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Experimental indications

RHIC data exhibit strong collective phenomena in the asymmetric
azimuthal distribution around the beam axis:

o vo(p1)[1+ 2va(p1) cos(2¢) + 2va(py ) cos(4¢) + - - -],

Po —dp 3

where (px’ Py, Pz) = (PJ_ Ccos ¢, p1 sin ¢, pz)

The large elliptic flow v» ~ 0.06 cannot be described just by two-body
interactions between partons.

Particles of different mass are emitted from the fireball with a common
fluid velocity.

Relativistic hydrodynamics reproduces v, very well, up to p; ~ 1.5GeV
(P. Huovinen, U.W. Heinz, '01).
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Experimental indications

Ling, of a parton, which traverses an (ideal quantum) liquid is much
smaller than the thermal wavelength ~ G = % i.e.
lig.

e g,

B
Instead, in the dilute-gas model of the QGP,

L%?fsp ~ (pat)_17

where p ~ T3 is the particle-number density, o ~ g%32Ing;" is the
Coulomb transport cross-section, and g7 is the perturbative finite-T QCD
coupling

Lgas 1
= mip T >1
B gringr

= the experimental results could have only been reproduced by the
dilute-gas model if o were larger by an order of magnitude (D. Molnar,
M. Gyulassy, '02).
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General properties of the viscosities

Shear viscosity 7) represents the ability to transport momentum:

n - mep

s B’
where s is the entropy density = g is large in the dilute-gas model of the
QGP, and gets smaller for a strongly interacting QGP.

E.g., for T ~200MeV and Ly, ~ 0.1fm, I ~0.1.

When a parton propagates through the QGP over the distance Ly, its
mean momentum change Apis ~ T
n mep
= ; ~ 7 ~ mep -Ap
is nonvanishing due to the Heisenberg uncertainty principle
= 1) cannot vanish completely.
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General properties of the viscosities

e How small can  be ?
e What is the temperature behavior of g ?

The minimal possible value of g is conjectured to be that in AV =4 SYM
(G. Policastro, D.T. Son, A.O. Starinets, '01):
1
d — — ~0.08.
SIN=4sYM 47
It is a temperature-independent constant (because N' =4 SYM is a CFT).
Rather, in perturbative QCD (P. Arnold et al., '01, '03),
1
slpQCD  g7Ingr

Note that plasma instabilities can generate an anomalous viscosity 74
(M. Asakawa, S.A. Bass, B. Miiller, '06):
m 1

S 3—/2 < ; pQCD’ but still > 1.
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General properties of the viscosities

For known liquids, - > 1 for small and large T, where 7 is dominated by
potential- and kinetic-energy contributions, respectively.

Around the liquid-gas phase transition, these two contributions are nearly
equal, and g has a minimum, corresponding to the most difficult condition
to transport momentum.

This behavior is exhibited by liquids of a very different nature, such as
helium, nitrogen, and water.

The empirical minima of I are at least by one order of magnitude larger

1
than i
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General properties of the viscosities

The energy-momentum tensor of an ideal liquid:
Ouw =—p 8w+ Ts-uyuy,
where u,, is the velocity of energy transport.

The principal deviation from the ideality:

2
DO, =1 (Ayu, + Dyuy) + <§7] — C> Huw 0, u,,

where Hy,, = uyuy, — guw, Ay = 0y — uyu,0,.
The bulk viscosity ( is the other first-order transport coefficient.

While 1 characterizes a change in shape of a fixed volume, ( characterizes
a change in volume of the liquid of a fixed shape.
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General properties of the viscosities

Cf. the Navier—Stokes' equation in hydrodynamics:

0
p- [8_‘; + (vV)v] =—gradp+n-Av+ (C—i— g) -graddivy =
— 1 enters foremost through 7 - Av;

— ( is relevant only when divv # 0, i.e. for compressible liquids.

For helium, nitrogen, and water, % has a maximum near the liquid-gas
phase transition.

