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第一原理GW+Bethe-Salpeter法の紹介

計算物質科学における時空間アップスケーリングと数理手法
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前半部分
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Al clusters

One-particle Green’s function (G1)

iGW

Dyson’s equation

GW one-electron self-energy operator

G1(r2, r1;!) =
X
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Y. Noguchi, S. Ishii, K. Ohno, and T. Sasaki, JCP., 129, 104104 (2008).
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G1 = G0
1 +G0

1⌃G1



N-2

Double IP

Double IP (eV)

G2(r4, r3, r2, r1;!) = �
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Ladder approximation

T-matrix:

Two-particle Green’s function (G2)
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2ŎIP ≠ Double IP

Y. Noguchi, Y. Kudo, S. Ishii, and K. Ohno, JCP., 123, 144112 (2005).

e-e (or h-h) 2ÆJ.ìöÀ
2ÆJƔƻǀƾĂ�ŵ�Ŷ2ÆJ.ìƍƦƼƒǀƚưƓƢƼŴ
UjŦƆŖ
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Double IP

GGW1Ŏ
2 GT2 Expt.

Be 18.39 27.79 27.53

Mg 15.24 22.97 22.67

Ca 11.84 17.82 17.98

CO 30.37 40.66 41.29

Double IP (eV)
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Ladder approximation

T-matrix:

Two-particle Green’s function (G2)

2ŎIP ≠ Double IP

Y. Noguchi, et al., Phys. Rev. B, 77, 035132 (2008).
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N-electron
(Excited state)

Photo absorption

Ge�h
2 (r4, r3, r2, r1;!) = �
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Bethe-Salpeter equation (BSE)

e-h interaction kernel within GWA:

Expt.: C. R. Chris et al, J. Chem. Phys. 93, 3787 (1990).
BSE: Y. Noguchi and K. Ohno, Phys. Rev. A, 81, 045201 (2010).

Na8

Expt.
BSE

HOMO-LUMO gap ≠ Optical gap

GW+Bethe-Salpeter
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- Original source code written in Fortran90
- All-electron mixed basis approach
- Green’s function methods (GW, T-matrix, Bethe-Salpeter, MP2, etc)
- Simple user interface
- Hybrid parallel (OpenMP + MPI)
- Portability (FUJITSU, NEC, SGI, HITACHI, HP)
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e �e,e0 � EGW

h �h,h0)AS
e,h +

X

e0,h0

Ke,h;e0,h0(⌦S)A
S
e0,h0 = ⌦SA

S
e,h

GW+Bethe-Salpeter�

ĄJǀƱǀƼ2ÆJƨƴƼƢƥƊƾŴUŦƆA��?ĉ

ĄJǀƱǀƼ¹	�°�ǆ

Ke,h;e0,h0(⌦S) = i

Z
d3d30d4d40 e(r3) h(r

0
3)⌅
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GWØ\ƍƦƼƒǀ¥ÅJ

GW correlationFock-exchange
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GWåÅ�ŴŜšƆƶƷƻ$�
ν = # of levels you want
i = # of occupied levels
j = # of empty levels

: νŎ i = 306

: νŎ i + νŎ j = 259506

: iŎ j = 244800

ƊƜƢƾ$JŵF;, i = 17, j = 14400, and  ν = 18 (≤ LUMO).

ƀť >> MPIƮƽƜƚ, ®m¶ų�&/¬Ş�gŰşƆŖ

W = v✏�1 = v(1� vPRPA)�1



PRPA
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2D block cyclic method

ƀťƔƽǀƩƼÜ&(G, G’)Ş1MPIƮƽƜƚŰQÕŰşƆŵŰŘƇŷ

irank0                     irank1

= +
MPI_Allreduce

irank0 irank1
irank0 irank0

irank1 irank1

MPI_Reduce

MPI_Reduce

- Large scale GW+Bethe-Salpeter calculations -
RPA$�Ă�åÅ�ŴŜšƆƶƷƻ$�



GW+Bethe-SalpeteråÅŵƪƬƎǀƳƾƚ
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 GWA (Fock + Polarizability function)

Weak scaling (FX10)
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98.3679%

