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Abstract

We present the afterglow light curves produced by the deceleratlon of a nonrelativistic ejecta mass in a stratified
circumstellar medium with a density profile n(r) < r~* with k = 0, 1, 1.5, 2, and 2.5. Once the ejecta mass is
launched with equivalent kinetic energy parameterized by E(>0) oc = © (where [ is the ejecta velocity) and
propagates into the surrounding circumstellar medium, it first moves with constant velocity (the free-coasting
phase), and later it decelerates (the Sedov-Taylor expansion). We present the predicted synchrotron and
synchrotron self-Compton light curves during the free-coasting phase and the subsequent Sedov—Taylor expansion.
In particular cases, we show the corresponding light curves generated by the deceleration of several ejecta masses
with different velocities launched during the coalescence of binary compact objects and the core collapse of dying
massive stars, which will contribute at distinct timescales, frequencies, and intensities. Finally, using the
multiwavelength observations and upper limits collected by a large campaign of orbiting satellites and ground
telescopes, we constrain the parameter space of both the kilonova (KN) afterglow in GW170817 and the possibly
generated KN afterglow in S190814bv. Further observations on timescales of years post-merger are needed to
derive tighter constraints.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Gravitational wave astronomy (675); Non-
thermal radiation sources (1119); Compact binary stars (283)

,and

1. Introduction

Long-duration gamma-ray bursts (IGRBs; Toy 2 2s;
Kouveliotou et al. 1993) are connected with the core collapse
(CC) of dying massive stars (Woosley 1993; Galama et al. 1998),
which leads to supernovae (SNe; Bloom et al. 1999; Woosley &
Bloom 2006). Short-duration gamma-ray bursts (sGRBs;
Too < 2's) are associated with the coalescence of binary compact
objects (NS-NS or BH-NS),"! which leads to kilonovae'> (KNe;
Li & Paczyriski 1998; Rosswog 2005; Metzger et al. 2010;
Kasen et al. 2013; Metzger 2017). The death of massive stars
and the coalescence of binary compact objects are believed to
launch considerable amounts of materials with broad ranges of
velocities. In the framework of NS—NS mergers, nonrelativistic
ejecta masses with velocities in the range 0.03 < 3 < 0.8
(expressed hereafter in units of the speed of light), such as
dynamical ejecta, cocoon material, shock breakout material,
and wind ejecta, are launched (e.g., see Dessart et al. 2009;
Goriely et al. 2011; Bauswein et al. 2013; Hotokezaka et al.
2013; Kyutoku et al. 2014; Metzger & Fernandez 2014;
Murguia-Berthier et al. 2014; Nagakura et al. 2014; Wanajo
et al. 2014; Ferndndez et al. 2015; Metzger et al. 2015;

'T'Ns corresponds to neutron star and BH to black hole.
127 fairly isotropic thermal transient powered by the radioactive decay of
rapid neutron capture process nuclei and isotopes.

Lazzati et al. 2017, 2018). In the framework of CC-SNe
(depending on the type of SN association), several ejecta
masses with nonrelativistic velocities of 3 < 0.3 have been
reported (e.g., see Kulkarni et al. 1998; Bloom et al. 1999;
Woosley & Bloom 2006; Valenti et al. 2008; Gal-Yam 2017;
Izzo et al. 2019, 2020; Modjaz et al. 2020; Nicholl et al. 2020).
While the inferred mass of the ejecta for the first gamma-ray
burst (GRB)/SN association (GRB 980425/SN  1998bw;
Kulkarni et al. 1998) was 10~ M with a velocity of
B~ 02-03, the inferred mass for the first GRB /KN
association (GRB 170817A/AT 2017gfo; Coulter et al. 2017)
was 1074-1072 M., ejected with a velocity of 5~ 0.1-0.3
(Arcavi et al. 2017; Cowperthwaite et al. 2017; Nicholl et al.
2017; Metzger 2019). Chevalier (1982) studied the interaction
of an adiabatic flow in a circumstellar density profile for SNe II
of the form n(r) r~2. Such a power law (PL) has since been
the usual convention, and it has been used in subsequent papers
for different types of SNe, such as those by Kotak et al. (2004),
Chevalier (1984), Soderberg et al. (2006), and Blondin et al.
(1996). However, in a more recent study, Moriya & Tominaga
(2012) showed that the spectral diversity of Type II luminous
SNe may be explained by the diversity in the density slope of
the surrounding dense wind. Accordingly, they proposed a
wind density structure with a profile of o~ and noticed that
the ratio of the diffusion timescale in the optically thick region
of the wind to the shock propagation timescale after shock
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breakout had a strong dependence on the stratification
parameter k, which led to differences in the SN spectral
evolution.

The interaction of the ejecta mass with the surrounding
circumburst medium in the nonrelativistic regime has been
proposed for use in describing multiwavelength afterglow
observations in timescales of days to several years (e.g., see
Wijers et al. 1997; Dai & Lu 1999; Huang et al. 1999; Livio &
Waxman 2000; Huang & Cheng 2003; Sironi & Giannios 2013;
Barniol Duran & Giannios 2015). Several authors (e.g.,
Metzger & Bower 2014; Fong et al. 2016; Liu et al. 2020;
Schroeder et al. 2020) have considered the material launched
during the coalescence of binary compact objects and
computed the synchrotron emission in the radio bands. These
authors have assumed a free-coasting phase and a subsequent
Sedov-Taylor expansion. Tan et al. (2001) considered that the
kinetic energy of the shock wave could be described in terms of
a PL velocity distribution. Thenceforth, several authors have
considered that the material launched during the coalescence of
binary compact objects and CC-SNe may be described by a PL
velocity distribution (e.g., Lazzati et al. 2012; Bauswein et al.
2013; Horesh et al. 2013; Margutti et al. 2013, 2014; Kyutoku
et al. 2014; Barniol Duran et al. 2015; Hotokezaka &
Piran 2015; Metzger 2017, 2019; Mooley et al. 2018b; Fraija
et al. 2019d; Kathirgamaraju et al. 2019). In the context of the
coalescence of an NS binary, Fraija et al. (2019d) and
Kathirgamaraju et al. (2019), for instance, assumed a PL
distribution for the energy of the shock breakout (the outermost
matter) and the KN material in GW170817 and calculated the
nonthermal emission generated by the interaction of these
materials with the uniform-density medium. In the case of
dying massive stars, Lazzati et al. (2012), for example,
presented a set of numerical simulations of stellar explosions
induced by outflows and compared the results with observa-
tional properties of SNe Ibc as a function of the equivalent
kinetic energy and velocity of the ejecta.

In this paper, we present, based on analytic arguments, a
theoretical model that predicts the multiwavelength afterglow
emission generated by the deceleration of a nonrelativistic
ejecta mass in a circumstellar medium with a profile of
n(r) < r *. Once the ejecta mass propagates into the
circumstellar medium, it first moves with a constant velocity,
and later, when the swept-up quantity of material is similar to
the ejected mass, it begins to decelerate. During these stages,
electrons are accelerated in the forward shocks and are cooled
down by synchrotron and synchrotron self-Compton (SSC)
processes. We present the predicted synchrotron and SSC light
curves for k =0, 1, 1.5, 2, and 2.5 that cover several ejecta
masses launched during the coalescence of binary compact
objects and CC-SNe. In particular, with multiwavelength
observations and upper limits collected by a large campaign
of orbiting satellites and ground telescopes, we constrain the
parameter space of both the KN afterglow in GW170817 and
the possibly generated KN afterglow produced by the
coalescence of a BH-NS system in S190814bv. The paper is
organized as follows: In Section 2, we introduce the theoretical
model that predicts the multiwavelength afterglow emission
generated by the deceleration of a nonrelativistic ejecta mass.
In Section 3, we show the predicted synchrotron and SSC light
curves for a density profile with k = 0, 1, 1.5, 2, and 2.5. In
Section 4, we show the synchrotron and SSC light curves from
material launched during the coalescence of an NS binary. In
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Section 5, we discuss the nonrelativistic ejected mass around
the KN emission. In Section 6, we apply our model to two
particular cases, to GW170817 and S190814bv, and finally in
Section 7, we present a discussion and summary. We adopt the
convention Q, = 1%* in cgs units and assume for the
cosmological constants a spatially flat universe ACDM model
with Hy = 69.6kms ' Mpc™', Qy = 0.286, and Q, = 0.714
(Planck Collaboration et al. 2016). Primed and unprimed
quantities are used for the comoving and observer frames,
respectively.

2. Afterglow Light Curves of a Nonrelativistic Ejecta Mass

In this section, we show the dynamics of the forward shocks
given by the deceleration of the ejecta mass in a density profile
n(r) = Akr*k with A, denoting the density parameter and
0 < k < 3. We use analytical arguments in order to compute
the synchrotron and SSC light curves expected in the
nonrelativistic regime. The synchrotron and SSC radiation is
derived in the fully adiabatic regime during the free-coasting
and deceleration phases assuming an electron distribution
described by dN /dv, o< 7., for v = ym, Where v, is the
Lorentz factor of the lowest-energy electrons and p is the index
of the electron distribution. We only consider the dynamics of
the forward shocks instead of including that of reverse shocks
because electrons accelerated in reverse shocks generate short-
lived emissions and we are interested in describing emissions
extended in timescales of days to years.

Irrespective of the progenitor, nonrelativistic materials with a
wide range of masses and velocities are launched into the
circumstellar medium. After a time ¢ following the coalescence
or collapse, a generic ejecta mass moves with a constant
velocity (8 and expands with a mean radius r =~ [t (e.g., see
Kulkarni et al. 1998; Metzger 2019). The initial expansion
phase is not affected by the circumstellar medium, but once the
swept-up quantity of material is as large as the ejected mass,
the ejecta begins to decelerate (Rosswog et al. 2014). During
the deceleration phase, numerical simulations indicate that the
velocity of matter in front of the ejecta is higher than that of
matter moving in the back, so that the ejecta acquires a velocity
structure (e.g., see Tan et al. 2001; Rosswog et al. 2014).

