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High Energy Neutrinos from Cosmological Gamma-Ray Burst Fireballs
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Observations suggest thatray bursts (GRBs) are produced by the dissipation of the kinetic energy
of a relativistic fireball. We show that a large fractior10%, of the fireball energy is expected to
be converted by photomeson production to a burst-d6'4 eV neutrinos. A km neutrino detector
would observe at least several tens of events per year correlated with GRBs, and test for neutrino
properties (e.g., flavor oscillations, for which upward movirig would be a unique signature, and
coupling to gravity) with an accuracy many orders of magnitude better than is currently possible.
[S0031-9007(97)02796-8]

PACS numbers: 96.40.Tv, 14.60.Pq, 98.70.Rz, 98.70.Sa

Recent observations gf-ray bursts (GRBs) suggestthat  Paczyski and Xu suggested [9] that rays are emitted
they originate from cosmological sources [1] (see, howby the decay of neutral pions, which are produceg in
ever, [2]). General phenomenological considerations ineollisions once the kinetic energy is dissipated through
dicate that the bursts are produced by the dissipation afternal collisions. In this case, an accompanying burst of
the kinetic energy of a relativistic expanding fireball (see~30 GeV neutrinos is expected due to the decay of
[3] for reviews). The physical conditions in the dissipa-charged pions.[Note added—S. PakvasaBeyond the
tion region imply [4] that protons may be Fermi acceler-Standard Model IVedited by J. F. Guniowt al. (World
ated in this region to energiesl 0% eV. Furthermore, the Scientific, River Edge, 1995)] and A.K. Mann (to
spectrum and flux of ultrahigh energy cosmic rays (abovére published) suggested production of higher energy
10'° eV) are consistent with those expected from Fermineutrinos without specifying a production mecha-
acceleration of protons in cosmological GRBs [5]. Wenism] It is not clear, however, whether this model can
show in this Letter that a natural consequence of the dissaccount for the observed spectra. A more conservative
pative fireball model of GRBs is the conversion of a sig-mechanism fory-ray production is the emission of syn-
nificant fraction of the fireball energy to an accompanyingchrotron radiation (possibly followed by inverse-Compton
burst of~10'* eV neutrinos, created by photomeson pro-scattering) by relativistic electrons accelerated in the
duction of pions in interactions between the firehalays  dissipation shocks [8,10]. In this case, the proton density
and accelerated protons. The neutrino burst is produced the wind is too low to allow significant conversion of
by interaction with protons with energies much lower thanenergy to neutrinos throughp collisions.
~10% eV, the maximum acceleration energy. As shown In the region where electrons are accelerated, protons
below, 10" eV protons interact with the-1 MeV photons  are also expected to be shock accelerated. This is similar
carrying the bulk ofy-ray energy to produce-10'* eV  to what is thought to occur in supernovae remnant shocks,
neutrinos. where synchrotron radiation of accelerated electrons is the

The rapid variability time,~1 ms, observed in some likely source of nonthermal x rays (recent observations
GRBs implies that the sources are compact, with a lingive evidence for acceleration of electrons in the remnant
ear scalery ~ 10’ cm. The high luminosity required for of SN1006 tol0'# eV [11]), and where shock acceleration
cosmological bursts;-10°! ergss!, then results in an op- of protons is believed to produce cosmic rays with energy
tically thick (to pair creation) plasma, which expands andextending to~10'> eV (see, e.g., [12] for review). The
accelerates to relativistic velocities [6]. The hardness ofpectrum of ultrahigh energy cosmic rays (abo0€ eV)
the observed photon spectra, which extendst60 MeV, is consistent [5] with that expected from Fermi acceleration
implies that they-ray emitting region must be moving with of protons in cosmological GRBs, and the flux is consistent
a Lorentz factod” of order 100 [7], and constitutes inde- with this scenario [4] provided the efficiency with which
pendent evidence for ultrarelativistic outflow. The highkinetic energy is converted to accelerated protons is com-
energy density in the source would result in completeparable to the efficiency with which energy is converted
thermalization and a blackbody spectrum [6], in contrasto accelerated electrons (and hence taays). We derive
with observations. To overcome this problem, Rees antbelow the expected spectrum and flux of high energy neu-
Mészaros suggested [8] thatray emission results from trinos, produced by photomeson interactions between the
the dissipation at large radius of the kinetic energy of thewind y rays and shock-accelerated protons, and discuss the
relativistic ejecta. Such dissipation is expected to occuimplications for high energy neutrino astronomy.
due to a collision with the interstellar medium [8], or due Neutrino production in dissipative wind models of
to internal collisions within the ejecta [9,10]. GRBs—We consider a compact source producing a wind,
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characterized by an average luminosity~ 10°! ergs’!  ated, the time available for proton energy loss by pion
and mass loss rafé = L/nc>. Atsmall radius, the wind production is comparable to the wind expansion time as
bulk Lorentz factor,I, grows linearly with radius, untii measured in the wind rest framg, ~ r,/I'c. Thus, the
most of the wind energy is converted to kinetic energy andraction of energy lost by protons to pions fs = r,/

