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Multiresolution Quantum Chemistry in Multiwavelet Bases:

Analytic gradient and linear response theory
in Hartree-Fock/Kohn-Sham method

([1] Oak Ridge National Laboratory, [2] University of Colorado)
OTakeshi Yanai,"” George I. Fann," Robert J. Harrison,” Gregory Beylkin®

Abstract

A new numerical computation approach for molecular electronic structure theory is presented
employing the multiresolution analysis in multiwavelet bases with low-separation rank
representation. Our object is to develop an alternative computational framework (including
software) for electronic structure computation that is free of basis set error, scales correctly with
the system size, and is based upon a firm mathematical foundation oriented toward fast
computation with guaranteed accuracy.

In this presentation, we discuss the mathematical background on the multiresolution analysis,
several theoretical aspects on initial application to Hartree-Fock and density functional theory,
and the primitive (prototype) implementations ‘MADNESS’ (multiresolution adaptive numerical
scientific simulation).

The illustrative results will be provided with respect to the analytic gradient method using the
Hellmann-Feynman theorem and the excitation calculation via linear response theory in Hartree-
Fock and density functional theory.

Keywords: multiresolution analysis, multiwavelets, low-separation rank, O(N) computation,
Hartree-Fock, density functional theory, analytic gradient, Hellmann-Feynman theorem, linear
response theory, time-dependent Hartree-Fock / density functional theory (TD-HF/DFT)
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Table 1cpu Fock (sec) RT GAMESS
Fock (sec) RT/GMS
RT GAMESS @)
1) Asn 97 15.5 7.7 0.50 2.29
2) Val-Leu-Phe 305 604.3 546.0 0.90 2.95
3) PATGDFMNMSPVG(PDB:1GAQ 997 9397.0 43717.4 4.65 3.62
MIDI Cutoff threshold=1.0e-15 Schwarz inequality cutoff, Differential Fock method
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Table 2 (ns) RT GAMESS
1 (ns) 1 (ns)
RT GAMESS RT GAMESS (0)
1) 97 189 n/a® n/a 774 881 1.14 4.10
2) 305 202 n/a n/a 490 1306 2.66 2.43
3) 997 199 n/a n/a 395 6662 16.85 1.99
@n/a not available ®) = /

[1] H.Takashima et al., "A Novel Parallel Algorithm for Large-Scale Fock Matrix Construction with Small
Locally Distributed Memory Architectures: RT Parallel Algorighm™, J.Comp.Chem., 23, 1337 (2002)

[2] H.Takashima and K.Kitamura, "Rapid Computation of all sets of electron-repulsion integrals for
large-scale molecules’, Chem.Phys.Lett., 377, 43 (2003).



3Ba03 >R A pseudospectral ;& D BAF
(RKBEI " - ST, PREST?) OFIBEAN "2, FEAE"

WH%ZF ) VoL THIBIT 2 2 L 03RO B D BUE, B LWEERE - FrtE o BL2 HEF L C, BEE O
B0 %5 EITAHEDOIEIRNEEO TR 2B L0 FRA~EIEN Y 2 RETW5. #ilziE, £hid)
ST ) YO L I D BRENE S RME THY, HOLWEINA AT s a U —E S A
RO THETH-T, BAHDVITRIERFEEZEOIE L 2 2WETH D, LFTROVWOWED Z D X
D RERRBITHEY, BRRIEFHICI VT B FERICBIR D B 5 2R R R AN 2 B ERHTL 5.
ZOWOPICTFIET HWE I, 80 FiH, ATLHICEHR I N7 b DA EH T 100 FEEERLE DL R b
FRENTWDA, ZD XD RIERWHEHO LR 2 E e TR %2R URE TR HA D BN LE L 7
5. FEFRGERA AR RUCE S WAk F L, ERTFZ2E0RICH L TEITHD. MR
FFRRAUTEE D W T AR A 53 FBEm A LEEA  RIZ e - TL B.

bivbiudisl, Mxtame s FHEmICE SO TREWEROR 2810 T REBRV KOS L DT
E LR F AR L C & . BURBYITIE 4 B HERERRAY Hamilton 5 112 55 < ZhRi 700 1 Blim
& DL E 72 DA% ERADUTEL Hamilton A 71285 < oA B L T 5.

4 AT FERERR 5y 1 BRER I TFE XTI IR &+ 3 B E T & 5 — 07 C, MR EILIEF RGO %G 1 b~ B
N9 5. HREAMAERES LTS ERN— MY, ETHOMEERICERT 555 TS ORT
2D, ZORyOBEFEEITHVD KRR O (V) 1T LIERWIZ 4 RO A —H — TR =135
DT, 4 BGTIEBBIE A SR D D T2 DI B2 5y FREGy DFHFITIA TR O LA~ D &, BA-fFEHE
ARAHT. £ Thivbiut, JRFOMMmIGEICHV O TW RS FRICIIMEH ST
Mol 2 EARIORIEZEA L, £7-, MR OBAITIRRE SN2 ACE ARUTE S\ - mdl 41k
ERHAT 52T, MRS TESEDNRILERT 200 T AT X6 LT a T b
% L7-. %72, Head-Gordon & Pople | & % transfer relation ZE2fH L, $@ICHEA T 25042 H O
UHREFT 2 2 &L CRERBDHFEZER L CWD. 2 2 CTHE LGN FREYIOT LT Y X4
FBAE IR HTH 5.

