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Abstract

The advent of gravitational wave (GW) astronomy has provided a new window through
which to view and understand the Universe. To fully exploit the potential of GW as-
tronomy, an understanding of all the potential electromagnetic counterparts to a gravi-
tational wave detected source will help maximise the science returns. Here I present a
study of the electromagnetic emission from relativistic jets that accompany the merger
of binary neutron stars or black hole neutron star systems. These counterparts provide
a probe for the structure and dynamics of these relativistic outflows.

Binary neutron star, or neutron star black hole, mergers are thought to be the dom-
inant progenitor of short gamma-ray bursts (GRBs). Here we investigate the possibility
that there is a hidden population of low-Lorentz factor jets resulting in failed GRBs,
on-axis orphan afterglows, and what kind of counterparts can be expected given a
merger-jet population dominated by these failed-GRB jets. I find that for GW detected
mergers, ~ 80% of the population of on-axis events may result in a failed GRB af-
terglow. The afterglow of a failed GRB is characterised by the lack of any prompt
emission; where the y-rays are emitted within an optically thick region of the low-
Lorentz factor (I') outflow and significant suppression via pair production and a high
opacity results in the photons coupled to the pair plasma. This plasma will undergo
adiabatic expansion, and the photons will decouple at the photospheric radius. The

energy in the prompt photons, for a sufficiently low-I" outflow, will have been signifi-



cantly suppressed.

GW detected mergers have a Malmquist bias towards on-axis events (i.e. the ro-
tational axis of the system), where the peak of the probability distribution is an incli-
nation ~ 30°. If the jets from these mergers have an intrinsic structure out to wider
angles, then the majority of mergers will be accompanied by electromagnetic counter-
parts from these various jet structures. By making some simple assumptions about the
energetic structure of a jet outside of a bright core region, the various temporal features
that result from a given jet structure can be predicted. Where the population of merger
jets is dominated by a single structure model, I show the expected fractions of optical
counterparts brighter than mag = 21.

On 17 August 2017, the Light Interferometer Gravitational Wave Observatory
(LIGO) in collaboration with Virgo detected the merger of a binary neutron star system.
Various electromagnetic counterparts were detected: the GRB 170817A by Fermi/GBM
and INTEGRAL,; an optical, blue to red, macro/kilo-nova from ~ 1/2 day post merger
to ~ 5 — 10 days; and a brightening radio, and X-ray counterpart from ~ 10 days.
Optical detection of this counterpart at a magnitude ~ 26 was made at ~ 100 days
post-merger. Analysis of this counterpart is consistent with the afterglow of a Gaus-
sian structured jet viewed at the system inclination, ~ 18 4= 8°.

If all short GRB jets have a similar jet structure, then the rates of orphan afterglows
in deep drilling blind surveys e.g. the Large Synoptic Survey Telescope (LSST), will
be higher than those expected from a homogeneous, or ‘top-hat’ jet, population. The
rates for the various jet structures for orphan afterglows from mergers is discussed,
showing that for a population of failed GRBs, or an intrinsic Gaussian structure, an
excess in the orphan rate may be apparent.

Understanding the dynamics and structure for the jets from black-hole systems

born at the merger of a compact binary can help give clues as to the nature of jets



from black holes on all scales. As an aside, I show empirically that regardless of black
hole mass or system phenomenology, the relativistic jets from such systems share a
universal scaling for the jet power and emitted y-ray luminosity. This scaling could be
due to the similar efficiencies of various processes, or alternatively, the scaling may be
able to give insights into the emission and physical processes that are responsible for
high-energy photons from these outflows.

GW astronomy offers a probe of the most extreme relativistic outflows in the Uni-
verse, GRBs. The predicted electromagnetic counterparts from these outflows, in asso-
ciation with GW detections, provides a way to probe the Lorentz-factor distribution for
merger-jets. Additionally, the phenomenological shape of the afterglows, at various in-
clinations, gives an indication of the intrinsic structure of these jets. An understanding
of these dynamical and structural qualities can be used to constrain the parent popula-

tion, merger rates, and binary evolution models for compact binary systems.



“Amoebas don’t make motorcycles and atomic bombs!” [sic] - Kei

(Popular misquotation) Akira by Katsuhiro Otomo, 1988

“I am the Nightrider. I'm a fuel injected suicide machine. I am the
rocker, I am the roller, I am the out-of-controller!” - Nightrider

Mad Max by George Miller, 1979

“If you didn’t do anything that wasn’t good for you it would be a very
dull life. What are you gonna do? Everything that is pleasant in life is
dangerous.” - Lemmy (RIP)

Interview with Fiona Sturges, 2005
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ran (2015). The GRB population in each sample is normalized to an
all sky rate of Swift/BAT detectable short GRBs of ~ 71 yr—!'. The
first value in each column is for orphan afterglows only, the values in
square brackets are for GRB and orphan afterglows combined. The all-
sky rates less than a given magnitude have an associated uncertainty of
~ 40.7 deg=? yr~!. The LSST and ZTF detection rate is based on the

mean timescale a transient is brighter than the telescope threshold
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1. Introduction

Astrophysical jets are seen on all scales, from Active Galactic Nuclei where the central
object is a supermassive black hole to the jets from young stars that form Herbig-Haro
objects. For the relativistic jets from black holes, from supermassive to stellar mass
alike, the precise nature of the formation and acceleration processes are unknown but
the underlying physics is thought to be similar. Gravitational wave observed compact
binary mergers give an opportunity to probe the dynamics and structure of the ultra-
relativistic jets that produce short gamma-ray bursts. Understanding the dynamics and
structure of these jets will provide clues to the physical processes responsible for these

ultra-relativistic collimated outflows.

1.1 Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) are enigmatic bright flashes of high energy photons that
were first discovered by the Vela satellites on 2 July 1967. Subsequent observations
from July 1969 to July 1972 resulted in sixteen detected GRBs in the energy range
0.2-1.5 MeV; these were the first published GRBs (Klebesadel et al., 1973).

For the next ~ 25 years the origin of GRBs was fiercely debated (e.g. see Fish-
man & Meegan, 1995). By 1993 there were 2 100 published GRB theory models

(Nemiroff, 1994), and by late 1990 the majority consensus was for a Galactic disk
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neutron star progenitor origin. However, the launch in 1991 of the Compton Gamma
Ray Observatory (CGRO), with an instrument designed for the detection of GRBs, the
Burst and Transient Source Experiment (BATSE), resulted in a challenge to this con-
sensus. The BATSE GRB sample was distributed isotropically but not homogeneously,
this favoured a cosmological origin for GRBs (Meegan et al., 1992).

A cosmological origin for GRBs meant that the events were instantaneously the
most luminous electromagnetic sources in the Universe, and very rare (Piran, 1999;
Kumar & Zhang, 2015). However, there was a problem with the cosmological ori-
gin for GRBs. This problem was in how to explain the apparent compactness of the
sources. The observed sub-second variability, d¢, of the y-ray light-curves imply com-
pact sources, and the high-energy and non-thermal photons imply the emission re-
gion is optically thin, 7 < 1. By considering the inferred size and the opacity due to
pair-production of the emitting region, plus the cosmological distance D, the source
should have a high opacity, 7 oc F'D?4t2, here F is the observed fluence (Ruderman,
1975; Schmidt, 1978).

The solution to the compactness problem lies in understanding the relativistic mo-
tion of the source. If the source of the radiation is moving towards an observer at a
relativistic velocity, then the size of the emitting region is larger by a factor I'? than the
size inferred by the minimum variability timescale, ~ cdt; here I is the Lorentz factor
of the source towards the observer, and c is the speed of light. The optical depth of the
emitting region is a factor ' =2 smaller, where « is the high-energy photon spectral in-
dex. Estimates for the required Lorentz-factor from these conditions indicate a typical
value of I' ~ 100 (Fenimore et al., 1993; Woods & Loeb, 1995).

The duration of GRBs observed by BATSE revealed a bimodal distribution (Kou-
veliotou et al., 1993; Lamb et al., 1993; Mao et al., 1994). Using the duration called

Tyo within which the cumulative counts increase from 5% to 95%, giving a timescale
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for 90% of the energy, the two distributions of GRBs were clearly shown. These two
distributions have been classed as: short GRBs where Ty, < 2 s; and long GRBs where
Too > 2 s. Kouveliotou et al. (1993) also showed that short GRBs have a higher aver-
age hardness than long GRBs. Here hardness was defined by the ratio of the counts in
the 100-300 keV energy band to the 50-100 keV energy band.

The variability timescale of GRBs can also imply that the emission region is most
likely internal to the outflow i.e. the internal shock model (Meszaros & Rees, 1993;
Kobayashi et al., 1997; Sari & Piran, 1997; Daigne & Mochkovitch, 1998). The high
energy and ultrarelativistic velocity of the outflow that produces GRBs via some in-
ternal dissipation process will eventually interact with the interstellar medium. This
interaction will produce external shocks that radiate via the synchrotron process and
give rise to an observable afterglow (e.g. Paczynski & Rhoads, 1993; Katz, 1994a,b;
Mészaros & Rees, 1997; Sari et al., 1998).

The first afterglow detection was made by the X-ray telescope, Beppo-SAX, fol-
lowing GRB 970228. The X-ray afterglow contained a significant fraction of the total
GRB energy and faded from detection with a power-law decay function (Costa et al.,
1997). The position determined by the Wide Field Camera on Beppo-SAX enabled
the identification of an optical afterglow at an /-band magnitude 20.6 and V-band
magnitude 21.3 by the William Herschel Telescope on La Palma (van Paradijs et al.,
1997). Confirmation of the cosmological distance for GRBs came via spectroscopy of
an optical counterpart to GRB 970508. Here, prominent absorption lines indicated an
absorption system along the line-of-sight at a redshift = = 0.835 (Metzger et al., 1997).
A radio afterglow for GRB 970508 was also observed by the Very Large Array (VLA)
at 1.43 GHz (Frail et al., 1997).

For some well sampled afterglows, a steepening in the decline of the optical and

X-ray afterglow is observed (e.g. Harrison et al., 1999). This steepening decline was



CHAPTER 1. INTRODUCTION 30

predicted by Rhoads (1999) as an observable feature for a collimated outflow, or a jet.
As the outflow decelerates, the relativistic beaming angle of the emission, described by
the inverse of the instantaneous bulk Lorentz factor, widens. When this value is equal
to the angle that describes the collimated outflow, a distant observer will begin to see
the edge of the jet, and the observed flux at all frequencies will decrease, the temporal
index reducing by 3/4 from the pre-break decline (Panaitescu & Mészéros, 1999).
Alternatively, the jet may start to expand laterally and this sideways expansion will
result in a post-break temporal decline with an index equal to the blast wave electron
energy distribution (Rhoads, 1999; Sari et al., 1999; Panaitescu et al., 1998).

Long duration GRBs are now known to be associated with the core-collapse of
massive stars. The first supernova (SN) - GRB association was found with SN 1998bw,
a very luminous type Ic supernova, and GRB 980425, a low-luminosity long dura-
tion GRB (Galama et al., 1998). Initial GRB-SNe had GRB luminosities significantly
below that typical for long GRBs. However, a SNe-like rebrightening or bump in
the optical afterglow at ~ 10 days has also been observed as well as SNe associ-
ation with higher-luminosity GRBs. The current number of spectroscopically con-
firmed GRB-SNe is seventeen (as of 18/12/17), plus two X-ray flash (XRF) SNe; e.g.
2001ke/GRB 011121 (Bloom et al., 2002), 2003dh/GRB 030329 (Hjorth et al., 2003;
Stanek et al., 2003; Mazzali et al., 2003), 2003Iw/GRB 031203 (Malesani et al., 2004),
2005nc/GRB 050525A (Della Valle et al., 2006a), 2006aj/XRF 060218 (Modjaz et
al., 2006; Campana et al., 2006; Pian et al., 2006), 2008hw/GRB 081007 (Olivares
E.etal., 2015), 2009nz/GRB 091127 (Olivares E. et al., 2015), 2010bh/XRF 100316D
(Starling et al., 2011), 2010ma/GRB 101219B (Sparre et al., 2011; Olivares E. et
al., 2015), 2011kl/GRB 111209A (Greiner et al., 2015), 2012bz/GRB 120422A (Me-
landri et al., 2012), 2013ez/GRB 130215A (Cano et al., 2014), 2013cq/GRB 130427A
(Levan et al., 2014; Melandri et al., 2014), 2013dx/GRB 130702A (D’Elia et al.,
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2015), 2013fu/GRB 130831A (Cano et al., 2014), 2016jca/GRB 161219B (Ashall et
al., 2017), and 2017iuk/GRB 171205A. There are a further fourteen GRB/XRF-SNe,
but without spectroscopic confirmation. Afterglow from long GRBs can also be con-
sistent with a shockwave propagating through a wind medium. Such a medium is
expected from a massive star progenitor (Chevalier & Li, 2000; Panaitescu & Kumar,
2000; Gou et al., 2001; Perley et al., 2014).

