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In early 20th century, basic theories are prepared for quantum dynamics calculation. However, it was impossible then to
execute the calculation because it requires large amount of calculation. After invention of electronic computer, it becames
possible even for applicative purpose.

In chemistry, many methods are implemented such as Hartree-Fock, post-Hartree-Fock methods, the Kohn-Sham equation
by Density Functional Theory based on the Roothaan equations that represent the Hartree-Fock equation which approximates
the Schrodinger equation with mean field approximation as a matrix form. It is not only for electronic state of ground state but
also ab initio geometry optimization using energy gradient by nuclear coordinates that becomes common to be used by
experimentalists who are not a specialist of theory.

Nevertheless, using traditional LCAO (Linear Combination of Atomic Orbitals) type basis functions, it is difficult to solve
large eigenvalue problem needed for a calculation of large molecular system or to estimate response properties quantitatively.

MADNESS is a scientific calculation library that targets massively parallel computing and using MRMW (Multi-Resolution|
Multi-Wavelet) basis that is constructed based on Discrete Wavelet Transform technique. Just enough number of MRMW basis
functions are spread over 3D bounding box to represent target function. It is guaranteed that a function represented with the
MRMW basis is close to the target function within a given threshold.

Basic operations for 3D real/complex-valued functions are implemented and Hartree-Fock and DFT using LDA (Local
Density Approximation) functionalities are also implemented. During its execution, MRMW basis coefficients are transformed,
and MRMW basis functions are deleted or spawned as necessary by function operations automatically. MRMW basis functions
are spawned depending not on nuclear geometries but on the shape of target function.

MADNESS solves the SCF problem using a Green’s function for the Bound State Helmholtz equation. Molecular orbitals are
solved as a set of orbitals under Hartree-Fock/DFT potentials generated by other electrons one by one. Therefore, there are no
need to solve eigenvalue problem. Orbital updating procedure spends only O(N). If using LDA-DFT, all of calculations are done
in ON). To say fairly, transformation of MRMW coefficients tree consumes O(log M) which comes from target function
complexity. Total calculation cost in order is still ON log M) < O(N?) << O(N4%. Multi-wavelet has shallower tree than
Single-wavelet, so M is usually small.

MADNESS is written in C++ so that developers write applications like mathematical formulas, without need to concern
about parallel techniques over MADNESS libraries.

In this study, we implement existing techniques used for calculations of traditional quantum chemistry to MADNESS to
show capabilities to apply them to 3D orthogonal basis despite of LCAO dependencies of the techniques.

First, we implement a Model Core Potential which is one of pseudo-potentials. The pseudo-potential is a method commonly|
used in LCAO basis to reduce amount of calculation by replacing inner shell electrons with local and non-local potentials. It is
also useful to calculate very heavy atoms which need relativistic treatment. Inner shell electrons of heavy atoms have very high
velocity near the light speed but valence electrons move slowly. Hence we can calculate heavy atoms with non-relativistic|
equations if inner shell electrons are replaced to potentials including the relativistic effects. We find that MCP depends on basis
set strongly and its consistency is easily broken by adding basis function even in LCAO fashion. We propose new method to fit
potential parameters to make MCP consistent in MRMW and confirm its accuracy.

Second, we implement a CPHF/KS (Coupled Perturbed Hartree-Fock/Kohn-Sham) method to MADNESS and compare
results against LCAO basis using dynamic polarizability depends on frequency of the external field with resonance region of Ho.
Quantitative estimation of dynamic polarizability a in resonance region is hard because a can be represented by a equation with
denominator with a different between external field frequency minus excitation energy. Therefore a quickly diverges for the
frequency close to excitation energy. It is known that in LCAO basis, dynamic polarizability estimation requires diffuse type
function in basis set. MRMW basis can represent diffuse type function and a function far from nuclei. LCAO basis are designed
for representing ground state orbitals. Response functions which are needed for calculate a can have different characteristics
against ground state orbitals.

We confirm that it is difficult to select a basis set automatically even with the simplest molecule H2 to calculate accurately
using LCAO. In contrast, it is done automatically with the MRMW basis. MRMW always reproduce target function with|
guaranteed accuracy even if we don’t have any information of target function in advance. LCAO basis sets, or any basis function|
sets which have specific function type, needs information of target function shape.

We discuss interchangeabilities of methods developed in LCAO basis with the MRMW basis set and characteristics of both
basis sets through these implementations and calculations.
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1 ZEMGEZEIT—TL vk (MRMW) &E

LEMRELEY = — 7 Ly FEE (Multi-resolution Multi-wavelet basis; MRMW
basis) i%, K Oak Ridge EAHZEAT CHRFE I N7z, Fi7z2REKBEBRTH 5.

Z OREEBBCRIE, B = —7 Ly bZ&H (Discrete Wavelet Transform; DWT) %
e ULTHREFENTWAS.

1.1 B z—J Ly MNEHEEEK

D=7 by NEHEIL, EEABORE T, REH-EBEZEMIC B T 2 N REB DR
MERADIOIZHFES Nz, BN - ZEFIETH 5 [1)[2]. BN R & i
% S @R Y = — 7 Ly M2 (Continuous Wavelet Transform; CWT) 2% X 1,
RNT, NREEEE 20 MIZET 52812k, BEBmAEGFIEL 2B z—7 Ly b
BB BF I Nz, FEBOMEGEIZ LD, Ing, HEREREGHEMK ETHRS 2o 0RE
EUTHHAT I ENTES.

v r—7 by MEBYEIZHW ST W, FRRHE 7 — Y =4 (Short-Time Fourier
Transform; STFT) Tld, NROBEBILIRIZERZ: <, AT 2 BB & o TR fi#
BE - FBBAREENIRE . vz —T7 Ly PEHTIE, FHEEERE AzAw > 1 &7
THRIF T, BB RICEEZRDRREEZRD Z LN TE 5.

B = — 7Ly NEBTIE, IRD & 5 7 scaling B ¢(x), B & U wavelet BIEL ()
EREE U CHEBZERIT 5.

o(x) =2 i P,p(2z —n) (1.1)
b@) = VE Y Qui(2r—n) (1:2)

ZIZT, {P,Qun} & ¢(x),¥(x) DIBIRZFRET /837 A =X TH Y, Daubechies ¥
B-Spline &, fk4 L DO REINTWS., Hb HMZ Haar D7 = —7 L v b TIZ,
(P} = (11}, {Qu} = {1, -1} T& 5.

By = — 7Ly MABIIMEESUEO S THREL TE 2720, HARKITIE, »2EHK
BTH 2 T) v rsni555%, BEIITHWELIZT S Z & Tiibh, R LT
DAREEED T —2DES5N5.



£7, 1555 % scaling FABUCHESE L TR e A7 9. A (L.1) IXHERMNZRREICR -
THED, THEFALTHWELO scaling BISEHEE2 2 LA TES, TV
M 2N DA, BANCHISE L 72 scaling BBUL 2N fHd B A, 1 L~V BTk 2N,
ZOHEIZETIE 2N 2. e, IR KREEERE. ZORBTIEAELALO
scaling BABHED, TNTNDUVRNIVHNTEREZKLTWED, VRLVRETIIERD %
o,

wavelet BIZUE, L VD scaling B DA U TERSI NS, ZHZED, 1D
scaling B%k &, 2N—1 — 1 D wavelet BIfk T, AW§EZmKTRIETREINE, HEF
WCTEDL. ZTNZ2R2D0HHRY =z —7 Ly NEHTHS.

ZOAMEE, MOANSGEZDL, WROBBIZL > T, KEHNDHZ L RILED
H\O wavelet fRERTRT, FIF01CR2GBENH L. —EOBMEEZT, BMEZ TE -
7= wavelet ¥ 2D/ — FZHIFRT B2 LI12& D, BEICE > THRIEINZBEZ MR-
EE, NEEAKD, L0DRVREBIZLEIRIEZB[LIIENTES.

—fRiz, #2725 2 DOBABMIFELR DI AEEEZR DD, FXHT/ — FBRZWHIZED
BEAEEZEL BT I LT, EBALTOMBENRTES. £72, wavelet RELP 5
scaling REUTR T Z & T, BIBFEILORERFEARETHS. T KD, BEBUITT 2~
DA Z ZDEED L THET L5 LATHETH 5.

1IRGCOHER Y = —T Ly NRIEZERIESLZ T, —MRIZ NRTOBRY = —7
Ly MEEZMBETE 5. 2054, KX NRGTCOFIREEE 20, 2 oARREIX 2N
DAMGGE L 705, BAMIZERIED L, —MITIFEI T LI L RV DR B BRI ER S T
B0, TRTOEIZDOWTE—D L RIVOEEEDRED A TR S N B R, B s 2
EMTES.

1.2 MRMW &K

Multi-Resolution Multi-Wavelet(MRMW) £ 13, scaling F#% k+1 {HdD Legendre
ZIHATHE L7, Alpert[3] By = — 7L v FNEETH 5. Legendre ZIHAIL, K
[—1,1] TEHRINLZHEAEKTH Y, KREFMEBOE L 2 IZHWoNS.

0 RS k=4IRETD Legendre ZIHA P, (z) 2X 1.3 BLUOH 1 IZRT. Tho
GBI DA {27} (2L, [—1,1] T Gram-Schmidt O ERLZET Z & THEEIZHE SN
o TN THRERTH D, KHESCTIIEEIZ 0 &b, FEDHLD O

AU YA U,



Po (x)
P1 (.’13)

1

xT

P(z) =537 — 1)
Py(x) =3 (52" — 32)

a@g:%@mﬁ—3m¥+3) (1.3)

1 Legendre ZIH\ (k=4)

BEE2ZHELTIILORNMIE, Yx—T7 Ly hOBEKERZEBESTEL/IHS. 1
DDLU RLVHEYDRBEIVPE DT, EOWLNVETERLUZL TS, #ELPBFELE T
5D ThHh5. —Miz, 3WILZEM EICEHRINBEBOREIC L DEETIE, 1RE®
QIRTC L LERTRIEDEDW R L 7250, ZTZk D, LRIVOERLLEEEH F D IEP
STIHED. fiRD, FH—LVRUVEEOEDOAIIKS FiEL LY T, X DRIRALRKRE
DH[REL 7 5.

fle LT, X212 f(x) =sin(tan(62)) 2V =z —T Ly ML MFERT. VE
FEADZEATLZELE, LRV n DR —Y VI RIERB, WEIZRRIZL L
ndDIz—T7Ly NEERFHTHS. ZDLIITV ) —REZED, LRUDEL KRB
DNTAELRKEPEZTNWEDRDLN 5.
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2 MRMW HJEIZ & 2B D&RE (f(z) = sin(tan(6x)))

B 31z, NEY EOSTHEIC X202 R, HEEHPLTIE, 7R THgE RS
572DINI IRy 7 APRTHNS. 72, EEMHEETIXS THEN LD 5T E/LT
5728, FAEPLEDIIARERRY 7 ATHEINTWS, S L IFBROLRN, Ry
EUBRHPLNEX, AMNEOMHEIKTIE, EFOFEMRMFIEFEY T LR, FEFICRERRY
I 2 X BIEPDATREINT WS,

B3 Ry¥yEDsFiiEnzEEsE



MADNESS[4][5][6][7] TixZ® MRMW #EZFHLTWE. ZERIND T R)LF—
FEEIZIG U T, k=4,6,8 RE T Legendre ZIHANTE I N/-HEZ2EKT 5.

7z, WHIEEZEEEL LTED, FEREEICHLUT key Z5F, &R/ — NIZHET
5. BIBUTH T HBEOBRIZIE, &2/ —NIZHULTXAZE2RITL, &/ —FREXAZIZ
o> T, HAPRFHLTWARW key DTF—XZ2H]/ — NIZERL T, FozT — X Tl
BEITS. T—R2O40%, dEAamTa— NNT Uy Iz X0, HENRIZEIEAL
TIN5,

2 DFOBE

WE L, EEMEH ORI ABMER OB THEAINTED, TOMEIZL
TEMDEITHODPEL, INVEKNIE T p &725. WEIZMNEPOESLG E 25 27
ﬁm,%ﬁﬁﬁ#%%:%OTKmTék@,p%%k?%.%%»iof&ﬁ?ép

X, WA TEPTES.

p=aE (2.1)

DED, EZHHILT p BET S, ZOLEE o % 50K LS.
WEEIDFOERETHY, 2MlipH, DFOMpu DEGLUTRALZIEATES. 2
FTHEDPRFOMEIZL D, HICBLEIBTE—A Y 2D, ThE2KAMBTE—R
N (permanent electric dipole) & W\, pu® TET. KAMETFE—A Y " BE¥ BT TH S
DFIXEERRNE D 1, L0 TROWKARE T — A > b E2FODFIIEESF L IFENh 5.
DTORETE—A Y M, G eltk-oTEMTZ. ZORDOEEIE, o ZIERL
7Z2BDT VY IVTREITE 3.

pile) = pi+ Y aije; (i=m,y,2) (2.2)
I=,Y,2
ZORIF, BRI AVF—FETIRERNZ ISKRLTWED, BT RVF—FHETIETN
NEUTL 5.
ZZT, E(e) /M5 e DFTORTODRIFNLVF—L L, AFelldoDnTT1 77— &



5L, RANBFOND.

1 1
E(G) :EO + Z ,U,(Z)El + Z Eaijeiej + Z gﬁi]’keiﬁjek

i:w’y7z i’j::I:’y?z i7j’k:$’y7z
1
+ E 1 ikl €€ €€l T - (2.3)
ij.k,l=2,y,2

ZIT, By i3 e=0 DN TOREERREDSFORIFINF —, q;; 1353 TR %Z R
T2MDT VI, Bijk, Vijl 30 FEDBEREZ RS 3, 4ABOT Y ILTHS. 3K
JLTHBHDT, TNTN 27T EHRK, 81 EHRLREN, K TOFOHEONIREICLD, E
BROBEHEILE S U IS, IR, z il FICERRO S FClk xdilie y filllEX 5] T &
AN

E7-, EBROBIHITIE, THRATFOBMEEE 72070, HAEFHOHRE, ThrhH
HARAMZHAWT WS 720, a ODEEZRZFEBRICEUT S Z L iFHkR v, 20720, o
DRERZEHAMMIT U TEAML 2Bl N 5.

e D2 LA EDIHIE, FWELTEHR2IAILVF—IZHTEIHFSVNINWED, all
L BREELD TN D. L, SOV —F—2BHT256D L5112, € WiE<
BHE, INSOENEHTERLS LD, TO LD RIEMPEHDOZT G X 5 EHL % |
2 DWIERRIEIEF: (Nonlinear optics: NLO) TH 5.

REFEM LI TFZHEIZIIUATO LS L DAH 5.

1. L—¥—DHEL#
(1) Semampred (RO N £510)
(i) HKEA (H B MREE)
2. XTI Ay 25RO FEBEE 73 U TR JH B 2R >ER DN %
FEHE - BEE)
(i) Mk
(i) TV XV INAFE
3. JERME R 2L
(i) HADUR - B OAMMEZR Ol —2h5)
(i) SR eV

L —HY—DRELSHIL, YEETII{ b TWal, L —F %Xy gn Y
DEBRTEHTHS. HFOIZXNF—FREIKET 5720, HELEBNTED L2V
i, FEOIZRNNF—2EZONDILE VWD I LIIRENSTHD.



SIFETIE, AR O S FHEHYHY T, BAVIGHEHD S, TV R VT IVHRE
&, BT VER—T—a iZfHEINS.

ALV =Y —ltBVWTiE, V=% —2@T LV ANTHIIEZEZ LTl v XD
BIha56050, ACPEMEOFHIZEETH S, HNLEEIX IV Ea—T 1V
JORFICHHAINTWEIHETH S.

ZO &Sz, EE - LMD TELOIHARD O, 5 FIEBOMROEMETRIC X 5
&, FNET AN ADEGE, BHATHS.

3 OFHEEICEITIER
Hartree-Fock #£Tld, FERHIMKLA Schrodinger /A
H (@) = & |¢(x)) (3.1)
D5 FH3E ¢ % Slater [FHIRTREML, FHIEELIT & D, Hartree-Fock A
fiv (@) = eitp() (3.2)

A5, HOMMESHECLY, FEEBIL T TOROETRELRDS.
INEBEIIT R I, () RS HORETREBL, <2 MUK 3 HER
»H%.

Nbasis

d(@)= Y V() (3.3)
k
BAHEILS WS N TWAoFiuEiE T, £3HEFHE ¢, 2R FREEBE Ry 2002
T B E I i (r) TRBT 5.
() =Yim(x — Ra)xr(lz — Ral) (3.4)

BU Y, &, GAEEFE I WKEFE m 2R 2KEHNBEZTHL. Tz
LCAO(Linear Combination of Atomic Orbitals) & 3.
JHF#LE & U T, Gaussian BIE exp(—ax?) OERELES %2 WS [8][9].

2
xi(r) = Z C’gl‘;"”“t (%) exp(—agrr?) (3.5)

Z ZT® Gaussian BIEK exp(—ax?) % primitive function & IEI.

8



Z @ Gaussian BAEIZ X B RKIE, A% mE#EICFHHATE, 72 primitive function @
BAEMEPT Zeizk b, Slater B exp(—(|z|) 2 L <EBPTEZ 205 2 >0MH%
Fo*l, BEREBOS FHEFEY, 5 TFOMEREIZAERITH 57272012, hSH K
L7z

— 5T, Gaussian BUIEIZIZMEE HB. —2F, 2B FHEIPOHAERMNETHS. £
BIRAATIE 2 BETMMHAEEHROFENBHEL 25D, Gaussian BIFEKIZ L2 2ET
MM EAEFH QR TIE, THAEEOHERIIHERBOBD 4 FIZHHITE. -7, &
DY A X% RELTBIEY, HAVIIKHER EO-OIZHEEE2 KELT2I1FY, Ak
HIZRKRELBoTLED.

ZD, 2BTHEAOEIHEIL, ROFEFHED T L CHEENERINZEET 1 ERZT
TZ2FEL, BORLEBEOHTZOREFRET 2 HEITZR V. LrL, BPERTH S
ZOIZAEY FIZTRTHEMLTEL ZLIETET, [MohrD7 74 VIZEESELTEY
T, TOHEZAADTIELIWOSND., T4 AIZADT 7 AHEIZA T VI LU THEH
W20, FHHEHOBEKREZHL. ZhizRT 5720, #ORLUGHEOHT, Hi
ZTOWMEHET I TEEZNLEELHEH, WTiuct &k, CPU KR & EHBEMO S
SHTHBITRMILRY Z L5,

£ —DRMEHEFEIZBETEMETHS. ROV A ANRKELRBIEFY, Fock 75108
FERILL, ZOEGHEFEIEANE 2D U, 7 ORFAMEFEIZAFEL DS W
e LTHIONT WS,

INoDMEIINT S AKE LT, A2/ NMERIZA T CTHFEEIE2E D005
», Fragment-MO(FMO) #*°, Divide and Conquer(DC) #EVR LK SN TWS. Z
NHDORET N T XLITIE, DEGIEOEEEC RHHHE RO Wiy, %
I ERMEYRD B.

£, & ORERNZREEE UT, LCAO X, R A HEALE & 138 2 R x R o B %
KRBT AIZEIARMETHEZ BTN,

— e LT, BABHEREN o %KD primitive function % &K IZEM T X
Hilbert EM&RIZ D5 [FRLU TWA 20 OEIGL ERZ 0T, HEMN M ET 5 t%
Zob., LU, ¥O&5%a 2F-8NEIWHrRET 27200, Rki7Z- 71881
FAEL R\, BUZBZ X 7210 Tk, BREOH TRIE/REE» R b 7210 T, EH
MZREEDOREIIFHARVWEEEH L. HIZ, WEEEEZIND RETINT, Fock {7
FOXALDBIZRIELE L 58565 H Y, overcompleteness DRTEE UL TLLHIS T

*1 k#EF D Schrodinger HFERIZ BT RS ORI, Slater BIZ/45 Z L AR SN T W5,

9



TWa. Zh5DMEIZ LCAO IZ KB E LD FetHEZ21T5 ECRHEE LARBTH 5.
WEBEEE H 2 HED ETRAT 225G, —HIZE, TORETHIZBEENFEONS
EWSREEIX . A FHUEIED A TlE, Hartree-Fock 72 & MPn % CCSDT @ &
5 73 post-Hartree-Fock NP ER DLk e, HEOSER2MEOEE L &2, ER UM
BTHRZONG. B L, HEDORSMWEN, HE2TXNF—HEDO FTHEIZHEIIEIN TN
¥, %12 Hartree-Fock limit (23 WHEIK T, FEROILRICIERZMIT I N TE 5.

