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t(sec) � 1√
T(MeV)

T (νµ) = T (ντ ) ∼ 1.5MeV

T (νe) ∼ 1.3MeV

νχ(ν̄χ) + e± ↔ νχ(ν̄χ) + e±

νχ(ν̄χ) + νχ′(ν̄χ′) ↔ νχ(ν̄χ) + νχ′(ν̄χ′)

νχ + ν̄χ ↔e− + e+

νe + e− ↔ e− + νe, ν̄e + e− ↔ e− + ν̄e



d�S⊥
dt

= 2µν

(
�S‖ × �B⊥ +

1

γ
�S⊥ × �B‖

)
γ = 1/

√
1− v2

dp̂

dt

∣∣∣
⊥
= −

(
v +

1

v

)
�∇⊥Φ d�S

dt

∣∣∣
⊥
= −2γ + 1

γ + 1
�S · �v �∇⊥Φ

(
h
dŜ

dt
− dp̂

dt

)
⊥
=

m

p
�∇⊥Φ

h = p̂ · Ŝ



∆θp =
2MG

bv2
(1 + v2)

∆θs =
2MG

b

2γ + 1

γ + 1

| ↓〉 → cos(θ/2)| ↓〉+ sin(θ/2)| ↑〉
1

2
(1− cos θ) → 1

4
θ2

θ ≡ ∆θs −∆θp = −2MG

bγv2

γ = 1/
√
1− v2




 νe

νµ
ντ


 =


 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3





 ν1

ν2
ν3




δv = (∆m/m)m2/p2

(δp/p)m2/p2

v = p/
√

p2 +m2

fa(p) =
∑
i

|Uai|2
ep/Te + 1

1/α2T ∼ 106 − 107fm

PMNS mixing matrix



mi 
 Tν0

∆m2
21 = 7.50× 10−5eV2

∆m2
31,N = 2.52× 10−3eV2

∆m2
31,I = −2.51× 10−3





mi 
 Tν0

∆m2
21 = 7.50× 10−5eV2

∆m2
31,N = 2.52× 10−3eV2

∆m2
31,I = −2.51× 10−3



p → p0/a, T → T0/a

fe(p) =
∑
i

|Uei|2
eEi/Te + 1 Ei =

√
p2 +m2

i � p

Ei

T
→

√
p20/a

2 +m2
i

T0/a
=

√
p20 +m2

i a
2

T0



ds2 = a(u)2[−(1 + 2Φ)du2 + (1− 2Φ)d�x 2]

∇2
xΦ = 4πG (δρ(�x ) + 3δP (�x )) a(u)2

δρ/ρ̄ ∼ a, ρ̄ ∼ a2

δρ/ρ̄ ∼ a2, ρ̄ ∼ a4
P = ρ/3

δρ a2 ∝ a0





m−2 = mν/10
−2eV

ν̄ + e−µν < 2.9× 10−11µB

ν + e−µνe
< 2.8× 10−11µB

µB = e/2me

µν � 10−16m−2µB

µSM
ν � 3eGF

8
√
2π2

mν � 3× 10−21m−2 µB



CPT => 〈i|µν
�S|j〉 = −〈j̄ |µν

�S |̄i 〉





µν,1T ∼ 1.4− 2.9× 10−11µB



d�S

dτ
= 2µν

�S × �BR

h = Ŝ · p̂
sin2(θ/2)

γ = 1/
√

1− v2

B‖R = B‖, B⊥R = γB⊥



d�S⊥
dt

= 2µν

(
�S‖ × �B⊥ +

1

γ
�S⊥ × �B‖

)
,
dS‖
dt

= 2µν(�S × �B)‖︸︷︷︸
�S⊥
|�S | = ±2µν

∫
dt v̂ × �B(t)





