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The most energetic event in the known universe
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The serendipitous beginning

Vela satellite (1963) discovered the first GRB signal (1967)
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It’s common now to see GeV photons from GRBs

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s afterT0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton indexa is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in eithera or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value ofb
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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Do GRBs emit TeV photons?

Milagrito observation of GRB 970417A
Atkins et al. 2000, ApJ 533: L119

marginal detection significance at ∼ 3σ
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Potentials of undersea/ice neutrino telescopes
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Potentials of undersea/ice neutrino telescopes

Large collecting area: 0.01–1 km2.
Wide field ov view: ∼ π sr.
24/7 observation time: ∼ 95% duty cycle.
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The path of a TeV photons

A GRB at redshift z takes 
place 

TeV photons interact with 
ambient IR photons, 

annihilate themselves and 
produce pairs of electron-

positron

The surviving photons initiate 
electromagnetic showers in 

the atmosphere and produce 
muons

As they traverse the seawater 
toward the detector, the 

muons lose energy

The Cherenkov light from the 
muons is detected by 

ANTARES and the muon 
track is reconstructed
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Normalizing the photon spectrum

The photon spectrum of a GRB can be modeled by a broken
power law (Band function):

N(ε) ∝

exp
[
−(b− a) ε

εbk

] (
ε
εbk

)−(a+1)
for ε < εbk(

ε
εbk

)−(b+1)
for ε ≥ εbk,

Let’s assume that the spectrum extends to TeV the regime and
normalize it using energy conservation:

Liso
bol∗ = 4πr2

c (z)(1 + z)∆t

∫ ∞
0

dεN(ε)ε

Assume a cutoff εmax∗ = 300 TeV and that a = 0.
Solving the integral, we can construct the photon spectrum of any
GRB given (Liso

bol∗, εbk∗, z,∆t∗, b).
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Attenuation by ambient IR-photons
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Attenuation by ambient IR-photons

The Fazio–Stecker relation: τ(εγ , z) = 1

Later calculations will use the attenuation model of Finke et al. 2010
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Effects of attenuation to the photon spectrum

γ0(εγ) = N(εγ) exp[−τ(εγ , z)]
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The cascade equation

γ(εγ , t) = γ0(εγ)γ2(t)
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Muon production (1): leptonic pion decay

Muons from this channel came from pion photoproduction and its
subsequent decay into muons:

γ +N → π +X,

π± → µ± + νµ(νµ),

Solve the cascade equation for pions, and then use standard
2-body decay kinematics to obtain the muon spectrum (Drees et
al. 1989, Halzen et al. 2009)
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Muon production (2): direct pair production

γ

N

γ

N

ℓ−

ℓ+

Occurs when an impacting photon interacts with a photon in the
electric field of a nucleus: γ +N → N + µ+ + µ−

Screening must to be taken into account since atoms are
essentially neutral at large distances.
Take the cross section formula from Bethe & Heitler (1934) and
include elastic and inelastic form factors:

dσ

dx
(x,Eγ) = 4αZ2

(
r0
me

mµ

)2 [
1− 4

3
x(1− x)

] [
Φel(δ) +

1

Z
Φin(δ)

]
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Muon production (2): direct pair production
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A test source

N(εγ) = 10−1
( εγ

1 TeV

)−(b+1)
TeV−1 km−2 s−1

θ = 30◦

Background is estimated using the parametrization by Gaisser (1990).

The result is consistent with what was obtained by Halzen et al. 2009.
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Muon energy loss

− dε
dx = a(ε) + b(ε)ε⇒

∫ εdetector
εsurface

dε
a(ε)+b(ε)ε +R = 0

Calculated for seawater and ANTARES vertical depth of 2475 meter
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The muon spectrum

Liso
bol∗ = 8.9× 1052 erg, εbk∗ = (b− 1)400 keV, ∆t∗ = 10 s

θ = 0◦ (Solid lines)
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The muon spectrum

Liso
bol∗ = 8.9× 1052 erg, εbk∗ = (b− 1)400 keV, ∆t∗ = 10 s

θ = 60◦ (Dashed lines)
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The muon spectrum

Liso
bol∗ = 8.9× 1052 erg, εbk∗ = (b− 1)400 keV, ∆t∗ = 10 s

θ = 0–60◦ (Filled area)

T.L. ASTRAATMADJA (Nikhef) Detecting TeV γ-rays from GRBs TeVPA 2011 16 / 19



Introduction Signal calculations Results Conclusions

Muon count as a function of redshift
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Muon count as a function of redshift
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Conclusions

Despite the many obstacles, in principle neutrino telescopes can
observe TeV photons from GRBs.
For an ANTARES-sized telescope, a typical GRB (b = 1–1.25)
must be located at z<∼0.06 (∼ 270Mpc) to allow a 3σ detection.
A larger telescope with Aeff

µ = 1 km2 can see further up to z<∼0.15
(∼ 700 Mpc).
Within Swift sample, 3 out of 144 GRBs with known redshift have
z ≤ 0.15. Nearby GRBs are rare events.
A neutrino-telescope’s secondary role as a γ-ray telescope is thus
limited only to serendipity events.
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ANTARES muon effective area
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Appendix

ANTARES photon effective area

Parameters of effective area for other instruments are taken from Le &
Dermer (2009).

T.L. ASTRAATMADJA (Nikhef) Detecting TeV γ-rays from GRBs TeVPA 2011 19 / 19


	Introduction
	Gamma-ray Bursts (GRB)

	Signal calculations
	What happens and things we have to mind

	Results
	The muon spectrum

	Conclusions
	Conclusions and outlook

	Appendix
	Appendix
	ANTARES muon effective area
	ANTARES photon effective area





