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ABSTRACT

The afterglows to gamma-ray bursts (GRBs) are due to synchrotron emission from shocks
generated as an ultrarelativistic outflow decelerates. A forward and a reverse shock will form,
however, where emission from the forward shock is well studied as a potential counterpart to
gravitational wave-detected neutron star mergers the reverse shock has been neglected. Here,
we show how the reverse shock contributes to the afterglow from an off-axis and structured
outflow. The off-axis reverse shock will appear as a brightening feature in the rising afterglow at
radio frequencies. For bursts at ~100 Mpc, the system should be inclined <20° for the reverse
shock to be observable at ~0.1-10 d post-merger. For structured outflows, enhancement of
the reverse shock emission by a strong magnetic field within the outflow is required for the
emission to dominate the afterglow at early times. Early radio photometry of the afterglow

could reveal the presence of a strong magnetic field associated with the central engine.
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1 INTRODUCTION

The structure of the outflows that drive the shock system responsible
for gamma-ray burst (GRB) afterglows is well discussed in the
literature (e.g. Rossi, Lazzati & Rees 2002; Granot 2005; Panaitescu
2005; Salafia et al. 2015). Because of the highly beamed nature
of GRBs, observations of the afterglow are typically limited to
cases where the inclination of the system is small and the wider
structure of the outflow remains hidden. However, attempts have
been made at interpreting the observational evidence to support
various outflow structures in GRBs (e.g. Takami et al. 2007; Pescalli
et al. 2015; Beniamini & Nakar 2019). Gravitational wave (GW)-
detected mergers involving at least one neutron star will typically
be seen off the central rotational axis and will act as a probe
for the structure of the jet or outflow that is likely responsible
for the cosmological population of short-duration GRBs (Lamb &
Kobayashi 2017; Lazzati etal. 2017; Jin et al. 2018; Kathirgamaraju,
Barniol Duran & Giannios 2018). Following the observation via GW
of the binary neutron star merger GW 170817 (Abbott et al. 2017),
and year-long observations of the evolving afterglow, constraints
on the structure of the afterglow-driving outflow for this event
have been made (e.g. D’Avanzo et al. 2018; Gill & Granot 2018;
Lamb & Kobayashi 2018; Lazzati et al. 2018; Lyman et al. 2018;
Margutti et al. 2018; Resmi et al. 2018; Troja et al. 2018, 2019a;
Kathirgamaraju et al. 2019; Lamb et al. 2019a).
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The afterglow estimates for structured outflows have so far
ignored the contribution of a reverse shock. Reverse shocks (e.g.
Mészaros & Rees 1997; Sari & Piran 1999; Kobayashi 2000;
Kobayashi & Sari 2000; Resmi & Zhang 2016) have been identified
in the afterglows to long GRBs and should accompany short
GRBs, although they have been difficult to detect (Lloyd-Ronning
2018). However, recently the excess radio emission following
the short GRB 160821B has been explained via emission from
the reverse shock (Lamb et al. 2019b; Troja et al. 2019b). The
phenomenology of the reverse shock emission can be used as a probe
for the magnetization of the central engine (e.g. Fan et al. 2002;
Zhang, Kobayashi & Mészaros 2003; Zhang & Kobayashi 2005;
Giannios, Mimica & Aloy 2008; Gomboc et al. 2008; Steele et al.
2009; Mimica, Giannios & Aloy 2010; Granot 2012; Harrison &
Kobayashi 2013; Guidorzi et al. 2014; Japelj et al. 2014; Fraija
2015; Gao et al. 2015; Kopac et al. 2015; Zhang, Jin & Wei 2015;
Huang et al. 2016; Laskar et al. 2016, 2018; Liu, Wang & Dai 2016;
Alexander et al. 2017; Lamb et al. 2019b) and potentially assist in
identifying the likely outflow structure.

Constraints on the structure of short-duration GRB outflows have
been found following GW 170817. These constraints include a nar-
row jet and high core energy for jet outflows in mergers (Beniamini
et al. 2019), and a Lorentz factor for the wider components or
cocoon >5 or ~10 for the cocoon shock breakout scenario (e.g.
Beloborodov, Lundman & Levin 2018; Xie, Zrake & MacFadyen
2018; Fraija, Pedreira & Veres 2019; Matsumoto, Nakar & Piran
2019). We use these constraints to limit the outflow structure profiles
for our reverse shock estimation.
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In Section 2, we discuss the classical reverse shock scenario and in
Section 2.1 apply the method to the structured outflow models used
to produce light curves for afterglows observed at any inclination.
In Section 2.2, we briefly discuss the case of a relativistic cocoon.
In Section 3, we discuss our results, and in Section 4, we give final
remarks and conclusions.

2 METHOD: THE REVERSE SHOCK

Using the method for determining the afterglow emission from a
structured relativistic outflow in Lamb & Kobayashi (2017) with the
dynamical evolution and expansion description in Lamb, Mandel &
Resmi (2018b), we include synchrotron self-absorption (described
below) and add a description for the reverse shock in these systems.
In this method, the jet/outflow is split into components and the
dynamical evolution of each component is treated independently,
the emission at equal arrival times from each component is then
summed to produce the final light curve. For the reverse shock we
follow Kobayashi (2000), Kobayashi & Sari (2000), and Harrison &
Kobayashi (2013) and use the dynamical evolution of the blast wave
to scale the reverse shock peak conditions.

The behaviour of the emission from a reverse shock depends, pri-
marily, on the width of the shell through which the shock propagates.
The width of the shell Ay is an unknown free parameter, although
usually assumed to be the product of the speed of light ¢ and the
GRB duration 7, giving two cases: a thick shell with Ay > [/ 2F§/ }
or thin shell with Ay < [/2T5, here [ = (3Ey /4mtnm,c*)'/3 is the
Sedov length and Iy is the coasting phase bulk Lorentz factor of
the outflow (Kobayashi, Piran & Sari 1999), Ey is the isotropic
equivalent kinetic energy of the blast wave, n the ambient number
density of protons in the surrounding medium, and m, the mass of
a proton. For short GRBs the deceleration time-scale is longer than
the burst duration T < [/2I'¥3¢ and so short GRBs are typically
described by the thin shell case.