4 Coupled Perturbed Hartree-Fock/Kohn-Sham

— %Iz, BEREDORITN T 20 62 DMNGIZ X BEEDINZ 5 N7z, %D response
function % F1#3 % DA Coupled Perturbed Hartee-Fock/Kohn-Sham (CPHF /KS) ¥
Thb.

Hartree-Fock (V#3350 0T, Kohn-Sham %% % MBS (Density Functional
Theory; DFT) (2 & 23881 T, ZNENH 505 Schrodinger AHFERDELIHFEATH
B, KT VY v VOMBIENRZLDZBEWT, ACEATTVIY ZLZLRTE S
7z, LIFUIEFE—#E N, EEELBEACTBS I ATHRbNS.

4.1 EEhER

CPHF /KS ORiEpE e LT, EE#EmcOWTlns. EEEmE, B, H 250 Idamil
RPN R D D, T NS REE P MNbD 5 725G E IOV TDHERTH 5.

WX, NIV =T Y Hy D% & T Schrodinger HREARDE» N, B {0,} &
Gl {E;} PEonTnwad ed 5.

HyU, = E;¥; (i=0,1,...) (4.1)

2z, EEEA AR5,

(Hy+ \H)T = WT (4.2)

AMIEFHORIZIRLDENTA—XTHS.
ZDEE, HEXMbo/2 U BLXUOW %, IROLDIZ, BENNTA—-ZNIZETET
17 —EiTERES.
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U =200 + Ay + A2y + NP3 (4.3)
W =X"Wo + MWy + N2 Wo + N3 W3 + ...

ZZT, U, Uy,... BEO W, Wo, ... I&, TNETN 1R, 2ROEHEE, KOFTxIL
F—IZNTEHHFIETHTH 5.

X (4.3)(44) 2K (4.2) ~MATEHI LT, TANF—IINTHMEEEZMES Z EMNT
X 5.

Wi = (Uo| H' |Ty) (4.5)
(To| H' |0, (| H' |Ty)

4.

W, ; 5 E. (4.6)

1 IROMIEEIE, NIV =7 v OEIEHICNT 5, MEBEYEIRERIC L 2 HAHETH
n, HHEIZFHRETE 5.

2 RDFHIEEIE, TARTOREREBICNT2EME2ERLTH 0, HHRICIFFHETER
W, U U IZIRD K S RffR &2 52 5. T70bb, 2IROMEHDFHED DI
&, BENC K o THEERRBIZH 2E T IERENEERL, TAVF -2 BB LANRS
HEDREREBANLRS, —HOWEELZ, TRTOFEREBIZOVWTERLNLENHLZ
LERLTWVS,

- T, HAETEDMIZ, EEAHEIZOWTOEREZERITNE, EHMAAEEIXTE
RNDTH5.

42 LCAO EET® CPHF/KS

ZZ T LCAO HETO, CPHF IC kA3 0MiEDBENEEZRT. 2B FENEELZLE
TH5ZET, BAHIZCPKSEens, DD, T Z TIXEAKRGIRILE: 5.

MEEHE) Hartree-Fock-Roothaan AR L, A TEE 5.
FC =SCe (4.7)
c'sc =1 (4.8)

22T, FiEFock 35, C RAFHEEBITI, S EHEDT R DT, e ZEAMHET
FlCHD, R (48) HIEKEREETHS.
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BT EBEHIN T A =X N TEBLU, LIROEIZOWTHEd L, RANESNS.

F'C+FC' =8Ce+ SC'e+ SCé (4.9)
cl’'sc +c's'c+ctsc’ =0 (4.10)

F' .C' S8, 3xnFh F,C,S,e D1 ROMEHETH 5.

X (4.9) 2 1 XD Coupled Perturbed Hartree-Fock i#2XTH v, F, F',C, S, S’ €, €
kb, C'ERDS.

1 IR®D Fock 178FIRATHYE 5.

F'=H +G'D+GD’ (4.11)

HU, GIZ2EBFHENZRDD AWBEDT VY LETHY, HEIZL->TEXS.
ZZT, H,G' S 3*FhZThEE 221372 1RO 1 BF1T4, 2FBFHEIOT VIV
H®, ERVITHOFMEETHD, IRATRES.

/ ,_ 0
, 0
eo = (0ubu|ClBe00) = = (6u6,IGlbco0) (113
/ y_ 0
Suu = <¢M‘¢u> = 5 <¢u|¢u> (414)

BHEETIED FHERBITIIOMTEE 5.

D =C'nC (4.15)
D' =C"nC + C'nC’ (4.16)

BIEVPEFHICHEI NV ERET D L, RADED L.

S = (4.17)
G =G (4.18)
Zhicky, X (4.9) 2L, £2 S HEES FIEREE» T B L, KAMES

ns.

12



F'C+FC' =S8C'e+ SC¢€ (4.19)

CF'C + CFC' = CSC'e + CSC¢€ (4.20)
BHFIIC LD, EEH AR CRERS TIEIERNOTANVE 2525, D%,

IXIVF—D, DFMEOELIZTE2MoEIIYa s, ZDZ &1k, Fock 175D
EAJEEAEZENYO R BE I L %liThS.

(V;|F|vq) =0 (i : occupied, a : unoccupied) (4.21)

WX, LCAO HEZHWT WA 720, BHEBEECR 3R FRENRE S BB T
FEINTED, INDPEFEADDR%EMERDL. {oT, BEPMASNIZGED, NI

Vb =7 AR U CRIEZRPLEIE, SEEHRICB T REPED I =X ) EHIZ L5
THEx56N5.
M
U= Uity (4.22)
j=1

ZDA=RYEHTHI U 1, MO BRBOE{EEZIETEHDTHSDT, MO BRED
W DEHREEALTNS.
ZZT, UPIROMIEHEDOAZEGEATWSEET S,

M
i) = i) + XY Ujila) + ... (4.23)
j=1
THIRBZHWS &, RAPFOND.

Cc'=U'C (4.24)

U' D753 3#1%, Fock {750/ IEE 1 IRETERTAZ L THOND.

(WulHy) = (Wl HIw) + (u H[y)' (4.25)
(Wb Glibgtho) = (b |Glibewbo) + (| Glibetbo)’ (4.26)

13



A (4.12)(4.13) FRIEICHTEIRATH o720z L, TS FHEcHT2E2RTH
% DIZIER.
s ER (4.21) IWRAL, TIROEIZOWTE D2 L, ROGHHRANES NS,

AU =B (4.27)

22T, AREEHOEOAE LA, BX 1 ROMEEDAEED.
R (4.24) L ROEHRE R (4.20) ITRALUTEIT 2 LR (4.20) %135,

CF'C={ (4.28)
fl=—-eU +U'e+¢ (4.29)

I, THIDIENMED S B, SHIEHAWERDTDADPEDL Z L5, RADVRFS
n5.

f
€; — €q

Tz kY, EEEZII72 1 IROBEFEESH D ASRED, T LD SR o %5
BT eNTE3s,

CDES>RFIHTU 2#KDZDTH5H, LCAO RETIX, RETERETE SHEK
Z2fi] 28 Hilbert ZEf & MRIZ LR TIEF /NS L, H AN BE L BB M > T\\Wb 7z
b, ZTOU OFEZRHFHEIEHIZRoNTWS.

EHE %% 72 1 RO F#E IR, REREBORBEKLERTEDT, U OERHH
X, GUARERREZRVZHFH L 250126 L, LCAO REIFHEREL2 X <FihT 5
EOIEEI TN T VWS,

ZDEIBRIARYFDNDH L7, SR, HBNIEE D EIROES RO ERNEE
&, ELWZ e TWVWS,

U' =

(4.30)

43 IBRLEETO CPHF/KS

X (2.2) 1%, BEGICHTEREZ 570, K0 —MINZAHEBEE v TIRE)IT 585120
LTI, ROXSITERTES.

pe (ec(w)) = g + agc(w) ec(w) +... (§,¢ =2y, 2) (4.31)

14



ZORD a lFRATEHHRETES.

age(w) == Tr (¢ (pc(+w))) (4.32)
pe(w) ng + pe(Hw)Aexp(+w) + pe(—w)Aexp(—w) + . .. (4.33)

ZIT, R IBROBEEATTH L. (§ BAMOSZRTETTH LN, SHRIFE
&9 5.
1 ROEEFHA T ZEIHET 5720, p HHOEFIZXIET % response function % kKD
DIZEERT B.

ZIT, p)ldp BHOETO, FROHEHEATIINT HENTH 2.

Nocc

= Z Py (4.36)

p

Zhickb, HEZ 2T ZEEEHAE I 5#EE) G XIX, response function
uSH Wl oM FREATEBTE 3.

d§ occ
(Foué’L) _u](o+)52) + {719 (Z u(+)¢0 + Z o (- ))} _wup+)

<F0u(_) _u(_)go) + d_g Z u( )¢0 + Z (bO (+ ’U,(_)
p p p 2 D

ZZT, Ny F°, g,sg,dg xENE N, B, FIXO Hamiltonian, p HFHD®E 112
MBS B HES L CHIE T F V¥ —, & #HFDOMIGF (electric dipole) #HEF % ¢ (2
EHIE7ZEDTH 5. gi[ | 1%, SRR D < Hartree-Fock AfERDH AL, 2
MK FIE (coulomb term) H &k O A A AEFAH (exchange term) Fé{ﬂﬁgﬁ(fﬁﬁ A
(Density Functional Theory; DFT) (235 < Kohn-Sham A0 CERaEl)a
FIHD L ORBAHBINBEE CTH 5. AxBlZ AL B ODBAAAFES % /T‘é‘.

pBHOBTILHT2ERTHZOT, HTicbd il o) o\’ Bzhzn
Noce AR ST 208N H 5.

15



R (4.37), (4.38) 13, EIRZRBREMCBT S 1R T2 ) — W BIEE o TR %
d; %9 [ (+) (-)

V0u§)+)+{7p 5_ (Zu+¢o+z¢o

V°u§—>+{5 (Zu( >¢°+Z¢° (“) }] (4.40)

ZZT, Gw) &7 — B

uz(f) =G(w) * (4.39)

ué_) =G(—w) *

G(w) = Fg+wu—»(—%vﬂ)}_l (4.41)

THY, ZHIERICEMUZEAREK w OBETH S, VORIBRORT VY VIHTH .
ﬁ@ﬁ%,@&»ﬁ%h%%#ﬁﬁ%é#,;M%ﬁmﬁ&&t?.oib,526m
tuﬁ%@ﬂvam&ﬁ%uﬁﬁéﬁﬁauﬁ> ) vz, mRXOWTFNnE, B E
TS T 250680 T ubD ul”) 2BEL U, 57T ub?, ul) d5dsz LCat
BWxNG.
Bonzut) ul Itk D, 1 IROBTHE pe(w) BRO L S IZHETE S,

Noce
= > (uuy + vpul) (4.42)
p

IhER (4.32) 1Lk D, SR e BRDOSENG.
X (4.39), (4.40) R VEUML &, ub? ul) 130 -< v LIRS 5. K, RO
I AILF—&, RIZHIU 72850 A EEANE D < LIGHHIK (resonance region) T,
PORDELS LD IEETH 5.

Krylov #4220 % R U 72 = 2 — b >3k [10] 2 RIS HIE, BRIZEET 2. 20
TATY XLFEEREOH AEHEEHBE ISV TEAEHTHS.

431 HDIBREFRREORR
%i%ODJEJYEZ%Zw \-;(il_j—é agg(w) Ci, (9_\,0)4: 5 &:%%H%

2 n n n
afc(w) _Z Z Wno <w0|/;:§2|¢_>£1§ |MC|¢0> (443)
n#0 n0
n=>"qr; (4.44)
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I T, o FEEREOWIIBIL, 1), 13 n FEH ORIEREDREIBEE, w,o ZWIET 5
T 2L F —, p I ZELKBBFHE FTH 5.

w T ANV F —TEDITONT, FREBEDITIED 720, ayy EFEL TVL.
I ISR L WD,

NG FEIEOR 5 CIE, EARIICKREL RS0, EMLEEIZ#HL V. ALK T
%, BRI AVF-ORMD BRI EHEERSGEDH 5.

432 Hy IZHBITEHDEBE o
7 fifi % B & Uz KEDF Hy DO o 1I2DWT, Gaussian £E & MRMW £JE T
HEEIT- 72 [11]. EREIFEHIE 1.4[an] & U, 2 BFHEMEAIE Hartree-Fock % {fi - 7.
z W EOBEMD T THHDT, xflie yHOXHIZHR LR35,

Ay = Qyy (445)

72, R/HDF72DT, cross component DERE X T L7425,

Ogy = Qg = Qi = Qzy = Qg = Olz; =0 (4.46)

o T, Qpy,ay, D2HDADMEE LS.
Gaussian #JK & U TIX, cc-pvtz 7*5 d-aug-cc-pvbz F TOREZ NG L Lz, Z
DHEEBABARD VY — XL, HED 2 XFERDMWEBOMEEERL TV,

e cc-pvdz: Double-zeta
e cc-pvtz: Triple-zeta
e cc-pvqz: Quadruple-zeta

e cc-pvbz: Quintuple-zeta

7z, HEUHEE aug-(=augmented) 133K I diffuse B D Gaussian BIEEUZEML TV 5
Zr%RLUTWA. d-aug-(=double augmented) I%, aug-IZ 5 diffuse %A% % 3B N
L7zbDTHS.

I 6D Gaussian FEED 5 5, ;KD H DiE d-aug-cc-pvbz TH 5 W%, FHEEREDF!
FTIE MRMW 12X 22T 2V F—A, d-aug-cc-pvbz Z & T TN TD Gaussian
JKIZE2 2T XVF—% FES., ZoFHHEIIZE D, MRMW &, 2153 RXTOD Gaussian
HEIZHAT TEO RV HEEEZGEZEATETVELWVAS.
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BR D & 512, A MEFHRIZHEREIZBEGED H 5. LCAO FIEREDHGEZ JTIC

FEFENTH Y, FHEREBOHBIZEATUBEY TR, KELHERM o 2RO
primitive function (diffused function) ZEMMT 5 Z & T, HFE» SHENALETDER
Bz hiFsZ i, NBEFRTELITONTVEILTHS.

X 4 1%, AEBORBEEE ap, OBBRERLZEDTHS. 77 7HEHIH NG, i
AR o D zo K, THROLOFORMICN U TRELRERTDH 5.

600 T T T T

cc—pvtz —F+—— L
cc-pvgz
cc—pvbz oo 4
500  aug-cc-pvtz B A
aug-cc-pvqz A
aug-cc-pv5z i
d-aug-cc-pvtz - A
400 d-aug-cc-pvqgz A A
d-aug-cc-pv5z s 7
a.. [a.u.l MRMW —v— /7

200

0.475 0.476 0.477 0.478 0.479 0.48

frequency [a.u.]

B4 IKED T OB iR (EEER)

77 7% R %E, d-aug-ccpv ¥ U — X & MRMW FJE A3 UG A I EUZ [ o TEa
WWERLTWBDIZHRL, TN D Gaussian E TIEZ D & 5 REHAITE S iz,
JLIGFHISOE 3 12 B W TIE, d-aug-ccpv £ T diffuse BIBHEDEMRIELBRIZHBHTH %
ZeRbhb.

51%, M 4I1ZBAL T, MRMW DOfEIZX 9 %54 Gaussian FEDEDOE D Z/RUZH
DTHDB. 77 7D NG R, W2 % a,, DEFTHS. d-aug-cc-pvbz
Pixd MRMW (EWFERZH L TH D, IRIZ d-aug-cc-pvqz, d-aug-cc-pvtz &
WTW5, B DEND, FEDH LKL > TWS Zehbhrs.

WIZ a,, IZDOWVWTHRTWL., K 62X ZENTHSD. cc-pvnz IZDWTIE I T TIXER
L7z
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Aa

XX

X 5

[a.u.

-400

=500

-600

400

350

200

150

0.

cc—pvtz
r cc-pvgz
cc—pvbz

aug-cc-pvgz
r  aug-cc-pvbz

aug-cc—pvtz

d-aug-cc-pvtz -
d-aug-cc-pvgz -
d-aug-cc-pvSz ot

.475 0.476

0.477

frequency

0.478

[a.u.]

0.479

0.

T
aug-cc—pvtz

aug-cc-pvgz
aug-cc-pvbSz
d-aug-cc-pvtz -
rd-aug-cc-pvqgz
d-aug-cc—-pvbz
MRMW - -

T T
—_—

———mm--

46 0.4605

0.461 0.4615 0.462

frequency

[a.u.]

0.4625

B 6 KEDF DR PRUKAL R CFATER)

19
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48

IR F D JE PR AF MR (EEZZE) O MRMW (20 577
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Ozy SIFERD, TH56F aug-ccpv KDOWVWTHEWWRBERAFHTETWS. £
72, Oy CIXRR BB CHIGIZMPA>T WS,

7, 5 & [Alkk, MRMW DfEIZX3 %4 Gaussian FEEDEDAES 2R LUZEH D
Thb.

2 5 T T T T T
aug-cc—pvtz —+— l
aug-cc-pvqgz =

20 + aug-cc-pvbz ¥ R

d-aug-cc-pvtz - B
d-aug-cc-pvgz =
15 Fd-aug-cc-pvbz ‘fm“ i

~15 1 1 1 1 1
0.46 0.4605 0.461 0.4615 0.462 0.4625 0.463

frequency [a.u.]

7 IKFED T DOREBEBKA R CFTESR) O MRMW 1249 %7477

Opr DHE LIXRIRDIFEHP RTINS, £, aug-ccpv YV —XIZDWTHB L,
SRR OB RFAFE DO LIZHF S LTV LR WA RN, JHREIZ X - TlEF
WHLL CTWAHEFTb H 5.

d-aug-ccpv ¥V — XTI, HF I 2B OENMIEIZZR>TWbHDD, ZOMKER
X MRMW & I3RS MEICDHS.

DX, FAAERIZOWTE, BAMEEZ RHdZ e #L .

5 BERFVIvILE

ERZRDNDFEHEY, EHEREZ WSRO ER YT, SEAMmDERZ 5
WZHWONTEZORBRRT VY VETH D, B OEICRETS2NXREFE2, D
FOARLERRT VY Y IVTEBMZAZZLIZED, RO LS BEENESNS.
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o (i FHLEDHIIZ & 5 EHHE D E @A
- 2" HD
— Fock 1751 D xt 4k

o HHXIEMAN R DEL D A A

& (Au) DL BRERELEIIBVTIE, V\]nxsa? TR TN A BIFEFEIHE N —a v
KTy vy VORE 2R, FEHITHEIEE TS, ZOHEIEHEIZIEIS I &

&0, MAGRMENEETE R RS, #75“6‘ fili e 7 1E N I JRAE U 72 808 & B R
T 5728, WRNEFEI SN MNETOFEEMENRELS LD, THIFEEEIZIEE
L GREDQHFHELEW) DT, ?E%®ﬁ%%&ﬁﬁ~ﬁobtﬁﬁgé.g®
EOBAEEEURDODEETHAEZIT O B AEITIE, Dirac-Hartree-Fock D & 5 74,
D—l///T#‘@’E(ﬁtﬂ‘ﬁhﬁ%ﬁotﬁ{f’CﬁElKM\E#%é LA U N7 1 % i
AT VY YIWVIZESHMZ 221280, ZTOLSRELETH>TH, Hartree-Fock ¥
Kohn-Sham OFHAATEIE T 5 Z LA HE L 72 5. FHIEEFHR CTIIXEME U TRET
FELHT D20, BHDKRETHS.

