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Abstract

The detection of GRB 060218 at z = 0.033 by Swift within 1.5 years of operation, together with the detection of GRB 980425 at
z=0.0085 by BeppoSAX, suggest that these low luminosity (LL) GRBs have a much higher event rate than the canonical high lumi-
nosity (HL) GRBs, and they form a distinct new component in the GRB luminosity function. We explore the contribution of this pre-
viously neglected GRB population to the diffuse neutrino background within the internal shock model and compare it with that of the
canonical HL population. By considering a wide range of distributions of various parameters (e.g. luminosity, spectral break energy,
duration, variability time, Lorentz factor, redshift) for both populations, we find that although it is difficult to detect neutrinos from
the individual LL GRBs, the contribution of the LL population to the diffuse neutrino background is more than the HL population

above about 10% GeV.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The possibility of high energy neutrino emission from
GRBs in the burst and the afterglow phases has been stud-
ied earlier by different groups [1-4]. It has been found that
only the nearby high luminosity (HL) GRBs (e.g. GRB
030329) are expected to be detected individually by neu-
trino telescopes like ICECUBE [3,5]. In general the diffuse
neutrino background from the whole GRB population is of
great observational interests. Recently a low luminosity
(LL), long-duration event, GRB 060218/SN 2006aj was
detected by Swift [6] at a redshift of 0.0331. Earlier,
another low luminosity event, GRB 980425/SN 1998bw
was detected by BeppoSAX at an even lower redshift of
0.0085 [7,8]. These two LL events share some common
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characteristics such as low luminosity, long duration, and
low isotropic y-ray energy. More importantly, their detec-
tions at very low redshifts within a relatively short period
of time (1.5 years for Swift and 6 years for BeppoSAX)
imply that they have a much higher event rate than the
canonical HL. GRBs [9-12]. A straightforward estimate
of the local rate of LL GRBs pf" can be derived from

Beppo Swift

LL . TBeppo TSwifl ~ 2 1
PEV (z < 0.033) (—4n +— ) : (1)

where V(z < 0.033) ~ 1.2 x 107> Gpc® is the volume en-
closed by z = 0.033, Q%P =0.123 and Q" = 1.33 are
the solid angles of the GRBM on board BeppoSAX and
the BAT on board Swift, respectively. The durations of
observation are 75 ~ 6 yr and 75" ~ 1.5 yr (when this
paper has been written) for BeppoSAX and Swift, respec-
tively. The number 2 on the right hand side of Eq. (1)
accounts for the detection of GRB 980425 and GRB
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060218. This gives a rough estimate of pi* as
800 Gpc ™ yr~'. Several groups independently estimated
this event rate [9,11], e.g. ~ (300-1000)Gpc > yr~!, which
are comparable to the rate of LL GRBs
550779 Gpc* yr~! obtained by Liang et al. [12]. These
are all much higher than the event rate of HL GRBs,
pit ~ 1 Gpc? yr~! [13], and its simple extrapolation to
the LL regime assuming a same population, e.g.
po ~ 10 Gpc ™ yr~! [14]. If one assumes that the two LL
GRBs within z < 0.033 belong to the population of HL
GRBs, then the expected number of detection of GRBs
within z < 0.033 in the BeppoSAX and Swift era is nearly
0.0026 for pHt ~ 1Gpc yr!, and is 0.026 for p, ~
10 Gpc™ yr~!'. The Poisson probability of detecting two
events during the observational period is 3.4 x 107 for
the former and 3.3 x 107 for the latter. Hence, the detec-
tion of GRB 060218 strongly suggests the presence of a dis-
tinct population (LL), which is not a subset of the
canonical HL population. This implies two distinct compo-
nents in the GRB luminosity function [12]. One may char-
acterize the luminosity function of each population by a
broken power law, i.e.

