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ABSTRACT

In this paper, we compute and analyze synthetic radio images of gamma-ray bursts and kilonova afterglows. For modeling the
former, we consider GRB170817A-inspired set of parameters, while for the latter, we employ ejecta profiles from numerical-
relativity simulations. We find that the kilonova afterglow sky map has a doughnut-like structure at early times that becomes
more ring-like at late times. This is caused by the fact that the synchrotron emission from electrons following Maxwellian
distribution function dominates the early, beamed, emission while emissions from electrons following power-law distribution
is important at late times. For an on-axis observer, the image flux centroid moves on the image plane initially away from the
observer. The image sizes, we find, are the largest for equal mass merger simulations with the soft equation of state. The presence
of a kilonova afterglow affects the properties inferred from the source sky map even if the gamma-ray burst afterglow dominates
the total flux density. The main effect is the reduction of the mean apparent velocity of the source, and an increase in the source
size. Thus, neglecting the presence of the kilonova afterglow may lead to systematic errors in the inference of gamma-ray burst
properties from the sky map observations. Notably, at the observing angle inferred for GRB170817A the presence of kilonova

afterglow would affect the sky map properties only at very late times ¢ 2 1500 days.
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1 INTRODUCTION

Radio observations have always played an important role in gamma-
ray burst (GRB) studies. Besides complementing the broadband
spectrum analysis, they allow for direct and indirect measurements
of the source geometry and dynamics. Specifically, just by using ob-
servations of total flux density around the light curve (LC) peak,
it is very challenging to constrain the observing angle, i.e., the an-
gle between the GRB jet axis and the observer line of sight (LOS).
This results in degeneracy among the model parameters (Nakar &
Piran 2021). Observations of the shift of the radio image centroid
allow us to break this degeneracy. However, GRB jets at cosmolog-
ical distances are less then a parsec in size and thus their imaging is
complicated even with the most sensitive very-long-baseline inter-
ferometry (VLBI) facilities. Examples of a successful imaging in-
clude GRB030329 and GRB170817A.

GRB030329 was imaged via global VLBI, that reached sub-
milliarcsecond (mas) resolution. The image size, approximated with
full width at half maximum (FWHM) (assuming a circular Gaussian
model for the image) was 0.07 mas and 0.17 mas at 23 and 83 days,
respectively (Taylor et al. 2004). Multiple observations at different
epochs yielded an average expansion of 3 — 5c¢. This superlumi-
nal motion hinted at a relativistic expansion of the GRB jet. This
source was also imaged 217 days (Taylor et al. 2005) and 806 days
(Pihlstrom et al. 2007) after the original trigger. Combined analy-
sis of the radio images and broadband data yielded estimates on the
jet parameters and its lateral spreading as well as on the angle be-
ween jet axis and the LOS (Granot et al. 2004; Pihlstrom et al. 2007;
Mesler et al. 2012; Mesler & Pihlstrom 2013).
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Another example of a successful jet imaging is GRB170817A
(Savchenko et al. 2017; Alexander et al. 2017; Troja et al. 2017;
Abbott et al. 2017b; Nynka et al. 2018; Hajela et al. 2019), a
short GRB detected by the space observatories Fermi (Ajello et al.
2016) and INTEGRAL (Winkler et al. 2011) and localized to the SO
galaxy NGC4993. GRB170817A was an electromagnetic counter-
part to the gravitational wave (GW) even GW 170817 (Abbott et al.
2017a, 2019a,b). This GRB was dimmer than other events of its
class and followed by an afterglow with a prolonged rising part.
The most widely accepted explanation for this is that GRB170817A
was a structured jet observed off-axis (e.g. Fong et al. 2017; Troja
et al. 2017; Margutti et al. 2018; Lamb & Kobayashi 2017; Lamb
et al. 2018; Ryan et al. 2020; Alexander et al. 2018; Mooley et al.
2018a; Ghirlanda et al. 2019). This interpretation is in contrast to
the commonly considered uniform jet structure, also called “top-hat”
(Rhoads 1997; Panaitescu & Meszaros 1999; Sari et al. 1999; Kumar
& Panaitescu 2000; Moderski et al. 2000; Granot et al. 2001, 2002;
Ramirez-Ruiz & Madau 2004; Ramirez-Ruiz et al. 2005), where en-
ergy and momenta do not depend on the angle (outside the jet open-
ing angle). This explanation was in part derived from the analysis of
radio images at 75 and 230 days after the burst by the Karl G. Jan-
sky Very Large Array (VLA) and the Robert C. Byrd Green Bank
Telescope (Mooley et al. 2018a). The observations showed that the
position of the flux centroid has changed between two observational
epochs, with the mean apparent velocity along the plane of the sky
Bapp = 4.1 £ 0.5. The source, however, remains unresolved. That
gave a possible upper limit on the source size of 1 mas and 10 mas
in the direction perpendicular and parallel to the motion respectively
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(Mooley et al. 2018a). The high compactness of the source was fur-
ther supported by the observed quick turnover around the peak of
the radio LCs and a steep decline F}, o t;b2s after 200 days (Mooley
et al. 2018b). Notably, the superluminal motion was also observed
in the optical band (Mooley et al. 2022). Ghirlanda et al. (2019) also
obtained a radio image at 207 days confirming the previous findings.
Together with the analysis of multi-wavelength LCs, the information
obtained from radio images allowed to confirm that GRB170817A
was produced by a narrow, core-dominated jet rather than by a wide,
quasi-isotropic ejecta (Hotokezaka et al. 2018; Gill & Granot 2018).
A comparison with GRB030329, where no proper motion was ob-
served, only the expansion speed, indicates a difference in source
geometry.

