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ABSTRACT

We present the results of an intensive multi-epoch radio frequency campaign on the ener-
getic and nearby GRB 171010A with the Karl G. Janksy Very Large Array and Arcminute
Microkelvin Imager Large Array. We began observing GRB 171010A a day after its initial
detection, and were able to monitor the temporal and spectral evolution of the source over the
following weeks. The spectra and their evolution are compared to the canonical theories for
broadband GRB afterglows, with which we find a general agreement. There are, however, a
number of features that are challenging to explain with a simple forward shock model, and
we discuss possible reasons for these discrepancies. This includes the consideration of the
existence of a reverse shock component, potential microphysical parameter evolution and the

effect of scintillation.
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1 INTRODUCTION

Long gamma-ray bursts (GRBs) and their associated afterglow
are some of the most energetic transient events in the Universe.
They are believed to be the result of the core collapse of massive
stars (see e.g. Levan et al. 2016 for a review of GRB progenitor
systems) due in part to their association with supernovae (e.g.
Galama et al. 2000; Hjorth et al. 2003), although supernova are not
always found with long GRBs (e.g. Della Valle et al. 2006; Fynbo
et al. 2006; Hjorth & Bloom 2012). The emission from GRBs is
typically separated into two temporal phases: ‘prompt’ emission
in y-rays, and ‘afterglow’ emission which is broadband (ranging
from radio to high energy X-ray frequencies) and can be detected
months or even years after the GRB is first detected (e.g. Frail et al.
2000a; van der Horst et al. 2008). The prompt emission is thought
to be produced in processes internal to the out-flowing material,
with magnetic reconnection and internal shocks both invoked as
the physical process responsible (Rees & Meszaros 1994; Spruit
et al. 2001; Granot 2016). The afterglow is the result of the ejected
material interacting with the circumburst environment, which
results in broadband synchrotron emission from shock accelerated
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electrons (Wijers et al. 1997; Wijers & Galama 1999; Sari et al.
1998). This outflow is believed to be an initially collimated and
highly relativistic jet (Rhoads 1997; Rhoads 1999).

GRB afterglows are typically interpreted in the context of the
fireball model (Meszaros & Rees 1993; Mészaros & Rees 1997,
Piran 1999), detailing the interaction of the jet with the circumburst
material. As the interaction occurs, two shocks form — a forward
shock (FS) and reverse shock (RS) — and accelerate electrons into
a power law energy distribution (N (ye) o« ye P with p typically
in the range 2 to 3). These electrons emit via the synchrotron
process as they spiral in the shock-enhanced magnetic field. The
broadband spectrum from each shock is expected to be described
by a series of power laws, with breaks occurring at the synchrotron
self-absorption, minimum electron, and cooling frequencies (va,
vmin and vc, respectively; Sari et al. 1998). The exact values of
the power law indices describing the spectrum depends on the
ordering of these frequencies (Piran 1999), with v, < v defined
as the slow cooling and v < vy the fast cooling case. The FS
propagates into the circumburst material and is decelerated from its
initially relativistic velocity. The temporal and spectral evolution
of the emission from the FS depends on the density profile of
the circumburst material, which is typically assumed to vary as
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p(r) « r=%, with k = 0 for a constant density (ISM-like; Sari et al.
1998; Granot & Sari 2002) environment and k = 2 for a wind-like
environment, such as might be produced around a Wolf-Rayet star
(e.g. Chevalier & Li 2000; Van Eerten & Wijers 2009). The RS
propagates back into the ejected material and its final velocity
depends on the velocity dispersion of the ejecta. In the Newtonian
(or thin-shell) case the ejecta have a narrow distribution of Lorentz
factors and as such the RS does not have a chance to become
relativistic. In the relativistic, or thick-shell, case the dispersion of
Lorentz factors is large enough such that the RS reaches relativistic
velocities. The RS is short lived, and dominates at early times.
Flashes of optical emission (e.g. Kulkarni et al. 1999a; Akerlof
et al. 1999) are an expected — and observed — feature of a reverse
shock, as well as a radio flare which peaks on time scales of the
order of days (e.g. Kulkarni et al. 1999b; Berger et al. 2003b; Frail
et al. 2000b; Anderson et al. 2014). The FS contributes to the
afterglow emission at all times. If the RS is relativistic, like with
the FS, its evolution will be determined by the circumburst density
profile (Kobayashi & Sari 2000; Zou et al. 2005) whereas in the
Newtonian case the radial Lorentz factor distribution of the burst
material (with I'(r) oc r=8 the often assumed form; e.g. Mészdros
& Rees 1999) is the most important parameter governing the evol-
ution (Kobayashi & Sari 2000; Chevalier & Li 2000; Yi et al. 2013).

Here we report on an extensive multi-frequency radio
observing campaign on the nearby and energetic GRB 171010A,
carried out with the Karl G. Jansky Very Large Array (VLA) and
the Arcminute Microkelvin Imager Large Array (AMI-LA; Zwart
et al. 2008; Hickish et al. 2018). We obtained a high cadence
(22 observations made approximately every 1-4d) light curve at
15.5 GHz and multiple — broadband — VLA spectra of the source.
These observations, combined with publicly available data at other
wavelengths, allow us to track the spectral and temporal evolution
of the source from early to late times and compare our observations
with the theoretical understanding of GRB afterglows. This
provides insight into the environment surrounding this energetic
and nearby GRB.

