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Summary

One of the brightest gamma-ray bursts every recorded, the “naked-eye” GRB 080319B was fortuitously located within the field of view of the Milagro observatory.
No emission was seen by Milagro and upper limits on the prompt emission, that strongly constrain the popular single-zone synchrotron self-Compton model of
gamma-ray bursts, are presented here.

Abstract
On March 19, 2008 NASA’s Swift satellite observed one
of the brightest gamma-ray bursts ever recorded. With
a peak visual magnitude of 5.3, GRB 080319B was
dubbed the “naked-eye” burst. Due to the proximity in
both time and space to GRB080319A, prompt emission
from GRB 080319B was detected in both the optical and
γ-ray bands by several wide-field instruments.
Follow-up observations spanned 11.5 orders of
magnitude in wavelength, making GRB 080319B one of
the most well-studied gamma-ray bursts to date. A
search for GeV-TeV emission from GRB 080319B is
presented here. No evidence for emission is found.
The fluence upper limits derived from the Milagro
observations are incompatible with the standard
synchrotron self-Compton model of gamma-ray bursts,
which predicts a strong second order inverse-Compton
peak at tens of GeV in the spectrum of GRB 080319B.

The Milagro Observatory

Figure 1: Inside the Milagro pond, with cover inflated

•Extensive Air Shower Array
•Central Pond

– 450 PMTs submerged 1.5 m
– 273 PMTs submerged 6 m

•Array of Outriggers - Single PMT in a small tank
• 2630 m a.s.l
• 2 sr FOV, >90% duty cycle
• 5000 m2 pond, 40000 m2 outrigger array
•Operated nearly continuously Jan. 2000 - May, 2008

Figure 2: (left) The Milagro observatory. (right) A cut-away outrigger.
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GRB 080319B

shocks). Reverse shocks propagate back into the jet, generating
optical emission. With a uniquely bright peak visual magnitude of
5.3 (Fig. 1) at a redshift of z5 0.937 (ref. 7), GRB 080319B was the
brightest optical burst ever observed. An observer in a dark location
could have seen the prompt optical emission with the naked eye. The
astronomical community has been waiting for such an event for the
past nine years, ever since GRB 990123 (the previous record holder
for the highest peak optical brightness) peaked at a visual magnitude
of ,9, leading to significant insight into the GRB optical emission
mechanisms8.

The location of GRB 080319B was fortuitously only 10u away from
GRB 080319A, detected by Swift less than 30min earlier, allowing
several wide-field telescopes to detect the optical counterpart of
GRB 080319B instantly. The rapid localization by Swift enabled
prompt multi-wavelength follow-up observations by robotic
ground-based telescopes, resulting in arguably the best broadband
GRB observations obtained so far. These observations continued for
weeks afterwards as we followed the fading afterglow, providing
strong constraints on the physics of the explosion and its aftermath.

At its peak, GRB 080319B displayed the brightest optical and X-ray
fluxes ever measured for a GRB, and one of the highest c-ray fluences
recorded. Our broadband data cover 11.5 orders of magnitude in
wavelength, from radio to c-rays, and begin (in the optical and
c-ray bands) before the explosion. We identify three different com-
ponents responsible for the optical emission. The earliest data (at
t;T2T0, 50 s) provide evidence that the bright optical and
c-ray emissions stem from the same physical region within the out-
flow. The second optical component (50 s, t, 800 s) shows the
distinct characteristics of a reverse shock, and the final component

(at t. 800 s) represents the afterglow produced as the external for-
ward shock propagates into the surroundingmedium. Previousmea-
surements of GRBs have revealed one or two of these components at a
time9–11, but never all three in the same burst with such clarity.
GRB 080319B is therefore a testbed for broad theoretical modelling
of GRBs and their environments.

Discovery and broadband observations

Swift’s Burst Alert Telescope (BAT12; 15–350 keV) triggered13 on
GRB 080319B at T05 06:12:49 UT on 19 March 2008. The burst
was detected simultaneously with the Konus c-ray detector (20 keV
to 15MeV) on board the Wind satellite14,15. Both the BAT and
Konus-Wind (KW) light curves (Supplementary Figs 1 and 3) show
a complex, strongly energy-dependent structure, with many clearly
separated pulses above 70 keV and a generally smoother behaviour at
lower energies, lasting ,57 s.

