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High energy neutrinos from astrophysical sources: An upper bound
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We show that cosmic-ray observations set a model-independent upper bounE,Z,CD£<2
X 10" 8 GeV/cn? s sr to the intensity of high-energy neutrinos produced by photo-m@sqn p) interactions
in sources of size not much larger than the proton photo-mésop-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 E&IN/dE~0.3
X108 GeV/ent s sr for 16* eV<E<10' eV; we also derive the expected intensity at higher energy.
[S0556-282(199)03902-9

PACS numbsgs): 95.85.Ry, 14.60.Pq, 98.70.Rz, 98.70.Sa

I. INTRODUCTION ons do not escape the source. By construction, there can be
no observational evidence except neutrinos for, or against,
Large area, high-energy neutrino telescopes are beinidje hypothesized luminous AGN accelerator of high-energy
constructed to detect cosmologically distant neutrino sourcegrotons. The hypothesized black-hole accelerators are
(see[1] for a review. The main motivation of a search for “neutrino-only” factories. Therefore, cosmic-ray observa-
cosmological high-energy neutrino sources derives from th&ons cannot set a limit to neutrino emission in this model.
fact that the cosmic-ray energy spectrum extends tdOn the other hand, this model cannot explain, and is there-
>10%eV and is most likely dominated above-3 fore not supported by, the existence of the extra-Galactic
X 10 eV by an extra-Galactic source of protdi®. High-  high-energy cosmic-ray flux.
energy neutrino production is likely to be associated with the This paper is organized as follows. In Sec. Il we derive
production of high-energy protons, through the decay ofthe general upper bound to neutrino fluxes frpay inter-
charged pions produced by photo-meson interaction of thactions for sources optically thin {@-y reactions. We com-
high-energy protons with the radiation field of the source.pare in this section the upper limit to the predictions from
Gamma-ray burst§GRBS [3] and active galactic nuclei different models for neutrino sources. We also show that the
(AGN) jets [4] have been suggested as possible sources afpper bound cannot be avoided by cosmological evolution-
high-energy neutrinos that are associated with high-energgry effects(Sec. Il Q or by invoking magnetic field¢Sec.
cosmic-rays. The predicted neutrino fluxes may be detectabll ). In Sec. IV we discuss the implications of the upper
with high-energy neutrino telescopes of effective areabound for AGN jet models of neutrino production. In Sec. V
~1 kn?. we discuss the implications for the GRB model of high en-
We show here that high-energy cosmic-ray observation€rgy neutrino production, derive a more detailed prediction
set a model-independent upper bound to the expected highcompared to our prediction in Reff3]) for the expected
energy neutrino fluxes and are in conflict with the theory thatGRB neutrino spectrum, and compare our results with those
the cosmic gamma-ray background is due to photo-pion inof other authors. We discuss in Sec. VI our main conclu-
teractions in AGN jets. The upper bound is stated in @}. sions.
and is illustrated in Fig. 1. The demonstration that the AGN
jet models for the gamma-ray background are in conflict with
the cosmic ray data is given in Sec. lll. We also give a more
detailed prediction than we gave in RE3] for the expected We first derive in Sec. Il A the upper bound to the high-
GRB neutrino spectrum and discuss the compatibility of theenergy neutrino flux from the sources at redshift1 that
detailed results with the general secgndary—particle coolingroduce the observed cosmic-rays at energies greater than
constraints derived by Rachen and $daos [5]. 10 eV. We compare in Sec. Il B the upper bound with the
It has been suggested that neutrinos may be produced fsredictions of current models. In Sec. Il C we discuss the
the cores of AGNgrather than in the jejsby photo-meson modification of the upper bound by unobserved sources of
interaction of protons accelerated to high energy in the AGNcosmic rays at larger redshift.
core; in this scenario neutrinos are produced very close to the
central black-hol¢6]. In this model, the proton photo-meson
optical depth is very highr,,~ 100, and high-energy nucle-

1. UPPER BOUND TO THE NEUTRINO FLUX

A. Derivation of the upper bound

Cosmic-ray observations abovei@V indicate that an
extra-Galactic source of protons dominates the cosmic-ray
*Email address: waxman@sns.ias.edu flux above~3x 108 eV [2], while the flux at lower energies
"Email address: jnb@sns.ias.edu is dominated by heavy ions, most likely of Galactic origin.
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The observed energy spectrum of the extra-Galactic compo  10™
nent is consistent with that expected for a cosmological dis-

tribution of sources of protons, with injection spectrum ¢}
dNcRr/dEcg® Egé, as typically expected for Fermi accel-
eration [7]. The energy production rate of protons in the —yy7 |

energy range -1Flev is R0 sxa1g% T
erg Mpc 3yr 1 [7], if the observed flux of ultra-high-energy 510 - - o/ coco L/ ]

cosmic-rays is produced by sources that are cosmologically %,
distributed. The energy-dependent generation rate of cosmic £10 |
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m

rays is therefore given by e
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If the high-energy protons produced by the extra-Galactic ;4 . .
sources lose a fractioa<<1 of their energy through photo- 10* 10°
meson production of pions before escaping the source, thc
resulting present-day energy density of muon neutrinos is