GRB 171010A was detected at Tp = MJD 58036.79 by the
Fermi Large Area Telescope (LAT) after an automated slew was
triggered by the Fermi Gamma-ray Burst Monitor (GBM; Atwood
etal. 2009; Meegan et al. 2009; Poolakkil & Meegan 2017; Omodei
et al. 2017). The GBM location was found to be consistent with
the LAT position, measured as RA (J2000) = 66°74, Dec (J2000)
= —10°53 with a circular 90 per cent confidence region of radius
0.2°, later refined to RA (J2000) = 66°58, Dec (J2000) = —10°46
with a circular 90 per cent confidence region of radius 1.4 arc-
sec from observations (Evans 2017; D’Ai et al. 2017) obtained
with the Neil Gehrels Swift Observatory X-ray Telescope (XRT;
Gehrels et al. 2004). Optical follow-up showed that the position of
the afterglow was consistent with a galaxy at redshift z = 0.33,
which was identified as the probable host (Thorstensen & Halpern
2017; Kankare et al. 2017). Considering a cosmological model
(Spergel et al. 2003) with Hy = 72kms~'Mpc™!, @y = 0.27
and Q4 = 0.73 provides a luminosity distance to GRB 171010A
of 1698 Mpc for z = 0.33 (Wright 2006). The y-ray fluence of
GRB 171010A, as measured by the Fermi-GBM (Omodei et al.
2017), was (6.42 = 0.02) x 10~* ergem™2 in the 10~1000keV en-
ergy band. Combining the distance with the fluence measured by
the Fermi-GBM gives an isotropic equivalent gamma ray energy of
E, ~ 2.2 x 103 erg in the rest frame of the source. GRB 171010A
is therefore one of the most energetic long GRBs observed below

a redshift of 0.5 (with an isotropic y-ray energy release similar to
GRBs 030329, 090818 and 130427A). It has been suggested (e.g.
Guetta & Della Valle 2007) that while GRBs cover a wide range of
luminosity space there are two distinct populations. These consist of
common, under-luminous events only observable in the nearby uni-
verse and more energetic events which form the population observed
between z ~ 2 and 3. These GRBs have isotropic y-ray energies
several orders of magnitude greater than those typically found at
2505 (10°2-10%4 erg verses 10%8-10°2 erg; see e.g. figure 1 in
Perley et al. 2014), and are rarely observed in the local universe
due to both geometric and star formation rate considerations. These
nearby yet luminous GRBs, such as GRB 171010A (along with
the well studied GRBs 030329 and 130427A), provide an excellent
opportunity to probe the intricacies of afterglow emission.

2 OBSERVATIONS
2.1 Radio
2.1.1 Arcminute Microkelvin Imager Large Array

As part of a GRB afterglow followup campaign (Anderson et al.
2018) we began observing GRB 171010A using the AMI-LA at
To +1.27 d. An initial 4 hour observation was conducted at a central
frequency of 15.5 GHz with a 5 GHz bandwidth spread over 4096
channels. Data were reduced using the Common Astronomical
Software Applications (casa) package with a custom reduction
pipeline, which flagged the data for radio frequency interference
and instrumental effects, and calibrated the flux, bandpass and
phases. We used 3C286 as the flux/bandpass calibrator, and
J0438-0848 as the phase calibrator. Due to the low declination of
GRB 171010A, the synthesised beam is elongated when compared
to more northerly observations, with characteristic dimensions
of ~ 100 by ~ 35 arcsec. We detected a bright (3 mJy, with an
image RMS of ~ 45 uJy) unresolved source at phase centre (RA
(J2000): 041 26™ 1953 + 057, Dec (J2000): ~10°27745.1" + 10"
in the initial image which overlaps with the Swift 90 per cent
confidence region and is ~ 7 arcmin away from the nearest
source in the NVSS catalogue (Condon et al. 1998). We therefore
identified the source as the radio afterglow of GRB 171010A.
To calculate the source flux density we use the casa task MFIT,
adding a 5 per cent calibration error (in line with the RMS variabil-
ity of the phase calibrator flux) in quadrature with the statistical one.

Upon detecting the radio afterglow of GRB 171010A we initi-
ated a radio follow-up campaign which consisted of multiple epochs
of AMI-LA observations, as well as multiple observations with the
VLA. All other AMI-LA observations were carried out in the same
instrumental configuration as the initial observation, and the reduc-
tion procedure was identical. A summary of the AMI-LA observing
campaign is presented in Table 1 and the light curve is shown in
Figure 1.

