KE®AAAIO 10

Yto kegadiaro avto Ba egappooovpe pebodovg mvaxkmv yia ) Avon tov kfaviopnxavikon
npofAnpatog tov mpoobloplonod TV EVEPYELUK®V EMUES®OV TOV AVAPIOVIKOD
taraviwtr). To npofinpa avtd Sev pnopet va hvbetl akpifoc avalvtka onote
IPEIEL va mpoo@vyovpe o Statapaktikeg 1) apidpnukeg pabobovg. Epeig Oa
avtipetenicovpe 1o npofinpa apibpnuka. I'a to oxond avto Ba npoobiopicovpe
katarindn Baon yia va ekgpacovpe t Xamhtoviavyy H vnd popen nivaxa xat

fa tov Staywvionomoovpe apidpnuika. Pvoika o mivakag avtog eival angipov
peyefoug xa Ba xprnorponooovpe v npoogyyion 1 Baon nov Ha emisfovne

va €xel nenepacpévo apdpo amo pédn. Ta va ereyfovpe my axpifera tov
amoteleopdatav pac, 0a npénel va Pefawbodpe g or vnoroyopeves TIEG
ovyxAivoov pe v embopnt) akpifeia oti¢ mpaypatkeg npéc kabag Oa vroroyiCovpe
pe ovvexag avfavopevo péyebog g Paong oto xwpo Hilbert.

I'a tov vooloyopo tev Wotpov Ba XpnonponoueovEE TI¢ DIOPOVTIVEG
nov Bpioxovpe otnv Bifiobnkny LAPACK, Ba eivar Aouwrov pia aoknon yia to
ne¢ va ovvbEovpe To Ipoypappd pag pe vaapxovoed Pifiiodnkeg.

To xe@ddao avto Baoileta ota Mathematica Notebooks tov Peter West
(http://bartok.ucsc.edu/peter/115) xa ot1¢ onpewoerg “Computational Physics”
tov U. Wolff, B. Bunk xat F. Knechtli. O gount)g mov evéiagepeta pmopet
va avatpeéel og avteg kar va g1 no¢ Abvoviar Ta mpofAnpata pe tn xpron

Mathematica xan Matlab avtiotoixa.

10.1 EIXATQI'H

H Xamitoviavy) tov appovikod talavioty Sivetar amo 1) oXEor):

1 5
Hy = P + Zmw?z? (10.1)



2 KE®AAAIO 10. O ANAPMONIKOY TAAANTQTHY

ka opiCoviag zg = /A/(mw), po = Vhmw naipvovpe myv e§lonon abiaotatmv
peyebov:

Hoy 1, py 1 x4

—=(5) (=), (10.2)

hw 2 po 2 zo
Metpoviag v evépyera og povadeg hw, T1¢ anootaoelg oe povadeg zg xa 11¢
oppeg oe povadeg pg maipvoope

1, 1.
Ho=-p* + =2° 10.3
0=3P + 3 (10.3)

O tedeotng Hp pnopel va Stayovionou)fet evkoda pe ) Porbera v teréotov

Snpmovpylag/xataotpoerg:

1
= t — i
r=—(a"+a = a —a 10.4
S0 p= s -a) (104
n
et = i) (10.5
a=—(z+i a' = —(z—1 .
V2 b 2 b
IOV 1KAVOIOODV T1) 0X&0T) petabeong
[a,al]=1 (10.6)
Kl 10TE
1
Ho =ala+ 3 (10.7)

O wkataoctaoeig ¢ Ho ikavonowovv g oxéoelg (n =0,1,2,...)
alln)y =vn+1|n+1) aln) =+/n|n—1) al0) =0 (10.8)
onote
ala|n) =n|n) (10.9)
Ka

Ho |n) = Ep |n), E,=n+ (10.10)

N | =

H avanapaotaon 6£on¢ tov 8okatactaoeov |n) elva:
1
\/ 2”71'\/}

onov Hy(z) ta moivevopa Hermite.

Yn(z) = (z|n) = "2 H, (2) (10.11)

Ao ¢ oxéoeg (10.4), (10.8) mpoxvmter 0Tt

1 1
Tom = (n|z|m) = ﬁ\/m +16n my1 + ﬁ\/ﬁénym_l (10.12)

1
= 5\/77,—1—771—1— 16|n—m|,1 (1013)

)
Pnm = <7l|p |m> = —E\/Tn + 16n,m+1 + \/Eén,m—l (1014)

i

V2
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Ao v napanave oX 01 PIopovje EDKOAQ va vIoioyilcovpe v XamAtoviavy

TOU AQVUPHOVIKOD TaAAVI®T)

H = Ho+ Az* (10.15)

Kal Ta 0'[01X81'.Cl TO0D I'ﬂ'.VCI.KCl:
Hpm = (n| H|m) = (n| Ho|m) + Mn|z*|m) (10.16)
= (n+ %)5,”” A ) (10.17)

émov 10 (%), pmopodpe va vmoloyloovpe and 1 oxéon (10.12):

o

(I4)nm = Z Inilri1i23}i2isrism . (10.18)

i1,i2,13=0

To npofinpa avayeta otov vIoroyopo tev Wiotpev tov mivaka H .y, .

