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Abstract

Using chiral perturbation theory we investigate the QCD shear viscosity () to entropy density (s) ratio below the deconfinement temperature
(~170 MeV) with zero baryon number density. It is found that n/s of QCD is monotonically decreasing in temperature (7) and reaches 0.6 with
estimated ~50% uncertainty at T = 120 MeV. A naive extrapolation of the leading order result shows that /s reaches the 1/47 minimum bound
proposed by Kovtun, Son, and Starinets using string theory methods at 7 ~ 200 MeV. This suggests a phase transition or cross over might occur
at T < 200 MeV in order for the bound to remain valid. Also, it is natural for n/s to stay close to the minimum bound around the phase transition

temperature as was recently found in heavy ion collisions.
© 2007 Elsevier B.V. Open access under CC BY license.

1. Introduction

Shear viscosity n characterizes how strongly particles inter-
act and move collectively in a many body system. In general,
strongly interacting systems have smaller n than the weakly in-
teracting ones. This is because 7 is proportional to € g, where
€ is the energy density and tnf is the mean free time, which is
inversely proportional to particle scattering cross section. Re-
cently a universal minimum bound for the ratio of n to entropy
density s was proposed by Kovtun, Son, and Starinets [1]. The
bound,

n 1

s > Am’ M
is found to be saturated for a large class of strongly interacting
quantum field theories whose dual descriptions in string theory
involve black holes in anti-de Sitter space [2-5].

Recently, /s close to the minimum bound were found in
relativistic heavy ion collisions (RHIC) [6-8]. This discovery
came as a surprise. Traditionally, quark gluon plasma (QGP)—
the phase of QCD above the deconfinement temperature 7,
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(~170 MeV at zero baryon density [9])—was thought to be
weakly interacting. Partly because lattice QCD simulations of
the QGP equation of state above 27T, were not inconsistent with
that of an ideal gas of massless particles, e = 3p, where e is
the energy density and p is the pressure of the system [9].
However, recent analyses of the elliptic flow generated by non-
central collisions in RHIC [7,8] and lattice simulations of a
gluon plasma [10] yielded n/s close to the minimum bound at
just above T,. This suggests QGP is strongly interacting at this
temperature.l (However, see Ref. [14] for a different interpre-
tation.)

Given this situation, one naturally wonders if n/s of QCD
was already close to the minimum bound at just above 7., what
would happen if we keep reducing the temperature such that
the coupling constant of QCD gets even stronger? Will the n/s
minimum bound hold up below 7,? If the bound does hold up,
what is the mechanism? Is the change of degrees of freedom
through a phase transition or cross over sufficient to save the
bound? If the bound does not hold up, what is the implication
to string theory?

1 See also [11-13]. For discussions of the possible microscopic structure of
such a state, see [15-19].
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To explore these issues, we use chiral perturbation theory
(xPT) and the linearized Boltzmann equation to perform a
model independent calculation to the n/s of QCD in the con-
finement phase. Earlier attempts to compute meson matter vis-
cosity using the Boltzmann equation and phenomenological
phase shifts in the context of RHIC hydrodynamical evolution
after freeze out can be found in Refs. [24-26]. In the deconfine-
ment phase, state of the art perturbative QCD calculations of
can be found in Refs. [27,28].

2. Linearized Boltzmann equation for low energy QCD

In the hadronic phase of QCD with zero baryon-number den-
sity, the dominant degrees of freedom are the lightest hadrons—
the pions. The pion mass m, = 139 MeV is much lighter than
the mass of the next lightest hadron—the kaon whose mass is
495 MeV. Given that T, is only ~170 MeV, it is sufficient to
just consider the pions in the calculation of thermodynamical
quantities and transport coefficients for 7' < 7.