99.1904%

99.5195%

node shape
3D (X×Y×Z)1D

LDA GWA BSE
Efficiency ǁ%ǂ 9.60 21.82 17.46

SIMDǁ%ǂ 57.84 52.37 50.56

Flat MPI

All-electron mixed basis program

96 nodes (=1536 CPU cores)

6 nodes (6 MPIŎ16 OpenMP)
Hybrid parallel

ß ĥĳåÅŵ�&/¬

RÜ/¬ à

©k½ŵƘƚơƵBŵ�Iƙƹƭ
Ɠƺƚ(288 MPIŎ12 OpenMP)Ɖ
�ř%ƆŢűŞŰşƆŖ

IntelƕƾƪƋƺŰƀOpenMP4.0ŵ
�×ŰSIMD1Ŗ
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�>8ƚưƓƢƼ

Expt.: F. Sibbel, et al., Chem. Comm., 50, 954 (2014).
R. Jasti, et al., J. Am. Chem. Soc., 130, 17646 (2008).
T. Iwamoto, et al., J. Am. Chem. Soc., 133, 8354 (2011).
T. Nishihara, et al., J. Phys. Chem. Lett., 3, 3125 (2012).
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bƉ9ƅtŚŢűŵŰşƆÄ�5®ĥĳĐĠĻŉľĻĒįķłņĻŉĻŇƮƽƔƺƵƉĀ´Ŧ
ƆŖ

ǁ·¶Ėǂ 3-CPPĎėĔ5JÈďč~ 16-CPPĎĕĚĔ5JÈďŴĥĳĐĠĻŉľĻĒįķłņĻŉĻŇ
�Ɖøjťŕ�>8ƚưƓƢƼƉåÅŦƆŖ

ǁ·¶ėǂ.ìJŵä�ŴŶĖÆJŵz�ŴEŮřŪs�ƉW�ťŕ
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�>8ƚưƓƢƼ Expt.
BSE

Expt.: F. Sibbel, et al., Chem. Comm., 50, 954 (2014).
R. Jasti, et al., J. Am. Chem. Soc., 130, 17646 (2008).
T. Iwamoto, et al., J. Am. Chem. Soc., 133, 8354 (2011).
T. Nishihara, et al., J. Phys. Chem. Lett., 3, 3125 (2012).
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(1) MPI+OpenMPƨƋƭƻƠƣ�&¨Ä�5®GW+Bethe-SalpeterƮƽƔƺƵƉ
Ā´ťŪŖ

(2)�ƮƽƔƺƵƉ n-CPP (n = 3-16)Źøjťŕ©k½ŵƚƪƕƾƉ�°ťů
�²Ä2�ŵá�űųƆIá�åÅƉÜŬŪŖ

(3)Rċŵ�>8ƚưƓƢƼƉÄ�5®åÅŝƄŻżP¯Ŵ"ŦƆŢűŞŰşŪŖ

(4) 2ÆJŵz�ŴEŮřŪä���ƉW�ťŪŖ

(5) S1-5ŵ.ìJŶĄJ➖�K�0Ă�ŵûųƅǁΛǂŞIşųZrD.ìJ
ǁŪūƗƋƛŵXŤųCPPŰŶRydbergƀàƄƇƆǂŖ

Y. Noguchi and O. Sugino, in preparation.

Y. Noguchi and O. Sugino, J. Chem. Phys., 142, 064313 (2015).
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さらなる大規模計算に向けての課題

計算物質科学における時空間アップスケーリングと数理手法

- �ŗųƗƋƛŵA��?ĉ
- FFT
- ƮƽƙƌƓƘƹƾ¥ÅJŵW�ŵ:×k

後半部分
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DFT-LDAǁ��2MPI�&RÜǂ
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HLDA ⌫ = E⌫ ⌫
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(4) 100-200ƶƠƘƸŵ3��ÞÊ�FFTƉČôŴRÜŦƆŢűŵŰşƆƺƋƭƺƻŖ

(5) Projection¥ÅJŵW�ŵ:×kŖ
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(1)ÿ_ŴƈŪŬůÄ�5®GW+Bethe-SalpeterƮƽƔƺƵƉĀ´ťůşŪŖ

(2)�B <(°ƚƪƕƾŰ�²�Iá�ŵGW+Bethe-SalpeteråÅŞ:×ŴųŬŪŖ
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