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PerÐlhyh - Summary

H paroÔsa diplwmatik  ergasÐa afor� thn pistopoÐhsh tou algìrijmou twn plaket¸n
gia thn prosomoÐwsh kbantik¸n jewrÐwn bajmÐdac U(1) se plègma, ton opoÐo dhmioÔrghse
o suggrafèac. Parousi�zontai endeiktik� stoiqeÐa statistik c mhqanik c kaj¸c kban-
tik¸n jewri¸n pedioÔ. EpÐshc parousi�zontai ta apotelèsmata pou pistopoioÔn thn or-
jìthta tou algìrijmou kai sugkritik� tou algìrijmou me palaiìterouc. Tèloc dÐnetai
mÐa ekten c parousÐash tou Grid, kaj¸c  tan to upologistikì perib�llon sto opoÐo
ektelèsthkan ìloi oi upologismoÐ thc paroÔsac ergasÐac.

The current diploma thesis is concerned with the validation of the plaquette algorithm
for the simulation of U(1) gauge field theories on a lattice, which the author created.
In the beginning statistical mechanics and quantum gauge theories are presented. Then
the results are given that validate the correctness of the algorithm, as well as, com-
paratives and benchmarks with the older algorithm of links. In the end, an extensive
presentation is given of the Grid, which was the computational environment in which
all the calculations for this diploma thesis were undertaken.
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EuqaristÐec

H paroÔsa ergasÐa apoteleÐ thn Diplwmatik  ErgasÐa mou sta plaÐsia twn spoud¸n
mou sthn Sqol  twn Hlektrolìgwn Mhqanik¸n kai Mhqanik¸n Hlektronik¸n Upolo-
gist¸n. H ekpìnhs  thc pragmatopoi jhke apì ton IoÔnio tou 2005 èwc ton Febrou�rio
tou 2006, upì thn epÐbleyh twn kajhght¸n tou EjnikoÔ MetsobÐou PoluteqneÐou Dr.
K. Far�kou, Dr. G. KoutsoÔmpa kai Dr. N. KozÔrh.
Me thn eukairÐa thc parousÐashc thc ergasÐac mou, jewr¸ qrèoc mou na ekfr�sw tic
euqaristÐec mou se ìsouc sunèbalan apofasistik� sthn prosp�jeia. 'Etsi, ja  jela,
katarq n, na euqarist sw to fÐlo kai sunerg�th mou Orèsth B�ntzo gia thn meg�lh
suneisfor� tou sthn diamìrfwsh tou algìrijmou, pou  tan to antikeÐmeno thc paroÔsac
diplwmatik c.
EpÐshc, ja  jela na euqarist sw idiaitèrwc ton Dr. KwnstantÐno Far�ko, pou mou
dÐdaxe to antikeÐmeno twn Kbantik¸n Jewri¸n se Plègma kai me kateÔjhne b ma proc
b ma kat� thn ekpìnhsh thc diplwmatik c mou ergasÐac. H kajog dhsh kai oi suneqeÐc
sumboulèc tou, apotèlesma thc meg�lhc tou peÐrac sto antikeÐmeno, kaj¸c kai to �ris-
to klÐma sunergasÐac mac,  tan apofasistik� stoiqeÐa gia thn epituq  olokl rwsh thc
ergasÐac.
EuqaristÐec, epiplèon, prèpei na d¸sw ston Dr. Ge¸rgio KoutsoÔmpa gia tic eÔstoqec
parathr seic tou kai th kajod ghs  pou kai ekeÐnoc mou prosèfere, ston Dr. Nekt�rio
KozÔrh kai thn om�da upost rixhc tou kìmbou Isabella tou Grid gia thn ulikoteqnik  up-
ost rixh pou eÐqa (QwrÐc to Grid aut  h diplwmatik  ergasÐa den ja  tan efikt .), ston
Dr. KwnstantÐno Anagnwstìpoulo gia tic polutimìtatec parathr seic kai sumboulèc
tou se ì,ti aforoÔse touc algìrijmouc Monte Carlo, kai ston didaktorikì foitht  SpÔro
Brèntzo gia thn sunergasÐa mac.
Tèloc, ja  jela na euqarist sw thn oikogènei� mou kaj¸c touc kajhghtèc mou sto
PoluteqneÐo Dr. Eu�ggelo Gaz , Dr. Nikìlao Tr�ka, Dr. Swfrìnio Papadìpoulo kai
Dr. Ge¸rgio Zoup�no gia thn upost rixh pou mou èdeixan kajìlh thn dÔskolh foÐths 
mou sthn Sqol  twn Hlektrolìgwn Mhqanik¸n.
Kai fusik� den ja mporoÔsa potè na parablèyw touc NÐko Dhmhtrìpoulo, D¸ra kai
Baggeli¸ Kontogi�nnh, T�so Dhm�, Sofr� Nikolètta kai Isabel Llorente-Garcia, h filÐa
twn opoÐwn eÐnai to polutimìtero pr�gma pou ja èqw potè.



Parathr seic epÐ tou keimènou

Dustuq¸c, pollèc forèc h ellhnik  gl¸ssa den èqei kat�llhlouc ellhnikoÔc ìrouc
gia na antistoiqÐsei se episthmonikoÔc ìrouc pou qrhsimopoioÔntai sthn diejn  bibli-
ografÐa. Gia apofug  parexhg sewn, loipìn, thn pr¸th for� se k�je kef�laio pou
epiqeireÐtai h met�frash k�poiou diejnoÔc ìrou sthn ellhnik , ja paratÐjetai se paren-
jèseic kai o antÐstoiqoc diejn c ìroc.



Prìlogoc

H paroÔsa ergasÐa afor� thn melèth thc tetradi�stathc sumpagoÔc jewrÐac bajmÐ-
dac U(1) (compact U(1) gauge theory) qwrÐc fermiìnia me ton algìrijmo plaket¸n.
O algìrijmoc plaket¸n dhmiourg jhke to kalokaÐri tou 2005 apì ton suggrafèa kai
ton Orèsth B�ntzo, ìtan o pr¸toc meletoÔse to prìblhma twn sumpag¸n jewri¸n ba-
jmÐdac se plègma qwrÐc fermiìnia kai o deÔteroc eÐqe orismènec prwtoporiakèc idèec.
Prwtarqikìc skopìc thc ergasÐac kai tou parìntoc keimènou eÐnai h pistopoÐhsh tou
algorÐjmou twn plaket¸n kai h sÔgkrish twn idiot twn tou se sqèsh me touc up�r-
qontec algìrijmouc. O algìrijmoc parousi�zetai analutik� sto sqetikì kef�laio, me
mia mikr  anafor� se jewrhtik  upost rix  tou kaj¸c kai ta upologistik� apotelèsmata
pou èdwse. EpÐshc, kaj¸c h ìlh ekpìnhsh thc ergasÐac ègine me thn bo jeia thc neoem-
fanizìmenhc teqnologÐac tou Grid, èna meg�lo tm ma tou parìntoc keimènou afier¸netai
kai sthn parousÐash aut c thc teqnologÐac.
Prin parousiastoÔn ìmwc endeleq¸c ta antikeÐmena thc ergasÐac, krÐnetai skìpimh mia
mikr  istorik  anadrom  twn kbantik¸n jewri¸n se plègma (lattice gauge theories). H
istorik  aut  anadrom  deÐqnei kaj�ra thn an�gkh, h opoÐa od ghse sthn dhmiourgÐa twn
sqetik¸n jewri¸n kai twn epituqi¸n pou èqoun autèc èwc s mera. EÐnai basikì o anag-
n¸sthc na katal�bei ìti oi jewrÐec se plègma den eÐnai èna aplì majhmatikì tèqnasma
¸ste na gÐnoun dunatoÐ k�poioi upologismoÐ, all� up�rqoun sobaroÐ kurÐwc jewrhtikoÐ
lìgoi pou k�noun tic jewrÐec se plègma isodÔnamec me tic analutikèc kbantikèc jewrÐec
pedÐou, kai se pollèc peript¸seic polÔ pio epituqeÐc apì autèc.
Kat� ta tèlh thc dekaetÐac tou '60, loipìn, h kbantik  hlektrodunamik   tan  dh ar-
ket� epituq c, all� h basik  jewrÐa eÐqe  dh <<gÐnei>>. DÔskoloi upologismoÐ parèmenan
akìma na gÐnoun, kai paramènoun akìma, parìla aut� ìmwc den up rqe k�poia basik 
ennoiologik  kainotomÐa.
Aut�  tan ta qrìnia sta opoÐa o <<oktaplìc trìpoc>> (eightfold way) gia thn perigraf 
pollaplot twn swmatidÐwn kèrdize eureÐa anagn¸rish. H idèa twn kou�rkc up rqe
trigÔrw, all� par�llhla up rqe kai meg�loc skeptikismìc gia to an mporoÔse k�poioc
na thc anajèsei k�poia fusik  upìstash; Ðswc  tan telik� apl� k�poio majhmatikì
trÐk. MerikoÐ fusikoÐ doÔleuan p�nw stic asjeneÐc allhlepidr�seic kai h basik  hlek-
trasjen c enopoÐhsh eÐqe arqÐsei na anadÔetai. Sta peir�mata sto SLAC parathroÔntan
shmantikèc anelastikèc sked�seic hlektronÐou-prwtonÐou se meg�lec gwnÐec, kai autì
metafr�sthke san èndeixh gia dom  katwtèrou epipèdou. 'Etsi o ìroc partìnio (parton)
�rqise na mpaÐnei sto prosk nio. Kai parìlo pou sumptwmatik� up rqan sullogismoÐ
pou sunèdean ta kou�rkc me ta partìnia, oi fusikoÐ èteinan na eÐnai epifulaktikoÐ sto na
k�noun tètoiec anagwgèc.
'Ena shmantikì qarakthristikì ekeÐnhc thc periìdou  tan ìti h epèktash thc kbantik c
hlektrodunamik c se mia jewrÐa pedÐou mesonÐwn-noukleonÐwn apotÔgqane patagwd¸c.



Algorijmoc Plaketwn kai Grid

Sq ma 1: 'Enac <<swl nac>> glouonik c ro c pou sundèei èna kou�rk me èna antikou�rk.
H t�sh tou desmoÔ eÐnai 14 tìnoi.

To an�logo thc hlektromagnhtik c stajer�c sÔzeuxhc (electromagnetic coupling con-
stant) upologizìtan perÐpou sto 15, se antÐjesh me thn apodekt  tim  twn 1/137. Autì
s maine ìti oi diorj¸seic uyhlìterhc t�xhc stic diataraktikèc diadikasÐec  tan shman-
tik� megalÔterec apo touc upologismoÔc pr¸thc t�xhc. Den up rqe k�poia gnwst 
stoiqei¸dhc par�metroc sthn opoÐa mporoÔse k�poioc na anaptÔxei.
Kaj¸c mpaÐname sthn dekaetÐa tou '70, ta partìnia ìlo kai pio suqn� tautÐzontan me ta
kou�rkc. Aut  h metastrof  emfanÐsthke lìgw dÔo dramatik¸n jewrhtik¸n epituqi¸n.
Pr¸th  tan h apìdeixh thc epanakanonikopoihsimìthtac (renormalizability) twn mh A-
belian¸n jewri¸n bajmÐdac. To gegonìc thc epanakanonikopoihsimìthtac èdine thn sigouri�
ìti autèc oi komyèc majhmatikèc domèc mporeÐ na èqoun k�ti na k�noun me thn prag-
matikìthta. DeÔteron  tan h anak�luyh thc asumptwtik c eleujerÐac, tou gegonìtoc
dhlad  ìti oi allhlepidr�seic twn mh Abelian¸n jewri¸n ginìntousan asjenèsterec se
mikrèc apost�seic. Pragmatik�, autì gr gora sundèjhke me tic shmeiakèc domèc gia tic
opoÐec up rxan endeÐxeic sta peir�mata tou SLAC. Mèsa apì autèc tic idèec anaptÔqjhke
h kbantik  qrwmodunamik , h jewrÐa thc dunamik c twn kou�rkc.
H egkurìthta aut c thc eikìnac exartìtan apì thn ènnoia tou <<periorismoÔ>> (confinement).
En¸ up rqan shmantikèc endeÐxeic gia thn ufist�menh dom  twn kou�rkc, den eÐqan
parathrhjeÐ potè eleÔjera kou�rkc. Autì  tan arket� problhmatikì dedomènhc thc
sqedìn eleÔjerhc fÔshc twn allhlepidr�se¸n touc mèsa sta noukleìnia. Autì anadeiknÔei
thn er¸thsh tou tÐ eÐnai stoiqei¸dec. EÐnai ta fusik� swmatÐdia pou blèpoume sto er-
gast rio ta stoiqei¸dh antikeÐmena   eÐnai ta kou�rkc kai ta glouìnia?
H p�lh me autì to par�doxo od ghse sthn plèon kajierwmènh eikìna tou swl na ro c
(flux tube) tou periorismoÔ. Ta glouonik� pedÐa eÐnai an�loga twn fwtonÐwn me thn di-
afor� ìti fèroun fortÐo to èna se sqèsh me to �llo. O proanaferj c swl nac eÐnai èna
pragmatikì antikeÐmeno, to opoÐo megal¸nei se m koc ìso to kou�rk kai to antikou�rk
apomakrÔnontai to èna apì to �llo. H parag¸menh dÔnamh eÐnai stajer  se meg�lec
apost�seic kai se fusikèc mon�dec eÐnai perÐpou 14 tìnoi.
O lìgoc gia ton opoÐo èna kou�rk den mporeÐ na apomonwjeÐ eÐnai Ðdioc gia ton opoÐo èna
komm�ti klwst c den mporeÐ na èqei mìno mÐa �krh. To fainìmeno tou periorismoÔ den
mporeÐ na paraqjeÐ sthn jewrÐa diataraq¸n; ìtan h sÔzeuxh <<sb netai>> to f�sma gÐnetai
eleÔjera kou�rkc kai glouìnia, ta opoÐa eÐnai dramatik� diaforetik� apì ta piìnia kai ta
prwtìnia thc jewrÐac me tic allhlepidr�seic.
Ta mèsa thc dekaetÐac tou '70 up rxan mia enjousi¸dhc perÐodoc gia thn swmatidiak 
fusik , me mÐa seir� dramatik¸n gegonìtwn na fèrnoun epan�stash ston q¸ro. Pr¸-
ton  tan h anak�luyh tou swmatidÐou J/ψ. H ermhneÐa autoÔ tou antikeimènou kai twn
suntrìfwn tou san dèsmiec katast�seic bari¸n kou�rkc pareÐqe to antÐstoiqo tou atì-
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mou tou udrogìnou sthn kbantik  qrwmodunamik . H idèa twn kou�rkc ègine plèon
akatam�qhth kai ètsi h kbantik  jewrÐa pedÐou <<xanagenn jhke>>. H mh Abelian  jewrÐa
bajmÐdac SU(3) twn isqur¸n allhlepidr�sewn sunduasmènh me thn hlektrasjen  jewrÐa
ègine to anjektikì sto qrìno <<Kajierwmèno Prìtupo>> (Standard Model).
Aut  h perÐodoc ìmwc ègine jeat c kai se orismènec axioshmeÐwtec diapist¸seic sto jew-
rhtikì epÐpedo. Mh grammikèc sumperiforèc se di�forec klasikèc jewrÐec pedÐou èdeixan
ìti èqoun sobarèc epipt¸seic gia ta kbantik� antÐstoiq� touc. H anak�luyh tètoiwn
fainomènwn dhmiourgoÔse sobarèc upìnoiec: h jewrÐa pedÐou mporeÐ na èqei polÔ peris-
sìterh dom  ap'ìti faÐnetai apì mia apl  an�lush me diagr�mmata Feynman. All� autì me
thn seir� tou èqei sobar� apotelèsmata gia touc praktikoÔc upologismoÔc. H kbantik 
jewrÐa eÐnai diabìhth gia touc apeirismoÔc thc, pou apaitoÔn kanonikopoÐhsh. H <<gumn -
>> m�za kai to fortÐo pou upeisèrqontai sthn jewrÐa eÐnai ex arq c �peirec posìthtec.
Den eÐnai oi fusik� parathr simec ontìthtec, oi opoÐec prèpei na kajoristoÔn me ìrouc
fusik¸n diadikasi¸n. Gia na gÐnei k�poioc upologismìc, apaiteÐtai k�poioc <<rujmist c>>
(regulator) gia na dam�sei touc apeirismoÔc, kai ìtan fusikèc posìthtec sundèontai h mÐa
me thn �llh, k�je ex�rthsh apì <<rujmistèc>> ja prèpei na apaleÐfetai.
H an�gkh gia ton qeirismì twn apeirism¸n  tan, fusik�, gnwst  apì tic arqèc thc k-
bantik c hlektrodunamik c. All� ìloi oi koinoÐ <<rujmistèc>> basÐzontan sta diagr�m-
mata Feynman; oi jewrhtikoÐ upolìgizan ta diagr�mmata mèqri k�poio na apoklÐnei kai
met� ekeÐno to di�gramma ja apokobìtan. Poll� sen�ria kataskeu�sthkan gia autì ton
skopì. Me thn auxanìmenh ìmwc suneidhtopoÐhsh ìti mh diataraktik� fainìmena eÐnai ar-
ket� shmantik�, ègine profanèc ìti qreiazìtan h Ôparxh enìc <<mh diataraktikoÔ rujmist >>
(non-perturbative regulator), o opoÐoc den ja exartìtan apì ta diagr�mmata.
To aparaÐthto ergaleÐo emfanÐsthke sthn jewrÐa plègmatoc tou Wilson. O Wilson to
parousÐase san èna par�deigma enìc montèlou me periorismì. H an�ptuxh me b�sh thn
isqur  stajer� zeÔxhc eÐqe peperasmènh aktÐna sÔgklishc, epitrèpontac mia saf  epÐdeix-
h tou periorismoÔ an kai se èna mh fusikì ìrio. To parag¸meno f�sma eÐqe akrib¸c tic
epijumhtèc idiìthtec.
O prwtarqikìc rìloc tou plègmatoc eÐnai na par�sqei mia mh diataraktik  apokop  (non-
perturbative cutoff). Kaj¸c o q¸roc den mporeÐ na eÐnai pragmatik� ènac krÔstalloc,
to plègma eÐnai èna kajar� majhmatikì tèqnasma. Parèqei èna el�qisto m koc kÔmatoc
mèsw tou b matoc tou plègmatoc α. Ta ajroÐsmata se diadromèc gÐnontai kal� orismèna
apl� oloklhr¸mata. ApofeÔgontac tic duskolÐec sÔgklishc thc diataraktik c jewrÐac,
to plègma parèqei èna safèc monop�ti proc ton orismì miac kbantik c jewrÐac pedÐou.
Aut  h prosèggish ìmwc eÐqe kai èna kataplhktikì parelk¸meno. K�nontac to sÔsthma
prosektik� diakritì, gÐnetai epark¸c kal� orismèno ¸ste na mporeÐ na metafrasteÐ sth-
n gl¸ssa twn hlektronik¸n upologist¸n. Autì ègine arket� �mesa kai kat� thn Ðdia
perÐodo kat� thn opoÐa oi upologistèc ginìntousan arket� isquroÐ.
Ft�nontac loipìn sto s mera, èqoume èna arket� <<doulemèno>> formalismì, o opoÐoc
mporeÐ na apofanjeÐ gia thn fusik  se mh diataraktikì epÐpedo, ekeÐ pou o koinìc for-
malismìc den èqei kai poll� na pei. EpÐshc, kaj¸c o formalismìc autì eÐnai �mesa
metafr�simoc sthn gl¸ssa twn upologist¸n, to <<optikì pedÐo>> thc jewrÐac èqei gÐnei
polÔ meg�lo. Oi sÔgqronoi upologistèc, akìma kai oi proswpikoÐ, èqoun tètoia upolo-
gistik  isqÔ pou epitrèpoun ton upologismì montèlwn se arket� mikroÔc qrìnouc. Ektìc
ìmwc apì tètoiouc upologistikoÔc pìrouc, pou plèon k�je fusikìc èqei sthn di�jes 
tou, thn s meron hmèra emfanÐzetai mia kainoÔrgia kainotomÐa ston q¸ro tou scientific
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computing. H kainotomÐa aut  eÐnai to Grid, kai aneb�zei se teleÐwc �llh klÐmaka thn
dunatìthta katanemhmènwn upologism¸n, pou mèqri t¸ra den thn apol�mbanan ìloi oi
ereunhtèc. Me to Grid, o fusikìc èqei plèon sthn di�jes  tou èna ter�stio pl joc
upologistik¸n kai apojhkeutik¸n pìrwn touc opoÐouc mporeÐ na qrhsimopoi sei kai na
per�sei thn èreun� tou se �llo epÐpedo.
Kat� thn ekpìnhsh aut c thc ergasÐac  mastan arket� tuqeroÐ ¸ste na èqoume sthn di�-
jes  mac aut  thn kainoÔrgia teqnologÐa, h opoÐa pragmatik� el�ttwse shmantik� touc
qrìnouc ektèleshc twn programm�twn dÐnontac thn dunatìthta exereÔnhshc megalÔterwn
ìgkwn sto plègma kai an¸terwn diast�sewn. Fusik�, k�ti tètoio, qwrÐc thn teqnologÐa
tou Grid, ja  tan apl� adÔnato. Qarakthristik�, o sunolikìc upologistikìc qrìnoc
gia thn diexagwg  thc ergasÐac upologÐzetai ìti xepèrase ta pènte qrìnia suneqoÔc lei-
tourgÐac enìc aploÔ epexergast !
H paroÔsa ergasÐa apoteleÐtai apì pènte mèrh. Sto pr¸to parousi�zetai mÐa sÔntomh
eisagwg  se basikèc ènnoiec thc statistik c mhqanik c, p�nw stic opoÐec qtÐzetai to
oikodìmhma twn kbantik¸n jewri¸n pedÐou se plègma. Sto deÔtero mèroc dÐnetai mi-
a sunektik  eisagwg  ston formalismì thc sumpagoÔc kbantik c jewrÐac pedÐou U(1)
qwrÐc fermiìnia kaj¸c kai o trìpoc me ton opoÐon h jewrÐa metafèretai ston upologist 
gia na prosomoiwjeÐ kat� Monte Carlo. Sto trÐto mèroc gÐnetai mia diexodik  anafor�
sthn teqnologÐa tou Grid ìpwc aut  qrhsimopoi jhke sta plaÐsia thc ergasÐac. Sto
tètarto mèroc parousi�zetai o algìrijmoc twn plaket¸n, tìso me mia mikr  anafor� se
jewrhtik  upost rix  tou, ìso kai me thn ulopoÐhs  tou se upologistikì perib�llon
kai thn metèpeita sÔgkris  tou, ìson afor� tic epidìseic, me aploÔc algìrijmouc, kai
tèloc sto pèmpto mèroc parousi�zontai ta apotelèsmata pou èdwse o algìrijmoc gia
thn sumpag  tetradi�stath jewrÐa bajmÐdac U(1) qwrÐc fermiìnia kai sugkrÐnontai me
antÐstoiqa apotelèsmata �llwn algorÐjmwn apì thn sqetik  bibliografÐa.
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Kef�laio 1

StoiqeÐa statistik c mhqanik c

Sto kef�laio autì parousi�zontai k�poia basik� jèmata thc statistik c mhqanik -
c. Kaj¸c h jewrÐa pedÐou se plègma telik� katal gei sthn melèth enìc statistikoÔ
fusikoÔ sust matoc, eÐnai skìpimo na anaferjoÔme stic basikèc ènnoiec thc jewrÐac s-
tatistik¸n fusik¸n susthm�twn kaj¸c kai stouc algìrijmouc pou qrhsimopoioÔntai gia
thn melèth tètoiwn susthm�twn.
H statistik  mhqanik  kurÐwc endiafèretai gia ton upologismì idiot twn susthm�twn
sumpuknwmènhc Ôlhc. H basik  duskolÐa pou sundèetai me tètoia sust mata eÐnai ìti
apoteloÔntai apì p�ra poll� sunist¸nta stoiqeÐa, tupik� �toma   mìria. Aut� ta s-
toiqeÐa sun jwc eÐnai ìla ta Ðdia   enìc mikroÔ arijmoÔ diaforetik¸n eid¸n kai suqn�
upakoÔoun se sqetik� aplèc exis¸seic kÐnhshc, ètsi ¸ste h sumperifor� olìklhrou tou
sust matoc na mporeÐ na ekfrasteÐ majhmatik� me ènan �meso trìpo. 'Omwc o ter�stioc
arijmìc twn exis¸sewn k�nei adÔnath thn akrib  epÐlush twn sqetizomènwn majhmatik¸n.
Parìlo ìmwc, pou den eÐnai efikt  h epÐlush twn exis¸sewn tou Hamilton gia aut� ta
sust mata, diìti apl� eÐnai p�ra pollèc, mporoÔme na parathr soume makroskopikèc
idiìthtec tou ulikoÔ, oi opoÐec eÐnai kal� orismènec kai problèyimec. Profan¸c, up�r-
qei k�ti xeqwristì sthn sumperifor� twn lÔsewn aut¸n twn uper�rijmwn exis¸sewn
to opoÐo anadeiknÔetai san mèsoc ìroc gia na mac d¸sei thn problèyimh sumperifor�
ìlou tou sust matoc. H statistik  mhqanik  prospajeÐ na parak�myei to prìblhma
thc epÐlushc twn exis¸sewn kÐnhshc kai p�ei apeujeÐac ston upologismì makroskopik¸n
idiot twn meg�lwn susthm�twn metaqeirizìmen  aut� me pijanokratikì trìpo. AntÐ na
y�qnoume gia akribeÐc lÔseic, èqoume na k�noume me tic pijanìthtec tou sust matoc na
brÐsketai sthn mÐa kat�stash   thn �llh. Tètoioi pijanologikoÐ isqurismoÐ apodeiknÔetai
ìti eÐnai idiaÐtera qr simoi, diìti sun jwc blèpoume ìti gia meg�la sust mata to pedÐo
twn sumperifor¸n tou sust matoc, oi opoÐec den eÐnai pijanèc eÐnai polÔ mikrì. 'Olec
oi logik� pijanèc sumperiforèc empÐptoun se mia sten  perioq , to opoÐo mac epitrèpei
me arket� meg�lh sigouri� na dhl¸noume ìti to sÔsthma ja deÐxei k�poia sumperifor�
entìc aut c thc perioq c.
To tupikì par�deigma tètoiwn makroskopik¸n susthm�twn eÐnai autì enìc sust matoc
pou orÐzetai apì mia qamiltonian  sun�rthsh H, h opoÐa mac dÐnei thn olik  enèrgeia tou
sust matoc se mia sugkekrimènh kat�stash. Ac upojèsoume ìti to sÔsthma autì eÐnai
sthn kat�stash µ. Ac orÐsoume thn pijanìthta to sÔsthma na eÐnai sthn kat�stash ν
met� apì qrìno dt wc R(µ → ν)dt. Aut  h posìthta onom�zetai o rujmìc met�bash-
c (transition rate) gia thn met�bash tou sust matoc apì thn kat�stash µ sthn ν. O
rujmìc met�bashc sun jwc jewreÐtai ìti eÐnai qronoanex�rthtoc, k�ti to opoÐo ja upojè-
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soume kai sta parak�tw, ìtan oi allhlepidr�seic den exartìntai apì to qrìno. AutoÐ oi
rujmoÐ met�bashc eÐnai sun jwc ta mìna pr�gmata pou xèroume se sqèsh me thn dunamik .
Autì shmaÐnei ìti akìmh kai an gnwrÐzoume thn arqik  kat�stash tou sust matoc, arkeÐ
mìno na perimènoume ikanì qronikì di�sthma kai met� to sÔsthma ja mporeÐ na eÐnai se
opoiad pote apì ènan p�ra polÔ meg�lo arijmì pijan¸n katast�sewn. Ed¸ loipìn èrqe-
tai na anal�bei dr�sh h pijanojewrhtik  antimet¸pish tou probl matoc. OrÐzoume ènan
sÔnolo bar¸n wµ(t) ta opoÐa antiproswpeÔoun thn pijanìthta to sÔsthma na eÐnai sthn
kat�stash µ ton qrìno t. MporoÔme na gr�youme mia kÔria exÐswsh gia thn exèlixh twn
wµ(t) se ìrouc twn rujm¸n met�bashc R(µ → ν):

dwµ

dt
=

∑
ν

[wν(t)R(ν → µ)− wµ(t)R(µ → ν)] . (1.1)

