AANLHEBOCTO4HbIA
PEAEPAJIBHBIN
YHUBEPCUTET
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MnaH
- PopmynupoBka pewetoduHoun KX[.

- Mpumepsbl pe3ynbLTaToB BbIMUCNEHUU B
pewetoyHou KX npu T=0.

- ANropuTtmbl, ucnonb3yembie npu
BbIYMUCIIEHUSAX.

- Pesyneratel npu T > 0.

- Mpobnema BblvUucneHuu npu ug > 0



- MeToab! BbluucneHUu npu npu ug >0

- Pesynbratel Npu T >0, up > 0.



NnTepaTtypa

* M. Creutz, Quarks, gluons and lattices, Cambrigde Univ. Press
(1983), translated into Russian

* H. Rothe, Lattice gauge theories - An introduction, World
Scientific (4th ed. 2012)

* |. Montvay, G. Munster, Quantum fields on a lattice, Cambrigde
Univ. Press (1996)

 T. DeGrand, C. E. DeTar, Lattice methods for guantum
chromodynamics, World Scientific (2006)

 C. Gattringer, C.B. Lang, Quantum Chromodynamics on the
Lattice - An introductory presentation, Springer (2010)



KX — KBaHTOBasA Teopus nomns CUMbHbIX
B3aMMOOENCTBUN 3fIeMEeHTapPHbIX YacTul

CDyH,EI,aMeHTaJ'IbeIe YaCTNLbl — KBAPKAU U
MHKOOHDbI

A,El,pOHbI — YaCTULbIl, COCTOALLNE N3 KBAPKOB U
MHOOHOB

proton pion



CrtaHpapTHas moaernb
(OnekTpocnabble U cunbHble B3aMMOOENCTBUSA)
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[Nenctene KX

Sg[A] = [ d*x = Tr E, (2)F (x)

Selw, ¥, A]
= [d YT B b+ my — vy 0
F;u.f — n"_) —1 —f_) —1 —E[ _1.|“ —i - D,u — 6).1“ —'.E"}Lu

A, = gAaT"



KannbpoBo4yHoe npeobpasoBaHue

U(x) — ' (x) = 2(x)(x)

D) — (@) = P(0) )

Ay(x) — Al (z) = hi?(-t'ifr)filluf(;r_.')d?(:ir:)i +1(9,02(x)) I?(:r:)T

L
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Kennheth Geddes Wilson

1936 - 2013

the 1982 Nobel Prize in Physics for his work on phase transitions



Confinement of Quarks
Kenneth G. Wilson
Phys.Rev. D10 (1974) 2445-2459

28-th In the list of
Top Cited Articles of All Time
(in High Energy Physics)

CdopmynumpoBaHa
KX B peLieTo4yHon perynapusanmnm

PewetouHaa KX/ (Lattice QCD) no3sonsert
BbIMOSTHATL HENepTypOaTUBHLIE BblIHUCIIEHNS NCXOAS
N3 NepBbIX NPUHLUMNOB KBAHTOBOW TEOPUM NOMS



3agaymn pelwletodHon KX

1) MNpoBepka KX kKak Teopumn cUnbHbIX
B3aUMOOENCTBUN NPU HUIKNX SHEPTUAX

(aOpOHHBLIN CNEKTP, KOHCTAHThI
pacnaga...)

2) N3yyeHne HeobbI4HbIX cBoUCTB KX/
KOH(PaUHMEHT, CMOHTaHHOE HapyLUeHne
KUpanbHON CUMMETPUN

3) BbluncneHne pyHoamMmeHTanbHbIX

napameTtpoB KXL - a5, m,



4) BbluncrieHne BennynH, HeObXoaANMBbIX
ONA 3KCNepuMeHTaTopoB UNn Ang
doukcaunn napametpoB moagenen KX/.

