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l. Introduction

At large T > Agcp the system in the deconfined phase

At small T < Agep  the system in the confined (hadronic) phase
At large > Agep  the system in the deconfined phase

Atsmall ;4 < Agep the system in the confined (hadronic) phase

It is clear:
something drastic must be happening on the way when
temperature (chemical potential ) varies

Question we want to address:
what are the most important vacuum
configurations which are responsible for the
transitions when  1(T) varies ?




2- BASIC TECHNIQUE AND METHODS:

® MAIN OBJECT: LARGE N QCD (/N < N)

® MAIN TECHNIQUE-1: DUAL REPRESENTATION

® MAIN TECHNIQUE-2: HOLOGRAPHIC
DESCRIPTION

® CRUCIAL ELEMENT: ® -PARAMETER

/
@ BASIC TRICK: LIGHT 7] -FIELD AS A PROBE
OF TOPOLOGICAL CHARGES
OF THE CONSTITUENTS




The basgic

‘The © parameter suddenly Cha,nges its
behavior precisely at the same point T,
where the phase transition happens
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3. Support for the CONJECTURE from the holographic model of
QCD

The large N QCD is known to have a holographic description;

Confined / deconfined phases in the holographic description can be
studied in the standard way by analyzing the Polyakov’s loop;

Transition from confined to deconfined phase corresponds to the

transition from one background metric to another at temperature 1 ;

The © behavior has been also studied in both phases with the result:
the confinement- deconfinement phase transition takes place precisely
at 1. where © dependence drastically changes.
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4.Support for the CONJECTURE
from the lattices: 0.6

the ratio 05
R=x(T=T.+¢)/x(T =T, —¢)

in deconfined and confined phases at |

T ~T.,

B. Lucini, M. Teper, U.Wenger, 2004
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Support for the CONJECTURE from the lattices:

the ratio R(T) = x(T)/x(T = 0) as a function of reduced
temperature ¢t=T/T.—1 for N=4,6, L.Del Debbio, et al.2004




5. Deconfined Phase, T > T

According to the Conjecture, one can study the confinement

-deconfinement phase transition by analyzing the & dependence
rather than Polyakov’s loop.

The 6 dependence for T >T. is determined by instantons.

Instanton expansion converges at T > T,

11 T
Vinst (0) ~ e "N cosh, = [— In ( 1 ) — 1.86},

3 AQCD

Critical temperature is determined by the condition

11 T,
N = [_111 il — 1.86] =0 = T. (N =o00)~0.53AqcD,
3 Agep




Deconfined phase--continue

For any positive 7> 0 the instanton density is parametrically small
and calculations are under complete theoretical control even in close
vicinity of 1.

1, T—T.
), 1>>< = >>>1/N.

Topological susceptibility x(T' >7T.)~e¢ " =0 obviously vanishes in
agreement with results from holographic QCD

One can compute T.(u) for small chemical potential.
3N

2(2N + Ny)m2T2 )

As expected, there is no dependence on 4 at large N, in agreement

with the lattice results: Fodor, et al, 2004; Fodor, Katz, Schmidt, 2007.

Te(p) =Te(p=0)|1 - p< T

The © dependence may only experience drastic changes in the vicinity
where the instanton expansion breaks down, which explains our
conjecture on connection between the two parameters.




6. Coulomb Gas Representation (CGR)

® We introduce 77/ﬁeld as a probe to investigate the topological
charges of the constituents in both phases. It appears in unique
combination (¢ —0), ' ~ f, ¢ in both phases.

The partition function for light (almost massless) 77/ﬁe|d in
deconfined phase is given by

/ Dy e~ 7w [ L2(Ve)® Afdwcos(p(@)=0)  A=Agop e ™

Mapping between sine-Gordon theory and its CGR is well known

3 — 5 e Lg—X
=2 ]\(4)\/'2M / ~--/d3xM SO Q, T, meb=0 QaGlTamm)Qn
My =0 +- -

1

4t|Z, — Tp|

G(ry —xp) =




/. Coulomb gas representation.
Physical interpretation.

® The charges were introduced in a formal way.

