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Ultrahigh Energy Neutrinos from Gamma Ray Bursts
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Protons accelerated to high energies in the relativistic shocks that generate gamma ray b
photoproduce pions, and then neutrinosin situ. I show that ultrahigh energy neutrinos (.1019 eV)
are produced during the burst and the afterglow. A larger flux, also from bursts, is generated
photoproduction off cosmic microwave background photons in flight but is not correlated with curren
observable bursts, appearing as a bright background. Adiabatic and synchrotron losses from pro
pions, and muons are negligible. Temporal and directional coincidences with bursts detected
satellites can separate correlated neutrinos from the background. [S0031-9007(98)05884-0]
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The recent discovery of gamma ray bursts’ (GRBs
afterglows [1], accurately predicted by theoretical mod
els [2], and disappearance of flares in the radio flux [3
have bolstered our confidence in the correctness of t
fireball model [4]. According to the model, bursts are
generated when two or more hyperrelativistic shells, is
sued by an as of yet unspecified source, collide with ea
other. A relativistic shock forms, where nonthermal elec
trons are accelerated and then dissipate their internal e
ergy through synchrotron (and possibly inverse Compto
radiation. After the internal collision, the resulting shel
will collide with the interstellar medium (ISM), thereby
forming a second, relativistic shock, which will continue
to expand into the ISM even after the burst proper, thu
generating the afterglow.

The relativistic environment surrounding the above
mentioned shock is ideal for the acceleration of protons
high energies [5]. The highest energy that can be attain
is [6]

emax ­ s1020 eVdu25y3h
1y3
2 E

1y3
52 n

1y6
1 . (1)

Here the explosion energy isE ­ E521052 erg, the expan-
sion Lorenz factorh ­ h2102, the beaming angleu, and
the ISM number densityn ­ n1 cm23. Currently popular
values inferred from afterglows areu ø 1y3, E52 ø 1 [7]
implying emax ø 6 3 1020 eV.

When energetic protons interact with synchrotron pho
tons emitted by electrons, they can produce pions; the d
cay of charged pions then produces electron and mu
neutrinos. In this Letter, I consider only ultrahigh energ
neutrinos (UHENs,.1019 eV) and neglect lower energy
ones [8,9].

Expected fluxes of ultrahigh energy neutrinos.—Let us
consider a burst of durationT seconds; according to the
fireball theory for external shocks [4], this occurs at a
distancere ­ h2cT from the unspecified burst source,
and, in the shell frame, the shell thickness isdr ­ hcT .
The total energy density in the shell frame is thenUg ­
Lgy4pr2

e ch2; inserting this into Eq. (3) of Ref. [9] I find
the inverse of the time scale for photopion losses,t21

p ;
0031-9007y98y80(17)y3690(4)$15.00
)
-
]

he

-
ch
-
n-

n)
l

s

-
to
ed

-
e-
on
y

multiplying by the time the proton spends in the shel
in the shell frame (­ hT ), I find that, for a proton of
energyep as seen by an outside observer, immersed
a radiation field with turnover frequencyeg ø 1 MeV,
beyond which the spectrum significantly steepens, th
total probability for photopion production is

fs0d
p ­ 0.03h24

2

Lg

1050 erg s21

1 MeV
eg

10 s
T

, (2)

for proton energies exceeding [9] eb ­ s2 3

1015 eVdh2
2 s1 MeVyegd. I have used here a typical

luminosity for long-lasting bursts, such as those with th
ISM are thought to be, and a typical long duration.

Experiments such as AIRWATCH [10,11] have ap
preciable detection efficiencies for neutrinos exceedin
the threshold energyen,l ø 1019 eV. Since neutri-
nos emitted through photopion processes typically car
away a fractionq ø 0.05 of the proton energy (losses
will be discussed later), I have to compute the en
ergy release in protons with energies exceedingel ­
en,lyq ø 2 3 1020 eV. The spectrum in high energy
protons accelerated at relativistic shocks is roughly~

e22, and defining the total energy released in ultrahig
energy cosmic rays (UHECRs,e . e1 ­ 1019 eV) as
EU , I have that the whole energy in UHECRs which
can emit detectable UHENs (i.e.,e . el ­ en,lyq) is
EU ln emaxyely ln emaxye1. Only a fraction2qfs0d

p of this
ends up in UHENs. Thus the total energy emitted i
UHENs is

En ­ 2qfs0d
p EU

ln emaxyel

ln emaxye1
. (3)

The total flux of UHENs can then be obtained by
integrating the flux over all distances:

Ùnn ­ ÙnGRB
En

ēn

cK
H±

­ 2qfs0d
p

ÙnGRBEU

ēn ln emaxye1

cK
H±

, (4)

whereēn ­ en,l ln emaxyel is the average neutrino energy
from this process, and the delicate factorK, to be
© 1998 The American Physical Society
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is
discussed later on, takes account of such unknowns
the GRBs’ redshift and luminosity distributions, and th
details of the cosmological model.