A sizable fraction of GRBs occurs further off-axis than
GRB170817A. For them, the prompt y-ray emission, as well as early
afterglow may not be seen as they would be beamed away from the
observer’s LOS. At later times, however, as the jet decelerates and
spreads laterally, the afterglow should become visible. Such after-
glow is referred as “orphan afterglow” (Rhoads 1997). No such af-
terglow has been found so far despite extensive search campaigns in
X-ray (Woods & Loeb 1999; Nakar & Piran 2003), optical (Dalal
et al. 2002; Totani & Panaitescu 2002; Nakar et al. 2002; Rhoads
2003; Rau et al. 2006), and radio (Perna & Loeb 1998; Levinson
et al. 2002; Gal-Yam et al. 2006; Soderberg et al. 2006; Bietenholz
et al. 2014) (see also Huang et al. (2020)).

In addition to GRB and its afterglow, GW170817 was accompa-
nied by a quasi-thermal electromagnetic counterpart, kilonova (kN)
AT2017gfo (Arcavi et al. 2017; Coulter et al. 2017; Drout et al.
2017; Evans et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017;
Nicholl et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Tanvir et al. 2017; Troja et al. 2017; Mooley et al. 2018a; Ruan
et al. 2018; Lyman et al. 2018). The ejecta responsible for the kN
was enriched with heavy elements, lanthinides and actinidies, pro-
duced via r-process nucleosynthesis (Lattimer & Schramm 1974; Li
& Paczynski 1998; Kulkarni 2005; Rosswog 2005; Metzger et al.
2010; Roberts et al. 2011; Kasen et al. 2013; Tanaka & Hotokezaka
2013). The angular and velocity distributions of these ejecta are
quite challenging to infer due to the complex atomic properties of
these heavy elements. Nevertheless, at least two ejecta components
to account for the observed LCs were needed: a lanthanide-poor (for
the early blue signal) and a lanthanide-rich (for the late red sig-
nal) one (Cowperthwaite et al. 2017; Villar et al. 2017; Tanvir et al.
2017; Tanaka et al. 2017; Perego et al. 2017; Kawaguchi et al. 2018;
Coughlin et al. 2019). A fit of AT2017gfo LCs to a semi-analytical
two-components spherical kN model yielded blue (red) components
of mass 2.5 x 1072 M (5.0 x 1072 M) and velocity 0.27¢ (0.15¢)
(Cowperthwaite et al. 2017; Villar et al. 2017). The estimated ejecta
mass and velocity could be significantly modified if anisotropic ef-
fects are taken into account (Kawaguchi et al. 2018).

Numerical relativity (NR) simulations of binary neutron star
(BNS) mergers predict that mass ejection can be triggered by differ-
ent mechanisms acting on different timescales (see Metzger (2020);
Shibata & Hotokezaka (2019); Radice et al. (2020); Bernuzzi (2020)
for reviews on various aspects of the problem). Specifically, dynam-
ical ejecta of mass O(10™* — 1072) M can be launched during
mergers at average velocities of 0.1 — 0.3 ¢, e.g. (Rosswog et al.
1999; Rosswog 2005; Hotokezaka et al. 2013a; Bauswein et al.
2013; Wanajo et al. 2014; Sekiguchi et al. 2015; Radice et al. 2016;
Sekiguchi et al. 2016; Vincent et al. 2020; Zappa et al. 2022; Fu-
jibayashi et al. 2023). After the merger, quasi-steady state winds
were shown to emerge from a post-merger disk (Dessart et al. 2009;
Ferndndez et al. 2015; Perego et al. 2014; Just et al. 2015; Kasen
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etal. 2015; Metzger & Ferndndez 2014; Martin et al. 2015; Wu et al.
2016; Siegel & Metzger 2017; Fujibayashi et al. 2018; Fahlman &
Fernandez 2018; Metzger et al. 2018; Fernandez et al. 2019; Miller
et al. 2019; Fujibayashi et al. 2020; Nedora et al. 2021b, 2019).

NR simulations also show that a small fraction of dynamical
ejecta (~(107% — 107°) M) has velocity exceeding ~0.6 ¢, (Ho-
tokezaka et al. 2013b; Metzger et al. 2015; Hotokezaka et al. 2018;
Radice et al. 2018b,a; Nedora et al. 2021a; Fujibayashi et al. 2023).
Such a fast ejecta are capable of producing bright non-thermal
late-time afterglow-like emission, with spectral energy distribution
(SED) peaking in radio band (e.g. Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Radice et al. 2018b; Hotokezaka
et al. 2018; Kathirgamaraju et al. 2019a; Desai et al. 2019; Nathanail
etal. 2021; Hajela et al. 2022; Nakar 2020). The mechanisms behind
the fast tail of the ejecta is not yet clear. Possible options include
shocks launched at core bounce (Hotokezaka et al. 2013b; Radice
et al. 2018b) and shocks generated at the collisional interface be-
tween neutron stars (NSs) (Bauswein et al. 2013).