In V=4 SYM, ¢ =0 (again because it is a CFT), unlike QCD, where the
non-conformality effects are manifest ine —3pupto T = (2+3)T..

Dmitri Antonov (CFIF, IST) Soft contributions to 1 and ¢



The Kubo formulae

1 and ( are defined through the spectral densities,
dp(-;)
dw

n=m

w=0 w=0
which can be obtained from the Euclidean Kubo formulae (A. Hosoya et

al., '84; F. Karsch & H.W. Wyld, ’87)

0 cosh [ <X4 8
(s).(b) 3
/0 dw p7 (w) Snh(wA/2) /d E U (x,x4 + Bn),

n—=—oo

where

U (x, %) = (©12(0)012(x, x4)) 1, UL (%, x3) = (€,,(0)O (%, x3)) 1
and in the Yang—Mills theory

e12 = ngpr;p7 euu = @(Fa )2’
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The Kubo formulae

O, of the gluon plasma receives contributions from
— stochastic background fields, characterized by < (Fa) > and ur;

— valence gluons, which are confined at large spatial separations.

Such a two-component model of the gluon plasma is efficient to describe

— radiative energy loss of a parton traversing the plasma (H.-J. Pirner &
D.A., '08);

— pressure and interaction measure (¢ — 3p)/ T* of the plasma
(H.-J. Pirner, M.G. Schmidt & D.A., '09).

Dmitri Antonov (CFIF, IST) Soft contributions to 1 and ¢



T.=1.28T,
T.=2Te anunam
5|
g
Yy
~~
ol
<]
o,
& 3r
2 |
1k
gunnntt®
0 uuuuuuu‘ul““" ) ) ) ) )
1 15 2 25 35 4 4.5 5

Figure: The jet quenching parameter §(T) for various values of the
dimensional-reduction temperature, T, = 1.28T. and T, =2T..
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Figure: Lattice data on the interaction measure (¢ — 3p)/T* (courtesy of
F. Karsch) compared to the prediction of the two-component model.
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The Kubo formulae

At T > T, the two contributions become strictly additive:

P = Pbackgr t Pperts

and ppert < gFw* together with (©,,(0)0,,(x)). .. x g%/|x|® can be

isolated simultaneously.

pert

This project (to be realized through the Kubo formulae):

— Using the stochastic vacuum model at finite temperature
(Yu.A. Simonov, N.O. Agasian, '95 — '08), calculate ppacigr-
To be presented below.

— Calculate the contribution of valence gluons to p at T ~ T..
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The Kubo formulae

A reminder on the stochastic vacuum model (SVM).

While QCD sum rules assume <g2(ij)2>, the SVM additionally assumes
a finite correlation length of the vacuum, ;=% < oo (Pisa group, '86-'03):

<FSV(X)F)I\Jp(O)> ~ e_“‘x| =

the SVM can quantitatively describe confinement with the string tension
oo u2 (g3 (Fi,)%).

The spatial string tension at T > T.:

os(T) o u7* (&*(F§)*) 1 »

i.e. the chromo-magnetic vacuum still confines.
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The Kubo formulae

Since
O = O (g%(F35)%) ,
the expected contributions of the background fields to the viscosities are
2
<g2(F5)2> T
wr

n o< ¢ o<

9

in agreement with
oSVM <g2(ij)2>2 (Heidelberg group, 91 —' 03)
= at temperatures T > T,,
nocCoc (g7 T)>,
whereas s oc T3 at T 22T, =

rogocg?- at T 22T..
s s

We get the coefficients in these formulae.
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Calculation of the viscosities

Notations:

<g2(ij)2> = <G2>, <g2(F,-jf’)2>T = <G2>T, Phacker = PT, wk = 2w Tk.

