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The ratio of 77/s and elliptic flow

The collective flow with viscous effects reduces the magnitude of elliptic
flow relative to ideal (non-viscous) hydrodynamic motion.?
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(Color online) Charged hadron v in
10-20 % central collisions for average
initial conditions (avg) and event-
by-event simulations (e-b-e). The bands
indicate the statistial error.
Experimental data from ALICE.(Glauber
initial condition)

23/07/2013 2 /17



Qualitative aspects of viscosity

Shear Viscosity Bulk Viscosity

dv
F= _nsd—y (2) F=-nvV-v (3)

F. Reif, Fundamental of statistical and Thermal Physics
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The Chapman-Enskog approximation
Shear Viscosity (first order approximation)
1 'yg A .
slh, = —= 1T —; = —10h; h= )
[7] ]1 10 Co0 v KQ(Z)

where z = m/T is the relativity parameter.

1 1 s
coo = 16 (wéQ) - ;w]@ + gw((f)) ; wg ) = Rel. Omega Integral (5)

Relativistic Omega Integral:
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0

where relative momentum g = mesinh ¢, total momentum P = 2mc cosh ),
differential cross section o (1,6) and j = 5/2 + (—1)?/2.
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K-Matrix cross section |

This formalism was introduced by Wigner and Eisenbud for the study of
resonances in nuclear reactions in order to maintain unitarity of the T-matrix3
The scattering operator, .S, can be decomposed as

S =T1+42iT; I(Indentity operator); T — matrix (Interaction terms)  (7)

The K operator is introduced as follows:
K'=7T"'4il, K=K". (8)

The K-matrix is symmetric and real.
We can write the 1" matrix into its real and imaginary parts as follows:

ReT = (I+K*) 'K=K(I+K?*"!
ImT = (I+K) 'K?=K*I+K*™', T=¢%siné (9)

Details of calculations for hadronic resonances can be found in ArXiv.1307.4681
3Wigner & Eisenbud,1946 & 1947
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K-Matrix cross section |l

In the case of resonances, the K —matrix can be written

o mRFRab
Kn=2 =i
R R

a+b—R—>a+b

R = Resonances

where the partial decay width is given by:

it =10 (22

m

and the B-factor is

B:n((jsfm) -

q(m)
Q(mR)

)

l
Rap

(0, qr))

(11)

details of F-factor can be found in ArXiv:1307.4681

as follows:

(10)
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Two and more resonances
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Two and more resonances

T—7— Mpi,Mpo >m—7
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Methods to calculate equation of state

© Non-interacting hadrons gas: Pressure, energy density and entropy density
of the system are sums of individual pressure, energy density and entropy
density of particles.

© Cluster-expansion:* Pressure, energy density and entropy density of the
system can be calculated from virial expansion.®

(3]
11 o I
P - 353 |, - de €2 K1(ep) ;9151 (12)
1 e I
&= i) de 8 [Ks(eB) + Ko(eB)] ;9151 (13)
s = By / de € Ko(eB) 291151 (14)

“Kahn & Uhlenbeck, 1938; Batx & Uhlenbeck
5Dashen, Ma, & Bernstein & R. Venugopalan &M. Prakash, 1992
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The ratio of 75/s an interacting pion gas

Table: List of resonances in the case of m — 7 interaction.

Particle Mass Width T—T
(Mev) (MeV)

P 774 150 1
w 782 8 0.02
fo 980 100 0.7
Jo2 1370 200 0.1
s 1270 185 0.5
f 1525 76 0.01
P2 1465 310 0.5
p3 1700 235 0.1
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The ratio of 7,/s of an interacting pion gas

Shear viscosity of pion gas
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The ratio of 75/s of an interacting pion gas
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Resonances in the m — K — n — N mixture

T—T
7 ™=
p, w, fo, fo2, f2 . fa. p2. p3 a0 & a5 - 2 resonances
8 resonances
% w-N
p—
— — A(1232 —1950) - 10 resonances
K7 Ko, Ko, Ky K N*(1440 — 1990) - 11 resonances
5 resonances N
K- K _
. A* (1520 — 1890) - 9 resonances
(]’Oy (/)r f()r (]’21 (/)21 ¢3 ( )

¥*(1440 — 1940) - 6 resonances
6 resonances
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Interaction Measure (comparison with lattice results)
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The ratio of 7,/s Mixture
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Summary & Outlook

© Summary:

» It is important to include massive resonances in the shear viscosity and
entropy density calculation, particularly close to T.. The magnitude of
the shear viscosity is controlled by low-mass components of the
mixture. Entropy density receive contribution also from the high mass
components.

» For nearby resonances, the K —matrix preserve unitarity.

© Outlook:

» Calculations for uy, 15 not equal to zero case to address low energy
scan at RHIC and future experiments.

» The ratio of bulk viscosity to entropy density as welll as the connection
of bulk viscosity to the hadronic energy loss.
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