The synchrotron emission with spectral regime is estimated
following Sari, Piran & Narayan (1998) and Wijers & Galama
(1999). For a reverse shock in the thin shell case, Kobayashi (2000)
demonstrated that the spectral peak flux Fp. r, the characteristic
frequency v, r, and the cooling frequency v, scale with observed
time as Fuax,r o¢ 2, vy, o< 2%, and v, oc 2 where ¢ < t4; and
Frax.r 033 v o733 and v, o £43% where 1 > 5. Here 1,
is the observer deceleration time.

For the reverse shock the values of Fpax r, Vm,r, and #q vary
from early analytic estimates via a factor that depends on the
dimensionless parameter &,, where &, = (l/Ao)'/ZF(;M3 (Sari &
Piran 1995). The correction factors for Fi,y » and vy,  are defined
here as Fmax, r(td)/Fmax, f(td) =T CF and Um.r(td)/vm,f(td) = F(Tzcm,
and the observed deceleration time 73 = Cl/c Fg/ 3 These cor-
rection factors can be approximated as Cg ~ (1.5 4 5§, L3hy-1,
Cm ~ (10723 4+ £57%), and C, ~ 0.2 4+ &;2, respectively (Harri-
son & Kobayashi 2013). As the reverse shock probes the shell
material towards the central engine that is driving the outflow, a
strong magnetic field associated with the engine will further enhance
the reverse shock parameters by a factor R;/ 2 for both Finax,r and
Vm,r, and by the factor R;M for v ., where Ry = €5 ,/ep ¢ and e
is the magnetic microphysical parameter and the subscript f or r
refers to forward or reverse shock, respectively (Zhang et al. 2003;
Gomboc et al. 2008). Very high values of Rp have been obtained for
some long GRBs (Zhang et al. 2003; Harrison & Kobayashi 2013;
Huang et al. 2016) and a value of a ~few for the short GRB 160821B
(Lamb et al. 2019b).
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At an inclination ¢ that is outside of the jet half-opening angle
0;, then due to geometric considerations, the observed flux is F, =
F,.o(8/8,)F, where [t — 0;] > 0thend =1/I'(1 — B cos [t — 6;]) is the
relativistic Doppler factor and 8 = (1 — I'"2)"2, and the subscript
‘0’ indicates the on-axis value §, = 1/I'(1 — B). The value of k
depends on the separation from the jet edge with k ~ 2 for ¢ < 26,
and k ~ 3 for ¢ 2 260; (Ioka & Nakamura 2018). For an outflow with
angular structure,’ we sum the evaluated flux from each angular
segment across the outflow.

At low frequencies synchrotron self-absorption (SSA) becomes
important. SSA limits the flux for the reverse shock more efficiently
than for the forward shock due to the lower effective temperature
of the electrons in the reverse shock region. The limiting flux, at
a given frequency v and observer time £, in the reverse shock can
be estimated by considering the intensity of a blackbody with the
reverse shock temperature (e.g. Kobayashi & Sari 2000; Nakar &
Piran 2004):

-2
Fip ~ 2my (1 + 20 8, ? =2 &
p—1p
R\2 v 12
x [ — ) Qcosfmax|—, 1 , (D
DL Vm

where 7 is the redshift, ¢, is the fraction of the shock energy that is
partitioned to electrons, v is the observed frequency, e is the internal
energy density, p the mass energy density, R is radius of the blast
wave, D, the luminosity distance, and 2 and 6 are the solid angle
and opening angle of the emission region.” Here the ratio e/p is
~8 x 1072 (Harrison & Kobayashi 2013) until the shock crossing
time where it evolves as 127, Alternatively, see Resmi & Zhang
(2016) where they consider the opacity of the source to estimate the
SSA limit.

2.1 Reverse shocks viewed off-axis

To determine if the signature of a reverse shock is apparent in the
afterglow from a GW-detected merger jet, we estimate the flux
from a variety of outflow structures with a range of inclinations.
Following Lamb & Kobayashi (2017) we consider four jet structures
generally described as a top-hat, two-component, power-law, and
a Gaussian. The top-hat model is a jet with a uniform kinetic
energy and velocity distribution and sharp edges at the value 6.
used as the core angular width for the jets with a more complex
angular structure. The two-component model follows Lamb et al.
(2019a) with a top-hat jet surrounded by a second component with
10 per cent of the core isotropic equivalent energy and a Lorentz
factor of 5. For the power-law model we follow Lamb & Kobayashi
(2017) where outside of a top-hat core the energy and Lorentz
factor scale with angle as (6/6.)72, and a condition ensuring
I' > 1. The Gaussian model follows the description in Lamb &
Kobayashi (2018), Resmi et al. (2018), and Lamb et al. (2019a):
E0) = E.e /% and Ty(0) = (T — 1)e~/2% 4+ 1, where the
subscript ‘c’ indicates the central or core values. For all the
structured jets we limit the structure by imposing an edge at
0 = 15°.

We fix various fiducial parameters for the jets with the core,
or central values, as E = 10°! erg (or 103 erg for the Gaussian

! Angular structure refers to an outflow with energy and/or Lorentz factor
that vary with angular separation from the central axis: [Ex(6), I'o(6)] o< f(0).
2We split the jet into different emission regions defined by a solid angle
and an opening angle 6 where X;€Q; = Q; ~ n@f.
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Figure 1. Jet structure afterglows at a distance 100 Mpc and observed in radio at 5 GHz. Afterglows are viewed at [0°, 12°, 18°, 36°, 54°, 72°, and 90°],
where 0° is indicated by the light curve denoted ‘A’, and all subsequent light curves are for increasing inclination. Three magnetization parameters are shown,
Rp = [1, 50, and 500], solid green, dashed orange, and dash—dotted blue line, respectively. The four structure models are as described in the text: top left —
‘top-hat’ (TH); bottom left — two-component (2C); top right — power-law (PL); bottom right — Gaussian (G). The x-axis shows the time since fy — either a GRB
trigger for an on-axis case, or a GW trigger when off-axis. The light curve is shown with the colour that corresponds to the R parameter where the afterglow
is reverse shock dominated, and in grey where the forward shock dominates. The uncertainty in the flux due to scintillation is shown as a shaded region while
the source size is small. The vertical grey line shows the 5 h post-merger/gamma-ray burst (GRB) and is representative of the earliest time the Very Large
Array (VLA) can be observing. The horizontal dashed grey line indicates 10 pJy, the ~sensitivity limit for a 1 h exposure (Perley et al. 2011) and the limit
at which GRB radio afterglows have been detected (Macpherson & Coward 2017). The subplot in each panel shows the spectral energy distribution (SED)
corresponding to the on-axis light curve at the time indicated by a vertical grey dashed line (in the main panel) and the letter ‘A’, and the SED at 36° marked
with ‘B’. The black dashed—dotted line in the SED is the forward shock contribution, while the dashed line represents the reverse shock with a given Rp. The