10° 10
EV [GeV]

> 2 e 0 FIG. 1. Comparison of muon neutrino intensities, (and v,
E;dN,/dE,~0.25t,EcgdNcr/dEcg, Where ty~10" yr combined predicted by different models with the upper bound im-
is the Hubble time. For energy independenthe neutrino  plied by cosmic ray observations. The dash-dotted lines give the
spectrum follows the proton generation spectrum, since th@pper bound, Eq(2), corrected for neutrino energy loss due to
fraction of the proton energy carried by a neutrino producededshift and for possible redshift evolution of the cosmic-ray gen-
through a photo-meson interactida,~0.03, is indepen-  eration rate. The lower line is obtained assuming no evolution, and
dent of the proton energy. The 0.25 factor arises becauske upper line assuming rapid evolution similar to the evolution of
neutral pions, which do not produce neutrinos, are producethe quasi-stellar objectQSO luminosity density. The AGN jet
with roughly equal probability with charged pions, and be-model predictions are taken from Re#] (labeled “Jetl” and
cause in the decay™ —u"+v,—»e + vt v, + v, muon “Jet2”). The GRB intensity is based on the estimate presented in
neutrinos carry approximate'y half the Charged pion energyt'his paper, fO”OWInq:?)] The AGN hiQden-Core ConjeCtUre, which
Defining | 2 @s the muon neutrino intensityul( and 7# produces only neutrinos and to which the upper bound does not

combined obtained fore=1, apply, is taken fronj6].
c dNCR meson mean-free-path. Higher neutrino intensities from such
Imax~0.2% 7t 7—Ecrgg— sources would imply proton fluxes higher than observed in
CR cosmic-ray detectors. Clearly, higher neutrino intensities
~1.5x10 8¢, GevVem?s tsr, (2)  may be produced by sources where the proton photo-meson
“optical depth” is much higher than unity, in which case
the expected neutrino intensities are only the neutrinos escape the source. However, the existence
of such sources cannot be motivated by the observed high-
2o _ C ZdNuM 1 energy cosmic-ray flux or by any observed electromagnetic
qu)v#=EEv dE, 7€lma P, =0y ~, . radiation. We therefore refer in Fig. 1 to models with,

(3)  >1 as "hidden core” models.

The quantityé, in Eq. (2) is of order unity and has been C. Evolution and redshift losses
introduce here to describe the possible contribution of so far In the derivati fEq(2 h | d the redshif
unobserved high redshift sources of high-energy cosmic rays n the derivation of Eq(2) we have neglected the redshift

and to include the effect of the redshift in neutrino energy._ener.gy loss of neutrinos produced_ at cosmic ttﬁ@“’ and
We estimatet, in Sec. Il C. implicitly assumed that the cosmic-ray generation rate per

unit (comoving volume is independent of cosmic time. The
generation rate may have been higher at earlier times, i.e. at
high redshift. Cosmic rays above ¥@®V must originate

Figure 1 compares the neutrino intensity predictions offrom sources az<<1. Energy loss due to redshift and pair
GRB and AGN jet models with the intensity given by Eq. production in interaction with the microwave background
(2). The AGN core model predictions are shown for com-implies that in order to be observed with enerdy
pleteness. The intensities predicted by both AGN jet and>10'® eV, a proton should have been produced-atl with
core models exceell,.x by typically two orders of magni- energy exceeding the threshold for photo-meson production
tude. in interaction with the microwave background at that red-

The intensityl .« is an upper bound to the intensity of shift. Photo-meson energy loss of protons produced above
high-energy neutrinos produced by photo-meson interactiothe threshold would reduce the proton energy to the thresh-
in sources of size not much larger than the proton photoeld value in a short time, so that their observed enérgy at