I' saturates al” ~ n ~ 100. Variability of the source [I'ct,. The energy density in the BATSE randg,, is re-

on the time scalé\t, resulting in fluctuations in the wind lated to the luminosity., by L, = 47rjI"%cU,. Using
bulk Lorentz factol” on a similar time scale, would lead to this relation in (3)f is given by

internal shocks in the ejecta at a radius- ry =~ I'?cAt.

We assume that internal shocks reconvert a substantial part fw(ff,b') =020 —; Lysi

of the kinetic energy to internal energy, which is then eyb,Mevl“g‘ooAtms

radiated asy rays by synchrotron and inverse-Compton 1 if ob > gob-.

radiation of shock-accelerated electrons. X 1 o ob. p T b (4)
The photon distribution in the wind rest frame is €, /€y, otherwise

isotropic. Denoting byu(e,)de, the number density of Here, L, = 105'L, s, ergs!, T = 300Ts, Ar=

photons in the energy rangs to e, + de, inthe wind  19p~3A, s and the proton break energy is

rest frame, the fractional energy loss rate of a proton with

energye, in the wind rest frame due to pion production is 6;2 =13 X 10161“%00(6;21\46\,)*1 evVv. (5)

_ 1 dep ’

' (€p) = _g dt Thus, for parameters typical of a GRB producing wind, a

" " significant fraction of the energy of protons accelerated to
- C[ de o (6)5(6)6[ dx x 2n(x) energies larger than the break energyi0' eV, would
212 7 J 7 €/2l, " be lost to pion production. Note that since the flow is
(1) ultrarelativistic, the results given above are independent
where T', = ep/mpCZ, o,(€) is the cross section for Of whether the wind is spherically symmetric or jetlike,
pion production for a photon with energy in the provided the jet opening angleJsl /I (for a jetlike wind,
proton rest frame¢(e) is the average fraction of energy L is the luminosity that would have been produced by the
lost to the pion, andey = 0.15 GeV is the threshold Wwind if it were spherically symmetric).
energy. The GRB photon spectrum is well fitted in the Since the constraint on the bulk Lorentz factbr=
Burst and Transient Source Experiment (BATSE) rangd 00, is derived from the requirement that the wind be op-
(30 keV-3 MeV) by a combination of two power laws, tically thin to pair production for photons with observed
n(e,) o e;” with different values ofg at low and high ~€nergy~100 MeV, itis useful to expresg, as a function
energy [13]. The break energy (whegechanges) in the ©f the pair production optical depth,,. A test photon
observer frame is typicallys%‘ ~ 1 MeV, with 8 = 1 with energye, may produpe pairs in interactions Wlth pho-
at energies below the break agd= 2 above the break. tons with enerzg)zl exceeding a threshelq, determined by
Hereafter we denote quantities measured in the observéf€th — 2(m.c?)*/(1 — cosf), whered is the angle be-
frame with the superscript “ob.” (e.gg%’; = Te,). tween the photons propagation directions. Palrproductlon
The second integral in (1) may be approximated by interactions involve photons with energy much higher than
o | U ) the break energy, . A testphoton with observed energy
[ dx x *n(x) = 37 <—> ., (2 et"b- = 100 MeV, for example, has an energyl MeV in
€ L+ B 2e,, \ €y the wind rest frame, and therefore interacts mainly with
where U, is the photon energy density (in the rangephotons of similar energy to produce pairs. Assuming
corresponding to the observed BATSE range) in the windhat the spectrum of photons produced in the dissipation
rest frame,8 = 1 for e < e€,, andp = 2for € > €,,.  region extends as(e) = e 2 from the BATSE range to
The main contribution to the first integral in (1) is from (observed) energies well abot60 MeV, the mean free

