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ABSTRACT

We present predictions of centimeter and millimeter radio emission from reverse shocks (RSs) in the early
afterglows of gamma-ray bursts (GRBs) with the goal of determining their detectability with current and future
radio facilities. Using a range of GRB properties, such as peak optical brightness and time, isotropic equivalent
gamma-ray energy, and redshift, we simulate radio light curves in a framework generalized for any circumburst
medium structure and including a parameterization of the shell thickness regime that is more realistic than the
simple assumption of thick- or thin-shell approximations. Building on earlier work by Mundell et al. and Melandri
et al. in which the typical frequency of the RS was suggested to lie at radio rather than optical wavelengths at early
times, we show that the brightest and most distinct RS radio signatures are detectable up to 0.1-1 day after the
burst, emphasizing the need for rapid radio follow-up. Detection is easier for bursts with later optical peaks, high
isotropic energies, lower circumburst medium densities, and at observing frequencies that are less prone to
synchrotron self-absorption effects—typically above a few GHz. Given recent detections of polarized prompt
gamma-ray and optical RS emission, we suggest that detection of polarized radio/millimeter emission will
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unambiguously confirm the presence of low-frequency RSs at early time.
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1. INTRODUCTION

In the standard fireball model of gamma-ray bursts (GRBs),
internal shocks in the expanding flow produce the prompt ~-ray
emission that characterizes a GRB. As the expanding ejecta
collide with the surrounding circumburst medium, a fading
afterglow is produced, which is comprised of two components:
a forward shock (FS) that propagates outward into the ambient
medium and a reverse shock (RS) that travels backward into
the on-coming flow (Mészdros & Rees 1994; Mészdros et al.
1994). It was expected that bright optical flashes, produced by
the RS similar to that found in GRB 990123 (Akerlof
et al. 1999; Sari & Piran 1999a; Kobayashi 2000; Kobayashi
& Sari 2000), would be common in the early afterglows
of GRBs.

Despite 10 years of accurate GRB localizations disseminated
automatically in real-time from Swift (Gehrels et al. 2004) and
rapid, ground-based follow-up by autonomous robotic optical
telescopes (e.g., Monfardini et al. 2006; Guidorzi et al. 2011;
Virgili et al. 2013), only a small fraction (~5%) of early-time
optical light curves show clear evidence of optical RS emission
(Mészdros & Rees 1999; Sari & Piran 1999b; Kobayashi 2000;
Roming et al. 2006; Gomboc et al. 2008; Kopac et al. 2013;
Japelj et al. 2014).

Mundell et al. (2007) suggested that this lack of bright
optical RS emission may be explained if the typical
synchrotron frequency of the RS already lies at radio
frequencies at early times. Melandri et al. (2010) extended
this low frequency scenario to a sample of 19 GRBs with well-
sampled optical light curves, each with a single optical peak
that was consistent with the typical frequency of the FS lying
close to the optical band. They produced model radio light

curves for FS and RS emission, including a simple parameter-
ization of synchrotron self-absorption (SSA) at early times.
Radio interferometers, such as the Jansky Very Large Array,
the Atacama Large Millimeter/submillimeter Array (ALMA),
and pathfinders for the Square Kilometer Array (SKA), will
come on line or have been significantly upgraded to provide
unprecedented sensitivity, providing mlJ]y and pJy level
observations in relatively short integration times and at ever-
shorter response times (e.g., Chandra & Frail 2012; Laskar
et al. 2013, 2014). Work by Laskar et al. (2013) on the
“monster” GRB ~130427A—in which the afterglow was
detected across the radio band and clear evidence for RS and
FS were identified, consistent with the standard synchrotron
model—highlights the potential of these interferometers for
fully sampling the evolution of the radio SED. Ultimately,
sensitive radio surveys of the transient sky will become routine
with future facilities such as the SKA. Estimates for radio GRB
event rates are beginning to emerge but these currently neglect
RS emission, focusing instead on FS emission, for which radio
light curves have traditionally been better characterized
(Ghirlanda et al. 2013; Metzger et al. 2015; Burlon et al.
2015). Motivated by this, and following Mundell et al. (2007)
and Melandri et al. (2010), we provide new theoretical
predictions of GRB radio light curves including RS emission
within an updated low-frequency model framework, incorpor-
ating corrections from hydrodynamical simulations and a
generalized circumburst medium. The latter addition stems
from the practice of analyzing GRBs in a constant ISM (k = 0)
and wind-type medium (k = 2), but also from modeling of
GRBs with structured optical emission that imply an
intermediate stratification (k ~ 1, Liang et al. 2013; Yi