vertical grey dashed line in the SED indicates 5 GHz.

model), I'y = 100, and 6. = 6°. The other model parameters are the
electron distribution index p = 2.2, the microphysical parameters
epr = &2 = 1072, and the ambient density n = 10~ cm .

Fig. 1 shows the afterglow light curves, observed at 5 GHz and
inclinations ¢ = [0, 26, 36., 66., 96, 126, and 156.], for the four
jet structure models considered.? The reverse shock, in each case,
peaks for an on-axis observer at t ~ 0.001-0.1 d. The second peak
at ~1-10 d is the forward shock afterglow. The light curve in Fig. 1
is coloured according to the value of the magnetization parameter
Rp while the afterglow is dominated by the reverse shock. For an
off-axis observer the reverse shock is expected to contribute before
the afterglow peak time, although, in some cases for a structured
jet, the reverse shock can result in a two peaked afterglow.

The effects of scintillation on the observed flux have been con-
sidered. Scintillation is most apparent at low frequencies, typically
<10 GHz, and at early times when the source is compact. As the
jet expands, the size of the source increases and the effects of
scintillation are reduced. We estimate the size of the outflow at
each time step by considering the angle subtended by the emitting
surface, the inclination to the line of sight, and the radius of the blast
wave. The size on the sky is then estimated considering the distance

3We do not consider the counter-jet here and therefore the flux density at
~90°, or our 156, will be brighter by a factor of 2 where the counter-jet is
identical to the forward jet.
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to the source. Following Walker (1998, 2001) and Granot & van der
Horst (2014) we can use the angular size of the first Fresnel zone
Oro = 6.32 x 104SM0'6\10’ 22 ., where SM is the scattering measure
and v the transitional frequency, to estimate the modulation index
m for the relevant scintillation regime. From the NE2001* model
(Cordes & Lazio 2002), the typical values are SM ~ 10~ kpc/m>*3
and vy ~ 10 GHz.

The afterglows in Fig. 1 show the reverse shock is self-absorbed
before the peak time in all on-axis ¢ ~ 0° cases, i.e. Fgg < F).
This is highlighted in the insets, where we show the spectral
energy distribution (SED) at times marked by the letter ‘A’ and
‘B’, respectively. The contribution of the reverse shock is shown
as dashed and coloured lines (according to the value of Rp), the
contribution from the forward shock is shown as a black dash—
dotted line, and the solid coloured lines indicated the sum of the
two components. For the on-axis case ‘A’, the peak of the SED
indicates the self-absorption frequency where Fgp(v) = F), this is
consistent with values for the self-absorption frequency in Nakar &
Piran (2004). For an off-axis observer, the SSA emission has a
limited contribution and the typical SED is a single power law from
radio to X-ray frequencies, however, SSA effects can be seen for
the power-law structured case where the magnetization is high and
the system mildly inclined ¢ = 12° near the reverse shock peak.

“https://www.nrl.navy.mil/rsd/RORF/ne2001/##los
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Figure 2. Light curves as in Fig. 1 but at 97.5 GHz and R band (inset). Vertical line in main panels indicates 3 h post-merger and the horizontal dashed line
indicates 60 pJy, the response and ~sensitivity limit of the Atacama Large Millimeter/submillimeter Array (ALMA) at 97.5 GHz (e.g. Macpherson & Coward
2017). The vertical line in the inset indicates 30 min post-merger and the horizontal dashed line shows map = 21.

The light curve at 97.5 GHz and R band (inset) are shown in Fig. 2,
where the reverse shock dominates the afterglow, the light curve is
shown with a coloured line. At these higher frequencies scintillation
has no effect and self-absorption is not apparent consistent with the
SED in Fig. 1. For the top-hat jet (TH), top-left panel in Figs 1
and 2, the off-axis reverse shock emission results in a brightening
feature in the rising afterglow. For a magnetized ejecta where Rp
> 1 this feature is present at ~5 GHz for all inclinations. Where
Rg = 500, the reverse shock feature is present at ~97.5 GHz, and
for structured jets at optical frequencies.

The two-component (2C), shown bottom-left panel in Figs 1 and
2, shows similar features to the TH case at ¢ < 12°. However,
at higher inclinations, the forward shock emission from the low-
I' wide component competes with the off-axis emission from
a reverse shock in the jet core. A reverse shock in the wider
component is faint and only appears brighter than the forward shock
afterglow where Rz > 1, and can be seen at inclinations ¢ > 12°.
At higher inclinations, the reverse shock emission from the low-
I' wide/second component results in an afterglow that rises to a
plateau, for Rz = 500, before the forward shock emission from the
energetic core dominates and results in the late-time peak.

The right-hand panel in Figs 1 and 2 shows the afterglow light
curves for a power-law (PL) and a Gaussian (G) structured jet
(top and bottom, respectively). Phenomenologically, these two cases
appear similar; the smooth change in the energy and Lorentz factor
profile means that, overall, afterglow emission is brighter for longer
and an off-axis observer than for a regular top-hat jet — this is
consistent with the findings of Lamb, Tanaka & Kobayashi (2018a)
where orphan afterglows from structured jets have a higher rate
of two or more detections with typical survey telescope cadences.
The reverse shock for the highly magnetized cases is observable
above the forward shock, even at high inclinations, where the
emission is dominated by the reverse shock in the lower energy

wider components of the outflow structure. For both the power-law
and Gaussian structured jets, observed at mild inclinations ¢ ~ (3—
4)0. (up to ~66. for the Gaussian case), the reverse shock peak
coincides with the beginning of the characteristic flat or shallow
rise to peak, i.e. the #*’ incline observed in the pre-peak afterglow
to GRB 170817A (e.g. Lyman et al. 2018; Lamb et al. 2019a).