2.1.2 Karl G. Jansky Very Large Array

We obtained three observations of GRB 171010A with the VLA
(project code S81171) in B configuration at 2.57, 9.66 and 28.59d
after the initial Fermi LAT detection. During the first epoch (1 hr
total observation length) we recorded data between ~ 4 and
~ 12 GHz spread across 64 spectral windows, each consisting of
64 channels of width 2 MHz. During epochs two and three (1.50 hr
each) we recorded data between 4 and 12 GHz and 18 and 26 GHz,
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Table 1. Summary of AMI-LA Observations of GRB 171010A. Errors are
statistical and calibration (5%) combined in quadrature. AT is the number
of days between Tp and the observation midpoint. The upper limit at AT =
86.03d is three times the RMS noise in the image. All observations were

taken at a central frequency of 15.5 GHz.

Date Obs. Length  Flux Density  Error
[AT] [hours] [mJy] [mJy]
1.35 4 2.26 0.13
237 35 252 0.14
3.31 4 248 0.14
431 4 2.08 0.13
5.31 4 2.07 0.14
8.33% 3 1.11 0.13
12.27 4 0.69 0.07
13.272 4 0.52 0.12
14.27 4 0.70 0.09
19.37 3 0.37 0.07
20.30 4 0.36 0.08
22.36 3 0.43 0.10
26.25 4 0.21 0.05
27.80° 8 0.37 0.07
29.24 4 0.25 0.07
30.66° 8 0.23 0.08
33.420 3 0.23 0.05
38.24 4 0.19 0.05
46.21 4 0.17 0.04
60.662P 11 0.13 0.06
86.15 4 <0.09 -

4 The source in these observations was not well fit by
the clean beam due to residual noise. Thus the peak
flux density was used.

b These observations combined data from multiple
days in order to lower the noise level. In this case
the time is the centroid of all observations used.

across a total of 128 spectral windows, each consisting of 64 chan-
nels of width 2MHz per channel. Data were calibrated in casa
using the NRAO VLA scripted calibration pipeline with 3C138 and
J0423-0120 as the absolute flux and phase calibrator, respectively.
Imaging was also performed in casa using natural weighting, with
a clean gain of 0.1. In order to calculate spectral information across
the VLA observing band we opt to split our data into 1 — 2 GHz
frequency chunks. To calculate the flux from the source (which is
well detected as an unresolved source in all epochs) we use the
casa task vrIT. The only exception to this procedure was for the
18 to 26 GHz frequency range in the third epoch. At almost a month
post detection, the source had become faint enough at these high
frequencies such as to be no longer significantly detected in each
1 or 2 GHz range. To increase our sensitivity we therefore image
using a 4 GHz bandwidth between 18 and 22 GHz for this epoch.
Data above 22 GHz was not used due to artefacts corrupting the
image in this frequency band. A summary of our VLA observations
are given in Table 2, and the data are plotted in Figure 2. Note that
while all frequencies within each epoch were not observed strictly
simultaneously, they were observed < lhr apart and as such we
consider them simultaneous for the purpose of spectral fitting (and
use the centroid time of each observation).
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Figure 1. 15.5 GHz radio observations of GRB 171010A made with the
AMI-LA. Filled circles and triangles represent AMI-LA detections and up-
per limits at a 30~ significance, respectively. The error bars demonstrate 1o
uncertainties. Unfilled triangles show the epochs at which VLA measure-
ments were made. The dashed line is a smoothed broken power law fit to the
data (excluding upper limits). The break time is found to be T +4.1 £ 0.4 d.
The temporal power law index before and after the break is @ = 0.1 £ 0.1
and @ = —1.19 + 0.06, respectively. The reduced chi-square of the fit is
x2 =0.79.

2.2 X-ray

The afterglow of GRB 171010A was first observed in the
0.3—-10keV energy band by the Swift XRT at Ty + 6.72 hours, and
then regularly over the next 16 days. GRB 171010A was observed
for a total of ~ 104 ks over 24 observing segments, with the major-
ity of observations performed in photon counting (PC) mode. We
retrieved the light curve and spectrum for GRB 171010A from the
on-line burst analyser (Evans et al. 2007; Evans et al. 2009; Evans
et al. 2010). We use a photon index of 1.95 (from the best fit of
the time averaged spectrum) when converting the observed flux to
a flux density at an energy of 1keV (v = 2.4 x 108 GHz), following
the method described in Gehrels et al. (2008). The Swift-XRT light
curve is shown in Figure 3.

3 RESULTS

Here we detail the results obtained from the X-ray and radio
observations of GRB 171010A. We adopt the following conven-
tion when referring to the temporal and spectral flux dependence:
F(t,v) o« 12 We refer to « as the temporal index and S as the
spectral index. We use separate subscripts for the radio and X-ray
data to distinguish the indices, with subscripts R and X referring
to the radio and X-ray properties respectively. When referring to
the power law index of the time evolution of a break frequency we
use a (Vpreak 1), and the index of the flux evolution at a break
frequency will be referred to as b (F, ., o t?).

reak

3.1 Radio spectra

The spectra of GRB 171010A between 5 and 25 GHz at three dif-
ferent epochs are shown in Figure 2. Fitting an unbroken power law
to the first epoch, we find a spectral index of Sr = 1.90+0.05. Any
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Table 2. Summary of VLA Observations of GRB 171010A. Errors are
statistical and calibration (3% for C and X band, 5% for K band) combined
in quadrature. A7 is the number of days between 7j and the observation
midpoint.

