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Cosmic neutrino background (CvB)

e CvB: neutrino decoupling at t ~ 1 s [cf. CMB, t ~ 10° y1]
e Properties today:

4N\ /3
TcuBo = (—) TevBo ~ 2 K~ 107* eV, rel. FermiDirac (1)

11
3
ncyB,0 = 59 CMB,0 ~ 56 cm™® per helicity per flavour (2)
2 Z?:l My, NcyB,0 1 X 1072 & my,
QCI/B,O — IO p— h2 Z eV (3)
c i—1

e Consistent with BBN and CMB/LSS data

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

e v oscillation experiments = m,, 3 > +/AmZ. ~ 0.04 eV
e Kinematic effects of m, on LSS = ©, <5 % in ACDM = m,; <0.6 eV

e Late time, small scale ( <10 Mpc) v clustering:

v
Uowp ~ 1.6 x 107 (1 + 2) (e_) km s~

my

— cf. velocity dispersion of galaxy, 2 x 10? km st galaxy cluster, 10% km g1

— clustering at 2 <2

e Local "hot spots”

— clustering in Milky Way < fully earthbound CvB direct searches
— clustering in galaxy clusters < searches using cosmic rays
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Gravitational clustering of relic neutrinos

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

Dfi _ 0ofi . 0f afi
Dr 8T+w.8a:_amivgb.8p_0 )
v = ax6a 3| %5 [ @ fiwp.r)-p(0) )

pi(mﬂ_)

m; = mass of the 2th component, e.g., CDM, neutrino, etc.
fi(ax, p, ) = phase space density

pi(x, 7) = physical (mass) density

¢(x, 7) = total peculiar potential

a(7) = scale factor

x, p, T = 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,
de __ _P
dr ~— amg; r . .
i x) — f(k cf. N-body simulation
Z—f:—amiv¢ f(x) f(k) y
Assumptions 1. Only pcam contrib. to ¢
“None” f(x,p, 7)~ fo(p), [Q0/Q0gmm < 0.2 in ACDM;
fo = unperturbed free-streaming = pé)clljm < Q?(I;m]
phase space density, 2. Pedm IS known, e.g., halo
limited validity density profiles from
pure ACDM simulations
Resources Supercomputer Semi-analytical My laptop (in principle!!)
Resolution Limited Unlimited Excellent
~100 kpc, incl. v ~ 1 kpc
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Parameteric CDM halo density
profiles based on simulations:

— Navarro Frenk White profile:

Ps
(r/rs)(1 +1/715)?

Pcdm(r) —

— Moore 99 profile:
Po

Pcdm(r) — (7“/7“())1'5(1 i 7’/7“0)1'5

Applicable for

— dwarfs, ~ 1011 M,
— galaxies, ~ 1012M
— galaxy clusters, >10M
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Clustering in NFW halos

0.6 eV 0.3 eV 0.15 eV

¢ {QA7Qm7h} — {07703707} 12:

e Neutrino free-streaming .

= n,/n, flattens at small r 10 §
5 /A 2 10
:>pV/pCdm<,0y/,0Cdm |§ 1;
C:A 108 %

I 102

e Overdensity [—] o
X Mhalo for fixed 7, m, N
x mi ™ for fixed r, M a0 10 |

105

e Linear theory [] under- 109 10 107 1 109 10 10 1 109 10 10 1 10

estimates n, /7, r [h-! Mpc]
[Ringwald, Y3W ‘04]
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Clustering in the Milky Way

® rearth ~ 8 kpc from Galactic Centre

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

— use mass distribution inferred from
observations; MW mass models

e v overdensity at Tearth:

m, = 0.6 eV 20
m, = 0.45 eV | 10
m, = 0.3 eV 4.4
m, = 0.15eV | 1.6
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e Momentum distribution at
Tearth alMost isotropic:

2 2 1 Ei“-l“-l-lllllll T T lllllll :% T T Illllli T T IIII”I
(p) =0, 2(p?) = (p3) N .
- 0.01
e Semi-degenerate f [—] at low 10-3
momenta; turning point at 10-4 0.6 eV 0.45 eV
_ “~ 10-5 B
Pesc=MpVegc=—My \/2‘¢(Tearth)| > 10 b
(& 1070 i — i
R == 0.1
e Matches Fermi—Dirac [---] at 0.01
high momenta 10-3
107 E 0.3 ev 0.15 eV
e Tremaine—Gunn bound: 10-° 1 1 1 1
~ i o . 10—6 111 iilil 11 1 1Illl 111 1Ilil | R
f < max(finitia1) = 1/2 (FD) 0.1 1 10 1 10
. : : = T
= highest overdensity possible =P/ Ty
given m [Ringwald, Y3W '04]
174
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Implications for direct detection: fully earthbound

o Flux detection: de Broglie A, ~ 0.1 cm = coherent scattering over V ~ \3
= mechanical force [e.g., Shvartsman et al. ‘82, Smith, Lewin ‘83]

cohsfent 5 o
. ‘Nay G/
acceleratlon, ar =~ 1 ptV Z N, Uy, NAvA OuN m,, U,
v,V flux mom.transfer

— most optimistic [m, ~ 0.6 eV, n,/n, ~ 20], a; ~ 1072 cm s™2
[measurable now: >107!% cm s7%; next decade (?): >1072% cm s~
— outlook: 30 to 40 YE€ars  [P.F.Smith ‘03] [Hagmann ‘99]

e Fine print

— Dirac vs Majorana, extra factor v, /c ~ 1072 for vy
— solar v, a; ~ 10727 cm s~ 2; directionality?
- WlMPS, O'XNS 10_45 cm2 [Duda, Gelmini, Nussinov '01]

Yvonne Y. Y. Wong (DESY) DESY Theory Workshop 2004



— Gravitational clustering of relic neutrinos and implications for their detection — 10

Implications for direct detection: with cosmic rays

e Resonant annihilation of Extremely Energetic ( >10%! eV) Cosmic v on CvB:

VEECyY + VCyB — 7% — hadrons

1. absorption dips in EECv flux = B. Eberle’s talk [V.7, 16:30, Rm 3a]
2. emission features, Z decay products [cf. “Z-burst” for UHECR]

e Emission spectroscopy

— galaxy clusters in local universe ( <50 Mpc) = directional dependence in
E > Eqzk ~ 4 x 10'9 eV events

— e.g., Virgo cluster, distance ~ 15 Mpc, mass ~ 101° M-
x m, = 0.6 eV, n,/n, ~ 1000 = ~ 55 times the unclustered rate
x m, = 0.15 eV, n,/n, ~ 60 = ~ 8 times the unclustered rate

— Auger, EUSO, OWL??
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Summary

e Neutrino mass = gravitational clustering on existing structures
e Direct detection of CvB: not for another 30 to 40 years

e Detection with cosmic rays

— absorption spectroscopy: possibly next decade, if conditions are right
— emission spectroscopy: 77
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= Ks-band (2.2 pm), <14 mag
(G == H-band (1.6 um)
== J-band (1.2 um)

2MASS Local Universe ~ +90° RGB Channels:

. Galactic Plane

© Perseus-Pisces Supercluster -90° G:H Sg'a?lgy (Eoncen’;rahon/l t
. Coma Cluster ydra-Centaurus Supercluster

H: "Great Attractor"/Abell 3627
I: "Local Void"

J: Eridanus/Fornax Clusters

K: Pavo-Indus Supercluster

: Virgo Cluster/Local Supercluster
: Hercules Supercluster
: Galactic Center
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