10.2 YIIOAOTTXMOX IAIOTIMON H,,,

Apxika emigyovpe 1o peyebog g Baong/mvakev, eoto N. Xpnoiponowovpe
TIG OXE£0€1LG IOV AVAQEPAIE TNV PO YOUPEVT] HAPAY P UPO Y1 VU DIOAOYICOVHE

toug mivaxeq z, Ho, H. I'a napaderypa, 0tav N = 4 éxovpe:

0 & 0 0
1
L~ 0 1 o0
e=| 2 - (10.19)
0 1 0 3
3
0 0 30
20 0 0
02 0 0
Ho = 2 10.20
0 00 3 0 (10.20)
7
00 o0 I
1 32 32
0 34 152 0 3./2)
2 4 2
H= 3 . 5 m 0 (10.21)
V2 2 4
3 7 15X
0 3y/3A 0 3+

Yxomo¢ pag elval va ypagovpe £va mpoypappa mov Ba vmoloyilel g
wonpeg Fr(A). Thia to A0yo avtd eivar avaykaio o avayveotng va avarpeéet
010 50 Kt 60 Ke@AAMO TV onpelwoeav. Avil Ope¢ va ypagovue tov 61k0 pag
kobika yia tov vmoioyiopo v otpov ka 181061avoopdtov 1oV mvakov

ov pag eviia@eépovy Ba XPnO1I0IOWCOVIE TIG ETOUIEG PODTIVEG IOV DIAPXOLY
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oty Bifrwobnkn LAPACK. H Bifriobnxn avt) vnapxer otov Siktvaxd tomo
http://www.netlib.org/lapack/ xa Aemtopépeieg yra  xprjon g propovv
va Bpebovv oto http://www.netlib.org/lapack/lug/. Emoxevuite to 6 ixtoaxo
1010 K aval)THoTe povtivee oL oa¢ £vil1a@epovv.

Q¢ amlol amepol xproteg, Oa avalnmoovpe “povtive odnyovg” (driver
routines) mov kavovv pia Sovied ohoxinpowpéva. Exovpe va Stayovimomcovpe
nivaka ovppetpko xar Staréyovpe v pouvtiva DSYEV (D = double pre-
cision, SY = symmetric, EV = eigenvalues with optional eigenvectors).
Ot ovvaptnoeig g LAPACK ¢£xovv Bonfeia online amd ta man pages tov

ovotnparog (Unix/Linux). H evtoln mov 8ivovpe eivan n
man dsyev
Ano exel pabaivoope o 1) Xprion TG elvan:

SUBROUTINE DSYEV( JOBZ, UPLO, N, A, LDA, W, WORK, LWORK, INFO )

CHARACTER JOBZ, UPLO
INTEGER INFO, LDA, LWORK, N
DOUBLE PRECISION A( LDA, * ), W( * ), WORK( * )
ARGUMENTS
JOBZ (input) CHARACTER#1
= 'N’: Compute eigenvalues only;
= ’V’: Compute eigenvalues and eigenvectors.

UPLO (input) CHARACTER=*1
’U’: Upper triangle of A is stored;

’L’: Lower triangle of A is stored.

N (input) INTEGER
The order of the matrix A. N >= 0.

A (input/output) DOUBLE PRECISION array, dimension (LDA, N)
On entry, the symmetric matrix A. If UPLO = ’U’, the leading
N-by-N upper triangular part of A contains the upper triangular
part of the matrix A. If UPLO = ’L’, the leading N-by-N lower
triangular part of A contains the lower triangular part of the
matrix A. On exit, if JOBZ = ’V’, then if INFO = 0, A contains
the orthonormal eigenvectors of the matrix A. If JOBZ = ’N’,
then on exit the lower triangle (if UPLO=’L’) or the upper tri-
angle (if UPLO=’U’) of A, including the diagonal, is destroyed.
LDA (input) INTEGER
The leading dimension of the array A. LDA >= max(1,N).
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WORK

LWORK

INFO

(output) DOUBLE PRECISION array, dimension (N)

If INFO = 0, the eigenvalues in ascending order.

(workspace/output) DOUBLE PRECISION array, dimension (LWORK)
On exit, if INFO = O, WORK(1) returns the optimal LWORK.

(input) INTEGER

The 1length of the array WORK. LWORK >= max(1,3*N-1). For
optimal efficiency, LWORK >= (NB+2)#N, where NB is the block-
size for DSYTRD returned by ILAENV.

