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OCHOBHbIe 3aaa4u
TEOPUN CUSMbHbIX B3aMMOOENCTBUI
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Three Generations of Matter

http://www.claymath.org/millennium/Yang-Mills_Theory/ (1 000 000 $US)




HeBblneTaHue uBeTa

(mo4Yemy Mbl HE BUOUM CBODOAHbLIX KBAPKOB U IIFOOHOB?)

OcHoBHasi CNOXHOCTb — OTCYTCTBME aHanUTUYECKNX METOAOB ASIA OnmncaHus
TEOPUN CUIbHbLIX B3aMMOLEWCTBUU, HO (Cynep)KOMMbTEPbl MOryT MHOroe
npenckasbiBaTb ncxoga us JlarpaHxnana KX

Cuna mexnpy
KBapKOM U
AHTUKBAPKOM
12 TOHH!!!

http://www.claymath.org/millennium



KBaHTOBad MexaHuKa YacTuubl

| Knaccuyeckas Tpaekropus |

eiS

Bec kaxxgou TpaeKkTopum



KBaHTOBasa Teopusa Nons

A,(x)=4,(x,y,z,1)
—0< 4, (Xx) < 400

z={[]..[{]|p4,(x) "



Methods

* Imaginary time t—it
Z = [ Do expliSlpl} =8> Z = [ Do exp{-S[o]}
« Space-time discretization +

Do(x)=[]d. z=| [Tdo. expi=STol

* Thus we get from functional mtegral the partition
function for statistical theory in four dimensions



INTRODUCTION

Three limits
L
- _a
Lattice spacing a—0
v Lattice size L —
Quark mass m, — 0
Typical values
a~01 fm Extrapolation
L=2+4 fm mmp i
Chiral perturbation
m, ~100 Mev theory




TunnyHaa KpaTHOCTb MHTErparnoB

Ons pewetkn L*
(L=48, L*=5,308,416)

e Mbl cunTaem nHTerpansol
KpaTHOCTU32L? (L=48, 32.=169,869,312)

U pa6otaem c matpuuamunT2L4 x 12L4
(L=48, 12L4=63,700,992)

[dw dy explyMy}=detM



SU(2) glue

Cuna mexay KBapKoOM U aHTUKBapPKOM 12 TOHH!!!




SU(2) glue

AP-SU(2) FLUX-TUBE PROFILE
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SU(3) glue

Three body forces!

V(r,r,r) V(@ —rn)+V(n—-r)+V(n—1)
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Masses of material objects is due to gluon
fields inside baryon

E = m,C 3m,/m,,,, ~1/100



glue

Three body forces!
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Figure 9: The monopole part of the baryon potential at finite temperature in full QCD
as a function of Ly (1" < T.) and La (T > T.), respectively, in units of God knows what.

In Fig. 9 we show the baryon potential on the 16* 8 lattice at 3 = 5.2 for several
values of k. At this 3 value
T o exp(—2.81/k). (4.1)
Increasing & thus increases the temperature. We cross the finite temperature phase
transition at £ = 0.1344 [14]. We see that the potential flatiens off while we approach
the transition point. However, the distances we were able to probe are not large
enough to make any statement about string breaking,.
To compute the action density ,:u'f') and the electric field and monopole correlators
B39 and k%2, respectively, we need Lo reduce the statistical noise. Note that the
Polyakov loops span an area of &~ 16 x 8 lattice spacings. We do that by using

extended operators

252(s) L)+ p P (s—2—9—2)+pP(s—%—-9)
+on (8= =2 +pP(s =G 2+ (s - 2) 42
(s =) +pR(s =2
hosec .
5) —={E3X(s) 4+ (s — 2 — 1) ‘
1 (4.3)
+ EX(s— #)+ EX¥(s - 1)},
; 1 y
Qs 1) — ;{l,»"@(u./:) + k39 (s = 2), 1)}, (4.4)

where (again) we have assumed that the quarks lie in the (z,y) plane, and we call

the direction of the Polyakov lines the t direction.

