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-R :->< TurboRVB and Turbo-Genius

""; Tu r bO R\/B QMLC engines (DFT, VMC-optimization, VMC, LRDMC)

Quantum Monte Carlo Package (Y}

K. Nakano, C. Attaccalite, M. Barborini, L. Capriotti, M. Casula, E. Coccia, M. Dagrada,
Y. Luo, G. Mazzola, A. Zen, and S. Sorella, J. Chem. Phys. 152, 204121 (2020)

g =1,
%% Tu rbOIG e n | us User friendly python wrappers.

K. Nakano et al., in preparation (2021)

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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# » Home View page source

TurboRVB: A many-body toolkit for ab initio
electronic simulations by quantum Monte Home -,
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Cite as: J. Chem. Phys. 152, 204121 (2020); https://doi.org/10.1063/5.0005037 >
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TurboRVB

Quantum Monte Carlo Package EEYY

Kousuke Nakano ", Claudio Attaccalite "/, Matteo Barborini '/, Luca Capriotti ', Michele Casula
Emanuele Coccia "/, Mario Dagrada, Claudio Genovese 1, Ye Luo ' , Guglielmo Mazzola "/, Andrea News
Zen ', and Sandro Sorella

e K. Nakano et al. have published a paper in Phys. Rev. B 103, L121110 (2021).
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Chemical Physics

COLLECTIONS This paper has been selected as an Editors’ Suggestion.
Paper published as part of the special topic on Collection e Our TurboRVB workshop will be held on 12-16 July 2021 at SISSA (Italy)!
Note: This article is part of the JCP Special Topic on Electronic Structure Software. Please have a look at Summer School on Quantum Monte Carlo methods 2021.

Online registration can be done from the TREX website.

@ é @ e C. Genovese and S. Sorella have published a paper in J. Chem. Phys. 153, 164301 (2020).

Mart e C. Genovese et al. have published a paper in J. Chem. Theory Comput. 16 6114-6131 (2020).

e We have published a TurboRVB review paper in J. Chem. Phys. 152, 204121 (2020).

K. Nakano, C. Attaccalite, M. Barborini, L. Capriotti, M. Casula, E. Coccia, M. Dagrada, Y. Luo, G. Mazzola,
A. Zen, and S. Sorella, J. Chem. Phys. 152, 204121 (2020)

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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What we can do by TurboRVB?

Please visit our website :-) All the papers and Ph.D theses using TurboRVB are listed here.

# TurboRVB website

News

Developers

Source code

Workshops

Positions

B Publications

2021
2020
2019
2018
2017
2016
2015
2014
2013
2012
2011
2010
2009

#@ » Publications View page source

Publications

Turbo RVEB

Ouantum Monte Carlo Package / SISSA
2021

e Atomic forces by quantum Monte Carlo: Application to phonon dispersion calculations,
K. Nakano, T. Morresi, M. Casula, R. Maezono, and S. Sorella,
Phys. Rev. B 103, L121110 (2021).
Selected as an Editors’ Suggestion

2020

e Ground-state properties of the hydrogen chain: insulator-to-metal transition, dimerization, and
magnetic phases,
M. Motta, C. Genovese, F. Ma, Z. Cui, R. Sawaya, G.K. Chan, N. Chepiga, P. Helms, C. Jiménez-
Hoyos, A.J. Millis, U. Ray, E. Ronca, H. Shi, S. Sorella, E.M. Stoudenmire, S.R. White, and S. Zhang
(Simons Collaboration on the Many-Electron Problem),
Phys. Rev. X 10, 031058 (2020).

a Tha mabiien afbtha chaminal hand in bha dlcackhan ccalanda

© Kosuke Nakano (SISSA/JAIST)

@ » PhD thesis View page source

PhD thesis

e Dr. Claudio Genovese, 2020:
Geminal Power in QMC, pdf

« Dr. Félix Mouhat, 2018:
Fully guantum dynamics of protonated water clusters, pdf

« Dr. Nicolas Dupuy, 2016:
Corrélations électroniques des acénes vers la limite de longue taille : Etude par Monte Carlo
quantique (Electronic correlations in the acenes to ards the long-size limit: a Monte Carlo study),
pdf

e Dr. Henri Hay, 2016:
Etude de la structure et des propriétés des polymorphes de SiO, et B,O5 par méthodes ab initio
(Structural properties of SiO, and B2O; polymorphs by ab initio methods), pdf

« Dr. Mario Dagrada, 2016:
Improved quantum Monte Carlo simulations: from open to extended systems, pdf

e Dr. Nicolas Dévaux, 2015:
Etude par Monte Carlo quantique de la transition a-y du Cérium (Quantum Monte Carlo study
of the a-y transition in Cerium), pdf