Notably, despite a large amount of BNS NR simulations there is
no robust relationship between the binary parameters NSs and NS
equation of state (EOS) and the properties of the ejected matter. And
while there exist fitting formulae of various complexity to the prop-
erties of the bulk of the ejecta, e.g., mass and velocity (Dietrich &
Ujevic 2017; Radice et al. 2018b; Kriiger & Foucart 2020; Nedora
et al. 2022b; Dietrich et al. 2020), even such formulae for the fast
ejecta tail are currently absent. Thus, we are limited to employing
published dynamical ejecta profiles from NR simulations.

In Nedora et al. (2021a) (hereafter N21) we showed how a kN
afterglow emission from the fast tail of the dynamical ejecta may
contribute to the radio LCs of the GRB170817A, employing NR-
informed ejecta profiles (Perego et al. 2019; Nedora et al. 2019,
2021b; Bernuzzi 2020). In Nedora et al. (2022a) (hereafter N22A)
we modified the afterglow model by including an additional elec-
tron population that assumes Maxwellian distribution in energy be-
hind the kN blast wave (BW) shock. We showed that the radio flux
from these “thermal electrons” can be higher than the radio flux from
commonly considered “power-law” electrons at early times and if
ejecta is sufficiently fast. It is thus natural to investigate, whether
the emission from thermal electrons affects the radio image of the
source. As in N22A we consider a GRB170817A-inspired GRB af-
terglow model of a Gaussian jet, seen off-axis, while for kN after-
glow we consider NR-informed ejecta profiles extracted from NR
simulations with various NS EOSs and system mass ratios.

The paper is organized as follows. In Sec. 2, we recall the main as-
sumptions and methods used to calculation the observed GRB- and
kN- afterglow emission as well as how to compute the sky map. In
Sec. 3.1, we present and discuss the kN afterglow sky maps, focus-
ing on the overall properties, e.g., image size and the flux centroid
position and their evolution. In Sec. 3.2, we consider both GRB and
kN afterglow and discuss how the properties of the former change
when the later is included in the modeling. In Sec. 3.3, we briefly
remark on how the GRB plus kN sky map changes if the interstellar
medium (ISM) in front of the kN ejecta has been pre-accelerated
and partially removed by a passage of the laterally spreading GRB
ejecta. Finally, in Sec. 4, we provide the discussion and conclusion.

2 METHODS

In order to compute the GRB and kN afterglows, we employ the
semi-analytic code PyBlastAfterglow discussed in N22A and
N21. In the model, both ejecta types are discretized into velocity and
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Figure 1. Top figure: sky map for a BNS merger simulation with BLh EOS and ¢ = 1.00 computed at 120 days after the merger at v = 1 GHz and observed

at Oyps = 45 deg. Left and right columns of plots corresponds to different ISM densities, nygy; = 0.05 cm™2 on the left and nygy; = 0.00031 cm™

3 on

the right. In each plot column, the top and top-right subplots display the X and Z averaged brightness distributions respectively. Dotted lines mark FWHM and
dashed lines mark the location of the flux centroid of the image. FWHM and the location of the flux centroid are also shown on the main panel of the figure as
error bars and the circular marker respectively. Thin gray dotted lines indicate the X and Z axis. Notably, we are plotting I, /I,; max € (0.1, 1) range of the
normalized specific intensity in order to resolve the image structure more clearly. Bottom panel: same sky map but viewed at three difference angles, 0,ps.

angular elements, for each of which the equations of BW evolution
are solved independently, and the synchrotron radiation is computed,
accounting for relativistic and time-of-arrival effects. The effect of
the pre-processing of ISM medium by a passing GRB BW is consid-
ered in Sec. 3.3, otherwise this effect is not included, and kN BWs
evolved independently from the GRB BWs. For kN afterglow, both
thermal and non-thermal electron populations are considered, while
for GRB afterglow only the latter is employed in the model.

The sky maps are computed using the spherical coordinate
system discussed in Sec. 2 in N22A (figure 1). For both
ejecta types axial symmetry is assumed. Then, each elemen-
tal BW has radial coordinate R;;, and angular coordinates 6;
and ¢;;, where the single index of 0; reflects the axial sym-
metry. The coordinate vector of the elemental BW is given by
’177',]' = RZ‘]' ( sin (91) COS (¢1])f, sin (91) sin ((25”)?7, COS (91)5) The
cosine of the angle between the LOS and ;; reads,

ti; = sin (6;) sin (¢s;) sin(fobs) + cos (6;) cos(Oobs) - (1)

The image plane, xz is perpendicular to the LOS of the observer. We
chose the basis with which the principal jet moves in the positive Z-
direction. The basis vectors then &;; = sin(Oobs ) Zi; — cos(bobs) T,
;;’ij = &;; of the plane as in Fernandez et al. (2021) and the coor-

dinates of the 75 BW on the image plane (for the principle jet) are
given by
Fij = —Rij[cos(fobs) sin(6;) sin(¢i;)
+ sin(Bobs) cos(6;))], 2)

Zij = RL, sin(@i) COS((Z)U) .
In the following, we omit the use of tildas for simplicity.