O pr¸toc ìroc tou dexioÔ mèlouc aut c thc exÐswshc antiproswpeÔei ton rujmì me ton
opoÐon to sÔsthma metabaÐnei sthn kat�stash µ, o deÔteroc ìroc eÐnai o rujmìc me ton
opoÐon to sÔsthma metabaÐnei apì thn kat�stash µ se �llec katast�seic. Oi pijanìthtec
wµ(t) prèpei epÐshc na upakoÔoun ton ajroistikì kanìna:

∑
µ

wµ(t) = 1 (1.2)

gia k�je t, kaj¸c to sÔsthma prèpei p�nta na eÐnai se k�poia kat�stash. H lÔsh thc
exÐswshc (1.1), pou upakoÔei ston periorismì (1.2), mac lèei p¸c ta b�rh wµ diakumaÐ-
nontai ston qrìno.
Me poiìn loipìn trìpo sundèontai ta b�rh aut� me tic makroskopikèc idiìthtec tou upì
exètash sust matoc? An endiaferìmaste gia k�poia posìthta Q, h opoÐa paÐrnei thn tim 
Qµ sthn kat�stash µ, tìte mporoÔme na orÐsoume thn ektÐmhsh thc Q ston qrìno t tou
sust matìc mac wc ex c:

〈Q〉 =
∑

µ

Qµwµ(t). (1.3)

1.1 H sun�rthsh epimerismoÔ

Ac koit�xoume p�li thn kÔria exÐswsh (1.1). An to sÔsthm� mac k�poia stigm  ft�sei
se k�poia kat�stash sthn opoÐa oi dÔo ìroi tou dexioÔ mèlouc apaleÐfoun o ènac ton
�llon gia ìla ta µ, tìte oi rujmoÐ metabol c dwµ/dt ja mhdenÐzontai kai ìla ta b�rh ja
paÐrnoun stajerèc timèc gia ton upìloipo qrìno. Aut  eÐnai mia kat�stash isorropÐac.
Oi rujmoÐ met�bashc R(µ → ν) pou emfanÐzontai sthn kÔria exÐswsh (1.1) den paÐrnoun
opoiesd pote timèc. PaÐrnoun sugkekrimènec timèc oi opoÐec upagoreÔontai apì thn jer-
mik  fÔsh thc allhlepÐdrashc metaxÔ tou sust matoc kai tou jermikoÔ perib�llontoc
(thermal reservoir). To shmantikì shmeÐo eÐnai ìti xèroume ek twn protèrwn poièc eÐnai
oi timèc isorropÐac gia ta b�rh wµ tou sust matìc mac. KaloÔme autèc tic timèc isor-
ropÐac, pijanìthtec kat�lhyhc isorropÐac (equilibrium occupation probabilities) kai tic
sumbolÐzoume wc:

pµ = lim
t→∞

wµ(t). (1.4)
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O Gibbs èdeixe to 1902 ìti gia èna sÔsthma se jermik  isorropÐa me mia jermik  dexamen 
se jermokrasÐa T , oi pijanìthtec kat�lhyhc isorropÐac eÐnai

pµ =
1

Z
e−Eµ/kT . (1.5)

Ed¸ Eµ eÐnai h enèrgeia thc katast�sewc µ kai k eÐnai h stajer� tou Boltzmann. EpÐshc,
sÔmfwna me tic sumb�seic, sumbolÐzoume thn posìthta (kT )−1 me to sÔmbolo β. H Z
eÐnai, se pr¸th f�sh, mia stajer� kanonikopoÐhshc, thc opoÐac h tim  dÐnetai apì

Z =
∑

µ

e−Eµ/kT =
∑

µ

e−βEµ . (1.6)

H de katanom  pijanìthtac (1.5) eÐnai gnwst  san katanom  Boltzmann.
H Z eÐnai kurÐwc ìmwc gnwst  wc h sun�rthsh epimerismoÔ (partition function), kai
paÐzei polÔ pio shmantikì rìlo ston majhmatikì formalismì thc statistik c mhqanik c
apì mia koin  stajer� kanonikopoÐhshc. ApodeiknÔetai ìti h gn¸sh thc diakÔmanshc thc
Z me thn jermokrasÐa kai ìswn �llwn paramètrwn ephre�zoun to sÔsthma1 mporeÐ na
mac peÐ praktik� ta p�nta gia thn makroskopik  sumperifor� tou sust matoc!
Apì tic exis¸seic (1.3), (1.4) kai (1.5) h ektÐmhsh miac posìthtac Q gia èna sÔsthma se
isorropÐa eÐnai

〈Q〉 =
∑

µ

Qµpµ =
1

Z

∑
µ

Qµe
−βEµ . (1.7)

'Etsi loipìn, h anamenìmenh tim  thc enèrgeiac 〈E〉, h opoÐa sthn jermodunamik  tautÐzetai
me thn eswterik  enèrgeia U , dÐnetai apì

U =
1

Z

∑
µ

Eµe
−βEµ . (1.8)

Apì thn exÐswsh (1.6) blèpoume ìti aut  mporeÐ epÐshc na grafeÐ me ìrouc parag¸gwn
thc sun�rthshc epimerismoÔ:

U = − 1

Z

∂Z

∂β
= −∂log Z

∂β
. (1.9)

'Etsi, èna �llo mègejoc, h eidik  jermìthta C, pou dÐnetai apì thn par�gwgo thc
eswterik c enèrgeiac, eÐnai:

C =
∂U

∂T
= −kβ2∂U

∂β
= kβ2∂2log Z

∂β2
. (1.10)

'Omwc, xèroume epÐshc apì thn jermodunamik  ìti h eidik  jermìthta sqetÐzetai me thn
entropÐa S:

C = T
∂S

∂T
= −β

∂S

∂β
, (1.11)

1 ΄Οπως για παράδειγμα ο όγκος στον οποίον περιορίζεται το σύστημα, ή το μαγνητικό πεδίο αν έχουμε
να κάνουμε με μαγνητικά υλικά.

3



Diplwmatikh Ergasia D. Skiph

kai ètsi, exis¸nontac autèc tic dÔo ekfr�seic gia thn C kai oloklhr¸nontac wc proc β,
paÐrnoume thn akìloujh èkfrash gia thn entropÐa:

S = −kβ
∂log Z

∂β
+ k log Z. (1.12)

Tèloc mporoÔme na gr�youme mia èkfrash gia thn eleÔjerh enèrgeia F tou sust matoc:

F = U − TS = −kT log Z. (1.13)

DeÐxame loipìn p¸c ta megèjh U , C, S kai F mporoÔn ìla na upologistoÔn apeujeÐac
apì thn sun�rthsh epimerismoÔ Z. H teleutaÐa exÐswsh mac lèei epÐshc p¸c mporoÔme
na ergastoÔme kai me �llec paramètrouc pou epidroÔn sto sÔsthma. Sthn klasik 
jermodunamik , par�metroi   desmoÐ   pedÐa pou allhlepidroÔn me to sÔsthma èqoun
suzugeÐc metablhtèc pou antiproswpeÔoun thn apìkrish tou sust matoc se mia diataraq 
thc antÐstoiqhc paramètrou. Gia par�deigma, h antapìkrish enìc aerÐou sust matoc se
èna doqeÐo se mia metabol  tou ìgkou tou eÐnai mia metabol  sthn pÐesh tou aerÐou. H
pÐesh p loipìn eÐnai h suzug c metablht  thc paramètrou V . H jermodunamik  mac lèei
ìti mporoÔme na upologÐsoume thn tim  twn suzug¸n metablht¸n apì tic parag¸gouc thc
eleÔjerhc enèrgeiac:

p = −∂F

∂V
. (1.14)

'Etsi èqontac upologÐsei thn sun�rthsh epimerismoÔ kai kat' epèktash thn eleÔjerh
enèrgeia b�sh thc exÐswshc (1.13), mporoÔme na upologÐsoume kai tic sunèpeiec metabol¸n
twn paramètrwn.

1.2 Prosomoi¸seic Monte Carlo

Praktik� up�rqei mìno mÐa gnwst  arijmhtik  mèjodoc gia ton upologismì thc sun�rthsh-
c epimerismoÔ enìc montèlou san to Ising se èna meg�lo plègma, kai aut  h mèjodoc eÐnai
h prosomoÐwsh Monte Carlo. H basik  idèa pÐsw apì thn prosomoÐwsh Monte Carlo
eÐnai na prosomoi¸soume thn tuqaÐa jermik  diakÔmansh tou sust matoc apì kat�stash
se kat�stash kat� thn di�rkeia enìc peir�matoc. Gia p�ra polloÔc lìgouc, prèpei ed¸
na anafèroume ìti eÐnai protimìtero na jewroÔme ton upologismì thc anamenìmenhc tim c
san ènan qronikì mèso ìro p�nw stic katast�seic apì tic opoÐec pern� to sÔsthma. Ston
upologismì Monte Carlo prosomoi¸noume apeujeÐac aut  thn diadikasÐa: dhmiourgoÔme
èna montèlo ston upologist  kai to af noume na per�sei apì mia seir� katast�sewn me
tètoio trìpo ¸ste h pijanìtht� tou na brÐsketai se mia sugkekrimènh kat�stash µ se
ènan dedomèno qrìno t na eÐnai Ðsh me to b�roc wµ(t), to opoÐo ja eÐqe h kat�stash se èna
pragmatikì sÔsthma. Gia na to epitÔqoume autì, prèpei na dialèxoume mia dunamik  gia
thn prosomoÐws  mac2 h opoÐa ja odhgeÐ sthn emf�nish k�je katast�sewc me akrib¸c
thn pijanìthta pou thc antistoiqeÐ. Dialègoume loipìn èna sÔnolo rujm¸n R(µ → ν) gia
tic metab�seic apì thn mÐa kat�stash sthn �llh kai tic dialègoume me tètoio trìpo ¸ste
h lÔsh isorropÐac sthn antÐstoiqh kÔria exÐswsh na eÐnai akrib¸c h katanom  Boltzmann

2 ΄Εναν τρόπο, δηλαδή, αλλαγής από την μία κατάσταση στην άλλη κατά την διάρκεια της προσομοίωσης.
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(1.5). Met�, qrhsimopoioÔme autoÔc touc rujmoÔc gia na dialèxoume tic katast�seic apì
tic opoÐec pern� to prosomoioÔmeno sÔsthm� mac kat� thn di�rkeia thc prosomoÐwsh-
c. Apì autèc tic katast�seic telik� k�noume ektim seic gia opoiod pote parathr simo
mègejoc endiaferìmaste.

1.2.1 H ektim tria

O sun jhc stìqoc miac prosomoÐwshc Monte Carlo enìc jermikoÔ sust matoc eÐnai
o upologismìc thc anamenìmenhc tim c 〈Q〉 mia parathr simhc posìthtac Q. O idanikìc
trìpoc gia ton upologismì miac tètoiac anamenìmenhc tim c eÐnai h eÔresh thc mèshc tim c
thc posìthtac p�nw se ìlec tic katast�seic µ tou sust matoc me b�roc thn antÐstoiqh
pijanìthta Boltzmann

〈Q〉 =

∑
µ Qµe

−βEµ

∑
µ e−βEµ

(1.15)

O trìpoc autìc ìmwc eÐnai efiktìc mìno gia ta mikrìtera twn susthm�twn. Se megalÔter-
a sust mata to kalÔtero pou mporoÔme na k�noume eÐnai na p�roume touc mèsouc ìrouc
p�nw se k�poio uposÔnolo twn katast�sewn, parìlo pou ètsi anagkaÐa eis�goume k�poia
anakrÐbeia ston upologismì. Oi teqnikèc Monte Carlo douleÔoun dialègontac èna up-
osÔnolo twn katast�sewn tuqaÐa apì k�poia katanom  pijanìthtac pµ thn opoÐa orÐ-
zoume. 'Estw, loipìn, ìti dialègoume M tètoiec katast�seic {µ1 . . . µM}. H kalÔterh
ektÐmhs  mac gia thn posìthta Q ètsi ja eÐnai

QM =

∑M
i=1 Qµi

p−1
µi

e−βEµi

∑M
j=1 p−1

µj
e−βEµj

. (1.16)

To Qµ kaleÐtai ektim tria thc posìthtac Q. 'Eqei de thn idiìthta, ìso o arijmìc M twn
katast�sewn tou deÐgmatoc aux�nei, gÐnetai ìlo kai pio akrib c ektÐmhsh thc 〈Q〉, kai
ìtan M →∞ èqoume QM = 〈Q〉.
To er¸thma pou anadeiknÔetai t¸ra eÐnai p¸c ja prèpei k�poioc na dialèxei tic M
katast�seic ètsi ¸ste h QM na eÐnai mia akrib c ektÐmhsh thc 〈Q〉? Me �lla lìgia, p¸c
ja dialèxoume thn katanom  pijanìthtac pµ? Ed¸ ja prèpei, loipìn, na parathr soume
ìti to èna   kai ta dÔo ajroÐsmata pou emfanÐzontai sthn exÐswsh (1.15) kuriarqoÔn-
tai sun jwc apì ènan mikrì arijmì katast�sewn, me ìlec tic upìloipec katast�seic na
suneisfèroun mìno èna amelhtèo posì telik�. Autì to sÔnolo katast�sewn exart�tai
sun jwc apì thn par�metro β.
Epomènwc, an eÐqame k�poion trìpo na xèroume poièc katast�seic èqoun shmantikèc sune-
isforèc sta ajroÐsmata thc exÐswshc (1.15) kai an mporoÔsame na epilèxoume to deÐgma
twn M katast�se¸n mac gia mìno autèc tic katast�seic kai na ameloÔsame ìlec tic
�llec, ja eÐqame mia arket� kal  ektÐmhsh thc 〈Q〉 me èna mikrì arijmì ìrwn. Aut 
eÐnai kai h ousÐa pÐsw apì tic mejìdouc Monte Carlo. H teqnik  gia na epilègoume tic
shmantikèc katast�seic apì to ter�stio sÔnolo ìlwn twn pijan¸n katast�sewn lègetai
deigmatolhyÐa shmantikìthtac (importance sampling).
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1.2.2 DeigmatolhyÐa shmantikìthtac
Sun jwc prospajoÔme na p�roume èna deÐgma katast�sewn tou sust matoc sto opoÐo

h pijanìthta emf�nishc kajemÐac eÐnai an�logh tou antÐstoiqou b�rouc Boltzmann thc
kat�stashc. H strathgik  eÐnai h ex c: antÐ na paÐrnoume tic M katast�seic me tètoio
trìpo ¸ste ìlec oi katast�seic tou sust matoc na eÐnai isopÐjanec, tic dialègoume ètsi
¸ste h pijanìthta mia sugkekrimènh kat�stash na epilegeÐ na eÐnai

pµ = Z−1e−βEµ . (1.17)

Tìte h ektim tria thc 〈Q〉 gÐnetai apl�

QM =
1

M

M∑
i=1

Qµi
. (1.18)

To mìno er¸thma pou apomènei eÐnai p¸c akrib¸c epilègoume tic katast�seic ¸ste k�je
mia na emfanÐzetai me thn swst  antÐstoiqh pijanìthta Boltzmann. H kajierwmènh lÔsh
se autì to prìblhma eÐnai na k�noume qr sh twn Markobian¸n diadikasi¸n.

1.2.3 DiadikasÐec Markov

To dÔskolo shmeÐo sthn ektèlesh miac prosomoÐwshc Monte Carlo eÐnai h dhmiourgÐa
enìc kat�llhlou tuqaÐou sunìlou katast�sewn sÔmfwna me thn katanom  pijanìthtac
Boltzmann. 'Ola ta sq mata Monte Carlo basÐzontai stic markobianèc diadikasÐec san
ton mhqanismì paragwg c tou sunìlou twn katast�sewn pou ja qrhsimopoihjoÔn.
Mia markobian  diadikasÐa eÐnai ènac mhqanismìc o opoÐoc, dedomènou enìc sust matoc
se mia kat�stash µ, par�gei mia kainoÔrgia kat�stash tou sust matoc ν. Autì to k�nei
me tuqaÐo trìpo; den ja genn sei thn Ðdia kainoÔrgia kat�stash k�je for� pou xekin�
apì thn arqik  kat�stash µ. H pijanìthta na paraqjeÐ h kat�stash ν dedomènhc thc
µ onom�zetai pijanìthta met�bashc (transition probability) P (µ → ν) gia thn met�bash
apì thn µ sthn ν, kai gia mia pragmatik  diadikasÐa Markov ìlec oi pijanìthtec met�bashc
ja prèpei na ikanopoioÔn tic akìloujec dÔo sunj kec: (1) den ja prèpei na kumaÐnontai
me ton qrìno, kai (2) ja prèpei na exart¸ntai mìno apì tic idiìthtec twn katast�sewn µ
kai ν, kai apì kamÐa �llh kat�stash apì thn opoÐa pèrase to sÔsthma. Oi pijanìthtec
met�bashc P (µ → ν) ja prèpei epÐshc na ikanopoioÔn ton periorismì

∑
ν

P (µ → ν) = 1. (1.19)

Se mia prosomoÐwsh Monte Carlo qrhsimopoioÔme markobianèc diadikasÐec epanhleimmèna
gia na dhmiourg soume mia markobian  alusÐda (Markov chain) katast�sewn. Xekin¸ntac
apì mia kat�stash µ, qrhsimopoioÔme thn diadikasÐa gia na genn soume mia kainoÔrgia
kat�stash ν, kai met� trofodotoÔme aut  thn kat�stash sthn diadikasÐa gia na gen-
n soume mÐa �llh, thn λ, kai oÔtw kaj' ex c. H markobian  diadikasÐa epilègetai ètsi
¸ste ìtan èqei ektelesteÐ gia arketì qrìno xekin¸ntac apì opoiad pote kat�stash tou
sust matoc ja dhmiourg sei telik� mia diadoq  katast�sewn pou ja emfanÐzontai me
pijanìthtec pou dÐnontai apì thn katanom  Boltzmann.
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1.2.4 Ergodikìthta
H sunj kh thc ergodikìthtac eÐnai h apaÐthsh tou na eÐnai dunatì h markobian  mac

diadikasÐa na pern� apì opoiad pote arqik  kat�stash tou sust matìc mac se ìlec
tic �llec, an ektelesteÐ gia arketì qrìno. H sunj kh aut  mac lèei ìti mporoÔme na
k�noume merikèc pijanìthtec met�bashc thc markobian c diadikasÐac mac mhdèn, all� ja
prèpei na up�rqei toul�qiston èna monop�ti mh mhdenik c pijanìthtac met�bashc metaxÔ
opoiwnd pote dÔo katast�sewn. Epeid  praktik� ìloi oi algìrijmoi Monte Carlo jètoun
sqedìn ìlec tic pijanìthtec met�bashc Ðsec me mhdèn, ja prèpei na eÐmaste prosektikoÐ
¸ste ìtan to k�noume autì o algìrijmoc na mhn parabi�zei thn ergodikìthta.

1.2.5 Leptomer c isorropÐa
H �llh sunj kh pou upob�lloume sthn markobian  mac diadikasÐa eÐnai h sunj kh

thc leptomeroÔc isorropÐac (detailed balance). Aut  h sunj kh k�nei sÐgouro ìti h
katanom  pijanìthtac thn opoÐa par�goume ìtan sÔsthm� mac èqei èrjei se isorropÐa
eÐnai h katanom  Boltzmann kai ìqi opoiad pote �llh katanom .
Autì metafr�zetai majhmatik� ìti oi pijanìthtec met�bas c mac ja prèpei na ikanopoioÔn
thn sqèsh

P (µ → ν)

P (ν → µ)
=

pν

pµ

= e−β(Eν−Eµ). (1.20)

Aut  h exÐswsh mazÐ me thn exÐswsh (1.19) eÐnai oi periorismoÐ pou epib�loume sthn
epilog  twn pijanot twn met�bashc P (µ → ν). An tic ikanopoi soume autèc, kaj¸c
kai thn sunj kh thc ergodikìthtac, tìte h katanom  katast�sewn sthn isorropÐa sthn
diadikasÐa Markov ja eÐnai h katanom  Boltzmann.

1.2.6 Lìgoi apodoq c
H parap�nw mikr  eisagwg , dustuq¸c, dÐnei thn l�joc entÔpwsh ìti h kataskeu 

enìc algorÐjmou Monte Carlo eÐnai eÔkolh upìjesh. Dedomènou enìc epijumhtoÔ sunìlou
pijanot twn met�bashc P (µ → ν) pou ikanopoioÔn tic exis¸seic (1.19) kai (1.20), lème,
ìti apl� skeftìmaste k�poia diadikasÐa Markov, h opoÐa dhmiourgeÐ tic katast�seic
me akrib¸c autèc tic pijanìthtec met�bashc, kai wc dia mageÐac par�goume mÐa alusÐda
gegonìtwn me akrib¸c thn swst  katanom  Boltzmann. Suqn� ìmwc den eÐnai pro-
fanèc poi� eÐnai h kat�llhlh diadikasÐa Markov h opoÐa èqei tic aparaÐthtec pijanìthtec
met�bashc, kai to na thn broÔme eÐnai mia epÐponh diadikasÐa. Gia k�poia probl mata,
mporoÔme na qrhsimopoi soume gnwstoÔc algìrijmouc, ìpwc h mèjodoc Metropolis, al-
l� gia poll� �lla probl mata oi kajierwmènec mèjodoi den eÐnai kajìlou bolikèc kai ja
 tan polÔ kalÔtero an mporoÔsame na kataskeu�soume ènan algìrijmo gia tic dikèc mac
eidikèc an�gkec. All� en¸ mporeÐ na eÐmaste se jèsh na proteÐnoume pollèc upoy fiec
diadikasÐec Markov, parìla aut� mporeÐ na mhn mporoÔme na broÔme k�poia pou dÐnei to
swstì sÔnolo twn pijanot twn met�bashc. Ta kal� nèa, ìmwc, eÐnai ìti den qrei�zetai
na k�noume k�ti tètoio. Sthn pragmatikìthta, apodeiknÔetai ìti mporoÔme na epilèxoume
opoiond pote algìrijmo mac arèsei gia thn kataskeu  twn kainoÔrgiwn katast�sewn,
all� na èqoume kai to epijumhtì sÔnolo twn pijanot twn met�bashc, eis�gontac k�ti
pou to onom�zoume lìgo apodoq c. H idèa pÐsw apì autì to tèqnasma eÐnai h ex c:
Xèroume ìti epitrèpetai to sÔsthma na èqei mia mh mhdenik  pijanìthta na parameÐnei sthn
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Ðdia kat�stash, dhlad  h P (µ → µ) mporeÐ na eÐnai mh mhdenik  an jèloume. An jèsoume
ν = µ sthn exÐswsh (1.20), paÐrnoume thn apl  tautologÐa 1 = 1, to opoÐo shmaÐnei ìti
h sunj kh thc leptomeroÔc isorropÐac ikanopoieÐtai p�nta gia P (µ → µ), anex�rthta
apì thn tim  pou epilègoume gi'autì. Autì mac dÐnei k�poia elastikìthta sto p¸c na
epilèxoume tic upìloipec pijanìthtec met�bashc stic opoÐec µ 6= ν. Gia arq , shmaÐnei
ìti mporoÔme na rujmÐsoume thn tim  opoiasd pote P (µ → ν) kai na ikanopoieÐtai o
kanìnac �jroishc (1.2), apl� anaplhr¸nontac thn metabol  pou k�noume me mia Ðsh kai
antÐjeth metabol  sthn P (µ → µ). To mìno pr�gma pou ja prèpei na prosèqoume eÐnai h
P (µ → ν) na mhn gÐnetai mikrìterh tou mhdenìc   megalÔterh tou 1. An k�noume k�poia
tètoia metabol  sthn P (µ → ν), mporoÔme na kanonÐsoume ètsi ¸ste kai h exÐswsh (1.20)
na paramènei ikanopoihmènh, k�nontac sugqrìnwc kai mÐa metabol  sthn P (ν → µ), ètsi
¸ste o lìgoc twn dÔo na diathreÐtai.
Katal goume ètsi sto gegonìc ìti autèc oi jewr seic mac dÐnoun arket  eleujerÐa ¸ste
na mporoÔme na jètoume stic pijanìthtec met�bashc ì,ti tim  jèloume peir�zontac tic
timèc twn pijanot twn P (µ → µ). Gia na to doÔme autì kajar�, sp�me thn pijanìthta
met�bashc se dÔo mèrh:

P (µ → ν) = g(µ → ν)A(µ → ν). (1.21)

H posìthta g(µ → ν) eÐnai h pijanìthta epilog c, h opoÐa eÐnai h pijanìthta, dedomènhc
mi�c kat�stashc µ, o algìrijmìc mac na genn sei thn nèa kat�stash ν, kai A(µ → ν)
eÐnai o lìgoc apodoq c (suqn� kaleÐtai kai pijanìthta apodoq c). O lìgoc apodoq c
mac lèei ìti an xekin soume me mia kat�stash µ kai o algìrijmìc mac genn sei apì aut n
thn kainoÔrgia kat�stash ν, ja prèpei na deqìmaste thn kainoÔrgia kat�stash kai na
metab�lloume to sÔsthm� mac se aut n me pijanìthta A(µ → ν). Alli¸c apl� paramè-
noume sthn kat�stash µ. EÐmaste eleÔjeroi na epilèxoume ton lìgo apodoq c na eÐnai
opoiosd pote arijmìc metaxÔ tou mhdèn kai tou èna; dialègont�c ton na eÐnai mhdèn gia
ìlec tic metab�seic eÐnai tautìshmo me thn epilog  P (µ → µ) = 1, pou eÐnai h mègisth
tim  pou mporeÐ na p�rei, kai shmaÐnei ìti den ja fÔgoume potè apì thn kat�stash µ
(K�ti ìqi kai tìso epijumhtì).
Ta parap�nw mac dÐnoun apìluth eleujerÐa sto p¸c na dialèxoume tic pijanìthtec epi-
log c g(µ → ν), afoÔ h exÐswsh (1.20) kajorÐzei mìno ton lìgo

P (µ → ν)

P (ν → µ)
=

g(µ → ν)A(µ → ν)

g(ν → µ)A(ν → µ)
. (1.22)

O lìgoc
A(µ → ν)

A(ν → µ)
(1.23)

mporeÐ na p�rei opoiad pote tim  metaxÔ tou mhdèn kai tou �peirou, pou shmaÐnei ìti kai
oi g(µ → ν) kai g(ν → µ) mporoÔn na p�roun ì,ti tim  jèloume.
O �lloc mac periorismìc, o kanìnac �jroishc thc exÐswshc (1.19), ikanopoieÐtai akìma,
afoÔ to sÔsthma prèpei na katal gei se k�poia kat�stash met� apì k�je b ma thc alusÐ-
dac Markov, akìma kai an aut  h kat�stash eÐnai h Ðdia me aut  me thn opoÐa xekin same.
'Etsi, gia na kataskeu�soume ton algìrijmo Monte Carlo autì pou praktik� k�noume
eÐnai na skeftoÔme ènan algìrijmo pou genn� tuqaÐa nèec katast�seic ν apì tic palièc
µ, me k�poio sÔnolo pijanot twn g(µ → ν), kai met� deqìmaste   aporrÐptoume autèc
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tic katast�seic me lìgouc apodoq c A(µ → ν) touc opoÐouc epilègoume ètsi ¸ste na
ikanopoioÔn thn exÐswsh (1.22). Autì tìte ja ikanopoieÐ ìlec tic apait seic gia tic pi-
janìthtec met�bashc, kai ètsi ja dhmiourg sei mÐa alusÐda katast�sewn oi opoÐec, ìtan
o algìrijmoc ft�sei sthn isorropÐa, ja emfanÐzontai me thn swst  touc pijanìthta
Boltzmann.

