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Big-bang cosmology predicts the existence of a background gas of free
photons and neutrinos., The measured 39k blackrbody photon spectrum sup-—
ports the applicability of standard cosmology back to the photon decoupling
temperature of 1/2 eV, which corresponds to an age measured from the initial
singularity on the order of one hundred thousand years. The relic neutrinos
have not been measured., Neutrino decoupling is calculated to have occurred
when the universe had a temperature of 1 MeV and an age of just one second.
Thus, measurement of relic neutrinos would support the validity of standard
cosmology back twelve orders of magnitude in time beydnd the age of photon
decoupling. In this Letter we present an effect proportional to the relic
neutrino density: absorption of cosmic ray neutrinos by the relic neutrinos.

It is mentioned in Ref., 1 that a Fermi-Dirac distribution for massive
neutrinos, whiie not a solution to the Boltzmann equation in an expanding
universe, should nevertheless be a good approximation if m << T. Thus we
assume that at decoupling, each light (meaning m << Td) flavor of neutrino,

labeled by i, was isotropically and homogeneously distributed according to

p/T ~u, -1
fv.(p) = [e d "1 + 1] . (1)

i

For antineutrinos make the replacement ﬁi -> -ﬁi. Td ~ 1 MeV is the de-
coupling temperature,2 and Ei is the degeneracy parameter. After decoupl-
ing, p(R) ~ 1/R, where R is the scale size of an isotropic, homogeneous

Friedmann universe. Substituting p(Rd) = p(R)R./Rd into Eq. (1) yields

the distribution for later times:

£, (@) = [ 1]_1 2)

i

where B = R/Tde. Bp is R-independent; hence the neutrino number density,

]

nv-(ai) (ZW)—3jﬁd3g £, (p), drops as 1/R3, as expected for free expansion.
i i
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B can be simply related to the relic photon temperature. For massless
particles, T ~ 1/R so TY = n(Rde/R); n = (11/4')1/3 is a "correction"
factor accounting for reheating of the photons as e+e_ annihilated at

T ~ me.2 Thus B_l = TY/n. Denoting present time values by a subscript

zero, B;l = (TY0/2’7OK) x 1.66 x 10-4 eV, with 2.7°R < T < 3.0%.,3

Yo
A relic neutrino is (non)relativistic if its mass is (large) small com-

pared to the mean momentum, of order (ﬁi-l)B;l.

¢ and m are not known. A cosmological bound on u(m) or m(y) results
from requiring that the neutrino energy density Py {(a monotonically, in-

creasing function of m and 1) not exceed the total energy density of the
-29

2

universe, p. Observational inference® gives Po < 4x10 g/CmB. The

constraint for neutrinos is

3>
Zf/"z““i _i%[fv'(p)ﬁv(p)] <o, - (3)
1 1

(2m) i

The sum is over light families. For a degenerate (meaning Iﬂl >> 1)
neutrino gas, the bracket in Eq. (3) may be approximated by @(iﬁil-—pso),

where ©(x) equals unity if x = 0, and zero otherwise. One easily finds

1/4 /3

5] < 8 (8%,

- - 2 1
5 < 60 for miBo <1 << fuil, and lui’ < 80(6W po/mi)
-1/3

< 10(mi[eV]) for 0.01 eV << m, << 1 KeV and 1 << lﬂil. The neutrino
masses are themselves bounded by Eq. (3) with the ﬂi set to zero. That
is, %; m, < DO/ZnV(O) ~ 200 eV. The factor of 2 includes antineutrinos,
and nv(o) = 3C(3)/4ﬂ252 = 53 cm"3 for TY = 2.7°K has been used. A more
complicated and probably less trustworthy argument relates the observed
4He/H abundance ratio to the n/p ratio when nucleons decoupled, and leads
to a more restrictive bound" on the electron neutrino degeneracy
parameter, |uv | < 2. TFamilies other than v, are not bounded by the

e
4He/H ratio.