T, - Temnepartypa nepexoaa B KBapkK-
[MIOOHHYI0 Nnasmy (ans z=0);

ypaBHEHNE COCTOAHUA

5) Nounck unsunkn 3a npegenamm
CTaHOapPTHOM MOoAenu



OCHOBHbIE naen

MHuMoe Bpems t—it
[lnckpeTnsaumns npocTpaHCcTBa

CoxpaHeHne BaXHON CUMMETPUN - KannbpoBOYHOM
MHBApPWUaHTHOCTH

[lnckpeTtnsoBaHHoOE (peLueTo4yHoe) oencTeue
nepexoant B geuctene KX, Koroa war pelueTku
doopmanbHoO obpatlyaetca B O

[Tony4yeHHas KTI1 BbIMMAAUT  Kak  adanor

CTaTUCTUYECKON Teopun B 4-X UBMEPEHUAX
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B nucKkpeTHU30BaHHOM JIEUCTBUM MOSBJISIOTCA

4JIeHbl BUJA
Y()WY(x + afi), kanuGpoBOYHO HEMHBAPUAHTHBI

Beegem kanubposoyHoe nose Uy, (x) € SU(3)
U,(x) » Qx) U,(x) Q(x + aft)

Y(x) U,(x) Y(x + afi) - nnBapraHTHO



U

PelwleTo4yHOe gencreme

! 1
Sﬁ = 3 Z (1 — an Ty {:’Tp)
> :

w(8) = Uu(s)U, (s + &)U (s + ,)Ul(s).

Sw =Y MU)YP



_ Pt o diA(as+aljy)

24
Ue(x)(7, Dy + myp)s(z) d*z + Ofa)

; / TvFy () d'z + O(a) .



NHTerpnpoBaHme no depMUOHHbLIM NOSIAM

/ DD MUY _ gt M )

/ DL’PL, _l};‘_!ﬂ. ( S!‘ ) 11.[} ( .5') - —L.-T_; M [: [7 :] U

— ( 55’({3))&1}{1[,1: L!r(b)



i@b——/PU o et (U)

Z = / DU ¢S (U)

Se(U) = SG(U Z Indet M¢(U
f
DU = 1_[&ju dU,(s)



O = (V)(s") (V) (s)
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Tpu npegena

LLlar pelueTku a—> 0
1a Pasmep L -
Macca kBapka m, > 0

TunnYHble 3HaYEeHUsA

a~=~0.05-0.1 fm
m,, ~10 =50 Mev



TUNUYHBIN NOPAOOK UHTEerpana

yucno y3nos L/a=48, (L/a)*=5 308 416

UHTerpan no
8*4* (L/a)*=169 869 312 nepeMeHHbIM

UHTerpan no pepMUOHHBLIM CTENEeHAM
AaeT feTepMUHAHT MaTpULlbl

1214 x 12L4 12L4 = 63 700 992



Mike Creutz

[lepBble BblyncneHusa B 1979




Monte Carlo Study of Quantized SU(2) Gauge Theory
M. Creutz
Phys.Rev. D21 (1980) 2308-2315

Okorno 1000 yntupoBaHun
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[lpobriema HeHabnogaeMoCTU KBApKOB

[Tpodpunb agpoOHHOW CTPYHLI B MEe30He



[Tpodounb agpoOHHOW CTPYHbLI B DapuoHe.
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Macchbl kBapkoB
ms = (93.8£1.5£1.9) MeV

Mayd = (3.42 + 0.06 £ 0.07) MeV

T«

— 27.460 1+ 0.15£+0.41 .
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BbluucneHme pa3sHOCTU Macc HEMTPOHa U NPOTOHA

ADb initio calculation of the neutron-proton mass
difference

Fodor etal. Science, 347(2015) 1452

OTO OYEHb BaXXHas BeENMMYMHa A4 CyLEeCcTBOBaHUSA
MaTepumn Bo BceneHHon. Ee HebonblLoe yMeHbLLUEe-

HMEe npuBeno Obl K pacrnagy NpoToHa, a YBENMUYEHNE -
K HECTabUNbHOCTN OENTPOHA.



i AX — experiment|

8- S—— AZ e QCD+QED| -

f ] prediction :

s B =
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Figure 2: Mass splittings in channels that are stable under the strong and electromagnetic interactions.
Both of these interactions are fully unquenched in our 1414141 flavor calculation. The honzontal lines are the
experimental values and the grey shaded regions represent the expenimental error (2). Our results are shown by
red dots with their uncertainties. The error bars are the squared sums of the statistical and systematic errors,
The results for the AMy. AMs, and AMp mass splittings are post-dictions, in the sense that their values
are known experimentally with higher precision than from our calculation. On the other hand. our calculations
yield AMz, AM=z__ splittings, and the Coleman-Glashow difference Ao, which have either not been measured
in experiment or are measured with less precision than obtained here. This feature is represented by a blue
shaded region around the label.



