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Bulk viscosity from beta equilibration
Track the path of a fluid element as it is compressed and uncompressed.
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Intermediate	γ
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Large	γ
(instant	equilibration)
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equilibrate	xp

n	→	p	e--	ν
e--+p	→	n	+	ν

Instant	equilibrationNo	equilibration
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Equilibration	rate	γ(T)

ζ	∼	γ	/	(γ2	+	ω2) ▶ n + ν ↔ p + e−

equilibrates xp

▶ {xp , nB} plane is
equivalent to {P,V }
plane.

▶ Traversing a path in
P − V plane indicates
p dV work

The energy dissipated from the
density oscillation can be
written in terms of a bulk
viscosity

dε

dt
= −ζ (∇ · v)2︸ ︷︷ ︸

compression of fluid

Kinetic energy is turned into
heat and neutrinos
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nB(t) = n0B + δnB cos (ωt)



Pions in dense matter
▶ Hot matter in NS mergers might contain n, p, e−, µ−, νe , νµ, π

−.

▶ Pions, equilibrated by n ↔ p + π−, have µπ− = µn − µp > 0.

▶ π0 and π+ populations suppressed by e−µπ−/T and e−2µπ−/T .

▶ We avoid pion condensation by staying at low densities.

Treatment of pions:
π−N interaction is treated with

the virial expansion

nπ− = nfreeπ− + ninteractingπ−

ninteractingπ− = znzπ−bnπ
−

2 + zpzπ−bpπ
−

2

zi is the fugacity, b2 is the second virial coefficient.

Eπ−(p) =
√

p2 +m2
π− +Σπ−(p)
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Pion bulk viscosity (inf. n ↔ p + π− rate)
System described by xp, xµ, xπ (or δµ1, δµ2, δµ3).
1. δµ1 ≡ µn + µνe − µp − µe

▶ n ↔ p + e− + ν̄e
▶ n + νe ↔ e− + p

2. δµ2 ≡ µn + µνµ − µp − µµ

▶ n ↔ p + µ− + ν̄µ
▶ n + νµ ↔ µ− + p

3. δµ3 ≡ µn − µp − µπ

▶ n ↔ p + π− (strong int!)

4. δµ4 ≡ µπ + µνe − µe = δµ1 − δµ3

▶ π− ↔ e− + ν̄e
▶ π− + νe ↔ e−

5. δµ5 ≡ µπ + µνµ − µµ = δµ2 − δµ3

▶ π− ↔ µ− + ν̄µ
▶ π− + νµ ↔ µ−

6. δµ6 = µµ +µνe −µe −µνµ = δµ1 − δµ2

▶ µ− ↔ e− + ν̄e + νµ
▶ µ− + ν̄µ ↔ e− + ν̄e
▶ µ− + νe ↔ e− + νµ
▶ µ− + νe + ν̄µ ↔ e−
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Pion bulk viscosity (finite n ↔ p + π− rate)

n + n ↔ n + p + π−

n	↔	p	π--

μ--	↔	e--

π--	→	e	ν
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Future:

▶ See how finite n ↔ p + π− rate impacts
bulk viscosity

▶ Neutrino-transparent regime
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Preliminary!


