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ABSTRACT
GRB 130427A was extremely bright as a result of occurring at low redshift whilst the energetics
were more typical of high-redshift gamma-ray bursts (GRBs). We collected well-sampled
light curves at 1.4 and 4.8 GHz of GRB 130427A with the Westerbork Synthesis Radio
Telescope (WSRT); and we obtained its most accurate position with the European Very Long
Baseline Interferometry Network (EVN). Our flux density measurements are combined with all
the data available at radio, optical and X-ray frequencies to perform broad-band modelling
in the framework of a reverse–forward shock model and a two-component jet model, and we
discuss the implications and limitations of both models. The low density inferred from the
modelling implies that the GRB 130427A progenitor is either a very low metallicity Wolf–
Rayet star, or a rapidly rotating, low-metallicity O star. We also find that the fraction of the
energy in electrons is evolving over time, and that the fraction of electrons participating in
a relativistic power-law energy distribution is less than 15 per cent. We observed intraday
variability during the earliest WSRT observations, and the source sizes inferred from our
modelling are consistent with this variability being due to interstellar scintillation effects.
Finally, we present and discuss our limits on the linear and circular polarization, which are
among the deepest limits of GRB radio polarization to date.

Key words: gamma-ray burst: individual: GRB 130427A.

1 IN T RO D U C T I O N

Gamma-ray bursts (GRBs) are a broad-band phenomenon, covering
many orders of magnitude in observing frequency, from radio fre-
quencies below 1 GHz to gamma-ray energies of tens of GeV. They
also cover many orders of magnitude in observed time-scales, from
millisecond variability in the gamma-ray light curves up to months
or even years at radio frequencies. Much of our understanding of the
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physics behind GRBs is based on multifrequency and multi-time-
scale observations. In the case of long-duration GRBs (i.e. with a
duration >2 s; Kouveliotou et al. 1993), a picture has emerged in
which a relativistic collimated outflow, or jet, is produced by a cen-
tral engine, due to the collapse of a massive star (Woosley 1993);
for short-duration GRBs most likely due to a binary merger of two
compact objects (Eichler et al. 1989; Narayan, Paczynski & Piran
1992). The prompt gamma-ray emission at keV to MeV energies
is believed to be produced by particles accelerated in shocks inter-
nal to the outflow, while the later time afterglow emission (from
X-ray to radio frequencies, and arguably also the long-lasting GeV
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gamma-ray emission) is due to the interaction of the jet with the am-
bient medium (see Kouveliotou, Wijers & Woosley 2012, for recent
reviews). At the front of the jet, matter is swept up and a forward
shock is formed, accompanied by a short-lived reverse shock mov-
ing back into the outflow. The forward shock is initially moving at
relativistic speeds but decelerating, while the reverse shock can be
either relativistic or Newtonian. The observed afterglows are usually
dominated by emission from the forward shock, but occasionally
the reverse shock causes a bright optical flash peaking in the first
minutes and a radio flare in the first days after the GRB onset (e.g.
Akerlof et al. 1999; Kulkarni et al. 1999). Radio observations are
important for constraining the spectra and evolution of the forward
and reverse shocks, and follow the evolution of the GRB jet up to
much later times than at higher frequencies (for a recent review on
GRB radio observations and their implications for GRB jet physics,
see Granot & van der Horst 2014).

Over the last decade new ground- and space-based observatories
have provided broad-band GRB data sets, e.g. the Fermi Gamma-ray
Space Telescope for detecting high-energy gamma-rays, the Swift
satellite for X-ray light curves, robotic optical telescopes for early-
time light curves, and improved and new facilities for observations
at radio frequencies. However, it is quite rare that excellent broad-
band coverage is accompanied with great temporal sampling, in
particular at the extreme ends of the spectrum (e.g. Cenko et al.
2011); conversely, some GRBs with extremely well sampled light
curves do not have comparable spectral coverage (e.g. Racusin et al.
2008). The recent, extremely bright, long-duration GRB 130427A
was the exception that brought all these observational capabilities
together, from its detection in gamma-rays to its multiwavelength
follow-up observations.

Most long-duration GRBs occur at high redshifts, with a mean
redshift at z � 2 (Fynbo et al. 2009; Jakobsson et al. 2012); the
current record holder is at z � 9.4 (Cucchiara et al. 2011). For
a small group of these at low redshifts (z < 0.4), we are able to
detect and identify spectroscopically their associated supernovae,
although this does not always appear to be the case (e.g. Fynbo
et al. 2006; Gehrels et al. 2006). A significant fraction of that group
has intrinsic luminosities and energetics lower than those of GRBs
at higher redshifts (e.g. Kaneko et al. 2007; Starling et al. 2011);
even the most luminous one to date, GRB 030329, is at the low
end of the energetics distribution for the total GRB sample (Kaneko
et al. 2007). GRB 130427A is exceptional in that, although it is at
a low redshift of z = 0.34, with an accompanying supernova of the
same type as the other GRB-associated supernovae (SN 2013cq;
Xu et al. 2013; Levan et al. 2014), it is comparable in luminosity
to the majority of long GRBs. At gamma-ray energies this is a
record-breaking GRB, with the highest observed fluence in 29 years,
the longest lasting high-energy gamma-ray afterglow (i.e. 20 h),
and the highest energy gamma-ray photon ever detected (95 GeV;
Ackermann et al. 2014). Compared to the entire GRB sample, the
GRB 130427A X-ray and optical observed brightness are amongst
the highest, while its intrinsic luminosities are just above or around
the average (Perley et al. 2014). Given the extremely well sampled
light curves for GRB 130427A, and the fact that the light curves
at X-ray and optical frequencies are comparable to those of other
high-luminosity GRBs, this source provides a unique opportunity
to study not only the physics of this particular GRB in great detail
(e.g. Kouveliotou et al. 2013; Preece et al. 2014), but also to make
inferences for GRBs at more typical redshifts.

A remarkable feature of GRB 130427A is the early-time peak
at optical frequencies, ∼10–20 s after the GRB onset, for which
an optical flash due to the reverse shock has been suggested as the

most likely explanation (Vestrand et al. 2014). At radio frequencies
the light curves display a peak on a day time-scale, which has also
been attributed to the reverse shock (Laskar et al. 2013; Anderson
et al. 2014; Perley et al. 2014). Broad-band modelling efforts have
shown that the light curves from radio to X-ray frequencies, and
also the high-energy gamma-ray light curves, can indeed be inter-
preted as a combination of emission from the forward and reverse
shocks (Laskar et al. 2013; Panaitescu, Vestrand & Woźniak 2013;
Maselli et al. 2014; Perley et al. 2014). In this paper we present
radio observations of GRB 130427A with the Westerbork Synthe-
sis Radio Telescope (WSRT) at two radio frequencies (Section 2),
resulting in well-sampled light curves and enabling more detailed
modelling than previous efforts. We also show the results from very
long baseline interferometry (VLBI) observations with the Euro-
pean VLBI Network (EVN), which set constraints on the source
size and provide the best localization of this GRB (Section 3). We
revisit the modelling of the broad-band light curves to set more strin-
gent constraints on the evolution of the forward and reverse shock
spectra, and present a two-component jet model as an alternative
to describe all the available data from radio to X-ray frequencies
(Section 4). Since our WSRT observations have long durations,
we also present radio brightness variations at relatively short time-
scales to study variability of the source and possible scintillation
effects (Section 5). Furthermore, due to the source brightness we
can put very tight constraints on the linear and circular radio polar-
ization, and discuss those in the context of GRB afterglow emission
models (Section 6). Finally, we summarize our results and draw
some conclusions (Section 7).

