THE ASTROPHYSICAL JOURNAL, 940:189 (26pp), 2022 December 1
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ac68el

CrossMark

Modeling Gamma-Ray Burst Afterglow Observations with an Off-axis Jet Emission

N. Fraijal , A. Galvan-Gamez'

, B. Betancourt Kamenetskaia®>

, M. G. Dainotti*? , S. Dichiara®’ , P. Veres® s

R. L. Becerra’ @, and A. C. Cahgula do E. S. Pedreira’

! nstituto de Astronomia, Universidad Nacional Autonomd de México, Circuito Exterior, C.U., A. Postal 70-264, 04510 Cd. de México, Mexico

nifraija@astro.unam.mx
TUM Physics Department, Technical University of Munich, James-Franck-Str, D-85748 Garching, Germany
3 Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut), Fohringer Ring 6, 80805 Munich, Germany
National Astronomical Observatory of Japan, Division of Science, Mitaka, 2-chome, Japan
Space Science Institute, Boulder, CO, USA
Department of Astronomy, University of Maryland, College Park, MD 20742-4111, USA
Astrophysws Science Division, NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD 20771, USA
Center for Space Plasma and Aeronomic Research (CSPAR), University of Alabama in Huntsville, Huntsville, AL 35899, USA
° Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Apartado Postal 70-264, 04510 México, CDMX, Mexico
Received 2022 January 19; revised 2022 April 8; accepted 2022 April 19; published 2022 December 6

Abstract

Gamma-ray bursts (GRBs) are fascinating extragalactic objects. They represent a fantastic opportunity to
investigate unique properties not exhibited in other sources. Multiwavelength afterglow observations from some
short- and long-duration GRBs reveal an atypical long-lasting emission that evolves differently from the canonical
afterglow light curves favoring the off-axis emission. We present an analytical synchrotron afterglow scenario and
the hydrodynamical evolution of an off-axis top-hat jet decelerated in a stratified surrounding environment. The
analytical synchrotron afterglow model is shown during the coasting, deceleration (off- and on-axis emission), and
post—jet break decay phases, and the hydrodynamical evolution is computed by numerical simulations showing the
time evolution of the Doppler factor, the half-opening angle, the bulk Lorentz factor, and the deceleration radius.
We show that numerical simulations are in good agreement with those derived with our analytical approach. We
apply the current synchrotron model and successfully describe the delayed nonthermal emission observed in a
sample of long and short GRBs with evidence of off-axis emission. Furthermore, we provide constraints on the
possible afterglow emission by requiring the multiwavelength upper limits derived for the closest Swift-detected

GRBs and promising gravitational-wave events.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Non-thermal radiation sources (1119);

Interstellar medium (847)

1. Introduction

Gamma-ray bursts (GRBs) are among the most powerful
transient events in the universe. These events are detected as
brief, nonrepeating flashes in the gamma-ray bands. Depending
on the burst duration (from milliseconds to thousands of
seconds), GRBs are commonly classified as short (sGRBs) and
long (IGRBs) GRBs (Kouveliotou et al. 1993). An IGRB is
associated with the core collapse (CC) of a dying massive star
(Woosley 1993; Galama et al. 1998) that leads to a supernova
(SN; Bloom et al. 1999; Woosley & Bloom 2006). At the same
time, an SGRB is linked with the merger of a neutron star (NS)
with a black hole (BH; Narayan et al. 1992) or two NSs
(Duncan & Thompson 1992; Usov 1992; Thompson 1994;
Metzger et al. 2011), as demonstrated by the historical
gravitational-wave (GW) and electromagnetic detections of
the GW170817 event (Abbott et al. 2017a).

On 2017 August 17, the joint detection of two messengers of
the fusion of two NSs was achieved for the first time: the GW
event (GW170817) by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) and VIRGO (Abbott et al. 2017a;
von Kienlin et al. 2017) and the associated low-luminosity
burst, GRB 170817A, by the Fermi Gamma-ray Space
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Telescope (von Kienlin et al. 2017) and The INTErnational
Gamma-Ray Astrophysics Laboratory (INTEGRAL; Sav-
chenko et al. 2017). The results of this joint observation
confirmed that NS fusion is a progenitor of sGRBs (Abbott
et al. 2017). The association of GW170817A with the near host
galaxy NGC 4993, located at a redshift of z~0.01 (Coulter
et al. 2017; Margutti et al. 2017b), suggested the presence of a
local population of low-luminosity bursts following the merger
of two NSs (Abbott et al. 2017). Immediately, GRB 170817A
was followed up by large observational campaigns covering the
X-ray (Troja et al. 2017; Margutti et al. 2017a; Alexander et al.
2018; D’Avanzo et al. 2018; Haggard et al. 2018; Margutti
et al. 2018), optical (Lyman et al. 2018; Margutti et al. 2018),
and radio (Troja et al. 2017; Abbott et al. 2017b; Dobie et al.
2018; Mooley et al. 2018) bands, among others. In order to
describe the delayed multiwavelength observations in time-
scales of days, synchrotron external-shock models radiated
from off-axis top-hat jets (Alexander et al. 2017; Troja et al.
2017; Margutti et al. 2017b; Ioka & Nakamura 2018; Fraija
et al. 2019a; Fraija et al. 2019b), radially stratified ejecta
(Hotokezaka et al. 2018; Mooley et al. 2018; Fraija et al.
2019c), and structured jets (Kasliwal et al. 2017; Lazzati et al.
2018) were proposed. Later, analyses performed by Burns et al.
(2018) and other authors (Fong et al. 2016; Burns et al. 2018;
Troja et al. 2018) showed that GRB 150101B exhibits
characteristics similar to GRB 170817A, in terms of its two-
component structure and an undetected afterglow in a timescale
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of days followed by bright X-ray emission. Similar features in
the multiwavelength afterglow have been found in GRB
080503 (Perley et al. 2009), GRB 140903A (Troja et al. 2016),
and GRB 160821B (Stanbro & Meegan 2016; Lii et al. 2017).
On the other hand, several searches for afterglow emission
around the closest bursts (<200 Mpc) reported by the Burst
Alert Telescope (BAT) on board the Neil Gehrels Swift
Observatory (Dichiara et al. 2020) and the GW events by the
Advanced LIGO and Advanced VIRGO detectors (Abbott et al.
2021; The LIGO Scientific Collaboration et al. 2021) have been
performed without success but have set multiwavelength upper
limits.

The density profile of the medium surrounding a burst has
been addressed previously in different contexts. For instance,
for the case of SNe, Chevalier (1982) studied the interaction of
an adiabatic flow in a circumstellar density profile for Type II
SNe of the form o7 2. Ever since, subsequent authors have
adopted this proposal for modeling the circumstellar medium,
and it has even been applied in the research of different SN
types. Examples of such studies are those by Blondin et al.
(1996), Soderberg et al. (2006), Kotak et al. (2004), and
Chevalier (1984), among others. Nevertheless, a generalization
of this power law has also been considered. A later study,
Moriya & Tominaga (2012), showed that the diversity in the
density slope of the surrounding environment might explain the
spectral diversity of Type II luminous supernovae. To this
effect, they proposed a wind density structure in the
formoc 7. They noticed that the ratio of the diffusion
timescale in the optically thick region of the wind and the
shock propagation timescale after the shock breakout strongly
depend on the stratification parameter k, which led to
differences in the spectral SN evolution. On the other hand,
the requirement of a stratified environment condition has been
proposed in some cases for modeling the multiwavelength
afterglows, such as in work by Yi et al. (2013). The authors
analyzed more than a dozen GRBs and concluded that the
circumburst environment could be neither a homogeneous nor
a stellar wind medium but something in between, with a
general density distribution with a stratification parameter in
the range 0.4 < k < 1.4. A more recent example of an analysis
that links SN and GRB emission with a stratified environment
is the one by Izzo et al. (2020), in which the authors studied SN
2020bvc. They found an excellent agreement with the GRB-
associated, broad-line Ic SN 1998bw; thus, it was categorized
as a young broad-line Ic SN. They also noted that its X-ray
light curve was consistent with simulations of an off-axis GRB
afterglow in a stratified medium with k= 1.5; thus, this event
represented the first case of an off-axis GRB discovered via its
associated SN. It was later argued by Ho et al. (2020b),
however, that such a model would predict an 8.5 GHz radio
light curve several orders of magnitude more luminous than
their measurements. Nevertheless, they stated that an off-axis
jet could not be ruled out, and future radio observations would
be needed.

In this work, we extend the analytical synchrotron afterglow
scenario of the off-axis top-hat jet used to describe the
multiwavelength afterglow observations in GRB 170817A (see
Fraija & Lopez-Camara 2019b), adding several ingredients.
Here we consider (i) the circumburst external medium as
stratified with a profile density o ¥~ ¥ with k in the range of
0 <k <3, (i1) the synchrotron radiation in the self-absorption
regime, (iii) the afterglow emission during the transition from
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off-axis to on-axis before the lateral expansion phase
(relativistic phase), (iv) the hydrodynamical evolution com-
puted by numerical simulations, and (v) a fraction of electrons
accelerated by the shock front. We apply the current model to
describe the delayed nonthermal emission observed in GRB
080503, GRB 140903A, GRB 150101B, GRB 160821B, and
SN 2020bvc and provide constraints on the possible afterglow
emission using multiwavelength upper limits associated with
the closest Swift-detected sGRBs and the promising GW
events. This paper is arranged as follows. Section 2 presents the
analytical synchrotron scenario and a hydrodynamical evol-
ution of an off-axis top-hat jet decelerated in a stratified
surrounding environment. In Section 3, we apply the proposed
analytical model to describe the multiwavelength observations
of a sample of bursts and provide constraints to other ones. In
Section 4, we present our conclusions.

