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Overview

| Application-Algotirhm-Architecture co-design

H/4\

— [ (3 Y - 2435

= /]

£F - Rt EEIT(HPC) 7t

2T DT ST

Application :

quantum |
material simulationn

!

Algorithm : numerical linear algebra

Architecture :

from supercomputers
to personal computers




Overview

| Application-Algotirhm-Architecture co-design

— [SRWIE)DE - HEBEHF - SRt ERMT(HPO R F DEHEHIZE

Tutorial : What is electronic state calculation ?
— (a) quantum-mechanical ‘wave’ theory
for electrons in materials (¥)
(b) basics of quantum material simulations
— effective Schrodinger equation
— generalized Hermitian eigen-value problem
(as a typical numerical problem)

Hy =)\Sy (S~

A . energy for each electron (‘eigen energy’)
y - shape of electrnic ‘wave’ (‘wavefunction’)(**)

-

(*) Walter Kohn (1923~)
Nobel Prize at 1998




Overview

| Application-Algotirhm-Architecture co-design

— [SRWIE)DE - HEBEHF - SRt ERMT(HPO R F DEHEHIZE

Tutorial : What is electronic state calculation ?
— (a) quantum-mechanical ‘wave’ theory
for electrons in materials (¥)
(b) basics of quantum material simulations
— effective Schrodinger equation
— generalized Hermitian eigen-value problem
(as a typical numerical problem)

Hy =)\Sy (S~

A . energy for each electron (‘eigen energy’)
y - shape of electrnic ‘wave’ (‘wavefunction’)(**)

-

(*) An electronic ‘wave’
(wave function)
of Benzene (CgHp)




Overview

[ Application-Algotirhm-Architecture co-design

- RS T HERH T RS B THPO D B DBHEHIZE
— BiNEEC & BEEETEFIE(workflow) ZHE 5
: iterative loop
v I
matrix S . 1 physical
generation matrix solver quantities

|

|\

J

H.S

conventional

Hy = ASy

N\

G. Eigen-Value eqgn.

quant

physical

1ties

prm‘ /

(zS—H)x=b
G. Shifted Linear egn.




Result http://www.elses.jp
[ ELSES, our electronic-structure calculation code _]

Hoshi et al.,JPSJ 82, 023710 (2013); Hoshi et al., Preprint (http://arxiv.org/abs/1307.3218)

Benchmark with upto 100M atoms( < Si: (1 26nm)3region)

aPF :amourphous-like conjugated polymer, poly-(9,9 dioctil-fluorene),
NCCS: sp2-sp3 nano composite carbon solid

4 N
(a) Order-N scaling (b) Parallel efficiency (strong scaling)
5 on the K computer ( ~all nodes)
10 103
8 aPF S | full-core calc. '
2 104 2
o 10 2 NCCS
E ()
n 3 Q
ks 10 2
L A | w/ 100M atoms i
2 10!
101 05 100 107 108 104 10° 100
Number of atoms N Number of CPU cores P




http://www.elses.jp

[ ELSES, our electronic-structure calculation code _]

Hoshi et al.,JPSJ 82, 023710 (2013); Preprint (http://arxiv.org/abs/1307.3218)

Benchmark with upto 100M atoms( < Si: (1 26nm)3region)

aPF _:amourphous-like coniugated polvmer, polv-(9.9 dioctil-fluorene),

(

| Methodology
* Oringinal linear-algebraic order-N algorithms
with generalized shifted linear equations

2 (zS—H)x =25
g * Applicable both to metals and insulators
=| *Modelled (TB-type) systems, based on ab initio calc.,
93’_ * A DFT-derived charge-self-consistent formulation (optional)
= L kbbb
1 OZ 101!