2 W SRT O BSERVATIONS

We observed GRB 130427A at 1.4 and 4.8 GHz with the WSRT
from 2013 April 28 to July 29. We used the Multi Frequency Front
Ends (Tan 1991) in combination with the IVC+DZB back end
in continuum mode, with a bandwidth of 8×20 MHz at both ob-
serving frequencies. Gain and phase calibrations were performed
with the calibrator 3C 286 for all observations. The observa-
tions were analysed using the Multichannel Image Reconstruction
Image Analysis and Display (MIRIAD; Sault, Teuben & Wright 1995)
software package. The observing dates, integration times and flux
density measurements of our observations are listed in Table 1.
Fig. 1 shows the light curves at our observing frequencies together
with the VLA and GMRT flux densities at the same frequencies
(Laskar et al. 2013; Perley et al. 2014).

Since WSRT is an east–west array, with all the dishes placed
along one line so that the Earth’s rotation is used to fill the uv plane,
it is common to observe for several (up to 12) hours for making
high-quality images. Given the brightness of GRB 130427A in the
first two epochs at 4.8 GHz, we were able to make multiple images
by dividing the long observations into shorter time intervals, i.e. of
1 h duration, after subtracting all the other sources in the field using
the MIRIAD task uvmodel. The resulting flux densities are reported
at the lower half of Table 1 and shown in the inset of Fig. 1. We also
fit a point source to the visibility data with the MIRIAD task uvfit

at 15-min intervals after subtracting the other sources in the field.
The flux densities we obtained in these two different ways will be
discussed in Section 5.

The exceptional brightness of GRB 130427A during the first few
days allowed linear and circular polarization searches. We made im-
ages in Stokes Q, U and V, but we did not detect significant emission
at the position of the GRB. The formal flux density measurements
and 3σ upper limits for the first three epochs are given in Table 2.
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Table 1. WSRT observations of GRB 130427A, with �T the mid-
point of each observation in days after the Fermi/GBM trigger time.
The long 4.8 GHz observations on April 28/29 and 29/30 have been
divided up into 1-h time intervals and the results are given at the
bottom of the table.

Epoch �T Int. time Freq. Flux
(d) (h) (GHz) (µJy)

Apr 28.611–29.110 1.52 12.0 4.8 2500 ± 25
Apr 29.608–30.001 2.47 9.4 4.8 1424 ± 24
May 1.651–2.102a 4.55 5.4 1.4 283 ± 711
May 1.651–2.102 4.55 5.4 4.8 746 ± 37
May 3.660–4.097b 6.55 10.5 4.8 523 ± 43
May 5.592–6.091 8.51 12.0 1.4 375 ± 44
May 6.592–7.088 9.51 12.0 4.8 389 ± 31
May 13.570–13.796 16.36 5.4 1.4 351 ± 85
May 14.567–14.793 17.36 5.4 4.8 322 ± 41
May 17.559–18.058 20.48 12.0 1.4 293 ± 53
May 18.557–19.055 21.48 12.0 4.8 286 ± 28
May 30.524–30.855 33.36 8.0 1.4 284 ± 143
May 31.521–31.852 34.36 8.0 4.8 207 ± 34
Jun 25.453–25.951 59.38 12.0 4.8 111 ± 30
Jun 26.450–26.949 60.37 12.0 1.4 209 ± 51
Jul 25.371–25.869 89.30 12.0 4.8 105 ± 36
Jul 29.360–29.858 93.28 12.0 1.4 234 ± 55
Apr 28.611–28.653 1.31 1.0 4.8 2132 ± 124
Apr 28.653–28.694 1.35 1.0 4.8 2047 ± 108
Apr 28.694–28.736 1.39 1.0 4.8 2244 ± 95
Apr 28.736–28.777 1.43 1.0 4.8 2433 ± 98
Apr 28.777–28.819 1.47 1.0 4.8 2743 ± 101
Apr 28.819–28.860 1.51 1.0 4.8 2640 ± 105
Apr 28.860–28.902 1.56 1.0 4.8 2728 ± 101
Apr 28.902–28.943 1.60 1.0 4.8 2707 ± 107
Apr 28.943–28.985 1.64 1.0 4.8 2551 ± 103
Apr 28.985–29.026 1.68 1.0 4.8 2654 ± 105
Apr 29.026–29.068 1.72 1.0 4.8 2300 ± 102
Apr 29.068–29.110 1.76 1.0 4.8 2117 ± 121
Apr 29.608–29.652 2.31 1.0 4.8 1399 ± 113
Apr 29.652–29.695 2.35 1.0 4.8 1773 ± 110
Apr 29.695–29.739 2.39 1.0 4.8 1511 ± 111
Apr 29.739–29.782 2.43 1.0 4.8 1278 ± 101
Apr 29.782–29.826 2.48 1.0 4.8 1543 ± 102
Apr 29.826–29.869 2.52 1.0 4.8 1298 ± 99
Apr 29.869–29.913 2.57 1.0 4.8 1311 ± 87
Apr 29.913–29.956 2.61 1.0 4.8 1247 ± 95
Apr 29.956–30.001 2.65 1.0 4.8 1174 ± 99

a Non-detection, not shown in Fig. 1. b Part of the EVN run.

We combined these with the Stokes I values reported in Table 1 and
determined upper limits on the linear polarization PL and circular
polarization PC. Table 2 shows that these limits are only a few to
several percent at the first two epochs, with the most stringent limits
being PL < 3.9 per cent and PC < 2.7 per cent in the first epoch; in
the third epoch, the polarization limits are more than 10 per cent.
As the source becomes significantly fainter at later times, the polar-
ization limits get higher (tens of percent) and not constraining for
emission models, so these are therefore not reported here.

3 E V N O B S E RVAT I O N S

GRB 130427A was observed with the EVN at 5 GHz from 15:50
UT on 2013 May 3 until 02:20 UT on 2013 May 4. Participating tele-
scopes were Arecibo, Effelsberg, Jodrell Bank (MkII), Medicina,
Noto, Onsala, Sheshan, Torun, Yebes and WSRT (see Table 3 for

Figure 1. Radio light curves at 1.4 GHz (squares) and 4.8 GHz (circles) of
GRB 130427A. The solid symbols are the WSRT measurements presented
in this paper, while the open symbols are the VLA and GMRT results from
Laskar et al. (2013) and Perley et al. (2014). The inset shows the detailed
flux density evolution at 4.8 GHz during the first 3 d, using WSRT images
made with 1-h integration times.

telescope parameters). The 2-bit sampled data were streamed from
most telescopes to the EVN Software Correlator at JIVE (SFXC)
at a rate of 1024 Mbit s−1 per telescope. Arecibo and Shanghai
sent 1-bit sampled data at a rate of 512 Mbit s−1. The nearby com-
pact calibrator J1134+2901 was used as phase-reference during the
observations. The telescopes were switching rapidly between the
phase-reference and the target, separated by 1.◦4, in 1:30–3:30 min
cycles. The data were calibrated using standard procedures in the
Astronomical Image Processing System (AIPS; e.g. van Moorsel,
Kemball & Greisen 1996).

GRB 130427A was detected with a peak brightness of 460
µJy beam−1 at the position of RA = 11h32m32.s808 72, Dec.
= +27◦41′56.′′0203 (J2000), with an estimated error of 0.6 mas.
The naturally weighted restoring beam was 3.4×0.9 milliarcsec-
ond (mas), with major axis position angle −49◦. Fitting a circular
Gaussian model to the uv-data in Difmap (Shepherd, Pearson &
Taylor 1994) resulted in a source size of 0.6 mas and a total flux
density of 550 µJy. A point source fit to the VLBI data resulted in
460 ± 50 µJy total flux density as measured by the EVN, consistent
with the flux density measured by the WSRT independently. The
errors include statistical (rms noise 18 µJy beam−1) and systematic
components (∼10 per cent amplitude calibration accuracy).