« Dr. Guglielmo Mazzola, 2014:
Metallization and dissociation in high pressure liquid hydrogen by an efficient molecular
dynamics with quantum Monte Carlo, pdf

e Dr. Ye Luo, 2014:
Ab initio molecular dynamics of water by quantum Monte Carlo, pdf

2021/7/16




TR=>X

-Strongly correlated materials -Van der Waals-related  -Materials in an extreme condition

C 2 b £ Adenine Thymine

Xfo}XJ a li w ammonia
f‘\,ﬁ(%f‘& o

Crrss :@ f

Y. Kamihara, et al.: JACS 130 (2008) 3296.

: Two-dimensional compounds Molecular crystals
Unconventional superconductors X y
(graphene, stacked DNA)
A.Zen et al., PNAS, 115, 1724 (2018)
M. Casulla et al., Phys. Rev. B 88, 155125 (2013) S. Sorella et al., Phys. Rev. Lett. 121, 066402 (2018)
Others:

H-He mixture’s phase diagram in Jupiter G.Mazzola, Phys. Rev. Lett. 120, 025701 (2018)

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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(i) It employs the Resonating Valence Bond (RVB) WF that includes static and dynamical correlation effects beyond the
commonly used Slater determinant, while keeping the computational cost at the single-determinant level.

(ii) The code implements a VMC algorithm based on localized orbitals (e.g., Gaussians) and state-of-the-art optimization
methods, such as the stochastic reconfiguration. Therefore, at the VMC level, one can optimize not only the amplitude of
the WF (i.e., the Jastrow factor), but also the nodal surfaces (e.g., the Slater determinant). This leads to a better
variational energy in general, and also improves the corresponding FN-DMC energy.

(iii) The energy derivatives (e.g., atomic forces) are calculated very efficiently thanks to an implementation based on the
Adjoint Algorithmic Differentiation (AAD). As a consequence, one can perform structural optimizations and Langevin

molecular dynamics.

(iv) The code implements the newly developed Lattice Regularized Diffusion Monte Carlo (LRDMC), a stable DMC
algorithm that, very recently, has shown to have a better scaling with the atomic number Z, compared with standard

DMC.

K. Nakano, C. Attaccalite, M. Barborini, L. Capriotti, M. Casula, E. Coccia, M. Dagrada, Y. Luo, G. Mazzola, A. Zen,
and S. Sorella, J. Chem. Phys. 152, 204121 (2020)

© Kosuke Nakano (SISSA/JAIST) 2021/7/16



R _->< Recent progress: non-orthogonal bravais

Orthogonal bravais (-2020) Also non-orthogonal bravais (2021-)
a a a a D b
b b b b triclinic monoclinic
Orthorhombic =
y=120°
K\ K - e\
¢ : a a a C a
‘ a a a a
4 a a a a ¢ a a
’ ‘ _ hexyagonal Rhombohedral
tetragonal cubic

Reference: Wikipedia images

This will be published in the near future.

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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R _">< Recent progress: Pfaffian ansatz

TurboRVB  Very flexible ansatzs have been implemented!!

Quantum Monte Carlo Package [EEIY

Resonating Valence Bond (RVB)
c.f. P.W. Anderson

U=| f(77)

FF) = caiy v a (75) do (75)
a,b | I

(7.) = One-particl .

¢i(77j) = One-particle Parings of up-dn electrons.

up-up/dn-dn pairing also.

Slater determinant Called “Geminal”

Determinant Determinant Pfaffian

-----------*----.
------------‘---.

¥ More complex

C.Genovese et al., J. Chem. Theory Comput. 16, 6114 (2020)

Very flexible ansatzs (the larger number of variational parameters), satisfying the anti-symmetricty!

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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LRDMC results

Recent progress: C, dimer (a challenging molecule)

Double-bond?? Quadruple-bond??, spin-singlet.

S. Shaik, et al. Nat. Chem. 4 195-200 (2012)

Wavefunction Catom (Ha) C2 molecule (Ha) Binding (eV)
Jastrow Slater -37.82966(4) -75.8672(1) 5.656(3)
Jastrow Geminal
(singlet) -37.8364(1) -75.8938(2) 6.01(1)
Jastrow Geminal
(Singlet + broken sym.) -37.8364(1) -75.8935(2) 6.00(1)
Jastrow Geminal
v (All-pairing, Pfaffian) 37.8363(1) —-75.9045(2) 6.31(1)
Estimated exact -37.8450 -75.9045(2) 6.44(2) (Exp.)

More complex.

Binding Energy [eV]

-6 [

T T T
Projected s?
Indipendent Atoms ~—
JAGP —
JsAGPs ——
JsSD — |

| T——

[\
Projected g2

1.5

2

1
2.5

| 1 1 1 O
3 3.5 4 4.5 5 5.5
Distance [Bohr]

C.Genovese et al., J. Chem. Theory Comput. 16, 6114 (2020)

CCSD(T) with the V5Z basis = 6.24 eV

The LRDMC gives a more accurate result than CCSD(T) for the challenging molecule!