The progenitor for short GRBs would prove to be more elusive. Optical and radio
follow-up observations of short GRBs resulted in non-detections (Kehoe et al., 2001;
Hurley et al., 2002). However, with the more accurate localization of GRBs made
possible by the Swift satellite (Gehrels et al., 2004), the hopes of finding a counterpart
to a short GRB increased. Rapid X-ray follow-up of GRB 050509B by the Swift/X-
ray telescope (XRT) led to the discovery of an X-ray counterpart and the short GRB’s
association with a massive elliptical galaxy at redshift, z = 0.225 (Gehrels et al., 2005;
Castro-Tirado et al., 2005; Bloom et al., 2006).

GRB 050509B was followed by the HETE-2 (Ricker et al., 2003) detected GRB
050709 (Villasenor et al., 2005). Follow-up by Chandra X-ray observatory localized
the X-ray afterglow to the outer regions of a star forming galaxy at = = 0.160 (Fox et
al., 2005), and led to the first optical afterglow for a short GRB (Hjorth et al., 2005b).
Soon after, Swift detected the GRB 050724 (Barthelmy et al., 2005) which was lo-
calised to an elliptical galaxy at z = 0.257 with X-ray, optical/near-infra-red (IR),
and radio afterglow (Berger et al., 2005). These observations secured the cosmolog-
ical origin for short GRBs, and demonstrated that they were not associated with the
core-collapse of massive stars (Hjorth et al., 2005a,b).

A non-core-collapse progenitor for short GRBs pointed to compact binary mergers
involving neutron stars or a neutron star and a black hole as the most likely candidate

for the progenitor system (e.g. Paczynski, 1986, 1991; Popham et al., 1999). The
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merger of such a binary system was proposed by Li & Paczynski (1998) to result in an
isotropic transient that would peak hours to days after the merger at optical frequencies.
This transient is powered by the radioactive decay of the disrupted neutron star matter
ejected during the merger; this ejected material forms heavy elements resulting in an
abundance estimate that is roughly comparable to the observed Solar-system r-process
material (Lattimer & Schramm, 1974; Lattimer et al., 1977). These transients have
been termed ‘macronovae’ (Kulkarni, 2005) or ‘kilonovae’ (Metzger et al., 2010) (and
‘mergernovae’ (Gao et al., 2015), amongst others). If short GRBs are from compact
binary mergers, then a bump or feature in the afterglow at red optical/IR frequencies a
few days post-burst will be apparent where conditions are favourable.

GRB 130613B, a short GRB with a duration Tyy = 0.18 s at a redshift z = 0.356,
had an excess in the near-IR afterglow at ~ 7 days revealed by Hubble Space Telescope
(HST) observations (Tanvir et al., 2013; Berger et al., 2013). The excess is consistent
with that from a radioactively powered macro/kilo-nova following the merger of two
neutron stars (Rosswog, 2013; Tanaka & Hotokezaka, 2013; Hotokezaka et al., 2013a).
Excess of emission at IR frequencies has also been claimed for several other short
GRBs; most notable are GRB 050709 (Jin et al., 2016) and GRB 080503 (Gao et al.,
2015), plus the long-short! GRB 060614 (Jin et al., 2015).

Short GRBs are typically less energetic than long GRBs, and due to the natal
kicks that a compact-binary system may receive (Bray & Eldridge, 2016), the loca-
tion within the host galaxy can have a low density, these result in a fainter afterglow
(Berger, 2014). However, not all long GRBs have a massive star association and not
all short GRBs have a compact merger progenitor. The nearby long GRBs 060614 and
060605 both lack an accompanying SN (Gehrels et al., 2006; Gal-Yam et al., 2006;

! This GRB has a long total duration - however, the prompt emission contains an initial bright flash of
duration 0.32 £ 0.07 s, followed by a soft extended emission lasting 232 s. The short spike is a factor
~ 30 brighter than the extended emission, and the hardness ratio and spectral lag are more consistent
with the GRB having a compact merger origin (Perley et al., 2009)
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Fynbo et al., 2006; Della Valle et al., 2006b) where SNe should have been observed.
This suggests that some long GRBs may have a compact merger progenitor. Alter-
natively, the observed population of short GRBs can be significantly contaminated by
GRBs with a massive star progenitor (e.g. Virgili et al., 2011b; Bromberg et al., 2013).
Bromberg et al. (2013) claim ~ 40% of Swift short GRBs could arise from the collapse
of massive stars. GRBs with a high redshift and a rest-frame duration of < 2 s are all
argued to have a massive star progenitor (Zhang et al., 2009). Equally, the short GRB
090426 at a redshift z = 2.61 has spectral and energetic properties that make this burst
consistent with the population of long GRBs (Antonelli et al., 2009).

GRBs that have a massive star SN origin, typically long GRBs, will have a rate
that follows the star formation history. However, at high-redshift, z > 4, the observed
GRBs may indicate an excess in the high-z GRB rate above that predicted by star
formation history (e.g. Kistler et al., 2008; Li, 2008; Qin et al., 2010; Virgili et al.,
2011a; Robertson & Ellis, 2012). It is possible that these high-z GRBs could trace
low-luminosity star-forming galaxies that have been missed by galaxy surveys (Sun et
al., 2015).

For GRBs with a compact merger origin, the rate is likely to be delayed by some
function from the star-formation history (Piran, 1992). The creation of the binary
system will trace star-formation, however the additional time required to inspiral and
eventually merge results in a delay. The final inspiral of the binary components is
due to gravitational wave radiation (Peters & Mathews, 1963) but a typical merger
delay timescale for compact binary systems is not known. However a functional form
for the delay can be assumed and parameters derived from the best fit to data (e.g.
Guetta & Piran, 2006; Virgili et al., 2011b; D’Avanzo et al., 2014; Wanderman &
Piran, 2015; Sun et al., 2015; Ghirlanda et al., 2016; Paul, 2017). The leading time-

delay models are either a power-law time-delay, a constant time-delay, or a lognormal
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time-delay. The latter is favoured by Wanderman & Piran (2015); this lognormal time-
delay results in a short GRB population from compact binary mergers that peaks at
z ~ 0.9, with an exponential decay to higher redshifts. The detection of a host for
the non-collapsar short GRB 111117A at z = 2.211 has been claimed to challenge the
lognormal delay (Selsing et al., 2017). However, the probability of a short GRB at this
redshift is ~ 2 orders lower than for at the lognormal peak redshift and still within
the expected probability distribution. Constant or power-law time-delay distributions
typically predict a peak rate at z ~ 1.5 — 2, and such a distribution would result in
a high fraction of undetected short GRBs. Approximately 30% of short GRBs have
a redshift measurement, with the median measured redshift being (z) = 0.5 (Berger,
2014; Fong et al., 2015). The local short GRB rate estimates from each of the various
time-delay models are usually similar, ~ 3 — 8 Gpc™ yr~! (e.g. Sun et al., 2015),
however Ghirlanda et al. (2016) and Madau & Dickinson (2014) have suggested a

local rate approximately an order of magnitude smaller.

1.2 Calculating the Afterglow from a Relativistic Fire-

ball

GRBs are used as a trigger for the search and detection of a broadband afterglow.
Afterglow localisation helps in identifying the host galaxy of the GRB. By identifying
the host galaxy, and/or the afterglow itself, a redshift for the burst can be determined.

The afterglow can reveal additional properties of the GRB. This requires the fitting
of afterglow models to observations. A GRB afterglow can typically be described by
the standard fireball model (e.g. Rees & Meszaros, 1992; Paczynski & Rhoads, 1993;
Piran et al., 1993).

Analytically the emission from the external shock of a decelerating fireball can be
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estimated by considering conservation of energy. The fireball, or outflow, will begin
decelerating when the swept up mass is equal to M /T", here M is the initial rest mass of
the fireball and I" the bulk Lorentz factor (Sari & Piran, 1995). The deceleration radius
is Ryee o< (E/I>n)'/3, where E is the fireball energy and n is the ambient (external)
medium particle number density.

The particle number and energy density behind the shock can be described by
4I'n and 4F2nmp02 respectively (Blandford & McKee, 1976), where n is the ambient
medium particle number density, m,, is the mass of a proton, and c the speed of light.
The shock will accelerate electrons to relativistic velocities and these relativistic elec-
trons emit synchrotron radiation in the magnetic field that is either carried from the
central engine of the GRB or generated in the shocks (Piran, 2005).

The accelerated electrons are assumed to follow a power-law distribution of index
p. The electron distribution is then N.dvy o« vy~Pd~y, where V. is the total number of
electrons. A fraction of the internal energy density goes into the accelerated electrons
as

564F2nmp02:/ ’ymeczNed’y, (1.1)

Ym
where the parameter ¢, is the fraction of the shock energy that goes into the electrons,
m. the mass of an electron, -y is the particle Lorentz factor, and ~,, the minimum
particle Lorentz factor. By assuming charge neutrality the number of protons is equal
to the number of electons. So the number density of protons or electrons behind the

shock is

AT — / N.dy. (1.2)
’Ym

Substituting equation 1.2 into equation 1.1 gives an expression for the energy in the
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relativistic electrons

56F/ mp02'y_pd7:/ mecty 7Pdy, (1.3)
TYm Ym

here the left side is the fraction of the shock energy density that goes into the electrons
and the right side is the electron energy density. The minimum electron Lorentz factor

is then
(p—2)m,
(p - 1) me

Tm = 56F (14)

Similarly for the magnetic field, a fraction of the shock energy is converted into
magnetic field strength
»_ B
8’

epdl?nm,c (1.5)

where the left side the fraction of the shock energy density, and the right side is the
magnetic energy density. The variable £ is the fraction of energy that goes into the
magnetic field.

The power radiated by a relativistic electron is given by Rybicki & Lightman

(1979) as
B?_,

4
P(W) = _UT672628_7TP )

3 (1.6)

where o7 is the Thomson cross-section, 32 = 1 — 2, and the additional I'? is intro-
duced following Sari et al. (1998) to correct the emission for the observer frame.

The observed frequency of the synchrotron emission is

qeB

V() =T 5,

(1.7)

where ¢, is the electron charge. The minimum particle Lorentz factor will define the

characteristic synchrotron frequency, or the peak of the spectrum. Substituting ,,
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from equation 1.4 for v in equation 1.7 will give the characteristic frequency, v/,,.
Another critical frequency defines the point at which an electron will lose energy
efficiently via the synchrotron process, when Tym.c? = P(~)t, here t is the time in

the observer frame. Then using equation 1.6 and rearranging for v gives

3me

Ve (1.8)

- 16e gornm,cl3t’

Using this particle Lorentz factor in equation 1.7 will give the cooling frequency, v..
If v, > 7. then the electrons will cool quickly via synchrotron radiation, this is
the case of ‘fast cooling’. If ,,, < 7. then only the fraction of the electron distrubution
with v > . will cool efficiently, this case is called ‘slow cooling’. The flux at a
given frequency for each of these conditions was given by Sari et al. (1998). The
maximum synchrotron flux, F,,x 1s found by the product of the number of electrons
N, = 47nR3 /3, the maximum power P, = P(7)/v(7), and the surface defined by
the luminosity distance 1/(47D?) where Dy, is the luminosity distance. Then the flux

at a given frequency is

‘fast cooling’

)
(I//Vc)l/B Frax, Ve > U

F, = (V/Vc)_1/2 Fnaxs VUm >V > 1, (1.9)

W/ Ve) 2 W) Um) P Py v >
\

‘slow cooling’
(

(V/Vm)1/3 Fmaxy Vp >V

F, = (V/Vm)i(pil)/z Fmax> Ve >V > VUpy (1.10)

(Vc/l/m)_(p_l)/Q (V/VC>_p/2 Frax, V>V,
\
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The evolution of the flux with time depends on how these various quantities evolve.
In the observer frame the point at which the outflow will begin deceleration is ¢t =
R/(kI%c), where 2 < k < 16 depending on the details of the hydrodynamic evolution
(e.g. Blandford & McKee, 1976; Sari, 1997, 1998; Panaitescu et al., 1998; Rhoads,
1999).

