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High energy neutrinos from astrophysical sources: An upper bound

Eli Waxman* and John Bahcall†

Institute for Advanced Study, Princeton, New Jersey 08540
~Received 10 June 1998; published 14 December 1998!

We show that cosmic-ray observations set a model-independent upper bound ofEn
2Fn,2

31028 GeV/cm2 s sr to the intensity of high-energy neutrinos produced by photo-meson~or p-p! interactions
in sources of size not much larger than the proton photo-meson~or p-p! mean-free-path. This bound applies,
in particular, to neutrino production by either AGN jets or GRBs. The upper limit is two orders of magnitude
below the intensity predicted in some popular AGN jet models and therefore contradicts the theory that the
cosmic gamma-ray background is due to photo-pion interactions in AGN jets. The upper bound is consistent
with our predictions from GRB models. The predicted intensity from GRBs isE2dN/dE;0.3
31028 GeV/cm2 s sr for 1014 eV,E,1016 eV; we also derive the expected intensity at higher energy.
@S0556-2821~99!03902-8#

PACS number~s!: 95.85.Ry, 14.60.Pq, 98.70.Rz, 98.70.Sa
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I. INTRODUCTION

Large area, high-energy neutrino telescopes are b
constructed to detect cosmologically distant neutrino sou
~see@1# for a review!. The main motivation of a search fo
cosmological high-energy neutrino sources derives from
fact that the cosmic-ray energy spectrum extends
.1020 eV and is most likely dominated above;3
31018 eV by an extra-Galactic source of protons@2#. High-
energy neutrino production is likely to be associated with
production of high-energy protons, through the decay
charged pions produced by photo-meson interaction of
high-energy protons with the radiation field of the sour
Gamma-ray bursts~GRBs! @3# and active galactic nucle
~AGN! jets @4# have been suggested as possible source
high-energy neutrinos that are associated with high-ene
cosmic-rays. The predicted neutrino fluxes may be detect
with high-energy neutrino telescopes of effective a
;1 km2.

We show here that high-energy cosmic-ray observati
set a model-independent upper bound to the expected h
energy neutrino fluxes and are in conflict with the theory t
the cosmic gamma-ray background is due to photo-pion
teractions in AGN jets. The upper bound is stated in Eq.~3!
and is illustrated in Fig. 1. The demonstration that the AG
jet models for the gamma-ray background are in conflict w
the cosmic ray data is given in Sec. III. We also give a m
detailed prediction than we gave in Ref.@3# for the expected
GRB neutrino spectrum and discuss the compatibility of
detailed results with the general secondary-particle coo
constraints derived by Rachen and Me´száros @5#.

It has been suggested that neutrinos may be produce
the cores of AGNs~rather than in the jets! by photo-meson
interaction of protons accelerated to high energy in the A
core; in this scenario neutrinos are produced very close to
central black-hole@6#. In this model, the proton photo-meso
optical depth is very high,tpg;100, and high-energy nucle
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ons do not escape the source. By construction, there ca
no observational evidence except neutrinos for, or agai
the hypothesized luminous AGN accelerator of high-ene
protons. The hypothesized black-hole accelerators
‘‘neutrino-only’’ factories. Therefore, cosmic-ray observ
tions cannot set a limit to neutrino emission in this mod
On the other hand, this model cannot explain, and is the
fore not supported by, the existence of the extra-Gala
high-energy cosmic-ray flux.

This paper is organized as follows. In Sec. II we deri
the general upper bound to neutrino fluxes fromp-g inter-
actions for sources optically thin top-g reactions. We com-
pare in this section the upper limit to the predictions fro
different models for neutrino sources. We also show that
upper bound cannot be avoided by cosmological evoluti
ary effects~Sec. II C! or by invoking magnetic fields~Sec.
III !. In Sec. IV we discuss the implications of the upp
bound for AGN jet models of neutrino production. In Sec.
we discuss the implications for the GRB model of high e
ergy neutrino production, derive a more detailed predict
~compared to our prediction in Ref.@3#! for the expected
GRB neutrino spectrum, and compare our results with th
of other authors. We discuss in Sec. VI our main conc
sions.

II. UPPER BOUND TO THE NEUTRINO FLUX

We first derive in Sec. II A the upper bound to the hig
energy neutrino flux from the sources at redshiftz,1 that
produce the observed cosmic-rays at energies greater
1018 eV. We compare in Sec. II B the upper bound with t
predictions of current models. In Sec. II C we discuss
modification of the upper bound by unobserved sources
cosmic rays at larger redshift.

A. Derivation of the upper bound

Cosmic-ray observations above 1017 eV indicate that an
extra-Galactic source of protons dominates the cosmic
flux above;331018 eV @2#, while the flux at lower energies
is dominated by heavy ions, most likely of Galactic origi
©1998 The American Physical Society02-1
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The observed energy spectrum of the extra-Galactic com
nent is consistent with that expected for a cosmological
tribution of sources of protons, with injection spectru
dNCR /dECR}ECR

22 , as typically expected for Fermi acce
eration @7#. The energy production rate of protons in th

energy range 1019– 1021 eV is «̇CR
@1019,1021#;531044

erg Mpc23 yr21 @7#, if the observed flux of ultra-high-energ
cosmic-rays is produced by sources that are cosmologic
distributed. The energy-dependent generation rate of cos
rays is therefore given by

ECR
2 dṄCR

dECR
5

«̇CR
@1019,1021#

ln~1021/1019!
'1044 erg Mpc23 yr21. ~1!