B. Upper bound versus current models
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z=0) would be~10'® eV. Thus, the cosmic ray energy gen- A. Magnetic fields in the neutrino source

eration rate given in EqJ) is the presenti.e. low redshift, One might try to argue that the upper boung, can be
z<1) generation rate. An increase in the cosmic-ray energsvoided even for sources with small photo-meson optical
generation rate per unitomoving volume above the value depth, if protons are prevented from escaping the source by
of Eq. (1) at large redshiftz>1, is consistent with observa- magnetic confinement. However, a photo-meson interaction
tions, since it would not affect the observed flux aboveproducing a charged pion also converts the proton to a neu-
~10'® eV, and the contribution fronz>1 sources to the tron, which is not magnetically confined and will escape a
observed flux below- 10'® eV may be hard to detect due to source with small photo-meson optical depth before decay-
the “background” of Galactic sources of heavy ion cosmic-ing to a proton. A neutron of high enerdy propagates a
rays which are most likely dominating the flux at this energydistance 100€/10™ eV) kpc prior to its decay. Thus, mag-
[2,8]. netic fields within the neutrino source cannot be used to
Let us consider the possible modification of E2).due to  evade the upper bound given in E@).
evolution and redshift losses. A neutrino with observed en-
ergy E must be produced at redshit with energy (1 B. Uniformly distributed inter-galactic magnetic fields
+2)E. Thus, the present number density of neutrinos above

energyE is given by The existence of uniformly distributed inter-galactic mag-

netic fields may limit the propagation distance of protons and

Zmax At therefore prevent their arrival at Earth from distant sources.
n,,(>E)=f dz—n,[>(1+2)EZ] However, imposing a limit on the propagation distance of
0 cosmic-rays will not affect any of the arguments presented in

Zmax  dt this paper. Compare, e.g., the case where protons propagate

=h0(>E)f0 dZd—Z(1+Z)_1f(Z)- (4)  on straight lines to the case where cosmic rays are confined

by magnetic fields to their place of origin. In the former case,
the present proton flux is obtained by integrating the contri-

th tio of . i ducti te at redshift bution of distant sources over redshift, while in the latter
€ ratio of(comoving neutrino production rate at reds case it is obtained by integrating the contribution from local

to the p_resent ratelo(,wby f(2). Compa_rmg Eqs(2) a_1nd(4)_, sources over cosmic time. For a homogeneous universe both
and noting that,;=[,dz(dt/d2), we find that the intensity , 5cequres yield the same resldtg. the integration in Eq.
I max Of Eq. (2) should be multiplied by a correction factor (1) may be interpreted as integration over redshift or over
, - time]. Thus, limiting the cosmic-ray propagation distance
Jo™®dzg(z)(1+2)” " (2) may affect the upper bounig,,, only if propagation is lim-
z= Jadzgz)(1+2)7%2 5 ited to a distancel over which the cosmic ray production
rate, averaged over a Hubble time, is inhomogeneous. In this
Here, g(2)=—Ho(1+2)5%dt/dz) is a weak function of case, if the cosmic-ray production rate in our local region of
redshift and cosmology(z)=1 for a flat universe with zero Sizé d is lower than the universe average, the observed
cosmological constant. Let us assume that the neutrino effosmic-ray flux would be lower than average and the neu-
ergy generation rate evolves rapidly with redshift, following trino flux, which is homogeneous throughout the universe,

the luminosity density evolution of QS@8], which may be ~May exceed a bound based on the local cosmic-ray flux.
described ag(z)=(1+2)® with a~3 [10] at low redshift, ~However, the magnetic fields required to make such a sce-

2<1.9, f(z) =const for 1.8<z<2.7, and an exponential de- n_ariqlviable, i.e. to confine cosmic rays to _small e_nodgb _
cay atz>2.7[11]. Using this functional form of (), which S|gn|f|car)tly affectl o, are large and are inconsistent with
is also similar[9] to that describing the evolution of star OPservations. _

formation rate[12], we find thaté,~3 (with weak depen-  Consider a proton of energy propagating through an
dence on cosmology For no evolution,f(z)=const, we intergalactic magnetic field of strengt® and correlation
have&,~0.6<1 (with only a weak dependence on cosmol- I€ngth\. Propagating a distandethe proton is deflected by

ogy) due to a redshift energy loss of neutrinos. an angle~\/R,, where RLzEleB is the Larmor radi_us.
For the parameters of interestee below the deflection

angle is small, and propagating a distaricthe proton is
deflected by an angld/\)Y\/R, . Thus, we may define an
effective mean free path, the propagation distance over

One may try to invent arguments in order to avoid theWhich large deflection occurs, byX)*¥R =1 and a diffu-
upper bound on the neutrino flux by hypothesizing strongsion coefficient for proton propagatio)=Ic/3. For a
magnetic fields, which would affect the propagation ofpropagation time, protons are confined to a region of size
cosmic-ray protons, either in the neutrino source or in thed~(Dt)*?=(ct/3\)"R, . For t=t,~10"yr, we haved
inter-Galactic medium between the source and Earth. We-1(E/3x 10" eV)(BnGkﬁ,ﬁc)_l Gpc. The propagation dis-
show in this section that magnetic fields in the source canndance is determined by the prod&x*2. The upper limit on
affect the upper bound, and that observational constraints die intergalactic magnetic field implied by QSO Faraday ro-
inter-Galactic magnetic fields imply that proposed field scetation measurement8A?<1 nG Mpd’? [13,14], implies
narios also do not affect the upper bound. d>1(E/3x 10" eV) Gpc. We conclude that the existence of