The interaction between pions can be described by chiral
perturbation theory (xPT) in a systematic expansion in energy
and quark (z and d quark) masses [20-22]. xPT is a low energy
effective field theory of QCD. It describes pions as Nambu—
Goldstone bosons of the spontaneously broken chiral symme-
try. At T < T, the temperature dependence in w7 scattering
can be calculated systematically. At T = T,, however, the the-
ory breaks down due to the restoration of chiral symmetry.>

The shear viscosity 1 of the pion gas can be calculated either
using the Boltzmann equation or the Kubo formula. Since the
Boltzmann equation requires semi-classical descriptions of par-
ticles with definite position, energy and momentum except dur-
ing brief collisions, the mean free path is required to be much
greater than the range of interaction. Thus the Boltzmann equa-
tion is usually limited to low temperature systems. The Kubo
formula does not have this restriction. In this approach 7 can be
calculated through the linearized response function

0 I
n=_é / dr’ f di / &3 ([T (0), TV (x, 1)) 2)

with T/ the spacial part of the off-diagonal energy momen-
tum tensor. One might think a perturbative calculation of the
above two point function will give the answer for 7. But this
cannot be true if n o« Ty, as mentioned above, for Ty, — 00
in the free case. Indeed, the Kubo formula involves an infinite
number of diagrams at the leading order (LO) [23]. However,
in a weak coupling ¢* theory, it is proven that the summation
of LO diagrams is equivalent to solving the linearized Boltz-
mann equation with temperature dependent particle masses and
scattering amplitudes [23]. This proof extended the applicable
range of the Boltzmann equation to higher temperature but is
restricted to weak coupling theories. In the case we are inter-

2 The QCD chiral restoration temperature and the deconfinement temperature
happen to be close to each other at zero baryon density. We do not distinguish
the two in this Letter.

ested (QCD with T < 120 MeV), the range of interaction is
set by the pion mass which is ~1 fm. The mean free path is
~410 fm at T = 60 MeV and ~11 fm at T = 120 MeV. Thus,
we argue that below T = 120 MeV, the interaction is still suffi-
ciently weak that the use of the Boltzmann equation is justified.

The Boltzmann equation describes the evolution of the
isospin averaged pion distribution function f = f(x,p,?) =
fp(x) (afunction of space, time and momentum) as

"
oty =5 f ATy L1 fo(1 + )L+ f,)
)4

123

— 4+ A+ )} 3)

where E, = \/p? +m2 and g, = 3 is the degeneracy factor for
three pions,

3
1 d’k;
Aoz, = — TP ————
12;3p ZEpl | ll:{ (27T)3(2El)

x 2n)*8*(ky + ko — ks — p), 4)

and where 7 is the scattering amplitude for particles with mo-
menta 1,2 — 3, p. In xPT, the LO isospin averaged w7 scat-
tering amplitude in terms of Mandelstam variables (s, #, and u)
is

1
TP = : 3 @i+ n|T?Op
1=0,1,2
1
= —{21m} + 95> — 24MZ%s +3(t — w)*}. 5)
9fd

The temperature dependence in pion mass and pion scattering
amplitudes can be treated as higher order corrections.

In local thermal equilibrium, the distribution function
flgo) (x) = (ePOVuOP" _ 1)~ with B(x) the inverse tempera-
ture and V#(x) the four velocity at the space—time point x. A
small deviation of f, from local equilibrium is parametrized as

L) = 2@ = {1+ £ @} xpm)], (6)
while the energy momentum tensor is

&p pupy
T =gr | 553 Z,, fp(x). ()

We will choose the V(x) = 0 frame for the point x. This implies
3,V = 0 after taking a derivative on V,,(x)V*(x) = 1. Fur-
thermore, the conservation law at equilibrium 9, T#"|, »=0= 0
allows us to replace d;8(x) and 9;V(x) by terms proportional
to V- V(x) and VB(x). Thus, to the first order in a derivative
expansion, xp,(x) can be parametrized as

1
xp(x) =B(X)A(p)V - V(x) + ﬂ(X)B(P)(ﬁiﬁj - 581-,')

5 <V,-Vj(x)42erVi(x) — é(siij(x)), ®)
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where i and j are spacial indexes.> A and B are functions of x
and p. But we have suppressed the x dependence.

Substituting (8) into the Boltzmann equation, one obtains a
linearized equation for B

P
Pipj = 3%ijP

E
:g”_f’/drm,,(l+n1)(1+n2)n3(1+n,,)*1

2
123
x [Bij(p) + Bij(k3) — Bjj(k2) — Bij(k1)]
= g Fi;[B],
A 1
Bij(p) = B(P)(pipj - §5ij>s )

where we have dropped the factor (V; V;(x) + V;V; (x) — trace)

contracting both sides of the equation and written fl.(o) (x) at this
point as n; = (eP€i — 1)~!. There is another integral equation
associated with V - V(x) which is related to the bulk viscosity ¢
that will not be discussed in this Letter. The V - 8 and 9,V terms
in pta, f,§°) will cancel each other by the energy momentum
conservation in equilibrium mentioned above.

