EXTENDED PDF FORMAT
SPONSORED BY

Travel Grants Available
AACR Annual Meeting 2014
Application Deadline:
January 31t ED

>Apply Now

http://www.rndsystems.com

The Bright Optical Flash and Afterglow from the Gamma-Ray Burst
GRB 130427A

W. T. Vestrand et al.

Science 343, 38 (2014);

AVAAAS DOI: 10.1126/science.1242316

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of February 25, 2014 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/343/6166/38.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2013/11/20/science.1242316.DC1.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/343/6166/38.full. html#related

This article cites 27 articles, 4 of which can be accessed free:
http://www.sciencemag.org/content/343/6166/38.full.html#ref-list-1

This article has been cited by 4 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/343/6166/38.full.html#related-urls

This article appears in the following subject collections:
Astronomy
http://www.sciencemag.org/cgi/collection/astronomy

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2014 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on February 25, 2014


http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/537096829/Top1/AAAS/PDF-R-and-D-Systems-Science-140201/R_n_D_130201.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/343/6166/38.full.html
http://www.sciencemag.org/content/343/6166/38.full.html
http://www.sciencemag.org/content/suppl/2013/11/20/science.1242316.DC1.html 
http://www.sciencemag.org/content/343/6166/38.full.html#related
http://www.sciencemag.org/content/343/6166/38.full.html#related
http://www.sciencemag.org/content/343/6166/38.full.html#ref-list-1
http://www.sciencemag.org/content/343/6166/38.full.html#ref-list-1
http://www.sciencemag.org/content/343/6166/38.full.html#related-urls
http://www.sciencemag.org/content/343/6166/38.full.html#related-urls
http://www.sciencemag.org/cgi/collection/astronomy
http://www.sciencemag.org/cgi/collection/astronomy
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/

A

38

»
AR M

The Bright Optical Flash and

Afterglow from the
Burst GRB 130427A

Gamma-Ray

W. T. Vestrand,'* J. A. Wren,* A. Panaitescu,® P. R. Wozniak,® H. Davis,* D. M. Palmer,’
G. Vianello,? N. Omodei,? S. Xiong,®> M. S. Briggs,®> M. Elphick,* W. Paciesas,® W. Rosing®

The optical light generated simultaneously with x-rays and gamma rays during a gamma-ray burst
(GRB) provides clues about the nature of the explosions that occur as massive stars collapse. We report on
the bright optical flash and fading afterglow from powerful burst GRB 130427A. The optical and
>100-megaelectron volt (MeV) gamma-ray flux show a close correlation during the first 7000 seconds,
which is best explained by reverse shock emission cogenerated in the relativistic burst ejecta as it
collides with surrounding material. At later times, optical observations show the emergence of emission
generated by a forward shock traversing the circumburst environment. The link between optical afterglow
and >100-MeV emission suggests that nearby early peaked afterglows will be the best candidates for
studying gamma-ray emission at energies ranging from gigaelectron volts to teraelectron volts.

amma-ray bursts (GRBs) of long dura-
Gtion are associated with the collapse of
massive stars to form black holes (/) or
rapidly spinning, highly magnetized neutron stars
(2). This collapse is believed to eject collimated
relativistic jets that, through internal dissipation
processes and collisions with the surroundings,
generate luminous outbursts of electromagnetic
radiation that have been detected at radio frequen-
cies to very high (gigaelectron volt) gamma-ray en-
ergies. Most of the outburst energy is emitted in
the gamma rays. But starting with the first obser-
vations establishing that GRBs occur at cosmolog-
ical distances (3), correlative optical observations,
in particular, have proven themselves as important
tools for unraveling the nature of GRB explosions.
Here, we present observations of the optical flash
and early afterglow for a nearby burst that is bright
enough in very-high-energy gamma rays to allow a
detailed comparison of the >100-MeV gamma-ray
and optical light curves. These optical observations
cover the critical early phases of the explosion, from
the time interval before the event onset through the
bright optical and prompt gamma-ray—emitting
period and well into the early afterglow phase.
Starting on 27 April 2013 at 07:47:06.42 UTC
(hereafter Tp), the Gamma Ray Burst Monitor
(GBM) on the Fermi Satellite, the Burst Alert
Telescope (BAT) on the Swift Satellite, and an
armada of other space-based gamma-ray instru-
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ments detected the onset of a powerful GRB
(4, 5). This GRB, called GRB 130427A, had the
largest gamma-ray fluence (<2.7 x 10~ erg/em’
in the 20- to 1200-keV band) measured in more
than 18 years of operation by Konus-Wind (6)
and set a record for duration of the >100-MeV
gamma-ray—emitting interval (5). Spectroscopy
of the optical counterpart (7), coarsely localized
by the Swift BAT and later refined by follow-up
with optical telescopes, places the GRB at a red-
shift z = 0.34, a distance about five times closer
than the typical GRB localized by Swift. How-
ever, even accounting for its proximity, the intense
gamma-ray fluxes observed imply an apparent
isotropic energy release of nearly 10°* ergs and
rank 130427A among the more powerful GRBs
ever detected (3). Subsequent optical monitoring