ZITH RIS, 4 BT FRRIFRIN 53 F Bl O BIR 10 1R~ O L, BIE, BRF0FRIZIROGNDS.
Z T, AR TITHEAR OB T8 & SCF O AT » 71Tkt U, ZhRNedH N AlRE & 72
LEEmE TN A ALEFFEL, ERERFHTRISHT 2 RKBEGRZEE4 5. BRIk L 2T
Oy EPCHE A S AU TUW S pseudospectral (PS) iE A FHxERIY > TR OFEICET T2 L2k, 1
RO FHRIEIT LA~ s CRHEH R L7 BB 2 BIET.

PS {EIXRATHI RS & BB 72 77 » REAKORG K ZFEOKE L LTERT 2 HEThHD. =
DIFEIZBNT, Fock 1THIE #5195 Coulomb IO %57, 13,

T =2 DmJJz;(l)zq(l)ﬁZ:(z)% (2)drdr, 0

SR (g)(%DmZI(g)L(g)] @
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LLTEZONSG. 22T, D, EHMES, w BREOEATHY, 4,(g)i%

A (8)=14,C)p 2 (2)e )

THZ LMD 3 PO 1 E TSI THD. ZOoRKXLDLDLND X512, PSIETITET 2 2xd
DR ITRHTEC RO D DI L, BT 1 IS L CIEMICREET 2 2 Lic2 s, ZREOHE b
FREFERICEEET LN TES. PSIEZHVWSEHEDOAr—) 7 a X s & ONY) B ON*M)
M: 7V REOE) ~HOTZENARRTHD. ZORr—Y 777 7 I KHBROFEICR L
T, KVENZRLO LD, PSIETIE FMM LD X 9 72 KBUBCRIZH T 5 O IR FH L FIE Tl
K7 HF ZZHOF RN TE 50T, B#hk, CliL CCIED X9 7AW A b HF X B3LYP [ZfAE S
A% hybrid DFT IZ A2 2 E B AEETH 5. £ 7=, direct SCF RO KD AT v ST U v
RZ&ffi5 Z & T, SCF #HROKELR&GHILNAGEL 2D, 7V v REIEHNTNHDT, Frrs 7
LOWFULHRNNNZ EHOE ORI THS.

AlEl, bivbiud PS LA MRS TR ICHEIR L, UTChem 7'm 27 A0 REL4D 73— R IC
implement L7=. BEEROFEMITY HIZES T, ZZTIUCHBIZOE DR L TEL. TRIZE &EKD
SR ERBUT KT DR R AT, PSIEDORE RITMHTAIRE 3 2 W 256 Of R 2 RS HELL T
WHZ ERbns. RIZIT 1 HOLESITR U CTRITRIRE 3 2 W 2 PS 15 (PS+ 1c) DFERBRLTH
D0, BRI A SO/ S VT HULFES TR EHET 5 2 & TRERDBE SN TV LT3 0005,
F7-,(LLILL) & (L: large i %y) @ 1 LS xE LC O BRBEMTHIC . (PS+ 1c (L)) 575 Th,
TR OWLFERNGEOND Z EbbhD. ZDOFRITIT direct SCF 0 1 [\]0> SCF #HHICE L7 F
R SR L TH DN, PSIEL VD Z & THEAERMNKIBICEMRF SN D Z LB bnd. ZORTI,
MR & L THERO IR T 10 5005 15 sk s s.

Table: Spectroscopic constants and CPU times of the Au dimers with BLYP (N = 324).

Analytic PS? PS + 1c PS+1c (L) Exptl.
R. (A) 2.559 2.555 2.557 2.557 2472
. (cm™) 167 167 167 167 191
Total Energy © 2282 -.1982 2274 -1966 e
CPU (h) ¥ 4.98 0.199/0.91 0.199/1.68 0199/1.09 -

a) Grid points: 75X 194 = 14550 / atom.

b) Analytical integrals are used for one-centre integrals. Grid points: 14550 / atom.
¢) —38098 au

d) Direct SCF calculation per 1 iteration.

e) Grid points: 35X 38 = 1330 / atom.

Z DM ORITIHE LIZRER, A RIBISE U7X PS I H0 2=/ T, ERT 23 KM
B FROFENAN R T E L 10D Z e binole. BRITHGROFEM & b, EEIZKRRBER
FRFROFEMREEZTTTETHS.



