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| ABINIT-MPODOEASER RO EMI AL

(7F: HPCHFDEXLETR | £F: HPCHFOETER)
| E$'s

(1) "Electron-correlated fragment-molecular-orbital calculations for biomolecular and nano systems", S. Tanaka*,
Y. Mochizuki*, Y. Komeiji, Y. Okiyama, K. Fukuzawa, Phys. Chem. Chem. Phys., 16 (2014) 10310-10344.

(2) "The ABINIT-MP Program", Y. Mochizuki*, T. Nakano, K. Sakakura, Y. Okiyama, H. Watanabe, K. Kato, Y. Akinaga,
S. Sato, J. Yamamoto, K. Yamashita, T. Murase, T. Ishikawa, Y. Komeiji, Y. Kato, N. Watanabe, T. Tsukamoto,
H. Mori, K. Okuwaki, S. Tanaka, A. Kato, C. Watanabe, K. Fukuzawa (pp. 53-67) in Recent Advances of the
Fragment Molecular Orbital Method - Enhanced Performance and Applicability, ed. Y. Mochizuki, S. Tanaka, K.
Fukuzawa (January 2021, Springer).

W

(1) "FMOZ'0%4'S LABINIT-MPOBASE KR S M2 B £ DEHE", B A, IWABA, WK Eh, MEE—1, EE%E,
MILEAE, EFED, HEAMSE N BURBA, fRIFE, HPRE, J Comp. Chem. Jpn., 16 (2017) 119-122.

(2) "FMOZF 045 LLABINIT-MP®) OakForest-PACS L TO £ Bl 5l {b LM RESTAR", JE:S R IE*, £, IREHK,
BXE, EA%E, J Comp. Chem. Jpn. 17 (2018) 147-149.

(3) "ABINIT-MP Openi!) —X D& FDEFEKRICDOWLNT", EAME,, MUkEMR, IREF XK, EERKIE, MBkE—H,
BilmE, BEsAR, hEED, fRIFE, J Comp. Chem. Jpn., 18 (2019) 129-131.

(4) "FMOZ'0% 5 LABINIT-MPD 2451k 52020", £ A#HE*, IREH K, 2 E, BEF5AR, MESE—8, ElEE,
MILESE, BIEE, PEEW, J Comp. Chem. Jpn 19 (2020) 142-145.

(5) "FMOZ'0%' 5 LAABINIT-MPO B {4k 522021", £ A#hE*, i th, (Eikihat, IWEMK, EEEE, BRIFIAR,
KEBRSE, FiRZE, J Comp. Chem. Jpn., 20 (2021) 132 136.

(6) "FMOZF 0% 5 LAABINIT-MPD {1k 5 2022", ¥ A#hi&*, hEFEN, IREH K, BEEFE, ErkH5, BKEAR,
MOEME, tEEE, KEBRE, FRAZEE, J Comp Chem. Jpn., 21 (2022) 106-110.

(7) "FMOT' 0% 5 LABINIT-MPD {51k 5 2023", E AthiE*, hEEth, IREF K, BFhAR, LEES, MEEL,
BREZ, R, KBRS, EFEth, RREE, J Comp. Chem. Jpn., accepted (10.2477/jccj.2024-0001).

W B E fEER
(1) B8 EEEE STER FHEMTFRB(2022) 2022/6/9 & 2022/6/16 - "ABINIT-MPTO4S SLIZKB T35 Ak
SFEE(FMO)ETEL,2", B £ A%hE, <https://www.r-ccs.riken.jp/outreach/schools/20220407-1/>.
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https://www.springer.com/gp/book/9789811592348 / ABINIT-MPI&Chap. 4 - Y. Mochizuki et al., “The ABINIT-MP Program”|Z&2 &, pp. 53-67.
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FMO Original; K. Kitaura et al., Chem. Phys Lett. 313 (1999) 701./ General Ref.; M. Gordon et al., Chem. Rev. 112 (2012) 632.

| 737 AU FHLE (FMO) A

OCEXRTFR
ARSI FRRERERTEH—KRE
= FUNJE . DNA (KFIIREE
HTF~BHRF. BT ~R+HE

Qﬁ%ﬂ&%ﬁé%@?jﬁ] FND—D [HIVZOF7—HEOE+E L]
RN 22F BRI 2AREEATIRE
= TV AVMEEFORTROIRILF—ZFEEE (FMO2)
= RIEFERTUVVIL (ESP). EELESUIKT (BDA)
= [ERBHEILHNIE (T35 AR AR ERALIE)
= TEH-EHEHTEHIEFHEDEALES
75T AV MEIOMEEER TR ILF— (IFIE)

= FHEXZROENTY—IL O ©
= EPEORIZEICRK C;>®%Q “O
= MERICHEATAEE O

222222222 T/V— (FI/BEEALE) FAI—




S. Amari et al., J. Chem. Inf. Model. 46 (2006) 221./ GAMESS-USTIZPIELFE (XN 5.

| 55 A FMEHEERITRILE—(FIE)

> FMO-HFZEDEIRIILF—ELEBEFEEpDFER
E:ZEIJ_(Nf_Z)ZEI

1>]

p(r)= Zpu (r)—(N; - Z)Z,Q (r)

1>J
N 255 A (FB/<—) DES
Ep B/ R—DIRIVF—, Ef FAR—DIARI)ILF—
pp BE/R—DEFE E,py FAI—DEFEE

» FMO-HFADEI NI F—FeETHRALE. ETIILF—%T
ST AV MEREBEERAIRILEF—AL, B/ X—DIRILF—E
MoRBEDIZT AV EDHBEMREERATRILE—ZRIV-
IRILF—EDFTRES,

> BFHEBTRILF—OMEFIMERIZITZIE LY,

E = ZAE”+ZE IFIEfZHT = XNRZRNIBOFMIFHR

1>J

(Inter-Fragment Interaction Energy)
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| FMOETROI=hDTOT 5L

OGAMESS-US [*([EGordon% JL—7]; Fedorov. Gordon. JLi# 5
GAUSSIANIZHL &S E H47)—Y ok, R #RIRE (Fortran)
= BRAGHEEZFMOME ., %75 5TE . GDDIE 51

OABINIT-MP; £ AH. %5
EFH#EElL 1% . EKFRPI-CREST-P)A: & TRAF (Fortran)
= IOL X, MPI, OpenMP/MPLERL i 5], R/ E0F4E 1%

OPAICS: B 2B B OO 2 SUALEE TR MR A R
FMO'MPZ(RI)IZCI:%{t (C) Target system
= MPI> lﬁlj

Parallelized by fragment Fragment momer
indices (or dimer)
<>OpenFMO; fiiE . BEEDL ﬁ %
FMO-HF (C) ® 6000 éoee ¢