After the deceleration time, the bulk Lorentz factor of the outflow evolves as I"
t=%/3. The characteristic and cooling frequency will then evolve with time as, v,
t=3/2 and v, o t~'/2, provided the jet does not start to expand sideways. The flux
at times later than the deceleration time will evolve as F, o t3®~1/4 where v < v,,
and F, o t®»=2/% where v, < v. At lower frequencies, where v < v, then the flux

evolves as F, o t'/2 (Sari et al., 1998, 1999).

1.3 Electromagnetic Emission from a NS/BH-NS merger

The inspiral and merger of neutron star (NS-NS) or black hole and neutron star (BH-
NS) binary systems is an observational target for gravitational wave (GW) detec-
tors e.g. Light Interferometer Gravitational Wave Observatory (LIGO), Virgo, and
Kamioka Gravitational Wave Detector (KAGRA) (Abadie et al., 2010; Aso et al., 2013;
Abbott et al., 2016a). The sensitivity of these gravitational wave detectors limits the
volume within which a compact binary merger can be detected. At full sensitivity,
LIGO will be able to detect NS-NS mergers out to a distance of ~ 300 Mpc, and
BH-NS mergers to ~ 600 Mpc (Nissanke et al., 2013; Abbott et al., 2016a). These
volumes are considered to be local in terms of cosmological distance, z < 0.1. Due to
the poor sky-localization of GW detectors (Abbott et al., 2016a), an electromagnetic
(EM) counterpart is required to pin-point their origin. The observation of EM counter-

parts to GW detected mergers will maximise the science returns from GW astronomy.
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Figure 1.1: Cartoon showing the expected electromagnetic counterparts from a compact binary
merger system. Bi-polar relativistic jets are formed within a magnetic funnel, while the jet
may be accelerated by neutrino winds from an accretion disk. Interaction between the jet
and any post-merger material may form a cocoon that can help collimate the outflow; this
heated cocoon may produce an observable counterpart to favourably inclined systems. Internal
shocks produce a GRB. At late times the jet decelerates in the ambient medium due to external
shocks that result in an afterglow. The radio-active decay of heavy elements formed via the
r-process within the dynamical ejecta produces an isotropic macronova. Depending on the
neutron star equation of state, two or three components may exist; a lanthanide-free region
near to the rotation axis that results in an early blue macro/kilo-nova, and a more equatorial
component that produces many lanthanides resulting in a high opacity and a red, and later kilo-
nova. At very late times, the dynamic ejecta will decelerate in the ambient medium resulting
in an isotropic radio counterpart.
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Interest in the potential EM counterparts to NS mergers has resulted in a number
of scenarios to be considered, see Figure 1.1. The most commonly discussed coun-
terparts include: short GRBs (Ghirlanda et al., 2016; Kathirgamaraju et al., 2018; Jin
et al., 2017) and their afterglow (Coward et al., 2014); failed GRB afterglow (Lamb
& Kobayashi, 2016); off-axis orphan afterglow (Zhang, 2013; Lamb & Kobayashi,
2017a; Lazzati et al., 2017a; Sun et al., 2017); the macro/kilo-nova (Barnes & Kasen,
2013; Tanaka & Hotokezaka, 2013; Piran et al., 2013; Metzger & Fernandez, 2014;
Tanaka et al., 2014, 2018; Barnes et al., 2016; Tanaka, 2016; Metzger, 2017a); radio
counterparts (Nakar & Piran, 2011; Kyutoku et al., 2014; Hotokezaka & Piran, 2015;
Margalit & Piran, 2015; Hotokezaka et al., 2016); cocoon emission (Kisaka et al.,
2017; Lazzati et al., 2017b; Nakar & Piran, 2017; Gottlieb et al., 2018); and precursor

or merger flares (Tsang et al., 2012; Kyutoku et al., 2014; Metzger & Zivancev, 2016).

1.3.1 Precursor or Merger Flares

Precursors to short GRBs have been observed for a small number of events, ~ 8 — 10%
(e.g. Abdo et al., 2009; Troja et al., 2010). These precursors occur 1 — 10 s before the
GRB, when the NSs are strongly interacting. The origin of these precursors could be
magnetospheric (e.g. Hansen & Lyutikov, 2001), although this would require magnetic
field strengths exceeding those of magnetars (Tsang et al., 2012). As tidal deformation
exceeds the breaking strain the NS crust will crack, and such a cracking could account
for these precursors (Kochanek, 1992; Penner et al., 2011) although this requires the
GRB emission time to be delayed by a few seconds after merger. Alternatively, the
tidal mechanism can shatter the crust causing flares. This shattering is achieved by the
excitation of a resonant mode due to a periodic tidal deformation (Tsang et al., 2012).

Kyutoku et al. (2014) proposed that a shock wave produced at a NS-NS collision,

propagating from the heated NS core to the crust, would become ultra-relativistic at
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the shock breakout from the surface. The ejected material will expand into the sur-
rounding ambient density, where the relativistic ejecta will be decelerated resulting in
synchrotron radiation. These merger-flares will be nearly isotropic with X-ray emis-
sion peaking a few ms after the merger.

If at least one of the NSs is magnetized then a pair-fireball could be created by
magnetospheric interaction between NSs (Metzger & Zivancev, 2016). Such a pair-
fireball occurs when the temperature of a radiation or photon fireball is high enough
that electron-positron pairs are formed, these pairs increase the fireball opacity trapping
the photons and resulting in a coupled photon-pair plasma which behaves as a perfect
fluid. This fireball will result in nearly isotropic, quasi-thermal, hard X-ray or ~v-ray
emission similar to a subluminous short GRB. Such a mechanism may also lead to non-
thermal radio flares, or fast radio bursts, as power not dissipated close to the binary is

carried along open-field lines where reconnection occurs above the pair photosphere.

1.3.2 Jets

The ultra-relativistic collimated outflow, or jet, that gives rise to GRBs is thought to
be formed in a similar way to the jets observed from other BH systems i.e. active
galactic nuclei (AGN), or X-ray binaries (XRB). The details of the exact formation
and acceleration mechanism are not clear; however rapid accretion, magnetic fields,
and neutrinos are thought to play a role. The BH spin can generate jets via the BZ
process described by Blandford & Znajek (1977), such a jet will be lepton dominated.
Alternatively, a jet can be launched via the BP process decribed by Blandford & Payne
(1982); these jets are formed via the co-rotation of a frozen-in magnetic field within
an accretion disk and will be baryon dominated. The jets generated by either of these
processes will be bipolar and extract angular momentum from either the BH or the

disk. Where an accretion disk becomes sufficiently hot, neutrino cooling can play
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an important role in the acceleration of a jet, and such a disk is called a neutrino-
dominated accretion flow (NDAF) (Popham et al., 1999). Accreting BH systems as the
central engine for GRBs have been extensively investigated (e.g. Popham et al., 1999;
Lee et al., 2000; Li, 2000; Narayan et al., 2001; Kohri & Mineshige, 2002; Wang et
al., 2002; McKinney, 2005; Gu et al., 2006; Chen & Beloborodov, 2007; Janiuk et al.,
2007; Lei et al., 2009). The efficiency of baryon-loading for these jets by a neutrino
wind can affect the jet’s bulk Lorentz factor (Lei et al., 2013).

Due to the ultra-relativistic motion, the emission from these bipolar jets is highly
beamed. The bipolar jets from a NS merger are defined by a half-opening angle 0,
and the emission is beamed within an angle I'~!; for an observer at an inclination
i > 0; + 1 ~ 0, (as typically ™' << ), the jet emission will be undetectable
at the usual cosmological distances. The probability that a merging system is inclined
towards an observer is f, = 1 — cosf; ~ (9]2 /2. For short GRBs the typical value
of 0, is poorly constrained, where estimates of the jet half-opening angle from the
achromatic break in the afterglow light curve indicate angles over a broad range. The
narrowest short GRB jets have 6, ~ 2° while a non-detection of the break at a time
equivalent to 6; ~ 25° places a lower limit on the widest jet angles; the mean from the
short GRB population, where an upper-limit of 33° is assumed, is ~ 16 + 10° (Fong
et al., 2015). Using a Markov Chain Monte Carlo analysis of the observed population
of short GRBs, Ghirlanda et al. (2016) found the typical short GRB opening angle to
be narrower, at 6; ~ 6°. However measurement of ¢; from the jet-break time assumes
that the observer is on the jet central axis, for an observer at any inclination between
the central axis and the jet edge the break time will be set by the jet edge furthest from
the observer (van Eerten et al., 2010; van Eerten & MacFadyen, 2012).

The observed afterglow from a GRB is modelled assuming a homogeneous jet

where the energy per steradian is constant until the jet edge where it sharply drops
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(Granot, 2007). Various structured jet models have been proposed, some in an attempt
to explain the diversity of GRBs as a universal structured jet viewed at different incli-
nations (e.g Lipunov et al., 2001; Rossi et al., 2002; Zhang & Mészaros, 2002). The
universal structured jet model takes the form of a power-law distribution of energy
or other parameter, typically I', with angle 6 from the jet central axis or a narrow jet
core. Other jet structures considered include a two-component, or spine and sheath jet,
where a uniform core is surrounded by a sheath with lower energy and I' (Pedersen et
al., 1998; Frail et al., 2000; Berger et al., 2003; Huang et al., 2004; Peng et al., 2005;
Wau et al., 2005); and Gaussian structured jets, where the parameters are described by
a Gaussian function with angle (Kumar & Granot, 2003; Rossi et al., 2004; Zhang et
al., 2004; Lamb et al., 2005; Granot, 2007; Salafia et al., 2015). More exotic structured
jet models have also been proposed including a fan shaped jet structure (e.g. Granot,
2007; Barkov & Pozanenko, 2011), and a set of sub-jets within a wider jet cone (Toma
et al., 2006). The sub-jet model can be used to explain a shallow decay phase seen
during the early X-ray afterglow, whereas the other jet structure models have tempo-
ral afterglow light curve characteristics that become apparent for a system viewed at a
higher inclination or for off-axis orphan afterglows.

If the jet from a NS merger has to propagate through the merger ejecta, then as the
jet drills through this medium a cocoon of shocked material will form (Bromberg et al.,
2011). This cocoon will collimate the jet until such a time as the jet breaks out, where
the energetic jet core will be surrounded by shocked jet and cocoon material (Nagakura
et al., 2014). This jet-cocoon system will appear as a structured jet to an observer at an
inclination equivalent to or greater than the jet-cocoon transition (Lazzati et al., 2017¢).
Alternatively, the jet may fail to drill through the ejecta, resulting in a choked-jet and
an energised cocoon (Gottlieb et al., 2017; Mooley et al., 2018). This energised cocoon

will appear as a mildly relativistic wide-angle outflow. The cocoon models, especially
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the choked-jet case, require a significant amount of ejecta material in the polar region
of the compact merger system. Magnetohydrodynamic simulations of merging NS
systems result in a low-density environment at the poles with a magnetic funnel, or
proto-jet structure (Dionysopoulou et al., 2015; Ruiz et al., 2016). A cocoon may still
form from material accelerated by a neutrino wind, however the density is expected
to be much lower than that required to choke a jet (Dessart et al., 2009; Perego et al.,

2014).

1.3.3 Merger Ejecta

Dynamic ejecta from the tidal disruption of a NS during the merger process can give
rise to more isotropic EM counterparts. The most commonly discussed are the ra-
dioactively powered macro/kilo-nova and radio counterparts due to the interaction of
the ejecta with the ambient medium.

For a macro/kilo-nova the emission mechanism is similar to that for a Type Ia SN
with the exception that the ejected mass is much smaller, ~ 0.01M/, the expansion
velocity is higher, ~ 0.1 — 0.2¢, and the heating source is the radioactive decay energy
of r-process nuclei (Tanaka, 2016). Details of the r-process in NS merger ejecta have
been modelled by Lippuner & Roberts (2015, 2017). The emission will peak < 5 days
post-merger at optical to IR frequencies, and is brightest on the polar axis (Tanaka
et al., 2016, 2018; Wollaeger et al., 2017). The diversity of peak macro/kilo-nova
emission for an on-axis observer i.e. in association with a short GRB, was investigated
by Gompertz et al. (2017) and the possible range for the peak emission was found
to cover ~ 5 magnitudes. Significant diversity in the peak brightness, that depends
on inclination, NS equation-of-state, and other intrinsic qualities such as the electron
fraction, is expected in the range of EM counterparts from radioactive decay of r-

process nuclei in the merger ejecta (e.g. Shibata et al., 2017).
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At late times, the dynamic ejecta will interact with the ambient medium resulting
in radio counterparts (Nakar & Piran, 2011; Hotokezaka et al., 2016). The radio coun-
terparts from the merger ejecta - ambient medium interaction will peak on timescales
of a few years and result in a long-lasting radio remnant. These radio counterparts may
be observable at distances where the optical or IR emission from a macro/kilo-nova

viewed at a wider inclination is not detected (Hotokezaka et al., 2016).