revealed the emergence of a broad-line supernova
at the GRB location (8).

The Bright Optical Flash

This powerful GRB also generated an extremely
bright flash of optical emission and a long-lived,
bright optical afterglow. Three independent RAPTOR
(Rapid Telescopes for Optical Response) full-sky
monitoring telescopes (9), at locations in New
Mexico and Hawaii, detected the emergence of a
bright flash, temporally coincident with the onset
of gamma-ray emission, at the location of GRB
130427A. The optical flash rapidly peaked at a
magnitude of 7.03 + 0.03 (unfiltered observations
calibrated to Sloan 1’ band) in an exposure that cov-
ered the time interval from 75 +9.31 sto 7+ 1931 s.
After the peak, the flash faded with a power-law
flux decay with index o =—1.67 £ 0.07 (x* = 0.68/5
degrees of freedom) and was detected for ~80 s
until it faded below the ~10th magnitude sensitiv-
ity limit of the RAPTOR full-sky monitors.

The taxonomy for optical emission detected
during the prompt gamma-ray emitting interval
identifies two broad classes: prompt optical emis-
sion correlated with prompt gamma-ray emis-
sion (/0-12) and early optical afterglow emission
uncorrelated with the prompt gamma-ray emis-
sion (11, 13, 14). In context of the standard fire-
ball model (15, 16), the prompt optical emission
is attributed to internal shocks in an ultrarelativistic
jet outflow generated by the central engine and
the afterglow emission to external shocks generated
by interaction with the surrounding medium. The
prompt optical emission therefore reflects the im-
pulsive energy injection into the jet, and the early
afterglow emission measures the response of the
jet-environment system to the energy injection.
Bright optical flashes from reverse shocks were
predicted on theoretical grounds (16, 17) before
observational evidence was seen in GRB 990123

Fig. 1. A comparison of 10°
the relative flux varia-
tions measured for GRB
130427A by the Fermi
LAT, RAPTOR, and the
Swift BAT during the
first 90 s after the GRB
trigger. The >100-MeV
emission and the 50- to
150-keV emission have
been integrated over the
same time intervals as
the optical exposures and
multiplied by a scaling
factor to allow compar-
ison with the optical light
curve. Both the optical and
>100-MeV light curves rise

10" ¢

Optical flux (mJy)

- Swift BAT 50-150 keV
= RAPTOR r-band (2 eV)
= Fermi LAT >100 MeV

to a peak in the second 0 10 20
interval, 50- to 150-keV

emission peaks in the first

30 40 50 60 70 80

Seconds after GBM trigger

90
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1o uncertainty on the measured flux density.
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(13). The optical flash light curve for GRB 130427A
shows a single peak delayed with respect to the
kiloelectron volt-megaelectron volt (keV-MeV)
prompt gamma-ray peak (Fig. 1) and a steep power-
law flux that is consistent with the predictions of
models for optical flashes from reverse shocks
(17). Based on the above taxonomy, the bright-
ness of the flash, and the rapid power-law flux

Fig. 2. The spectral energy distributions mea-

decay, it makes sense to associate the optical flash
with reverse shock emission.