— E M/ ﬁlj *EI IJ_J Parallelized by integral Processor group

indices
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Ref.; “The ABINIT-MP program”, Y. Mochizuki et al. in “Recent Advances of the Fragment Molecular Method” (Springer, 2021).

| ABINIT-MPDEZHERE (A—T ) —XELTESREH)

TR F—
— FMO4: HF, MP2
— FMO2: HF~CCSD(T), LRD
— FMO2: CIS/CIS(D), GF2
s IRILF—W D
— FMO4: HF, MP2
— FMO2: MP2#&& & &1k, MD
- Z D EE
— SCIFIE, PB, sp2-BDA, a(w)
= F & E A Rk, CAFI, FILM
- HI|{EERIE (PCr R /8OY)
— MPI, OpenMP/MPI;E
— EFERXBLASALIE
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FMOD - 58t 5

OFMO-HF (Hartree-Fock/SCF)
IR ERTUvIL(ESP) MMEHTEHEE L FILETHEL

= E/I—EEETIESCC(BEOE
= AAT—EEIIRELZLTUE

HEE B SHETRIE

= HE I%eﬁé&@zsa?%ﬁ:\@im&ock THIDIEE
= ESPETEDE{LINIE, ZRE/ T —XTD

OFMO-MP2 (2nd-order Mgller-Plesset)

il

= 2BFRAD
= DGEMMTALE

 A] BE

OFMO-MP3 (3rd-order Mgller-Plesset )
MP2&LYUREEA R E. ;Mﬁg&)‘%'JE;Rlij(%débD
= TUYVILED#HELF). DGEMMILIEZ %

222222222

S ETY

EFHRAMEDER, HEEAIRILF—DEEEZMR L
nTEfE (ERERB-7FIE)
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Ref.; T. Nakano et al., Chem. Phys. Lett. 318 (2000) 684. & T. Nakano et al., Chem. Phys. Lett. 351 (2002) 475.

| ZXOHFEE

FC*=8"C's" F=H"+G* & HFO—#iLEEEMNE (BEREHTEH)
Hjw:H;‘;feX+v;V+Zk:Bk<y\9k><9k\v> VE=SUS V) o | B ER DB

K#X

ul, = > (w2 Ir=A)y) v/‘fvj;KPﬁ(ﬂvMa) & BREFHERTUIvIL(ESP)
P, _2ozccjcy, y wa=ZF’&Z{(W\M)—%(WW) & 2BFHES O(NY

- (3 51l QL2
EIRIEDT-HODEOIDIT X

=>(P'SY)(uv, A1) forR,, (X,L)2L, & ESP-AOCHE{L (EREBESL)

Vo =3 (u|@u/Ir=A) forRy(X,D2L,, Q.= (P'SY),, & ESP-PTGELL GELY)

AelL AeA

E'y 2B +E +Tr(P'w? )+ Tr(Pou' )+ Y PP (uv|de) & Dimer-ESififll (HFEHE %)

uvel Aoel

BRDIXKIZKY, FMO2DEtEIARRD Y AT LY A XIKFEF2FELYVEL

2024/3/11 11



Ref.; S. Obara et al., J. Chem. Phys. 84 (1986) 3963.

| 2EFRDDERIZOIT

- /INE D Vertical Recurrence Relation (VRR)HBIAR—X
- DxRL—ATR0a—FEZB 4R ({s, p, d}EE#TIEL34=81%&)

TABLEI. Recurrence expressions® for the electron repulsion integrals over SCHEME 1
sand p Cartesian Gaussian functions. ’

L.

( First step)
(s5,55)'" = (5 + 1) "2 K(S,, £, AB)K(S,.£4,CD) Fo(T) DO ICS = l,n loops for the contracted shells
DO JCS = 1,ICS
(5, 5)%= (P — 4} (55, )" + (W, — P (s5,59)" DO IPS = L,mycs  loops for the primitive shells
(25 P = (@ — C) (s, 55)O + (W, — Q) (s, ss)! DO JPS = 1,mycs .
The calculation of the parameters P, {, and K({,{',R,R")
+ O (ss, s5)'¥ for each pair of primitive shells
26 +m) CONTINUE
(2 £y 55)" = (P, — B)( s, 35) + (W, — P) ( ps, ss)™ ) 4 Step)
5y DO IPPS = 1,Nypp; aloop for the first pair of primitive shells
g Usss®— ‘% (ss, 55) %} DO JPPS = 1, IPPS  a loop for the second pair of primitive shells
© The evaluation of ERI's
(2 pjPes)” = (@, — Ck Yo pys 53)% + (W, — @) ( p, Py sy CONTINUE
1':; {5,& {SPJ, }(“ + 5’* [ D5, 58 ){“} — . -
= _ 1} _ i s EEHS
(PerPtP:]' (@ Dr]'{PiPpPkﬂ + (W, — @) (P pjs Pi5) c GaussﬁUFag?g{@ﬁLEﬂEO)ﬁB%%*uﬁﬁ
1 Y =3
Y+ m {64 (spy )" + 83 (pis, pu)™} - LT BB IILDXDIL—T T
&
+ ﬁ {(p; pjr ) — % (pipys 55)}
(i,jkl=xp2) |Jka(r) NX y z exp( ar )

* For the definition of the variables, see the text.
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A

BRTUOVILTTO, B/X—DIRNF—EBFEEE
i ET 5

BEZoNn=-BFEFEL
BONT-EFEEDEMN
BELYE/NELY

Yes
v

INELT-E/¥—NDEFZEE(Self-Consistent Charge; SCC)
FAWC. AEOE/T—ICKPREFHERTVVVILTT
D.FAI—DIRIF—LEFEEFTETS

v

HFOLIHRNF—HE&VEEFREEHE

E/NX—DEEBET
B EiEE TR
o EROYALETE

€/V—
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| EERICLIEFHEOEA
BEiRTo v ILNEE)

2RIBEN(MP2) DFEE: SHENEILDEFANERL T LA EaLbIZ“5REL”

< : ) «<——> ( : > ) "
T T < Q__O & EMP2:12<IJ | ab)(abl]|ij)
dD— @ N A e +e —¢g,— &

(DFREFEOREESOH. HBEMEIRLE—DE)
(BFHOBERER) 7R ST =

SRIEFN(MPI) DR : BEF B OHEEEAELIEY TEMMIZEELTHIE

-- -- -- gvpscrems) _ 1 3 (ij || ab)(ab|| cd )(cd ||ij)
] C 6-6 O G < 8 japas (5i+8j—ga—gb)(gi+gj_gc_gd)

