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» Roles of relativity & inelastic collisions: Results for the former
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Temperature dependence of 7

Estimates from kinetic theory:

1 D B 1 oC 2 . 29
~ — ; T) = - dg g'e™? /d@ sin® 6 —— .0
1~ 3 Mg ), e (725)
p : Mean momentum, ¢ : Scaled (w.r.t. p,,,.) relative momentum.
a.(T) : =T (= §~*)—dependent transport cross section.

Relativistic expressions are more complicated, but have similar content.

D h action

i a(T) =7 Ao (T) :_ physical volume

Above, ) is the thermal de-Broglie wavelength.
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lllustration with the delta-shell gas

Delta-shell potential : V(r) = —v d(r — R)
Strength & extent: v & R Dilution parameter : nR?
Single dimesionless physical parameter : ¢ = (2uvh?) R
Delta-shell scattering length a,; and range parameter r:
Cross section at low energies: o = 4ra?,
asl:% and r0:?<1—|—1)

Interesting cases :

1 unitarity limit
g= — 204+ 1 resonances
—00 hard-sphere

The QM two-body problem analytically solvable (Gottfried, 1966).
For thermal and transport properties, see Postnikov & Prakash (2009).
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Asymptotic trends of delta-shell viscosity

‘ 2 N\ 1/2
(1%9) (T /T) for g # 1,3 (non — resonant region )
\ 3/2
1~ { o6r (T /T ) for g = 1 (unitarity limit)
! 16 =\ /2
| (T/T) for g = 3 (I = 1 resonance) .
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Effective physical volumes

g mnD n mnD /n

1 3271 A 154271 K é — 0.80
4 )3 16 M\ 5

ST R Ry
104v/2 A R?  111/2AR? 520

3v2 h 5v2 R 6

— =1.20
16 A a? 32 \a? 5

£1.3

Table 1. First order coefficients of diffusion (times mn),
shear viscosity, and their ratios for 7' < T for select ¢'s .
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Expectationsfor relativistic particles

n = h/(A5(T))

Unitary limit : For infinitely strong coupling, ,(T) — oo,
but 1 remains finite as \* replaces 7,(7"). Consequently,

N = E—#T3

(see also, Danielewicz & Gyulassy (1985) & earlier works).
Pion gas: For both chiral pions (m, = 0) and for massive pions treated

using current algebra, o oc E2_; thus, o;(T') o< 7. Hence,

hT
n = —#—

c.m?

With experimental cross sections featuring the p—resonance

prominently,
(vm,T toT)
or(T)

n =+
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Exampletotal crosssections. o
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Fig. 16. Isospin averaged total elastic cross-sections versus center of mass energy, (a) am, eq. (AJ3) (solid curve); current
alpebra result, eq. (A.5) (dashed line): and corresponding chiral result (dotted curve). (b} nK, eq. (A4} (c) xM, from
eq. (A.6). (d) (K* KUN), from expression analogous to ¢q. (A.6). (e) (K- KN, from expression analogous 1o eq, (A6).

(Y NN, from eq. (A10),
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Viscosities for relativistic particles

First order transport coefficients:

nD = (9/8)kT [zh(y — 5/3) +7)]2/wf?
nD = (5/8RT 1w — 27wl 2 f3)

with the relativistic omega—integrals wf) given by

(s) ITZ3cC
Z K3(z)

/ drp sinh” ) cosh’ ¢ K ; (22 cosh ¢))
0

X / dO sin Oc (1), ©)(1 — cos'® O)

0
T 5/2—|—(—1)i/27 7 =0,+1,£2, ... s=2.46,--

Rel. mom. ¢ = mcsinh ¢ & and tot. mom. P = 2mc cosh 1.
Reduced enthalpy h = K5(2)/K>(z) & ratio of sp. heats v = ¢, /¢,
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Inelastic collisons & shear viscosity

Inelastic collisions can induce transitions to excited states or result in
new species of particles. For the general formalism, see e.g., Kapusta

(2008). In the nonrelativistic case (applicable to heavy resonances) of
1+ 7 — k+ 1 (Wang et al., 1964),