It is easy to see that with standard cosmology the scattering of
cosmic rays by relic neutrinos® is infinitesimal. The mean free path

(mfp) of a cosmic ray through the relic neutrinos is roughly l/nvc The

w.
. . 2 2 2 . .
weak cross section is oy = (GF/ﬂ)[s/(l+-s/Mw)] < (GF/ﬂ)s. GF is the Fermi

constant, MW the W-boson mass and Vs the center—of-mass energy. For a
primary cosmic ray of energy E, impinging on a relic neutrino with mean
energy <e>, oy < (2G§/N)E<E>. But <€>hv is just the neutrino energy den-
sity, certainly less than the total energy demnsity Poe Therefore Amfp >

2
n/ZGFEpO. For the scattering rate to be significant, the mfp must be less

than or of order of the Hubble radius H;l = h_lx 1028 cm, with lssh_ls 2

. 2 -
the observational uncertainty.3 Thus one requires E > ﬂ/ZGFpOHol, which

, . 14 , ,
in turn is > 107 GeV, But the universe is opaque to electrons, nucle-

ons and photons at such energies: radio and thermal photon backgrounds
. . + - R .

degrade electrons via inverse Compton scattering and e e pair creatlon,6

the nucleons via photomeson production,7 and absorb primary photons via

8 In addition, for the electron such energies are also

ete” production.
disallowed due to synchrotron losses occurring inside or outside the gal-
axy, or even in the earth's magnetosphere.b 2 The universe (but not

the earth) is transparent to cosmic ray neutrinos, but at energies in ex-

cess of 1014 GeV, the flux may well be negligible. We may also usel 0

1/3104/(nv/50 cm_3),

2 2 -1 2_2 -
oy 2 (GF/N)Mw to deduce Amfp/H0 > ﬂ/GFMWIR)HO
which says that regardless of incident energy, cosmic ray scattering on
relic neutrinos is negligible unless the relic density is several orders
of magnitude larger than the big-bang value predicted for u = 0.

Finally, consider resonant absorption of a cosmic ray lepton by a

. . . . . y
relic neutrino. Integration over the relic momenta or over the universe's
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expansion is equivalent, by a change of variable, to integration over the
resonance width. Thus the relevant weighted cross section for a Breit-

, o= _ 2 2 3 . .
Wigner form is o.= |ds o(s)/MR = 161°S P(R:+2v)/MR. S ig the ratio of
resonance spin states to incident lepton spin states. This time, the

condition A < H ~ becomes
mfp o

2
G
T(R » ) > ‘ F MR“3 ) %)
"R (n,/50 cn)s
We have replaced 10—5 GeV_2 with G, to make it clear that unless the relic

F

neutrino density is several orders of magnitude larger than the value

2 2.2
FMR rather than (GFMR) .

expected for u = 0, F(R:*lv)/MR must be of order G
. +

This leaves the W and Z as the only significant resonance candidates.

Since the universe is opaque to electrons near the resonant energy

ER ~ M§/2<€>, we are left to conclude that in the standard SU(2) x U(1)

model, VvV annihilation on the Z resonance is the only cosmic ray process

having sensitivity to the relic neutrino density.11 Since the neutrino

mean free path for this process is comparable to the Hubble radius, the
effects of an expanding universe must be included in our calculation.
The antineutrino cosmic ray transmission probability from time t

, -T
to t0 is e ', where

t

0
3>
T = /dt ——d—P—gf\)(p) Gz<l—pcose ¢p2+m2> . (5)
(2m)
t

§ is the incident angle of collision and o, is the annihilation cross

Z

section. Introducing the red-shift variable for cosmological expansion

I

from time t to present, w(t) RO/R(t)-l, there results a simple change
of variable, dw = —(w+ 1)Hdt. H = R/R is the Hubble parameter, itself a

function of time. The Einstein equations for a matter-dominated (pressure
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p << p)vera12 relate the Hubble parameter at time t to its present value
(we assume zero cosmological constant): H(t) = Ho(w+-l)/I:T§;a. Qo is
the present energy density of the universe in units of the critical value
3HO/8WG, G being Newton's constant. The bounds from observational
astronomy are 0.02 < Q_ < 2.2