© Kosuke Nakano (SISSA/JAIST)
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% 11
o0z TurbOGenius

K. Nakano et al., in preparation (2021) Any contributor is welcome!!!

© Kosuke Nakano (SISSA/JAIST) 2021/7/16




Turbo-Genius: python-based wrappers

% vi makefort10.input. (edit input files manually)

ATOM_1. (Define the cc_pVTZ basis)
&shells

nshelldet=7

nshelljas=6

/

1 16

5.095000000000

1 16

I

]
1
1
1 1.159000000000

# Parameters atomic Jastrow wf
1 1 16
1 0.83560000000

% makefort10.x < makefort10.input > out_make

% mv fort.10_new fort.10_in

% convertfort10mol.x < convertfort10mol.input > out_mol
% mv fort.10_new fort.10

mmmmmmm

* Turbo-Genius makes it much easier!!!

A i
| B EElE | F

H

i

H
§

% turbo-genius.py -j makefort10 -g -str H2_dimer.xyz -basis cc_pVTZ

tubonb mpix

& H

% turbo-genius.py —r -post

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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Where can we download TurboRVB and Turbo-Genius from?

& GitLab Projects v  Groups v  More v

T Sandro Sorella > TurboRVB

From SISSA-gitlab server.

o T TurboRVB & O~v||Ystar|1]| ¥ Fork |0

Project ID: 91  Leave project

-0- 4,600 Commits F 13 Branches ¢ 1Tag [ 350.4 MB Files £ 350.5 MB Storage

’ https://git-scm.si it
pS://gIt-SCM.SISSa.l
n master TurboRVB | | + v History Find file Web IDE & v
4
o .
g‘::t Revised. a4f20e61 | [
[0 *Z¥» Sandro Sorella authored 1 hour ago
@ —— — — S— ». A request: t la@ t
[ README | [ Add LICENSE : | B Add CHANGELOG :: [ Add CONTRIBUTING : | [ Enable Auto DevOps ! request: 1o sorella SISSa.l
|,_|. """"""""""""""""" go — T T 3
[ Add Kubernetes cluster | | [ Setup CI/CD !
0O
Name Last commit Last update
&
& AD Revised. 1 hour ago
13 " o
& DFT Now everything passes also the serial with... 1 week ago
O & bin K.N. has done a big refactoring of the turb... 4 months ago

For time being, turborvb and turbo-genius are inhouse codes, so DO NOT distribute to the pubilic.

Within a couple of years, all the codes will be public under an appropriate license (maybe BSD) :-)

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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TurboRVB gitlab repository

——AD TurboRVB AAD source files

—— DFT TurboRVB DFT (prep) source files

— bin Installation directory of executables

— config Machine-specific include files (for make)

— config cmake Machine-specific include files (for CMake)

— pseudo Pseudopotential libraries

—— SIC TurboRVB main source files

— test This directory is intended to contain jobs to test a build
— tool TurboRVB tools source files

— turbo _genius_ dist Turbo-Genius source files

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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How can | ask something to the developers? via slack !!

TurboRVB ~ # qmc-simulations v AP s

+ EER-UEEMT S

gmc-simulations

ranaom

#qme-simulations F¥ YR ELALZAFALTWVWEELLS !
Kosuke Nakano = This channel is for working on a project. Hold meetings, share docs, and make decisions together with your team. F¢FE% g5

rea Tirelli

iacomo Tenti
R v

& Gianfranc
& Michele C Andrea Tirelli 11:06

S ftbt 7 AD X /\— ¥ —4&IC. #gmc-simulations 2L % L 7=

¥ Otto Kohulak
n" ST = #qmce-simulations [CX v —J%XET S
& to esi

¢ - = = — <>
+ FoLAYN-EEMTS AR @ © 0

If you find some bugs or you have some (open) question, please post to here !!

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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# TurboRVB userguides

@ » TurboRVB user manuals View page source
TurboRVB user manuals

User Manuals

Tutorials e User Manuals

Developer Manuals o TurboRVB Manual

= [nstallation

= TurboRVB in a nutshell

= Wavefunction H

sl From SISSA-gitlab server.
= DFT driver

= QMC driver

= Tools and input examples

ey https://git-scm.sissa.it

o Turbo-Genius Manual

= [nstallation

o Al M A Any contributor is welcome!!!

e Tutorials
o TurboRVB tutorials

= 00 TurboRVB install

= 01_O1Hydrogen_dimer

= 01_02Hydrogen_dimer

= 02_01Lithium_dimer

= 98 Wavefuntion optimization

They are composed by sphinx. All the tutorial in this school is also included here.

© Kosuke Nakano (SISSA/JAIST) 2021/7/16



R _—>< TurboRVB/Turbo-Genius manual and tutorials

If you want to see the userguide, please let us know. We will give you the permission.

git clone git@git-scm.sissa.it:sorella/turborvb_userguides.git
Any contributors is welcome!!!