We consider 0.6 mas to be an upper limit on the source size,
because of the residual phase and amplitude errors that might still
be present in the data. We did also observe two very nearby radio
sources as candidate secondary calibrators. One of these was not
detected above the 5σ noise level, the other was detected only at the
∼10σ level. Therefore, we could not further improve on the phase
calibration. At the redshift z = 0.34 of GRB 130427A an angular
size of 1 mas corresponds to a physical size of 1.49 × 1019 cm,
which means that the upper limit on the source size from our EVN
observation is 9 × 1018 cm at 6.55 d. For a circular expanding source
this corresponds to an average expansion speed of <265c, which
is not very constraining several days after the GRB onset, since by
that time the Lorentz factor is typically a few tens at most (see also
Section 4.2.1).
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Table 2. Polarization limits on GRB 130427A for the first three epochs at 4.8 GHz: the 3σ upper
limits and formal flux density measurements (between parentheses) for a point source at the position
of the GRB in the Stokes Q, U and V images; and the resulting limits on the linear polarization PL and
circular polarization PC.

Epoch Q U V PL PC

(µJy) (µJy) (µJy) (per cent) (per cent)

Apr 28.611–29.110 <66 (8 ± 22) <66 (57 ± 22) <66 (62 ± 22) <3.9 <2.7
Apr 29.608–30.001 <69 (0 ± 23) <72 (16 ± 24) <75 (22 ± 25) <7.5 <5.7
May 1.651–2.102 <90 (6 ± 30) <87 (12 ± 29) <90 (2 ± 30) <21 <15

Table 3. Parameters of the telescopes participating
in the EVN observations.

Radio telescope Diameter (m) SEFDa (Jy)

Arecibo 305 5
Effelsberg 100 20
Jodrell Bank MkII 25 320
Medicina 32 170
Noto 32 260
Onsala 25 600
Sheshan (Shanghai) 25 720
Torun 32 220
Yebes 40 160
WSRT 12 × 25b 120

aSystem Equivalent Flux Density.
bThe telescope was used in phased array mode for the
VLBI observations, but also produced local interfer-
ometer data.

4 M O D E L L I N G

The wealth of data on GRB 130427A accumulated across the elec-
tromagnetic spectrum has enabled a detailed broad-band modelling
beyond what has been done before for any GRB. Here, we build
on the modelling results that have already been presented in the
literature (Kouveliotou et al. 2013; Laskar et al. 2013; Panaitescu
et al. 2013; Bernardini et al. 2014; Maselli et al. 2014; Perley et al.
2014), by not only adding the radio observations presented in the
previous section, and discussing their implications, but also by ex-
amining the various assumptions in, and inferences from, previous
modelling efforts. For this purpose, we have combined our WSRT
results with all the radio, optical and X-ray data available in the liter-
ature (Laskar et al. 2013; Anderson et al. 2014; Maselli et al. 2014;
Perley et al. 2014; Vestrand et al. 2014). We did not include the
high-energy gamma-ray data from the Fermi/LAT, although we did
use some inferences made from the optical to gamma-ray spectra
(Kouveliotou et al. 2013).

4.1 Broad-band spectra

We discuss here the implications of the broad-band spectra, with-
out considering information from the light curves. GRB afterglow
spectra are usually described in terms of broad-band synchrotron
emission produced by electrons which are accelerated by a strong
shock. These spectra are characterized by four power-law segments
with three break frequencies (Sari, Piran & Narayan 1998): the
peak frequency νm, the cooling frequency νc, and the synchrotron
self-absorption frequency νa. These three frequencies can be
ordered in various ways, but the most relevant for this discussion
are νa < νm < νc and νm < νa < νc. In the former case the spectral
power-law index in between νa and νm is β = 1/3 (with the flux

Fν ∝ νβ ), and in the latter case β = 5/2 in between νm and νa. In
both cases β = 2 below all three characteristic frequencies, β =
−(p − 1)/2 in between νa, m and νc, and β = −p/2 above νc. The
parameter p is the power-law index of the energy distribution of the
synchrotron emitting electrons. From these three characteristic fre-
quencies and the peak flux Fν,max, one can determine four physical
parameters: the isotropic equivalent kinetic energy E of the shock,
the density ρ of the medium that the shock is moving through, and
the fractions εe and εB of the internal energy density in electrons
and the magnetic field, respectively.

Laskar et al. (2013) have compiled broad-band spectra for
GRB 130427A at various epochs, including radio, near-infrared,
optical and X-ray data, and shown that these cannot be explained
by a single synchrotron spectrum as one would expect from a GRB
blast wave. This has been confirmed by Perley et al. (2014) for
more epochs, by using more data, and also including high-energy
gamma-ray observations. While the optical to gamma-ray spectra
can be explained by a broken power law with typical slopes for
GRB afterglows (see also Kouveliotou et al. 2013), the radio spec-
tra are more complex: at most epochs they do not show any of the
characteristic spectral slopes, but are in fact fairly flat, i.e. β �
0. Only at 0.6–0.7 d there is a spectral turn-over at the low radio
frequencies, with a steep spectral index β � 2.4 between 5.1 and
6.8 GHz (Laskar et al. 2013; Perley et al. 2014), and a less steep β

� 1 between 5.1 and 15.7 GHz (Anderson et al. 2014). The instan-
taneous broad-band spectra at various epochs imply that there are
two spectral components: one with the peak at νm, and another one
at lower frequencies where self-absorption plays a significant role.
The self-absorption frequency νa of the high-frequency component
cannot be constrained since the second component is dominating
the emission at low frequencies.

The evolution of the near-infrared to optical spectra also suggests
the presence of two components. Perley et al. (2014) have shown that
the optical spectral index evolves from −0.3 to −0.4 in the first day,
to −0.7 after a few days. This latter spectral index is the same as the
spectral index derived from spectral fits at 1.5 and 5 d including near-
infrared to high-energy gamma-ray data (Kouveliotou et al. 2013).
The latter fits do require a spectral break with a slope change of
0.5, characteristic of the cooling break νc, at a few tens of keV. This
νc value is just above the Swift X-Ray Telescope (XRT) observing
band (Kouveliotou et al. 2013), and was measured largely using
NuSTAR observations; spectral fits of the Swift/XRT data alone also
resulted in β =−0.7 (Maselli et al. 2014). The softer near-infrared to
optical spectra at early times can be explained by a contribution from
both aforementioned spectral components. To cause this particular
evolution from a soft to a harder spectrum, the peak of the high-
frequency spectral component should be initially above the optical
regime and then move down through the observing bands, while
the peak of the low-frequency component is initially already below
the near-infrared frequencies. Once the peak of the high-frequency
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Figure 2. Broad-band modelling results for the reverse–forward shock model of all the available data at radio, optical and X-ray frequencies (Table 1 of this
paper; Laskar et al. 2013; Anderson et al. 2014; Maselli et al. 2014; Perley et al. 2014; Vestrand et al. 2014). The reverse shock is indicated with dashed lines,
the forward shock with dotted lines and the total flux with solid lines.

component has moved below the near-infrared frequencies as well,
the spectrum becomes optically thin.