2.1. The Free-coasting Phase

During the initial expansion, the ejecta mass is not affected
by the circumstellar medium (Rosswog et al. 2014), so the
velocity is constant 3 o<’ and the radius evolves as
roc (1 +2) 'e

2.1.1. Synchrotron Emission

During the coaslting phase, the post-shock magnetic field
evolves as B’ o e} A ,6’% 12, where €p 1s a microphysical
parameter associated with the magnetic density. The Lorentz
factors of the lowest-energy electrons and of the higher-energy
electrons, which are efficiently cooled by synchrotron emis-
sion, are

Y = Vo 8(P) o1 Bos

1+z 1-k - — — — —
e=20(1) A+ e AR )

where Y is the Compton parameter (Sari & Esin 2001),
g(p) = Z—:?, €. 1S a microphysical parameter associated with
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the electron density, and z is the redshift of a generic observer
located at 100 Mpc. Given the evolution of the synchrotron
frequencies as a function of the electron Lorentz factors
v o 71.2 with i = m or ¢, using Equation (1) the corresp-
onding synchrotron break frequencies can be written as

syn syn,0 2 k72 2 L sk K
Vn =V (P)( ) e—lfB AZB fst6

syn __ syn0f1+z %1 Y)2 -3 A*% o6 ot o)
v =vt o) T AT el A B st - (D)

In the self-absorption regime, the synchrotron break frequen-
cies are (Panaitescu & Kumar 2000; Gao et al. 2015)

s yn0 (142 4(*‘5 2 | 4A+5 3— 4k
al = Va1 (—1_022) gp)y el fB 2Akﬁ 03 167 >
*-2)(p+6) 2p-1)  pi2
syn _ o syn,0f 142\ 20+8 2= P
Va2 = Va2 (1.022 8(p) et €y €57

p+6  10p—kp—6k  4—kp—6k
3o H g 2o H 4 2
X AT B o5 1 )

syn syn0f1+z 9k;l3 ¢ % 1Bk %
Va3 =Va3 (—1_022) A+ Y)ep AP G5 167 s

3)

where 1/]' for I =1, 2, and 3 are defined in the ranges v’} <

vt < l/f:yn, at < vy < vt and vy < vt < vt respec-

tively. Taking 1nto account that the peak spectral power evolves as
- 1 1 —

P max < (1 + z)% €p AR ﬂzzk t~ and that the number of

swept-up electrons in the post-shock is Neo< (1 + 2

A B ¥, the spectral peak flux density is given by

Fsyn _ Fsyn,O (1 +z )T 6

8-3k 32—k

2 d; 265Ak ﬂ dsle > s (D)

Syl—

rv,max rv,max 1022
where d, = (1 + z)— fo Qaj—)s (Weinberg 1972) is

the lum1n051ty distance with ¢ denoting the speed of light. The
terms vm, ’yc, vy0 0 and FY0 are given in Table 1 for
k=0,1,15,2, and 2.5.

Using the synchrotron break frequencies (Equations (2) and
(3)) and the spectral peak flux density (Equation (4)), the
synchrotron light curves in the fast- and slow-cooling regimes
evolve as

k2, U< V:y;’
11—-6k 1
. U, vy <v<vd®
F" )
v 83k 1 syn syn
t+ v2, v <v<vry,
8—k(p+2) P
o, vt <,

2.2 syn
t* v, v< v,
5 A, v < v <o,
F" 6)
2—k(p+5)  p-1 syn syn
4 vor, vy <v<ug
8—k(p+2) p
4 T3, l/iyn <v,
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212, v< Ui,
8+k 5
ri o, vt < v < y;yg,
syn ’
Fy X 12—k(p+5) _ p-1 syn (7)
A | Z2 N <rv< I/
8-k(pt2) _p .
aov2, U<,

respectively. It is worth noting that the synchrotron light curves
in the fast-cooling regime are derived for completeness, since
they are not relevant for the problems investigated here.

2.1.2. SSC Emission

The electron distribution accelerated during the forward
shock upscatters synchrotron photons, yielding the SSC

spectrum, which is characterized by break frequencies v =

471. ujy xo with 7, j = a, m, or ¢ and x, denoting a parameter
that ensures energy conservation (e.g., see Sari & Esin 2001;
Zhang & Mészaros 2001; Gao et al. 2013b). The SSC break
frequencies, the corresponding spectral peak flux density, and
the light curves in the fast- and slow-cooling regimes are shown
in the Appendix.

2.2. The Deceleration Phase

During the deceleration phase, the ejecta acquires a velocity
structure: the velocity of matter in front of the ejecta is higher
than that of matter moving in the back (Sari & Mészaros 2000).
Tan et al. (2001) studied the acceleration of the ejecta mass
with relativistic and subrelativistic velocities. They found that
the equivalent kinetic energy in the non- and ultrarelativistic
limits can be expressed as a PL velocity distribution given by
E, &8 x 7% for f< 1 and E.(=0T) x (BT)!! for
B > 1 (with T = /1/1 — 32), respectively.'’ Here, we
consider the nonrelativistic regime, so the equivalent kinetic
energy distribution given by E;(>3) = E 3~ with E denoting
the fiducial energy and 3 < o < 5.2 is used. We adopt this
range of values motivated by the numerical simulations
presented in Tan et al. (2001).

During this phase the dynamics of the nonrelativistic ejecta
mass is described by the Sedov-Taylor solution. Then, the
velocity and the blast wave radius can be written as

1 + z 0+5 k 1 1 - k=3
ﬂ ﬂ()(l 022) Ak a+5—k Esal+5—k t7u+5—k, (8)
and
a+2
Tats5- 1 a+2
r:ro(i:);zz) +ikAka}Sl\En\iktn>5k )

respectively, where the fiducial energy (E) can be estimated by
calculating the term 3r. From Equation (8) it can be noted
that the deceleration time evolves as

1+Z)Akk+3 L1 a5k

ldec = t(?ec(m St B2 (10)

The terms 7° and t(?ec are given in Table 1 fork = 0, 1, 1.5, 2,
and 2.5. It is worth noting that for a uniform-density medium

3 A polytropic index n, = 3 is used.
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(k = 0) and o = 0, the velocity and blast wave radius derived
in Sironi & Giannios (2013) are recovered.

2.2.1. Synchrotron Emission

During the deceleration phase, the post-shock magnetic field
evolves as B’ « ¢ x:sn. The Lorentz factors of the lowest-
energy electrons and of the higher-energy electrons, which are
efficiently cooled by synchrotron emission, are

014z 23—k 2(k—3)
'Ym:'}/m( v)u% k g(p)fe |A zH»S k Eu+i k trH»S k
1.022
_kfltak=1) “H
1 Tatsk
e=20(ts) T A+ gl a 0
1.022
=) k+1+ak—1)
% nl+5—k 17 ats—k (11)

The corresponding synchrotron break frequencies are given
by

of1+ 20+k(a—6)—2a 2 1
syn __ _ syn, z 2(a+5—k) 2 3
Vm - Vm (1022) g(p) 65,71 63,—2

10—k _30+k(a—8)
E2(0+5 k) t 2(a+5—k)

_a=5
A Ha+5-0
k

4 _ 8-2a+k(Ba+2) 3
Vscyn — I/SCYH,O(I 02;) 2(a+5-k) 2 (1 =+ Y) 2

3(a+3) 3(k—2) k(@+3a)—4a-2
X A T 2(a+5— k)EZ(n+5 k) t 2(a+5-k)

12)

In the self-absorption regime, the synchrotron break
frequencies are

_25+4a

oy syn0( 142 M Sat5-h
Va1 = Vai (1_022 gp! 6e71€B 2 A

L 4k+5
S(a+5—k) 4 Moy
x Es, te

1 2(p—-1) ap+6a—5p+30

Loy syn,0 (142 ™2 20— S5 dpibats b
Va2 = Va2’ (1.022 g(p) i €1 A

p+2 10p —kp —6k
2p+4) I 2(p+H(at5—k) 4 Moy
X €p) Es) le ™

syn __ syn,0f 1 +2z \"™3 1 Y % A ;Si:i%
Viz = Va3 (I +Y)ep AL
d d 1.022 s
159
x Erogne, (13)

where the PL indices my; for i, j = 1, 2, and 3 are explicitly
shown in the Appendix.
Taking into account that the peak spectral power evolves as

6+ka .
P, max o< t 2@+5-0 and the number of swept-up electrons in the
6—-2k+a(3—k)
post-shock develops as N, o< £ a+5-k

density becomes

, the spectral peak flux

4+2k—4a+3ka

1+ 2ats- x
Fon Fsyno( z) 2at5-h €3 d; 265A2(n+s )

v,max v,max \ 1022

6—4k+6a—3ka

_ 8-3k
E2(n+5 k) t 2(a+5—-k) . (14)

The terms 7 'y , w0 om0 and F:yn’;a(; are given in Table 1
fork=0,1, 1.5, 2, and 2.5.