Assuming at T = 0 exponentially falling off Ansatze

) K2—a(M|X|)

(b , 2
UFLY () = NEHO(6) - o e

where a > 0,

we get at T > T, the Fourier transformed (> e/“¥%f,) Kubo formulae:
K

M2a—4
T
(7 + MY

= W22ar(a)Nés)’(b)<G2>2T (%)
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Calculation of the viscosities

Lorentzian-type spectral densities

(5).(b) (5).(b) w
=6 (w2 + M2 )+

ensure that both sides of Eq. (*) have the same large-|k| behavior.
M+ ~ pr is the momentum scale, below which PT breaks down.

e For |k| > 1,
OB M\ & My
LHS of Eq. :
3 of B ()= a{zsin<m>+0<wk>+zc(wk> l

= the leading term in the brackets is k-independent only for o < 1.

G2)? M2
RHS of Eq. (*) :71220‘F(a)NC(f)’(b)<w#M%°‘ ‘. [1+O<w >]
k k
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Calculation of the viscosities

2

2
_ . 2na+l (s) < >T
n“k|>>1 72U () NS sin(ma) ———+— e

Note: |k| > 1 means |k| > 3, since ﬂ < 0.35 for any T > T..
e For |k| ~1 (eg. k=0for T > T) (’)( ) -terms and higher can be
disregarded =

T

1
_ 5/22a+1r( _)
‘\k|~1 m ot 2/ ¢

The ratio
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Calculation of the viscosities
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Figure: The ratio
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Calculation of the viscosities

For a = % p(;)’(b) (w) take the purely Lorentzian form, with

2\2
B _ opypapeh® ()T
1/2 M3

The coefficients Ni/)z( ) can be determined via the Gaussian-dominance
hypothesis, which disregards the connected parts of (©,,,(0)0,,(x)).

The SVM parametrizes the remaining two-point functions.

e Retaining only confining self-interactions of the background fields:

G2 5ab
(g2F2,(x)FL,(0)) = < >~(5uA5up—5up5uA)'m'D(X)’

where D(x) — e #/x|. The compatibility with U,  is achieved by

Ks/2(2p]x])
(2u|x])3/2

Soft contributions to 1 and ¢

D(x) =

Dmitri Antonov (CFIF, IST)
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Calculation of the viscosities

2
() - A
= N1/2 =575
2
The constant A is fixed by oy = % [d?’xD(x) =
4
A= ~1.05 =

Jo~ dz - 2%\ [K3)0(2)

the shear viscosity

-2 (©
4608v2  uF

Similarly, in the one-loop approximation where %g) ~ —3%7lrzg2,
the bulk viscosity
2
A1) (e
1728v/273 \ 32 s
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Calculation of the viscosities

e Accounting also for the nonconfining nonperturbative self-interactions of
the background fields:

2 a
(82 F(0)F,(x)) = @-ch—il-{ﬁ(amyp—aupam)o(xw

L (\0up — Xp0u0) + Ou(Xp0,n — X00,,p)] D1(x)}, where k € [0,1].
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Calculation of the viscosities

e Accounting also for the nonconfining nonperturbative self-interactions of
the background fields:

5ab

2
(82 F(0)F,(x)) = @-m-{ﬁ(amyp—aupaw)o(xn

L (X00up — Xp0un) + Ou(Xp0,0 — X20p)] Dl(x)}, where x € [0, 1].
Cf. the Wilson loop (W(C)) = (tr P exp (ig . dx, T?A2)):

G (G2 ‘ '
(W(C)) = exp{% {z{ /Z 40,0 (x) / do (<) D(Jx—x'| )+

min - min

aefan fu [ o)

Lattice data (Pisa group) suggest that D;(x) = D(x), and x ~ 0.83.
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Calculation of the viscosities

U(Tsl(()b) contain terms through O ((1 — /<;)2) = seeking D(x) in the form
D(x) = Ax - fo(p|x|), where f,=f_i+ (1 —r)f) 4 (1 —k)?FO),

K3n(2z) 7l/% ez
Aem = A and foma(e) = (2/2)3/2 =2 an (142272

Dmitri Antonov (CFIF, IST) Soft contributions to 1 and ¢



Calculation of the viscosities

U(Tsl(()b) contain terms through O ((1 — /<;)2) = seeking D(x) in the form
D(x) = Ax - fo(p|x|), where f,=f_i+ (1 —r)f) 4 (1 —k)?FO),

K3p(2z)  7l/* o2
(22)3/2 T 07/4 ;3)2

Au—1=A and f.—1(z) = (1+ 22)1/2.