mailto:D.Kopac@ljmu.ac.uk
http://dx.doi.org/10.1088/0004-637X/806/2/179

THE ASTROPHYSICAL JOURNAL, 806:179 (8pp), 2015 June 20

et al. 2013) and detailed hydrodynamical light curve modeling
(e.g., de Colle et al. 2012).

In Section 2 we present the updated low-frequency model
formalism, in Section 3 we detail our Monte Carlo simulations,
in Section 4 we present our results, in Section 5 we discuss the
implications of the simulations, and in Section 6 we highlight
the conclusions.

2. LOW-FREQUENCY MODEL FRAMEWORK

For GRBs with well-sampled early optical afterglows we use
a set of simple assumptions about the relationship between the
RS and FS emission at the deceleration time to construct
predicted low-frequency light curves similar to Melandri et al.
(2010) but generalized for any circumburst medium structure.
The subset of bursts with a single peak in their optical light
curves are of particular interest because they provide informa-
tion about the time of deceleration of the fireball, if we assume
Iy opt ~ ldec-
: lszing the deceleration time estimated from the optical light
curve and the high-energy properties of the burst we estimate
the Lorentz factor 'y for a general stratified medium, where the
circumburst medium density is given by n = AR (Chevalier
& Li 1999, 2000) and where R is a distance from the progenitor
star. We adopt the formalism of Yi et al. (2013) where
n = no(R/Ry)~*, with typical values of ny ~ 1cm™ and Ry ~
10'7 em. The Lorentz factor is approximated by:

FO ~ Cl(3_k)/(8_2k)

1/(8—2k)

, ey

(3—k)
(3 - k)E}/,iso [ 1 +z ]

47117n0R(§‘mpc2 C Tpopt
where ¢ is the speed of light, m, is the proton mass, 7 is the
radiative efficiency, E, i, is the isotropic equivalent energy of
prompt gamma-ray emission, and C; « &; 2 is a numerical
factor that corrects for the shell thickness regime, as determined
from numerical hydrodynamic simulations (Harrison &
Kobayashi 2013; R. Harrison & S. Kobayashi 2015, in
preparation).

At the deceleration time, the RS peak frequency and peak
spectral flux density are estimated by:

Un,r ~ Cmrazl/m,f (2)
Ez,max,r ~ CFFOFu,maxfa (3)

where C,, (&, k) and Cr(&, k) are numerical factors that
correct for the shell thickness regime for k = [0, 1, 2] (Harrison
& Kobayashi 2013; R. Harrison & S. Kobayashi 2015, in
preparation), and “r” and *f” designate RS and FS, respectively
(Sari & Piran 1999b; Kobayashi & Zhang 2003; Zhang
et al. 2003). Here we assume that eg , = €p, 5 Where e is the
ratio between the magnetic energy density and the internal
energy density.

The parameter &, describes the shell thickness regime,
which strongly affects the properties of the RS emission
(Nakar & Piran 2004; Harrison & Kobayashi 2013).
Determined as & = (I/Ag)/2T“ 030 where [ = [(3 — k)

7 Although this assumption may not hold for bursts with late peaks (e.g.,
Guidorzi et al. 2014), it is still reasonable for many observed bursts (Hascoét
et al. 2013).
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Figure 1. Distribution of &, for k = 1 case, as estimated from 25 GRBs with
clearly detected optical peaks (solid black line). Gray histogram represents the
same distribution, but obtained by taking into account also the uncertainty on
tp.opt and Too. Dashed black line is the normal distribution of &, values, with
mean log& ~ 0.75 and o ~ 0.42.

