Jastrow Antisymmetrized Geminal Power
Ansatz

Transition states

cis-PSB3
RPSB

83—2

11 }

™A A
574 1

H

SNT trans-PSB3

|
NG~y

J. Chem. Theory Comput. 2015, 11, 992-1005

Quantum Monte Carlo Treatment of the Charge Transfer and
Diradical Electronic Character in a Retinal Chromophore
Minimal Model



JAGP ansatz

unpolarized system polarized system
(zero total spin ) (S not zero)
N electrons N electrons
N, = N/3 singlet pairs Nu = 2*S unpaired electrons
N = Ny + 2*N,

AGP GAGP
Uaop (X) = A [ﬁe(xi;mpﬂ-)] Veacp (X) = {lﬁG xume] [ﬁxj (Xsz+j)”

a(i)B(4) — BE)e())
V2

ri?rj‘ Zzguv@bn rz 0 ry)

atomic orbitals (uncontracted/contracted/hybrid)

G(xi;%;) = G (i, 15)

Xj(Xi) = [Z fin®u(Xi ] )| (@)

L(L+1)/2 determinantal parameters L(L+1)/2+2SL  determinantal parameters



JAGP ansatz

unpolarized system
(zero total spin S)

N electrons
N, = N/ singlet pairs

AGP
HG X} XN +z)]

W aqp (}TC = ./i

a(i)B(4) — BE)e())
V2

ri?rj' Zzguvgbu rz qbu r;.-

atomic orbitals (uncontract

G(X“XJ) g(riirj)

L(L+1)/2 determinantal parameters

General diagonalization
of the symmetric matrix G
(S is the overlap matrix)

S1/2¢q81/2 — UtAU

yields

G(r;,r;) Z)\”w” r;)Y,(r;)

where we can assume

Al = [A2] = ... = [ AL




AGP equivalently rewritten
as a multi-determinant wave function
- molecular (natural) orbital expansion -

case of unpolarized systems

Var = wli) 43 Y @Y Y Al um)

1=1 a=Np+1 1,7=1 a,b=Np+1
i#£] a#b
. NP
(constrained) \ wa Aa wabb Aa b
. CO:H ’L; C.. :CO—; C.... :CO ;
coefficients %_ i \; 5] A,
NP
leading closed-shell T A H H
: — I' r
Slater determinant ’ 0> . "»bz ? wﬁ' Np+3
2
excitation | \Daa>
Slater determinants 21 5 eee

zero seniority subset of a FCI expansion
(with constrained coefficients)



AG P n ? Pfaffian wPi::fi:::;tF:gints (Pfn) \\

[~ AGP with constraints (AGPn) )

Single Slater determinant

r;,r;) Z)\kwk Y (r;) N S n <K L HE  pge BLYP

PBEO
LDA B3LYP
_ 5 ' 5 ' aa a,a § : § : aabb aabb

i=1 a—Np+1 i,j=1 a,b=Np+1
i#j a#b
single Slater determinant (special case of AGPn function with n = Np)

RHF or SD //" VQA
AGPn#%

special case of AGPn, with n = n* such that atoms are SD —p‘-

-’ Conversion (no loss of information)
—’v Projection (loss of information)
Marchi, Mariapia, Sam Azadi, Michele Casula, and Sandro Sorella. JCP 2009.



From one Slater determinant to the AGPH

occ.virt OCC. wrt
—_— rrss
‘WAGPH> o |l//0> T 2 E l//azaz E Z aabb> T
a r a<b r<s
4 ™ 4 ™ e N
— T —tp— I
— — —

: < b
_4.._' ' a a
—_—— —_—— —_——

_ Y, \_ Y, - Y,

Lambda’s of virtual orbitals are zero in the single Slater determinant.
If we allow them to be optimized we have a multideterminant wave function which could improve the nodal surface!



ldea: get NOs {from a ceterministic methoad

One-particle orbitals

)
Schrédinger Equation
HY = E¥Y E
e
approximate solution >

using Hartree-Fock (HF),
density functional theory (DFT),
or 2nd order Mgaller-Plesset
perturbation theory (MP2)

HF or DFT = molecular orbitals (MOs)
MP2, ... = natural orbitals (NOs)

I

—

J

Single Slater determinant | wo)

TREX-I/O Wy
Optimize only a few coetiicients

lamlocla at the FIN-=DMGC level Node™— Node



Test on systems of growing size

% > 2 XX m

Methane (CHa) Ethylene (C2H4)  Ethane (C2He) Benzene (CsHe) Naphthalene (C1oHs)