In order to characterize sky maps we consider the following main
quantities. Specifically, following Zrake et al. (2018); Fernandez

et al. (2021) we compute the surface brightness-weighted center of
the image, image centroid, defined as

oo — m / oI, dudz, 3)

where I, is computed via Eq. (37) in N22A. We also compute the
X and Z-averaged brightness distributions

ILym(z) = ALZ/L/(.’I,’,Z)dZ,
1

IV;IH(Z) = E/L/(m,z)dm

As the available ejecta profiles are limited in the angular resolution,

(C))
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Figure 2. Evolution of the sky map for the BNS merger simulation with BLh EOS and ¢ = 1.00, observed at 6,5 = 45 deg, vo,s = 1 GHz. The ISM density
is nigy = 0.05 cm 3. As in Fig. 1, the marker and the error bar indicate the location of the flux centroid and the FWHM of the image, while gray dotted lines

mark the axis.
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Figure 3. Evolution of the sky map spectral index for the BNS merger simulation with BLh EOS and ¢ = 1.00, observed at 0,1, = 45 deg. and at v = 1 GHz.
Here nigy = 0.05 cm™3. Thin dotted lines mark the axis. For clarity, we did not apply the Gaussian smoothing kernel to this image.

which severely limits the accuracy of the sky map analysis, we “re-
bin” the angular ejecta distribution histograms. To do this rebinning
we assume a uniform distribution within each bin (Knoll 2000).

3 RESULTS

For an extended source with uniform Lorentz factor (LF) I', the max-
imal apparent velocity Sapp < I', while the image size increases
with I (Boutelier et al. 2011). A spherically symmetric source that
expands isotropically, would appear as a ring expanding with I' with
no motion in the image centroid.

Due to non-trivial ejecta angular and velocity structure a kN sky
map shape, size and structure have a complex dependency on the ob-
server time t,ps and angle 6,,s. Moreover, if both, thermal and non-
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thermal electron populations are present behind the shock, there is
a non-trivial dependency on the microphysical parameters and ISM
density. It is beyond the scope of this work to study all possible
combinations of free parameters. Instead, we focus on several repre-
sentative cases.

Specifically, we fix the source to be located at luminosity distance,
Dy = 41.3Mpc with redshift Z = 0.0099. The micropthysics
parameters are the following. Fractions of the shock energy that
goes into electron acceleration and magnetic field amplification are
€. = 0.1, ¢, = 0.001, ¢, = 1. The slope of the power-law electron
distribution is p = 2.05. Unless stated otherwise, the observational
frequency is 1 GHz., and the observer angle is 45 deg. We focus on
two nysm: the fiducial value nism = 0.05 cm™ and the value in-
ferred for GRB170817A, nism = 0.00031 cm™3.
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Figure 4. Time evolution of kN afterglow sky map properties. Top left panel shows the evolution of the image size, FWHM_ Circular markers indicate the
image size at the LC peak. Top right panel shows the evolution of the flux centroid, z. position. Square markers indicate the minimum of the LC spectral index
Ay . Bottom left panel and Bottom right panel display the image size and the position of the flux centroid at the time of the LC peak respectively for three values

of the observational angle. In each panel there is a subpanel, enlarging an early-time part of the plot. Here nigyt = 0.00031 cm™*.

3.1 Kilonova afterglow sky maps

We begin by considering the BNS merger simulation with BLh EOS
and ¢ = 1.00. The sky map for 6,1, = 45deg, vobs = 1 GHz and
tobs = 120 days after merger is shown in Fig. 1.

At tons = 120days the kN afterglow at 1 GHz for this BNS
merger model is dominated by the emission from thermal electron
population behind shocks. The fast tail of the dynamical ejecta in this
simulation is predominantly equatorial, confined to 260 deg (see
Fig. 3 in N21) with mass-averaged half-root mean square (RMS)
angle Orms =~ 70deg. As Orms > Oobs, the synthetic image resem-
bles a wheel with the brightest parts offset from the center into the
negative half of the z axis, i.e.,, . < 0. (See Oobs = 15deg. and
Oobs = 45 deg. subpanels in Fig. 1). An observer with Oobs = OrMms
would, however, be able to see the beamed emission from the fast
ejecta tail (bright spots at x ~ Omas, z ~ 4+0.3mas on Oopbs =
75 deg. sub-panels of Fig. 1). Correspondingly, the image flux cen-
troid lies near . ~ 0 and the brightest part of the image laying in
x > 0 plane.

As the KN BWs propagates through the ISM, the size of a sky
map increases in both  and z directions. Due to the axial symmetry
of the ejecta properties, 6,1s and relativistic effects primarily affect
the FWHM,, and z.. The example of a sky map evolution is shown
in Fig. 2. Deceleration of kKN BWs reduces the contribution from
thermal electron population to the observed flux. Additionally, rel-
ativistic effects become increasingly less important. Consequently,
the image becomes more spherically symmetric and centered around
xe. = z. = 0. Specifically for this simulation, at t,,s = 600 days af-
ter the merger the emission from equatorial and polar BWs becomes
comparable with each other and thereafter the sky map resembles a

3

circle with two bright spots near the image’s outer boundaries on the
x = 0 axis. These spots mark the geometrically overlapping emit-
ting areas and reflect the equatorial nature of the ejecta fast tail. No-
tably, the presence of thermal electrons that we assume in our model
does not affect this qualitative picture, as the emissivity from both
thermal and non-thermal electron populations depend on the shock
velocity albeit to a different degree (e.g. Ozel et al. 2000; Margalit
& Quataert 2021).