S(L) = S, KZ) i + <LLb) xz] 71. (2)

The spectral indices and break luminosities of this function
for LL and HL populations have been derived/constrained
in [12]. The values of oy, o, Ly, are 0.6, 4.5, 107 erg/s and
1.15, 2.5, 10" erg/s for LL and HL GRBs, respectively.
The values of Sy depend on the upper and lower limits in
the values of luminosity for each population.

Although the high energy neutrino flux of these individ-
ual LL GRBs is low, the contribution to the diffuse neu-
trino flux by the whole LL population is non-negligible
due to their very high event rate. In this paper we
explore the neutrino emission of this hitherto ignored LL
GRB population, and compare the contributions of the
LL- and HL GRB populations to the diffuse neutrino
background.

2. Diffuse neutrino spectra from HL- and LL GRBs

We consider the prompt high energy neutrino emission
from GRBs in the burst phase due to internal shocks. Pro-
tons and photons interact to produce pions which subse-
quently decay to neutrinos, p+7vy — 1" — put +v, —et+
Ve +V, +v,. This is the dominant mechanism of high
energy neutrino production inside GRBs. We derive the
neutrino spectrum using the power law nature of photon
spectrum as observed by different satellite experiments
BATSE [16], HETE [15], Swift [17]. GRB 060218 is an
X-ray flash (XRF) [6]. Sakamoto et al. [18] have discussed
in detail about the characteristics of 45 GRBs observed by
HETE-2 (High Energy Transient Explorer) [15], some of
them were XRFs. They found no statistically significant

deviation in the distribution of photon spectral indices
depending on the type of the source. We therefore describe
the comoving-frame photon spectrum for both HL- and
LL GRBs as

€y < €br,c

6*"/'1
dn, G 3)
d Y271 .~ :
& 6I:»rtc 6*,/ €&y > €br,c

The break energy of the photon spectrum in the comoving
frame e, is related to its value in the source rest frame as
€or = I'épre, Where I' is the bulk Lorentz factor. The nor-
malisation constant A is related to the internal energy den-
sity U by

P Uy A
=— (4)

b
N
n=2 N2

where y, < 2, and 7y, > 2. The threshold energy for pair
production (y+ 7y —e" 4+¢7) in the comoving frame is
~1 MeV. Since the pair production cross section is much
larger than py interaction cross section, the upper cut-off
energy in the photon spectrum which produces high energy
neutrinos should be limited by the threshold energy of pair
production. Photon energy 1 MeV in the comoving frame
corresponds to 300 MeV and 10 MeV in the source rest
frame for HL- and LL GRBs, with Lorentz factor of the
order of 300 and 10, respectively. For HL GRBs,
300 MeV photons can produce neutrinos with energy
3000 GeV in the source rest frame in py interactions
through 4 resonance. For LL GRBs, 10 MeV photons
can produce neutrinos with energy 100 GeV in the source
rest frame. The break energies of LL and HL GRBs are as-
sumed to be of the order of keV and MeV, respectively, in
the source rest frame. Thus the upper limits in photon ener-
gies are much higher than their break energies for both LL
and HL GRBs. The average comoving time is longer than
the average synchrotron cooling time of protons for HL
GRBs, and for LL GRBs they are comparable. As we dis-
cuss later in detail the average maximum neutrino energies
are generally constrained by synchrotron cooling of pro-
tons. The corresponding lower limits in photon energies
for py interactions are much lower than photon spectral
break energies for both HL and LL populations. The
expression for parameter 4 has been derived in Eq. (4)
using the fact that the minimum photon energies are much
lower than the break energies and the maximum photon
energies are much higher than the break energies. The
threshold energies for synchrotron self absorption [19] of
photons are of the order of eV for HL GRBs and are much
lower for LL GRBs. The lower limit in photon energies de-
rived by the maximum proton energies (applying the syn-
chrotron cooling constraint) is higher than the typical
synchrotron self absorption energies for LL GRBs, and
this is also generally the case for HL GRBs. If we take
71 =1, y, =2 and a photon energy range of 30 KeV to
3 MeV in the source rest frame, then we get 4 = 26[;_0 as
derived in [1]. '
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In the comoving frame, the energy loss time () of a
proton of energy E,. due to pion production can be
derived from