Using the synchrotron break frequencies (Equation (12)) and
the spectral peak flux density (Equation (14)), the synchrotron
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light curves in the fast- and slow-cooling regimes are

S+k+atka
R v < v,
10—8k+11a—6kar 1 %yn
wn t 3ais-h U3, <r< l/
F;;y X 10— 4k+8a— 3k
- o —3ka _1
t dats-bH VT2, I/iyn <v< l/?%/n,
 30p+kp(a—8)—8(a+5)+2k(a+6) » svn
4(a+5-k) V2, y‘n{ <v,
L
(15)
( 20+k-1) 5 syn
tat5-k V7, V<Va1,
24+9a-2%Qa+5) |
s I 3@+5-0 U3, sz? <v< Vfr}lm,
FY" o 4 ’
_6Gp—2a=N+k(16+p(a=8)+50) _ p-1 svn syn
4a+5-h [ V‘nz < v <V¢
_30pthp(a—8)—8(a+5)+2k(a+6)  p syn
4Ha+5-k) V2, I < v,
.
(16)
and
2(atk—1)
o V2, v< vy,
2+atk+8) 5 .
ta@+5-0 V2, Vsnzn << l/;yg,
syn >
E/ X 6(5p—2a—T7)+k(164p(a—8)+5a) _p-1 syn syn
Ha+5-0) vor, v <v<uvy
a, c
30p+kp(a—8)—8(a+5)+2k(a+6) _r syn
4(a+5—k) vz, ycy <V,
(17)
respectively.

2.2.2. SSC Emission

The SSC break frequencies, the corresponding spectral peak
flux density, and the light curves in the fast- and slow-cooling
regimes are shown in the Appendix.

3. Analysis of the Multiwavelength Light Curves
3.1. Analysis of Synchrotron Light Curves

Figures 1-5 show the predicted synchrotron light curves
produced by the deceleration of nonrelativistic e_]ecta in a
circumstellar medium described by a density profile Ay~ with
k=0, 1, 1.5, 2, and 2.5, respectively. The panels from top to
bottom correspond to the electromagnetic bands in radio at
6 GHz, the optlcal at 1 eV, and X-rays at 1 keV for E = 10°' erg,
eg=102 ¢ =10"" and d, = 100 Mpc. The left panels show
the light curves for p = 2.6 with o = 3, 4, and 5, and the right
panels show the light curves for a = 3 with p = 2.2, 2.8, and
3.4. All the figures lie in the slow-cooling regime and exhibit a
deceleration timescale of several months to a few years due to the
set of parameter values considered. Similar timescales have been
observed in light curves from radio to hard X-rays in some SNe
(e.g., SN 2014C and SN 2016aps; Margutti et al. 2017; Nicholl
et al. 2020, respectively). If we chose another set of parameters
such as a fiducial energy E ~ 10°2erg, a uniform-density
medium Ao ~ 10cm™>, and equipartition parameters €. =~ 0.5
and ep ~ 0.1, the synchrotron light curves would lie in the fast-
cpoling regime. Consequentl y, usmg a set of parameters such as

E ~ 10¥ erg, A, ~3><10 ,and 3= 0.5 for k = 2 and
E ~ 10 erg, Ag ~ 1 cm >, and 3 = 0.5 for k = 0, deceleration
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Table 1
The Relevant Terms of the Free-coasting and Deceleration Phases
k=0 k=10 k=15 k=20 k=25

Ay lem™? 1.5 x 10" em ™2 2.7 x 10%cm > 3 x 10 cm™! 13 x 10% cm™2
Coasting Phase
2 (x10"7 cm) 22 1.8 15 1.3 1.1
90 12.4 12.4 12.4 12.4 12.4
70 (x10%) 3.1 x 10 1.8 0.3 0.8 0.5
v10(Hz) 2.9 x 10° 1.3 x 10" 5.5 x 10" 2.9 x 10" 6.4 x 10"
v230(Hz) 1.0 x 10® 2.5 x 10° 8.1 x 10° 47 x 10° 7.7 % 10°
v0(Hz) 1.5 x 10° 6.5 x 10° 9.3 x 10" 2.6 x 10'° 7.5 x 10"
10 (Hz) 3.5 x 10° 4.6 x 107 1.1 x 108 6.8 x 107 8.3 x 107
90 (Hz) 2.9 x 10'° 7.3 x 10" 2.8 x 10! 1.7 x 10" 8.2 x 10"
Fom0 (mly) 1.1 x 107 6.5 x 10* 55 % 10° 8.1 x 10 1.1 x 10°
el (ev) 7.0 x 1077 92 x 107° 23 x 107° 14 x 107° 1.7 x 107°
VSSCO(MeV) 3.8 x 10° 32 x 1072 34 x 107° 1.5 x 1073 32 x 1074
v59(eV) 58 x 107* 2.6 x 1072 0.1 6.0 x 1072 0.1
vEe0(eV) 59 x 10° 1.5 57 x 1072 0.3 0.2
v (eV) 2.1 x 107° 5.1 %107 1.6 x 1073 9.5 x 107* 1.6 x 1077
v (eV) 59 x 10° L5 5.7 x 1072 0.3 0.2
v eV) 1.3 x 10* 11.1 1.0 4.1 3.0
30 (eV) 1.9 x 10? 28.4 11.4 229 29.3
vEed(eV) 4.5 x 10? 0.2 1.4 x 1072 59 x 1072 32 x 1072
Fs0 (mly) 58 x 1077 23 89.0 4.4 9.6
Deceleration
£ (x10° day) 12 1.1 14 28.4 7.0 x 10°
7 (x10'7 cm) 7.2 4.1 32 32 2.6
70 (x10Y 13.2 6.8 5.2 73 6.7
7O(x10% 3.0 0.2 0.05 0.2 0.1
v0(Hz) 8.8 x 10° 2.5 x 10" 9.5 x 10" 2.5 x 10" 4.6 x 10'°
v (Hz) 1.1 x 10° 6.1 x 10° 1.2 x 10" 6.4 x 10° 8.4 x 10°
v (Hz) 3.2 x 107 43 x 10° 2.9 x 10" 42 x 10° 8.5 x 10°
v (Hz) 1.3 x 10° 1.5 x 10° 1.5 x 10° 1.6 x 10° 1.5 x 10°
™0 (Hz) 5.2 x 10 32 x 102 4.0 x 10" 42 x 10" 2.8 x 102
F0 (mly) 1.3 x 10* 3.8 x 10° 1.3 x 10° 13 x 10° 1.0 x 10°
v5e0(eV) 29 x 1072 8.8 x 1073 55 %1073 1.1 x 1072 8.7 x 1073
v5e0(MeV) 6.0 x 107 1.0 x 1072 13 x107* 1.8 x 1072 7.7 x 1072
329 (MeV) 2.0 x 1072 0.1 0.3 0.2 0.3
V59 (MeV) 1.2 x 10* 19.3 1.4 29.6 163
ved(MeV) 24 x 1072 3.7 x 1072 44 x 1072 45 x 1072 4.9 x 1072
39 (MeV) 1.2 x 10* 19.3 1.4 29.6 16.3
v (MeV) 12 x 10° 19.6 4.0 28.2 232
v (MeV) 36.7 14.0 9.2 185 23.4
59 (MeV) 1.6 x 10° 10.2 0.9 7.0 22
Fel (mly) 2.1 x 1072 13.7 1.4 x 107 2.9 2.5

timescales of hours to months would be obtained. This is also the
case where the ejecta mass is decelerated in a very dense medium
(for a discussion, see Chevalier & Irwin 2011; Nicholl et al.
2020).

A density profile n(r) = Akrfk withk =0, 1, 1.5, 2, and 2.5 for
a circumstellar medium that covers SGRB and 1GRB progenitors
is used. While the uniform-density medium (k = 0) is expected to
be connected with binary compact objects and CC-SNe, the
stratified medium (1 < &k < 2.5) is only expected to be associated
with dying massive stars with different mass-loss evolutions. For

instance, Yi et al. (2013) and Liang et al. (2013) studied the
dynamics of synchrotron external-shock emission in a sample of
19 and 146 GRBs and found that they were successfully described
when the outflow was decelerated in an external environment
with 04 < k < 1.4 and k ~ 1, respectively. Izzo et al. (2020)
presented multiwavelength observations of the nearby SN
2020bvc. The authors found that the X-ray observations were
consistent with the afterglow emission generated by an off-axis jet
with a viewing angle of 23° when it was decelerated in a
circumburst medium with a density profile with k = 1.5.



THE ASTROPHYSICAL JOURNAL, 907:78 (24pp), 2021 February 1

Fraija et al.

k = 0.0
105 T T T T 3 T T T T
a=30 —
a=g29-". 10° | i
= 00 e = y
e 10°F o - B
= ) ] =
5 S 100
= 8 10° F -
E 10" |k 3 5
(I E (N
p=2.2
A p=28 -~
10—1 1 1 1 L 10—3 . 1 1 L P = 34;
107 102 103 104 105 106 101 102 103 104 105 106
Time since burst (day) Time since burst (day)
1071 T T T T 100 T T T T
= =
- -
E £
= =
‘2 103 | ‘@2 104 g
D D
=) =)
> >
= =
L L
10-5 AL AL AL AL 10-8 AL AL AL AL
10" 102 108 104 105 106 10" 102 108 104 105 108
Time since burst (day) Time since burst (day)
104 | 2
g 107 F £
= =
‘B ‘D
& s 107 | .
= o 3
> >
= =
(N L
10-8 1 L L 10-10 1 1 L 1
1071 102 103 104 105 106 1071 102 103 104 105 106

Time since burst (day)

Time since burst (day)

Figure 1. Synchrotron light curves generated by the deceleration of the nonrelativistic ejecta for k = 0. The panels from top to bottom correspond to radio (1.6 GHz),
optical (1 eV), and X-ray (1 keV) bands. The left panels show the light curves for p = 2.6 with v = 3, 4, and 5, and the right panels show the light curves for a = 3
with p = 2.2, 2.8, and 3.4. The following parameters are used: £ = 103! erg, Ay = 1 em 3, e =107 ¢, = 107!, and d = 100 Mpc.