If the high-energy protons produced by the extra-Gala
sources lose a fractione,1 of their energy through photo
meson production of pions before escaping the source,
resulting present-day energy density of muon neutrinos
En

2dNn /dEn'0.25etHECR
2 dṄCR /dECR , where tH'1010 yr

is the Hubble time. For energy independente the neutrino
spectrum follows the proton generation spectrum, since
fraction of the proton energy carried by a neutrino produc
through a photo-meson interaction,En'0.05Ep , is indepen-
dent of the proton energy. The 0.25 factor arises beca
neutral pions, which do not produce neutrinos, are produ
with roughly equal probability with charged pions, and b
cause in the decayp1→m11nm→e11ne1 n̄m1nm muon
neutrinos carry approximately half the charged pion ener
Defining I max as the muon neutrino intensity (nm and n̄m
combined! obtained fore51,

I max'0.25jZtH

c

4p
ECR

2 dṄCR

dECR

'1.531028jZ GeV cm22 s21 sr21, ~2!

the expected neutrino intensities are

En
2Fnm

[
c

4p
En

2
dNnm

dEn
5

1

2
eI max, Fne

'Fn̄m
'Fnm

.

~3!

The quantityjZ in Eq. ~2! is of order unity and has bee
introduce here to describe the possible contribution of so
unobserved high redshift sources of high-energy cosmic
and to include the effect of the redshift in neutrino ener
We estimatejZ in Sec. II C.

B. Upper bound versus current models

Figure 1 compares the neutrino intensity predictions
GRB and AGN jet models with the intensity given by E
~2!. The AGN core model predictions are shown for co
pleteness. The intensities predicted by both AGN jet a
core models exceedI max by typically two orders of magni-
tude.

The intensityI max is an upper bound to the intensity o
high-energy neutrinos produced by photo-meson interac
in sources of size not much larger than the proton pho
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meson mean-free-path. Higher neutrino intensities from s
sources would imply proton fluxes higher than observed
cosmic-ray detectors. Clearly, higher neutrino intensit
may be produced by sources where the proton photo-me
‘‘optical depth’’ is much higher than unity, in which cas
only the neutrinos escape the source. However, the exist
of such sources cannot be motivated by the observed h
energy cosmic-ray flux or by any observed electromagn
radiation. We therefore refer in Fig. 1 to models withtgp
@1 as ‘‘hidden core’’ models.

C. Evolution and redshift losses

In the derivation of Eq.~2! we have neglected the redshi
energy loss of neutrinos produced at cosmic timet,tH , and
implicitly assumed that the cosmic-ray generation rate
unit ~comoving! volume is independent of cosmic time. Th
generation rate may have been higher at earlier times, i.
high redshift. Cosmic rays above 1018 eV must originate
from sources atz,1. Energy loss due to redshift and pa
production in interaction with the microwave backgrou
implies that in order to be observed with energyE
.1018 eV, a proton should have been produced atz51 with
energy exceeding the threshold for photo-meson produc
in interaction with the microwave background at that re
shift. Photo-meson energy loss of protons produced ab
the threshold would reduce the proton energy to the thre
old value in a short time, so that their observed energy~i.e. at

FIG. 1. Comparison of muon neutrino intensities (nm and n̄m

combined! predicted by different models with the upper bound im
plied by cosmic ray observations. The dash-dotted lines give
upper bound, Eq.~2!, corrected for neutrino energy loss due
redshift and for possible redshift evolution of the cosmic-ray g
eration rate. The lower line is obtained assuming no evolution,
the upper line assuming rapid evolution similar to the evolution
the quasi-stellar object~QSO! luminosity density. The AGN jet
model predictions are taken from Ref.@4# ~labeled ‘‘Jet1’’ and
‘‘Jet2’’ !. The GRB intensity is based on the estimate presente
this paper, following@3#. The AGN hidden-core conjecture, whic
produces only neutrinos and to which the upper bound does
apply, is taken from@6#.
2-2
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HIGH ENERGY NEUTRINOS FROM ASTROPHYSICAL . . . PHYSICAL REVIEW D 59 023002
z50! would be;1018 eV. Thus, the cosmic ray energy ge
eration rate given in Eq.~1! is the present~i.e. low redshift,
z,1! generation rate. An increase in the cosmic-ray ene
generation rate per unit~comoving! volume above the value
of Eq. ~1! at large redshift,z.1, is consistent with observa
tions, since it would not affect the observed flux abo
;1018 eV, and the contribution fromz.1 sources to the
observed flux below;1018 eV may be hard to detect due t
the ‘‘background’’ of Galactic sources of heavy ion cosm
rays which are most likely dominating the flux at this ener
@2,8#.

Let us consider the possible modification of Eq.~2! due to
evolution and redshift losses. A neutrino with observed
ergy E must be produced at redshiftz with energy (1
1z)E. Thus, the present number density of neutrinos ab
energyE is given by

nn~.E!5E
0

zmax
dz

dt

dz
ṅn@.~11z!E,z#

5ṅ0~.E!E
0

zmax
dz

dt

dz
~11z!21f ~z!. ~4!