photon energieg ~ €cax = 0.3 GeV, where the cross path for pair production (in the wind rest frame) for a pho-
section peaks due to theresonance. Approximating the ton of energye, is

integral by the contribution from the resonance we obtain

1 * U
_ lNe) = = =0o fdcosa 1 — cos# de —~%
lq-rl(fp) = ﬁcapeakfpeak yy( t) 21677 ( ) en(e,0) 2¢€?
Y
1 U,e
Ae ) - Yot
X — min(1,20 €55/ €peak) .~ (3) 1677 (myc?)? (6)

Here, opeak = 5 X 1072 cn? and &pex = 0.2 are the  Here we have used a constant cross secion,/ 16, where
values ofo and ¢ at € = €peak, and Ae = 0.2 GeV is oy is the Thomson cross section, above the threskgld
the peak width. [The cross section drops agén/e for € > €,; however,

The energy loss of protons due to pion production issince the number density of photons drops rapidly with
small during the acceleration process [4]. Once accelerenergy, (6) is a good approximation.]
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The optical depth is given by,, = r4/I'L,,. Using Most of the neutrino energy is carried by neutrinos with

(6), we obtain energy close to the break energy ~ 10'4 eV. The
. ob. _ob. neutrino flux depends on the relative efficiency with which

min(e;,”, €pp) the wind kinetic energy is converted to accelerated protons,

10ev compared to the efficiency with which energy is converted

(7) to accelerated electrons (and therefore/trays). If cos-

) mological GRBs are the sources of ultrahigh energy cos-
Only a small fraction of bursts show a power law spec-mjc rays, then the efficiency of converting energytoays
trum extending to>100 MeV. Most bursts may therefore anq to accelerated protons should be similar. The energy
have,,(e™ = 100 MeV) larger than unity, leading to  production rate required to produce the observed flux of ul-
higher efficiency of pion production. Furthermore, vari- trahigh energy cosmic rays, assuming that the sources are
ability of the source over different time scales would |eadcosmologically distributed, is-4 x 10* ergMpc 3 yr~!
to dissipation shocks over a range of radii [10], where theyer the energy range0'°—10%! eV, comparable to the
optical depth may become small only at the largest disrate of energy production by GRBs @says in the BATSE
sipation radii. While photons can escape only from radiirange [5]. For a proton generation spectruta,) = €2,
where the optical depth is small, neutrinos can escape fro&milar energy is contained in equal logarithmic [énergy
almost any depth. Thus, most of the burst energy mayhtervals, implying that the total energy converted to ac-
actually come out in neutrinos. Fdr = 100 andL, = celerated protons (i.e., over the energy rahge:,c> ~
10°" ergs!, for exampler,, (7™ = 100 MeV) ~ 1for 10121021 ev) is a few times that converted toray en-
Ta ~ 10" cm, where internal shocks result from variabil- ergy in the BATSE range. We therefore assume below that
ity over a0.1 s time scale. Variability on shorter time the conversion efficiency is similar for electrons and pro-
Sca|eS I’esults in CO||iSi0nS at Sma”er radii W|th |al’ger piontons' |ead|ng to an energy produc“on rate above the proton
production efficiency. The conversion to high energy pi‘energy break~1016 eV, E ~ 4 X 10% ergMpc 3 yr-!

ons of a significant fractions=20%, of the energy of pro- (£ gepends only logarithmically on the value of the break
tons accelerated to energy similar to or larger than th%nergy).
break energy ,,, would be avoided only if” > 100. The present day neutrino energy density due to GRBs