In equilibrium the energy momentum tensor depends on
pressure P(x) and energy density €(x) as T,E?,) x)={Px)+
exX)}Vu(x)Vy(x) — P(x)8,n. A small deviation away from
equilibrium gives additional contribution to 7}, whose spacial
components define the shear and bulk viscosity

ViV; ViV 1
5Tz‘j=—277< Vi) +V; z(X)_g&_jv.V(x))

2
+ 28V V). (10)

After putting everything together we obtain

- 1
_8 .3/(27_[)3 E, p(1+np)Bij(17)<Pin _§5ijp2>

_ g”ﬁ f 27 E, (U 1) By (p) [ B]

= gﬂ<B|F B]). (11)
Here we see immediately that if the scattering cross section is
scaled by a factor «,

dlMo3p = a(dl2;3,), (12)
then Eqgs. (9) and (11) imply the following scaling

B;j(p) —>0lleij(P),
n—a 'y, (13)

with n proportional to the inverse of scattering cross section.
This non-perturbative result is a general feature for the lin-
earized Boltzmann equation with two-body elastic scattering.

3 A non-derivative term is not allowed since fp should be reduced to f), O
when 8 and V# become independent of x. There is no term with single spacial
derivative on B(x) either. The only possible term (V - V)B(x) vanishes in the
V(x) =0 frame.

To find a solution for B(p), one can just solve Eq. (9). But
here we follow the approach outlined in Refs. [25,26] to assume
that B(p) is a smooth function which can be expanded using a
specific set of orthogonal polynomials

=g,' > bB7(2(p)), (14)

r=0

B(p)
where B (z) is a polynomial up to z” and b, is its coefficient.
The orthogonality condition

dp p?
(2n)3 Ep

—np(1+n,)BP @BV (2) o5 (15)
can be used to construct the B"”)(z) polynomials up to normal-
ization constants. For simplicity, we will choose

BOz)=1.

With this expansion, the consistency condition for B(p) in
Eq. (11) yields

n= ZbrL(r) — Zbr<B(r)’ﬁ[B(S)])bs, (16)
r r,s
where
3
w_B [ &p p ")
L0 =L [ SR T m B oo, (1D

Since b, is a function of my, fr and T, the b,’s in Eq. (16)
are in general independent functions, such that L) = 3" s (BM|
F [B®)])b, [one can show that this solution of b, gives a unique
solution of 5], or equivalently

80,LD = (BV|F[BD])bs. (18)
N

This will allow us to solve for the by and obtain the shear vis-

cosity

n=>byL Y. (19)

In the next section, we will show that this expansion con-
verges well, such that one does not need to keep many terms on
the right-hand side of Eq. (18). If only the s = 0 term was kept,
then

(L)
~ (BOIF[BOY)
The calculation of the entropy density s is more straightfor-
ward since s, unlike 7, does not diverge in a free theory. In x PT,

the interaction contributions are all higher order in our LO cal-
culation. Thus we just compute the s for a free pion gas:

5 0 logZ
= —8n 5 21
s gﬂaﬁﬁ (21

where the partition function Z for free pions is

(20)

logZ 1 d’p
g BJ @)

up to temperature independent terms.

log{1 — e PEPY (22)
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3. Numerical results

In this section we present the results for n and n/s of QCD
up to T = 120 MeV at zero baryon number density. In Fig. 1
the LO xPT result of n using the linearized Boltzmann equa-
tion is shown. The lines with circles, squares and triangles
correspond to keeping the first one, two and three polynomi-
als on the right-hand side of Eq. (18), respectively. We have
used z(p) = |p| to construct the polynomials. The figure shows
the expansion converges rapidly. As a test of the calculation, we
also reproduce the shear viscosity result of Ref. [23] for ¢* the-
ory by setting the scattering amplitude 7 = X to be a constant.
In ¢* theory, n is monotonically increasing in 7. If T >> My,
n o T3 /2% with T3 given by dimensional analysis and A~2 by
the scaling of coupling shown in Eqgs. (12) and (13). In xPT,
however, 1 is not monotonic in 7. At T < m, the scattering
amplitude is close to a constant, thus xPT behaves like a ¢*
theory. But at 7 > m,, T « T2/f7% and n « fj‘T‘/T. At what
temperature the transition from 7 oc T3 to n o< 1/ T takes place
depends on the detail of dynamics. In xPT, this temperature is
around 20 MeV.