2. Off-axis Top-hat Model
2.1. Radiative Model

Accelerated electrons in forward-shock models are distributed
in accordance with their Lorentz factors (7,) and described by the
electron power index p as N(v,)dy, oc v, dvy, for 7, <,

where vy, = m, / meg(p)e.(I’ — 1) ;1 is the minimum electron
Lorentz factor, where I" is the bulk Lorentz factor, n, and m, are
the proton and electron mass, &, is the fraction of energy given to
accelerate electrons, ¢, denotes the fraction of electrons that were
accelerated by the shock front (Fan & Piran 2006), and
g(p) = i—:?. The comoving magnetic field strength in the blast
wave B'?/(87) = ege is derived from the energy density
e=[AT + 1)/} — DI = Dn(r)m,c?, with 4 as the
adiabatic index (Huang et al. 1999) and its respective fraction
given to the magnetic field (¢p). Hereafter, we adopt the unprimed
and prime terms to refer to them in the observer and comoving
frames, respectively. The term 4 is the adiabatic index, and

- My . . .
n(r) = A r*= ﬁ r~X, where vy is the wind velocity, and

My is the mass-loss rate. The subindex k lies in the range
0 < k<3, where k=0 is the constant-density medium (Ag = n),
and k=2 is the stellar wind ejected by its progenitor
Ay ~Aw3 x 10% crn*l), where Aw is the density parameter.
The cooling electron Lorentz factor is ~, = (6mwm,c/or)
(1 + Y)Y 'T-1B~2t~1, where or is the cross section in the
Thomson regime, and Y is the Compton parameter (Sari &
Esin 2001; Wang et al. 2010; Fraija et al. 2019d, 2021). The
synchrotron spectral breaks and the synchrotron radiation power
per electron in the comoving frame are given by v/;=
q, / (27ngc)'yizB’ and P’ ~ /3 q; / (m.c?)B’, respectively,
hereafter with the subindexes i =m and c for the characteristic
and cooling break, and where the constants g, and c are the
elementary charge and the speed of light, respectively (e.g., see
Sari et al. 1998; Fraija 2015). The synchrotron spectral breaks3 in

the self-absorption regime are derived from v/, = /iy 73,

2 3

6o and v/y3 = V'3, with the optical depth
5 gqn(r)r

3—k B’ '\’/i5 ’

(Panaitescu & Mészaros 1998). Considering the total number of

emitting electrons N, = () / 4myn(r) 34f kr3 and also taking into

account the transformation laws for the solid angle (Q = €//63),
radiation power (B, = 6p/(1 + 2)P’ ), and spectral breaks

m

V/a,Z = V/mT

given by 7y; >~ where r is the shock radius
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(v = 6p/(1 + z)v'}), the maximum flux given by synchrotron
radiation is

( + 2268,
Fomn = SN pr ()
o 47d?
where d, = (1 + ) fo = (Weinberg 1972) is

the luminosity distance, r = ép /(1 + z)I'Oct is the shock radius,

and ép = is the Doppler factor, where p1 = cos Af;

1
T(1 — pB)
B=v/c, with v as the velocity of the material; and
Al =0, — 0; is given by the viewing angle (0os) and the
half-opening angle of the jet (0;). We 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).

2.2. Hydrodynamical Evolution versus Analytical Approach

2.2.1. Hydrodynamical Evolution

We consider the dynamical equations proposed by Huang
et al. (1999, 2000). The dynamical evolution of the relativistic
outflow into the circumburst medium can be described by

% = BcI(@ + VT2 — 1),

dm _ 27 (1 — cos 0)r’nm,,
dr

o, o,
D_Sredrr—),
dt r

ar 2 - |

£ - , @
dm Mg+ em +2(1 — e)I'm

where ¢, = \/'Ay(v — D@ = D2/ + AT — 1)) with 4 ~
(4 + 1) /3T, M,; is the initial value of the ejected mass, and ¢
is the radiative efficiency, with ¢ =0 in the adiabatic regime
and € =1 in the fully radiative regime. The previous equations
are consistent with the self-similar solution during the
ultrarelativistic (Blandford-McKee solution; Blandford &
McKee 1976) and Newtonian (Sedov—Taylor solution) phases,
respectively, and consider the beaming effect (Rhoads 1999).

The observed quantities are integrated over the equal arrival
time surface determined by Waxman (1997):

t=( +2) f ﬂrdcra = const. 3)
D

2.2.2. Analytical Approach

During the coasting phase (before the deceleration phase),
the relativistic outflow is not affected by the circumburst
medium, so the bulk Lorentz factor is constant, ', =TI,
and the radius evolves as r=c0Bt/[(1 + 2)(1 — Bow)], with

Bo = \/F(z, -1 / Iy. During the deceleration phase, the relati-
vistic outflow transfers a large amount of its energy to the
circumstellar medium driving a forward shock. Considering the
adiabatic evolution of the forward shock with an isotropic
equivalent kinetic energy E = %mpczAk r3I"?(Blandford—
McKee solution; Blandford & McKee 1976) and a radial
distance r = cfut/[(1 + 2)(1 — Boeis)], the bulk Lorentz factor

Fraija et al.
evolves as

1
3 2 _k=3
Li=|———|a+27
4mtmy,c

Ry =
A 2 Ex 7, )

—(k=3)

X (1 — BcosAf)

with Gy = \/Fﬁf -1 / I4¢. The deceleration timescale #4.. can
be defined using Equation (4). As the bulk Lorentz factor

becomes I' ~ 1/Af, the observed flux becomes in our field of
view. During the on-axis emission, the bulk Lorentz factor in
the adiabatic regime evolves as

1
§a
A
2c)y’~*m m,

x (1 + 2 <HA T Elw 13, (5)

with the radius r ~ 28, T2,ct/(1 + z) and By, = T2, — 1 /T,
before the outflow enters the post—jet break decay phase
(I'>~1/6)). During the post—jet break decay phase, the bulk
Lorentz factor evolves as

( 3 )“k s
[ = = (I +2) o=
(2¢)’> % m,

with the shock’s radius and velocity given by r=

281 Tct/(1 + z) and B = Th — I/I‘le, respectively. We

summarize the evolution of the bulk Lorentz factor as

10, 1 < tgec,
k=3
1z atdecétgtpka
Foc{ (N
Is-ak, tpk St bors
To-2% tyr S 1,
where the respective timescales are
P
tdec = tdeC,O(l + Z)(l — ﬁCOS A9)2Ak k’3Ek173F7ﬁ,
1 —2k
tok = toko(1 + DAL E #3A07 %3,
J
tor = toro(1 + 2)A 7 E5 567, (8)

With tgee0 = B/47 myc5=*)s'x and 140 = oo = (3/2¢)>*m my)s's.
It is worth noting that the afterglow emission enters the
observer’s field of view at #,. For instance, the bulk Lorentz
factor in a constant-density medium evolves first as oct’ (Sari &
Piran 1999), then r—> (Nakar & Piran 2018; Fraija & Lopez-
Camara 2019b), i (Sari et al. 1998), and, finally, 2 (Sari
et al. 1999), as expected.

The minimum and cooling electron Lorentz factors, the
spectral breaks, the maximum flux, and the synchrotron light
curves during the coasting, deceleration (off- and on-axis), and

post—jet break decay phases are shown in the Appendix and
Tables 1-3.
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Evolution of the Synchrotron Light Curves (F, o<t~

a

Table 1
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v ‘7) from an Off-axis Outflow Decelerated in a Stratified Environment

Coasting Phase

Deceleration Phase

(Off-axis Afterglow)

Deceleration Phase
(On-axis Afterglow)

Post— Jet Break Phase

I5] @ « « o
Vs < Ve < U
4
V< Vy3 -2 — (1 +k) —4 - -1
1 ok — 11 8k— 17 3k-2
Vaz < V<1, -3 — 3 EY7E— 1
1 3-8 9%k — 26 1
Ve < V< Uy 3 Z n 3 1
P k(p+2) -8 2(3p — 16) = (p — 100k 3p—2
Vin <V 2 T - 4 4 p
Va1 < Uy < Ve
2 2 2 2 0
V<V, — — — T
1 4k—9 8k —21 k=2 1
U 1 1
Va1 <V < Vn 3 3 3 4k 3
p—1 k(p+35)—12 6(p—5)—(p—1Dk 12(1 —p) +k(Bp —5)
Um < V< Vg = —— - I T— p
P k(p+2) -8 2(3p — 16) = (p — 100k 3p—2
VeV 2 T s 4 p
Vm < Va2 <
2
V< Uy -2 -2 -2 -1 0
5 8+k k—14 3k—20
U <V < Vo -3 — n E—h -1
p—1 k(p+5)—12 6(p—5 —(p—1Dk 12(1—p) +kBp—5)
Vap <V <V 5 — —_— T T
P k(p+2)—8 2(3p — 16) — (p — 10)k 3p-2
Ve <V 2 T4 s Ta P
Table 2

Closure Relations of Synchrotron Radiation from Off-axis Afterglow Model in a Stratified Environment

Deceleration Phase Post-Jet Break Phase

(On-axis Afterglow)

Deceleration Phase
(Off-axis Afterglow)

Coasting Phase

Va3 < Ve < Vpm

k+ D3 28 s
V< V3 -2 % 23 2 E
1 Q@-3k8
Vas << Ve -1 (11 — 63 (17 — 83 — ~38
Ve < V< U % @ w % 28
P 8+ k-4 6-K)3F5k—16 3B 1
Vi < v i Grx-d Lobges-1o - 208
Va,1 < Vp < 1,
5
V< Uy -2 B B T 0
Vag <V < U -3 © — 4k)3 @1 — 8k)B e-bp 8
=1 K(B+3)—6 6-k)5+5k—12 3@-kF+k
Um < V< Ve pT % % ﬁ 26+ 1
Ve < v L (xf+12)k—4 (6—1(){1;5/\'—16 311271 25
Vm < Va2 < Ve
5
V< Uy -2 Jé] Ié] s 0
s (k+8)8 14-0p @0-3k)3 24
Un <V <V > BT 10 10(4 — k) 5
—1 K(B+3)—6 6-k)5+5k—12 3@-kp+k
Var < V< 1 pT % % ﬁ 28+ 1
? B+ k-4 6-K)B+5k—16 361 25

v <V

2

2

2

2.3. Comparison of our Model with Previous Simulations

Figure 1 presents examples of the time evolution of the
Doppler factor, the half-opening angle, the bulk Lorentz factor,
and the deceleration radius, all in a constant circumburst
medium (k=0). The solid lines characterize the numerical
simulations, while the dashed lines stand in for the theoretical

approximations, which are detailed in the Appendix. Lines in
black correspond to quantities observed off-axis, and lines in
gray correspond to the ones observed on-axis.