The presence of two electron populations behind BW shocks,
however, implies a spectral evolution of the emission in every pixel
of the sky map. We define a sky map spectral index as A, =
dlog,,(I,)/dlog,o(v) and show its evolution in Fig. 3 for Oops =
45deg. and v = 1 GHz. At early times, most of the sky map dis-
plays relatively low A, ~ —1.25, indicative of the emission from
thermal electron populations (figure 3 in N22A). As the BWs decel-
erate and emission from the thermal electron population subsides. At
the point where the spectrum transitions, the spectral index reaches
a minimum. After that, the spectral index rises as the sky map be-
comes increasingly dominated by emission from the non-thermal
electron population. At very late times the spectral map becomes
uniform, as the emission from power-law electrons with fixed distri-
bution slope p dominates in every pixel. If resolved in observations,
such evolution of the spectral sky map would allow a detailed study
of the ejecta velocity and angular distribution, besides constraining
the physics of particle acceleration at mildly relativistic shocks.

It is interesting to examine the evolution of the key sky map
properties, image size FWHM_, and the position of the flux cen-
troid, x., at very low ISM density, that was generally inferred for
GRB170817A. In Fig. 4, we show the evolution of the FWHM,,
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and x. as well as these values at the peak time ¢, of the respec-
tive LCs. The sky map size at a given epoch is primarily determined
by the energy budget of the ejecta. Simulations with ¢ = 1 and soft
EOS, e.g., SFHo and SLy4 EOSs display larger image sizes through-
out the evolution. On the other hand, equal mass simulations with
stiffer EOS, such as BLh and LS220 EOSs demonstrate smaller im-
age sizes, More asymmetric binaries display in general intermediate
image sizes.

At the time of the LC peak, the image size depends on whether
the emission from thermal or non-thermal electron population dom-
inates the observed flux. If former is true, ¢, is generally small, ¢, <
500 days for our simulations and assumed nisym = 0.00031 cm73,
and the image size case does not exceed 4 mas. Notably, at higher
nism tp is shorter and thus, the FWHM,, is smaller. Simulations
with ¢ = 1.00 and soft (SLy4 and SFHo) EOSs are examples of that.
If the emission from power-law electrons dominates the observed
flux at the time of the LC peak, the image size is significantly larger,
~15 — 20 mas. Importantly, ¢, depends also on the observer angle
Oobs due to relativistic beaming of the early-time emission from ther-
mal electrons. For example, a simulation with a sufficiently spher-
ically symmetric distribution of the fast tail, simulation with SLy4
EOS and ¢ = 1.00 display an early ¢, < 500 days at all three ob-
serving angles considered.

A characteristic feature of the changing dominant contributor
(e.g., electron population) to the observed emission is seen here as
a sharp increase in the evolution of image size (sub-panel in the top
left panel in Fig. 4). This rapid increase in FWHM,, occurs when the
emission from fast BWs, dominating the observed flux at first, sub-
sides and less beamed, more isotropic emission from non-thermal
electrons becomes equally important.

As discussed before, the evolution of the image flux centroid po-
sition, X, besides the ejecta energy budget, depends strongly on the
observational angle. At 6,1,s = 45 deg. for BNS merger models with
sufficiently fast and equatorial fast tail, x. is negative at an early
time (e.g., for simulation with BLh EOS and ¢ = 1.00). For simu-
lations with Orms < Bobs, T moves into the positive half of x axis
at the beginning, as is the the case for the equal mass simulations
with SFHo, SLy4 and L.S220 EOSs. The time evolution of the x. in
most cases exhibits an extremum after which z. — 0. We find that
the time of the extremum corresponds to the time where the spectral
index evolution of the LC reaches minimum (see figure 4 in N22A
for the LC spectral index evolution). In the top right panel of Fig. 4
this point is shown with square marker.

At the time of the LC peak the position of the flux centroid is gen-
erally determined by whether the thermal or non-thermal electrons
dominate the observed flux. This in turn depends on 6,ps. In the for-
mer case |z.| tends to be larger, reaching |z.| < 0.5 mas, as bright
beamed emission from thermal electrons in fast BWs makes the im-
age very asymmetric. Consequently, if the LC peaks at late times,
|| is closer to zero for most models.

3.2 kN and GRB skymaps

One of the key observables of GRB170817A that confirmed the jet-
ted nature of the outflow and allowed for a more precise estimate of
the inclination angle 6,15, was the motion of the GRB flux centroid
(Mooley et al. 2018a). Here we investigate, how the presence of the
kN afterglow affects the GRB afterglow sky map x. and FWHM,,
assuming that these two ejecta types do not interact. We briefly re-
mark on this interaction in Sec. 3.3.