Then
—1/4 —z
e (S

"(2) = 256 237 22
+(1-£)16(1422)(3+62+42°)+(1—K)*[9+ 4z - (9 + z - (7 + 4z(1 + 2)))]}

-{128(1 + 22)*+
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Calculation of the viscosities

U(Tsl(()b) contain terms through O ((1 — /<;)2) = seeking D(x) in the form
D(x) = Ax - fo(p|x|), where f,=f_i+ (1 —r)f) 4 (1 —k)?FO),

K3p(2z)  7l/* o2
(22)3/2 T 07/4 ;3)2

Au—1=A and f.—1(z) = (1+ 22)1/2.

Then
—1/4 —z
e €

"(2) = 256 237 22
+(1-£)16(1422)(3+62+42°)+(1—K)*[9+ 4z - (9 + z - (7 + 4z(1 + 2)))]}

-{128(1 + 22)*+

The constant A, is again fixed via the string tension:

1

An = Jo dz -z f(z)
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Calculation of the viscosities

2
In particular, Ax—o.g3 ~ 0.97 = (%) ~0.85 =

1757083 and (77083 are by 15% (that is close to 17%) smaller than,
respectively, ="' and (*=!.

Parameters for the numerical calculation:
o T.=270MeV.
e The two-loop running coupling in SU(3) YM:

T b T
_2 1
T)=2bgln— + —=1In(2In—
g <(T) bon/\—l-bon< n/\),

bo

1IN, , 34 ( N

3 \ 1672

2
:W, 1 — 3 > ) NC:37 /\:0104TC
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Calculation of the viscosities

e Temperature dependence:

(T =

1 at T.< T < Ty,
2,
er T at T > T,

g%—*-T*
= pr =p-f(T), oe(T) = o¢- FA(T), (G*), =(G*)-F4(T).
where ;i = 894 MeV (Pisa group, '97), of = (440MeV)?, (G?) = Zogp2.

e Determining T, from the equation o¢(T.) = of, where
o¢(T) = [0.566g2(T)T)? (Bielefeld group, '93, '96) = T, = 1.28 T..

e Entropy density s(T) = % = s(T)/ T3 is nearly constant at T > 27T..
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Calculation of the viscosities
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Figure: Entropy density s(T), in the units of T3, derived from the lattice values
for the pressure (G. Boyd et al., 1996; courtesy of F. Karsch).
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The results

TIT

C

Figure: Calculated ratios of 77/s. Also shown is the conjectured lower bound of
1/(4) realized in N' = 4 SYM.
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The results
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Figure: Calculated ratios of (/s. Also shown are the perturbative values (pert/s,

213
02930 T_ (P. Arnold et al, '06) is extrapolated down to T = Te.

where Cpert = m
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Concluding remarks

e The calculated soft contribution to 7/s falls off rapidly at
Te < T < 2T, and further as O(g%), gradually crossing 1/(4).

e However, at T > T, the perturbative result, with

T3 27.126
INLL = —71 " T 578
gr In*5

(P. Arnold et al., '03), takes it over = A minimum of the full /s should
exist at intermediate temperatures (cf. other liquids), yielding the
temperature of a possible liquid-gas phase transition.

e For (/s, perturbative contributions only enhance the O(g%)-behavior to
the O(g%)-one.

o At T ~ T¢, an interference of nonperturbative contributions, produced
by the background fields and by valence gluons, will be studied.

D.A., arXiv:1002.2406 (Annals Phys., in press).
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Many thanks to the organizers for a very nice and interesting workshop.
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