For the case of ép, the upper left panel shows an excellent
agreement between the simulations and the model at early
times up to fops &~ 107 s. After this point, there are very slight
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Tabl

Proportionality Constants of the Relezlen(: 3éuantities in the Synchrotron Model

k=0 k=10 k=15 k=20 k=25

Ay lem™ 1.4 x 10®® cm ™2 2.8 % 103 cm—> 2.8 x 10** cm™ 1.4 x 105 e
Coasting Phase
70 (x10%) 9.15 9.15 9.15 9.15 9.15
70 1.60 x 10° 1.03 x 10 1.85 6.65 x 107! 477
V2, (Hz) 447 x 1078 1.23 272 x 10 1.72 x 10? 4.96
2, (Hz) 5.46 x 1073 2.66 8.30 1.64 x 10 4.44
V25 (x107° Hz) 7.80 x 1074 1.39 5.51 1.25 x 10 2.59
2 (x10% Hz) 1.62 x 1072 1.74 4.12 6.87 2.57
12 (x1073 Hz) 4.93 x 10’ 222 % 10 1.69 3.63 x 107" 6.97
F2.. (x10%mly) 6.57 x 1078 8.22 x 1072 1.08 5.04 262 x 107!
Deceleration Phase (Off-axis)
70 (x10) 7.56 3.48 6.59 2.06 x 10 1.96 x 10?
72 (x10% 2.80 4.08 x 107! 1.98 8.44 x 10 9.33 x 10°
12, (x1076 Hz) 755 x 1072 1.80 135 x 107" 245 x 1074 6.72 x 10713
V2, (x107° Hz) 1.00 1.93 1.13 247 x 107! 1.05 x 1073
V25 (x107° Hz) 2.80 2.11 x 10 4.04 1.00 x 107! 320 x 107¢
2 (x10°° Hz) 3.03 1.20 2.58 7.04 8.87
Y (x107' Hz) 4.17 1.65 x 107! 232 1.18 x 10° 2.01 x 10"
F (x10 mJy) 4.10 7.66 4.59 7.02 x 107" 139 x 107*
Deceleration Phase (On-axis)
72 (x10% 2.83 1.43 1.51 1.96 8.19
70 (x10%) 3.95 % 10 1.36 178 6.32 1.28 x 10*
12, (x1073 Hz) 1.80 x 1072 6.77 423 454 x 107! 1.02 x 107°
V2, (x1072 Hz) 574 x 107! 3.25 2.83 1.47 3.78 x 1072
25 (1074 Hz) 251 x 107! 6.44 4.98 1.47 1.58 x 1073
2 (Hz) 3.17 3.10 3.11 3.14 3.21
2 (x1072Hz) 6.15 x 107 2.81 431 3.28 x 10 7.79 x 10°
F2 (x10°mJy) 1.14 x 107! 1.69 1.36 4.95 x 107! 1.68 x 1073
Post-Jet Break Decay Phase
70 (x10) 4.68 1.95 4,03 1.69 x 10 1.74 x 107
7 (x10% 3.92 4.89 x 107" 2.71 1.52 x 10? 232 x 107
21 (x1078 Hz) 3.40 9.82 x 10 6.22 7.57 x 1073 120 x 107"
V2, (x107° Hz) 4.80 9.38 5.43 1.21 448 x 1072
125 (x1075 Hz) 2.85 247 % 10 4.19 6.83 x 1072 1.60 x 107°
12 (x1077 Hz) 6.06 2.10 5.05 237 % 10 3.13 x 10
12 (x107' Hz) 425 132 x 107! 2.29 1.93 x 10° 5.55 x 10"
FY. (mly) 2.14 x 10 428 x 10 241 % 10 497 7.81 x 1074

variations between both solutions, specifically in the steepness
of the rise and fall of this quantity. The numerical simulation
predicts a sharper peak, while the theoretical approximation
anticipates a wider profile. Despite this slight difference, both
curves drop in parallel, showing that their delinquent behavior
follows the same power law. In the case of the half-opening
angle 0; (lower left panel), as in the case of ép, the early-time
evolution is the same between both curves. The difference in
their behavior is first made apparent at ¢, ~ 107 s. At this time,
the theoretical solution presents a faster rise than the
simulation. The initial variation between both curves keeps
increasing and becomes substantial at times 2106 S.

The upper right panel compares the bulk Lorentz factors
when the emission is off- and on-axis. For the off-axis case, the

same features mentioned in the last two panels are repeated,
namely, perfect agreement at early times and variations at late
times. However, the on-axis emission is different, as there are
slight differences initially, but both solutions tend to be the same
as time progresses. Finally, the lower right panel presents the
shock’s radius for the on- and off-axis cases. For the on-axis
curves, the simulation and theoretical approximation differ early,
but they unite late. There is also a difference in their shapes at
the beginning, as the theoretical curve is a straight line, which
corresponds to a single power law. At the same time, the
simulation shows that there is a transition from a flatter curve to
a steeper one. The case of the off-axis emission presents similar
differences. In general, the simulation and the theoretical
variables exhibited in Figure 1 are in good agreement.
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Figure 1. Comparison of numerical simulations (solid lines) and a theoretical approach (dashed lines) of the Doppler factor (ép), the jet’s opening angle 6, the bulk
Lorentz factor (I'}), and the deceleration radius (r), all of them evolving in a constant circumburst medium. Variables observed off- and on-axis are in black and gray,
respectively. The parameters E = 10> erg, n = 1.0 cm >, A@ = 5°72, and I’y = 300 are used.

2.4. Analysis and Description of the Synchrotron Light Curves

The analytical synchrotron afterglow model during the
coasting, deceleration (off- and on-axis emission), and post—
jet break decay phases are shown in the Appendix. Table 1
shows the evolution of the synchrotron light curves, and
Table 2 shows the closure relations of synchrotron radiation as
a function of k during the coasting, deceleration (off- and on-
axis emission), and post—jet break decay phases in the stratified
environment. We can note in both tables that a break is
expected around the transition time between fast- and slow-
cooling regimes during the deceleration phase when the
afterglow emission is seen off-axis but not during another
phase.

Figures 2 and 3 show the predicted synchrotron light curves
produced by the deceleration of the off-axis top-hat jet in the
circumburst medium described by a density profile with k=0,
1.0, 1.5, and 2.0, respectively. From top to bottom, the panels
correspond to radio wavelength at 6 GHz, optical at the R band,
and X-rays at 1keV for typical values of GRB afterglow.'”
These figures display that, regardless of the viewing angle, the
X-ray, optical, and radio fluxes increase gradually, reach the
maximum value, and, finally, begin to decrease. It can be
observed that as the viewing angle increases, the maximum
value moves to later times. For the chosen parameters, in most

10 F =10 erg, ey = 107, = 10"", ¢, = 1.0, and d, = 1 Gpc. Henceforth,
we adopt the convention Q, = Q/10* in cgs units for all variables except
angles. For angles, we adopt the convention Qx = Q/x in degrees.

cases, the maximum value lies in the range of (10~'=107) days
for 0° <0, <60°. This is different, however, when the
medium is like a stellar wind, as the right column of Figure 3
shows that the maximum happens later, namely, in the range of
(107'-10% days. Figures 2 and 3 show that the bump is less
evident in the light curves with 1.0 <k < 2.0. Then, a clear
rebrightening in a timescale from days to weeks with GW
detection could be associated with the deceleration of the off-
axis jet launched by a binary neutron star or BH-NS merger.
The synchrotron fluxes in all of these panels lie in the slow-
cooling regime, although for a different set of parameters with
values (for instance, the equivalent kinetic energy E = 10°* erg,
the uniform-density medium n ~ 1 cm >, and the equipartition
parameters €, =0.1 and eg = 10~%), these would lie in the fast-
cooling regime.

Table 4 shows the evolution of the density parameter in each
cooling condition of the synchrotron afterglow model. For
instance, the synchrotron light curve as a function of the density
parameter in the cooling condition v, ;| < v, < v < 1/ is given by
Ei oA, with a = 22, Sl 2 and 2=t for the
coasting, deceleration (off- and on-axis), and post—jet break
decay phases, respectively. Any transition between a stratified
environment and density-constant medium could be detected
during the post—jet break and deceleration phases when the
afterglow emission (for this cooling condition) is seen on-axis
but not off-axis. Table 4 shows that in general, during the
coasting phase and the deceleration phase when the afterglow
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Figure 2. Synchrotron light curves generated by the deceleration of the off-axis jet for k =0 (left) and 1 (right). Panels from top to bottom correspond to the radio
(1.6 GHz), optical (R), and X-ray (1 keV) bands, respectively. The parameters E = 10°! erg, cg = 10’4, e = 10", I'=300, p = 2.2, {,=1.0, and d, = 6.6 Gpc

are used.

emission seems off-axis, a change of density profile would not
produce a significant variation in the flux. Table 4 displays that
synchrotron fluxes do not depend on the density parameter when
they are observed at the lowest-energy (v < min{, 1, V2, Va3})
and highest-energy (max{v,, .} < v) frequencies when the
afterglow emission is seen off- and on-axis, respectively. During
the post—jet break phase, any transition between a stratified
environment and density-constant medium will be better
observed in low-energy frequencies, such as radio wavelengths.