For modeling GRB afterglows, we consider the same parame-
ters as in N22A, motivated by the analysis of GRB170817A (e.g.
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Figure 5. Combined kN and GRB sky map. The former can be seen as
a dim blob on the left, while the latter — as a bright crescent on the right.
The size and the location of the flux centroid of two individual components
are shown with yellow and cyan colors respectively. The size and X of the
combined image are shown as lime color. As in Fig. 1 the top and right sub-
panels display the z- and x-averaged brightness distributions respectively.
Sky map corresponds to von,s = 1 GHz, 0,1, = 45 deg and t,,s = 60 days,
nism = 0.00031 cm ™3,

Hajela et al. 2019; Fernandez et al. 2021), varying only the ob-
server angle, 6,bs and the ISM density nism. Specifically, we set
the jet half-opening angle 6, = 15 deg. and core half-opening angle
6. = 4.9 deg. The isotropic equivalent energy is Fis, = 1052 ergs,
and the initial LF of the core is I'c = 300. The microphysical param-
eters are set as: €. = 0.05, eg = 0.0045, and p = 2.16. Luminosity
distance to the source is set to D, = 41.3 Mpc. Unless stated other-
wise, we consider fop,s = 45 deg., and nism = 0.00031 cm ™3, as
fiducial values.

In Fig. 5, we show a combined kN plus GRB afterglow radio sky
map assuming O, = 45deg. and fons = 60days. At this early
time the GRB afterglow is significantly brighter than the kN one:
FeRE o, =7.5x10"3 mly and FXY, o, = 4 x 10~* mJy. How-
ever, despite being dimmer, kN afterglow affects the properties of
the total sky map significantly, shifting the position of the image flux
centroid back to the center of the explosion. Consequently, the ap-
parent velocity computed from the motion of the flux centroid would
be underestimated if the effect of kN afterglow is not taken into ac-
count. In our case, the apparent velocity is reduced from 2.5 c to
2.1c at tops = 60 days. Thus systematic underestimation of the ap-
parent velocity may, in turn, result in overestimation of the O, or I.
This can be understood from the following considerations. Consider,
(s < Oobs—0s), where 05 is the average size of the extended source.
There, the maximum apparent velocity Sapp is equal to the source
LF T, as Oobs = 1/I'. Then, assuming that the observed emission
from an extended source comes predominantly from the compact
region we have, (Oons — 0s) = 1/Bapp. These arguments were used
to infer I" from radio image for GRB170817A (Mooley et al. 2018a).

Notably, at smaller observational angles, the early GRB afterglow



nsy = 0.00031 cm™ G, = 45 deg.

1.2 0 T T T T T
i—— BLh —— =100 --- ¢=143
wof i— w1s220 7 R
SFHo  0.50 F E
08 y : g
= SL} 4 0.25 HE
< - .
2 06 : 4
= 0.00 e - . .
2 0.4 }‘) 200 400 600 800 ]

12500

15000 17500

BNS afterglow skymaps

nism = 0.00031 cm ™ ops = 45 deg.

2500 5000 7500 10000 20000
time [day]
nism = 0.05cm™ O, = 60 deg.
1.2 = T T T T T T T
—— BLh q=1.00 -=-= g=143
: 0.75 ' ' '
10 —— LS220 1
SFHo
I ) ]
2 :
£ o6f ]
q o4 0 200 400 600 300 i
0.2 1
0.0F e
2500 5000 7500 10000 12500 15000 17500 20000
time [day]
) nisy = 0.00031 cm =3
1. T T T T T T T
E BLh B ¢=1.00 ®  Oops = 15deg.
Lop W L8220 O g¢=143 ® Oy, = 45deg.
7 0sh SFHo ¢ Oops = T5deg. ]
g B SLy4
S 06D ]
= T 5 T
m 04 1.0F 1 7
"
4 02k 0 os5F * 1 1
o %
ve ol
0.0 a 0.0F ° oo 4 A
) ) ) ) 0 ) 100 ) 200 ) 300
—02 2500 5000 7500 10000 12500 15000 17500 20000
tp [day]

Figure 6. Top panels: time evolution of the combined sky map properties shown in terms of the Axg

Uh i —— ¢=100 --- g=143
) E
<
E 0
] e
Z ’ ]
T )
£ BLh
qa -6 i 6 ]

: —— LS220
¢ SFHo -8} B
- — SLyd 0 100 200 800 100 500
2500 5000 7500 10000 12500 15000 17500 20000
time [day]
nisy = 0.05cm™ O = 60 deg.

Ub —— ¢=100 --- g=143
7 . e . ]
=
<
S ]
=
E BLL
a4 -6 ! -

H — LS220
SFHo :
— Sky4 .0 100 200 300 400 500
2500 5000 7500 10000 12500 15000 17500 20000
time [day]

s nigm = 0.00031 cm ™2

® BLh B g=1.00 ' G = 15deg.
o m 1s220 O ¢=143 ® Oy = 45 deg.]
w
g SFHo ¢ Oops = T5deg.
= 1 ® SLy4 ]
3 <]
2 op o Gbg OO . . ]
Us
B i '

1 ]
a4 ok ° 00 ]
= 0’

a L LE 1]
3 ® 0.
b ‘ ‘ ‘ _ 0100200 300
2500 5000 7500 10000 12500 15000 17500 20000
tp, [day]

GRB _ (:D?RB _ I]‘éN)/aﬁ?RB, AFWHMSRB —

FWHMQ?RB — FWHMEN on the left and right panels respectively. Dashed gray line corresponds to the time of the GRB LC peak. Bottom panels: properties
of the combined sky map extracted at the time of the kN afterglow LC peak. Different colors correspond to various EOSs. Filled and empty markers indicate
q = 1.00 and g = 1.43 simulations respectively. Different markers correspond to various observing angles. In all panels, an inner sub-panel serves to enlarge

the early time part of the figure.

is significantly brighter, and at f,5s ~ 20 deg. that is generally in-
ferred for GRB170817A, the kN afterglow does not affect the esti-
mated Sapp to an appreciable degree.