The radius of convergence in momentum for yPT is typi-
cally 4 f; ~ 1 GeV. To translate this radius of convergence
into temperature, we compute the averaged center of mass mo-

mentum (|p|) = \/<B|p2|ﬁ[B]>/(B|ﬁ[B]>. We found that for
T =120 and 140 MeV, (|p|) ~ 460 and 530 MeV < 4xf,.
However, xPT is expected to break down at the chiral restora-
tion temperature (~170 MeV). Thus our LO xPT result can
only be trusted up to 7 ~ 120 MeV. At the next-to-leading
order (NLO), it is known that the isoscalar mwm scattering
length will be increased by ~40% [22]. This will increase the
cross section by ~100% and reduce 1 by ~50% near thresh-
old. This is an unusually large NLO correction since a typical
NLO correction at threshold is <20%. The large chiral cor-
rections do not persist at the higher order. At the next-to-next-
to-leading order (NNLO), the correction is ~10% [22]. Thus,
to compute n to 10% accuracy, an NLO xPT calculation is
needed.

2N LA R S B B B N
0.0030 =

» 1st [xPT] ]

— 0.0025 :_ —o— 2nd [xPT] _:
% o —a— 3rd [xPT] A
G 0.0020 =
= ]
0.0015 =
0.0010 =
| L I | I [

3
0 20 40 60 80
T(MeV)

100 120

Fig. 1. (Color online.) Shear viscosity as a function of temperature in LO xPT.
Ist, 2nd and 3rd are the results of keeping the first one, two and three polyno-
mials on the right-hand side of Eq. (18), respectively.

The LO xPT result for n/s is shown in Fig. 2 (line with rec-
tangles). The error is estimated to be ~50% up to 120 MeV. n/s
is monotonically decreasing and reaches 0.6 at 7 = 120 MeV.
This is similar to the behavior in the m,; = 0 case (shown
as the line with rectangles) where n/s o f,f /T* with s oc T3
from dimensional analysis and f; = 87 MeV in the chiral
limit [21,22].

For comparison, we also show the result using phenomeno-
logical mmr phase shifts [29] for n but free pions for s. (Our
result for n is in good agreement with that of [26] for T be-
tween 60 and 120 MeV. For an earlier calculation using the
Chapman-Enskog approximation, see Ref. [30].) This amounts
to take into account part of the NLO mm scattering effects
but ignore its temperature dependence and the interaction in s.
Since not all the NLO effects are accounted for, this 7/s is not
necessarily more accurate than the one using LO xPT. The
comparison, however, gives us some feeling of the size of er-
ror for the LO result we present here. Thus, an error of ~100%
at T = 120 MeV for the LO result might be more realistic.

Naive extrapolations of the three 1/s curves show that the
1/4mr = 0.08 minimum bound conjectured from string theory
might never be reached as in phase shift result (the first sce-
nario), or more interestingly, be reached at T ~ 200 MeV, as
in the LO xPT result (the second scenario). In both scenarios,
we see no sign of violation of the universal minimum bound
for n/s below T,. But to really make sure the bound is valid
from 120 MeV to T, a lattice computation as was performed to
gluon plasma above T, [10] is needed. In the second scenario,
assuming the bound is valid for QCD, then either a phase tran-
sition or cross over should occur before the minimum bound is
reached at T ~ 200 MeV. Also, in this scenario, it seems nat-
ural for n/s to stay close to the minimum bound around 7, as
was recently found in heavy ion collisions.