BERT VY VEE UTIIRRA REDODREINTED, KEL 3D ITBZ
EMTE 5.

1. Effective Core Potential (ECP)
2. Pseudo-potential (PP)
3. Model Core Potential (MCP)

IhsizEsthiEl T, SHOREELZRD. NI A—-XIF, EL%I*}D?-’P@LBE
ﬁﬂﬁ@&iii Y 7L B I B D W T RN T RIRIZ K D RO 5T W B DY, BARHIC
MFEHEOERIZED, HELKRT VI YIVDONT Y AZIS XS ICHHEINS. Gaussian
RIELE D njrtl—ﬂ‘ifﬁ HBENTZENLEIZ, HEEOAZNRMFRTH Y, Blawmaya
HRETTHPTE2HDTIIRL.

E7z, BART VY v VIE—RIZFETEHE (local part) & IEFTEIH (non-local part) O f
2525, JREEIE, WEHICRET2E TP RIZTHBEK S —a YR RT v Y v L2 RE
THLeFEZOND. KT, r>>1 OMBTIHAEME LTEMEI NS, EREHIK K
SRR & 2 PSR E 2 S i F#E O EA/EH, 373205 K HHAFEH %2 RKE
T5.
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—&iizix, —H ¥ - 2B RIZE T S Hamiltonian

N,
1 Z occ 1
H=-_-Vv*-Z — (5.1)
2 r — Tij
2,3
Z, MDEIITEESHZ 3.
1 Z o1
H = _— 2~ loc nloc ; 2
TV Y v (52)

AU, Z 3EFFS, riZEFEHLs o O, r; (3% i) HOE, Noe, N, &b
BRI EME L, Vice(r), Vrloc(y,) 3R T > ¥ ¥ VOREH L EREHTH 5.
DLFR, 3TEDOET VY ¥ MIZDOWTIEIZE S Z R, %12 MCP Iz2oWTHERd 3.

5.1 Effective Core Potential

Effective Core Potential (ECP)[12] 1&, 2 FEIBEIZEVWTHRBE R L LERNOHE AT
Y ¥ )V TH5. LANL2DZ * Stuttgart, Hay-Wadt, CRENBL 2 &03H b, £< D
PFEHR N =D AN ST WA, FEMNERIVIZELD 5 a0 — P, RO
O ILEAMEET NS,

V) =5 [Wiayalr) + (4 D2 o) (5.3)
L-1

prloe(y) —g . Z 2111 [Ui—1/2(r) 4 Uiy ()] D (iml{im) (Im| (5.4)

ZAlanlk 2 B”“r (55)

ZZT, LIZZDRETFPROERKOYEMEFE LD 1 KSHMHE, | 3#EMEH RS T
8, I AERREE T, s IACVEETTH B, Ay, By, nup = 0,1,2 13735 A —
RTH5.
ECP Iz L 5ff 2 L THE S NEHEIE “pseudo-orbital” L IEIXN 5. ECP TlX, H¥
ZHBPREFREL, TOPREUEE EZEOMETHEIZ 7 v T+ 2L, AlE
ZEHATROONITESDOT, 2F I K5 L 1% nodal structure 725728 T
Hb. ZONEL, A, SEHEHLOBE S, ZORBIZED, 5T oMEREL
WE<HWwoNS. 7z, liE F#UEONBREERR7Z o000 T, REFKHEL TS
primitive function D ZHIJKTE 5.
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FREHIZEEND, FREET [Im) (Im| 1%, LCAO HEIZB 13 &FEFHuEDRFD
Lm iU T, YEREFHEICH YT 280 %, 2 FPuEn S@RNICED £9, 20w
BHEAEWIZR 5.

HlazET LS. &, H20F#E (r) PIRO & 512 Slater # LCAO HED L TR
INTWVWBH LT 5.

P(r) =CsYo,0Nc, exp(—Cslr|)
+ C1Y1,-1Ng, exp(—Gp|r|)
+ CoY1,0Ng, exp(—Gpl7])
+ C1Y1,1Nc, exp(—(p|r|) (5.6)

-
—

2T, Vi, BWuEAESERE ], BKE A m 2R OREFHMBER, ¢, Es i,
p BOWIETRE, Ne 1& G SIS D RBIAER, Cs, C_1,Co, Cy I FHIERET D
5. ZZIZEMOHEHEEFZEHNIES L,

10,0) (0,0] 9) =Cs¥o,0Ne, exp(—(slr) (5.7)
11, —1) (L, =1] ¢) =C_1Y1,_1 N¢,, exp(—Gp|r|) (5.8)
11,0 (1,0] ) =CoY1,0N¢, exp(—Cplr|) (5.9)
[1,1) (L, 1] ) =C1 Y11 N, exp(=Gplr]) (5.10)

EiRb.

ZD & DT LCAO K TIE, SHECHEFE 7O IZIHDERIHIH TH L.

—J, 3IMICT AV MEE EICE R I NS EECTREEI N AZFEEBIZOVWT, 20X
D B AT 5121, LCAO HEVHMERTH D, 5D LCAO ND1=X Y A EE
HThdRBEND BN, KEMIZ LCAO IFFEERIEKTH D, AWVICERD 2HKD.

ReEOBERBES () 2INE LU CGELIMIZERT 2 Z 21 TE 508, ZTO@ERIXE
IREBEWNTHY, ZUMIIEIES N, LCAO ZEELREETH LD T/ VL EISRIE
TNV, BHIZ, TOBICEDNSERIIFRTHD, KTV v VOZYEZDE DN
b5,

#->T, IELCAO ODHEETIX, ZOLSHEAOHEHE T2 2WET v vV
BHT2E®RIHNE VR 5.

5.2 Pseudo Potential

MCP & ECP 253 FEtETHWL N T E72DIZH L, Pseudo Potential (PP) &, #&
fn 78 & DR 2 EH P (plane wave) K TS EBIZCHWONTEZBART VY v LT
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5. DFOBREHEOEOIH ST WS [13].

zi:(]i (T;)z (5.11)

o) A f( r )+e 1(7’)2
- r)=— er Xp | —=
r r \/§Tloc P 2 Tloc

3
vy =3 3 Z |Yimpi) i (Yimpj | (5.12)
z
- l+2(i—1) 1772
pi(r) =Nu; (r—l) exp [—5 (7“_1) ] (5.13)

/m()()%h—1 (5.14)

ZZT, Zipp BT 2Rz & Z DR - Wik T ROVKEDMREM, rioe, 1 E7 1Y T«
VIBRE BN T A=K, N IHBEETH L. X (5.14) D@D, pl(r) 138
BibEhTna.

Z R T V¥ v ILik, ECP kR, pseudo-orbital ZJE%d 5. IE L\ nodal struc-
ture % K OffisE F#E X, RIEL THOHREIT LD T, FHKEE TRIT 25451213k

ITEWEE R R o 72K 2 L BCEMNT 5B E D D 5. pseudo-orbital DFFD, i HIK

ﬁiﬁtbﬁlkb\ﬁﬁ{ﬂ[i SEHREE T 56, HEBEBEZEIRT 2R 1E W20,
HEDRE.

Yimph W, 70,6 %3150 HS 3 YOLHE e 72 5. ECP OSUHEET & B 50, B

BINDEEATVWEIRTHD. ZOHE, 3IRILT AV MEREELIZERI NS HEEKT—E
BT NIE, BN @RS EEICL Y, HREAE T 2EHIE-EZ2E5HE T2 2
EMTES.

t->T, FLCAO DHEETH, ZOIIBEROHEHEA 2R OBERT VY vy L &
FRTE LMD B.

5.3 Model Core Potential

Model Core Potential (MCP)[][16] i&, 7 FEtHETHWoN D, i F#iiED nodal
structure Z A7 28R T V¥V THS. GAMESS[17] IZFHEEHIH D 5.
—IXIRD B O TH 5.
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viee(y Z Apr™ % exp (—ayr?) (5.15)

V() = 37 feo i) (1 (5.16)

22T, N, TN E T, e, FHBBBEL N IET 28HET 2L ¥ —,
f=20,A,nk,aqp [ FNTA—=—XTH 5.
FERFFIEICNBRTEZ DL DEEATWSDONRKFMNTH 5. ZOEMEETIC
Wﬂ%L®&ﬁ’ﬁmﬁélﬁﬁéﬁuibiiﬁﬁﬁb‘?ﬁlﬁﬁ%%omﬁﬂnme
ERio-MiE gL 2D, 2EFOEAL 2 FAUMEFREZERTES. 205
A TS5, 3WonZEfH] EIZREMBEREKTHREI N T WS 720, RO E T MRMW
& DOFFIMED E .

B 8 1%, SiETIZBILT, MCP OHEHEHAEFICI D T XNV F—RENE D X 5 1221k
T5DPRLEZEHEDTHS.

E 41%
/\ et
AR
st|l// s><l//25| Hsz‘l// ><wZPN _H_ A—F
H—tH——t 3 3
4H7 2p
2s
154111*

X8 SiifFDy7h

Si B TTlE 2 Bl E CTRMMEART. SHICAIET 2 BB [0) £, B, =
—fe. itk D, EEMEENBIEORKOEAEE LIHL TS, JAIED, REEE
7% 35 E & 75 5.

25



5.3.1 MCP OXE[EKEFME

MCP 1%, EHDIEE L LT, MINI-4 #~X—Z(Z, primitive function OHIJE*,
DEEZEALVCEHET 2R EOHFEEMEL -HEHOLDEHBL TV, ThUNDH
KT, EMMNICER-S 28R 220 THEToH 5.

GAMESS %\, 1 7B JEHI R #E Hartree-Fock 15 % 17 - 7254 O #uE © +
V¥ —%K1ITRT.

#1 GAMESS 2 &% Na 7B IERIR#LE Hartree-Fock

[a.u.] [kcal /mol]
method €5 egp €55 Aes, Aegp Ae
All Electrons
-1.5191  -1.5171 -0.1822 - - -
aug-cc-pvqz
MCP
-1.5308  -1.5294 -0.1830 | 7.3419 7.7184 0.5020
mcp-tzp
MCP
-1.5206 -1.5199 -0.1832 | 0.94126 1.7570 0.62751
6-311++gx
MCP
-0.9833 -0.8206 -1.3323 | -336.22 -437.06 721.70
6-311++g** (prim.)
MCP
-1.5146 -1.5140 -0.1831 | -2.8238 -1.9453  0.56476
aug-cc-pvqz
MCP
-0.9862 -0.8255 -1.3357 | -334.40 -433.99 723.83
aug-cc-pvqgz (prim.)

Z 2T, “All Electrons” &2 1, “MCP” 3R 7 > v )& L TMCP 2f8E L7
FAETHS. mep-tzp 1F, MCP RT U ¥IVEMHTL70DIZ D2 6NEEDS B,
RIS T, POIREKRERED, 6-311++gx*(prim.) KT aug-cc-pvqz(prim.)
l&, 6-311++gx*, aug-cc-pvqz DEEDMEMAEEGEZDEIL, TRTOHEEN 1 DD
primitive function TRHIHINB LS ITMLUHEKETHE. ZOHEITLD, RED
HEEDS EHNSDT, [HU primitive function £2E5D SR I N TVWTH, KD ELRIZ
IEWEEBEBCR L 72 5. egp,egp,eg‘s E, ETHED SET RV F —D 1s/2s BE Z FRV
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72ET, ozt DD55 pHEEDOKSTOLONTWVWEED% 2p, s BIEED K5
T2 H6NTWVEHEDE 3L LTS, AL VIZDWTIE, ETDEVWH%E a & L.
Aeg,, Ach, Aeg, &, HIET BHBEL XX —DRE ML DFEL R L.

KERTHSD R ES1Z, BRIEWEETO MCP Offifi, 2p#Es 3s o
ANF - NS, EMERIZH D AR VEIRED 5T

MCP D H A F1& MCP OfEE T 5 Wl THE I N T VWD, 6-311++grx &
aug-cc-pvqz X, WINd EHEZEE L CTME 2O HmE 2 EHT 2 REETH
5. MCP OfE T 2NtiiE &, o BEDOFR DNREEIZIZAZEDNDH 203, N
B HREDOHHENHN O, HEZMINTCHESRD TIE, MiE FHE» NRIZE
HIAD T LR KGFETE 5.

UL, MCP ONEBERBIIEE TH D720, HEOWNHIHZ 5L THHEZ
OTULES &, TORENKRBT 2 ZEMIZBNT, fliF ?tf#ﬁfﬁa,ﬁf@%éiﬁéw
E & MCP OWNk#hE E DAV KELRD, EAEMEEZ5 & EFIhad ks, 20
FEE, 3s 225N SR WIIIED 1s WL 2s DD Z2 & A, 2p L DT R
¥R DI E LT 5.

MRMW HEE ISR EREIETH 5720, INEAMKBRESBRI S, /- T,
MRMW i MCP Z2FH$ 5121, MRMW #J&E & consistent AR5 > ¥ ¥ LN 5
A =2 B L OCHNRPEDIERD AT RTHB.

532 MRMW ADIRZA—=T4 v T4
W71 YT 14V THEDKRES AV YFILDMCP /T A—XIE, IRD “pivotal quantity”
AZR/METBEDIZ Ty T v I NTVWS.

N, N, K
A = Zwi erel —emer| Z Z Wi [rkaef(rk) - rkR;”Cp(rk)]Q (5.17)
% A k

L, N, fiETE, R (r), e 3 2EFEOM Y 7% i FHOMiETHE O B%
J§5 & WE T RV —, R;”Cp(r) e, P 1E MCP % HWTEHE L7z « HHOAE F#HuE D
B EHET RV F —, KIZY 2 7)) U758, w, Wy, (TEYREATH .

Z DFiETlE Schrodinger AfERZ 1 RIGIZEITLL, 1HIZEICMELRDN S, NI A —
RuET4vT4v7 LT,

MRMW D6, 1 A7y 7222 SCF %2R BENH BHH, ZIUTITRR-ID 00

£7z, SCF MPUR L dr o 12358121, b7 neAR3EELTLES. 22T, Hik
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RIA T4 VI FEEZER L.
3, MCP OEHIZOVWTHEZRS. A (5.1) A (5.2) Loz kb, HOMHESEL
mY, RBETMMBFONTZGE, IRV LD,

Tij

VI(r) + V(i) X}— (5.18)
/Eid% MCP T, A% Fock A FTESLEHEIL,
NC Nc
Z Apr™* exp O‘kr2> + Z —fec |¢c> <wc| = Z Je — K¢ (519)
LB, ZZTIREMERED, W% (J. - K, — 2], - K.) CHRKTHS.

IR SEDE DI Ap,np,an 274y T4 7T UEEN. DF 0, ~ELE
fifHME 5 v, Schrodinger 2R % i < BB,

IRIZ “pivotal quantity” A DEHEZLFT 2. X (5.19) £, KOLSITEHTE 3.
Ny
ZE:/RHWM“%U?—TU”wAﬂde (5.20)
Ne
=D Je— K. (5.21)
Nc
Uumer = Z Apr™® exp Oék?“2) + Z —fec|ve) (| (5.22)

HOARINZ LB OB/ 2 BHETH B, x@ﬁ%%ﬁzﬁ@ét@,@ﬁ%%@m%%m
Lﬂ%%ﬁbé%%#%%.it,%&%ﬁkbfr%ﬁlbk.:m X0, HNEBER
R, fEEMHEOREN A B 5. DREOHERIE, Mo A —2kFET, »o+hn
E@E#ﬁﬁﬁ®%ﬁ%%&%ﬁtbf%ﬁ?%&jTé

Bors Y, BAEO REHESE e TEME NG, 22T, ZOHRTOEED
b@[\z‘“CLB<. 2%V, Ag=N.,ng=1,090=021L,

N, <
Uer = — —< J.— K. 5.23

L9 5.
ZNnT, {Ak,nk,ak} WX ERN2T-T 4w T 4 VD AHEIZ IR B,
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MEW T« v T 425 g an) BEE LA, R (5.20) 2 8MET 3 {A) iR
W35, BT ThERT.

£7,
Xk (r) =r™ 2 exp (—agr?) (5.24)
0 :i_fec [te) (el (5.25)
LT, A rEE m TS %

Ny
> [7“ (Z Apxr(r) + Q) Pi(r) — reri(r)] =0 (5.28)
7 k

ThUE, 28 =0 ZiTDOT, Z0 A, BA ZEMETS.

X (5.28) & (ZfEziRHT™) BT B L,

N,

ZZAerk Yo (r ZT[U“— } () (5.29)

2785,
Iz [T’XZ(T)T,ZJZ‘(’I")]* DT CHEDT 5.

S5 [l Aereytrdr = Y- [ atyte) v [0 - 9] wiryar
7 k %

(5.30)
MO ESITEL &, Zhik {Ay} TET 28 R0 5.

*2 ZOBIEIE, MHIBERIZRED0TIRRL, SEFATRTERILRS L EDAFLDD.
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N,
=323 / [ (P (P)]” T (r )b (r) e (5.31)

B, = Z / s (7 ) ()] 7 [er — Q] i (r)dr (5.32)

Z CiAy =By (5.33)
k

CA =B (5.34)

ZREMIFE, R (5.28) ML, TRTD A, IEOWT A 2E/MET 585 4 —
ey bk {A) BRSNS,

Wi T4 v T4 VT LENRIA—FICLBEEBR I TRAMINTNS MCP A
FTA=R (18] 5 {ng,ar} IZEELTHEOEERAL, {Ax} FBITEREZTILVITY XL
TREUZ. HEHEET [, {c Y KDWTIE, f=200DAFVIFILDEDEE,
{ec, Y} IZDVWTIE, FEAEIEFEAV YV FIVDOEDEHA VD, Nall DWW Tl cc-pvgz
HJEIZ £ % 1 R+ Hartree-Fock-SCF Dfi# % 7=,

PRI DWW TR #E Hartree-Fock SCF, B3R 12 DWW TIXIERIFR & Hartree-
Fock SCF %471 -7=.

{Ar} OREIZHE 2B REE, {A) ODRE, MCP IZ&L 55RO I T2,
MADNESS ®Z 414 725V ZFHALUTHAELZTO T I LTITo7z.

Li, Be, B, C, N, O, F, Ne, Na, Mg {22\ T MCP %{#ifl L 7= Hartree-Fock &% % 17
VW, REFICLIHEIANVT - HIRLZED %K 2, 3ITRT. HBLRERIIOVWTIE
HIPREE T, BuRIZDOWTIERIEHRIRPLE TV, BRDE&, BFDEWH%zE a A
vy, Dipnwhz f A E Uz, BE#AE, BuERARD S KERE 1O ARIZ Y T
X TH B.

—H & bR E, #4, £ [kcal/mol] REDIE2G7/-. K 11281} % mcp-tzp DIEL L
BsL, BELWERTHLLEERS. WRET - MiETOHLL, B0 nEE
TOFHETHBIZHHD ST, TRTORFEFT, MEHMIIAERGHRZE 25 LTW5S.
AV YFIVDO MCP TREART VY v VARHEICIEFEICHEEKFELTWDICEEDbS T, £
SHUBBIEZIELZRT Y v VLTI DRERER/IZE WD T 2iX, ZOBBIPAEKIZ
WREARGFOMEIX RN &, 72, KRR TRELEZNTIA =X T 1 v T 1 VI Tk
A, BEAEIIHTAEVENA MERFOZ L 2R LTWA.