E/(47m0Ré‘mpc2)]l/(3‘k) is the Sedov length and
Ag ~ ¢ Too/(1 + z) is the shell width estimate (Sari &
Piran 1995; Kobayashi et al. 1997), & <« 1 and & >1
correspond to the relativistic (thick-shell) and Newtonian (thin-
shell) regime, respectively. In order to allow for a variety of
shell thicknesses, we approximate the observed &, distribution
using:

& ~ C X (tpop/Too = 1), “)

with the value of constant C estimated from hydrodynamical
simulations such that C ~ [5, 20, 10] for k = [0, 1, 2],
respectively (Harrison & Kobayashi 2013; R. Harrison & S.
Kobayashi 2015, in preparation). The estimate of &, depends
on the assumption that shell width can be approximated by To;
this may not be accurate in some cases (for more discussion on
this, see Kobayashi 2000 and Nakar & Piran 2004).

Using Equation (4) we estimate &, for 25 GRBs with optical
peaks detected from the literature (Rykoff et al. 2009; Melandri
et al. 2010; Hascoét et al. 2013; Liang et al. 2013; Panaitescu
et al. 2013; Yi et al. 2013). The resultant distribution for k = 1
case is plotted in Figure 1. To include &, in our simulations, we
approximated the distributions for each k with associated log-
normal distributions. Although these should not be considered
as a robust fit due to the sparsity of &, values, they resemble
well the parameter space. Using log-normal distributions, we
generate random values of &, to calculate the numerical
constants C,,, Cr, and C; for k = [0, 1, 2] (as determined by
Harrison & Kobayashi 2013; R. Harrison & S. Kobayashi
2015, in preparation), which are used in generating the low-
frequency light curves.

Using Equations (1)—(4), we construct our low-frequency
model light curves. Light curve scalings in a generalized
stratified medium used below are based on the derivations of Yi
et al. (2013) and van der Horst et al. (2014). Both RS and FS
time dependencies change according to spectral regime and RS
shell type, but we initially consider the case where the RS shell
crossing has already occurred and the scalings are insensitive to
RS shell thickness.
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2.1. FS Emission

For a slow-cooling synchrotron spectrum (Sari et al. 1998),
which is expected at long wavelengths under the assumption
that  Dragio,obs < Umyf ~ Vopt Al Ipop, the FS  peaks at

radio frequencies at 7, ragio.s ~ (Vopt/Pradio.obs)” Ip.opt With a

peak flux of £, maxs ~ (tp.radios /tp.opt) "G, o, reflecting
the evolution of F, . s With time for cases where k # 0 (e.g.,
Granot & Sari 2002). Here, Vpadioobs and gy are the observed
radio and optical frequencies, respectively. In this spectral
regime, the light curve scales as F o t@~0/G¢=k  and
F o t(-12p+3kp=5k+12)/4@4=h) (van der Horst et al. 2014), before
and after the peak respectively.

Here we note that a correction factor y = v, Vopt is
introduced in cases where v, is significantly below the
optical band, modifying the FS peak time by a factor of y**
and the FS peak flux by y~®~D’2 (Melandri et al. 2010).
Changes to RS light curves due to the factor x are propagated
through Equations (2) and (3). For simplicity, the common
assumption for detecting bright afterglow emission is y = 1
(i.e., Ums = Lop), but we discuss changes to light curves if
x = 0.1 or x = 0.01 in Section 4.1.

2.2. RS Emission

Using Equations (2) and (3), we can estimate the peak
frequency v, and peak flux density F;, nax , of the RS. After the

RS shell crossing, 1, , scales as t(4=73/124=b) " causing the
peak of the RS light curve to occur at radio frequencies at
tp,radio,r ~ (Vm,r/yradin,obs)_12(4_k)/(14k_73)tp,opt (Sari & Piran
1999a; Kobayashi 2000; van der Horst et al. 2014). The peak
flux of the RS decays after the RS shell crossing, and, taking
into account Equation (3), we can approximate the RS flux at
the observed frequency as:

tp,mdio,r

(10k—=47)/(12(4—=k))
tp,opt ]

E/,r ~ CFR)Fu,maxf[

Vradio,obs < Vm,r

, 173
% {(Vradlo,obs/l/m,r) )

—(p—172
(Vradio,obs/l/m,r) =D Vradio,obs > Vrm,r»

with the latter half compensating for the possible difference
between the observed radio frequency and the peak frequency
given by Equation (2) (e.g., Harrison & Kobayashi 2013).
Finally, the light curve in the slow-cooling regime scales as
F o ~17=40/0G=0) and F o (73 p+14kp+6k=2D1244-0) (yap

der Horst et al. 2014) before and after the peak, respectively.