4.2 Light curves

The light curves at various observing frequencies are determined
by the evolution of the characteristic frequencies and the peak flux.
These are governed by the evolution and dynamics of the shocks
that produce the synchrotron emission of both aforementioned spec-
tral components. Modelling of GRB 130427A has been performed
(Laskar et al. 2013; Panaitescu et al. 2013; Maselli et al. 2014;
Perley et al. 2014) by assuming that the high-frequency spectral
component is the forward shock moving into the ambient medium,
while the low-frequency component is the reverse shock moving
back into the outflow. These modelling efforts, however, were not
based on the full data set available now, in particular the well-
sampled radio light curves presented in this paper and Anderson
et al. (2014). We will first discuss the reverse–forward shock model
as proposed by other authors, the assumptions that have been made,
and how well it fits the broad-band light curves. We will then
present a two-component jet model as an alternative to fit these
light curves. The latter model also requires reverse shock emission
to explain the observed optical flash (Vestrand et al. 2014), but the
low-frequency spectral component is explained by emission similar

to that of a forward shock. Both models require an extra ingredient to
account for the very fast evolution of the peak of the spectrum from
optical to radio frequencies, namely time-varying microphysical
parameters.

The best sampled radio light curves, at 1.4, 5, 7, 15, 36 and
90 GHz, are shown in Figs 2 and 3, together with optical light
curves in the I- and R band, and the X-ray light curve at 3 keV.
The R band is the only near-infrared/optical/UV band with early
enough coverage to show the initial rise of the light curve, followed
by several phases of steep decay and flattening. Power-law indices
for various segments of the R-band light curve are given in Table 4.
The X-ray light curve shows the very steep decay typical of high-
latitude prompt emission, with the afterglow emission dominating
after 0.005 d. The observed X-ray light curve has similar decay
slopes as the R-band light curve, which are also shown in Table 4,
but power-law fits to the light-curve sections before and after the gap
between 0.02 and 0.2 d show that there is a different normalization
(and not a jet break as suggested by Maselli et al. 2014), indicating
that in this gap a flattening of the light curve also occurred at X-ray
frequencies. At the other side of the spectrum, the radio light curves
show a rise, in particular at 5 and 15 GHz, followed by a decay
similar to the one observed at optical and X-ray frequencies, and
also a flattening followed by a steeper decay (see Table 4 for the
temporal indices at 15 GHz). The power-law index of steeper decay
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Figure 3. Broad-band modelling results for the two-component jet model at radio, optical and X-ray frequencies. The narrow jet is indicated with dashed
lines, the wide jet with dotted lines, the reverse shock with dash–dotted lines and the total flux with solid lines.

Table 4. Temporal power-law indices of the
radio (15 GHz), optical (R band) and X-ray
light curves presented in Figs 2 and 3.

Frequency Time range Temporal
regime (d) index

Radio 0.3–0.7 0.33 ± 0.20
0.7–4 −1.16 ± 0.14
4–60 −0.48 ± 0.07

Optical 0.000 07–0.0002 1.44 ± 0.08
0.0002–0.001 −1.87 ± 0.08
0.001–0.004 −0.85 ± 0.01
0.004–0.02 −1.20 ± 0.01

0.02–0.6 −0.91 ± 0.01
0.6–40 −1.33 ± 0.01

X-rays 0.005–0.02 −1.30 ± 0.01
0.2–180 −1.35 ± 0.01

cannot be well constrained due to a lack of late-time observations
with the required sensitivity.

In the remainder of this section, we will discuss the observed light
curves in terms of the reverse–forward shock and two-component
jet model. In Table 5, we give the temporal scalings of Fν,max, νm, νc

and Fν in various spectral regimes, for analytic forward and reverse
shock models, to compare with the observed light-curve slopes in
Table 4. We note that the modelling results shown in Figs 2 and 3 are

not formal fits, because of (i) the extremely good quality of the data
compared to the fairly simplified models applied here, which results
in unreasonably high values for the fit statistic, and (ii) the number
of parameters in, and complexity of, the two models. Therefore, we
cannot statistically discriminate between the two models, but we
discuss how well they describe the observed light-curve features.

4.2.1 Reverse–forward shock model

In both the reverse–forward shock model and the two-component
jet model, the flattening of the optical light curves between 0.02
and 0.6 d is interpreted as νm of a forward shock moving close to
the observing bands; the transition to the final decay occurs when
νm has passed through a particular band. The flattening in the radio
bands on the time-scale of days to weeks, as well as the eventual
light-curve turn-overs, are also interpreted by the passage of νm.
Figs 2 and 3 show that when νm is at optical frequencies, the peak
flux Fν,max is a few mJy, while it is an order of magnitude lower
when νm passes through the radio bands. This is a clear indication
that the ambient medium is not homogeneous, since Fν,max is then
expected to be constant (Sari et al. 1998). Therefore, we assume
in our modelling that the ambient medium density is a power law
with radius, ρ = A R−k, where k = 0 corresponds to a homogeneous
medium and k = 2 to a stellar wind with constant velocity. As
can be seen in Table 5, Fν,max decreases in time for k > 0. The
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Table 5. Temporal power-law indices of Fν,max, νm and νc, and Fν in various spectral regimes,
for relativistic forward shocks (van der Horst 2007), and thick-shell (relativistic; Kobayashi &
Sari 2000; Chevalier & Li 2000; Yi, Wu & Dai 2013) and thin-shell (Newtonian; Kobayashi &
Sari 2000; Zou, Wu & Dai 2005) reverse shocks. The temporal power-law indices in this table
depend on the power-law index p of the electron energy distribution, the power-law index k
of the ambient medium density with radius, and the power-law index g of the Lorentz factor
as a function of radius for thin-shell reverse shocks.

Forward shock Reverse shock
Thick-shell Thin-shell

Fν,max − k
2(4−k) − 47−10k

12(4−k) − 11g+12
7(2g+1)

νc − 4−3k
2(4−k) − 73−14k

12(4−k) − 3(5g+8)
7(2g+1)

νm − 3
2 − 73−14k

12(4−k) − 3(5g+8)
7(2g+1)

νa (νa < νc < νm) − 10+3k
5(4−k) − 32−7k

15(4−k) − 3(11g+12)
35(2g+1)

νa (νa < νm < νc) − 3k
5(4−k) − 32−7k

15(4−k) − 3(11g+12)
35(2g+1)

νa (νm < νa < νc) − 3p(4−k)+2(4+k)
2(4−k)(p+4) − p(73−14k)+2(67−14k)

12(4−k)(p+4) − 3p(5g+8)+8(4g+5)
7(2g+1)(p+4)

Fν (ν < νa < νc < νm) 4
4−k

5−k
3(4−k)

5g+8
7(2g+1)

Fν (νa < ν < νc < νm) 2−3k
3(4−k) − 17−4k

9(4−k) − 2(3g+2)
7(2g+1)

Fν (νa < νc < ν < νm) − 1
4 − 167−34k

24(4−k) − 37g+48
14(2g+1)

Fν (νa < νc < νm < ν) − 3p−2
4 − p(73−14k)+2(47−10k)

24(4−k) − 3p(5g+8)+2(11g+12)
14(2g+1)

Fν (ν < νa < νm < νc) 2
4−k

5−k
3(4−k)

5g+8
7(2g+1)

Fν (νa < ν < νm < νc) 2−k
4−k

− 17−4k
9(4−k) − 2(3g+2)

7(2g+1)

Fν (νa < νm < ν < νc) − 3p(4−k)−12+5k
4(4−k) − p(73−14k)+3(7−2k)

24(4−k) − 3p(5g+8)+7g
14(2g+1)

Fν (νa < νm < νc < ν) − 3p−2
4 − p(73−14k)+2(47−10k)

24(4−k) − 3p(5g+8)+2(11g+12)
14(2g+1)

Fν (ν < νm < νa < νc) 2
4−k

5−k
3(4−k)

5g+8
7(2g+1)

Fν (νm < ν < νa < νc) 20−3k
4(4−k)

113−22k
24(4−k)

5(5g+8)
14(2g+1)

Fν (νm < νa < ν < νc) − 3p(4−k)−12+5k
4(4−k) − p(73−14k)+3(7−2k)

24(4−k) − 3p(5g+8)+7g
14(2g+1)

Fν (νm < νa < νc < ν) − 3p−2
4 − p(73−14k)+2(47−10k)

24(4−k) − 3p(5g+8)+2(11g+12)
14(2g+1)

cooling frequency decreases in time for a homogeneous medium
but increases for a wind medium, while νm is independent of the
circumburst medium structure (for the dependences on all physical
parameters we specifically use the equations in van der Horst 2007).