Figure 1 shows that during the coasting phase, the flux
increases gradually, and during the deceleration phase,
depending on the values of « and p, a flattening or decrease
in the light curve is expected. Figures 2—5 show that for a
density profile with 1 < k < 2.5 the rebrightening in the light
curves is not so evident. Therefore, a flattening or rebrightening
at timescales of months to years in the light curves together
with gravitational wave (GW) detection would be associated
with the deceleration of nonrelativistic ejecta launched during
the coalescence of binary compact objects or a CC-SN. Even a
flattening or rebrightening at timescales of days could be
detected with extreme values of circumstellar density or
fiducial energy. Additionally, it can be concluded that an
observed flux that decreases early would be associated with the
deceleration of nonrelativistic ejecta launched by dying
massive stars with different mass-loss evolutions (the mass-
loss rate M and /or the wind velocity vy,) at the end of their life
(Ramirez-Ruiz et al. 2005; van Marle et al. 2006).

The synchrotron light curve in the slow-cooling regime as a
function of the density parameter during the deceleration phase

is given by
4 syn
a+5-k
Ay R vy,
4a+13
3(a+5—k) syn syn
o Al , Var < V@ 18
v X 3 19+p(a—5)+5a ( )
4 5-k syn syn
A, Herh vt <v <t
pla—5)+2(a+5)
Ak Ha+5-k) , Vscyn < v

L

The predicted flux is less sensitive to the density parameter
for higher frequencies than for lower ones (e.g., the radio light
curve is more sensitive to variations of the density parameter
than the X-ray light curve). It can also be noted that the
predicted flux is more sensitive to the density parameter for
larger values of k& and «. It is worth noting that a transition
phase from a stellar-wind (k = 2) to a uniform-density (k = 0)
medium would be more evident in lower-frequency fluxes (e.g.,
this transition is more noticeable in radio or optical bands than
in X-ray bands). A similar signature is useful for describing the
type of progenitor, the mass-loss evolution, and the afterglow
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Figure 2. Same as Figure 1, but for k = 1.0 with A; = 1.5 x 10" cm™2.

emission by the deceleration of the relativistic jet and also for
estimating the transition radius at ~(0.1-1) pc of some bursts
(e.g., see GRB 050319, 080109A, 160625B, and 190114C;
Kamble et al. 2007; Jin et al. 2009; Fraija et al. 2017, 2019b).

Figures 1-5 show the synchrotron light curves for distinct
values of p and « and the same values of the microphysical
parameters ez = 1072 and €e = 10~ . However, any variation
of the microphysical parameters will increase or decrease the
predicted fluxes. For example, the synchrotron light curve in

the slow-cooling regime as a function of these parameters
ptl1

< _2 1 . _ prl
evolves as FP™ xeo® e for v < v, el 'ey  for

r=2
VI < v < v, and el eyt for v < v. The expected

flux is more sensitive to the parameter €5 for lower frequencies
than for higher ones and to the parameter €. for higher
frequencies than for lower ones.

The synchrotron spectral breaks during the nonrelativistic

. k S k-4 . .
regime evolve as )" o< 72 and v o< ¢z in the coasting

m
30+k(a—8) k@+30)—4a—2
phase and as " o t 2050 and vP" o t 2ersw  in the

deceleration phase. For instance, these breaks evolve as

o 19 and v¥" o 2 in the coasting phase and as

V" o 173 and v o< 175 in the deceleration phase for a
uniform-density medium and as v3" oc t~!' and v?" o ¢ in the
coasting phase and as v®" 73 and YY" ot in the
deceleration phase for a stellar-wind medium. Here, we present
a valuable tool for pinpointing emission from nonrelativistic
ejecta as previously done by Giblin et al. (1999) in the case of
the relativistic regime. Giblin et al. (1999) analyzed the prompt
gamma-ray emission in the BATSE-detected'* burst GRB
980923. The light curve exhibited a main prompt episode
lasting ~40 s followed by a smooth emission tail that lasted
~400 s. The authors found that the spectrum in the smooth tail
evolved with the synchrotron cooling break ocr 0224012,
concluding that the afterglow began during the prompt
gamma-ray emission. Later, spectral analysis of GRB tails
was done in order to identify early afterglows (e.g., see
Barthelmy et al. 2005; Yamazaki et al. 2006).

!4 Burst and Transient Source Experiment.
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Figure 3. Same as Figure 1, but for k = 1.5 with A;5 = 2.7 x 10¥cm

3.2. Analysis of SSC Light Curves

Figure 6 shows the predicted SSC light curves at 100 keV
(upper), 10GeV (middle), and 100GeV (lower) for the
deceleration of the nonrelativistic ejecta mass in a circumstellar
medium with a density profile Akr_k with k =0, 1, 1.5, 2, and
2.5. The left panels show the light curves for p = 2.4 and
« = 3, and the right panels those for p = 2.8 and = 5. In
order to obtain the SSC light curves, we use the same typical
values that are used for the synchrotron light curves. The effect
of the extragalactic background light (EBL) absorption
modeled in Franceschini & Rodighiero (2017) is used.

The purple solid line (k = 0) in Figure 6 shows that a
flattening or rebrightening in the light curve is expected, but not
in a density profile with £ > 1. This feature at timescales of
months to years together with GW detection would be
associated with the deceleration of nonrelativistic ejecta
launched during the coalescence of a binary compact object
or a CC-SN. In contrast, it is expected that an observed flux that
decreases early would be associated with the deceleration of
nonrelativistic ejecta launched in the collapse of massive stars

Time since burst (day)

-3
with different mass-loss evolutions at the end of their life
(Ramirez-Ruiz et al. 2005; van Marle et al. 2006).

The SSC light curve in the slow-cooling regime as a function
of the density parameter during the deceleration phase can be
written as

9(a+5)

AkS((H»ka) , v < l/:f(li’
29+7a

Aks((wrs—k) , V;si < l/;ic’

SSC
P
E/ X 43+p(@—13)+9a 7(a+3)
SSC

4(a+5-k T 2(at5-k s
AL T (G 4 G InA PO, vt < v < v,
22-13p+2a+ap 7(a+3)

AIW(C3 + C4 lnAkZ(uJJfk)),

SSC
C

<.
(19)

The parameters C; do not evolve with the density parameter.
Considering that the contribution from the logarithm function is
small, this light curve has a similar behavior to the synchrotron
light curves.

Inverse Compton (IC) scattering between an electron
distribution accelerated during the shock wave and the photon
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Figure 4. Same as Figure 1, but for k = 2.0 with A, = 3 x 10** cm ™.

field from SNe has been explored in order to explain the X-ray
emission observed in timescales of days after the explosion
(Bjornsson & Fransson 2004; Chevalier et al. 2006; Chevalier
& Fransson 2006; Margutti et al. 2013). Bjornsson & Fransson
(2004) studied the X-ray and radio emission from SN 2002ap.
The authors proposed that IC scattering could explain the X-ray
excess observed at late times. They computed that the IC
spectrum 6 days after the explosion peaks at energies of some
megaelectronvolts. Chevalier & Fransson (2006) found that
although IC emission could reproduce the X-ray flux observed
in SN 2002ap for a spectral index of p = 3, this process is not
promising for other SNe unless the electron energy density is
much higher than the magnetic energy density. On the other
hand, Margutti et al. (2012) introduced an analytic formalism
for IC scattering in the X-ray energy range and in an SN
scenario with compact progenitors. They showed that IC
luminosity evolves as o' ?* %37 for a uniform-density
medium and as ot~ @70 for a wind medium. In this
paper, we propose that in addition to the external IC scattering
process, an SSC mechanism could be present. Figure 6 shows
that in a density profile with £ > 1, an SSC flux could be

detected in timescales of days with the evolution given by
Equations (A14) and (A15). For instance, the SSC fluxes in the

. . 4a+14 SSC
slow-cooling regime evolve as ot o+s for v < vy, as

37—27p+8a 38—27p+4a
xt 2y for viEe < v < v¥C, and as o<t 2es  for P < w

. . . 2(1—a)
for a uniform-density medium and as 3w for v < v5°, as

5—a—p(a+11) 14—11p+a—p)
xt 2wy for v <wv < vy, and as ot 2ty for
vy® < v for a stellar-wind medium, which have a different
evolution from the IC scattering model derived in Margutti

et al. (2012).

4. Nonrelativistic Masses Ejected from the Coalescence of
an NS Binary

NS mergers are widely accepted to launch significant masses
with different velocities that will contribute at distinct
timescales, frequencies, and intensities. Once these ejecta
masses move into the circumstellar medium, the initial
expansion phase is not affected until the swept-up quantity of
material is equal to the ejected masses. In this moment, the
ejecta masses start to decelerate. The nonrelativistic masses
ejected from NS mergers are dynamical ejecta, cocoon
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Figure 5. Same as Figure 1, but for k = 2.5 with Ay5 = 1.3 x 10% cm 2.

material, shock breakout material, and wind ejecta. As follows
we give a brief introduction of each of these ejecta masses.

4.1. Dynamical Ejecta

Dynamical ejecta is formed during coalescence due to
hydrodynamical and gravitational interactions (Davies et al.
1994; Ruffert et al. 1997; Rosswog et al. 1999). Based on
numerical simulations, the ejecta mass liberated, the kinetic
energy, and the velocities lie in the ranges of 107* <
My S 1072 M, 10 S E S 107 erg, and 0.1 < A0 <03,
respectively (e.g., see Goriely et al. 2011; Bauswein et al. 2013;
Hotokezaka et al. 2013; Piran et al. 2013; Grossman et al.
2014; Wanajo et al. 2014).