1 dE,.
E de (5)

ln I(Epwf:) ==
p,c
The variability time is of the order of milliseconds for HL
GRBs. For LL GRBs, observations show that their light-
curves are generally very smooth; for GRB 060218 the
width of the broad peak was 431 s [6]. In py interactions
the maximum contribution to neutrino production comes
from the A resonance as discussed in [1]. For y; <2 and
v, > 2, we obtain the fractional energy loss of protons to
pions as a function of proton energy E,[= Egbs(l +2)] in
the source rest frame.

1.34727" (B, N\
(—p) Ep<pr

_ 72+ 1 \Epy
FAED =10} | 3 B\ g g ©
n+1 \Ep P pb
where " 0951 for HL GRBs and f;-

F}OOIV —3€br,MeV [/2 2 - 2]

T 1;] for LL GRBs. Here L,s7=L,/

Tty 2eorkev [,2 T

(10" ergs s') and #,, = #,/(10%s). For, 7, = 1 and 7, = 2
we get an expression of fr(E,) for photon energy range
30 keV to 3 MeV similar to that derived in [1],

Lysi {Ep/pr Ey, < Ep,
1 Ep > pr

F;t()()tvﬁSEbr,MeV
where I3 = I'/300, I'\g = I'/10 denote typical Lorentz
factors of HL- and LL GRBs, respectively [20,21]; €pr.mev
and ey, ey denote the break energy e, in units of MeV
and keV, respectively. The choice of a low e, for LL GRBs
is based on the fact that GRB 060218 has ¢, ~ 5 keV [6],
which well satisfy the so-called Amati-relation [22,23]:

iso 0.5140.01
(3644 004)(— 1 (8)
100 keV 7.9 x 10°* erg

Another LL GRB 980425 apparently does not satisfy this
correlation. However, Ghisellini et al. [24] argue that
GRB 980425 might not be an outlier. In particular, they
suspect that BeppoSAX only recorded a short duration of
hard emission, and it might be similar to GRB 060218
should it be detected by an instrument similar to Swift that
could record soft emission simultaneously. We therefore
assume the Amati-relation for all bursts in this paper
[25], but caution that the diffuse neutrino flux of the LL-
component would be overestimated (say, a factor of 2) if
a fraction (say, 50%) of LL GRBs do not satisfy the Amati
relation. It is worth commenting that if most LL GRBs sat-
isfy the Amati-relation, they are not detectable by BATSE,
as is the case of GRB 060218 [26], so that they do not con-
tribute to the BATSE population. The proton break energy
corresponding to the break energy in the photon spectrum
can be expressed as

Efy =13 x 10"T3 (eoramev) ' GeV. (9)

for HL GRBs or ELlf =1.45x 10’ Fm(ébrkev) GeV for
LL GRBs. In py interactions both n and " can be pro-
duced with equal probabilities. " gets on the average
20% of the proton energy and if the final state leptons share
the pion energy equally then each neutrino carries 5% of
the initial proton energy. The first break energy in the neu-
trino spectrum, E,;, is due to the break in the photon
spectrum:

2
T Gev (10)

ENE = 6.5 x10° 30
€br,MeV

for HL GRBs or ELE = 7.23 x 10° bnko GeV for LL GRBs.