105 106 107 108 104 102 100
Number of atoms N Number of CPU cores P




Basic equations

Generalized eigen-value (GEV) equation

Hyp = ex Sy
H, S : Hermitian, S: positive definite (S = 1)

a4 N

Yk Yp

2 — &
L k

. J

—

wavefunction
formulation

a

Generalized shifted linear (GSL) equations

(28 — H)x=b (z:complexenergy)

non-Hermitian

—» =Gb
with G = (28 — H) ™! : the Green’s function

the propagation
(Green’s) function
formulation




Mathematical structure of quantum physical quantities

Generalized eigen-value problem Physical quantity in trace form
Hy, = M\ S (1)
Physical quantity with a given matrix X with the density matrix
(Ex.the caseof X =H
- ‘ _ t
> Electronic structure energy) D = Z f()\k)yk’yk (5)
k
__ t
(X) = > WXy ©
k aa
| | | _ f()\) (a ‘smoothed’
with a given weight funciton step function)
('Fermi distribution function’) 1

1
exp(B(A —p)) + 1

(3, I :given parameters )

fA) =

(3)




.

Quantum physical quantities in trace form
Sparse property of physical quantity

When we calculate a physical quantity

Te[Xp] = ) Xij pji
i.]

( X:asparse matrix )

e

.

We need the selected elements of {p;; }

~\

only among the (i, j) pairs with X;; # 0,

even if p is a dense matrix.

J

— “Quantum locality”
or “Nearsightedness principle”
W. Kohn, Phys. Rev. Lett, 76, 3168 (1996)

Simplest example

(1)

0 0 0

v

P11 P13
p= Pop. P23

P31 KPB P33

We need only
thse elements !!




[

BIRE BITRE T HAITHIECEERIEDS

- (575 — L ERERE: Hy = Sy
H, S : real symmetric ( € RVXN ) S positive definite,

— (@) S=1 orS = [, (b) BRITHEEE or

a/,—
21T

A

—iRME> T NERRERRE: (H — 28)x(2) = b (z:complex)

(

-

Remark:

HED L BNISFIRICH HBIGFE

75 EREERE

—SHFLMDFLORR

m

O BNIE—RBY




http://www.elses.jp/matrix/

‘Open data’ (175)

—\\

T —RZN—X)

)

—EFERMRELODEET. 77V X LHZERAICTT

— ME21T5ME (BREE - BB ED /) SETRE IV T A LI OEEHE

(Application-Algorithm-Architecture co-design)

T — R %R,

( )
ELSES matrix library (43%%x7t:M =102 ~100)
(a) Solid gold (b) BHEELBLEIL T 7 IR
HEEDF (RUZIVALY)
0 e : : — :
F-I:-SI-.
10
1500
201082
2500
as00 |
4500}
[ 1(I;:I:I EI:I;:I:I S(I;II -TII:I;:I:I
\_ J




http://www.elses.jp/matrix/
{ ‘Open data’ (1757 — 8\ —X) )
SEIBRMZEEDSOELTC. 7)) X LWERICITY T —2 =12,

— M B21T5HEE (BB - EEEDR2EHE IV X L] DEHERSE
(Application-Algorithm-Architecture co-design)

é )

SE BT —2ZRERIRELTWSEIET A

Matrix Market University of Florida Sparse Matrix Collection
http://math.nist.gov/MatrixMarket/ http://www.cise.ufl.edu/research/sparse/matrices/

The University of Florida Sparse Matrix Collection

For a general-audience description of the matrices and images posted here, see our shor
Sparse Matrices.

Click here for a presentation at the Harn Museum, University of Florida

The Beauty-of Mathematics :
As lllustrated by the University.of

Florida Spacse Matrix Collection

Tim Davis,\CISE
Yifan HE, AT&T Résearch

A visual repository of test data for use in comparative studies of
algorithms for numerical linear algebra, featuring nearly 500 QEETARERITECTINENIS PN S5P A

October 13,2011
sparse matrices from a variety of applications, as well as matrix

generation tools and services.

k (click reload to see a replay of the animation).
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AT (@) 3

5774 )VI0

(1) MR -FX10lc KB MF) 771 1VIOE(T =7 T« L7 k) ))
2) AT 71 IV XMUIFERDDE| 77111
(1000 EFHRDT—2T7714)0 = T771IVAEK1GB)

ex. Acceralation in the initial procedure with 10M atoms

7

(a) with non-parallel file reading single XML file
—  1=1426.6 sec
read
(b) with parallel file reading i split XML files
— T= 69.6sec
reéd reéd reéd re%d




| BERLL DR (b) BT

TRHENTCRBET —4
— BUERET & RIAR (L D— R0

— Python-based original visualization tool ‘VisBAR'’