3Ba04 Cs 75 Ra O HETRICHT S
MR REE2ZE L7 E TR

(ERBEE, EBIK, BHRK, KRBAE L, ETAT)
BraiE], BEHESh, OKRNA, ZIFRE, HBEER

1. ¥

HWEHFZ2EODTICHT 28GRIV TREEEOSE WERZE S 20I1C1E, ETHMH
B & EBITHM IR EEE T H20ENDH 5. 4 Bl Dirac-Fock-Roothaan FHE S 2 E}Z MEFH
Kt A Hartree-Fock (HF) FIE D7D DM RN R EZE L0 ARBEEEEITI W< D)
wESNTHO, £, ERMEmIREZSEL ML OERINBRT > vl (ECP) ik
WFIE<HWENTWS., LML, ETHEZELIET 5720 OREEKIT Xe JRFETITHL
TIEHWSDONEFEETSHHDOD, KVDEWHTIIHL TIREFEAERW. BN, BE, =i
Ga-Kr, In-Xe BEXN TI-Rn DOEJFE I U THMGRIET IVNRAT > 2 vl (MCP) %l
CCELMEGmARZEELULEERMEER (C) FHE2SES NI THAYE (ANO)
EUTETHERAA Y AR ZER L L. AFFETIE, Cs 25 Ra @ 10 QAT

I LU THM@MIRZEZR L2 & EITME T OME 2 EICE IR T 5720 DR 2 1F
9 5. 22T, @ETFIHEICE DI EIZED MCP OFHICHKRT BRI ZFET 5
& EBITHRIEEIR OB ZNE EARFEE DBLRD S Mak D ARIBIE (CGTF) ZH W 5.

2. ftEH &
BTN CGTF SO BB IR SR, RO XS & # S N5 /s B ABE
(NO) % % W\ iE K- (KO) 205 DT A B/ & 756 & 5 1T HIET 5.

A =S, [ driy (1) =, (1) wie),

P, (r)= EckiXi(r)'

ZZT, »(r) IZIEREZR NO & 2 W KO, n (35 AE, N ST DOEETH O, EAHBIE w(r)
IZiE U Z28A L. x(r) & CGTF BE, M ZZ20fKTHS. bNOIUIINETID
FHiEZHWT, Xe FTORETITH U TIFHMGRAE D NI otmﬁﬁéﬁiﬁﬂa%%é%v&{’ﬁﬁﬁ
LT&Ek. 22T, MHM@mREeEE LZEMR NO Z2RD 52012, HTFH Cl §HE T
073 . “ATOMCI” @ 1 EBFRESWMMICHEEER 212X 3 /ﬁz@ Douglas-Kroll iT18] % #f
BN, %E%@%E#ﬁ IR L TlEFIZDONWTO 1,2 EBTFHIE (SD) ClI HEZ17725.
T, INETHE () ELTIRTOLHAEHMEZERL TEM, T TEKRT 5HHEIA
FKBEITHEM AR R E I D T <4 ORI ECP J% IHFIHENSZ
CEEEL, HRAMEoAszEETSH. 25952 EICKD, T ZH DB ALK
BMERRE NS, 2B, 7IVAHURRERT, Cs & Fr, b:i@bﬂ;t, NO OfH DI KO %
w5,

JFF® SDCI 55121, Ba, TI-Rn, Ra DZNZ3UIx LT GTF OHL (30s30p2542525g),
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(28528p23d20d20f), (33s29p23d20/20g) =MWz, > T, fF5N5 NO I TR EMERDHD &
EZHN%5. Cs & Fr O© HF $l3E13 (30s23p17d) B LN (35528p22d18f) DL TR L, KO @
REDTZDITHRBILN > 72 s-GTF LR CHERE D p-, d- BEOfGTF Z 8~ 10 il /.

Ba BX U Ra JETITR L TIE [1p], [2p1d], [3p2d1f], TI-Rn O F R TI26 L T [14], [2d1/],
[3d2f1g] DFNZN 3 FEOMHBIAREBEE ZEERR L7z, &L, Ba & Ralzxt L TR (3),
(2173), (211/21/3) &L, TI-Rn iZx LTI 3), (21/3), Q11212 & L7=. TIVAHU &BE T
IZDOWTIE, SAMETR [ IHL TIEQEAMZFEFD KO 28 1 DULNESNRNDT, #
BE A FLCREEL [1p], [1d], [1A] Z1ERRL 7=, HW2ELh GTF ofiskidzhezn 3, 2 BLW
1ETHh 5.

3. R

IEFITANNT FTULDBRNERORWHBIH R RBEBZIERT 5 2 ENTE . R, Z
ZCHERR U 7= MBS R RRE T “Hfi” 25D DT, ECP KBICHEM T 2, WREHE EDOER
R Z Ll § 5 72 DI JEBIR 2B M T BN NENWIFIREZRET 5. FRIOREREEK
13, FUCEBOEMIZENO IZE> TEHINAMHEZXILF—D98% LLEE5x25. £z,
MCP & &HICHWESAITIE, MCP BHICH L TRk I Nz ANO! Ick-> THSNSH
BATHIF—D 9% LA EE 5 A%, ZOMHBEAMAREEKREEZE MCP & &EHITHWT 2 HF4AT+
BiH OXRECIRIEICB T 20 NFEHEFE L. AE - #HUEMAEERZZE L= SOCI HE
THRONEDHEFEBTIFTRIORT LIS ICEREMOD TRV —KERL.

X AE-WEMAER 2B B L 20t E .