A Y FND MCP IZE W TIEWEIE {1} (2DWTH primitive function D HIJE %
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o TWiz7z0%, NalZBU T {Ap} DRTA =R T 4y T4 Y TDATIHEL W
RSN o7z, ZD1D, JIEERE U, KO RELEETHW-#EZFHT
HINENBD o 7=,

X OKEE B AEE LT, {ng,apt KOWTHRMERELZHT Z L BEZ S
N5, ZHIZDOVWTIEHEKRDO D BERIIFEON Loz, HEZEOHIE, ThiZidE
HED EAREH0, BEIZZNFEE ER LRV, i, MCP »#5%Ed 5L TIdRE
TERVED DEFEY, REOREFFRTIIEETH L, WO THSS.

AW7E Tl Hartree-Fock ZRH U723, —ficiZ U L UCHEEDO_ETHEZ5 25
ZEeMTES. D0 DFT IZH 2T~ OXHAHENBEE 525 2 LN TE 5.

AWZETIEZR L D> 7203, X E BN EHETE R VWELEDORT V¥ v IV & ERK
T BHBRICIE, Hartree-Fock 13V 7 7 L >V A2 L TCAJEYTH 5 DT, Dirac-Hartree-Fock
FEPBEILRDEEZSND. MCP O HA 7 IZ N HE & g 5 #uE T &L
F—2RMALTVWBEH, Zhix, FEMHENGRAZ Hartree-Fock FHE TN 5 N5 D [E
GEZEY 7 Ty T T27200DTHDH, 2% T Dirac-Hartree-Fock FlHIZ & - TH
SNZNREE & 1k, —RIZER D, /o T, HAEHRK MCP %2 A%212 & 5 Tk Chd
E32121%, UTOMBRFIEIZLDEVRUL AT A =2y N2HEL, UKIE0H
NhHdLEAOND.

1. SEBE T HZROWCRE/ZEL, ST A—XLy N2fE5.

2. FoNTZNTA=RPSHER LR T VY v IV CIEMMERIN 1 77 Hartree-Fock
ERE, NSO OHE L HLET RV X — %2155,

3. MoNWE L PLET RV F - oG EE T2 MR L, HERELZEL TSI
A—R¥y N&fE5.

4. FiEIDONRT A =KLy b HMETNIEIKT. T TRITINIE2ITRES.
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# 2 Ji 1 Hartree-Fock (2 & 2 #i&i = % )L ¥ — (Li-N)

BT 3L F — [a.u] TRLF¥—#

J7 1 & haE RET MCP [kcal /mol]
Li 2s() -0.19637 -0.19462 -1.0981
Be 2s -0.30927 -0.31021 0.74234
2p1(«) -0.31887 -0.30342 -9.6950
B 2s(av) -0.54522 -0.56286 11.069
2s(8) -0.44614 -0.46691 13.033

2p2 (@) -0.43909 -0.43443 -2.9242

¢ 2(a) | 043000 -0.43443 12,9242
2s() -0.82921 -0.83648 4.5620

25(8) | -0.58341  -0.59114 4.8506
2ps(«) -0.57092 -0.56624 -2.9367

2p2 () -0.57092 -0.56624 -2.9367

N 2p1(«) -0.57092 -0.56624 -2.9367
25(a)) -1.1630 -1.1746 7.2791

2s(pB) -0.72579 -0.73738 7.2728




# 3 i Hartree-Fock 12 X 2 #iiE T 3 )L ¥ — (O-Mg)

38 T L F — [a.u.] IR F—%
JH 1 & #hE RET MCP [kcal /mol]
2ps(a) -0.61170 -0.60167 -6.2939
2pa(a) -0.71105 -0.70030 -6.7457
2p1 () -0.71105 -0.70030 -6.7457
2s(av) -1.4183 -1.4619 27.359
o (8) | -0.52164  -0.51248 -5.7480
25(6) -1.0755 11.1193 27.485
2ps(a) -0.73160 -0.72155 -6.3065
2p2 (@) -0.73160 -0.72155 -6.3065
opi(a) | -0.84535  -0.83452 -6.7959
25(a) 11.6724 117296 35.894
2p2(6) -0.67985 -0.67012 -6.1057
2p1(P) -0.67985 -0.67012 -6.1057
25(5) -1.4769 115338 35.705
2ps -0.8504 -0.84755 -1.7884
Ne 2p2 -0.8504 -0.84755 -1.7884
2p1 -0.8504 -0.84755 -1.7884
2s -1.9304 -1.9494 11.923
3s(a) -0.18219 -0.18266 0.29493
ops(a) | -1.5191 -1.5170 -1.3178
opa(a) | -1.5191 115170 11.3178
Na  2pi(a) | -1.5191 115170 11.3178
ops(8) | -1.5171 115159 -0.75301
2s(8) | -1.5171 11,5160 -0.69026
opi(8) | -15171  -1.5160 20.69026
3s -0.25305 -0.25193 -0.70281
Mg 2ps3 -2.2822 -2.2918 6.0241
2p2 -2.2822 -2.2918 6.0241
2p1 -2.2822 -2.2918 6.0241
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—REERT Uy VEERFALUZHE TR, 2T AV X -2 2E R BT
22X TERVY, FEIZS U722 X IVF —DIR, 375 PES(Potential Energy
Surface) 1%, WUIZAT—V) V752 THIRTES. ZOWBEIZLD, BRT VYUY
WIEIZ S FOMEREIZIE< AW ST WA,

MIET7 4w T4 702k 0RDZNT X=X %ZF\NWT, Hartee-Fock JELIZ & b PES
ZFHAL, 2FFOLOLEELZ. M4 LiH OkELRY FUL4) 8O BH (k#EL
TRUFE) LU

BT D JE FIEFERE & R IO ORI 2V F—, ROKASME T 32 L X —%
FA4ITRT. FFHE#EREOME T, LiHIE LT & H- i, BHIEBT & H™ (2
fiitd 5.

X 912 LiH @, 10 BH ®, PES #X/Rd 5. M3 7RI [a.0], Mok, 7%=
NEBFHEIIBIIZ2L2T2VF—, AN MCP 2FHUZHEIBIIZ22T 2L —T
Hob. 777 BN, HAREHEERZEIILZEEDIRIVF—THE. WThDHF
b, HEEEZEETICRE S T2 5 I RERRIED T 2 L ¥ — AL U 72,

E7, ENTNORLEEM %R 5 ITRT.

WIENE, IBIRBREL —HLTWB00bh 5. KHIRZEHR#HENIZIFEL L, #Ex
FNF— DM EE UTIEZNRDICREEZEATHWTE, T 22X LE—0D
FIRHA 2R 2Bz DWW T IE, MERWEWR 5.

%% 4 Hartree-Fock IZ X AfESHMEt 2L ¥ —

Etotal Tau] #ii & et = 4 )L % — [kcal/mol]
&1 MCP | 2% MCP %4 W=

LiH | -7.724 -0.4879 | 165.036 166.506 1.470  0.8907%
BH | -24.73  -2.782 | 254.875 249.869 -5.007 -1.9643%

# 5 Hartree-Fock 12 & % ixZ & it [a.u.]

i | 2T  MCP
LiH 3.05 3.00
BH 2.30 2.30
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6 #HEfh

ARWZETIE, BAFORTALYFBEICHHA I NS HiiZ2, MADNESS %#FH U CE{ET
57007 LANERTBHI LI, BFERMD LCAO AFMEZ IS 2z L, 3IRILHE
RIEJE ETOISHREMEIZ DWW TN,

LCAO T®» CPHF/KS Tl&, HEEMICHT2MHEMBBETHIIZE1hrH5T,
FEFIZRONRETHEZT R > TV /22D o TWZED i 2B 5 22T
7.

MCP OFETI, A7 vy v VOIREKRFEORE S &, MHMEOEWEE TORRRR
DEZH ST L, TN U TEERFEEDRWFERZ IO D, #E5R % FTAM
L7-.

LCAO H#Ei%, HA» S ANITIERITEVWHERR D TE AR EN LR, Eh:
FIETHY, BMHETE->T, ZLOMFEEICEY, RLARIEHANEZEZONTELZNTHX
A LTHD. BRIPEERN»Z2DT, THILROFRL INTELEZIICHE L
INTE, DAEVIAELUZ L DUV B TONTEEZHR T EEZZ DD LFZION, Y
MO BHMEOBHEDZHIZ, RRBLULTW BENH L7255,

ZDMENRED—RIE BRNIEFENTH 5.

B

AWFZRIZHZ0, BEHEL U TRIED 72720 BIE L IBETE W 72 BBHEMRE K
Pz BB FE R LA, HENEDA TR AEITHIREEW 2 [ RZEBE SR RLELE,
HFEMZFEE WO BT £ I, HEZH W/, K University of Tennessee & O
Oak Ridge National Labratory #/T## Robert J. Harrison 64, 2 EOJEKIZH 7z -
TEESEZEO TR EM R, U THIEZOEKICL»SHELEL LI ET.
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ik A

MCP % ffl&iA A 7243 1 Hartree-Fock/DFT % 7’0 25 A moldft DY — A3 — R
D55, MCP IZBbH L~z KL, POMEICINES L5 ICHEL TH#KT 5. A1
Y 7B T Aldmoldft.cc THDA, main BABUIAIKRL 2. £72, moldft ZHEET 5
d— NZZhZT TR,

BHDY —A3—RNiZ [7] TRRTE 5.

corepotential.h
/*
This file is part of MADNESS.

Copyright (C) 2007,2010 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.

You should have received a copy of the GNU General Public License

along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

For more information please contact:

Robert J. Harrison
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Oak Ridge National Laboratory
One Bethel Valley Road
P.0. Box 2008, MS-6367

email: harrisonrj@ornl.gov
tel: 865-241-3937
fax: 865-572-0680

$Id$
*/

#ifndef MADNESS_COREPOTENTIAL_H
#define MADNESS_COREPOTENTIAL_H

/// \file corepotential.h

/// \brief Declaration of core potential related class

#include <madness_config.h>
#include <constants.h>
#include <moldft/atomutil.h>
#include <world/print.h>
#include <map>

#include <set>

#include <vector>

#include <string>

#include <cmath>

#include <iostream>
#include <sstream>

using std::cout;

using std::endl;

using std::vector;
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/17
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Represents a core potential

General Core Potential is able to write down as following form:
\f$ U(r) = \sum_k A_k r~"(n_k-2) exp(-alpha_k r~2)

\sum_m |Y_1m \rangle \langle Y_lm| \£f$
CorePotential holds these parameters (l,n,A,alpha)

Note: CorePotential::eval() currently ignores ‘1’.
(It means ‘\f$\sum_m |Y_1m \rangle \langle Y_1m|\f$’

is always ‘1°.)

struct CorePotential {

std::vector<int> 1; ///< Angular momentum = 0, 1, 2,
std: :vector<int> n;

std: :vector<double> A;

std::vector<double> alpha;

double eprec, rcutO, rcut;

CorePotential() : 1), n(), A, alpha() {};
CorePotential (const std::vector<int>& 1,
const std::vector<int>& n,
const std::vector<double>& A,
const std::vector<double>& alpha)
: 1(1), n(n), ACA), alpha(alpha), eprec(le-4),
rcut0(1.0), rcut(1.0) {};

double eval(double r) const;

double eval_derivative(double xi, double r) const;

std::string to_string () const;

template <typename Archive>

void serialize(Archive& ar) {
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ar & 1 & n & A & alpha & eprec & rcutO & rcut;

};

struct CoreOrbital {
double Bc;
int type;
vector<double> coeff, expnt;

double rsqgmax;

CoreOrbital() : Bc(0), type(0), coeff(), expnt(),
rsqmax(0.0) {%}
CoreOrbital(int type,
const std::vector<double>& coeff,

const std::vector<double>& expnt,

double Bc)
: Bc(Bc), type(type), coeff(coeff),
expnt (expnt)
{
double minexpnt = expnt[0];
for (unsigned int i=1; i<expnt.size(); ++i)
minexpnt = std::min(minexpnt,expnt[i]);
rsqmax = 18.4/minexpnt;
3

double eval_radial(double rsq) const;

double eval_radial_derivative(double rsq, double xi) const;

double eval_spherical_harmonics(int m, double x, double vy,

double z, double& dp, int axis) const;

double eval(int m, double rsq, double x, double vy,
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double z) const;

double eval_derivative(int m, int axis, double xi,

double rsq, double x, double y, double z) const;

template <typename Archive>

void serialize(Archive& ar) {
ar & Bc & type & rsqmax;
ar & coeff & expnt;

};

struct AtomCore {
unsigned int atomic_number;
unsigned int ncore;
std: :vector<CoreOrbital> orbital;

CorePotential potential;

AtomCore() : atomic_number(0), ncore(0), orbital(),

potential () {};

inline unsigned int n_orbital() const { return ncore; };

template <typename Archive>
void serialize(Archive& ar) {
ar & atomic_number & ncore;
ar & potential;
for (std::vector<CoreOrbital>::iterator it=orbital.begin();
it != orbital.end();
++it) {
ar & (xit);
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};

class CorePotentialManager {
static const double fc;
std::string core_type;
///< core potential type (eg. mcp)
std::string guess_filename;
///< filename of initial guess density data
std: :map<unsigned int,AtomCore> atom_core;

///< core potential data mapped atn to potential

public:
CorePotentialManager ()
core_type(""),
guess_filename(""),

atom_core() {}

CorePotentialManager (std: :string filename, double eprec)
core_type(filename) {

read_file(filename, std::set<unsigned int>(), eprec);

inline bool is_defined(const unsigned int atn) const {

return (atom_core.find(atn) != atom_core.end());

inline unsigned int n_core_orb(const unsigned int atn) const {

return (*x(atom_core.find(atn))) .second.n_orbital();

inline unsigned int n_core_orb_base(const unsigned int atn)
const {

return (x(atom_core.find(atn))) .second.orbital.size();
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inline std::string guess_file() const {

return guess_filename;

AtomCore get_atom_core(unsigned int atn) const {

return atom_core.find(atn)->second;

CorePotential get_potential(unsigned int atn) const {

return atom_core.find(atn)->second.potential;

inline unsigned int get_core_l(unsigned int atn,
unsigned int core) const {

return get_atom_core(atn).orbital[core].type;

inline double get_core_bc(unsigned int atn,
unsigned int core) const {

return get_atom_core(atn).orbital[core] .Bc*xfc/2;

inline double core_eval(unsigned int atn, unsigned int core,
int m, double rsq, double x, double y, double z) const {

return get_atom_core(atn).orbital[core].eval(m, rsq, x, y, 2);

inline double core_derivative(unsigned int atn,
unsigned int core, int m, int axis, double xi,
double rsq, double x, double y, double z) const {

return get_atom_core(atn).orbital [core]
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.eval_derivative(m, axis, xi, rsq, x, y, 2);

double potential(unsigned int atn, double r) const {
AtomCore ac = (x(atom_core.find(atn))).second;

return ac.potential.eval(r);

double potential_derivative(unsigned int atn, double xi,
double r) const {
AtomCore ac = (x(atom_core.find(atn))) .second;

return ac.potential.eval_derivative(xi, r);

void read_file(std::string filename,

std::set<unsigned int> atomset, double eprec);

void set_eprec(double value);

void set_rcut(double value);

template <typename Archive>
void serialize(Archive& ar) {
ar & core_type;
ar & guess_filename;
typedef std::map<unsigned int, AtomCore>::iterator Iter;
for (Iter it=atom_core.begin();
it != atom_core.end();
++it) {

ar & it->first & it->second;
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#endif

corepotential.cc

/*
This file is part of MADNESS.

Copyright (C) 2007,2010 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
For more information please contact:

Robert J. Harrison

Oak Ridge National Laboratory

One Bethel Valley Road
P.0. Box 2008, MS-6367
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email:
tel:

fax:

$I14$
*/

/// \fil
/// \bri

#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
using st

using st

harrisonrj@ornl.gov
865-241-3937
865-572-0680

e corepotential.cc

ef Simple management of core potential and orbital information

<madness_config.h>
<constants.h>
<mra/mra.h>
<tinyxml/tinyxml.h>
<moldft/corepotential.h>
<cstdio>
<cmath>
<string>
<sstream>
<vector>
<utility>
<map>
<set>

d::string;

d::vector;

using namespace madness;

typedef
typedef
typedef
typedef
typedef

Vector<double,3> coordT;

std: :shared_ptr< FunctionFunctorInterface<double,3> > functorT;
Function<double,3> functionT;

FunctionFactory<double,3> factoryT;

vector<functionT> vecfuncT;
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const double CorePotentialManager::fc = 2.0;

double CorePotential::eval(double r) const {
double u = 0.0;
double rr = r*r;
double sp_n = smoothed_potential (r*rcut)*rcut;

for (unsigned int i=0; i<A.size(); ++i) {

double rn = 1.0;
double sp = sp_n;
if (i==0) {

sp = smoothed_potential (r*rcut0)*rcut0;
}
switch (n[i]) {

//case 0: rn = sp*sp; break;

case 1: rn = sp; break;

case 2: rn = 1.0; break;

//case 3: rn = r; break;

//case 4: rn = rr; break;

default: rn = pow(r, n[i] - 2);

}

u += A[i] * rn * exp(-alphal[i] * rr);
}
return u;

double CorePotential::eval_derivative(double xi, double r) const {
double u = 0.0;
double rr = r*r;
double sp_n = smoothed_potential (r*rcut)*rcut;
double dsp_n = -dsmoothed_potential (r*rcut)*rcut*rcut;
for (unsigned int i=0; i<A.size(); ++i) {

double rn2 = 1.0;
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double rn4d = 1.0;
double sp = sp_n;
double dsp = dsp_n;
if (i==0) {
sp = smoothed_potential (r*rcut0)*rcut0;
dsp = -dsmoothed_potential (r*rcut0)*rcutO*rcutO;
}
switch (n[i]) {
//case 0: rn2 = sp*sp; rnd = rn2*rn2; break;

case 1: rn2 = sp; rn4 = dsp*sp; break;

case 2: rn2 = 1.0; rnd dsp; break;
//case 3: rn2 = r; rn4 = sp; break;
//case 4: rn2 = rr; rn4d = 1.0; break;
default: rn2 = pow(r, n[i] - 2); rnd4 = pow(r, n[i] - 4);
}
u += A[i] * xi * exp(-alphal[i] * rr)
* ((m[i]-2) * rm4 - 2.0 * alphali] * rn2);
}

return u;

string CorePotential::to_string () const {
std::ostringstream oss;
for (unsigned int i=0; i<A.size(); ++i) {
oss.precision(8);
oss << std::scientific;
std::string sep = " "5
oss << 1[i] << sep
<< n[i] << sep
<< alphal[i] << sep
<< A[i] << endl;