ELSES | —>

Gaussian | =

VASP | —>




TR

ELSES#DE

S HZE DA R UF)

ODF)

e

FHEt (i) EZEHA
(i) FTE (AAF)
(i) 228

Ionlc |I(]UId (PP1 3—TFSI)

silicon

Amourphous-like conjugated polymer
(poly-(9,9 dioctyl fluorene) [HHEEL]

T diffusion
in solids
(Nishino et al.)

brittle fracture

sp2-sp3 nano-composite carbon solid
( for nano-polycrystalline diamond )

7

-

e (HEAZE - 7T — 2= 4H)
LA (k32 BENE),

EEFEE - BRER(RX), ILTTECRR IR NX),

EHRICEERN), AEME(EREF)



[ Nano-polycrystalline diamond (NPD) J

—» novel ultra-hard material
T. Irifune, et al. , Nature 421, 599 (2003) (@ Ehime Univ. )
— harder than conventional diamond crystals

p
100-nm-scale structure

macroscale
sample

industrial product (2012)
(Sumitomo Electric
Industries )




(2013)

, 023710
-COHP¥)

T

(

, JPSJ 82

et al.

Visualize only sp2 domains

domains

)

*Hoshi
(B

Massively parallel guantum molecular dynamics
Massively parallel Green’s function analysis

— the distinction between spZ and sp3

(A) Visualize sp2 and sp3 domains

)
)

- Preliminary research for nano-polycrystalline diamond
(1
(2

Visualization analysis on sp2 / sp3 nano composite carbon solid

,Z-/!\\\\\\ AN
d :\\Q/ N«,«\.\&

;////
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(1. Overview : Application-Algorithm-Architecture co-design
— 438 - $38 - HPCH EF DR 2T
2. 721l —>3>3—FELSESIC KB,
'R/ — FZEFALIEBERRRE(ERRF, 1007/ X7 —)b)
3. HEEMER T MR AEINE Y O TS0 ZEEfE A
-S> C.EIDPLEFLL
4.'Open Data’ (1757 —2~X—X)
5. BERLIN DAl
@) MEFN T 7AIVIO (= ITRIDZ T T4 L7 MUKSEE)
(b) AIRAL (EZBRENT D—RILIE)
6. G T/ Y EHE
— 3 DO (EFRFN A - FE - EZEYE)

-/ SRR A TEVR

-

;e
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[FE\ AL RIATHVIVIN=DF 21—~ )7)LEI 4R

1. BRRDEABIEBE | T 5528 | [ Ay
2. 75 DOMBIC L BBED DR

3. 175 A D48 KRS hiRAE « /RS
4.7—770—(RR)DEE%

5. F&8

\.



| BREDEABF: (SR - (2

-

Krylov (iterative) solvers D|rect solvers
- for sparce matrices - for dense matrices,
» basics of O(N) calc. + O(N3) calc
* ‘projection’ strategy * ‘transformation’ strategy

\.

ex. Conjugate Gradient
(CG) algorithm

é )

‘projection’ on the Krylov subspace of
K, (A;b) = span {b, Ab, A°b, ..., A" b}
n : subspace dimension (iteration number)

n =1 n=2 n=3 A2%p

Ab Ab
— b 4)() Z)b




| BEE QIR (SR I

-

Krylov (iterative) solvers D|rect solvers
- for sparce matrices - for dense matrices,
» basics of O(N) calc. + O(N3) calc
* ‘projection’ strategy * ‘transformation’ strategy

" “ransformation’ of the whole space
Example

0 0
0 0

dense tri-diagonal diagonal




[ 2. FFHIDMEIC K BIEDS

( .
typical Krylov
Hermitian solver for Ax=>b
- general CG

* real symmetric—T
Non-Hermitian
» general BiCG

- complex symmetric——> COCG
\

.

cf. BRGERERERADHERSE (B Template), Web TH )