2.3. Self-absorption Approximation

SSA becomes important at low frequencies. Below the
characteristic self-absorption frequency, v,, which is deter-
mined by the condition that the optical depth is unity, the
system becomes optically thick and the afterglow flux can be
reduced significantly (Granot et al. 1999). The exact value of
v, depends on various microphysical parameters, which are
often vaguely determined. The common alternative method
used to account for SSA is to approximate the SSA flux limit
with a simple blackbody limit with the FS or RS effective
temperature (Sari & Piran 1999b; Kobayashi & Sari 2000). It
has been shown that these two methods do not differ
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significantly (Shen & Zhang 2009), and the latter is also more
convenient within the scope of our paper, as our low-frequency
model is based on scaling of observed properties rather than
using a particular model-dependent formulation. At the optical
peak time, the SSA flux limit in the RS region is approximated
by:

2
R,

Fup ~ MW gio obs € pLo(1 + Z)[D—] (6)
L

where Ry ~ 2Iyct, op is the observed size of the fireball and D,
is the luminosity distance. The SSA flux limit in the FS region is
larger by a factor of I'y due to the higher FS temperature. Initially,
the limit in the RS (FS) region scales as F o tO~-F/GA=k)
(F « 12/4-0) and  then as F o ((113-2260/Q24(4=k)
(F o 120=30/4@=k)) after the 1y, (V) crossing (Sari & Piran
1999a; van der Horst et al. 2014). We note that the SSA limit will
mostly affect the RS emission at early times, but could also affect
the FS emission at very low frequencies, however, not as
significantly due to a factor of I'y larger limit.

3. SIMULATIONS

In order to examine the parameter space of possible low-
frequency light curves we perform a series of Monte Carlo
simulations using the model framework of Section 2. Each
simulation creates 1000 light curves with the following input:

1. Optical peak time f,.,: either 200s (“early”) or
1000 s (“late™).
2. Optical peak magnitude (R band): either 15 mag
(“bright”) or 18 mag (“dim”).
3. Observed radio/mm frequency viagioobs: 1.4, 10, or
100 GHz.

. Circumburst medium structure k: O, 1, or 2.

. Circumburst medium density ng: 1 cm™. We qualitatively
discuss changes to this parameter in Section 4.2.

6. Redshift: drawn from observed normal distribution
z = 1.84 £+ 0.16 (Salvterra et al. 2012).

7. E. iso: drawn from observed log-normal distribution log
E. iso = 52.96 £ 0.79 (Melandri et al. 2014).

8. Shell thickness: drawn from observed log-normal distribu-
tion (see Figure 1) log & ~ [0.45, 0.75, 0.60] + 0.42
(for k = [0, 1, 2]). Due to sparse &, distribution, we also
tested our simulation using a uniform distribution and the
results did not change.

9. Microphysical parameters: p ~ 2.36 & 0.59 (normal dist.,
Curran et al. 2010), ¢ € 0.01 — 0.5 (uniform dist.,
Santana et al. 2014), n = 0.2 (fixed, Santana
et al. 2014). Parameter €p is not explicitly used in our
formulation because we assume €z, = €gy and use FS
properties obtained from optical observations to normal-
ize FS emission, while the RS properties are determined
through the shock jump conditions (Kobayashi &
Zhang 2003).

B

4. RESULTS

Figures 2 and 3 summarize the light curve predictions using
the low-frequency model framework detailed in Section 2.
Figures represent three different observed radio frequencies
(1.4, 10, and 100 GHz). Four panels of each frequency
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Figure 2. Predicted light curves for 1.4 GHz. Thick lines represent the median light curves, while thin lines represent simulated light curves (Section 3; we randomly
chose 100 out of 1000 simulated light curves for clarity). Colors indicate different circumburst medium stratification k. Four panels represent various peak times 7, o
and peak magnitudes R. Also shown for k = 0 cases are the relative contribution of the RS corrected for corresponding SSA limit (dashed black line), and of the FS

corrected for corresponding SSA limit (dotted black line).

represent simulated light curves at three different circumburst
medium structures k, for different combinations of optical peak
time and brightness. In the following we consider some trends
that emerge from the collection of light curves.