If LWORK = -1, then a workspace query is assumed; the routine
only calculates the optimal size of the WORK array, returns
this value as the first entry of the WORK array, and no error
message related to LWORK is issued by XERBLA.

(output) INTEGER

= 0: successful exit

< 0: if INFO = -i, the i-th argument had an illegal value

> 0: if INFO = i, the algorithm failed to converge; i off-
diagonal elements of an intermediate tridiagonal form did not

converge to zero.

Ob6nyovpaote Aoumov oto va ypagovpe tov €€1)¢ kmbika yra va Soxipacovpe

m xpnon g oe eva mvaka A(N,N):

PROGRAM TEST_EVS

IMPLICIT NONE

INTEGER P,LWORK ! P= megisth diastash pinaka
PARAMETER(P=100,LWORK=3%P-1)

DOUBLE PRECISION A(P,P),W(P),WORK(LWORK)

INTEGER N !the dimension of the **used** part of the matrix A(N,N)
INTEGER I,J

CHARACTER *1,J0BZ,UPLO

INTEGER LDA,INFO

Orizoume ton **symmetriko** pinaka pou Oa diagwniopoihsoume.

H routina xrhsimopoiei mono to anw trigwniko meros tou (UPLO=’U’)

opote to katw trigwniko den xreiazetai na oristei.

N=4

A(1,1)=-7.7
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A(1,2)= 2.1
A(1,3)=-3.7
A(1,4)= 4.4
A(2,2)= 8.3
A(2,3)=-16.
A(2,4)= 4.6
A(3,3)=-12.
A(3,4)=-1.04
A(4,4)=-3.7

Ton Typwnoume gia elegxo: (prin na kalesoume th routina giati
meta katastrefetail!)
DO I=1,N
DO J=i,N
PRINT *,°A( *,I,> , *,J,’ )=?,A(I,])
ENDDO
ENDDO
Orizoume na ypologistoun kai ta idiodianysmata:
JOBZ=’V’
UPLO=U’
PRINT *,’COMPUTING WITH DSYEV:’
LDA=P 'notice that LDA-> P>N !!
CALL DSYEV(JOBZ,UPLO,N,A,LDA,W,WORK,LWORK,INFO)
PRINT *,’DSYEV: DONE. CHECKING NOW:’
An to INFO den einai 0 tote exoyme sfalma:
IF(INFO .NE. O)THEN
PRINT *,’DSYEV FAILED. INFO= ’,INFO
STOP
ENDIF
Typwnoume ta apotelesmata, W(I) exei tis idiotimes:
PRINT *,’DSYEV: DONE.:’
PRINT *,’EIGENVALUES OF MATRIX:’
DO I=1,N
PRINT *,’LAMBDA(’,I,?)=’,W(I)
ENDDO
0 pinakas A exei ta idiodianysmata **stis sthles tou*x*:
(giati h fortran 'trexei" ton mesa deikth grhgorotera antiOeta
apo thn C...)
PRINT *,’EIGENVECTORS OF MATRIX’
DO J=1,N
PRINT#*,’EIGENVECTOR ’,J,’ FOR EIGENVALUE ’,W(J)
DO I=1,N
PRINT*,°V_?,J,°(’,I,%)=2,A(I,])
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ENDDO
ENDDO
END

To enopevo Bripa elvar va petayrotricovpe tov xodika. To onpeio nov
npemel va npoot&ovpe eivar 6Tt oto otadlo g ovveong (linking) mpémner va
Soocovpe obnylec otov loader 1d mov Bpiokoviar o fifrofnke LAPACK
kar 1) BLAS (1 Baowkée vmoloyotikég povtivag ypappikng aryefpag eival
otnv BLAS). Oleg ot ovvaptioeig eival petayiottiopeveg xa ta object files
tov¢ elval apxelobetnpeéva ota apxeia liblapack.a libblas.a mov pmopovpe va

avalnToovpe e TG EVIOAEC:

locate libblas
locate liblapack

Ia va Sodpe ta neprexopeva toug Sivovpe Ti¢ EVIOAEG:

ar -t /usr/lib/libblas.a
ar -t /usr/lib/liblapack.a

(n avuxabotovpe 1o /usr/lib pe m Siabpopn mov avuiotoxel oto ovoTRA
pag). Av o k@8ikag pag elvar oto apxeio test.f yia m petayrédtnion divovpe

TNV EVIOAN:
77 test.f -o test -L/usr/lib -llapack -lblas

H emdoyn -L/usr/lib Aeer otov loader va avalnmoet g Bifhiobnkeg oto
Just/lib (axpnoto oty nepimteon pag yrati 1o gaxvel €101 Kal aAMO¢, XpHoto
av exovpe Pifhobnkec oe pn ovpfanka pepn) evo o -llapack -lblas tov
Agve va (nnoet omola ovpfora bev £xovv Eexabaprotel mpota oty Pifiobnky
liblapack.a xa peta oty libblas.a

