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Cosmic neutrino background (CνB)

• CνB: neutrino decoupling at t ∼ 1 s [cf. CMB, t ∼ 105 yr]

• Properties today:

TCνB,0 =
(

4
11

)1/3

TCMB,0 ∼ 2 K ∼ 10−4 eV, rel. FermiDirac (1)

n̄CνB,0 =
3
22

nCMB,0 � 56 cm−3 per helicity per flavour (2)

ΩCνB,0 =
2

∑3
i=1 mνi

n̄CνB,0

ρc
=

1 × 10−2

h2

3∑
i=1

mνi

eV
(3)

• Consistent with BBN and CMB/LSS data

• Never been directly detected via scattering type experiments
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Neutrino mass and clustering

• ν oscillation experiments ⇒ mν,3 >∼
√

∆m2
atm ∼ 0.04 eV

• Kinematic effects of mν on LSS ⇒ Ων <∼ 5 % in ΛCDM ⇒ mν,i <∼ 0.6 eV

• Late time, small scale (<∼ 10 Mpc) ν clustering:

v̄CνB � 1.6 × 102 (1 + z)
(

eV
mν

)
km s−1

– cf. velocity dispersion of galaxy, 2×102 km s−1; galaxy cluster, 103 km s−1

– clustering at z <∼ 2

• Local “hot spots”

– clustering in Milky Way ⇔ fully earthbound CνB direct searches
– clustering in galaxy clusters ⇔ searches using cosmic rays
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Gravitational clustering of relic neutrinos

• Nonrelativistic Vlasov (4) and Poisson (5) equations,

Dfi

Dτ
≡ ∂fi

∂τ
+ ẋ · ∂fi

∂x
− ami∇φ · ∂fi

∂p
= 0 (4)

∇2φ = 4πGa2
∑

i

[
mi

a3

∫
d3p fi(x,p, τ)︸ ︷︷ ︸
ρi(x,τ)

−ρi(τ)
]

(5)

mi = mass of the ith component, e.g., CDM, neutrino, etc.

fi(x, p, τ) = phase space density

ρi(x, τ) = physical (mass) density

φ(x, τ) = total peculiar potential

a(τ) = scale factor

x, p, τ = comoving phase space coordinates and conformal time
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Solution N -body simulation Linear approximation N -one-body simulation

method [CHDM: Kofman et al. ‘96] [e.g., Singh, Ma ‘03] [Ringwald, Y3W ‘04]

Description Particle-based: Fourier methods: Particle-based,
dx
dτ = p

ami
dp
dτ = −ami∇φ

f(x) → f̂(k) cf. N -body simulation

Assumptions 1. Only ρcdm contrib. to φ

“None” f(x, p, τ)∼f0(p), [Ων/Ωcdm < 0.2 in ΛCDM;

f0 = unperturbed free-streaming ⇒ ρν
ρcdm

< Ων
Ωcdm

]

phase space density, 2. ρcdm is known, e.g., halo

limited validity density profiles from

pure ΛCDM simulations

Resources Supercomputer Semi-analytical My laptop (in principle!!)

Resolution Limited Unlimited Excellent

∼100 kpc, incl. ν ∼ 1 kpc
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• Parameteric CDM halo density
profiles based on simulations:

– Navarro Frenk White profile:

ρcdm(r) =
ρs

(r/rs)(1 + r/rs)2

– Moore 99 profile:

ρcdm(r) =
ρ0

(r/r0)1.5(1 + r/r0)1.5

• Applicable for

— dwarfs, ∼ 1011M�
— galaxies, ∼ 1012M�
— galaxy clusters, >∼ 1014M�

[Navarro et al. ‘04]
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Clustering in NFW halos

• {ΩΛ, Ωm, h} = {0.7, 0.3, 0.7}

• Neutrino free-streaming

⇒ nν/n̄ν flattens at small r
⇒ ρν/ρcdm < ρ̄ν/ρ̄cdm

• Overdensity [—]

∝ Mhalo for fixed r, mν

∝ m
(1÷3)
ν for fixed r, Mhalo

• Linear theory [· · ·] under-
estimates nν/n̄ν

[Ringwald, Y3W ‘04]
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Clustering in the Milky Way

• rearth ≈ 8 kpc from Galactic Centre

• Baryons dominate central 10 kpc
[disk+bulge+bar(?)]