The dependence of these neutrino rates upon physi
factors of individual bursts, such ash, Lg , and eg , is
all contained withinfs0d

p [Eq. (2)], and will be omitted
from now on for the sake of conciseness. The key fact
in the above equation isÙE ­ ÙnGRBEU , the injection rate
per unit volume of nonthermal proton energy, because t
others either are known or enter logarithmically. It is
known already that, under the hypothesis that GRBs em
about as much energy in the form ofg-band photons and
UHECRs, the flux of UHECRs at Earth is reproduced t
within a factor ofø3 [6,12]. I show later that UHECRs are
accelerated within afterglows, which dominate the energ
balance by about a factor of10. Then, if the same rough
equipartition between radiation and UHECRs holds durin
the afterglow, the total energy release required to expla
the UHECRs’ flux seen at Earth is correctly accounted fo

That the equipartition argument yields a correct answ
can be checked by considering that the observed bu
rate (ø30 yr21 Gpc23) times the observed energy releas
including afterglow (ø1052 erg) yields an energy release
rate,3 3 1044 erg yr21 Mpc23, very close to that deduced
[13] without explicit reference to the nature of the source
of UHECRs: ÙE ­ 4.5 3 1044 erg yr21 Mpc23 for the re-
stricted range of proton energies1019 , e , 1021 eV.

Thus, under the equipartition assumption I can use t
energy release necessary to explain Earth observations
the energy released in UHECRs by GRBs; takinge1 ­
1019 eV, and definingh ; H±y50 km s21 Mpc21, I obtain

Ùnn ­ 2.2 3 10211 fs0d
p

0.03
h21K yr21 cm22. (5)

The flux determined above isnot the whole flux of
UHENs from GRBs detectable at Earth. The reaso
is that all UHECRs eventually will emit UHENs by
photoproduction with photons of the cosmic microwav
background, the so-called Greisen-Zatsepin-Kuz’min e
fect [14]. This neutrino production will occur in flight,
rather thanin situ, with a typical mean free path of or-
der ø10 Mpc. As they cross this distance, UHECRs ar
slowed down in their progress toward Earth by the tu
bulent intergalactic magnetic field. While estimates o
this delay are very uncertain because of our ignoran
of both strength and correlation length of the field, the
still all agree in putting it above102 103 yr, i.e., in wash-
ing away any correlation with GRBs observed within ou
lifetimes. The total flux of background UHENsÙn

sbgd
n , un-

correlated with observable GRBs, is thus

Ùnsbgd
n ­

Ùnn

f
s0d
p

­ 7.3 3 10210Kh21 yr21 cm22. (6)

The computation of the factorK requires an explicit
hypothesis on the distribution of redshifts and luminositie
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of GRBs. A detailed computation [15] for idealized
redshift distributions of standard candles has been carri
out. Comparison of Table I of Ref. [15] with the above
equation shows that their computed values ofK vary by a
factor of 3 either side of the value I obtained.

Afterglows.—I show now that acceleration of protons
to the highest energies does continue unabated throu
most of the afterglow. After the burst, the relativistic shel
keeps plowing through the interstellar medium, sweepin
up more matter and decelerating. The shell Lorenz fact
scales ash ­ 6.4n

21y8
1 E

1y8
52 t2s

d , wheretd is the postburst
time in days neglecting redshift. For adiabatic expansio
s ­ 3y8 [7] while s ­ 3y7 for radiative expansion [16].
The maximum energy of nonthermal protons [Eq. (1)] de
creases very slowly with time, ast21y8 or t21y7 for adi-
abatic or radiative expansion, respectively. In particula
for the best valuesE52 ­ 1 and u ­ 1y3, production of
UHENs ceases (i.e.,emax , en.lyq) for h , 3.3, corre-
sponding toø6 d after the burst, nearly independent o
whether expansion is adiabatic or radiative.