θg ∼ 2µνBg


g

v

g = mean crossing distance of the galaxy

Λg

〈θ2〉g �
(
2µνBg

Λg

v

)2

g

Λg

〈θ2〉MW ∼ 4× 1029m2
−2

(
Λg

1 kpc

)(
Bg

10µG

)2 (
µν

µB

)2

Bg ∼ 10µG, 
g ∼ 16kpc,Λg ∼ kpc

µν ∼ 1.5× 10−15µB ∼ 10−4µ1T =>
√
〈θ2〉 ∼ 1



〈Bi(�x)Bj(�x
′)〉 = (−δij∇2 +∇i∇j)F (r) + εijk∇kG(r)

∇zG(r)

〈Bi(�x)Bj(�x
′)〉 =

∫
d3k

(2π)3
δij − k̂ik̂j

2
PB(k)e

i�k·(�x−�x
′)

PB(k) = (2π)2EM (k)/k2

k∗(u)

〈θ2〉c = 4µ2
ν

〈( ∫
dua(u) �B⊥(u)

)2〉
c

�S⊥
|�S | = ±2µν

∫
dt v̂ × �B(t)



k < k∗ : PB ∼ ks, s ∼ 2

k > k∗ : PB ∼ k−q, q ∼ 2 + 5/3

〈θ2〉c = 4µ2
ν

∫
dudu′a(u)a(u′)

∫
d3k

(2π)3
eikz(u−u

′) 1− k2z/k
2

2
PB(k)

k∗(u)

∫
d3k

(2π)3
PB(k) = 〈 �B 2〉

(1− k2z/k
2)P (k)∫

dkze
ikz(u−u

′) = 2πδ(u− u′)

〈θ2〉c � µ2
ν

π

∫ u0

ud

dua(u)2
∫ ∞

0

dk⊥k⊥PB(k⊥) � µ2
νπ

∫ u0

ud

dua(u)2
〈 �B2〉
k∗



〈 �B2(u)〉 � B2
0/a(u)

4

Λ0k∗(u) ∼ 2π

Λ0a(u)1/2

〈θ2〉c � µ2
νπ

∫ u0

ud

dua(u)2
〈 �B2〉(u)
k∗(u)

〈θ2〉c = 1

2
µ2
νB

2
0Λ0

∫ u0

ud

du

a(u)3/2

〈θ2〉c � 9

(
Λ0

Ru

)
(µνt0B0)

2

(aeqad)1/2

� 2× 1027
(

Λ0

1Mpc

)(
B0

10−12G

)2 (
µν

µB

)2



� 2× 1027
(

Λ0

1Mpc

)(
B0

10−12G

)2 (
µν

µB

)2

〈θ2〉c

µν ∼ 10−3µ1T ∼ 10−14µB





(
h
dŜ

dt
− dp̂

dt

)
⊥
=

m

p
�∇⊥Φ

〈(∆θp)
2〉 = 4

∫
dx3dx

′
3∇x⊥ · ∇x′⊥〈Φ(x3)Φ(x

′
3)〉

〈Φ(x)Φ(x′)〉 =
∫

d3k

(2π)3
ei

�k·(�x−�x
′)Ψ(k)

dp̂

dt

∣∣∣
⊥
= −

(
v +

1

v

)
�∇⊥Φ

d�S

dt

∣∣∣
⊥
= −2γ + 1

γ + 1
�S · �v �∇⊥Φ



〈(∆θp)
2〉 = 4

∫
dx3dx

′
3∇x⊥ · ∇x′⊥〈Φ(x3)Φ(x

′
3)〉 〈Φ(x)Φ(x′)〉 =

∫
d3k

(2π)3
ei

�k·(�x−�x
′)Ψ(k)

2πδ(kz) 〈(∆θp)
2〉 = 2

π

∫
du

∫
dk⊥
k⊥

Ψ(k⊥)

〈δ(�x )δ(�x ′)〉 =
∫

d3k

(2π)3
ei

�k·(�x−�x
′)P (k)