The total energy to be emitted by neutrinos of energy E,

can be expressed as

dNW(Ey) _3fr1(1-e)
dE, T 8 k e

where Eiyso is the total isotropic energy of the emitted gam-
ma-ray photons in the energy range of 1 keV to 10 MeV,
which is available from the observations [29], €. ~ 0.3 is
the energy fraction carried by electrons, and « is a normal-
ization factor considering the differential neutrino spec-
trum. The relativistic electrons produce the photons by
synchrotron radiation and inverse Compton scattering of
low energy photons, so four orders of magnitude in photon
energy corresponds to two orders of magnitude in the en-
ergy of the radiating charged leptons. Photon spectral in-
dex y, = 2.25 corresponds to a spectral index of —2.5 of
the relativistic electron spectrum. This corresponds to
kx = 1.8 assuming photon fluence is proportional to neu-
trino luminosity. If the electron spectral index is —2 one
would have x =1n(100) ~4.6. The internal shocks of
GRBs are typically collisionless and Coulomb interaction
is not important between electrons and protons. It is still
an open question regarding how some energies of Fermi
accelerated protons are transferred to electrons and
whether electrons and protons would have a same spectral
index. In principle, the spectral indices of electrons and
protons in the shocked region could be different. In our cal-
culations, the electron spectral index is taken as —2.5
(based on the observed photon spectrum), while the proton
spectral index is still assumed to be ~(—2) as has been
adopted by all the previous neutrino calculations.

The break (Eq. (10)) due to the break energy in the pho-
ton spectrum is caused by the break in f; (Eq. (6)). If one
takes into account muon and pion cooling, a second break
appears in the neutrino spectrum

E? ES° (11)

E, < E;
£ dN,(E,) ~ 3, (1 —¢€) Eiso EN 2 (12)
vV dE, 144 ¢ ¥ <V> E, > E

S

Pion cooling energy is 10 times higher than the muon cool-
ing energy. We would be overestimating the total neutrino
flux if we use the pion cooling energy to derive the second
break energy in the neutrino spectrum. The muon cooling
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break E] can be expressed as a function of GRB
parameters.
B3N =256 x 10° ey L 4P Moty —3 GeV (13)

for HL GRBs or E5M = 3.16 x 107eé/2eg1/2 /‘11421”40&,2 GeV
for LL GRBs. Here the parameter eg denotes the fraction
of internal energy carried by the magnetic fields. We can
see that if ¢, and eg are comparable their contributions
are cancelled out. They are assumed to be equal to 0.3 in
our calculations. Neutrino oscillation only redistributes
the number of different flavors of neutrinos. The total num-
ber of neutrinos remains unchanged.

The maximum proton energy achievable in HL and LL
GRBs can be derived by equating the acceleration time
scale with the minimum of the dynamic time scale and syn-
chrotron cooling time scale of protons [27]. In the comov-
ing frame, the synchrotron cooling time can be expressed in
terms of proton energy in the source rest frame as

67rm4 3

, 14
t’IneEli’B(Z: ( )

tsync =
where m,, and m, are proton and electron masses, respec-
tively, o; is the Thompson scattering cross section and B,
is the comoving magnetic field. The comoving magnetic
field strength can be expressed as a function of radial dis-
tance, luminosity, Lorentz factor the unknown shock
strength (which depends on the relative Lorentz factor of
the two colliding shells), and the unknown shock equipar-
tition parameters [28]. For ez = 0.3 and reasonable shock
strength, one could estimate B ~ (2.5 x 10° G)LY/*r;}

with 7 = 027124, 3 for HL and B ~ (4.42 x 104 G)
Lyr, rH =300 t,, for LL GRBs, ri3 = /10" is the
dissipation radius where internal shocks are formed. The

acceleration time scale in the comoving frame in terms of
proton energy in the source rest frame is
E

fa :FBpec (15)

The dynamical comoving time scale is
r

I'c

In our calculations, we use ¢, = min(fync, fayn) to calculate
the maximum proton energy in the shock. For typical
parameters, one usually has #yy,. < t4yn, One can then derive
the expression of the maximum proton energy using the
condition #yn. = #,, Which gives

(16)

tdyn =

6nm’cte
Elz)max_rz—p (17)
almeBc

which gives Ep L ~6x10" - GeV for HL GRBs and

ELt  ~2x 10" L GeV for LL GRBs. After averaging

p,max
02

over the parameters, including log normal distributions in
Lorentz factor and variability time, the broken power-
law distribution of the luminosity distribution, and the

redshift distribution of GRBs (see below for detail), we ob-
tain the average values of maximum proton energies for LL
and HL GRB:s.