1.3 H mèjodoc Metropolis kai to montèlo Ising

To montèlo Ising eÐnai to montèlo enìc magn th. H basik  idèa pÐsw apì to montèlo,
kai pÐsw apì poll� magnhtik� montèla, eÐnai ìti o magnhtismìc tou ulikoÔ eÐnai apotè-
lesma tou sunduasmoÔ thc magnhtik c dipolik c rop c poll¸n atomik¸n spÐn mèsa sto
ulikì. To montèlo proôpojètei èna plègma me èna magnhtikì dÐpolo   spÐn se k�je kìm-
bo. Sto montèlo Ising aut� ta spÐn paÐrnoun thn aploÔsterh dunat  morf  touc, aut 
bajmwt¸n metablht¸n si oi opoÐec paÐrnoun mìno dÔo timèc ±1, pou antiproswpeÔoun
to p�nw kai k�tw prosanatolismì gia èna dÐpolo monadiaÐac tim c. Se èna pragmatikì
magnhtikì ulikì ta spÐn allhlepidroÔn kai ètsi to montèlo Ising mimeÐtai aut  thn allh-
lepÐdrash sumperilamb�nontac ìrouc sthn Qamiltonian  an�logouc twn ginomènwn sisj

twn spÐn. Sthn aploÔsterh perÐptwsh, oi allhlepidr�seic eÐnai ìlec thc Ðdiac èntashc,
pou apeikonÐzetai me J kai èqei diast�seic enèrgeiac, kai gÐnontai mìno metaxÔ spÐn se
kìmbouc pou eÐnai �mesoi geÐtonec sto plègma. MporoÔme epÐshc na eis�goume èna exw-
terikì magnhtikì pedÐo B pou allhlepidr� me ta spÐn. H Qamiltonian  loipìn paÐrnei thn
morf 

H = −J
∑

〈ij〉
sisj −B

∑
i

si, (1.24)

ìpou o sumbolismìc 〈ij〉 dhl¸nei ìti oi kìmboi i kai j pou emfanÐzontai sto �jroisma
eÐnai �mesoi geÐtonec. Ta arnhtik� prìshma pou emfanÐzontai eÐnai kajar� sumbatik� kai
upagoreÔoun apl� thn epilog  tou pros mou thc paramètrou allhlepÐdrashc J kai tou
exwterikoÔ pedÐou B. Me ta prìshma ¸c èqoun, mia jetik  tim  tou J k�nei ta spÐn na
jèloun na eujugrammistoÔn to èna me to �llo, kai ìla na jèloun na eujugrammistoÔn me
thn dieÔjunsh tou exwterikoÔ pedÐou.
Oi katast�seic tou montèlou Ising eÐnai ta diaforetik� sÔnola twn tim¸n pou mporoÔn
na p�roun ta spÐn. Kaj¸c k�je spÐn mporeÐ na p�rei dÔo timèc, up�rqoun sunolik� 2N

katast�seic enìc plègmatoc me N spÐn p�nw tou. H sun�rthsh epimerismoÔ tou montèlou
eÐnai to �jroisma

Z =
∑

s1=±1

∑
s2=±1

· · ·
∑

sN=±1

exp


βJ

∑

〈ij〉
sisj + βB

∑
i

si


 . (1.25)

Gia kajar� optikoÔc lìgouc h parap�nw èkfrash mporeÐ na grafeÐ me thn pio sumpag 
morf 

Z =
∑

{si}
e−βH . (1.26)

An mporèsoume na k�noume autì to �jroisma, eÐte analutik� eÐte arijmhtik� me thn bo -
jeia upologist , tìte mporoÔme na upologÐsoume thn eswterik  enèrgeia, thn entropÐa,
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thn eleÔjerh enèrgeia, thn eidik  jermìthta kai ta loip�, ìpwc anafèrjhke se prohgoÔ-
menh par�grafo.
Ed¸ èrqetai na bohj sei o algìrijmoc Metropolis. Gia na ex�goume ton algìrijmo autìn,
akoloujoÔme ta ex c b mata:
Dialègoume èna sÔnolo apì pijanìthtec epilog c g(µ → ν), mÐa gia k�je pijan  met�bash
apì mÐa kat�stash sthn �llh, µ → ν, kai tìte dialègoume èna sÔnolo apì pijanìthtec
apodoq c A(µ → ν) ètsi ¸ste h exÐswsh (1.22) na ikanopoieÐ thn sunj kh thc lep-
tomeroÔc isorropÐac, (1.20). O algìrijmoc douleÔei dialègontac suneq¸c mÐa kat�s-
tash ν, kai met� thn apodèqetai   thn aporrÐptei sÔmfwna me thn epilegmènh pijanìthta
apodoq c. An h kat�stash gÐnei apodekt , o upologist c all�zei to sÔsthma sthn nèa
kat�stash ν. An ìqi, apl� thn af nei ¸c èqei. 'Epeita h diadikasÐa epanalamb�netai xan�
kai xan�.
Epeid  èna pragmatikì sÔsthma spanÐwc k�nei metab�seic pou all�zoun dramatik� thn
enèrgeia tou sust matoc, den qrei�zetai na katanal¸noume polÔ qrìno apì thn proso-
moÐws  mac analogizìmenoi metab�seic se katast�seic twn opoÐwn h enèrgeia eÐnai polÔ
diaforetik  apì thn enèrgeia thc paroÔsac kat�stashc. O aploÔsteroc trìpoc gia na
to epitÔqoume autì sto montèlo Ising eÐnai na analogistoÔme katast�seic pou diafèroun
apì thn paroÔsa me to <<anapodogÔrisma>> enìc spÐn. 'Enac algìrijmoc pou akoloujeÐ
aut  thn praktik  lègetai ìti èqei thn dunamik  allag c-monadikoÔ-spÐn.
H qr sh thc dunamik c allag c-monadikoÔ-spÐn mac eggu�tai ìti h kainoÔrgia kat�stash
ja èqei enèrgeia Eν pou ja diafèrei apì thn paroÔsa enèrgeia Eµ to polÔ 2J gia k�je
sÔndesmo metaxÔ tou spÐn pou all�zoume kai twn geitìnwn tou.
Ston algìrijmo Metropolis h pijanìthtec epilog c g(µ → ν) gia k�je mÐa apì tic dunatèc
katast�seic ν epilègontai na eÐnai Ðsec. Oi pijanìthtec epilog c gia ìlec tic upìloipec
katast�seic tÐjontai Ðsec me to mhdèn. Autì, gia to montèlo Ising me thn dunamik 
allag c-monadikoÔ-spÐn, shmaÐnei ìti h epilog  opoioud pote enìc spÐn apì to plègma eÐ-
nai isopÐjanh me thn epilog  opoioud pote �llou. AntÐjeta h epilog  perissotèrwn tou
enìc spÐn eÐnai mhdèn. Ac upojèsoume ìti prosomoi¸noume èna sÔsthma me N spÐn. Me
thn dunamik  allag c-monadikoÔ-spÐn, up�rqoun N diaforetik� spÐn ta opoÐa mporoÔme na
all�xoume kai epomènwc N diaforetikèc pijanèc katast�seic ν stic opoÐec mporoÔme na
odhghjoÔme apì mÐa sugkekrimènh kat�stash µ. 'Etsi up�rqoun N pijanìthtec epilog c
g(µ → ν) oi opoÐec eÐnai mh mhdenikèc, kai k�je mÐa apì autèc paÐrnei thn tim 

g(µ → ν) =
1

N
. (1.27)

Me autèc tic pijanìthtec epilog c, h sunj kh thc leptomeroÔc isorropÐac paÐrnei thn
morf 

P (µ → ν)

P (ν → µ)
=

g(µ → ν)A(µ → ν)

g(ν → µ)A(ν → µ)
=

A(µ → ν)

A(ν → µ)
= e−β(Eν−Eµ). (1.28)

T¸ra ja prèpei na dialèxoume touc lìgouc apodoq c A(µ → ν) ¸ste na ikanopoioÔn
aut  thn exÐswsh. MÐa dunatìthta eÐnai na dialèxoume

A(µ → ν) = A0e
−
1

2
β(Eν−Eµ)

. (1.29)

Sthn exÐswsh (1.29) èqoume upojèsei mÐa sugkekrimènh sunarthsiak  morf  gia ton lìgo
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Sq ma 1.1: H exèlixh thc tim c thc magn tishc an� spÐn gia èna plègma 100 × 100 kat�
thn di�rkeia thc ektèleshc tou algorÐjmou Metropolis.

apodoq c, all� h sunj kh thc leptomeroÔc isorropÐac (1.28), den upagoreÔei k�poia
tètoia morf . H exÐswsh (1.28) apl� orÐzei ton lìgo zeug¸n pijanot twn apodoq c, to
opoÐo mac dÐnei arketì q¸ro gia qeirismoÔc. O pio apodotikìc trìpoc na qeiristoÔme
loipìn tic pijanìthtec apodoq c eÐnai an dìsoume sthn megalÔterh apì tic dÔo thn tim 
1 kai na rujmÐsoume thn �llh ¸ste na upakoÔei ston periorismì. Gia na doÔme p¸c autì
leitourgeÐ sthn perÐptws  mac, ac upojèsoume ìti apì tic dÔo katast�seic µ kai ν pou
jewroÔme ed¸, h ν èqei thn mikrìterh enèrgeia kai h µ thn megalÔterh: Eµ < Eν . Tìte h
megalÔterh apì tic dÔo pijanìthtec apodoq c eÐnai h A(ν → µ) kai epomènwc thn jètoume
Ðsh me 1. Gia na upakoÔei sthn exÐswsh (1.28) h A(µ → ν) prèpei tìte na l�bei thn tim 
e−β(Eν−Eµ). 'Etsi o algìrijmoc gÐnetai

A(µ → ν) =

{
e−β(Eν−Eµ) Eν − Eµ > 0
1, αλλoύ.

(1.30)

Me �lla lìgia, an epilèxoume k�poia kainoÔrgia kat�stash pou èqei enèrgeia mikrìterh
  Ðsh me thn paroÔsa, ja prèpei p�nta na apodeqìmaste thn met�bash se aut  thn kat�s-
tash. An èqei megalÔterh enèrgeia tìte mporeÐ na thn epilèxoume me thn pijanìthta pou
dÐnetai apì thn parap�nw exÐswsh.
Ta parap�nw dÐnoun mÐa eikìna twn arq¸n kai twn diadikasi¸n pou akoloujoÔntai gia thn
prosomoÐwsh enìc statistikoÔ sust matoc. Autèc oi arqèc akolouj jhkan kat� gr�mma
sthn an�ptuxh kai efarmog  tou algìrijmou twn plaket¸n, pou parousi�zetai se aut 
thn ergasÐa. Endeiktik�, sto gr�fhma (1.1) faÐnetai h exèlixh thc tim c thc magn tishc
an� spÐn enìc tètoiou sust matoc Ising kat� thn di�rkeia thc ektèleshc tou algìrijmou
Metropolis me thn dunamik  allag c-monadikoÔ-spÐn.
H magn tish tou sust matoc sthn kat�stash µ eÐnai apl� to mègejoc

Mµ =
∑

i

sµ
i , (1.31)

ìpou to �jroisma trèqei p�nw se ìla ta spÐn, kai profan¸c h magn tish an� spÐn eÐnai to
parap�nw mègejoc diairemèno me to pl joc twn spÐn tou plègmatoc. Sto gr�fhma autì

11
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faÐnetai h tim  thc magn tishc an� spÐn gia k�je 10 sweeps. 'Ena sweep eÐnai mÐa pl rhc
di�sqish tou plègmatoc. K�je dèkath dhlad  for� pou èqoume diasqÐsei to plègma me ton
algìrijmì mac, paÐrnoume mia mètrhsh thc magn tishc an� spÐn. EpÐshc, qarakthristikì
eÐnai na shmeiwjeÐ ìti h arqik  kat�stash apì thn opoÐa xekÐnhse h prosomoÐws  mac,
kai ìpwc faÐnetai kai apì to gr�fhma, eÐnai h <<pagwmènh>>. H kat�stash aut  eÐnai h
kat�stash kat� thn opoÐa ìla ta spÐn tou plègmatoc èqoun thn tim  k�tw. Tèloc, h
prosomoÐwsh aut  ègine gia tim  thc paramètrou β Ðsh me 1.

12



Kef�laio 2

Kbantik  JewrÐa pedÐou se plègma
kai prosomoi¸seic Monte Carlo

2.1 PerÐ plegm�twn

'Opwc anafèrjhke kai ston prìlogo, h kalÔterh èndeixh pou èqoume gia <<periorismì>>
(confinement) se mia mh Abelian  jewrÐa bajmÐdac twn isqur¸n allhlepidr�sewn phg�zei
apì ton formalismì tou Wilson se èna qwroqronikì plègma. Se pr¸th ìyh aut  h sun-
tag  faÐnetai lÐgo par�xenh diìti to kenì den eÐnai krÔstalloc. Pr�gmati, oi peiramatikoÐ
fusikoÐ douleÔoun kajhmerin� me sqetikistik� swmatÐdia pou den deÐqnoun kamÐa apìk-
lish apì tic suneqeÐc summetrÐec thc om�dac Lorentz. GiatÐ, loipìn, oi jewrhtikoÐ ta
teleutaÐa qrìnia dapanoÔn tìso qrìno na perigr�foun kbantikèc jewrÐec upì thn optik 
enìc qwroqronikoÔ plègmatoc?
To plègma katarq n antiproswpeÔei èna majhmatikì trÐk. Parèqei mÐa apokop  (cutoff)
pou apomakrÔnei tic uperi¸deic apeirÐec pou mastÐzoun thn kbantik  jewrÐa pedÐou. 'Op-
wc me opoiond pote rujmist  (regulator), ja prèpei na apomakrÔnetai met� apì thn
epanakanonikopoÐhsh (renormalization). H fusik  mporeÐ na exaqjeÐ ston suneqèc ì-
rio, ìpou to b ma tou plègmatoc teÐnei sto mhdèn.
All� oi apeirÐec kai h sunepag¸menh an�gkh gia epanakanonikopoÐhsh brÐskontai mazÐ
mac apì tic aparqèc thc sqetikistik c kbantomhqanik c. To prìgramma thc kbantik -
c hlektrodunamik c èqei ter�stiec epituqÐec qwrÐc thn an�gkh katafug c se diakritì
qwroqrìno. GiatÐ, loipìn, na aporrÐyoume tic  dh epituqeÐc diataraktikèc epanakanon-
ikopoihtikèc diadikasÐec se b�roc enìc nèou sq matoc apokop c?
OdhgoÔmaste sto plègma apì to monadikì fainìmeno pou emfanÐzetai stic isqurèc allh-
lepidr�seic, to fainìmeno tou periorismoÔ. To fainìmeno autì eÐnai eggen¸c mh diatarak-
tikì. H eleÔjerh jewrÐa me mÐa stajer� sÔzeuxhc pou mhdenÐzetai den èqei k�poia o-
moiìthta ston parathroÔmeno fusikì kìsmo. Epiqeir mata, pou den eÐnai thc paroÔshc,
apaitoÔn thn parousÐa shmantik¸n ousiastik¸n apeirism¸n ìtan oi adronikèc idiìthtec
ekfrastoÔn san sunart seic thc stajer�c sÔzeuxhc. Autì antitÐjetai isqur� me tic
meg�lec epituqÐec thc kbantik c hlektrodunamik c, ìpou h jewrÐa diataraq¸n paÐzei ken-
trikì rìlo. Ta perissìtera sun jh sq mata rÔjmishc basÐzontai sthn an�ptuxh Feyn-
man; k�poia diadikasÐa upologÐzetai mèqri na parathrhjeÐ apeirismìc se k�poio di�gramma
kai met� autìc o apeirismìc apomakrÔnetai. Gia na p�ei k�poioc pèra apì thn diagram-
matik  prosèggish, qrei�zetai mÐa mh diataraktik  apokop . Ed¸ ègkeitai h kÔria aret 
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tou plègmatoc, to opoÐo apeujeÐac exaleÐfei ìla ta m kh kÔmatoc pou eÐnai mikrìtera
apì to dipl�sio thc apìstashc tou plègmatoc. Autì m�lista sumbaÐnei prÐn xekin soun
opoioud pote eÐdouc anaptÔxeic   proseggÐseic.
Sto plègma, h jewrÐa pedÐou gÐnetai kal� orismènh kai mporeÐ na melethjeÐ me polloÔc
trìpouc. H jewrÐa diataraq¸n se plègma, an kai k�pwc perÐergh, dÐnei ìla ta sumbat-
ik� apotelèsmata pou dÐnoun ta �lla sq mata rÔjmishc. O diakritìc qwroqrìnoc ìmwc
eÐnai idiaÐtera kat�llhloc gia an�ptuxh sthn isqur  stajer� sÔzeuxhs(strong coupling
expansion). EÐnai axioshmeÐwto ìti o periorismìc eÐnai autìmatoc se autì to ìrio ìpou
h jewrÐa katal gei se èna kou�rk sthn k�je �krh miac qord c me peperasmènh enèrgeia
an� mon�da m kouc.
O formalismìc se plègma anadeiknÔei tic sundèseic metaxÔ thc jewrÐac pedÐou kai thc
statistik c mhqanik c. Oi eggeneÐc desmoÐ metaxÔ aut¸n twn dÔo gnwstik¸n pedÐwn
gÐnontai emfaneÐc ston formalismì thc kbantik c mhqanik c apì ton Feynman me to
sunarthsiakì olokl rwma (path integral). Ston EukleÐdio q¸ro, to sunarthsiakì olok-
l rwma eÐnai isodÔnamo me mÐa sun�rthsh epimerismoÔ (partition function) gia èna an-
tÐstoiqo statistikì sÔsthma. To tetr�gwno thc stajer�c sÔzeuxhc thc jewrÐac pedÐou
brÐskei �mesh antapìkrish sthn jermokrasÐa tou antÐstoiqou statistikoÔ sust matoc.
'Etsi o fusikìc stoiqeiwd¸n swmatidÐwn èqei eÔkairh ìlh thn teqnologÐa tou statistikoÔ
mhqanikoÔ.

2.2 Sunarthsiakì olokl rwma kai statistik  mh-
qanik 

O formalismìc thc kbantik c mhqanik c me to sunarthsiakì olokl rwma tou Feyn-
man anadeiknÔei tic bajièc sundèseic me thn statistik  mhqanik . H par�grafoc aut 
asqoleÐtai me autèc tic sundèseic gia thn apl  perÐptwsh enìc mh-sqetikistikoÔ swmatidÐou
mèsa se èna dunamikì. Xekin¸ntac me thn sun�rthsh epimerismoÔ pou antiproswpeÔei è-
na sunarthsiakì olokl rwma se èna plègma me fantastikì qrìno, ja deÐxoume p¸c o
formalismìc me ton pÐnaka metafor�c (transfer matrix) aplopoieÐ to prìblhma sthn di-
agwnopoÐhsh enìc telest  ston kanonikì kbantomhqanikì q¸ro Hilbert twn tetragwnik�
oloklhr¸simwn sunart sewn. Sto suneqèc ìrio tou qronikoÔ plègmatoc paÐrnoume thn
kanonik  Qamiltonian .
XekinoÔme me thn Lagkrantzian  enìc eleÔjerou swmatidÐou m�zac m pou kineÐtai se
dunamikì V (x)

L(x, ẋ) = K(ẋ) + V (x),

K(ẋ) =
1

2
mẋ2,

(2.1)

ìpou ẋ eÐnai h qronik  par�gwgoc thc suntetagmènhc x. Shmei¸ste to mh sumbatikì
jetikì prìshmo metaxÔ twn dÔo ìrwn sthn exÐswsh (2.1). Autì up�rqei diìti kataskeu�-
zoume to sunarthsiakì olokl rwma kateujeÐan ston fantastikì qrìno1. Aut  h prak-
tik  belti¸nei thn majhmatik  sÔgklish kai mac af nei thn sun jh Qamiltonian  gia thn

1Η μεταφορά σε φορμαλισμό με φανταστικό χρόνο γίνεται με τη λεγόμενη στροφή Wick, η οποία κάνει
τον χωροχρόνο Ευκλίδειο. Η στροφή αυτή γίνεται με την αλλαγή μεταβλητής t → −it και στροφή του
πεδίου ολοκλήρωσης στο μιγαδικό επίπεδο. Η διαδικασία αυτή γίνεται διότι, όπως θα δούμε, έχουμε να υπ-
ολογίζουμε ολοκληρώματα της μορφής

∫
[dx] exp(−iS), τα οποία στον κανονικό χρόνο είναι ολοκληρώματα

14
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Sq ma 2.1: Mia diadrom  se èna plègma me diakritì qrìno.

diagwnopoÐhsh.
Gia opoiad pote troqi� èqoume thn dr�sh

S =

∫
dtL (ẋ(t), x(t)) , (2.2)

h opoÐa emfanÐzetai sto sunarthsiakì olokl rwma

Z =

∫
[dx(t)] e−S. (2.3)

Ed¸ to olokl rwma eÐnai p�nw se ìlec tic troqièc x(t). 'Opwc emfanÐzetai, ìmwc, h exÐsw-
sh eÐnai sqetik� �sqhma orismènh. Gia na qarakthrÐsoume tic pijanèc troqièc eis�goume
mÐa apokop  (cutoff) sthn morf  enìc qronikoÔ plègmatoc. Jètontac to sÔsthm� mac se
èna qronikì koutÐ sunolikoÔ m kouc τ , qwrÐzoume autì to di�sthma se

N =
τ

α
, (2.4)

diakrit� qronik� tm mata, ìpou α eÐnai to qronoeidèc b ma tou plègmatoc. Sqetizìmenh me
to i-ostì tètoio qronikì tm ma eÐnai h suntetagmènh xi. Aut  h kataskeu  apeikonÐzetai
sto sq ma (2.1). Antikajist¸ntac thn qronik  par�gwgo me thn diafor� plhsièsterou
geÐtona, mei¸noume thn dr�sh sto �jroisma

S = α
∑

i

[
1

2
m

(
xi+1 − xi

α

)2

+ V (xi)

]
. (2.5)

To olokl rwma sthn exÐswsh (2.3) orÐzetai t¸ra san èna olokl rwma p�nw se ìlec tic
suntetagmènec

Z =

∫ (∏
i

dxi

)
e−S. (2.6)

εναλλασσόμενων συναρτήσεων, τα οποία δεν συγκλίνουν. Με την στροφή Wick όμως, αυτά τα ολοκληρώ-
ματα παίρνουν την μορφή

∫
[dx] exp(−S), που είναι ολοκληρώματα αποσβεννύμενων συναρτήσεων, τα οποία

και συγκλίνουν.
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H exÐswsh (2.6) èqei akrib¸c thn morf  miac sun�rthshc epimerismoÔ gia èna statis-
tikì sÔsthma. 'Eqoume kai ed¸ mia monodi�stath alusÐda suntetagmènwn xi. H dr�sh
antiproswpeÔei thn antÐstrofh jermokrasÐa epÐ thn Qamiltonian  tou jermikoÔ analì-
gou. Ja deÐxoume t¸ra ìti o upologismìc aut c thc sun�rthshc epimerismoÔ eÐnai isodÔ-
namoc me thn diagwnopoÐhsh miac kbantomhqanik c Qamiltonian c pou lamb�netai apì
aut  thn dr�sh me kanonikèc mejìdouc (canonical methods). Autì gÐnetai mèsw tou pÐ-
naka metafor�c.
To kleidÐ sthn an�lush me thn sun�rthsh metafor�c eÐnai na shmei¸soume ìti h topik 
fÔsh thc dr�shc sthn exÐswsh (2.2) mac epitrèpei na gr�youme thn sun�rthsh epimerismoÔ
sthn morf  enìc ginomènou pin�kwn

Z =

∫ ∏
i

dxiTxi+1,xi
, (2.7)

ìpou ta stoiqeÐa tou pÐnaka metafor�c eÐnai

Tx′,x = exp
[
−m

2α
(x′ − x)2 − α

2
(V (x′) + V (x))

]
. (2.8)

Autìc o telest c dr� ston q¸ro Hilbert tetragwnik� oloklhr¸simwn sunart sewn,
ìpou tou eswterikì ginìmeno eÐnai to sÔnhjec

〈ψ′|ψ〉 =

∫
dxψ′∗(x)ψ(x). (2.9)

Eis�goume tic mh kanonikopoi simec katast�seic b�seic {|ψ 〉} ètsi ¸ste

|ψ 〉 =

∫
dxψ(x) |x〉,

〈x′|x〉 = δ(x′ − x),

1 =

∫
dx |x〉〈x| .

(2.10)

Oi kanonik� suzugeÐc telestèc p̂ kai x̂ ikanopoioÔn tic

x̂ |x〉 = x |x〉,
[p̂, x̂] = −i,

e−ip̂∆ |x〉 = |x + ∆〉.
(2.11)

Se autì ton q¸ro Hilbert o telest c T orÐzetai mèsw twn stoiqeÐwn pÐnaka

〈x′|T |x〉 = Tx′,x, (2.12)

ìpou o Tx′,x dÐnetai apì thn exÐswsh (2.8). Me periodikèc sunoriakèc sunj kec gia to
sÔsthm� mac me N kìmbouc, to sunarthsiakì olokl rwma gr�fetai sumpag¸c

Z = Tr
(
TN

)
. (2.13)
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O telest c T gr�fetai eÔkola me ìrouc twn suzug¸n metablht¸n p̂ kai x̂

T =

∫
d∆ exp

(
−α

V (x̂)

2

)
exp

(
−∆2m

2α
− ip̂∆

)
exp

(
−α

V (x̂)

2

)
. (2.14)

To olokl rwma p�nw sto ∆ eÐnai Gkaousianì kai dÐnei

T =

√
2πα

m
exp

(
−1

2
αV (x̂)

)
exp

(
−1

2
α

p̂2

m

)
exp

(
−1

2
αV (x̂)

)
. (2.15)

H sÔndesh me thn sun jh kbantomhqanik  Qamiltonian  emfanÐzetai sto ìrio pou to b ma
tou plègmatoc gÐnetai mikrì. 'Otan to α loipìn eÐnai mikrì, ta ekjetik� sthn exÐswsh
(2.15) sundu�zontai gia na d¸soun

T =

√
2πα

m
e−αH+O(α3), (2.16)

ìpou
H =

p̂2

2m
+ V (x̂). (2.17)

Aut  eÐnai akrib¸c h kanonik  Qamiltonian  pou antistoiqeÐ sthn Lagkrantzian  thc
exÐswshc (2.1).
H diadikasÐa thc met�bashc apì èna sunarthsiakì olokl rwma se ènan formalismì thc
kbantik c mhqanik c se k�poio q¸ro Hilbert apoteleÐtai apì trÐa b mata. Pr¸ton orÐ-
zoume to sunarthsiakì olokl rwma se èna qronikì plègma. Met� kataskeu�zoume ton
pÐnaka metafor�c kai ton q¸ro Hilbert ston opoÐo leitourgeÐ. Kai telik�, paÐrnoume
ton log�rijmo tou pÐnaka metafor�c kai anagnwrÐzoume to arnhtikì tou suntelest  tou
grammikoÔ ìrou wc proc thn apìstash tou plègmatoc san thn Qamiltonian . Fusik�,
o pÐnakac metafor�c diadÐdei to sÔsthma apì ènan qrìno se k�poio �llo. Tètoiec
metaforèc dhmiourgoÔntai apì thn Qamiltonian . Dhl¸nontac thn i-ost  idiotim  tou
pÐnaka metafor�c me λi, h exÐswsh gÐnetai

Z =
∑

i

λN
i . (2.18)

Kaj¸c o arijmìc twn qronik¸n diasthm�twn p�ei proc to �peiro, aut  h èkfrash kuri-
arqeÐtai apì thn megalÔterh idiotim  λ0

Z = λN
0 × [1 + O (exp[1−N ln(λ0/λ1)])] . (2.19)

'Etsi sthn statistik  mhqanik  oi jermodunamikèc idiìthtec enìc sust matoc aporrèoun
apì aut  thn megalÔterh idiotim . Sthn sunhjismènh kbantik  mhqanik  to antÐstoiqo
idiodi�nusma eÐnai h qamhlìterh idiokat�stash thc Qamiltonian c; eÐnai h kat¸terh kat�s-
tash (ground state)  , sthn jewrÐa pedÐou, to kenì. Shmei¸ste ìti sthn paroÔsa
suz thsh h sqèsh metaxÔ tou fantastikoÔ kai pragmatikoÔ qrìnou eÐnai stoiqei¸dhc.
EÐte o genn torac twn qronik¸n metafor¸n eÐnai o H eÐte o iH, èqoume p�nta ton Ðdio
telest  na diagwnopoi soume.
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2.3 Abelian� pedÐa bajmÐdac kai Kbantik  Hle-
ktrodunamik 