2.2 Reverse shocks in cocoons

A jet that stalls as it drills through the envelope of material ejected
during the merger process will inflate a cocoon of energized matter
(Murguia-Berthier et al. 2014, 2017; Gottlieb, Nakar & Piran 2018).
As the cocoon material propagates into the surrounding medium it
will sweep up material in the same fashion as a GRB jet, generating
a shock system that will produce a broad-band afterglow. For such
a cocoon of material, with a relativistic velocity distribution, the
slower components will catch up and refresh the forward shock
creating a distinctive, slow rising afterglow (e.g. Mooley et al.
2018). Although the afterglow following GRB 170817A was not
due to such a choked-jet system, such transients may exist and the
electromagnetic counterparts to future GW-detected mergers may
reveal the afterglow to a choked-jet cocoon. The existence of such a
choked-jet population is supported by the duration analysis of short
GRBs (Moharana & Piran 2017).

The afterglow from a wide-angled choked-jet system will be
semi-isotropic, depending on the initial opening angle of the outflow
60 ~ 30°-40° (Nakar et al. 2018), and potentially broad-band
detectable on long time-scales (~100s d) for nearby (~50 Mpc)
events where the cocoon has a radial velocity distribution (Fraija
etal. 2019). A reverse shock will travel back into the cocoon and the
forward shock will be continuously refreshed and energized (Sari &
Meészéaros 2000). The reverse shock probes the slower material
catching and energizing the forward shock system. While slower

MNRAS 489, 1820-1827 (2019)
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material continues to refresh the forward shock, the reverse shock
will persist (Rees & Mészaros 1998; Sari & Mészdros 2000).

The maximum synchrotron flux from a reverse shock for a cocoon
with a uniform energy distribution and a fastest component with
Ty = 10 will be Fypayr ~ R}* T Cp Finax.: in the thin shell regime’
where £ >> 1 then Cg — 0.667. Similarly, the coefficient for the
characteristic frequency v, is Cp, — 5 X 1073, As the slower
components refresh the system, the relevant Lorentz factor I'y for
the reverse shock will be reduced — Fy,y, » and vy,  depend on the
Lorentz factor as Iy and I'Z, respectively.

For the fastest component in a system with our fiducial parameters
(e.g.p=22,e5=0.01,5,=0.1,and n = 0.001 cm ™), the forward
shock will have a characteristic frequency, at the deceleration time,
Vm ~ 3.2 x 10'° Hz and a peak synchrotron frequency for the
reverse shock at ~1.6 x 10% Hz; assuming slow cooling, the flux
at ~5 GHz would be a factor ~0.1 of the peak forward shock flux
at #4. For a velocity distribution within the cocoon that ranges from
I' =10 to 1.4, then as the forward shock is energized, where E(>
I'B) o« (I'B)™ here 4.5 < k < 6.2 (Nakar & Piran 2018), and
Fax, 1 & E the forward shock emission will always dominate over
that from the reverse shock that propagates into a shell with the
lower initial energy.

In the case where the cocoon is magnetized, the reverse shock
for our parameters will initially dominate over the forward shock,
where v < vy, ¢ for the forward shock and v > vy, . for the reverse
shock, then the minimum magnetization parameter for F, /F, ¢ >
lis Rp > [FéfpCFCr(np_1)/2(v/vmyf)<1_31’)/6]_4/(p+“ giving Rp > 18
for our typical parameters. Where the initial Lorentz factor of the
outflow is <10 the required Rp increases® e.g. for I'y = 7, then
Rp 2 86. As the forward shock is energized, the emission from the
reverse shock will be buried beneath that from the forward shock.
In such a case, the signature of a reverse shock will appear as a
radio flare at ~#4 for the outflow. Fig. 3 shows the afterglow from
a choked-jet cocoon at 50 Mpc with a k = 6 and observation angle
t =1[0°,45°, 70°, and 90°] and the reverse shock with Rg = [1, 50,
500]. For the case where Rz = 1, the reverse shock never dominates
emission over the forward shock; the dotted grey line indicates the
reverse shock contribution at ¢t = 0 and Rz = 1. The slow decline
in the reverse shock emission post-peak traces the Lorentz factor of
the radial velocity distribution I' = 10-1.4.

3 DISCUSSION

By considering a reverse shock for various jet or outflow structures,
we have shown that the pre-peak afterglow for an off-axis observer
will contain a distinctive feature with a reverse shock origin.
A larger residual magnetic field from the central engine will
enhance the reverse shock emission, and for small inclinations,
may result in the brightest afterglow peak when observed at low
frequencies.

For short-duration GRBs, the low characteristic frequency and
the early peak time for the reverse shock emission means that fast
response and deep radio photometry of GW-triggered neutron star

SThe assumption of a thin shell is due to the nature of the reverse shock in
an outflow with a radial velocity distribution; as the slower material catches
the decelerating forward shock a reverse shock forms, as the shock system is
continuously energized by the slower arriving material the reverse shock can
be instantaneously approximated by an infinitesimally thin shell of shocked
material.

SWhere v f o I‘S att = tq, and Rp is then proportional to a negative power
of I'p.
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Figure 3. A choked-jet cocoon afterglow at 5 GHz viewed at ¢ = [0°, 45°,
70°, and 90°]. The contribution to the afterglow from a reverse shock with
Rp =11, 50, and 500] is shown in each case. The component of the flux from
the reverse shock is shown for the on-axis and Rg = 1 case as a thick dotted
grey line. From this it is clear to see that the reverse shock never contributes
significantly to the emission.

mergers is critical in identifying the reverse shock contribution (we
note that the same criteria apply to the cosmological sample of short
GRBs that are typically at z = 0.5; Berger 2014). At a distance of
100 Mpc, where a system is inclined ¢ < 20° the reverse shock
feature will appear on a time-scale  ~ 0.001-10 d post-merger. For
such systems we can expect a high energy trigger, either an X-ray
flash or a GRB; where such emission is observed by Swift/Burst
Alert Telescope (BAT) then the source will be easily localized (see
text and fig. 1 in Mandhai et al. 2018) and rapid follow-up can
commence.