Open /turborvb_userguides -> build -> html -> index.html

# TurboRVB userguides

N

User Manuals

- User Manuals.

- TurboRVB tutorials.

Tutorials

Developer Manuals N Turbo-Genius tutorials (for the hands-on session).

# on your local comp. (for the TREX summer school).
rsync -avz xxxxx@login.m100.cineca.it:/m100_work/tra21 trex/TurboRVB_userguides/build/html .
open ./html/index.html

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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We strongly recommend Intel, IBM, and Fujitsu Fortran compilers. (Not gfortran).

You do not have to do this for the hands-on session!!!

1. Legacy make:

( )

Fugaku, Hokusai (RIKEN)
Marconi, Marconil00 (CINECA)
SISSA-cluster (SISSA)
Kagayaki (JAIST)

2. Modern CMake: (Sorry, under refactoring) \ J

Copy a config file: config/make_XXX.inc make.inc

Copy a make.txt file: src/make.txt_standard src/make.txt
Compile TurboRVB: ./makeall (serial) or ./makeall-mpi

If you want to clean it: make cleanall

mkdir build

cd build

cmake -DCONFIG=gnu-mac-serial/intel-galileo-serial/etc ../
make # compile all serial/parallel programs.

make install # copy generated binaries to ./bin directory.

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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Whenever compiling TurboRVB on a new machine, please check if the compilation is correct.

Go to test/ directory.  Run ./jobcheck-serial.sh

% ./jobcheck-serial.sh
You do not have to do this for the hands-on session!!!

Warning: This debugging tool rounds off < 10**-6.
Warning: You can set ROUND_OFF in this script..

Debugging starts:
HbHHHHHH AR HHH

DFT-OPEN TEST
dir=dft_open
-DFT energy =-1.161081
-DFT energy (ref) =-1.161081
-The diff =0
-If the diff is finite, there is something wrong.
HHHHHHHHHAH A A A AR

All test has finished. Enjoy Turbo :-)

This checks various type of calculations. You see outputs if they are inconsistent with the references.

2021/7/16

© Kosuke Nakano (SISSA/JAIST)
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Turbo-Genius relies on various python packages (pymatgen, ASE, etc...), so we recommend
that you install it via pip. Also, we recommend that you used a virtual environment to keep
it your environment clean.

1. Go to turbo_genius_dist/ directory.

& =
2. Run pip install -e . Q{:ﬁ}% Tu rbOGenlus

Anaconda virtual environment!!  Go to [https://www.anaconda.com]

You do not have to do this for the hands-on session!!!

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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(Input) Atomic positions, basis sets, pseudo potentials...

}

WFT (Gaussian16, PySCF)
or DFT (Quanaum Espresso)

1) Pre-process:

* The obtained one-particle WFs

2) Post-process: QMC (TurboRVB, etc...)

\

(Output)

Many-body WFs, its energy, forces, etc...

© Kosuke Nakano (SISSA/JAIST) 2021/7/16
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..Initialization,....................... . lonic dynamics

Get the Slater determinant from DFT \\ 7T :
. . v :

Convert to a desired ansatz

e
JSD JAGPs JAGPu JA@

. OptMIZAtion .. o s eeeseeeeenenenn, _ . forces

Find the optimal variational parameters

................. B Stuotral Langovin  pivp

Evaluation.......ccoiiiiiiiiiiiiin., . relaxation MD
Compute observables (energy, forces..)
at different level of theory .~

A — : / " update ionic positions ------
l »m \'J . . .

L POSt-processing - .- .cccoiiiiiiiiiii i i i i ittt ittt e, .
Correlated sampling lonic equilibrium properties (average energy, pressure..)
Electronic correlation functions lonic correlation functions

© Kosuke Nakano (SISSA/JAIST) 2021/7/16



R _—>< A typical workflow in TurboRVB (in detail)

.Preparation......................... .

Generate a JAGPs/u template from a —_ —_—
:  chosen basis set and a structure  : makefort10.x - WO rkﬂ OW -
JAGP ]
_Conversion ... i — f’._. 1. Prepare a structure and basis set makefort10.x

3,’ JAGPs/u — JSD ansatz for DFT .3 convertfort10mol.x
JSD *
CDFT )

Optimize coefficients of molecular

. . : prep.x 0 ~8m8
- SR 2. DFT  Construct a reasonable initial WF! prep.x
JSD convertfort10(mol).x convertfortpfaff.x
7USD - JAGP(s/U) ansatz : ~ { JAGPuU - JPfansatz : *
------------------------------ . ' “eesssccsssssssssesssssssessssnn”
JAGPs JAGPu
JAGP/JPf . . .
3 A o 3. VMC-opt Optimize the wavefunction turborvb.x
urboorvp.x urporvo.x
.VMC optimization .... _lonic dynamics ...
© Find an optimal variational : : Langevin MD :
: parameter set : :  Path Integral MD
.VMC evaluation""-""* .LRDMC............. 0" 4. VMC DoaVMCrun. turborvb.x
{  Compute observables : : Extrapolation with several  :
(energy, forces, etc...) .f E. different lattice spaces *

.Post-processing ... . 5. LRDMC LRDMC with the optimized WF. turborvb.x

E_ Correlated sampling, Electron and lonic correlation functions, etc...