Templates for the Solution of Algebraic Eigenvalue Problems (2000)
Edited by Z. Bai, J. Demmel, J. Dongarra, A. Ruhe, and H. van der Vorst
http://web.eecs.utk.edu/~dongarra/etemplates/



[ 2. FFHIDMEIC K BIEDS

(IR EDER | L L TORIERTE
— I HEFERNIERRC O BB ] | 75 [EiRE
B EFIRREFTRICIEN ARt E B {EfHERE
Hyy =Sy (S~ 1)
AN\
ficE. w1757 A v UnE 175 75 &,

cf. B2 BB EREAEEDERZE GBFrl Template], Web THR

NF)

Templates for the Solution of Algebraic Eigenvalue Problems (2000)
Edited by Z. Bai, J. Demmel, J. Dongarra, A. Ruhe, and H. van der Vorst

http://web.eecs.utk.edu/~dongarra/etemplates/




{ 3 ATFIY A RDSYE: KA PR/ RS

— /)RR EIRE Cld. e g
° =/ — /\ . =
LB 1 & 2 A AN B R NERTTH D BB X EHE ()
1000 - [~-M=10000
t A ZMT DR (FFTFY )L 13 —) S an0g
(a)A3BHE :M=10° or larger g 100 O ——M=800
((b)s81E: M=10" ) & o
(c)/NFRE :M=1 03 or smaller %
EG o ) E'IE '
() M=10/712&
8B x 100K x 100K = 80GB 0.1 — P=1024
BIN=TRTEE ) P4
(©) 1\3?010}?7313?’( . B 1 10 100 1000 10000
X 1Kx 1K = Sk
J 9 %}B\:l / ;&P D

(*) Intel Xeon (SGI Altix @ISSP), 323J#5, ScaLAPACK



[ 4. J— 70— (ER)DEEH

EERORIFRTE CTlE RNV RY 7 DERIEZ Rk,
(@) BEIAN, (b) @EIRN, () *EVIAXN, (d) 774VI/O2RX K
(e) AR b (FE)
— Application-Algorithm-Architecture co-design
—SERBEDHEFRDIEOHITIF EBEDT—770—Z2HAE T 20EHL DS (EE!)
—RBE ZNIIT7ELTDIHABEIV IV IOHEE (?)

T —FTIOFvYDOLUR
—EEMEEAERT D (AT MEREHDENBICERR T ND)
—>E7T)TIE. BAETVRD—o70—HEEIC(?)
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T
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DES | ELTDORE YD

1L#LLWEEEEN RRLAEEFDEFICERNDS

— IR 2= E #(2003)
2. EBOET. 7V A LZLE TS
—5E D BRE

3.EBOE T HIE VIV A LZES
—ENERFAEmICT V) O 7 =R




RyjE:

T

343

DES | ELTDORE YD

(DFLOBEEERS L GEENBIRNS

— IR 2= E #(2003)
2. EBOET. 7V A LZLE TS
—5E D BRE

3.EBOE T HIE VIV A LZES
—ENERFAEmICT V) O 7 =R




( Shift invariance of Krylov subspace

Kn(A+ol;b) = K,(A; b) = span {b, Ab, A*b, ..., A" b}

ex.n =3
4 3 > 4
(A+oD)’b = b A2
(A+ol)d = cb + Ab 61\2
(A+01)°b = o°b + 20Ab + A%b b
X WA VW \/\/\J . WA




Novel linear algebraic algorithms

[1] Teng et al., PRB 83, 165103 (2011); [2] Hoshi et al, JPCM 24, 165502 (2012).
[3] Sogabe JCP 231,5669 (2012); [4] Yamashita et al,, Trans. JSIAM 21, 241 (2011).

— |terative (Krylov subspace) solvers for generalized shifted linear equation

(H—25)x=0>

Mathematical %
principles S+1 S=1

glLanczos, gArnoldi,

Gerlerkin Principle Amodi. Arnoldi (MAW-G) subs. diag.
(Collinear Residual J 9sCOCG, sCOCG,
gsQMR sQMR

*Takayama et al., JPSJ73,
Sogabe et al. ETNA31, 12¢

a et al. PRB 73, 165108(2006);

iR = e
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M S MEBE DS ~Y T MUY O ERRRIC B T~

1,

& A, ok, IGFEEE 19,

163 (2009).

