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Pair plasma in GRBs

Why e+e� pairs?

Energy range: 1048 < E0 < 1054 erg

(isotropic energy release, fraction of stellar mass)

Size range: 106 < R0 < 108 cm

(time variability, NS-BH size)
Optical depth for pair production: τ = σT nγR � σTE0/R20 � 1.
Why baryons?

Time duration of the whole burst, spectrum
Progenitors of GRBs: massive stars, NS

Issues:
1 Microphysics: processes, baryonic loading, ...
2 Macrophysics: global dynamics, geometry, ...
3 Radiation: mechanisms, transparency, ...

A.G. Aksenov, R. Ru¢ ni, G.V. Vereshchagin (ICRANet)Thermalization of pair plasma with proton loading Pescara, 9 July 2008 2 / 22



Qualitative description of the pair plasma

We consider mildly relativistic plasma, the average energy per
particle 0.1 . ε

MeV . 10.

The plasma parameter g = (n�d3)�1, d =
q

kBT�
4πe2n�

= c
ω

p
θ� is the

Debye length, θ� = kBT�/(mc2), ω =
p
4πe2n�/m is the plasma

frequency.

The classicality parameter { = e2/(�hvr ) = α/βr , vr = βr c is mean
relative velocity of particles. { � 1 ({ � 1): classical (quantum)
description of scattering.

The Coulomb logarithm Λ =Mdvr/�h, whereM is the reduced
mass.

Intensity of interactions between photons and other particles
τ = nσR.

Plasma degeneracy θF =
h�

�h
mc

�2 �
3π2n�

� 2
3 + 1

i1/2
� 1.
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Parameters range

One-particle distribution functions since g � 10�3;

Quantum cross-sections for all particles since { < 1;
Coulomb logarithm is a function of energy Λ(ε);
Plasma linear dimensions R exceed photon mean free path
l = (n�σ)�1, thus τ � 1.

In our energy range ε . 10 MeV the plasma is non-degenerate
θF > θth.

Natural parameters for perturbative expansion are α and m/M.
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Proton loading

When admixture of protons and electrons is allowed it is characterized by
a new parameter, the baryonic loading

B =
NMc2

Eγ
=
npMc2

ργ
. (1)

In equilibrium, while e+e� are relativistic, ε� � mc2 � kBT , protons are
not Mv2p � kBT , and thus

vp
c
�
r
m
M
.

Also in equilibrium with ε� � mc2 we have ρ� � n�mc2 and thus
np
n�
� m
M
B.

If in addition neutrons are present, they are coupled to protons by elastic
nuclear scattering.
Pair plasma is transparent to neutrinos.
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Interactions with pairs

Binary interactions Radiative and pair producing variants

Møller and Bhabha scattering Bremsstrahlung
e�1 e

�
2 �! e�01 e

�0
2 e�1 e

�
2  ! e�01 e

�0
2 γ

e�e� �! e�0e�0 e�e�  ! e�0e�0γ
Single Compton scattering Double Compton scattering

e�γ �! e�γ0 e�γ ! e�0γ0γ00

Pair production Radiative pair production
and annihilation and three photon annihilation
γγ0  ! e�e� γγ0  ! e�e�γ00

e�e�  ! γγ0γ00

e�γ ! e�0e�e�00
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Interactions with protons

Binary interactions Radiative and pair producing variants

Coulomb scattering Bremsstrahlung
p1p2 �! p01p

0
2 p1p2  ! p01p

0
2γ

pe� �! p0e�0 pe�  ! p0e�0γ
pe�1  ! p0e�01 e

�e�

Single Compton scattering Double Compton scattering
and radiative pair production

pγ �! p0γ0 pγ ! p0γ0γ00

pγ ! p0e�e�
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Timescales

Pair production, Compton and electron-electron scattering:
tγe � tγe � (σT nc)�1;

Cooling: tbr = α�1tc ;

Expansion timescale: thyd � c/R0;
Proton-proton:
(nptpp)