4.2. Cocoon Material

As the GRB jet makes its way through the neutrino-driven or
magnetically driven wind (previously ejected during the NS
merger), it deposits energy around its way. The energy
deposited laterally forms a cocoon, which may have an energy
comparable to that of the electromagnetic emission created by

10

the jet. Murguia-Berthier et al. (2014) studied the necessary
conditions for cocoon production as a function of the jet
luminosity. The authors found that when the jet has a low
(high) luminosity, a weak cocoon emission is expected.
Nagakura et al. (2014) numerically showed that when a low-
luminosity jet is considered, a hot cocoon confining the jet is
formed. As soon as the relativistic jet reaches the shock
breakout material, the cocoon breaks out and expands along the
jet’s axis. Beyond the breakout material, external pressure
decreases abruptly, so the cocoon can accelerate and expand
relativistically until it becomes transparent. Accelerated mat-
erial from the cocoon fireball will continue moving in the jet’s
axis. It is worth mentioning that the significance of the cocoon
also depends on the delay time between the merger and jet
launching (Geng et al. 2019). The ejecta mass liberated in the
cocoon, the kinetic energy, and the velocities lie in the ranges
of 10°° < M S 10 * Mo, 10Y S E S 107 erg, and 0.2 <
O < 10, respectively (e.g., see Murguia-Berthier et al. 2014;
Nagakura et al. 2014; Lazzati et al. 2017, 2018; Nakar &
Piran 2017; Gottlieb et al. 2018).
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Figure 6. SSC light curves generated by the deceleration of the nonrelativistic ejecta for k = 0, 1, 1.5, 2, and 2.5. The panels from top to bottom correspond to
gamma-ray fluxes at 100 keV, 10 GeV, and 100 GeV, respectively. The left panels show the light curves for p = 2.4 and o = 3.0, and the right panels those for
p = 2.8 and a = 5.0. We use the same typical values that are used for the synchrotron light curves.

4.3. Shock Breakout Material

The shock breakout material’s properties depend on the mass,
radius, and velocity of the merger remnant. Immediately after
coalescence occurs, a shock formed at the interface between the
two NSs is initially ejected from the NS core to the NS crust at
subrelativistic velocities (3;, ~ 0.25; e.g., see Kyutoku et al. 2014;
Metzger et al. 2015). Once the shock reaches half of the escape
velocity, a fraction of the thermal energy is converted into kinetic
energy and it can leave the merger (for details see Kyutoku et al.
2014; Fraija et al. 2019d). Numerical simulations indicate that the
ejecta mass, the kinetic energy, and the velocities lie in the ranges
of 107°° < My S 1074 M., 107 S E <10 erg, and AT 2 0.8,
respectively (e.g., see Kyutoku et al. 2014; Metzger et al. 2015).

4.4. Disk Wind Ejecta

The coalescence of an NS binary will finish in a tidal
disruption, resulting in the formation of an accretion disk

11

around the central remnant. The accretion disk will have a mass
in the range of 107> < Mg < 0.3 M, (Shibata & Taniguchi
2006; Hotokezaka et al. 2013), and due to a large source of
thermal neutrinos (Popham et al. 1999), it could generate an
outflow driven by neutrino heating similar to neutrino-driven
proto-NS winds in CC-SNe (Metzger et al. 2008; Surman et al.
2008). It represents a significant source of ejecta mass that
might even dominate other ejecta masses as suggested by
Siegel & Metzger (2017). The ejecta mass, the kinetic energy,
and the velocities lie in the ranges of 10 < My S 1073 M.,
10 < E < 10°erg, and 0.03 < G < 0.1, respectively (e.g.,
see Dessart et al. 2009; Metzger & Fernandez 2014; Fernandez
et al. 2015).

4.5. Analysis of the Multiwavelength Light Curves

Figure 7 shows the synchrotron and SSC light curves
generated by nonrelativistic masses ejected from the coalescence
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Figure 7. SSC and synchrotron light curves generated by nonrelativistic masses ejected from NS mergers, such as dynamical ejecta, the cocoon, shock breakout, and
wind. The left panels show the synchrotron light curves that correspond to (from top to bottom) the radio (1.6 GHz), optical (1 eV), and X-ray (1 keV) bands, and the
right panels show the SSC light curves that correspond to (from top to bottom) the gamma-ray fluxes at 100 keV, 10 GeV, and 100 GeV. The following parameters are
used: Ag = lem ™, p =2.6, a0 = 3.0, 5 = 10~', ¢, = 10", and d = 100 Mpc. The gray solid lines correspond to on-axis and off-axis relativistic jets with viewing
angles of 0 = 15°, 30°, and 60°. The black solid line represents the total contribution from the relativistic jet and the nonrelativistic masses ejected from NS mergers.
The expected fluxes from the relativistic jet are obtained in accordance with the afterglow model introduced in Fraija et al. (2019c).

of an NS binary, including dynamical ejecta, cocoon material,
shock breakout material, and wind ejecta.’> Electromagnetic
emission from the nonrelativistic masses is shown as a bump at
a timescale of 2103 days. In addition, we consider the
synchrotron and SSC emission from on-axis and off-axis
relativistic jets with viewing angles of § = 15°, 30°, and 60°.'°
The light curves corresponding to the off-axis jet are plotted in
accordance with the afterglow model introduced in Fraija et al.
(2019c¢). The left panels show the synchrotron light curves that
correspond to (from top to bottom) the radio (1.6 GHz), optical
(1 eV), and X-ray (1 keV) bands, and the right panels show the
SSC light curves that correspond to (from top to bottom) the

15 The pair of values (£ = 10% erg; 3 = 0.2) is used for the dynamical ejecta,
(10*8 erg; 0.3) for the cocoon material, ( 10*8 erg; 0.8) for the shock breakout
material, and (1050 erg; 0.07) for the wind. All light curves shown are for
n=1em> a=3 =102 ¢=10"", p =32, and d. = 100 Mpc.

16 Values of £ = 10%erg, ¢5 = 1072 ¢, = 10", n=10"2cm >, p = 2.2,
and d, = 100 Mpc are used for the relativistic jet.
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gamma-ray fluxes at 100keV, 10GeV, and 100 GeV. The
coalescence of the two NSs launches significant nonrelativistic
masses with different velocities that will contribute at distinct
timescales, frequencies, and intensities. These ejecta masses
interact with the circumstellar medium, generating nonthermal
emission. The predicted synchrotron fluxes generated from (i)
the shock breakout material peak at timescales of hours to days,
(ii) those from the cocoon material peak at timescales of weeks
to months, (iii) those from the dynamical ejecta peak at years,
and (iv) those from the disk wind ejecta peak at centuries.
Similar timescales with different intensities are shown in the
SSC light curves.

This figure shows that the afterglow emission originating
from the deceleration of the on-axis relativistic jet would have
to decrease so that electromagnetic emission from the
nonrelativistic masses could be observed. Murguia-Berthier
et al. (2014) and Nagakura et al. (2014) estimated the necessary
conditions for sGRB production in the coalescence of an NS



THE ASTROPHYSICAL JOURNAL, 907:78 (24pp), 2021 February 1

binary. In the case where such conditions are not satisfied, a
relativistic jet is not expected, and electromagnetic emission
from nonrelativistic masses could be observed from early
times.

Because shock breakout material is described to have a
velocity of 5 = 0.8 (Metzger et al. 2015), the transrelativistic
regime introduced in Huang et al. (1998) is used. In this
regime, the kinetic energy of the shock in the uniform-density
medium is given by Ex = %Umpczﬁzrzr% (Blandford &
McKee 1976) with ¢ = 0.73-0.38(3 and r ~ (3¢ (Huang et al.
1998). Taking this regime into account, the equivalent kinetic
energy distribution is E = E (3T)~®, and the deceleration time
becomes

1

3
oo = | ————| (1 + 94, B} g
dmom,cd

_a+2
3.

(20)

In the transrelativistic regime, the velocity obtained from
Equation (20) is used to find the synchrotron and SSC
quantities. It is worth noting that in the limit I' — 1,
Equations (8) and (10) are recovered.

In the “deep Newtonian” regime the Lorentz factor of the
lowest-energy electrons is 7, ~ 2 (Sironi & Giannios 2013;
Kathirgamaraju et al. 2016; Margalit & Piran 2020). Using
Equation (11), the deceleration time in this regime becomes

1 +z) a5 1
ton =~ 2 x 107 da s(—)e o Ay
DN y 1.022 e,—1410

and the velocity of the ejecta is 5~ 0.05. In this case the
characteristic break frequency evolves as 3" o< £~ ois, the spectral
s

v,max

1
E3, 21

peak flux density as o t'u:fs]), and the predicted flux as

p—1
F = (2)
Therefore, it is worth noting that due to the range of velocities
considered (0.07 < 3 < 0.8) and the deceleration timescales, the
deep Newtonian regime is only required for the wind ejecta. The
coalescence of the NS binaries launches significant nonrelativistic
masses with different velocities that will contribute at distinct
timescales, frequencies, and intensities. These nonrelativistic
masses interact with the circumstellar medium, generating
nonthermal electromagnetic emission. We calculate the expected
gamma-ray, X-ray, optical, and radio fluxes via SSC and
synchrotron emission from electrons accelerated in the forward
shocks. These electromagnetic signatures at different timescales
and frequencies would be similar to those detected around SNe for
a uniform-density medium and would also be present together with
GW detections.