—-11 -



SU(3) glue
Usually the teams are rather big, 5 - 10 -15 people

arXiv:hep-lat/0401026v1 arXiv:hep-lat/0401026v2
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Figure 9: The monopole part of the baryon potential at finite temper

as a function of Ly (T < T.) and La (T > T.), respectivelyfin units of God knows what.

In Fig. 9 we show the baryon potential on the 1678 lattice at 3 = 5.2 for several

values of k. At this 3 value



2qQCD
String Breaking (DiK collaboration)
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Hadron Mass Spectrum
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Meson Summary Table A

Baryon Summary Table

See also the table of suggested qg quark-model assignments in the Quark Model section.
o Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.
1 Indicates that the value of J given is preferred, but needs confirmation.

This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in
the short table are not established as baryons. The names with masses are of baryons that decay strongly. For N, A, and = resonances, the

LIGHT UNFLAVORED STRANGE BOTTOM partial wave is indicated by the symbol Ly »;, where L is the orbital angular momuntum (S, P, D, ...), / is the isospin, and J is the total
,G(JP(CS)= C+8=0) 5% (5=+1C= BI(;O)) (B=+ I)IG(JPC) angular momentum. For A and X resonances, the symbol is L; 2.
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2qQCD (2+1)QCD

Wilson non-perturbatively improved Fermions
“WORKING HORSE?” of lattice QCD calculations
Y. Kuramashi Lattice 2007

1.8 |
— experiment
i T al Nf=0 (K-input) [ -@©-
16 PS _|| Vector_|| lr:lltg d&-i_nputt) -
| spin0 || spinT ||| - N\i=5 ¢-}|leljt)) ) o3
® Nf=2+1 (Q-input) Q
1.4 |- b ] Y Nf=2+1 (¢-input) [~ j_ _
lwasaki gauge action + ] (8 - ®©r H> . =
clover quarks > 120 N5 - S xR =
ar-1) = 2.2GeV, © | L o | - o E 1L A
. . A )
lattice size: 323 x 64 é L i .c____g_ 5 A
s - _O_ = | .
0.8 K T N T
e K p s Octet | Decuplet
' spin 1/2 spin 3/2
- _o_ o | 1 | 5 . |
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Finite Temperature
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Te~ 170 MeV
T

early universe

><ALICE quark-gluon plasma
) RHIC

crossover

<yy>>0
hadronic fluid

_ n >0
ng=0 B
vacuum nuclear matter

<yy> ~ 0

quark matter

crossover T

superfluid/superconducting

/ phases ?

<yy> >0 CFL

neutron star cores

28C

n~ 922 MevV
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Summary of recent results on T,

early-universe
ICE .
T [MeV] use T=0 scale: r0=0.469fm X Qark-gluon plasma
140 160 180 200 X RHIC .
l | l | Te ~ 170 MeV |« crossover <Yy>~ 0
Nf=2: T
quark matter
—— V.G. Bornyakov et al, POS Lat2005, 157|(20086)
{improved Wilson, Nt=8, 10; input: r0=0,5 fm) <yy>>0
{added Nt=12, Lattice’07) (rescaled to r0) hadronic fluid supeFliilphzson dlgﬂ;‘
phases ?
il Y. Maezawa et al., hep~lat/0702005 (QM[2006) ng="0 * n>0 IC b0 o
improved Wilson, Nt=4, &; input: m-rho vacuum nuclear matter neutron star cores
p p !
(no contfl exp. yet) w922 MeV
Nf=2=1: u
Y — C. Bernard et al., Phys.Rev. D71, 034504 (2005)

{improved staggered (asqtad), Nt=4,6,8, input r1)
(rescaled to r0)

—@— M. Cheng et al., Phys.Rev D74, 054507 (2006)
{improved staggered (p4}, Nt=4,6; input r0)

