Proceedings of ICRC 2001: 11%§ Copernicus Gesellschaft 2001 | C R C 2 OO 1

Extragalactic neutrino background from PBH evaporations
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Institute for Nuclear Research, Russian Academy of Sciences, Moscow 117312, Russia

Abstract. Energy spectra and fluxes of electron neutrinosthe radiation type (e.g., due to the parametric resonance) after
from evaporation of primordial black holes (PBHs) in the the inflation.
early universe are calculated. The constraints on the spec- 2. It is assumed, in accordance with analytic calcula-
tral index of primary density perturbations following from tions (Carr , 1975), that a critical size of the density contrast
the analysis of solar and atmospheric neutrino experimentsieeded for the PBH formation,, is aboutl /3. Further, it is
are obtained. assumed that all PBHs have mass roughly equal to the hori-
zon mass at a moment of the formation, independently of the
perturbation size.
1 Introduction 3. Summation over all epochs of the PBH formation can be
done using the Press-Schechter formalism. This formalism is
Some recent inflation models (e.g., the hybrid inflationarywidely used in the standard hierarchial model of the structure
scenario) predict the "blue” power-spectrum of primordial formation for calculations of the mass distribution functions.
density fluctuations. In turn, as is well known, the signifi-
cant abundance of primordial black holes (PBHSs) is possible
just in the case when the density fluctuations have an1 2 Formula for neutrino diffuse background from PBHs
spectrumf is the spectral index of the initial density fluctua-
tions,n > 1 spectrumis, by definition, the "blue perturbation The expression for the neutrino background is
spectrum”). ,
Particle emission from PBHs due to the evaporation pro- ap [ a
cess predicted by Hawking may lead to observable effectsfg(E) - ”i/dtz (%) FEQ+2) . @)
Up to now, PBHs have not been detected, so the observations
have set limits on the initial PBH abundance or on charac-Here,n; is the initial density of the sources (in our case the
teristics of a spectrum of the primordial density fluctuations. source is an evaporating PBH of the definite magsa, is
In particular, PBH evaporations contribute to the extragalac-the scale factor at present times ¢, f(E) is a differential
tic neutrino background. The constraints on an intensity ofenergy spectrum of the source radiation. The source of the
this background (and, correspondingly, on an PBH abun<adiation is a Hawking evaporation:
dance) can be obtained from the existing experiments with
atmospheric and solar neutrinos. The obtaining of such con-
straintg is a main task of the present paper. ° nif (B(L+2)) = /dm npn(m ) fu (E(1+2),m). (2)
The spectrum and the intensity of the evaporated neutrinos
depend heavily on the PBH’s mass. Therefore, the great atHere ,npy(m,t) is the PBH mass spectrum at any moment
tention should be paid to the calculation of the initial massof time, fy (E, m) is the Hawking function,
spectrum of PBHs. We use in this paper the following as-
sumptions leading to a prediction of the PBH’s mass spec- 1 I's(E,m)
trum. fu (E,m) = OF eap (GER) — (L) ®)
1. The formation of PBHs begins only after an inflation ¢
phase when the universe returns to the ordinary radiation& is the energy of an evaporated particle(E, m) is the
dominated era. The reheating process is such that an equatiaoefficient of the absorption by a black hole of a magdgor
of state of the universe changes almost instantaneously intan particle having spin s and energy
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The initial spectrum of PBHSs is given by the formula (Kim
and Lee, 1996)

n+3 /2
npy(Mpy) = 1 \/;77/4PiM1:1/2

(4]

(4)

2
XMB;I/zo';Il exp (—21—%[> .
Here,v = 1/3, M; is the horizon mass at the moment of
a beginning of the growth of density fluctuations; is the
horizon crossing amplitude. The minimum value of a PBH I
mass in this PBH mass spectrum is given by the simple ex-2..10 |
pression (Bugaev and Konishchev , 2001) I

Mg =~"2M; . (5)
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To take into account the existence of the minimum we [ |
must add to the initial spectrum expression the step factor [ T,F10"°GeV n=1.25]
O(Mpy —~'/?M;). The connection of the initial mass value ~ -20 fr bbb
Mpg and the value at any mometis determined by the so-
lution of the equation

1 0g0(2+1)

dm a(m)

Fig. 1. Redshift dependence of the integrand of the expression (12)
dat — m2 (6) for a neutrino background spectrum (with, = 0), for two values
of the neutrino energy.