I also have to check that the probability of photo
pion production through the afterglow does not chang
by much from the value computed [Eq. (2)] for the burs
proper. This requires some discussion. From obse
vations [17] we know that the instantaneous luminos
ity scales ast2a , with a ø 1.1. Also, we know from
fireball theory thatT ~ ryh2, and thatr ~ h2y , where
y ­ 2y3 for adiabatic ory ­ 1y3 for radiative expan-
sion. So the factorLgh24T21 ~ tss22yd2a. However, it
is more difficult to establish the variation of the spectra
breakeg with time, which is not currently observed. It
seems however that, given the general softening of rad
tion within the afterglow, it is unlikely to remain con-
stant; a more likely hypothesis is that it decreases slow
with time. Phenomenologically, one may takeeg ~ hq.
The limits within which q is expected to vary are easy
to ascertain. On the one hand,q ­ 0 would imply that
the cutoff does not evolve, despite the shell slowdown
This is both unphysical, and contrary to some weak ev
idence that it may decrease within the burst proper. O
the other hand, the synchrotron turn-on frequency (i.e
that beyond which synchrotron emits most of the energ
scales as~ g4; in the afterglow model, all emission is
due to synchrotron processes. However, the very lon
lasting optical emission from GRB 970228 seems to im
ply a very extended synchrotron spectrum, so thatq ­ 4
may be considered an upper limit. Thus0 , q , 4. I
then obtaineg ~ hq ~ t2qs. From Eq. (2) I then find
fs0d

p ~ tz , with z ­ ssq 1 2 2 yd 2 a. Only taking a
small value,q ­ 1, and then only for adiabatic expan-
sion, do I findz , 0. Thus we see that overall, the proba
bility f s0d

p is unlikely to decrease: if anything,fs0d
p is

likely to increasethrough the afterglow, so that our es-
timates are, most likely, lower limits. Thus, by taking in
the previous sectionfs0d

p ø const, I did not overestimate
the neutrino fluxes. An interesting consequence of th
3691
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is that the luminosity in UHENs scales approximately
Ln ­ fs0d

p Lg ~ t21, which means that equal logarithmi
post-burst-time intervals are equally likely to contain
observable neutrino.

Losses.—Proton losses (synchrotron and phot
hadronic) were shown to be negligible in Ref. [6]: th
proton energy is limited by the size of the shell. I ha
to consider however adiabatic and synchrotron losses
pions and muons, which could considerably limit th
highest energies achieved by neutrinos.

Adiabatic losses are significant whenever the parti
lifetime g?t? in the shell frame exceeds the characteris
time scale on which the magnetic field decreases beca
of the shell expansion; here? indicates either pion or
muon, andtp ­ 2.6 3 1028 s andtm ­ 2.2 3 1026 s
are their respective lifetimes in their rest frames. T
limiting Lorenz factors are found when the two time scal
match, i.e., wheng?t? ­ 2By ÙB. Following Ref. [18] I
takeB ~ R22, whereR is the transverse dimension of th
causally connected region, which, following Refs. [18,1
is given byryh, even through the afterglow, and obvious
ÙR ø c. Then I obtain the limiting Lorenz factor in the
observer framegl ­ ryct?, independent of whether th
afterglow is adiabatic or radiative. Scalingr ; xri by
its lowest value, that at the moment of the burst prop
ri ­ 2h2cT ­ s6 3 1015 cmdh2

2sTy10 sd, I find gp ­
1013x, and gm ­ 1011x for x $ 1, both exceeding the
proton’s Lorenz factor in Eq. (1). For protons with Loren
factor gp in the shell frame, the synchrotron coolin
time is ts ­ 1 yr s1011ygpd s1GyBd2. For synchrotron
losses to be negligible, the Lorenz factor of pions a
muons must not exceed the limitingg? given by [18]
gptssm?ympd3 ­ g2

?t?, where m?ymp ø 0.1 for both

pions and muons. From Ref. [19],B ø 1Gh
1y2
2 for the

external shock scenario and the afterglow. Transform
back to the observer frame I findgp ­ 3 3 1013h

1y2
2 ,

andgm ­ 3 3 1012h
1y2
2 . Both exceed the Lorenz factor

of the proton [Eq. (1)]. Thus adiabatic and synchrotr
losses of pions and muons do not affect the argument
this paper.

Detectability.—Currently planned experiments such
AIRWATCH [11] will monitor from satellites fluorescen
light profiles of cosmic ray cascades over areas of or
A ­ A6 3 106 km2, with A6 ø 1. The interaction proba-
bility for UHENs is proportional to the monitored colum
density (103 g cm22); it also depends on the extrapolatio
of the cross section to currently unobserved energies,
typical values ares ø 3 3 10232 cm2 seny1019 eVd1y2

[11,20]. Once the neutrino has interacted, a detect
efficiency close to 1 for UHENs is reported by feasib
ity studies, at energiesen ø 1019 eV, yielding interaction
probabilities ofPn ø 3 3 1025. This translates into an
expected number of detectable UHENs of

ÙNn ­ s7KA6 yrd21 fs0d
p

0.03
h21. (7)
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At the same time, we expect a background flux fro
Eq. (6) given by

ÙN sbgd
n ­ s200KA6 yr21dh21. (8)

It is safe to state that Eqs. (7) and (8) have large erro
due to our ignorance both of the neutrino-nucleon cro
section at these large, and untested neutrino energies,
to the sources’ redshift distribution (the parameterK).