Date Frequency  Bandwidth  Flux Density Error
[AT] [GHz] [GHz] [u]y/beam] [wly/beam]
2.57 4.5 1 369 21
2.57 5.5 1 510 21
2.57 6.5 1 719 26
2.57 7.5 1 936 33
2.56 8.5 1 1204 40
2.56 9.5 1 1580 54
2.56 10.5 1 1858 64
2.56 11.5 1 2009 71
9.66 4.5 1 929 42
9.66 5.5 1 978 33
9.66 6.5 1 1025 35
9.66 7.5 1 1090 35
9.67 8.5 1 1147 37
9.67 9.5 1 1161 38
9.67 10.5 1 1140 38
9.67 11.5 1 1187 41
9.64 19.1 2 1034 60
9.64 21.1 2 930 55
9.64 23.0 2 822 51
9.64 25.1 2 829 55
28.59 4.5 1 367 20
28.59 5.5 1 393 18
28.59 6.5 1 405 17
28.59 7.5 1 386 17
28.60 8.5 1 341 16
28.60 9.5 1 345 17
28.60 10.5 1 306 15
28.60 11.5 1 303 20
28.57% 20.0 4 141 29

4 This was a marginal detection, and so we assign it a conservative 20%
€error.

break occurring at this time does so above approximately 10 GHz.
We fit the second and third epochs (due to their obvious breaks)
with smoothed broken power laws. We use a smoothing parameter
of s = 5 and the functional form presented in e.g. Beuermann et al.
(1999). This defines a relatively sharp transition between power law
segments, which we use for all smoothly broken power laws we fit
in this work. For the second epoch we find that the spectrum breaks
at 153 GHz, transitioning from Br = O.31f8:82 to BR = —O.9f8:g.
For the third epoch we find a break at 87 i GHz transitioning from

BR = 0.2f8'% to Br = —1.11’8'%. For epoch 1 errors and maximum
likelihood values are derived from fitting using the python module
cURVE_FIT (part of the scipy module; Jones et al. 2001). For epochs
two and three we use a Markov Chain Monte Carlo sampler (EMCEE;
Foreman-Mackey et al. 2013) to fit the data. In this case the quoted
best fit parameter value is the 5oth percentile of the trace for a given
parameter (after burn-in) while the lower and upper errors are the
16 and 84t percentile of the trace (after burn-in), respectively. The
marginalised posterior distributions from this analysis are presented
in the appendix, in Figures Al and A2. The marginalised posterior
distributions are shown to consist of a single node (a single peak
in the marginalised parameters spaces) for all parameter combin-
ations. There is, however, some obvious parameter degeneracy for
both epochs. In A3 we demonstrate the result of fitting both spectra
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Figure 2. The radio spectrum of GRB 171010A between 4.5 and 25 GHz at
three epochs. Squares, circles and diamonds are data from VLA observations
made on Ty + 2.57d, Ty + 9.66d and Ty + 28.59d, respectively. The flux
density measured from the third epoch has been divided by 2 for clarity. The
error bars demonstrate 1o~ uncertainties. The unfilled square is data from an
AMI-LA observation which was taken 0.25 d before the first VLA epoch.
The dash-dot line shows a power law fit to the first epoch whereas dashed
lines show smooth broken power law fits to the second and third epochs.
The details of the fits are given in section 3.1 and are summarised in Table
3. Data are given in Table 2.
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Figure 3. Swift-XRT PC mode light curve for GRB 171010A. Solid points
show the flux density at 1 keV. The dotted line shows a power law fit to the
data with a temporal index of @ = —1.45 + 0.03. The reduced chi-square
of the fit is ,\/3 = 1.88. The dotted line shows a smoothed broken power
law fit to the data. The break occurs at 4 + 2d and the pre and post break
slopes are —1.18 +0.05 and —2.1+0.3, respectively. The reduced chi-square
of the fit is )(3 = 1.68. Unfilled triangles show the epochs at which VLA
measurements were made.

simultaneously (with a broken power law), also using EMcEeE. In do-
ing so we fix the pre-break index to 1/3, and make assumptions on
the evolution of the break frequency and peak flux (details are given
in Appendix A). While the results of this analysis do agree well with
those derived from individually fitting the spectra, we do not use
them in the main analysis presented in the paper. This is as we do not
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know a-priori if the break in each of the spectra is the same one, or
which part of the broadband spectra we are sampling (assumptions
which are made during the fitting presented in Appendix A for the
joint spectral fit).

3.2 Radio light curve

The AMI-LA 15.5 GHz light curve (shown in Figure 1) demon-
strates almost no flux evolution between 1.27d (the first AMI-LA
observation) and 4.1 + 0.4 d post burst (the fitted time of the tem-
poral break, 3.1 + 0.3 d in the GRB rest frame). The break time is
computed using a smoothed broken power law fit, as clearly the first
three data points do not follow the decaying trend at later times.
The pre-break index is ar = 0.1 = 0.1 and the post-break index
is ar = —1.19 + 0.06. At around 80d the flux density from GRB
171010A has reached the sensitivity limit of the AMI-LA and we
are only able to place upper limits at ~ 90 uJy on the 15.5 GHz
emission which is not accounted for in the fitting process.