Here we have used the fact thaj(>E)<E ! and denoted

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

023002-3



ELI WAXMAN AND JOHN BAHCALL PHYSICAL REVIEW D 59 023002

a uniformly distributed inter-Galactic magnetic field would [18,19. For these parameters as well we hayet,, and

have no effect on . therefore even this field structure would not affect the neu-
trino bound. Nevertheless, two points should be made. First,
C. Magnetic fields in large scale structures if cosmic-rays are confined to our local super-cluster, one

The discussion in the previous subsections shows that thvé/OUIOI expect the local cosmic-ray flux to be higher than

PR . o : average(since the production rate averaged over Hubble
magngtlc -fleld in the source or a uniformly distributed 'nter'time should be higher than average in overdense large scale
Galactic field would not affect the upper bouhghy. Could  o4ing implying that the upper bound on the neutrino in-
magnetlc fleld_s associated with large scale galaxy structure&,‘,nsity is lower than ., derived here. Second, it is hard to
i.e. clusters, filaments and sheets, affect the upper bound? nqerstand how the hypothesized magnetic field structure
~ Let us first consider galaxy clusters, where inter-galacticoyld have been formed. The overdensity in the local super-
fields had been detected. The analysis of rotation measur@§,ster is not large and an equipartiton magnetic field of
of radio sources lying in the background of rich clusters im-strength 0.1uG therefore corresponds to a turbulent velocity
plies the existence of strong fields between galax®s, y,~10° km/s. A turbulent eddy of this velocity coherent
~1 uG with A~10 kpc, in the central 0.5 Mpc, cluster re- over tens of Mpc is inconsistent with local peculiar velocity
gion [15]. However, confinement of high energy protons in measurementtSee e.g[20] for a recent revieyw Moreover,
the cores of rich clusters would have little effect on our re-the corresponding eddy turnaround time is larger than the
sults, unless most of the high energy neutrino sources resideubble time.
in the centers of rich clusters, which is not the case for either
the hypothesized AGN or GRB neutrino sources. Moreover, IV. AGN JET MODELS
high-energy protons cannot be confined even in the central
regions of a rich cluster, since f@&~ 1 G and\~10 kpc We consider in this section some popular models for neu-
we haved~ 10(E/3x 10'%V) Mpc over a Hubble time. trino production in which high-energy neutrinos are pro-

We next turn to large-scale filaments and sheets. Kulsruguced in the jets of active galactic nucldi. In these mod-
et al.[16] have recently suggested that magnetic fields coul!s. the flux of high-energy neutrinos received at Earth is
be amplified by turbulence associated with the formation ofroduced by “blazars,” AGN jets nearly aligned with our
|arge Sca|e fi|aments and sheets to near equipartition WitHne of S|ght Since the-predicted neutrino intenSi.tieS for these
turbulent kinetic energy. For characteristic turbulent veloci-models exceed by typically two orders of magnitude the up-
ties of v,~300 km/s on~1 Mpc scale, and characteristic Per bound, Eq(2), based on observed cosmic ray fluxes, it is
filament and sheet densities & 10"¢ cm™3, this scenario important to verify that the models satisfy the assumption on
predicts magnetic fields B~0.1(n/10°6 cm 3)12 vyhich Eq.(2) is based, i.e. optical deptal to p-y interac-
(v¢/300 km/s) uG in the high density large scale filaments 10N . _ . .
and sheets, with coherence length 1 Mpc, comparable to ~ 1he neutrino spectrum and flux are derived in AGN jet
the filament (sheet diameter (thickness. It is not clear models on the basis of the foIIov_vmg key cons_lderatlpns. It is
whether the suggested scenario for an increase in the magssumed that protons are Fermi accelera;ed in the jet to high
netic field strength and coherence length to equipartitiorfNergy, with energy spectrudN,/dE,=E, . For a photon
with the largest turbulent eddies can be realized. FurtherspectrundN, /dE,<E?, as typically observed, the number
more, even for a turbulent velocity of order several hundred®f photons with energy above the threshold for pion produc-
km per sec, the turnaround time of-al Mpc eddy is longer tion is proportional to the proton enerdy, (the threshold
than the Hubble time, and it is therefore not clear whetheenergy is inversely proportional ;). This implies that the
equipartition with the largest scale is achievable. Nevertheproton photo-meson optical depth is proportionaEtp, and
less, we consider this scenario here since it is consistent wittherefore, assuming that the optical depth is small, that the
the upper limit,B<1 uG, implied for a field coherent over resulting neutrino spectrum is flatter than the proton spec-
~1 Mpc inside high density large scale structures by QSArum, namelydN,/d EyocEgl, as shown in Fig. 1. The spec-
rotation measure$l7]. Although the Larmor radius of a trum extends to a neutrino energy which A4s5% of the
~10'° eV proton is smaller thah ~1 Mpc, confinement of maximum accelerated proton energy, which is typically
particles would require a special field configuration. Even if10° eV in the models discussed.
such a configuration is produced by random turbulent mo- The production of charged pions is accompanied by the
tions, which seems unlikely, variation of the field over aproduction of neutral pions, whose decay leads to the emis-
scaleL gives rise to particle drift velocityyy~R,c/L, and  sion of high-energy gamma-rays. It has been clairf#zd
therefore to the escape of particles on time scaldhat the observed blazar emission extending~t@0 TeV
te~L2%/cR =10" (L/1 Mpc)? (B/0.1uG) (E/3x10°eV)  [22] supports the hypothesis that the high-energy emission is
yr. Sincet.<ty, the hypothesized large-scale structure mag-due to neutral pion decay rather than to inverse Compton
netic fields cannot affect the bound on neutrino flux. scattering by electrons. Thus, the normalization of the neu-