FTLW IV X LD RAEEZEDFICENS
i HiGREEE A. Frommer, Computing 70, 87 (2003)
-7 MR AENIST LT, L/("Fd)li’f’f%fb’) 2)a7ZE/E7 IV X LB CES
( ) A
(9) : nBEDORIEICHIFZBAY ML B
< S ' (Original 52T & Shift 5722t DRSIC)
. _ O N . 1
Original (0 =0) AIENDZENT MU "'51, ) _ - T?(LU) 3)
r0 = A20) —p (1)
Shift (o0 #0) AFEXNDIRENT ML
r%) = (A+oDzl") —b (2
\ J
L1 (ERETE®R):

N




( myomEzopa~> 7 IO EEERICEL T~
1, HLLTILTUR LD AR YEBEAFICRNS

r N
HiGREEE A. Frommer, Computing 70, 87 (2003)
-7 M ARERITHLCUTOREEZED. 7)a7ZEE 7 IV X LB CES
4 ) A

( \
%)  nEEOREICEIFREAT N || FHREREE |
" (Original5E25t & Shift STt DR IC)

Original (0 =0) ATZETNDFZRENY M ) - 1 2(0)
" = o "n 3)
r0 = A20) —p (1) Ty,
Shift (0 #0) ARRTNDFERENT ML ’?Tq(f) ATIT—

r%) = (A+ oDzl —b ()
NR)DH OIS T (3) & ED,

\_

é N L AN -\ ¢ A s
LE1I—(GRETEHTR): —Shift IR BV TIE ATH-RT b LEED,

=R, 55, IGAEUE 19, AP 5—AY M VREITTE B,
163 (2009) ) g A HEORIBED,




Shifted linear equations in physics
with Krylov subspace solvers and the collinear residual theorem

(1) (a) A. Frommer, Computing 70, 87 (2003) [ Original paper of the collinear residual theorem]
(b) J. C.R. Bloch, T. Breu, A. Frommer, S. Heybrock, K. Schafer, T. Wettig, Comp. Phys. Comm. 181, 1378 (2010)
— QCD
(2) R. Takayama, T. Hoshi, T. Sogabe, S.-L. Zhang, and T. Fujiwara, PRB 73, 165108 (2006), and others
— large-scale electronic structure calculation [present work]
(3) S. Yamamoto, T. Fujiwara, and Y. Hatsugai, PRB 76, 165114 (2007);
S.Yamamoto, T. Sogabe, T. Hoshi, S.-L. Zhang and T. Fujiwara, JPSJ 77,114713 (2008).
— many-body electron theory [full-Cl type calculation, multi-orbital extended Hubbard model, LaSrNiO]
(4) T. Mizusaki, K Kaneko, M. Honma, T. Sakurai, PRC 82, 024310 (2010)
— Shell-model calculation
(5) F. Giustino, M. L. Cohen, and S. G. Louie, PRB 81, 115105 (2010)
— GW method with the self-consistent Sternheimer equation
(6) TEIRR. —AHRIE KMe—a EHEW BREFE R, 201263A8.
— TDDFT(linear response)
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Novel linear algebraic algorithms

[1] Teng et al., PRB 83, 165103 (2011); [2] Hoshi et al, JPCM 24, 165502 (2012).
[3] Sogabe JCP 231,5669 (2012); [4] Yamashita et al,, Trans. JSIAM 21, 241 (2011).