Method Re (A) we (cm™1) De (eV)

MCP/SOCI 1.808 (+0.004) 1725 (-83) 2.31 (+0.05)
REP/CCSD (T)? 1.836 (+0.019) 2.24 (+0.08)
REP/MRSDCI* 1.832 (+0.016) 1635 (-108) 2.18 (+0.02)
AIMP/MRSDCI? 1.834 (+0.011) 1672 (-61) 2.09 (-0.01)
ECP-KDSP/CIPSO® 1.858 (+0.015) 1756 (-76) 2.14 (+0.13)
Experiment 1.80877 1697.67 <2.908

() NOBUEIZA E - BB AER OF G Z27RT.

2% XCHk
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3Y. K. Han, C. Bae, S. K. Son, and Y. S. Lee, J. Chem. Phys. 112, 2684 (2000).
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M. Dolg, W. Kuechle, H. Stoll, H. Preuss, and P. Schwerdtfeger, Mol. Phys. 74, 1265 (1991).
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UTChem - A Program for ab initio Quantum Chemistry

Takeshi Yanai', Haruyuki Nakanoz, Takabhito Nakajima2’3, Takao Tsunedaz, So Hirata4, Yukio
Kawashima’ , Yoshihide Nakaoz, Muneaki Kamiyaz, Hideo Sekino®, and Kimihiko Hirao®

'0Oak Ridge National Laboratory, “University of Tokyo, *PREST, *William R Wiley
Environmental Molecular Sciences Laboratory, >Institute for Molecular Science,
SToyahashi University of Technology

Present molecular quantum theory is highly sophisticated, and has evolved dramatically.
Software forms a basis for computational chemistry. However, it is not an easy task for an
individual/group to develop a comprehensive new program package in ab initio quantum
chemistry from scratch. Several years ago, we decided to accept this challenge. In view of
the availability of such good programs as Gaussian, Gamess, Molcas, NWChem, etc., one may
question the relevance of a new program package. We have three arguments for our project.
(1) First, we believe that healthy competition is very important in science. (2) Second, we
can have a good harvest by doing research using other programs, but it is an abortive flower.
We could not make a true breakthrough if we were circumscribed by current software
limitations. (3) Third, in spite of the excellent performance of other programs, there are
important and powerful methods that others cannot yet handle. We have developed new
methodologies in quantum chemistry, particularly the multireference-based perturbation
theory for describing chemical reactions and excited states, relativistic molecular theory to
treat heavy elements, parameter-free (less) exchange and correlation functionals in DFT,
highly efficient algorithms for calculating molecular integrals over generally contracted
Gaussians, etc. UTChem is a research product of our work to develop new and better
theoretical methods in quantum chemistry. Most of the codes have been developed recently
by Hirao’s group at the University of Tokyo. The basic philosophy behind UTChem is to
develop methods that allow an accurate and efficient computational chemistry of electronic
structure problems for molecular systems in both the ground and excited states. UTChem
also contains codes for well-developed methods such as MPn, CI, CC, etc., which are standard
in most quantum chemistry programs. We are aiming ultimately at better performance than
other programs. UTChem will soon be ready for distribution. Here you will be able to see
the features of UTChem. UTChem contains a large number of improvements and some
interesting new features, which others cannot match.

Synthetic design and conception for implementation of UTChem

A packaging of UTChem got started in the situation that researchers and students in Hirao
laboratory had accomplished their implementations individually on independent
developmental environments. The accomplishments are covering wide range of capabilities
enough to do a sequence of ab initio calculations without using other extant distributions as
follows,

1) multireference perturbation method (MRMP, MCQDPT),

2) multiconfigurational self-consistent field method (QCAS, GMC, CASVB),

3) relativistic 1/2-component method (RESC, DK3),

4) relativistic 4-component method (DHF, DKS),

5) one- and two-electron integrals,

6) direct and conventional self-consistent field method,

7) density functional theory (OP, PFREE),

8) dynamics and simulation involving QM/MM,

9) response theory for Hartree-Fock and density functional theory.
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Our synthetic design and conception are basically coming from a practical necessity on how
smooth and stressless compilation of the above existing program codes can be carried out.
The fundamental structure we desire is that UTChem should be a program suite which enables
developer groups to develop separately executable programs of their owns individually with
no consolidation into one binary. This approach is based on the development philosophy that
programmer groups can program as freely as possible with no disturbance of serious problems
and fatal bugs of the damaged codes the other programmer groups have committed, and no
intruder of the other developer groups into their own pretty codes and motivations.

Technically, through a sequence of calculations using separated binaries, what the individual
program binaries share with each other is data files compliant with the file formats the
developers have specified. UTChem itself just governs a number of rules of the file
interfaces, (i.e., no subroutine interfaces, no program rules, ...), which are an exclusive way to
connect the individual executable binaries. This design is simple and widely used in other
program systems, meanwhile a method to control several program binaries has to be
implemented so as to distribute them as a reliable and usable program suite. In UTChem,
Python language is used to provide a high-level and flexible script to control and manage the
calculation flows consisted of separately executed programs. We believe that this
implementation also provides an accessibility, in which various developers also easily
contribute their own program to UTChem.