In general, it is evident that the need for rapid response at
low frequencies is extremely important for RS physics, similar
to optical wavelengths. The brightest and most evident RS
emission occurs, in most cases, before 0.1 day, but for some
cases can extend to the order of 1day after the trigger,
depending on observed radio frequency and circumburst
medium structure k. A variety of factors contribute to
conditions that lead to strong RS emission.

4.1. Optical Peak Properties (, ops Fymaxf> Umy)

As the deceleration time increases, I'y decreases, causing the
brightness of the RS emission to decrease, but also causing the
RS and FS peaks to occur later in time. Although seemingly
counterintuitive, a later deceleration time allows for the
possibility of catching the decay of the RS before it becomes
surpassed by the increasing FS emission, thus helping to
separate the two peaks in time, giving each better definition.

The brightness of the optical peak, and therefore of the FS
peak, has a rather small overall effect in this model, basically
just scaling the predicted radio brightness. We considered two
cases: a “bright” optical peak of 15 mag and a “dim” peak of
18 mag. We find that a comparatively dim peak, still observable
by existing optical facilities, can make the early-time radio RS
emission slightly more observable, in the sense that it lowers
the contribution of the FS emission while still maintaining a
detectable flux density at low-frequency.

The optical peak can be caused by the deceleration of GRB
outflow or by the passage of the typical frequency through the
optical band. A peak due to the former is expected to have a
sharp rise, while a peak due to the latter would have a slow rise
(F ot for k = 0 and shallower for k > 0). If the typical
frequency is above the optical band at the deceleration time, the
optical flux is expected to rise as 1'% or shallower until the
typical frequency passes through the optical band. Since such a
slow rise is hardly observed (e.g., Melandri et al. 2010), we
assume that the typical frequency v, is already below the
optical band v, at the deceleration time: x < 1. Changes when
X is significantly below 1are presented in Figure 4 (left),
where we show the evolution of light curves for a case of k = 0,
Iy opt = 1000 s and R = 18 mag. The peak times of both FS and
RS emission are shifted to earlier times, while peak fluxes are
shifted to higher values, but especially in the RS regime flux
density evolution is masked by the SSA limit, for which the
break also shifts due to y, , shift. Lower x thus makes RS
emission less pronounced.

4.2. Circumburst Medium

Different values of circumburst medium stratification k affect
the predicted light curves similarly to decreasing the optical
peak flux. As shown in Figures 2 and 3, the FS peak becomes
less pronounced as we move from k = 0 to k = 2, due to the —k/
(2(4 - k)) dependence of the peak flux. The slope before the
FS peak, however, becomes more shallow as k increases,
contaminating the early-time RS emission.

Circumburst medium density n, determines the Lorentz
factor estimate (Equation (1)) and consequently affects RS
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Figure 3. Predicated light curves for 10 GHz (top 4 panels) and 100 GHz (bottom 4 panels). See description in Figure 2.

emission properties (Equations (2) and (3)) and the SSA limit
approximation (Equation (6)). Due to the broad distribution of
no values obtained from the modeling of afterglows (Yost
et al. 2003; Cenko et al. 2011; Japelj et al. 2014), which could
span over six orders of magnitude, we did not include its

parameterization in our simulations as otherwise the spread of
the simulated light curves would be too wide to identify key
trends and effects. However, we do assess the evolution of light
curves when changing n, from 0.001 to 1000 cm™, as obtained
from Cenko et al. (2011). The resulting light curves are plotted
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Figure 4. Evolution of light curves (k =0, 1, o = 1000's, R = 18 mag case) at 10 GHz (blue) and 1.4 GHz (red) when changing: (left) X = v,y ¢/Vop parameter
(x =1,0.1, 0r 0.01). Smaller x shifts FS and RS peaks toward earlier times, while peak fluxes are shifted to higher values but are masked by the SSA limit especially
for the RS emission (dashed lines). Simulated light curves (thin lines) are only plotted for y = 0.1 case. (Right) circumburst medium density (rno = 0.001, 0.1, 10, or
1000 cm™; for n = 1 cm™ case see Figures 2 and 3). Larger ng lowers I’y estimate, shifting the RS peak toward later times and lower flux densities (dashed lines).