The uniform medium with constant density is expected for
sGRBs associated with binary compact objects, and the stratified
medium with nonconstant density is expected for IGRBs related
to massive stars with different evolution at the end of their lives
(Ramirez-Ruiz et al. 2005; van Marle et al. 2006). For instance,
an external stratified medium with 0.4 <k < 1.4 was found by
Yi et al. (2013) after modeling the afterglow emission in a GRB
example, and a density profile with k>2 was reported by
Kumar et al. (2008) after studying the accretion of the stellar
envelope by a BH as the possible origin of the plateau phase in
X-ray light curves.

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 ~32s,
followed by a smooth emission tail that lasted ~390s. The

' Burst and Transient Source Experiment.

authors found that the spectrum in the smooth tail evolved as
the synchrotron cooling break r°>**%!2  concluding that the
gamma-ray emission was associated with the afterglow
evolution, and also that it had begun during the prompt
gamma-ray episode. Afterward, spectra analyses of GRB tails
were done to identify early afterglows (Barthelmy et al. 2005;
Yamazaki et al. 2006). We could identify the off-axis
synchrotron emission from an off-axis outflow analyzing the
spectral break evolution. In this case, the spectral breaks of the
synchrotron radiation generated from the deceleration okf the

and

off-axis jet in the relativistic phase evolve as a v, =
Ve X t¥, respectively. For instance, with k=1, the character-
istic and cooling breaks evolve as vy t~3 and Uy X t%,
respectively, which are fully different from the breaks that
evolve when the afterglow emission is on-axis (e.g., Uy X T
and 1, s ).

3. A Sample of Some Bursts with Evidence of Off-axis
Afterglow Emission

3.1. Multiwavelength Observations

GRB 080503—0n 2008 May 3 at 12:26:13 UTC, the Swift-
BAT instrument detected and triggered on the short burst GRB
080503 (Mao et al. 2008; Ukwatta et al. 2008). The prompt
episode was evaluated in the 15-150 keV energy range and
reported with a duration of 0.32 +0.07 s, while its observed



THE ASTROPHYSICAL JOURNAL, 940:189 (26pp), 2022 December 1

-
@]
[=}

1072

Flux density (mJy)

10

1 /s

106 L
1071

)
102 108

Time (days)

inaal
10° 101

102

107 |

10 |

Flux density (mJy)

Fraija et al.

102
= 10° -
£
Z\ =
%102 1
[<5}
o
B
i 104 .
106 " " 1 " 1
107! 10° 10! 102 108 104 105
Time (days)
102
=
- - - =~
E£107 | Pie N 1
= P .
‘@ . R
S .
< . ———
x 104 | ,/ = b
[ a2
./.
4
10—7 Crasal i L 1 1 1
107! 10° 10! 102 108 10% 10°
Time (days)
= 10* 1
£
=
‘D
S
=S 107 1
>
ic
10-10 el Lovial 1 L "
1071 10° 10! 102 108 10% 10°
Time (days)

1077

aaul
1071 102 108

Time (days)

» )
10° 101

10 |

107 r

Flux density (mJy)

aul Lol

10710

; "
107! 102 108 104 10°

Time (days)

10° 101

Figure 3. Synchrotron light curves generated by the deceleration of the off-axis jet for k = 1.5 (left) and 2 (right). Panels from top to bottom correspond to the radio
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are used.

flux was measured to be (1.2 +0.2) x 1077 erg cm 2s L. The
Swift X-ray Telescope (XRT) instrument and Chandra ACIS-S
satellite also performed subsequent observations in the X-ray
band (Guidorzi & Mao 2008; Perley et al. 2009). For the case
of Swift-XRT, it took data on the burst in the time frame from
~82 s to 1 day after the initial Swift-BAT trigger. On the other
hand, Chandra measured the burst throughout two observa-
tional campaigns, the first from 2008 May 7 (19:18:23 UTC) to
8 (04:09:59 UTC), during which an X-ray flux was detected
that coincided with the location of the optical afterglow. The
second campaign took place from 2008 May 25 (18:11:36) to
26 (03:04:28), during which the X-ray source was monitored.
There was a lack of detection, but constraining limits were
provided. Several efforts were also taken to monitor this burst
in the optical energy range. Observations and upper limits were
obtained with the Swift Ultra-Violet Optical Telescope (UVOT)
instrument (Brown & Mao 2008); the Hubble Space Telescope
(HST) using the Wide-Field Planetary Camera in the F606W,
F450W, and F814W bands (Bloom et al. 2008; Perley et al.
2008b, 2008¢c, 2008f); and the Keck I telescope equipped with
LRIS (Perley et al. 2008e). The Gemini-N observatory also
observed the burst using the Multi-Object Spectrograph through
the g, r, i, and z optical bands and NIRI through the Ks band
(Perley et al. 2008a; Bloom & Perley 2008). Regarding the radio
energy band, the Karl G. Jansky Very Large Array (VLA) was
used to observe GRB 080503 at a frequency of 8.46 GHz

without any detection but providing a 3¢ upper limit (Frail &
Chandra 2008).

GRB 140903A—The Swift-BAT detected GRB 140903A at
15:00:30 UT on 2014 September 14 (Cummings et al. 2014).
This burst was located with coordinates R.A. = 238°036,
decl. = +27°578 (J2000). The BAT light curve exhibited a
peak with a duration of 0.45s (Cummings 2014). The XRT
instrument began observing the position of this burst 59 s after
the BAT trigger and monitored the X-ray afterglow until this
emission faded below the detector sensitivity threshold. The
MAXI-GSC observed the position reported by BAT 12 s after
the trigger. Although no object was detected, upper limits were
derived at the 4-10 keV energy range. The Chandra satellite
began observing the X-ray afterglow ~2.7s after the BAT
trigger (Sakamoto et al. 2014). This burst was observed in the
optical r band (20.4 & 0.5 mag) by the 2 m Faulkes Telescope
North ~15.6 hr after the BAT trigger (Dichiara et al. 2014).
The Nordic Optical Telescope observed the field of this burst,
reporting an optical emission of 20.1 £ 0.5 and 16.1 £ 0.3 mag
in the R and H bands. Cucchiara et al. (2014) identified a strong
absorption doublet feature of the wavelengths in the range of
795.4 and 796.5 nm (Cucchiara et al. 2014). These lines were
associated with NalD in absorption and Hf in emission at the
usual redshift of z = 0.351. Later, the detection of optical
variability, together with a coincident radio detection
(Fong 2014), confirmed the host association of this redshift
(Cenko et al. 2014).
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GRB 150101B—The Swift-BAT and Fermi Gamma-Ray
Monitor (GBM) detected GRB 150101B at 15:23:35 and
15:24:34.468 UT on 2015 January 1, respectively (Cummings
2015; Stanbro 2015; Burns et al. 2018). Data analysis of Swift-
BAT revealed a bright source, constraining the location at R.
A. = 1882044, decl. = -107956 (J2000). The ~-ray pulse in the
15-150 keV band consisted of a single pulse with a duration
and fluence of 0.01240.001 s and F,=(6.1+2.2)x
10~ erg cm ™2, respectively (Lien et al. 2016). Recently, Burns
et al. (2018) presented a new analysis of fine timescales
revealing a two-component structure: a short hard spike
followed by a longer soft tail. The total duration of the prompt
episode shown as a two-component structure was 0.08 4+ 0.93 s,
and the fluence was (1.2 £0.1) x 1077 erg cm 2 for the main
peak and (2.0+0.2)x 10 Sergem 2 for the soft tail. The
Chandra X-ray Observatory ACIS-S reported two observations,
7.94 and 39.68 days after the BAT trigger, with durations of
~4.1 hr each (Fong et al. 2016). Optical/near-IR observations
and upper limits were collected with Magellan/Baade using
IMACS with the r, g, i, and z optical bands; the Very Large
Telescope equipped with the High Acuity Wide-field K-band
Imager I with the J, H, K, and Y optical bands (Fong 2015;
Levan et al. 2015); TNG using NICS with the J optical band
(D’Avanzo et al. 2015); Gemini-S instrumented with GMOS (r
band; Fong et al. 2015); the United Kingdom Infrared Telescope
with the instrument WFCAM (J and K bands); and HST using
the WFC3 with the F160W and F606W bands (Fong et al.
2016). Spectroscopic observations in the wavelength range
530-850 nm of 2MASX J12320498-1056010 revealed several
prominent absorption features that could associate GRB
150101B with an early-type host galaxy located at z =0.1343 +
0.0030 (Levan et al. 2015; Fong et al. 2016).

GRB 160821B—The Swift-BAT and Fermi-GBM triggered
and located GRB 160821B at 22:29:13 and 22:29:13.33 UT
on 2016 August 21, respectively (Siegel et al. 2016; Stanbro
& Meegan 2016). The Swift-BAT light curve in the energy
range of 15-150 keV exhibited a single peak with a duration
and total fluence of 048 £0.07 s and (1.1 +£0.1)x
107 ergem 2, respectively (Palmer et al. 2016). The
Fermi-GBM light curve in the energy range of 8-1000 keV
showed a single peak (similar to the Swift-BAT profile) with
a duration and total fluence of ~1.2s and (2.52 +0.19) x
10°¢ erg cm 2, respectively (Lii et al. 2017). They estimated
that the isotropic energy released in gamma rays was
Eio=(2.1£0.2) x 10°° erg. Swift-XRT started detecting
photons 57 s after the trigger time (Siegel et al. 2016). Swift-
UVOT began observing the field of GRB 160821B 76 s after
the Swift-BAT trigger. Although no photons in the optical
band were detected during the first hours, constraining upper
limits were placed (Evans et al. 2016). The William Herschel
Telescope on La Palma detected diverse emission lines in the
visible (including HG, [O 111] 4959/5007, and Ha), locating
this burst with a redshift of z = 0.16 (Levan et al. 2016).