To 1971 o F. Wegner melèthse mÐa kl�sh montèlwn Ising, ìpou h olik  summetrÐa
Z(2) thc Qamiltonian c metèpipte se topik  summetrÐa. Parìlo pou ta montèla den eÐqan
k�poia topik  par�metro t�xhc (local order parameter) parousÐazan allag  f�shc. Kat�
thn kataskeu  twn montèlwn, o Wegner parousÐase ènan arijmì apì shmantikèc idèec oi
opoÐec apodeÐqjhke ìti paÐzoun spoudaÐo rìlo sthn diatÔpwsh twn jewri¸n pedÐwn ba-
jmÐdac ìpwc h Kbantik  Hlektrodunamik  kai Qrwmodunamik . Sugkekrimèna odhg jhke
sthn kataskeu  miac mh-topik c paramètrou t�xhc pou eÐnai analloÐwth se matasqhma-
tismoÔc bajmÐdac, thc opoÐac to an�logo gia thn Kbantik  Qrwmodunamik  eis qjhke
argìtera apì ton Wilson kai pareÐqe èna krit rio periorismoÔ. Sthn Kbantik  Qrwmod-
unamik  aut  h par�metroc t�xhc eÐnai gnwst  me ton ìnoma brìqoc Wilson.
'Ena koinì qarakthristikì ìlwn twn proanaferjèntwn jewri¸n eÐnai ìti èqoun mia top-
ik  summetrÐa. Sthn perÐptwsh thc Kbantik c Hlektrodunamik c kai Kbantik c Qrw-
modunamik c h om�da topik c summetrÐac eÐnai suneq c. H dr�sh se autèc tic jewrÐec
kataskeu�zetai <<bajmÐzontac>> (metatrèpontac dhlad  se topik ) thn olik  summetrÐa thc
eleÔjerhc fermionik c dr�shc kai prosjètontac ènan kinhtikì ìro gia ta pedÐa bajmÐdac.
Sthn suneq  diatÔpwsh h arq  kataskeu c eÐnai kal� gnwst , gia lìgouc plhrìthtac
ìmwc ja thn epanal�boume parak�tw gia thn perÐptwsh thc Kbantik c Hlektrodunamik -
c. H ekdoq  thc dr�shc gia to plègma mporeÐ na kataskeuasteÐ akolouj¸ntac ton Ðdio
trìpo skèyhc, all� ja diafèrei se merikèc shmantikèc leptomèreiec apì thn aploðk  di-
akritopoÐhsh.
Ac doÔme ìmwc p¸c k�poioc ft�nei se mia dr�sh pou eÐnai analloÐwth se metasqhmatismoÔc
bajmÐdac sthn suneq  Kbantik  Hlektrodunamik . To shmeÐo apì to opoÐo arqÐzoume eÐ-
nai h dr�sh tou eleÔjerou pedÐou Dirac:

S
(0)
F =

∫
d4xψ̄(x)(iγµ∂µ −M)ψ(x), (2.20)

ìpou γµ eÐnai o 4× 4 pÐnakac Dirac me {γµ, γν} = gµν .
H dr�sh aut  eÐnai analloÐwth k�tw apì ton metasqhmatismì

ψ(x) → Gψ(x) (2.21)
ψ̄(x) → ψ̄(x)G−1 (2.22)

ìpou G eÐnai èna stoiqeÐo thc abelian c om�dac U(1), gia par�deigma

G = eiΛ, (2.23)

me to Λ na eÐnai anex�rthto tou x. To epìmeno b ma apoteleÐtai apì thn apaÐthsh
h dr�sh na eÐnai analloÐwth kai k�tw apì topikoÔc metasqhmatismoÔc U(1) me ta ψ na
metasqhmatÐzontai anex�rthta se diaforetik� qwroqronik� shmeÐa. Autì epitugq�netai me
thn eisagwg  enìc tetradianusmatikoÔ dunamikoÔ Aµ(x) kai antikajist¸ntac thn sun jh
par�gwgo ∂µ me thn sunalloÐwth par�gwgo Dµ, h opoÐa orÐzetai wc

Dµ = ∂µ + ieΛµ. (2.24)
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H nèa dr�sh pou prokÔptei

SF =

∫
d4xψ̄ (iγµDµ −M) ψ, (2.25)

eÐnai tìte analloÐwth apì to parak�tw sÔnolo topik¸n metasqhmatism¸n

ψ(x) → G(x)ψ(x), (2.26)
ψ̄(x) → ψ̄(x)G−1(x), (2.27)

Aµ(x) → G(x)Aµ(x)G−1(x)− i

e
G(x)∂µG

−1(x), (2.28)

ìpou
G(x) = eiΛ(x). (2.29)

H paroÔsa perÐptwsh eÐnai apl� ènac �lloc trìpoc gia thn graf  tou gnwstoÔ nìmou
metasqhmatismoÔ,

Aµ → Aµ − i

e
∂µΛ. (2.30)

Efìson ta Aµ kai G metatÐjentai, ja mporoÔsame na èqoume gr�yei kai Aµ antÐ gia
GAµG

−1. H basik  idiìthta pou bebai¸nei thn analloi¸thta bajmÐdac thc dr�shc (2.25)
eÐnai ìti, parìlo pou to Aµ metasqhmatÐzetai mh omogen¸c, o nìmoc metasqhmatismoÔ gia
thn sunalloÐwth par�gwgo eÐnai omogen c:

Dµ → GDµG
−1. (2.31)

'Eqontac exasfalÐsei thn topik  analloi¸thta bajmÐdac gia thn dr�sh eis�gwntac èna
tetradianusmatikì pedÐo Aµ, prèpei t¸ra na prosjèsoume sthn èkfrash (2.25) ènan kin-
htikì ìro o opoÐoc epitrèpei sto pedÐo Aµ na diadÐdetai. Autìc o ìroc ja prèpei na eÐnai
epÐshc analloÐwtoc stouc topikoÔc metasqhmatismoÔc bajmÐdac (2.26-2.28), kai dÐnetai
apì thn gn¸rimh èkfrash

SG = −1

4

∫
d4xFµνF

µν , (2.32)

ìpou Fµν = ∂µAν−∂νAµ eÐnai o analloÐwtoc se metasqhmatismoÔc bajmÐdac tanust c tou
hlektromagnhtikoÔ pedÐou. H pl rhc analloÐwth se metasqhmatismoÔc bajmÐdac dr�sh
pou perigr�fei thn dunamik  tou ψ, ψ̄ kai Aµ eÐnai epomènwc

SQED = −1

4

∫
d4F µνFµν +

∫
d4xψ̄ (iγµDµ −M) ψ. (2.33)

2.4 Kbantik  jewrÐa pedÐou sto plègma
Se autì to kef�laio eis�goume ton formalismì tou Wilson enìc pedÐou bajmÐdac se

èna qwroqronikì plègma. H idèa aut  eÐqe san kÐnhtro thn je¸rhsh tou pedÐou bajmÐdac
san èna par�gonta f�shc exart¸meno apì thn diadrom . Oi basikoÐ bajmoÐ eleujerÐac
eÐnai ta stoiqeÐa thc om�dac pou sqetÐzontai me touc sundèsmouc pou sundèdoun touc
plhsièsterouc geÐtonec stouc kìmbouc tou plègmatoc. To stoiqeÐo om�dac pou sqetÐzetai
me èna tuqaÐo monop�ti pou sundèei mÐa seir� geitonik¸n kìmbwn eÐnai to ginìmeno aut¸n
twn stoiqeiwd¸n metablht¸n.
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Jewr¸ntac mÐa genik  om�da bajmÐdac G, sqetÐzoume èna anex�rthto stoiqeÐo thc G me
k�je zeug�ri plhsièsterwn geitìnwn twn kìmbwn tou plègmatoc (i, j)

Uij ∈ G. (2.34)

Oi deÐktec i kai j shmatodotoÔn touc kìmbouc tou plègmatoc sta pèrata twn desm¸n apì
touc opoÐouc orÐzetai to Uij (dec sq ma 2.2). Oi deÐktec pou ofeÐlontai sto gegonìc ìti
genik� to Uij eÐnai ènac pÐnakac den gr�fontai ed¸. Kat� thn di�sqish tou desmoÔ kat�
thn antÐjeth for�, paÐrnoume to antÐstrofo stoiqeÐo

Uji = (Uij)
−1. (2.35)

MporoÔme na orÐsoume èna dianusmatikì dunamikì gr�fontac

Uij = eig0Aµα. (2.36)

Ed¸ α eÐnai to b ma tou plègmatoc kai o deÐkthc Lorentz µ eÐnai h kateÔjunsh tou
dedomènou desmoÔ. QrhsimopoioÔme ton sumbolismì pin�kwn gia to Aµ, to opoÐo eÐnai èna
stoiqeÐo thc �lgebrac Lie thc om�dac bajmÐdac. H suntetagmènh xµ pou sqetÐzetai me to
Aµ ja prèpei na eÐnai sthn perioq  tou upì je¸rhsh desmoÔ; gia eukolÐa thn paÐrnoume
na brÐsketai sthn mèsh kat� m koc tou desmoÔ

xµ =
1

2
α(iµ + jµ). (2.37)

Sto suneqèc ìrio, aut  h epilog  kaj¸c kai to gegonìc ìti to Uij eÐnai prosanatolismèno
kat� m koc tou desmoÔ gÐnontai �sqetec sumb�seic.
Qreiazìmaste, loipìn, mia dr�sh gia na prosdiorÐsoume thn dunamik  aut¸n twn metabl-
ht¸n pedÐou. H Lagkrantzian  ja prèpei na katal gei sto suneqèc ìrio sthn klasik 
jewrÐa Yang-Mills. Xèroume m�lista ìti o tanust c tou pedÐou Fµν eÐnai ènac genikeumènoc
strobilismìc tou dunamikoÔ. Autì proteÐnei thn qr sh oloklhrwm�twn twn Aµ gÔrw apì
mikrèc kleistèc diadromèc. Me autì to kÐnhtro, o Wilson prìteine h dr�sh na eÐnai to
�jroisma p�nw se ìla ta stoiqei¸dh tetr�gwna tou plègmatoc

S =
∑

¤
S¤, (2.38)

ìpou o sumbolismìc ¤ dhl¸nei to stoiqei¸dec tetr�gwno sto plègma.
H dr�sh gia k�je tètoio tetr�gwno   plakèta, ìpwc ja to anafèroume apì ed¸ kai pèra,
eÐnai to Ðqnoc tou ginomènou twn stoiqeÐwn om�dac pou sqhmatÐzoun thn plakèta

S¤ = β

[
1−

(
1

n

)
ReTr(UijUjkUklUli)

]
. (2.39)

Ed¸ oi kìmboi peristoiqÐzoun thn en lìgw plakèta, ìpwc deÐqnei to sq ma (2.2). O
par�gontac −1/n up�rqei gia thn kanonikopoÐhsh kai tic sumb�seic pros mwn; n eÐnai
h di�stash twn pin�kwn thc om�dac. O par�gontac kanonikopoÐhshc β ja oristeÐ se
lÐgo. H prosjetik  stajer� sthn exÐswsh (2.39) epilègetai ¸ste na k�nei thn dr�sh na
mhdenÐzetai ìtan ta stoiqeÐa om�dac plhsi�zoun thn mon�da.
H epal jeush ìti aut  h dr�sh katal gei sthn sun jh jewrÐa Yang-Mills xekin�ei apì
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Sq ma 2.2: Mia plakèta sto plègma.

thn exÐswsh (2.36) gia to Uij se ìrouc tou dianusmatikoÔ dunamikoÔ. Ac jewr soume, gia
par�deigma, mÐa plakèta me kèntro sto xµ kai prosanatolismènh sto epÐpedo (µν) = (1, 2).
Gr�fontac thn exÐswsh (2.39) paÐrnoume

S¤ = β

(
1−

(
1

n

)
ReTr

(
exp

(
ig0A1

(
xµ − 1

2
αδµ2

))

× exp

(
ig0A2

(
xµ +

1

2
αδµ1

))

× exp

(
−ig0A1

(
xµ +

1

2
αδµ2

))

× exp

(
−ig0A2

(
xµ − 1

2
αδµ1

))))
. (2.40)

T¸ra jewroÔme dianusmatik� dunamik� arket� leÐa ¸ste na mporoÔme na ta anaptÔxoume
kat� Taylor gÔrw apì to x. LÐgh �lgebra, pou den parousi�zetai ed¸, dÐnei telik�

S¤ = β

(
1−

(
1

n

)
ReTr

(
exp

(
ig0α

2F12 + O(α4)
)))

. (2.41)

Ed¸ to F12 eÐnai o tanust c tou pedÐou.
AnaptÔssontac to dunamikì brÐskoume

S¤ =

(
βg2

0

2n

)
α4Tr(F 2

12) + O(α6). (2.42)

O ìroc t�xewc α2 exafanÐzetai exaitÐac tou ìti oi monadiaÐec om�dec (unitary groups)
eÐnai Ermitianèc. T¸ra proseggÐzoume to �jroisma p�nw se ìlec tic plakètec me èna
qwroqronikì olokl rwma gia na p�roume

S =
βg2

0

2n

∫
1

2
Tr(FµνFµν)d

4x + O(α6). (2.43)
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O par�gontac tou enìc deutèrou mèsa sto olokl rwma prokÔptei apì thn summetrÐa
k�tw apì thn allag  twn deikt¸n µ kai ν. 'Etsi paÐrnoume thn sun jh dr�sh thc jewrÐac
bajmÐdac an k�noume thn antistoÐqish

β =
2n

g2
0

. (2.44)

Oi ìroi an¸terhc t�xhc tou b matoc tou plègmatoc sthn exÐswsh (2.43) exafanÐzontai
sto klasikì suneqèc ìrio.
'Eqoume loipìn tic metablhtèc mac kai thn Lagkrantzian . Gia na proqwr soume sthn
kbantik  jewrÐa, b�zoume thn dr�sh sto olokl rwma Feynman

Z =

∫
(dU)e−S(U). (2.45)

Ed¸ oloklhr¸noume p�nw se ìlec tic dunatèc timèc twn metablht¸n bajmÐdac.
Telik� h exÐswsh (2.45) orÐzei thn sun�rthsh epimerismoÔ gia èna statistikì sÔsthma.
An A eÐnai k�poia sun�rthsh twn metablht¸n pedÐou U , tìte h mèsh tim  thc orÐzetai wc

〈A〉 = Z−1

∫
(dU)A(U)e−S(U). (2.46)

Ston kbantomhqanikì q¸ro Hilbert, aut  eÐnai h anamenìmenh tim  tou antÐstoiqou telest 
sto kenì.

2.5 O klasikìc algìrijmoc p�nw stouc sundè-
smouc

Se aut  thn par�grafo ja perigr�youme ton klasikì algìrijmo pou sthrÐzetai s-
touc sundèsmouc gia mia tetradi�stath sumpag  jewrÐa bajmÐdac U(1) se plègma qwrÐc
fermiìnia.
H dr�sh sto plègma eÐnai h:

S = β
∑
µ,ν

(1− Re(Uµν(x))) (2.47)

ìpou oi antÐstoiqec metablhtèc plaket¸n eÐnai:

Uµν(x) = Uµ(x)Uν(x + αν̂)U †
µ(x + αν̂)U †

ν(x) (2.48)

ìpou α eÐnai to b ma tou plègmatoc.
Xekin�me loipìn apì ton pr¸to kìmbo tou plègmatoc kai dialègoume ènan sÔndesmo pou
jèloume na anane¸soume, èstw ton U1. Tìte dhmiourgoÔme tic plakètec pou perièqoun ton
sugkekrimèno sÔndesmo kai met� kataskeu�zoume thn shmantik  dr�sh2 sÔmfwna me ton
tÔpo (2.48). Par�goume t¸ra ènan tuqaÐo arijmì sto di�sthma (−π/2, π/2), o opoÐoc ja

2 ΄Ως σημαντική δράση ορίζουμε το τμήμα εκείνο της συνολικής δράσης που επηρεάζεται άμεσα από την
διαταραχή, διότι το υπόλοιπο κατά τον υπολογισμό της διαφοράς απαλείφεται, δεδομένου ότι τελικά μας
ενδιαφέρει η διαφορά της παλιάς από την καινούργια δράση.
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eÐnai h diataraq  mac kai dhmiourgoÔme thn kainoÔrgia shmantik  dr�sh prosjètontac thn
diataraq  ston upì je¸rhsh sÔndesmo kai kataskeu�zoume xan� tic sqetikèc plakètec.
UpologÐzoume thn diafor� sthn dr�sh mac ∆S, kai met� par�goume ènan tuqaÐo arijmì
r apì to mhdèn èwc to èna kai k�noume ton ex c èlegqo:

r < e−∆S. (2.49)

An o èlegqoc eÐnai jetikìc, tìte k�noume thn allag  ston sÔndesmo, prosjètwntac thn
diataraq  pou dialèxame, alli¸c o sÔndesmoc paramènei wc èqei.
To parap�nw sen�rio epanalamb�netai met� gia touc sundèsmouc me thn Ðdia kateÔjunsh
gia k�je deÔtero kìmbo3, met� gia touc kìmbouc pou paral yame kai met� ìla aut� p�li
apì thn arq  gia touc sundèsmouc twn �llwn kateujÔnsewn. AfoÔ tèloc èqoume k�nei
ìla ta parap�nw, èqoume episkefteÐ ìlouc touc kìmbouc kai ìlouc touc sundèsmouc sto
plègma kai lème ìti èqoume k�nei èna <<pèrasma>>. Epanalamb�noume thn ìlh diadikasÐa
gia poll� per�smata p�nw sto plègma mèqri na èqoume èna kalì statistikì deÐgma thc
exèlixhc tou plègmatoc.
Autìc eÐnai o algìrijmoc thc prosomoÐwshc Monte Carlo thc sumpagoÔc jewrÐac bajmÐ-
dac U(1) qwrÐc fermiìnia me b�sh touc sundèsmouc.

3Το σχήμα κατά το οποίο επισκεπτόμαστε πρώτα τους μονούς και μετά τους ζυγούς κόμβους, θυμίζει
σκακιέρα και χρησιμοποιείται ώστε να αποφύγουμε την επίσκεψη γειτονικών κόμβων και έτσι μεγαλύτερη
στατιστική ανεξαρτησία.
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Kef�laio 3

To upologistikì perib�llon tou
Grid

3.1 Ti eÐnai to Grid?

To upologistikì perib�llon tou Grid proèkuye san èna kainoÔrgio pedÐo, diaforopoih-
mèno apì ta sumbatik� katanemhmèna upologistik� sust mata wc proc thn shmasÐa pou
dÐnei ston meg�lhc klÐmakac diamoirasmì pìrwn, tic kainotìmec efarmogèc kai se merikèc
peript¸seic wc proc ton prosanatolismì se uyhlèc epidìseic. O ìroc Grid emfanÐsthke
sta mèsa thc dekaetÐac tou 1990 gia na shmatodot sei mÐa katanemhmènh upologistik 
upodom  gia thn prohgmènh epist mh kai mhqanik . Shmantik  prìodoc èqei suntelesteÐ
apì tìte sthn kataskeu  miac tètoiac upodom c, all� o ìroc Grid èqei epÐshc dieurunjeÐ,
toul�qiston sthn dhmìsia antÐlhyh, ¸ste na perikleÐei ta p�nta apì ta prohgmèna kai
eufu  dÐktua èwc thn teqnht  nohmosÔnh. K�poioc m�lista ja mporoÔse na anarwthjeÐ
an o ìroc èqei k�poia pragmatik  ousÐa kai shmasÐa. Up�rqei pr�gmati k�poio <<Grid
prìblhma>> kai epomènwc k�poia an�gkh gia kainoÔrgiec teqnologÐec tÔpou Grid? An
nai, poi� eÐnai h fÔsh aut¸n twn teqnologi¸n kai poiì eÐnai to pedÐo sto opoÐo ja efar-
mostoÔn? En¸ polu�rijmec om�dec endiafèrontai gia tic ènnoiec tou Grid kai moir�zontai,
se meg�lo bajmì, èna koinì ìrama gia thn arqitektonik  tou Grid, den parathreÐtai k�poia
sunaÐnesh stic apant seic twn parap�nw erwt sewn.
To pragmatikì kai kal� orismèno prìblhma pou brÐsketai k�tw apì thn idèa tou Grid
eÐnai o suntetagmènoc diamoirasmìc pìrwn kai h lÔsh problhm�twn se èna perib�llon
dunamik¸n, eterogen¸n eikonik¸n organism¸n. O diamoirasmìc gia ton opoÐo endiafer-
ìmaste den eÐnai aplìc diamoirasmìc arqeÐwn all� kurÐwc h apeujeÐac prospèlash se
upologistik� sust mata, logismikì, dedomèna kai �llouc pìrouc ìpwc apaiteÐtai apì èna
meg�lo eÔroc sunergatik¸n strathgik¸n epÐlushc problhm�twn kai diaqeÐrishc pìrwn
pou anadeiknÔontai sthn biomhqanÐa, thn epist mh kai thn mhqanik . Autìc o diamoiras-
mìc eÐnai aparaÐthta austhr� elegqìmenoc, me touc paroqeÐc kai qr stec twn pìrwn na
kajorÐzoun kajar� kai prosektik� tÐ eÐnai autì pou ja diamoirasteÐ, poiìc epitrèpetai
na to diamoirasteÐ kai tic sunj kec k�tw apì tic opoÐec autìc o diamoirasmìc ja sumbeÐ.
'Ena sÔnolo idiwt¸n  /kai institoÔtwn pou kajorÐzontai apì tètoiouc kanìnec diamoiras-
moÔ kaleÐtai ènac Eikonikìc Organismìc (Virtual Organization - VO).
Oi EikonikoÐ OrganismoÐ poikÐloun shmantik� ston skopì, ta endiafèronta, to mègejoc,
thn di�rkeia, thn dom  kai thn koinwniologÐa touc. Parìla aut�, prosektik  melèth twn
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teqnologik¸n apait sewn èqei odhg sei sthn anagn¸rish enìc eurèouc sunìlou koin¸n
anhsuqi¸n kai apait sewn. Sugkekrimèna, parathreÐtai h an�gkh gia polÔ euèliktec sqè-
seic diamoirasmoÔ, pou kumaÐnontai apì sqèseic client-server se peer-to-peer; h an�gkh gia
exeligmènouc kai akribeÐc trìpouc elègqou p�nw ston trìpo qr shc twn diamoirazomènwn
pìrwn; h an�gkh diamoirasmoÔ poikÐlwn kai eterogen¸n pìrwn ìpwc logismikì, arqeÐa kai
dedomèna se upologistèc, aisjht rec kai dÐktua; kai h an�gkh gia diaforetikoÔc trìpouc
qr shc, pou kumaÐnontai apì ton aplì qr sth stouc pollaploÔc qr stec kai apì thn
euaÐsjhth se epÐdosh sthn euaÐsjhth se kìstoc qr sh.
Oi up�rqousec teqnologÐec katanemhmènwn upologistik¸n perib�llontwn den antapokrÐ-
nontai stic apait seic pou mìlic anafèrjhkan. Gia par�deigma, oi up�rqousec teqnologÐec
DiadiktÔou antapokrÐnontai se apait seic epikoinwnÐac kai metafor�c plhrofori¸n metaxÔ
upologist¸n all� den parèqoun k�poia oloklhrwmènh prosèggish sthn suntetagmènh
qr sh pìrwn apì pollaploÔc paroqeÐc.
Ed¸ loipìn mpaÐnoun sto paiqnÐdi oi teqnologÐec Grid. Ta teleutaÐa qrìnia prosp�jeiec
èreunac kai an�ptuxhc sthn koinìthta tou Grid èqoun ¸c apotèlesma thn dhmiourgÐa
prwtokìllwn, uphresi¸n kai ergalei¸n ta opoÐa antapokrÐnontai akrib¸c tic prokl seic
pou anadeiknÔontai ìtan prospajoÔme na <<qtÐsoume>> klimakoÔmenouc EikonikoÔc Organ-
ismoÔc. Autèc oi teqnologÐec sumperilamb�noun lÔseic asf�leiac oi opoÐec uposthrÐzoun
thn diaqeÐrish pistopoihtik¸n kai arq¸n ìtan oi upologistikèc prosp�jeiec gÐnontai apì
poll� diaforetik� institoÔta, uposthrÐzoun prwtìkolla diaqeÐrishc pìrwn kai uphresÐec
pou uposthrÐzoun thn asfal  apomakrusmènh prospèlash se upologistikoÔc kai apo-
jhkeutikoÔc pìrouc kai ton entopismì pollapl¸n pìrwn, uposthrÐzoun prwtìkolla kai
uphresÐec eperwt sewn oi opoÐec parèqoun plhroforÐec kat�stashc kai diamìrfwshc gi-
a pìrouc, organismoÔc kai uphresÐec kai uposthrÐzoun uphresÐec diaqeÐrishc dedomènwn
pou entopÐzoun kai metafèroun sÔnola dedomènwn metaxÔ susthm�twn apoj keushc kai
efarmog¸n.

3.2 To LCG

O epitaqunt c LHC, pou kataskeu�zetai sto Eurwpaðkì Kèntro Swmatidiak c Fusik -
c CERN, ja eÐnai o megalÔteroc kai isqurìteroc epitaqunt c tou kìsmou. Ja xekin sei
thn leitourgÐa tou to 2007 kai ta peir�mata pou ja ton qrhsimopoi soun ja par�goun
ter�stiec posìthtec dedomènwn. H epexergasÐa aut¸n twn dedomènwn ja apait sei ter�s-
tiouc upologistikoÔc kai apojhkeutikoÔc pìrouc.
H apostol  tou Progr�mmatoc tou UpologistikoÔ Grid tou LHC - LCG - (LHC Com-
puting Grid Project) eÐnai na proetoim�sei thn upodom  gia thn prosomoÐwsh, thn epex-
ergasÐa kai an�lush twn dedomènwn pou ja paraqjoÔn apì ta tèssera peir�mata tou
LHC: to ATLAS, to CMS, to ALICE kai to LHCb. Autì sumperilamb�nei kai thn koin 
upodom  twn bibliojhk¸n, ergaleÐwn kai upologistik¸n plaisÐwn pou apaitoÔntai gia thn
upost rixh tou logismikoÔ twn efarmog¸n fusik c, kai thn an�ptuxh kai leitourgÐa twn
upologistik¸n uphresi¸n gia thn apoj keush kai epexergasÐa dedomènwn, parèqontac di-
adrastikèc kai mh uphresÐec gia thn pagkìsmia koinìthta twn fusik¸n pou asqoloÔntai
me to LHC.
Oi apait seic gia thn diaqeÐrish twn dedomènwn tou LHC eÐnai ter�stiec, se ìrouc up-
ologistik c isqÔoc, apojhkeutikoÔ q¸rou, kal c diajesimìthtac dedomènwn kai twn
sqetik¸n anjr¸pinwn pìrwn gia thn leitourgÐa kai sunt rhsh. Den jewreÐtai efiktì
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na qrhmatodothjoÔn ìloi autoÐ oi pìroi se èna gewgrafikì shmeÐo kai ètsi èqei sumfwn-
hjeÐ ìti h uphresÐa LCG ja ulopoihjeÐ san èna gewgrafik� katanemhmèno upologistikì
Grid. Autì shmaÐnei ìti h uphresÐa ja qrhsimopoieÐ upologistikoÔc kai apojhkeutikoÔc
pìrouc, egkatesthmènouc se ènan meg�lo arijmì gewgrafik¸n shmeÐwn se pollèc di-
aforetikèc q¸rec, pou ja sundèontai me taqeÐa dÐktua. Eidikì logismikì, pou anafèretai
sun jwc san mesismikì (middleware), ja krÔyei poll  apì thn poluplokìthta autoÔ
tou perib�llontoc apì ton qr sth, dÐnont�c tou thn entÔpwsh ìti ìloi oi pìroi eÐnai
diajèsimoi se èna sunektikì eikonikì upologistikì kèntro.
To prìgramma LCG eÐnai mÐa apì tic dÔo pilotikèc efarmogèc pou èqoun epilegeÐ gia na
kajodhg soun thn ulopoÐhsh kai na epikur¸soun thn leitourgikìthta kai apodotikìthta
thc anerqìmenhc Eurwpaðk c upodom c Grid. H �llh efarmog  eÐnai ta Bioðatrik� Grid.
Autì gÐnetai san tm ma tou progr�mmatoc EGEE (Enabling Grids for E-science in Eu-
rope), to opoÐo stoqeÔei na enswmat¸sei tic paroÔsec kratikèc, topikèc kai jematikèc
prosp�jeiec dhmiourgÐac Grid, me telikì skopì na dhmiourg sei mÐa eniaÐa Eurwpaðk 
upodom  Grid gia thn upost rixh thc Eurwpaðk c èreunac.
Apì ed¸ kai emprìc, suqn� oi ìroi LCG kai Grid ja qrhsimopoioÔntai qwrÐc di�krish.