The evolution of νm, however, is not fast enough to account for
the times at which it passes through the optical and radio bands, for
which a temporal power-law index of ∼−2 is required. We have
explored various possibilities to explain this behaviour of νm, for
instance the evolution after a jet break or a non-relativistic outflow.
The light-curve slopes, however, would then be significantly steeper
than what has been observed, and these are, therefore, not viable
explanations. We propose here that the fast evolution of νm is caused
by the temporal evolution of the microphysical parameters, as also
suggested for other GRBs with well-sampled light curves (e.g. Fil-
gas et al. 2011). While Fν,max and νc do not depend on εe, the peak
frequency νm ∝ ε2

e , and thus νm ∝ t−1.9 for a modest evolution of εe

∝ t−0.2. We do not require any evolution of the other microphysical
parameter εB. Based on the late-time light-curve slopes, the optical-
to-X-ray spectra, and the temporal behaviour of Fν,max and νm, we
find that k � 1.7 and p � 2.1 describe the data well. This results in
Fν,max ∝ t−0.37 and νc ∝ t0.24. The light curves before the passage
of νm rise as t0.26, and after the passage of νm decay as t−1.4, while
above νc they decay as t−1.3.

For the reverse shock there are two possible evolution regimes,
depending on the spread of outflow velocities in the shell behind the
forward shock and the time it takes the reverse shock to cross this
shell (Sari & Piran 1995). In the thin-shell or Newtonian case, the

outflow velocity spread is small, and the initially Newtonian reverse
shock is still sub-relativistic once it has crossed the shell. If there
is a large spread in the velocities, the shell spreads and the reverse
shock becomes relativistic before crossing the entire shell, i.e. the
thick-shell or relativistic case. From the temporal scalings in Table 5
(based on Chevalier & Li 2000; Kobayashi & Sari 2000; Yi et al.
2013), we can derive that in the latter case the light-curve slope for
frequencies ν < νm, c is −0.49 for k = 1.7, and −2.1 for νm < ν < νc

and p = 2.1. The slope for ν < νm, c is too shallow for the observed
decay slopes (∼−1.2 to −1.4), while for νm < ν < νc it is too steep.
The latter is also true for νm, c < ν and νc < ν < νm, and this large
slope difference cannot be accounted for by a moderate evolution
of the microphysical parameters. Including self-absorption results
in rising light curves for frequencies below νa, and can thus also not
explain the observed light curves.

For the thin-shell case, the Lorentz factor of the ejecta is assumed
to be a power law with radius, 	 ∝ R−g (Mészáros & Rees 1999). The
result is that the temporal evolution of the characteristic frequencies
and the peak flux, and therefore also the light-curve slopes, depend
on the power-law index g (Kobayashi & Sari 2000; Zou et al. 2005).
With g as a free parameter we can describe the overall trends of the
observed light curves fairly well, as shown in Fig. 2. We find that g �
5, and that νm > νa at early times and νm = νa � 22 GHz at ∼0.4 d.
With this combination of parameters the radio light curves rise with
a slope of 0.4 for νa < νm and 1.1 for νm < νa, and the radio and
optical light-curves decay with a slope of −1.6. It is clear from Fig. 2
that this gives a fairly good description of the radio light curves, even
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though it overestimates the peak at 15 GHz and underestimates the
peak at 5 GHz, and it also follows the trend of the optical light curves
after 0.004 d. However, the observed early-time optical light curves
are overestimated, because the observed flattening at 0.001–0.004 d
cannot be reconstructed. Furthermore, the peak in the R-band light
curve cannot be explained in this model. This peak is so early that it
could be caused by the reverse–forward shock system still building
up, i.e. the peak of the light curve corresponds to the deceleration
time-scale. Alternatively, we note that for a significant evolution of
εe, i.e. εe ∝ t−1, the R-band model light curve does turn over at the
peak, without very significantly affecting the later-time light curve
or the results at other frequencies.

Despite the fact that the reverse–forward shock model describes
the overall trends of the broad-band light curves fairly well, we have
also shown that there are some clear deviations when all of the avail-
able data are used in the modelling. Furthermore, the value of g � 5
is very high, and as also pointed out by other authors (Laskar et al.
2013; Panaitescu et al. 2013) it is outside the range of theoretically
allowed values, namely 3/2 ≤ g ≤ 7/2 for a homogeneous medium
(Kobayashi & Sari 2000) and 1/2 ≤ g ≤ 3/2 for a wind medium
(Zou et al. 2005). The lower bounds on g are governed by the fact
that the shell should lag behind the forward shock (	 ∝ R−(3 − k)/2),
while the upper bound comes from the fact that the ejecta cannot
be quicker than in the relativistic case (	 ∝ R−(7 − 2k)/2), so for k �
1.7 the allowed range is 0.65 ≤ g ≤ 1.8. Values within this allowed
range for g result in significantly worse fits, i.e. much steeper light-
curve slopes (most notably an optical slope of <−1.9) and larger
discrepancies at the peaks of the radio light curves. Because of these
issues with the reverse–forward shock model, we have explored a
two-component jet model to fit the observed light curves.

4.2.2 Two-component jet model

The two-component jet model has been suggested to explain the
broad-band light curves and other observed phenomena in several
GRBs (e.g. Pedersen et al. 1998; Frail et al. 2000b; Berger et al.
2003; Starling et al. 2005; Racusin et al. 2008). In this model, there
is a narrow uniform jet with a high Lorentz factor and a wider
component with a lower Lorentz factor. Such a jet structure has
been theoretically predicted in different models, e.g. a hydromag-
netically driven neutron-rich jet (Vlahakis, Peng & Königl 2003),
or a jet breakout from a progenitor star which results in a highly
relativistic jet core surrounded by a moderately relativistic cocoon
(Ramirez-Ruiz, Celotti & Rees 2002). Optical light curves for such
jet structures have been calculated (Peng, Königl & Granot 2005),
and using some combinations of physical parameters, the steep–
flat–steep behaviour observed in GRB 130427A can be retrieved.
We applied a model consisting of two forward shocks to the broad-
band data of GRB 130427A, and as shown in Fig. 3, this model
can fit all the light curves well. The radio peak and early-time be-
haviour, and the optical light curves between 0.004 and 0.02 d, are
dominated by the narrow jet, while the late-time radio and optical
light curves, and also the X-ray light curve, are dominated by the
wide jet. The only feature that this model of two forward shocks
cannot explain is the very early time behaviour before 0.004 d in
the R band, for which we invoke a reverse shock component.