SN 2020bvc—On 2020 February 4 at 14:52:48 UTC, SN
2020bvc was first detected by the ASAS-SN Brutus instrument
using the g Sloan filter with a reported location of R.A. =
14"33™575024, decl. = +40°14/36”85 (J2000). It was
associated with the host galaxy UGC 09379, with a redshift
of z = 0.025235 (Stanek 2020). A later report confirmed this
association and redshift and, based on the blue featureless
continuum and the absolute magnitude at discovery of —18.1,
classified this event as a young CC SN (Hiramatsu et al. 2020).

Fraija et al.

A later analysis (Perley et al. 2020) of the spectrum obtained with
the SPRAT spectrograph on the 2 m robotic Liverpool Telescope
showed excellent agreement with the GRB-associated broad-line
SN Ic 1998bw; thus, it was categorized as a young broad-line Ic
SN. It was noticed to have an extremely fast rise by a steep decay
in the 2 days following the first detection. It was later shown to rise
toward a second peak. The decay temporal index reported by 1zzo
et al. (2020) was agee = 1.35 = 0.9. Twelve days later, on February
16, the VLA observed the position of SN 2020bvc and detected a
point source with a flux density of 66 pJy in the X band and a
luminosity of 1.3 x 10°” ergs™ Hz~' (Ho 2020). On the same
day, a 10 ks Chandra observation was obtained. The data were
reduced and the spectrum fitted with a power-law source model
with a flux of approximately 10~ ergem 25! (Ho et al. 2020a).

3.2. Analysis and Discussion

GRB 080503—We apply the Bayesian statistical approach of
Markov Chain Monte Carlo (MCMC) simulations to determine
the best-fit values of the parameters that characterize the
multiwavelength afterglow observations with their upper limits
(e.g., see Fraija et al. 2019c). A set of eight parameters, {E, n,
D> €8, I, €e, 05, and Oy}, is required by our synchrotron
afterglow model evolving in a constant-density medium to
describe the multiwavelength observations. A total of 17,300
samples and 4100 tuning steps is used to describe the entire
data set. Normal distributions are used to characterize all of the
parameters. Corner plots illustrate the best-fit values and the
median of the posterior distributions of the parameters, as
shown in Figure 4. In this figure, the best-fit values are
highlighted in green, and the medians of the posterior
distributions are presented in Table 5.

The multiwavelength afterglow observations, together with
the fits computed using the synchrotron off-axis model evolving
in a constant-density medium, are shown in Figure 5. The
synchrotron light curves obtained with the same electron
population and displayed in the optical (R and g) and X-ray
bands support the scenario of one emitting zone inside an off-
axis outflow. The fact that the beaming cone of synchrotron
radiation reaches our line of sight is compatible with the best-fit
value of the viewing angle Oy = 15.412703%8° and the
rebrightening in all bands at ~1 day. The best-fit value of the
electron spectral index p = 2.31970:9% matches the typical
value observed when forward-shocked electrons radiate by
synchrotron emission (see, e.g., Kumar & Zhang 2015). It
confirms that these multiwavelength observations originate
during the afterglow.

The best-fit value of the constant-density medium »n =
422175192 x 1072 cm~3 indicates that GRB 080503 took place
in a medium with very low density comparable to an intergalactic
density environment with ~10~> cm >, The best-fit values of the
bulk Lorentz factor (' = 2.93975 % x 102) and the equivalent
kinetic energy (E = 2.1567(30¢ x 1052 erg) indicate that syn-
chrotron radiation is emitted from a narrowly collimated outflow.

Perley et al. (2009) analyzed the multiwavelength observations
at ~1 day. They dismissed the kilonova-like emission proposed
by Li & Paczyrski (1998) and gave an afterglow explanation,
pointing out that the X-ray and optical data had similar evolutions.
They hypothesized that the late optical and X-ray bumps might be
explained in a slightly off-axis jet or a refreshed shock. The faint
afterglow compared to the intense prompt emission could be
described in the very low circumburst medium. Gao et al. (2015)
claimed that under certain requirements on the bulk Lorentz factor
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Figure 4. Corner plot of the parameters derived from fitting the multiwavelength light curves of GRB 080503 with a synchrotron off-axis model, together with median
values (green lines) and 1o credible intervals (dashed lines). The MCMC summary statistics for all parameters are listed in Table 5. A set of normal distributions is

made for the priors.

and the beaming angle of the relativistic jet, refreshed shocks in
the synchrotron forward- and reverse-shock scenarios could
adequately describe the late rebrightening in GRB 080503.
Finally, Gao et al. (2015) proposed that the late optical peak was
due to the emission from a magnetar-powered “merger-nova,” and
the X-ray hump from magnetic dissipation of the magnetar dipole
spin-down luminosity. According to our analysis, these observa-
tions at ~1 day are consistent with the afterglow emission found

10

off-axis. It is worth noting that measurements of the linear
polarization of the optical emission could discriminate between an
on- and off-axis scenario, and GWs would provide information
about the progenitor (a merger of NS-NS or BH-NS or a
stable NS).

GRB 140903A—We once again conducted MCMC simula-
tions with a set of eight parameters, {E, n, p, g, I, €., 6;, and
Oops}, to find the best-fit values that describe the



THE ASTROPHYSICAL JOURNAL, 940:189 (26pp), 2022 December 1 Fraija et al.

Flux (mdy)

1071

102

band B

band g band K —— White
band r —@— F450W X-ray (x10) —@—
bandi —— F6O6W — E

T — r
— band z

F814W —

a4

<
sl

103

102

1071 109 10"

Time since trigger (days)

Figure 5. The X-ray and optical light curves of GRB 080503 with the best-fit curve of synchrotron afterglow model. The synchrotron light curves are shown at 1 keV
(gray), the R band (red), and the g band (green). Data points are taken from Perley et al. (2009).

Table 4
Evolution of the Density Parameter F, oc A'* in Each Cooling Condition of the Synchrotron Afterglow Model
Coasting Phase Deceleration Phase Deceleration Phase Post-Jet Break Phase
(Off-axis Afterglow) (On-axis Afterglow)
I¢] Qg Qg Qg Qi
Va3 < Ve < Vpy
4 3
V< V3 *12 —1 g 7?07]( 734fk
Vas <V <V -3 2 3 3@—0 36—
1 3 9 3
Ve <V < Vm 2 4 4 0 T
P pt+2 10—-p _pt2
Vm <V B 7 4 0 43—k
Va1 < Vm < Ve
2 2
V<V -2 0 g _F _?
1 4
Va1 <V <Vpy -3 3 3 4-k 33-k)
p—1 p+5 11—p 2 3—p
Um <V <1 = e 4 4—k 43—k
P pt2 10-p __pt2
Ve <V 7 2 0 43—k
Um < Vap < Vg
2 2
Vi <V < Vap 3 T4 ) e BEET)
p—1 p+5 1—p 2 3-p
Va2 <V <1t = e 4 4k 1G-k
P p+2 10—p __p+2
v <v 5 4 4 43—k
multiwavelength afterglow observations with their upper limits. the posterior distributions of the parameters. In Table 5, the
A set of eight parameters, {E, n, p, €, I, €., 0;, and 0}, is best-fit values are shown and the median of the posterior
required. To represent the entire observation in this scenario, a distributions is presented.
total of 16,200 samples and 4150 tuning steps were used. The multiwavelength observations of GRB 140903A are
Figure 6 displays the best-fit values in green and the median of shown in Figure 7, together with the fits derived using the

11
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Figure 6. Same as Figure 4 but for GRB 140903A.

synchrotron off-axis model evolving in a homogenous density.
The best-fit values of the viewing angle fys = 5.1623371 © and
the half-opening angle 6; = 3.210709%0 ° indicate that the
relativistic outflow was slightly off-axis. The best-fit value of
the constant-density medium n = 42197519 x 102 cm—3
indicates that GRB 140903A took place in a medium with very
low density comparable to an intergalactic density environment.
The best-fit values of the bulk Lorentz factor (I =

3.62770199 x 10?) and the equivalent kinetic energies (E=

12

316370392 x 10°2 erg) indicate that synchrotron emission is
radiated from a narrowly collimated jet. The best-fit values of the
microphysical parameters e, = 5.1043308 x 1072 and 5=
4.050709%) x 1073 and the spectral index of the shocked
electrons 2.07370:0%3 are similar to those reported in Troja et al.
(2016). This spectral index is in the typical range of those
accelerated in forward shocks (see, e.g., Kumar & Zhang 2015),
thus reaffirming the afterglow as its origin. Troja et al. (2016)

reported and analyzed the afterglow observations of GRB
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shown at 1 keV (blue), R band (gold), i band (brown), 9.8 GHz (dark green), and 6.1 GHz (light green). Data points are taken from Troja et al. 2016.

Table 5

Median Values of Parameters Used to Describe the Multiwavelength Afterglow Observations of a Sample of sGRBs and IGRBs
Parameters GRB 080503 GRB 140903A GRB 150101B GRB 160821B SN 2020bvc
E (10°% erg) 2.156+0%¢ 3.16379330 104643120 0.118+5:%31 0.2381001
n (1072 cm ™) 422140192 42195192 0.164*9%1 0.86979%3
A, (1072 cm!/?) 3.340791%3
p 231973639 2073150 215070313 222075051 231310034
ep (1073 3.168% 9} 4.050709% 0.14779334 0.55979427 56237093
€. (1073 3.745193%8 5.104+0%8 100179172 0.155+5:%31 38.951193%
I (10% 2.939+0 3.627+3:199 425149458 4.559%03¢ 2.291731%
0; ) 6.589" 0% 3.2104958) 6.887106% 8.002005 21217557
Oops (©) 1541279388 516240211 14.11473327 10.2991}122 12.498792¢%
Note.