1.4 Gravitational Wave Astrophysics

The merger of binary BH systems has produced the LIGO/Virgo detections GW 150914,
151226, 170104, 170814 as well as the ~ 87% confidence LVT 151012 (Abbott et
al., 2016b, 2017a,b). BH-BH mergers are not expected to produce an electromag-
netic counterpart, however see Connaughton et al. (2016); Ackermann et al. (2016);
Savchenko et al. (2016); Verrecchia et al. (2017); and various scenarios have been
suggested (e.g. Loeb, 2016; Perna et al., 2016; Zhang, 2016; Yamazaki et al., 2016).
On 17 August 2017, LIGO/Virgo detected the final inspiral and merger of a binary
neutron star system at ~ 41 Mpc and an inclination < 28° (Abbott et al., 2017c,e).
Here inclination refers to the angle between the system rotation axis and the line-of-
sight; this inclination includes a 180° ambiguity between a face-on (clockwise rotation)
and a face-off (anti-clockwise) system. GW 170817 was face-off (Abbott et al., 2017c).
The gravitational wave detection was followed, at ~ 2 s, by a faint GRB (Connaughton
et al., 2017; Goldstein et al., 2017b; Savchenko et al., 2017b). The One-Meter, Two-
Hemisphere (1M2H) collaboration, using a 1m optical telescope, observed a fading
optical transient located in an SO galaxy, NGC 4993, 10.9 hours after the gravita-
tional wave trigger. Continued observation of the transient showed the light curve

and spectral evolution was consistent with rapidly expanding merger ejecta, ~ 0.2c
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e.g. a macro/kilo-nova (Pian et al., 2017). A slowly rising X-ray and radio counter-
part were detected from ~ 10 — 15 days post-merger (Hallinan et al., 2017; Troja et
al., 2017); these X-ray and radio observations are consistent with either an afterglow
viewed off-axis (Murguia-Berthier et al., 2017) or a mildly relativistic cocoon of ma-
terial (Gottlieb et al., 2017). The continued observation of the radio counterpart over
the next ~ 100 days (observations are still on-going), and X-ray observations at ~ 106
days post merger indicate a continued rise of the flux with a temporal index ~ ¢%/°.
This shallow rising index was predicted for an off-axis jet with a Gaussian jet structure
(e.g. Lamb & Kobayashi, 2017a), see Chapter 3. Alternatively, this shallow rise is also
consistent with a jet-cocoon system (Lazzati et al., 2017c), or a choked-jet energised

cocoon (Mooley et al., 2018).

1.5 Thesis Outline

Within this thesis I present the diversity of potential electromagnetic counterparts from
the relativistic jets of NS/BH-NS mergers. Gravitational wave detected mergers re-
move the requirement of a GRB trigger for afterglow detection, or the highly intensive
survey requirements for the detection of a GRB untriggered afterglow. GW detected
mergers can reveal the structure and dynamic qualities of merger jets as the progenitor
of short GRBs. In Chapter 2 the investigation into the effect of a power-law Lorentz-
factor distribution on merger-jets and the electromagnetic counterparts to failed-GRBs
is presented. In Chapter 3 the effect of jet structure on the afterglow light curves of GW
detected mergers are given. Chapter 4 relates the results of Chapters 2 and 3 to the NS
merger GW 170817. The implication of these dynamic and structured jet models for
untriggered optical surveys is shown in Chapter 5. As an aside we discuss the universal

scaling of ~-ray luminosity from the relativistic jets of black hole systems regardless
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of the mass scale in Chapter 6. In Chapter 7 the conclusions and an overview of future

works are given.



2. Low I Jets from Compact Stellar

Mergers

This Chapter has been published as Lamb & Kobayashi (2016).

2.1 Introduction

Gamma-ray bursts (GRBs) are instantaneously the most luminous objects in the Uni-
verse, produced by the deceleration of ultra-relativistic outflow (Lorentz factors I' >
100). The core-collapse of massive stars are the progenitors of long GRBs, and the
merger of binary compact stellar objects such as neutron stars (NS) and black holes
(BH) are the possible progenitors of short GRBs (Woosley & Bloom, 2006; Nakar,
2007; Berger, 2014). In both cases accretion onto a compact object is likely to power
the relativistic outflow and the same physical processes are involved. The outflow
energy is first dissipated by internal shocks (or another form of internal dissipation)
which produces the prompt v-rays. Later the interaction of the outflow with the ambi-
ent medium produces an external shock which expands and produces the subsequent
afterglow (e.g. Piran, 2004; Zhang & Mészaros, 2004).

Relativistic motion is an essential ingredient in the GRB model although the exact

outflow formation process is not known. Understanding the nature of the outflow, espe-
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cially the acceleration, collimation, and energy content is a major focus of international
research efforts in the context of GRB and other astrophysical jets. GRB outflows are
conventionally assumed to be a baryonic jet (Paczynski, 1986; Shemi & Piran, 1990),
although polarization measurements imply that magnetic fields play a role in the jet
acceleration (e.g. Steele et al., 2009; Mundell et al., 2013; Gotz et al., 2009; Yonetoku
etal.,, 2011). Relativistic outflows and possibly magnetic acceleration are features that
GRBs, active galactic nuclei (AGN), and microquasars have in common. Stellar tidal
disruption by a massive BH is also likely to produce a relativistic jet (Bloom et al.,
2011; Burrows et al., 2011; Levan et al., 2011; Zauderer et al., 2011; Cenko et al.,
2012). By studying and comparing the properties of these objects, we could gain an
insight into the processes that govern the formation of relativistic jets (e.g. Marscher,
2006a; Nemmen et al., 2012).

In the case of blazars, we can measure apparent superluminal motion (i.e. lower
limits of I'), where reported apparent velocities are as high as 40 — 50c for v-ray
bright blazars (Jorstad et al., 2005; Lister et al., 2009; Piner et al., 2012; Liodakis &
Pavlidou, 2015). The Lorentz factor for AGN is typically 1 < I' < 40 (e.g. Marscher,
2006a; Saikia et al., 2016) or 1 < I' < 50 (Lister et al., 2009). Blazars with a high
I' overpopulate centimetre-wave surveys of bright flat-spectrum sources because of
beaming bias. Alternatively, a volume-limited sample of radio-loud AGN would be
dominated by objects with more mundane jets. A power-law distribution of Lorentz
factors for AGN can be assumed, N(I') ~ I'"%, where population synthesis studies
show that a value of a between 1.5 and 1.75 provides a good match between a synthetic
and observed distribution of apparent velocities (Lister & Marscher, 1997; Marscher,
2006b). Recent work indicates a value of a = 2.1+£0.4 for blazars (Saikia et al., 2016).

Many observations indicate that GRBs are produced by ultra-relativistic outflows

with I' > 100. However, GRB progenitors might not always eject such a high—I
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flow. For example, if the outflow is baryonic, the baryon loading might not always be
optimal, resulting in lower Lorentz factors. For an outflow with low I', the internal
dissipation processes (i.e. y-ray production) happen when the outflow is still optically
thick. Since we are currently discovering GRB events through wide field monitoring
of the ~-ray sky (e.g. Swift, Fermi, IPN), a population of low—I" outflows might be
undiscovered.

Compact stellar mergers are the most promising targets for ground-based gravita-
tional wave (GW) detectors such as advanced LIGO, Virgo and KAGRA. The merger
of a binary BH system produced the advanced LIGO detection GW 150914, the first
direct observation of GW (Abbott et al., 2016b). EM counterparts to BH-BH mergers
are not expected; Fermi Gamma-ray Burst Monitor (GBM) however, claimed a 2.90
detection of a weak ~-ray burst 0.4 seconds after the GW detection (Connaughton
et al., 2016), and if this burst is associated with GW 150914 then an electromagnetic
(EM) afterglow would also be present (Yamazaki et al., 2016). To maximize the sci-
ence returns from further GW detections, the identification of an EM counterpart will
be crucial. The -ray emission from short GRBs are an ideal EM counterpart to NS-
NS/NS-BH mergers, and potentially BH-BH mergers. However, they occur relatively
rarely within the range of GW detectors (300 Mpc for face-on NS-NS mergers), this is
possibly because y-ray emission is highly collimated, or the mis-match between short
GRB peak energies and the Swift detection band can make detection more difficult.
Additionally the intrinsic rate of compact object mergers within this volume is rela-
tively low. More isotropic EM components such as macronovae are often discussed to
localize a large sample of GW events (e.g. Nakar & Piran, 2011; Metzger & Berger,
2012; Gao et al., 2013; Kisaka et al., 2015a).

In this chapter, we discuss the possibility that a significant fraction of compact

stellar mergers result in the production of low—I" jets (I' < 100). If such jets are
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common, X-ray, optical, and radio transients, i.e. on-axis orphan afterglows (Dermer
etal., 2000; Huang et al., 2002; Nakar & Piran, 2003; Rhoads, 2003; Cenko et al., 2013,
2015), would be more frequent than short GRBs. Such low frequency transients would
accompany a good fraction of GW events and they allow for the accurate determination
of the sky positions of the GW sources. The time lag between GW signals, where we
can assume that the jet launch time ¢ is coincident with the merging time when the GW
amplitude becomes maximal, and EM jet emission will enable us to determine the I'
distribution of jets from compact stellar mergers and it will provide another constraint
on the acceleration process of relativistic jets. In § 2.2 we discuss the background
of relativistic motion in the standard GRB fireball model and the implications for the
prompt y-ray emission. In § 2.3 the case for a population of low Lorentz factor jets is
made. § 2.4 details the assumptions and conditions made by the Monte Carlo model
plus the numerical results. § 2.5 highlights the implications for GW rates within the

LIGO/Virgo detection volume. In § 2.6 conclusions are given.

2.2 Relativistic Motion and the Prompt Gamma-Ray
Emission

Observed GRBs contain a large fraction of high energy ~-ray photons, which can pro-
duce electron-positron pairs if they interact with lower energy photons. If the optical
depth for this process is large, pairs will form rapidly and Compton scatter other pho-
tons, resulting in an increased optical depth. The optical depth for the pair creation is
very sensitive to the Lorentz factor of the source 7., =% (e.g. Piran, 1999; Lithwick
& Sari, 2001, for the typical high energy spectral index 3 ~ 1). The source becomes
optically thin if it is expanding with a Lorentz factor I' > 100.

If there are baryons in GRB outflows, another limit on I' can be obtained by con-
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sidering the scattering of photons by electrons associated with these baryons (e.g. Lith-
wick & Sari, 2001). Note that high polarization results still suggest magnetized bary-
onic jets, rather than Poynting-flux dominated jets (Steele et al., 2009; Mundell et al.,
2013). The optical depth due to these electrons at radius R is 7 = o7 E /(47 R*m,,¢*T")
where o is the Thomson cross-section, £ is the total isotropic explosion energy and

m,, the proton mass. Outflows become optically thin at the photospheric radius,
R, ~ 6 x 1013E511/2F1_1/2cm. (2.1)

where E5; = F/10% ergs and T’y = I'/10. On the other hand, the variability timescale

ot in GRBs constrains the radius from which the radiation is emitted,

R, ~T?ct ~ 3 x 10"6t_,T3em. (2.2)

where 6t_; = 0t/0.1 seconds. Requiring R, > R,, we obtain I' > 80E511/55t:f/5. For

outflows with a small Lorentz factor I' < 100, the internal dissipation happens when
the outflow is still optically thick. The photons will remain trapped and the thermal
energy will be converted back to the kinetic form (Kobayashi & Sari, 2001; Kobayashi
et al., 2002), and the prompt ~y-ray emission would be suppressed (i.e. failed GRBs).
Usually outflows are assumed to have a sub-relativistic temperature after the in-
ternal dissipation, and the internal energy density is comparable to the mass energy
density e;,; ~ enass- 1f a significant fraction of the internal energy is converted to
electron-positron pairs, the number density of the electrons and positrons < €;,,; /m..c?
could be larger by a factor of < m,/m. than that of electrons that accompany baryons,
where m, is the electron mass. A more detailed discussion (Lithwick & Sari, 2001)
also shows that the scattering of photons by pair-created electrons and positrons is

nearly always more important than that by electrons that accompany baryons. Since
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the lepton pairs create an effective photosphere further out than the baryonic one, the
approximation in equation (2.1) will provide conservative estimates when we discuss

failed GRB rates in § 2.4 and § 2.5.