�1 �
p m

M (n�tee )
�1 , vp �

p m
M ve , ve � c ;

Electron-proton: t�1ep � ε�
Mc2 t

�1
ee , ε� � εp ;

Proton Compton scattering:
(nptγp)

�1 �
�

ε
Mc2

�2
(n�tγe )

�1 , ε � mc2.
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Boltzmann equation

Relativistic Boltzmann equations in spherically symmetric case

1
c

∂fi
∂t
+ βi

�
µ

∂fi
∂r
+
1� µ2

r
∂fi
∂µ

�
�rU ∂fi

∂p
= ∑

q
(ηqi � χqi fi ) , (2)

where µ = cos ϑ = r � p, U is a potential due to some external force,
βi = vi/c , fi (ε, t) are distribution functions, and ηqi and χqi are the
emission and the absorption coe¢ cients. This is a coupled system of
partial-integro-di¤erential equations.
For homogeneous and isotropic distribution functions of electrons,
positrons and photons (2) reduces to

1
c

∂fi
∂t
= ∑

q
(ηqi � χqi fi ) . (3)

In (3) we also explicitly neglect the Vlasov term.

A.G. Aksenov, R. Ru¢ ni, G.V. Vereshchagin (ICRANet)Thermalization of pair plasma with proton loading Pescara, 9 July 2008 9 / 22



Collisional integrals 1: probability

Di¤erential probability for all processes per unit time and unit volume
(�h = c = 1)

dw = (2π)4δ(4)(Pf � Pi )
jM� j2
∏
b
2εb

∏
a

dp0a
(2π�h)3

,

where p0a are momenta of outgoing particles, εb are energies of particles
before and after interaction, M� are corresponding matrix elements, δ(4)

stands for energy-momentum conservation.
As example consider absorption coe¢ cient for Compton scattering

χγe�!γ0e�0 fγ =
Z
dk0dpdp0wk0,p0;k,pfγ(k, t)f�(p, t),

where p and k are momenta of electron (positron) and photon
respectively, dp = dε�doε2�β�/c3, dk0 = dε0γε02γ do

0
γ/c3.
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Collisional integrals 2: integration over momentum

We can perform one integration over dp0 asR
dp0δ(dk+ dp� dk0 � dp0)! 1, but it is necessary to take into

account the momentum conservation in the next integration over dk0,Z
dε0γδ(εγ + ε� � ε0γ � ε0�) =

=
Z
d(ε0γ + ε0�)

1
j∂(ε0γ + ε0�)/∂ε0γj

δ(εγ + ε� � ε0γ � ε0�)!

! 1
j∂(ε0γ + ε0�)/∂ε0γj

� Jcs,

where the Jacobian of the transformation is

Jcs =
1

1� β0�b0γ�b0�
, (4)

where bi = pi/p, b0i = p
0
i/p
0, b0� = (β�ε�b� + εγbγ � ε0γb0γ)/(β0�ε0�).
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Collisional integrals 3: three-particle interactions

Finally, for the absorption coe¢ cient

χγe�!γ0e�0 fγ = �
Z
do 0γdp

cε0γjM� j2

16ε�εγε0�c3(2π�h)2
Jcsfγ(k, t)f�(p, t),

As example of 3-particle reaction consider relativistic bremsstrahlung
e1 + e2 $ e 01 + e

0
2 + γ0. For the time derivative, for instance, of the

distribution function f2 one has

ḟ2 =
Z
dp02dk

0(2π)4δ(4)(Pf � Pi )
jM� j2

25ε1ε2ε01ε
0
2ε
0
γ

�

�
�Z dp01f

0
kdp1f

0
1 f
0
2

(2π�h)6
�
Z dp1dp01f1f2

(2π�h)9

�
.