% This value is used when k = 1.5.

140903A for the first 2 weeks. Applying the fireball scenario, they Figure 8 displays the best-fit values and the median of the

demonstrated that this burst was caused by a collimated jet seen posterior distributions of the parameters. In Table 5, the best-fit
off-axis and also connected with a compact binary object. The values are shown and the median of the posterior distributions
X-ray “plateau” seen in GRB 140903A was attributed to the is presented.

energy injection into the decelerating blast wave by Zhang et al. The X-ray, optical, and radio observations and upper limits,
(2017). The authors then modeled the late afterglow emission, as well as the fit obtained using the synchrotron off-axis model
which required a half-opening angle of ~3°, similar to the value evolving in homogeneous density, are shown in Figure 9. The
found with our model. Object GRB 140903A was formed in a left panel shows the light curves at 1keV (gray), the R band
collimated outflow observed off-axis that decelerates in a uniform (blue), the F606W filter (orange), and the F160W filter (green),
density, according to our findings. and the right panel displays the broadband spectral energy

GRB 150101B—We use MCMC simulations with the eight distributions (SEDs) at 2 (red) and 9 (green) days. The red
parameters used for GRB 080503 and GRB 140903A to find shaded region corresponds to the spectrum of AT 2017gfo,

the best-fit values that model the X-ray afterglow observations which is adapted by Troja et al. (220354) The best-fit values of
with the optical upper limits. To represent all of the data in this the viewing angle Oy = 14.11475775 ° and the half-opening
case, a total of 15,900 samples and 4400 tuning steps are used. angle 6 = 6.88770:5%2 © can explain the lack of X-ray emission

13
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Figure 8. Same as Figure 4 but for GRB 150101B.

during the first day. The best-fit value of the constant-density
medium 7 = 0.1647005] x 10-2cm~3 indicates that GRB
150101B, like other short bursts, happened in an environment
with very low density. The best-fit values of the bulk Lorentz
factor (I' = 4.251704% x 10%) and the equivalent kinetic
energy (E = 1.0467013 x 1052 erg) suggest that synchrotron
afterglow emission is emitted from a narrowly collimated jet.
The values of the spectral index of the electron population, the
circumburst density, the microphysical parameters, and the
viewing angle disfavor the isotropic cocoon model reported in
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Troja et al. (2018) and are consistent with the values of an
outflow when homogeneous density is taken into account. The
best-fit values of the spectral index of the shocked electrons
2.15079217 are similar to those reported in synchrotron
afterglow models (see, e.g., Kumar & Zhang 2015).

GRB 160821B—We require MCMC simulations with eight
parameters used in the previous bursts to find the best-fit values
that describe the multiwavelength afterglow observations with
their upper limits. To characterize the complete data in this
scenario, a total of 17,300 samples and 7400 tuning steps are
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Figure 9. Left: X-ray light curves with the optical upper limits of GRB 150101B with the best-fit curve of the synchrotron afterglow model. The synchrotron light
curves are shown at 1 keV (gray), the R band (blue), the F6O6W filter (orange), and the F160W filter (green). Data points are taken from Fong et al. (2016) and Troja
et al. (2018). Right: broadband SEDs of the X-ray, optical, and radio afterglow observations and upper limits with the best-fit synchrotron curves (lines) at 2 (red) and
9 (green) days. The red shaded region corresponds to the spectrum of AT 2017gfo, which is adapted by Troja et al. 2018.

used. Figure 10 exhibits the best-fit values and the median of
the posterior distributions of the parameters. In Table 5, the
best-fit values and the medians of the posterior distributions are
presented.

The multiwavelength observations since 0.2 days after the
GBM trigger are shown in Figure 11, together with the fits
found requiring the synchrotron off-axis model evolving in a
homogeneous density. The left panel exhibits the light curves at
1 keV (gray), the z band (purple), the F606W filter (dark red),
the R band (salmon), the F110W filter (cyan), the F160W filter
(light blue), the K band (dark blue), the X-channel (olive), and
the C-channel (emerald green), and the right panel shows the
broadband SEDs of the X-ray, optical, and radio afterglow
observations at 2 hr (red), 2 days (blue), and 4 days (green).
The shaded areas in blue and green correspond to blackbody
spectra with decreasing temperatures first suggested in Jin et al.
(2018) and then confirmed by Lamb et al. (2019) and Troja
et al. (2019a). The kilonova emission is the most natural
explanation for the “new” radiation component. The
Swift-XRT-UVOT data were received from the public database
from the official Swift website.'> The C band displays radio
data; the white, v, b, u, UVW1, UVW2, and UVM?2 bands
display Swift-UVOT data; and the 1keV band displays XRT
data. Using the conversion factor proposed in Evans et al.
(2010), the flux density of the XRT data is extrapolated from
10 to 1keV. The best-fit values of circumburst density n=
0.86979%93 x 1072cm™3, the spectral index of shocked
electrons p = 2.22079%1, the viewing angle 6, = 10.299F]122 °,
and the half-opening angle 6; = 8.0020:50 ° are similar to those
previously reported in Troja et al. (2019b). The best-fit values of
the viewing angle Oy, = 10.29971132° and the half-opening
angle ¢; = 8.0020840 © suggest that the relativistic outflow was
slightly off-axis. The best-fit values of the bulk Lorentz

12 https: / /swift.gsfc.nasa.gov /cgi-bin/sdc/ql?
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factor (I' = 4.559703% x 10%) and the equivalent kinetic
energy (E = 0.1187%31 x 102 erg) indicate that synchrotron
afterglow emission is emitted from a narrowly collimated jet.
SN 2020bvc—We use MCMC simulations to find the best-fit
values of the parameters that describe the X-ray afterglow
observations. A set of eight parameters, {E, A, p, €g, I, &, 0;
and 0.}, is used to describe the X-ray observations. To
characterize the complete data in this scenario, a total of 17,100
samples and 7200 tuning steps are used. Figure 12 exhibits the
best-fit values and the median of the posterior distributions of
the parameters. In Table 5, the best-fit values are shown and the
medians of the posterior distributions are presented. We
assumed a stratified medium with a parameter k=1.5,
consistent with the proposal by Izzo et al. (2020). Our best-
fit values, however, are slightly different. We propose that the
emission is due to an off-axis jet that is~five times more
energetic and with half of the off-axis angle compared to the
values of Izzo et al. (2020). This discrepancy is due to a
different choice of the electron velocity distribution index p, as
our MCMC simulation suggested p = 2.3137003Z, in contrast
with the value of p =2 used by the cited authors. Figure 13
shows the X-ray observations of SN 2020bvc with the best-fit
synchrotron light curve generated by the deceleration of an off-
axis jet in a medium with stratification parameter k = 1.5.
Our results are consistent with the X-ray observations
before and after ~4 days since the trigger time, when the
observed flux increases and decreases, respectively. Initially,
the flux increases with a minimum rise index of v, i > 1.65;
later, the observed flux decreases with agec = —1.35 £ 0.09
(Izzo et al. 2020). The allowed value of the minimum rise
index is estimated considering a simple power-law function,
the X-ray upper limit, and the maximum flux. For instance,
given the best-fit value of p = 2.3133%3! and for 0 < k < 1.5,
the temporal rise and decay indexes are 1.65 £ 0.03 < ayj5 <
4.53 £0.03 and age. = —1.24 4 0.03, respectively, for v, < v


https://swift.gsfc.nasa.gov/cgi-bin/sdc/ql?

THE ASTROPHYSICAL JOURNAL, 940:189 (26pp), 2022 December 1

E(10%rg) = 0.1183 2}

n(lD'fcm'E) = o.aﬁlgjggga

n(10~2cm—3)

£(107%)

9;(deg) £0(1072) r(1o?) £5(1073)

Bobs (deg)

n(10-2cm™3) p

E(10%%erg)

€(1073)

Fraija et al.

(10 = 4,590 %1

&(107%) 2015508

6deg)=8.00232%]

Bcldeg) = 10209112

T8 N

r(io?) £(1072) 6/(deg) Bobs(deg)

Figure 10. Same as Figure 4 but for GRB 160821B.

(see Table 1). For k > 1.5, the expected rise index would be
auis < 1.65, which cannot reproduce the X-ray observations.

The synchrotron scenario from on-axis outflow in a very low
density environment is disfavored for p ~ 2. The closure relations
of the synchrotron on-axis model from an outflow decelerating in a
stratified environment for & in general can be estimated. During the
coasting and deceleration phases, the bulk Lorentz factor evolves
as Doc” and T oc #5-2, respectively. Therefore, the synchrotron
flux during the slow-cooling regime evolves as F, «

16

8—k(p+2) _p
for v,<v<ry, and <t ¢+« vz for v.<v

R2(p=D+k(5=3p) _ p-1
a4a-h v~ 2 for

2-k(p+5) _ p-1
4 V2

during the coasting phase and F, o<t~
3p-2 4 . .