As to practical calculation flows, figure 1 depicts a flowchart in UTChem. After the
frontend program read a given input file, required one- and two-electron AO integrals are
calculated. HF/KS-SCF as well as TD-HF/DFT for excitation energies and Local MP2 are
carried out with 2e AO integrals directly-driven or restored from disk. The single-reference
electron correlation theories such as configuration interaction theory (CISD, CISDT, CISDTQ),
coupled-cluster theory (CCD, LCCD, CCSD, LCCSD, QCISD, CCSDT, CCSDTQ), and
Moller-Plesset perturbation theory (MP2, MP3, MP4) achieved by tensor contraction engine
(TCE) are following the integral transformation. Multiconfigurational calculations including
MCSCF and perturbation (MRMP and MCQDPT) method are connected with AO integral
part and HF-SCF part. After the above single-point energy calculations, if necessary and
executable, the derivative energies with respect to the nuclear coordinates are derived. The
gradients are used in the geometry optimization code and dynamics simulation including
QM/MM.

Figure 1. Schematic calculation flowchart in UTChem
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GIAO
Post SCF
GIAO
GIAO 14
14 (1) (2)
(5) (6) (7)
9) - 9
(12)
(14) 5

12
(3),(6)-(13) 9
Fm(z)

F.(2) = [t exp(-2t")dt

NMR

Dirac-Hartree-Fock

GIAO

3)

(13)

Fm<z>=#lﬁ<m+%;m+§;—z)

2m+1

2m+1
Taylor

exp(-2) F(1; m+ %; Z)

(8)
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(1)

(2a)

(2b)
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3 (-2)
F”‘(Z)_nzon!(zm 2n+1) ©)

12|
r(m+1/2) exp(-2)« T(M+1/2)

Fm(z) = m+1/2 n (4)
2z 2z ~I'(m-n+1/2)z
2m+DF (2)=2zF_ (2)+exp(-2) (5)
z Fm(z)
Carsky  Polasek [3]
Re[z]<0
exp(z)Fm(z) Re[z]<0
Fu(z) z=—(xt+iy) (x>0) X exp(x)
Re[z]<0 Gn(x+iy) (x>0)
G, (X+1y) = exp[~(X+1Y)]F, [~(X+1y)] (62)
= [ " exp[—(x+iy)(1-t*)]dt (6b)
(a) Re[z]>0 (2a) Re[z]<0 (2b)
(b) (3) Taylor |z|>15
(c) (4) 1z]>40
(d) (5) Carsky Polasek
lyl
[1] K. Ishida, J. Chem. Phys., 118, 4819 (2003)
[2] K. Ishida, J. Comput. Chem., (in press); (1009A) 2003

[3] P. Carsky and M. Polasek, J. Comput. Phys., 143, 266 (1998)
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(CGRABEL 1, ORNL2) OZFfM ‘EiE1, #H &R WE R B 2 PR A

[F] wefik o EEPLBI%CT:E (Time-dependent DFT: TDDFT) & 1d. 1 76 1t fic i B%che A
TEF L RRREDFE 2 A N TRIRED Y v 7 4 ZBERS HHETHHmTHDH, L, it
KDY A v 7= TDDFT &5 Tl Rydberg it — R /L ¥ — 35 L OMRE) 758 23 18/ NG &
LEmA S5, ZivE, DFT ZHIALBEE REEEERLEA AER S ETE L2 2 EARRKR E &
NCTE T, AR TIX, Fiiz/e7 e —F & L CRBBEAHAE AEAMIE (Long-range eXchange
Correction: LRXC) {#EVZ#EH L, TN ODOREEHNET D Z & alArlz, LRXC %X 2 &M
FEBED R Z W5 D A Hartree-Fock AZHAFE Sy CHEIE L, FEROULBIEL CITE D IAE TR0
RS BAEH 2 & 6 IZHD iATe,

[#255] Kohn-Sham 75 TlE. Hartree-Fock AZHaFE /I E R A CEE S 5 A HIL %K

E, = ——ZIpi”KUfR (1)

BIOREDOEBFEEIZLIDMOOE, /0p, ICE»TREND, 2 2 CEFHEEREREAEHWT
DBy & RERBER 2 BT 5,
L: l_el/f(lurlz) + e’”f(/ﬂ”lz) (2)
"> "> ">
Z 2T, ulX Hartree-Fock ZZHFENIZ L DM IEDEARWERD H T A =2 ThbH, LIno
\ SSHARESY I ZEIRRER Y Y & BIRBERR Y EY OFn Lk 225,

sr 1 4/3 3 1 3 3 B ai3p12(8)
E'=—— K l—fa N er, +\2a_—4a’ Jexp| — —3a_+4a’ |}[d’R> = K
x zza:fpg g{ 3 { f(Za J ( . a) P[ 4azj o o}} 4= =P Ka

- T

E - ——Zf”ﬁ [[47, ()6, ) <L) (“”z)czbm( £, (1)d rd’r, @
*%KTNMT;kwTi&ﬁ%%<_k ;@@tmz»% AE L IEEBIER R HNRD,
(A-B)"*(A+B)A-B)"’F =(AE)’F (5)