The vertical lines in Fig. 1 indicate 5 h post-merger and the
typical response time of the Karl-Jansky Very Large Array (VLA).
The horizontal dashed line indicates the typical sensitivity limit
of 10 wly (Perley et al. 2011; Macpherson & Coward 2017).
Similar vertical lines are shown in Fig. 2 where at 97.5 GHz
they represent the response and sensitivity of the Atacama Large
Millimeter/submillimeter Array (ALMA), ~3 h and ~60 ply (e.g.
Macpherson & Coward 2017), and for the inset the R-band response
~0.5 h and a magnitude ~21 — at optical frequencies the response
of various facilities can be within seconds of receiving a trigger
and the limiting magnitude can vary from telescope-to-telescope.
From these limits it is clear that radio follow-up of GW-detected
mergers should focus on nearby <100 Mpc and mildly inclined
t < 20° (where information is available) and in all cases where the
merger is accompanied by a high energy electromagnetic trigger.
We additionally note that the time-scales shown here depend on
the ambient density, energy, and Lorentz factor of the outflow —
crucially we note that where I' < 100 the reverse shock peak will
appear later, and where E > 10°! erg and n > 1073 cm™ then the
peak afterglow flux will be brighter and the time-scale longer for a
higher energy outflow and shorter for a higher density environment.
For GRB 160821B, early radio observations at 0.15 d show the
reverse shock and require an outflow with I' ~ 60 (Lamb et al.
2019b).

Our example in Fig. 1 shows that for an observer at the typical
GW-detected inclination of ~38° (Lamb & Kobayashi 2017), the
flux density for the peak of the reverse shock emission at ~10 d
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Rs =500

18°

L

1=36°

Figure 4. The rise index o defined as F o< =% for the 5 GHz afterglow light curves at an inclination ¢ = [0°, 18°, and 36°] or [0, 3, and 6] x 6. The thin
lines show « for the forward shock only case and the faint lines show the effects of refractive and diffractive scintillation, which are particularly prominent at
early times, see text in Section 3. The x-axis shows time normalized to #,, the observed light-curve peak due to emission from the forward shock, the vertical
line at #/f;, = 1. Each column shows a single magnetic parameter, Rz = [1, 50, and 500], respectively. The jet structures are indicated by the line colour and
style: TH — top-hat with a solid grey line; 2C — two-component with a dotted purple line; PL — power-law with a dashed red line; and G — Gaussian with a blue

dashed—dotted line.

post-merger is ~1077—=107> pJy for a top-hat jet” with an opening
angle of 6°. For the structured outflows a magnetization parameter
Rp > 1 is required for the reverse shock to dominate the early
afterglow. Where this is the case, the flux density is ~0.01-1 pJy.
Observations at this level will be extremely difficult, however, for
rare events that have an intrinsically high energy and/or are very
close, ~10s of Mpc, these limits will be less restrictive.

The change in the temporal index may reveal the reverse shock
where an afterglow that is detectable at early times. In Fig. 4, the
5 GHz rise index evolution with time before the afterglow forward
shock peak is shown for an observer at ¢ = [0°, 18°, and 36°] or
~[0, 3, and 6] x .. The effects of scintillation are shown with faint
lines and where scintillation is present, the rise index information
is lost. However, the temporal behaviour of o, where scintillation is
not considered, is interesting. For an off-axis observer, where Rz =
1, the reverse shock can be seen for the top-hat and marginally for
the power-law case at #/t, ~ 10~'. Whereas for the two-component
and Gaussian models, the rise index gradually flattens to the peak
at o = 0 as expected from a forward shock. For higher values of R,
the reverse shock is more obvious — briefly steepening the incline

"The steep rise to peak in the top-hat case, and the peak duration for the off-
axis observed afterglow is likely an effect of the afterglow approximation.
Where the full density profile of the forward shock is considered, the rise
time is earlier and the peak is broadened (e.g. De Colle et al. 2012; van
Eerten, van der Horst & MacFadyen 2012). 2D hydrodynamic simulations
have shown that the afterglow from a top-hat jet, when observed off-axis,
will look more like a structured outflow (Gill et al. 2019). In such a case,
we expect the reverse shock to appear similar to the case of an angular
structured outflow shown here.

at t/t, < 107! before a shallower rise then becoming forward shock
dominated and peaking at #/t, = 1, where t, is the time when the
forward shock emission peaks; the index for the forward shock only
case is shown as a thin line and is clear for the ¢t = 0° row where the
reverse shock contributes.

Variability in the rise index for the afterglow at higher inclinations
may show the contribution from a reverse shock. This variability
will be complicated by any scintillation and observations may
not be sensitive enough to detect changes due to the reverse
shock, however, any modulation due to scintillation can be used
to measure the size of the outflow (e.g. Granot & van der Horst
2014) putting constraints on the jet versus cocoon origin of an
early afterglow detection. The effects of scintillation on the 5 GHz
emission for a source at 100 Mpc are shown in Fig. 4. On-axis,
scintillation does not obscure the changes due to the reverse shock
but for higher inclination systems the effects of scintillation are
much more problematic and even for rare events at <50 Mpc the
effects of scintillation will likely wash out any useful information.
However, strong scintillation is only present at frequencies below a
transition frequency, typically ~10 GHz and so observations above
the transition frequency will be limited by weak scintillation only
(see Granot & van der Horst 2014, for a review). Fig. 5 shows
the rise index « for the same source as Fig. 4 but at an observed
frequency of 97.5 GHz. The reverse shock emission is weaker at
these higher frequencies (for our parameters), so we show only
the cases for Rp > 1. The same characteristic changes in the rise
index behaviour for the various jet structures can be seen. From
Fig. 2 it is clear that ALMA is not sensitive enough to detect the
afterglow at the required time of the reverse shock for an inclined
system, however, we note that at frequencies >10 GHz the VLA
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Figure 5. Same as Fig. 4, but showing the rise index « (y-axis) with
forward shock normalized time #f, at 97.5 GHz, (ALMA). The effects
of scintillation, shown as faint lines, are much reduced due to the higher
frequency. The rise index for the forward shock only case is shown as a thin
line.

has sensitivity comparable to that shown in Fig. 1 and the effects of
strong scintillation are similarly suppressed.

