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Long-duration c-ray bursts (GRBs) release copious amounts of energy across the entire electromagnetic spectrum, and so
provide a window into the process of black hole formation from the collapse of massive stars. Previous early optical
observations of even the most exceptional GRBs (990123 and 030329) lacked both the temporal resolution to probe the
optical flash in detail and the accuracy needed to trace the transition from the prompt emission within the outflow to external
shocks caused by interaction with the progenitor environment. Here we report observations of the extraordinarily bright
prompt optical and c-ray emission of GRB 080319B that provide diagnostics within seconds of its formation, followed by
broadband observations of the afterglow decay that continued for weeks. We show that the prompt emission stems from a
single physical region, implying an extremely relativistic outflow that propagates within the narrow inner core of a
two-component jet.
The GRB 080319B, discovered by NASA’s Swift GRB Explorer mission1 on 19 March 2008, set new records among these most luminous
transient events in the Universe. GRBs are widely thought to occur
through the ejection of a highly relativistic, collimated outflow (jet),

produced by a newly formed black hole. Under the standard fireball
model2–6, collimated relativistic shells propagate away from the central engine, crash into each other (internal shocks) and decelerate as
they plough into the surrounding medium (external/forward
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95064, USA. 43University of Perugia, Piazza dell’Università 1, 06100 Perugia, Italy. 44Physics Department, 104 Davey Laboratory, Pennsylvania State University, University Park,
Pennsylvania 16801, USA.

183
©2008 Macmillan Publishers Limited. All rights reserved

ARTICLES

NATURE | Vol 455 | 11 September 2008

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 z 5 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 30 min 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 components responsible for the optical emission. The earliest data (at
t ; T 2 T0 , 50 s) provide evidence that the bright optical and
c-ray emissions stem from the same physical region within the outflow. The second optical component (50 s , t , 800 s) shows the
distinct characteristics of a reverse shock, and the final component
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Figure 1 | Light curve of prompt emission. The Konus-Wind backgroundsubtracted 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
Fp 5 (2.26 6 0.21) 3 1025 erg cm22 s21, a fluence Fc (20 keV to 7 MeV) of
(6.23 6 0.13) 3 1024 erg cm22, a peak isotropic equivalent luminosity Lp,iso
of (1.01 6 0.09) 3 1053 erg s21 (at the luminosity distance dL of
1.9 3 1028 cm, assuming cosmological parameters H0 5 71 km s21 Mpc21,
VM 5 0.27 and VL 5 0.73), and an isotropic equivalent c-ray energy release
Ec,iso of 1.3 3 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 5.3 mag (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 selfabsorption frequency is slightly above the optical emission, this may 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.