The wide-field robotic optical telescope ‘Pi of the Sky’16 and the
wide-field robotic instrument Telescopio Ottimizzato per la Ricerca
dei Transienti Ottici Rapidi (TORTORA17) both serendipitously had
the GRB within their fields of view at the time of the explosion (as
they were both already observing GRB 080319A (ref. 18)). ‘Pi of the
Sky’ observed the onset of the bright optical transient, which began at
2.756 5 s after the BAT trigger, rose rapidly, peaked at ,T01 18 s
and then faded below the threshold to magnitude ,12 after 5min.
TORTORA measured the brightest portion of the optical flash with
high time resolution, catching three separate peaks (Fig. 1) and enab-
ling us to do detailed comparisons between the prompt optical and
c-ray emissions.

The Swift spacecraft and the Rapid Eye Mount (REM19) telescope
both initiated automatic slews to the burst, resulting in optical obser-
vations with REM and the Swift Ultraviolet–Optical Telescope
(UVOT20), and X-ray observations with the Swift X-ray Telescope
(XRT21). Over the next several hours we obtained ultraviolet, optical
and near-infrared (NIR) photometric observations of the GRB after-
glow with the Swift-UVOT, REM, the Liverpool Telescope, the
Faulkes Telescope North, Gemini-North, and the Very Large
Telescope. Subsequent optical spectroscopy by Gemini-N and the
Hobby–Eberly Telescope confirmed the redshift of 0.937
(Supplementary Figs 4 and 5). A millimetre-wavelength counterpart
was detected with the IRAM Plateau de Bure Interferometer at
,T01 16 h. Multiple epochs of radio observations with the
Westerbork Synthesis Radio Telescope revealed a radio counterpart
,2–3 days after the burst. X-ray and optical observations continued
for more than four weeks after the burst. The composite broadband
light curves of GRB 080319B, which include all data discussed
throughout this paper, and cover eight orders of magnitude in flux
and more than six orders of magnitude in time, are shown in Fig. 2
and summarized in Table 1. All of these data are given in
Supplementary Information.

Ultra-relativistic prompt emission

The contemporaneous bright ‘optical flash’ and the c-ray burst
(Fig. 1) provide important constraints on the nature of the prompt
GRB emissionmechanism. Although there is a general consensus that
the prompt c-rays must arise from internal dissipation within the
outflow, probably as a result of internal shocks, the optical flash may
arise either from the same emitting region as the c-rays or from the
reverse shock that decelerates the outflow as it sweeps up the external
medium. The reverse shock becomes important when the inertia of
the swept-up external matter starts to slow down the ejecta appre-
ciably, at a larger radius than the dissipation by internal shocks.

The temporal coincidence of the onset and overall shape of the
prompt optical and c-ray emissions suggest that both originate from
the same physical region (see also refs 22, 23), although their respect-
ive peaks during this phase do not positively correlate in detail (see
Supplementary Figs 8–10 and the related discussion in
Supplementary Information). Nevertheless, the initial steep rise (at

0 20 40 60 80
Time since BAT trigger (s)

0

200

400

600

K
on

us
-W

in
d 

co
un

t r
at

e 
(c

ou
nt

s 
pe

r 6
4 

m
s)

0

10

20

30

Flux density (Jy)