In the case of kinetic equilibrium we have multipliers proportional to
exp ϕ

kBT
in front of the integrals. The calculation is then reduced to the

known thermal equilibrium case.
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Detailed balance conditions (pure pair plasma)

Consider distribution functions

fγ =
1

exp
�

εγ�ϕγ

θγ

�
� 1

, f� =
1

exp
�

ε��ϕ�
θ�

�
+ 1

,

where θ = kT/(mc2) and ϕ = µ/(mc2). Suppose e�γ$ e�0γ0 is in
detailed balance. This means reaction rate vanishes

f�(1� f 0�)fγ(1+ f 0γ) = f 0�(1� f�)f 0γ(1+ fγ),

which leads to θγ = θ� � θk . Analogous results for e�e� $ γ1γ2 leads
to ϕγ = ϕ� � ϕk .
Only triple reactions give ϕk = 0!
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Conservation laws

Energy conservation

d
dt ∑

i
ρi = 0, or

d
dt ∑

i ,ω
Yi ,ω = 0, where Yi ,ω =

Z εi ,ω+∆εi ,ω/2

εi ,ω�∆εi ,ω/2
Eidε.

Particle�s conservation for binary reactions

d
dt ∑

i
ni = 0, or

d
dt ∑

i ,ω

Yi ,ω
εi ,ω

= 0.

Baryonic number and charge conservation respectively

dnp
dt

= 0, n� = n+ + np ,

The condition for the chemical potentials

ϕ+ + ϕ� = 2ϕγ.
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Kinetic equilibrium 1

For photons we have

nγ =
1
V0
exp

�νγ

θ

�
2θ3,

ργ

nγmc2
= 3θ, V0 =

1
8π

�
2π�h
mc

�3
for pairs

n� =
1
V0
exp

�ν�
θ

�
j1(θ),

ρ�
n�mc2

= j2(θ),

and for protons

np =
1
V0

r
π

2

�
M
m

�3/2

exp
�

νp �M/m
θ

�
θ3/2,

ρp
Mnpc2

= 1+
3
2
m
M

θ,

j1(θ) = θK2(θ�1)!
� p

π
2 e
� 1

θ θ3/2, θ ! 0
2θ3, θ ! ∞

,

j2(θ) =
3K3(θ�1) +K1(θ�1)

4K2(θ�1)
!
�
1+ 3

2 θ, θ ! 0
3θ, θ ! ∞

.
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Kinetic equilibrium 2

Summing up energy densities

∑
i

ρi =
mc2

V0

(
6θ4 exp

�ν+
θ

� �
1� npV0

j1(θ)
exp

�
�ν+

θ

�� 12
+

+j2(θ)
h
2j1(θ) exp

�ν+
θ

�
� npV0

i
+
M
m

�
1+

3
2
m
M

θ

�
npV0

�
,

and analogously for number densities

∑
i
ni =

1
V0

(
6θ4 exp

�ν+
θ

� �
1� npV0

j1(θ)
exp

�
�ν+

θ

�� 12
+ 2j1(θ) exp

�ν+
θ

�)
,

so that two unknowns, ν+ and θ can be found.
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Kinetic equilibrium 3

exp
�ν�

θ

�
= exp

�ν+
θ

�
+
npV0
j1(θ)

,

exp
�νγ

θ

�
= exp

�ν+
θ

� �
1+

npV0
j1(θ)

exp
�
�ν+

θ

�� 12
,

exp
�

νp �M/m
θ

�
= npV0

r
2
π

�m
M

�3/2
θ�3/2.

In thermal equilibrium νγ = 0 and ν+ = �ν�.
For np > 0 one always has ν� > 0 and ν+ < 0 in thermal equilibrium.
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Concentrations

Initial conditions: ρ = 1024 erg/cm3, ρ� = 10�5ρ, B = 10�3
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Energy densities
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Temperatures
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Chemical potentials
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Conclusions

1 Two types of equilibrium: kinetic and thermal.

2 Kinetic equilibrium is obtained from the �rst principles.
3 Protons thermalize with other particles by proton-electron scatterings;
proton-proton scattering is ine¢ cient.

4 The timescale of thermalization is always shorter than the dynamical
one.
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