Finally, we note that several authors have recently considtrino flux is determined by the assumption that neutral pion
ered cosmic-ray proton propagation in a hypothesized largdecay is the source of high-energy photon emission and that
scale magnetic field, associated with our local super-clustethis emission from AGN jets produces the observed diffuse
of 0.1 uG strength and 10 Mpc coherence length correspondy-ray  background, &,(>100 MeV)= 10 8 erg/ent s sr
ing to a hypothetical local turbulent eddy of comparable siz§23]. Under these assumptions the total neutrino energy flux
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is similar to they-ray background fluXsee Fig. 1 the upper limit on high energy neutrino flux is automatically
In the AGN jet models discussed above, the proton photosatisfied. In fact, it was the similarity between the energy
meson optical depthry, at E < 10 eV is smaller than density in cosmic ray sources implied by the cosmic ray flux
unity. This is evident from the neutrino energy spectrumobservations and the GRB energy density in high energy
shown in Fig. 1, which is flatter than the assumed protorprotons that led to the initial suggestion that GRBs are the
spectrum aE,=< 10", as explained above. In fact, it is easy the source of high energy protons. Just as for AGN jets, the
to see that these models are constrained to hgye 10 °at  GRB fireballs are optically think toy-p interactions that
E,~10'°eV. The threshold energy of photons for pair- produce pions but—unlike the AGN jet models—the GRB

production in interaction wit a 1 TeV photon is similar to  ade| predicts a neutrino flux that satisfies the cosmic-ray
the photon energy required for resonant meson production IDpper bound discussed in Sec. I

interaction with a proton of energyE,=0.2 GeV/
(0.5 MeV)?x1 TeV=10" eV. Emission of~1 TeV photons
from blazars is now well establish¢@4], and there is evi- A. Neutrinos at energies~ 10" eV

dence that the high-energy photon spectrum extends as a i , )
power-law at least te- 10 TeV/[22]. This is the main argu- In the GRB fireball mode]l25], which has recently gained

ment used21] in support of the hypothesis that high-energy SUPPOrt from GRB afterglow observatiofs], the observed
emission from blazars is due to pion decay rather than ing@mma rays are produced by synchrotron emission of high-
verse Compton scattering. The observed high-energy emi&neray e_le_ctrons_accelqated in mter_na] shocks of an expand-
sion implies that the pair-production optical depth foriNg relativistic wind, with characteristic Lorentz factdt
~1TeV photons is small, and thatr,,<10"* ~300 [27].. In this scenario, observed gamma-ray flux vari-
(EpllolS eV), since the cross section for pair production isabll_lty on tlrr;e scaleAt is produced b_y n_w_ternal collisions at
~10* times larger than the cross section for photo-mesorfad'usrd”F cAt that arise from variability of the underly-

production. This result guarantees that the upper baygd g source on the same time scgB8]. In the region where
on the neutrino intensity is valid for AGN jet models. electrons are accelerated, protons are also expected to be

shock accelerated, and their photo-meson interaction with
observed burst photons will produce a burst of high-energy
neutrinos accompanying the GREB]. If GRBs are the

In the GRB fireball model for high-energy neutrinos, the sources of ultra-high-energy cosmic-ray9,30, then the
cosmic ray observations are naturally taken into account aneixpected GRB neutrino intensity i8]

V. GAMMA-RAY BURSTS

E20, ~E2D, ~E*D, ~
13 ® e

1 f
5 falmax~1.5% 109(0—2)min{1,EV/E5} GeVcem?stsrl EP~10"%ev. (6)

Here, f . is the fraction of energy lost to pion production by intensity E§<I>V~3>< 10" °(f . /f.) GeVicnfssr. Recent
high-energy protons. The derivation bf andE> and their  GRB afterglow observations typically implf,~0.1 [26],
dependence on GRB model parameters is given in the appeand thereforef . /f.~1. Thus, the neutrino intensity esti-
dix [Egs.(A2), (A1)]. The intensity given by Eq®6) is ~5 mated directly from the gamma-ray fluence agrees with the
times smaller than that given in E@®) of Ref.[3], due to the estimate(6) based on the cosmic-ray production rate.

fact that in Eq.(8) of Ref. [3] we neglected the logarithmic
correction In(10035 of Eq. ().

