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Motivation

I flow data at RHIC
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[P. & U. Romatschke, PRL (2007)]

[H. Niemi et al., PRL (2011)]

I conventional interpretation: QGP = “nearly perfect fluid” (η/s ∼ 1
4π )

I more recent: hydrodynamics more sensitive to hadronic phase

Ü aim: microscopic understanding of the shear viscosity in the hadronic phase
I here: BUU approach to ππ-scattering in the NJL model

I correct low-temperature limit
I imprints of the chiral crossover and the compositeness of the pions
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Viscous relativistic hydrodynamics

I basic ingredients and conservation laws:
I fluid 4-velocity uµ(x), uµ(x)uµ(x) = 1
I energy-momentum tensor Tµν (x), ∂µTµν (x) = 0
I particle current Jµ(x) = n(x)uµ(x), ∂µJµ(x) = 0

I additional assumption:

EoS + local thermal equilibrium Ü ε(x) = ε(p(x))

I gradient expansion:

Tµν = T (0)µν + T (1)µν + ... (and similar for Jµ)
I ideal fluid:

T (0)µν = (ε + p) uµuν − p gµν

I 1st-order viscous correction:

T (1)µν = η
(
∂µuν + ∂νuµ + uµuλ∂λuν + uνuλ∂λuµ

)
+
(
ζ − 2

3η
)

(gµν − uµuν ) ∂λuλ
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Quantum relativistic kinetic theory

I underlying assumption: mean free path λ � interaction range r

I particle phase-space distribution function: fa(~x ,~p, t)

Ü Tµν (x) =
∑
a

ga
∫ d3p

(2π)3
pµpν

Ep
fa(~x ,~p, t)

I Boltzmann-Uehling-Uhlenbeck (BUU) equation (2→ 2)

p

p
1

p

p
1

'

'

d
dt fa(~x ,~p, t) =

∑
b

gb
1+δab

∫ d3p′

(2π)3

∫ d3p1
(2π)3

∫ d3p′
1

(2π)3

{
|Mab|2 (2π)4δ4(p+p1−p′−p′

1)
16EE1E′E′

1

×
[
f ′af ′1b(1 + fa)(1 + f1b)− faf1b(1 + f ′a)(1 + f ′1b)

]}
I linearization (2nd -order Chapman-Enskog expansion)

fa = f (0)
a + f (1)

a + ... , local equilibrium: f (0)
a (x , p) = 1

exp[(pµuµ(x)−µπ (x))/T (x)−1]

Ü linear integral equation for η

I physics input: scattering matrix elementMab here: ππ → ππ in NJL
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Mesons in the NJL model

I Lagrangian: L = ψ̄(i∂/−m)ψ + g
[
(ψ̄ψ)2 + (ψ̄iγ5~τψ)2

]
I gap equation: +_

_ Ü dynamical quark masses

I mesons (RPA): = + + ... = +

I in-medium masses:

0

200

400

600

800

 0  50  100  150  200  250  300

m
as

s 
[M

eV
]

T [MeV]

q

π
σ

I characteristic temperatures:
[Quack et al., PLB (1995)]

I σ-dissociation temperature:

mσ(Tdiss) = 2mπ(Tdiss)

here: Tdiss = 180 MeV

I Mott temperature:

mπ(TMott ) = 2mq(TMott )

here: TMott = 199 MeV
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In-medium ππ-scattering

I scattering amplitude
[Bernard et al., PLB (1991), Schulze, JPG (1995)]

I leading order 1/Nc

I to be taken in s-, t-, and u-channel
I consistent with chiral low-energy

theorems

I scattering length

aI = 1
32πmπ

MI
ππ(s = 4m2

π, t = u = 0)

I chiral expansion [Weinberg, PRL (1966)]

a0
W = 7mπ

32πf 2
π

, a2
W = − 2mπ

32πf 2
π

I numerical results
cf. [Quack et al. PLB (1995)]
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I Weinberg values at low T
I “Feshbach resonances”

at Tdiss and TMott
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In-medium cross section

I isospin averaged cross section:
(

dσ
dΩ

)
cm = 1

9

2∑
I=0

(2I + 1) |M
I
ππ|2

64π2s

I iMππ = +

I approximations:

1. Weinberg amplitude

MI
ππ = 32πmπ aI

W

(T and momentum independent)

2. evaluateM at threshold

MI
ππ = 32πmπ aI (T )

