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Eexpl = 3× 1051 erg
MNS � 2 M⊙
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Kumar et. Al., CQG (In prep.)



Preliminary

Kumar et. Al., CQG (In prep.)
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GW modes and more in preparation 

Stay Tuned!



Backup slides



0 0.5
0

10

20

30

40

50

60

70

0.9 0.94 2 3 4 5
1

2

3

5

10

0.925
0

50

100

150

0 0.5
0

10

20

30

40

50

60

70

0.9 0.94 2 3 4 5
1

2

3

5

10

0.925
0

50

100

150

<latexit sha1_base64="vOsSw+8cwWoqSkfRWitPVvYpM08="></latexit>

inverse ω → decay : ε̄e + p →↑ e+ + n (Q = mn →mp = 1.2935 MeV)

Ne+ ↓ Np Nω̄e

ϑω̄ep

4ϖD2

ϑω̄ep =

∫
dϱ ςω̄ep(ϱ) fω̄e(ϱ;φ)

ςω̄ep(ϱ) = 9.3↔ 10→44

(
ϱ→Q

MeV

)2

fω̄e(ϱ;φ) =
(1 + φ)1+ε

!(φ+ 1)

1

↗Eω̄e↘

(
ϱ

↗Eω̄e↘

)ε

exp

{
→(1 + φ)

ϱ

↗Eω̄e↘

}

φ =
2→R

R→ 1

(
R =

√
↗E2

ω̄e
↘/↗Eω̄e↘

)



General relativistic neutrino radiation hydrodynamics
• The general framework 

• Microphysics;  the neutrino moments

ds2 = −α2dt2 +

�
r�

Γ

�2

da2 + r2(dθ2 + sin2 θdφ2)

∇νT
µν = 0 matter microphysics

T tt = ρ(1 + e + J)
T ta = T at = ρH

T aa = p + ρK
T θθ = Tφφ = p + 1

2ρ(J −K)

The co-moving reference frame:

(t, a) (system time, baryon mass)

(θ, φ) (2-sphere of radius r(t, a))

The metric functions:

Gµν = Rµν − R

2
gµν = 8κTµν (Einstein equation)

α(t, a) (lapse function) Γ(t, a) =
�

1− 2m/r + u2

u =
∂r

α∂t
(matter velocity)

m(t, a) (gravitational mass)

Fν (t, �x,�v) −→ Fν(t, a, µ = cos θ, E)

(Specific neutrino distribution functions)

J =
2π

(h c)3

� +1
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� ∞
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E3dE Fν(t, a, µ, E)

H =
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(h c)3
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� ∞

0
E3dE Fν(t, a, µ, E)

K =
2π

(h c)3

� +1
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� ∞

0
E3dE Fν(t, a, µ, E)Liebendörfer et al., Phys. Rev. D, 63, 10, 103004 (2001) 

Liebendörfer et al., Astrophs. J. Suppl, 150, 263 (2004) 



Boltzmann neutrino transport
(a) Electronic charged current reactions

e− + p � n+ νe
e+ + n � p+ νe
e− + �A,Z� � �A,Z − 1�+ νe

(b) Neutral current reactions
ν +N � ν� +N (elastic scattering)
e− + e+ � ν + ν
N +N � N +N + ν + ν
νe + νe � νµ/τ + νµ/τ
ν + e−/+ � ν� + e−/+

Weak processes:

Evolution of the proton-to-baryon ratio
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