The functiona(m) accounts for the degrees of freedom of
evaporated particles and determines the lifetime of a black

hole. In the approximation = const the solution of Eq.(6) Integrating over PBH'’s mass in Eq.(1), one obtains finally,
IS after the change of the variabl®n z, the integral ovet:

MBH = (3at+m3)1/3 (7)

) . S(E) = / F(E,z)dlogo(z+1) . (12)
This decrease of PBH mass leads to the corresponding evo-

lution of a form of the PBH mass spectrum. Atany moment e evaporation process of a black hole with not too small

one has initial mass is almost an explosion. So, for a calculation of
npg(m,t)dm = npy ((3at + m3)1/3) spectra of evaporated particles with acceptable accuracy it is
enough to know the value offor an initial value of the PBH
) (8) mass only. Taking this into account and having in mind the
% m , [m _ ((Mg%n):z _ 3at) 1/3} dm. gteepness of the PBH mass spectrum, we use the approxima-
(3at +m3)*/? tion
Substituting Egs. (3), (8) in the integral in Eq.(2) , we ob- a(m) = a(MEI) = a(vl/QMi) , (13)
tain the final expression for the spectrum of the background
radiation. and just this value oft is meant in the expressions (7)-(8).

It is convenient to use the variabteinstead oft. In the

case of flat models with nonzero cosmological constant on% Normalization of the perturbation amplitude

has
a1 a ao 3 Qg \4 -1/2 Our normalization of perturbation amplitude on COBE data
dz _  Hpao (Qm(z) )+ QA) ) isbased on two inputs.

4 o1 1. Connection between CMB fluctuations and scalar den-
Q= (2.4-10°7) y Q=10 =y (10) sity fluctuations is described (Turner and White , 1996) by

The factor(g—;)3 can be expressed through the value gf the following relations (derived for a lowest-order recon-

the moment of matter-radiation density equality: struction of the inflationary potential):
N3 o\ 3/2 5C%
a; _ t; _ S _ (0) 2
(a_0> (14 20g) (r) 5= 28 = 010470 (02) A% (k) (14)
@D s 0q,) = 1.04 — 0.820, + 203 , (15)

—3/2
_ 3/2 472\—3/4,3/2
= <§(2 - ﬁ)) Hy'™ (2.4-10%h%) 7677 0.0< ) <08. (16)
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Here,C5 is the scalar contribution to the angular power spec-4  Constraints on the spectral index
trum of CMB temperature fluctuations fbe= 2, k., ~ agHy

is the comoving wave number at the present horizon scale” precise calculation of the PBH neutrino background must

The dependenc éO) on Q, is due to the integrated Sachs- include also a taking into account the neutrino absorption

Wolfe effect, i.e., due to the evolution of the potentials from during a travelling in the space. The analog of an optical
last scattering surface till the present time. depth of the universe for the neutrino emitted at a redshift z

2. From 4-year COBE data one has (assuming that thénd having today an energyis given by the integral
scalar contribution dominates over the tensor on the large z

scales) the following results for smaNalues (Bond , 1996): (2, E) = /0‘ (E(1+ 7)) -n(z’)%dz' ) (25)
y4
0
11+ 1)es\ 2 _
(%) ~ (1.03 £ 0.07) - 1077, (17)  Here,o(F) is the neutrino interaction cross sectiarfz) is
a number density of the target particles.
n—=1.02+0.24 . (18) Two processes are potentially "dangerous”: neutrino - nu-

cleon inelastic scattering growing linearly with an energy,

From Egs.(14-17) one obtains, finally, the normalization and annihilations with neutrinos of the relic background

of the amplituded 5 (k): Ve + N — e~ + anything, (26)
1 . _ _
Ag(ky) =2- 107 ——— (19) Ve + Ue(relic) — Z(fl + fi)- (27)
(0) 0 i
fs ( A)

Calculations show that the contribution:aV channel to the
total 7 is negligibly small everywere, and for typical neu-
trino energy~ 100 MeV the absorbtion through annihilation
() 2 is essential beginning from~ 3-106. The example of a cal-
6% (k,t) = A%(k) (g_m) , (20)  culation of redshift dependence with taking into account the
Qi absorption is given on Fig.1. Typical neutrino background
spectra from PBHs are shown on Fig.2.
For an obtaining of the constraints on the spectral index
we use three types of neutrino experiments.
1. Radiochemical experiments for the detection of solar
neutrinos. There are data on solar neutrino fluxes from the
famous Davis experiment and thi& — Ge experiment.