Here we have used the fact thatṅn(.E)}E21 and denoted
the ratio of~comoving! neutrino production rate at redshiftz
to the present rate,ṅ0 , by f (z). Comparing Eqs.~2! and~4!,
and noting thattH[*0

`dz(dt/dz), we find that the intensity
I max of Eq. ~2! should be multiplied by a correction factor

jZ5
*0

zmaxdzg~z!~11z!27/2f ~z!

*0
`dzg~z!~11z!25/2 . ~5!

Here, g(z)[2H0(11z)5/2(dt/dz) is a weak function of
redshift and cosmology;g(z)[1 for a flat universe with zero
cosmological constant. Let us assume that the neutrino
ergy generation rate evolves rapidly with redshift, followin
the luminosity density evolution of QSOs@9#, which may be
described asf (z)5(11z)a with a'3 @10# at low redshift,
z,1.9, f (z)5const for 1.9,z,2.7, and an exponential de
cay atz.2.7 @11#. Using this functional form off (z), which
is also similar@9# to that describing the evolution of sta
formation rate@12#, we find thatjZ'3 ~with weak depen-
dence on cosmology!. For no evolution,f (z)5const, we
havejZ'0.6,1 ~with only a weak dependence on cosmo
ogy! due to a redshift energy loss of neutrinos.

III. CAN THE UPPER BOUND BE AVOIDED BY
INVOKING MAGNETIC FIELDS?

One may try to invent arguments in order to avoid t
upper bound on the neutrino flux by hypothesizing stro
magnetic fields, which would affect the propagation
cosmic-ray protons, either in the neutrino source or in
inter-Galactic medium between the source and Earth.
show in this section that magnetic fields in the source can
affect the upper bound, and that observational constraint
inter-Galactic magnetic fields imply that proposed field s
narios also do not affect the upper bound.
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A. Magnetic fields in the neutrino source

One might try to argue that the upper boundI max can be
avoided even for sources with small photo-meson opt
depth, if protons are prevented from escaping the source
magnetic confinement. However, a photo-meson interac
producing a charged pion also converts the proton to a n
tron, which is not magnetically confined and will escape
source with small photo-meson optical depth before dec
ing to a proton. A neutron of high energyE propagates a
distance 100(E/1019 eV) kpc prior to its decay. Thus, mag
netic fields within the neutrino source cannot be used
evade the upper bound given in Eq.~2!.

B. Uniformly distributed inter-galactic magnetic fields

The existence of uniformly distributed inter-galactic ma
netic fields may limit the propagation distance of protons a
therefore prevent their arrival at Earth from distant sourc
However, imposing a limit on the propagation distance
cosmic-rays will not affect any of the arguments presented
this paper. Compare, e.g., the case where protons propa
on straight lines to the case where cosmic rays are confi
by magnetic fields to their place of origin. In the former ca
the present proton flux is obtained by integrating the con
bution of distant sources over redshift, while in the lat
case it is obtained by integrating the contribution from loc
sources over cosmic time. For a homogeneous universe
procedures yield the same result@e.g. the integration in Eq
~4! may be interpreted as integration over redshift or o
time#. Thus, limiting the cosmic-ray propagation distan
may affect the upper boundI max only if propagation is lim-
ited to a distanced over which the cosmic ray productio
rate, averaged over a Hubble time, is inhomogeneous. In
case, if the cosmic-ray production rate in our local region
size d is lower than the universe average, the observ
cosmic-ray flux would be lower than average and the n
trino flux, which is homogeneous throughout the univer
may exceed a bound based on the local cosmic-ray fl
However, the magnetic fields required to make such a s
nario viable, i.e. to confine cosmic rays to small enoughd to
significantly affectI max, are large and are inconsistent wi
observations.

Consider a proton of energyE propagating through an
intergalactic magnetic field of strengthB and correlation
lengthl. Propagating a distancel the proton is deflected by
an angle;l/RL , where RL5E/eB is the Larmor radius.
For the parameters of interest~see below! the deflection
angle is small, and propagating a distancel the proton is
deflected by an angle (l /l)1/2l/RL . Thus, we may define an
effective mean free path, the propagation distance o
which large deflection occurs, by (ll)1/2/RL51 and a diffu-
sion coefficient for proton propagation,D5 lc/3. For a
propagation timet, protons are confined to a region of siz
d;(Dt)1/25(ct/3l)1/2RL . For t5tH'1010 yr, we haved
;1(E/331019 eV)(BnGlMpc

1/2 )21 Gpc. The propagation dis
tance is determined by the productBl1/2. The upper limit on
the intergalactic magnetic field implied by QSO Faraday
tation measurements,Bl1/2,1 nG Mpc1/2 @13,14#, implies
d.1(E/331019 eV) Gpc. We conclude that the existence
2-3
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ELI WAXMAN AND JOHN BAHCALL PHYSICAL REVIEW D 59 023002
a uniformly distributed inter-Galactic magnetic field wou
have no effect onI max.