2.3 On-Axis Orphan Afterglow

Even if a jet does not have a velocity high enough to emit v-rays, it eventually collides
with the ambient medium to emit at lower frequencies. Such synchrotron shock radi-
ation has been well studied in the context of GRB afterglows (e.g. Rees & Meszaros,
1992; Mészaros & Rees, 1997; Sari & Piran, 1999; Kobayashi et al., 1999).

Because of relativistic beaming, the radiation from a jet can be described by a
spherical model when I' > 1/6; where 6, is the jet half-opening angle. We here
consider a relativistic shell with an energy £ and an initial Lorentz factor I' expanding

into ISM with particle density n. The deceleration of the shell happens at
1/3  —1/3 1—8/3
tagee ~ 048 E1" n_y"" '} ™" days, (2.3)

where n_; = n/ 10~ protons cm~3, and 4. is measured in the GRB rest frame (Sari
& Piran, 1995). The typical frequency and the spectral peak flux of the forward shock

emission at the deceleration time ¢q4,. are

Vi ~ 5.3 x 101 ,e2_ n"/?T'! Hz, and (2.4)
Fyimax ~ 35Dy2e)” on!/} By mly, (2.5)

(Sari et al., 1998; Granot & Sari, 2002) where €p and ¢, are the microscopic parame-
ters, ep_o = ep/1072%, .1 = &./107", and Dy; = D/10*"cm (i.e. the LIGO range

for face-on NS-NS mergers). The optical emission, assumed to be between the peak
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frequency v, and the cooling frequency v, is expected to rise as F,, ~ t> and decay as
~ t~! after the peak t = tqec.

Self-absorption can significantly reduce synchrotron shock emission at low fre-
quencies. The upper limit can be approximated as black body flux for the forward

shock temperature (e.g. Sari & Piran, 1999), and the limit at ¢4 is

R, ?

2 2 12 1y—2

FI/,BB ~ 2.2 x 10 86,,1V10F1D27 (m) HlJy, (26)
where 119 = v/10GHz and the observable blast-wave size R, ~ 2cI't. Equaliz-

ing the synchrotron emission and the black body limit, we obtain the self-absorption
frequency v, ~ 1.55375_25;11713/15E§{5 GHz at the deceleration time t4... The self-
absorption limit initially increases as ¢'/2, and then steepens as t°/* after v, crosses
the observational frequency v. Considering that the synchrotron flux at v < v, also
increases as t'/2, if v < v, at tge., the synchrotron emission would be reduced by
the self-absorption at least until the passage of v, through the observational band at
b ~ 1105113/73_25;}7/3’1E511/3(1//150 MHz)~2/3 days. If the jet break happens while the
flux is still self-absorbed, the light curve becomes flat F,.,, ~ const (Sari et al.,
1999). However, this estimate is obtained by assuming rapid lateral expansion (i.e.
R?% oc t). Recent studies show that the sideways expansion is rather slow especially
for mildly-relativistic jets (Granot & Piran, 2012; van Eerten & MacFadyen, 2012).
We will assume that the blast-wave emission starts to decay at the jet break,

0.\ %3
t; ~ 13.5E*n "}/ (ﬁ) days, (2.7)

even if it is in the self-absorption phase. At low frequencies ¥ < 1 GHz and early times,
forward shock emission would be affected by synchrotron self-absorption. However,

currently most radio afterglow observations are carried out at higher frequencies (e.g.
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VLA 8.5 GHz) at which self-absorption is more important for the reverse shock emis-
sion.

Just before the deceleration time tq4.., a reverse shock propagates through the jet
and heats the original ejecta from the central engine. The reverse shock region contains
energy comparable to that in the forward shock region. However, it has a lower tem-
perature due to a higher mass (i.e. lower energy per particle). The shock temperature
and the typical frequency are lower by a factor of ~ I" and ~ I'? compared to those of
the forward shock (e.g. Kobayashi & Zhang, 2003). Although reverse shocks in low
I" jets could emit photons in the radio band, the self-absorption limit is tighter due to
the lower shock temperature; we find that the forward shock emission always domi-
nates. Note that we rarely catch the reverse shock emission even for regular GRBs with
detectable y-ray emission. We will discuss only the forward shock (i.e. blast wave)

emission here.

2.4 Monte Carlo Model

By using the estimates of Lorentz factors based on long GRB afterglow peak times,
Hascoét et al. (2014) demonstrated that an apparent correlation between isotropic -
ray luminosity L. and Lorentz factor I' can be explained by a lack of bright bursts
with low Lorentz factors. They have also predicted the existence of on-axis orphan
afterglows of long GRB events. We here extend their argument to short GRBs, and we
apply their formalism to cosmological (i.e. 7y-ray satellite range) and local (i.e. GW
detector range) events to study the on-axis orphan afterglows of failed short GRBs
(i.e. low I' events). The following assumptions are made in our simple Monte Carlo

simulation of a synthetic population of merger events:

1. The redshift for each event is randomly determined using a distribution with a
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constant time delay with respect to the star formation rate, where the peak rate
is at z = 0.9 (Wanderman & Piran, 2015). The redshift limits of 0 < z < 3
are used for the cosmological sample, and 0 < z < 0.07 for local sample, i.e.
advanced LIGO/Virgo detectable range D ~ 1.5 x 200 Mpc = 300 Mpc for
NS-NS mergers where the factor of 1.5 accounts for the stronger GW signal
from face-on mergers (Kochanek & Piran, 1993). We use the event rate per
unit comoving volume for short GRBs obtained by Wanderman & Piran (2015),

which is a function of z as

6(2—0.9)/0.39 2<0.9
Rscri(2) . (2.8)
67(z70.9)/0.26 2> 0.9

Numerical results for the cosmological cases are insensitive to the value of the

maximum 2 as long as it is much larger than unity.

2. A power-law distribution of Lorentz factors N (I') oc I'"* is assumed with rea-
sonable limits 3 < I' < 103. Motivated by AGN studies (e.g. Lister & Marscher,
1997; Marscher, 2006b), we choose a = 1.75 as our fiducial value and the cases

of @ = 1.5 and 2 will be briefly discussed.

3. The isotropic ~y-ray luminosity L., is randomly generated in the limit 10" erg/s
<L, < 1O5Serg/s where the limits come from observational constraints and
the luminosity distribution follows the form obtained by Wanderman & Piran
(2015),

L;l L, <2x10% erg/s

(L)) ox , (2.9)

L7? L,>2x10%erg/s

where this luminosity function is logarithmic in the interval dlog L.
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For each event, the dissipation radius R, = ['?¢dt is evaluated by using a random
I' and the typical pulse width in short GRB light curves 6t = 0.1 s (Nakar & Piran,
2002). ~y-ray photons are assumed to be emitted at /2, with a random ~y-ray luminosity
L., or equivalently a random isotropic ~y-ray energy I, = L.,T" where T is the duration
of short GRBs. We assume 7" = (.6 s for all bursts as this is the median value for short
gamma-ray bursts (Zhang et al., 2012). The spectral peak energy in the v F}, spectrum
is known to be correlated with L., (Yonetoku et al., 2004; Ghirlanda et al., 2009). The
correlation is consistent for both long and short GRBs (Zhang et al., 2012), and given
by

I 2/5
— keV. 2.10
1O5Qerg/s) ¢ (2.10)

E, ~ 300 (
The vF, spectrum is assumed to follow a broken power-law with low-energy index
(below E,) of 1.5 = (—a+ 2), and a high-energy index of —0.25 = (-3 + 2), where
« and (3 are the photon number spectral indices. The mean index values for all GRBs
are « = 1 and § = 2.5 (Gruber et al., 2014) but as short GRBs are typically harder than
average we use the values o = 0.5 and 5 = 2.25. The spectral peak is normalized as
the value integrated between 1 keV and 10 MeV giving L. If the outflow is optically
thin, all the photons released at 12, are radiated away. The event is considered to be
detectable if the photon flux at the detector in the Swift band (15-150 keV) is > 0.2
photons s~! cm~2 (Band, 2006). We take into account the redshift of the spectrum

when the photon flux is evaluated.

If the optical depth at the dissipation radius [2., is more than unity, or equivalently

the photospheric radius R, = \/ orE /4mm,c®I is larger than the dissipation radius,
the y-ray emission would be suppressed where £ = E. /7 is the explosion energy and
7 1s the conversion efficiency from the explosion energy to y-rays. We use n = 0.2,
which is consistent with both theoretical predictions (Kobayashi et al., 1997) and the

fiducial value used in other works (Liang et al., 2010; Ghirlanda et al., 2012). The
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~-ray energy injected at [2., is adiabatically cooled, and the photons decouple from the
plasma at R,. Assuming a sharp transition from optically thick to thin regimes (see
Beloborodov, 2011, for the discussion of a fuzzy photosphere), we use hydrodynamic
scalings to estimate the cooling factor. The internal energy density (photon energy
density) decays as e o< R~%/3 and the Lorentz factor is constant for an outflow with a
sub-relativistic temperature (Piran et al., 1993). Considering that the internal energy
in the outflow shell with width A is L,A/c o« eR*AT'?, the luminosity of photons

released at 1, is

R, —2/3
Ly(R) ~ Ly (& , 2.11)
Y

where we have assumed no shell spreading, A ~ const. The spectral peak energy is
similarly shifted as E,(R,) = E,(R./R,)~?/3. The photons in the coupled plasma
undergo pair production and Compton down-scattering that progressively thermalises
the distribution (Hascoét et al., 2014). The electron temperature at /2, can be approxi-
mated by a black-body temperature ¢y, ~ (L. /4w R2Tca)'/* where a is the radiation
constant. The optical depth at R, is given by 74 ~ (R,/R,)?. The condition for ef-
ficient thermalisation is 74 > m.c?/kpoy (Pe’er et al., 2005; Thompson et al., 2007)
where m, is the mass of an electron and kp the Boltzmann constant. The peak energy
E, for such a case is given by 3kp¢u,, above which the distribution is exponentially
suppressed. For simplicity we assume L), = Ep.. If 79 < mec? /kpow, the photons
are not efficiently thermalised. The distribution is then limited by the efficiency of pair
production where the maximum energy is Fy,. ~ 511(I'/7;) keV. The distribution is

cut off above this energy.
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Figure 2.1: Isotropic kinetic energy Ey vs bulk Lorentz factor I'. Monte Carlo generated
synthetic population of bursts. Top panel: Cosmological sample of events with 0 < z < 3.
Bottom panel: Local sample of events with 0 < z < 0.07. Bursts with prompt emission flux
above the Swift sensitivity are shown as the blue circles. Failed GRBs are indicated by the red

crosses. ¢ = 1.75 is assumed.
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2.4.1 Numerical Results

We generate a sample of 2 x 10° events and evaluate the y-ray flux for each in the Swift
band. To allow for clarity without losing the general trend, the results for a population
of 2000 events are shown in Figure 2.1; the blue circles and red crosses show the events
detectable and undetectable by Swift, respectively. The isotropic kinetic energy Ey is
the energy in the blast wave after deceleration time, F\ = E — L., where FE is the total
isotropic explosion energy, and E. is the isotropic y-ray energy at the photospheric
radius R,. The Lorentz factor I' of an outflow at ¢ < t4.. is shown against this. The
top panel shows the results with 0 < z < 3, where we find a small fraction ~ 9%
of the total population and ~ 49% of the events with I" > 30 are detectable by Swift.
For the local population 0 < z < 0.07, these fractions are higher, at ~ 22% and
~ 100% respectively, due to the proximity (see the bottom panel). The dashed line
indicates the lower limit for a successful GRB; events below this line have the prompt
~v-ray emission fully suppressed. The cut off, with the parameters used, is given by
I ~ 16 (B /10%%erg)"".