}

return oss.str();
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double CoreOrbital::eval_radial(double rsq) const {
double s=0.0;
for (unsigned int k=0; k<expnt.size(); ++k) {
s += coeff[k] * pow((2 * expnt[k] / madness::constants::pi), 0.75)
* exp(-1.0 * expnt[k] * rsq);
}

return s;

double CoreOrbital::eval_radial_derivative(double rsq, double xi) const {
double s=0.0;
for (unsigned int k=0; k<expnt.size(); ++k) {
s += coeff[k] * pow((2 * expnt[k] / madness::constants::pi), 0.75)
*x exp(-1.0 * expnt[k] * rsq) * (-2.0 * expnt[k] * xi);
}

return s;

double CoreOrbital::eval_spherical_harmonics(int m, double x, double y,

double z, double& dp, int axis=0) const {

double p = 1.0;

dp = 0.0;

switch (type) {
case O:

break;

case 1:

switch (m) {

case 0: p *= x; if (axis == 0) dp = 1.0; break;
case 1: p *x= y; if (axis == 1) dp = 1.0; break;
case 2: p *= z; if (axis == 2) dp = 1.0; break;

default: throw "INVALID MAGNETIC QUANTUM NUMBER";
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}
break;
case 2:
{ /// braces need by some compilers to limit scope of fac
static const double fac = 1.0; //sqrt(3.0);
switch (m) {
case 0: p *= x*x; if (axis == 0) dp = 2*x; break;
case 1: p *= xxyx*xfac;
if (axis == 0) dp = yxfac;
else if (axis == 1) dp = x*fac;
break;
case 2: p *x= xxzx*xfac;
if (axis == 0) dp = zxfac;
else if (axis == 2) dp = x*fac;
break;
case 3: p *x= yxy; if (axis == 1) dp = 2%y; break;
case 4: p *= y*zxfac;
if (axis == 1) dp = zxfac;
else if (axis == 2) dp = y*fac;
break;
case 5: p *= zxz; if (axis == 2) dp = 2*z; break;
default: throw "INVALID MAGNETIC QUANTUM NUMBER";
}
}
break;
case 3:
switch (m) {

case 0: p *= x*x*Xx;

if (axis == 0) dp = 3*x*x;
break;

case 1: p *= Xkx*y;
if (axis == 0) dp = 2*x*y;
else if (axis == 1) dp = x*x;
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break;
case 2: p *= X*X*Z;
if (axis == 0) dp = 2*x*z;
else if (axis == 2) dp = x*x;
break;
case 3: p *= X*y*y;
if (axis == 0) dp = y*y;
else if (axis == 1) dp = 2x*xx*y;
break;
case 4: p *= x*y*z;
if (axis == 0) dp = y*z;
else if (axis == 1) dp = x*z;
else dp = xx*y;
break;
case 5: p *= X*z*Z;
if (axis == 0) dp = z*z;
else if (axis == 2) dp = 2*x*z;
break;

case 6: p *= yxy*y;

if (axis == 1) dp = 3*y*y;
break;

case 7: p *= y*xy*z;
if (axis == 1) dp = 2xy*z;

else if (axis == 2) dp = y*y;
break;

case 8: p *= y*xz*z;
if (axis == 1) dp = zx*z;
else if (axis == 2) dp = 2xyx*z;
break;

case 9: p *= z*z*z;
if (axis == 2) dp = 3*zx*z;
break;

default: throw "INVALID MAGNETIC QUANTUM NUMBER";
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}

break;

default:
throw "UNKNOWN ANGULAR MOMENTUM";
}

return p;

double CoreOrbital::eval(int m, double rsq, double x, double y,

double z) const {

if (m < 0 || m >= (type+l)*(type+2)/2)
throw "INVALID MAGNETIC QUANTUM NUMBER";

double R = eval_radial(rsq);

if (fabs(R) < 1e-8) {
return 0.0;

}

double dummy;

double p = eval_spherical_harmonics(m, x, y, z, dummy);

return Rx*p;

double CoreOrbital::eval_derivative(int m, int axis, double xi,

double rsq, double x, double y, double z) const {

if (m < 0 || m >= (type+l)*(type+2)/2)
throw "INVALID MAGNETIC QUANTUM NUMBER";

double R = eval_radial(rsq);

double dR = eval_radial_derivative(rsq, xi);

if (fabs(R) < 1e-8) {
return 0.0;

}

double dp;

double p = eval_spherical_harmonics(m, x, y, z, dp, axis);
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return dR*p + Rxdp;

static const string dir = "coredata/";

static bool read_potential(TiXmlElement* elem, AtomCore& ac, double eprec) {
TiXmlElement* p = elem->FirstChildElement ("potential");

if (!'p) return false;

std::istringstream iss(p->GetText());

int 1, n;

double e, c;

vector<int> vl, vn;

vector<double> ve, vc;

while (iss >> 1) {
iss >> n >> e >> c;
if (1<0) continue;
v1.push_back(1);
vn.push_back(n);
ve.push_back(e) ;
vc.push_back(c);

}

ac.potential.l = vl;
ac.potential.n = vn;
ac.potential.A = vc;

ac.potential.alpha = ve;

ac.potential.eprec = eprec;

int atn = ac.atomic_number;

int ncore = ac.ncore;

//ac.potential.rcutO = 1.0/smoothing_parameter(ncore*2, eprec);
ac.potential.rcutO0 = 1.0/smoothing_parameter(ncore*x2, 1.0);
//ac.potential.rcut = 1.0/smoothing parameter(atn-ncore*2, eprec);

ac.potential.rcut = 1.0/smoothing_parameter (atn-ncorex*2, 1.0);
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return true;

static bool read_orbital(TiXmlElement* e, AtomCore& ac) {
TiXmlElement* p = e->FirstChildElement("core");

if (!p) return false;

std::istringstream i_num(p->Attribute("num"));

i_num >> ac.ncore;

vector<CoreOrbital> vc;

for (TiXmlElement* node = p->FirstChildElement("orbital");
node;
node = node->NextSiblingElement("orbital")) {
int type;
vector<double> coeff, expnt;
double c, e;
double bc;
std::istringstream i_bc(node->Attribute("bc"));
i_bc >> bc;
std::istringstream i_type(node->Attribute("type"));
i_type >> type;
std::istringstream iss(node->GetText());
while (iss >> e) {
iss >> c;
coeff.push_back(c);
expnt.push_back(e) ;
}
CoreOrbital co(type, coeff, expnt, bc);
vc.push_back(co);
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ac.orbital = vc;
return true;

static AtomCore read_atom(TiXmlElement* e, unsigned int atn, double eprec) {
AtomCore ac;

ac.atomic_number = atn;

if (lread_orbital(e, ac)) {

MADNESS_EXCEPTION("CORE_INFO: read_orbital failed.", -1);
}
if (!read_potential(e, ac, eprec)) {
MADNESS_EXCEPTION("CORE_INFO: read_potential failed.", -1);
}

return ac;

void CorePotentialManager::read_file(string filename,
std::set<unsigned int> atomset, double eprec) {
core_type = filename;

guess_filename = dir + filename + "_guess";

TiXmlDocument doc(dir + core_type);
if (!doc.LoadFile()) {
MADNESS_EXCEPTION(("CORE_INFO: Failed to load core_info data file: "
+ dir + core_type).c_str(), -1);
return;
}
TiXmlElement* core_info = doc.FirstChildElement();
if ('core_info) {

MADNESS_EXCEPTION("CORE_INFO: core_info data file is not valid.", -1);
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return;

for (TiXmlElement* node = core_info->FirstChildElement ("atom") ;
node;
node = node->NextSiblingElement("atom")) {
unsigned int atn = symbol_to_atomic_number (node->Attribute("symbol"));
if (atomset.find(atn) !'= atomset.end()) {
AtomCore ac = read_atom(node, atn, eprec);
if (ac.n_orbital() == 0) {
MADNESS_EXCEPTION("CORE_INFO: read_atom Failed.", -1);
return;

by

atom_core.insert(std: :pair<unsigned int,AtomCore>(atn, ac));

vector<unsigned int> atns;

typedef std::map<unsigned int, AtomCore>::iterator Iter;

for (Iter it = atom_core.begin(); it != atom_core.end(); ++it) {
atns.push_back(it->first);

}

madness: :print ("MCP parameters loaded for atomic numbers:", atns);

void CorePotentialManager::set_eprec(double value) {
typedef std::map<unsigned int,AtomCore>::iterator Iter;
for (Iter it=atom_core.begin(); it != atom_core.end(); ++it) {
it->second.potential.eprec = value;
double q0 = it->second.ncore * 2;
double q = it->first - it->second.ncore * 2;
it->second.potential.rcutO0 = 1.0 / smoothing_ parameter(q0, value);

it->second.potential.rcut = 1.0 / smoothing_parameter(q, value);
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void CorePotentialManager: :set_rcut(double value) {
typedef std::map<unsigned int,AtomCore>::iterator Iter;
for (Iter it=atom_core.begin(); it != atom_core.end(); ++it) {
it->second.potential.rcut0 = (value<=0.0) 7 1.0 : value;

it->second.potential.rcut = (value<=0.0) 7 1.0 : value;

}
}
molecule.h
/*

This file is part of MADNESS.

Copyright (C) 2007,2010 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.
You should have received a copy of the GNU General Public License

along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
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For more information please contact:

Robert J. Harrison

Oak Ridge National Laboratory
One Bethel Valley Road

P.0. Box 2008, MS-6367

email: harrisonrj@ornl.gov
tel: 865-241-3937
fax: 865-572-0680

$Id$
*/
#ifndef MADNESS_MOLECULE_H
#define MADNESS_MOLECULE_H

/// \file moldft/molecule.h

/// \brief Declaration of molecule related classes and functions

#include <moldft/corepotential.h>
#include <moldft/atomutil.h>

#include <world/array.h>

#include
#include
#include
#include
#include
#include
#include

#include

<vector>

<string>

<iostream>

<fstream>

<gstream>

<algorithm>

<ctype.h>

<cmath>

#include <tensor/tensor.h>

#include <misc/misc.h>
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class Atom {
public:
double x, y, z, q; ///< Coordinates and charge in atomic units

unsigned int atomic_number; ///< Atomic number

explicit Atom(double x, double y, double z, double q,
unsigned int atomic_number)

: x(x), y(y), z(z), q(q), atomic_number(atomic_number) {}

Atom(const Atom& a)
: x(a.x), y(a.y), z(a.z), qla.q),

atomic_number(a.atomic_number) {3}

/// Default construct makes a zero charge ghost atom at origin
Atom()
: x(0), y(0), z(0), q(0), atomic_number(0) {}

madness: :Vector<double,3> get_coords() const {

return madness::vec(x, y, 2z);

template <typename Archive>
void serialize(Archive& ar) {

ar & x & y & z & q & atomic_number;

};

std::ostream& operator<<(std::ostream& s, const Atom& atom);

class Molecule {

private:
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// If you add more fields don’t forget to serialize them

std: :vector<Atom> atoms;

std: :vector<double> rcut; // Reciprocal of the smoothing radius
double eprec; // Error in energy/atom due to smoothing
CorePotentialManager core_pot;

madness: :Tensor<double> field;

void swapaxes(int ix, int iy);

template <typename opT>

bool test_for_op(double xaxis, double yaxis, double zaxis, opT op) const;
bool test_for_c2(double xaxis, double yaxis, double zaxis) const;
bool test_for_sigma(double xaxis, double yaxis, double zaxis) const;
bool test_for_inverse() const;

public:
/// Makes a molecule with zero atoms
Molecule() : atoms(), rcut(), eprec(le-4), core_pot(), field(3L) {};
Molecule(const std::string& filename);
void read_file(const std::string& filename);
void read_core_file(const std::string& filename);
std::string guess_file() const { return core_pot.guess_file(); };

unsigned int n_core_orb_all() const ;

unsigned int n_core_orb(unsigned int atn) const {
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if (core_pot.is_defined(atn))
return core_pot.n_core_orb_base(atn);
else

return O;

};

unsigned int get_core_l(unsigned int atn, unsigned int c) const {

return core_pot.get_core_l(atn, c);

double get_core_bc(unsigned int atn, unsigned int c) const {

return core_pot.get_core_bc(atn, c);

double core_eval(int atom, unsigned int core, int m, double x,

double y, double z) const;

double core_derivative(int atom, int axis, unsigned int core, int m,

double x, double y, double z) const;

bool is_potential_defined(unsigned int atn) const {
return core_pot.is_defined(atn);

};

bool is_potential_defined_atom(int i) const {

return core_pot.is_defined(atoms[i].atomic_number) ;

};

void add_atom(double x, double y, double z, double g, int atn);

int natom() const {
return atoms.size();

};
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void set_atom_coords(unsigned int i, double x, double y, double z);

madness: : Tensor<double> get_all_coords() const;

std: :vector< madness: :Vector<double,3> > get_all_coords_vec() const;

std: :vector<double> atomic_radii;

void set_all_coords(const madness::Tensor<double>& newcoords) ;

void set_eprec(double value);

void set_rcut(double value);

void set_core_eprec(double value) {

core_pot.set_eprec(value) ;

void set_core_rcut(double value) {

core_pot.set_rcut(value);

double get_eprec() const {

return eprec;

double bounding_cube() const;

const Atom& get_atom(unsigned int i) const;

void print() const;
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double inter_atomic_distance(unsigned int i,unsigned int j) const;

double nuclear_repulsion_energy() const;

double nuclear_repulsion_derivative(int i, int j) const;

double nuclear_dipole(int axis) const;

double nuclear_charge_density(double x, double y, double z) const;

double mol_nuclear_charge_density(double x, double y, double z) const;

double smallest_length_scale() const;

void identify_point_group();

void center();

void orient();

double total_nuclear_charge() const;

double nuclear_attraction_potential(double x, double y, double z) const;

double molecular_core_potential(double x, double y, double z) const;

double core_potential_derivative(int atom, int axis, double x, double y,

double z) const;

double nuclear_attraction_potential_derivative(int atom, int axis,

double x, double y, double z) const;

template <typename Archive>
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void serialize(Archive& ar) {

ar & atoms & rcut & eprec & core_pot;

#endif

molecule.cc

/*
This file is part of MADNESS.

Copyright (C) 2007,2010 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.

You should have received a copy of the GNU General Public License

along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

For more information please contact:

Robert J. Harrison
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Oak Ridge National Laboratory
One Bethel Valley Road
P.0. Box 2008, MS-6367

email: harrisonrj@ornl.gov
tel: 865-241-3937
fax: 865-572-0680

$Id: test.cc 257 2007-06-25 19:09:38Z HartmanBaker $
x/

/// \file moldft/molecule.cc

/// \brief Simple management of molecular information and potential

double Molecule::nuclear_repulsion_energy() const {
double sum = 0.0;
for (unsigned int i=0; i<atoms.size(); ++i) {
unsigned int zl1 = atoms[i].atomic_number;
if (core_pot.is_defined(zl)) zl -= core_pot.n_core_orb(zl) * 2;
for (unsigned int j=i+1; j<atoms.size(); ++j) {
unsigned int z2 = atoms[j].atomic_number;
if (core_pot.is_defined(z2)) z2 -= core_pot.n_core_orb(z2) * 2;

sum += zl1 * z2 / inter_atomic_distance(i,j);

}

return sum;

double Molecule: :nuclear_dipole(int axis) const {

double sum = 0.0;

for (unsigned int atom = 0; atom < atoms.size(); ++atom) {

67



unsigned int z = atoms[atom].atomic_number;
if (core_pot.is_defined(z)) z -= core_pot.n_core_orb(z) * 2;
double r;

switch (axis) {

case 0: r = atoms[atom].x; break;

case 1: r = atoms[atom].y; break;

atoms [atom] .z; break;

default: MADNESS_EXCEPTION("invalid axis", 0);

case 2: r

sum += r*z;

return sum;

double Molecule::nuclear_repulsion_derivative(int i, int axis) const {
double sum = 0.0;
unsigned int zl = atoms[i].atomic_number;
if (core_pot.is_defined(zl)) zl -= core_pot.n_core_orb(zl) * 2;
for (unsigned int j=0; j<atoms.size(); ++j) {
if (j !'= (unsigned int) (1)) {
unsigned int z2 = atoms[j].atomic_number;
if (core_pot.is_defined(z2)) z2 -= core_pot.n_core_orb(z2) * 2;
double r = inter_atomic_distance(i,j);
double xx;
if (axis == 0) xx = atoms[i].x - atoms[j].x;
else if (axis == 1) xx = atoms[i].y - atoms[j].y;
else xx = atoms[i].z - atoms[j].z;

sum —= xx * z1 * z2/ (r * r *x r);

}

return sum;
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unsigned int Molecule::n_core_orb_all() const {
int natom = atoms.size();

unsigned int sum = O;

for (int i=0; i<natom; ++i) {
unsigned int atn = atoms[i].atomic_number;

if (core_pot.is_defined(atn)) sum += core_pot.n_core_orb(atn);

return sum;

double Molecule::core_eval(int atom, unsigned int core, int m,
double x, double y, double z) const {
unsigned int atn = atoms[atom].atomic_number;
double xx = x - atoms[atom].x;

double yy = y - atoms[atom].y;

double zz z - atoms[atom].z;
double rsq = XX*XX + yy*yy + zz*zz;

return core_pot.core_eval(atn, core, m, rsq, XX, VY, ZZ) ;

double Molecule::core_derivative(int atom, int axis, unsigned int core,
int m, double x, double y, double z) const {

unsigned int atn = atoms[atom].atomic_number;

double xx = x - atoms[atom].x;

double yy = y - atoms[atom].y;

z - atoms[atom].z;

double zz
double rsq = XX*XX + yy*yy + zz*zz;
double xi;

if (axis == 0) xi = xx;
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else if (axis == 1) xi = yy;
else xi = zz;

return core_pot.core_derivative(atn, core, m, axis, xi, rsq, XX, yy, 2zZ);

double Molecule::molecular_core_potential(double x, double y,
double z) const {
int natom = atoms.size();

double sum = 0.0;

for (int i=0; i<natom; ++i) {
unsigned int atn = atoms[i].atomic_number;
if (core_pot.is_defined(atn)) {
double r = distance(atoms[i].x, atoms[i].y, atoms[i].z, x, y, 2);

sum += core_pot.potential(atn, r);

return sum;

double Molecule::core_potential_derivative(int atom, int axis, double x,
double y, double z) const {
int natom = atoms.size();

if (natom <= atom) return 0.0;

unsigned int atn = atoms[atom].atomic_number;

//if (lcore_pot.is_defined(atn)) return 0.0;

double xi;
if (axis == 0) xi = x-atoms[atom].x;
else if (axis == 1) xi = y-atoms[atom].y;

else xi = z-atoms[atom].z;
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double r = distance(atoms[atom].x, atoms[atom].y, atoms[atom].z, x, y,

return core_pot.potential_derivative(atn, xi, r);

void Molecule::read_core_file(const std::string& filename) {
std: :set<unsigned int> atomset;
int natom = atoms.size();
for (int i=0; i<natom; ++i) {
if (atomset.count(atoms[i].atomic_number) == 0)

atomset.insert(atoms[i] .atomic_number) ;

core_pot.read_file(filename, atomset, eprec);

//return;

// rcut update
for (int i=0; i<natom; ++i) {
unsigned int atn = atoms[i].atomic_number;
if (core_pot.is_defined(atn)) {
double q = atoms[i].q - core_pot.n_core_orb(atn) * 2;
if (q == 0.0) {
rcut[i] = 1.0;
continue;
}
double r = rcutli];
rcut[i] = 1.0/smoothing_parameter(q, eprec);
//rcut[i] = 1.0/smoothing_parameter(q, 1.0);

madness: :print ("rcut update", i, r, "to", rcutl[i]);

return;
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moldft.cc

/*
This file is part of MADNESS.

Copyright (C) 2007,2010 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.