C. Magnetic fields in large scale structures

The discussion in the previous subsections shows tha
magnetic field in the source or a uniformly distributed inte
Galactic field would not affect the upper boundI max. Could
magnetic fields associated with large scale galaxy structu
i.e. clusters, filaments and sheets, affect the upper boun

Let us first consider galaxy clusters, where inter-galac
fields had been detected. The analysis of rotation meas
of radio sources lying in the background of rich clusters i
plies the existence of strong fields between galaxiesB
;1 mG with l;10 kpc, in the central 0.5 Mpc, cluster re
gion @15#. However, confinement of high energy protons
the cores of rich clusters would have little effect on our
sults, unless most of the high energy neutrino sources re
in the centers of rich clusters, which is not the case for eit
the hypothesized AGN or GRB neutrino sources. Moreov
high-energy protons cannot be confined even in the cen
regions of a rich cluster, since forB;1 mG andl;10 kpc
we haved;10(E/331019eV) Mpc over a Hubble time.

We next turn to large-scale filaments and sheets. Kuls
et al. @16# have recently suggested that magnetic fields co
be amplified by turbulence associated with the formation
large scale filaments and sheets to near equipartition
turbulent kinetic energy. For characteristic turbulent velo
ties of v t;300 km/s on;1 Mpc scale, and characterist
filament and sheet densities ofn;1026 cm23, this scenario
predicts magnetic fields B;0.1(n/1026 cm23)1/2

(v t/300 km/s)mG in the high density large scale filamen
and sheets, with coherence lengthL;1 Mpc, comparable to
the filament ~sheet! diameter ~thickness!. It is not clear
whether the suggested scenario for an increase in the m
netic field strength and coherence length to equipartit
with the largest turbulent eddies can be realized. Furth
more, even for a turbulent velocity of order several hundr
km per sec, the turnaround time of a;1 Mpc eddy is longer
than the Hubble time, and it is therefore not clear whet
equipartition with the largest scale is achievable. Nevert
less, we consider this scenario here since it is consistent
the upper limit,B,1 mG, implied for a field coherent ove
;1 Mpc inside high density large scale structures by Q
rotation measures@17#. Although the Larmor radius of a
;1019 eV proton is smaller thanL;1 Mpc, confinement of
particles would require a special field configuration. Even
such a configuration is produced by random turbulent m
tions, which seems unlikely, variation of the field over
scaleL gives rise to particle drift velocity,vd;RLc/L, and
therefore to the escape of particles on time sc
te;L2/cRL5107 (L/1 Mpc)2 (B/0.1mG) (E/331019 eV)
yr. Sincete!tH , the hypothesized large-scale structure m
netic fields cannot affect the bound on neutrino flux.

Finally, we note that several authors have recently con
ered cosmic-ray proton propagation in a hypothesized la
scale magnetic field, associated with our local super-clus
of 0.1mG strength and 10 Mpc coherence length correspo
ing to a hypothetical local turbulent eddy of comparable s
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@18,19#. For these parameters as well we havete!tH , and
therefore even this field structure would not affect the n
trino bound. Nevertheless, two points should be made. F
if cosmic-rays are confined to our local super-cluster, o
would expect the local cosmic-ray flux to be higher th
average~since the production rate averaged over Hub
time should be higher than average in overdense large s
regions!, implying that the upper bound on the neutrino i
tensity is lower thanI max derived here. Second, it is hard t
understand how the hypothesized magnetic field struc
could have been formed. The overdensity in the local sup
cluster is not large and an equipartition magnetic field
strength 0.1mG therefore corresponds to a turbulent veloc
v t;103 km/s. A turbulent eddy of this velocity coheren
over tens of Mpc is inconsistent with local peculiar veloc
measurements~See e.g.@20# for a recent review!. Moreover,
the corresponding eddy turnaround time is larger than
Hubble time.

IV. AGN JET MODELS

We consider in this section some popular models for n
trino production in which high-energy neutrinos are pr
duced in the jets of active galactic nuclei@4#. In these mod-
els, the flux of high-energy neutrinos received at Earth
produced by ‘‘blazars,’’ AGN jets nearly aligned with ou
line of sight. Since the predicted neutrino intensities for the
models exceed by typically two orders of magnitude the
per bound, Eq.~2!, based on observed cosmic ray fluxes, it
important to verify that the models satisfy the assumption
which Eq.~2! is based, i.e. optical depth,1 to p-g interac-
tion.

The neutrino spectrum and flux are derived in AGN
models on the basis of the following key considerations. I
assumed that protons are Fermi accelerated in the jet to
energy, with energy spectrumdNp /dEp}Ep

22 . For a photon
spectrumdNg /dEg}Eg

22 , as typically observed, the numbe
of photons with energy above the threshold for pion prod
tion is proportional to the proton energyEp ~the threshold
energy is inversely proportional toEp!. This implies that the
proton photo-meson optical depth is proportional toEp , and
therefore, assuming that the optical depth is small, that
resulting neutrino spectrum is flatter than the proton sp
trum, namelydNn /dEn}En

21 , as shown in Fig. 1. The spec
trum extends to a neutrino energy which is'5% of the
maximum accelerated proton energy, which is typica
1019 eV in the models discussed.