The GRB neutrino intensity can be estimated directly
from the observed gamma-ray fluence. The Burst and Tran- The neutrino spectrung6) is modified at high energy,
sient Source ExperimenBATSE) measures the GRB flu- where neutrinos are produced by the decay of muons and
enceF, over a decade of photon energy,0.1 MeV to  pions whose lifetimer, .. exceeds the characteristic time for
~1 MeV, corresponding to half a decade of radiating elecenergy loss due to adiabatic expansion and synchrotron
tron energy(the electron synchrotron frequency is propor- €mission[3,5]. The synchrotron loss time is determined by

tional to the square of the electron Lorentz fagtdf elec-  the energy density of the magnetic field in the wind rest
trons carry a fraction‘e of the energy carried by protons, frame. For the characteristic parameters of a GRB wind, the

then the muon neutrino fluence of a single burst ismuon energy for which the adiabatic energy loss time equals
Eﬁde/dEﬁo_%(fﬁ/fe)|:7/|n(3)_ The average neutrino the muon Iifetime,Ei, is comparable to the energﬁ/; at

flux per unit time and solid angle is obtained by multiplying which the lifetime equals the synchrotron loss timg, For

the single burst fluence with the GRB rate per solid anglepions,E2>E? . This and the fact that the adiabatic loss time

~10° bursts per year over#sr. Using the average burst is independent of energy and the synchrotron loss time is
fluenceF ,~6Xx 10 ® erg/cnt, we obtain a muon neutrino inversely proportional to energy imply that synchrotron

B. Neutrinos at high energy>10'® eV
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losses are the dominant effect suppressing the flux at high C. Comparison with other authors
energy. T_he energy above which synchrotron losses suppress In agreement with Rachen and B&os[5], we find that
the neutrino flux is the neutrino flux from GRBs is small above ¥@V, and

s & v that a neutrino flux comparable to theray flux is expected
ul Vo Ve ~1/2p2 b only below~10'" eV. Our result is not in agreement, how-
— -~ (&L, 51/ T2, Atmd E2/1 MeV) y 9 '
E, (ol ys1/€e) 300 tmd E ever, with that of Ref[31], where a much higher flux at

~10 eV is obtained based on the equations of R#8l,
X (7)  Which are the same equations as used here. There is a nu-

100 for v,. merical error in the calculations of Ref31].! Finally, we
) _ _ note that the highest energy to which protons can be accel-
Here,L,=10"'L 5 erg/s is the observed gamma-ray lumi- erated increases with the collision radifS*> &3 [29], and
nosity, At=1At;s ms is the observed GRB variability time ,ile E™@~102° eV for st~At~1 ms. collisions at larger
scale,E2~1 MeV is the observed GRB photon break en- . q: s - ' -

=y : radii, 5t~0.03 s, are required to allow acceleration to the

ergy, I'= 3001 30, an_d ¢ and £ are the fractions Of GRB highest observed energy;3x 10°° eV. In agreement with
wind luminosity carried by electrons and magnetic fields.n) hen and Mezaos [5], we find that at this radius the
The observational constraints on these parameters are dig;, +ino spectrum pI‘OdL’JCEd through photo-meson interac-

: ; ; o S
cusseg-llltn ttﬂet Appendlx. AL netljérltr;o en(:)rﬁf)g>FTV,. thet tions extends to- 10 eV [see Eqs(7), (A1)]. There is no
probability that a piorimuon would decay before losing its contradiction, however, between production of high-energy

enelr-gy 1S approxmately gl;en by the_ ratio 0]; Sy/mhmtronprotons above~3x10?°°eV and a break in the neutrino
cooling time 5 to ecay  time 7o)/ Tau)  spectrum at-10 eV, since the efficiency of neutrino pro-
=[E,/E, (7, 9] * and the intensity of Eq(6) is sup-  duction at collision radius corresponding &~0.03 s is

