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1. INTRODUCTION
u Transport coefficients like shear and

bulk viscosity are fundamental proper-
ties of thermal QCD.

u Photons could be an ideal probe to ex-
tract these viscosities from experimental
results.

u Calculating viscous corrections boils
down to using a general momentum dis-
tribution in propagators:

nB/F (|p0|)→ fg/q(p)

E.g. nB is the Bose-Einstein distribution.

u Corrections have been calculated for
two-to-two scattering diagrams [1], [2].

u We present a first calculation of inelas-
tic leading order channels out of ther-
mal equilibrium. They are just as im-
portant as two-to-two channels:

– Off-shell pair annihilation

– Quark bremsstrahlung

– Coherence between different scat-
tering sites (LPM effect)

u We focus on bulk viscous corrections
where

f(p) = f(p).

Our calculation applies to any isotropic
momentum distribution.

2. FORMALISM
u In the real time formalism the number

of degrees of freedom is doubled. Thus
there are four propagators.

u In the r/a basis the bare propagators for
quarks are
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u We need resummed propagators. In
equilibrium one can use the KMS rela-
tion to get

Srr =

(
1

2
− nF (p0)

)
[Sret − Sadv] .

u Out of equilibrium we must go beyond
the KMS condition and do explicit calcu-
lations.

3. THE EQUILIBRIUM CASE
u Production rate of photons with mo-

mentum k is given by

k
dR

d3k
∼ (iΠγ

12)
µ
µ

where Πγ is the photon polarization ten-
sor.

u The Feynman diagrams for Πγ
12 for the

inelastic channels are

summed over all number of gluon
rungs.

u Despite multiple vertices the diagrams
contribute at leading order in g [3]:

– 1/g enhancement for soft gluons,
P ∼ gT , in the rr propagator:

nB(p0) ∼ T

p0
∼ 1

g

– Pinching poles from hard, on shell
quarks:
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m2
∞ is the thermal mass and Γ the

thermal decay width.

4. DENSITY OF SOFT GLUONS

u In a non-equilibrium medium there is
also a 1/g enhancement from soft glu-
ons:

u The resummed rr propagator is
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)
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Π< and Π> are components of the gluon
polarization tensor.

u Leading order diagrams give
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T
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g

Ω [f ] describes the resummed occupa-
tion number of soft gluons.

u Extending a sum rule from [4] we get
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D [f ] is the non-equilibrium Debye
mass. It describes screening of chromo-
elecric fields.

5. DENSITY OF HARD QUARKS

u In a non-equilibrium medium we also
get pinching poles.

u The resummed rr quark propagators is

Srr =

(
1

2
+
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)
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u For hard, on-shell quarks the resummed
occupation number is

F := − Σ<

Σ>−Σ<
=

{
fq(p), if p0 > 0

1− fq(p)︸ ︷︷ ︸
Pauli blocking

, if p0 < 0

6. EVALUATING THE CHANNELS

u To get Πγ
12 we must sum sixteen quark

four-point functions in the r/a basis.

u In equilibrium we can use the KMS con-
dition to simplify the sum.

u Out of equilibrium our formula for Srr
makes the sum telescopic. Then
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u One gets a Boltzmann-like integral
equation that must be solved numeri-
cally.

7. CONCLUSION
u Remarkably, the inelastic channels are

fully characterized by F and three non-
equilibrium constants:

– Ω Density of soft gluons

– m2
D Debye mass

– m2
∞ Thermal mass of quarks

u Next steps:

– Solve the integral equation.

– Extend to non-isotropic media (rel-
evant for shear viscosity).

– The tools developed can be used
for non-equilibrium jet energy loss.
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