3.3 X-ray light curve and spectrum

The X-ray light curve for GRB 171010A (Figure 3) shows the flux
density declining from ~ 6 to ~ 0.01 wJy over the 20 day observing
period. Fitting a single power law decay to the data gives a temporal
index of ax = —1.45 + 0.03. We also demonstrate a smoothed
broken power law fit, with a break occurring at 4 + 2d, and a pre
and post break slope of —1.18 + 0.05 and —2.1 + 0.3, respectively.
The time averaged (between Ty + 0.28d and T + 0.48d) X-ray
spectrum is well described ( )(12, = (.87) by an absorbed power law
with a photon index of I = 2.0’:8:% and a total column density of
Ny = 3.4f8:g x 102! cm™2 (D’Ai et al. 2017) which is in excess
of the galactic value of Ng ~ 7 X 1020 cm_z, indicating absorption
intrinsic to the source or its host galaxy. The measured photon index,
I', gives a spectral index of Bx ="' -1 = 1.0f8:%.

4 DISCUSSION

We will begin with attempting to explain our radio and X-ray
observations in the context of the fireball model with a single
FS component. This is a good first order step, as typically GRBs
showing reverse shock radio emission are already declining on
~ 1d timescales (e.g. Berger et al. 2003b, Frail et al. 2000b,
Anderson et al. 2014) whereas in our case the decline occurs a
few days later. We then discuss issues with this simple model, and
potential solutions.

4.1 A Forward shock model
4.1.1 Radio

All three VLA spectra are well described by simple single or broken
power laws. The slope in the first epoch, Sr = 1.90 = 0.05, is
consistent with synchrotron self absorption and 10 GHz < vy < vip.
In that case, the theoretical spectral index is 8 = 2, while for a
self-absorbed spectrum with 10 GHz < vy, < v, we would expect
a steeper spectrum with an index of 8 = 2.5. There is the hint
of a turnover at the highest VLA frequency at the first epoch
(11.5GHz), which is further supported by the closest in time
AMI-LA observation taken 0.25 d earlier. However, given that the
observation was not simultaneous and the spectrum is evolving
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most quickly at early times, we set the limit v, 22 10GHz. In
the second and third epochs the self absorption break has moved
below the VLA observing band, and the spectra are each well
described by a broken power law with consistent indices below and
above an evolving break frequency. A spectral slope of g = 1/3
is expected between v, and vin(< vc), while the spectral slope
between v and v, is expected to be 8 = —(p — 1)/2 (regardless
of the density profile of the surrounding medium). Comparing
these theoretical slopes with the observed ones suggests that the
spectral break in both epochs is due to the peak frequency. The
observed slopes below the break are consistent with g = 1/3,
and using the best-constrained spectral slope above the break (for
epoch 3) we obtain p = 26t82 The steepness of the post-break
slope also confirms the order of the breaks to be v4 < vm < Ve, as
a shallower slope with 8 = —0.5 would be expected between the
peak and cooling breaks if they were reversed. This is unsurprising
since the cooling break is expected to reside at higher frequencies,
and the minimum energy break moves to lower frequencies faster
than the cooling break, regardless of the surrounding density profile.

The fireball model makes predictions for the temporal evolu-
tion of the spectral breaks, the flux at these breaks, and the flux in
the different segments of the broadband spectrum. The evolution
is tied to the density profile of the region surrounding the GRB.
We see a very different spectrum between epochs one and two,
with no sign of self absorption in epoch two. The self absorption
break has therefore moved through and below our observing
band, and we can constrain the self-absorption frequency to be
va < 4.5GHz at the second epoch. We can therefore put a limit
on the evolution of the self absorption break frequency, assuming
that it is a power-law, to have an index of a < —0.7 (vga o< 14). The
limit placed on the temporal evolution of v, is most consistent with
a steep density profile (wind-like) with k = 2.2 (see e.g. table 5
in van der Horst et al. 2014). While the self-absorption frequency
has moved through the band, a second and distinct spectral break is
present in the second epoch at 15f% GHz and in the third epoch at

83 GHz. Identification of this break in the context of the forward
shock model proves to be more puzzling, even though the spectral
slopes below and above the break indicate that this is vy,. From the
spectral fitting we derive a value for the time evolution of this break
which, again assuming a power law, has an index a = —0.6 + 0.2
(this is constrained significantly better by jointly fitting the spectra,
as shown in Appendix A). The movement of the break frequencies
are summarised in Table 4. These results from individually fitting
epochs two and three are confirmed when jointly fitting the spectra
as detailed in Figure A3 and discussed in the appendix. The
prediction is that vy, should, for all density profiles, move towards
lower frequencies with a temporal power law index of —1.5. While
we do see this break moving in the expected direction, it is moving
significantly slower. The flux evolution at the break, which evolves
with b ~ -1, is consistent with the minimum energy break for
k ~ 2.7 (or a post jet break spectral peak; van der Horst et al. 2005;
van der Horst et al. 2014). The presence of a jet break at ~ 4d (as
hinted at by fitting the X-ray light curve) would cause vy, to move
to lower frequencies even faster and so we disfavour it.