E MP3(Term-2) _ E Z <IJ I ab><ab I k|><k| I ”>

- MP3M 75 HSMP2& Y ik A 2t 8 (& +6; —6.—&)(6c+6 — 6, &)
- ERIBMEDKITEELTEE . . .
- DGEMMMIEEJ:%(*I]FQ’?% E MP3(Term-3) _ Z <|] | ab><kb I cj ><aC | |k>

ianc (€ Té&;— &, —&,)(& +e —¢€,— &)
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1st Refs.; Y. Mochizuki et al., Chem. Phys. Lett. 396 (2004) 473. & Y. Mochizuki et al., Theor. Chem. Acc. 112 (2004) 442.
2nd Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 457 (2008)-396.

| MP2EtEDEERTILTYXL2TE: FXHIIZNS

MP2AHRI TR IILF—FHIE

Loop over i-batch [parallelizable when needed]

Loop over o [to be parallelized for worker processes] Erpy =Y (ia] jb)[2@ia| jb)—(ib| ja)]
Loop over A e & E+E —E,—&
Generate (uv,A[o]) list [canonical relation for uv]
Do 1/4 transformation of x—i [screening & DAXPY] BFEOZETH: ANSORXM

Do 2/4 transformation of +—a [DDOT]
Do 3/4 transformation of A—j [screening & DAXPY] |, | 1y _

End of loop over A (ia] jb) _ZG:CO*’ ;Cﬂi ZV:CW Z#:Cﬂ‘ (uv|io)
Do 4/4 transformation for o—b [screening & DAXPY]
End of loop over o [“all-reduce” must be done for (ia|jb)]

Calculate partial MP2 energy

End of loop over i-batch [ZE—hk]
» o : - - DAXPYEDDOTZ{&#ELY.
Lﬁgg 0\(;32 ; Jj)?ttc;hb.esie;a?:eep:(iezneddlng on available memory 5 {7t 21| B A 1 4
Loopover 4 - EMHIEEHETFRA
Preparing (#Ao) ! for canonical zv-pair ISEFRRRIDF VT TIEE
Forming (iY{A0) ! DGEMM, fixed Ao, running over u
Forming (ia]1o) ! DGEMM, fixed Ao, running over v [5 —hR]
Forming (ialjo) ! DGEMM, fixed o, direct-product for fixed A - DGEMMMD) S & 8eHATF
End of loop over 4
et ot o oo RTE BT L
o ) . = FF1] S =7
Calculate partial MP2 energy with respect to ij-batch ij7_:':‘ ODOCPU—C:E’ZT J 72
End of loop over ij-batch ERXT YT 4EDGEMMT

2024/3/11 15



MP3 Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 493 (2010) 346. / MP2.5 Ref.; M. Pitonal et al., Chem. Phys. Chem. 10 (2009) 282.

| 3RERIH (MP) <L BB AL E—RE

- MP2ICEVWEFEOBEERAZERE  § S
- OpenMP/MPL;E Bl i 51| & Hi {2 [ R 4% Pl
- AEYEREMP2&LYEM, O(NO)aX  § — 4 T cosom
. W54/ 20 |2 (ZDGEMM% £ F 2| e
« MP2.5R 4 —1) 2 % #E 4% P2 MP3 MP4
£ MP3(2p-an) _ Z(ial 1b)(ik | jI)[2(ka[lb) —(kb]|la)] EVPP2) _ 3 (ia] jb)(ac|bd)[2(ic| jd) —(id | jc)]
i (& &, — &) (6 T 6 —&,— &) joed (& +&—& —& )&+ —& —&4)
EMP3GR-3N)L _ Z[Z(ial 1b) —(ij | ab)][2(ke|1a) — (ka|ic)][2(ke| jb) —(kb] jc)]
ijkabc (6ite—e,—&) (6 +&—&,— &)
FDRFIE6D

(ij | ab)(kaic)(kb] jc)
ijkabc(gi TE&—&, _gb)(gi T & — &, _8c)

Flat bPI parallelism ﬁ /—— DpenhAP parallelism ﬁ
2 a3 Memory

EMP3@p-3h)-2 _ _g

N ---- I R 1
___________ R I S N i P ' i
eeeef feee] o]
——————————————— o s DR ! b P !
_____ N ____* I ] I 1 I ]
i i i 1 i i
___________________

-" _____ -' ----- v v - L J L] Y L J

MPT comm.

16
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= . 3 — 3
| MPSEHEOIL—T (ij/3svFEk v FD2EHE)
 AEYBDENE Sy FRHER B
- BREHSIRUTIEEZ S of=
Loop over ij-batch ! size depending on available memory
Loop over o ! parallelized
Form {(ialjb), (ijlab), (ik|jD} ! 15t-4™ quarter transformations
End of loop over o
Calculate partial MP2 energy ! parallelized for ij
Prepare half-backtransformed 1%t-order amplitude ! parallelized for ij
Perform EEO processing for “2h-4p” contribution ! parallelized for v
Calculate partial “2h-4p” energy ! parallelized for ij
Loop over k-batch ! size depending on available memory
Loop over o ! parallelized
Form (kc|ld) ! 1s-4t™ quarter transformations
End of loop over o
Calculate partial “4h-2p” and “3h-3p” energies ! parallelized for ij
End of loop over k-batch
End of loop over ij-batch
Sum up “2h-4p”, “4h-2p” and “3h-3p” energies for final MP3 energy

o td it
. b) 2(ic| jd)—(id | jc) i i
£ MP3(4p-2h) _ (la| ] clbd
Z[%“g +&;—¢&, Z( [bd) g +&;—&, — & Fock{T5IRIALIE T

” (aclbd)EEEZ[EEE 17
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IEEEonEyE [EE] A0

EAFHAFHETTHT 3.
(GREEE ; MFHARF 2E B58)
- NOF Y IRFZHIUONRD
FROOFTOAIVAEGEY I\ TEISHTS »=alb—>3 /ﬁﬁ
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] AL 7T 77—+t (Mpro) EFEEF

N3

Nelfinavir \©

3
OH
N
H

HIV-1 Protease (3EL5)

Lopinavir
HIV-1 Protease (6DJ1)

Nelfinavir

Lopinavir

ECso(UM)

1.13

5.73

2024/3/11 bioRxiv (2020), https//d0|0rg/10 110 1/20200406026476

AMT7OTT7—EIXEIEIZEHS

Nelfinavir-Mpro% @ £ {4 [X]
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Refs.; R. Hatada et al., Appl. Phys. Express 14 (2021) 027003. & S. Tanaka et al., J. Phys. Chem. B 125 (2021) 6501.