— |terative (Krylov subspace) solvers for generalized shifted linear equation

(H—25)x=0>

Mathematical %
principles S+1 S=1

glLanczos, gArnoldi,

Gerlerkin Principle Amodi. Arnoldi (MAW-G) subs. diag.
Collinear Residual 9sCOCG, sCOCG,
QSQMR SQMR

*Takayama et al., JPSJ73, 1519 (2004); Takayf - \ N D6);
Sogabe et al. ETNA31, 126 (2008) MEDOE T LTS
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BRI DS~ T MY O EREERICH N T~

3, MIEBOET. 7V A LZLE TS
p

Residual (logscale)

=
o

-
N

RIEFTRICEITDHENZEIC BIRMMED B DD

T.Sogabe, T. Hoshi, S.-L. Zhang, T. Fujiwara, J. Comp. Phys. 231, 5669 (2012)

' GSCOCG
GSQMR
GSQMR(B)

r

\.

gsCOCGY7 LA X L
—IREDBFHBD T

gsQMR77JL 1) X L
—IREDBFEDET)

J

o

20 40 60 80 100
Number of iterations

120
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Novel linear algebraic algorithms

[1] Teng et al., PRB 83, 165103 (2011); [2] Hoshi et al, JPCM 24, 165502 (2012).
[3] Sogabe JCP 231,5669 (2012); [4] Yamashita et al,, Trans. JSIAM 21, 241 (2011).

— |terative (Krylov subspace) solvers for generalized shifted linear equation

(H—25)x=0>

Mathematical %
principles S+1 S=1

glLanczos, gArnoldi,

Galerkin Principle . o subs. diag.
mArnodi, Arnoldi (M:W:G)
Collinear Residual gsCOCG, sCOCG,
gsQMR sQMR

*Takayama et al., JPSJ73, 1519 (2004); Takayama et al. PRB 73, 165108(2006);
Sogabe et al. ETNA31, 126 (2008)



Hoshi et al., J. Phys.: Condens. Matter 24, 165502 (2012)

Overview of multiple Arnoldi method (1/2) ]

Original problem: Hy = ASy (generalized eigen-value equation) (1)
H, S : real-symmetric, .S': positive definite
Def.: multiple Krylov subspace

L = Kp(H;b)@Kq(H;S_lb) (2)
= span{ui, ug,....,u,} (uiSu;=6;) W=p+q)

Def.: subspace eigen pair : (ea,’va) (3)
(v € L, a:=1,2,...p4+ q) Tr

Def.: residual vector: 7, = (H — €,5)v0  (4) 7

Galerkin principle: 9= | £ (5)
so as to determine the subspace eigen pair of (Ea, ’Ua)
— standard eigen-value equation within the subspace



Hoshi et al., J. Phys.: Condens. Matter 24, 165502 (2012)

Overview of multiple Arnoldi method (1/2) j

Original problem: Hy = ASy (generalized eigen-value equation) (1)
H, S : real-symmetric, S': positive definite
Def.: multiple Krylov subspace

L = Kp(H;@(@\f%(H; @

g No
— S];)an_{’l,bl’’U,Q’....r = : |
‘Dual’ vectorsof b and b= S~ 1p
Def.: subspace eigen pair: (Ea, — never ‘S’-orthogonal N
(Vo € L, « bTSb=bTSS b =b"b #0
i 4

Def.: residual vector: 7, = (H — £,5)0q  (4) LA‘ | /J

Galerkin principle: 9= | £ (5)
so as to determine the subspace eigen pair of (Ea, ’Ua)
— standard eigen-value equation within the subspace




Hoshi et al., J. Phys.: Condens. Matter 24, 165502 (2012)

[ Overview of multiple Arnoldi method (2/2) j
Why multiple subspace? £ = K,(H;b)® K,(H; 5 b (v=p+q)
= BPET W s T} (wlSu; =6,)
— Exact reproduction of physical conservation 4 1
laws within the subspace Ex. bTOQXb withX = H
Def.: fully-filled limit density matrix (FFL-DM) 78 |
L/
Q=) uguy (6 =
a ke
: : : © q+0
Def.: Projected physical quantity - == )
inthe FFL: pTQXb (7) o 77 -
X :arbitrary real-symmetric matrix 5 - q=0 =y
(ex. X = H :the case of energy ) L%’ =
Theorem: 26 |
If ¢ # 0,then b1QXb = (exact) (8) 0 50 100

Subspace dimension (p+q) |

Note: () # (exact) (9)
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{

Overview of multiple Arnoldi method (extra explanation)

™

-

Def. : subspace
L K,(H;b)® K,(H;S™'b)
SPATY U5 W5 svses Wy
(u; Suj=di;)

Def. : Density matrix in the FFL
v
Q= Z U,
(8]

Theorem for physical quantity:

f ¢ #0,theb'QXb = (exact)

Proof

r

~
A ‘projection’ theorem :

QUSy =~ (0

for any verctor in the subspace

(Ye L)

Note: () = §—1 (11)

in the exact solution.