H nopanave €viodn £Xel @¢ AmoTEAEOpA TO EKIEAEOLIO apXelo test mov

otav 1o 1pefovjIE TAlPVOVE TO ANOTEAEO|A:

EIGENVALUES OF MATRIX:

LAMBDA( 1)= -21.4119907

LAMBDA( 2)= -9.93394359

LAMBDA( 3)= -2.55765591

LAMBDA( 4)= 18.8035905

EIGENVECTORS OF MATRIX

EIGENVECTOR 1 FOR EIGENVALUE -21.4119907
V_ 1( 1)= -0.197845668

V_ 1( 2)= -0.464798676

V_ 1( 3)= -0.854691009

V_ 1( 4)= 0.119676904

EIGENVECTOR 2 FOR EIGENVALUE -9.93394359
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v_2( 1= 0.824412399
V_ 2( 2)= -0.132429396
V_ 2( 3)= -0.191076519
V_ 2( 4)= -0.516039161
EIGENVECTOR 3 FOR EIGENVALUE -2.55765591
v_ 3( 1)= 0.502684215
V_ 3( 2)= -0.247784372
V_ 3( 3)= 0.132853329
V_ 3( 4)= 0.817472616
EIGENVECTOR 4 FOR EIGENVALUE 18.8035905
V_ 4( 1)= 0.168848655
V_ 4( 2)= 0.839659187
V_ 4( 3)= -0.464050682
V_ 4( 4)= 0.226096318

Topa eipacte 101101 va ADCOVRE TO IPOBANIA TOL AVAPPOVIKOD TAAAVI®TY).
To npoypappa Bploketa otnviotoogiiba tov pabnpato¢ www.physics.ntua.gr/ph36/Lectures/15/anharmonic.f
ano Omov propeite va 1o xatefaocete. Ly Kopia povtiva Tov IPpoypappatos o
XPNOTC EL0AYELTIC PAOIKEG Tap apgTpoug, ) Sitotaon tov xapov Hilbert DIM
KAl Ti¢ TIPEG TOoL A yia Ti¢ omnoieg emBvjel va IOAOYIOTODV Ol W10TIIEG TOV
tedeotn) H(A). Ottedevtaieg opiCoviar ano g petafintég lambda0, lambdaf,
dlambda mov avtiotoixovv 011G PEYI0TEG Kl EAAXIOTEG TUIEC Amin, Amar KAU
10 Brpa 64 avtiotowxa (Ep@tnon: Tto npoypappa mov divetaw napaxdate, Ha
ovpmepriapfaveta 10 Apygp OTIC TIHEC TOD YIVETAL O DIOAOYIOHOG 1) OX;).
To mpodypappa xaiel v vmopovtiva calculate_X4 yia va vmoloyloer tov
mivaxa (2*),m tov tedeothy z* otnv {|v)} avamapdotaon. O vmoloyiondg
otnv vmopovtiva avty eivar akpifny Kar puopel va yivel mOAD ypnyopotepa
vrokoyiCovtag evkora ta (z),,, avalvukd. Avtd agiivetal oav Goknon 6Tov
avayveotn. O vnoloylopoc yiveta pia opd agod o mvaxag eival ava&aptntoq
00 A. L) ovvéxela yia kabe tipn tov A vmoroyifoviar o wrotipeg tov H ()
Kaioviag mv voopovtiva calculate_evs xal ta anoteléopara twn@vovial 61o
stdout (standard output).

H vnopovtiva calculate_evs xaiet v calculate_H va vmoloyioei tov nivaxa
H(A)pm 1 omola xavel xpnorn tov oxeoeav (10.16). L ovvéxela karelta
DSYEV ¢ LAPACK va kaver m Siayovionoinon. Ilpoogexovpe oto opopa
LDA ¢ DSYEV va Barovpe ) owotr Swaotaon tov nivaxa H mov eivar P

kar 0x1 DIM. X1 ovvéxera napartifeta o kodikag:

program anharmonic_elevels

implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)

double precision H (P,P),X(P,P) !telestes: Hamiltonian,Position
double precision X4(P,P) Itelesths: X°4
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double precision E(P) lenergeiakes idiotimes

double precision WORK(LWORK) 'bohOhtikos xwros ergasias LAPACK
double precision lambda,lambda0,lambdaf,dlambda

integer DIM

integer i

C 0 xrhsths kaOorizei to megeOos ths bashs:
print *,’Enter Hilbert Space dimension:’
read(5,*)DIM
0 Xrhsths dinei elaxisth/megisth timh sto lambda kai bhma
ypologismou:
print *,’Enter lambda0O,lambdaf,dlambda:’
read(5,*)lambda0,lambdaf,dlambda
print *,’lambdaO= ’,lambdal
C Print Message:
print *,’# ###HFRFARFRFRRERVRRRHRBRRERRRRRERR ARG R R R AR R R R R AR
print *,’# Calculation of energy levels of anharmonic oscillator’
print *,’# using matrix methods.’
print *,’# Hilbert Space Dimension = ’,DIM
print *,’# lambda coupling = ’,lambda0,’ - ’,lambdaf,
* ’ step= ’,dlambda
print *,’# ###HFRVHRFRFRBERARRRHRRRRERRBRRERRRRR R R B R R R RRRFRRR
print *,’# Outpout: lambda E_0 E_1 .... E_{N-1}’

print *,’# - ’