The connection betweefis (k) and the horizon crossing am-
plitude at present time is given by

Here, the factog(a, £2,,,) accounts for the growth of density
perturbations.

All the dependence ofy (k,t) on comoving wave num-
berk is contained in an amplitudé ¢ (k) and, assuming the
power law of primordial density perturbations, is very sim-

ple: In general, the cross section for the neutrino absorption via
Ag(k) ~ R 1) gbound-bound transition can be calculated using the approx-
imate formula

Expressing the variable through M}, horizon mass at the a2 ) w2 o

moment when the scale ~ L crosses the Hubble radius, , _ } = <<1> + (_(7) (o) >PeEe , B <100MeV

one obtains const. ,E > 100MeV.

Mhl% , radiation era , 2. The experiment on a search of an antineutrino flux from

Ag(My) ~ (22) the SunIn some theoretical schemes (e.g., in the model of a

M% matter era spin - flavor precession in a magnetic field) the Sun can emit
h ’ ' rather large flux of antineutrinos. LSD experiment (Aglietta
The final expression for horizon crossing amplitude, as @€t al. , 1996) sets the upper limit on this flug; /@, <
function of horizon mass (foM;, < M.,) is (Bugaev and 1.7%. In this experiment the neutrino detection is carried out

Konishchev , 2001) using the reaction
- +
5oy 2107 (M, M\ T 93 verpTnTen @9
(M) = © Mo M, - (23 The number of target protons is 8.6 - 102® per 1 ton of
fs7 (@) the scintillation detector, and the obtained upper limt &3

The connection of this amplitude with the smoothed amp"_antmeutnno events peryear per ton.

tudeoy, entering the expression for PBH mass spectrum (4) 3. The Kamiokande experiment on a detection of atmo-
is givel;[{by 9 P P spheric electron neutrinos(Hirata et al. , 1992). In this

experiment the electrons arising in the reaction

on(Mp) ~ 565 (Mp) (24)  potm 4 S pte (29)
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Fig. 2. Electron neutrino background spectra from PBHs, calcu- Fig. 3. Constraints on the spectral indexas a function of the
lated for several values of the spectral index. Dashed curve showseheating temperatufEr i, from three types of the neutrino exper-
the theoretical atmospheric neutrino spectrum at Kamiokande sitéments.

(Bugaev an Naumov , 1989) (averaged over all directions).

trino background is dominated by the evaporations at recent
in the large water Cherenkov detector were detected andgepochs. In opposite, at larg€zy, when Mgy is small,
moreover, their energy spectrum was measured. This speéhe neutrino background is dominated by the evaporations at
trum has a maximum at the energy ab8aoMeV. The  earlier times.
spectrum of the atmospheric electron neutrinos is calculated One should note that usually the calculations of these con-
with a very |arge accuracy (assuming an absence of the neuatraints are accompanied by the calculation of the bounds
trino oscillations) and the experimentally measured electrorPased on requirement that the energy density in PBHs does
spectrum coincides, more or less, with the theoretical predichot overclose the universe at any epo€lpf; < 1). For
tion. The observed electron excessat 100M eV (which a setting of such bounds one must consider the cosmologi-
is a possible consequence of the oscillations) is not too largecal evolution of the system PBHs + radiation. We intend to
We use the following condition for an obtaining the our con- carry out these calculations in a separate paper. Estimates
straint : the absolute differential intensity of the PBH neu- Show that at largd’zx values [z > 10'°GeV) the con-
trino background at the neutrino enerfly~ 0.3GeV can-  straints based ofipy < 1 are stronger than those based
not exceed the theoretical differential intensity of the atmo-0n the neutrino experiments (it is the reason why we did not
spheric electron neutrinos at the same energy. explore the regiofi’zy > 10'°GeV in the present paper).
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