You should have received a copy of the GNU General Public License

along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
For more information please contact:

Robert J. Harrison

Oak Ridge National Laboratory

One Bethel Valley Road

P.0. Box 2008, MS-6367

email: harrisonrj@ornl.gov
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tel: 865-241-3937
fax: 865-572-0680

$1d$
x/

/// \file moldft.cc
/// \brief Molecular HF and DFT code
/// \defgroup moldft The molecular density funcitonal and Hartree-Fock code

class MolecularCorePotentialFunctor
: public FunctionFunctorInterface<double,3> {
private:
const Molecule& molecule;
public:
MolecularCorePotentialFunctor(const Molecule& molecule)

: molecule(molecule) {}

double operator() (const coordT& x) const {

return molecule.molecular_core_potential (x[0], x[1], x[2]);

std: :vector<coordT> special_points() const {

return molecule.get_all_coords_vec();

};

class CorePotentialDerivativeFunctor
: public FunctionFunctorInterface<double,3> {
private:

const Molecule& molecule;
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const int atom;
const int axis;
std: :vector<coordT> specialpt;
public:
CorePotentialDerivativeFunctor(const Molecule& molecule,
int atom, int axis)

: molecule(molecule), atom(atom), axis(axis) {}

double operator() (const coordT& r) const {

return molecule.core_potential_derivative(atom, axis,

r[0], r[1], r[2]);

};

class CoreOrbitalFunctor : public FunctionFunctorInterface<double,3> {
const Molecule molecule;
const int atom;
const unsigned int core;
const int m;
public:
CoreOrbitalFunctor (Molecule& molecule, int atom,
unsigned int core, int m)
: molecule(molecule), atom(atom), core(core), m(m) {};
double operator() (const coordT& r) const {
return molecule.core_eval(atom, core, m, r[0], r[1], r([2]);
+;
s

class CoreOrbitalDerivativeFunctor
: public FunctionFunctorInterface<double,3> {
const Molecule molecule;
const int atom, axis;

const unsigned int core;
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const int m;
public:

CorelOrbitalDerivativeFunctor (Molecule& molecule, int atom, int axis,

unsigned int core, int m)
molecule(molecule), atom(atom), axis(axis), core(core), m(m) {};
double operator() (const coordT& r) const {
return molecule.core_derivative(atom, axis, core, m,
r[0], r[1], r[2]);

+;

s

struct Calculation {
Molecule molecule;
CalculationParameters param;
XCfunctional xc;
AtomicBasisSet aobasis;
functionT vnuc;
functionT vacuo_rho;
functionT rhoT;
functionT rho_elec;
functionT rhon;
functionT mol_mask;
functionT Uabinit;
functionT mask;
vecfuncT amo, bmo;
std: :vector<int> aset, bset;
vecfuncT ao;
std::vector<int> at_to_bf, at_nbf;
tensorT aocc, bocc;
tensorT aeps, beps;
poperatorT coulop;
std::vector< std::shared_ptr<real_derivative_3d> > gradop;

double vtol;
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double current_energy;
double esol;//etot;

double vacuo_energy;

Calculation(World & world, const char *filename)

{
if (world.rank() == 0) {
molecule.read_file(filename) ;
param.read_file(filename) ;
unsigned int n_core = 0;
if (param.core_type !'= "") {
molecule.read_core_file(param.core_type);
param.aobasis = molecule.guess_file();
n_core = molecule.n_core_orb_all();
}
molecule.orient();
aobasis.read_file(param.aobasis);
param.set_molecular_info(molecule, aobasis, n_core);
}
world.gop.broadcast_serializable(molecule, 0);
world.gop.broadcast_serializable(param, 0);
world.gop.broadcast_serializable(aobasis, 0);
xc.initialize(param.xc_data, !param.spin_restricted);
//xc.plot();
FunctionDefaults<3>::set_cubic_cell(-param.L, param.L);
set_protocol(world, le-4);
}

void load_mos(World& world) {
const double trantol = vtol / std::min(30.0, double(param.nalpha));
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const double thresh = FunctionDefaults<3>::get_thresh();
const int k = FunctionDefaults<3>::get_k();

unsigned int nmo;

bool spinrest;

amo.clear(); bmo.clear();

archive: :ParallelInputArchive ar(world, "restartdata");

/*

File format:

bool spinrestricted --> if true only alpha orbitals are present

unsigned int nmo_alpha;
Tensor<double> aeps;
Tensor<double> aocc;
vector<int> aset;

for i from 0 to nalpha-1:

Function<double,3> amo[i]

repeat for beta if !spinrestricted

*/

// LOTS OF LOGIC MISSING HERE TO CHANGE OCCUPATION NO., SET,
// EPS, SWAP, ... sigh

ar & spinrest;

ar & nmo;
MADNESS_ASSERT (nmo >= unsigned(param.nmo_alpha));
ar & aeps & aocc & aset;

amo.resize(nmo) ;
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for (unsigned int i=0; i<amo.size(); ++i) ar & amo[il];
unsigned int n_core = molecule.n_core_orb_all();
if (nmo > unsigned(param.nmo_alpha)) {
aset = vector<int>(aset.begin()+n_core,
aset.begin()+n_core+param.nmo_alpha) ;
amo = vecfuncT(amo.begin()+n_core,
amo.begin()+n_core+param.nmo_alpha) ;

aeps = copy(aeps(Slice(n_core, n_coret+param.nmo_alpha-1)));

aocc = copy(aocc(Slice(n_core, n_core+param.nmo_alpha-1)));

if (amo[0].k() '= k) {
reconstruct (world,amo) ;
for(unsigned int i = 0;i < amo.size();++i)
amo[i] = madness::project(amo[i], k, thresh, false);
world.gop.fence();
}
normalize(world, amo);
amo = transform(world, amo, Q3(matrix_inner(world, amo, amo)),
trantol, true);
truncate (world, amo);

normalize (world, amo);

if (!param.spin_restricted) {

if (spinrest) { // Only alpha spin orbitals were on disk
MADNESS_ASSERT (param.nmo_alpha >= param.nmo_beta);
bmo.resize(param.nmo_beta) ;

bset.resize(param.nmo_beta);

beps = copy(aeps(Slice(0,param.nmo_beta-1)));
bocc = copy(aocc(Slice(0,param.nmo_beta-1)));
for (int i=0; i<param.nmo_beta; ++i) bmo[i] = copy(amo[i]);
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else {
ar & nmo;

ar & beps & bocc & bset;

bmo.resize(nmo) ;

for (unsigned int i=0; i<bmo.size(); ++i) ar & bmo[il;

if (nmo > unsigned(param.nmo_beta)) {
bset = vector<int>(bset.begin()+n_core,
bset.begin()+n_core+param.nmo_beta) ;
bmo = vecfuncT(bmo.begin()+n_core,

bmo.begin()+n_core+param.nmo_beta) ;

beps = copy(beps(Slice(n_core, n_core+param.nmo_beta-1)));

bocc = copy(bocc(Slice(n_core, n_core+param.nmo_beta-1)));

if (bmo[0].k() !'= k) {
reconstruct (world,bmo) ;
for(unsigned int i = 0;i < bmo.size() ;++i)
bmo[i] = madness::project(bmo[i], k, thresh, false);

world.gop.fence();

normalize(world, bmo);
bmo = transform(world, bmo,

Q3(matrix_inner (world, bmo, bmo)), trantol, true);
truncate(world, bmo);

normalize(world, bmo);

79



void make_nuclear_potential (World & world)

{

START_TIMER (world);
vnuc = factoryT(world)

.functor (functorT (new MolecularPotentialFunctor(molecule)))

.thresh(vtol)

.truncate_on_project();
vnuc.set_thresh(FunctionDefaults<3>::get_thresh());
vnuc.reconstruct () ;

END_TIMER(world, "Project vnuclear");
if (param.core_type != "") {
START_TIMER (world) ;
functionT c_pot =
factoryT(world)
.functor (functorT(
new MolecularCorePotentialFunctor (molecule)))

.thresh(vtol)

.initial_level(4);
c_pot.set_thresh(FunctionDefaults<3>::get_thresh());
c_pot.reconstruct();

END_TIMER(world, "Project Core Pot.");

vnuc += c_pot;

vnuc.truncate();

vecfuncT core_projection(World & world, const vecfuncT & psi,

const bool include_Bc = true)

int npsi = psi.size();
if (npsi == 0) return psi;
int natom = molecule.natom();

vecfuncT proj = zero_functions<double,3>(world, npsi);
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tensorT overlap_sum(static_cast<long>(npsi));

for (int i=0; i<natom; ++i) {
Atom at = molecule.get_atom(i);
unsigned int atn = at.atomic_number;
unsigned int nshell = molecule.n_core_orb(atn);
if (nshell == 0) continue;
for (unsigned int c¢=0; c<nshell; ++c) {
unsigned int 1 = molecule.get_core_l(atn, c);
int max_m = (1+1)*(1+2)/2;
nshell -= max_m - 1;
for (int m=0; m<max_m; ++m) {
functionT core =
factoryT (world)
.functor (functorT(
new CoreOrbitalFunctor(molecule, i, c, m)));
tensorT overlap = inner(world, core, psi);
overlap_sum += overlap;
for (int j=0; j<mpsi; ++j) {
if (include_Bc)
overlap[j] *=molecule.get_core_bc(atn, c);

projl[j]l += core.scale(overlap[jl);

}
}
}
world.gop.fence();
}
if (world.rank() == 0) print("sum_k <core_k|psi_i>:", overlap_sum);

return proj;

double core_projector_derivative(World & world, const vecfuncT & mo,

const tensorT & occ, int atom, int axis)
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vecfuncT cores, dcores;
std: :vector<double> bc;
unsigned int atn = molecule.get_atom(atom).atomic_number;

unsigned int ncore = molecule.n_core_orb(atn);

// projecting core & d/dx core
for (unsigned int c¢=0; c<ncore; ++c) {
unsigned int 1 = molecule.get_core_l(atn, c);
int max_m = (1+1)*(1+2)/2;
for (int m=0; m<max_m; ++m) {
functorT func =
functorT(new CoreOrbitalFunctor(molecule, atom, c, m));
cores.push_back(functionT(
factoryT (world)
.functor (func)
.truncate_on_project()));
func = functorT(new CoreOrbitalDerivativeFunctor(molecule,
atom, axis, c, m));
dcores.push_back(functionT(
factoryT(world)
.functor (func)
.truncate_on_project()));

bc.push_back(molecule.get_core_bc(atn, c));

// calc \sum_i occ_i <psi_il|(\sum_c Bc d/dx |core><corel) |psi_i>
double r = 0.0;
for (unsigned int c¢=0; c<cores.size(); ++c) {

double rcore= 0.0;

tensorT rcores = inner(world, cores[c], mo);

tensorT rdcores = inner(world, dcores[c], mo);
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for (unsigned int i=0; i<mo.size(); ++i) {

rcore += rdcores[i] * rcores[i] * occ[i];

}

r += 2.0 * bc[c] * rcore;
}
return r;

void initial_guess(World & world)
{
START_TIMER (world);
if (param.restart) {
load_mos (world) ;
}
else {
// Use the initial density and potential
// to generate a better process map
functionT rho =
factoryT(world)
.functor (functorT(
new MolecularGuessDensityFunctor(molecule, aobasis)))
.truncate_on_project();
END_TIMER(world, "guess density");
double nel = rho.trace();
if (world.rank() == 0)

print("guess dens trace", nel);

if (world.size() > 1) {
START_TIMER(world);
LoadBalanceDeux<3> 1b(world);
1b.add_tree(vnuc, lbcost<double,3>(1.0, 0.0), false);
1b.add_tree(rho, lbcost<double,3>(1.0, 1.0), true);
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FunctionDefaults<3>::redistribute(world,
1b.load_balance(6.0));
END_TIMER(world, "guess loadbal");

// Diag approximate fock matrix to get initial mos
functionT vlocal;
if (param.nalpha + param.nbeta > 1){
START_TIMER (world) ;
vlocal = vnuc + apply(*coulop, rho);
END_TIMER(world, "guess Coulomb potn");
bool save = param.spin_restricted;
param.spin_restricted = true;
vlocal = vlocal + make_lda_potential(world, rho);
vlocal.truncate();
param.spin_restricted = save;
} else {
vlocal = vnuc;
}
rho.clear();
vlocal.reconstruct();
if (world.size() > 1){
LoadBalanceDeux<3> 1b(world);
1b.add_tree(vnuc, lbcost<double,3>(1.0, 1.0), false);
for(unsigned int i = 0;i < ao.size();++i){

1b.add_tree(ao[i], lbcost<double,3>(1.0, 1.0), false);

FunctionDefaults<3>::redistribute(world, 1lb.load_balance(6.0));

tensorT overlap = matrix_inner(world, ao, ao, true);
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tensorT kinetic = kinetic_energy_matrix(world, ao);
reconstruct (world, ao);
vlocal.reconstruct();
vecfuncT vpsi = mul_sparse(world, vlocal, ao, vtol);
compress (world, vpsi);
truncate(world, vpsi);
compress (world, ao);
tensorT potential = matrix_inner(world, vpsi, ao, true);
vpsi.clear();
tensorT fock = kinetic + potential;
fock = 0.5 * (fock + transpose(fock));
tensorT c, e;
sygv(fock, overlap, 1, c, e);
world.gop.broadcast(c.ptr(), c.size(), 0);
world.gop.broadcast(e.ptr(), e.size(), 0);
if (world.rank() == 0 && 0){
print("initial eigenvalues");
print(e);
print ("\n\nWSTHORNTON: initial eigenvectors");
print(c);
}

compress(world, ao);

unsigned int ncore = 0;
if (param.core_type !'= "") {
ncore = molecule.n_core_orb_all();
}
amo = transform(world, ao,
c(_, Slice(ncore, ncore + param.nmo_alpha - 1)), 0.0, true);
truncate(world, amo);
normalize(world, amo);

aeps = e(Slice(ncore, ncore + param.nmo_alpha - 1));
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aocc = tensorT(param.nmo_alpha);
for(int i = 0;i < param.nalpha;++i)

aocc[i] = 1.0;

aset = std::vector<int>(param.nmo_alpha,0);
if (world.rank() == 0)

std::cout << "alpha set " << 0 << " " << 0 << "-";

for(int i = 1;i < param.nmo_alpha;++i) {
aset[i] = aset[i - 1];
if (aeps[i] - aeps[i - 1] > 1.5 || aocc[i] != 1.0){
++(aset[i]);
if (world.rank() == 0){
std::cout << i - 1 << std::endl;
std::cout << "alpha set " << aset[i]

<< n n << i << H_H;

}
if (world.rank() == 0)

std::cout << param.nmo_alpha - 1 << std::endl;

if (param.nbeta && !param.spin_restricted){

bmo = transform(world, ao,
c(_, Slice(ncore, ncore + param.nmo_beta - 1)),
0.0, true);

truncate(world, bmo);

normalize(world, bmo);

beps = e(Slice(ncore, ncore + param.nmo_beta - 1));

bocc = tensorT(param.nmo_beta) ;

for(int i = 0;i < param.nbeta;++i)

bocc[i] = 1.0;
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bset = std::vector<int>(param.nmo_beta,0);

if (world.rank() == 0)
std::cout << " beta set " < 0 << " " KK 0 K "=-"y

for(int i = 1;i < param.nmo_beta;++i) {
bset[i] = bset[i - 1];
if (beps[i] - beps[i - 1] > 1.5 || bocc[i] '= 1.0){
++(bset[i]);
if (world.rank() == 0){
std::cout << i - 1 << std::endl;
std::cout << " beta set " << bset[il

<L n.n <L l <L H_Il;

}
if (world.rank() == 0)
std::cout << param.nmo_beta - 1 << std::endl;

vecfuncT apply_potential (World & world, const tensorT & occ,
const vecfuncT & amo, const vecfuncT& vf,

const vecfuncT& delrho, const functionT & vlocal,

double & exc, int ispin)

functionT vloc = vlocal;

exc = 0.0;

if (xc.is_dft() && !(xc.hf_exchange_coefficient()==1.0)) {
START_TIMER (world) ;
#ifdef MADNESS_HAS_LIBXC

exc = make_dft_energy(world, vf, ispin);
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#else

if (ispin == 0) exc = make_dft_energy(world, vf, ispin);
#endif

vloc = vloc + make_dft_potential (world, vf, ispin, 0);

//print ("VLOC1", vloc.trace(), vloc.norm2());

#ifdef MADNESS_HAS_LIBXC
if (xc.is_gga() ) {
real_function_3d vsig = make_dft_potential(world,
vf, ispin, 1);
//print ("VSIG", vsig.trace(), vsig.norm2());
real_function_3d vr(world);
for (int axis=0; axis<3; axis++) {
vr += (*gradop[axis]) (vsig);
//print ("VR", vr.trace(), vr.norm2());
}

vloc = vloc - vr;

#endif
END_TIMER(world, "DFT potential");

START_TIMER (world) ;
vecfuncT Vpsi = mul_sparse(world, vloc, amo, vtol);
END_TIMER(world, "Vxpsi");
if (xc.hf_exchange_coefficient()){
START_TIMER (world) ;
vecfuncT Kamo = apply_hf_exchange(world, occ, amo, amo);
tensorT excv = inner(world, Kamo, amo);
double exchf = 0.0;
for(unsigned long i = 0;i < amo.size();++i){

exchf -= 0.5 * excv[i] * occ[il;
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if (!'xc.is_spin_polarized()) exchf *= 2.0;

gaxpy(world, 1.0, Vpsi, -xc.hf_exchange_coefficient(), Kamo);
Kamo.clear();

END_TIMER(world, "HF exchange");

exc = exchf* xc.hf_exchange_coefficient() + exc;

}

if (param.core_type.substr(0,3) == "mcp") {
START_TIMER (world) ;
gaxpy (world, 1.0, Vpsi, 1.0, core_projection(world, amo));
END_TIMER(world, "MCP Core Projector");

}

START_TIMER (world) ;
truncate(world, Vpsi);
END_TIMER(world, "Truncate Vpsi");
world.gop.fence();

return Vpsi;

tensorT derivatives(World & world)

{
START_TIMER (world) ;

functionT rho = make_density(world, aocc, amo);
functionT brho = rho;
if (!param.spin_restricted) brho = make_density(world, bocc, bmo);

rho.gaxpy(1.0, brho, 1.0);

vecfuncT dv(molecule.natom() * 3);
vecfuncT du = zero_functions<double,3>(world, molecule.natom() * 3);
tensorT rc(molecule.natom() * 3);

for(int atom = 0;atom < molecule.natom() ;++atom){
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for(int axis = 0O;axis < 3;++axis){
functorT func(new MolecularDerivativeFunctor(molecule,
atom, axis));
dv[atom * 3 + axis] = functionT(
factoryT(world)
.functor (func)
.nofence ()
.truncate_on_project());
if (param.core_type != ""
&& molecule.is_potential_defined_atom(atom)) {
// core potential contribution
func = functorT(
new CorePotentialDerivativeFunctor (molecule,
atom, axis));
dulatom * 3 + axis] = functionT(
factoryT(world)
.functor (func)

.truncate_on_project());

// core projector contribution
rc[atom * 3 + axis] =
core_projector_derivative(world, amo, aocc,
atom, axis);
if (!param.spin_restricted) {
if (param.nbeta) rclatom * 3 + axis] +=
core_projector_derivative(world, bmo,

bocc, atom, axis);

}
else {
rclatom * 3 + axis] *= 2 *x 2;
// because of 2 electrons in each
// valence orbital bra+tket
}
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world.gop.fence();

tensorT r = inner(world, rho, dv);

world.gop.fence();

tensorT ru = inner(world, rho, du);

dv.clear();

du.clear();

world.gop.fence();

tensorT ra(r.size());

for(int atom = 0;atom < molecule.natom() ;++atom){
for(int axis = 0O;axis < 3;++axis){

ralatom * 3 + axis] =

molecule.nuclear_repulsion_derivative(atom, axis);

}
//if (world.rank() == 0) print("derivatives:\n", r, ru, rc, ra);
r += ra + ru + rc;

END_TIMER (world,"derivatives");

if (world.rank() == 0) {

print("\n Derivatives (a.u.)\n --—-————---- \n");

print(" atom X y z "
" dE/dx dE/dy dE/dz") ;

print(" -—---= —————————m —mm e "

for (int i=0; i<molecule.natom(); ++i) {
const Atom& atom = molecule.get_atom(i);
printf (" %5d %12.6f %12.6f %12.6f %12.6f %12.6f ’12.6f\n",
i, atom.x, atom.y, atom.z,

r[i*3+0], r[i*3+1], r[i*x3+2]);
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return r;

8k B
MCP XS XA —R&ZRKDBZEDIERLEZTO T LD —Aa— K%28B#d 5.

/*
This file is part of MADNESS.