£ = Y. Acki et al., Phys. Lett. B643, 46 (2006)
{staggered (stout), Nt=4,6,8,10; input fK}
{converted to r0)

@ chiral B deconfinement ‘ chiral+deconfinement

= Karszb Labize 2007, Rzasnsburs Juw 2007 - . 1052
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Equation of State and the Finite Temperature Transition in QCD

Rajanﬂm [HotQCD Collaboration]
Division, Los Alamos Natonsl Laboratory, Los Alamos NIM 57545, USA

This talk provides a summary of the results cbtamsed by the HotQOD collsborstion on tha aquation of stats and
the crossovar transition in 241 flavor QCD. 'We investigate bulk thermodynamic quantitks - energy dansity,
pressure, ankropy density, and the speed of sound over ibe tempemiure range 140 < T < %40 MoV, Thesa
Tesults hava been obtainad an lattices of temporul siza Ny = € and 8 and with two improved staggered farmion
actions, asqtad sod pd. Our most axtersive results are with masses of the two degenarats light quarks sat
oty = 0.1m, to the Goldstons pion mam my betwean 290 — 260M &%, In these simulations,
the strange quark mass i tunad to its phywical valua snd constant values of my/m, define lines of constant.
physics. Wo also summanze the current state of results an obssrvables lsmmw ‘te the chiral and deconfining

009

9

A physies — the Light and strange quark oumbser the cml nnd its and

& tha rencemalized Polyakov laop. Our results indicate that the daconfinament and chirsl symmetry resteeation

,-‘J oocur in the sams namow tempsratura interval.

=

~

1. Introduction 241 flavor QO using staggered fermions st lhephyai-

rory cal values of the strange and light quark masses. Most

] of the results presented here are for my = 0.1m,, about

d4v1 [hep-l

/

o 5o

b

irXiv:0912.1

C

‘Ongoing experiments at RHIC and propossd exper-
iments at LHC aim to understand the properties of
hot dense nuclear matter ereated in the collision of
two relativisitio nucled. At sufficiently high tempera-
turee and densitiee RHIC data support the creation
of a guark-gluon plasma in the central region that
undergoes 4. transition back to hadronic matier as it
expands and cools. The goal is to explain the creation
and evoluton of this medium. Hydrodynamie descrip-
tions used to model this evolution provide a good fit
to the data and are thus the phenomenological tool of
choipe. First principle ealoulations using lattiee QCI
yield a mumber of propertiss of QCD a5 a funstion
of temperature that are esssntial inputs in these hy-
drodynamical analyses. These propertics include the
nsture of the transition (with respect to both con-
finement. and chiral symmetry breaking) between the
quark-gluen plasma and hadronio matter, the transi-
tion temperature, the equation of state of QCD and

ooeffiients as a function of temperature in
the range 140 — 700 MeV.

HotQCD is a US wide collaborstion engaged in the
study of QCD st finite temperature and density using
lattice QCD ! It brought together members of the
MILC and RBC-Bielefeld eollaborations to carry out
large soale simulations on IBM Bluegene,/L supercom-

—puters af the Tawyenoss Tivermors National Tab and
—onthe NYElye gt the Mew York Cantar for Compu-—

tational Sciences at BNL.
Our goals are to perform detailed simulations of

IHet QCD Collaberation mambars are: A Bazavor, T. Bhat-
tacharys, M. Cheng, N.H. Christ, C. DeTar, S. Ejin, 5. Got-
tlich, R. Gupta, U.M. Halker, K. Huabnaer, C. Tung, F. Kars
E. Lasrmann, L. Levkovs, C. Miso, RD. Mowhinney, P. Pa-
troczky, C. Sthmlﬂl. RA. Sdltz, W, Sceldnar, R Sugar, D.
Teusssant and P. Veanas

a faetor of two heavier than the mesn physical 4 and
d quark mass, my A2 0.038m,. Improvements in algo-
rithms and computer resources are being used to in-
crementslly approach the physical up and down quark
masses and the continuum limit, thms providing high
precision results. Also, in the current simmlations tha
up and down quark masses are taken to be degensrate.

