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The First Pulse of the Extremely Bright
GRB 130427A: A Test Lab for
Synchrotron Shocks
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Gamma-ray burst (GRB) 130427A is one of the most energetic GRBs ever observed. The initial
pulse up to 2.5 seconds is possibly the brightest well-isolated pulse observed to date. A fine time
resolution spectral analysis shows power-law decays of the peak energy from the onset of the pulse,
consistent with models of internal synchrotron shock pulses. However, a strongly correlated
power-law behavior is observed between the luminosity and the spectral peak energy that is
inconsistent with curvature effects arising in the relativistic outflow. It is difficult for any of the
existing models to account for all of the observed spectral and temporal behaviors simultaneously.

Ray Space Telescope on 27 April 2013 at 7y =
07:47:06.42 UTC (2—4) is an extreme case. The
peak flux on the 64-ms time scale is 1300 +

130427A, which triggered the Gamma-Ray

In the context of Gamma-ray burst (GRB)
Burst Monitor (GBM) (7) on the Fermi Gamma-

100 photons s~ em™> in the 10 to 1000 keV range
and the fluence, integrated over the same energy
range and a total duration of ~350 s, is (2.4 +
0.1) x 107> erg cm 2. The longest continuously
running GRB detector, Konus on the Wind space-
craft, has been observing the entire sky for nearly
18 years, and only one burst had a larger peak
flux, by ~30% (GRB 110918A) (5). GRB 130427A
is the most fluent burst in the era starting with the
1991 launch of the Burst and Transient Source
Experiment (BATSE) on the Compton Gamma-
Ray Observatory. Finally, the energy of the spec-
tral peak in the first time bin (7 — 0.1 to 0.0 s),
5400 + 1500 keV, is the second highest ever
recorded (6).

The initial pulse (Fig. 1), lasting up to 2.5 s
after the trigger, stands on its own as being so
bright (170 + 10 photons s~ cm 2 peak flux for
10 to 1000 keV in the 64-ms time bin at 7+ 0.51 s)
as to be ranked among the 10 brightest GBM or
BATSE bursts (7-9). The brightness allows us to
track the spectral evolution of the rising portion
of a well-separated pulse with unprecedented de-
tail (/0). Evident in the GBM low-energy light
curve [Fig. 1; as well as the 15 to 350 keV light
curve presented in (/7)] are fluctuations starting
at around 1 s that are not present at higher ener-
gies. If these represent additional low-energy
pulses, their presence clearly does not dominate
the analyses presented below.

Past studies of time-resolved spectra of sim-
ple pulses in GRBs indicate that there are broadly
two classes of spectral evolution. These are called
“hard-to-soft” and “tracking” pulses (12, 13), de-
pending on whether the energy of the peak in the
vF, spectrum (generically called E.. herein)
monotonically decays independently of the flux
evolution or else generally follows the rise and
fall of the flux. Typically, there are at most one or
two spectra available for fitting during the rising
portion of the flux history. What makes this event
unique is that there are roughly six time bins with
excellent counts statistics before the peak in the
10 to 1000 keV flux.

As seen in Fig. 1, there is a clear trend in the
individual detector’s light curves: the >20 MeV
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Fermi Large Area Telescope (LAT) low-energy
(LLE) (14, 15) light curve peaks before the GBM
trigger time (7;), whereas the GBM bismuth ger-
manate (BGO) detector #1 (300 keV to 45 MeV)
and sodium iodide (Nal) detector #6 (8 to 300 keV)
peak at successively later times. To quantify this,
we performed an energy-dependent pulse lag anal-
ysis using a Discrete Cross Correlation Function
(DCCF) and obtained the time lags t (/6) be-
tween the highest energy LAT LLE light curve
and light curves at several selected energy ranges
in the GBM Nal and BGO detectors (Fig. 1,
inset). We find good agreement between the ex-
pected lag behavior and the pulse width model
W(E) o< E“ (17), obtaining a fitted value for o.=
—0.27 £ 0.03 (18). This model was previously fit
to 400 pulses from 41 BATSE GRBs (/7); an
average value of o = —0.41 was found. Synchro-
tron shock model simulations made by Daigne
and Mochkovitch (/9) found a ~—0.4 for pulses
of 2- to 10-s duration, but o > ~—0.2 for pulses
of 0.1 to 1 s. Three LAT photons with energies
greater than 100 MeV are clustered in coinci-
dence with the LLE peak, and so may arise by the
same mechanism.

Although most GRB spectra are well fit by
the smoothly joined broken power-law function
of Band et al. (20), in some cases the simulta-
neous fit of a Band function together with an
additional blackbody component is significantly
better statistically (6, 27, 22). Burgess et al. (23, 24)
also noted the requirement of an additional black-

body component but replaced the phenomeno-
logical Band function with a physically motivated
synchrotron function. We present two separate
time-resolved spectral analyses for the first 2.5 s
of GRB 130427A, with comparable goodness of
fit: the Burgess et al. synchrotron function plus
blackbody, and the Band function (/8). A black-
body component is not required when the more
flexible Band function alone is used. Although
the time evolution of £, as determined by Band
function fits is consistent with a single power law
(with an index of —0.96 + 0.02), the evolution of
the synchrotron peak energy is not (Fig. 2). A
broken power-law fit is better constrained and
shows a shallower decay before the pulse peak,
with an index of —0.4 + 0.2 during the rising
phase and —1.17 + 0.05 during the decaying phase
and a fitted break time at 7, + 0.28 £ 0.08 s, or
~0.2 s before the pulse peak in the 10- to 1000-keV
flux. Both fitted indices during the decay phase are
consistent with the —1 power-law index expected
from standard fireball curvature effects (25, 26).
The shallower spectral peak decay index before
the light curve decay phase has a natural explana-
tion in the context of the pulse being driven by a
shock between thick, colliding shells (79).
Two-component models including a thermal
contribution (27) constrain the value of the pho-
tospheric radius using the blackbody flux and
temperature (k7)) (see table S1). Comparing with
the flux of the dominant nonthermal spectral com-
ponent then permits determination of the Lorentz