Copyright (C) 2007,2011 Oak Ridge National Laboratory

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or

(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
For more information please contact:

Robert J. Harrison

Oak Ridge National Laboratory
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One Bethel Valley Road
P.0. Box 2008, MS-6367

email: harrisonrj@ornl.gov
tel: 865-241-3937
fax: 865-572-0680

$I14$
*/

/// \file mcpfit.cc
/// \brief fitting parameters of Model Core Potential

#include <mra/mra.h>

#include <linalg/solvers.h>
#include <moldft/corepotential.h>
#include <iostream>

#include <iomanip>

#include <set>

#include <cstdio>

using namespace madness;

class LevelPmap : public WorldDCPmapInterface< Key<3> > {
private:

const int nproc;
public:

LevelPmap() : nproc(0) {};

LevelPmap(World& world) : nproc(world.nproc()) {}

/// Find the owner of a given key

ProcessID owner(const Key<3>& key) const {
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};

typedef
typedef
typedef
typedef
typedef
typedef
typedef
typedef
typedef

Level n = key.level();

if (n == 0) return O;

hashT hash;

if (n <= 3 || (n&0x1)) hash = key.hash(Q);
else hash = key.parent().hash();

//hashT hash = key.hash();

return hashjnproc;

std: :shared_ptr< WorldDCPmapInterface< Key<3> > > pmapT;
Vector<double,3> coordT;

std::shared_ptr< FunctionFunctorInterface<double,3> > functorT;
Function<double,3> functionT;

vector<functionT> vecfuncT;

Tensor<double> tensorT;

FunctionFactory<double,3> factoryT;
SeparatedConvolution<double,3> operatorT;

std: :shared_ptr<operatorT> poperatorT;

static double ttt, sss;
void START_TIMER (World& world) {

world.gop.fence(); ttt=wall_time(); sss=cpu_time();

void END_TIMER(World& world, const char* msg) {

ttt=

wall_time()-ttt; sss=cpu_time()-sss;

if (world.rank()==0) printf("timer: %20.20s %8.2fs %8.2fs\n",

msg, sss, ttt);

inline double maskl(double x) {
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/* Iterated first beta function to switch smoothly
from 0->1 in [0,1]. n iterations produce 2#*n-1
zero derivatives at the end points. Order of polyn

is 37n.

Currently use one iteration so that first deriv.
is zero at interior boundary and is exactly representable

by low order multiwavelet without refinement */

X = (x*x*(3.-2.%x));

return Xx;

double mask3(const coordT& ruser) {
coordT rsim;
user_to_sim(ruser, rsim);
double x= rsim[0], y=rsim[1], z=rsim[2];
double lo = 0.0625, hi = 1.0-1lo, result = 1.0;
double rlo = 1.0/1lo;

if (x<lo)

result *= maskl(x*rlo);
else if (x>hi)

result *= maskl((1.0-x)*rlo);
if (y<lo)

result *= maskl(y*rlo);
else if (y>hi)

result *= mask1l((1.0-y)*rlo);
if (z<lo)

result *= maskl(z*rlo);
else if (z>hi)

result *= mask1((1.0-z)*rlo);
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return result;

/// Given overlap matrix, return rotation with 3rd order error
/// to orthonormalize the vectors
tensorT Q3(const tensorT& s) {

tensorT Q = inner(s,s);

Q.gaxpy(0.2,s5,-2.0/3.0);

for (int i=0; i<s.dim(0); i++) Q(i,i) += 1.0;

return Q.scale(15.0/8.0);

/%

static double dot_product (const tensorT & tl, const tensorT & t2)
double s = 0.0;
for (int i=0; i<t1.dim(0); i++) {

s += t1[i] * t2[i];

}
return s;

}

*/

static tensorT vec2tensor (const vector<double> & v) {
size_t s = v.size(Q);
tensorT t(static_cast<long>(s));
for (unsigned int i=0; i<s; i++) {
t[i] = v[i];
}

return t;

static vector<double> tensor2vec (const tensorT & t) {

size_t s = t.size();
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vector<double> v(s);

for (unsigned int i=0; i<s; i++) {
v[i] = t[i];

}

return v;

void print (const tensorT & t) {
std::cout << std::scientific << std::setprecision(12);
std::cout << "[*]" << std::endl;
for (unsigned int i=0; i<t.dim(0); ++i) {

printf("%02d: %.12e\n", i, t[il);

class CorePotentialFunctor : public FunctionFunctorInterface<double,3> {
private:
const CorePotential& pot;
public:
CorePotentialFunctor (const CorePotential& pot) : pot(pot) {}
double operator() (const coordT& x) const {
double r = sqrt(x[0]*x[0] + x[1]1*x[1] + x[2]*x[2]);

return pot.eval(r);

};

inline static double radius_function (double rsq) {
//return sqrt(rsq); // r

return rsq; // r"2

class RadiusFunctor : public FunctionFunctorInterface<double,3> {

public:
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RadiusFunctor () {}
double operator() (const coordT& x) const {

return radius_function(x[0]*x[0] + x[1]*x[1] + x[2]*x[2]);

};

class RadiusSquareFunctor : public FunctionFunctorInterface<double,3> {
public:

RadiusSquareFunctor () {}

double operator() (const coordT& x) const {

return x[0]*x[0] + x[1]*x[1] + x[2]*x[2];

};

class GaussianFunctor : public FunctionFunctorInterface<double,3> {
double alpha;
public:
GaussianFunctor (double alpha) : alpha(alpha) {}
double operator() (const coordT& x) const {
double rsq = x[0]*x[0] + x[11*x[1] + x[2]1*x[2];

return exp(-alphax*rsq);

};

class PotentialBasisFunctor : public FunctionFunctorInterface<double,3> {
int n;
double alpha, rcut;
double rn;
public:
PotentialBasisFunctor (int n, double alpha, double rcut)
: n(n), alpha(alpha), rcut(rcut) {}
double operator() (const coordT& x) const {

double rsq = x[0]*x[0] + x[1]1*x[1] + x[2]*x[2];
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double r = sqrt(rsq);
double sp = smoothed_potential (r*rcut)*rcut;
double rn = 1.0;
switch (n) {
case 0: rn = sp*sp; break;
case 1: rn = sp; break;
case 2: rn = 1.0; break;
case 3: rn = r; break;
case 4: rn = r*r; break;
default: rn = pow(r, n - 2);
}

return rn * exp(-alpha*rsq);

};

class NcOverR : public FunctionFunctorInterface<double,3> {
int Nc;
double c;
public:
NcOverR (int Nc, double c) : Nc(Nc), c(c) {}
double operator() (const coordT& x) const {
return Nc * smoothed_potential(

sqrt (x[01*x[0] + x[1]1*x[1] + x[2]*x[2]) / <) / c;

};

class CoreOrbitalFunctor : public FunctionFunctorInterface<double,3> {
CorePotentialManager & cpm;
unsigned int atn;
unsigned int core;
int m;
public:

CoreOrbitalFunctor (CorePotentialManager & cpm,
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unsigned int atn, unsigned int core, int m)
cpm(cpm) , atn(atn), core(core), m(m) {}

double operator() (const coordT& x) const {

double xx = x[0];
double yy = x[1];
double zz = x[2];

double rsq = XX*XX + yy*yy + zz*zz;

return cpm.core_eval(atn, core, m, rsq, XX, yy, ZZ);

};

struct CalculationParameters {

double dconv; ///< conversion criteria
double L; ///< box size
int maxiter; ///< max number of iteration

std::string symbol; ///< symbol of target atom
double lo; ///< smallest length scale we need to resolve
double thresh; ///< truncation threshold
double eprec; ///< precision of smoothing parameter
double delta;
///< step size to calc numerical derivative of residual
int nio; ///< number of I/0 node
bool nonlinear; ///< if true do non linear optimization

bool plot; ///< if true plot vmo or umo

CalculationParameters()
: dconv(le-6)
, L(50.0)
, maxiter(50)
, symbol("Li")
, lo(1e-10)
, thresh(le-6)
, eprec(le-4)
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, delta(0.1)

, nio(1)

, nonlinear(false)
, plot(false)

{3

void print_info () {

print (" ** Parameter settings ** ");

print (" target atom", symbol);
print (" box size", L);

print (" lo of mra", lo);
print (" thresh of mra", thresh);
print (" dconv", dconv);
print (" max iter", maxiter);
print("eprec for smoothed pot.", eprec);

print (" delta for derivative", delta);
print (" number of io node", nio);
print("non linear optimization", nonlinear);

print (" plot", plot);

void read_file (const std::string filename) {
std::ifstream f(filename.c_str());
std::string s;

while (f >> s8) {

if (s == "atom") {
f >> symbol;
}
else if (s == "conv") {

f >> dconv;

}
else if (s == "maxiter") {

f >> maxiter;
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}

else if (s == "L") {
f >> L;
}
else if (s == "thresh") {

f >> thresh;

}
else if (s == "delta") {
f >> delta;
}
else if (s == "nio") {
f >> nio;
}
else if (s == "nonlinear") {
nonlinear = true;
}
else if (s == "plot") {
plot = true;
}
else {
throw "Unknown input parameter:" + s;
}

3

print_info();

template <typename Archive>
void serialize(Archive& ar) {
ar & dconv & L & maxiter & symbol & lo
& thresh & eprec & delta & nio;
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struct Calculation {
CalculationParameters param;
CorePotentialManager corepot;
bool spin_restricted;
tensorT aeps, beps;
tensorT aocc, bocc;
vector<int> aset, bset;
vecfuncT amo, bmo;
vecfuncT vamo, vbmo;
poperatorT coulop;
unsigned int atn; ///< atomic number of target atom
unsigned int ncore; ///< number of core orbitals
unsigned int nalpha, nbeta;
///< number of valence orbitals alpha/beta
double vtol; ///< multiplication tolerance

functionT mask;

Calculation (World & world)
{
if (world.rank() == 0) {
param.read_file("fitinput");
std: :set<unsigned int> atomset;
atn = symbol_to_atomic_number (param.symbol) ;
atomset.insert(atn);
corepot.read_file("mcp", atomset, param.eprec);
MADNESS_ASSERT (corepot.is_defined(atn));
}
world.gop.broadcast_serializable(param, 0);
world.gop.broadcast_serializable(corepot, 0);
FunctionDefaults<3>::set_cubic_cell(-param.L, param.L);
atn = symbol_to_atomic_number (param.symbol) ;
ncore = corepot.n_core_orb(atn);

set_protocol(world, param.thresh);
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load_mos(world, param.symbol);
print_info();

vamo = make_reference(world, amo, aocc);
if (!spin_restricted && nbeta)

vbmo = make_reference(world, bmo, bocc);

// erase core vector
vecfuncT val_amo = vecfuncT(amo.begin()+ncore, amo.end());
amo = val_amo;
val_amo.clear();
if (!spin_restricted && nbeta) {
vecfuncT val_bmo = vecfuncT(bmo.begin()+ncore, bmo.end());
bmo = val_bmo;
val_bmo.clear();
}
print("norm2 of references");
print (norm2(world, vamo));
if (!spin_restricted && nbeta)

print (norm2(world, vbmo));

void print_info () {

print (" atomic number :", atn);

print (" number of core :", ncore);

print (" nalpha, nbeta :", nalpha, nbeta);
print(" spin_restricted :", spin_restricted);
print (" aeps :", aeps);

print (" aocc :", aocc);

if (!spin_restricted && nbeta) {
print (" beps :", beps);

print (" bocc :", bocc);
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void set_protocol (World & world, double thresh)

{

int k;

if (thresh >= 1le-2)
k = 4;

else if(thresh >= 1le-4)
k = 6;

else if (thresh >= 1e-6)
k = 8;

else if (thresh >= 1e-8)
k = 10;

else
k = 12;

FunctionDefaults<3>::set_k(k);
FunctionDefaults<3>::set_thresh(thresh);
FunctionDefaults<3>::set_refine(true);
FunctionDefaults<3>::set_initial_level(2);
FunctionDefaults<3>::set_truncate_mode(1l);
FunctionDefaults<3>::set_autorefine(false);
FunctionDefaults<3>::set_apply_randomize(false);
FunctionDefaults<3>::set_project_randomize(false);
GaussianConvolutioniDCache<double>: :map.clear();
double safety = 0.1;
vtol = FunctionDefaults<3>::get_thresh() * safety;
coulop = poperatorT(CoulombOperatorPtr(world, param.lo, thresh));
mask = functionT(
factoryT(world)

.f (mask3)

.initial_level(4)

.norefine());

if (world.rank() == 0){
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print("\nSolving with thresh", thresh, " k",
FunctionDefaults<3>::get_k(), " conv",

std: :max(thresh, param.dconv), "\n");

void load_mos (World& world, std::string atom)

{
const double thresh = FunctionDefaults<3>::get_thresh();
const int k = FunctionDefaults<3>::get_k();
unsigned int nmo;

amo.clear(); bmo.clear();

std::string refdir = "references/";

std::string filename = refdir + atom;

try {
archive::ParallelInputArchive ar(world, filename.c_str());
/*

File format:

bool spinrestricted --> if true only

alpha orbitals are present

unsigned int nmo_alpha;
Tensor<double> aeps;
Tensor<double> aocc;
vector<int> aset;

for i from O to nalpha-1:

Function<double,3> amo[i]

repeat for beta if !spinrestricted
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ar & spin_restricted;

ar & nmo;

nalpha = nmo - ncore;

nbeta = 0;

const double trantol = vtol / std::min(30.0, double(nalpha));
ar & aeps & aocc & aset;

amo.resize (nmo) ;

for (unsigned int i=0; i<amo.size(); i++) ar & amol[i];

if (amo[0].k() !'= k) {
reconstruct (world,amo) ;
for(unsigned int i = 0;i < amo.size();i++)
amo[i] = madness::project(amo[i], k, thresh, false);
world.gop.fence();
}
normalize (world, amo);
amo = transform(world, amo,
Q3(matrix_inner (world, amo, amo)), trantol, true);
truncate (world, amo);

normalize(world, amo);

if (!spin_restricted) {
ar & nmo;
nbeta = nmo - ncore;

ar & beps & bocc & bset;

bmo.resize(nmo) ;

for (unsigned int i=0; i<bmo.size(); i++) ar & bmol[i];

if (bmo[0].k() !'= k) {

reconstruct (world,bmo) ;
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for(unsigned int i = 0;i < bmo.size();i++)
bmo[i] = madness::project(bmo[i], k, thresh, false);

world.gop.fence();

normalize(world, bmo);
bmo = transform(world, bmo,

Q3(matrix_inner (world, bmo, bmo)), trantol, true);
truncate(world, bmo);

normalize(world, bmo);

}
catch (const madness::MadnessException & e) {
print(e);
std::string err_msg("The ‘mcpfit’ requires ");
err_msg += filename;
err_msg += ".00000 (and additional numbers of nio)"
"to make reference potential.\n"
"It can be produced by atom SCF using moldft.";
error (err_msg.c_str());

throw e;

vecfuncT make_reference (World & world, vecfuncT & mo, tensorT & occ)
{

int nv = mo.size() - ncore;

vecfuncT vmo = zero_functions<double,3>(world, nv);

compress (world, vmo);

reconstruct (world, amo);

norm_tree(world, amo);

if (!spin_restricted && bmo.size()) {
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reconstruct (world, bmo);

norm_tree(world, bmo);

// coulomb potential
START_TIMER (world) ;
vecfuncT psi_c(amo.begin(), amo.begin()+ncore);
vecfuncT vsq = square(world, psi_c);
compress (world, vsq);
functionT rho_c = factoryT(world);
rho_c.compress() ;
for (unsigned int i=0; i<vsq.size(); i++) {
if (occlil)
rho_c.gaxpy(1.0, vsqlil, aocc[i], false);
}
world.gop.fence();
vsq.clear();
if (!spin_restricted && bmo.size()) {
psi_c = vecfuncT(bmo.begin(), bmo.begin()+ncore);
vsq = square(world, psi_c);
compress (world, vsq);
for (unsigned int i=0; i<vsq.size(); i++) {
if (occl[il)
rho_c.gaxpy(1.0, vsqlil, bocc[i], false);
}
world.gop.fence();

vsq.clear();

}
else {

rho_c *= 2.0;
}

rho_c.truncate();

functionT coul = apply(*coulop, rho_c);
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// coulomb - Nc/r (long range term)
functionT nc_over_r = factoryT(world) .functor(
functorT(new NcOverR(2*ncore,
smoothing_parameter(2*ncore, param.eprec))))
.thresh(vtol) .initial_level(4);
nc_over_r.reconstruct();
coul -= nc_over_r;

nc_over_r.clear();

vecfuncT valencemo(mo.begin()+ncore, mo.end());

gaxpy (world, 1.0, vmo, 1.0, mul_sparse(world, coul,
valencemo, vtol));

truncate(world, vmo);

END_TIMER (world, "coulomb pot.");

// exchange potential
START_TIMER (world) ;
psi_c = vecfuncT(mo.begin(), mo.begin()+ncore);
vecfuncT psif;
for (unsigned int c¢=0; c<ncore; c++) {
for (unsigned int i=ncore; i<mo.size(); i++) {
psif.push_back(mul_sparse(mo[i], mo[c], vtol,

false));

}

world.gop.fence();

truncate(world, psif, vtol);

psif = apply(world, *coulop, psif);
truncate(world, psif, vtol);
reconstruct (world, psif);
norm_tree(world, psif);

for (unsigned int c=0; c<ncore; c++) {
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for (unsigned int i=ncore; i<mo.size(); i++) {
functionT psipsif =
mul_sparse(psif [c*nv+i-ncore], mo[c], vtol, false);
world.gop.fence();
psipsif.compressQ);

vmo [i-ncore] .gaxpy (1.0, psipsif, -1.0, false);

3

truncate(world, vmo);

END_TIMER(world, "exchange pot.");

// shift operator
START_TIMER (world) ;

unsigned int nshell = ncore;
for (unsigned int c = 0; c < nshell; ++c) {
unsigned int 1 = corepot.get_core_l(atn, c);
unsigned int max_m = (1+1)*(1+2)/2;
nshell -= max_m - 1;
double bc = corepot.get_core_bc(atn, c);
for (unsigned int m = 0; m < max_m; ++m) {
functionT core =
factoryT (world)
.functor (functorT(
new CoreOrbitalFunctor(corepot, atn, c, m)));
tensorT overlap = inner(world, core, mo);
print("for m=", m, " core orbital of ", c, "’th shell");
print(" <corel|mo> = ", overlap);
overlap *= bc;
for (unsigned int i = ncore; i < mo.size(); ++i) {

vmo [i-ncore] -= overlapl[i] * core;
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truncate(world, vmo);

END_TIMER(world, "shift operator");

return vmo;

functionT project_potential_basis (World & world,
CorePotential & cp, int i)

{
int level = 4;
if (cp.alphal[i] > 100) level += 2;
functionT uil;
double norm = 0.0;
while (norm < 1e-3) {
ul = functionT(factoryT(world)
.functor (functorT(
new PotentialBasisFunctor(cp.n[i], cp.alphalil], cp.rcut)))
.initial_level(++level) .truncate_on_project() .noautorefine());
print(" norm2 of potential basis", i, ":", ul.norm2());
norm = ul.norm2();
}
ul.truncate();
return ul;
}

vecfuncT make_Upsi (World & world, CorePotential & cp, vecfuncT & mo)
{
START_TIMER (world) ;
functionT umcp =
factoryT (world)
.functor (functorT(new CorePotentialFunctor(cp)))

.thresh(FunctionDefaults<3>::get_thresh())
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.initial_level(5);
umcp. truncate() ;
umcp.reconstruct () ;
vecfuncT umo = mul_sparse(world, umcp, mo, vtol);
umcp.clear();
truncate(world, umo);
world.gop.fence();
END_TIMER(world, "make Upsi");

return umo;

void plot_z (const charx filename, const functionT & f)
{
const int npt = 2049;
Vector<double,3> lo(vector<double>(3,0.0)),
hi(vector<double>(3,0.0));
hi[2] = 5.0;
f.reconstruct();

plot_line(filename, npt, lo, hi, f);

void plot_p (const charx filename, const vecfuncT& f)
{
const int npt = 2049;
Vector<double,3> lo(vector<double>(3,0.0)),
hi(vector<double>(3,0.0));
hi[2] = 5.0;
Vector<double,3> h = (hi - lo)*(1.0/(npt-1));

double sum = 0.0;

for (int i=0; i<3; i++) sum += h[i]x*h[i];

sum = sqrt(sum);
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World& world = f[0].world();
reconstruct (world, f);
if (world.rank() == 0) {
FILEx file = fopen(filename,"w");
for (int i=0; i<npt; i++) {
coordT r = lo + h*double(i);
fprintf (file, "%.14e ", i*sum);
plot_line_print_value(file, f[0].eval(r));

double f0 = f[0].eval(r);
double f1 = f[1].eval(xr);
double f2 = f[2].eval(r);

double v = fO*fO+f1xf1+f2*xf2;
fprintf (file, " %.14e", v);
fprintf(file, "\n");
}
fclose(file);
}
world.gop.fence();