T AHIABLI NI TFTO XS ITERSI NS,

A ipe = Eao = €:0)030u00e + Kivg e Buag jpe = Kiao e
Ko =000 157+ [0 0) o (e ), KL 0
TD-LRXC TIEid7z=f4f} = Hartree-Fock A #afgisy & & e 7=
K e =6, ([0 0, () <L) (‘”’”)m(r b, (6)d 1, dr, ™
LNSEE D, LIERST,
(A=B)uy e =600 —€1,)5,0,0,. + Kt —K (®)

L0 REEILBIECCIE 2 THIZ 0 1272 52 TD-LRXC TiX 0 & A2 S FIEAmENET 5,
[FHEFIE] Ze#aiLlBa%ic i3 Becke1988, FHRBIILEI%LIZ 1% One-parameter Progressive(OP)%
FHWEHE L7, F72. FEEI%IZIE Augmented Sadlej basis i~ 72, T X TOFHE L UTChem
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TITHo 77, bl & U CRIBEEHTLTAHE % §iJ- van Leeuwen-Baerends(LB) % 235 XL O Asymptotic

Correction(AC)3975 & kA 7=, AC 1k & XMHEREIR DR T > o v )V OIR L E D,
limV, ., (r) > L I, +elo", Vo ()= %P, ] (9)

r 50, (r)
LD XIS IEZ T D HETH D, 22Tl X0 A O A Lo x VL F—Th
. fMOI LK RAED HOMO #UE~ %L ¥ —Th %, Rydberg #iili= 3 /¥ —(3A 4 Atk
BB L¥— &z, AC J£1T Kohn-Sham 14T L3V & 5727 - 7= Rydberg it =R /L%
— %L EFDREG A TWA, LBIEZXZOH 2 HE UROMIEEZ AfLZe, £z, tigd
L T B3LYP/TD-B3LYP $17-7-,

[#5 5] =50 TokikiED 8L R4 Table 1279, Rydberg ik <l BOP/TD-BOP I%
2eV ITVVREZENH O | HREN IR

Table: Computed vertical excitation energies and oscillator strengths of N, EY 3HOBORHA, LnL
Excitation Energy(eV)

State  Transiion LRXC BOP LB  AC B3LYP Exp. LRXC-BOP/TD-LRXC-BOP i
Valence: INB DO KFIZ Rydberg

A, mom 989 98 957 999 972 1027 B
5, mom 939 959 935 968 931 992 JEIZIWT, KiEICdE LT,

1

M, o,—nr 930 907 869 915 924 931 4 - .

oM,  o,—m 1073 1027 1027 1055 1062 1119 BRED T HRIEIIME 7S KB A
%, meom 939 959 935 968 931 967 L —FHLTWD, MOHGL L
3

A, mom 833 835 824 841 796 888 .
ML, oyom 775 750 736 753 754 so4 BT B ELHEEFAF— R
B, me—om, 743 755 749 759 703 TI5 @) T M E O 5D B W T

3 o,—3po, 1186 1026 873 1226 1153 1298 B3LYP/TD-B3LYP % {43 b

1 -
11'[3 c, — 3pm, 11.81 10.27 8.57 12.10 11.55 12.90 B AREEA 52 TWD, —H.
z 6, — 3sc, 11.34 10.09 8.15 11.54 11.18 12.20

%, oy—3s0, 1094 997 781 1124 1062 1200 # T fH M & A E + 5
Mean absolute deviations LB-BOP/TD-BOP |34 =T ®

Valence: 0.35 0.40 0.59 0.31 0.54
Rydberg: 1.03 2.37 4.21 0.73 1.30 a T 4 HEAIE TV,
Total: 0.58 1.06 1.80 0.45 0.79

Oscillator Strength(107) & biz, AC-BOP/TD-BOP (i}

Rydberg: Hop/LX—zB\WTix
'S 6,—3pos, 2205  0.69 8.04 836 3.84  27.90
', cz —3pr, 1013 0.8 4.20 3.09 133 2430 LRXC-BOP/TD-LRXC-BOP %

Mean absolute deviations FRIARERAEH 2 TWAN, IE
Rydberg: 1001 2562 1998 2037  23.51 o
Percentage(%) 3965 9819 7695 78.66 9037 B Lo 2 1 M/ a5 2

INHOFER NS, Rydberg Jib
L L 3 — K OMIRE) 58 B D/ NG O SR RN, 2SI BIS D Wi AR AL VR 0 P B oD R a0 &
DHie LA 2 BFHMAERORMIZH D Z LR RSN, O3 TIZ o0 T b [AE R R
WG DT, BEROFEM & MOy T OFEERITY B RET D,

E =GN

(DH. Tikura, T. Tsuneda, T. Yanai, K. Hirao, J. Chem. Phys., 115, 3540(2001)
(2)R. van Leeuwen, E.J. Baerendes, Phys. Rev. A, 49, 2421(1994)
(3)D.J. Tozer, N.C. Handy, J. Chem. Phys., 109, 10180(1998)
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(EKPET) OWIE Cff - wHER - LEAZ

[F] &REEWRE RIS TRAES T ORIEIRIE 2 IR FIIT 2 2 &k, REICEE L2010
LD L —F — il 72 & O FEBR ExHIES1T 2 ETHEFICAEHTH D, RERR A E LB EkE
(TDDFD)iZ. i#% @ DFT GHRREOFHFE 2 2 b TP RORR TRV — 2 FERS AN TE 5729