The production of charged pions is accompanied by
production of neutral pions, whose decay leads to the em
sion of high-energy gamma-rays. It has been claimed@21#
that the observed blazar emission extending to;10 TeV
@22# supports the hypothesis that the high-energy emissio
due to neutral pion decay rather than to inverse Comp
scattering by electrons. Thus, the normalization of the n
trino flux is determined by the assumption that neutral p
decay is the source of high-energy photon emission and
this emission from AGN jets produces the observed diffu
g-ray background, Fg(.100 MeV)51028 erg/cm2 s sr
@23#. Under these assumptions the total neutrino energy
2-4
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is similar to theg-ray background flux~see Fig. 1!.
In the AGN jet models discussed above, the proton pho

meson optical depthtpg at Ep<1019 eV is smaller than
unity. This is evident from the neutrino energy spectru
shown in Fig. 1, which is flatter than the assumed pro
spectrum atEp<1019, as explained above. In fact, it is eas
to see that these models are constrained to havetpg<1023 at
Ep;1019 eV. The threshold energy of photons for pa
production in interaction with a 1 TeV photon is similar to
the photon energy required for resonant meson productio
interaction with a proton of energyEp50.2 GeV2/
~0.5 MeV!231 TeV51018 eV. Emission of;1 TeV photons
from blazars is now well established@24#, and there is evi-
dence that the high-energy photon spectrum extends
power-law at least to;10 TeV @22#. This is the main argu-
ment used@21# in support of the hypothesis that high-ener
emission from blazars is due to pion decay rather than
verse Compton scattering. The observed high-energy e
sion implies that the pair-production optical depth f
;1 TeV photons is small, and thattpg<1024

(Ep/1018 eV), since the cross section for pair production
;104 times larger than the cross section for photo-me
production. This result guarantees that the upper boundI max
on the neutrino intensity is valid for AGN jet models.

V. GAMMA-RAY BURSTS

In the GRB fireball model for high-energy neutrinos, t
cosmic ray observations are naturally taken into account
y

pe

c

tly
ra
-

ec
r-

,
i

g
le
t

02300
-

n

in

a

-
is-

n

d

the upper limit on high energy neutrino flux is automatica
satisfied. In fact, it was the similarity between the ener
density in cosmic ray sources implied by the cosmic ray fl
observations and the GRB energy density in high ene
protons that led to the initial suggestion that GRBs are
the source of high energy protons. Just as for AGN jets,
GRB fireballs are optically think tog-p interactions that
produce pions but—unlike the AGN jet models—the GR
model predicts a neutrino flux that satisfies the cosmic-
upper bound discussed in Sec. II.

A. Neutrinos at energies;1014 eV

In the GRB fireball model@25#, which has recently gained
support from GRB afterglow observations@26#, the observed
gamma rays are produced by synchrotron emission of h
energy electrons accelerated in internal shocks of an exp
ing relativistic wind, with characteristic Lorentz factorG
;300 @27#. In this scenario, observed gamma-ray flux va
ability on time scaleDt is produced by internal collisions a
radiusr d'G2cDt that arise from variability of the underly
ing source on the same time scale@28#. In the region where
electrons are accelerated, protons are also expected t
shock accelerated, and their photo-meson interaction w
observed burst photons will produce a burst of high-ene
neutrinos accompanying the GRB@3#. If GRBs are the
sources of ultra-high-energy cosmic-rays@29,30#, then the
expected GRB neutrino intensity is@3#
En
2Fnm

'En
2Fn̄m

'En
2Fne

'
1

2
f pI max'1.531029S f p

0.2Dmin$1,En /En
b% GeV cm22 s21 sr21, En

b'1014 eV. ~6!
i-
the

,
and
r

tron
y
st
the
als

e
is

n

Here, f p is the fraction of energy lost to pion production b
high-energy protons. The derivation off p andEn

b and their
dependence on GRB model parameters is given in the ap
dix @Eqs.~A2!, ~A1!#. The intensity given by Eq.~6! is ;5
times smaller than that given in Eq.~8! of Ref. @3#, due to the
fact that in Eq.~8! of Ref. @3# we neglected the logarithmi
correction ln(100)55 of Eq. ~1!.

The GRB neutrino intensity can be estimated direc
from the observed gamma-ray fluence. The Burst and T
sient Source Experiment~BATSE! measures the GRB flu
ence Fg over a decade of photon energy,;0.1 MeV to
;1 MeV, corresponding to half a decade of radiating el
tron energy~the electron synchrotron frequency is propo
tional to the square of the electron Lorentz factor!. If elec-
trons carry a fractionf e of the energy carried by protons
then the muon neutrino fluence of a single burst
En

2dNn /dEn'0.25(f p / f e)Fg / ln(3). The average neutrino
flux per unit time and solid angle is obtained by multiplyin
the single burst fluence with the GRB rate per solid ang
'103 bursts per year over 4p sr. Using the average burs
fluenceFg'631026 erg/cm2, we obtain a muon neutrino
n-

n-

-

s

,

intensity En
2Fn'331029( f p / f e) GeV/cm2 s sr. Recent

GRB afterglow observations typically implyf e;0.1 @26#,
and thereforef p / f e;1. Thus, the neutrino intensity est
mated directly from the gamma-ray fluence agrees with
estimate~6! based on the cosmic-ray production rate.

B. Neutrinos at high energy>1016 eV

The neutrino spectrum~6! is modified at high energy
where neutrinos are produced by the decay of muons
pions whose lifetimetm,p exceeds the characteristic time fo
energy loss due to adiabatic expansion and synchro
emission@3,5#. The synchrotron loss time is determined b
the energy density of the magnetic field in the wind re
frame. For the characteristic parameters of a GRB wind,
muon energy for which the adiabatic energy loss time equ
the muon lifetime,Em

a , is comparable to the energyEm
s at

which the lifetime equals the synchrotron loss time,tm
s . For

pions,Ep
a .Ep

s . This and the fact that the adiabatic loss tim
is independent of energy and the synchrotron loss time
inversely proportional to energy imply that synchrotro
2-5
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losses are the dominant effect suppressing the flux at
energy. The energy above which synchrotron losses supp
the neutrino flux is

Enm~n̄m ,ne!
s

En
b '~jBLg,51/je!