3. keep momentum dependence of
the σ exchange
(but still evaluate quark triangles
and boxes at threshold)

total cross section (T = 0)

10-1
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σ t
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Including the sigma-decay width

I physical inconsistency:

σ ↔ ππ considered in scattering,
but not in RPA sigma propagator

⇒ width strongly underestimated

Ü include

I 1/Nc-correction term
I but there are many more
⇒ inconsistency with chiral symmetry

Ü include only imaginary part:

Πdressed = ΠRPA
σ + ImΠππσ

Ddressed
σ = −2g

1−2gΠdressed
σ

I (unnormalized) spectral function

ρσ(q) = −2 Im Dσ(q)

T = 0
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Cross section with sigma-decay width

total cross section (T = 0)
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I T = 0:

σ = σWeinberg at threshold

I small and intermediate T :

σ � σ(M)thresh � σWeinberg

I T ≈ Tdiss:

σ(M)thresh � σ � σWeinberg

I T > Tdiss:

σ → ππ irrelevant
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Shear viscosity: numerical results
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I criterion: λ

r � 1 (dilute gas)
I λ = 1

nσ mean free path
I r = interaction range

(e.g., 1/mσ , 1/mπ , hard sphere:
√
σ
π

)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 50 100 150 200

λ
/r

T [MeV]

September 20, 2011 | Michael Buballa | 11



Shear viscosity: numerical results

I

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

0 50 100 150 200

η
 [

G
e
V

3
]

T [MeV]

I Weinberg
I M =Mthreshold

I RPA σ-propagator
I dressed σ-propagator

I validity of the kinetic aproach:
I criterion: λ

r � 1 (dilute gas)
I λ = 1

nσ mean free path
I r = interaction range

(e.g., 1/mσ , 1/mπ , hard sphere:
√
σ
π

)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 50 100 150 200

λ
/r

T [MeV]

September 20, 2011 | Michael Buballa | 11



Shear viscosity: numerical results

I

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

0 50 100 150 200

η
 [

G
e
V

3
]

T [MeV]

I Weinberg
I M =Mthreshold

I RPA σ-propagator

I dressed σ-propagator

I validity of the kinetic aproach:
I criterion: λ

r � 1 (dilute gas)
I λ = 1

nσ mean free path
I r = interaction range

(e.g., 1/mσ , 1/mπ , hard sphere:
√
σ
π

)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 50 100 150 200

λ
/r

T [MeV]

September 20, 2011 | Michael Buballa | 11



Shear viscosity: numerical results

I

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

0 50 100 150 200

η
 [

G
e
V

3
]

T [MeV]

I Weinberg
I M =Mthreshold

I RPA σ-propagator
I dressed σ-propagator

I validity of the kinetic aproach:
I criterion: λ

r � 1 (dilute gas)
I λ = 1

nσ mean free path
I r = interaction range

(e.g., 1/mσ , 1/mπ , hard sphere:
√
σ
π

)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 50 100 150 200

λ
/r

T [MeV]

September 20, 2011 | Michael Buballa | 11



Shear viscosity: numerical results

I

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

0 50 100 150 200

η
 [

G
e
V

3
]

T [MeV]

I Weinberg
I M =Mthreshold

I RPA σ-propagator
I dressed σ-propagator

I validity of the kinetic aproach:
I criterion: λ

r � 1 (dilute gas)
I λ = 1

nσ mean free path
I r = interaction range

(e.g., 1/mσ , 1/mπ , hard sphere:
√
σ
π

)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 50 100 150 200

λ
/r

T [MeV]

September 20, 2011 | Michael Buballa | 11



Fluidity

I most popular measure: η/s

I η from our “best model”
(dressed σ-meson)

I entropy density of an
ideal pion gas

I alternative measure: Lη/Ln

[Liao & Koch, PRC (2010)]

I Lη = η
hcs

, Ln = n−1/3
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I qualitative agreement!

I simple estimate: η ≈ 1
3 np̄λ = p̄

3σ(p̄)

works quite well ...
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Conclusions

I summary:

I shear viscosity from ππ-scattering in the NJL model in kinetic theory
I agreement with lowest-order χPT (Weinberg) at low T , much lower values when

approaching the crossover
I quantitative results very sensitive to details of the model

I outlook:

I better description of p-wave ππ scattering (include ρ-meson)
I further scattering channels, e.g., kaons
I ...
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