' Mpro—+ N3J

-

= Al D ETEHE B 1E AT

395755 AU (B D'E :306)

o H#HMDT1000# &% Y7 )LL TFMO-MP2/6-31G*(PR)L N L TEE

0.00

-5.00

-10.00

-15.00

-20.00

-25.00

-30.00

IFIE (kcal/mol)

-35.00

-40.00

-45.00

® Cryst. = MD

His163 GIn189 Leul6? Met165 Glul66 His41l Ala191

HEtMAEEERRTOEESENEHEL Residues
11555 1-Y0.685/0 @ [EE1192/—F | —F % A THBFRH T0E

2024/3/11
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TEEDRAZI Y (L Ver. 1 Rev. 22%{F571-2020F9 8 LD B EHER. [EE &OFP]

| FMO-MP2/6-31G*>3T DRy —Y>YJ

2024/3/11

Elapsed time [sec.]

6LU7 - FMO2-MP2/6-31G* - Elapsed time

—e—Xeon(Gold6248)x2  —e—Oakforest-PACS(compact,cache) Fugaku
100000
o
10000
Xeon; 40 cores
OFP; up to 4608 cores
Fugaku; up to 18432 cores
1000
September 2020
100
10 100 1000 10000 100000

# hardware threads

- PDB ID: 6LU7 = SARS-CoV-2 Mpro + N3 ligand @ %
- MP2D#E 57 Z#iE £ TDGEMMTE1T
- Dimer-ESOCMMaafELIE (>5M)—2a> TiERA)

['E & |[F0akforest-PACS &V £,2.8Z (F &=L
22



| R19501898 -
SARS-CoV-2_  ——_ ik

[BEDHEA])

RINA D313 E DReceptor Binding Domain (RBD)Ek
() Angiotensin Converting Enzyme 2 (ACE2)
UED2DDAVNIBERITEAHBEERT 5 TR

RBDIZZEEMNTBETTWAIEEIAILA .
ACE2EDIEE M REMNFFE R DSARS-CoV-2&E
HoTWAAREE N D

2024/3/11

RBD-EFZEEKIZHES

IEE = EIR(E)
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| vO—XmEsr—T e

i RSHITAIRR

S-21\) B %RBDIME RT-K S-A I BEEEHNSBF-E
/

closedf&1& (6VXX) openf&i& (6VYB) closedf&1& (6VXX) openf&i& (6VYB)

B chaina ] chaine ] chainc & AYELVEIEIZ% ChainlZ# (4 %RBD (Thr333-Pro527) $EiE

S-AVINVEIZ1LITFREDIV /NN VEHDIBETHERM
Closed#&i& (L3 X TDHORBDFEIE AEALC TL S E opentE & (I B (RBD) DA HBALV=1E &
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Ref.; K. Akisawa et al., RSC Adv. 11 (2021) 3272,

| 78—XBEVXXIDRAIY

[Ver. 1 Rev. 22)

3.3FEE(TTH AUN)

## TIME PROFILE

Elapsed time: Monomer SCF

Elapsed time: Monomer MP2

Elapsed time: Monomer (Total)
Elapsed time: Dimer ES =
Elapsed time: Dimer SCF =
Elapsed time: Dimer MP2 =
Elapsed time: Dimer (Total)
Elapsed time: FMO (Total) =

Write coordinate data: done
##t Time profile

Number of cores (total) = 3072
Number of cores (fragment) =

|
—

THREADS (FRAGMENT) = 48

Total time = 6135. 0 seconds

3892.
217.
3965.
282.
838.
473.
2001.
5966.

k% Write check point file (CPF) openl.0 revl10)

7
7
3
4
0
1
4
6

FMO-MP2/cc—pVDZ

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds

skkk

WriteGeom = 6vxx_nonag—min0430 50k-mp2-ccpvdz. cpf

1. 7654

## TIME PROFILE

Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:

*kk  Write check

WriteGeom =

##t Time profile

THREADS (FRAGMENT)

Total time =

FMO-MP3/cc
Monomer SCF = 3885
Monomer MP3 = 280.
Monomer (Total) = 4211.
Dimer ES = 296.
Dimer SCF = 763
Dimer MP3 = 5701.
Dimer (Total) = 7907
FMO (Total) = 12119.

point file (CPF) openl.0 rev10)

6vxx_nonag—-min0430 50k-mp3—ccpv

Write coordinate data: done

Number of cores (total) = 3072
Number of cores (fragment) =

|
—

12291. 0 seconds

—-pVDZ

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds

— O O O = W o

KKk

dz. cpf

3.4RFfH

2024/3/11

1/—K/250 A hE&HT
- MP223 70 TldE/<v—SCF(HF)EZRE A
FMO-MP2[Ztt L TFMO-MP3M AR A RE2{ETHEL — R/RaVFADA) vk
Dimer-ESIXE#E Z EEWBRATIEL — REATIEHFEIEFA

o=

X1T.

NN

A=

RETTIX8Z v/ T30727 0 R X 48R Ly 14745607 2 E AL B FIEtE
IRILE—RE 5 4T (PIEDA)IEA > . CPFEZEAA
TREOF DL EELHDHD

May 2020
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| RO EOHEEEFRATIRILF—DRHRIE

MP2.5/cc-pVDZL-~N )L
Closed (6VXX) Open (6VYB)

7

7N
‘

Chain-Bhvo R 1=

AJ#R 1k (EBioStation ViewerZ64GBAE!) DPCTHIBLTET

Ver. 1 Rev. 22D IBRF 1M LK BEETILTIXIKRA LI HT-...

2024/3/11
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ERIEERFRIERAD 3 I
(Ver. 12 \bVer. 2% A)

[FTEIFFE I TORE
https://www.cenav.org/abinit-mp-open_ver-1-rev-22/

https://www.cenav.org/abinit-mp-open_ver-2-rev-4/
https://www.cenav.org/abinit-mp-open_ver-2-rev-8/

2024/3/11
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| 20205 EDIEEIOFATRERLIARA2 L

Hm\Ver. 1 Rev. 22 DHE D HEMH
‘BRI ERRIEIE
= ZHOYUTILEEDOI/LY (Ver. 1 Rev. 22[CHEL THEZ BHAE)
= RKEDEEETILOHRLY (KEEHTHRIZT A MEHRET)
-HPCI#Lmm D X /N>
= TEEIZIERET HE T1EAGAFX R
= Intel Xeon, NEC SX-Aurora TSUBASA. AMD EPYC#% E %
-BioStation Viewer® sl {R{LZHT D HRZE ]
= F 75T AURRIFT7Y—OPCITIEFIBART
= TARILADESZEL2EIR (IFTAMDOBEETERTELE)
= ZHBEICKAMETLTHEE/ERBITNEREIL
= PythonRV)TR0SA4T73) TOEEEINIE (B AEDHERR)

T LU B FE AR
‘HPCOFEHHZDEMREDNDIATHRL—3y (BRDFRAKLEG)
= MEEFHEATF 1 —=27 D5E1E
SHAFTETIEIMDOEMRED LR ER (BEXKDRETLEG)
= REETILOREDAEL