Un<v<U, and xt~ 4« v 2 for v, <v during the deceleration
phase. It is worth noting that for the cooling condition v, < v and
with a value of p = 2.5, the temporal evolution is only consistent
for k<0.3

The best-fit values of the bulk Lorentz factor (I = 2.29123199 x
102), the equivalent kinetic energy (£ = 23839l x 109'erg), and
the half-opening angle ¢, = 2.121339% ° indicate that synchrotron
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Figure 11. Left: X-ray, optical, and radio light curves of GRB 160821B with the best-fit curve of the synchrotron afterglow model. The synchrotron light curves are
shown at 1 keV (gray), the z band (purple), the F606W filter (dark red), the R band (salmon), the F110W filter (cyan), the F160W filter (light blue), the K band (dark
blue), the X-channel (olive), and the C-channel (emerald green). Data points are taken from Troja et al. (2019a). Right: broadband SEDs of the X-ray, optical, and
radio afterglow observations with the best-fit synchrotron curves (lines) at 2 hr (red), 2 days (blue), and 4 days (green). The shaded areas correspond to blackbody

spectra with decreasing temperatures from Troja et al. (2019a).

emission is produced from a narrowly collimated outflow
decelerating in an external medium. The best-fit values of the
viewing angle 6o, = 124984325 ° and the half-opening angle
;=2.121*39% > are consistent with the lack of early multi-
wavelength observations.

Lii et al. (2012) discovered a correlation between the bulk
Lorentz factors and the isotropic gamma-ray luminosities in a
sample of GRBs. Fan et al. (2012) showed that the correlations
of these parameters were consistent with the parameters
predicted in the photospheric emission model. Figure 14 shows
the diagram of the bulk Lorentz factors and the isotropic
gamma-ray luminosities of SGRBs described in this work (red)
with those (gray) reported in Lii et al. (2012). For off-axis
sGRBs, we found an empirical correlation I' = a(L/10°2 erg)?
with @ = (3.27 £0.39) x 10> and b = —(4.9 £2.0) x 10"

4. Constraints on Possible Afterglow Emission

4.1. The Closest sGRBs Detected by Swift (100 Mpc < d, < 200
Mpc)

GRB 050906—Swift-BAT was triggered by GRB 050906 at
10:32:18 UTC on 2005 September 5 with a reported location of
R.A. = 03"31™13%, decl. = — 14°37'30” (J2000) with a positional
accuracy of 3’ (Krimm et al. 2005). The light curve revealed an
excess in the 25-100 keV energy range. The duration and
measured fluence in the energy range of 15-150keV were
128 + 16 ms and (5.9 +£3.2) x 10 % erg cm ™2, respectively (Par-
sons et al. 2005). Levan et al. (2008) provided the specifics of
Swift’s deep optical and infrared observations. According to the
authors, no X-ray or optical /IR afterglow was detected to deep
limits, and no residual optical or IR emission was observed.

GRB 070810B—Swift-BAT was triggered by GRB
070810B at 15:19:17 UTC on 2007 August 10 with a reported
location of R.A.=00"35"46°, decl. = +08°50'07" (J2000)
with a positional accuracy of 3’ (Marshall et al. 2007). The
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KANATA 1.5 m telescope, the Xinlong TNT 80 cm telescope,
the 2 m Faulkes Telescope South, the Shajn 2.6 m telescope,
and the Keck I telescope (HST) conducted follow-up observa-
tions after the initial detection, which are summarized in Bartos
et al. (2019). From the whole observational campaign, only the
Shajn telescope detected a source inside the error box of GRB
070810B (Rumyantsev et al. 2007).

GRB 08012 ]—Swift-BAT was triggered by GRB 080121 at
21:29:55 UTC on 2008 January 21 with a reported location of
R.A. =09"08™56°, decl. = +41°50/29” (J2000) and a posi-
tional accuracy of 3’. In the 15-150 keV energy range, the
duration and measured fluence were 0.7+0.2 s and
(3+£2)x 10 ¥ergem s, respectively, according to Cum-
mings & Palmer (2008). Follow-up observations were carried
out 2.3 days following the burst using the Swift/UVOT and
Swift/XRT. Within the Swift-BAT error circle, however, no
X-ray afterglow candidate or sources were discovered
(Cucchiara & Schady 2008; Troja & Burrows 2008). Within
the Swift-BAT error circle, two galaxies were found, indicating
a redshift of z ~ 0.046 for GRB 080121; however, the isotropic
energy released would be several orders of magnitude lower
than the usual short-hard bursts (Perley et al. 2008d).

GRB 100216A—Swift-BAT and Fermi-GBM were triggered
by GRB 100216A at 10:07:00 UTC on 2010 February 16 with a
reported location of R.A.=10"17"03.2%, decl. = +35°3127"5
(J2000) with a positional accuracy of 3’. In the energy range of
15-350 keV, the duration and measured fluence of the single peak
were 0.3s and (4.743) x10 ®ergem 2, respectively (Cum-
mings et al. 2010). The burst was followed up by Swift-XRT and
Swift-UVOT from 214.4 to 249.2 ks after the BAT trigger. Within
the observation, no fading sources were found, but a source
presumed to be 1RXS J101702.9+353404 was discovered within
the error circle (Rowlinson et al. 2010; Siegel & Rowlinson
2010).
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Figure 12. Same as Figure 4 but for SN 2020bvc.

Figure 15 shows the UV and optical upper limits of the closest
sGRBs detected by Swift between 100 and 200 Mpc with the
synchrotron light curves from an off-axis outflow decelerating in
a constant-density medium. The synchrotron light curves are
exhibited at the R (black) and UVWI1 (gray) bands. The
parameter values used to generate the synchrotron light curves
are reported in Table 6. We report two values for each
parameter; the upper values correspond to synchrotron light

18

curves in the left panels, and the lower values correspond to the
right panels. For the typical values of GRB afterglow reported in
Table 6, the synchrotron emission is ruled out for a density of
n=1cm® but not for n=10"2cm >. The value of the
uniform-density medium ruled out in our model is consistent
with the mean value reported for sGRBs (e.g., see Berger 2014).
It is worth noting that for values of e5 < 10 **and e, < 1072,
the value of the density n=1cm > would be allowed.
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4.2. Promising GW Events in the Third Observing Run that
Could Generate Electromagnetic Emission

Advanced LIGO and Advanced Virgo produced 56 nonre-
tracted alerts of GW candidates during the third observing run
(03), covering almost 1 yr of operations (from 2019 April 1 to
2020 March 27). Nevertheless, three of them have a probability
larger than 50% of being terrestrial. The O3 was divided into two
epochs associated with “O3a” (from April 1 to September 30) and
“O3b” (from November 1 to 2020 March 27). The GW events in
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O3a and O3b are listed in the Gravitational Wave Transient
Catalog 2 (GWTC-2; Abbott et al. 2021) and Catalog 3 (GWTC-
3; The LIGO Scientific Collaboration et al. 2021), respectively,
where from the Gamma-ray Coordinates Network there were 31
and 22 candidate events discovered during O3a and O3b,
respectively. The promising candidates that are consistent with a
source with my <3 M., and that could generate electromagnetic
emission are GW190425, GW190426_152155, and GW190814
in GWTC-2 (Abbott et al. 2021) and GW191219_163120,
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Figure 15. Optical (u- and r-band) upper limits for GRB 050906, GRB 070810B, GRB 080121, and GRB 100216A with a set of synchrotron light curves evolving in
a constant-density medium. The dashed and dotted lines are shown with n =1 em™ and n=10"2cm >, respectively. The parameter values used are
E=5x 10"erg, 0; =3° 0o, = 15°, T =100, e, = 0.3, p = 2.5, , = 1.0, and g = 10~*. Upper limits are taken from Dichiara et al. (2020).

Table 6
Values Used in the Synchrotron Light Curves of the Closest sGRBs Detected by the Swift Satellite
Parameters GRB 050906 GRB 070810B GRB 080121 GRB 100216A
E (10% erg) 5.00 5.00 5.00 5.00
5.00 5.00 5.00 5.00
n (1072 cm™3) 1.00 1.00 1.00 1.00
100.00 100.00 100.00 100.00
p 2.50 2.50 2.50 2.50
2.50 2.50 2.50 2.50
ep (1074 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00
g, (107h 3.00 3.00 3.00 3.00
3.00 3.00 3.00 3.00
r 100.0 100.0 150.0 80.0
100.0 100.0 100.0 100.0
0, 3.00 3.00 3.00 3.00
3.00 3.00 3.00 3.00
Oobs (°) 15.00 15.00 15.00 15.00
15.00 15.00 15.0 15.00
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Table 7
Quantities Derived of the Promising GW Events from GWTC-2 and GWTC-3
Event SID Mass 1 (M) Mass 2 (M) z References
GWTC-2 GW190425 $190425z 34103 1.4475% 0.03+99 (@), (b), ()
GW190426_152155 $190426¢ 57133 15708 0.0873:04 (d), (e), O, (&
GW190814 $190814by 23271 2.59+0:08 0.05709% ), @, §), ®, O, (m)
GWTC-3 GW191219_163120 311722 1177597 0.1175%3 ()
GW200105_162426 $200105ae 9.0+17 1.917933 0.06°3% (0)
GW200115_042309 $200115j 59129 1.4479%5 0.05509% . @
GW200210_092254 241473 2.8304 0.1979%8 (n)

References: (a) Breeveld et al. (2019), (b) Tohuvavohu et al. (2019a), (¢c) Bochenek (2019), (d) Rhodes et al. (2019), (e) Corsi et al. (2019), (f) Bochenek et al. (2019),
(g) Tohuvavohu et al. (2019b), (h) LIGO Scientific Collaboration & Virgo Collaboration (2019), (i) Andreoni et al. (2020), (j) Dobie et al. (2019), (k) Watson et al.
(2020), (1) Ackley et al. (2020), (m) Vieira et al. (2020), (n) The LIGO Scientific Collaboration et al. (2021), (o) Ridnaia et al. (2020a), (p) Sakamoto & Swift Team

(2020), and (q) Ridnaia et al. (2020b).

GW200105_162426, GW200115_042309, and GW200210_
092254 in GWTC-3 (The LIGO Scientific Collaboration et al.
2021). Table 7 enumerates the main characteristics of these
candidates.