At slightly later times, when the GRB afterglow reaches its peak
emission we find that even for O, = 45 deg, the effect of the kN
afterglow on the GRB afterglow sky map properties is negligible. At
the time of the GRB LC peak t5 " = 800 days, the Bapp is reduced
only by ~0.1c.

The kN afterglow becomes important again later, when the GRB
afterglow emission subsides. Numerical and semi-analytic jet mod-
els show, that both prime and counter jets contribute to the late time
flux (Zrake et al. 2018; Fernandez et al. 2021). This forces the posi-
tion of the flux centroid to move back to zGFE — (. Before that, the
jet deceleration reduces the contribution to the observed emission
from the fast jet core and consequently slows down the motion of the
flux centroid. The jet lateral spreading contributes to this by pushing

parts of the jet to 8 > 61,5, making them move back on the image
plane. In this regard, the presence of a kN afterglow might be con-
fused with a more rapid lateral spreading or earlier emergence of the
counter jet. Thus, we conclude that even if the kN afterglow does not
contribute significantly to the observed total flux, it should be taken
into account for accurate estimation of the jet energy and geometry
from sky map observations. Importantly, the relative brightness of
two afterglows considered here depends on all free parameters of the
model i.e., microphysics parameters of both shock types (relativistic
and mildly relativistic) as well as the angular and velocity structure
of ejecta.

Considering the available BNS merger simulations, we recall that
the kN afterglow from ¢ = 1 and soft EOSs simulations is brighter,
and thus it would affect the properties of the combined sky map
more strongly, at least before the GRB LC peak tSRB. In Fig. 6,
we show the change in GRB afterglow ST and FWHM,, in terms

MNRAS 000, 000-000 (0000)
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Figure 7. The ratio between two kN afterglow sky maps with the only differ-
ence between them being is whether the CBM, altered by a passage of GRB
BWs, is taken into account (I})') or not ({, w / . Image size and the position
of the flux centroid are shown as before with error bars and markers with blue
color for “w” case and red for “w/o0” case. Sky maps are computed assuming

Vobs = 1 GHz, O,p,s = 60 deg., and nign; = 0.05 cm ™3,

of Av = (vORB — ¢*N) /9B ‘where v € [x., FWHM,]. As ex-
pected, the general effect of the inclusion of the kN afterglow is
the decrease in X, and, consequently, in the apparent velocity Sapp,
and an increase in the image FWHM,, (top right and left panels of
Fig. 6). Specifically, Az, and AFWHM, reach >0.5 and 2> — 8
respectively.

At tg BB the effect of the kN afterglow presence is minimal in all
cases, as the GRB afterglow dominates the total emission and the
sky map properties. Thus, estimated at this time, image properties
convey the most reliable information about the GRB afterglow.

At higher nism and 6,15, the picture is qualitatively similar. Influ-
ence of the kN afterglow is the most prominent at ¢ < tSRB and for
equal mass BNS simulations with soft EOS, such as SLy4 and SFHo
EOSs. For ¢ > 1 simulations, the maximum Ax. and AFWHM,,
are about two times smaller than in ¢ = 1 cases. On the other hand,
at Oobs = 21.5deg., and nigsm = 0.00031 cm ™2, the influence of
the kN afterglow is negligible even at ¢ < t}? RB for all simulations.
In this case GRB afterglow provides a dominant contribution to the
total LC and the sky map, and the presence of kN afterglow can
only be seen at very late times ¢ >> tg RBwhen the kN afterglow
emission is coming predominantly from the non-thermal electron
population. Meanwhile, in cases when the early GRB emission is
beamed away, Oobs 2, 45 deg, the maximum in Az, and AFWHM,,
occurs before the extreme in kN afterglow spectral index evolution,
in the regime where the emission from thermal electrons dominate
the observed flux.

3.3 Effect of the GRB-modified ISM on kN afterglow sky map

In N22A we showed that when the kN ejecta moves behind the GRB
BW, it encounters an altered density profile, that we called an al-
tered CBM, and the afterglow signature changes. Specifically, the
observed flux first decreases as most of the kN ejecta moves sub-
sonically behind the laterally spreading GRB BW, then increases as
the kN ejecta shocks the overdense fluid behind the GRB BW for-
ward shock. However, the decrease and increase in the observed flux
were found to be rather small: < 40% and < 10%, respectively. The
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reason for this is the non-uniform nature of the kN ejecta and finite
time that GRB lateral spreading takes. Thus, different parts of the
kN ejecta encounter different regions of the altered CBM at a given
time producing either an excess or a reduction in observed emission.
Nevertheless, for the sake of completeness, it is worth looking at
how the kN afterglow sky map changes the altered CBM is taken
into account.