In our two-component jet model, the wide jet has the same pa-
rameters as the forward shock in the reverse–forward shock model
of Section 4.2.1. For this wide component, we have constrained
Fν,max,w, νm,w, νc,w, p = 2.1, k = 1.7, and adopted εe, w ∝ t−0.2,
while νa, w cannot be determined. For the latter, we can only put an

Figure 4. Evolution of the characteristic frequencies in the two-component
jet model for GRB 130427A. The black lines are for the narrow jet compo-
nent, and the grey lines for the wide component; the solid lines are for νm,
the dashed lines for νa and the dotted lines for νc. The lower and upper limits
for νa, w and νc, n are connected by arrows. The light grey bands indicate
the X-ray, near-infrared/optical/UV and radio observing bands which the
characteristic frequencies move through.

upper limit of νa,w < 109 Hz at 1 d for self-absorption to not affect
the late-time radio light-curve fits. Since the narrow and wide jet
components are both moving through the same ambient medium, we
assume that the density and its structure parameter k are equal. We
have not put any constraints on the other parameters for the narrow
jet, since they can differ in energy; the microphysical parameters are
also not necessarily the same for the two jet components. We find
that p = 2.1 also provides good fits for the narrow jet component,
but we require a faster evolution of νm, n ∝ t−2.3, and therefore εe, n

∝ t−0.4, νa, n ∝ t0.0 for νa, n < νm,n and νa, n ∝ t−0.8 for νm,n < νa,n. We
also find that νm, n > νa,n at early times and νm, n = νa, n � 9 GHz at
∼0.8 d. The resulting light-curve slopes are 0.5 for ν < νa, n < νm, n,
0.4 for νa, n < ν < νm, n, 0.7 for νm, n < ν < νa, n and −1.6 for
νa,n < νm, n < ν. We can only put a lower limit on νc, n for it to not
affect the early-time optical light curves, namely νc, n > 1016 Hz
at 1 d.

The evolution of the characteristic frequencies of both jet com-
ponents is shown in Fig. 4, illustrating when several of these param-
eters move through the observing bands. We cannot determine νa, w

of the wide jet component nor νc, n of the narrow jet component, but
we included the constraint that the ambient medium density is the
same for both components, which means that there is still one free
parameter. Given the constraint on the density, and the aforemen-
tioned limits on νa,w and νc, n, we can determine allowed parameter
ranges, which we give in Table 6. The table shows that the allowed
parameter ranges include values for εe and εB that are larger than 1
for both jet components. These two parameters are fractions which
are supposed to be smaller than 1, and in fact εe + εB < 1 would be
expected. If we take the values for εe at 0.001 d, the earliest time at
which the narrow jet component is significantly contributing to the
total flux, the lowest values for this sum are εe, n + εB, n = 3.0 for
νc, n = 1 × 1017 Hz and εe, w + εB, w = 6.6 for νc, n = 3 × 1016 Hz.
These parameter values, however, are determined assuming that all
the electrons that are swept up by the shocks are accelerated into the
power-law energy distribution that produces the synchrotron radia-
tion, while this is in fact only true for a fraction ξ of the electrons.
Eichler & Waxman (2005) have shown that the observed emission
does not change for the following scalings: εe → ξεe, εB → ξεB,
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Table 6. Physical parameters for the two-component jet model,
with the fraction of electrons participating in a relativistic power-
law energy distribution set to ξ = 1, the density ρ = A · R−1.7,
and td the time in days.

Parameter Narrow jet Wide jet

Eiso (erg) 3 × 1053–3 × 1054 8 × 1051–6 × 1052

A (g cm−1.3) 3 × 102–4 × 104 3 × 102–4 × 104

εB 1 × 10−4–1 × 101 8 × 10−3–3
εe (0.08–0.8) · t−0.4

d (1–7) · t−0.2
d

R (cm) (0.9–3) × 1019 · t0.43
d (0.07–2) × 1019 · t0.43

d
	 (0.6–1) × 102 · t−0.28

d (2–8) × 101 · t−0.28
d

E → E/ξ , ρ → ρ/ξ . To fulfil the requirement that εe + εB < 1
for both jet components, ξ < 0.15 is necessary (assuming that ξ is
independent of time or the shock Lorentz factor). This value is an
important input for theoretical studies and simulations of particle
acceleration in relativistic shocks.

In Table 6, we give the values and time evolution for the radii
R and Lorentz factors 	 of the two shocks. The Lorentz factor
of the narrow jet component is larger than the one of the wide
component, which is indeed expected from theoretical studies and
simulations. Both shocks are still extremely relativistic at 1 d, and
their radii are large, which is mainly due to the low density. From
the radii and Lorentz factors in Table 6, we can estimate upper
limits on the image radius at the moment of our EVN observation
by assuming a spherical model (Granot & Sari 2002). At 6.55 d, the
narrow jet component has a size of (2–8) × 1017 cm, and the wide
jet component (0.6–1) × 1018 cm, which are both smaller than the
EVN upper limit on the radius of 5 × 1018 cm.

The value for A in Table 6 corresponds to a density of
7 × 10−6–9 × 10−4 g cm−3 at 1 pc. Since k = 1.7 is close to the
density structure of a stellar wind with a constant velocity (k = 2),
we estimate the mass-loss rate that would result in the derived den-
sity range at 1 pc: 2 × 10–3 × 10−7 M
 yr−1, assuming a typical
wind velocity of 103 km s−1. This kind of mass-loss rate is very
low for typical Wolf–Rayet stars, usually assumed to be the progen-
itors of GRBs and with typical mass-loss rates of 10−5 M
 yr−1.
However, if the metallicity is significantly lower than solar metal-
licity, i.e. <10−3, the mass-loss rates for Wolf–Rayet stars can be as
low as 10−7–10−8 M
 yr−1 (depending on the type of Wolf–Rayet
star; Vink & de Koter 2005). The inferred mass-loss rates are also
characteristic for late-type O stars (O6.5 to O9.5) in a wide range
of metallicities (Vink, de Koter & Lamers 2001). We note that it
has been suggested that O-emission stars that are rapidly rotating
and have low metallicity, are indeed possible progenitors for GRBs
(Woosley & Heger 2006).

Another effect of the low density is that we have not observed a
jet break in the light curves of GRB 130427A. The jet-break time
tj can be estimated by assuming that the jet opening angle θ is
equal to 	−1, which implies that tj,n = (6 × 102–4 × 103) · θ3.5

−1,n d
and tj,w = (6–1 × 103) · θ3.5

−1,w d, with θ−1 = θ/0.1 rad. From the
lack of any jet break in the light curves we deduce that tj, n > 20 d,
since the narrow jet does not contribute to the total flux anymore
after this time, and tj, w > 120 d, the latest reported detection of the
source; and thus θn > 1◦ and θw > 3◦. Based on these lower limits
on the opening angles and the isotropic equivalent energies given in
Table 6, we derive the ranges for the collimation corrected energies
of 7 × 1049 < Ej, n < 3 × 1054 erg and 8 × 1049 < Ej, w < 6 ×
1052 erg.

For the reverse shock that gives rise to the early optical light-
curve peak in the two-component jet model we cannot constrain
the physical parameters well. In Fig. 3, we show the model light
curve for a thin-shell reverse shock with g = 1.8, in which the
light-curve peak is caused by the passage of νa for νm < νa.
The correct light-curve slopes can be obtained by this ordering of
the characteristic frequencies, but the rising part and the peak of the
optical light curve can also be caused by the end of the passage of
the reverse shock through the shell. Due to the lack of observations
at other frequencies at similarly early times the parameters of the
reverse shock cannot be determined.

We conclude that the two-component jet model is a good al-
ternative for the reverse–forward shock model proposed by other
authors, in terms of describing the broad-band light curves. We
would like to point out, however, that we assumed that εe and εB

are not the same for the wide and narrow jet, and we find the ratios
εB,n/εB,w = 0.02–4 and εe,n/εe,w = (0.08–0.11) · t−0.2

d . The range
for εe, n/εe, w is significantly smaller than the range for εB, n/εB, w,
but εB, n = εB, w is true for νc, n � 1 × 1017 Hz. The ratio for εe

is time dependent, and εe, n = εe, w is fulfilled at ∼10−5 d, which
is in the first second after the GRB onset. Regarding εe one ex-
pects that this parameter is the same for two shocks with the same
Lorentz factor moving into the same medium, and that this is also
true for its temporal evolution. When calculating εe, n/εe, w for the
same Lorentz factor, this ratio is still significantly deviating from
1, in contrast with what is expected based on theoretical grounds,
while light curves for εe, n = εe, w result in significantly worse fits.
We conclude that both the reverse–forward shock model and the
two-component jet model have an issue in the sense that one of
the parameters that provide the best description of the broad-band
light curves is outside the range of theoretically allowed or expected
values.