21/2G300
2 Dtms~Eg

b/1 MeV!

3H 10 for n̄m ,ne ,

100 for nm .
~7!

Here,Lg51051Lg,51 erg/s is the observed gamma-ray lum
nosity, Dt51Dtms ms is the observed GRB variability tim
scale,Eg

b;1 MeV is the observed GRB photon break e
ergy, G5300G300, andje and jB are the fractions of GRB
wind luminosity carried by electrons and magnetic field
The observational constraints on these parameters are
cussed in the Appendix. At neutrino energyEn@En

s , the
probability that a pion~muon! would decay before losing its
energy is approximately given by the ratio of synchrotr
cooling time to decay time tp(m)

s /tp(m)

5@En /Enm( n̄m ,ne)
s #22, and the intensity of Eq.~6! is sup-

pressed by a similar factor;

En
2Fnm~n̄m ,ne!'1.531029S f p

0.2D
3F En

Enm~n̄m ,ne!
s G22

GeV cm22 s21 sr21,

En@En
s . ~8!

Since the wind duration, i.e. the time over which energy
released from the source, isT;1 s, internal shocks may oc
cur due to variability on time scaledt larger than the source
dynamical time,Dt;1 ms<dt<T;1 s. Collisions due to
variability dt.Dt are less efficient in producing neutrino
f p}dt21, since the radiation energy density is lower
larger collision radii, leading to a smaller probability fo
photo-meson interaction. However, at larger radii synch
tron losses cut off the spectrum at higher energy,Es(dt)
}dt. Collisions at large radii therefore result in extension
the neutrino spectrum of Eq.~6! to higher energy, beyond th
cutoff energy Eq.~7!, and therefore yieldEn

2Fn}En
21 for

En.En
s(Dt), sincef p}dt21}@Es(dt)#21. This extension is

shown in Fig. 1. We note that on a time scaleDt;1 s the
expanding wind is expected to interact with the surround
medium, driving a relativistic shock into the ambient ga
Protons are expected to be accelerated to high energy in
shock, the ‘‘external’’ shock, as well. The neutrino intens
and spectrum produced in the external shock are given
Eqs. ~A2!, ~6!, ~7! with Dt;1 s. Because of the low effi
ciency of the external shock,f p;1024, its contribution to
the neutrino flux is small. Note that as the external sho
expands through a larger mass of the ambient gas it dec
ates, and therefore on a time scaleDt@1 s the shock Lorentz
factor is not large enough to allow acceleration of protons
high energy.
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C. Comparison with other authors

In agreement with Rachen and Me´száros @5#, we find that
the neutrino flux from GRBs is small above 1019 eV, and
that a neutrino flux comparable to theg-ray flux is expected
only below;1017 eV. Our result is not in agreement, how
ever, with that of Ref.@31#, where a much higher flux a
;1019 eV is obtained based on the equations of Ref.@3#,
which are the same equations as used here. There is a
merical error in the calculations of Ref.@31#.1 Finally, we
note that the highest energy to which protons can be ac
erated increases with the collision radiusEp

max}dt1/3 @29#, and
while Ep

max;1020 eV for dt;Dt;1 ms, collisions at larger
radii, dt;0.03 s, are required to allow acceleration to t
highest observed energy,;331020 eV. In agreement with
Rachen and Me´száros @5#, we find that at this radius the
neutrino spectrum produced through photo-meson inte
tions extends to;1018 eV @see Eqs.~7!, ~A1!#. There is no
contradiction, however, between production of high-ene
protons above;331020 eV and a break in the neutrin
spectrum at;1016 eV, since the efficiency of neutrino pro
duction at collision radius corresponding todt;0.03 s is
small and most of the flux is produced by collisions
smaller radii.

VI. DISCUSSION

We have shown that cosmic-ray observations set a mo
independent upper bound ofE2Fn,231028 GeV/cm2 s sr
to the intensity of high-energy neutrinos produced by pho
meson interaction in sources of size not much larger than
proton photo-meson mean-free-path, e.g. AGN jets a
GRBs ~see Fig. 1!. This limit cannot be avoided by hypoth
esizing evolutionary effects of the sources~see discussion in
Sec. II C! or by invoking magnetic field scenarios~see dis-
cussion in Sec. III!.

Of possibly even greater interest to photon astronom
we have shown that the cosmic ray measurements rule
the current version of theories in which the gamma-ray ba
ground is due to photo-meson interactions in AGN jets.

The neutrino flux predictions of AGN jet models a
based on two key assumptions, namely that AGN jets p
duce the observed gamma-ray background and that h
energy photon emission from AGN jets is due to decay
neutral pions produced in photo-meson interactions of p
tons accelerated in the jet to high energy. Since the neut
flux predicted by these assumptions is two orders of mag
tude higher than the upper bound allowed by cosmic
observations~see Fig. 1!, at least one of the key assumption
is not valid, presumably the assumption that high-ene
photon emission from AGN jets is due to photo-meson int
actions. This conclusion is supported by multi-waveleng

1The parameters chosen in@31# areLg51050 erg/s,Dt510 s, and
G5100. Using our equation~4! of Ref. @3#, which is the same as
Eq. ~A2! of the present paper, we obtain for these parame
f p51.631024, while the author of@31# obtains, using the same
equation,f p50.03.
2-6
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observations of the blazar Mkn 421, which show contem
raneous strong variability at TeV and x-ray energies w
little evidence for GeV and optical variability@32,33#. This
behavior suggests that the high-energy photon emissio
due to inverse-Compton scattering by relativistic electro
@32#.