The neutrino spectrum emitted from the source is to be
corrected for the redshift of the GRB to derive the total
spectrum to be observed on earth. The total isotropic
energy can be expressed as a product of the isotropic lumi-
nosity (L,) and the duration of the burst (7). The observed

neutrino spectrum on earth & 5 (f; ") is a function of r,L,
Ty, z, ty and E°
dN°°(E®)  dN(E,) 1
e — 1+z 18
dESP dE, 4nd*(z) (1+2) (18)

where r(z) is the comoving radial coordinate distance of the
GRB. For a spatially flat universe with Q, + Q,, = 1, the
comoving distance can be expressed as

c 7
dz):/ —
0 H(] \/QA"‘FQm(I

In our calculations we use Q5 = 0.73, Q,, = 0.27 and the
Hubble constant Hy = 71 km s™! Mpc™' from [30]. When
calculating the diffuse neutrino background from GRBs
we assume that GRBs follow the star formation rate.'
The diffuse neutrino flux on earth from GRBs distributed
up to a redshift of z,,,, can be expressed as

(19)
+z/)?

Zmax ob Eob R
M(L,, T, Ty, t,, E) = / dvy (bv ) Rarn @) )
0 dEs 14z
(20)
where the star formation rate is given by [31]
34z
Rors () = 2300 5355 (21)

The local rates p, of the LL and HL populations have
been assumed to be about 550 Gpcyr! and
1.1 Gpc? yr!, respectively [12]. We obtain the neutrino
fluxes from LL and HL populations distributed up to a dis-
tance of zpn,x = 5. The neutrino fluxes have been averaged
with luminosity, Lorentz factor, variability time and burst
duration distribution functions to take into account their
variations in the population (the variations in luminosity
and duration also reflect variation in isotropic energy):

b (E®) = / // /M°bL,,FTd,tv,E )S(Ly)

G(I)P(T4)O(t,)dL,dI dTdt,. (22)

Here S(L.) is the broken power law luminosity function
(Eq. (2)), with L' = 10" erg s~!, ot ~ 1.15, od- ~ 2.5
for HL and L{* =107 erg s~', oft ~ 0.6 and it ~ 4.5
for LL GRBs (following [12]). For the HL population
the lower and upper limits in luminosities are L' =

U If however GRBs do not trace the global star-forming rate, our
normalization factor needs to be modified.
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Fig. 1. The diffuse neutrino fluxes expected on earth from low and high luminosity populations of GRBs distributed up to a redshift of 5, being plotted in

units of GeV cm 25!

st~ against the observed neutrino energy. The four panels are for photon spectral indices vy, = 1,1.1, 1.3, 1.5 (clockwise from left

bottom), and vy, = 2.25 are adopted for all of them. The Waxman-Bahcall limit with z evolution [32] has been shown with short dashed (blue) line. The
double dotted (pink) line represents IceCube experiment’s sensitivity [33] after 3 years of operation and the current limit from AMANDA-II data (2000—
2003) [34] triple dotted (orange) line is just above the Waxman—Bahcall limit. These limits include all the three flavors of neutrinos. GZK neutrino flux has
been plotted in thin dashed line from [35] for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