In Figure 2.1, the low-energy limit of L is basically set by the Monte-Carlo lumi-
nosity distribution (i.e. L. min = 10°” erg/s. Note that the explosion energy FE is higher
than the v-ray energy L. T at the dissipation radius R, by a factor of 1/ ~ 5). If we
consider the local population (the bottom panel), for the events above the dashed line
(i.e. the blue circles) all of the y-ray energy is successfully radiated away, whereas for
the events below the dashed line (i.e. the red crosses), almost all of the y-ray energy
is reabsorbed into the outflow. Thus the distribution of E) for the blue circles has a
slightly lower limit. If we consider the cosmological population (the top panel), a frac-
tion of events are distant and intrinsically dim. They are undetectable by Swift even
if all gamma-ray energy is successfully radiated away at .. This is why there are

red crosses above the dashed line for the cosmological population. The fraction of the
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events detectable by Swift weakly depends on L., ;. If we assume L., = 5 X 104
erg/s, Swift would be able to detect ~ 6% of the total cosmological population, and
~ 25% of the total local population.

Liang et al. (2010); Ghirlanda et al. (2012) and Tang et al. (2015) report correla-
tions between Lorentz factor I' and the isotropic luminosity L., (or the isotropic energy
E.) for long GRBs: E., oc I'*%; L o« I*'%; and L., o« I''92, respectively. However,
such power-law relations could indicate a lower limit on I' for observable long GRBs
with a given burst energy (Hascoét et al., 2014). In our simulation, we find that the
detectable short bursts are always located above a line I' ~ 20(E, /10%%rg)*!7 giving
a lower limit relation . oc I'5-88,

As discussed in §2.3, the kinetic energy £ of the failed GRBs will be released as
on-axis orphan afterglows at late times. Figure 2.2 shows the distributions of the peak
flux (the top panel) and peak time (the bottom panel) of such X-ray, optical, and radio
transients. To estimate these distributions, we have used the Monte Carlo results for the
local sample (D < 300 Mpc) with model parameters: n = 10! protons cm~3 (Berger,
2014; Metzger & Berger, 2012), e = 1072, &, = 107! (Panaitescu & Kumar, 2002;
Yost et al., 2003; Berger, 2014), the index of the power-law distribution of random
electrons accelerated at shock p = 2.5 (Sari et al., 1996; Daigne et al., 2011; Metzger
& Berger, 2012), and the jet half-opening angle 6; = 20° ensures t; > t4e. for our
sample and is within the limits 16 + 10° found by Fong et al. (2015) for short GRB.
The jet opening angle plays a role only when we estimate the jet break time.

The dotted green lines in Figure 2.2 indicate the distributions for X-ray transients.
The typical frequency of the blast wave emission v, is sensitive to the Lorentz factor
vm o< I'%. Since, for the local population the on-axis orphan afterglows are produced
by low I' jets (I' < 30), the typical frequency v, is expected already to be below

the X-ray and optical bands at the deceleration time t4... The X-ray and optical light
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Figure 2.2: The peak-flux (top panel) and peak-time (bottom panel) distributions of on-axis
orphan afterglows from failed GRB events within 300 Mpc. The distributions are normalized
by the total number of failed GRBs, and show X-ray (dotted green line), optical (thick solid red
line), radio 10 GHz (thick solid blue line) and radio 150 MHz (thick dash-dotted black line)
distributions. The vertical lines in the top panel indicate the sensitivity limits of telescopes
(thick green XRT, thin red optical ~ 2 m, dash-dotted SKA1-Low, and dashed 48 LOFAR), and
the dashed magenta line in the bottom panel shows the distribution of bright events m, < 21
(see the main text for details).
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curves should peak at t4.. and they have the same peak time distribution. Considering
that the deceleration time ¢4, < Ei/ ST-8/3 4s mainly determined by I', we can roughly
estimate the peak-time distribution dN oc I'~*dI" tii‘;fl)/ *d(log tec). Fora > 1, the
distribution is wide and a large fraction of the events have the peak-time ¢4.. around
several days after the merger event. If a minimum Lorentz factor I',,,;,, = 2 is assumed,
the peak-time distribution would achieve the peak around a few weeks after the merger
event. The distribution of the peak X-ray flux, where the frequency is above the cooling
frequency v, > Ve, is F, = (Ve/Un) P2 (1, /1) P2 F, s X F2(3p_2)/3EE/3, is
shown in the top panel. Given good localisation, all of the X-ray peak afterglow flux
is above the minimum sensitivity of the Swift XRT 2.4 x 10~ erg cm~2 s~ for 10*
seconds (the vertical green thick solid line). The X-ray afterglows are below the trigger
sensitivities of Swift BAT and MAXI; and too faint to be detectable by the Swift BAT
survey.

The solid red line in the top panel and the dotted green line in the bottom panel
of Figure 2.2 indicate the distributions for optical (g-band) transients. The AB mag-
nitude map axis is shown below the top panel to indicate the optical flux. For optical
transients, peak flux is F}, = (Vopt/Vim) " P7V/2F, oy o< T2P~Y By and 85% of the op-
tical orphan afterglows are brighter than m, = 21 (the vertical solid red line indicates
this typical limit for mid-sized (~ 2 m) telescopes). The peak-time distribution for
the bright events (m, < 21) is shown as the dashed magenta line in the bottom panel.
The difference between the dotted green (representing both X-ray and optical in peak
time) and dashed magenta line corresponds to the dim event population (m, > 21).
Since these events tend to have low I, their typical frequencies are much lower than
the optical band, and they peak at late times.

The solid blue lines give the distributions for radio (10 GHz) transients. The

typical frequency v, is expected to be above 10 GHz at the deceleration time 4.
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~3/2

The light curve peaks when the typical frequency v,,, o< ¢ crosses the observational

band: ¢, o Ei/ ®. Since the dynamics of the blast wave at ¢ > {4, depends only
on the Sedov length! Ei/ ® and not on the initial Lorentz factor T', the peak-time
distribution should be narrowly clustered, compared to the distribution of the optical
transients. The Monte Carlo results actually give a narrow peak around ¢, ~ 10 days.
The peak flux F), = I}, nax o< Ex is bright: typically 10 — 100 mJy. VLA (the vertical
solid blue line) can easily detect the transients.

The dash-dotted black lines indicate the distribution for radio (150 MHz) tran-
sients. As we have discussed, this low frequency emission is suppressed by self-
absorption, and the jet break is likely to happen before it becomes optically thin. The
peak-time of the light curve is determined by the jet break time ¢, o Ei/ 39?/ ®. For the
fixed 6; = 20°, we find that the peak-time distribution is similar to that for 10 GHz
transients and it peaks around ¢, ~ 10 days. However, since the emission is still sup-
pressed by the self-absorption at the peak time, the peak flux is much lower: F}, ~ 0.1
mlJy. Approximately 30% of the 150 MHz transients are brighter than the sensitivity
limit of 48 LOFAR stations (the vertical dashed black line), and all are brighter than
the sensitivity limit for SKA1-Low (the vertical dash-dotted black line).

Typical afterglow light curves for a selection of on-axis orphan afterglows are
shown in Figure 2.3. An average luminosity distance for NS-NS GW detectable merg-
ers from our sample is used of ~ 220 Mpc. X-ray, optical, and radio (10 GHz) are
shown for 4 combinations of I and F. The vertical dashed line in each panel repre-
sents the deceleration time 4., and as this is most sensitive to [' (see equation 2.3) the
lower Lorentz factor cases (top two panels) have a significantly later deceleration time.

The vertical dotted line in each panel represents the jet-break time ¢;, a jet half-opening

' The Sedov length is defined as the radial distance [ where the blast energy F is equal to the rest energy
of the enclosed volume, £/ = 47rl‘3nmp02 /3, where [ is the Sedov length and we assume spherical
symmetry
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Figure 2.3: The light curves of on-axis orphan afterglows at 220 Mpc with various bulk Lorentz
factors I" and isotropic kinetic energies F). The top (bottom) two panels have a I' = 5(20),
and the left(right) panels have an energy Fy = 0.5(2) x 10°! erg. X-ray afterglows are shown
as dashed green lines, optical are shown as red thin solid lines, and radio (10 GHz) are shown
as blue thick solid lines. The vertical black dotted lines represent the deceleration time 4. and
the jet-break time ¢; (assuming 6; = 20°)
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angle 0; = 20° is used throughout, and for narrower (wider) jet half-opening angles the
break time will be at earlier (later) times. The jet-break time is only weakly dependent
on the kinetic energy (see equation 2.7). In all cases the X-ray (green dash-dotted line)
and the optical (thin red line) peak at the deceleration time, while the 10 GHz emission
(thick blue line) is shown to peak at a later time ¢,, when the typical frequency v,,(t)
crosses the radio frequency. In all cases at times earlier than 4. the flux is o< 3, while
for the X-ray and optical the flux at tgo. < t < t; is oc t~3P~D/4 At 10 GHz the flux
is oc t1/2 at tyee < t < tp,, and t~3P~D/4 after t,, and before ¢;. In all cases at t > t;

the flux is o< ¢7P.

2.5 Event Rates and On-axis Probability

The Swift satellite has been detecting short GRBs at a rate of ~ 10 yr—! since the
launch in 2004, and ~ 1/4 of the detected events have measured redshifts (Swift GRB
catalogue). Unfortunately no Swift short GRB with known redshift has been detected
within the advanced LIGO/Virgo range for face-on NS-NS mergers D ~ 300 Mpc,
and only three (061201, 080905A, and 150101B) have occurred within the face-on
NS-BH range D ~ 600 Mpc (Abadie et al., 2010). Metzger & Berger (2012) estimate
that < 0.03 (0.3) short GRBs per year, with redshift measurements, are currently being
localized by Swift within D ~ 300Mpc (600Mpc). Considering that the field of view
of the Swift BAT is ~ 2sr, the all-sky rate of detectable short GRBs with or without
redshift information is higher by a factor of ~ 25.

If the distribution of I" is described by the power-law N(I') oc I'"%, when we
consider the rate of jets from mergers regardless of inclination or detectability, the
rate for failed GRBs would be higher than the short GRB rate. For local population
D < 300 Mpc, we find that the fraction of failed events is about 66% for a = 1.5, 78%
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for 1.75, and 87% for 2 (the same rates are obtained for a population of D < 600Mpc).
If @ = 1.75(2), the failed GRB rate is higher by a factor of ~ 3.5(6.7) than the short
GRB rate (i.e. the ratio of failed to successful GRBs). The all-sky rate of the failed
GRBs with or without redshift information is about 2.6(5.1) per year for the NS-NS
range and 26(51) per year for the NS-BH range. Here we assumed the jet opening
angle distribution does not depend on the Lorentz factor of the jets (i.e. GRB and
failed GRB jets have the same opening angle).

The jet half-opening angle is not well constrained for short GRB jets (the median
value for 248 long GRBs is 0; ~ 13°; e.g. Fong et al., 2015). Using four short GRBs
which have temporal steepenings on timescale of ~ 2 — 5 days, the median value is
estimated as ~ 6° (Fong et al., 2015). However, the majority of short GRBs do not
have a detected jet break, and the inclusion of these bursts is essential in understanding
the true opening angle distribution. Based on a probability argument, Fong et al. (2015)
obtain the median value §; ~ 16° and 33° if the maximum possible angle is 30° and
90°, respectively.

If the typical jet half-opening angle of short GRBs is §; ~ 16°, the beaming
factoris f, = 1 — u ~ 4 x 1072 where ;1 = cos6;, only a small fraction of short
GRB jets point toward us (see the black dashed line in Figure 2.4). However, since
the GW polarization components i, oc (1 + cos®i) and hy o< 2cosi depend on
the inclination angle ¢ of the binary, mergers emit GWs much more strongly along
the polar axis than in the orbital plane. Considering that the jets from the mergers
are also likely to be directed along the polar axis, Kochanek & Piran (1993) show
that when a GRB is associated, the GW amplitude A is stronger by a factor of A =
(14 11p/16 41142 /16 + 143 /16 + 1* /16)/? than the amplitude averaged over the sky
(as seen from the source). The distances out to which GW detectors could detect the

binary increases by a factor of A if the jet points toward us (we define an on-axis event
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Figure 2.4: On-axis probability as a function of a jet half-opening angle ;. The beaming factor
f» = 1 — cos 6 (black dashed line), the simple approximation A3 f, (blue dash-dot line), and
the Monte Carlo results (red solid line).
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as any jet where the inclination is within the half-opening angle, i < 0,).