4 B 3R 1 W A5 SR D b LK RE @ﬁ;mm@mw ICBWTRbBEENRFIERmEEL NS, Lﬁbﬁﬁ%\
& B A5 SR TIN5 1 O FIRIRREIC KIS T 2RI 2 T, R BRMICH KT 5250z x
X BT LT REDNRAE T 2 72 DICFHR #%@%ﬁ@%b< FAER S MELL IS o
TLE 9, AT, @BERETERIZIBWTHKD 54 8—WE 75 M O &k OV A& 75N Dl
FL D Fr % SRRV HR O 4] D RERMR AT BEULBE A A BRI T D Z LI L v | FHEEROMINE RS IZT D
DFH T, it = F—FHIFICHET 21T ORTEF L FiF 5 2 & TR/ FHHEREM O Bk
L EEHMET D,

[#34] TDDFT X HRRlT

28, (@b, =, @
q
LREND, 22T, Q FETRLF—HOTVLOEAETHY
ﬁqq,(a)):éqq,Qq +2\ 0,0, <q|fHXc(a))q’>, 1D
<q|fHXC(a))|q’> = Id3rjd3r’®;(r)fHXC(r,r’, o)’ (r'). (I1n
a)q :ga - gi’ (Dq(r):¢i* (r)¢a (r)’ (IV)

i, a IZIENZIEFR - i Kohn—Sham(KS)HUH IS 21T, &, 6,13 KS #AHT K LF—,
6.(r),4,(r) I L KS BB TH D, fie(r, 1, @) 1% Hartree— 2t - FBIESH ChH Y . = OIEIC L -T2
e - ARBIRLBIS DS ENEY IAEN D, Bl X —FHRICKBRTHIO 1k, B0 DFT 35T
Foiic KS WUED T~ T O HA—AHBEN OBIZT ERPFET D, @REHERWAE RO TDDFT &
HCl, EICRE—E D TR ORAE S FRORIE L . ZRUSAORIERAEE LTHRLNS EEX
MDD, 200 BRFEOMEIFEICRIBRE DA DN T, P\ = 11 F—Fic 2H0IE L
TIHET B0 L L7220 52 ORMELFRIGITB W THIER & 5 OILFTH OBk &2 0 T, TDDFT
R OIMIL TR T DI BT 5 5 b A — (AR B O iR EL I 0 2 DFRIRUT K o TR E 72
A BIRD D 2 L7 RS F O 2 BIRITR D 5 2 L BB TH D, i, Burke HIZL Y,
TDDFT (2 & ¥ k> & N e A B IC = L ¥ — I % 53 2L 1E, TDDFT 475105 fHIC £ T
kEDZEnRESNEOL
TDDFT 7505 1%

QU= =Q, +20,(q|f e (@) 9). V)

TESN. QIO RS M= IAF—0EQ (= (s, —5, ) )rbOT T FENTOL S ICERT 5.
dia; dia,
AQE = — Q) (VD
IOLE, FEORAEIC L DERBE Y LoD, BFO&MHBK Y SIoBATh S,
AQI
Z di ’ di
Qe — Qe

q'#q

<<1 (VID

EROKICE T, HLHERT DEALE ¢ £ ERY O/NSWELE ¢80 05 DT, #iZ g LEHRY O
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REVWERES 1D, THEZRH LT, R ORSWVEEEREOM A G HHE TiEH O TDDFT 1741 &
D b RITOIRNETZ AT HNZARD X, 24 S ORIERLE O 223354 2 il = 1 /L F — a4 L Vaa el T
BERBITRO D ZENHRETH 5, T DHIEIZ LAUT. il =L F =5 RIS RBLE AT ER DOFHE
HEMT DN TE D720, RIZK > TRIBZRFIHRFFFEOFHN S F[RETH D,

[FH5EGE] ko FiEoT 2 FEHE E LT, PtA1DFEEIC CO 1 L= % TORhf — %L ¥ —
HEDZDIZ Ptio 7 7 A X —FF /(X DIZ L% TDDFT #H5E 21T/ > 72, EiRoSR(VIDICk - T
HR D OKREWEREOHAADEEZRDHZOIZ, ULTFOX ) RTHE 2iT/h-72,

1. TDDFT 17#O&AEGS VDA% | Fhke iR EE O SR FE
DY FR BT EICEE,

2. RVIDIZL Y, [FED 2 >OhEREBEROEL Y OFES
PR, BRY ORI VWEEEZED T e v ZITnE, Z
DEL, B0 OF DN E DT DY 72 BIE % 7% & ORI
JETIX10 228 1), HR Y OR AR DLBROBM & LT,
2 O step0~step2 & FH\ 7=,