Considering the temporal flux evolution presents additional
complications for a simple forward shock model. From the AMI-LA
(15.5 GHz) light curve, we see a clear break at around 4 d, which falls
between the first and second VLA epochs. It is clear that the spectral
break we see in the second and third epochs is not responsible for the
temporal break we see with the AMI-LA, as if we extrapolate back
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Table 3. Summary of best fit parameters when fitting the VLA radio spectra of GRB 171010A. Details of the techniques used to calculate the best fit values

and their errors are presented in Section 3.1.

VLA Epoch (4T)  Pre break slope

Post break slope

Break frequency /\(5

Days - - GHz -

2.57 1.90 +0.05 - 2 10GHz 143
9.66 0.3170-0% -0.9%0-3 1542 0.34
28.59 0.2+9-3 -1.1732 8+l 0.84

Table 4. Summary of movement of characteristic frequencies of GRB
171010A.

Va Vm Ve

a <-0.7

~

—0.6 £0.2  unknown

in time at its derived rate it would be found at around 25 GHz at4.1d
(the observed VLA break has only just reached 15 GHz at 10 d post
burst so it is unlikely it caused the AMI-LA turnover). Therefore
the self-absorption break is the most likely cause of the break in the
AMI-LA band. When considering the AMI-LA light curve before its
temporal break (which we infer is due to the self-absorption break,
and thus in the range v < v; < vy < v¢) we see an almost constant
flux. This is hard to explain for any density profile considering just
a forward shock (see table 5 in van der Horst et al. 2014). After
the turnover in the AMI light curve (caused by the passage of the
self absorption break through the AMI-LA band) the decay is well
described by a single power-law, despite the fact that what we infer
as the minimum energy break must also move through the AMI-LA
band before ~ 10 d. Again referring to table 5 in van der Horst et al.
(2014), it is possible for the flux evolution to be the same on either
side of the minimum energy break. In the region v, < v < vy < v¢
(observed with the AMI-LA at T + 4.1 to ~ Ty + 10d) the decay
slope can be explained with a steep density profile with £ ~ 3.1
which is broadly consistent with estimates for the density profile
we have derived previously. However, the minimum energy break
must move through the AMI-LA band, but we see no change in the
temporal slope. To remain consistent with this requires an extremely
hard electron energy index (which contradicts the measured VLA
spectral index) of p ~ 0.6.

4.1.2 X-ray

Given that the forward shock model predicts a simple spectral
shape across a huge (radio through to X-ray) range of frequencies,
we can use the Swift data to further constrain the parameters for
GRB 171010A. We can attempt to identify the section on the
spectrum that the 1 keV emission is from, and thus where it lies with
respect to the characteristic frequencies. The X-ray spectrum is well
described by a power law with index Sx = I.OJ_rO’2, which is similar
to the spectral slope above the break as measured by the VLA. It is
unclear, from just measuring the spectral slope, from which section
of the spectrum the 1keV emission is from. Looking at the light
curve, which decays with ax = 1.45 + 0.03 (considering only the
power law fit) we immediately confirm that the X-ray emission is
above the minimum energy break, as we only see the flux density
decline. The GRB closure relations (e.g. Racusin et al. 2009)
favour v, < vy, but given the error on the X-ray spectral slope
it is far from definitive. For the broken power law fit, the decline

post break is too steep to be explained by the cooling frequency
moving through the Swift observing band. The break is, however,
consistent in time with the break at 15.5 GHz. Such an achromatic
break, if real, could indicate that a jet break occurred at around this
time, although it is difficult to confirm the legitimacy of this feature.

To summarise, we find that the most likely explanation of the
data in the context of the forward shock model is as follows. At early
times (< 5d) we have that 15.5GHz < v4 < vy < v < vx. Then
at ~ 5 d the self absorption break moves through the AMI-LA band
and vy < 15.5GHz < vy < v < vx with our VLA measurements
sampling the minimum electron energy break at the second and third
epochs. The location of the X-ray emission is not well constrained.
We find the data to be most consistent with a steep density profile,
with k ~ 3, although there are significant deviations from a simple
forward shock model.

4.2 Inconsistencies: Explaining the unusual behaviour

While we have attempted to contextualise our observations in terms
of the forward shock model, there are obvious inconsistencies with
the picture we have provided. For example, we would expect to see
two breaks in the AMI-LA light curve when v, and then vy, move
through the band. Also, the movement of the vy, is significantly
slower than that predicted by a simple forward shock model. As we
have inferred the movement of the self absorption break below all
of our observing bands, there are only two possible orderings of the
minimum energy and cooling frequencies. Previously we assumed
the most likely configuration and the location of the radio band in
this configuration, but it is also worth considering if this could be
the cooling break moving through the radio band. For both the fast
and slow cooling cases this is easy to rule out. For fast cooling, there
is no good value of k for which the cooling break moves to lower
frequencies and the flux drops oft as quickly as we observe between
epochs 2 and 3. For the fast cooling case the spectrum should have
a negative index before and after the break, whereas we clearly see
a rise before the break and so rule this out. Below we detail some
possible explanations for the puzzling behaviour of GRB 171010A.