C Ypologizoume ton telesth X"4:
call calculate_X4(X,X4,DIM)
C Kai twra tis idiotimes synarthsei toy lambda:

do lambda=lambdaO,lambdaf,dlambda
call calculate_evs(H,X4,E,WORK,lambda,DIM)
Prosexte to format gia na mhn typwnontai oi idiotimes se
diaforetikh grammh an to N einai megalo
write(6,100)°EV ’,lambda,(E(i),i=1,DIM)
enddo
100 FORMAT(A3,1000G25.15)

end

subroutine calculate_evs(H,X4,E,WORK,lambda,DIM)
implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)
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double precision H(P,P) ltelestes: Hamiltonian,Position
double precision X4(P,P) Itelesths: X"4
double precision E(P) lenergeiakes idiotimes

double precision WORK(LWORK)  !bohOhtikos xwros ergasias LAPACK
integer DIM

double precision lambda

character *1,J0BZ,UPLO
integer LDA,INFO,i,]j

call calculate_H(H,X4,lambda,DIM)
JOBZ="N"
UPLO=’T0"
call dsyev(JOBZ,UPLO,DIM,H,P,E,WORK,LWORK, INFO)
Print *,7# skdkckkdokkkdkkkdkkkdkkikokkk EVEC sk ok kok )
do j=1,DIM
write(6,101)’# EVEC ’,lambda,(H(i,j), i=1,DIM)
enddo
Print *,7# skskskokksdokksksdkokkskkkkkdokkk EVEC skokkokoksokskodedkokskkokoksdkokkok )

FORMAT(A7,F6.4,1000G14.6)

An to INFO den einai 0 tote exoyme sfalma:
if (INFO .ne. O)then

print *,’dsyev failed. INFO= ’,INFO

stop

endif

end

subroutine calculate_H(H,X4,lambda,DIM)

implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)

double precision H(P,P) ltelestes: Hamiltonian,Position
double precision X4(P,P) Itelesths: X"4

integer DIM

double precision lambda

integer i,j,n,m

do j=1,DIM
do i=1,DIM
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H(i,j)=lambda*X4(i,j)

enddo

H(j,j) = H(j,j) + DBLE(j) - 0.5D0 !E_n=n+1/2,n=j-1 => E_n=j-1/2
enddo

PTint *, 78 skkkkkskkkkkdokkkkkkkkkk H kokokkokksokkokkkokkkokkkk
do j=1,DIM
write(6,102)°# HH °,(H(i,j), i=1,DIM)
enddo
Print *, 78 sokkkkkokkkkkskokkokkkkdokkk H kokokkokkskokkokkkokkokokkokk )

102 FORMAT(A5,1000G14.6)

end

subroutine calculate_X4(X,X4,DIM)

implicit none

integer P

parameter (P=1000)

double precision X(P,P),X4(P,P) 'telesths: X, X"4
integer DIM

integer i,j,m,n,i1,i2,i3
double precision isqrt2 ! 1/sqrt(2)
parameter(isqrt2=0.70710678118654752440D0)
C Arxika ypologizoume ton telesth Oeshs:
do j=1,DIM
do i=1,DIM
X (i,j)=0.0DO
X4(i,3)=0.0D0

enddo
enddo
C Kai twra ta mh mhdenika stoixeia:
do i=1,DIM
n=i-1 !deiktes 0,...,DIM-1
C 0 oros delta_{n,m+1}, dhladh m=n-1
m=n-1 !to energeiako epipedo n -> i=n+1, m-> j=m+1
j=m+1
X(i,j)=isqrt2*dsqrt (DBLE(m+1))
C 0 oros delta_{n,m-1}, dhladh m=n+1
m=n+1
j=m+1

X(i,j)=isqrt2*dsqrt (DBLE(m))
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enddo