3. oK/ T vy THLERBIEEE ST 5174
WEOHZFAFE L, K7 0 v 7 T falkz i L TRt =%
X —ZEH,

1 O EREE L, DMol3 12 & % Becke88+OP(BOP)/dnp/ecp

L L ORISR LRI K SRd Tz,

TDDFT 51T 545 - FHBIALEIEICIX BOP %, ALKBI%L

1. Ptio--CO IZ X 2 RHEWHET )V

(213 LanL2DZ % i\ 72, By AN, ERIEOHEC RS,
[FHEREREOEBLE] £ 1 ICKFHRIEIC XL D E = R/ X —1fH 1 = 10 =) 46 —> 73

Zor L1z, CO 3+ Dkl =RV ¥ —% step OFEFHIZ L 677, step0  stepl  step2

i#% o TDDFT OFHEMEN D 0.1 eV Rl OREZETHE I N O — 100
Boymnd, £ 2 13l E N’ NVIDOBEHIZ LY Eo L) — 118
WZmEI SN NER LT, #£212X5 &, 2R E (A 7583, — 145
Ag: 878, E: 7156)73 step0 Tl, K7 11 v 7 OFhLALEL T —> 154
A1 791, Agi 43, E: 663 ETHEISND Z L NG5, EBED —> 163
TRIRIE CIE, Bl Bk T e RECE SR D — ' DA — & — Tt

WA N afidiTdEELBILDDOT, stepd OAENC LV FH5 2. IR DT RIO AR, R
EEX D, —J. stepl K2 THAEFEEENFRIC/NES T ) B
0y ZICEISD NIRRT 1y 7 OFITALE S T % Ar: 1262, As: 120, E: 1537 (stepl). A1: 1066,
Azt 141, E: 1897(step2) & 72V | step0 |2 L 2 hLALE DO EINFHEREEZITE A EHR S 2 Ll
LRENEF 2D, FEMHFARVIDOERAIC X 208 TAREZR VX — IO ICHIST 5 7 1

. 48 N A= N >
1. FHIECE % 43I L7= TDDFT (2 & % it = L % —ff[eV] /7\ %ﬁigi%ﬂh‘ =n7n /f s @jt 072
“PDDFT”1%. 4yE|7: Lo 2HEfi e shis, T VX — R B T 2 DRSS kA

Step0 | Stepl | Stepz | TDDFT | PMETHMND DT, FIFIRHILETR = I /L —

: AR ETHZEICLD, 20X SRR ER
Singlet (COo—m) | 1025 | 1028 | 1022 | 10.20 | Fa v of 7413 H AR 5 2 & b ATRETH

Triplet 9.78 9.79 9.78 9.78 | 5., WAE 7N LA DL = % L ¥ — K OB E

Singlet (CO n—7*) 9.43 9.453 9.44 9.43 D53 55 J{é?ﬁ%ﬂﬁﬂﬁé o) 9@5%3@ HAIUT
OHBZEDZEANCHOW TS Bk 2,

Triplet 8.90 8.90 8.86 8.83

# 2. ZEREIFECELD, MATa v 7ICEE
NHEES, "TDDFT 135172 L ORI %6,

Step0 | Stepl | Step2 | TDDFT | [£353Ciik] [1] H. Appel, E. K. U. Gross, and K. Bruke, Phys.

A1 791 | 1262 | 1066 7583 | Rev. Lett. 90, 043005 (2003).

E 43 120 141 878

A 663 | 15637 | 1897 7156
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QED(Quantum Electrodynamics)

( ) ©

QED(Quantum

Electrodynamics)
(spindle)

“action through medium”

QED [1] Hamiltonian energy density operator ~ non-relativistic
cf. rigged QED theory  [1-4]

. R P . T T S S
Hnon-relalivisthED(r) _gé%z(r)-l_ Bz(r)E+T(r) d T(r) = aa. Ta (r)

E(F) B(F) T.(7) a
AN h21A+—»A2—»"—» 427\ 2+ 12\ WR (&
0= < (62 (F)BZ (F)E, (F) + BE(F)E (F) . (7))

m,

Bo() =1, +i 2 A7)
fiC

rigged QED theory

nonadiabatic vibronic interaction

[1]
Maxwell

ensemble average
force density

Fock space
Lorentz force

tension
kinetic energy density n; () = <'|:e (F)> tension

densityt 3 (F) = <t‘§ (F)>
energy density N ()

— N A3pn (7 _2
ER—QRd Mg () E=a E:
R
Er Vota
Electronic drop and Chemical potential inequality ;i1 contact potential
atmosphere regions principle difference
EIectron;:)drc;p regionR, m = m, + .é:“?“'“ I fr-fr=Fr-Fr I
Rp: Mr(M >0 m=—=> Neoclassical redli e
o: "¢ eocam reality E. 6 = theintrinsic Volta electric potential
Electronlciatmosphere regionR, = N s : the intrinsic Herring-Nichols work function
R.: Nr (M) <0 > Quantum tunneling o e e I
Electronic interface S _HE. 0 L= A
s n, (r)=0 Arr gﬂﬂs“ . - : :;]%R?wp
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rigged QED theory  linear response theory

direct charge static wind
charge dynamic wind charge [3]
(spindle) dynamic wind charge

1 \_4z%* 1 )
gE:diabaticfinite(r) pa —43 +(1+X+2X )e g
542
e - 22 ¢ L

Pa* x’

47°%¢* 1
pa4 R

¥ %%a® -

X

+(1+x+1x +1x 1x )eXo
2 2 8 a

Y, 5® -

cusp condition

613FnHadiabatidinile (F) = 2h2 !
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