© Kosuke Nakano (SISSA/JAIST) 2021/7/16



R _—>< A typical workflow in TurboRVB (in detail)

.Preparation......................... .

Generate a JAGPs/u template from a
. . . makefort10.x
chosen basis set and a structure

JAGPs JAGPu
. Conversion........cccooveeeinnn.. .
JAGPs/u — JSD ansatz for DFT .3 convertfort10mol.x

Optimize coefficients of molecular ]
orbitals by SCF calculation i

convertfortpfaff.x

JAGPu — JPf ansatz 'j-

JAGPs JAGPu JAGP/JPf

‘ N turborvb.x k turborvb.x
.VMC optimization .... .lonic dynamics ...
Find an optimal variational ' Langevin MD :

parameter set Path Integral MD

turborvb.x

.VMC evaluation..... =~ .LRDMC...................0. .
:  Compute observables Extrapolation with several
(energy, forces, etc...) different lattice spaces

.Post-processing ... .

E_ Correlated sampling, Electron and lonic correlation functions, etc...

© Kosuke Nakano (SISSA/JAIST)

= Workflow =

1. Prepare a structure and basis set makefort10.x  Dayl

\/

2. DFT  Construct a reasonable initial WF! prep.x Dayl

\/

3. VMC-opt Optimize the wavefunction turborvb.x Day2

\/

Do a VMC run.

\/

5.LRDMC LRDMC with the optimized WF. turborvb.x Day4

4. VMC turborvb.x Day3

2021/7/16
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Wavefunction (makefort.10.x)

Input: makefort10.input Binary: makefort10.x Output:fort10_new

makefort10.x is a tool for generating JAGP WF(fort.10) from makefort10.input.

# Ion coordinates # fort.10 of the C2-dimer (the Pfaffian ansatz with the Filippi pseudo potential.)

posunits='crystal’

Nl 21 X1 yl Zl natoms=2 # Nelup 4»‘Nel # Iog8 5

N2 Z2 X2 y2 z2 ntyp=1 # Shell Det. # Shell Jas.
complexfortl@=. false. 4 2b53 = 43 e )

. . . . pbcfortle=.true. # Jas 22)2/ # Det 1432 ody arg;;u par.

Nn Zn xn yn zn lyes_pfaff=.true. # Det mat. =/0 # Jas mat. =/0
celldm(1)=4.648726266579395 120 8370
celldm(2)=1.0 # Eq. Det atomic par. # Eq. 3 body atomic. par.

— 741 21

celldm(3)=4.065040650406504 # unconstrained iesfree,iessw,ieskinr,I/0 flag

celldm(4)=1.5707963267948966 8370 120 6 o

St ructura I | nfo rmat | on. celldm(5)=1.5707963267948966 i # Ton coordinates

celldm(6)=2.0943951023931953 4. 6. 0. +000
; 0.000000000000000E+000 -1.14999954166875
yes_tilted=.true.

4, 6. 0. +000

anZ( 1)=3 0.000000000000000E+000  1.14999954166875
anZ(2)=3 # Constraints for forces: ion - coordinate
nxy2(3)=1 makefort10.x . . :
phase(1)=0. 1 1 3
phase(2)=0. i - 1

ik 2 2

1

)}
[}
) phase(3)=0.0 5 5
# Parameters atomic Wf phasedo(1)=0.0 # Parameters Jastrow two body
1 4 300 phasedo(2)=0.0 -1 0.342214663461764
phasedo(3)=0.0 e

1 2.0 1.0 3.231 7.54

, _ _ makefort10.input file Wavefunction file (fort.10)
Basis-set information.

© Kosuke Nakano (SISSA/JAIST) 2021/7/16




-[R :->< Wavefunction file (fort.10)

All the information (except for pseudo potential info.) is included in a single file, named “fort.10”

# fort.10 of the C2-dimer (the Pfaffian ansatz with the Filippi pseudo potential.)
# Nelup #Nel # Ion

4 -8 2
# Shell Det. # Shell Jas.
50 43
# Jas 2body # Det # 3 body atomic par.
-22 1482 42
# Det mat. =/0 # Jas mat. =/0
120 8370
# Eq. Det atomic par. # Eq. 3 body atomic. par.
741 21
# unconstrained iesfree,iessw,ieskinr,I/0 flag
8370 120 6 0 “fort.10” can be generated by
# Ion coordinates
4.00000000000000 6.00000000000000 0.000000000000000E +000 “makefort10.x” (see later).
0.000000000000000E+000 -1.14999954166875
4.00000000000000 6.00000000000000 0.000000000000000E+000
0.000000000000000E+000  1.14999954166875
# Constraints for forces: ion - coordinate
1 1 1
1 1 2
1 1 3
1 2 1l
1 2 2
1 2 3
# Parameters Jastrow two body