Neutrino spectrum and flux-Roughly half of the o o0broximately given b/, ~ 0.5f,(€,)tnE, where
energy lost by protons goes inte’’s and the other half zpplom Vi is ¥hg Hubb?lejvtime. 'Tﬂhepr};egtrir’wo flux is
to 7*’s. Neutrinos are produced by the decaymof’s, therefore approximately given by

7t —-ut +v,—e" +v, +v, +v, [the large

fa(€9™) = 0.157,, (2> = 100 MeV)

optical depth for high energy’s from #° decay, cf. ¢ U, 13 frl€pp) -

Eq. (6), would not allow these photons to escape the /»(€» = €)= — P 10 0 Ew

wind]. The mean pion energy is 20% of the energy of ob. -1

the proton producing the pion. This energy is roughly X <10611b V> cm s 'sr!,  (8)

evenly distributed between ther® decay products.
Thus, approximately half the energy lost by protons ofyynere £ = 104 E,, ergMpc3yr-!. The high energy
energye,, is converted to neutrinos with energy0.05¢,.  neytrinos predicted in the dissipative wind model of GRBs
Equation (4) then implies that the spectrum of neutrlr_losmay be observed by detecting the Cherenkov light emit-
abovee,;, = 0.05¢,, follows the proton spectrum, and is {eq by high energy muons produced by neutrino interac-
harder (by one power of the en%rgy)ogat lower energy. Theions below a detector on the surface of the Earth (see
break energy ig,, =5 X 10" T300(€3p Mev) ' €V. For [14] for a recent review). This technique works only for
a power law differential spectrum of accelerated protongyons entering the detector from below, “upward moving
n(e,) = €,?, as typically expected for Fermi acceleration muons,” due to the large background of downward atmo-
and which would produce the observed spectrum ofpheric muons. The probabilify;, , that a neutrino would
ultrahigh energy cosmic rays [5], the differential Neutrinoproduce a high energy muon in the detector is approxi-
spectrum isn(e,) < €,“ with o = 1 below the break mately given by the ratio of the high energy muon range
and « =2 above the break. The spectrum may beyg the neutrino mean free path. At the high energy we are
modified above the energy whetg, are produced by consideringP,,, = 10~%(e,/1 TeV) [14]. Using (8), the

muon Lorentz factor and, = 2 X 107° s its rest life-

time) comparable to the wind dynamical timg/T'c,ie.. o Jr(€pp)

above 622‘ = mﬂczrd/3tMc ~ FzmﬂczAt/?ﬂ# =35 X al 0.2

105T500Atms €V.  Muons producing, with higher E L
energy may adiabatically lose a significant part of their X <4 10 erg MpC3yr1> km—=yr—.  (9)

energy before decaying (other energy loss processes,
e.g., inverse-Compton scattering, can be shown to be le§he rate is almost independent gf,, due to the increase
important). of P,, with energy.
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The rate (9) is comparable to the background expectedould be caused by decoherence, rather than by real oscil-
due to atmospheric neutrinos [14]. However, neutrindations, for neutrinos with masses0.1 eV.
bursts should be easily detected above the background, The »,’s may resonantly oscillate tov,’s [the
since the neutrinos would be correlated, both in time and/likheyev-Smirnov-Wolfenstein (MSW) effect] as they
angle, with the GRBy rays. A kn? neutrino detector escape the fireball, provided the electron number den-
should detect each year10 to 100 neutrinos correlated sity exceeds the MSW resonance density (e.g., [16]).
with GRBs. Furthermore, nearby bright GRBs, althoughThe fireball electron density is approximatety ~ L/
rare (~0.1 per year), would produce a burst of several4zriI2m,c? ~ 10'°-10'2 cm™3, implying that the
neutrinos in a krh detector. A burst at a distance of MSW effect could be important only for neutrino masses
100 Mpc producing).4 X 10°' ergin~10'* eV neutrinos  smaller than~10"'2 eV2. For such low masses, the
would produce~3 km~2 upward muons. spatial scale of the fireball implies that changes too

Implications—Detection of neutrinos from GRBs rapidly to allow the use of the adiabatic approximation,
would corroborate the cosmological fireball scenario forand that the influence of the MSW effect would depend
GRB production (acceleration of protons to ultrahighon the detailed structure of the fireball.
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