Even if AGNs produce part of their high energy emissi
throughg-p interactions, the upper bound derived here i
plies an upper bound of;1 detected AGN neutrino per yea
in a high-energy neutrino telescope with an effective area
1 km2 @1#. The discussion in this paper shows that there is
observational motivation that would lead one to expect t
the flux of high-energy neutrinos from AGNs will be me
surable in a km2 telescope.

The upper bound Eq.~2! also applies to the intensity o
high-energy neutrinos that may be produced through the
cay of charged pions created byp-p→p6X ~rather than
p-g! interactions, as long as thep-p optical depth in the
source is not large. At present, predictions of high-ene
neutrino flux based on such models are not available in
literature.

The cosmic-ray flux below 331018 eV is steeper than a
higher energy. This is most likely due@2# to a contribution to
the cosmic-ray flux at lower energy from Galactic sources
heavy ions. This view has recently gained support from
detection in the Fly’s Eye data of a small but statistica
significant enhancement of the flux of cosmic-rays in
energy range of 231017 eV to 331018 eV along the Galac-
tic plane @8#. Extra-galactic sources of cosmic-rays m
therefore exist that produce cosmic-rays with energy,3
31018 eV at a rate higher than given by Eq.~1!. While we
have no observational evidence for the existence of s
sources, we cannot rule them out based on cosmic-ray ob
vations, and they may produce a flux of,1017 eV neutrinos
which is higher than the upper limit implied by Eq.~2!. Note
that this argument does not affect the validity of the up
bound~2! for AGN models, since the neutrino emission fro
these sources peaks at;1018 eV.

The neutrino flux predicted by the GRB model is cons
tent with the upper bound derived here. The intensity e
mate we give here, Eq.~6!, is ;5 times smaller than that w
gave in Ref.@3#, where the logarithmic correction of Eq.~1!
was neglected. The intensity calculated here implies a de
tion rate of ;20 neutrino induced muons per year for
1 km2 detector~over 4p sr!. As discussed in@3#, one may
look for neutrino events in spatial and temporal coinciden
~on a time scale of seconds! with GRBs.

The GRB neutrino spectrum is consistent with t
secondary-particle cooling constraints derived by Rac
and Mészáros @5#. The neutrino flux above;1016 eV is sup-
pressed, but this is also consistent with the acceleratio
protons to.331020 eV ~see Sec. V C!.

Finally, we note that the GRB neutrino flux discuss
here is the flux producedin situ, i.e. within the source. The
energy loss of high-energy protons,.531019 eV, through
photo-meson production in interaction with microwave ba
ground photons would lead to a background neutrino int
sity ~which will not be temporally associated with GRB!
comparable to the upper bound shown in Fig. 1 atEn
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;1018 eV. This flux of high-energy neutrinos should exi
regardless of the nature of the high-energy proton sou
~assuming that these sources are indeed extragalactic
@34#!.
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APPENDIX: NEUTRINO PRODUCTION IN GRBS

GRBs are possible sources of high-energy cosmic-r
@29,30#, which may account for the observed extra-Galac
high-energy proton flux@29,7#. In the GRB fireball model
@25#, which has recently gained support from GRB afterglo
observations@26#, the observed gamma rays are produced
synchrotron emission of high-energy electrons accelerate
internal shocks of an expanding relativistic wind. The ha
ness of the observed spectrum, which extends
;100 MeV, requires wind Lorentz factorsG;300 @27#. In
this scenario, observed gamma-ray flux variability on a ti
scale Dt corresponds to internal collisions at a radiusr d
'G2cDt, which arise from variability of the underlying
source on the same time scale@28#. Rapid variability time,
;1 ms, observed in some GRBs@35#, and the fact that a
significant fraction of bursts detected by the Burst and Tr
sient Source Experiment~BATSE! show variability on the
smallest resolved time scale,;10 ms @36#, imply that the
sources are compact, with linear scaler 0;107 cm and char-
acteristic dynamical time;1 ms.

In the region where electrons are accelerated, protons
also expected to be shock accelerated, and their photo-m
interaction with observed burst photons will produce a bu
of high-energy neutrinos accompanying the GRB@3#. The
neutrino spectrum is determined in this model by the o
served gamma-ray spectrum, which is well described b
broken power-law,dNg /dEg}Eg

2b , with different values of
b at low and high energy@37#. The observed break energ
~where b changes! is typically Eg

b;1 MeV, with b.1 at
energies below the break andb.2 above the break. The
interaction of protons accelerated to a power-law distrib
tion, dNp /dEp}Ep

22 , with GRB photons results in a broke
power law neutrino spectrum@3#, dNn /dEn}En

2b , with b
51 for En,En

b andb52 for En.En
b ~see Fig. 1!. The neu-

trino break energyEn
b is fixed by the threshold energy o

protons for photo-production in interaction with the dom
nant;1 MeV photons in the GRB,