– use mass distribution inferred from
observations; MW mass models

• ν overdensity at rearth:

nν/n̄ν

mν = 0.6 eV 20

mν = 0.45 eV 10

mν = 0.3 eV 4.4

mν = 0.15 eV 1.6
[Klypin, Zhao, Somerville ‘02]
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• Momentum distribution at
rearth almost isotropic:

〈pr〉 � 0, 2〈p2
r〉 � 〈p2

T〉

• Semi-degenerate f̄ [—] at low
momenta; turning point at

pesc≡mνvesc=mν

√
2|φ(rearth)|

• Matches Fermi–Dirac [· · ·] at
high momenta

• Tremaine–Gunn bound:
f̄ ≤ max(finitial) = 1/2 (FD)

⇒ highest overdensity possible
given mν

[Ringwald, Y3W ‘04]
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Implications for direct detection: fully earthbound

• Flux detection: de Broglie λν ∼ 0.1 cm ⇒ coherent scattering over V ∼ λ3
ν

⇒ mechanical force [e.g., Shvartsman et al. ‘82, Smith, Lewin ‘83]

acceleration, at �
coherent︷ ︸︸ ︷

NAV

A
ρtV

∑
ν,ν̄

nν vν︸ ︷︷ ︸
flux

NAV A
G2

F m2
ν/π︷︸︸︷

σνN mν vν︸ ︷︷ ︸
mom.transfer

– most optimistic [mν � 0.6 eV, nν/n̄ν � 20], at ∼ 10−26 cm s−2

[measurable now: >∼ 10−13 cm s−2; next decade (?): >∼ 10−23 cm s−2]
– outlook: 30 to 40 years [P.F.Smith ‘03] [Hagmann ‘99]

• Fine print

– Dirac vs Majorana, extra factor vν/c ∼ 10−3 for νM

– solar ν, at ∼ 10−27 cm s−2; directionality?

– WIMPs, σχN <∼10−45 cm2
[Duda, Gelmini, Nussinov ‘01]
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Implications for direct detection: with cosmic rays

• Resonant annihilation of Extremely Energetic ( >∼ 1021 eV) Cosmic ν on CνB:

νEECν + ν̄CνB → Z0 → hadrons

1. absorption dips in EECν flux ⇒ B. Eberle’s talk [V.7, 16:30, Rm 3a]

2. emission features, Z decay products [cf. “Z-burst” for UHECR]

• Emission spectroscopy

– galaxy clusters in local universe ( <∼ 50 Mpc) ⇒ directional dependence in
E >∼EGZK ∼ 4 × 1019 eV events

– e.g., Virgo cluster, distance ∼ 15 Mpc, mass ∼ 1015 M�:
∗ mν = 0.6 eV, nν/n̄ν ∼ 1000 ⇒ ∼ 55 times the unclustered rate
∗ mν = 0.15 eV, nν/n̄ν ∼ 60 ⇒ ∼ 8 times the unclustered rate

– Auger, EUSO, OWL??
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Summary

• Neutrino mass ⇒ gravitational clustering on existing structures

• Direct detection of CνB: not for another 30 to 40 years

• Detection with cosmic rays

– absorption spectroscopy: possibly next decade, if conditions are right
– emission spectroscopy: ??
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[Ringwald, Y3W ‘04]
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[Hagmann ‘99]

A B

Persistent Magnet

Suspension Magnet

Laser Resonator

Neutrino Target

Balancing Mass
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[Bertone, Hooper, Silk ‘04]

Future DM direct searches

— GENIUS

· · · CRESST-II

— CDMS-Soudan

−− Edelweiss-II

· · · ZEPLIN-MAX
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