In the second scenario, one might argue that the existence
of phase transition is already known, otherwise we will not
have spontaneous symmetry breaking and the corresponding
Nambu—Goldstone boson theory at low temperature in the first

10 .
8 L —
L o— xPT[m_ =139 MeV] E
- PT[m. =0 MeV]
\g- 6 i ZPT[m e
4 -
2 (—
- Pt d
0 - L g | 1]
60 80 100 120
T(MeV)

Fig. 2. (Color online.) Shear viscosity to entropy density ratios as functions
of temperature. Line with circles (rectangles) is the LO xPT result with
myg = 139(0) MeV and fr = 93(87) MeV. Line with triangles is the result
using w7 phase shifts (PS). Dashed line is the conjectured minimum bound
1/4m ~0.08.
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place. Indeed, it is true in the case of QCD. However, if the n/s
bound is really set by nature, then a phase transition is in-
evitable in the vicinity of the temperature where the bound is
reached. For a spontaneous symmetry breaking theory, the gen-
eral feature of /s we see here seems generic. At very high T,
collective motion is weak, thus n/s gets smaller at lower T.
At very low T in the symmetry breaking phase, the Nambu-—
Goldstone bosons are weakly interaction at low temperature,
thus n/s gets smaller at higher 7. A phase transition should
occur before the extrapolated /s curve coming from high T
reaches the bound at 77. Similarly, a phase transition should
occur before the extrapolated n/s curve coming from low T
reaches the bound at 7>. Thus the range of phase transition is
T1 < T, < T». However, it is also possible that the first scenario
takes place and 7/s bounces back to higher values without a
phase transition. In this case, it is less clear what makes 7n/s
non-monotonic and it certainly deserves further study.

It is interesting to note that the degeneracy factor g, drops
out of n while the entropy s is proportional to g, as in Egs. (16)
and (21), respectively. This suggests the 1/s bound might be vi-
olated if a system has a large particle degeneracy factor.* For
QCD, large g, can be obtained by having a large number of
quark flavors Ny with g; ~ N 2 However, the existence of con-
finement demands that the number of colors N, should be of
order Ny to have a negative QCD beta function. After using
fr % +/N, the combined N, and N r scaling of /s is
n fx N

s g.T* N—f’

(23)

which is of order one. Thus QCD with large N, and N s can still
be consistent with the 1 /s bound below T.

4. Conclusion

We have explored whether the conjectured 7/s minimum
bound will hold up below the QCD deconfinement temperature.
Using chiral perturbation theory and the linearized Boltzmann
equation we have computed the QCD 5/s ratio at zero baryon
number density and for 7 < 120 MeV. It is found that n/s is
monotonic decreasing in 7 and it reaches 0.6 with estimated
50% uncertainty at 7 = 120 MeV. Naive extrapolations have
shown that /s met the 1 /47 minimum bound conjectured from
string theory at T ~ 200 MeV as in the LO xPT case, or n/s
stayed above the bound as in the phenomenological phase shift
case. In the former case, in order for the 1/s lower bound to
remain valid at higher temperature, a phase transition or cross
over should occur at 7 < 200 MeV before the bound is reached.
We argued that this might be a general feature for spontaneous
symmetry breaking theories that the extrapolation of the low
(high) temperature n/s curve sets an upper (lower) bound on 7.
Our result also suggests that it is natural for n/s to stay close to
the lower bound around the phase transition temperature as was
recently found in heavy ion collisions.

4 We thank Thomas Cohen for pointing this out to us. This possibility was
also mentioned in Ref. [1].

As this Letter was being finished, Ref. [31] appeared. In that
Letter, some of the relations between T, and the n/s bound are
also discussed.

Acknowledgements

We would like to thank Thomas Cohen, Will Detmold,
Chung-Wen Kao and D.T. Son for useful discussions. E.N. is
grateful to Kyosuke Tsumura for valuable comments on viscos-
ity in QGP. This work was supported by the NSC and NCTS of
Taiwan, ROC.