The physical quantitiss we are caleulating include:

& The Equation of State (EoS) of QCD over the
tamperature range 140 — 700 MaV that is baing
probed by relativistic heavy ion experiments at
Brookhaven and will be studied in more detail
in the future at the LHC,

The nature of the deconfinement. transition be-
tween the hadronic phase at low temperature
and the quark-gluon plasma at high tempera-
turee. All simulations with steggered fermions
show 4 rapid erossover rather than a genuine
phase transition for physiecal valnes of the light
quark masses, In the sbesnce of a phase transi-
tion, there is a priori no unique transition tem-
perature as it can depend on the probe. Thus,
the temperature at which this transition takes
place remsins a subject of investigations. The
status of current estimates is disoussed at the
end of this paper.

« The restoration of chiral symmetry at high tem-
perature and whather this chiral transition is eo-
incident with the deconfining transition.

& A detailed understanding of the physiss in the
transition region and the approach of thermo-
dynamies quantities such as pressure, antropy,
energy density and the speed of sound, to the
Stefan-Boltzmann limit.
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HotQCD is a US wide collaboration engaged in the
study of QCD at finite temperature and density using
lattice QCD !. It brought together members of the
MILC and RBC-Bielefeld collaborations to carry out
large scale simulations on IBM Bluegene/L supercom-

puters at the Lawrence Livermore National Lab and

on the NYBlue at the New York Center for Compu-
tational Sciences at BNL.
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Below | use a lot of slides made

by
M.N. Chernodub, P.V.
Buividovich and D.E. Kharzeev



Magnetic fields in non-central collisions
[ Fukushima, Kharzeev, Warringa, McLerran ’07-"08]

Reaction
plane

(‘Fr)

Heavy ion

X (defines ¥p)

Quarks and gluons
Heavy ion




Magnetic fields in non-central collisions
[ Fukushima, Kharzeev, Warringa, McLerran '07-'08]

Reaction
plane

(\PR)\

X (defines ¥y)

[1] K. Fukushima, D. E. Kharzeev, and H. J. Warringa, Phys. Rev. D 78, 074033 (2008),
URL http://arxiv.org/abs/0808.3382.
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[3] D. Kharzeev, Phys. Lett. B 633, 260 (2006), URL http://arxiv.org/abs/hep-ph/0406125.
[4]1 D. E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl. Phys. A 803, 227 (2008),

URL http://arxiv.org/abs/0711.0950.



Magnetic fields in non-central Zllisions

Reaction / Charge is large

/ Velosity is high

—

/ Thus we have
~ two very big

/ // currents

=

X (defines ¥y)

The medium is fi by electrically charged particles
Large orbital momentum, perpendicular to the reaction plane

Large magnetic field along the direction of the orbital momentum



Magnetic fields Iin llisions
Reaction - / Two very big
plane /" currents
(\PR)\ produce a
very

big magnetic
field

X (defines ¥y)

The medium is fi by electrically charged particles
Large orbital momentum, perpendicular to the reaction plane

Large magnetic field along the direction of the orbital momentum



Companson of magnetic fields

D.Kharzeev
The Earths magnetic field 0.6 Gauss

A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 10" Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http://solomon.as.utexas.edu/~duncan/magnetar.html

Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(T=02fm) = 10°~10* MeV’ ~10" Gauss




Magnetic forces are of the order of
strong interaction forces

first time in my life | see such effect

2
eb = Njyep
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We expect the influence of magnetic field on
strong interaction physics



Magnetic forces are of the order of
strong interaction forces

first time in my life | see such effect

2
eB ~ N,

We expect the influence of magnetic field on
strong interaction physics
The effects are nonperturbative,
it is impossible to perform analytic calculations
and we use