3.3 H arqitektonik  tou LCG

3.3.1 Genik�
To prìgramma LCG eÐnai organwmèno se EikonikoÔc OrganismoÔc (Virtual Orga-

nizations) - VO: dunamikèc sullogèc idiwt¸n kai institoÔtwn pou moir�zontai pìrouc
me ènan eÔkampto, asfal  kai suntetagmèno trìpo. Se tètoia perib�llonta, sunan-
toÔme monadikèc prokl seic se jèmata pistopoÐhshc, adeiodìthshc, prospèlashc pìrwn,
eÔreshc pìrwn kai loip�.
PrÐn o qr sthc mporeÐ na qrhsimopoi sei touc pìrouc tou LCG apaiteÐtai na katagr�yei
merik� proswpik� dedomèna kai plhroforÐec gia ton Eikonikì Organismì ston opoÐon
an kei ston Exuphretht  Eggraf¸n tou LCG. To CERN parèqei mia tètoia uphresÐa,
pou sullègei plhroforÐec gia ìlouc touc qr stec tou LCG.
H Upodom  Asf�leiac tou Grid (Grid Security Infrastructure - GSI) sto LCG k�nei
dunat  thn asfal  pistopoÐhsh kai epikoinwnÐa mèsw enìc anoiktoÔ diktÔou. To GSI
basÐzetai se kruptogr�fhsh dhmìsiou kleidioÔ, se pistopoihtik� X.509, kai to prwtìkol-
lo epikoinwnÐac Secure Sockets Layer - SSL. Gia na mporeÐ ènac qr sthc na prospel�sei
stouc pìrouc tou Grid, ja prèpei na èqei èna yhfiakì pistopoihtikì X.509 apì k�poia
UphresÐa PistopoÐhshc (Certification Authority - CA) pou empisteÔetai to LCG.

3.3.2 H diepaf  tou qr sth
To arqikì shmeÐo eisìdou sto LCG eÐnai mÐa Diepaf  Qr sth (User Interface - UI).

Aut  eÐnai èna mhq�nhma sto opoÐo oi qr stec tou LCG èqoun ènan proswpikì loga-
riasmì kai ìpou to pistopoihtikì qr sth eÐnai egkatesthmèno. Autì eÐnai h pÔlh proc
tic uphresÐec tou Grid. Apì thn Diepaf  Qr sth, o qr sthc mporeÐ na pistopoihjeÐ kai
na exousiodothjeÐ na qrhsimopoi sei touc pìrouc tou Grid, kai mporeÐ na prospel�sei
stic leitourgÐec pou parèqontai apì tic UphresÐec DiaqeÐrishc Plhrofori¸n, Ergasi¸n
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kai Dedomènwn. H Diepaf  Qr sth parèqei katarq n mÐa Diepaf  Gramm c Entol¸n
(Command Line Interface - CLI) sthn opoÐa o qr sthc mporeÐ na ektelèsei k�poiec
basikèc leitourgÐec sto Grid:

• na upob�llei mÐa ergasÐa proc ektèlesh se k�poio Upologistikì StoiqeÐo,

• na aparijm sei ìlouc touc pìrouc pou eÐnai kat�llhloi gia thn ektèlesh miac de-
domènhc ergasÐac,

• na antigr�yei arqeÐa,

• na stamat sei mÐa   perissìterec ergasÐec,

• na anakt sei thn èxodo mÐac   perissotèrwn ergasi¸n pou èqoun termatÐsei,

• na deÐ thn f�sh ektèleshc mÐac   perissotèrwn ergasi¸n.

3.3.3 Upologistik� StoiqeÐa kai StoiqeÐa Apoj keushc
'Ena Upologistikì StoiqeÐo (Computing Element - CE) orÐzetai ¸c mÐa upologistik 

our� sto Grid kai to anagnwristikì tou eÐnai to zeÔgoc
<hostname>:<port>/<batch queue name>.
EÐnai shmantikì na katal�boume ìti sÔmfwna me autì ton orismì, diaforetikèc ourèc pou
orÐzontai me to Ðdio hostname jewroÔntai diaforetik� CEs. ParadeÐgmata onom�twn CE
eÐnai:
ce01.isabella.grnet.gr:2119/jobmanager-pbs-long

ce01.isabella.grnet.gr:2119/jobmanager-pbs-short

'Ena Upologistikì StoiqeÐo eÐnai qtismèno se mÐa omogen  f�rma apì upologistikoÔc
kìmbouc pou onom�zontai Kìmboi ErgasÐac (Worker Node - WN) kai apì ènan kìmbo
pou leitourgeÐ san PÔlh tou Grid (Grid Gate - GG)   san diepaf  me to upìloipo Grid.
En¸ ìloi oi Kìmboi ErgasÐac qrei�zontai mìno sundèseic proc ta èxw, o Kìmboc PÔlhc
prèpei na eÐnai prospel�simoc kai ektìc tou tìpou. H GG eÐnai upeÔjunh gia thn apodoq 
ergasi¸n kai thn apostol  touc gia ektèlesh stouc Kìmbouc ErgasÐac. H GG parèqei
mÐa omoiìmorfh diepaf  stouc upologistikoÔc pìrouc pou diaqeirÐzetai. K�je tìpoc L-
CG èqei toul�qiston èna CE kai mÐa f�rma apì WN apì pÐsw.
'Ena StoiqeÐo Apoj keushc (Storage Element - SE) parèqei omoiìmorfh prospèlash kai
uphresÐec se meg�louc apojhkeutikoÔc q¸rouc. To SE mporeÐ na elègqei meg�lec seirèc
dÐskwn, sust mata mazik c apoj keushc (Mass Storage Systems - MSS)  /kai an�loga
sust mata. K�je tìpoc LCG parèqei èna   perissìtera SE.

3.3.4 To SÔsthma Plhrofìrhshc
To SÔsthma Plhrofìrhshc (Information System - IS) parèqei plhroforÐec gia touc

pìrouc tou LCG kai thn kat�stas  touc. H prosferìmenh plhroforÐa sumfwneÐ me to
sq ma GLUE - Grid Laboratory for a Uniform Environment. To sq ma autì skopeÔei
na orÐsei èna koinì montèlo dedomènwn to opoÐo ja qrhsimopoieÐtai gia ton èlegqo kai
thn an�kthsh pìrwn tou Grid.
Sto LCG, san paroqèac thc UphresÐac Plhrofìrhshc èqei epilegeÐ h UphresÐa Elègqou
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kai EÔreshc (Monitoring and Discovery Service - MDS) apì to Globus. UlopoieÐ to sq -
ma GLUE qrhsimopoi¸ntac OpenLDAP, pou eÐnai mÐa èkdosh anoiqtoÔ logismikoÔ tou
prwtokìllou LDAP - Lightweight Directory Access Protocol.
Lìgw thc dunamik c fÔshc tou Grid, oi Exuphrethtèc GIIS - Grid Index Information
Server mporeÐ na èqoun thn plhroforÐa gia touc pìrouc oi opoÐoi eÐnai pragmatik� dia-
jèsimoi sto Grid all�, gia k�poiouc lìgouc, den mporoÔn na metafèroun enhmerwmènh
plhroforÐa gia thn kat�stas  touc stouc exuphrethtèc autoÔc. Lìgw autoÔ, èqei eisaq-
jeÐ to BDII - Berkeley DB Information Index. To BDII k�nei erwt seic stouc GIIS kai
leitourgeÐ san mÐa apoj kh sthn opoÐa apojhkeÔontai plhroforÐec gia thn kat�stash
tou Grid.

3.3.5 DiaqeÐrish dedomènwn
Oi uphresÐec DiaqeÐrishc Dedomènwn parèqontai apì sto SÔsthma DiaqeÐrishc Anti-

gr�fwn (Replica Management System - RMS) tou EurwpaðkoÔ DataGrid (EDG) kai ta
ergaleÐa diaqeÐrishc dedomènwn tou LCG. Sto perib�llon tou Grid, ta arqeÐa dedomènwn
antigr�fontai, pijanìn se proswrin  b�sh, se pollèc diaforetikèc topojesÐec an�loga
me to poÔ zhtoÔntai ta dedomèna. Oi qr stec   oi efarmogèc den qrei�zetai na gnwrÐzoun
poÔ brÐskontai fusik� ta dedomèna. QrhsimopoioÔn logik� onìmata gia ta arqeÐa kai oi
uphresÐec diaqeÐrishc dedomènwn eÐnai upeÔjunec gia ton entopismì kai thn prospèlash
twn dedomènwn.
Ta arqeÐa sto Grid shmatodotoÔntai me diaforetik� onìmata: to Grid Unique IDentifier
- GUID, to Logical File Name - LFN, to Storage URL kai to Transport URL. En¸ to
GUID   to LFN anafèrontai se arqeÐa kai ìqi se antÐgrafa, kai den lène tÐpota gia tic
topojesÐec, ta SURL kai TURL dÐnoun plhroforÐec gia to poÔ brÐsketai fusik� k�poio
antÐgrafo.
'Ena arqeÐo mporeÐ p�nta na anagnwristeÐ apì to GUID tou; autì paraqwreÐtai kat�
thn d lwsh twn dedomènwn kai basÐzetai sto prìtupo UUID to opoÐo exasfalÐzei mÐa
monadik  tautìthta. 'Ena GUID eÐnai thc morf c guid:<unique string>. 'Ola ta an-
tÐgrafa tou arqeÐou ja moir�zontai to Ðdio GUID. Gia na entopÐsei èna arqeÐo sto Grid
k�poioc qr sthc ja qrhsimopoi sei èna LFN. Ta LFN eÐnai pio eÔqrhsta kai euan�gnw-
sta apì ton qr sth kaj¸c orÐzontai apì autìn san yeud¸numo tou GUID. H morf  touc
eÐnai lfn:<any alias>.
To SURL qrhsimopoieÐtai apì to SÔsthma DiaqeÐrishc Antigr�fwn (RMS) gia na breÐ
poÔ èna antÐgrafo eÐnai fusik� apojhkeumèno, kai apì k�poio StoiqeÐo Apoj keushc gia
na to entopÐsei. Ta SURL eÐnai thc morf c sfn:<SE hostname>/<local string>, ìpou
to <local string> qrhsimopoieÐtai eswterik� apì to SE gia ton entopismì tou arqeÐou.
Tèloc, to TURL dÐnei thn aparaÐthth plhroforÐa gia ton entopismì tou fusikoÔ anti-
gr�fou, sumperilambanomènwn tou onìmatoc hostname, tou prwtokìllou kai thc jÔrac,
ètsi ¸ste mÐa efarmog  na mporeÐ na to entopÐsei kai na to anoÐxei.
Oi kÔriec uphresÐec pou parèqontai apì ènan RMS eÐnai: h UphresÐa EntopismoÔ Anti-
gr�fwn (Replica Location Service - RLS) kai o Kat�logoc Metadedomènwn Antigr�fwn
(Replica Metadata Catalog). H RLS diathreÐ plhroforÐa gia thn fusik  topojesÐa twn
antigr�fwn. SuntÐjetai apì di�forouc TopikoÔc Katalìgouc Antigr�fwn (Local Repli-
ca Catalog - LRC) oi opoÐoi èqoun thn plhroforÐa gia ta antÐgrafa enìc kai mìnou VO.
O RMC apojhkeÔei thn antistoÐqish metaxÔ twn GUID kai twn antÐstoiq¸n touc yeud-
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wnÔmwn LFN kai diathreÐ kai �llec plhroforÐec metadedomènwn ( plhroforÐec megèjouc,
hmeromhni¸n, kuriìthtac, k.l.p.).

3.3.6 DiaqeÐrish ergasi¸n
Oi uphresÐec tou Sust matoc DiaqeÐrishc Ergasi¸n (Workload Management System

- WMS) eujÔnontai gia thn apodoq  twn ait sewn gia ergasÐec kai thn apostol  aut¸n
twn ergasi¸n sto kat�llhlo CE, an�loga me tic sugkekrimènec apait seic thc ergasÐac
kai touc diajèsimouc pìrouc. Gia autì to lìgo, to WMS prèpei na l�bei plhroforÐa apì
to BDII kai to RLS. To mhq�nhma sto opoÐo trèqoun oi uphresÐec tou WMS onom�zetai
Resource Broker - RB. Autèc oi uphresÐec eÐnai:

• o Exuphretht c DiktÔou (Network Server - NS), o opoÐoc apodèqetai tic eis-
erqìmenec ait seic gia ergasÐec apì to UI, kai parèqei upost rixh gia ton èlegqo
twn ergasi¸n,

• o Diaqeirist c Ergasi¸n (Workload Manager), to opoÐo eÐnai to basikì tm ma tou
sust matoc,

• o Match-Maker, tou opoÐou doulei� eÐnai na brÐskei ton katallhlìtero pìro pou
antapokrÐnetai stic apait seic mi�c sugkekrimènhc ergasÐac,

• o Rujmist c ErgasÐac (Job Adapter), o opoÐoc proetoim�zei to perib�llon gia
thn ergasÐa kai thn telik  perigraf  thc, prÐn thn per�sei sth UphresÐa Elègqou
ErgasÐac,

• h UphresÐa Elègqou ErgasÐac (Job Control Service - JCS), h opoÐa telik� ekteleÐ
thc leitourgÐec diaqeÐrishc thc ergasÐac (ìpwc upobol , akÔrwsh. . . )

EpÐshc, h UphresÐa Logging and Bookkeeping - LB trèqei kai aut  sto mhq�nhma tou
RB. H LB krat�ei hmerolìgio gia ìla ta gegonìta diaqeÐrishc k�poiac ergasÐac apì
to Grid, to opoÐo mporeÐ met� na anakthjoÔn apì ton qr sth   touc diaqeiristèc tou
sust matoc gia èlegqo   epÐlush problhm�twn.

3.3.7 H ro  twn ergasi¸n
Aut  h par�grafoc perigr�fei sÔntoma tÐ sumbaÐnei ìtan ènac qr sthc upob�llei

k�poia ergasÐa to Grid gia thn epexergasÐa k�poiwn dedomènwn kai p¸c ta diaforetik�
sustatik� allhlepidroÔn.
To sq ma (3.1) apeikonÐzei thn diadikasÐa thn opoÐa akoloujeÐ mia ergasÐa h opoÐa up-
obl jhke sto Grid. Ta anex�rthta b mata perigr�fontai parak�tw:

a. AfoÔ o qr sthc p�rei èna yhfiakì pistopoihtikì apì k�poia Pistopoihtik  Arq ,
eggrafeÐ sto LCG, eggrafeÐ se k�poion VO kai fti�xei logariasmì se k�poio UI
tou LCG (k�ti pou k�nei �pax), eÐnai ètoimoc na qrhsimopoi sei to Grid. Eggr�fe-
tai loipìn sto mhq�nhma UI kai dhmiourgeÐ èna pistopoihtikì proxy to opoÐo ton
pistopoieÐ se k�je asfal  leitourgÐa kai èqei periorismèno qrìno zw c.
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Sq ma 3.1: H ro  miac ergasÐac sto LCG.

b. O qr sthc upob�llei thn ergasÐa apì to UI sthn WMS, ìpou h ergasÐa ja ek-
telesteÐ se k�poio upologistikì stoiqeÐo. O qr sthc mporeÐ na orÐsei sto arqeÐo
perigraf c thc ergasÐac ìti èna   perissìtera arqeÐa ja antigrafoÔn apì to UI
ston kìmbo RB; autì to sÔnolo arqeÐwn onom�zetai Input Sandbox. To gegonìc
katagr�fetai sto LB kai h kat�stash thc ergasÐac eÐnai SUBMITTED.

c. To WMS kai sugkekrimèna to sustatikì Match-Maker, y�qnoun gia to katallh-
lìtero diajèsimo CE to opoÐo mporeÐ na ektelèsei thn ergasÐa. Gia na to k�nei
autì, o Match-Maker rwt� to BDII na zht sei thn kat�stash twn upologistik¸n
kai apojhkeutik¸n pìrwn kai to RLS na breÐ thn topojesÐa twn dedomènwn. To
gegonìc katagr�fetai sto LB kai h kat�stash thc ergasÐac eÐnai WAIT.

d. O Rujmist c Ergasi¸n tou WMS proetoim�zei thn ergasÐa gia ektèlesh dhmiourg¸n-
tac èna script to opoÐo prowjeÐtai, mazÐ me �llec paramètrouc, sto JCS gia upobol 
sto epilegmèno CE. To gegonìc katagr�fetai sto LB kai h kat�stash thc ergasÐac
eÐnai READY.

e. O Gatekeeper tou Globus sto CE lamb�nei thn aÐthsh kai stèlnei thn ergasÐa
proc ektèlesh sto LRMS. To gegonìc katagr�fetai sto LB kai h kat�stash thc
ergasÐac eÐnai SCHEDULED.

f. To LRMS qeirÐzetai thn ektèlesh thc ergasÐac sthn diajèsimh topik  f�rma apì
kìmbouc ergasÐac. Ta arqeÐa tou qr sth antigr�fontai apì ton RB ston kìm-
bo ergasÐac ìpou h ergasÐa ekteleÐtai. To gegonìc katagr�fetai sto LB kai h
kat�stash thc ergasÐac eÐnai RUNNING.

g. 'Oso h ergasÐa ekteleÐtai, arqeÐa tou Grid mporoÔn na prospelastoÔn se k�poio
kontinì SE qrhsimopoi¸ntac eÐte to prwtìkollo RFIO   topik  prospèlash an
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ta arqeÐa èqoun antigrafeÐ sto topikì sÔsthma tou WN. Gia na mporeÐ h ergasÐa
na breÐ poiì eÐnai èna kontinì StoiqeÐo Apoj keushc, o WMS par�gei èna arqeÐo
plhrofori¸n kai apostèletai mazÐ me to arqeÐo thc ergasÐac. To arqeÐo autì eÐnai
gnwstì wc .BrokerInfo.

h. H ergasÐa mporeÐ na par�xei kainoÔrgia dedomèna exìdou, ta opoÐa mporoÔn na
metaferjoÔn sto Grid kai na eÐnai diajèsima proc qr sh apì �llouc qr stec tou
Grid. H metafor� enìc arqeÐou sto Grid shmaÐnei thn antigraf  tou se èna SE kai
thn kataq¸rhsh thc topojesÐac tou kai metaplhrofori¸n ston RMS. Sugqrìnwc,
kat� thn di�rkeia thc ektèleshc thc ergasÐac   mèsw thc diepaf c qr sth, arqeÐa
dedomènwn mporoÔn an antigrafoÔn metaxÔ dÔo SE qrhsimopoi¸ntac ta ergaleÐa
DiaqeÐrishc ArqeÐwn.

i. An h ergasÐa ft�sei sto tèloc thc qwrÐc sf�lmata, h èxodoc (arqeÐa ta opoÐa èqoun
oristeÐ sto legìmeno Output Sandbox) metafèretai ston kìmbo RB. To gegonìc
katagr�fetai sto LB kai h kat�stash thc ergasÐac eÐnai DONE.

j. Se autì to shmeÐo o qr sthc mporeÐ na anakt sei thn èxodo thc ergasÐac tou apì
to UI qrhsimopoi¸ntac to CLI   to API tou WMS. To gegonìc katagr�fetai sto
LB kai h kat�stash thc ergasÐac eÐnai CLEARED.

k. Eperwt seic gia thn kat�stash thc ergasÐac apeujÔnontai sthn b�sh dedomènwn
LB apì to mhq�nhma UI. EpÐshc apì to UI eÐnai dunatìn na rwt soume to BDII gia
thn kat�stash twn pìrwn.

l. An h topojesÐa sthn opoÐa trèqei h ergasÐa <<pèsei>>, h ergasÐa ja staleÐ autìmata
se k�poio �llo CE to opoÐo eÐnai an�logo me to prohgoÔmeno kai fusik� sumfwneÐ
me tic Ðdiec apait seic pou èjese o qr sthc. Sthn perÐptwsh pou aut  h nèa upobol 
den eÐnai efikt , h ergasÐa ja shmeiwjeÐ wc mataiwmènh. Oi qr stec mporoÔn na
p�roun plhroforÐa gia to tÐ ègine jètwntac erwt seic sthn uphresÐa LB.

3.4 Ta pistopoihtik� proxy certificates

H pr¸th apaÐthsh thn opoÐa prèpei na ikanopoieÐ ènac qr sthc tou Grid eÐnai na eÐnai
k�toqoc enìc pistopoihtikoÔ X.509 to opoÐo èqei ekdojeÐ apì k�poia Arq  PistopoÐhshc
(Certification Authority - CA). O rìloc thc CA eÐnai na eggu�tai ìti o qr sthc eÐnai
autìc pou isqurÐzetai kai ìti dikaioÔtai to pistopoihtikì tou. Enapìkeitai ston qr sth
na anakalÔyei me poi� CA ja prèpei na epikoinwn sei. Genik� oi CA eÐnai organwmènec
gewgrafik� kai me b�sh ta ereunhtik� kèntra. K�je CA èqei thn diki� thc diadikasÐa gia
thn èkdosh twn pistopoihtik¸n.
MÐa deÔterh apaÐthsh gia ton qr sth tou Grid eÐnai na an kei se k�poion Eikonikì Organ-
ismì. 'Enac VO eÐnai mÐa ontìthta, h opoÐa sun jwc antapokrÐnetai se k�poion organismì
  om�da anjr¸pwn ston pragmatikì kìsmo. H summetoq  se ènan VO dÐnei k�poia pro-
ter mata ston qr sth. Gia par�deigma, ènac qr sthc pou an kei ston VO tou ATLAS ja
mporeÐ na èqei to dikaÐwma na diab�zei arqeÐa tou ATLAS   na èqei prìsbash se pìrouc
pou èqoun krathjeÐ sugkekrimèna gia thn om�da tou ATLAS.
Sun jwc h eÐsodoc se k�poion VO apaiteÐ thn summetoq  se k�poia sunergasÐa; o qr -
sthc ja prèpei na eÐnai summorfwmènoc me touc kanìnec tou VO pou ton aforoÔn gia na
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mporeÐ na apait sei thn summetoq  tou.
Den eÐnai dunatì na prospel�sei k�poioc to LCG Grid qwrÐc na eÐnai mèloc k�poiou VO.
K�je qr sthc apaiteÐtai na epilèxei ton VO ìtan kataqwreÐtai sto LCG kai h pare-
qìmenh plhroforÐa apostèletai ston diaqeirist  tou VO kai stouc paroqeÐc pìrwn gia
pistopoÐhsh prin h diadikasÐa thc kataq¸rhshc oloklhrwjeÐ.
Se autì to shmeÐo o qr sthc mporeÐ na dhmiourg sei èna pistopohtikì proxy. 'Ena
pistopoihtikì proxy eÐnai èna diapisteut rio exousiwdìthshc qr sth to opoÐo pistopoieÐ
ton qr sth se k�je asfal  allhlepÐdrash me to Grid kai èqei èna periorismèno qrìno
zw c.
Gia na dhmiourg sei k�poioc èna pistopoihtikì proxy, dÐnei thn akìloujh entol :

$ grid-proxy-init

Ja tou zhthjeÐ o kwdikìc qr sth kai an ìla p�ne kal�, h èxodoc thc diadikasÐac ja
deÐqnei k�pwc ètsi:

Your identity: /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

Enter GRID pass phrase for this identity:

Creating proxy ............................................. Done

Your proxy is valid until: Tue Jan 31 00:52:48 2006

'Ena pistopoihtikì proxy èqei qrìno zw c 12 wr¸n.
EÐnai dunatì, epÐshc, gia ton qr sth na tup¸sei plhroforÐec gia ènan up�rqon pistopoi-
htikì proxy   na to katastrèyei prÐn l yei o qrìnoc zw c tou.
Gia na tup¸sei plhroforÐec o qr sthc dÐnei thn entol :

$ grid-proxy-info

An to pistopoihtikì up�rqei, h èxodoc thc entol c ja deÐqnei k�pwc ètsi:

subject : /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis/CN=proxy

issuer : /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

identity : /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

type : full legacy globus proxy

strength : 512 bits

path : /tmp/x509up u1010

timeleft : 11:59:56

Gia thn katastrof  enìc up�rqontoc pistopoihtikoÔ, o qr sthc arkeÐ na d¸sei thn en-
tol :

$ grid-proxy-destroy

To pistopoihtikì proxy, ìpwc perigr�fhke parap�nw èqei ìmwc èna prìblhma: an h er-
gasÐa den termatÐsei prÐn l xei to pistopoihtikì tìte matai¸netai. Autì eÐnai profan¸c
èna prìblhma an, gia par�deigma, o qr sthc jèlei na upob�llei ergasÐec pou h ektèles 
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touc diarkeÐ arketì qrìno. Tìte ja prèpei loipìn na dhmiourg sei èna pistopoihtikì
proxy to opoÐo èqei meg�lh di�rkeia zw c. Autì ìmwc aux�nei touc kindÔnouc asf�leiac.
Gia na uperbeÐ autì to empìdio, qrhsimopoieÐtai mÐa apoj kh pistopoihtik¸n proxy, h
opoÐa epitrèpei ston qr sth na dhmiourgeÐ kai na apojhkeÔei èna pistopoihtikì makr�c
di�rkeiac se ènan afierwmèno exuphretht  (Proxy Server). O WMS ja mporeÐ tìte na
qrhsimopoieÐ autì to makr�c diarkeÐac pistopoihtikì gia na anane¸nei periodik� to proxy
gia mÐa upobeblhmmènh ergasÐa prÐn l xei kai mèqri na termatÐsei h ergasÐa (  na l xei o
makr�c diarkeÐac proxy).
Gia na dhmiourg sei kai apojhkeÔsei èna makr�c diarkeÐac pistopoihtikì proxy o qr sthc
dÐnei thn entol :

$ myproxy-init -s <host name> -d -n

ìpou to -s <host name> dhl¸nei to ìnoma thc mhqan c sthn opoÐa trèqei o Proxy
Server, h epilog  -d kajodhgeÐ ton exuphretht  na qrhsimopoi sei to antikeÐmeno tou
pistopoihtikoÔ san to ìnoma qr sth, kai h epilog  -n apotrèpei thn qr sh kwdikoÔ qr -
sth gia thn prìsbash sto makr�c diarkeÐac proxy, ètsi ¸ste o WMS na mporeÐ na k�nei
tic anane¸seic autìmata.
H èxodoc thc entol c ja deÐqnei k�pwc ètsi:

Your identity: /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

Enter GRID pass phrase for this identity:

Creating proxy ........................................... Done

Proxy Verify OK

Your proxy is valid until: Mon Feb 6 12:53:48 2006

A proxy valid for 168 hours (7.0 days) for user

/C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

now exists on myproxy.grid.auth.gr.

Gia na l�bei plhroforÐa gia èna proxy makr�c diarkeÐac to opoÐo eÐnai apojhkeumèno
se ènan Proxy Server, o qr sthc arkeÐ na d¸sei thn entol :

$ myproxy-info -d

H èxodoc ja deÐqnei k�pwc ètsi:

username: /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

owner: /C=GR/O=HellasGrid/OU=central.ntua.gr/CN=Dimitris Skipis

timeleft: 167:59:07 (7.0 days)

Gia na katastrèyei èna proxy makr�c diarkeÐac, o qr sthc dÐnei thn entol :

$ myproxy-destroy -d

Ja prèpei na shmeiwjeÐ ìti o qr sthc ja prèpei na èqei èna ègkuro pistopoihtikì proxy
sto UI, to opoÐo èqei dhmiourghjeÐ me thn entol  grid-proxy-init, gia na mporèsei na
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allhlepidr�sei me to pistopoihtikì makr�c di�rkeiac ston Proxy Server.