In Fig. 7 we show the effect of an altered CBM on the kN after-
glow sky map for ¢, = 80days, Oobs = 60deg., and nigm =
0.05 cm™ 3. The red and blue colors indicate the excess and the re-
duction of the observed emission with respect to the sky map com-
puted when the altered CBM is not taken into account. As expected,
the change in the observed intensity occurs primarily near poles
(z = 0) and corresponds to kN ejecta moving subsonically and
not producing synchrotron emission. Fast elements of the kN ejecta
shocked the overdense region behind the GRB shock and produced
an emission excess. Slower elements of ejecta catch up with the un-
derdense part of the altered CBM later and this the part of the image
where the emission is suppressed lies ahead of the one with emission
excess. The more equatorial part of the ejecta avoids interacting with
the altered CBM and, thus, its emission remains unchanged (along
z axis). The certain parts of the image, the emission excess can be
significant, (I}’ /I, /o < 3). However, combined with the emission
suppression in other parts of the image, the overall emission excess
is rather small. Thus, even at this relatively high nigy and large b
the effect of the altered CBM on the sky map properties, i.e., the po-
sition of the flux centroid and the image size are negligible.

4 DISCUSSION AND CONCLUSION

In this work, we considered synthetic radio images of the GRB
and kN afterglow. For the former we considered GRB170817A mo-
tivated model settings, i.e., laterally structured jet observed off-
axis (Hajela et al. 2019; Ferndndez et al. 2021). For the lat-
ter, we considered a set of ejecta profiles from NR BNS merger
simulations targeted to GW170817, i.e., with corresponding chirp
mass. For all calculations, we use the semi-analytic afterglow
code PyBlastAfterglow, presented and discussed in N21 and
N22A. The key aspect of the input physics is the inclusion of two
electron populations behind the kKN BW shocks, that follow power-
law (non-thermal electrons) and Maxwellian (thermal electrons) dis-
tributions.

The main limitation of our work is the semi-analytical nature of
the model we employ. It remains to be investigated how GRB and kN
afterglow sky maps computed with hydrodynamics (HD) numerical
codes compare to ours. It is however numerically very challenging to
perform such simulations on a temporal and spatial scales discussed
in this work, as well as, to perform them for various possible choices
of the model free parameters and kN ejecta profiles.

The aforementioned limitations notwithstanding, we find that the
kN afterglow sky map at early times resemble a wheel or a doughnut
due to the emission from thermal electrons enhanced by relativistic
effects, dominating the observed flux. At later times, the sky map
is largely spherical with a remaining ring structure reflecting the
a) assumed axial symmetry, b) initial ejecta velocity distribution.
The image size evolves monotonically, albeit not smoothly, reach-
ing ~ 10 mas at 3000 days and ~25mas at 20000 days. If the kN
afterglow LC at its peak is dominated by the emission from thermal
electrons, the image size is smaller reaching <5 mas. Thus, the prop-
erties of the fast ejecta tail can be inferred from the sky map size and
its evolution.



Despite asymmetry in ejecta velocity distribution, however, the
position of the image flux centroid x. does not deviate much from
0, and is the largest (Jz.| < 0.4 mas) at early times, in cases when
the emission from thermal electrons dominates the observed flux.
Notably, however, the asymmetry can lead to the negative values of
|zc| (assuming more on-axis observers), which if observed might
hint at the equatorial nature of the fast ejecta tail.

Crucially, the presence of the kN ejecta can affect the GRB after-
glow sky map to an appreciable degree even if the former does not
appreciably contribute to the total observed flux. For that to occur,
however, the source must be observed sufficiently off-axis so that the
early GRB afterglow emission is beamed away, while the kN after-
glow emission, dominated at this time by the emission from thermal
electrons, is instead beamed more toward an observer. Specifically,
at tobs = 80 days and assuming 6,1,s = 45 deg. the change in the in-
ferred value of the apparent velocity Sapp can reach 0.5 c. At smaller
Oobs the kN afterglow effects the GRB afterglow sky map properties
significantly less and at O,s =~ 20 deg. we find the effect to be negli-
gible. Importantly, the relative brightness between these two types of
afterglow depends on their respective sets of free parameters that are
largely unconstrained. It is thus important to conduct a more thor-
ough statistical analysis of the combined parameter space to assess
the upper and lower limits of the degree to which the kN afterglow
influences the combined sky map properties.

The detectability of the kN and GRB sky maps with Next Gen-
eration Very Large Array (ngVLA), which is currently in the de-
velopment will be discussed in a separate study by Eddins et. al.
(2023, in prep.). Overall, in order for kN afterglow itself to be de-
tectable, the flux density at the LC peak should be > 5 x 10™% mly
in radio (Kathirgamaraju et al. 2019b). For BNS merger simulations
considered here, this is only possible at sufficiently high density,
nism = 0.005 cm ™3 at Dy, ~ 40 Mpc. In order to distinguish GRB
and kN afterglows, the 0,15 should be much larger than the jet open-
ing angle (e.g., see figure 9 in N22A). At the same time, at large Oobs
the change in the position of the sky map flux centroid due to the
presence of the kN afterglow can become detectable. It is, however,
difficult to determine what value of zSF® — XN can be resolved. At
nism = 0.05 cm™2 and Oops = 60 deg, the zSRB _ kN reaches
0.5 mas for equal mass BNS models within the first 200 days after
the burst which, in principle, should be detectable (Eddins et. al.
(2023, in prep.)) with angular resolution of 0.1 mas.
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