The neutron—proton mass difference, one
of the most consequential parameters of
physics, has now been calculated from
fundamental theories. This landmark
calculation portends revolutionary
progress in nuclear physics.

(HobeneBckasa npemua 2004 ropa, cCBOUCTBO
acumnToT. cBo6oabl KX[)

Nature, 520, 303 (2015)



Transition temperature from a variety of studies

B
FILLED: staggered type, N =2+ 1
EMPTY: Wilson type, N, =2

BNL-RBC-Bielefeld

MILC H—— &

}_E_l QCDSE-DIK
HotQCD I‘.I
| ]
WB —
tmfT
HIH

»-—Jk—-——————{[ 4

DWF (HotQ(

I (T T B

D)

125 150 175 200 225
T [MeV]

250

» Staggered types, N = 2+ 1: p4, asq-
tad, HISQ, stout — already introduced.
Data from only chiral type observables.

» Wilson types, Nf = g

> QCDSF-DIK [arXiv:0910.2392], clover + plaque-

tte, N; =8 — 14
> WHOT-QCD  [arXiv:0909.2121],
Iwasaki, N; =4 —6

clover

+

> Brandt et al. [arXiv:1011.6172], clover, N; = 16

> tmfT (Florian Burger talk), mtmWilson + tree-

level Symazik, N; =8 — 12

» DWF (HotQCD), Ny = 2+1:+lwasaki,

N;y=8, Ls=32—-96



non-int. limit
Mhl
3p/T*

e/T4
3s/4T3 -

T [MeV]

130 170 210 250 290 330 370




AHFOpVITMbI, ncnomnb3yembie nNpu BbiYnCneHnAX

N. Metropolis, S. Ulam,
The Monte Carlo method
J.of Am. Stat. Ass., 1948

Anroputm MeTpononuca gna ctTaTUCTUYECKOU
MeXxaHuKKn bbin onyonmkoBaH B 1953 rogy

N. Metropolis, etal.  Equation of State
Calculations by Fast Computing Machines,
Journal of Chemical Physics 21 (1953) 1087.



Anroputm MeTpononuca

[eHepauus MHOroMmepHon cryyaiHomn senuuniel U ¢
pacnpenenenvem S(U)

Ui_|_1 N3 Ul
P(U;;1) = min{l,e 4%},
AS = S5(Uit+q) - S(U;)

MCMC — Markov chain Monte Carlo



Bblumncnenunsa B pewetoyHon KX coctoaT ma
HECKOJIbKMX 3Tarnos..

[lepBbIN 3Tan 3akn4aeTca B reHepaunn KoHdurypauuu
KanmbpoBOYHOro Nosid. AT KoHduUrypaumn
reHepupyrTCca nocnegosarensHO U 00pasyoT
MapPKOBCKYIO Lienb C pacnpeneneHmemMm BeposaTHOCTH,

NPONopLMOHaNbHbIM

e Sefr(U)



BbluncneHmne nHterpanoB C TOYHOCTbHO HECKOSbKO
NPOLEHTOB - BECbMa HenpocTas 3agava:

- UICMNOJb3YIOTCA CaMble COBPEMEHHBLIE CYNEPKOMIMbIO-
TEeps! ;

- pa3paboTka HOBbIX anropnTMoB AJ151 NOBbILLUEHUS
9P PEKTUBHOCTN BblYUCIIEHUN ABNAETCH OQHOU U3
OCHOBHbIX 3a4av;

- ONS peleHna Usnyecknx n NporpaMmMmnUCTCKNX
3aja4y cosgarTca Korrabdbopauunu.

[Tpnmepbl Konnadopauun:

MILC

USQCD

UKQCD

JLOQCD

QCDSF



Poccusa
1981 r.