The requirement that the expected number of neutrin
correlated with bursts be large enough to ensure detect
within a year of operation can be turned, using Eq. (2
into a requirement on the area covered by the experime

A6 ¿ 0.2K21h4
2

1050 erg s21

Lg

eg

1 MeV
T

10 s
. (9)

Detection of correlated neutrinos seems possible provid
bursts due to external shocks are well represented by
average values employed above.

The flux of Eq. (8) of an event per day, completel
uncorrelated with currently observable bursts, obliges
to face the issue whether we can distinguish from cas
associations a much smaller (fs0d

p ø 0.03) flux which is
indeed correlated (to within the afterglow duration,ø6 d)
with simultaneously observed bursts. The answer wou
be an easy yes if UHENs arrived simultaneously wi
the burst proper, because we could then use very ti
directional and temporal coincidences to distinguish t
signal from background noise. But, since I argued abo
that most neutrinos are produced during the afterglo
which is observed to last for a few days after the burs
it has to be ascertained whether this can still be done. T
answer is a qualified yes.

Suppose I can measure the directions of arrival
neutrinos and GRBs with a combined directional error
b. Calling ÙNGRB the rate of detection of GRBs in theg
ray, the probability of casual associationPc is

Pc ­ ÙNGRBdt
b2

4
­ 4 3 1024 dt

6d

√
b

1±

!2

, (10)

where I used ÙNGRB ­ 300 yr21, typical of burst and
transient source experiment (BATSE) [21]. The rate
appearance of casual associations isÙN

sbgd
n Pc ø 0.08 yr21,

reassuringly smaller than the rate of physical associatio
[Eq. (7)]. This condition,Pc

ÙN
sbgd
n ø ÙNn, can also be

written as

fs0d
p ¿ ÙNGRBdt

b2

4
ø 4 3 1024 dt

6 d

√
b

1±

!2

. (11)

Comparison with Eq. (2) shows that the experiment c
be done, provided angular errors of order

b ø 7±

√
Lg

1050 erg h
4
2

eg

1 MeV
T

10 s
dt
6 d

!1y2

(12)

can be achieved.
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Lastly, since the rate of Eq. (8) is comparable to th
of GRBs detected by BATSE [21,22], measurement
dipole and quadrupole moments of the neutrino distrib
tion may just be doable. The spectrum of UHENs (bo
background and correlated ones) will follow accurate
that of UHECRs in GRBs, since the probability of photo
pion losses [Eq. (2)] is independent of proton energy.
should thus be possible to see the cutoff in the UHEC
spectrum, Eq. (1), as mirrored in neutrinos.

Discussion.—The acceleration of UHECRs in GRBs
is so effective that it has been proposed [6,12] that t
whole flux of UHECRs at Earth comes from these even
However, since UHECRs can takeø103 yr more than
photons to reach us from the closest GRBs, it wi
be impossible, within our finite lifespans, to estab
lish a direct association between GRBs and UHECR
A sure hint should be that no active galactic nucle
(AGNs), or peculiar object, ought to be seen close
the direction of arrivals of UHECRs, but this expec
tation is not unique to this model, and is common
for instance, to strings. On the other hand, a UHEN
ø1019 eV would accumulate with respect to photons emi
ted simultaneously a delay of onlyø10219 ssmny10 eVd
in coming from even a distance ofcyH±, the radius of the
Universe, withmn the neutrino mass. Thus it would be
essentially simultaneous to photons (including afterglow
photons). Furthermore, the UHENs can be produced on
by the highest energy protons, those, in other words, w
beyond the Greisen-Zat’sepin-Kuzmin limit. Thus th
UHENs producedin situ represent the surest smoking
gun that UHECRs are accelerated in GRBs. Differen
electromagnetic signatures of the association of UHEC
and GRBs have been discussed in Refs. [23,24].

In short, what detection of UHENs will allow us to do
is to circumvent the shortsightedness imposed upon us
the Greisen-Zatsepin-Kuz’min limit, and to investigate th
generation of the highest energy cosmic rays througho
the whole Universe. The only alternative sources
UHENs proposed so far are cosmic strings [25] and AGN
[26] which are also the only alternative sources propos
so far for UHECRs. I have discussed here that a fracti
of all UHENs [Eq. (2)] should show an association with
simultaneously observed GRBs, if they indeed origina
in GRBs. Thus a potentially clear-cut way to distinguis
between the three competing theories is available and
might, perhaps, already be accessible to AIRWATCH
class experiments.
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