-1 0.342214663461764
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Header:

Nelup: The number of spin up electrons in the system.
# Nelup #Nel # Ion

2 4 1 Nel: The total number of electrons in the system.
# Shell Det. # Shell Jas. o
3 3 lon: The number of nuclei in the system.
# Jas 2body # Det # 3 body atomic par.
-8 16 8
# Det mat. =/0 # Jas mat. =/0
6 6
# Eq. Det atomic par. # Eg. 3 body atomic. par. Jas 2body: Onebody and Twobody Jastrow types
13 8
# unconstrained iesfree,iessw,ieskinr,I/0 flag
4 0 0

4
\ \‘ The number of atomic forces.
The total number of determinant variational param.

The total number of Jastrow variational param.
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Coordinates:

# Ion coordinates

N1 Z1 x1 y1 z1
N2 Z2 X2 y2 z2
Nn Zn XN yn zn
- N: Atomic number Pseudo potentialcase N !=7

- Z: The number of valence electrons _
If you want to use a H-pseudo potential,

- xn, yn, zn : atomic positions (Bohr) please put N=1.0, Z=1.00001 (dummy).
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TurboRVB employs a many-body WF ansatz that can be written as the product of two terms:
\I’:(DASXGXPJ J:J1—|—J2+J3/4

- AS (Anti-symmetric part) e.g.,

1) — 1)

Draps = det(Gs) where ¢5(i,j) = fs(ri,r;) 7

- J (Jastrow part)

N Nga: N N
T (rrtn) =Y (—(2Za)3/4ua ((2Za)1/4 r; —Ra|)) Tt (ryoy, . rnon) =30y (5‘ 4 Xay (T )
1=1

=1 a=1 . 1=1 a=1
electron-ion cusp (

J2 (r10-17 e 7rNO-N) — ngi,aj (|r’b T r]|) J3/4 (rlala"'arNUN) — Sj

1< i1<j
J electron-electron cusp
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Why one-particle orbitals (basis sets) are needed for the many-body WF theory??

Parametrization!
- AS (Anti-symmetric part)

9s(1,3) = fs(ri,r;) T4 — 1) fs (viry) = Y Afany,(oymyPat (£:) Yom (r).

Paring functions  {;m,a,b

- Inhomogeneous and three-body Jastrow parts

N N,
T (vio,. . eNoN) =Y Y (S‘ a1 Xal ( rz>

1=1 a=1

1<J a,l bm

J3/4 (rio1,...,ryON) Y (YY almeal rz)Xbm(rj)) 5
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R _->< Basis set in makefort10.input/fort.10

Basis set for the determinant part:

i Parameters atomic wf it Parameters atomic wf
Shell_Multiplicity Number of par. 1 4 300
Ion index [par (1, NUMBER OF PAR.)] 1 2.0 1.0 3.231 7.54
i Parameters atomic wf 2 2
1 1 16 o(r) =3.231 - exp(—2.0- %) + 7.54 - exp(—1.0 - r7)
1 ©.500000000000000
3 1 36
1 1.00000000000000 —_— Shell codes: 16 -> s orbital
1 1 16 :
->
2 0.300000000000000 36->p orb!tal
1 1 16 68 -> d orbital
i 0.300900020000000 y 48 -> f orbital
4 ©0.300000000000000 51 -> g orbital
i L - 72 -> h orbital
5 0.300000000000000 “—

73 -> i orbital

I
(1) ~ exp(—Zr°)
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-Open, pseudo potential:
e.g., [http://burkatzki.com/pseudos/index.2.html]

One can use a provided basis set as it is. e.g., [https://pseudopotentiallibrary.org]

e.g., cc_pVDZ, cc_pVTZ, etc...

-Open, all-electron:
e.g., basis-set exchange: [https://www.basissetexchange.org]

One can use a provided basis set, but it is better to cut several largest exponents.

The WF in the vicinity of nuclei is compensated by the one-body Jastrow part in TurboRVB.

/One-body Jastrow jl (r)

ggg (r —Rp) = gb? (r — Ryp) A (r)

«— Gaussian qb? (r — Ryp)

’
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TurboRVB employs the CRYSTAL periodic basis for PBC calculations:

Eﬁ?f (r;¢) = Z Yy (T + Ts;C) e et
-PBC, pseudo potential: T,

Unfortunately, provided basis sets for open systems are redundant for periodic cases, so we
recommend that one should cut several smaller exponents, typically, smaller than 0.10.