10 for v,,ve,

pressed by a similar factor; small and most of the flux is produced by collisions at
smaller radii.
EXP, g~ 1.5% 109( 0—72) V1. DISCUSSION
E -2 We have shown that cosmic-ray observations set a model-
X | —— GeVem?2stsrl independent upper bound &d ,<2x10 8 GeV/cnt s sr
v, (v, ve) to the intensity of high-energy neutrinos produced by photo-

s meson interaction in sources of size not much larger than the
E>E,. (8) proton photo-meson mean-free-path, e.g. AGN jets and
GRBs(see Fig. L This limit cannot be avoided by hypoth-
Since the wind duration, i.e. the time over which energy isesizing evolutionary effects of the sourdsse discussion in
released from the source, Ts~1s, internal shocks may oc- Sec. Il Q or by invoking magnetic field scenarigsee dis-
cur due to variability on time scalét larger than the source cussion in Sec. I)l
dynamical time,At~1 ms<séft<T~1s. Collisions due to Of possibly even greater interest to photon astronomers,
variability 6t>At are less efficient in producing neutrinos, we have shown that the cosmic ray measurements rule out
f.xot™1, since the radiation energy density is lower atthe current version of theories in which the gamma-ray back-
larger collision radii, leading to a smaller probability for ground is due to photo-meson interactions in AGN jets.
photo-meson interaction. However, at larger radii synchro- The neutrino flux predictions of AGN jet models are
tron losses cut off the spectrum at higher energ(st) based on two key assumptions, namely that AGN jets pro-
« 8t. Collisions at large radii therefore result in extension ofduce the observed gamma-ray background and that high-
the neutrino spectrum of E(6) to higher energy, beyond the energy photon emission from AGN jets is due to decay of
cutoff energy Eq.(7), and therefore yieIdE,Z,CID,,ocE;l for  neutral pions produced in photo-meson interactions of pro-
E,>ES3(At), sincef =6t~ 1c[ES(6t)] L. This extension is tons accelerated in the jet to high energy. Since the neutrino
shown in Fig. 1. We note that on a time scale~1s the flux predicted by these assumptions is two orders of magni-
expanding wind is expected to interact with the surroundingude higher than the upper bound allowed by cosmic ray
medium, driving a relativistic shock into the ambient gas.observationgsee Fig. ], at least one of the key assumptions
Protons are expected to be accelerated to high energy in thig not valid, presumably the assumption that high-energy
shock, the “external” shock, as well. The neutrino intensity Photon emission from AGN jets is due to photo-meson inter-
and spectrum produced in the external shock are given bgctions. This conclusion is supported by multi-wavelength
Egs. (A2), (6), (7) with At~1s. Because of the low effi-
ciency of the external shock,,~10 4, its contribution to
the neutrino flux is small. Note that as the external shock iThe parameters chosenli] areL ,=10% erg/s,At=10 s, and
expands through a larger mass of the ambient gas it deceler~100. Using our equatiot) of Ref. [3], which is the same as
ates, and therefore on a time scAle>1 s the shock Lorentz  Eq. (A2) of the present paper, we obtain for these parameters
factor is not large enough to allow acceleration of protons tof_=1.6x 104, while the author of31] obtains, using the same
high energy. equation,f ,=0.03.
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observations of the blazar Mkn 421, which show contempo~10'® eV. This flux of high-energy neutrinos should exist
raneous strong variability at TeV and x-ray energies withregardless of the nature of the high-energy proton sources
little evidence for GeV and optical variability82,33. This  (assuming that these sources are indeed extragalactic: see
behavior suggests that the high-energy photon emission [84]).
due to inverse-Compton scattering by relativistic electrons
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The upper bound Eq2) also applies to the intensity of
high-energy neutrinos that may be produced through the de- APPENDIX: NEUTRINO PRODUCTION IN GRBS
cay of charged pions created Iptp— 7=X (rather than
p-v) interactions, as long as the-p optical depth in the
source is not large. At present, predictions of high-energ
neutrino flux based on such models are not available in th

li . )
iterature observation$26], the observed gamma rays are produced by

The cosmic-ray flux below 810> eV is steeper than at synchrotron emission of high-energy electrons accelerated in
higher energy. This is most likely d{i2] to a contribution to internal shocks of an expanding relativistic wind. The hard-

the cosmic-ray flux at lower energy from Galactic sources of P b d { hich tends  t
heavy ions. This view has recently gained support from thélefgo I\?I Vv € observe q Lspectru]rcn, ‘ Vélc3ooe;(7en| s o
detection in the Fly’s Eye data of a small but statistically eV, requires wind Lorentz facto [27). In

significant enhancement of the flux of cosmic-rays in theth|s scenario, observed gamma-ray flux variability on a time

energy range of 2 107 eV to 3x 108 eV along the Galac- scalze At corresponds to internal collisions at a radiyg
tic plane [8]. Extra-galactic sources of cosmic-rays may%F CAt, which arise from var|ab|||ty. of th_e ynde_rlylng
therefore exist that produce cosmic-rays with energg source on the same time sc4R8]. Rapid variability time,