Kai twra ypologizoume ton telesth H:
Arxizoume me ton oro X"4:
do j=1,DIM
do i=1,DIM
do i1=1,DIM
do i2=1,DIM
do 13=1,DIM
X4(1i,3)=X4(1i,j)+X(1,i1)*X(i1,i2)*X(i2,i3)*X(i3,])
enddo
enddo
enddo
enddo
enddo
Parathrhsh: Xanoume adiko xrono gia ton ypologismo toy X4 giati
ta perissotera stoixeia tou einai 0. Efoson o analytikos ypologismos

einai eykolos, systhnetal na ginei kai na ypologizontai mono ta

aQ Q Q Q

mh mhdenika stoixeia!! (na ginei san askhsh)

end

Y ovvexera napovoraloope £va vmoiroyiopo yia N = 10, 20, 30. Xto
OoXNla @aivetal Kald OTL Ol 3 IPMTIEC EVEPYELAKEC OTADNEG £€XOVV OUYKALVEL
Kara yra 1 nipeg avteg. Emiong yiveta gavepo ot amok iiogic mapovoralovia

yla peyaiec tipeg tov A xar tov N.

20 ——— , :
x < * N10 =
B , L N2
, N3O ¢
* *
15 F * ¥ * ]
+ * M
* * * . % 3
* * Y +
t * X ¥ + +
+ + *
w 10 I M * . N . % * d
¥ - % *
* *
* N x * ¥ ¥
* i « *
5t * * * * * * * T
* * *
. N « x % * * * *
0 0.2 0.4 0.6 0.8 1
A

Yxnpa 10.1: Ot npeteg 12 gvepyeiakeg otabpueg 100 avappovikod talaviat)
yra upeg ov 0 < A < 1 yra N =10, 20, 30.

H ovyxion pag ovykerppevng onpng F, kxabog N — oo yia kamnola
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T ToV A Qaiveta 0Ta DaPUKAT® OXNlatd OO @atlvetal OTL 1) oV YKAoT elva

YPNYOPT] yla RIKpQ A Kl N €VE apyl) yia peyaia.

n=0

T T T T T
W+ T A=0.9 +

0.8
0.75 ¢ 1
0.7 1
ur 0.65 1

0.6 [remeocexxx x x X 4

0.55 x A

05 L L L L L
0 0.1 0.2 0.3 0.4 0.5

1/N

Yxnpa 10.2: H evepyesraky otabpn Eg yra A = 0.2,0.9 oav ovvaptnon g
(avtiotpogng) Siaotaong tov xapov Hilbert 1/N Toykiion emwyxaveta yia
mrpeg 1peg ov N eve gaivetar ot yia 2=0.2 yiveta €hagpa ypnyopotepa

amo on yra A=0.9.

10.3 TO AIIIAO IIHTAAI AYNAMIKOY

fa xpnoponouoovne ¢ pefodovg mvakmv mov ava@ep ape yia va vroioylcovps
ta evepyeraxa emineba oopanbiov péoa oto Surro nnyabdr Svvapkov. Avto

Stvetar amo m XamAtoviavn:

2 2 4
o x
CO D Y 10.22
5 +A (10.22)

H =

Kal Ta onpela 100 ppomiag otnv KAaoo1Kn Kivnorn Bpliokovial ota Aaxiota:

1 1

To = £ —= Vimin = — ¢ (10.23)

S

Otav to mnyadt eivar modv Babo 1ote yra 11¢ xapniotepeg otabneg pnopope
va Bewpnoovpe 011 T0 Suvako mpooeyyiletal Kaid and antd oD APROVIKOD

tadaviot pe ovxvotta w? = V' (zq) ondte

1
Emin & Viin + Ew (10.24)
Yy mepluteorn avtl) 10 aVOREVOo oD payyac elval ToAD acBeve pe anotéieona
Ta gvepyelakda emineda va xopifoviar edagpa peta&d tovg ava Cevyn. Avtd

yivetal yrati o avtiotolxeg 1610KatacTaceLg 1val CUIIETPIKOL KAl AVIIGUPIRETPLKOL



14 KE®AAAIO 10. O ANAPMONIKOY TAAANTQTHY

140 T T T T

> >
1yl
oo
N ©
.

120 ¢ : 1

100 ¢ 1

60 | . ]

40 . ]

0.12 0.14

Yxnpa 10.3: H evepysraky otabpn Eg yia A = 0.2,0.9 oav cvvaptnoy g
(avtiotpogng) Siaotaong tov xdpov Hilbert 1/N.

oV vEVACOT KLIATOOVVUPTICEMV IOV AVIIOTOLXOUV OF KUTAGTAOELG EVIOMIONEVEG
oto apiotepod 1 6e€10 ehaxioto e Svvamxkng evepyerag. II.x. yia ta 6vo
xapnAotepa evepyelako emineba mepipevovpe Ot

A
Eox = Emin & 5 (10.25)

otov A K |Eminl.