2024/3/11 28



BAL—FU8XNROFIEXTILT)XLIZEDNTO I RL—ZIZE>TEHBE RSN TIVS,

| AGAFXEITDEEIL

W2EFIETDER

- {SSSS, PSSS, SPSS, SSPS, SSSP, PPSS, PSPS, PSSP, SPPS, SPSP, SSPP, DSSS,

SDSS, SSDS, SSSD}M #4544 7% (F&1T)SIMD1L

- OCL¥g REAIMDE M
- A INAS5A T3> :-03 -Knosimd -Kocl

- WEDNEIF20~30%F2E (Ver. 2 Rev. 412 i)
- LORBREIILRETIL—T2E| (Ver. 2 Rev. 8)
- B/V—EBETOESDA AT INVIFYFEER  (Ver, 2 Rev. 8)

B Fock{THI DHEE
. REREMEMEE(1/2)n (n=1,2,3)T KB
- WEDHRIT30%FEE  (Ver. 2 Rev. 8)

BZDMOBER

. 551%%0)%]'1;7@%
|MEKT T RHE A IDFEIA Ty
(Iog774)b75\1=F75 (&éd_’% )

do p=ixil, ixi2
do g=ixjl, ixj2
do r=ixkl, ixk2
do s=ixll1, ix12
ix=ix+1
val = sint(ix)
if ((abs(val) <= tv)) cycle
fock (g, p)=fock (g, p) +dc (s, r) *val*2. d0! —AIE
fock (s, r)=fock (s, r) +dc (q, p) *val*2. dO
fock (r, p)=fock (r, p) —dc (s, q) *val*0. 5d0! AZHRIE
fock (s, p)=fock (s, p) —dc (r, q) *val*0. 5d0
fock (r, q) =fock (r, q) —dc (s, p) *val*0. 5d0
fock (s, q) =fock (s, q) —dc (r, p) *val*0. 5d0
end do
end do
end do
end do

2024/3/11
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20214 9H1681)!)—XkR - http://www.cenav.org/abinit-mp-open_ver-2-rev-4/

| Ver. 2 Rev. AsTOEE R _ED—H

O O F
RINADBINDE
6VXX / FMO-MP2/6-31G* / Benchmark 8 racks @ Fugaku
Ver. 1 Rev. 22 Ver. 2 Rev. 4
## TIME PROFILE ## TIME PROFILE

Elapsed time: Monomer SCF = 2028. 7 seconds Elapsed time: Monomer SCF = 1801. 6 seconds
Elapsed time: Monomer MP2 = 15.0 seconds Elapsed time: Monomer MP2 = 14. 2 seconds
Flapsed time: Monomer (Total) = 2068. 6 seconds Flapsed time: Monomer (Total) = 1839. 1 seconds
Elapsed time: Dimer ES = 353.9 seconds Elapsed time: Dimer ES = 314. 2 seconds
Elapsed time: Dimer SCF = 362. 4 seconds Elapsed time: Dimer SCF = 335. 7 seconds
Elapsed time: Dimer MP2 = 302. 6 seconds Elapsed time: Dimer MP2 = 294. 6 seconds
Flapsed time: Dimer (Total) = 1603. 4 seconds Flapsed time: Dimer (Total) = 1188.5 seconds
Flapsed time: FMO (Total) = 3672.1 seconds Elapsed time: FMO (Total) = 3027. 7 seconds

## Time profile ## Time profile

Number of cores (total) = 3072 Number of cores (total) = 3072

Number of cores (fragment) = 1 Number of cores (fragment) = 1

THREADS (FRAGMENT) = 48 THREADS (FRAGMENT) = 48

Total time = 3759. 3 seconds Total time = 3090. 8 seconds

- Ver. 2 Rev. 4I1ZA64FXRA T &5 MDSIMDAE . [ NEELH| | DG E Z RRF A
- XfVer. 1 Rev.22T1.2{EM & (cc-pVDZ; 8769.9F—6356.6F) T1.44%)

2024/3/11
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Ref.; 2 A5, J. Comp. Chem. Jpn. 20 (2021) 132.

| Ver. 2 Rev. ATOEKXH

- 4> )LHA+Fab¥i{Ak x 2(PDB id: 1KEN) @ KF1ETIL

=D AU MAEIE11307. KEFAALEED

TR 1D 15v%4 . FMO-MP2/cc-pVDZI9. 28 T52
TEE|0D85v% . FMO-MP3/cc-pVDZIZ6. 78 T2 &
-FMO-MP2TIEE/V—SCCARERBOIARL = Bt
KOS RBA—TIX2A TSI A RDMP2U 371, 5EEMER

## TIME PROFILE

## Time profile

Number of cores (total)
Number of cores (fragment)

THREADS (FRAGMENT)

Total time = 33120

9

Elapsed time: Monomer SCF = 14546
Elapsed time: Monomer MP2 = 32
Elapsed time: Monomer (Total) = 14741.
Elapsed time: Dimer ES = 4021.
Elapsed time: Dimer SCF = 7215
Elapsed time: Dimer MP2 = 2492
Elapsed time: Dimer (Total) = 18240.
Flapsed time: FMO (Total) = 32982

384
1

48

seconds

— O W O o U1 U1 O

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds

2024/3/11

[FRE1-2021F6 A=

AR D % it Bl

PERTD2fE D FRAEHHEATHEIS

## TIME PROFILE

Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed

## Time profile

Number of cores

Number of cores (fragment)

time: Monomer SCF
time: Monomer MP3
time: Monomer (Total) =
time: Dimer ES
time: Dimer SCF
time: Dimer MP3
time: Dimer (Total)
time: FMO (Total)

(total)

THREADS (FRAGMENT)

Total time =

24203.

2

3072
1

48

seconds

7114.
343.
7532.
534.
891.
4265.
16306.
23838.

[EE1-202149 8 i

N W N 0 = O

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds

N

=31



l Ver. 2 Rev. ST &Rt D HI

HIV-protease + Lopinavir = 203 frag.

