
1. Relativistic Boltzmann equation (Lecture 1)

Show (
pµ∂µ + mFµ ∂

∂pµ

)
θ(p0)δ(p2 + m2) = 0

provided that either Fµpµ = 0 or Fµ = −∂µm = 0
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2. Entropy production (Lecture 1)

Starting from the fluid-fleld coupling model

∂µTµν
f + ∂νϕ

∂VT (ϕ)

∂ϕ
= η̃

ϕ2

T
(U · ∂ϕ)∂νϕ

show that the entropy current (Sµ = sUµ, s = dp/dT ) satisfies

∂µSµ = η̃

(
ϕ

T

)2

(U · ∂ϕ)2

Don’t forget that Tµν = wUµUν + pgµν , w = Ts, and p = geff
π2

90 T 4 − VT (ϕ).
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3. Junction conditions (Lecture 2)

Starting from EM conservation across the bubble wall:

w−γ
2
−ṽ− = w+γ

2
+ṽ+, w−γ

2
−ṽ2

− + p− = w+γ
2
+ṽ2

+ + p+

show

ṽ+ṽ− =
p+ − p−

e+ − e−
,

ṽ+

ṽ−
=

e− + p+

e+ + p−

and hence

ṽ+ṽ− =
1 − (1 − 3α+)r
3 − 3(1 + α+)r

,
ṽ+

ṽ−
=

3 + (1 − 3α+)r
1 + 3(1 + α+)r

where
▶ θ± = 1

4 (e± − 3p±), ∆θ = θ+ − θ−

▶ α+ = 4∆θ
3w+

▶ r = w+/w−

Hint: solve for variables X = ṽ+ṽ−, Y = ṽ+/ṽ−.
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4. Sound waves (Lecture 2)

The EM tensor for fluid perturbations with z dependence only is

T tt = wγ2 − p, T tz = wγ2v z , T zz = wγ2(v z)2 + p

Consider perturbations: δe = e − ē, δp = p − p̄, v z all ≪ 1. Assume that the
pressure and and temperature are functions of temperature only p = p(T ),
e = e(T ). Show that the equation for small perturbations is(

∂2
t − c2

s∂
2
z

)
v z = 0,

(
∂2

t − c2
s∂z

)
δe = 0,

where c2
s = dp/de.
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