Q¢ Baon yia tov vnoloyiopd e Xamdtoviavrg (10.22) Ba xpnorponoujoovpe
¢ oxéoerg (10.12). Ot anapaimreg petaforeg otovkbika pag elvat €Aaxiotec.
Anra Ba mpooBecovpe pia povtiva mov va pmoroyilel 100G MVAKES Prm-

IMaipvovpe €10t tov kodika mov amobnkevovpe oto apxeio doublewell.f:

program doublewell_elevels
implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)

double precision H (P,P),X(P,P) !telestes: Hamiltonian,Position
double precision X4(P,P) Itelesths: X"4

double precision X2(P,P) Itelesths: X°2

double precision iP(P,P),P2(P,P)!telestes: i P, P"2

double precision HO(P,P) Itelesths: H_0=1/2 P"2-1/2 X2
double precision E(P) lenergeiakes idiotimes

double precision WORK(LWORK) IbohOhtikos xwros ergasias LAPACK
double precision lambda,lambdaO,lambdaf,dlambda

integer DIMO,DIMF,dDIM,DIM

integer i
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n=20
500 T T T T T -
A=0.9 +
450 r A=02  x ]
400 r 1
350 1
300 1
ur 250 |
200 + 1
150 ¢ 1
100 ¢ . + x i
50 F x x x X x x g
0 1 1 1 1
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

1/N

! ! !

Yxnpa 10.4: H evepyeiaxn otabpn Fao yia A = 0.2,0.9 oav ovvaptnon
mg (avtiotpogrnc) Siaotaong tov xdpov Hilbert 1/N. H ovyxlion Sev éxer
emrtevxfel yia g mpofaidlopeveg tipeg tov N pe v akpifera tov napanave

oxnpatov.

C 0 xrhsths kaOorizei to megeOos ths bashs:
print *,’Enter Hilbert Space dimensions (DIMO,DIMF,DDIM):’
read(5,*)DIMO,DIMF,DDIM
0 Xrhsths dinei elaxisth/megisth timh sto lambda kai bhma
ypologismou:
print *,’Enter lambdaO,lambdaf,dlambda:’
read(5,*)lambda0,lambdaf,dlambda
print *,’lambdaO= ’,lambdal

C Print Message:
print *,’# ###RFRVHRFRVRBERARRRHRRRRERRBRRERRRRR R R B AR R R R RRRRR
print *,’# Calculation of energy levels of double well potential’

print *,’# using matrix methods.’

print *,’# Hilbert Space Dimensions = ’,DIMO,’ - ’,DIMF,

$ > step= ’,dDIM

print *,’# lambda coupling = ’,lambda0,’ - ’,lambdaf,

$ > step= ’,dlambda

print *x,’# FFFFVFJJJVJ{JJBJRGRRREHARBHHRHHHRRRBRRRREER BB RRRRRRARRR
print *,’# Outpout: DIM lambda E_ 0 E_1 .... E_{N-1}°

print *,’# - ——-—-——————— ’

do DIM=DIMO,DIMF,dDIM
C Ypologizoume telestes:
call calculate_operators(X,X2,X4,iP,P2,H0,DIM)

C Ypologizoume thn Hamiltonian H_O xwris oro X74
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V(X)

Txnpa 10.5: H vvamkn evépyeia V(z) yia A = 0.1,0.2.

Kai twra tis idiotimes synarthsei toy lambda:
do lambda=lambdal,lambdaf,dlambda
call calculate_evs(H,HO0,X4,E,WORK,lambda,DIM)

Prosexte to format gia na mhn typwnontai oi idiotimes se

diaforetikh grammh an to N einai megalo
write(6,100)’EV ’,DIM,lambda, (E(i),i=1,DIM)

enddo
enddo
FORMAT(A3,I5,1000G25.15)

end

subroutine calculate_evs(H,H0,X4,E,WORK,lambda,DIM)

implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)
double precision H(P,P)
double precision X4(P,P)
double precision HO(P,P)
double precision E(P)

double precision WORK(LWORK)
integer DIM

double precision lambda

character *1,J0BZ,UPLO
integer LDA,INFO,i,]j

ltelestes: Hamiltonian,Position
!telesths: X74

ltelesths: H_0=1/2 P"2-1/2 X"2
!energeiakes idiotimes
'bohOhtikos xwros ergasias LAPACK
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call calculate_H(H,HO,X4,lambda,DIM)
JOBZ="V"
UPLO=’T0?
call dsyev(JOBZ,UPLO,DIM,H,P,E,WORK,LWORK, INFO)
Print *,7# skkkkkdokkkiokkdokkdkkiokkk EVEC sdkokokdokksekofkdkokksdkkokok )
do j=1,DIM
write(6,101)’# EVEC °,DIM,lambda,(H(i,j), i=1,DIM)
enddo
Print *,7# skskkkskdokkokdokkdokkdkkiokkk EVEC skokkokksokksekokskkokksdkkodok )