3.5 DiaqeÐrish Ergasi¸n
Sto LCG Grid, o qr sthc mporeÐ na upob�llei kai na akur¸sei ergasÐec, na rwt sei

gia thn kat�stas  touc, kai na anakt sei thn èxodì touc. Autèc oi diadikasÐec brÐskontai
k�tw apì to ìnoma DiaqeÐrish Ergasi¸n (Workload Management). To LCG parèqei dÔo
diaforetikèc diepafèc gia na mporeÐ k�poioc na ektelèsei autèc tic diadikasÐec. H mÐa
eÐnai h Diepaf  Gramm c Entol¸n (Command Line Interface - CLI) kai h �llhc eÐnai mÐa
Grafik  Diepaf .
Anex�rthta, ìmwc, apì to poi� diepaf  qrhsimopoihjeÐ gia thn upobol  miac ergasÐac, h
perigraf  twn qarakthristik¸n kai twn apait se¸n thc ja prèpei na apostalloÔn mazÐ
thc, ètsi ¸ste na eurejeÐ ènac kat�llhloc proorismìc gia thn ektèles  thc. H gl¸ssa
pou qrhsimopoieÐtai gia thn perigraf  thc ergasÐac kaleÐtai Job Description Language
(JDL), kai perigr�fetai sunoptik� sthn epìmenh par�grafo.

3.5.1 H gl¸ssa orismoÔ ergasi¸n JDL

Sto LCG gia thn perigraf  twn ergasi¸n proc ektèlesh sto Grid qrhsimopoioÔntai
ta arqeÐa orismoÔ ergasi¸n (.jdl arqeÐa). Aut� ta arqeÐa gr�fontai qrhsimopoi¸ntac
thn gl¸ssa orismoÔ ergasi¸n JDL. H JDL qrhsimopoieÐtai sto LCG gia na kajoristoÔn
ta epijumht� qarakthristik� kai oi periorismoÐ mÐac ergasÐac, ta opoÐa ja qrhsimopoi-
hjoÔn met� kat� thn diadikasÐa tou match-making gia thn epilog  twn pìrwn pou ja
apait sei h ergasÐa.
H sÔntaxh thc JDL apoteleÐtai apì ekfr�seic pou telei¸noun me ellhnikì erwthmatikì,
ìpwc:

attribute = value;

Alfarijmhtik�, qarakt rec   sumboloseirèc pou ja qrhsimopoihjoÔn wc timèc, prèpei
na perikleÐontai apì dipl� eisagwgik�. Gia eidikoÔc qarakt rec, ìpwc gia par�deigma ton
&, ja prèpei na touc eis�goume ¸c \&. Ta sqìlia ja prèpei na proshmaÐnontai apì ton
qarakt ra #. EpÐshc h JDL eÐnai euaÐsjhth sto kenì qarakt ra kai to tab.
Se èna arqeÐo orismoÔ ergasÐac merik� qarakthristik� eÐnai upoqrewtik� en¸ merik� ìqi.
Sugkekrimèna, o qr sthc ja prèpei toul�qiston na orÐsei to ìnoma tou ektelèsimou, ta
arqeÐa sta opoÐa ja grafeÐ h èxodoc kai ta sf�lmata thc ergasÐac. Gia par�deigma:

Executable = "text.sh";

StdOutput = "std.out";

StdError = "std.err";

An qreiasteÐ, mporoÔn na eisaqjoÔn orÐsmata gia to ektelèsimo arqeÐo:

Arguments = "some argument another argument"

Tìte, ta arqeÐa, ta opoÐa ja metaferjoÔn apì to UI ston WN prÐn kai met� thn ek-
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tèlesh thc ergasÐac mporoÔn na oristoÔn ¸c:

InputSandbox = {"test.sh"};
OutputSandbox = {"std.out","std.err"};

EÐnai polÔ shmantikì ed¸ na anaferjeÐ ìti o qarakt rac enìc arqeÐou ¸c ektelèsimou
den diathreÐtai gia ta arqeÐa ta opoÐa brÐskontai sto Input Sandbox kai metafèrontai
ston WN. Gi'autì to lìgo, gia k�je arqeÐo to opoÐo jèlei o qr sthc na èqei �deia ektè-
leshc, ja prèpei na prohghjeÐ h diadikasÐa chmod +x sto script pou eÐnai orismèno san
Executable sto arqeÐo JDL.

3.5.2 Upobol  ergasÐac
Gia na upoblhjeÐ mÐa ergasÐa sto LCG Grid, o qr sthc ja prèpei katarq n na èqei

èna ègkuro pistopoihtikì proxy sto mhq�nhma UI. An k�ti tètoio sumbaÐnei, tìte o qr -
sthc ja mporeÐ na d¸sei thn akìloujh entol :

$ edg-job-submit <jdl file>

ìpou <jdl file> eÐnai to arqeÐo to opoÐo perièqei thn perigraf  thc ergasÐac. 'Ena
aplì par�deigma eÐnai èna arqeÐo test.jdl me ta ex c perieqìmena:

Executable = "test.sh";

StdOutput = "std.out";

StdError = "std.err";

InputSandbox = {"test.sh"};
OutputSandbox = {"std.out","std.err"};

To arqeÐo autì perigr�fei mÐa apl  ergasÐa, h opoÐa ja ektelesjeÐ apì to arqeÐo test.sh.
H st�ntarnt èxodoc kai ta sf�lmata ja grafoÔn sta arqeÐa std.out kai std.err an-
tÐstoiqa, ta opoÐa met� to pèrac thc ektèleshc ja metaferjoÔn pÐsw sto UI kaj¸c
perièqontai sto Output Sandbox.
H ergasÐa, loipìn, upob�lletai me thn entol :

$ edg-job-sumbit --vo see -o JOBIDs test.jdl

ìpou h epilog  --vo see dhl¸nei ton VO ston opoÐo an koume (sthn perÐptws  mac
ton SEE), kai h epilog  -o JOBIDs dhl¸nei ìti jèloume to ID na apojhkeujeÐ sto ar-
qeÐo JOBIDs.
An h upobol  eÐnai epituq c, tìte h èxodoc ja deÐqnei k�pwc ètsi:

Selected Virtual Organisation name (from --vo option): see

Connecting to host rb.isabella.grnet.gr, port 7772

Logging to host rb.isabella.grnet.gr, port 9002

====================== edg-job-submit Success===========================
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The job has been successfully submitted to the Network Server.

Use edg-job-status command to check job current status. Your job

identifier (edg jobId) is:

- https://rb.isabella.grnet.gr:9000/riFWbic7k8RaAMrMxhev4Q

The edg jobId has been saved in the following file:

/home/dskipis/Skipis/QU1RK/4D/JOBIDs

=========================================================================

EÐnai epÐshc dunatì na deÐ o qr sthc poi� Upologistik� StoiqeÐa eÐnai kat�llhla na
ektelèsoun thn ergasÐa pou perigr�fetai apì èna arqeÐo JDL qrhsimopoi¸ntac thn en-
tol  edg-job-list-match:

$ edg-job-list-match --vo see test.jdl

Selected Virtual Organisation name (from --vo option): see

Connecting to host rb.isabella.grnet.gr, port 7772

*************************************************************************

COMPUTING ELEMENT IDs LIST

The following CE(s) matching your job requirements have been found:

*CEId*

ce01.isabella.grnet.gr:2119/jobmanager-pbs-long

*************************************************************************

3.5.3 LeitourgÐec ergasÐac
AfoÔ upoblhjeÐ k�poia ergasÐa, eÐnai dunatì o qr sthc na deÐ thn kat�stas  thc kai

thn istorÐa thc, na anakt sei ta arqeÐa exìdou thc ergasÐac mìlic aut  termatÐsei kai na
thn akur¸sei prÐn aut  termatÐsei.
Dedomènhc mÐac upobeblhmènhc ergasÐac thc opoÐac to anagnwristikì eÐnai <jobId>, o
qr sthc mporeÐ na deÐ thn kat�stas  thc me thn entol :

$ edg-job-status <jobId>

*************************************************************

BOOKKEEPING INFORMATION:

Status info for the Job :

https://rb.isabella.grnet.gr:9000/Ibdrj1L HiyM462L8rG9Pg

Current Status: Running

Status Reason: Job successfully submitted to Globus

Destination: ce01.isabella.grnet.gr:2119/jobmanager-pbs-long

reached on: Fri Jan 27 10:22:24 2006
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*************************************************************

ìpou faÐnetai h paroÔsa kat�stash thc ergasÐac mazÐ me ton qrìno kat� ton opoÐo h
ergasÐa mp ke se aut  thn kat�stash kai ton lìgo gia ton opoÐo mp ke.
MÐa ergasÐa mporeÐ na akurwjeÐ prÐn ft�sei ston termatismì thc apl� me thn entol 
edg-job-cancel:

$ edg-job-cancel <jobId>

Are you sure you want to remove specified job(s)? [y/n]n :y

====================== edg-job-cancel Success =======================

The cancellation request has been successfully submitted for the

following job(s):

- https://rb.isabella.grnet.gr:9000/riFWbic7k8RaAMrMxhev4Q

=====================================================================

EpÐshc, afoÔ mÐa ergasÐa termatÐsei, o qr sthc mporeÐ na antigrayeÐ thn èxodo thc er-
gasÐac sto UI me thn entol :

$ edg-job-get-output --dir ./Results <jobId>

Retrieving files from host: rb.isabella.grnet.gr ( for

https://rb.isabella.grnet.gr:9000/5KX as4PQZEQq-EvN3pZzg )

***********************************************************************

JOB GET OUTPUT OUTCOME

Output sandbox files for the job:

- https://rb.isabella.grnet.gr:9000/5KX as4PQZEQq-EvN3pZzg

have been successfully retrieved and stored in the directory:

/home/dskipis/Skipis/QU1RK/4D/Results/dskipis 5KX as4PQZEQq-EvN3pZzg

***********************************************************************

Tèloc, me thn entol  edg-get-logging-info mporeÐ na jèsei er¸thsh sthn b�sh de-
domènwn tou LB gia thn plhroforÐa kataq¸rhshc k�poiac ergasÐac pou èqei upoblhjeÐ
me thn entol  edg-job-submit. Autì eÐnai idiaÐtera qr simo gia thn apasfalm�twsh
sthn perÐptwsh mh epituq¸n upobol¸n. 'Ena aplì par�deigma eÐnai:

$ edg-job-get-logging-info -o logfile.txt <jobId>

ìpou me thn epilog  -o logfile.txt orÐzoume ìti h èxodoc ja eggrafeÐ sto arqeÐo
logfile. MÐa endeiktik  èxodoc eÐnai:
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********************************************************************

LOGGING INFORMATION:

Printing info for the Job :

https://rb.isabella.grnet.gr:9000/5KX as4PQZEQq-EvN3pZzg

---

Event: RegJob

- source = UserInterface

- timestamp = Sat Jan 28 11:46:09 2006

---

Event: Transfer

- destination = NetworkServer

- result = START

- source = UserInterface

- timestamp = Sat Jan 28 11:46:51 2006

---

Event: Transfer

- destination = NetworkServer

- result = OK

- source = UserInterface

- timestamp = Sat Jan 28 11:46:54 2006

---

Event: Accepted

- source = NetworkServer

- timestamp = Sat Jan 28 11:46:52 2006

---

Event: EnQueued

- result = OK

- source = NetworkServer

- timestamp = Sat Jan 28 11:46:54 2006

...
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Kef�laio 4

O algìrijmoc twn plaket¸n

PrÐn anaferjoÔme sthn jewrhtik  upost rixh tou algìrijmou, kalì eÐnai na parou-
siasteÐ p¸c katal xame ston algìrijmo xekin¸ntac apì ton aplì algìrijmo p�nw stouc
sundèsmouc.
H aform  gia thn dhmiourgÐa tou algìrijmou twn plaket¸n  tan katarq n kajar� upol-
ogistik . To pr¸to pou blèpei kaneÐc ìtan qeirÐzetai thn sumpag  jewrÐa bajmÐdac U(1)
qwrÐc fermiìnia me dr�sh thn

S = β
∑

P

(1− cos P ) (4.1)

ìpou P h plakèta kai to �jroisma na trèqei p�nw se ìlec tic plakètec tou plègmatoc,
eÐnai ìti pragmatik� den qrei�zetai touc sundèsmouc metaxÔ twn kìmbwn tou krust�llou.
Ston aplì algìrijmo, o fusikìc kataskeu�zei gia k�je kìmbo tic antÐstoiqec plakètec
tou sundèsmou pou jèlei na anane¸sei. To meionèkthma se aut  thn diadikasÐa eÐnai ìti
qrei�zetai k�je for� na kataskeu�sei tic plakètec tic opoÐec ja qeiristeÐ, kai m�lista
ja qreiasteÐ na kataskeu�sei tic Ðdiec plakètec arketèc forèc. Pr¸to b ma loipìn eÐnai
na jewr soume èna plègma ìqi me tèsseric sundèsmouc se k�je kìmbo, gia thn tetradi�s-
tath perÐptwsh, all� èna plègma me èxi plakètec se k�je kìmbo. H plakèta plèon eÐnai
h basik  ontìthta sto plègma kai h ènnoia twn sundèsmwn den ufÐstatai!
P¸c loipìn ja anane¸noume tic plakètec kat'antÐstoiqo trìpo me autìn ston algìrijmo
twn sundèsmwn? Ac doÔme p�li tÐ k�nei o algìrijmoc me touc sÔndesmouc. Epilègei
ènan kìmbo kai ston kìmbo autì epilègei ènan sÔndesmo. Met� gia autìn ton sÔn-
desmo kataskeu�zei ìlec tic plakètec pou ton perièqoun kai ètsi qtÐzei tic plakètec
me tic opoÐec ja asqolhjeÐ. Kaj¸c mÐa plakèta èqei tèsseric pleurèc, h k�je plakè-
ta ja kataskeuasteÐ tèsseric forèc kat� thn di�sqish tou plègmatoc. T¸ra ìmwc me
tic plakètec  dh ètoimec, autì den qrei�zetai. K�je for� pou epilègetai ènac kìmboc,
epilègetai mÐa plakèta tou kai met� brÐsketai h geitoni� thc, dhlad  ìlec oi plakètec pou
sunoreÔoun mazÐ thc. Autèc ja fti�xoun thn shmantik  dr�sh, ìpwc aut  orÐsthke se
prohgoÔmeno kef�laio.
TÐjentai katarq n loipìn dÔo zht mata: p¸c mporeÐ na breÐ k�poioc thn geitoni� miac

plakètac kai deÔteron p¸c ja kataskeu�sei to tm ma thc dr�shc pou qrei�zetai. H
ap�nthsh sto pr¸to er¸thma eÐnai sqetik� apl  kaj¸c to ìlo prìblhma eÐnai kajar�
gewmetrikì: èqontac ènan uperkÔbo tess�rwn diast�sewn, poièc pleurèc sunoreÔoun me
poièc. H ap�nthsh se autì to prìblhma qrei�zetai na dojeÐ gia èna sugkekrimèno plèg-
ma mìno mÐa for� me thn kataskeu  enìc q�rth tou plègmatoc. Autìc o q�rthc deÐqnei
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Sq ma 4.1: H geitoni� miac plakètac sthn tridi�stath perÐptwsh me qrwmatismì pou
upodhl¸nei to prìshmo me to opoÐo prostÐjetai h diataraq  sthn antÐstoiqh
plakèta. Se an¸terec diast�seic, autì pou all�zei eÐnai èna <<koutÐ>> apì
plakètec p�nw kai èna k�tw apì thn plakèta.

akrib¸c poièc plakètec sunoreÔoun me poièc me b�sh èna sq ma arÐjmhs c touc. Gia thn
ap�nthsh tou deÔterou erwt matoc, pou èqei antÐktupo kai sthn kataskeu  tou q�rth,
arkeÐ na jumhjoÔme ìti ìtan èqoume to plègma me touc sundèsmouc, autoÐ eÐnai prosana-
tolismènoi. 'Etsi, ston paliì algìrijmo an sunantoÔsame ènan sÔndesmo kat� thn for�
tou, tìte èmpaine me jetikì prìshmo sthn plakèta, en¸ an ton sunantoÔsame antÐrropa,
tìte èmpaine me arnhtikì. T¸ra, sthn kataskeu  tou tm matoc thc dr�shc pou ja anane¸-
soume, kai to opoÐo apoteleÐtai apì tic plakètec thc geitoni�c mi�c plakètac, mpaÐnoun
me prìshma ta opoÐa basÐzontai se èna sq ma to opoÐo ja d¸sei ta Ðdia apotelèsmata
ìtan mil�me me thn gl¸ssa twn sundèsmwn. Ta prìshma aut� mpaÐnoun ston q�rth tou
plègmatoc kai xemperdeÔoume me aut� sqetik� gr gora. Mi� geitonÐa miac plakètac mazÐ
me ta prìshm� thc faÐnetai sto sq ma (4.1) gia thn tridi�stath perÐptwsh. Sto sq ma
autì oi �sprec plakètec fèroun jetikì prìshmo en¸ oi skourìqrwmec arnhtikì.
'Ewc t¸ra, èqoume loipìn kataskeu�sei thn basik  dom  p�nw sthn opoÐa ja doulèyei
o algìrijmìc mac. Gia na gÐnoun teleÐwc profan  ta pr�gmata, ja efarmìsoume ton
paliì kai ton kainoÔrgio algìrijmo p�nw se mÐa plakèta gia thn didi�stath perÐptwsh.
To sqetikì sq ma eÐnai to (4.2). Me ton paliì algìrijmo gia thn ananèwsh kai twn
tess�rwn pleur¸n thc plakètac P1 ja k�name to ex c:

1. Epilègoume ton sÔndesmo {i, j}i
1 proc ananèwsh. 'Ara kataskeu�zoume tic plakètec

P1 kai P5, apì to �jroisma {i, j}j + {i, j + 1}i − {i + 1, j}j − {i, j}i kai {i, j}i −
{i + 1, j − 1}j − {i, j − 1}i + {i, j − 1}j antÐstoiqa, kai ètsi fti�qnoume thn pali�
shmantik  dr�sh upologÐzontac ta sunhmÐtona gia k�je plakèta pou dhmiourg same.
Gia thn kainoÔrgia dr�sh prosjètoume sthn P5 mÐa diataraq  δ kai afairoÔme apì
thn P1 thn δ kai upologÐzoume ta sunhmÐtona. Met� k�noume   ìqi thn allag .

2. Epilègoume ton sÔndesmo {i, j}j proc ananèwsh. 'Ara kataskeu�zoume tic plakètec
P1 kai P4, apì to �jroisma {i, j}j+{i, j+1}i−{i+1, j}j−{i, j}i kai {i−1, j}j+{i−

1Ο συμβολισμός {i, j}i δηλώνει τον σύνδεσμο στην κατεύθυνση i του κόμβου με συντεταγμένες i, j
στο πλέγμα.
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Sq ma 4.2: H geitoni� miac plakètac sthn didi�stath perÐptwsh, ìpou faÐnontai oi kìm-
boi, oi plakètec kai oi forèc diagraf c twn plaket¸n.

1, j +1}i−{i, j}j −{i− 1, j}i antÐstoiqa, kai ètsi fti�qnoume thn pali� shmantik 
dr�sh upologÐzontac ta sunhmÐtona gia k�je plakèta pou dhmiourg same. Gia thn
kainoÔrgia shmantik  dr�sh prosjètoume ston sÔndesmo {i, j}j mÐa diataraq  δ, to
opoÐo shmaÐnei ìti prosjètoume sthn P1 mÐa diataraq  δ kai afairoÔme apì thn P4
thn δ kai upologÐzoume ta sunhmÐtona. Met� k�noume   ìqi thn allag .

3. Epilègoume ton sÔndesmo {i, j + 1}i proc ananèwsh. 'Ara kataskeu�zoume tic
plakètec P1 kai P3, apì to �jroisma {i, j}j + {i, j + 1}i − {i + 1, j}j − {i, j}i

kai {i, j + 1}j + {i, j + 2}i−{i + 1, j + 1}j −{i, j + 1}i antÐstoiqa, kai ètsi fti�q-
noume thn pali� shmantik  dr�sh upologÐzontac ta sunhmÐtona gia k�je plakèta
pou dhmiourg same. Gia thn kainoÔrgia shmantik  dr�sh prosjètoume sthn P1 mÐa
diataraq  δ kai afairoÔme apì thn P3 thn δ kai upologÐzoume ta sunhmÐtona. Met�
k�noume   ìqi thn allag .

4. Epilègoume ton sÔndesmo {i + 1, j}j proc ananèwsh. 'Ara kataskeu�zoume tic
plakètec P1 kai P2, apì to �jroisma {i, j}j +{i, j+1}i−{i+1, j}j−{i, j}i kai {i+
1, j}j+{i+1, j+1}i−{i+2, j}j−{i+1, j}i antÐstoiqa, kai ètsi fti�qnoume thn pali�
shmantik  dr�sh upologÐzontac ta sunhmÐtona gia k�je plakèta pou dhmiourg same.
Gia thn kainoÔrgia dr�sh prosjètoume sthn P2 mÐa diataraq  δ kai afairoÔme apì
thn P1 thn δ kai upologÐzoume ta sunhmÐtona. Met� k�noume   ìqi thn allag .

Me autìn ton trìpo loipìn èqoume episkefteÐ kai tic tèsseric pleurèc mÐac plakètac me
ton paliì algìrijmo. Prosèyte ìti kataskeu�same thn plakèta P1 kai upologÐsame to
sunhmÐtonì thc tèsseric forèc!
Ac doÔme loipìn tÐ ja èkane o kainoÔrgioc algìrijmoc:
H pali� shmantik  dr�sh eÐnai h cos(P1)+ cos(P2)+ cos(P3)+ cos(P4)+ cos(P5), ìpou
plèon ta Pi eÐnai aploÐ arijmoÐ, kai h kainoÔrgia eÐnai h cos(P1 + δ) +

∑
i cos(Pii6=1 +

signiδ/4.0). To signi dhl¸nei to prìshmo me to opoÐo upologÐzetai h suneisfor� thc
diataraq c sthn k�je plakèta, ìpwc autì prokÔptei apì ton q�rth tou plègmatoc. An
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h ananèwsh gÐnei, tìte h allag  pou gÐnetai eÐnai sthn plakèta P1 → P1 + δ kai stic
�llec plakètec Pii6=1 → Pii6=1 + signiδ/4.0. Dhlad  dÐnetai olìklhrh h diataraq  sthn
plakèta pou anane¸noume kai to èna tètarto stic plakètec thc geitoni�c thc an�loga me
to prìshmo pou emfanÐzetai ston q�rth.
H beltÐwsh eÐnai profan c!
To deÔtero b ma sthn kataskeu  tou algìrijmou  tan h diapÐstwsh ìti gia thn kataskeu 
thc dr�shc qreiazìmastan ta sunhmÐtona twn plaket¸n kai ta sunhmÐtona twn plaket¸n
sÔn thn diataraq  gia thn kainoÔrgia dr�sh. O upologismìc twn sunhmitìnwn kostÐzei
arket� opìte ja  tan polÔ epijumhtì na mporoÔsame na touc apofÔgoume. H idèa gia na
touc apofÔgoume eÐnai polÔ apl  kai sthrÐzetai stoÔc ex c trigwnometrikoÔc tÔpouc:

cos(a + b) = cos a cos b− sin a sin b (4.2)
sin(a + b) = sin a cos b + cos a sin b (4.3)

An loipìn èqoume apojhkeÔsei k�pou to hmÐtono kai to sunhmÐtono thc plakètac, tìte
apl� upologÐzoume to hmÐtono kai to sunhmÐtono thc diataraq c kai apì ekeÐ kai pèra h
kataskeu  thc dr�shc all� kai h ananèwsh èqoun mìno prosjèseic!
SummazeÔontac ta parap�nw katal goume ston algìrijmo twn plaket¸n:

• Kataskeu�zoume èna plègma, se k�je kìmbo tou opoÐou èqoume N =
∑D−1

i=1 i zeÔgh
hmitìnwn kai sunhmitìnwn thc gwnÐac gia k�je plakèta (sinP ,cosP ), ìpou D eÐnai
h di�stash tou probl matìc mac.

• Kataskeu�zoume ton q�rth tou plègmatìc mac, pou deÐqnei poièc plakètec geitni�-
zoun me poièc kai me tÐ prìshmo ja deqjoÔn thn endeqìmenh diataraq .

• Gia k�je plakèta trèqoume mia diadikasÐa Monte Carlo, ìpou h pali� shmantik 
dr�sh eÐnai to �jroisma twn sunhmitìnwn twn plaket¸n kai h kainoÔrgia shmantik 
dr�sh dÐnetai apì ton tÔpo cos(P + δ) = sinP cos δ + cosP sin δ gia k�je plakèta.

• An�loga me to tÐ ja apofanjeÐ o èlegqoc tou Monte Carlo, an k�noume thn allag ,
sthn plakèta pou anane¸noume prosjètoume thn diataraq , en¸ stic geitonikèc thc
prosjètoume   afairoÔme, an�loga me to prìshmo ston q�rth, to èna tètarto thc
diataraq c.

Ta parap�nw b mata apoteloÔn ton algìrijmo twn plaket¸n. EÐnai axioshmeÐwto na
parathr soume thn omoiìthta tou probl matoc, ètsi ìpwc antimetwpÐzetai apì ton al-
gìrijmo, me èna spÐn sÔsthma, ìpou se k�je kìmbo tou krust�llou èqoume N =

∑D−1
i=1 i

spÐn, me D thn di�stash tou q¸rou mac.

4.1 Jewrhtik  upost rixh
AfoÔ kataskeu�sthke o algìrijmoc twn plaket¸n, me aform  kajar� upologistikoÔc

lìgouc, ìpwc anafèrjhke prohgoumènwc, anazht jhkan sthn sunèqeia ergasÐec sth-
n diejn  bibliografÐa, pou mporeÐ na  tan sqetikèc me to jèma kurÐwc se jewrhtikì
epÐpedo. Oi kuri¸terec tètoiec ergasÐec pou brèjhkan  tan h <<String, corner, and pla-
quette formulation of finite lattice gauge theory>> twn G. Batrouni kai M. Halpern [4]
kai h <<Bianchi Identity for non-Abelian lattice gauge fields>> tou J. Kiskis [19].
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Kai oi dÔo ergasÐec eÐnai exairetik� teqnikèc kai h anaparagwg  touc se aut  thn er-
gasÐa den krÐnetai anagkaÐa. Autì pou prèpei na shmeiwjeÐ, eÐnai ìti sthn pr¸th ergasÐa
kataskeu�zetai ènac formalismìc o opoÐoc <<douleÔei>> me tic plakètec kai dÐnetai mia
arket� austhr  mejodologÐa gia autì ton skopì. 'Etsi h qr sh twn plaket¸n plèon
deÐqnetai ìti mporeÐ na gÐnei se formalistikì epÐpedo, opìte o algìrijmoc pou tic qeirÐze-
tai se upologistikì epÐpedo èqei èna stajerì jewrhtikì èreisma.
Kat� thn an�gnwsh kai melèth twn parap�nw ergasi¸n, èna axioshmeÐwto gegonìc eÐnai
h Ôparxh twn topik¸n kai olik¸n tautot twn Bianchi, oi opoÐec prokÔptoun se jew-
rhtikì epÐpedo. Gia par�deigma, h olik  tautìthta Bianchi, apaiteÐ to ginìmeno ìlwn twn
plaket¸n sto plègma na eÐnai mon�da. To gegonìc autì prokÔptei kat� ton upologismì
thc sun�rthshc epimerismoÔ:

Z =

∫
DPµνI exp

(
β

4

∑

plaq

Tr[Pµν(r) + P†
µν(r)]

)
, (4.4)

ìpou

I = δ

(
0∏

x′=Lx−1

Ly−1∏

y′=0

Pxy(x
′, y′)− 1

)
. (4.5)

H sun�rthsh dèlta pou emfanÐzetai eÐnai h olik  tautìthta Bianchi.
To entupwsiakì loipìn eÐnai ìti ìlec autèc oi tautìthtec, pou upagoreÔontai apì jew-
rhtik� epiqeir mata, ikanopoioÔntai ek kataskeu c ston algìrijmo twn plaket¸n! QwrÐc
loipìn na katafÔgoume se perissìtero teqnik� zht mata, ja arkestoÔme sto ìti oi para-
p�nw ergasÐec, kaj¸c kai merikèc akìmh, parousi�zoun èna jewrhtikì plaÐsio p�nw sto
opoÐo mporeÐ na sthriqjeÐ o algìrijmoc twn plaket¸n. H pistopoÐhsh tou algìrijmou
af netai epomènwc na gÐnei se upologistikì epÐpedo, me thn sÔgkrish twn apotelesm�twn
pou dÐnei me �lla apotelèsmata thc diejnoÔc bibliografÐac.