5.5

6.0

7.0

8.0
9.0

M
agnitude

Figure 1 | Light curve of prompt emission. The Konus-Wind background-
subtracted c-ray light curve (black; 18–1,160 keV), shown relative to the
trigger time T0 of the Swift-BAT. The burst had a peak c-ray flux of
Fp5 (2.266 0.21)3 1025 erg cm22 s21, a fluence Fc (20 keV to 7 MeV) of
(6.236 0.13)3 1024 erg cm22, a peak isotropic equivalent luminosity Lp,iso
of (1.016 0.09)3 1053 erg s21 (at the luminosity distance dL of
1.93 1028 cm, assuming cosmological parameters H05 71 km s21Mpc21,
VM5 0.27 andVL5 0.73), and an isotropic equivalent c-ray energy release
Ec,iso of 1.33 1054 erg (20 keV to 7 MeV). These are among the highest
measured so far. Optical data from ‘Pi of the Sky’ (blue) and TORTORA
(red) are superimposed for comparison. The optical emission begins within
seconds of the onset of the burst. The TORTORA data have a gap during the
slew of the REM telescope to this field, but show three subpeaks in the optical
brightness, reaching a peak brightness of 5.3mag (white). The c-ray light
curve has multiple short peaks; these are not positively correlated with the
optical peaks in detail (compare with ref. 23). If the synchrotron self-
absorption frequency is slightly above the optical emission, thismay account
for the broad optical peaks and the lack of detailed correlation. However, the
optical flash begins and ends at about the same times, providing strong
evidence that both originate at the same site. See Supplementary
Information for a more detailed description of correlation tests. All plotted
error bars are 1s, and quoted parameter errors are 90% confidence.
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Figure 3: Prompt lightcurve of GRB 080319B
from [4]. Black: Konus-WIND, Red: TOR-
TORA, Blue: Pi of the Sky. The temporal coinci-
dence of the onset and cessation in both the op-
tical and gamma-ray emission indicate that both
may originate at the same site.

•The most complete broadband
coverage - due in large part to
GRB 080319A
•Extremely bright - peak optical

magnitude of 5.3
•Detected in γ-rays by Swift and

Konus/WIND
•T90 = 60 s (50 - 150 keV)
• z = 0.937
• In the FOV of Milagro

(∼50◦ elevation)
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Figure 4: SED of the prompt emission, also from
[4]. High energy points are Konus/WIND, with
best fit Band functions for thre different time in-
tervals (R,G,B). Low energy points are from “Pi
of the Sky”. The four order of magnitude differ-
ence between the gamma-ray extrapolation and
the optical suggests different radiation mecha-
nisms.

A GRB model which explains the optical/MeV observations is the synchrotron self-Compton (SSC) model.

Milagro Observations

Two methods of Milagro data analysis:
• Standard event-by-event shower reconstruction
• “Scaler” or single-particle technique [5, 1]
Scaler Analysis:
•No shower reconstruction/angular resolution
• Sum counts from each PMT each second
• Search for rates above background coincident

with GRBs
• Improved low-energy (<100 GeV) sensitivity
Flux limits on GRB 080319B:
•Testing the hypothesis of a synchrotron+SSC

emission spectrum
• Second inverse Compton (IC) peak located at
∼GeV energies
• Second IC peak parameterized as a Band function

[2] with α, β from well-measured first IC peak
• Intrinsic burst spectrum attenuated by EBL at

high energies (Gilmore ’09)[3]
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Figure 5: Scaler lightcurve with GRB 080319B T90 (blue) and
the 99% confidence upper limit on the number of counts (red).
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Figure 6: Milagro scaler effective area vs. energy (red), theoretical
second-IC peak of GRB 080319B (Epeak = 30 GeV) (green), and the latter
after factoring in absorption of VHE photons by the EBL model of
Gilmore et al.[3].

Results

Epeak (GeV) E2 dN/dE (erg cm−2 s−1) Y2

3 < 3.1× 10−4 26
10 < 2.7× 10−5 7
30 < 1.2× 10−5 3
100 < 9.7× 10−6 2
300 < 1.6× 10−5 4
1000 < 4.6× 10−5 12

Table 1: Milagro scaler upper limits on the flux and
corresponding Compton Y2 parameter for several

assumed values of the second IC Epeak.

• Standard SSC Model predicts:

Epeak,IC2 ≈
E2

peak,IC1

Epeak,syn
≈ 23 20 eV

Epeak,syn
GeV

– Epeak,IC2 is inversely related to Epeak,syn

which is not precisely determined

Y ∼ νFν(Epeak,IC1)
νFν(Epeak,syn) & 10

– The amount of energy in the second
IC peak should be at least 10 times
that in the first IC peak

•Klein-Nishina effects important at
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Figure 7: E2 dN/dE plot of the prompt emission from GRB 080319B from TORTORA
(optical) and Konus/WIND (MeV γ-rays). Included are the Milagro scaler upper limits
on the second IC Band function peak.

• 99% confidence level U.L.s on GRB flux and Compton Y2

parameter corresponding to Epeak values of the assumed
Band spectrum where:

Y2 = νFν(Epeak,IC2)
νFν(Epeak,IC1)

• SSC model constrained over a wide range of energies