(at t . 800 s) represents the afterglow produced as the external forward shock propagates into the surrounding medium. Previous measurements 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 T0 5 06:12:49 UT on 19 March 2008. The burst
was detected simultaneously with the Konus c-ray detector (20 keV
to 15 MeV) 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
2.75 6 5 s after the BAT trigger, rose rapidly, peaked at ,T0 1 18 s
and then faded below the threshold to magnitude ,12 after 5 min.
TORTORA measured the brightest portion of the optical flash with
high time resolution, catching three separate peaks (Fig. 1) and enabling 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 observations 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 afterglow 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
,T0 1 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 emission mechanism. 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 appreciably, 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 respective 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
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Figure 2 | Composite light curve. Broadband light curve of GRB 080319B,
including radio, millimetric, infrared, NIR, optical, ultraviolet, X-ray and
c-ray flux densities. The ultraviolet, optical and NIR data are normalized to
the UVOT v-band in the interval between T0 1 1,500 s and T0 1 10 ks. The
Swift-BAT data are extrapolated down into the XRT bandpass (0.3–10 keV)
for direct comparison with the XRT data. The combined X-ray and BAT data
are scaled up by a factor of 45, and the Konus-Wind (KW) data are scaled up
by a factor of 104 for comparison with the optical flux densities. This figure
includes our own data, plus one VLA radio data point49, and optical data
from the Katzman Automatic Imaging Telescope, Nickel and Gemini-S22.
The deviations in the NIR points from T0 1 100 s to T0 1 600 s are due to
strong colour evolution in the spectral energy distributions at this time;
these points were not included in our overall light-curve fits (Supplementary
Fig. 6). After the optical flash, the optical light curve is best described by the
superposition of three different power-law components (Supplementary Fig.
6) with decay indices of aopt,1 5 6.5 6 0.9 (the tail of the optical flash),
aopt,2 5 2.49 6 0.09 and aopt,3 5 1.25 6 0.02. The X-ray light curve clearly
differs from the optical light curve during the first ,12 h. After a short flat
smooth transition from the tail of the c-ray prompt emission, the X-ray light
curve (Supplementary Fig. 7) after ,80 s can be fitted by a triple broken
power-law function with decay indices of 1.44 6 0.07, 1.85 6 0.10, 1.1710.14
20.23
4
12.8
and 2.6112.04
20.91, and with break times of 2,242 6 940 s, 4.121.7 3 10 s and
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t , 18 s), the rapid decline (at t . 43 s) and the constant optical pulse
widths indicate24–26 that the optical flash did not arise from a reverse
shock (compare with GRB 990123; refs 27, 28).
The flux density of the optical flash is ,104 times larger than the
extrapolation of the c-ray spectrum into the optical band (Fig. 3).
The popular interpretation of the soft c-rays as synchrotron emission
cannot account for such a bright optical component from the same
physical region, suggesting that different radiation mechanisms must
dominate in each spectral regime. The most natural (but by no means
the only viable) candidates are synchrotron for the optical component and synchrotron self-Compton (SSC) for the c-rays29,30. The
Compton Y parameter, defined as the ratio of the inverse Compton
to synchrotron energy losses, is Y , nFn(Ep)/nFn(Ep,syn) > 10, where
Ep,syn is the peak photon energy of the synchrotron nFn spectrum, to
account for the fact that the prompt c-ray energy is higher than the
prompt optical/ultraviolet synchrotron energy. This would imply a
third spectral component arising from second-order inverse
Compton scattering that peaks at energies around Ep,2 < Ep2/
Ep,syn < 23(Ep,syn/20 eV)21 GeV. Note that the Klein–Nishina suppression
becomes
important
only
at
E . 94(Ep,syn/
20 eV)21/2C3 GeV, where C 5 103C3 is the outflow bulk Lorentz