Simulated light curves (thin lines) are only plotted for np = 0.1 cm™ case.

in Figure 4 (right), for a case of k = 0, #, 4, = 1000s and
R = 18 mag. We infer that in this case, the RS peak is much
more pronounced in environments with lower circumburst
medium density, while shifted toward earlier times. Same
results also hold for different values of circumburst medium
structure k.

4.3. Self-absorption and V,,gi0,0ps

The observed radio frequency has the two-fold effect of
normalizing the level of the SSA flux and influencing the peak
time of both RS and FS. The effect is more apparent in the
latter as it is dependent on the time evolution of v,, ¢, while the
RS will peak comparatively early due to its I'§ dependence.
Around ~1 GHz, SSA tends to dominate and severely reduces
the RS flux level, in some cases even removing any temporal
structure that would help identify the RS emission. Since the
SSA flux limit is o 1/2, the effect is reduced with increasing
observing frequency, aiding the observation of the RS at
210 GHz. However, when deciding on an observing strategy, it
is necessary to balance these opposing effects by choosing a
frequency that will not be too self-absorbed nor too high; in the
latter case the RS and FS will peak very early and the RS
signature would be very difficult to detect.

4.4. Numerical Corrections

Further folded into our simulations are the changes in the
light curves due to the addition of the numerical correction
factors in Equations (1)—(5). Particularly at early time, many of
the figures show bands of predicted light curves covering
several orders of magnitude in flux density. This effect
originates partly from the wide distribution of €, and its effect
on the SSA limit but also from the numerical constants. We
introduced these factors by assigning each randomly generated
light curve a value for the dimensionless RS shell thickness
parameter, &y, from the observed distributions (Figure 1 for
k = 1 case). The effects in intermediate (£, ~ 1) and thin-shell
(&> 1) regions are particularly pronounced and on the scale of
2 orders of magnitude (see Figure 3 in Harrison & Kobayashi
2013 for k = 0 case). In practice, this effect can be mitigated

since &y can be approximated from the deceleration time and
burst duration (Equation (4)). This approximation, however,
assumes that the emitted shell has a homogeneous structure and
that the deceleration time occurs after the end of the prompt
emission. These are reasonable assumptions but may not
always be valid, such as in GRB 061126 (Gomboc et al. 2008).
This adds further uncertainty to the low-§, value tail of the
distribution.

The broad &, distribution causes a large spread of RS light
curves but also provides parameter spaces in which the RS can
more easily be observed. We can better understand the effect
that these numerical factors have by looking at the values of
burst parameters that produce bright (dim), or above (below)
median flux light curves in our simulations. Figure 5 shows the
& and E_;, distributions for an example trial of 10 GHz light
curves from an assumed 18th magnitude optical peak occurring
at 1000 s after GRB. The brighter light curves are created by a
combination of higher E. ;, and smaller &,, since the former
contributes to a larger I'y and the latter’s effect is less
pronounced closer to the thick-shell regime.

5. DISCUSSION

Our simulations show that later optical peaks, assuming they
indicate the fireball deceleration time, frequencies between 21
and <100 GHz, and bursts that have a circumburst stratification
closer to k = 0, are preferred candidates for observing RS
emission. Brightness of the optical peak has less of an effect in
this model, although this is also dependent on the burst
parameters and observing frequency, as the RS component may
be partially self-absorbed or mixed with emission from the FS.
RS emission with median flux levels of the order of pJy-mlys
should be visible at early times (<0.1-1 day) with respect to the
GRB trigger and are observable with currently operating
facilities. Future facilities will enable shorter exposures times
due to improved sensitivity, allowing for better light curve
sampling.

As an example, with a standard array configuration (34 1 m,
97 m, and 2 TP antennas) observing at 100 GHz (ALMA Band
3), ALMA can detect afterglow emission (30) to limits of 10
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Figure 5. Distribution of &, (left) and E., ;, (right) for a trial simulation (#, o = 1000 s, peak mag = 18 mag, observed frequency = 10 GHz, k = 0) for fluxes above
and below the median. Bursts with above-median fluxes in the radio have larger energies and smaller &, (closer to thick-shell regime), helping to mitigate the effects of

the numerical corrections.