5 SH O RT T I M E - S C A L E VA R I A B I L I T Y

The first two WSRT observations of GRB 130427A at 4.8 GHz were
12 and 9.4 h in duration, respectively. Since the source was so radio
bright in the first few days, and we had continuous observations at
one frequency for so many hours (while we were doing frequency
switching between 4.8 and 1.4 GHz in following epochs), we had
a sufficiently high signal-to-noise ratio to determine the flux evo-
lution within these two observations. Fig. 5 shows the light curves
for the first two epochs with a time resolution of 15 min (grey open
symbols) and 1 h (black solid symbols; see Section 2 for the anal-
ysis details). From this figure, it is clear that there are significant
fluctuations in the observed flux. The first observation is during
the peak of the light curve, and it also shows the rise, peak and
decay. However, the rise and decay we observe seem to be signifi-
cantly steeper than what would be expected from modelling, while
the peak is broader than expected. The second observation is dur-
ing the decay of the light curve, but shows fluctuations around an
average decaying behaviour. These kind of flux variations are not
expected to be intrinsic to the source; they are most likely caused by
interstellar scintillation (ISS; Rickett 1990; Goodman 1997). The
effects of ISS have been observed in several GRBs over time-scales
of days to weeks (e.g. Frail et al. 1997; Frail, Waxman & Kulkarni
2000a). In one GRB intraday variability during long observations,
similar to what we observe in GRB 130427A, has also been found
(GRB 070125; Chandra et al. 2008). We will discuss if ISS can
indeed explain the observed radio variability in GRB 130427A.

ISS is caused by propagation effects in the interstellar medium
due to fluctuations in the density of free electrons. The scintillation
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Figure 5. Detailed light curve at 4.8 GHz of the 12-h observation on April
28.6–29.1 (top panel) and the 9.4-h observation on April 29.6–30.0, at a
time resolution of one hour (solid black symbols) and 15 min (open grey
symbols). The solid line shows the two-component jet model presented in
Fig. 3.

strength and time-scale depend on the observing frequency and
the angular size of the source compared to characteristic scintil-
lation angular scales. The observing frequency determines if the
scattering is in the weak or strong regime, where in the strong
scattering regime both refractive and diffractive scintillation can
play a role. To estimate the transition frequency between weak
and strong ISS, and the scattering measure, we adopt the NE2001
model for the distribution of free electrons in our Galaxy (Cordes
& Lazio 2002). We note that this model is rather uncertain for
sightlines off the galactic plane, and should thus be interpreted
with caution, but it still provides decent estimates for the scintil-
lation parameters. For GRB 130427A, the galactic longitude and
latitude are l = 206.◦5 and b = 72.◦5, respectively, which result
in a transition frequency ν0 = 6.77 GHz between weak and strong
scattering, and a scattering measure SM = 1.04 × 10−4 kpc m−20/3.
This value for ν0 implies that our WSRT measurements are possi-
bly affected by strong scattering, while the observations at higher
frequencies are in the weak scattering regime. The ISS angular
scales are proportional to the angular size of the first Fresnel zone
θF0 = 2.1 × 104 SM0.6 ν−2.2

0 = 1.3 µas (Walker 1998). At the red-
shift z = 0.34 of GRB 130427A, an angular size of 1 µas corre-
sponds to a physical size of 1.5 × 1016 cm, which means that θF0

corresponds to a source size of 1.9 × 1016 cm.

Since our intraday variability measurements are in the strong scat-
tering regime, we have determined the angular scales θ , variability
time-scales t, and modulation indices m for refractive and diffractive
scintillation. For an observing frequency ν = 4.8 GHz, the refrac-
tive scintillation parameters are θr = θF0(ν/ν0)−11/5 = 2.7 µas, tr =
2(ν/ν0)−11/5 = 4.3 h and mr = (ν/ν0)17/30 = 0.82. For diffractive
scintillation θd = θF0(ν/ν0)6/5 = 0.84 µas, td = 2(ν/ν0)6/5 = 1.3 h
and md = 1. Diffractive scintillation is a narrow-band phenomenon,
and for it to have a maximum effect the observing bandwidth should
be less than �νd = ν(ν/ν0)17/5 = 1.4 GHz, which is indeed the case
for our WSRT observations with a bandwidth of 160 MHz. Based
on the light curves in Fig. 5, the flux variations are occurring at time-
scales of an hour to a few hours, which implies that both diffractive
and refractive scintillation could be playing a role. This puts con-
straints on the size of the emission in the first couple of days after
the GRB onset, since θd and θ r correspond to physical source sizes
of 1.3 × 1016 and 4.0 × 1016 cm for diffractive and refractive scin-
tillation, respectively. Once the source size θ s becomes larger than
θd or θ r, the variability time-scales will increase with a factor θ s/θd

or θ s/θ r, respectively, while the modulation indices will decrease
with a factor (θ s/θd)−1 for diffractive scintillation and (θ s/θ r)−7/6

for refractive scintillation.
Fig. 5 shows that the flux modulations are largest in the first

WSRT epoch. We estimate the maximum observed modulation in-
dex by determining the largest deviation from the model fit in the
1-h data, which implies a modulation index m = 0.12. Based on the
jet radii and Lorentz factors inferred from our modelling in Sec-
tion 4.2.2, we estimate upper limits on the image radii of both jet
components by assuming a spherical model (Granot & Sari 2002):
(2–4) × 1017 cm for the narrow jet and (0.6–3) × 1017 cm for the
wide jet component. These inferred image radii are larger than the
source sizes corresponding to θd and θ r, which implies that the min-
imum modulation indices are md = 0.04–0.06 and mr = 0.06–0.12
for the narrow jet, and md = 0.05–0.21 and mr = 0.09–0.54 for the
wide jet component. These modulations indices are consistent with
the observed modulation index m = 0.12. The inferred scintillation
time-scales are 22–39 h for the narrow jet, and 6–28 h for the wide
jet component. While these time-scales are long compared to the
scintillation behaviour we observe, in particular the ones for the
narrow jet, the modulation indices we inferred are also low com-
pared to the observed value, and both of these discrepancies can
be resolved if one takes into account that we are dealing with jets
instead of a spherical outflow. However, we have already noted that
the estimates for ν0 and SM are quite uncertain far away from the
galactic plane, and it has also been shown for quasars displaying
intraday variability that the scattering medium can be significantly
closer than what is usually assumed (Dennett-Thorpe & de Bruyn
2002; Bignall et al. 2006; Macquart & de Bruyn 2007). Given
our estimates, we conclude that our observed flux modulations are
consistent with both diffractive and refractive ISS, but due to the
uncertainties in the properties of the scattering medium we cannot
put any further constraints on the size or opening angle of the jet.

For completeness, we have also calculated the possible effect of
weak scintillation on observations at higher frequencies, in partic-
ular for the well-sampled light curve at 15 GHz. The angular scale
is in this case θw = θF0(ν/ν0)−1/2 = 0.86 µas and the variability
time-scale is tw = 2(ν/ν0)−1/2 = 1.3 h, both comparable to the val-
ues for diffractive scintillation at 4.8 GHz. The modulation index,
however, is significantly smaller: mw = 0.33, and decreases by a
factor (θ s/θw)−7/6 once θ s > θw. The fact that no significant flux
variations are observed in the 15 GHz light curve is consistent with
the short variability time-scale and the low modulation index.
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6 PO L A R I Z AT I O N

Measuring polarization in GRBs, or any other astrophysical source,
is important for putting constraints on the magnetic field structure
in the emission regions. Variable optical linear polarization at a few
per cent level has been found at a time-scale of hours to days after
the GRB onset (e.g. Covino et al. 1999; Wijers et al. 1999), but due
to challenges of observing these low levels there are only a few well
sampled polarization curves (Greiner et al. 2003; Wiersema et al.
2012). Recently, optical observations in the first minutes of two
GRBs have revealed linear polarizations of 10 per cent (Steele et al.
2009) to 28 per cent (Mundell et al. 2013). At those early times, the
reverse shock can contribute significantly to the observed emission.
Since the reverse shock probes the GRB outflow, this suggests that
the magnetic field in the jet is uniform over large scales.