factor. This third spectral component carries more energy than the
observed c-rays, by a factor Y > 10, changing the energy budget of
this burst and implying that GRB 080319B was even more powerful
than inferred from the observed emission. Most of the energy in this
burst was emitted in this undetected GeV component, which would
have been detected by the Astro-rivelatore Gamma a Immagini
Leggero (AGILE) satellite had it not been occulted by the Earth,
and would have been easily detectable by the recently launched
Gamma-ray Large Area Space Telescope (GLAST)31 satellite.
Such bright prompt optical flashes are rare. The exceptional
brightness of the optical flash in GRB 080319B implies that the selfabsorption frequency na cannot be far above the optical band near the
peak time. The optical brightness temperature implies that
therefore
C , 103, where
300 # C(tv/3 s)2/3 # 1400, and
tv ; RC22c21 is the rough variability timescale in the internal shocks
model. Because of the extremely high bulk Lorentz factor C, the
internal shocks occur at an unusually large radius given by
0.8 # R16(tv/3 s)1/3 # 20, where R16 5 R/1016 cm, resulting in a relatively low na, which in turn allows the optical photons to escape.
Interpretation of the chromatic afterglow
Our broadband data set enabled us to measure the temporal and
spectral evolution of GRB 080319B throughout the afterglow. After
the prompt phase, the early (minutes to hours) X-ray and optical
behaviour are inconsistent with the predictions of the standard afterglow theory, suggesting that they must stem from different emission
regions. In particular we find that the optical, X-ray and c-ray emissions from this burst are explained reasonably well by a two-component jet model32–38 (Fig. 4 and Table 2), consisting of an ultrarelativistic narrow jet, surrounded by a broader jet with a lower
Lorentz factor. The empirical triple broken power-law function of
the X-ray light curve is then interpreted as the superposition of two
broken power-law components representing these two jets (Table 2
and Supplementary Fig. 7). This structure, in which the Lorentz
factor and energy per solid angle are highest near the axis and
decrease outwards, either smoothly or in quasi-steps, qualitatively
resembles the results of numerical simulations of jet formation in
collapsars39. Further details of the model are given in Supplementary
Information; here we summarize the model results and apply them to
the observational data.
The optical light curve at 50 s , t , 800 s is dominated by the
second optical power-law component, which we interpret as emission from the reverse shock associated with the interaction of the
wide jet with the external medium. This segment is consistent with
expectations for the high-latitude emission40 from a reverse shock
(a 5 2 1 b) if the cooling frequency nc is below the optical band and
the injection frequency nm . 1016 Hz. Emission from the reverse
shock peaks at t < 50 s in the optical with a peak flux density of
,2–3 Jy, but it is initially overwhelmed by the much brighter prompt
emission and does not become visible until the latter dies away. The
high peak luminosity of the optical reverse shock component soon
after the end of the c-ray emission indicates that the reverse shock
was at least mildly relativistic. The GRB outflow could not have been
highly magnetized (s ? 1) when it crossed the reverse shock, or the
reverse shock would have been suppressed41, implying that s = 1,
where s is the ratio of electromagnetic to kinetic energy flux.
However, if the outflow was too weakly magnetized (s = 1), the
optical emission would also have been suppressed. Therefore an
intermediate magnetization (0.1 # s # 1) is needed to obtain the
observed bright emission from the reverse shock42,43.
In contrast, the X-ray light curve in the interval 50 s , t , 40 ks is
dominated by the forward shock of the narrow jet component interacting with a surrounding medium produced by the wind44 of the
progenitor star in the slow cooling case (nm , nX , nc, where nX
indicates the X-ray band). The first break in the X-ray light curve is
attributed to a jet break45 in this narrow jet (Table 2), leading to a jet
half-opening angle of ,0.2u. Because this break is not seen in the
185
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Table 1 | Observations of GRB 080319B
Facility

Swift-BAT
Konus-Wind
Swift-XRT
‘Pi of the Sky’
TORTORA
Swift-UVOT
REM
Liverpool Telescope
Faulkes Telescope North
Very Large Telescope
Gemini N Photometry
HST
Gemini N Spectroscopy
Hobby–Eberly Telescope
Westerbork Synthesis Radio Telescope
IRAM-Plateau de Bure
VLA1
Pairitel1
KAIT1
Nickel1
Gemini S1
Spitzer1

Epoch*

Band

Peak flux{

2120 to 182
22 to 230
67 to 2.5 3 106
21,380 to 468
220 to 97
68–106
51–2,070
(1.8–2.5) 3 103
(2.5–20.5) 3 104

2.3 3 1026 erg cm22 s21
2.3 3 1025 erg cm22 s21
–
5.9 mag
5.3 mag
–
–
–
–

435–934
3.0 3 105, 4.5 3 105
1.6 3 106
(1.2–1.24) 3 104
(2.0–2.1) 3 104
(5.1–220) 3 104
(6.0–6.6) 3 104

15–350 keV
20–1,160 keV{
0.3–10 keV
White
V
White, u, v, b, uvw1, uvw2, uvm2
R, I, J, H, Ks
SDSS r,i
Bessell R,I
SDSS r,i
J, Ks
r, i
F606W, F814W
4,100-6,800 Å
4,100-10,500 Å
4.8 GHz
97.98 GHz