4.2 H arq  thc leptomeroÔc isorropÐac
Sto shmeÐo autì, ja prèpei na anaferjoÔme se mia polÔ basik  arq , aut  thc lep-

tomeroÔc isorropÐac. H arq  aut  parousi�sthke sto pr¸to kef�laio. Me apl� lìgia
h arq  aut  apaiteÐ ton upologismì thc pijanìthtac na metabeÐ to sÔsthma apì thn mÐa
kat�stash se mi� �llh, all� kai apì ton upologismì thc pijanìthtac thc antÐstrofhc
met�bashc, ètsi ¸ste na eÐmaste sÐgouroi ìti o algìrijmìc mac dÐnei thn swst  katanom 
gia tic katast�seic sthn jermik  isorropÐa.
Sthn perÐptwsh tou algìrijmou twn sundèsmwn, oi dÔo autèc pijanìthtec eÐnai Ðsec.
Autì eÐnai sqetik� profanèc:
h eujeÐa met�bash eÐnai na epilèxoume ènan sÔndesmo kai met� mÐa diataraq  apì èna sum-
metrikì di�sthma (−δ, δ). H antÐstrofh met�bash eÐnai na epilèxoume ton Ðdio sÔndesmo
kai met� thn antÐjeth diataraq  ¸ste to sÔsthma na epanèljei sthn arqik  kat�stash.
Dedomènou ìti to di�sthma apì to opoÐo epilègoume tic diataraqèc eÐnai summetrikì kai
h katanom  pijanìthtac na epilèxoume èna stoiqeÐo eÐnai h omoiìmorfh, h pijanìthta epi-
log c mia diataraq c δ kai thc antÐjet c thc −δ eÐnai h Ðdia. 'Etsi sunolik� h pijanìthta
thc eujeÐac kai thc antÐstrofhc met�bashc eÐnai h Ðdia.
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Ston algìrijmo twn plaket¸n isqÔei akrib¸c to Ðdio. H eujeÐa met�bash eÐnai na epilèx-
oume mÐa plakèta kai met� mÐa diataraq  apì èna summetrikì di�sthma (−δ, δ). H di-
ataraq  aut  ja moirasteÐ olìklhrh sthn epilegmènh plakèta kai kat� to èna tètarto
stic geitonikèc an�loga me to prìshmo pou prokÔptei apì to plègma. H antÐstrofh
met�bash ja prèpei na mporeÐ na anairèsei thn metabol  pou k�name sto plègma kat�
thn eujeÐa met�bash. Dedomènou tou trìpou pou moir�zoume thn diataraq  stouc geÐ-
tonec thc epilegmènhc plakètac, eÐnai fanerì ìti o mìnoc trìpoc na anairèsoume thn
prohgoÔmenh allag , eÐnai na epilèxoume thn Ðdia plakèta kai na epilèxoume thn antÐjeth
diataraq . H diataraq  aut  ja anairèsei thn allag  kai sthn epilegmènh plakèta kai
stic geitonikèc, epanafèrontac to plègma sthn arqik  kat�stash. P�li, afoÔ h katanom 
pijanìthtac pou afor� thn epilog  thc diataraq c apì to summetrikì di�sthma eÐnai h
omoiìmorfh, h pijanìthta epilog c mia diataraq c δ kai thc antÐjet c thc −δ eÐnai h
Ðdia. Sunolik� loipìn, kai sthn perÐptwsh tou algìrijmou twn plaket¸n h arq  thc
leptomeroÔc isorropÐac isqÔei.

4.3 UlopoÐhsh kai beltistopoi seic
Sto kef�laio autì parousi�zontai jèmata ulopoÐhshc tou algìrijmou twn plaket¸n

kai diamìrfwshc tou perib�llontoc tou Grid kai thn ektèlesh twn sqetik¸n program-
m�twn kaj¸c kai dÔo beltistopoi seic pou jewr jhkan se upologistikì epÐpedo.

4.3.1 Jèmata ulopoÐhshc
H ulopoÐhsh tou algìrijmou twn plaket¸n apoteleÐtai apì dÔo kÔria mèrh, to prì-

gramma kataskeu c tou q�rth plègmatoc kai to prìgramma thc diadikasÐac Monte Car-
lo, kaj¸c kai mÐa seir� deutereuìntwn bohjhtik¸n programm�twn, pou perigr�fontai
parak�tw.

To prìgramma kataskeu c tou q�rth plègmatoc

To prìgramma autì kataskeu�zei ton q�rth tou plègmatoc, ulopoi jhke me thn gl¸s-
sa programmatismoÔ C++ kai onom�zetai Mapper. H dhmiourgÐa tou q�rth tou plègmatoc
gÐnetai dhmiourg¸ntac pr¸ta kai arijmodot¸ntac ìlec tic plakètec pou emfanÐzontai sto
plègma apì touc sundèsmouc pou tic apoteloÔn, kai met� elègqontac poièc plakètec è-
qoun koinoÔc sÔndesmouc. To prìgramma autì up�rqei se xeqwristèc ekdìseic gia k�je
m koc plègmatoc kai di�stash thc jewrÐac. H ektèles  tou gÐnetai mÐa for� sthn arq 
kai met� analamb�nei to prìgramma thc prosomoÐwshc. O phgaÐoc k¸dikac up�rqei sto
par�rthma G'.

To prìgramma Monte Carlo

To prìgramma autì trèqei thn prosomoÐwsh Monte Carlo, ulopoi jhke me thn gl¸ssa
programmatismoÔ C kai onom�zetai Sweeper. O phgaÐoc k¸dikac up�rqei sto par�rthma
D'. Oi par�metroi pou dèqetai eÐnai o arijmìc twn diasqÐsewn tou plègmatoc pou prèpei
na ektelesjoÔn sunolik�, o arijmìc twn diasqÐsewn tou plègmatoc pou ja jewroÔntai
jèrmansh (thermalization) kai kat� tic opoÐec den ja lamb�nontai metr seic, h tim  thc
paramètrou β kaj¸c kai to ìnoma tou arqeÐou pou perièqei ton q�rth tou plègmatoc.
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To prìgramma autì èqontac dhmiourg sei sthn mn mh mia dom  ìlwn twn plaket¸n tou
plègmatoc, episkèptetai mÐa mÐa tic plakètec kai me b�sh thn geitonÐa touc, thn opoÐa thn
brÐskei apì ton q�rth tou plègmatoc, kataskeu�zei thn diafor� thc pali�c shmantik c
dr�shc apì thn kainoÔrgia kai me b�sh aut  metadÐdei thn diataraq  sto plègma   ìqi.

To prìgramma arqikopoÐhshc tou plègmatoc

To prìgramma autì apl� kataskeu�zei èna plègma to opoÐo èqei ìlec tic diplètec twn
plaket¸n Ðsec me (1, 0), dhlad  to sunhmÐtono  tan mon�da kai to hmÐtono  tan mhdèn.
To plègma autì eÐnai h arqik  kat�stash apì thn opoÐa ja xekin�ei k�je prosomoÐwsh.
To prìgramma autì epeid  eÐnai tetrimèno, den parousi�zetai o phgaÐoc k¸dik�c tou sto
parìn keÐmeno.

Ta progr�mmata an�lushc

Ta progr�mmata an�lushc efarmìzontai sta arqeÐa metr sewn pou prokÔptoun apì
thn prosomoÐwsh. Upolìgizoun thn mèsh tim , thn epidektikìthta kai ta sqetizìmena s-
f�lmata   kataskeu�zoun ta sqetik� istogr�mmata. O phgaÐoc k¸dikac tou prìgrammatoc
pou upologÐzei thn epidektikìthta kai merikèc �llec statistikèc sunart seic up�rqei sto
par�rthma E'.

Ta scripts gia to Grid

H ektèlesh tou algìrijmou sto Grid gÐnetai me dÔo trìpouc kai perigr�fhke se
scripts thc gl¸ssac Python. Me ton pr¸to trìpo, ekteloÔme ton algìrijmo gia mia sug-
kekrimènh tim  thc paramètrou β kai met� upologÐzoume di�forec statistikèc paramètrouc
p�nw sto arqeÐo twn metr sewn kai dhmiourgoÔme kai to istìgramma twn katanom¸n twn
metr sewn. Gia thn ektèlesh thc parap�nw diadikasÐac sto Grid qrhsimopoi jhke to
ex c script:

#!/usr/bin/env python

import os,locale

os.system(’chmod a+x LatticeMap4D 06’)

os.system(’chmod a+x InitLatGen’)

os.system(’chmod a+x Sweeper06’)

os.system(’chmod a+x Bin2txt’)

os.system(’chmod a+x Cumulants’)

os.system(’chmod a+x Binner’)

os.system(’./LatticeMap4D 06’)

os.system(’./InitLatGen’)

os.system(’./Sweeper06 1000000 10000 1.0099 4D 6.map’)

os.system(’./Bin2Txt MeanCosPlaquette.dat’)

os.system(’./Cumulants MeanCosPlaquette.tsv 1.0099 6’)

os.system(’./Binner MeanCosPlaquette.dat 100’)
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Parathr ste sthn arq  tou script thn ektèlesh twn entol¸n chmod a+x p�nw sta ar-
qeÐa proc ektèlesh. 'Opwc anafèrjhke kai sto trÐto kef�laio, oi entolèc autèc eÐnai
aparaÐthtec diìti o qarakt rac tou ektelèsimou den diathreÐtai kat� thn metafor� twn
arqeÐwn ston kìmbo ektèleshc.
Me ton deÔtero trìpo, ekteloÔme ton algìrijmo se èna eÔroc tim¸n thc paramètrou β
me èna stajerì b ma kai gia ènan sqetik� mikrì arijmì epanal yewn. Met� upologÐ-
zoume thn mèsh tim  twn metr sewn gia k�je β kai apojhkeÔoume to zeug�ri β-mèsh tim 
se èna arqeÐo. Gia thn ektèlesh thc parap�nw diadikasÐac qrhsimopoi jhke to ex c script:

#!/usr/bin/env python

import os,locale

os.system(’chmod a+x LatticeMap4D 06’)

os.system(’chmod a+x InitLatGen’)

os.system(’chmod a+x Sweeper06’)

os.system(’chmod a+x MeanCos’)

os.system(’./LatticeMap4D 06’)

os.system(’./InitLatGen 6 0’)

Beta=0.98

for i in xrange(50):

os.system(’./Sweeper06 10000000 10000 ’+str(Beta)+’ 4D 6.map’)

os.system(’./MeanCos MeanCosPlaquette.dat ’+str(Beta))

os.system(’rm MeanCosPlaquette.dat’)

Beta=Beta+0.001

4.3.2 Beltistopoi seic
Kat� thn ulopoÐhsh tou algìrijmou jewr jhkan dÔo basikèc beltistopoi seic. H mÐa

aforoÔse thn dhmiourgÐa tou q�rth plègmatoc pou telik� den ulopoi jhke, kai h �llh
aforoÔse ton èlegqo pou k�nei h diadikasÐa Monte Carlo.

BeltistopoÐhsh ston q�rth plègmatoc

Prèpei na shmeiwjeÐ ìti aut  h beltistopoÐhsh den ulopoi jhke gia thn tetradi�stath
jewrÐa pedÐou all� kaj¸c o algìrijmoc ètrexe kai p�nw sthn exadi�stath jewrÐa, thc
opoÐac h poluplokìthta eÐnai pollèc t�xeic megalÔterh, h beltistopoÐhsh melet jhke
diexodik� kai ulopoi jhke gia tic èxi diast�seic.
'Ena gnwstì prìblhma, gia ìlouc touc algìrijmouc pou droÔn p�nw se k�poio plègma,
eÐnai ìti h apl  arijmodìthsh kai apoj keush thc dom c se ènan monodi�stato pÐnaka
eÐnai polÔ mh apodotik . Autì sumbaÐnei diìti ìtan o upologist c jèlei na ergasteÐ me
k�poio stoiqeÐo kai touc geÐtonèc tou sto plègma, ja anazht sei to stoiqeÐo kai touc geÐ-
tonec sthn monodi�stath dom , kai ja fèrei sthn mn mh cache tic selÐdec apì thn mn mh
pou perièqoun ta en lìgw stoiqeÐa. Me thn apl  arijmodìthsh, dustuq¸c, h apìstash
twn geitonik¸n stoiqeÐwn sthn grammik  dom  eÐnai polÔ meg�lh! 'Etsi o upologist c
anagk�zetai na k�nei pollèc metaforèc kai eggrafèc selÐdwn sthn mn mh, oi opoÐec per-
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Sq ma 4.3: O pÐnakac geitnÐashc gia èna q�rth enìc plègmatoc 64.

ièqoun polÔ lÐga ofèlima stoiqeÐa.
To kalÔtero sen�rio eÐnai h geitnÐash twn stoiqeÐwn sto plègma na shmaÐnei kai thn
geitnÐas  touc sthn monodi�stath dom  apoj keushc tou plègmatoc. Autì to prìblhma
mporeÐ na antimetwpisteÐ me treic trìpouc: o pr¸toc eÐnai na broÔme ènan èxupno eu-
ristikì trìpo arijmodìthshc p�nw sto plègma ¸ste na epitÔqoume autì pou jèloume.
Dustuq¸c h eÔresh enìc tètoiou trìpou eÐnai arket� dÔskolh kai exart�tai apìluta apì
to prìblhma pou kaloÔmaste na lÔsoume sto plègma. Gi'autì ton lìgo èqoun protajeÐ
sen�ria arijmodìthshc pou statistik� perimènoume na fèroun arket� kont� touc geÐtonec
sthn grammik  dom . Tètoia eÐnai sen�ria arijmodìthshc me kampÔlec Hilbert p�nw sto
plègma.
O deÔteroc trìpoc eÐnai na qrhsimopoi soume pl rh duadik� dèndra gia thn arÐjmhsh
tou plègmatoc. Gia thn kataskeu  enìc pl rouc duadikoÔ dèndrou se èna plègma tri¸n
diast�sewn k�noume ta ex c:
qwrÐzoume to kubikì plègma se okt¸ upokÔbouc kai autoÔc se okt¸ upokÔbouc ton ka-
jèna kai oÔtw kajex c mèqri oi upokÔboi mac na eÐnai oi kìmboi tou plègmatoc. 'Eqoume
loipìn èna dèndro me rÐza to kÔbo ìlou tou plègmatoc, okt¸ paidi� sto pr¸to epÐpedo,
ex nta tèssera paidi� sto deÔtero kai ta loip�, kai fÔlla touc kìmbouc tou plègmatoc.
Met� arijmoÔme ta fÔlla tou dèndrou apì ta arister� proc ta dexi�.
To parap�nw sq ma eÐnai arket� apodotikì afoÔ katafèrnei na mazèyei kont� thn geitoni�
k�je stoiqeÐou kai dÐnei 77% epituqÐa eÔreshc sthn mn mh cache se antÐjesh me to 55%
sthn perÐptwsh thc apl c arijmodìthshc. O mìnoc periorismìc thc mejìdou eÐnai ìti
prèpei oi pleurèc tou plègmatoc me to opoÐo ja asqolhjoÔme na eÐnai dÔnamh tou dÔo.
O trÐtoc trìpoc eÐnai na jewr soume ton pÐnaka geitnÐashc tou plègmatoc. ArijmoÔme

me ton aploðkì trìpo to plègma kai met� kataskeu�zoume ton pÐnaka geitnÐashc, o opoÐoc
eÐnai ènac didi�statoc pÐnakac N ×N , ìpou N to pl joc twn stoiqeÐwn tou plègmatoc,
kai o opoÐoc se k�je gramm  tou èqei mon�dec gia ìlouc touc geÐtonec tou stoiqeÐou
pou èqei ton Ðdio arijmì me thn gramm  kai mhdèn se ìla ta �lla stoiqeÐa. O pÐnakac
autìc eÐnai araiìc, kai ènac tètoioc pÐnakac emfanÐzetai sto sq ma (4.3) gia èna plègma
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64. Gia na èqoume sunj kec kal c geitnÐashc sthn grammik  dom , eÐnai profanèc ìti ja
jèlame ta stoiqeÐa tou pÐnaka geitnÐashc na eÐnai ìso to dunatì perissìtero sugkentr-
wmèna perÐ thn diag¸nio. Autì to prìblhma mporoÔme na to antimetwpÐsoume san èna
kajarì prìblhma beltistopoÐhshc ìpou èqoume ènan didi�stato araiì pÐnaka apì bits kai
jèloume me epanarijmodìthsh twn deikt¸n tou pÐnaka na sugkentr¸soume tic mon�dec
ìso to dunatìn perissìtero gÔrw apì thn diag¸nio tou pÐnaka.
Tìso o pr¸toc ìso kai o trÐtoc trìpoc arÐjmhshc eÐnai akret� apodotikoÐ, ìmwc to
prìblhma eÐnai ìti o pr¸toc den eÐnai eÔkolo na ulopoihjeÐ kai exart�tai p�ra polÔ apì
to m koc tou plègmatoc kai thn di�stas  tou. O trÐtoc, apì thn �llh pleur�, eÐnai kai
dÔskolo sqetik� na ulopoihjeÐ all� kurÐwc eÐnai qronobìroc sthn ektèles  tou. 'Etsi
telik� sumfèrei h ulopoÐhsh tou deÔterou trìpou arÐjmhshc me ta duadik� dèndra, afoÔ
kai eÔkolh eÐnai h ulopoÐhs  tou kai h ektèles  tou eÐnai gr gorh.

BeltistopoÐhsh sto èlegqo tou Monte Carlo

H diadikasÐa Monte Carlo k�nei ton èlegqo

r > ln(∆S) (4.6)

ìpou r eÐnai èna tuqaÐoc arijmìc kai ∆S h diafor� pou gÐnetai sthn dr�sh me thn di-
ataraq  pou elègqoume.
O aploÔsteroc trìpoc, profan¸c, eÐnai na kataskeu�zoume ton tuqaÐo arijmì, na up-
ologÐzoume ton log�rijmo tou ∆S kai na k�noume ton èlegqo thc anisìthtac. 'Omwc o
upologismìc tou logarÐjmou kostÐzei polÔ! O upologist c kaleÐtai na upologÐsei ìrouc
thc seir�c tou logarÐjmou mèqri na epitÔqei thn akrÐbei� tou (perÐpou 16 shmantik� yh-
fÐa). An skeftoÔme lÐgo ìmwc, autì eÐnai perittì lìgw tou elègqou.
To sq ma pou proteÐnoume eÐnai to ex c: kataskeu�zoume ton tuqaÐo arijmì, met� up-
ologÐzoume ton pr¸to ìro thc seir�c tou logarÐjmou kai sugkrÐnoume touc dÔo arijmoÔc.
An o èlegqoc eÐnai arnhtikìc tìte stamat�me ed¸. An o èlegqoc ikanopoieÐtai, tìte up-
ologÐzoume kai ton deÔtero ìro thc seir�c tou logarÐjmou kai sugkrÐnoume ton tuqaÐo
arijmì me touc dÔo pr¸touc ìrouc thc seir�c. An o deÔteroc èlegqoc apotÔqei tìte
stamat�me ed¸. An o deÔteroc èlegqoc ikanopoihjeÐ proqwr�me kai ston epìmeno ìro
thc seir�c tou logarÐjmou kai oÔtw kajex c, mèqri k�poion epilegmèno ìro. An o tuqaÐoc
arijmìc èqei per�sei ìlouc touc elègqouc mèqri ekeÐ, tìte upologÐzoume ton log�rijmo
akrib¸c. Aut  h diadikasÐa fusik� eÐnai apodotik  stouc apotuqhmènouc elègqouc thc
diadikasÐac Monte Carlo diìti se aut  thn perÐptwsh o upologist c den qrei�zetai na
upologÐsei olìklhro ton log�rijmo ìtan ft�noun mìno k�poioi ìroi thc seir�c gia ton
èlegqo.
O tropopoihmènoc èlegqoc gÐnetai apì thn sun�rthsh check kai faÐnetai sth arq  tou
phgaÐou k¸dika tou progr�mmatoc sweeper sto par�rthma B'.

4.4 SÔgkrish qrìnwn autosusqètishc
MÐa polÔ basik  ènnoia eÐnai aut  tou qrìnou autosusqètishc. Kat� thn di�rkeia thc

prosomoÐwshc tou upì melèth sust matoc ston upologist , par�gontai, se k�je s�rwsh,
sullogèc (configurations) pou h k�je mia sunÐstatai apì to sÔnolo twn tim¸n se k�je
plakèta twn metroÔmenwn posot twn. Akìma kai ìtan èqoume upob�llei to sÔsthma
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Sq ma 4.4: Oi sunart seic autosusqètishc gia touc algìrijmouc twn plaket¸n (por-
tokalÐ) kai twn sundèsmwn (m¸b).

se mia polÔ ikanopoihtik  jèrmansh, ¸ste na ft�sei sthn jermik  isorropÐa, ja prèpei
k�poioc na eÐnai polÔ aisiìdoxoc gia na pisteÔei pwc h mÐa sullog  eÐnai anex�rthth thc
�llhc. Sthn pragmatikìthta up�rqei mÐa èntonh susqètish ofeilìmenh sto gegonìc pwc
h k�je sullog  ephre�zetai apì tic prohgoÔmenec kai me thn seir� thc ephre�zei tic
epìmenec. KaneÐc prèpei na mporeÐ na eÐnai se jèsh na ektim sei to bajmì susqètishc twn
sullog¸n ¸ste na eÐnai se jèsh na upologÐsei kai to sf�lma stic metr seic pou epiqeireÐ
kai na èqei mia èndeixh thc poiìthtac twn metr se¸n tou. O qrìnoc autosusqètishc loipìn
eÐnai ènac kalìc deÐkthc gia thn poiìthta tou kainoÔrgiou algìrijmou twn plaket¸n, kai
ètsi sugkrÐjhke me ton antÐstoiqo tou algìrijmou twn sundèsmwn.
OrÐzontac wc autosusqètish gia tic metr seic stic sullogèc enìc tuqaÐou megèjouc A
to akìloujo mègejoc

(AνAν+τ ) =< AνAν+τ > − < Aν >< Aν+τ > (4.7)

mporeÐ na fj�sei kaneÐc, me statistik  an�lush twn metr sewn, ston genikì orismì tou
oloklhrwmènou qrìnou autosusqètishc (integrated autocorrelation time) pou dÐnetai apì
thn sqèsh:

τint,A =
1

2

∞∑
τ=−∞

(AνAν+τ )

(< A2 > − < A >2)
. (4.8)

H posìthta τint,A èqei thn ènnoia tou upologistikoÔ qrìnou pou qwrÐzei thn dhmiourgÐa
dÔo statistik¸c anex�rthtwn sullog¸n tou metroÔmenou megèjouc A.

Sto sq ma (4.4) faÐnontai oi sunart seic autosusqètishc gia ton algìrijmo twn
plaket¸n kai gia ton algìrijmo twn sundèsmwn. H tim  tou qrìnou autosusqètishc
gia ton algìrijmo twn plaket¸n upologÐsthke sto 10 perÐpou en¸ tou algìrijmou twn
sundèsmwn sto 72.
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Blèpoume loipìn ìti o kainoÔrgioc algìrijmoc twn plaket¸n dÐnei poiotik� kalÔterec
metr seic kaj¸c autèc eÐnai ligìtero susqetismènec apì autèc tou algìrijmou twn sundèsmwn.
To gegonìc autì, kat� p�sa pijanìthta ofeÐletai sthn sqetik� mh-topik  fÔsh tou kain-
oÔrgiou algìrijmou.

4.5 SÔgkrish epidìsewn wc proc ton qrìno
'Otan plèon h ulopoÐhsh tou algìrijmou eÐqe uposthriqjeÐ me ìlec tic dunatèc belti-

stopoi seic, èginan k�poia sugkritik� me mia beltistopoihmènh ulopoÐhsh tou aploÔ
algìrijmou me touc sundèsmouc. Kai oi dÔo algìrijmoi ektelèsthkan ston Ðdio up-
ologist  kai sto Ðdio upologistikì perib�llon gia mia seir� mhk¸n plègmatoc kai gia
thn tetradi�stath kai exadi�stath perÐptwsh. O qrìnoc ektèleshc tou algìrijmou twn
plaket¸n èdeiqne na eÐna sunèqeia megalÔteroc apì ton qrìno ektèleshc tou algìrij-
mou twn plaket¸n. Qarakthristik�, gia èna exadi�stato plègma kai m koc plègmatoc 4,
o algìrijmoc twn plaket¸n  tan treic sqedìn forèc pio argìc apì ton algìrijmo twn
sundèsmwn.
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Kef�laio 5

Apotelèsmata kai an�lush
apotelesm�twn

Sto kef�laio autì parousi�zontai ta apotelèsmata, pou èdwse h prosomoÐwsh Monte
Carlo gia thn tetradi�stath sumpag  jewrÐa bajmÐdac U(1) qwrÐc fermiìnia me thn mèjo-
do twn plaket¸n, kai sugkrÐnontai me apotelèsmata pou emfanÐsthkan se ergasÐec thc
diejnoÔc bibliografÐac.
Oi prosomoi¸seic pou èginan aforoÔsan m kh plègmatoc 6, 8, 10 kai 12 kai dekapènte
timèc thc paramètrou β anomoiogen¸c katanemhmènwn sthn perioq  (0.998-1.14) gia k�je
m koc plègmatoc. O trìpoc me ton opoÐo katanem jhkan oi timèc, stic opoÐec èginan oi
exomoi¸seic,  tan tètoioc ¸ste na up�rxoun arketèc metr seic gÔrw apì thn jèsh ìpou
anamen¸tan to krÐsimo shmeÐo. Ja prèpei na anaferjeÐ ìti sunolik� o qrìnoc ektèleshc
twn prosomoi¸sewn, an autèc ginìntousan se ènan epexergast  ja  tan perÐpou ènac
qrìnoc suneqoÔc leitourgÐac!

5.1 Parathr simec posìthtec
Katarq n ac orÐsoume thn mèsh plakèta ¸c ton mèso ìro p�nw ston ìgko:

P̂ ≡ 1

6V

∑
(P1), (5.1)

ìpou V o ìgkoc tou plègmatoc kai P1 to <<p�nw>> mèroc twn diplet¸n pou aforoÔn thn
plakèta kai eÐnai ousiastik� ta sunhmÐton� thc gia k�je epÐpedo.
Oi parathr simec posìthtec pou jewr jhkan eÐnai:

1. H qronik  mèsh tim  thc plakètac:

P ≡ 〈P̂ 〉, (5.2)

2. H epidektikìthta (susceptibility):

S = V
(
〈P̂ 2〉 − 〈P̂ 〉2

)
(5.3)
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Sq ma 5.1: Ta istogr�mmata thc katanom c thc mèshc tim c ston ìgko twn plaket¸n gia
di�forouc ìgkouc.

'Ena pr¸to apokaluptikì gr�fhma eÐnai autì tou istogr�mmatoc thc katanom c tou mèsou
ìrou twn plaket¸n ston ìgko. 'Opwc faÐnetai kai sto gr�fhma (5.1), eÐnai emfan c h
dom  twn dÔo xeqwrist¸n koruf¸n, pou eÐnai mia pr¸th èndeixh allag c f�shc pr¸thc
t�xhc. To sugkekrimèno gr�fhma deÐqnei ta istogr�mmata twn katanom¸n gia touc ìgk-
ouc 64, 84 kai 104 me timèc thc paramètrou β 1.0016, 1.00737 kai 1.0093 antÐstoiqa.

'Ena �llo shmantikì gr�fhma eÐnai autì thc kampÔlhc thc mèshc tim c twn plaket¸n
sunart sei thc paramètrou β, to opoÐo kajar� faÐnetai ìti gÐnetai ìlo kai pio apìtomo
kaj¸c aux�nei o ìgkoc tou plègmatoc. To gegonìc autì eÐnai �llh mÐa èndeixh ìti èqoume
na k�noume me allag  f�shc pr¸thc t�xhc. To gr�fhma autì eÐnai to (5.2).

H pio basik  parathr simh posìthta ìmwc gia thn an�lus  mac  tan h epidektikìth-
ta. To gr�fhma (5.3) deÐqnei thn epidektikìthta upologismènh se di�forec timèc thc
paramètrou β kai gia m kh plègmatoc 6, 8, 10 kai 12. EÐnai gnwstì ìti gia allagèc
f�shc pr¸thc t�xhc to mègisto thc epidektikìthtac metab�lletai sÔmfwna me ton ìgko
tou plègmatoc, en¸ gia mÐa allag  f�shc deÔterhc t�xhc to mègisto metab�lletai sÔm-
fwna me k�poia dÔnamh tou ìgkou mikrìterh tou èna. Oi lìgoi twn ìgkwn eÐnai loipìn
104

84 ' 2.44 kai 124

84 ' 5.06 en¸ oi antÐstoiqoi lìgoi twn megÐstwn eÐnai 3.74077
2.25907

' 1.65589 kai
6.232680
2.25907

' 2.75896. Mia grammik  prosarmog  thc ex�rthshc apì ton ìgko twn megÐst-
wn thc epidektikìthtac faÐnetai sto sq ma (5.4). MporoÔme loipìn na mil�me me k�poia
sigouri� gia allag  f�shc pr¸thc t�xhc.