Timing of FMO-MP2/cc-pVDZ job (24 threads / 204 process). [F&]TypelL
Timing in second V1R22 V2 R4 V2 R8
Elapsed time: Monomer SCF 864.9 617.8 387.4
Elapsed time: Monomer MP2 21.6 20.1 18.3
[Elapsed time: Monomer (Total) 890.9 642.2 410.0 ]
Elapsed time: Dimer ES 198.0 204.5 178.6
Elapsed time: Dimer SCF 421.8 344.0 260.8
Elapsed time: Dimer MP2 354.1 344.2 344.4
Elapsed time: Dimer (Total) 1205.6 1091.7 909.8
Elapsed time: FMO (Total) 2096.5 1733.9 1319.8
Total time 2101.4 1737.2 1323.2
Relative Acceleration 1.0 1.2 1.6

- B DOEFERIENEY) (FA4Y—SCFTHLED)
- E/V—SCCEXETHDRER/\vI7ITENR I
- BAY—ESIELELETDEEE

Ver. 2 Rev. 8IXI'E & 1TI%202451 A Hh o Fl AT 8E (Spack)

2024/3/11 32



| R85 OB OAFET ILOREL
top view PDB-ID=6XLU
?.' ,)

side view

KR FIEFRR

REETILOBREIL.8AIZT ANEKDISRZ) T A9 TR T1RABIZIRE
FESHEN D EEE. GINEDFEEER V) TR THIMR

-FMO-MP2/6-31G*> 37, 85v% (3072/—F) TH2BEEI TRE

-0 S CHARKBEEDOFMOETE., 10002 T )LIEE L FH

2024/3/11 )



ME&EITOMM-MDY22L— 32 (2 [EGROMACSZEFI M.
| MDELEE MDD ZIBEY T ILD—

=& 17 A {hp210026, hp220025, hp230017}; “$iFRBALEEDTI=H D

MD#E Y 7Y T (MOE)

MD3E1T(AMBER)

.

1#:E80Y H L(Ambertools)

&2 #8i53...

1351000 |

&AL

0o

ST REFHIRRITIRE

5O

*MDEEDZ YT ILDEEE S DKL
* HE A+ Y1 )L ADORBD-ACE2%
*AUTIWIOH AL RDHA(3)-Fab®k

* LB (XEBFM. BB RY) TNLIE

7k F @1t (MOE)
FMOJ37 X b8 4

' ' '

FMOZTE(ABINIT-MP)

2024/3/11

ot

{ £ BEY ]
GEHRAR

1100
1200
1300
1400
1500
1600

100900

101000

101100

0.178
0.190
0.092
0.164
0.176
0.176

0.046
0.167
0.184

-0.252
-0.269
-0.240
-0.267
-0.183
-0.208

-0.197
-0.277
-0.144

-7.358
-5.538
-7.403
-5.661
-5.502
-7.010

-5.061
-5.315
-6.252

-0.350
-1.361
-0.914
-1.498
0603
-0.442

-0.713
-1.042
-0.306
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| UU—RIKRDEESD (2023 FFREFS)

OVer. 12D &) —XhkIZRev. 22 (2020%6 A)
R D HR—F (EXRI10 D DH)
MFMOIZ & A8 EFRIB D A TOMP2RMP35tE
MESMNT-PIEDA ((EEIOHE IO FPIOFTHR)

OIEE IR TVer. 1h5Ver. 2A%4T - Open Ver. 2 Rev. 4 (202159H)
B—EEY TILTORRIEHERTDIER
TSR EERETOEEN (MDR—ATE~FYHUTILELEENR)
KIPEZDENDBLEN. (RUNIBEDREETIVIEEA IS AVMI)
ARV —IVICKSEMEIGFRSO ] (FUTRT—ANAEIZEER)
HPCHA B DEMREATARLTOEERIE GFICIEEI14HGE DAGAFXE T)
EARDMP2EtE TldVer. 1 Rev. 22 T1.2~ 142D &

O —X KR - Open Ver. 2 Rev. 8 (202348A)
PIEDA#EED 5L (AR AZFED XA, FREEE /E B DORESPET/h)
MFMOTOIEIRILF—EAFUVIEIRILEF—DETE
MP25t & (£Ver. 1 Rev. 22t T1.5~2{Z D HN&E
QRIS A EDEEETILORN (BEITIEXZ YT ILAIEMNTRE)

2024/3/11 35



| HPCHLETDS/T 5B (202451 A B )

7R :AB4FX, #%:SX-Aurora TSUBASA, %:Xeon

BEikt A ~ERR
- Jt K [Grand Chariot] : Ver.1Rev.22 & Ver. 2 Rev. 4

- B4t K [AOBA-A/S] :  Ver.1Rev.22 & Ver. 2 Rev. 4 (Vectorized version)
- B3 K [ Wisteria / Odyssey & Aquarius] -  Ver. 1 Rev.22 & \er. 2 Rev. 4

- F8F [RCCS] :  Ver. 1Rev.22 & Ver. 2 Rev. 4

- LK [z /Type | &Il] : Ver.1Rev.22 & Ver. 2 Rev. 4 & Ver. 2 Rev. 8

- I_AN [Camphor] :  Ver. 1 Rev. 22 & Ver. 2 Rev. 8
- fxK [sQuiD] :  Ver. 1Rev. 22 (Vectorized version)

+ R-CCS [E&] : Ver.1Rev.22 & Ver. 2 Rev. 4 & Ver. 2 Rev. 8
- ETERIFIRERME [FOCUSX /YT ] ¢ Ver.1Rev.22 & Ver.2 Rev. 4
- 71K [1TO Subsystem-A] :  Ver. 1 Rev. 22 & Ver. 2 Rev. 4 (to be replaced)

- BT K [TSUBAME4.0] : 2024 1Q (scheduled)

- Ver. 1 Rev. 22[4BioStation Viewer&E DR TH @I HF
- Ver. 2 Rev. 842024 ERNIZMERFEZEDFE
- HPCIHL R D R/ FEEFH IS L=t s 6@ H 17O A4 &

2024/3/11

36



| TEE1DOnDemand(Beta)[ & i} F

https://www.hpci-office.jp/for_users/appli_software#openondemand

@ Help ~ & loggedinasu01137 @ Log Out

Fugaku OnDemand (Beta) Batch Jobs ~ Interactive Apps ~  Passenger Apps ~ [l My Interactive Sessions

Welcome to the
supercomputer Fugaku

@ S e,
) enter for
RIKZN R'CCS Computational Science

OnDemand provides an integrated, single access point for all of your HPC resources.