References

[1] P. Kovtun, D.T. Son, A.O. Starinets, Phys. Rev. Lett. 94 (2005) 111601.
[2] G. Policastro, D.T. Son, A.O. Starinets, Phys. Rev. Lett. 87 (2001) 081601.
[3] G. Policastro, D.T. Son, A.O. Starinets, JHEP 0209 (2002) 043.
[4] C.P. Herzog, J. High Energy Phys. 0212 (2002) 026.
[5] A. Buchel, J.T. Liu, Phys. Rev. Lett. 93 (2004) 090602.
[6] 1. Arsene, et al., Nucl. Phys. A 757 (2005) 1;
B.B. Back, et al., Nucl. Phys. A 757 (2005) 28;
J. Adams, et al., Nucl. Phys. A 757 (2005) 102;
K. Adcox, et al., Nucl. Phys. A 757 (2005) 184.
[7] D. Molnar, M. Gyulassy, Nucl. Phys. A 697 (2002) 495;
D. Molnar, M. Gyulassy, Nucl. Phys. A 703 (2002) 893, Erratum.
[8] D. Teaney, Phys. Rev. C 68 (2003) 034913.
[9] F. Karsch, E. Laermann, in: R.C. Hwa, X.-N. Wang (Eds.), Quark—Gluon
Plasma, vol. 3, World Scientific, Singapore, 2004, p. 1, hep-1at/0305025.
[10] A. Nakamura, S. Sakai, Phys. Rev. Lett. 94 (2005) 072305.
[11] M. Asakawa, T. Hatsuda, Phys. Rev. Lett. 92 (2004) 012001.
[12] S. Datta, F. Karsch, P. Petreczky, I. Wetzorke, Phys. Rev. D 69 (2004)
094507.
[13] T. Umeda, K. Nomura, H. Matsufuru, hep-1at/0211003.
[14] M. Asakawa, S.A. Bass, B. Muller, hep-ph/0603092.
[15] E.V. Shuryak, 1. Zahed, Phys. Rev. D 70 (2004) 054507.
[16] V. Koch, A. Majumder, J. Randrup, Phys. Rev. Lett. 95 (2005) 182301.
[17] J. Liao, E.V. Shuryak, hep-ph/0510110.
[18] G.E. Brown, C.-H. Lee, M. Rho, E.V. Shuryak, Nucl. Phys. A 740 (2004)
171.
[19] G.E. Brown, C.-H. Lee, M. Rho, Nucl. Phys. A 747 (2005) 530.
[20] S. Weinberg, Phys. Rev. Lett. 18 (1967) 188;
R. Dashen, M. Weinstein, Phys. Rev. 183 (1969) 1261;
L.-F. Li, H. Pagels, Phys. Rev. Lett. 26 (1971) 1204,
P. Langacker, H. Pagels, Phys. Rev. D 8 (1973) 4595;
S. Weinberg, Physica A 96 (1979) 327,
S. Coleman, J. Wess, B. Zumino, Phys. Rev. 177 (1969) 2239;
C. Callan, S. Coleman, J. Wess, B. Zumino, Phys. Rev. 177 (1969) 2247.
[21] J. Gasser, H. Leutwyler, Nucl. Phys. B 250 (1985) 465;
J. Gasser, H. Leutwyler, Ann. Phys. 158 (1984) 142.
[22] G. Colangelo, J. Gasser, H. Leutwyler, Nucl. Phys. B 603 (2001) 125.
[23] S. Jeon, Phys. Rev. D 52 (1995) 3591;
S. Jeon, L. Yaffe, Phys. Rev. D 53 (1996) 5799.
[24] D. Davesne, Phys. Rev. C 53 (1996) 3069.
[25] A. Dobado, S.N. Santalla, Phys. Rev. D 65 (2002) 096011.
[26] A. Dobado, F.J. Llanes-Estrada, Phys. Rev. D 69 (2004) 116004.
[27] P. Arnold, G.D. Moore, L.G. Yaffe, JHEP 0305 (2003) 051.
[28] P. Arnold, G.D. Moore, L.G. Yaffe, JHEP 0011 (2000) 001.
[29] A. Schenk, Nucl. Phys. B 363 (1991) 97;
G.M. Welke, R. Venugopalan, M. Prakash, Phys. Lett. B 245 (1990) 137.
[30] M. Prakash, M. Prakash, R. Venugopalan, G.M. Welke, Phys. Rev. Lett. 70
(1993) 1228;
M. Prakash, M. Prakash, R. Venugopalan, G.M. Welke, Phys. Rep. 227
(1993) 321.
[31] L.P. Csernai, J.I. Kapusta, L.D. McLerran, nucl-th/0604032.



	Shear viscosity to entropy density ratio of QCD below  the deconfinement temperature
	Introduction
	Linearized Boltzmann equation for low energy QCD
	Numerical results
	Conclusion
	Acknowledgements
	References