Lattice Calculations



Virtual quark loops are
absent (quenching)

f/ F:LFYI,UGMV

External quark

Virtual gluon

We calculate

in the external magnetic field and in the
presence of the vacuum gluon fields



Quenched vacuum, overlap Dirac
operator, external magnetic field

2rqk

eB ceB > 250 Mev



Chiral Magnetic Effect

| Fukushima, Kharzeev, Warringa, McLerran '07-'08]

Electric current appears at regions
1. with non-zero topological charge density
2. exposed to external magnetic field

Experimentally observed at RHIC
charge asymmetry of produced particles at heavy ion
collisions



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa, McLerran

1. Massless quarks in external magnetic field.

Red: momentum Blue: spin

B é
Reaction

X (defines ¥y)



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa, McLerran

1. Massless quarks in external magnetic field.

Red: momentum Blue: spin
B i i




Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa, McLerran

2. Quarks in the instatnton field.

: Red: momentum
H Blue: spin
Qw¢0i i

Effect of topology:
L R
) | LR

(4
Hu



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa, McLerran

3. Electric current along magnetic field

®

3

Red: momentum
Blue: spin

Effect of topology:

u — Uu

L R

dL—>dR

u-quark: gq=+2/3
d-quark: q= -



Chiral Magnetic Effect by
Fukushima, Kharzeev, Warringa,

McLerran
3. Electric current is along

magnetic field
In the instanton field

1
«
e
a
a
o

Red: momentum

@ Blue: spin
Qw¢0@ u Effect of topology:
WL
d —d
S L R

u-quark: q=+2/3
1 | 2 |

3

d-quark: g=-1/3



Topological charge density Iin
quantum QCD vacuum has fractal structure

In quantum vacuum we expect : . D .
big fluctuations of charge squared < J; >=0; < j; >#0;



Chiral Magnetic Effect on the lattice,
charge separation

Density of the electric charge vs. magnetic field




Chiral Magnetic Effect,
EXPERIMENT VS LATTICE DATA (Au+Au)

3 T T T T
Lattice data —e— i
op | STAR data (prelim.) 4
o 2
N
W15 ¢ A
(44]
+
1 $
S A
<« B
o 0.5 . N i E
0 § = []
_0.5 I I I | | I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
frac. most central



1 Xe
aab:E;

((AQ)?)
NZ

D. E. Kharzeev,

L. D. McLerran, and
H. J. Warringa,
Nucl. Phys. A 803,
227 (2008),

Chiral Magnetic Effect,
EXPERIMENT VS LATTICE DATA

Na Nb

a 11]1

=22 c08 (diat dip)

experiment

=a,, +a__ —2a,_

our fit

— 4 (¢47)

/q

R=5 fm

p=0.2 fm
T =1 fm

+2(51))

II\/

our lattice data at T=350 Mev




Preliminary results:
conductivity of the vacuum

Qualitative definition of conductivity O
<J,(x)j,(y)>=C+A4-exp{-m|x—yl|}

ooc(C



Preliminary results:
conductivity of the vacuum

Conductivity at T=0

200 . . . \ .
o,,, a=0.102 fm, 14j -~
180 Oy, @=0.102 fm, 16 —a—
160 - 0.0, @ =0.089 fm, 16 E
140 -
s 120¢ EE
: o !
& .
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qB)'2, Gev




2. Chiral condensate in QCD

L=—<yy >

2 2
m,f;=m, <Yy >



=z GeV3

Chiral condensate vs. field strength

0.14

¥ =% (14 >
\ Ng
0.12 ¢
» Our value for Ag:
0.1
\é (1.41 £0.14 £ 0.20) GeV
0.08
Ag » \PT result:
0.06 | - ]
/\_E,P'l?.% GeV (F, =130 MeV — real world)
0.04 L 1 ,,J’\;S’L”T:‘1 36 GeV (F, =90 MeV — quenched)
0 2 4 6 8 10 12

» Chiral condensate at B = 0: X'=[(310 + 6) MeV]®

We are in agreement with the chiral perturbation
theory: the chiral condensate is a linear function of
the strength of the magnetic field!



