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Construction of a universal exchange-correlation functional using informatics
technology
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In this project, we have developed the machine-learned electron correlation
(ML-EC) model, which predicts the correlation energy density at the complete basis set limit of the
CCSD(T) method from electron density and other density variables obtained by the Hartree-Fock
calculation. The correlation energy density was defined by grid-based energy density analysis and
composite method and adopted as the objective variable of machine learning. The neural network
successfully reproduced the correlation energy and chemical properties with high accuracy. The
frozen core approximation significantly reduced the computational cost of the objective variable,
which enabled machine learning of heavy-element systems. These results paved the way for the

construction of a general-purpose correlation model.



Kohn-Sham KS-DFT

KS-DFT
Perdew Jacob
Hartree
1 kcal/mol 5 1
2 3
4 Hartree-Fock B3LYP
5
Jacob DFT
DFT
J. Chem. Phys. 148, 241705 (2018)
Gauss Hartree-Fock
KS-DFT
ML-EC
Hartree-Fock post-Hartree-Fock
GAMESS
Chainer

PyTorch
GAMESS RAQET J. Comput. Chem. 39, 2333 (2018)
1)

DFT CCsD(T) CBS

CCsD(T)/CBS
MP2 CCsD
J. Comput. Chem. 29, 1555 (2008)
CCsD(T) CBS
J. Chem. Phys. 106, 9639 (1997) J. Comput. Chem. 37, 2304 (2016)
CCsSD(T)/CBS
CBS quintuple-zeta
H,C N, O 15 31,771

ML-EC



Hartree-Fock

ML-EC Jacob 5
double-zeta
Hartree—Fock ML-EC 48
CCsSD(T)/CBS —0.7 mHartree
1.8 mHartree 12 ML-
EC 73 DFT 1
1 12 MAD
MaxAD kcal/mol CCSD(T)/CBS
MAD MaxAD
ML-EC 0.892 ML-EC 1.729
MO06-2X 1.423 B3LYP 3.645
PW6B95 1.585 X3LYP 3.688
X3LYP 1.608 M11 3.991
MN15 1.614 MO08-HX 4.283
MO06 1.637 MO06 4.291
ML-EC GMTKNS55
Phys. Chem. Chem. Phys. 19, 32184 (2017) 3
GMTKN55
2
ML-EC CCSD(T)/CBS
CCSD(T)
ML-EC
3 4
H,C,N,O,F S Cl 30 58,405
ML-EC
Hartree-Fock
Jacob 4 15
ML-EC 71 DFT
2
2 15 MAD
MaxAD kcal/mol CCSD(T)/CBS
MAD MaxAD
ML-EC 1.226 ML-EC 2.997
MO06-2X 1.260 MO06-2X 3.488
MO06 1.855 MO6 4.592
X3LYP 2.002 B97-3 5.184
B3LYP 2.046 X3LYP 5.234
B97-3 2.093 BPBE 5.413
©) RAQET
ML-EC CCSD(T)/CBS 3
cc-pvDZ, cc-pVTZ, cc-pvQZ Hartree-Fock
cc-pvDZ 1
WATER27 RAQET

Hartree-Fock ML-EC



wall time RAQET ML-EC

Hartree-Fock
J. Chem. Theory Comput. 15, 4745 (2019)
1 Descriptor
1 Correlation ML-EC
100000
Hartree-Fock
10000
@ 1000
é 100 Descriptor
% ......................... )
= 10 B L Correlation
®
1 [ J
01 L . . . .
0 5 10 15 20 25
# of water molecules
1 WATER27 ML-EC

CPU  Intel Xeon Gold 6148 40 CPU



20 20 5 6

Yasuhiro lkabata, Ryo Fujisawa, Junji Seino, Takeshi Yoshikawa, Hiromi Nakai 153
Machine-learned electron correlation model based on frozen core approximation 2020
The Journal of Chemical Physics 184108
DOl
10.1063/5.0021281
2
2020
72 80
DOl
s s 18
RAQET 2019
Journal of Computer Chemistry, Japan A6 All
DOl
10.2477/jccj .2019-0022
Toni M. Maier, Yasuhiro lkabata, Hiromi Nakai 15
Efficient Semi-Numerical Implementation of Relativistic Exact Exchange within the Infinite- 2019
Order Two-Component Method Using a Modified Chain-of-Spheres Method
Journal of Chemical Theory and Computation 4745 4763
DOl
10.1021/acs. jctc.9b00228




Takuro Nudejima, Yasuhiro lkabata, Junji Seino, Takeshi Yoshikawa, Hiromi Nakai 151

Machine-learned electron correlation model based on correlation energy density at complete 2019

basis set limit

The Journal of Chemical Physics 24104
DOl

10.1063/1.5100165

Junji Seino, Ryo Kageyama, Mikito Fujinami, Yasuhiro lkabata, Hiromi Nakai 148

Semi-local machine-learned kinetic energy density functional with third-order gradients of 2018

electron density

The Journal of Chemical Physics 241705

DOl
10.1063/1.5007230

39 1 12

Yasuhiro lkabata, Takuro Nudejima, Junji Seino, Takeshi Yoshikawa, Hiromi Nakai

Machine-Learned Correlation Model for Accurate and Efficient Computation of Correlation Energy

The 5th International Conference on Molecular Simulation (I1CMS2019)

2019

Yasuhiro lkabata, Takuro Nudejima, Junji Seino, Takeshi Yoshikawa, Hiromi Nakai

Machine-learned electron correlation model for accurate reproduction of correlation energy at the basis-set limit

The Nineth Conference of the Asia-Pacific Association of Theoretical and Computational Chemists (APATCC 2019)

2019




Yasuhiro lkabata, Takuro Nudejima, Junji Seino, Takeshi Yoshikawa, Hiromi Nakai

Machine-Learned Electron Correlation Model in the Form of Density Functional

18th International Conference on Density-Functional Theory and its Applications (DFT2019)

2019

10 CSJ 2020

2020

2020

Yasuhiro lkabata, Junji Seino, Takeshi Yoshikawa, Ryo Fujisawa, Hiromi Nakai

Development of the machine-learned correlation model: systematic assessment on chemical properties

100

2020




100

2020

42

2019

RAQET

2019

2019

22

2019




post-Hartree-Fock

99

2019

12

2018

Post-Hartree-Fock

2018