(1.98–2.02) 3 105
(1.27–1.77) 3 104
(0.1–1.7) 3 104
(0.7–2.4) 3 104
(0.9–1.7) 3 105
(2.20–2.24) 3 104

4.86 GHz
J, H, Ks
Clear, B, V, I
B, V, R, I
g, r, i, z
15.8 mm

189 mJy
–
–
–
–
–

–
–
–
–
–
–
–

Details of our observations and data analysis are given in Supplementary Methods.
* Time since BAT trigger in seconds.
{ Peak fluxes listed only if a peak was actually observed.
{ Konus-Wind light curve measured in the 20–1,160 keV range; peak flux measured in the range 20 keV to 7 MeV.
1 Observations obtained from external sources as identified in Supplementary Methods.

optical light curve, the optical flux from the forward shock of the
narrow jet must be much less than that of the wide jet, implying that
nopt , nm , nX , nc (where nopt indicates the optical band).
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Figure 3 | Spectral energy distribution of the prompt emission. KonusWind spectra and ‘Pi of the Sky’ flux density in three 10-s time intervals
centred at T0 1 3 s (green), T0 1 17 s (blue) and T0 1 32 s (red). (Detailed
time intervals and c-ray spectral parameters are given in Supplementary
Table 1.) The high-energy data points are from Konus-Wind, and the solid
line shows the best-fit Band function50 for each time interval. The timeresolved Konus-Wind spectra show that the Band-function parameters vary
rapidly during the prompt emission, with the low-energy slope changing
from 20.5 to 20.9 and Ep changing from ,740 keV to ,540 keV in the first
30 s (see Supplementary Table 1 and Supplementary Fig. 3). Time-resolved
single power-law spectral fits of the BAT data show the photon index shifting
rapidly from ,1.0 to ,2.1 at T0 1 53 s (near the end of the prompt phase;
Supplementary Fig. 2). The low-energy points are the ‘Pi of the Sky’ flux
density measured during about the same time interval. The optical flux
density exceeds the extrapolation of the c-ray model by four orders of
magnitude. All plotted error bars are 1s.

The optical emission after T0 1 800 s is dominated by a single
power-law function, which is consistent with the expectation for
forward shock emission from the wide jet with nm , nopt , nc. The
late X-ray afterglow after 40 ks is also dominated by the forward
shock of the wide jet with an overall spectrum of
nm , nopt , nc , nX. At about 11 days after the burst, the X-ray light
curve breaks to a steeper slope (confirmed by a late observation with
the Chandra X-ray Observatory; E. Rol, personal communication). If
this break is interpreted as the jet break of the wide jet (Table 2), it
corresponds to an initial jet half-opening angle of ,4u. The forward
shock of the wide jet also accounts for the observed radio emission,
which is strongly modulated by the effects of Galactic scintillation
(see Supplementary Methods for more detailed discussion)46,47 when
the source is small.
Because the observed c-ray emission of GRB 080319B shows very
similar properties to those of most GRBs, it may be representative of
the main underlying physical mechanism. If so, similar lower-energy
spectral components would be expected in most GRBs. The paucity
of bright optical flashes may be attributed to less relativistic outflows
in most GRBs, leading to smaller emitting radii R, higher optical
depths, and significantly higher values of na, ultimately suppressing
the optical emission. In this model, the spectacular optical brightness
of GRB 080318B is due mainly to its unusually large C. Previous
examples of GRBs with bright optical counterparts9–11 (990123,
041219a and 050820a) that also had large initial C values either lacked
the high c-ray luminosities or resided in a constant density and not a
wind environment as with 080319B, suppressing the bright optical
flash.
The afterglow may also be interpreted by alternative models such
as a blast wave propagating into a complex medium (see
Supplementary Figs 14 and 15 and the related discussions in
Supplementary Information), or evolving microphysical parameters,
but we consider the two-component jet model to be the most plausible interpretation. An interesting consequence of these theoretical
considerations is that GRB 080319B, which has the best broadband
data set recorded so far, is not consistent with the expectations of any
of the simple GRB models previously studied. The case for multiple
spectral emission components and the two-component jet presented
here suggests that similar models may be able to explain at least some
of the chromatic breaks seen in optical and X-ray afterglows over the
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Forward shock (wide jet)
t > 800 s
R ≈ 1017 cm
FS