Interestingly, from Figs 4 and 5, where the temporal index for
an on-axis observer appears similar for each of the jet structures
during the rising afterglow, the post-peak decline reveals some
differences where the structure of the outflow is extended. In the
off-axis cases, the difference post-peak is not obvious, however,
the pre-peak behaviour of the index can be used to indicate the
presence of structure. For a top-hat jet, the index « is always much
more variable than for any of the structured outflow cases. Where
the reverse shock is observed, the time-scale on which it appears
and the subsequent behaviour of the afterglow light curve can be
used to distinguish between a two-component structure and either a
power-law or Gaussian structure — this will require self-consistent
modelling of both the reverse and the forward shock systems with
broad-band data.

Application of the reverse shock model to the afterglow of
GW 170817 is shown in Fig. 6. Here the radio data is 4-8 GHz
from Hallinan et al. (2017), Margutti et al. (2018), Mooley et al.
(2018), and Dobie et al. (2018) and the R-band data is from Lyman
et al. (2018) and Lamb et al. (2019a). The afterglow model has
parameters® consistent with the posterior distribution for a Gaussian
structured jet from Lamb et al. (2019a) and the reverse shock where
Rp =[1, 50, 500] is shown as an excess at early times,  ~ 1 d post-
merger. Scintillation at 5 GHz is included for the sky localization of
GW 170817 from NE2001 (Cordes & Lazio 2002) and is shown as a
shaded region representing the maximum and minimum variability
following Granot & van der Horst (2014).

8Tsotropic equivalent kinetic energy of the central jet core Ey = 10524 erg,

central jet core Lorentz factor I'g = 427, ambient density n = 107352 ¢cm—3,
microphysical parameters eg = 107311, g, = 107114, p = 2.164, and jet
core angle 6. = 5%6 and inclination ¢ = 2192.

MNRAS 489, 1820-1827 (2019)

10°
10—1 4
*
*
10—2 4
>
e 5 ‘/‘
= 10734
=
2 g
S 1044 2 *
X =}
] i+
w g
1073 4 2
o
o
Q
1076 4 =
# —— 5GHz
= 97.5 GHz
— R-band
1077 ; . .
1071 10° 10t 102

Observer time since ty (days)

Figure 6. Data of the afterglow to GW 170817 at ~5 GHz and R band
(Hallinan et al. 2017; Dobie et al. 2018; Lyman et al. 2018; Margutti et al.
2018; Mooley et al. 2018; Lamb et al. 2019a) and a light curve at 5 GHz,
97.5 GHz, and R band with parameters typical of GRB 170817A fits (e.g.
Lamb et al. 2019a). The reverse shock for such a structured jet is apparent
at ~1 d post-merger. The solid, dashed, and dashed—dotted lines indicate an
Rp = [1, 50, and 500], respectively. The reverse shock is dominant at ~1 d
only for cases where Rp > 1.

For short GRBs at cosmological distances, the afterglow is
expected to be at small inclinations within the jet opening angle
or the core angle for a structured jet. From Figs 1 and 2 it is clear
that in on-axis case the different structures show little difference
— however, see Fig. 4 where in post-peak some difference could
be apparent in the late afterglow decline phase. For untriggered
transient surveys such as the Square Kilometre Array, the brighter-
for-longer duration of a structured outflow with a reverse shock
will increase the likelihood of making multiple detections of an
orphan afterglow at higher distances. For optical transient surveys
such as the Large Synoptic Survey Telescope, the reverse shock
is not expected to be bright and the transient rate estimated from
forward shock considerations will remain unaffected by inclusion
of a reverse shock (e.g. Lamb et al. 2018a).

4 CONCLUSIONS

For mildly inclined 10° < ¢ < 30° GW-detected binary neutron star
mergers within ~100 Mpc, the reverse shock will show a distinct
feature in the rising afterglow emission at 0.1-10 d post-merger. For
structured outflows described by a power-law or Gaussian profile,
the reverse shock will appear as an early bump or plateau before a
gradual rise to peak at ~100 d. For a two-component structure the
off-axis emission from the jet core will dominate for observers at
~20. but at inclinations ¢ 2 36, the reverse shock from the wider
component will contribute where Rz ~ 500 at a slightly later time
than for the power-law or Gaussian structured case. For a top-hat
jet, where the jet has no angular structure, the reverse shock will be
fainter than the equivalent from a structured outflow and followed
by a sharp rise to peak. The flux density level of the reverse shock
can be used to estimate the degree of magnetization within the
outflow ejecta where broad-band observations of the afterglow will
constrain the various parameters.

6102 J8QWIBAON /0 UO Jasn AlISIaAlUn SI00|\ Uyor [00dJaAlT AQ 81/05G5S/028 | /2/681/10BNSqe-ad1le/Seluw/woo dno olwapese//:sdiy Woll papeojumoc]



ACKNOWLEDGEMENTS

We thank the anonymous referee for helpful comments that have
improved the paper. GPL thanks Alexander van der Horst and Klaas
Wiersema for useful discussions. GPL is supported by STFC grant
ST/S000453/1.