34p-a)  p-1

x "y vz for v < v <vdn

5. Nonrelativistic Masses Ejected from the Core Collapse of
Dying Massive Stars

The origin of IGRBs is widely accepted to be connected to
the death of massive stars leading to SNe, where afterglow
emission from bursts is detected together with an SN Ic with
broad lines (e.g., see Woosley & Janka 2005; Cano et al. 2017).
Sub-energetic GRBs are believed to be quasi-spherical
explosions dominated by nonrelativistic ejecta masses. The
nonrelativistic material carries ~99.9% of the explosion
energy, and the mildly relativistic ejecta only ~0.1%. The
energy carried by the nonrelativistic ejecta is similar to that
exhibited by sub-energetic bursts and comparable to that of the
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Fraija et al.

most energetic SNe Ib/c. Margutti et al. (2014) showed the
equivalent kinetic energy profile as a function of ejecta mass
velocity in the nonrelativistic and relativistic regimes of
ordinary SNe Ibc, engine-driven SNe, sub-energetic GRBs,
and relativistic SNe. The velocity of the ejecta mass was
divided into a nonrelativistic phase 0.02 < £ < 0.3, a mildly
relativistic phase I'G ~ 0.6-0.8, and a relativistic phase
2 < 3<20. It is worth noting that the broadened lines in
their spectra indicate that a diverse range of materials with
distinct nonrelativistic expansion velocities were present (e.g.,
Oy, Nip, Sy, etc.; Modjaz et al. 2020).

Depending on the range of values in the observables, such as
the luminosity, duration, and bulk Lorentz factor, IGRBs could
be successful or choked (e.g., see MacFadyen et al. 2001;
Meészdros & Waxman 2001; Bromberg et al. 2011; Fraija 2014;
Sobacchi et al. 2017). Choked GRBs might be more frequent
than successful ones, only limited by the ratio of SN rates
(Types Ib/c and II) to IGRB rates (Totani 2003; Ando &
Beacom 2005). Some SNe of Type Ic-BL not connected with
GRBs have been suggested to arise from events such as off-
axis GRBs or failed jets (e.g., see Izzo et al. 2019, 2020;
Beniamini et al. 2020). This is the case of the failed burst GRB
171205A, which besides being associated with SN 2017iuk
exhibited material with high expansion velocities ( ~ 0.4,
interpreted as mildly relativistic cocoon material (Izzo et al.
2019). 1zzo et al. (2020) found that X-ray observations from the
nearby SN 2020bvc were consistent with the afterglow
emission generated by an off-axis jet with a viewing angle of
23° when it decelerated in a circumburst medium with a density
profile with £ = 1.5.

Figure 8 shows the synchrotron and SSC light curves when
the nonrelativistic ejecta mass decelerates in a stratified wind
medium. The light curves corresponding to the off-axis jet are
plotted in accordance with the afterglow model introduced in
Fraija et al. (2019c). The left panels show the synchrotron light
curves that correspond to (from top to bottom) the radio
(1.6 GHz), optical (1 eV), and X-ray (1 keV) bands, and the
right panels show the SSC light curves that correspond to (from
top to bottom) the gamma-ray fluxes at 100 keV, 10 GeV, and
100 GeV. This figure shows that the afterglow emission
originating from the deceleration of the on-axis relativistic jet
would have to decrease so that afterglow emission from the
nonrelativistic ejecta could be observed.

In our model, the afterglow emission from the nonrelativistic
ejecta in the radio band is observed as a flaring event, while the
afterglow from the optical and X-ray bands is seen as tails. The
figure shows that, depending on the parameters and the viewing
angle, the afterglow emission from the nonrelativistic ejecta
can be detected at early times. Similarly, when the jet is
choked, the afterglow emission from the nonrelativistic ejecta
can be observed at early times.

Electromagnetic emission from the nonrelativistic ejecta and
the relativistic jet could be distinguished, for example, through
the evolution of the synchrotron flux derived in Equations (5)
and (7) for the coasting phase and that derived in
Equations (15) and (19) for the deceleration phase.

In order to analyze mildly relativistic SNe with velocities in
the range of I'G~ 0.6-0.8, such as SN 2012ap, the
synchrotron process in the transrelativistic regime as discussed
in Section 4.5 for shock breakout material through
Equation (20) would be required.
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Figure 8. SSC and synchrotron light curves generated by the deceleration of nonrelativistic masses ejected in a stellar-wind medium. The left panels show the
synchrotron light curves that correspond to (from top to bottom) the radio (1.6 GHz), optical (1 eV), and X-ray (1 keV) bands, and the right panels show the SSC light
curves that correspond to (from top to bottom) the gamma-ray fluxes at 100 keV, 10 GeV, and 100 GeV. The solid purple line is for « = 3 and p = 2.6, the dashed
blue line is for « = 5 and p = 2.6, the dotted—dashed yellow line is for &« = 3.5 and p = 2.2, and the dotted red line is for « = 3.5 and p = 2.8. The following
parameters are used: £ = 105 erg, A, =3 x 10%cm ™", 5 = 1072 e, = 107", and d = 100 Mpc.

6. The Nonrelativistic Ejecta Mass and the KN Afterglow in
GW170817 and S190814bv

The coalescence of NS—NS and BH-NS binaries is the most
natural candidate for the radiation of continuous GWs (e.g.,
see Metzger 2017). These coalescences are predicted to be
accompanied by a KN (Li & Paczyriski 1998; Rosswog 2005;
Metzger et al. 2010; Kasen et al. 2013; Metzger 2017). This
transient is expected to be observed in near-IR /optical/UV
bands throughout a timescale of days to weeks.

All coalescences of NS—-NS binaries and only a fraction of
BH-NS binaries can unbind at least some extremely neutron-
rich material, which can form heavy r-process nuclei. This
lanthanide-bearing matter with high opacity is associated with
the “red” KN located inside the tidal tail in the equatorial plane.
The “blue” KN is associated with the low-opacity ejecta free of
lanthanide-group elements that is located in the polar
regions (Metzger & Ferndndez 2014; Perego et al. 2014;
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Wanajo et al. 2014; Miller et al. 2019). While the red KN is
associated with a slow ejecta material § =~ 0.1, the blue KN is
characterized by ejection with a higher velocity g ~ 0.3.

In the following section, we give a brief introduction of
multiwavelength observations and also constrain the parameter
space of the faster blue-KN afterglow in GW170817 and the
KN afterglow possibly generated by the coalescence of a BH-
NS system in S190814bv.

6.1. Multiwavelength Observations
6.1.1. GW170817

On 2017 August 17, a GW signal (GW170817; Abbott et al.
2017a, 2017b) together with a faint gamma-ray counterpart
(GRB 170817A; Goldstein et al. 2017; Savchenko et al. 2017)
and KN emission was detected (Coulter et al. 2017;
Cowperthwaite et al. 2017; Smartt et al. 2017; Soares-Santos
et al. 2017; Tanvir et al. 2017; Gottlieb et al. 2018), for the first
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Table 2
The Latest Data Points from Chandra Afterglow Observations of GRB
170817A
ot Fx (0.3-10 keV) F, (1 keV) I'x
(days) (x10 ergem™2s7 ") (x1077 mJy)
358.6 7758379 6.77133% 1.69794
582.2 3.25408 276702 1.57
741.9 221795 1.887032 1.57
940 1,107 0951032 1.585

Note. The data points in erg cm 25~

Troja et al. (2020a).

are taken from Hajela et al. (2019) and

time, indicating the coalescence of a binary NS system. GRB
170817A exhibited observational evidence for extended
emission in the X-ray (Troja et al. 2017b; Alexander et al.
2018; D’Avanzo et al. 2018; Margutti et al. 2018), optical
(Lyman et al. 2018; Margutti et al. 2018), and radio (Abbott
et al. 2017b; Dobie et al. 2018; Troja et al. 2017a; Mooley et al.
2018b) bands. About 11 hr post-merger, the optical transient
coincident with the quiescent galaxy NGC 4993 at a distance of
40 Mpc (z =~ 0.01) was associated with the KN (AT 2017gfo;
Coulter et al. 2017; Cowperthwaite et al. 2017; Smartt et al.
2017; Soares-Santos et al. 2017; Tanvir et al. 2017; Gottlieb
et al. 2018).

The temporarily extended X-ray and radio emission was
fitted with a simple PL function that increased steadily as ~¢*8
(Margutti et al. 2018; Mooley et al. 2018b), reaching its
maximum value ~140 days post-merger, then decreased
subsequently as 7 with p ~ 2.2. A variety of off-axis jet
models (with an opening angle of <5° and a viewing angle of
<28° Abbott et al. 2017a; Evans et al. 2017; Haggard et al.
2017; Sobacchi et al. 2017; Mandel 2018), including top-hat
jets (Alexander et al. 2017, 2018; Troja et al. 2017b; Margutti
et al. 2018; Fraija et al. 2019a, 2020), radially stratified
outflows (Hotokezaka et al. 2018; Mooley et al. 2018b; Fraija
et al. 2019d), and structured outflows (Kasliwal et al. 2017b;
Lamb & Kobayashi 2017; Gottlieb et al. 2018; Kathirgamaraju
et al. 2018; Lazzati et al. 2018; Mooley et al. 2018a; Fraija
et al. 2019c), have been proposed to describe the temporarily
extended electromagnetic emissions.

In order to constrain the KN afterglow, we use the data
points displayed in Fraija et al. (2019¢) and complemented with
those presented by Fong et al. (2019) in the optical F606W
filter and by Hajela et al. (2019) and Troja et al. (2020b) in the
energy range of 0.3—-10keV. Table 2 shows the latest Chandra
afterglow observations in units of erg em 2s™! (0.3-10 keV)
and mJy normalized at 1 keV. The data points in ergcm 25"
are taken from Hajela et al. (2019) and Troja et al. (2020b).