101 FORMAT(A7,I5,F8.4,1000G14.6)

C An to INFO den einai O tote exoyme sfalma:
if (INFO .ne. O)then
print *,’dsyev failed. INFO= ’,INFO
stop

endif

end

subroutine calculate_H(H,H0,X4,lambda,DIM)
implicit none

integer P,LWORK

parameter (P=1000,LWORK=3*P-1)

double precision H(P,P) ltelestes: Hamiltonian,Position
double precision HO(P,P) Itelesths: H_0=1/2 P"2-1/2 X"2
double precision X4(P,P) Itelesths: X"4

integer DIM

double precision lambda

integer i,j,n,m

do j=1,DIM

do i=1,DIM
H(i,j)=HO(i,j)+0.25D0*lambda*X4(i,j)
enddo

enddo

PTint *,7# skkkkkskkkkkdokkkkkkkkkk H kkkkokksokkskkkkkkkkdx
do j=1,DIM
write(6,102)°# HH °,(H(i,j), i=1,DIM)
enddo
PTint *, 78 skkkkkokkkkkskokkokkkkdkokkk H kokkkokkskokkokkkokkskokkkk )
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FORMAT(A5,1

end

subroutine

000G14.6)

calculate_operators(X,X2,X4,iP,P2,H0,DIM)

implicit none

integer P

parameter (P
double prec
double prec
double prec
double prec
integer DIM

integer 1i,j
double prec

parameter (i

=1000)

ision X(P,P),X4(P,P) 'telesths: X, X"4

ision X2(P,P) 'telesths: X~2

ision iP(P,P),P2(P,P)!telestes: i P, P~2

ision HO(P,P) 'telesths: H_0=1/2 P"2-1/2 X~2
,m,n,il

ision isqrt2 ! 1/sqrt(2)
sqrt2=0.70710678118654752440D0)

Arxika ypologizoume ton telesth Oeshs,i*ormhs:

do j=1,DIM
do i=1,DIM

X (i,j)=0.
X4(i,j)=0.
X2(i,j)=0.
iP(i,j)=0.
P2(i,j)=0.

enddo
enddo
Kai twra ta
do i=1,DIM

0DO
0DO
0DO
0DO
0DO

mh mhdenika stoixeia:

n=i-1 !'deiktes 0,...,DIM-1
0 oros delta_{n,m+1}, dhladh m=n-1

m=n-1 !to
j=m+1

X (i,j) =
iP(i,j) =
0 oros del

m=n+1
j=m+1
X (i,3) =
iP(i,j) =
enddo

energeiako epipedo n -> i=n+1, m-> j=m+1

isqrt2*dsqrt (DBLE(m+1))
isqrt2*dsqrt (DBLE(m+1))
ta_{n,m-1}, dhladh m=n+1

isqrt2*dsqrt (DBLE(m))
-isqrt2*dsqrt (DBLE(m))
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do j=1,DIM
do i=1,DIM
do i1=1,DIM
X2(i,§)=X2(i,j)+ X(i,i1)* X(i1,j)
P2(i,j)=P2(i,j)-iP(i,i1)*iP(i1,j)
enddo
enddo
enddo
C o oros X"4:
do j=1,DIM
do i=1,DIM
do i1=1,DIM
X4(i,j)=X4(i,jr+x2(i,i1)*X2(i1,j)
enddo
enddo
enddo
C kai h hamiltonianh:
do j=1,DIM
do i=1,DIM
HO(i,j)=0.5D0*( P2(i,j)-X2(i,j) )
enddo
enddo

Parathrhsh: Xanoume adiko xrono gia ton ypologismo toy X4,P4 giati
ta perissotera stoixeia tou einai 0. Efoson o analytikos ypologismos

einai eykolos, systhnetai na ginei kai na ypologizontai mono ta

aQ QO O O

mh mhdenika stoixeia!! (na ginei san askhsh)

end

10.4 AYKHXEIX

1. Ynoloylote avadvnika tov mvaka H(A) yia N = 2,3. Ywnoloylote
¢ Wwonpee yia N = 2. Xoykpivete jie 11¢ TEG mov vIOAoYilel 10

mpoypappa oac o¢ empPefaimon Ot TPEXEL 6HOTA.

2. A)dra&te m oepa-llapack -1blas oe -1blas -llapack otnv eviodn petayrottiong.
T mapatnpnte; Taty;

3. Metafailete tov kabika test.f €101 wote va emPefarmver 011 ta 6ro6ravoopara
1KAVOTIOoUV TG 0X€0e1¢ A v; = A;v; Kal 0Tl anotedodv opBoKavovikr)

ﬁC'LOI] Vi V; = 5”

4. Ynoloyliote tov mvaxka tov tedeotn z* avaivtikd xa mpoypappariote

TOV 0TO IPOYP UL 60 . LUYKPIVETE TOUE XPOVOVE IOV TPEXEL TO MPOYPAPA
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oag og oxeon pe npw oav ovvaptnorn tov N. T ovpnepaivet;