REFERENCES

Abbott B. P. et al., 2017, Phys. Rev. Lett., 119, 161101

Alexander K. D. et al., 2017, ApJ, 848, 69

Beloborodov A. M., Lundman C., Levin Y., 2018, preprint (arXiv:1812.112
47)

Beniamini P, Nakar E., 2019, MNRAS, 482, 5430

Beniamini P., Petropoulou M., Barniol Duran R., Giannios D., 2019,
MNRAS, 483, 840

Berger E., 2014, ARA&A, 52,43

Cordes J. M., Lazio T. J. W., 2002, preprint (arXiv:astro-ph/0207156)

D’Avanzo P. et al., 2018, A&A, 613, L1

De Colle F., Granot J., Lopez-Camara D., Ramirez-Ruiz E., 2012, Ap]J, 746,
122

Dobie D. et al., 2018, ApJ, 858, L15

Fan Y.-Z., Dai Z.-G., Huang Y.-F., Lu T., 2002, Chin. J. Astron. Astrophys.,
2,449

Fraija N., 2015, ApJ, 804, 105

Fraija N., Pedreira A. C., Caligula do E. S., Veres P., 2019, ApJ, 871, 200

Gao H., Wang X.-G., Mészaros P., Zhang B., 2015, ApJ, 810, 160

Giannios D., Mimica P., Aloy M. A., 2008, A&A, 478, 747

Gill R., Granot J., 2018, MNRAS, 478, 4128

Gill R., Granot J., De Colle E, Urrutia G., 2019, ApJ, in press (arXiv:
1902.10303)

Gomboc A. et al., 2008, ApJ, 687, 443

Gottlieb O., Nakar E., Piran T., 2018, MNRAS, 473, 576

Granot J., 2005, ApJ, 631, 1022

Granot J., 2012, MNRAS, 421, 2442

Granot J., van der Horst A. J., 2014, Publ. Astron. Soc. Aust., 31, e008

Guidorzi C. et al., 2014, MNRAS, 438, 752

Hallinan G. et al., 2017, Science, 358, 1579

Harrison R., Kobayashi S., 2013, ApJ, 772, 101

Huang X.-L., Xin L.-P,, Yi S.-X., Zhong S.-Q., Qiu Y.-L., Deng J.-S., Wei
J.-Y., Liang E.-W., 2016, ApJ, 833, 100

Toka K., Nakamura T., 2018, Progress Theor. Exp. Phys., 2018, 043E02

Japelj J. et al., 2014, AplJ, 785, 84

Jin Z.-P. et al., 2018, ApJ, 857, 128

Kathirgamaraju A., Barniol Duran R., Giannios D., 2018, MNRAS, 473,
Li121

Kathirgamaraju A., Tchekhovskoy A., Giannios D., Barniol Duran R., 2019,
MNRAS, 484, .98

Kobayashi S., 2000, ApJ, 545, 807

Kobayashi S., Sari R., 2000, ApJ, 542, 819

Kobayashi S., Piran T., Sari R., 1999, ApJ, 513, 669

Kopac D. et al., 2015, ApJ, 806, 179

Lamb G. P,, Kobayashi S., 2017, MNRAS, 472, 4953

Lamb G. P.,, Kobayashi S., 2018, MNRAS, 478, 733

Lamb G. P,, Tanaka M., Kobayashi S., 2018a, MNRAS, 476, 4435

Lamb G. P, Mandel 1., Resmi L., 2018b, MNRAS, 481, 2581

Lamb G. P. et al., 2019a, ApJ, 870, L15

Reverse shocks in GW GRB counterparts 1827

Lamb G. P. et al., 2019b, AplJ, in press (arXiv:1905.02159)

Laskar T. et al., 2016, ApJ, 833, 88

Laskar T. et al., 2018, ApJ, 862, 94

Lazzati D., Deich A., Morsony B. J., Workman J. C., 2017, MNRAS, 471,
1652

Lazzati D., Perna R., Morsony B. J., Lopez-Camara D., Cantiello M., Ciolfi
R., Giacomazzo B., Workman J. C., 2018, Phys. Rev. Lett., 120, 241103

Liu L. D., Wang L. J., Dai Z. G., 2016, A&A, 592, A92

Lloyd-Ronning N., 2018, Galaxies, 6, 103

LymanJ. D. et al., 2018, Nat. Astron., 2, 751

Macpherson D., Coward D., 2017, MNRAS, 467, 2476

Mandhai S., Tanvir N., Lamb G., Levan A., Tsang D., 2018, Galaxies, 6,
130

Margutti R. et al., 2018, ApJ, 856, L18

Matsumoto T., Nakar E., Piran T., 2019, MNRAS, 483, 1247

Mészaros P., Rees M. J., 1997, Apl, 476, 232

Mimica P., Giannios D., Aloy M. A., 2010, MNRAS, 407, 2501

Moharana R., Piran T., 2017, MNRAS, 472, L55

Mooley K. P. et al., 2018, Nature, 554, 207

Murguia-Berthier A., Montes G., Ramirez-Ruiz E., De Colle F., Lee W. H.,
2014, ApJ, 788, L8

Murguia-Berthier A. et al., 2017, ApJ, 835, L34

Nakar E., Piran T., 2004, MNRAS, 353, 647

Nakar E., Piran T., 2018, MNRAS, 478, 407

Nakar E., Gottlieb O., Piran T., Kasliwal M. M., Hallinan G., 2018, ApJ,
867, 18

Panaitescu A., 2005, MNRAS, 362, 921

Perley R. A., Chandler C. J., Butler B. J., Wrobel J. M., 2011, ApJ, 739, L1

Pescalli A., Ghirlanda G., Salafia O. S., Ghisellini G., Nappo E., Salvaterra
R., 2015, MNRAS, 447, 1911

Rees M. J., Mészaros P., 1998, ApJ, 496, L1

Resmi L., Zhang B., 2016, ApJ, 825, 48

Resmi L. et al., 2018, ApJ, 867, 57

Rossi E., Lazzati D., Rees M. J., 2002, MNRAS, 332, 945

Salafia O. S., Ghisellini G., Pescalli A., Ghirlanda G., Nappo E, 2015,
MNRAS, 450, 3549

Sari R., Mészaros P., 2000, ApJ, 535, L33

Sari R., Piran T., 1995, ApJ, 455, L.143

Sari R., Piran T., 1999, AplJ, 520, 641

Sari R., Piran T., Narayan R., 1998, ApJ, 497, L17

Steele I. A., Mundell C. G., Smith R. J., Kobayashi S., Guidorzi C., 2009,
Nature, 462, 767