Searches for polarization at radio frequencies have been under-
taken, but have so far been unsuccessful. The most stringent con-
straints have been obtained for GRB 030329, with a linear polar-
ization limit <1.0 per cent at 7.7 d (Taylor et al. 2004), and limits
of 1.8 and 4.7 per cent at 3 and 7 months, respectively (Taylor et al.
2005). All these observations were performed at late times when the
forward shock was producing the observed emission. The polariza-
tion during a radio flare, and thus possible reverse shock emission,
has been constrained for three GRBs (Granot & Taylor 2005). For
GRB 990123 and GRB 020405, the limits on the linear and circular
polarization were larger than 10 per cent at ∼1.2 d. The best limits
were obtained by combining two observations of GRB 991216, at
1.5 and 2.7 d, to obtain a linear polarization PL < 7 per cent and
a circular polarization PC < 9 per cent. Our polarization limits for
GRB 130427A are obtained at similar times: PL < 3.9 per cent and
PC < 2.7 per cent at 1.5 d, and PL < 7.5 per cent and PC < 5.7 per
cent at 2.5 d.

The interpretation of our polarization limits depends on the na-
ture of the radio peak, i.e. whether it is reverse shock emission or
produced by the narrow jet in a two-component jet model. A further
complication is that there are no optical polarization measurements
for GRB 130427A at the time of the optical peak (and an upper limit
<3 per cent of the optical linear polarization from 0.16 to 0.42 d,
when forward shock emission is dominating in both models; Itoh
et al. 2013). Our polarization limits of a few per cent are lower than
the optical polarization levels observed at very early times for two
other GRBs (Steele et al. 2009; Mundell et al. 2013). If the optical
flash in GRB 130427A were polarized at the tens of per cent level,
this would have provided important information on the size scale
over which the magnetic field in the jet is uniform in the reverse
shock scenario (Granot & Königl 2003). Because of relativistic
beaming we only see emission from a region with an angle ∼1/	

around our line of sight. At the time of the optical flash 	 is typi-
cally of the order of several hundreds, while at the time of the radio
flare it has usually decelerated to a few tens. This implies that the
emission region we are observing has increased from <0.01 to ∼0.1
rad, and while the magnetic field can be uniform over the former
angular scale, this is not necessarily the case for the latter angular
scale. This can lead to a significant decrease in radio polarization
from the reverse shock compared to the optical polarization.

These considerations are true for a reverse shock interpretation
of the radio flare in GRB 130427A, but we have shown in Sec-
tion 4 that a two-component jet model provides a good alternative
to describe the data. Our linear polarization limits, in particular the
ones at the first WSRT epoch, are close to the linear polarization
levels measured for optical forward shock emission in other GRBs,
although our circular polarization limits are significantly higher

than the optical levels (Wiersema et al. 2014). An important effect
to take into account when comparing radio to optical polarization is
synchrotron self-absorption, which we have shown plays a role at
radio frequencies in GRB 130427A (Section 4). This can suppress
the linear polarization (Toma, Ioka & Nakamura 2008), but can in
fact enhance the circular polarization to higher levels than at optical
frequencies (Matsumiya & Ioka 2003). The latter can reach levels of
∼1 per cent, which is still below but close to our observed circular
polarization constraints in the first epoch. We note that propagation
through the media between the source and us can cause depolariza-
tion, but it has been argued that this effect is not very large for GRBs
at radio frequencies (Granot & Taylor 2005). To conclude, while the
WSRT polarization limits for GRB 130427A are among the lowest
radio polarization limits to date, due to the lack of optical polariza-
tion detections we cannot put robust constraints on jet or emission
models, especially when one takes relativistic and self-absorption
effects into account. Even deeper radio polarization measurements,
and especially combined with optical polarization observations, will
be necessary to constrain jet models in other GRBs.

7 C O N C L U S I O N S

GRB 130427A was a record-breaking GRB in many respects, and its
broad-band follow-up from GHz radio frequencies to GeV gamma-
ray energies has resulted in very well sampled light curves. In this
paper, we have presented radio observations with the WSRT at 1.4
and 4.8 GHz, significantly enhancing the temporal coverage at these
two frequencies. We have combined our WSRT observations with
data published in the literature and performed broad-band mod-
elling. We have shown that the reverse–forward shock model put
forward by other authors cannot fit all the light curves well, plus the
obtained dependence of the outflow Lorentz factor on radius is not
physical. As an alternative we have shown that the addition of a sec-
ond jet component provides a good description of the light curves
from radio to X-ray frequencies, in particular that the very early
steep decay and subsequent flattening in the optical light curve can
be described well by adding the extra free parameters of a second
forward shock emission component. In this model, only the very
early optical peak originates in the reverse shock, while the rest
of the optical emission and also the radio and X-ray emission are
produced by a narrow fast jet surrounded by a slower and wider jet
component. We cannot determine which one of the two models is
statistically better, but we can draw conclusions on the physics of the
jet and its surroundings that are true for both models. We have put
constraints on the physical parameters, and found that the density is
very low and structured like a stellar wind. The low density indicates
a very low mass-loss rate from the progenitor star, which implies
either a low-metallicity (<10−3 of solar metallicity), nitrogen-rich
Wolf–Rayet star; or a rapidly rotating, low-metallicity O star. We
have also determined the microphysical parameters describing the
energetics of the electrons and magnetic field. To explain the fast
evolution of the spectral peak frequency, we have invoked a moder-
ate temporal evolution of εe. Furthermore, we find that the fraction
of electrons participating in a relativistic power-law energy distribu-
tion is <15 per cent. We note that one issue with the two-component
jet model is that the temporal evolution of εe is slightly different for
the narrow and wide jet components, and that they are only equal
to each other at ∼1 s after the GRB onset.

Besides radio flux density measurements, we have also performed
VLBI observations to constrain the source size at 6.55 d. Unfortu-
nately, the source became too faint for VLBI observations at later
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times, when measuring the source size with this technique would
have been feasible, but we did obtain the most accurate localization
of this GRB. Because of the long observations at 4.8 GHz and the
brightness of the source we were able to study intraday variability
within the first days after the GRB onset. In particular, the observa-
tion at ∼1.5 d showed fast variations which were not intrinsic to the
source, and most likely caused by strong ISS. We showed that this is
indeed a plausible explanation by comparing the source image size
inferred from broad-band modelling with the characteristic angular
scales for ISS.

Finally, we have presented some of the most constraining up-
per limits of radio polarization. These limits, of only a few per
cent on both linear and circular polarization, are at the peak of the
4.8 GHz radio emission. If one interprets this peak as emission from
the reverse shock, these would be the deepest reverse shock radio
polarization measurements. In our modelling work, however, we
have shown that the radio peak can also be caused by the narrow
core component of the jet, and although these polarization limits
are still among the lowest ones to date (except for GRB 030329),
a non-detection of radio polarization at a few per cent level is not
unexpected (even for reverse shock emission). Pushing these lim-
its further down in future GRB observations will allow us to put
constraints on jet models, in particular the role and structure of
magnetic fields in the jet and in the shocks producing the emission.
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