Ta sf�lmata pou faÐnontai upologÐsthkan me thn mèjodo jackknife1.

1Η μέθοδος jackknife παρουσιάζεται στο παράρτημα Β΄.
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Sq ma 5.4: Grammik  prosarmog  twn megÐstwn thc epidektikìthtac.

5.2 Sugkritik� apotelesm�twn
Apì thn prohgoÔmenh an�lush mporoÔme plèon na upojèsoume ìti èqoume na k�noume

ìntwc me allag c f�shc pr¸thc t�xhc. 'Etsi proqwr�me se an�lush peperasmènhc k-
lim�kwshc (finite scaling analysis), ìpwc aut  perigr�fetai sthn ergasÐa twn G. Arnold,
Th. Lippert kai K. Schilling [2].
Apì tic timèc thc epidektikìthtac, upologÐsthke to yeudokrÐsimo shmeÐo gia k�je ìgko,
to shmeÐo dhlad  pou emfanÐzetai to mègistì thc. To mègisto thc epidektikìthtac up-
ologÐsthke me b�sh thn mèjodo multihistogram2 se tèsseric ektelèseic thc prosomoÐw-
shc se timèc thc paramètrou kont� sto shmeÐo ìpou anamen¸tan to mègisto.
Apì ta yeudokrÐshma shmeÐa upologÐsame to krÐshmo shmeÐo me b�sh ton tÔpo

βc(V ) = β∞ +
∞∑

k=1

Ak

V k
(5.4)

kai thn tim  tou diakènou me b�sh ton tÔpo

β2Smax(Ps)

V
=

1

4
G2 +

∞∑

k=1

Bk

V k
(5.5)

ìpou G eÐnai h tim  tou diakènou thc enèrgeiac se �peiro ìgko kai β∞ eÐnai to krÐsimo
shmeÐo tou sust matoc gia �peiro ìgko.
Qrhsimopoi¸ntac loipìn touc tÔpouc (5.4) kai (5.5) kai krat¸ntac mèqri kai ìrouc V −3

upologÐsame thn tim  tou diakènou kai tou krÐsimou shmeÐou gia to ìrio tou �peirou ìgk-
ou. AkoloujoÔn oi timèc pou upologÐsjhkan stic ergasÐec twn G. Arnold, Th. Lippert,

2Η μέθοδος multihistogram παρουσιάζεται στο παράρτημα Α΄
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K. Schilling, twn S. Brèntzou kai K. Far�kou kai sthn paroÔsa antÐstoiqa.

L βc Cu,max/6V × 10−4

6 1.001794 9.7728
8 1.007413 5.5428
10 1.009383 3.8535
12 1.010229 2.9813

β∞ = 1.011128

G = 0.02698

(apì thn ergasÐa twn G. Arnold, Th. Lippert, K. Schilling.)

L βc Cu,max/6V × 10−4

6 1.0018 8.711
8 1.0073 5.524
10 1.009 3.858
12 1.0099 2.975

β∞ = 1.0106

G = 0.0306

(apì thn upì èkdosh ergasÐa twn S. Brèntzou kai K. Far�kou)

L βc Cu,max/6V × 10−4

6 1.001590 9.74528
8 1.007436 5.56124
10 1.00937 3.86652
12 1.010188 3.03328

β∞ = 1.01102

G = 0.0291456

Blèpoume thn kal  sumfwnÐa me tic metr seic pou èqoun gÐnei stic �llec ergasÐec.
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Kef�laio 6

Sumper�smata

Anakefalai¸nontac, sto parìn keÐmeno parousi�same ènan kainoÔrgio algìrijmo gia
prosomoÐwsh Monte Carlo miac sumpagoÔc jewrÐac bajmÐdac U(1) qwrÐc fermiìnia. O
algìrijmoc autìc anadeiknÔei ènan omomorfismì tou probl matoc, me to paliì plègma me
touc sÔndesmouc, me èna prìblhma enìc spÐn sust matoc. AntÐ na èqoume na k�noume
me metablhtèc sundèsmwn kai na kataskeu�zoume ton brìqo Wilson plèon èqoume na
k�noume me diplètec spÐn, oi opoÐec antiproswpeÔoun to pragmatikì kai migadikì mèroc
tou brìqou.
O kainoÔrgioc algìrijmoc, an kai anamenìtan na eÐnai pio gr goroc apì ton prohgoÔmeno,
telik� apodeÐqjhke ìti se arket� meg�la probl mata (meg�lhc di�stashc) eÐnai pio argìc
sthn paroÔsa ulopoÐhs  tou. An kai den melet jhke diexodik� giatÐ sumbaÐnei autì, mia
pr¸th èndeixh eÐnai ìti h geitoni� k�je spÐn megal¸nei p�ra polÔ me thn di�stash tou
plègmatoc. Qarakthristik�, en¸ ston algìrijmo twn sundèsmwn sto exadi�stato plègma
qreiazìmaste 10 plakètec gia k�je kìmbo, sthn perÐptwsh tou algìrijmou twn plaket¸n
qreiazìmaste 37!
Apì thn �llh pleur�, lìgw thc mh-topikìthtac tou algìrijmou, o qrìnoc autosusqètishc
twn metr sewn eÐnai arket� mikrìteroc apì ton antÐstoiqo tou palioÔ algìrijmou. Autì
shmaÐnei ìti h poiìthta twn metr sewn eÐnai an¸terh.
Tèloc, ta apotelèsmata pou èdwse o algìrijmoc gia thn tetradi�stath perÐptwsh sum-
fwnoÔn apìluta me ta apotelèsmata pou up�rqoun sthn bibliografÐa.



Par�rthma Aþ

H mèjodoc multihistogram

EÐnai profanèc pwc h diadikasÐa thc prosomoÐwshc enìc fusikoÔ sust matoc ston
upologist  apaiteÐ ìso to dunatì perissìterec metr seic ¸ste na eÐmaste se jèsh na
apofanjoÔme me megalÔterh bebaiìthta gia th sumperifor� tou sust matoc. Akìma, eÐnai
perissìtero shmantikì na diajètoume pl joc metr sewn stic perioqèc ìpou to sÔsthma
ekdhl¸nei met�bash f�shc ètsi ¸ste na eÐmaste ikanoÐ na prosdiorÐsoume me akrÐbeia apì
tic timèc twn metroÔmenwn posot twn kai tic krÐsimec timèc twn paramètrwn to eÐdoc thc
met�bashc f�shc pou lamb�nei q¸ra. Wstìso, eÐnai fanerì pwc to tÐmhma gia megalÔterh
akrÐbeia eÐnai polÔtimoc qrìnoc leitourgÐac tou upologist .
H mèjodoc multihistogram, h opoÐa eÐnai gnwst  kai san mèjodoc Ferrenberg - Swendsen,
sumb�llei sthn exoikonìmhsh upologistikoÔ qrìnou kaj¸c dÐnei thn dunatìthta prosèg-
gishc twn krÐsimwn tim¸n apì èna sÔnolo sqetik� lÐgwn tim¸n perÐ tou shmeÐou met�bashc
f�shc. Katarq n, ja parousi�soume thn mèjodo gia thn perÐptwsh tou montèlou Ising
me magnhtikì pedÐo akolouj¸ntac pist� thn anafor� twn Ferrenberg kai Swendsen.
H qamiltonian  tou sugkekrimènou montèlou eÐnai

−βH = K
∑
<ij>

σiσj + h
∑

i

σi = KS + hM, (Aþ.1)

ìpou K eÐnai h adi�stath stajer� sÔzeuxhc kai h eÐnai to efarmozìmeno magnhtikì pedÐo.
H katanom  pijanìthtac twn S, M gia tuqaÐec timèc twn paramètrwn K,h dÐnetai apì:

P(K,h)(S, M) =
1

Z(K, h)
N(S,M) exp(KS + hM) (Aþ.2)

ìpou N(S, M) eÐnai o arijmìc twn sullog¸n sto shmeÐo (S, M) tou q¸rou twn f�sewn
kai Z(K, h) eÐnai h sun�rthsh epimerismoÔ pou dÐnetai apì:

Z(K,h) =
∑
S,M

N(S, M) exp(KS + hM). (Aþ.3)

To istìgramma twn tim¸n (S, M) pou dhmiourgeÐtai apì thn prosomoÐwsh Monte Car-
lo eÐnai an�logo thc pijanìthtac PK,h(S, M) kai mporoÔme na to qrhsimopoi soume gia
na par�goume thn kanonikopoihmènh katanom  pijanìthtac pou antistoiqeÐ se elafr� di-
aforetikèc timèc twn paramètrwn.
'Etsi paÐrnoume

PK′,h′(S, M) =
PK,h(S, M) exp[(K ′ −K)S + (h′ − h)M ]∑

S,M PK,h(S, M) exp[(K ′ −K)S + (h′ − h)M ]
. (Aþ.4)
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Me upologismènh thn anwtèrw katanom  mporeÐ k�poioc na prosdiorÐsei tic timèc twn
fusik¸n megej¸n pou ton endiafèroun gia nèec timèc twn paramètrwn.
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Par�rthma Bþ

H mèjodoc jackknife

H mèjodoc jackknife eis qjh apì touc Quenouille kai Tukey sta tèlh thc dekaetÐac
tou '50. Skopìc touc  tan na epilÔsoun to prìblhma thc axiopistÐac twn diaforetik¸n
ektim triwn twn statistik¸n deigm�twn. Me �lla lìgia, o stìqoc  tan na epiqeirhjeÐ
mia ap�nthsh sto er¸thma pìso axiìpisth kai akrib c mporeÐ na eÐnai mia mèsh tim    mia
pijanìthta pou apodÐdetai se èna statistikì deÐgma. Kai epiplèon na dojeÐ mia ektÐmhsh
gia to sqetikì sf�lma.
Ac upojèsoume pwc èqoume èna deÐgma tuqaÐwn metablht¸n X1, . . . , Xn enìc megèjouc x,
oi opoÐec lamb�noun tic timèc x1, . . . , xn kai an koun se èna plhjusmì o opoÐoc upakoÔei
se mia katanom  f(x). Upojètoume, epÐshc, pwc h alhjin  mèsh tim  eÐnai X. KajemÐa
metablht  Xi, i = 1, . . . , n upakoÔei sthn Ðdia katanom  kai ètsi h anamenìmenh tim 
touc eÐnai:

E(Xi) ≡ X (Bþ.1)
en¸ h diaspor� orÐzetai ¸c:

Var(Xi) = E[(Xi −X)2] ≡ σ2. (Bþ.2)

H anexarthsÐa twn tuqaÐwn Xi shmaÐnei pwc gia i 6= j

E[(Xi −X)(Xj −X)] = 0. (Bþ.3)

Ac l�boume wc ektim tria thc alhjin c tim c X thn:

X̂ =
1

n

n∑
i=1

Xi, (Bþ.4)

tìte

E(X̂) = E[
1

n

n∑
i=1

Xi] =
1

n

n∑
i=1

E(Xi) ≡ X (Bþ.5)

to opoÐo shmaÐnei pwc h ektim tria eÐnai aprokat�lhpth (unbiased). Gia th diaspor�
èqoume:

Var(X̂) ≡ E[(X̂ −X)2] = (Bþ.6)

=
1

n2
E[

n∑
i=1

(Xi −X)2 + 2
∑

i6=j

(Xi −X)(Xj −X)] = (Bþ.7)

=
1

n2

n∑
i=1

E[(Xi −X)2] ≡ σ2

n
. (Bþ.8)
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Ac doÔme t¸ra tÐ gÐnetai ìtan melet soume statistik� mia posìthta thc opoÐac h alhjin 
mèsh tim  eÐnai m. Upojètoume epÐshc pwc aut  exart�tai apì to mègejoc x ètsi ¸ste
na eÐnai m(X). Opìte eÐnai kai mi(Xi) gia k�je Xi. Ac ergastoÔme sugkekrimèna me thn
posìthta tou tetragwnikoÔ sf�lmatoc thc mèshc tim c (mean square error). 'Eqoume:

MSE(m̂) ≡ E[(m̂−m)2] = (Bþ.9)
= E[(m̂− E(m̂) + E(m̂)−m)2] = (Bþ.10)

= E[(m̂− E(m̂))2] + (E(m̂)−m)2 ≡ (Bþ.11)
≡ Var(m̂) + B2(m̂), (Bþ.12)

ìpou h diaspor� orÐzetai ¸c

Var(m̂) = E[(m̂− E(m̂))2] = E(m̂2)− E2(m̂) (Bþ.13)

kai h prokat�lhyh ¸c
B(m̂) = E(m̂)−m. (Bþ.14)

Me thn mèjodo jackknife, loipìn, skopeÔoume na mei¸soume thn prokat�lhyh B(m̂) qwrÐc
na metablhjeÐ h diaspor� Var.
SÔmfwna me thn mèjodo, sqhmatÐzoume èna nèo deÐgma apì tic n timèc pou h kajemÐa èqei
proèljei afair¸ntac k�je for� mia apì to arqikì deÐgma kai upologÐzontac thn mèsh
tim  twn upoloÐpwn. B�sei tou nèou deÐgmatoc upologÐzoume tic antÐstoiqec posìthtec
mi gia i = 1, . . . , n twn opoÐwn h mèsh tim  dÐnetai apì:

m̂J =
1

n

n∑
i=1

mi. (Bþ.15)

MporeÐ na apodeiqjeÐ, tìte, ìti h prokat�lhyh dÐnetai apì thn sqèsh:

B̂ = (n− 1)(m̂J −m) (Bþ.16)

kai pwc h nèa ektim tria gia to tetragwnikì sf�lma thc mèshc tim c parèqetai, plèon,
apì:

MSEJ(m̂) =

√√√√n− 1

n

N∑
i=1

(m̂i −m)2 (Bþ.17)

apì thn opoÐa lamb�noume tic timèc twn sfalm�twn mac.
Sthn paroÔsa ergasÐa empisteut kame thn mèjodo jackknife ston upologismì tou sf�l-
matoc twn mèswn tim¸n thc epidektikìthtac gia ton aplì all� shmantikì lìgo pwc oi
paragìmenec apì thn prosomoÐwsh anaparast�seic (sunep¸c kai oi metr seic) den eÐnai
anex�rthtec metaxÔ touc lìgw tou trìpou dhmiourgÐac touc. 'Etsi, se k�je perÐptwsh
mètrhshc upologÐsame ton qrìno autosusqètishc τint. 'Epeita, kataskeu�same èna sÔno-
lo metr sewn pou h kajemÐa na antistoiqeÐ se anaparast�seic pou tic q¸rize <<apìstash>>,
toul�qiston, Ðsh me τint kai katìpin efarmìsame thn mèjodo jackknife gia ton prosdior-
ismì tou sf�lmatoc.

60



Par�rthma Gþ

PhgaÐoc k¸dikac tou
progr�mmatoc mapper

#include <iostream>

#include <cmath>

#include <fstream>

using namespace std;

const int L = 6;

const int D = 4;

const int LOOPS PER NODE = 6;

const int N LOOPS = LOOPS PER NODE * 1296;

const int N ADJ = 4 + 8*(D-2);

int index2int(int i, int j, int k, int l) {
return i%L+L*(j%L+L*(k%L+L*(l%L)));

}

int loops[N LOOPS][4];

int adjLoops[N LOOPS][N ADJ+1];

int main(){
ofstream outputFile;

outputFile.open("4D 6.map",ios base::binary);

cout << "*************************************\n";
cout << "* *\n";
cout << "* M A P P E R 6^4 *\n";
cout << "* *\n";
cout << "* version 0.3 05/10/2005 *\n";
cout << "* *\n";
cout << "*************************************\ n\n";

int a = 0;

for(int l=0; l<L; l++){
for(int k=0; k<L; k++){

for(int j=0; j<L; j++){
for(int i=0; i<L; i++){
//i-j loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i+1,j,k,l);

loops[a][2] = index2int(i+1,j+1,k,l);

loops[a][3] = index2int(i,j+1,k,l);

a++;

//i-k loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i+1,j,k,l);

loops[a][2] = index2int(i+1,j,k+1,l);
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loops[a][3] = index2int(i,j,k+1,l);

a++;

//i-l loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i+1,j,k,l);

loops[a][2] = index2int(i+1,j,k,l+1);

loops[a][3] = index2int(i,j,k,l+1);

a++;

//j-k loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i,j+1,k,l);

loops[a][2] = index2int(i,j+1,k+1,l);

loops[a][3] = index2int(i,j,k+1,l);

a++;

//j-l loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i,j+1,k,l);

loops[a][2] = index2int(i,j+1,k,l+1);

loops[a][3] = index2int(i,j,k,l+1);

a++;

//k-l loop

loops[a][0] = index2int(i,j,k,l);

loops[a][1] = index2int(i,j,k+1,l);

loops[a][2] = index2int(i,j,k+1,l+1);

loops[a][3] = index2int(i,j,k,l+1);

a++;

}
}

}
}

for(int i=0; i<N LOOPS; i++)

adjLoops[i][0] = 1;

for(int i=0; i<N LOOPS; i++){
for(int j=i+1; adjLoops[i][0]<N ADJ+1; j++){

int linkStatus = 0;

int p1n = -1;

int p2n = -1;

int p1m = -1;

int p2m = -1;

int dpn;

int dpm;

int i1, i2;

bool sortn,sortm;

for(int n=0; n<4; n++){
i1 = loops[i][n];

for(int m=0; m<4; m++){
i2 = loops[j][m];

if(i1==i2){
if(p1n==-1){

p1n = n;

p1m = m;

}
else{

p2n = n;

p2m = m;

}
}

}
}
if(p1n==-1||p2n==-1) continue;

else{
dpn = p2n-p1n;

dpm = p2m-p1m;

sortn = (dpn==1||dpn==-3);

sortm = (dpm==1||dpm==-3);

if((sortm&&sortn)||(!sortn&&!sortm))

linkStatus = 1;

else linkStatus = -1;

adjLoops[i][adjLoops[i][0]] = linkStatus*(j+1);

adjLoops[i][0] = adjLoops[i][0]+1;

62



Algorijmoc Plaketwn kai Grid

adjLoops[j][adjLoops[j][0]] = linkStatus*(i+1);

adjLoops[j][0] = adjLoops[j][0]+1;

}
}

}

int loop;

for(int i=0; i<N LOOPS; i++){
for(int j=1; j<N ADJ+1; j++){

loop = adjLoops[i][j];

outputFile.write((char *)(&loop),sizeof(loop));

}
}

outputFile.close();

}
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Par�rthma Dþ

PhgaÐoc k¸dikac tou
progr�mmatoc sweeper

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#define frand() ((double) rand()/(RAND MAX+1.0))

const double Pi = 3.1415926535897932385;

const int LatticeLength = 6;

const int AllLoops = 7777; // 6*L4̂+1

const int AllNeighbors = 155540; // 20*AllLoops

inline int check(double r, double Acceptance){
double x, xp, Ln, L, Tn;

int n;

x=1-r;

xp=1;

Ln=0;

L=1.0/r;

for(n=1;n<=4;n++){
xp*=x;

Tn=(double) xp/(double)n;

if(Acceptance<=(Ln-L*Tn)){
return 0;

}
Ln-=Tn;

if(Ln<=Acceptance){
return 1;

}
}
if(log(r)<Acceptance)

return 1;

return 0;

}

int main(int argc, char* argv[0]){

int Sweeps, index, index1, index2, sweep, hit,

TransitionCounter, i, j, tempindex, MapIndex;

double Beta, TransitionRate, DTheta, CosDTheta,

SinDTheta, DThetaQuota, CosDThetaQuota, SinDThetaQuota,

scale, DS, DS1, DS2, Acceptance, r, MeanCosPlaquette,

Coefficient, Sign, OldLatticeCos, OldLatticeSin, temp1, temp2;

char *filename;

FILE *MapFile, *LatCos, *LatSin, *outMCP, *newLatCos, *newLatSin;

int Map[AllNeighbors];

double LatticeCos[AllLoops], LatticeSin[AllLoops];



Algorijmoc Plaketwn kai Grid

printf("*************************************\n");
printf("* *\n");
printf("* S W E E P E R *\n");
printf("* *\n");
printf("* version 1.7 16/12/2005 *\n");
printf("* *\n");
printf("*-----------------------------------*\n");
printf("* Runs the Monte Carlo algorithm on *\n");
printf("* the lattice *\n");
printf("*************************************\n\n");

Sweeps=atoi(argv[1]);

Beta=atof(argv[2]);

printf("> Reading previous snapshot...");

filename=argv[3];

MapFile=fopen(filename,"rb");

if(MapFile==NULL){
printf(" ERROR!\n Unable to open map file. Exiting.....\n");
exit(1);

}

LatCos=fopen("LatCos.qrk","rb");

if(LatCos==NULL){
printf(" ERROR!\n Unable to open LatCos.qrk. Exiting.....\n");
exit(1);

}

LatSin=fopen("LatSin.qrk","rb");

if(LatSin==NULL){
printf(" ERROR!\n Unable to open LatSin.qrk. Exiting.....\n");
exit(1);

}

printf(" DONE\n\n");

printf("> Creating the map...");

for(index=20;index<AllNeighbors;index++){
fread(&Map[index],sizeof(int),1,MapFile);

}

printf(" DONE\n\n");

printf("> Creating the lattice...");

for(index=1;index<AllLoops;index++){
fread(&LatticeCos[index],sizeof(double),1,LatCos);

}

for(index=1;index<AllLoops;index++){
fread(&LatticeSin[index],sizeof(double),1,LatSin);

}

fclose(MapFile);

fclose(LatCos);

fclose(LatSin);

printf(" DONE\n\n");

printf("Parameters:\n");
printf("+ Lattice side: %d\n",LatticeLength);
printf("+ Beta value: %lg\n",Beta);
printf("+ Thermalization sweeps: %d\n\n",Sweeps);

printf("> Running Metropolis...\n");
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outMCP=fopen("MeanCosPlaquette.dat","wb");

scale=0.5;

for(sweep=0; sweep<Sweeps; sweep++){
Coefficient=scale*Pi;

MeanCosPlaquette=0;

TransitionCounter=0;

for(i=1;i<AllLoops;i++){
tempindex=20*i;

for(hit=0;hit<5;hit++){
DTheta=(frand()-0.5)*Coefficient;

CosDTheta=cos(DTheta);

SinDTheta=sin(DTheta);

DThetaQuota=DTheta/4.0;

CosDThetaQuota=cos(DThetaQuota);

SinDThetaQuota=sin(DThetaQuota);

DS=LatticeCos[i]*(CosDTheta-1.0)-LatticeSin[i]*SinDTheta;

DS1=0;

DS2=0;

for(j=0;j<20;j++){
index1=j+tempindex;

MapIndex=abs(Map[index1]);

if(Map[index1]>=0)

Sign=1;

else

Sign=-1;

DS1+=LatticeCos[MapIndex];

DS2+=LatticeSin[MapIndex]*Sign;

}
DS+=(DS1*(CosDThetaQuota-1.0)-DS2*SinDThetaQuota);

if(DS>=0)

Acceptance = 1;

else

Acceptance = Beta * DS;

r = frand();

if(check(r,Acceptance)==1){
OldLatticeCos=LatticeCos[i];

OldLatticeSin=LatticeSin[i];

LatticeCos[i]=OldLatticeCos*CosDTheta-OldLatticeSin*SinDTheta;

LatticeSin[i]=OldLatticeSin*CosDTheta+OldLatticeCos*SinDTheta;

for(j=0;j<20;j++){
index2=j+tempindex;

if(Map[index2]>=0)

Sign=1;

else

Sign=-1;

temp1=LatticeCos[abs(Map[index2])];

temp2=LatticeSin[abs(Map[index2])];

LatticeCos[abs(Map[index2])]=temp1*CosDThetaQuota-temp2*Sign*SinDThetaQuota;

LatticeSin[abs(Map[index2])]=temp2*CosDThetaQuota+temp1*Sign*SinDThetaQuota;

}
TransitionCounter++;

}
}

}

TransitionRate=(double)TransitionCounter/(double)AllLoops/5.0;

if(scale>0.9)

scale=0.9;

else

if(TransitionRate<0.5)

scale*=0.95;

else

if(TransitionRate>0.7)

scale*=1.05;
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if(sweep%8==0){
for(i=0;i<AllLoops;i++)

MeanCosPlaquette+=LatticeCos[i];

MeanCosPlaquette/=AllLoops;

fwrite(&MeanCosPlaquette,sizeof(double),1,outMCP);

}

if(sweep%1024==0)

printf("Reached sweep: %d\n",sweep);
}

fclose(outMCP);

printf("> Running Metropolis DONE\n\n");

printf("> Saving new snapshot...");

newLatCos=fopen("LatCos.qrk","wb");

newLatSin=fopen("LatSin.qrk","wb");

for(i=1;i<AllLoops;i++){
fwrite(&LatticeCos[i],sizeof(double),1,newLatCos);

}
for(i=1;i<AllLoops;i++){
fwrite(&LatticeSin[i],sizeof(double),1,newLatSin);

}

fclose(newLatCos);

fclose(newLatSin);

printf(" DONE\n\n");
return 0;

}
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PhgaÐoc k¸dikac tou
progr�mmatoc cumulants

#include <iostream>

#include <cstdlib>

#include <cstdio>

#include <fstream>

#include <cmath>

#include <string>

using namespace std;

int main(int argc, char* argv[0]){

cout << "*************************************\n";
cout << "* C U M U L A N T S 4 D *\n";
cout << "* *\n";
cout << "* version 0.1 11/13/2005 *\n";
cout << "*-----------------------------------*\n";
cout << "* Calculates various cumulants of *\n";
cout << "* the given data file *\n";
cout << "*************************************\n\n";

ifstream inMCP;

inMCP.open(argv[1]);

string fileName(argv[1]);

if(fileName.compare("-h")==0){
cout << " cumulants4d calculates various cumulants of a

given data file produced by the 4D sweeper module.\n";
cout << " Usage: cumulants4d someFileName.dat\n\n";
exit(1);

}

double MeanCosPlaquette;

double MeanCos;

double MeanSquareCos;

double MeanCosSquare;

double Mean4Cos;

double MeanCos4;

double Susceptibility;

double Beta;

char ParameterName[20];

int counter=0;

double LatticeLength;

double Volume;

double C;
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double U2;

double U4;

Beta=atof(argv[2]);

LatticeLength=atof(argv[3]);

Volume=pow(LatticeLength,4);

while(!inMCP.eof()){
inMCP >> MeanCosPlaquette;

MeanCos+=MeanCosPlaquette;

MeanSquareCos+=pow(MeanCosPlaquette,2);

Mean4Cos+=pow(MeanCosPlaquette,4);

counter++;

}

MeanCos/=(double)counter;

MeanCosSquare=pow(MeanCos,2);

MeanCos4=pow(MeanCosSquare,2);

MeanSquareCos/=(double)counter;

Mean4Cos/=(double)counter;

C=(MeanSquareCos-MeanCosSquare)*6*Volume*Beta*Beta;

Susceptibility=(MeanSquareCos-MeanCosSquare)*Volume;

U2=1-(MeanSquareCos/MeanCosSquare);

U4=(1-(Mean4Cos/MeanCos4))/3;

fstream outSc;

outSc.open("Cumulants4D.tsv",ios base::out | ios base::app);

outSc.width(16);

outSc.precision(16);

outSc << "Beta: " << Beta << endl;

outSc << "Susceptibility: " << Susceptibility << endl;

outSc << "C cumulant: " << C << endl;

outSc << "U2 cumulant: " << U2 << endl;

outSc << "U4 cumulant: " << U4 << endl;

cout << "> Cumulants calculated: " << endl;

cout << "\tSusceptibility: " << Susceptibility << endl;

cout << "\tC: " << C << endl;

cout << "\tU2: " << U2 << endl;

cout << "\tU4: " << U4 << endl;

cout << "> Result saved in file: Cumulants4D.tsv" << endl;

cout << endl;

inMCP.close();

outSc.close();

return 0;

}
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