En
b'531014G300

2 ~Eg
b/1 MeV!21 eV, ~A1!

whereG5300G300.
The normalization of the flux is determined by the ef

ciency of pion production. As shown in@3#, the fraction of
2-7
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energy lost to pion production by protons producing the n
trino flux above the break,En

b , is essentially independent o
energy and is given by

f p50.20
Lg,51

~Eg
b/1 MeV!G300

4 Dtms
. ~A2!

HereDt51Dtms ms andLg51051Lg,51 erg/s is the observed
gamma-ray luminosity. The values ofG andDt in Eq. ~A2!
are determined by the hardness of theg-ray spectrum and by
the flux variability. These parameters are also constrained
the fact that the characteristic observed photon energ
;1 MeV. Internal collisions are expected to be ‘‘mildly
relativistic in the fireball rest frame@28#, i.e. characterized by
the Lorentz factorg i21;1, since adjacent shells within th
wind are expected to expand with similar Lorentz facto
The internal shocks would therefore heat the protons to
dom velocities~in the wind frame! gp21;1. The character-
istic frequency of synchrotron emission is determined by
characteristic energy of the electrons and by the strengt
Re

o-
.
n.

J.

ys
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the magnetic field. These are determined by assuming
the fraction of energy carried by electrons isje , implying a
characteristic rest frame electron Lorentz factorge
5je(mp /me), and that a fractionjB of the energy is carried
by the magnetic field, implying 4pr d

2cG2B2/8p5jBL where
L is the total wind luminosity. Since the electron synchrotr
cooling time is short compared to the wind expansion tim
electrons lose their energy radiatively andL'Lg /je . The
characteristic observed energy of synchrotron photons,Eg

b

5G\ge
2eB/mec, is therefore

Eg
b'4jB

1/2je
3/2

Lg,51
1/2

G300
2 Dtms

MeV. ~A3!

At present, there is no theory that allows the determination
the values of the equipartition fractionsje andjB . However,
for values close to equipartition, the model photon bre
energyEg

b is consistent with the observedEg
b for G5300 and

Dt51 ms.
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@5# J. P. Rachen and P. Me´száros, Phys. Rev. D~to be published!,
astro-ph/9802280.

@6# F. Stecker, C. Done, M. Salamon, and P. Sommers, Phys.
Lett. 66, 2697~1991!; 69, 2738~E! ~1992!.

@7# E. Waxman, Astrophys. J.452, L1 ~1995!.
@8# D. J. Bird et al., astro-ph/9806096.
@9# B. J. Boyle and R. J. Terlevich, Mon. Not. R. Astron. Soc.293,

L49 ~1998!.
@10# P. C. Hewett, C. B. Foltz, and F. Chaffee, Astrophys. J.406,

L43 ~1993!.
@11# M. Schmidt, D. P. Schneider, and J. E. Gunn, Astron. J.110,

68 ~1995!.
@12# S. J. Lilly, O. Le Fevre, F. Hammer, and D. Crampton, Astr

phys. J.460, L1 ~1996!; P. Madau, H. C. Ferguson, M. E
Dickinson, M. Giavalisco, C. C. Steidel, and A. Fruchter, Mo
Not. R. Astron. Soc.283, 1388~1996!.

@13# P. P. Kronberg, Rep. Prog. Phys.57, 325 ~1994!.
@14# J. P. Vallee, Astrophys. J.360, 1 ~1990!.
@15# K. T. Kim, P. C. Tribble, and P. P. Kronberg, Astrophys.

379, 80 ~1991!.
@16# R. M. Kulsrud, R. Cen, J. P. Ostriker, and D. Ryu, Astroph

J. 480, 481 ~1997!.
@17# D. Ryu, H. Kang, and P. L. Biermann, Astron. Astrophys.335,

19 ~1998!.
@18# G. Sigl, M. Lemoine, and P. Biermann, Astropart. Phys.10, 1

~1998!.
v.

.

@19# G. A. Medina-Tanco, Astrophys. J. Lett.505, L79 ~1998!.
@20# M. A. Strauss and J. A. Willick, Phys. Rep.261, 271 ~1995!.
@21# P. L. Biermann and P. A. Strittmatter, Astrophys. J.322, 643

~1987!; K. Mannheim, Astron. Astrophys.269, 67 ~1993!.
@22# J. E. McEneryet al., in Proceedings of the 25th Internationa

Cosmic Ray Conference, Durban, South Africa, 1997, edite
by M. S. Potgieter, B. C. Raubenheimer, and D. J. van
Walt ~World Scientific, Singapore, 1998!; J. Protheroeet al.,
ibid., Report No. astro-ph/9710118.

@23# D. J. Thompson and C. E. Fichtel, Astron. Astrophys.109, 352
~1982!.

@24# M. Punchet al., Nature~London! 358, 477 ~1992!; J. Quinn
et al., Astrophys. J.456, L83 ~1996!; S. M. Bradburyet al.,
Astron. Astrophys.320, L5 ~1997!.

@25# For a recent review see T. Piran, inUnsolved Problems In
Astrophysics, edited by J. N. Bahcall and J. P. Ostrike
~Princeton University Press, Princeton, 1996!, pp. 343–377.

@26# E. Waxman, Astrophys. J.485, L5 ~1997!; A. M. J. Wijers, M.
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