(I, 0.1, 0.05)mJy with 0.06s (5.84s, 9.7 minutes,
37.4 minutes) integrations.® Modest integration times can lead
to the detection of many of the brightest afterglows, and in the
k = 0 and k = 1 cases, a larger fraction of the dimmer
afterglows. Longer wavelengths that are more affected by self-
absorption will pose bigger problems, but should be observable
in the extreme cases. In addition to sensitivity, facility response
time is extremely important and capturing clear RS emission
will require aggressive ToO campaigns.

Polarization can provide further evidence of RS emission.
This technique has been pioneered at optical wavelengths and
is rapidly becoming feasible at radio and sub-millimeter
wavelengths. Polarization of GRB emission is a prediction of
various theoretical models and has been observed in prompt ~-
ray emission (Gotz et al. 2009; Yonetoku et al. 2012; Gotz
et al. 2014) and in optical to a level of 10-30% in the first
minutes after the burst (Steele et al. 2009; Uehara et al. 2012;
Mundell et al. 2013), probing the fundamental fireball
magnetic field.

At later times (hours to days post-burst), low levels of
optical polarization of a few % have been reported by various
works (Covino et al. 1999; Greiner et al. 2003; Wiersema
et al. 2012, 2014) and are thought to be due to FS-dominated
emission, probing the shocked ISM. Radio polarization for a
GRB has yet to be detected and upper limits of a few percent
have been reported for a handful of bursts (Taylor
et al. 2004, 2005; Granot & Taylor 2005) at days after the
GRB trigger. Although emission at such late times most often
comes from the FS, the underlying component of RS emission
would help us understand its effect on the overall light curve
behavior and polarization properties. Recently, van der Horst
et al. (2014) undertook radio polarization observations of GRB
130427 A at 1.5 and 2.5days, finding similar upper limits
despite the fact that these observations were taken at the radio
peak time, which was associated with the RS emission. This
event further stresses the importance of rapid multi-wavelength
observations if we are to understand the size and scale of the
magnetic fields in GRB ejecta.

8 Calculated using the ALMA sensitivity calculator found at http:/
almascience.eso.org/proposing/sensitivity-calculator.

Looking beyond current capabilities, the SKA will provide
unprecedented sky coverage at frequencies around 1.4 GHz
(e.g., Ghirlanda et al. 2013; Burlon et al. 2015) and has the
potential to observe the very early-time RS signature of GRB
emission. However, at such low frequencies, the early time flux
in many cases will mostly be suppressed by self-absorption
(see Figure 2) and expected RS flux densities at 0.1 days after
the GRB trigger are on average lower than <10 uJy. But
depending on burst’s parameters, it is still possible in some
cases to detect distinguishable RS peaks with peak flux up to ~
0.1 mly, as indicated especially by thin lines from simulated
light curves (especially for “dim” and “late” optical peaks
occurring in k = 0 type medium, see Figure 2). Such fluxes
could be achieved by the SKA with a reasonable (~10-30
minutes) integration times with a typical array setup (Ghirlanda
et al. 2013). This exposure time would be short enough to
achieve a reasonably deep limit without compromising
valuable temporal resolution.

6. CONCLUSIONS

We have presented a collection of predicted radio afterglow
light curves in the framework of the GRB standard model,
considering contributions from both FS and RS emission
within an updated low-frequency model framework (Mundell
et al. 2007; Melandri et al. 2010). Our results show that:

1. Inclusion of correction factors from numerical simula-
tions that parameterize shell-thickness regime (Harrison
& Kobayashi 2013; R. Harrison & S. Kobayashi 2015, in
preparation) provides more accurate estimates of RS
emission.

2. RS emission can significantly alter the temporal behavior
at early times, producing a distinct “radio flare” (e.g.,
Kulkarni et al. 1999). The brightness and shape depend
on various parameters, but are mostly affected by the
SSA, which is stronger at lower frequencies.

3. RS emission could be best identified at frequencies
around ~10 GHz, peaking at <0.1 day after the burst,
depending on burst’s parameters. At frequencies around
~1GHz, RS emission is more likely to be strongly
suppressed by the SSA, while at higher frequencies
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(around ~100 GHz), RS emission tends to peak at earlier
times (<0.01 day after the burst).

4. Current and future radio facilities with high sensitivity
and short response times could detect radio flares with
peak flux densities around F ~ 0.01 — 0.1 mJy (F ~ 0.1 —
10mly) at r < lday (r < 0.1day) after the burst, at
1.4 GHz (10 GHz), respectively.
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