® Physical interpretation of charges: they are topological charges as follows
from identification

010 Qa

® The following hierarchy of scales exists

(size, p) < (distance, 7) < (Debye, rp)
1

1
< 5o < v




—1
Typical size of the instantons 0 ™~ T

The average distance between the instantons 7 ~ A\™"/% ~ A5 pa™ /3

Charge Qa s identified with an integer topological charge localized at
point Za. This by definition corresponds to a small instanton at Za

A~ a <1 isthe fugacity of the instanton gas in deconfined phase.

The instanton-anti-instanton interaction at large distances is the same as
instanton-instanton. They both are Coulomb-like interactions (in contrast
with semiclassical picture).

/ :
The 7 mass emerges as a result of Debye screening

The 7' was defined as the phase of the det(..) which does not vanish
even if chiral symmetry is unbroken. In holographic model the chiral
symmetry is broken in deconfined phase in a small window above 7.




The basic

- We identified the point [, with the pla;oe :
-~ where © behavior drastically changes.

It implies that some topological

configurations (which couple to ® )must be
responsible for these drastic changes. In

- deconfined phase they are nice dilute

instantons. What happens to them at

T<T. o




ERC ONFINED PHASE. SPECULATIONSE

WE WANT TO SPECULATE HERE ON THE FATE OF INSTANTONS
WHEN WE CROSS THE PHASE TRANSITION LINE FROM ABOVE

THE INSTANTON EXPANSION IS NOT JUSTIFIED. WE DO NOT
ATTEMPT TO USE SEMICLASSICAL IDEAS IN THIS REGION

WE ARGUE THAT THE INSTANTONS DO NOT DISAPPEAR FROM
THE SYSTEM, BUT RATHER DISSOCIATE INTO THE INSTANTON
QUARKS, THE QUANTUM OBJECTS WITH FRACTIONAL
TOPOLOGICAL CHARGES 1/N.

INSTANTON QUARKS CARRY THE MAGNETIC CHARGES ALONG
WITH TOPOLOGICAL CHARGES.

THE 77, FIELD WILL PLAY A CRUCIAL ROLE IN IDENTIFICATION
OF TOPOLOGICAL CHARGES 1/N OF THE CONSTITUENTS.




O. INSTANTON QUARKS: FEW HISTORICAL
REMARKS.

B INSTANTON QUARKS ORIGINALLY APPEARED IN 2D MODELS.
NAMELY, USING THE RESUMMATION OF EXACT N-INSTANTON
SOLUTION IN 2D ('PV¥-! MODELS, THE ORIGINAL PROBLEM
WAS MAPPED INTO 2D SYSTEM OF PSEUDO -PARTICLES WITH

FRACTIONAL 1/N TOPOLOGICAL CHARGES, Fateev et al, 79; Berg,

Luscher, 79.

THE PICTURE LEADS TO ELEGANT EXPLANATION OF THE
CONFINEMENT.

SIMILAR CALCULATIONS IN 4D IS PROVEN TO DIFFICULT TO
CARRY OUT, Belavin et al, 79.




10. Confined phase. Lagrangian for 7’

We want to use the same trick (tested in weak coupling regime)
with 77 as a probe of the topological charges of constituents.

Effective lagrangian has the form

1 . 2 ©—0
w—gfn,(augo) +Evaccos( N )

It follows from the following (2k)-th correlators (Veneziano,79)

anEvac(Q) 2k . 2

g
BY L =0 ™~ 1_‘_diﬁi<Q($1)---Q($2k>> ~ , where () = BZ?GWG’“"

There are few additional arguments supporting the SG structure

It satisfies U(l) anomalous WI and in large N limit leads to the
standard expression E,..(0/N)* ~ 1




| |. Coulomb Gas Representation (CGR).
Confined Phase

® We want to use the trick to present the effective 5’ lagrangian in
the dual form (CGR). The " is a unique field which explicitly

measures the topological charges of constituents.

® Repeating all previous steps we arrive at CGR,
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THE FUNDAMENTAL DIFFERENCE IN COMPARISON WITH
DECONFINED CASE: WHILE THE TOTAL CHARGE IS INTEGER, THE
INDIVIDUAL CHARGES ARE FRACTIONAL 1/N.

THIS IS A DIRECT CONSEQUENCE OF (/N DEPENDENCE OF THE
UNDERLYING THEORY.