Pinned Apps A featured subset of all available apps
Batch Jobs

e, 2
FrontISTR GROMACS /2,

é:)

ABINIT-MPD FDS FrontISTR GROMACS
. -\ - \. = N .
- - 7 ~N 5 W ~N
B il @@
LAMMPS MODYLAS OpenFOAM OpenMX
s = N S R o N\ .
~ N ™~

[ 7 SR
37
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SX-Aurora TSUBASAA D Xt its
(NECEDaTHRL—3Y)
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| SX-Aurora TSUBASA (SX-AT)

BRJIEK AOBA-A  EIJt X AOBA-S

CORE/CPU 8 x2.0 16
Core Core 7 Core

CORE ~307GF(DP) ~307GF(DP) 00 § 01 999 12
Performance ~614GF(SP) ~614GF(SP) NE 410GB/sx2 (LD/ST)

CPU ~2.45TF(DP) ~4.91TF(DP) 3¢ Y| L3c m L3C
Performance ~4.91TF(SP) ~9.83TF(SP) '410GB/sx? (LD/ST)
Level3 Cache ) 2MB/Core 6.4TB/3x2 (LD/ST)

Capacity SW Cantrollable LLC
Last Level Cache 16MB 64MB
capacity Shared Shared
MEMORY —— 2.45TB/s
bandwidth 1.53TB/s 2.45TB/s
MEMORY

. VE30-G:|7§&[3:875\616':1%1:§' -._f:C:'r':Iu-stna1inng;J- ghte UJ NE(:'

- AE1)348GBH 596GBIZ{EZ1E
- AEYNURIEIEL.66E
- L3F vy allHRERtRE
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FMO-MP2 (vectorized) Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 457 (2008) 396.

| SX—AT'C@MPZ@:EHEE -
%:Ilsjc AOBA-S

6LU70)FMO MP2/6 -31G*237 / Ver. 2 Rev. 4D AR TR )LIEXT TG AR
1,200
1,017
1,000
903
800
5
EI: 593
4 600
=
K
400
200
0
VE20 64 VE (512 procs.) VE3032VE (512 procs.) VE3064 VE (1,024 procs.)
- : . NP=4514
- [E—VE# TIXVE30IXVE20D 1. 718 5:1&
A M K (NEC) - A—7BERHTIKLIEOHE

- L3F vl aDihE
- Ver. 2 Rev. 4RI KILILEREE A FE

2024/3/11 H



| SX-ATTOMP2EMP3®D HLE:

HW Method [Memory [Total time[s] |GFLOPS [E&EE=[TFLOP] |XEY[GB/VE]
MP3 40000 2,852.6| 12,307.4 35,108.0 46.8
VE20B 64 VE
MP2 40000 1,019.5|  6,266.1 6,388.3 46.3
MP3 40000 1,742.7] 20,169.6 35,149.6 92.3
VE30A 64 VE
MP2 40000 477.0| 13,478.2 6,429.1 91.4
3,000 2,852.6
00 -MP3TIXEE EHKI61E
/ -MP2AH\S (DR ME (L3 {E
= 2,000 1,742.7
£
= 1,500
2 1,019.5
= 1,000
477.0
L
0
MP3 MP2
FHAlE MR K (NEC) Method

B VE20B 64 VE W VE30A 64 VE

2024/3/11
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A Salb—av D iER
(ISOLEDaATKRL—L3Y)
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FMOTIE. RERETTVAVMINEILTHEL. BRELTIZV AV DHEEERAIRILF—HFLND.
BRT—IDGFIalb—ias
)} v v/

OEFIEF (FMO) ORFENF ORI zal—i3y

L aEnm

EFREDHE] (B FE L 0;EE] [RS8 DB
AU IRBEEYHURD ROV FT - RE R 0ED)

HE BHER(EN-VSH) R —LORE
HERPOSFEAEER | | - HSREBAOED R —ORS
AE {3 HnmE i $10~100nmE fif

AHRERFRIOBNEEEA/ NS A—F3ZFMOZE->THEH
EDINGA—FTHRFEINFIaL—2a0%1T5
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Ref.; K. Okuwaki et al., J. Phys. Chem. B, 122 (2018) 338. & Ef#i5, J. Comp. Chem. Jpn., 17 (2018) 102.
| FMOREICE S/IGA—EHEDNDT—IT7A—

SEEEMMDONFTA—FTHALEFETTHEENL

BB ERBES1—)L R7EE) X (% 20005 E) ABINIT-MP
& EERK l
R7EREERL FMOM A {EH
5 Eolal D15 IRILF—YRL
f | BEFYARR Metropolis MC
- RPETEEER(E, )
BEAMEDEE(SH)
‘ A 0% )
X(ZAEX Sf/RT)

®ETTEDIER(SHDEA
REDER THRWVEEFRZTY R TR EFRZEKFEHE

-MCEZRAREDERDERYMNHBEERZR T
SHBMGEZ RO ROBEBEFREENRRERFLT—

g
7—920—Z AR ATLIELTI)—R (BFIEFCEWS)
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| FMOICKBHEEIEDHREE

OBELS: yAE (—HEMIZ) —MELYT<
R (AN B LK HREE) DREET,: EERELLER | &

Eﬁ EX ( 1 _|_ 1 )2 na;nb_%ﬁ‘z \ODEAF_
Ve ' gap RIR—SFEMW)
()(C) XC = 2 tb},h/\;i
Hexane - Diisobutyl ketone - Polyisoprene —
Nitrobenzene Polyisobutylene Polystyrene
Te(K) To(K) AL Te(K)
Xc exptl. FMO Mw X exptl. FMO pIp PsS xX: exptl. FMO
20 293 286 29700 057 292 378 1000 1000 034 243 255
285000 052 319 346 2000 2700 X0.15 329 420
5000000 050 329 354 2700 2100 0.5 408 420
' 2700 2700 012 448 489

EEREZ10%7FE
NiRETHH

2024/3/11

% R EAVRERE L3RRI
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Ref.; K. Okuwaki et al., Jpn. J. Appl. Phys. 62 (2023) 090902.

JIN—RAIvELY

(DSRMS)

DPD##% % i
(#11000%1°F) 74T (AL R) BRFAE

(#910000/%F)

138 o

2024/3/11 MD':C}:éﬁ%ﬁ*D (NPT) FMO(IFIEﬁE*ﬁ-) 46



Ref.; H. Doi et al., Jpn. J. Appl. Phys. 62 (2023) 070901.

| BEETIZL3 X /SA—2EEDOHEL

Mpre_fcews
-FCEWSZ W=y /\SA—ZEEIZHE T, FMOHTEDEITRIMZR ST
RMEFENF-T—070— AT L
-2,0008ED>LD—EDFMOFHHEDIERZHEFT—2EL . TDh
DEEDHEAEERAIRILT—DFRZEIT
= BoN-IRILF—FREZFALTYDEEZITD

,’ ------------- \

: . \
Dimer Structure | _ FMO calculation I
(2,000 SampIeS) + Interaction energy :

ag® .. T ) + Energy averaging

u‘:‘tf % LQ?‘%C\ :‘b cq® :

uc“Dl' o y “ Soc Eg \8‘58: ’— ---------------- I
o@o ﬁi J@Pao’ R ' I
! 1-step ML prediction }
Monomer Structure I « Trial FMO calculation T —— 4
| « ML prediction I
(2 Samples) | - FCEWS
| . g
‘E"’ 0 e ] 2-step ML prediction [
@ O—ﬁ - Pick up stable dimer I
C{)ﬁ 0'_“?0_6 “ : » FMO calculation : pre_fcews
& o © \ * ML prediction /