-PBC, all-electron:

The same for all-electron cases. Basis sets provided for open systems such as Basis set exchange
[https://www.basissetexchange.org] are usually redundant for a periodic case, so we
recommend that one should cut several smaller exponents, typically, smaller than 0.10.

One can also use all-electron basis sets optimized for periodic systems such as ones provided in
the CRYSTAL DFT code [https://www.crystal.unito.it/basis-sets.php].
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Input: prep.input, fort.10 Binary: prep-(serial, mpi).x

prep.x is a built-in DFT code!!

Output:fort10_new

Why built-in? $ (r —Ry) = ¢ (r — Ry) Jy (r)

As mentioned before, the modified gaussian orbital is used.

So, we cannot exploit the analytical integration even though we employ the Gaussian
primitive orbitals.

The CRYSTAL basis + cusp. for PBC cases.

We are also implementing converters for several QC codes (e.g., Gaussian) via TREX-10.
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R _—>< A typical workflow in TurboRVB (in detail)

.Preparation......................... .

Generate a JAGPs/u template from a
. . . makefort10.x
chosen basis set and a structure

JAGPs JAGPu
. Conversion........cccooveeeinnn.. .
JAGPs/u — JSD ansatz for DFT .3 convertfort10mol.x

Optimize coefficients of molecular ]
orbitals by SCF calculation i

convertfortpfaff.x

JAGPu — JPf ansatz 'j-

JAGPs JAGPu JAGP/JPf

‘ N turborvb.x k turborvb.x
.VMC optimization .... .lonic dynamics ...
Find an optimal variational ' Langevin MD :

parameter set Path Integral MD

turborvb.x

.VMC evaluation..... =~ .LRDMC...................0. .
:  Compute observables Extrapolation with several
(energy, forces, etc...) different lattice spaces

.Post-processing ... .

E_ Correlated sampling, Electron and lonic correlation functions, etc...

© Kosuke Nakano (SISSA/JAIST)

= Workflow =

1. Prepare a structure and basis set makefort10.x  Dayl

\/

2. DFT  Construct a reasonable initial WF! prep.x Dayl

\/

3. VMC-opt Optimize the wavefunction turborvb.x Day2

\/

Do a VMC run.

\/

5.LRDMC LRDMC with the optimized WF. turborvb.x Day4

4. VMC turborvb.x Day3

2021/7/16



Single Slater-determinant (convertfort10mol.x)

LS con]\c/oerrttffortilr?mol.mput, Binary: convertfort10mol.x Output:fort10_new

convertfortl0Omol.x is a tool for adding molecular orbitals to fort.10 _in.

This is used for converting a JAGP WF to a JSDWF.  JAGPs » JSD

JSD  Slater Determinant

M=Ng /2
JAGPs f(rir;) = Z MA@y (r;) D (r5)
f(ri,r;) = Z Afa i}, {b,m}¥a,l (Ti) Yo,m (1) » Npasi
Il,m,a,b x =
with P, = Z Cik - ¢i (1)
i=1

DFT (prep.x) works only with molecular orbitals!! So, one should convert a WF from the JsAGPs to JSD.
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-R :->< fort.10: details

Molecular orbitals (100000): In fort.10, 1000000 indicates a molecular orbital.

#always 1, the number of components, 100000
#index of basis [1,2,....]

#coefficients for basis [1,2,....]
1 180 1000000
1 1 2 3 4 5
6 7 8 9 10 11
12 13 14 15 16 17
18 19 20 21 22 23
24 25 26 27 28 29 N basis
30 31 32 33 34 35
36 37 38 39 40 41 @ . . (b . ( )
42 43 44 45 46 47 — C * ’l"
48 49 50 51 52 53 k 2”}8 :
54 55 56 57 58 59 .
60 61 62 63 64 65 1=1
66 67 68 69 70 71
72 73 74 75 76 77
78 79 80 81 82 83
84 85 86 87 88 89
90 0.438271164894104 -4.608166217803955E-002
0.189550578594208 7.299757003784180E-002 —-0.129178702831268
-0.241831779479980 ~7.793867588043213E-002 -0.143670558929443
-0.181271851062775 -0.265352427959442 0.374841809272766

C ATTYACOCTICACTNONC nnn n NOCCANNDOLETACNATIN n AN TICAANTNOOCOC

Molecular orbitals can be added by “convertfort10mol.x”. DFT works only with molecular orbitals.
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# input file for prep(-mpi).x

# minimal input DFT parameters:

&simulation
itestrd=-4

AR maxit: Maximum number of iterations in the self-consistent cycle.