factor at the photosphere (I'yp) (28). As shown in
Fig. 3, the minimum value of the photospheric
bulk Lorentz factor I'y, starts out at 500 and
monotonically decreases to ~100 over the duration
of the pulse (similar to behavior observed in GRB
110721A) (29). Internal shocks require higher
Lorentz factors at later times. However, this might
still be consistent with the monotonically decreasing
Iy if the outflowing shell that produces this
photospheric component produced the nonthermal
triggering pulse by colliding with a slower and
slightly earlier ejected shell that did not produce
detectable photospheric emission. Otherwise, the
observed behavior would favor magnetic recon-
nection models or mini-jets (30, 37), which abandon
a simple spherical geometry.

Using the measured redshift of z = 0.34 (32),
the host rest-frame luminosity and synchrotron
peak energies are calculated, and the decay-phase
apparent isotropic luminosity L- Epcq correlation
is fit with a power-law index of 1.43 £ 0.04 (Fig. 4).
A theoretical analysis of high-latitude curvature
radiation produced in relativistic shell collisions
of spherical blast waves shows a L o< Epeak3
during the decay phase of a pulse (25, 26), con-
trary to the behavior shown in Fig. 4. In a picture
of an expanding fluid element rather than a col-
liding shell, synchrotron emission by electrons
with characteristic energy 7. obeys the relations
Epear. < I'By.” and L o T?B*>y2 for y. and B
both in the jet frame. In the optically thin coasting
phase of the outflow, the bulk Lorentz factor I"
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is constant. Naively assuming that the magnetic
flux is frozen in the flow (BR* o< const. in the
comoving frame, where R is the comoving emis-

sion region radius), then adiabatic losses of the
electrons imply y. o< R™'. A short calculation
then gives L oc Epeak3/ 2, which is consistent with
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the 1.43 index derived from the data. A constant
expansion velocity dR/df scenario predicts, however,
Epeac ©° R™ o< 1 Other jet-wind assumptions
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Fig. 1. The first 3 s of GRB 130427A. Shown, are composite light curves for
the three Fermi detector types. Green, GBM Nal #6 (10 to 300 keV); blue, GBM BGO #1
(300 keV to 45 MeV); red, LAT LLE (>20 MeV). Each curve has been normalized so
that their peak intensities match. High-probability LAT photons >100 MeV are
indicated by circles (right axis, energy in MeV). (Inset) Lag analysis of the triggering
pulse of GRB 130427A. Time lag t (filled symbols) as determined by the DCCF

analysis between the (10 to 100 MeV) LLE light curve and selected energy bands of
the Nal (green) and BGO (blue) light curves. Also displayed are fitted pulse widths
as a function of energy W(E) (hollow symbols, in seconds) for several energy bands.
The two dashed lines represent: 1, the best-fit power-law model (x? of 5.6 for
9 degrees of freedom) for WAE) (black), and 2, the expected dependence of the time
lag 7 as a function of energy (red), assuming the same power-law index as in 1.

Fig. 2. The fitted Band function Ep.. (blue) and syn-
chrotron peak energies (red) as a function of time. The
times are referenced from when the LLE light curve peaks
0.1 s before the trigger. A broken power-law fit to the red
points is indicated by a dashed line (early time decay index
of —0.4 £ 0.2, with a break at 0.38 + 0.08 s, breaking to an
index of —1.17 + 0.05 with a x* = 28 for 22 degrees of free-
dom). We also show the Band function £y, values for the same
time intervals with a single fitted power-law index (—0.96 +
0.02 with a 2 of 19 for 24 degrees of freedom).
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yield different correlations—for example, for the
deceleration epoch where dI'/dz < 0 or for radial
field evolution appropriate for jet cores.

The isolated initial pulse of GRB 130427A is
apparently unmodified by preceding engine ac-
tivity or nascent external shock emission. Our analy-
sis shows that there is good agreement between

the pulse width as a function of energy and the
expected lag, that the characteristic energy has
roughly a —1 power-law decay with time during
the decaying phase, that the temperature of the
blackbody component implies a photospheric ra-
dius incompatible with the internal shock radius,
and that the apparent isotropic luminosity is re-

| Ty .
5 i | m H} o)
" H\\_}..Wfﬁ

it Wl
1071 :

Fig. 3. Plot showing trends in the derived photospheric Lorentz factor (red, left axis) and radius
(blue, right axis). The reference time is the same as in Fig. 2. We obtain both values from the
instantaneous ratio of the observed blackbody component flux to the total flux, following equations 4 and
5 in (28) and assuming a value of 1 for the ratio between the total emitted thermal energy versus the total

energy emitted in gamma rays (Y;).
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Fig. 4. Correlation between the GRB 130427A host rest frame synchrotron peak energy and
isotropic luminosity during the rising phase (red) and decaying phase (black) of the triggering
pulse. Time progresses approximately from right to left on the plot. The 1.43 + 0.04 power-law index fit
to the black points is shown in green (region of uncertainty in gray), and the 3/2 power law from the
magnetic flux-freezing calculation in the text is indicated in blue.

lated to the 3/2 power of the characteristic energy.
It is a challenge to explain all these behaviors
simultaneously.
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