To explore the evolution of the broadband GRB
spectrum during the optical flash, we used simul-
taneous measurements taken with the Fermi GBM
and the Fermi Large Area Telescope (LAT) to con-
struct spectral energy distributions (SEDs). Each
snapshot of the time-evolving SED was formed
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by integrating the GRB flux over the same time
interval as the optical exposure. We found that the
broadband SEDs (Fig. 2) varied rapidly during the
first 40 s, and the optical measurements fell far from
the values expected from extrapolation of the keV-
MeV SED. However, as the intensity of the outburst
declined during the next 40-s interval, the SED
shape stabilized, and the optical measurements

I I I I I
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sured for GRB 130427A during the early phases 107" 3 . 0.3-19.3 sec _ 3
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Fig. 4. Best-fit with a reverse forward shock
model to the optical light curve of GRB after-
glow 130427A. Three episodes of ejecta and en-
ergy injection are needed to explain the optical flash,
the early optical emission (up to few kiloseconds),
and the late optical emission (after a few kilosec-
onds). Here, each injection episode represents a
change in the dynamical and microphysical param-
eters of the reverse shock in an otherwise continuous
ejecta injection into the reverse shock. For the first
two episodes, the optical emission arises from the
reverse shock, and the kinetic energy of the incoming
ejecta (6.10% erg/sr and 4.10% erg/sr, respectively)
is less than that of the leading shock (10°* erg/sr).
During the last injection episode, the optical after-
glow emission arises from the forward-shock, with the
incoming ejecta carrying 3.10°* erg/sr, which is more
than that already existing in the forward shock (thus,
its deceleration is mitigated by the energy injection).
Other parameters are (i) first injection episode, flash
reverse shock (fRS) onset at 4 s, end at 15 s, incoming
ejecta Lorentz factor 730, magnetic field parameter
0.008, electron-energy parameter 0.006, index of
electron power-law distribution with energy 1.9; (ii)
second injection episode, reverse shock (RS, param-
eters in same order as above): 15 s, 3 ks, 1800,
0.0010, 0.012, 2.0; and (iii) third injection episode,
forward shock (FS): 3 ks, >2 Ms, >100, 3.10~%, 0.14,
2.3, energy injection law E ~ 3. The microphysical
parameters for the forward shock are kept constant
throughout the entire course of the event. We also
require that the ambient medium have a windlike
density stratification (n ~ 2, where n is the wind
density in particles per unit volume, and r is the
distance from the wind origin) corresponding to a
GRB progenitor with a mass-loss rate—to—wind-speed
ratio of 4.10™* [units of (solar mass/year)/(km/s)].
Dot-dash lines show the model fits for the flash-phase
emission, the solid lines show the reverse shock
contributions during the early afterglow phase, and
the dashed lines shows the contributions of the
forward shock emission to the late optical afterglow
and all phases of the x-ray afterglow. The reverse
shock emission during the third injection episode is
not shown and would be dimmer than that of the
forward shock, if the reverse shock has the same
microphysical parameters as the forward shock.

started to converge on the values predicted by a
straightforward linear extrapolation of the keV-
MeV SED. By the end of the optical flash, the
optical-to—10-MeV spectrum is consistent with
a single power law with index § = —0.64.

Sustained External Shocks and
High-Energy Gamma Rays

In response to the Swift BAT localization alert at
127.8 s after the GBM trigger, our RAPTOR
response telescopes began unfiltered and simulta-
neous multicolor (g, 1, i, Z) optical observations
at Ty + 132.9 s that continued until 7 + 7585.9 s.
This photometry begins near the peak of a
prominent flare in keV-MeV x-rays and gamma
rays that lasts until ~7j + 400 s. The optical light
curves show a smooth monotonic decline but no
indication of the steep decline nor the break to a
slower power-law decay at ~400 s measured at
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x-ray energies (4). Instead, the structure of the
optical light curve shows a steepening at about
To + 270 s. This steepening is essentially ach-
romatic, and the color of the optical emission is
consistent with a v= 7" * %% spectrum and is con-
stant until it starts to become bluer (v %*° * %0%)
at ~3000 s after the GBM trigger (see bottom
panel of Fig. 3).

In marked contrast to the keV-MeV emission,
the optical light curves after 7; + 100 s show a
strong similarity to the >100-MeV photon flux
light curve measured by the Fermi LAT (5). The
LAT light curve has a break at ~300 s, just like
the optical afterglow. Straightforward scaling of
the RAPTOR optical light curve by a factor of
~10"° provides a reasonable description of the
LAT observations out to ~T, + 7000 s. This close
correspondence argues for a common origin of
both components in external shocks.