8 ; ; : ~1ms, observed in some GRB85|, and the fact that a
e 10 obseniatonl ovtoncs for the. existence o sucfiGNcaNt facton of bursts detected by he Burst and Tran-
sources, we cannot rule them out based on cosmic-ray obset SNt Source Exper'lmer(BATSE) show varlab|llty on the
vations, and they may produce a flux-fL0'’ eV neutrinos smallest resolved time scale; 10 ms[36], 7|mply that the
which is higher than the upper limit implied by E@®). Note sources are com'pact,. with linear scade-10° cm and char-
that this argument does not affect the validity of the uppe@cteristic dynamical time-1 ms.

bound(2) for AGN models, since the neutrino emission from In the region where electrons are accelerate_d, protons are
these sources peaks-atl0'8 eV also expected to be shock accelerated, and their photo-meson

The neutrino flux predicted by the GRB model is consis-Interaction with observed burst photons will produce a burst
tent with the upper bound derived here. The intensity esti—Of h|gh-energy neuFrlnos accompanying the GRB. The
mate we give here, EG6), is ~5 times smaller than that we neutrino spectrum is determlned_ln t_hls model by the ob-
gave in Ref[3], where the logarithmic correction of EffL) served gamma-ray spectrum,iv/;/mcr-l is well described by a
was neglected. The intensity calculated here implies a deteroken power-lawdN, /dE,<E, , with different values of
tion rate of ~20 neutrino induced muons per year for a3 @t low and high energy37]. TEe observed break energy
1 kn? detector(over 47 sp. As discussed i3], one may (Where B changesis typically E;~1MeV, with =1 at

look for neutrino events in spatial and temporal coincidenceéenergies below the break ang~2 above the break. The
(on a time scale of secondwith GRBs. interaction of protons accelerated to a power-law distribu-

The GRB neutrino spectrum is consistent with thetion, dN,/dEyx E_Ezy with GRB photons results in a broken
secondary-particle cooling constraints derived by Racheiower law neutrino spectrui8], dN,/dE,xE,#, with 8

GRBs are possible sources of high-energy cosmic-rays
29,30, which may account for the observed extra-Galactic
>%igh-energy proton fluX29,7]. In the GRB fireball model

25], which has recently gained support from GRB afterglow

and Meszaos[5]. The neutrino flux above-10* eV is sup- =1 for E,<EP and=2 for E,>E" (see Fig. L The neu-
pressed, but this is also consistent with the acceleration dafino break energyE® is fixed by the threshold energy of
protons to>3x10?° eV (see Sec. V T protons for photo-production in interaction with the domi-

Finally, we note that the GRB neutrino flux discussednant~1 MeV photons in the GRB,
here is the flux produceith sity, i.e. within the source. The
energy loss of high-energy protons,5x 10'° eV, through E~5x10"T50gEY/1 MeV) ™t eV, (A1)
photo-meson production in interaction with microwave back-
ground photons would lead to a background neutrino intenwhereI” =300 3.
sity (which will not be temporally associated with GRBs The normalization of the flux is determined by the effi-
comparable to the upper bound shown in Fig. 1Bt ciency of pion production. As shown i8], the fraction of

023002-7



ELI WAXMAN AND JOHN BAHCALL PHYSICAL REVIEW D 59 023002

energy lost to pion production by protons producing the neuthe magnetic field. These are determined by assuming that
trino flux above the brealg®, is essentially independent of the fraction of energy carried by electronséis, implying a
energy and is given by characteristic rest frame electron Lorentz factar
=¢&.(m,/m,), and that a fractiogg of the energy is carried
Lys A2) by the magnetic field, implying #r5cI'?B2/87= &L where
(E';ll MeV)T oA ts L is the total wind luminosity. Since the electron synchrotron
cooling time is short compared to the wind expansion time,
HereAt=1Atnsms andL,=10°'L ¢ erg/s is the observed electrons lose their energy radiatively ahe-L,/&,. The

gamma-ray luminosity. The values bfandAt in EQ.(A2)  characteristic observed energy of synchrotron photéfs,
are determined by the hardness of $aey spectrum and by zFﬁygeB/mec is therefore

the flux variability. These parameters are also constrained by

f,=0.20

the fact that the characteristic observed photon energy is |12
~1 MeV. Internal collisions are expected to be “mildly” Eb~a£l2 §/227_'51 MeV. (A3)
relativistic in the fireball rest frami28], i.e. characterized by 7 I'30Atms

the Lorentz factory;— 1~ 1, since adjacent shells within the

wind are expected to expand with similar Lorentz factorsAt present, there is no theory that allows the determination of
The internal shocks would therefore heat the protons to rarthe values of the equipartition fractiogs andég . However,
dom velocitiegin the wind framé y,— 1~ 1. The character- for values close to equipartition, the model photon break
istic frequency of synchrotron emission is determined by theenergyE'; is consistent with the Observﬁg for I'=300 and
characteristic energy of the electrons and by the strength akt=1 ms.
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