10° erg s and L'y =107 erg s7!, respectively, and the
corresponding values for the LL population are
10* erg s' and 5 x 10”erg s™', respectively. The Lorentz
factor distribution function G(I') is assumed to be log nor-
mal. For HL GRBs, we assume the mean of the distribu-
tion at log(I'y,) = 2.6, which correspond to Iy, ~ 398,
with a standard deviation of 0.3. For LL GRBs, we assume
the log normal distribution of Lorentz factors is peaked at
log(I'y,) = 1.1 [21] with a standard deviation 0.1. We allow
the values of Lorentz factors to vary from 100 to 1000 for
the HL GRBs, and from 5 to 50 for the LL population. The
durations of the bursts are also assumed to follow log nor-
mal distributions P(Ty), with the mean at log(T4m) =
1.47,3.5; which corresponds to about 30 s and 3000 s, for
the HL and LL populations, respectively, with standard
deviations 0.5 and 0.1. The scattering in Amati’s relation
[23] does not affect our results qualitatively. Since the
photon index 7y, does not differ significantly among bursts
[18], we take y, = 2.25 universally for both the HL and
LL populations. We also consider variation in variability
time of GRBs. Their distributions are assumed to be log
normal, represented byQ(¢,) in Eq. (22) with the mean at
log(tym) = —1.52,2.6 and standard deviations 0.3, 0.1 for
HL, LL GRBs respectively. The maximum energies of neu-
trinos have also been averaged with the Lorentz factor,

luminosity and variability time distribution functions as
discussed above:

Lyy I o
Bi= [ [ [ Bl R)S@)GIOM )L, aT
Lyy I ty1
(23)

Also, the redshift correction on the observed neutrino
energy has been averaged over the entire volume between
z=0toz=>5.

e _ g o Rors(@dV(2)/(1+2)
v,;max v,max fOS RGRB(Z)dV(Z)

(24)

3. Results and discussions

The neutrino spectra from HL and LL populations are
plotted in units of GeVem ?s 'sr™!' in Fig. 1. for
vi =1,1.1,1.3and 1.5, and y, = 2.25. We have assumed
€. = 0.3 and eg = 0.3 in our calculations. The long dashed
(green) lines represent neutrino fluxes from the LL popula-
tion and the solid (red) lines are for the HL population.
The Waxman—Bahcall [32] limit with z evolution (including
all three flavors) has been shown by short dashed (blue)
lines, and the dotted (pink) lines represent the sensitivity
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of the IceCube detector [33] after three years of operation.
The current limit from AMANDA-II data taken between
2000 and 2003 [34] is also shown by triple dotted line above
the WB upper bound. The HL component has an average
maximum energy of 6.3 x 10° GeV and for LL population
itis 1.5 x 10° GeV . Above about 10® GeV the contribution
of LL population to the diffuse neutrino background is
more than the HL population. The LL component contin-
ues to below 100 GeV but the HL component has a lower
cut-off energy of about 1000 GeV. Between 1000 GeV and
4 x 10* GeV their fluxes are equal. We have also plotted
the GZK neutrino flux from [35] in thin dashed lines for
a comparison. Comparing with the Icecube sensitivity, we
can see that the GZK neutrinos are generally not detectable
by Icecube, while the contribution of the LL-component
would be detectable if vy, > 1.1. In this case we expect
30 km ™2 sr™! neutrino events per year or more in IceCube
at an energy of 10’ GeV. If we compare our derived neu-
trino spectra from HL GRBs with some of the previous
results [4] the width of the intermediate region between
the two break energies is narrower. This is because we have
used the muon cooling energy instead of the pion cooling
energy in determining the second break energy of the spec-
tra to avoid overestimation of neutrino fluxes. However, in
this way we slightly underestimate the v, fluxes as they are
produced by n decay unlike v, and v.. We also find that
our results are very sensitive to variations in the mean value
of Lorentz factor. As the break energies in the neutrino
spectra depend on I'> and I'* a slight deviation in the value
of I' changes the neutrino fluxes significantly. In the future
it might be possible to set limits on the values of GRB Lor-
entz factors if the detection or upper limit of high energy
neutrino background from GRBs is set up. Overall, our
results show that the previously neglected LL population
of GRBs significantly contribute to the diffuse neutrino
background as their event rate is very high. This conclusion
would be strengthened as Swift detects more LL. GRBs in
the years to come.

Finally we notice that after we submitted the first ver-
sion of this paper to astro-ph, similar results were indepen-
dently reported by Murase et al. [36].
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