The limits of Eq. (5) for relativistic and nonrelativistic relic
backgrounds are easily obtained by introducing the corresponding limit
of j.ds 6[ - 2(m24-E(¢p2+-m2 - pcose))] and substituting p = po(w-kl),
E = Eo(wi-l), E being the cosmic ray energy. We also approximate s = M;
in the argument of &, and use the result of standard electroweak theory,

j.ds cz(s)'= 2 V2 GFMé. The relativistic result is

G M4

Z
4m /"HE?"O[ (m+1)3/_9—m

00

[z, 0@un?-12/m) . ®)
0

T(E,u,2) =

Subscript zeros have been dropped since every variable is now either a
present time variable or an integration variable. The maximum red-shift
value, z, is the cosmological red-shift of the extragalactic antineutrino
source. Unfortunately, unless the degeneracy is large, (nearly) massless
neutrinos will not show an absorption dip; the threshold is smeared over
a large energy range. Furthermore, it is clear from the theta function
of Eq. (6) that the absorption maximum occurs at excessive energies of
order M;/(l+z)2<pv>, i.e., E > 1012 Gev for z < 4 and u < 50. Prospects
for detection are poor for (nearly) massless neutrinos.

In grand unified models, neutrino masses in the eV range arise

13

naturally. Furthermore, 30 eV neutrinos are a panacea for unresolved

3,14 gince

questions concerning the large scale structure of the universe.
. . . - -4 .
the relic neutrino mean momentum is of order (u+1) x 10 eV, eV neutrinos

are certainly nonrelativistic. The nonrelativistic limit of Eq. (5) is
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9

2

T(X = ;%%‘, ﬁ) = _x ) , 1l £x < 1+z (7)
_ T+ Q(x-1)

, _ -1
with 1(1) = 27 f?_—GFnVH

= ,017 h_l(nv/SO cm_3). The allowed range of

x has a simple interpretation: a neutrino received with energy E left its
red-shifted source with energy E(1 + z), and was a candidate for annihi-

lation only if the resonant energy, xE, lay within this energy range.

The transmission probability e " is plotted as a function of received

energy in Fig. 1. Curves are characterized by values of (h—1

,Q,ﬁ,TY)-
The absorption dip begins at an energy (in units of M§/2m) of 1/1+=z.

The position of the dip for various z values is shown on the top axis bf
the figure. It is clear that an absorption dip of 15% to 50% can be
expected for meutrinos from a z = 3.5 quasar source. If the degeneracy
parameter is nonzero, the dip will be much larger. For a 90 GeV Z-boson

mass and a z = 3.5 source, the dip energy is 9 x 1010

GeV (10 ev/m). Each
species of nonrelativistic neutrino should have its own dip, characterized
by the mass and degeneracy of the species. With massive neutrinos there
exists the possibility of gravitational clustering of relic neutrinos. If
the mfp between such clusters is small compared to the Hubble radius,
results are unchanged. If the mfp is comparable to or larger than the
Hubble radius, absorption in the direction of a neutrino cluster will be
enhanced relative to the homogeneous result; perhaps our own galaxy can
serve to amplify the absorption.

We conclude with the hope that neutrinos do have mass in the eV
range. Then a sizeable absorption dip at 1011t1 GeV is unambiguously
predicted for neutrino cosmic rays from a red-shifted source. Detection

feasibility will of course depend on the magnitude of flux from neutrino

sources. Quasars, active galactic nuclei, pulsars, supernovae and
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accreting black holes are suggested sources.l® Although their ultrahigh
energy emission spectrum is unknown, it is implausible that a single
source spectrum can be measured at the energies required here. A more
realistic approach is to convolute the transmission probability given in
this letter with a trial spectrum summed over all sources. A break in
the spectrum of the integrated flux is anticipated. This approach is

currently under investigation.
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FIGURE CAPTION

Transmiésion probability for massive (m >> (ﬂi—l)B—l) cosmic
ray antineutrinos as a function of their energy. Unstated
values of (h_l,Q,ﬁ,Ty) are (2,1,0,2.7°K). Transmission
probabilities for incident neutrinos are obtained by taking

U o> -q.



1.0

0.6 0.8
£; (MZ2/2m)

0.4

0.2

© @ © < N O
O O O O
AL1719V808d NOISSINSNYYL

4255A1

-82

Fig. 1