If ¢#0,then S™'be
and the ‘projection’ theorem of (10) gives

QS(S~'b) = (S7'b)  (12)

or Ob=S"1b (13)
Therefore
brOXb=0b'S"1Xb (exact) (14)

J




T

{ YRS IR DB L LTD Ry

1L#LLWEEEEN RRLAEEFDEFICERNDS

— IR 2= E #(2003)
2. EBOET. 7V A LZLE TS
—5E D BRE

3.EBOE T HIE VIV A LZES
—ENERFAEmICT V) O 7 =R




HKEERE

1.9E (EL0)
2. YR EHEE-HPCOER (ELT)




( IR BE

T

(L TRITD1004/ 25— L ERTF)EFRuEstE
—RE oA (EE) BEELGEDTEIV I 7 RAIRERFT/I\ 1A
(EHEBIHNE PPV, Poly-fluorene)
i SN DEFRILE
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YNIEE B - HPCOE R

(i) BB
(i) O—FHB
>INV TR IEHEI VY B Z) 77 DORFE
— U752 http://www.damp.tottori-u.ac.jp/~hoshi/eigen_test/
(iii) BB (7 —2)HE
— 1757 — 2 X—X (http://www.elses.jp/matrix/)
(iv) 22 = 7R
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—>RBE [0H (BE) . —>EITDIRE level-givenE! |BIENDESHIEFREY U/ \—
( (IR ZZIEHEEE+ Arnoldi(M, W, G)3E)
IEES - T Lee, Miyata, Sogabe, Hoshi, S.-L. Ziang, JJIAM 30, 625 (2013);

EASIAM, Indonesia, June. 2013.

tnIE TR CHPCODIES | 2. 3B T M RRETV: (2S-H- 2(2) ) x=b

-

\.

Ve —>E2FEBREE GEFEET ) — B
% NA[=] E,E
(il ZERRERE B

(i) I—FHH Shinaoka, Hoshi, Fujiwara, J. Phys. Soc. Jpn. 77,114712 (2008)
= SPIVYITEYN 3 i nsmsEomREE IV TR L
= ORIEIhp/M ) LABEEEA)SICED T Oy s I

(iii) SRE(T —2)HE Takahashi, Hirota, Yamamoto, ALGORITMY 2012, 151(2012).
BT T —2N TR 218, 38, LA, BRSABEF S, 2013F95

(iv) =2 =71
—ERSHREPASA2014 (NZ A7 — ]V DEBERRE, 7K, 20148E387-98 )

http://h4es.cs.tsukuba.ac.jp/epasa2014/ (NG R RS 164) Y,




NERER X ERED A (RE R ERE)

! )
(1) Point-givenZi(PAY)

—5Z2oNfcRalcxf LT a

TIEDEBIE(A = a)

(2) Range-givenZ!(REY)

St —
52BN IR bl HLT, ; A
XFERNDERE@ < A <D)
(3) Level-givenZY(LAY)(*)
SEZSNTEAL) (1 <j<M) VAN AVA <—)
ICHLT, JEEHDEEEA Aj-1 Aj Aj+1
\ _J

(*)Mevel-givenZ IRIBENDESEIRRIEY U/ \— () UXAZEBMEEE+Arnoldi(M, W, G)7E)
Lee, Miyata, Sogabe, Hoshi, S.-L. Ziang, JJIAM 30, 625 (2013); EASIAM, Indonesia, June. 2013.
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Density matrix from the Green’s function

The Green'’s function

i3 T
VoV,
G(Z)EE s

o

Imaginary part of the Greens’ function

Qle) = %ImG(snLiU)

= ) (e —€a)vavy

One-body density matrix

]_ " Fe)Q(e)de
Z f(‘fa)'va'vg

|

p