Forward shock (narrow jet)
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R ≈ 1018 cm
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engine

RS
Reverse shock
(not seen)
}

γ-ray
X-ray
Ultraviolet/optical/NIR
Radio

Internal shocks
t ≈ 0–50 s
R ≈ 1016 cm

RS
Reverse shock
t ≈ 50–800 s

Figure 4 | Schematic diagram of the two-component jet model. This
summary diagram shows spectral and temporal elements of our model. The
prompt c-ray emission is due to the internal shocks in the narrow jet, and the
afterglow is a result of the forward and reverse shocks from both the narrow
and wide jets. The reverse shock from the narrow jet is too faint to detect in

comparison with the bright wide-jet reverse shock and the prompt emission.
If X-ray observations had begun earlier, we would have detected X-ray
emission during the prompt burst. These expected (but unobserved)
emission sources are indicated by the dashed photon lines. (Diagram
courtesy of J. D. Myers.)

Table 2 | Summary of two-component jet parameters
Parameter

WJRS
NJFS
WJFS

aopt

bopt

2.49 6 0.09
–
1.25 6 0.02

0.49 6 0.14
–
0.50 6 0.07

ax

–
10.44
1.45 6 0.05; 2.0520.27
{
12.06
0.95 6 0.20; 2.7021.12
{

bx

p

nm

–
0.76 6 0.10
0.98 6 0.10

–
2.4
2.0

.nopt; ,nX
.nopt; ,nX
,nopt

nc

,nopt
.nX; ,nc
,nX; .nopt

tj (s)

hj (deg)*

Ec (erg)

–
1900
2,80021,400
16.2
9.524.1 3 105

–
0.2
4.0

–
2.1 3 1050
1.9 3 1050

The radiation mechanism is assumed to be synchrotron emission, as postulated in the standard fireball model2–6, and the spectral and light curve segments are fitted by power laws, described by
Fn 5 t2an2b, with decay index a and spectral energy index b. The details of the temporal fits are given in Fig. 2 and Supplementary Figs 6 and 7. We created broadband spectral energy distributions at
11 epochs ranging from T0 1 150 s to T0 1 500 ks. The spectral energy distributions can be fitted by power laws, broken power laws, or double broken power laws. Deviations from broken power laws
at the ultraviolet and soft X-ray frequencies allow us to measure the host galaxy extinction and X-ray absorption column density (see discussion in Supplementary Information). Our resulting best-fit
spectral models are described in detail in Supplementary Information and shown in Supplementary Figs 11–13. WJRS, wide-jet reverse shock; NJFS, narrow-jet forward shock; WJFS, wide-jet forward
shock.
* Half-opening angle.
{ Post-jet break temporal slope for each jet.

past few years that have been difficult to reconcile with the standard
models3,4.
The probability of being located within the tiny solid angle of the
narrow jet is small (,1023). If every GRB has such a narrow jet, we
should expect to detect the narrow-jet emission from a GRB every
,3–10 years. Had we observed GRB 080319B even slightly off-axis,
the behaviour might have appeared similar to many other GRB afterglows. Despite the incredibly high flux and fluence of GRB 080319B,
the total jet-corrected observed energy budget (,4 3 1050 erg) is
moderate and is consistent with the overall distribution for all
GRBs48. In addition, if the SSC interpretation of the prompt emission
is indeed generic, it implies that a reasonably bright second-order
SSC component peaking at ,10–100 GeV may be a common feature
in GRBs and may significantly increase the total energy budget of a
GRB. This GeV emission would be seen with a delay of a few seconds
compared with the optical emission. GLAST will soon test these
predictions.
Received 11 May; accepted 11 July 2008.
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