3. Magnetization of the vacuum
as a function of the magnetic field

4’
fm, 14 Q=

1

0
%(0) e B (linear fit)

r

10 fm, 14% allq —e—
9fm 16 alQ A

Spins of virtual quarks turn
parallel to the magnetic field

15
e B, GeV?

2

YOy >=x <yy >F,

1
o# = Vo>V 5]

25 3

<yy >y =—-46(3)Mev <> our result
<wy >y =—-50Mev <> QCD sum rules
(I.1. Balitsky, 1985, P. Ball, 2003.)




4. Generation
of the anomalous quark electric dipole moment
along the axis of magnetic field

YLarge correlation between square of the electric dipole moment

Oo =iV |Y0,Y: W  and chirality

Ps Vs

14 - Correlation: chirality and EDM of quark

F)

c(ps5, ©




THEORY

To explain

We have to prove in gluodynamics that

<W(C)>=< TrPexp{§iAudxu} >oc exp{—o - Area}
C




SU(2) gauge theory

J.Ambjorn, J.Giedt and J.Greensite, JHEP 0002 (2000) 033. A.V.Kovalenko, M.I.Polikarpov, S.N.Syritsyn and V.l.Zakharov,
Phys. Rev. D71 (2005) 054511; Phys. Lett. B613 (2005) 52; Ph. de Forcrand and M. Pepe, Nucl. Phys. B598 (2001) 557.

Monopole current
(closed line in 4D)

Vortex (closed
rface in 4D)




Linking number




Pure gauge theory

(what we see on 3d slice of 4D lattice)

Monopole current Vortex (closed
(closed line in 4D, surface in 4D,

point in 3D) closed line in 3D)




THEORY

All information about confinement, quark
condensate and any Wilson loop is encoded

In 3d branes\
Holography

2 fm




THEORY

Chiral symmetry breaking and topological susceptibility
Is due to low-dimensional regions

Time slices for p°, p,(X)=yw, (X)y,(x)

IPR=1.45
chirality=0

IPR=5.13
chirality=-1




8| Instead of Conclusions

Computer simulations a) reproduce well known hadron

properties b) predict new phenomena c) help to create new
theoretical ideas.

Low dimensional objects (regions) are responsible for most interesting
nonperturbative  effects: chiral symmetry breaking, topological
susceptibility and confinement.

Ry/}'(): 073

*The era of traditional quantum field theory (Feynman graphs, perturbation
theory) is over, nonperturbative field theory is close in spirit to solid state
theory; we have to study dislocations, fractals, phase transitions etc.




http://www.lattice.itep.ru

!




MOCKOBCKNUN PU3NKO-TEXHUYECKUN NHCTUTYT
dakyneTeT 00WEN N NPUKIagHOW PU3nKK
kKadpegpa TeopeTUHeCcKon acTpodPmankm n npodbnem
TepmMmoagepHoU oU3NKK
Cneunanumsauma: KBaHTOBaA rpaBuTauma U KarimopoBOYHbIe

noJss

ba3oBasa opraHn3auus

PykoBoauTr HOBOM

"NocypapcTBeHHbIM Hay4uHbin LleHTp Poccuiickon | cneunanusaumen

Pepepaunm -

BCEMUPHO

WHcTUTYT TeopeTuveckom n AkcnepmmeHTanbHON | U3BECTHbIN (PU3UK -

dPusmkn”

TeopeTnk BaneHTuH

MockeBa, yn. bonbuwaa YepemylikuHckas, 25 UBaHOoBMY 3axapoB

Haw cTyaeHT 3TO TOT, KOMY
UHTEepecHa TeopeTuyeckas

dm3uka n/vnnun
uHdopmaTmkKa n/nnum
MaTemMaTuyeckas dmsuka
n/nnum CynepKMnbrTEpPDI

(wnn BCce BMmecTe).