ONAN

MuTptowkuH, I'epaT, Mionnep-I1ponckep,
MnbreHdppuTy

NTOO

MakeeHkKo, ['lonnkapnos

Nabopatopus 191 T3P,

PelleTo4YHble KanMbpoBO4YHblE TEOPUU
coszgaHa M.U. lNonukapnoseim B 2000 rogy
Cenyac pykosoautens — B. B. bparyTta



HoBas nabopatopusa - [1BOY, BnagnBocTok

OcHoBHOWM NpoeKT — KX ¢ HeHyreBbIM
XUMUNYECKMUM NoTeHuUmanom, rpaHt PHO,

pykoBoauTenb — npodeccop A. Hakamypa

F 2. ATO0PMbI




[Tpobnema — depMUOHHbIN OEeTEPMUHAHT

HaunBHbIN Noaxon — BKMNYeHUe JeTepMUHAHTOB B
Habnogaemyo. O4vyeHb HEAdOPEKTUBHO.

[MpaBUNbHO — onpeaennTb NNOTHOCTb
BEPOSATHOCTU ANs KanmbpoBovHoro nonsa U Kak

IS4 N aen e

[Tpobnema NonoXuTenbHOCTU NPaBoOn YacTu.




[Tpobnema — depMUOHHbIN OEeTEPMUHAHT

HaunBHbIN Noaxon — BKMOYEeHMe JETEPMUHAHTOB B
Habnogaemyo. O4vyeHb HEAdOPEKTUBHO.

[MpaBUNbHO — onpeaennTb NNOTHOCTb
BEPOSATHOCTU ANs KanmbpoBovHoro nonsa U Kak

P(U) =% e~S¢(U) det M, det M

[Mpobnema nonoXMTenbHOCTN NPaBON YacTM.



[Tonoxum

dusmnyeckn aTo onpasgaHo (M3ocnmHosas SU(2)
CUMMETPUA).

Toroa

det M, (U) = det M, (U)

1
— e~ 5¢W)[det My, ]

P(U) = Z



Mcnonb3yetcsa rmbpuaHbin anropntm MoHTe Kapno
(MK, nHorga HasbiBaeMbin ramuiisToHOB MoHTe Kapno)
oobeanHaeTr  anroput™ MoHTe Kapno wun anroputm
MONEKYNSPHON OUHAMUKM.

Anroputm  NpegnoXxeH aOna  peweHns  npobnem
peweTtodHon KX/

Hybrid Monte Carlo.

Duane, Kennedy, Pendleton, Roweth,

Phys. Lett. B195 (1987) 216-222.




IHTerpupoBaHne ramMuUnNLTOHOBbLIX  YpaBHEHUU
opwxeHna (ML) wucnonb3yetca Ond co3gaHus

NpobHON KoHdUrypaumm kannbpoBo4HbIX rnonen U

[nga TOYHOIo NHTErpnpoBaHung 9Heprug
coxpaHseTtca. oH =0

OwWwmnbKn YncrneHHoro urrerpnposaHusa => oH #0

[lpoOHas koOHUrypauus NPUHUMAETCA WUNu

oTBepraetca - MeTtpononuc



YpaBHeHua ML

. B6H - coH

JC =

¢_£ @¢

roe 1m — COI'IpFI)KeHHbM VIMI'IyJ'IbC,BCI'IOMOI'aTeJ'IbeIﬁ
raMUI1bTOHAaH

H=S+17z2
2

Ons pewerHnsa MO ypaBHEHMN OObIYHO NCMONb3YETCH
nHterparop leap frog

YooBneTBopsaeT TpeboBaHUAM 00paTUMOCTU U
coxpaHeHusa pazoBoro oobbema



Mpobnema geTepMuHaHTa B S, ¢ pPeLIaeTcsi C MOMOLLbIO

BBEEHUSI BCOMOraTesibHbIX NceBA0EPMUOHHbBIX
NepPeMeHHbIX

| dy di7 exp{-7, Dy, —y Dy }=

N | d dg, exp{—¢"(DD") "¢}



OpHa 13 OCHOBHBIX YNCIIEHHbIX 3ada4 — obpalleHune

MaTpuULbl
DD”

OObIYHO MCNONb3yeTCA METOA, COMNPSKEHHbIX rPagUeHTOB
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Sign problem
det([) +m+Uy) - Intheintegral

We use "}/5[?"}/5 = [)T
s +m+uyp)ys =D +m—puy
= (D+m—pu*y)

det(lD +m+py) = det” (I +m — u*y)



det() + m+ uy) =det" (D +m— u*y)

Determinant is real only for y =0 and p = iy,

This makes impossible to apply usual MCMC
algorithm In case of real

Note, that for imaginary u this problem is absent