2024/3/11



XINSA—REEITEEIDEEHEZEE

JERE: kA o= a
s BT AR HIZYT2FavrOFMOETEL B SIS
s BN RDETEZ/NMNRIEY—/\TITO E#GER ~ B DOBFRE I
+ capacity computingXX ik CRKE> 37 E#FCEWSTEHR A
- BRERGES (FHTAMETNIE MBLURIZET . ERHRELTFITOE

B EFEEDhP210261-TE & 1B EIR) (— %) 3278 (2021 F11 A MG 145ER)
- FCEWSBHFITTDILH AN T E/HR—k, ISOLH GRS
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Bayesian phase difference estimation algorithm for direct

Electronic Structure

@ Crosshark

PPEMRSESS calculation of fine structure splitting: accelerated simulation of
14 Aprd 2023 relativistic and quantum many-body effects
;T::Lﬂ 2023 Kenji Sugisaki'~"" ", V 5 Prasannaa’ ', Satoshi Ohshima' ", Takahiro Katagiri’ ', Yuji Mochizuki*

sccerren ronrusucanos B K Sahoo’ ) and B P Das ™

Abstract

Despite rapid progress in the development of quantum algorithms in quantum computing as well
as numerical simulation methods in dassical computing for atomic and molecular applications, no
systematic and comprehensive electronic structure study of atomic systems that covers almost all of
the elements in the periodic table using a single quantum algorithm has been reported. In this
work, we address this gap by implementing the recently-proposed quantum algorithm, the

Bayesian phase difference estimation (BPDE) approach, to determine fine structure splittings of a = =
+ MR EHBYEETE (Lr8+ X T)

wide range of boron-like atomic systems. Since accurate estimate of fine structure splittings

strongly depend on the relativistic as well as quantum many-body effects, our study can test the « = E W= VAN
pnten?;liaj an the BPDE approach to produce r}:a".ults close to the experimental values. Our numerical n-l-ﬁﬁﬁ O) *ﬁrx_ (j: -I_ 7]
simulations reveal that the BPDE algorithm, in the Dirac—Coulomb—Breit framework, can predict " G PU ( - J: %} j]l] E ‘3:42 . 71%
fine structure splittings of ground states of the considered systems quite precisely. We performed

our simulations of relativistic and electron correlation effects on Graphics Processing Unit by

utilizing NVIDIA's cuQuantum, and observe a x42.7 speedup as compared to the Central

Processing Unit-only simulations in an 18-qubit active space.
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Quantum Physics
[Submitted on 28 Feb 2024]

Unitary coupled-cluster singles and doubles (UCCSD) calculations in conjunction with
fragment molecular orbital (FMO) scheme

Kenji Sugisaki, Tatsuya Nakano, Yuji Mochizuki

The fragment molecular orbital (FMO) method is one of the popular methods to efficiently treat macromolecular systems by dividing the system of interest into
small fragments based on embedding under the electrostatic potential (ESP). Such a fragmentation method has the potential advantage of making the circuit
flat in quantum chemical calculations on quantum computers. In this study, we used a GPU-accelerated quantum simulator (cuQuantum) to perform the
electron correlation part of the FMO calculation as a unitary coupled-cluster singles and doubles (UCCSD) with the variational quantum eigensolver (VQE).
using hydrogen-bonded systems (FH)3 and (FH)2-H20 as testbeds. From the numerical simulations, we found that the Trotter decomposition of the UCCSD
ansatz breaks the orbital-invariance condition, and it can yield different total energies for symmetrically equivalent molecules. We also observed that the
Trotterized UCCSD does not satisfy the size-consistency, which is an essential requirement in the FMO scheme, when the molecular orbitals delocalized to
dimers are used. The GPU acceleration was substantial for the simulations with larger numbers of qubits, and it was about a factor of 5.8--7.5 for 18 gubit
systems.

Comments: 15 pages, 2 figures, 5 tables *H Eg E-I_ﬁli:ﬂgﬁj\% UCCSDE-I_ﬁ-—GlE%mi
cuQuantums 22 L —42 THGPUNE

Subjects:  Quantum Physics (quant-ph);, Chemical Physics (physics.chem-ph)
Cite as: ardi:2402 17993 [quant-ph]

{or arxiv: 2402 17993v1 [quant-ph] for this version) : 53 (iﬁ ﬁ'%‘ 0) FMO-CCSD(T) J: U é& 751%5& [’ ) e
Submission history - size-consistency4~orbital-invariancel 24, &
From: Kenji Sugisaki [view amail] " Eﬁ%ﬁﬁ%d)ﬁiﬁd(* (Jh230001§%E)

[w1] Wed, 28 Feb 2024 02:16:14 UTC (1,087 KB) . Ver. 2;;_6-2%1;%; I:I:l
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TABLE II. Correlation energies of (FH)3™ in units of Hartree.

Unit MP2 CCSD CCSD(T) UCCSD:CB UCCSD:PW CAS-CI
Monomer

=1 —0.017933 —0.026945 —0.026945 —0.026884 —0.026914 —0.026945

“an —0.017526 —0.026216 —0.026216 —0.026164 —0.026192 —0.026216

=3 —0.017933 —0.026929 —0.026929 —0.026899 —0.026875 —0.026929
Dimer

“21" —0.035493 —0.051856 —0.051933 —0.049880 —0.050452 —0.051963

%317 —0.035980 —0.052778 —0.052850 —0.051554 —0.051527 —0.052879

“327 —0.035446 —0.053122 —0.053123 —0.051952 —0.053067 —0.053124
Sum. —0.053527 —0.077666 —0.077816 —0.073439 —0.075065 —0.077TETH

* The HF energies (in units of Hartree) of monomer *17, “2” and “3” are —103.815720, —103.995064, —103.563842,
respectively. In contrast, the HF energies of dimer 217, *317, “32" are —228.173251, —227.542281, —218.792929,
respectively. The sum of Eq. (1) is —363.133835 Hartree. Eq. (1) is also used for the sum of correlation energies.

TABLE IV. Timings of UCCSD job (in second) of (FH)3 with/without GPU.*

UCCsD:CB

UCCsSD:PW

Unit with GPU without GPU Acceleration with GPU without GPU Acceleration
Monomer

“n 14.1 30.1 2.13 254 n2.3 2.06

“an 16.1 29.1 1.80 27.9 68.9 2.47

“3r 14.8 315 2.13 22.2 48.4 2.18
Dimer

“21" 11901.3 T0H31.8 5.93 31276.4 216982.7 6.94
“31" 12871.9 T4618.2 5.80 30315.4 210808.9 6.95
w32 11209.1 83915.6 7.49 27740.4 203298.3 7.33

# All the calculations were carried out on ‘Flow’ Type-II subsystem.
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