The optical light curve until ~7 + 3000 s is best
modeled by synchrotron emission from a reverse
shock in a wind density profile. Most optical
afterglows have been modeled with forward
shocks in a homogeneous medium, but the peak
brightness [~6 jansky (Jy)] and steep decay of
the optical flash suggest origin in a reverse shock.
The relative faintness of the radio afterglow peak
(~1 mly) also argues for generation by a reverse
shock in a windlike medium (78). To explain the
optical flash by reverse shock emission in a wind
(R™) requires either a long-lived electron-energy
injection up to ~40 s or a shorter one (~20 s), fol-
lowed by adiabatic cooling. Figure 4 shows the
best fit to the optical flash with the short interval
of injection (on at Ty + 4 s and off at 7, + 20 s)
and, for self-consistency, the same dynamical pa-
rameters that we infer from fits to the later after-
glow forward shock emission discussed below.

3 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org



Fig. 5. Comparison of the

light curve from GRB

130427A (in green) with

those measured for other
prominent GRBs with 3
peaked optical afterglows. 10
All of the light curves have

been transformed to show

how they would appear if

they had occurred at red- 5
shift z = 2. F,qy, flux density 10
at2eV.

=2

10

erv (mdy) forz
IIIIIIII T IIIIIIII T IIIIIIII

10

080319B

This model employs an electron distribution with
power-law energy index p = 1.88 and corresponds
to an injected energy of 8.0 x 10> ergs. The slower
optical fading after the flash interval requires a
second episode of energy injection to sustain the
optical afterglow or a continuous outflow with a
variable Lorentz factor (/9). This sustained reverse
shock model reproduces the closely tracking
variability observed by the RAPTOR telescopes
and the Fermi LAT and suggests that the optical
emission, and most of the >100-MeV emission, is
generated by synchrotron emitting electrons that are
accelerated by the reverse shocks.

By itself, this reverse shock model cannot ex-
plain the properties of the prompt keV-MeV emis-
sion, nor some of the properties of the late-time
afterglows. The evolution to a bluer color after
~3000 s observed by RAPTOR and the slowing
of the optical brightness decay suggest the emer-
gence of a forward shock component. This tran-
sition to forward shock dominance at late times
would also naturally explain the late-time x-ray
light curve and the sustained >100-MeV emis-
sion after 10,000 s. Emergence of a bluer optical
component at late times is similar to the after-
glow evolution of GRB 080319B—another burst

10° 10*

Time (s) forz=2

10°

with a bright optical flash. For GRB 080319B,
the color change was also interpreted as marking
the transition from reverse shock emission domi-
nance to forward shock dominance (12, 20, 21).

During most of the interval before 7, + 400 s,
the keV-MeV x-ray and gamma-ray emission is
consistent with the standard assumption that the
prompt emission is generated by internal shocks in
the relativistic jet ejecta. Our predicted >100-MeV
flux from the reverse shock that generates the
optical flash is slightly less (about a factor of 2)
than the peak measured by the Fermi LAT
(Fig. 4). But the keV-MeV flux is substantial-
ly underpredicted by at least a factor of 10, so
the reverse shock in a wind model requires
prompt emission to explain the keV-MeV emis-
sion and might require additional >100-MeV
emission to explain the LAT light-curve peak.
In this picture, the keV-MeV light curve is a
proxy that traces the injection of internal jet energy
by the central engine. The keV-MeV emission
therefore indicates two periods of substantial
energy injection into the jet: the initial 20 s and a
period from ~120 to 300 s. The interesting po-
tential exception to prompt emission dominance in
the keV-MeV range is the period just before onset

RESEARCH ARTICLES

of the flare at 7; + 120 s. During the interval 7 +
79 s to T + 89 s, the optical afterglow flux mea-
sured by RAPTOR falls right on the extrapola-
tion of the power law (index = ~—0.6) measured
by the GBM in the energy band from 10-keV to
20-MeV. This gamma-ray spectral slope is also
similar to spectral slope that we measure for
optical afterglow emission at later times. The notch
in the keV-MeV light curve before the flare at 7j +
120 may be providing a rare glimpse, similar to
that seen in GRB 980923 (22), of afterglow emis-
sion at megaelectron volt energies between prompt
emission intervals.

The exceptional optical properties observed for
the optical flash and afterglow from GRB 130427A
are mostly a result of burst proximity. The flash
peak luminosity for GRB 130427A is among the
most powerful events, but its value is consistent
with the anticorrelation between peak time and
peak luminosity (Fig. 5) found for optical afterglows
(23). If optical afterglows and >100-MeV gamma-
ray afterglows have a common origin, then the
optical afterglows that peak early should be the
best candidates for detection at gigaelectron volt—
teraelectron volt gamma-ray energies.
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