&pseudo
/

s epsdft: Tolerance in the convergence of total energy.
&optimization

mo lopt=1

A mixing: Linear simple mixing parameter in the density.
/

&parameters

A typedft: 1:LDA (PZ 1981) / 4:Standard LSDA.

ax=0.2
ay=0.2
0.2 | DFT grids (next page)

nx=50

g optocc: optocc = 0 (default) Fixed occupation. /

re=130 optocc = 1 Use a smeared Fermi distribution

&dft
maxit=50

Eeadiiala s nelocc: It is the number of occupations that are read.
ieno=0. 7340 DFT parameters:

typedft=1

aptodcss (only when optocc=0)

neloce=3 / Fixed occupations

222
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Input: prep.input, fort.10 Binary: prep-(serial, mpi).x Output:fortl0_new

Box and mesh sizes are so important for obtaining converged results in practice !!

H:f_l_l/ele-ion (F)+I/e1e-e1e(F)+ch (F)

For a calculation with PPs, a~0.10 bohr is small enough.

For an all-electron calculation, a < 0.05 bohr is needed.
The double-grid algorithm should also be helpful.

If you have enough memories, we recommend
_ a (mesh size) L ~ 20 Bohr for the safety.

# Lz = cell length for a periodic system. Automatically set.

«—— L (boxsize) ——

=a*n
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R _->< Implemented functionals

TurboRVB implements only LDA and LSDA functionals.

Output:fortl0_new

e.g, typedft = 1 (LDA), The Slater exchange + Perdew81, the corresponding XC in Gaussian is SPL.
e.g, typedft = 4 (LSDA).

Turbo-prep and Gaussian show consistent energies as far as all parameters are the same,
i.e., basis-set, XC, box and grid sizes are enough...

Gaussian = -339.7215 (Ha)

C60, Fullerene Turboprep = -339.7222 (Ha)

Basis=uncontracted cc-pVTZ  PP=cceECP  XC=SPL
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Input: prep.input, fort.10 Binary: prep-(serial, mpi).x Output:fortl0_new

Double-grid DFT

H=T+V,  (F)+V, . (F)+ Vi (F)

ele-ele

mn —— Evaluation on the coarse grid.

5 N Interpolation on the dense grid in the vicinities of nuclei.

Turn on “doublegrid” option in the &simulation section.

K. Nakano, et al., J. Chem. Theory Comput. 15, 4044-4055 (2019).
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R _—>< A typical workflow in TurboRVB (in detail)

.Preparation......................... .

Generate a JAGPs/u template from a
. . . makefort10.x
chosen basis set and a structure

JAGPs JAGPu
. Conversion........cccooveeeinnn.. .
JAGPs/u — JSD ansatz for DFT .3 convertfort10mol.x

Optimize coefficients of molecular ]
orbitals by SCF calculation i

convertfortpfaff.x

JAGPu — JPf ansatz 'j-

JAGPs JAGPu JAGP/JPf

‘ N turborvb.x k turborvb.x
.VMC optimization .... .lonic dynamics ...
Find an optimal variational ' Langevin MD :

parameter set Path Integral MD

turborvb.x

.VMC evaluation..... =~ .LRDMC...................0. .
:  Compute observables Extrapolation with several
(energy, forces, etc...) different lattice spaces

.Post-processing ... .

E_ Correlated sampling, Electron and lonic correlation functions, etc...

© Kosuke Nakano (SISSA/JAIST)

= Workflow =

1. Prepare a structure and basis set makefort10.x  Dayl

\/

2. DFT  Construct a reasonable initial WF! prep.x Dayl

\/

3. VMC-opt Optimize the wavefunction turborvb.x Day2

\/

Do a VMC run.

\/

5.LRDMC LRDMC with the optimized WF. turborvb.x Day4

4. VMC turborvb.x Day3
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1.
H,-dimer

2.
C,-dimer

3.

H,

on
graphene

H,

H2
+
Graphene

Graphene

H,

Ansatz Level

JDFT JSAGPs JAGPu
01 02 03 04 06 08 09 10
DFT VMCo VMC DMC Conv. VMCo VMC DMC NA
Dayl Day2,3 Day3 Day4 Day2 Day2,3 Day3 Day4
03-01
03-03
01-01 0106 01-07 01-08 02-01  02-02  02-03  02-04 DFT
03-04 03-05 03-06
01-05 VMCo  VMC DMC  Conv. VMCo  VMC pmc  Davl
DFT Conv. VMCo DMC
Dayl Day2,3 Day3 Day4 Day2 Day2,3 Day3 Day4 03-01 REZ RERZE Day4
DFT
Dayl
01 02 03 04
DFT VMCo VMC DMC
Dayl Day2,3 Day3 Day4
05 06 07 08
DFT VMCo VMC DMC NA NA
Dayl Day2,3 Day3 Day4
09 VI\:;(ZZ 11 12
OFT - 2° VMCo  DMC
Dayl g ’ Day3 Day4

Day3

Day3

JAGP(JPf)
NA
04-03 04-03 04-03
VMCo VMC DMC
Day4 Day4 Day4
NA
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