δ(�x ) ≡ δρ(�x )/ρ̄

∇2
xΦ = 4πG (δρ(�x ) + 3δP (�x )) a(u)2

ζ = 1

ζ = 4P = ρ/3

〈(∆θp)
2〉 = 4

∫
dx3dx

′
3

∫
d3k

(2π)3
eik3(x3−x

′
3)k2⊥Ψ(k)

Ψ(k) = (4πGρ̄a2)2ζ
P (k)

k4



∫
(dk/k)P0(k) � 7.25× 104(Mpc/h)3

〈(∆θp)
2〉 = 32πζ

∫
du(Gρ̄a2)2

∫
dk

k
P (k) � 72

π

1

u3
0

∫ ∞

0

dk

k
P0(k)

Gρ̄a3 = 3/(2πu2
0)

〈(∆θp)
2〉 = 2

π

∫
du

∫
dk⊥
k⊥

Ψ(k⊥)

Ψ(k) = (4πGρ̄a2)2ζ
P (k)

k4



∫
(dk/k)P0(k) � 7.25× 104(Mpc/h)3

〈(∆θp)
2〉 � 72

π

1

u3
0

∫ ∞

0

dk

k
P0(k)





〈(∆θp)
2〉 = 18Y

πu0

∫ u0

ueq

du v

(
v +

1

v

)2

Y ≡ 1

u3
0

∫ ∞

0

dk

k
P0(k) � 10−7

〈θ2〉 = 18Y

πu0

∫ u0

ueq

du

(
v − 1

v

)2



Bg = 10µG, Λg = 1kpc

µν = 10−14µB

µSM
ν � 3× 10−23meV µB

√
〈θ2〉

µν
=
10

−14 µB

µ
SM

ν

νe







3ḡ2f̄2

A
helicity=±
i = 1∓ vi

η = e2/veF = 2πη/(1− e−2πη)

σh
i (p, pe) =

G2
F

2πvi
|Vud|2|Uei|2F (η)

m3He

m3H
EepeA

h
i (f̄

2 + 3ḡ2)

Total ITBD rate: ΓITBD =
∑

massesi,h=±

∫
d3p

(2π)3
1

ep/Tν0 + 1
σh
i vi



σh
i (p, pe) =

G2
F

2πvi
|Vud|2|Uei|2F (η)

m3He

m3H
EepeA

h
i (f̄

2 + 3ḡ2)

=
∑
i

(|Uei|2(1 + 〈vi cos θi〉T
)

Aeff,D =
∑

i,h=±
|Uei|2

〈
(1∓ vi)〈1

2
(1∓ cos θi)

〉
T

Aeff,M =
(
1 +

∑
i

|Uei|2〈vi〉T
)
+

(
1−

∑
i

|Uei|2〈vi〉T
) ≡ 2



Aeff,D =

(
1 +

∑
i

|Uei|2〈vi〉T
)Aeff,M = 2

|Ue1|2 = 0.6794

|Ue2|2 = 0.2990

|Ue3|2 = 0.0216

|Ue1|2 = 0.6793

|Ue2|2 = 0.2989

|Ue3|2 = 0.0218



Aeff,D =

(
1 +

∑
i

|Uei|2〈vi cos θi〉T
)Aeff,M = 2

Bg = 10µG, Λg = 1kpc

µν = 5× 10−14µB



p+ p →2 H+ e+ + νe

〈θ〉 � −0.38

γv2
GM

R

θ(y0, r0)) = − 1

γv2

∫ ∞

z0

dz∇yΦ(r)

= − 1

γv2

∫ ∞

z0

dz
GM(r)y0

r3



ν̄ + p → e+ + n

∼ GM/γR γ ∼ 108−9

√
〈θ2g〉 ∼ 5× 1014(µν/µB) Bg ∼ 10µG, 
g ∼ 16kpc,Λg ∼ kpc

θ ∼ µνBR/c ∼ 5× 1013 (R/10 km)
(
B/1012G

)
(µν/µB)

B ∝ 1/R2 =>

∝ 1/R



√
〈θ2〉

µν
=
10

−14 µB

µ
SM

ν



Thank you