When we consider a sample of merger GW events detected by a GW detector
with sensitivity /., their jets would tend to be directed to us. This is because on-axis
events are detectable at a larger distance. The on-axis probability could be higher by
roughly the volume factor of A3 (the blue dash-dotted line, figure 2.4) than the simple
geometric estimate f, (i.e. our line-of-sight falls within the opening angle of the jet
with a higher probability). We also conduct a Monte Carlo simulation to estimate the
on-axis probability. In the simulation, mergers are uniformly distributed in space, with
a random inclination angle, and they emit GWs with amplitude / \/hiThQX /D.
After selecting the events detectable by a GW detector: h > h., we evaluate the frac-
tion of the events which have an inclination angle smaller than a given jet half-opening
angle 6;; we assume uniform jets with a top hat distribution throughout 2. The result
(the red solid line) does not depend on the detector sensitivity as long as the merger
distribution is homogeneous. If we consider GW trigger events, the on-axis probability
(the red solid line; 13% and 44% for 6; = 16° and 33°, respectively) is much higher
than the beaming factor (the black dashed line). Although isotropic EM counterparts
such as macronovae could be ideal to localize a large sample of GW events, > 20%
of GW events would still be associated with the on-axis orphan afterglow of failed
GRBs especially when they have wider jet opening angles compared to short GRB
jets. For long GRB jets, observational results indicate such a correlation I' oc ;" with
0.3 < k < 2.7 (Panaitescu & Kumar, 2002; Salmonson & Galama, 2002; Kobayashi
et al., 2002; Ghirlanda et al., 2013). The failed GRB rates could be higher than those

discussed at the beginning of this section.

2 If the property of the jet depends on the angle ¢ from the jet symmetry axis (e.g. I' oc 0~ outside
of some core angle), only the central part could have Lorentz factors high enough to produce v-rays.
Although the detailed study is beyond the scope of this study, the failed GRB rate could be even higher
for structured jets.
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2.6 Conclusions

We have shown that failed GRBs are much more frequent than short GRBs when the
Lorentz factors of jets from compact stellar mergers follow a similar power-law dis-
tribution to those observed for AGN. For most events the internal dissipation process
happens when the jet is still optically thick, and the photons produced by the dissipa-
tion process will be converted back to the kinetic energy of the jet. By using a simple
Monte Carlo model, we have shown that even for the local merger population within
the LIGO/Virgo range, the y-ray emission from jets with I' < 30 will not be detected
by v-ray satellites (e.g. Swift). For a power-law distribution of the jet Lorentz factors
N(T) oc T717, 78% of compact object mergers that have jets result in a failed GRB.
The failed GRB events will produce on-axis orphan afterglows at late times. Using the
local short GRB rate as normalization, the all-sky rate of the on-axis orphan afterglows
is about 2.6 and 26 per year for the NS-NS range (300 Mpc) and NS-BH range (600
Mpc), respectively. The opening angle of jets for long GRBs was found to be a func-
tion of I' (e.g. Ghirlanda et al., 2013), and if low I jets from compact-binary mergers
have wider half-opening angles 0, than those of short GRBs then the real rate would
be higher than these.

We have evaluated the peak time and peak luminosity of the on-axis orphan after-
glows in X-ray, optical, and radio bands. Although it is usually difficult to model ob-
servational data for orphan afterglow candidates when the explosion time is unknown
(1.e. the ?( issue), for GW trigger events the GW signals will provide the explosion time
to. The peak time distribution in the X-ray and optical band is rather wide 0.1 — 10
days after the GW signals. Although the sky localization of sources by GW detectors is
not accurate enough for follow-up observations by most conventional telescopes (Ab-
bott et al., 2016a), 85% of the on-axis orphan afterglows are brighter than m, = 21.

The current and upcoming optical transient searches (e.g. iPTF/ZTF, Pan-STARRS,
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GOTO, BlackGEM, Kiso, SkyMapper, Subaru HSC, LSST) should be able to detect
the optical transients. The X-ray and/or optical detection can be followed by radio ob-
servations (e.g. VLA), also several radio instruments have the potential to be leading
transient detectors due to their large FoV (e.g. SKA, LOFAR, APERTIF, MWA). Ra-
dio emission is expected to peak around 10 days after the merger events. Optical and
radio observations will constrain the opening angle of low- and high- I jets.

Since merger jets from GW trigger events tend to be directed to us, the on-axis
probability (e.g. 13% and 44% for 6; = 16° and 33°, respectively) is much higher
than the beaming factor f, = 1 — cos 6;. A significant fraction of GW events could be
associated with on-axis orphan afterglows. Observations of on-axis orphan afterglows
and GRB afterglows will enable us to determine the I' distribution of jets (e.g. clustered
at high I', a power-law or a lognormal distribution, or multiple populations), and it will

provide constraints on the acceleration process of relativistic jets.



3. Electromagnetic Counterparts to
Structured Jets from Gravitational

Wave Detected Mergers

This Chapter has been published as Lamb & Kobayashi (2017a).

3.1 Introduction

The mergers of binary neutron star (NS) systems or black-hole (BH) neutron star sys-
tems are thought to be the progenitors of short gamma-ray bursts (GRB) (Narayan
et al., 1992; Mochkovitch et al., 1993; Bogomazov et al., 2007; Nakar, 2007; Berger,
2014). The rapid accretion of a merger debris disc onto a compact object can power rel-
ativistic bi-polar jets. Jet energy is initially dissipated internally producing the prompt
v-rays of a GRB. The jet interacts with the ambient medium at later times and devel-
ops an external shock which expands and produces a broadband afterglow (e.g. Piran,
2004; Zhang & Mészaros, 2004).

The inspiral and merger of a NS-NS or BH-NS system is caused by the emission of
gravitational waves (GW). Such GWs are a target for ground-based GW detectors such

as advanced LIGO, Virgo, and KAGRA (Abbott et al., 2016a; Aso et al., 2013). The

72
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merger of binary BH systems produced the advanced LIGO detections GW 150914,
151226, 170104, 170608, 170814 and the 87% confidence LVT151012 (Abbott et al.,
2016b, 2017a). BH-BH mergers are not expected to produce an EM counterpart, how-
ever see Connaughton et al. (2016); Ackermann et al. (2016); Savchenko et al. (2016);
Verrecchia et al. (2017); and various scenarios have been suggested (e.g. Loeb, 2016;
Perna et al., 2016; Zhang, 2016; Yamazaki et al., 2016). To maximize the science re-
turns from GW astronomy the detection of an EM counterpart is essential. GWs from a
NS-NS merger were detected with GW170817 (Abbott et al., 2017¢), and NS-NS and
BH-NS mergers should be detected more frequently within the next few years. GW
detections of BH/NS-NS mergers will trigger a broad-band search for electromagnetic
(EM) counterparts. However, short GRBs rarely occur within the range of GW de-
tectors, ~ 300 Mpc for face-on NS-NS mergers (Abadie et al., 2010); this is possibly
due to the high collimation of the prompt y-ray emission, where ~ 0.5% of jets with
a half-opening angle 6; ~ 6° would be inclined towards an observer, or a mis-match
between short GRB peak energies and the Swift detection band makes detection more
difficult. However, the afterglows from the merger jets may be observable as ‘off-axis’
orphans. Alternatively a large fraction of the jets from such mergers may have no
bright prompt emission due to a low bulk Lorentz factor (Lamb & Kobayashi, 2016).
More isotropic EM counterparts are often discussed to localize a large sample of GW
events (e.g. Nakar & Piran, 2011; Metzger & Berger, 2012; Nissanke et al., 2013; Gao
et al., 2013; Metzger et al., 2015; Kisaka et al., 2015a; Hotokezaka et al., 2016).
Other than the bi-polar jets, numerical simulations of NS-NS and BH-NS mergers
show sub- and mildly- relativistic ejecta (e.g. Rosswog et al., 2000; Ruffert & Janka,
2001; Yamamoto et al., 2008; Kiuchi et al., 2010; Foucart et al., 2012; Deaton et al.,
2013; Hotokezaka et al., 2013b; Dietrich et al., 2015; Kawaguchi et al., 2016; Diet-

rich & Ujevic, 2017; Ciolfi et al., 2017). Such ejecta is more isotropic in the case of
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a NS-NS merger and highly anisotropic for BH-NS mergers (Kyutoku et al., 2015).
This merger ejecta can produce macronovae (also called kilonovae) from the decay
of r-process nucleosynthesis products (e.g. Li & Paczynski, 1998; Tanvir et al., 2013;
Berger et al., 2013). Macronovae typically peak at red wavelengths with = 22 mag-
nitude for a source at 200 Mpc (Tanaka, 2016). Radio flares are expected at much
later times; 1-4 years and ~ 1 mJy (Nakar & Piran, 2011; Hotokezaka et al., 2016).
Aditionally, the jet must propagate through the merger ejecta, forming a cocoon that
can collimate the outflow (Bromberg et al., 2011; Nagakura et al., 2014). A resultant
cocoon-ejecta shock may give rise to X-ray or UV/optical emission (Nakar & Piran,
2017; Lazzati et al., 2017a). The jet will break out of the merger ejecta and continue to
propagate into the ambient medium where the collimating pressure from the cocoon is
lost. This transition can result in the jet becoming structured i.e. the energy e and bulk
Lorentz factor ' vary across the jet cross-section (e.g. Lipunov et al., 2001; Zhang &
Meészaros, 2002; Rossi et al., 2002). Low [' components of a structured jet will give
rise to EM counterparts to a NS-NS or BH-NS merger without the bright prompt y-ray
emission. Given a GW detection from a NS-NS or BH-NS merger, jet external shock
EM counterparts will be able to reveal the jet structure.

In §3.2 we describe the jet structures considered in this chapter; in §3.3 we give
details of the model used to estimate the observable emission at any inclination and
show the results of our Monte Carlo; in §3.4 we discuss the various afterglow peak flux
and peak time distributions; and in §3.5 we give concluding remarks and comment on
the implications of these results for EM counterpart searches for GW detected compact

stellar mergers.
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3.2 Jet Structure

Jet structure refers to the opening angle and energy distribution within a relativistic
jet; the jets in GRBs are usually assumed to have a simple ‘top-hat’ or homogeneous
jet structure where the energy per unit solid angle ¢ and the bulk Lorentz factor I" are
uniform until a sharp edge at the jet opening angle. Structured jets, where the energy
distribution varies with angle from the centre, have been discussed in relation to long
GRBs; The structure is a result of the jet breaking out from the stellar envelope (e.g.
Lyutikov & Blandford, 2002; Levinson & Eichler, 2003; Zhang et al., 2003, 2004; Laz-
zati & Begelman, 2005; Morsony et al., 2010; Pescalli et al., 2015). Alternatively, the
structure can be a result of the jet formation mechanism (e.g. Vlahakis et al., 2003; van
Putten & Levinson, 2003), where an accretion disc forms that can launch a relativis-
tic jet, either by the Blandford-Znajek (BZ) mechanism (Blandford & Znajek, 1977)
or neutrino annihilation (e.g. Popham et al., 1999). If the jet from a NS-NS or BH-
NS merger propagates through an outflow at early times, then upon break-out some
structure can be expected; similarly, if the jet is formed and accelerated by either BZ
or neutrino annihilation, or a combination of both, then the structure can arise from
the various components i.e. spine and sheath. Such jet structure could enhance the
GW-GRB association probability (e.g. Jin et al., 2017; Kathirgamaraju et al., 2018).
Other than homogeneous jets, there are three alternative jet structures that are

commonly discussed (e.g. Granot et al., 2002; Wei & Jin, 2003; Panaitescu, 2005):

(i) A two-component or spine and sheath jet; a fast, narrow core and a slower,
wider sheath (e.g. Vlahakis et al., 2003; Peng et al., 2005; Jin et al., 2007). Also
see Barkov & Pozanenko (2011) where the wider component is faster. Alterna-
tively, baryon loading of the jet edges where a structured magnetic field prevents

charged baryon drift into the jet core, will create a jet with uniform energy but a
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wider low I' component (Lei et al., 2013). The general two-component jet € and
I follow
e(0) = ') = (3.1)
€g 0> 907 Fs 0 > 067
where the subscript ¢ indicates the jet core parameter, and the subscript s indi-

cates the uniform sheath parameter.