6.1.2. S190814bv

On 2019 August 14 the LIGO and Virgo interferometer
detected a GW signal (S190814bv; LIGO Scientific Collabora-
tion & Virgo Collaboration 2019a, 2019b) associated with a
BH-NS merger located at a distance of 267 + 52 Mpc (Gomez
et al. 2019). Immediately, S190814bv was followed up by a
large observational campaign that covered a large fraction of
the electromagnetic spectrum (e.g., see Dobie et al. 2019;
Ackley et al. 2020; Andreoni et al. 2020; Vieira et al. 2020;
Watson et al. 2020). No counts were registered in any
wavelengths, and upper limits were reported.
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Using the MegaCam instrument on the Canada—France—
Hawaii Telescope, Ackley et al. (2020) placed optical upper
limits on the presence of any counterpart and discussed the
implications of the KN possibly being generated by the
coalescence of the BH-NS system. They excluded a KN with a
large ejecta mass of 20.1M., and considering off-axis jet
models, the authors ruled out circumstellar densities of
>1cm for typical values of microphysical parameters. Vieira
et al. (2020) reported observational constraints on the near-IR
and optical with ENGRAVE (Electromagnetic Counterparts of
Gravitational Wave Sources at the Very Large Telescope).
They constrained the KN ejecta mass to <1.5 x 102 M., for a
blue KN and to <4 x 10 2M,, for a red KN. Gomez et al.
(2019) reported a Galaxy-targeted search for optical emission
with the Magellan Baade 6.5 m telescope and ruled out the on-
axis typical jet of sGRBs. Dobie et al. (2019) presented upper
limits in the radio band with the Australian Square Kilometre
Array Pathfinder and constrained the circumstellar density and
inclination angle of the system.

In order to constrain the KN afterglow, upper limits in radio
at 935 MHz (Dobie et al. 2019), in the near-IR and optical at
the K and R filters (Ackley et al. 2020), and in X-rays at 1 keV
(Evans et al. 2019) are considered.

6.2. Constraining the KN Afterglow

Figure 9 shows the multiwavelength observations of
GW170817 and S190814bv at the radio, optical, and X-ray
bands with the synchrotron light curves shown in Figure 1,
which are generated by the deceleration of the nonrelativistic
ejecta in the homogeneous-density medium. Each color of the
synchrotron light curves corresponds to the set of parameter
values reported in Section 3. In addition, we include the
synchrotron light curves at 3 GHz. The data points with upper
limits in black correspond to the observations performed for
GW170817, and those with upper limits in gray correspond to
S190814bv. Concerning GW170817, the upper panels show
the radio observations at 3 GHz (left) and 6 GHz (right), and
the lower panels show the optical observations at the F606W
filter and the X-ray observations at 1 keV (right). We include
the upper limits collected from S190814bv in radio at 935 MHz
(top left), in the near-IR and optical at the K and R filters
(bottom left), and in X-rays at 1keV (bottom right).

As indicated in Section 3, the synchrotron light curves are
shown for different values of p and « and the same values of
Ay, €., and €g. Therefore, any variation of these parameters will
increase or decrease the intensity of the observed flux in the
radio, optical, and X-ray bands. Given the multiwavelength
observations of GW170817 and S190814bv, we constrain the
parameter space of Ay, o, €., and €z as a function of the velocity
(. In order to compare the density parameter of the uniform-
density medium A, found in this model with others, hereafter
we use the usual notation n for A.

6.2.1. GW170817

Figure 10 shows the multiwavelength observations of
GWI170817 and the parameter space allowed with the
synchrotron model presented in this work. The upper left
panel shows the multiwavelength data points of GW170817
with the best-fit curves obtained with the structured jet model
presented in Fraija et al. (2019¢c) and a possible synchrotron
contribution emitted by the deceleration of the nonrelativistic
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Figure 9. Multiwavelength observations and upper limits of GRB 170817A and S190814bv at the radio, optical, and X-ray bands with the synchrotron light curves
generated by the deceleration of the nonrelativistic ejecta for k = 0 (see Figure 1). The upper panels show the radio observations at 3 GHz (left) and 6 GHz (right), and
the lower panels show the observations at the F606W filter (left) and 1 keV (right). The solid curves in blue for the optical and X-ray bands are multiplied by 60 and
1.6 x 10°, respectively, as illustrated in each panel. The data points of GRB 170817A are taken from Fong et al. (2019), Fraija et al. (2019c), Hajela et al. (2019), and
Troja et al. (2020a), and the upper limits of S190814bv are taken from Dobie et al. (2019), Ackley et al. (2020), and Evans et al. (2019). The data conversion of the
latest Chandra afterglow observations between erg cm > s~ ' (0.3-10 keV) and mJy normalized at 1 keV is reported in Table 2.

ejecta. The light curves are exhibited in the radio (3 and
6 GHz), optical (at the F606W filter), and X-ray (1 keV) bands.
The upper right panel and the lower panels show the allowed
parameter space of the uniform density of the circumstellar
medium (n), the velocity of the nonrelativistic ejecta (3), the
index of the PL distribution («), and the microphysical
parameters (e, and ep) for the fiducial energy Ex = 10% erg
(Hotokezaka & Piran 2015; Fraija et al. 2019c¢) and the spectral
index p = 2.15 (Lazzati et al. 2018; Hajela et al. 2019). We use
a value of the microphysical parameter e, = 10~ " and a = 3.0
in the upper left panel, e = 10> and o = 3.0 in the lower
right panel, and e, = 107" and ez = 107> in the lower left
panel. The allowed parameter spaces are below the relevant
colored contours and are obtained using the data points in the
radio, optical, and X-ray bands as upper limits. In order to
illustrate the synchrotron light curves generated by the
deceleration of the nonrelativistic ejecta as shown in the upper
left panel, we consider a set of values from the parameter space.
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Taking into account the velocity of 3 = 0.3 and « = 3, which
are the reported values for the blue KN (Metzger 2019), the ranges
of g)arameters allowed in our model (5 x 1072 < e <02,
10° < e <1072 and 107° <n <102 cm ) are similar to
those reported in the description of multiwavelength observations
by the deceleration of relativistic structured/top-hat outflows. For
instance, the values ¢, = 0.15, eg =15 X 1073, and n =4 X
1073 em 3 for 8 & 0.3 strongly agree with the values reported in
Hajela et al. (2019).

6.2.2. §190814bv

Figure 11 shows the multiwavelength upper limits of
S190814bv and the parameter space ruled out with the
synchrotron model presented in this work. The upper left
panel shows the multiwavelength upper limits and the light
curves in the X-ray, optical, near-IR, and radio bands at 1 keV,
the R band, the K, band, and 943 MHz, respectively. In order to
rule out the parameters n, «, 0, €., and €g, these upper limits are
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Figure 10. Upper left panel shows the multiwavelength data points of GRB 170817A with the best-fit curves obtained with the structure jet model presented in Fraija
et al. (2019¢) and a possible synchrotron light curve from the deceleration of the nonrelativistic ejecta. The upper right and lower panels show the allowed parameter
space of the uniform density of the circumstellar medium (n), the velocity of the nonrelativistic ejecta ((3), and the microphysical parameters (¢, and ) for the fiducial
energy E = 10* erg, a = 3.0, and the spectral index p = 2.15. A value of the microphysical parameter ¢, = 10~ is used in the left panel, and ez = 107 is used in

the right panel.

considered. The ruled-out regions are above the relevant
colored contours. The upper right and lower panels show the
parameter spaces that are ruled out in our model for the fiducial
energy E = 10° erg and the spectral index p = 2.6. We use a
value of the microphysical parameter ¢, = 10~' and o = 3 in
the upper right panel, ez = 107> and o = 3 in the lower left
panel, and e, = 10~" and ¢ = 102 in the lower right panel.
These panels show that a uniform density n > 0.6cm > is
ruled out in our model for the parameters in the range
of 35a<52, 01<6<09, and 102 < 65 S 0.1 for
B > 0.33. In order to illustrate the synchrotron light curves
in the X-ray, optical, near-IR, and radio bands generated
by the deceleration of the nonrelativistic ejecta as shown
in the upper panel, we consider a set of parameters selected
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from the lower panels (3 = 0.39, o = 3, g = 0.1, ¢, = 0.3,
and n = 1cm ). In this panel it can be observed that the
predicted radio flux is above the upper limit at 37 days.

The value of the uniform-density medium ruled out in our
model is consistent with the values of densities derived by
Dobie et al. (2019), Ackley et al. (2020), and Gomez et al.
(2019) using distinct off-axis jet models. Further observations
on timescales of years post-merger are needed to derive tighter
constraints and therefore to increase (decrease) the parameter
space ruled out (allowed) in our model. The value allowed of
the power index o = 3 in our theoretical model agrees with the
values found in numerical simulations (e.g., see Bauswein et al.
2013) and used for describing KN emission (Metzger 2017,
2019).
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Figure 11. Upper left panel shows the multiwavelength upper limits of S190814bv and the parameter space ruled out with the synchrotron model presented in this
work. The upper right and lower panels show the parameter space of the uniform density of the circumstellar medium (n), the velocity of the nonrelativistic ejecta (3),
and the microphysical parameters (e, and eg) ruled out in our model for the fiducial energy E = 10°° erg, a = 3.0, and the spectral index p = 2.6. A value of the
microphysical parameter ¢, = 10" is used in the left panel, and €5 = 1072 is used in the right panel.