Phenanthrene (C14H10) Triphenylene (C1gH12) Corannulene (C20H10) Fullerene (Ceo)



Number of valence electrons (Ng)

Parameters in 814 30 48 6s 9

v |JSD
JSD, JAGPN, JAGP loff| & Agen E
D) D), L e JAGP i
[ ——= 212 Ng "
(=== 4.85: Ng °
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] [ ®
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©
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o
arXiv:2402.01458 System



Correlation energy
recCoOVeree
JAGPn an
over JSD
at the FN=DNMC level

19}
d JAGP

-
0

Energy gain (mHa)

Q ] "'-‘!E 0
o o “
Ethylene (C2Hs)  Ethane (CzHe)

Benzene (CeHe) Naphtﬁal ene IC1 oHs)

Methane if)Ha}

Fullerene (Ceo)

Phenanthrene (C14H10) Tri'phenylene {GmH'm} Corann'ulene (CaoH10)

K. Nakano, S. Sorella, D. Alfe, A. Zen, Beyond single-reference
fixed-node approximation in ab initio Diffusion Monte Carlo,

arXiv:2402.01458

Number of valence electrons (Ng)
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Slze-consistency: AGPR is not size-consistent!

> w

G 4|0) G5|0)

(Ga+GB)*|0) = GaGp + GpGa + GaGa + GpG|0)

Y
unphysical charge fluctuations

JAGP Is size-consistent if Jastrow s *good™!

S. Sorella, M. Casula, D. Rocca. J. Chem. Phys. 127, 014105 (2007).
E. Neuscamman. Phys. Rev. Lett. 109, 203001 (2012).

..o &L VMC level. What albout the FN level?



FN=DMC of JAGP s size-consistent iif parameters
are optimized at the FN level.

2 4

Table 1: FN binding energy FE} and size consistency energy error Egcg, computed with
LRDMC a — 0, as obtained with the JSD, JAGPn and JAGP wave functions. For JAGPn
we consider both the case of using VMC and FN gradients to optimize the nodal surface.
The latter is the scheme dubbed FNAGPAS in this work.

Ansatz | Nodes Opt. | E, (meV) | Escg (meV)
JSD - -27(2) -1(1)
JAGPn VMCopt -46(2) 10(2)
JAGPn FNopt -29(2) -2(2)
JAGP VMCopt -41(3) 11(3)
CCSD(T) : 27 0




Cood agreememnt
oetween
QVICPACIX,
CASINQO,
TuribeRVBY

Binding energy
Eb = E(water+methane) - E(water) - E(methane)

2 4

Binding Energy [meV]

Binding Energy [meV]
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DMC reproducibility across 11 QMC codes?

« CASINO

« QMCPACK

 TurboRVB

« QMC=Chem

« QMeCha

 PyQMC

« Amolqc

« QWalk

« CMQMC

« CHAMP Cyrus Umrigar's version
« CHAMP Claudia Filippi's version

Use Slater-Jastrow ansatz and
same geometry, pseudo-potential (ccECP), basis set (ccECP-ccpVTZ), determinant (from Perdew-Zunger LDA),
different implementations of Jastrow factors and FN-DMC algorithms.



Energy water [Ha]

Water molecule =

DMC total energy

Locality approximation T-move Determinant locality approximation Determinant locality T-move
t.'.‘“-'._-.
-17.235 . . 1Ree 8.
"°.-..-'-ll
»>9-. s
~17.240 1 o MR gig | »
S Bt o Wl
L ‘® ..
. 8. ., @ ® .
— . E E B w @
17.245 = » U5
] 3K g
e 8., -
-17.250 . . »
e
-17.255 . -
-17.260 . -
—17.265 : -
T T T T T T T T T T T T T T T T T T T T
0.00 0.05 010 015 020 025 030 0.00 005 010 015 020 025 030 000 005 010 015 020 025 030 000 005 010 015 020 025

DMC T or LRDMC a2 [a.u.]

DMC T or LRDMC a2 [a.u.]

DMC 1 or LRDMC a? [a.u.]

DMC T or LRDMC a2 [a.u.]

0.30

*reIOOeT S

* e



Binding Energy [meV]

Water-Methane -

DVIC bine

INg enercy
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Binding Energy [meV]

Water-Methane - DMGC binding energy

Locality approximation

T-move Determinant locality approximation
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Codes comparison on total energies and binding energies (Eb):

LA: not a good agreement

TM: agreement (observed a posteriori)

DLA and DLTM: agreement (by construction)

Eb evaluations with TM, DLA and DLTM are consistent

Eb evaluations with LA might be inconsistent, depending on
Jastrow implementation. Use of LA should be discouradged.
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