CorePotential calc_optimal_coeffs (World & world,

CorePotential & cp)

long nparam = cp.alpha.size() - 1;
vecfuncT pbs(nparam);
functionT rf =
factoryT(world)
.functor (functorT (new RadiusFunctor()));

rf.reconstruct();

print("alpha: ", cp.alpha);
print("n: ", cp.n);

for (unsigned int i=1; i<cp.alpha.size(); i++) {
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printf("making pb for alphal/d]l=Ye\n", i, cp.alphalil);
pbs[i-1] = project_potential_basis(world, cp, i);
pbs[i-1] .reconstruct();

pbs[i-1] = rf * pbs[i-1];

pbs[i-1].truncate();

tensorT S(nparam, nparam) ;
tensorT b(nparam);
print ("making S, b");
print ("nparam=", nparam, "nalpha,nbeta=", nalpha, nbeta);
for (unsigned int j=0; j<nalpha; j++) {
print("for alpha elec", j);
vecfuncT pb_amo = mul_sparse(world, amo[j], pbs, vtol);
truncate(world, pb_amo);
S += matrix_inner(world, pb_amo, pb_amo);
b += inner(world, rfxvamo[j], pb_amo);
pb_amo.clear();
world.gop.fence();
}
if (!spin_restricted && nbeta) {
for (unsigned int j=0; j<nbeta; j++) {
print("for beta elec", j);
vecfuncT pb_bmo = mul_sparse(world, bmo[j], pbs, vtol);
truncate(world, pb_bmo);
S += matrix_inner(world, pb_bmo, pb_bmo);
b += inner(world, rf*vbmo[j], pb_bmo);
pb_bmo.clear();
world.gop.fence();

}
print("S,b=\n", S, b);

115



tensorT c, s, sumsq;
long rank;
if (world.rank() == 0)
gelss(S, b, -1, ¢, s, rank, sumsq);

// solve linear equation
world.gop.broadcast_serializable(c, 0);
world.gop.broadcast_serializable(s, 0);
world.gop.broadcast_serializable(sumsq, 0);
world.gop.broadcast_serializable(rank, 0);
print("s,sumsq=", s, sumsq);
print ("rank=", rank);
print("result potential:");
printf (" *d Aol %.6e %.12e\n",

cp.1[0], cp.n[0], cp.alphal0], cp.A[0]);
for (unsigned int i=0; i<cp.alpha.size()-1; ++i) {

printf (" %hd %hd %.6e %.12e\n",
cp.1[i+1], cp.n[i+1], cp.alphali+1], c[i]);

CorePotential result = cp;
vector<double> A = tensor2vec(c);
A.insert(A.begin(), cp.A[0]);
result.A = A;

return result;

double compute_residuals (World & world, CorePotential & cp,

vecfuncT & mo, vecfuncT & wvmo)

//CorePotential cp_opt = calc_optimal_coeffs(world, cp);
//cp = cp_opt;

vecfuncT umo = make_Upsi(world, cp, mo);
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for (unsigned int i=0; i<vmo.size(); i++) {
print ("norm(vmo)", vmo[i].norm2());
print ("norm(umo)", umo[i] .norm2());
//double normratio = vmo[i] .norm2() / umo[i].norm2();
//umo[i] *= normratio;
}
vecfuncT rv = sub(world, vmo, umo);
truncate(world, rv);
functionT rf =
factoryT(world)

.functor (functorT(new RadiusFunctor()));
vecfuncT err = mul_sparse(world, rf, rv, vtol);
if (param.plot) {

static unsigned int num=0;
for (unsigned int i=0; i<rv.size(); i++) {
char fn[256];

sprintf(fn, "umo’%02d.txt", num);

plot_z(fn, umo[i]);

sprintf(fn, "vmoj%02d.txt", num);

plot_z(fn, vmo[i]);

sprintf (fn, "vmo-umo%02d.txt", num);

plot_z(fn, rv[il);

sprintf (fn, "rvmo-rumo%02d.txt", num);

plot_z(fn, err[i]);

num++;

}

umo.clear();

rv.clear();

world.gop.fence();

//tensorT rnorm = vec2tensor(norm2s(world, err));
// // sqrt of norm2’s

tensorT rnorm(static_cast<long>(err.size()));
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for (unsigned int i=0; i<err.size(); i++)
rnorm[i] = err[i] .norm2();

print("residual norm:", rnorm);

double r = 0.0;

for (int i=0; i<rnorm.dim(0); i++) {
r += rnorml[i];

}

return r / rnorm.dim(0) ;

tensorT calc_deriv (World & world, CorePotential & cp, double r)
{
size_t nparam = cp.alpha.size(Q);
tensorT deps(static_cast<long>(nparam)) ;
for (unsigned int i=1; i<nparam; i++) {
double a = cp.alphalil;
double da = a * param.delta;
CorePotential cp_mod = cp;
cp_mod.alphal[i] = atda;
cp_mod = calc_optimal_coeffs(world, cp_mod);
double rmod = compute_residuals(world, cp_mod, amo, vamo);
if (!spin_restricted && nbeta)
rmod += compute_residuals(world, cp_mod, bmo, vbmo);

deps(i) = (rmod - r) / da;

return deps;

CorePotential update (World & world, CorePotential & cp,

tensorT & deriv, double & r)
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const double tau = 0.5;

CorePotential cp_mod = cp;

double normd = deriv.normf();

double step = tau / normd;

if (step > 1) step = 1;

double rmod;

while (1) {

//double rule_value = r - step * normd; // armijo
double rule_value = r; // simple descent rule
if (false && rule_value < 0) {

step *= tau,;

continue;
}
if (step < param.dconv) throw "searching vector failed";
printf("step = %15e, Rule value =%15e\n", step, rule_value);
vector<double> amod =

tensor2vec(vec2tensor(cp.alpha) - step * deriv);
cp_mod.alpha = amod;
rmod = compute_residuals(world, cp_mod, amo, vamo);
if (!spin_restricted && nbeta)

rmod += compute_residuals(world, cp_mod, bmo, vbmo);

printf ("r(amod) = %15e\n\n", rmod);

// wolfe curvature constraint
//tensorT d2
//double 1lhs
//double rhs
//print ("deriv");

//print (d2);

//printf ("1lhs:%10e, rhs:%10e\n\n", lhs, rhs);

calc_deriv(world, cp_mod, rmod);

dot_product(d2, -deriv);

-normd;

printf("rmod:%10e, rule:%10e\n", rmod, rule_value);
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if (rmod < rule_value) break; // found
//if (rmod < rule_value && lhs > rhs) break; // found

step *= tau;

r = rmod;

return cp_mod;

};

struct CoreFittingTarget : public OptimizationTargetInterface {
World & world;
Calculation & calc;
CorePotential & cp;
mutable double xsq;
mutable double r;

mutable tensorT lastx;

CoreFittingTarget (World & world, Calculation & calc,
CorePotential & cp)
: world(world), calc(calc), cp(cp), xsq(0.0), r(100.0)
{}

bool provides_gradient() const {return true;}

double value (const tensorT & x) {
double xsq = x.sumsqQ);
if (fabs(xsq - this->xsq) < 1le-10) {
print("target: using current value (delta xsq =",
xsq - this->xsq, ")");

return this->r;
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this->xsq = xsq;

lastx = copy(x);

print("target: calc for alpha = ", x);

CorePotential cp_mod = cp;

cp_mod.alpha = tensor2vec(x);

cp_mod = calc.calc_optimal_coeffs(world, cp_mod);

double r = calc.compute_residuals(world,

cp_mod, calc.amo, calc.vamo);

if (!'calc.spin_restricted && calc.nbeta)

r += calc.compute_residuals(world,
cp_mod, calc.bmo, calc.vbmo);

world.gop.fence();

print("target: value for ", x, " =", r);

this->r = r;

return r;

tensorT gradient(const tensorT& x) {
CorePotential cp_mod = cp;
cp_mod.alpha = tensor2vec(x);
double r = value(x);
tensorT g = calc.calc_deriv(world, cp_mod, r);
world.gop.fence();
print("target: gradient for ", x, " =", g);

return g;

};

class MySteepestDescent : public OptimizerInterface {
std: :shared_ptr<OptimizationTargetInterface> target;
const double tol;

const double value_precision;
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// Numerical precision of value
const double gradient_precision;

// Numerical precision of each element of residual

double f£;

double gnorm;

public:
MySteepestDescent (

const std::shared_ptr<OptimizationTargetInterface>& target,
double tol = 1le-6,

double value_precision = le-12,
double gradient_precision = le-12)
: target(target)
, tol(tol)
, value_precision(value_precision)
, gradient_precision(gradient_precision)

, gnorm(tol*1lel6)

if (!target->provides_gradient())

throw "Steepest descent requires the gradient";

bool check_positive (tensorT & x)

{
for (TensorIterator<double> e = x.unary_iterator();
e !'= x.end();
++e) {
if (¥e < 0.0) return false;
}
return true;
}
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bool optimize(Tensor<double>& x)
{
double step = 10.0;
double fnew;
Tensor<double> g;
target->value_and_gradient(x,f,g);
gnorm = g.normf () ;
for (int i=0; i<100; i++) {
while (1) {
Tensor<double> gnew;
x.gaxpy(1.0, g, -step);
if (check_positive(x)) {
target->value_and_gradient (x,fnew,gnew) ;
if (fnew < f) {
f

fnew;

g
break;

gnew;

}

x.gaxpy (1.0, g, step);

step *= 0.5;

print("reducing step size",

f, fnew, "(", f - fnew, ")", step);
}
Tensor<double> g = target->gradient(x);
gnorm = g.normf();
print("iteration",i,"value",f,"gradient",gnorm);
if (converged()) break;
}

return converged();

bool converged() const
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};

return gnorm < tol;

double gradient_norm() const

{

return gnorm;

double value() const

{

return f;

virtual “MySteepestDescent(){}

int main (int argc, char *x*xargv) {

initialize(argc, argv);

World world(SafeMPI: :COMM_WORLD) ;

try {

startup(world, argc, argv);
FunctionDefaults<3>: :set_pmap (pmapT(new LevelPmap(world)));
Calculation calc(world);

CorePotential cp = calc.corepot.get_potential(calc.atn);

//double rl = calc.compute_residuals(world,
// cp, calc.amo, calc.vamo);
//if (!calc.spin_restricted)

// rl += calc.compute_residuals(world,
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// cp, calc.bmo, calc.vbmo);

//print("ri=", rl);

if (!calc.param.nonlinear) {
print("=== start linear optimization");
cp = calc.calc_optimal_coeffs(world, cp);
print("=== linear optimal coeffs prepared");
double r2 = calc.compute_residuals(world,
cp, calc.amo, calc.vamo);
if (!calc.spin_restricted && calc.nbeta)
r2 += calc.compute_residuals(world,
cp, calc.bmo, calc.vbmo);
//print("ri=", r1);
print ("r2=", r2);
}
else {
print("=== start non linear optimization");
//double tol = le-4; // tolerance
//double prec = calc.param.eprec; // precision
//double gprec = calc.param.eprec; // gradient precision
std: :shared_ptr<CoreFittingTarget>
target_p(new CoreFittingTarget(world, calc, cp));
//QuasiNewton optimizer(target_p, tol, prec, gprec);
MySteepestDescent optimizer(target_p);
tensorT x = vec2tensor(cp.alpha);
optimizer.optimize(x);

print("last x = ", target_p->lastx);

cp.alpha = tensor2vec(target_p->lastx);

double r = calc.compute_residuals(world,
cp, calc.amo, calc.vamo);
if ('calc.spin_restricted && calc.nbeta)
r += calc.compute_residuals(world,

cp, calc.bmo, calc.vbmo);
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print("last r=", r);

}
catch (const SafeMPI::Exception& e) {
print(e);
error ("caught an MPI exception");
}
catch (const madness::MadnessException& e) {
print(e);
error ("caught a MADNESS exception");
}
catch (const madness::TensorException& e) {
print(e);
error ("caught a Tensor exception");
}
catch (char* s) {
print(s);
error ("caught a string exception");
}
catch (const char*x s) {
print(s);
error ("caught a string exception");
}
catch (const std::string& s) {
print(s);
error ("caught a string (class) exception");
}
catch (std::bad_alloc & b) {
error ("operator new failed");
}
catch (const std::exception& e) {
print(e.what());

error ("caught an STL exception");
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}
catch (...) {

error ("caught unhandled exception");

// Nearly all memory will be freed at this point
world.gop.fence();

world.gop.fence();

ThreadPool: :end () ;

print_stats(world);

finalize();

return O;
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<?7xml version="1.0" encoding="UTF-8" 7>
<core_info>

<atom id="Li" symbol="Li" atomic_number="3">

<potential>

0 1 0.000000e+00 2.000000e+00

0 1 2.718422e+00 -1.404070e+00
0 1 1.061906e+00 -2.040843e-01
</potential>

<core num="1">

<orbital type="0" bc="4.9554840">

7.105793e+02 2.009533e-03
1.034368e+02 1.482329e-02
2.443300e+01 6.640480e-02
7.308967e+00 1.990801e-01
2.506894e+00 3.819108e-01
9.438003e-01 3.884663e-01
3.709710e-01 1.099967e-01
</orbital>
</core>

</atom>

<atom id="Be" symbol="Be" atomic_number="4">

<potential>

0 1 0.000000e+00 2.000000e+00

0 1 5.188992e+00 -1.397212e+00
0 1 2.023980e+00 -2.122203e-01
</potential>

<core num="1">

<orbital type="0" bc="9.4653380">
1.311616e+03 1.969894e-03
1.913861e+02 1.451971e-02
4.527883e+01 6.534285e-02
1.359732e+01 1.982694e-01
4.719701e+00 3.835307e-01
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1.817344e+00 3.845043e-01
7.340121e-01 1.096769e-01
</orbital>
</core>
</atom>

<atom id="B" symbol="B" atomic_number="5">

<potential>

0 1 0.000000e+00 2.000000e+00

0 1 1.603560e+01 -1.518700e+00
0 1 2.322329e+00 -2.808786e-01
</potential>

<core num="1">

<orbital type="0" bc="15.390670">

2.787867e+02 2.477011e-02
3.826330e+01 1.678633e-01
8.576375e+00 4.977570e-01
2.360978e+00 4.542732e-01
2.929847e-01 8.554471e-03
9.375142e-02 6.986010e-03
</orbital>
</core>

</atom>

<atom id="C" symbol="C" atomic_number="6">

<potential>

0 1 0.000000e+00 2.000000e+00

0 1 1.864605e+01 -1.582358e+00
0 1 3.512100e+00 -2.257663e-01
</potential>

<core num="1">
<orbital type="0" bc="22.651036">
4.090699e+02 2.446620e-02
5.616343e+01 1.667309e-01
1.263216e+01 4.985016e-01
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3.495336e+00

4.607115e-01

1.436420e-01

</orbital>
</core>

</atom>

4.533167e-01
9.069870e-03
7.456826e-03

<atom id="N" symbol="N" atomic_number="7">

<potential>
0 1
0 1
0 1
</potential>

<core num="1">

0.000000e+00
2.763930e+01
5.022100e+00

2.000000e+00
-1.595784e+00
-2.624201e-01

<orbital type="0" bc="31.258000">

.635094e+02
.738753e+01
.744855e+01
.843508e+00
.820957e+00
.633018e-01
.029459e-01

</orbital>

N O N A R NO

</core>

</atom>

.422667e-02
.657101e-01
.979887e-01
.511053e-01
.334650e-03
.410938e-03
.779541e-03

~N O » b DN

<atom id="0" symbol="0" atomic_number="8">

<potential>
0 1
0 1
0 1
</potential>

<core num="1">

0.000000e+00
4.064864e+01
5.175230e+00

2.000000e+00
-1.695591e+00
-2.183506e-01

<orbital type="0" bc="41.337314">

7.432411e+02

2.413306e-02
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1.020870e+02

2.305897e+01

6.416186e+00

9.065320e-01

2.740610e-01

</orbital>
</core>

</atom>

1.655533e-01
4.996164e-01
4.517950e-01
9.761350e-03
7.992775e-03

<atom id="F" symbol="F" atomic_number="9">

<potential>
0 1
0 1
0 1
</potential>

<core num="1">

0.000000e+00
5.202781e+01
6.206354e+00

2.000000e+00
-1.715359e+00
-2.29983be-01

<orbital type="0" bc="52.765500">

9.476157e+02
1.301841e+02
2.944885e+01
8.208941e+00
1.184390e+00
3.545967e-01
</orbital>
</core>

</atom>

.401760e-02
.651131e-01
.998040e-01
.514980e-01
.005990e-02
.202500e-03

o T S R NNt

<atom id="Ne" symbol="Ne" atomic_number="10">

<potential>
0 1
0 1
0 1
</potential>

<core num="1">

0.000000e+00
5.407668e+01
7.612973e+00

2.000000e+00
-1.635342e+00
-2.108811e-01

<orbital type="0" bc="65.544850">
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1.175870e+03 2.394744e-02
1.615680e+02 1.648909e-01
3.659069e+01 5.001582e-01
1.021284e+01 4.509687e-01
1.497330e+00 1.025659e-02
4.446700e-01 8.352764e-03
</orbital>
</core>

</atom>

<atom id="Na" symbol="Na" atomic_number="11">

<potential>

0 1 0.000000e+00 4.000000e+00
0 1 3.050656e+02 -1.743249e+00
0 1 1.464675e+01 -1.513124e+00
0 1 2.136867e+00 -8.039920e-01
0 2 4.718427e+02 -1.590759e+02
0 2 2.052377e+02 -4.548875e+00
0 2 6.894609e-01 -4.851126e-01
</potential>

<core num="2">

<orbital type="0" bc="80.957000">

1.437387e+03 2.371636e-02
1.975242e+02 1.636571e-01
4.477766e+01 4.987114e-01
1.251831e+01 4.529699e-01
1.910040e+00 1.062412e-02
6.071710e-01 8.547746e-03

</orbital>

<orbital type="0" bc="5.5940000">

1.437387e+03 6.294799e-03
1.975242e+02 4.343787e-02
4.477766e+01 1.323680e-01
1.251831e+01 1.202273e-01
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2.156724e+01

</orbital>

8.9562974e-02

</core>
</atom>

<atom id="Mg" symbol="Mg" atomic_number="12">

<potential>

0 1 0.000000e+00 4.000000e+00
0 1 3.371815e+02 -1.693663e+00
0 1 1.582292e+01 -1.422796e+00
0 1 2.309331e+00 -7.518502e-01
0 2 5.552475e+02 -1.581608e+02
0 2 2.797939e+02 -4.956377e+00
0 2 7.681323e-01 -4.550130e-01
</potential>

<core num="2">

<orbital type="0"

1
2
5
1
2
7

.726576e+03
.373122e+02
.384661e+01
.507884e+01
.375296e+00
.937981e-01

</orbital>

<orbital type="0"

1
2
5
1
2

.726576e+03
.373122e+02
.384661e+01
.507884e+01
.586516e+01

</orbital>

</core>

</atom>

</core_info>

© R R DO

bc="98.063470">
2.350363e-02
1.624787e-01
4.972212e-01
4.
1

8

549977e-01

.102567e-02
.641283e-03

bec="7.5354400">
.466155e-03
.470000e-02
.367920e-01
.251758e-01
.284621e-02
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