1 8 1 €;,—€,
e e D

1,7,k,l

Iy = ///d'ye’yv 0 %9 ¢) sin® 0 df) d¢
_~2 5 3
I, = dye 7 v° Ae 1——sm 0 sm@d@dqb

€ = De=egy—& — & — &

kT

Vi = (”f%ﬂ')m Pi _Pi
" 2KT m; m;
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Role of inelastic collisionsin bulk viscosity

Internal excitations and creation of new species of particles contribute to
bulk viscosity. For nonrelativistic particles (Wang et al., (1964)),

nk?T
T = 773 Z ey T

C, l

For each species [, the relaxation time 7 IS

1 ETN\M? 1

- = 2nc;”t( ) (A)? e x I
T DT

I = ///dfye'yfy 0 (’y,@ ¢)sin @ db do

Generalization to the relativistic case in van Weert et al. (1973).
Numerical results for HIP under progress.
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Resultsfor chiral & current algebrao’s
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Fig. 8. Convergence of successive approximations to the transport coeffictents of (a) chiral pions [see eq. (420} for 7
lependence] and (b) of massive pions using the current algebra result |eq. (AJ5)] for mm scattering,

nsc? ~ (0.25) - (%) (f—T) frc =2 7.5 (£22) MeV fm—2 /




Pion gas. results with experimental o’s
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Fig. 9 Bulk wiscosity 0%, shear viscosity nw?, and heal conductivity times wemperature AT of miassive pions, from

e (€.1) through eq. (C.9), up to the third order of the Chapman-Enskog approximation using the experimental cross-
sections [eq. (A30] for mx scattering.

Note 7'—dependence & convergence of results with experimental o’s.
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Formulas for binary mixtures

Bulk viscosity:
ay _ KTM?n® o3

° 16101102 W§§%O<012)

)

where oy = 561[’}/1 — ’}/]/["}/1 — 1]
Diffusion coefficient:

) 3MET 1

~ 16nmym ] '
o (Wﬁ)oo —3(21 + 22)1W§22)0)

Shear viscosity:

21272
779) = £ 10 <01’71+01’Yl),

M1 = —1001h1/62, Vo1 = —1chh2/c2.
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Results for binary mixtures
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Fig. 11. Transport coefficients in & a™N mixture. (a) Shea)

viscosily and thermal conductivity, (b) Diffusion and ther
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Formulasfor relaxation times

From the relativistic generalization of Grad’s moment method, the
coefficients of the time derivatives of the various fluxes yield

77'0 / )\TC_2 ﬁ/ 2773 /
v o g , TN — 9 Tn — )
! nkT Y A nkT "} T nkT 12
where
o (0=Tph+22(5/3 )
N

(5/3—7)h—n]
B = |(r=1)/vh] |50y =Dk =2 |
v = (3+2%/2h)/h.
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Resultsfor relaxation times
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Fig. 12. Relaxation times of bulk and shear viscous flow, and also heat flow in a gas of interacting pions from eq. (5.2).

Note: The relaxation times converge at high 7', but diverge at low 7.
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Momentum relaxation timesin a mixture

For the £th component,

2, |3+ (z,%/Qka)}
nkl’ (Z}]jﬂ xkﬁk) |

Above, n, Is the shear viscosity of the mixture.

n /
Tk __'i2775773ﬂ7 —

For shear flow,

R — 7-_{7 _ 6 + 21 K5(21)/ K3(21) —
T3 6+ 22Ks(2)/Ks(20) " T KT

For z; < 6, R" — 1, whereas for z; > 6, R — my/ms.
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Relaxation times for mixtures
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Fig. 13. Relaxation times of heat flow in (a) a zK mixture Fig. 14, Relaxation times of shear viscous flow in (a) a K
and {(b) a 7N mixture from eq. (5.4), mixture and (b) a zN mixture from eq. {5.6).

Note: The ratio of nucleon to kaon relaxation times is nearly unity at

T = 200 MeV, whereas at 7' = 100 MeV, the ratio is nearly my/mg.
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Tasksto accomplish

» Extension to N-component mixtures; formalism ready
(calculations for hadronic mixtures await completion.)

» Comparison of Chapman-Enskog & Greek-Kubo calculations
(collaboration with Duke Univ. forged).

» Preparation of tables for use in hydrodynamic calculations
(require inputs from hydrodynamicists).
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