Figure 16 shows the multiwavelength upper limits of GW
events in GWTC-2 and GWTC-3 consistent with a source with
m, <3 M, and that could generate electromagnetic emission
and the synchrotron light curves from an off-axis outflow
decelerating in a constant-density medium with n=1cm™>
(left panels) and 10 ?cm ™ (right panels). The synchrotron
light curves are presented at 1 keV (green), the R band (brown;
from Becerra et al. 2021a), and 3 GHz (red). The parameter
values used are E=5 x 10°° erg, 0;=3°, Oops =6°, I' =100,
ee=0.1, p =25, (,=1.0, and eg = 1072, The left panels
associated with the S190425z, S190426¢, S190814bv, and
S200115j events show that a uniform density is ruled out for
n=1cm > but not for n=10"2cm>. For instance, we can
note that in the panel related to S190426c, the synchrotron
emission at 1keV, the R band, and 3 GHz is above the upper
limits around ~1 day for n=1 cm_3, and in the panel
associated with S190814bv, the synchrotron flux at the R band
and 3 GHz is above the upper limits, but not at 1keV. The
value of the constant-density medium ruled out in our model is
consistent with the densities derived by Dobie et al. (2019),
Ackley et al. (2020), and Gomez et al. (2019) using distinct off-
axis jet models. We need further observations on different
timescales and energy bands to derive tighter constraints.

5. Conclusions

We have extended the synchrotron off-axis model presented
in Fraija & Lopez-Camara (2019b) initially proposed to
describe the multiwavelength afterglow observations in GRB
170817A. In the current model, we have considered (i) the
circumburst external medium as stratified with a profile
density % with k in the range of 0<k<3, (i) the
synchrotron radiation in the self-absorption regime, (iii) the
afterglow emission during the transition from off-axis to on-
axis before the lateral expansion phase (relativistic phase), (iv)
the hydrodynamical evolution computed by numerical simula-
tions, and (v) a fraction of electrons accelerated by the shock

21

front. The time evolution of the Doppler factor, the half-
opening angle, the bulk Lorentz factor, and the deceleration
radius computed by numerical simulations are in good
agreement with those derived with an analytical approach.
The advantage of this general approach (with a density profile
Ag o< r~ %) is that this model allows us to take into account not
only both a homogeneous (k=0) and a wind-like (k=2)
medium but also regions with nonstandard stratification
parameters, such as k = 1.0, 1.5, or 2.5.

We have calculated the synchrotron light curves and
presented the closure relations in a stratified environment,
including the self-absorption regime for all cooling conditions
during the coasting, deceleration (off- and on-axis emission),
and post—jet break decay phases. We have noted that a break is
expected around the transition between fast- and slow-cooling
regimes during the deceleration phase when the afterglow
emission seems off-axis, but not during other stages. We have
analyzed the behavior of the flux for different parameters of the
density distribution. We have noticed that the behavior during
the relativistic phase approaches flatness as the stratification
parameter is raised. On the other hand, we have shown that the
time evolution of the light curves after the jet break is
independent of k, so this model gives freedom to explain the
early-time evolution of the radiation while keeping the long-
time results invariant. Furthermore, we have derived the change
of the density parameter in the entire phase. We have shown
that, in general, during the coasting and deceleration phases,
when the afterglow emission seems off-axis, a transition
between different environments cannot be detected, contrary to
the post—jet break and deceleration phases with on-axis
emission. The synchrotron fluxes do not depend on the density
parameter when they are observed at the lowest and highest
frequencies when the afterglow emission seems off- and on-
axis, respectively. During the post—jet break phase, any
transition between a stratified environment and density-
constant medium will be better observed in low frequencies,
such as radio wavelengths.

In particular, we have applied our model to describe the
delayed nonthermal emission observed in a sample of bursts
with evidence of off-axis emission. In accordance with the
best-fit values for sSGRBs, we found that (i) the constant-density
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Figure 16. Promising GW events in 03 that could generate electromagnetic emission with the synchrotron light curves evolving in a constant-density medium with

n=1cm> (left panels) and n = 1072

(1 keV; green), optical (R band brown) and radio (3 GHz; red) bands. The parameter values used are E =5 x 10 erg, 6, =3° 0o =6°, T
. Upper limits are taken from Bochenek (2019); Breeveld et al. (2019); Corsi et al. (2019); Mooley et al. (2019); Palmer et al. (2019);

25,(=10,and eg = 1072

3 (right panels), which are decelerating in a constant-density medium. The synchrotron light curves are shown in the X-ray

=100,e.=0.1,p =

Rhodes et al. (2019); Ridnaia et al. (2020a, 2020b); Sakamoto & Swift Team (2020); Thakur et al. (2020); Tohuvavohu et al. (2019a, 2019b).
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medium required to model the multiwavelength observations is
low (10_2 cm <n<04 cm_3), indicating that the central
engine is located in a low-density circumstellar medium; (ii) the
spectral indexes of the shocked electrons (2.1 < p < 2.3) are in
the range of those reported after the description of the afterglow
observations (see, e.g., Kumar & Zhang 2015; Fraija et al.
2017; Becerra et al. 2019a, 2019b, 2019c¢, 2021b); and (iii) the
half-opening angles (1.5° < #6;<6.6°), bulk Lorentz factors
(130 < T'<450), and equivalent kinetic energies (0.2 erg <
E <5.7 x 107 erg) provide evidence of narrowly collimated
outflow expanding into a constant-density environment. The
previous results confirm that the multiwavelength observations
are emitted from the GRB afterglow and indicate a merger of
compact objects (two NSs or NS-BH) as possible progenitors
of these bursts. The low-density medium agrees with the larger
offsets of sGRBs compared with IGRBs. Regarding SN
2020bvc, we found that an atypical stratification parameter of
k = 1.5 is required, supporting the CC SN scenario. The best-fit
values of the half-opening angle 2.12170:978 °, viewing angle
12.49810268 © " equivalent kinetic energy 2.38701) x 105! erg,
and bulk Lorentz factor 2.29170199 x 102 provide evidence of
the scenario of off-axis GRB afterglow.

We have applied the current model to provide constraints on
the possible afterglow emission using multiwavelength upper
limits associated with the closest Swift-detected sGRBs
(<200 Mpc) and the promising GW events. We have shown
that the value of the constant-density medium is ruled out,
which is consistent with the mean value of densities reported
for sGRBs (e.g., see Berger 2014) and those derived by the
S190814bv event (e.g., see Dobie et al. 2019; Gomez et al.
2019; Ackley et al. 2020) using different models. To derive
tighter constraints, further observations on timescales from
months to years post-merger phase are required.
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Appendix
Analytical Synchrotron Afterglow Model from an Off-axis
Outflow

A.l. Coasting Phase

During the coasting phase, the bulk Lorentz factor is
constant. The minimum and the cooling electron Lorentz
factor are given by

Ym = 721 g(p)ee,—IC;IFZ.Sa
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Given the spectral breaks and maximum flux from
Equations (Al) and (A2), the evolution of synchrotron light
curves through the spectral and temporal indexes is listed in
Table 1. Similarly, the closure relations for each cooling
condition during the coasting phase are reported in Table 2.

A.2. Deceleration Phase (Off-axis Afterglow Emission)

During the deceleration phase before afterglow emission
enters the observer’s field of view, the bulk Lorentz factor is
given by Equation (4). The minimum and cooling electron
Lorentz factors are given by
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which correspond to a comoving magnetic field given by
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In the self-absorption regime, the spectral breaks are given by
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Given the spectral breaks and maximum flux from
Equations (A3) and (A4), the evolution of synchrotron light
curves through the spectral and temporal indexes is listed in
Table 1. Similarly, the closure relations for each cooling
condition during the deceleration phase before the afterglow
emission is seen off-axis are reported in Table 2.

2(4k—5)
5 2
5

86
(I +Afep 40,7

A.3. Deceleration Phase (On-axis Afterglow Emission)

As the bulk Lorentz factor becomes I' ~ A", the afterglow
emission becomes on-axis, being in our field of view. For the
adiabatic regime, the bulk Lorentz factor is given by
Equation (5). As A# becomes close to zero (A6 ~ 0), the bulk
Lorentz factor during the relativistic phase I'~1/2(1 — f);
therefore, the Doppler factor can be approximated to ép = 2T".
The minimum and cooling electron Lorentz factors are given
by Fraija et al. (2019e, 2019f)
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In the self-absorption regime, the spectral breaks are given by
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Given the spectral breaks and maximum flux from
Equations (A5) and (A6), the evolution of synchrotron light
curves through the spectral and temporal indexes is listed in
Table 1. Similarly, the closure relations for each cooling
condition during the deceleration phase once the afterglow
emission is in the observer’s field of view are reported in
Table 2.

A.4. Post—Jet Break Decay Phase

The bulk Lorentz factor decelerating in the stratified
environment far away from the progenitor becomes I" ~ 0;1
(Sari et al. 1999; Granot et al. 2002, 2018). During the post—jet
break decay phase, the bulk Lorentz factor evolves following
Equation (6). The minimum and cooling electron Lorentz
factors are given by
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In this case, the synchrotron spectral breaks and maximum flux
become
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Taking into account the self-absorption regime, the spectral

breaks are given by
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Given the spectral breaks and maximum flux from

Equations (A7) and (AS8), the evolution of synchrotron light
curves through the spectral and temporal indexes is listed in
Table 1. Similarly, the closure relations for each cooling
condition during the post—jet break decay phase are reported in
Table 2.

The terms ’y?n, fy(c), NV a Y, 22, and ud 5 during the
coasting, deceleration (off— and on-axis emission), and post—jet
break decay phases are shown in Table 3 for k=0, 1,
1.5, and 2.
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