Takami K., Yamazaki R., Sakamoto T., Sato G., 2007, ApJ, 663, 1118

Troja E. et al., 2018, MNRAS, 478, L18

Troja E. et al., 2019a, MNRAS, in press (arXiv:1808.06617)

Troja E. et al., 2019b, preprint (arXiv:1905.01290)

van Eerten H., van der Horst A., MacFadyen A., 2012, ApJ, 749, 44

Walker M. A., 1998, MNRAS, 294, 307

Walker M. A., 2001, MNRAS, 321, 176

Wijers R. A. M. J., Galama T. J., 1999, ApJ, 523, 177

Xie X., Zrake J., MacFadyen A., 2018, ApJ, 863, 58

Zhang B., Kobayashi S., 2005, ApJ, 628, 315

Zhang B., Kobayashi S., Mészdros P., 2003, ApJ, 595, 950

Zhang S., Jin Z.-P., Wei D.-M., 2015, ApJ, 798, 3

This paper has been typeset from a TEX/IATEX file prepared by the author.

MNRAS 489, 1820-1827 (2019)

6102 J8QWIBAON /0 UO Jasn AlISIaAlUn SI00|\ Uyor [00dJaAlT AQ 81/05G5S/028 | /2/681/10BNSqe-ad1le/Seluw/woo dno olwapese//:sdiy Woll papeojumoc]


http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.3847/1538-4357/aa8a76
http://arxiv.org/abs/1812.11247
http://dx.doi.org/10.1093/mnras/sty3110
http://dx.doi.org/10.1093/mnras/sty3093
http://dx.doi.org/10.1146/annurev-astro-081913-035926
https://arxiv.org/abs/astro-ph/0207156
http://dx.doi.org/10.1051/0004-6361/201832664
http://dx.doi.org/10.1088/0004-637X/746/2/122
http://dx.doi.org/10.3847/2041-8213/aac105
http://dx.doi.org/10.1088/1009-9271/2/5/449
http://dx.doi.org/10.1088/0004-637X/804/2/105
http://dx.doi.org/10.3847/1538-4357/aaf80e
http://dx.doi.org/10.1088/0004-637X/810/2/160
http://dx.doi.org/10.1051/0004-6361:20078931
http://dx.doi.org/10.1093/mnras/sty1214
http://arxiv.org/abs/1902.10303
http://dx.doi.org/10.1086/592062
http://dx.doi.org/10.1093/mnras/stx2357
http://dx.doi.org/10.1086/432676
http://dx.doi.org/10.1111/j.1365-2966.2012.20473.x
http://dx.doi.org/10.1017/pasa.2013.44
http://dx.doi.org/10.1093/mnras/stt2243
http://dx.doi.org/10.1126/science.aap9855
http://dx.doi.org/10.1088/0004-637X/772/2/101
http://dx.doi.org/10.3847/1538-4357/833/1/100
http://dx.doi.org/10.1093/ptep/pty036
http://dx.doi.org/10.1088/0004-637X/785/2/84
http://dx.doi.org/10.3847/1538-4357/aab76d
http://dx.doi.org/10.1093/mnrasl/slx175
http://dx.doi.org/10.1093/mnrasl/slz012
http://dx.doi.org/10.1086/317869
http://dx.doi.org/10.1086/317021
http://dx.doi.org/10.1086/306868
http://dx.doi.org/10.1088/0004-637X/806/2/179
http://dx.doi.org/10.1093/mnras/stx2345
http://dx.doi.org/10.1093/mnras/sty1108
http://arxiv.org/abs/1905.02159
http://dx.doi.org/10.3847/1538-4357/833/1/88
http://dx.doi.org/10.3847/1538-4357/aacbcc
http://dx.doi.org/10.1093/mnras/stx1683
http://dx.doi.org/10.1103/PhysRevLett.120.241103
http://dx.doi.org/10.1051/0004-6361/201628072
http://dx.doi.org/10.3390/galaxies6040103
http://dx.doi.org/10.1038/s41550-018-0511-3
http://dx.doi.org/10.1093/mnras/stx198
http://dx.doi.org/10.3390/galaxies6040130
http://dx.doi.org/10.3847/2041-8213/aab2ad
http://dx.doi.org/10.1093/mnras/sty3200
http://dx.doi.org/10.1086/303625
http://dx.doi.org/10.1111/j.1365-2966.2010.17071.x
http://dx.doi.org/10.1093/mnrasl/slx131
http://dx.doi.org/10.1038/nature25452
http://dx.doi.org/10.1088/2041-8205/788/1/L8
http://dx.doi.org/10.3847/2041-8213/aa5b9e
http://dx.doi.org/10.1111/j.1365-2966.2004.08099.x
http://dx.doi.org/10.1093/mnras/sty952
http://dx.doi.org/10.3847/1538-4357/aae205
http://dx.doi.org/10.1111/j.1365-2966.2005.09352.x
http://dx.doi.org/10.1088/2041-8205/739/1/L1
http://dx.doi.org/10.1093/mnras/stu2482
http://dx.doi.org/10.1086/311244
http://dx.doi.org/10.3847/0004-637X/825/1/48
http://dx.doi.org/10.3847/1538-4357/aae1a6
http://dx.doi.org/10.1046/j.1365-8711.2002.05363.x
http://dx.doi.org/10.1093/mnras/stv766
http://dx.doi.org/10.1086/312689
http://dx.doi.org/10.1086/309835
http://dx.doi.org/10.1086/307508
http://dx.doi.org/10.1086/311269
http://dx.doi.org/10.1038/nature08590
http://dx.doi.org/10.1086/518763
http://arxiv.org/abs/1808.06617
http://arxiv.org/abs/1905.01290
http://dx.doi.org/10.1088/0004-637X/749/1/44
http://dx.doi.org/10.1046/j.1365-8711.1998.01238.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04104.x
http://dx.doi.org/10.1086/307705
http://dx.doi.org/10.3847/1538-4357/aacf9c
http://dx.doi.org/10.1086/429787
http://dx.doi.org/10.1086/377363
http://dx.doi.org/10.1088/0004-637X/798/1/3