6.3. A Diverse Range of KN Features

Disentangling the properties of KNe is an important point
especially given the association of sGRBs with GWs. The
detection of GRB 170817A, AT 2017gfo, and GW170817 has
paved the way toward defining sGRBs as the coalescence of
NS binaries. The evident KN signature in GW170817 has
provided the chance to estimate the detectability of KNe in
sGRBs and the variability of their features. Since sGRBs are
usually discovered via detection of gamma-ray prompt
emission from the relativistic jet, they are typically observed
where the afterglow is brighter and thus most probably
obscures the KN. This emission with its more isotropic
component is easier to see at angles far away from the sGRB
jet (Metzger & Berger 2012). Despite this, it has been possible
to determine only four claimed KNe with different features
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from those of AT 2017gfo. The sGRBs associated with these
claimed KNe are GRB 050709 (Jin et al. 2016), GRB 060614
(Yang et al. 2015), GRB 130603B (Berger et al. 2013; Tanvir
et al. 2013), and GRB 160821B (Kasliwal et al. 2017a; Troja
et al. 2019). For instance, while the KN associated with GRB
060614 is much brighter (by two or three times) than the
interpolated KN model fit at the time of the observations, the
KN associated with GRB 160821B is less bright than AT
2017gfo. Gompertz et al. (2018) analyzed a sample of 23
nearby (z < 0.5) sGRBs to compare the optical and near-IR
light curves with those of AT 2017gfo. They considered
short bursts—following historical classification, those with
Top < 2s—and the class of sGRBs with extended emission
(Norris & Bonnell 2006; Dainotti et al. 2010, 2016, 2017a,
2017b). This comparison enabled them to characterize diversity
in terms of the brightness distribution. Gompertz et al. (2018)
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found that for four sGRBs—050509B, 051210, 061201, and
080905A—a KN of the same brightness of AT 2017gfo could
have been observed. For these bursts, deep 30 upper limits, two
or more times dimmer than detections of AT 2017gfo at
comparable rest-frame times, seem to exclude the presence of a
KN like AT 2017gfo. In each case, a KN like AT 2017gfo
could have been detected if it had been present. The authors
also found that the afterglows in GRBs 150424A, 140903A,
and 150101B were too bright for an AT 2017gfo-like KN to be
detected. Finally, they reported that the host galaxies of SGRBs
061006, 071227, and 170428A were too bright, and in six
bursts there were no sufficient constraining observations
regarding the presence of KNe.

Covering 14 yr of operations with Swift, Dichiara et al.
(2020) presented a systematic search for sGRBs in the local
universe. The authors found no events at a distance of
<100 Mpc and four candidates located at <200 Mpc. They
derived, in each case, constraining optical upper limits on the
onset of a blue KN, implying low-mass ejecta (51073 M.).

The bursts that exclude the evidence of a KN similar to AT
2017gfo by several magnitudes together with the properties of
previously claimed KNe in sGRBs support the hypothesis that
a significant diversity exists in the properties of KNe drawn
from the coalescence of compact objects. This diversity of KN
features leads to a wide parameter space of velocities, PL
indices, masses, microphysical parameters, and circumburst
densities as discussed in this section.

Continuous energy injection by the central engine on the
afterglow can produce a refreshed shock and modifies the
dynamics, leading to rich radiation signatures. The problem of
additional energy injection from the central engine has been
studied by some authors (e.g., see Gao et al. 2013a; Troja et al.
2020b). Although this scenario is beyond the scope of the
current paper, these signatures, in our model, would usually
appear in timescales of weeks to hundreds of days. In a
forthcoming paper, we will present a detailed analysis of a
refreshed shock in the energy injection scenario.

7. Discussion and Summary

We derived, based on analytic arguments, the dynamics of
deceleration of nonrelativistic ejecta in a circumstellar medium
with a density profile Akrfk with k = 0, 1, 1.5, 2, and 2.5 that
covers sSGRB and IGRB progenitors. While the uniform-density
medium (k = 0) is expected in the coalescence of binary
compact objects and in CC-SNe, the stratified medium
(1 < k<2.5) is only connected with the death of massive
stars with different mass-loss evolutions at the end of their
lives. Taking into account the fact that electrons are accelerated
during forward shocks with a spectral index in the range
2.2 < p < 3.2, we calculated the synchrotron and SSC light
curves in the fast- and slow-cooling regimes during the
coasting and deceleration phases. During the coasting phase
we considered velocities in the range of 0.07 < 5 < 0.8, and
during the deceleration phase we assumed a PL velocity
distribution 3~ with 3 < a < 5.2 for a generic source
located at 100 Mpc.

We showed the predicted synchrotron light curves in radio at
6 GHz, in the optical at 1 eV, and in X-rays at 1 keV for typical
values of GRB afterglows. All the light curves peak on
timescales of several months to a few years, similar to those
observed in some SNe such as SN 2014C and SN 2016aps.
However, if the ejecta mass is extremely energetic or
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decelerates in a very dense medium, a peak in the light curve
could be expected in weeks.

We showed that when the nonrelativistic ejecta decelerates
in a uniform-density medium, a flattening or rebrightening in
the light curve is expected, and when this ejecta decelerates in a
stratified medium, the rebrightening in the light curves is not so
evident. Therefore, a flattening or rebrightening at timescales of
months to years in the light curve together with GW detection
would be associated with the deceleration of nonrelativistic
ejecta launched during the coalescence of a binary compact
object. Otherwise, we showed that an observed flux that
gradually decreases on timescales of months to years could be
associated with the deceleration of nonrelativistic ejecta
launched during the death of a massive star with a different
mass-loss evolution at the end of its life.

The coalescence of NS binaries launches significant
nonrelativistic masses with different velocities that will
contribute at distinct timescales, frequencies, and intensities.
These ejecta masses (dynamical ejecta, cocoon material, shock
breakout material, and wind ejecta) interact with the circum-
stellar medium, generating nonthermal emission. Shock break-
out material peaks at timescales of hours to days, cocoon
material peaks at timescales of weeks to months, dynamical
ejecta peaks at years, and disk wind ejecta peaks at centuries.
We calculated the expected gamma-ray, X-ray, optical, and
radio fluxes via SSC and synchrotron emission from electrons
accelerated in the forward shocks. These electromagnetic
signatures at different timescales and frequencies would be
similar to those detected around SNe for a uniform-density
medium and also be present together with GW detections.

We showed that variations in the density parameter could be
observed more easily (i) in the radio than in the X-ray light
curve, (ii) in a stratified than in a uniform-density medium, and
(iii) for larger values of a. Therefore, the transition phase from
a stellar-wind to a uniform-density medium is more noticeable
in radio than in X-ray bands.

We showed that, in the case of a failed or an off-axis GRB,
the nonthermal emission generated by the deceleration of
nonrelativistic ejecta could be detected at early times. In the
case of an on-axis GRB, the afterglow emission originating
from deceleration of the relativistic jet would have to decrease
substantially so that afterglow emission from the nonrelativistic
ejecta could be observed. In addition, we gave an important
tool for distinguishing afterglow emission among nonrelativis-
tic ejecta from the relativistic jet through the evolution of
the synchrotron flux derived in Equations (5) and (7) for the
coasting phase and in Equations (15) and (19) for the
deceleration phase.

We computed the predicted SSC light curves from the
deceleration of the nonrelativistic ejecta mass for a density
profile with £ = 0, 1, 1.5, 2, and 2.5. The effect of the EBL
absorption modeled in Franceschini & Rodighiero (2017) was
assumed. We showed that, when the nonrelativistic ejecta
decelerates in a uniform-density medium, a flattening or
rebrightening in the light curve is expected, and when this
ejecta decelerates in a stratified medium, the rebrightening in
the light curves is not so evident. Similarly, we showed that the
SSC flux is less sensitive to changes in the density parameter
for higher frequencies than for lower ones and is more sensitive
to the density parameter for larger values of k and .

In particular, using the multiwavelength observations and
upper limits of GW 170817 and S190814bv, we constrained the
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parameter space of the uniform density of the circumstellar
medium, the velocity of the nonrelativistic ejecta, the index of
the PL distribution, and the microphysical parameters. In the
case of GW170817, we found values similar to those reported
in descriptions of multiwavelength observations by the
deceleration of relativistic structured/top-hat outflows for
typical values of KN ejecta mass S~ 03 and a =3
(Metzger 2017, 2019). Therefore, we conclude that the
KN afterglow scenario can be used to constrain the afterglow
parameters of relativistic  structured/top-hat outflows.
In particular, the values of e, = 0.15, g =5 X 1073, and
n =4 x 10~ cm strongly agree with the values reported in
Hajela et al. (2019). For the case of S190814bv, we found that
the value of the uniform-density medium ruled out in our
model is consistent with the value of density derived by Dobie
et al. (2019), Ackley et al. (2020), and Gomez et al. (2019)
using distinct off-axis jet models. Further observations on
timescales of years post-merger are needed to derive tighter
constraints and therefore to increase (decrease) the parameter
space ruled out (allowed) in our model. The value allowed of
the power index o = 3 in our theoretical model agrees with the
values found in numerical simulations (e.g., see Bauswein et al.
2013) and used for describing KN emission (Metzger 2017,
2019).
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Appendix
Light Curves of SSC Emission

A.l. The Free-coasting Phase

The corresponding SSC break frequencies during the free-
coasting phase are given by
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For the case v)" < 1Y) < 12", the SSC break frequencies are
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The spectral peak flux density of SSC emission
F3C ~ %g(p)’loTAkrl kK FS | with or denoting the Thom-

son cross section, is given by
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The terms v, v, vt vieh vieds vineds vas vied:
Ve (3’, and Fﬁﬁfx are given in Table 1 for k=0, 1, 1.5, 2,
and 2.5.

Using the SSC break frequencies (Equations (Al), (A2),
(A3), and (A4)) and the spectral peak flux density
(Equation (AS)), the SSC light curves in the fast- and slow-
cooling regimes evolve as
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The parameters Cg, Ccs,1, and Cgs» do not evolve with time.

A.2. The Deceleration Phase

The PL indices my for i, j=1,
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The spectral peak flux density of SSC emission is

6k —60+Ska
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Using the SSC break frequencies (Equations (A9), (A10),
(A1l), and (Al2)) and the spectral peak flux density
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The parameters Cys, Cys,1, and Cgs do not evolve with time.
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