4.2.1 A reverse shock component

Perhaps most perplexing is the apparent movement of the break fre-
quency between VLA epochs two and three. We established above
that this is most likely the peak frequency vy,. We measure vy
moving with a power law index a = —0.6 + 0.2, as opposed to
the theoretical expectation of @ = —1.5. In the context of a simple
forward shock this discrepancy is very hard to explain. We briefly
consider the effect of including emission from a reverse shock in
our model for GRB 171010A. To properly constrain forward + re-
verse shock models, it is vital to have observational data across the
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electromagnetic spectrum from early times, particularly at optical,
sub-mm and radio frequencies where the reverse shock will dom-
inate. Unfortunately GRB 171010A was not observed extensively
at all of these frequencies (from an early time) and so constraining
the properties of a reverse shock is quite difficult. We can, how-
ever, make some qualitative statements on the effect of a reverse
shock based on more completely observed GRBs. GRB 130427A
is an obvious source to compare with. It is at a very similar red-
shift to GRB 171010A and also had an isotropic energy release
more typical of GRBs at larger redshifts, just like GRB 171010A.
The AMI-LA carried out long term monitoring on GRB 130427A,
and a comparison to GRB 171010A is shown in Figure 4. A re-
verse shock component was invoked (e.g. Laskar et al. 2013; van
der Horst et al. 2014; Anderson et al. 2014; Perley et al. 2014) to
explain both the AMI-LA light curve as well as the broadband spec-
trum of GRB 130427A. Both GRBs show a slowly rising/flat early
time 15.5 GHz light curve, which turns over and decays after a few
days. GRB 130427A, however, turns over close to 1 d after the initial
detection, faster than for GRB 171010A. This timescale is a clear
sign, along with the additional change in slope at around 4 days, of
a reverse shock dominating the radio emission at early times and
becoming sub-dominant later on. No such secondary break is seen
for GRB 171010A. Perley et al. (2014) attributed the early peak in
GRB 130427A’s radio light curve as being due to the self-absorption
frequency of the reverse shock (although it was later shown by van
der Horst et al. 2014 that vy, and v, for a thin-shell reverse shock
model were at similar frequencies at the time of this peak). Our
analysis of GRB 171010A determines that it is likely a self absorp-
tion break that causes the early peak in GRB 171010A. If this break
had come from a reverse shock we would perhaps expect to see a
secondary break in the light curve as was seen with GRB 130427A.
If, however, the reverse shock dominates until a few days, we would
predict that the secondary break may also occur later and so this
secondary turnover may have happened after GRB 171010A was no
longer detected by the AMI-LA. However, we could just be seeing
the transition from reverse shock to forward shock domination and
have missed the RS peak, which would be the natural assumption
if not for the unusual spectral behaviour. Alexander et al. (2017)
also invoked a reverse shock to explain the early time radio emis-
sion from GRB 160625B, whereas Laskar et al. (2018a) invoked
two reverse shock components (one caused by a shell collision)
to explain the broadband emission properties of GRB 140304A.
Our relatively limited spectral coverage, as well as small number of
spectral epochs, makes confirming the presence of a reverse shock
difficult. However the relatively early radio peak, identified as be-
ing due to a self-absorption break, along with the unusual spectral
evolution are compelling puzzles. This is especially true as the ob-
served movement of v, in GRB 171010A of a = —0.6 + 0.2 is not
consistent with the predicted movement for a reverse shock alone
(for any density profile), and thus we would require two spectral
components to explain the movement of this break. This again is
challenging for the simple spectral shapes we observe. It is, however,
potentially unsurprising that a basic reverse shock model does not
completely describe the data. The simple density structure usually
invoked for the ejected material (inside which the reverse shock oc-
curs) likely does not accurately reflect physical conditions in the jet.
More complex density structures in the out-flowing material could
lead to significantly more complex overall evolution, most notably
early time X-ray flares (e.g. Hascoét et al. 2017).
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4.2.2  Evolution of microphysical parameters

It has been suggested (e.g. Filgas et al. 2011; van der Horst et al.
2014) that time evolution of microphysical parameters such as
the fraction of energy in electrons and magnetic field (e, and
ep) could account for the deviation of vy from the predicted
value. For p > 2 and adiabatic evolution it can be shown (e.g.
Piran 1999; Panaitescu & Kumar 2000) that v, o e;;/ 2172 and

Ym & 6}3/ 26(1:./ 2t_3/ 2. As we have no constraint on the evolution of

the movement on v, we can state generally that if both €, and e€p
are functions of time as €, o« % and eg o« ¥ then & + ¢ ~ 1.8
to match our observations. The required evolution is therefore not
modest, even if it is distributed approximately evenly between the
electrons and the magnetic field. Even more problematic is that
one expects, based on theoretical considerations and simulations,
€e and ep to decline over time, not increase. We therefore strongly
disfavour microphysical parameter evolution as the primary driver
of the unusual spectral/temporal evolution.