DUE TO 27 PERIODICITY ONLY THE CONFIGURATIONS WITH TOTAL
INTEGER TOPOLOGICAL CHARGES CONTRIBUTE. THEREFORE THE
NUMBER OF PARTICLES WITH CHARGES 1/N IN EACH
CONFIGURATION MUST BE PROPORTIONAL TO N.

AS A RESULT, THE MODULI SPACE IN CGR IS 4NK WHERE K-
INTEGER. THIS NUMBER IS PRECISELY THE NUMBER OF ZERO
MODES IN K-INSTANTON BACKGROUND.

THIS IS THE BASIS FOR IDENTIFICATION OF CHARGES FROM CGR
WITH INSTANTON QUARKS SUSPECTED LONG AGO.




FOR GAUGE GROUP G THE NUMBER OF INTEGRATION IS 4KC_2(G)

WHERE C_2(G) IS THE QUADRATIC CASIMIR. THIS IS PRECISELY THE

NUMBER OF ZERO-MODES IN K- INSTANTON BACKGROUND FOR THE
GAUGE GROUP G.

WE RECOVER THE MODULI SPACE WHICH WE IDENTIFY WITH
STRONGLY INTERACTING INSTANTONS IN CONFINED PHASE OF QCD

ROLE OF THE FUGACITY FOR THIS ENSEMBLE PLAYS B N?

AVERAGE DISTANCE BETWEEN CONSTITUENTS 7~ N2

= /
THE DEBYE SCREENING LENGTH IS LARGE B 6%, mn/ ~ VN

DENSITY OF INSTANTONS IS ~N (INSTANTON QUARKS ~ Nz) IT IS
CONSISTENT WITH OBSERVATION FROM HOLOGRAPHIC QCD: FINITE
NUMBER OF INSTANTONS WILL DISAPPEAR FROM THE SYSTEM.




N ESR E L ATIONT TO"@THER "STUDIES:

® Pierre van Baal et al: THERE SEEMS TO BE A CLOSE RELATION WITH
PERIODIC INSTANTONS AT NONZERO TEMPERATURE.

® M. Unsal and L. Yaffe, hep-th/0803.0344. A SPECIFIC DEFORMATION OF

GLUODYNAMICS SUPPORTS A WEAK COUPLING ANALYSIS IN CONFINED
PHASE. OBJECTS WHICH RESEMBLE THE INSTANTON QUARKS (WITH
ACTION AND TOPOLOGICAL CHARGE S = 87%/(¢°N), Q = 1/N) ARE FOUND.

® D. Diakonov and V. Petrov, hep-th/0704.3181. FRACTIONALLY CHARGED
OBJECTS 1/N APPEAR IN SEMICLASSICAL ANALYSIS.

E. Shuryak, hep-ph/061113; M.Chernodub, V. Zakharov, hep-ph/0611228
INSTANTON QUARKS IN NARROW DECONFINED WINDOW O < (T —T,.) < 1/N
BEHAVE LIKE WRAPPED MONOPOLES. THEY FORM WELL-DEFINED
SMALL INSTANTON AT LARGER TEMPERATURE (T'—-T.) > 1/N .

® A.Gorsky, V. Zakharov, hep-th/0707.1284. MAGNETIC STRINGS CONNECTED

BY WRAPPED MONOPOLES WHICH ARE RELATED TO THE INSTANTON
QUARKS, SEE ABOVE.




13. PROPAGANDA

WE PRESENTED THE ARGUMENTS THAT THE SHARP CHANGES
IN § HAPPEN AT THE POINT OF THE PHASE TRANSITION T,
(SUPPORT FROM HOLOGRAPHIC QCD AND LATTICES)

® AT SUFFICIENTLY LARGE (T'-T.) > 1/N THE INSTANTON IS

SMALL AND WELL DEFINED OBJECT.

WE SPECULATED THAT IN CONFINED REGION THE SAME
INSTANTONS DISSOCIATE INTO N-INSTANTON QUARKS.

ONE CAN TEST THESE IDEAS BY STUDYING A NARROW
WINDOW 0< (T-T.)<1/N IN DECONFINED PHASE WHERE
INSTANTON QUARKS (WRAPPED MONOPOLES) START TO FORM
THE INSTANTON WITH ZERO MONOPOLE CHARGE.