4.2.3  Scintillation effects

It is also worth considering the possible effect of scintillation
on our radio observations of GRB 171010A. Scintillation is the
distortion of electromagnetic radiation as it moves through the
ISM, and is more pronounced for radiation from compact sources,
such as GRBs. For example, observations of GRBs 160625B and
161219B show scintillation inducing large amplitude variability in
flux and radio spectral index on timescales as short as minutes, as
well as unusual spectral shapes, across the radio band (Alexander
et al. 2017; Laskar et al. 2018b; Alexander et al. 2019). To check
for short time-scale scintillation effects in our radio data we imaged
each VLA epoch in 5 m time chunks in each of the frequency bands
used to create the spectra shown in Figure 2. We see no evidence of
significant short term variability in any of the bands. Scintillation
can also occur on longer timescales, but given our simple spectra
(well described by a single or broken power-law) with similar
slopes across epochs 2 and 3, we disfavour scintillation causing the
unusual spectral break evolution.

Other more complex pictures have also been invoked to explain
unusual GRB behaviours. These include multiple jet components
(e.g. Berger etal. 2003a; van der Horst et al. 2014) as well as variable
energy injection into the fireball through either external density
variations in the surrounding material (e.g. Lazzati et al. 2002; Heyl
& Perna 2003) or refreshed shocks from variable Lorentz factors in
the out-flowing material (e.g. Rees & Mészaros 1998; Guetta et al.
2007). While these additional complications are worth considering,
they require broadband observations (particularly early-time optical
data), which are not presented in this work. When a more complete
set of observations for GRB 171010A is available these models will
be worth further analysis.

5 CONCLUSIONS

This work highlights the benefits of early and regular monitoring of
long GRBs at multiple radio frequencies, as well as in other wave-
bands. Having high cadence light curves and multiple broadband
spectral energy distributions, is essential to characterise the spec-
tral and temporal behaviour of this source class. In some ways GRB
171010A can be aptly described by a simple forward shock model,
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Figure 4. Specific luminosity of GRB 130427A (unfilled circles) and GRB
171010A (filled circles) at 15.7 GHz and 15.5 GHz, respectively, made with
the AMI-LA. We have k-corrected each section of both light curves accord-
ing to Chandra & Frail (2012). For GRB 171010A the spectral and temporal
indices used for the correction were taken from this work. For GRB 130427A
they were taken from Perley et al. (2014) and Anderson et al. (2014).

propagating into a medium with a steep density profile. However, the
evolution of the spectra and a number of features of the light curves
are hard to explain. Most striking is the extremely slow movement
of the peak frequency, which should evolve to lower frequencies
faster than observed. We have considered several possibilities for
this discrepancy, including time evolution of microphysical para-
meters, extreme scintillation and the addition of a reverse shock but
cannot conclusively attribute any of these to the observed unusual
evolution.
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Figure A1. Marginalised posterior distribution for the smooth broken power
law fit of the VLA epoch 2 spectrum. A, by, by, vp, are the maximum flux,
pre break slope, post break slope and break frequency respectively. The
dotted lines indicate the 16%, 501 and 84t percentiles on the parameters
which are used to estimate the error.

APPENDIX A: EMCEE SPECTRAL FITTING

Here we present additional information on the spectral fits discussed
in the main body of this work. Figures A1 and A2 show the margin-
alised posterior distributions for the second and third epochs VLA
spectra when fit with a smooth broken power law. Uniform priors
were used on all parameters, and we limit the post break spectral
index such that b, > —1.5. This corresponds to the steepest theoret-
ically predicted slope (fast cooling) for p = 3. We describe a smooth
broken power law as F(v) = sz’l ((v/vb)_bls + (v/vb)_bﬂ)_l/“,
as described in Beuermann et al. (1999) and Schulze et al. (2011),
and we fix s = 5.

We also demonstrate the effect of fitting both spectra simul-
taneously, this time with a sharply broken power law. To reduce the
number of parameters and avoid degeneracy we fix the pre break
slope in both epochs to 1/3 as predicted by Sari et al. (1998). This
leaves us with 5 variable parameters to optimise. The post-break
slope (determined by p as 8 = —(p — 1)/2), the break frequency
for the second epoch, the index of the power law evolution of the
break, the maximum flux (the flux at the break) for the second epoch
and finally the evolution of the maximum flux which depends on
the density profile index as Fipax 1~k12(4-K) e opt to make the
break frequency evolution a free parameter as we (unsurprisingly,
given the discussion in the main text) could not find a converging
fit when prescribing this to move as —3/2 (as it should if it is the
minimum energy break) or to depend on k as —(4 — 3k)/2(4 — k)
if it were the cooling break. The marginalised posterior distribution
for this fit is shown in Figure A3.
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Figure A2. Marginalised posterior distribution for the smooth broken power
law fit of the VLA epoch 3 spectrum. A, by, by and v;, are the maximum
flux, pre break slope, post break slope and break frequency respectively. The
dotted lines indicate the 16%, 50 and 84™ percentiles on the parameters
which are used to estimate the error.
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Figure A3. Marginalised posterior distribution for the joint sharply broken
power law fit of the VLA epoch 2 and 3 spectra. vy, p, k, A and a are
the epoch 2 break frequency, electron energy index, density profile index,
maximum flux and the power law index of the break frequency movement,
respectively. The dotted lines indicate the 16™, 50™ and 84t percentiles on
the parameters which are used to estimate the error.
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