(i1) A structured jet where the energy and Lorentz factor are a function of the jet
angle outside a uniform core (e.g. Zhang & Mészéros, 2002; Rossi et al., 2002,

2004; Kumar & Granot, 2003). The jet € and I" follow

€ 0 <0, I. 0 <80,
€(f) = r'9) = (3.2)

€, (ei) ™ as, r, (ei)k 0> 0.,

where 6 is the angle from the jet axis, and we assume uniform baryon loading

where k., = kr = k > 0.

(i11) A Gaussian jet (e.g. Kumar & Granot, 2003; Zhang & Mészaros, 2004; Rossi et

al., 2004). The jet € and I" follow

€(0) = ecc” (PPR) D (9) = Do (7/22), (3.3)

In all cases 6 < 0;, where 0, is the maximum jet half opening angle. The existence
of a jet edge is motivated by numerical simulations of compact stellar mergers (e.g.
Rezzolla et al., 2011) where resistive-magnetohydrodynamics simulations result in a
jet-like magnetic structure with a half-opening angle of ~ 25° (Dionysopoulou et al.,
2015). The jets are assumed to be symmetric about the central axis. Observed emission

from the various components of a jet depends on the viewing angle 6,5, measured from
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the jet axis.

3.3 Method and Results

The jet energy dissipated by internal processes (e.g. Rees & Meszaros, 1994; Zhang &
Yan, 2011) is radiated as y-rays via the synchrotron process. The radius of this internal
dissipation from the central engine can be estimated using the minimum variability

timescale of the prompt emission, typically 6t ~ 0.1 s (Nakar & Piran, 2002),
R, ~T?cit ~ 3 x 106t 15 cm, (3.4)

where c is the speed of light, 6t _; = 6¢/0.1 s and I'y = I"/100.

The optical depth 7 of the relativistic jet plasma is less than unity at radii greater
than the photospheric radius 2,. A conservative estimate for the minimum photo-
spheric radius can be made by considering the electrons that accompany baryons in
the jet. By considering the scattering of photons by these electrons the optical depth
can be estimated (e.g. Lithwick & Sari, 2001). At a radius R the optical depth would
be 7 = o7 E/ (47 R?*m,c?T), where o7 is the Thomson cross-section, F' = 4e is the
isotropic equivalent blast energy, and m,, is the mass of a proton. The radius where

7 = 1 is the photospheric radius
R, ~ 6 x 108EL°T; Y cm, (3.5)

where Es, = F/10°? erg.
For a jet element with low I' the initial dissipation happens well inside the pho-
tosphere; due to the relativistic beaming effect the dynamics and emission for the ele-

ment can be evaluated in the spherical model with isotropic equivalent energy 4me and
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I'. The ~v-rays of the prompt emission are injected into an optically thick medium and
the photons can remain trapped. The thermal energy of these trapped photons will be
converted back to jet kinetic energy (Kobayashi & Sari, 2001; Kobayashi et al., 2002)
and the prompt y-rays from this jet region would be suppressed. For an observer look-
ing ‘on-axis’ at such a region, all the prompt emission could be suppressed, resulting
in a failed GRB (Rossi et al., 2002).

For ~-rays injected below the photosphere, the energy density is adiabatically
cooled until the photons de-couple at the photospheric radius. The decoupling/emission
time for these photons will be delayed from the dissipation or energy injection time %.
Dissipation occurs during the coasting phase of the jet where I' is constant and tem-
peratures are sub-relativistic (Piran et al., 1993). As the energy density e evolves as
e oc R78/2, and the injected luminosity evolves as L, A/c oc eR*AT?2, where L., is the
injected y-ray luminosity and A is the shell width, the emitted +-ray luminosity at the

photosphere L. , will be

Lyp~ L (R/R,)*? ergs™. (3.6)

Additional to the adiabatic cooling, the prompt photons will be Compton downscat-
tered and thermalized; the efficiency of the thermalization depends on the depth below
the photosphere and therefore the optical depth (Pe’er et al., 2005; Thompson et al.,
2007). The high energy spectrum will steepen and pair-production will determine a
maximum spectral energy. The low energy spectral slope will steepen due to Compton
scatterings as the thermalization becomes more efficient.

A relativistic jet propagating into an ambient medium will decelerate when the
swept-up mass is equivalent to M, /T, where My = 4me/T" is the explosion rest mass.

A forward and reverse shock form and synchrotron radiation produces the observed
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afterglow of GRBs (e.g. Rees & Meszaros, 1992; Mészaros & Rees, 1997; Kobayashi
et al., 1999; Sari & Piran, 1999). The deceleration radius is Ry o [/ I'2/3 where [
is the Sedov length [ = (3FE /47rmp02n)1/ °. The observed deceleration time is then
tq o< EV3n 13T ~8/3 (Sari & Piran, 1995).

A reverse shock will propagate through the ejecta from the central engine at the
beginning of the decelerating blastwave phase. The reverse shock contains energy
comparable to the forward shock but due to a higher mass, the peak frequency is lower
by a factor ~ I'? (Kobayashi & Zhang, 2003). High polarization measurements in
the afterglow of long GRBs suggests magnetized jets (Steele et al., 2009; Mundell et
al., 2013). These observations still support a baryonic jet rather than a Poynting flux
dominated jet, although a strong magnetic field can suppress the reverse shock. The
reverse shock emission associated with short GRBs is rarely observed, either due to
the early time of the peak, the typical frequency being well below optical, or due to

magnetic suppression. We consider only the forward shock emission in this analysis.

3.3.1 Numerical Model

Jet parameters used throughout this chapter are; bulk Lorentz factor I' = 100, ambient

number density n = 0.1 cm™3

, microphysical parameters eg = 0.01, ¢, = 0.1, -
ray efficiency n = 0.1, and minimum variability timescale 6t = 0.1 s; the isotropic
equivalent jet kinetic energy is Ex = Fis,(1 —n). We have used an isotropic equivalent
blast energy of Ei,, = 4me, = 2 x 1052 erg s~!; this value is taken from the peak of the
E, iso distribution in Fong et al. (2015), and assuming our ~y-ray efficiency. The blast
energy value is consistent with that found for jets from mergers by Shapiro (2017) and
for the break-point in the luminosity function for short GRBs found by Wanderman &
Piran (2015).

To estimate the observed intensity of the emission from a relativistic source at a
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generic viewing angle, we consider the Lorentz invariant quantity I, /13, where I, is
the specific intensity and v the frequency (Rybicki & Lightman, 1979). As v = 0 V/,
where § = [['(1 — Bcosa)]™" is the relativistic Doppler factor, I' = (1 — 32)~1/2
the bulk Lorentz factor and /3 the velocity as a fraction of the speed of light, o the
inclination to the line of sight of the bulk motion; then [, = Il’/d?’ where primed
quantities are in the co-moving frame. By considering the observed on-axis emission,
the specific flux to an off-axis observer will be a factor a® times the on-axis value,
where a = §(a)/d(a = 0) < 1, ie. F,(t,a) = a*F, ,(at,a = 0) for a point source
(Granot et al., 2002).

We model the prompt and afterglow emission from compact stellar merger jets by
dividing the jet structure into N x M segments defined using spherical co-ordinates;
the angle from the jet central axis is defined as 0 < 6; < 0; and the rotation around
the jet central axis as 0 < ¢;, < 27. A segment has an opening angle of Af = 6; /N
and an angular width A¢ = 27 /M. The normal of each segment surface is 6; from
the central axis, where 0; = (i — 1/2)A0, and 7 is an integer in the range 1 < i < N.
Similarly, the rotation position is ¢, = (k —1/2)A¢, where k is an integer in the range
1<k< M.

A segment has a bulk Lorentz factor and energy consistent with the jet structure
model used; where for the jet structure models considered here, § << 6. (i.e. the
segment next to the jet axis) is used to normalize the energy distribution. Each segment
has an energy per unit solid angle ¢;;, and a bulk Lorentz factor I'; ;. The energy
dissipated as y-rays at the radius 2, o F?’k is Lk ~ 470 € 1 /tin, where t;, is the
energy injection timescale i.e. the pulse duration of ~-ray emission from a segment.
We assume that ¢;,, = dt; short GRBs often have multiple pulses, and in such a case
the duration of the prompt emission is longer than the variability timescale ¢;, > dt,

the choice of t;,, = 0t results in bright GRBs and it gives conservative estimates for the
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orphan afterglow rates. The energy dissipated by each segment is then ¢, L., ; £€2; /4.

Prompt emission: The £'Fz = v F, spectrum for the injected photons is assumed
to be a broken power-law that peaks at £, with a spectral index of 1.5 below the peak
and -0.25 above the peak. The spectral peak follows the L, — £, relation E,;; ~
300 (L-;/10° erg)*’® keV (Yonetoku et al., 2004; Ghirlanda et al., 2009; Zhang et
al.,2012), where L., ; ;. is the isotropic equivalent y-ray energy in the segment. For each
segment the optical depth at R, is 7; , = (R,/R,)?; if 7, x > 1 then the photons will be
coupled to the jet plasma out to a radius 1, when 7; ;, = 1 (Beloborodov, 2011; Hascoét
et al., 2014; Lamb & Kobayashi, 2016). For cases where 7;, > 1 at 12, the photon
energy will be adiabatically cooled as L%Z-’kTiTkl/ %. and the spectral peak energy will
similarly reduce by a factor Ti’_kl/ ?. The condition for efficient thermalization is, Tik =
mec?/kgTgp (Pe’er et al., 2005; Thompson et al., 2007) where m, is the mass of an
electron, kp is the Boltzmann constant, and the electron blackbody temperature Tz =
(L /AT R2L? a.)'/, where a, is the radiation constant. If this condition is met
then the spectral peak energy is given by ~ 3kgT s and the spectrum is exponentially
suppressed above this energy. If thermalization is not efficient, then the maximum
spectral energy is limited by pair-production; a cut-off in spectral energy occurs at
511(T i /7i k) keV.

For each segment, the luminosity and timescales for an on-axis observer are de-
termined using the fireball model. The on-axis luminosity and time are corrected for
the angle from the segment to the observer’s line-of-sight. The emission time ¢, for
each segment depends on the point at which the photons decouple from the plasma.
For segments where 7, , < 1 this occurs at ty; for segments where 7;;, > 1 then the
emission is delayed so t.(a = 0) = to + (R, — R,)/2I"; ,.c. For an observer at f},s and
®obs, the angle is a; ;. The emission time for segments at an angle «; j, is delayed, so

te(a) = a 't.(a = 0). Since the dissipated energy is radiated over an area D%, ; 1,
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the on-axis flux is given by,

Ly,i,k Qi,k
47TD% Qe,i,k ’

Fipt,a=0)= (3.7)

where Q. ; , = max[€; ., Qr;x]; and Qr; ;. (i) = 27(1 — cos 1/T'; ) is the beaming
solid angle defined by the instantaneous segment bulk Lorentz factor. Similarly, the
frequency of the emission is lowered, and the duration will be longer, by the factor a.

The flux from each segment for an off-axis observer is given by,

Foip(t,oug) = a’ F,jair(at,a =0) cosa;p, (3.8)

where cos «; 1, 1s the correction for the emission area projection (Salmonson, 2003).
The spectral peak is normalized as the value integrated between 1 keV and 10 MeV
giving L., ; . The prompt emission is then the sum of each segment’s emission in a
time bin between ¢, and the maximum emission time a ' (¢, +t;,). The burst is detected
if the number of photons at the detector is > 0.2 ph s~! cm~2 in the Swift Burst Alert
Telescope (BAT) band, 15-150 keV (Band, 2006).

Afterglow emission: Jet energy that is not radiated away by the prompt emission
drives a relativistic outflow into the interstellar medium. The kinetic energy per unit
solid angle of a jet segment is €y ; ;, = €; ; — tinL~;x/4m. We assume no sideways ex-
pansion so each jet segment evolves independently (van Eerten & MacFadyen, 2012);
the lateral expansion of homogeneous and structured jets is discussed by Salmonson
(2003). The value of I'; ;. 1s considered constant, I'y; 1, before the deceleration radius
R, and will evolve as To; 1 (R;x/R4)~%? with distance R;; when R;; > Ry. The
on-axis flux from each segment at a given observer time ¢ can be evaluated by us-
ing the standard synchrotron shock model. The on-axis characteristic frequency v,

and cooling frequency v, are calculated in the same way as discussed in Sari et al.
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(1998). The peak flux of the afterglow is obtained by considering the total number
of electrons in the segment N, = nR3(); /3. The total energy per unit time per unit
frequency emitted by these electrons is proportional to N, o< €2; ;, and is distributed
over an area D%Qew€ at a distance Dy, from the source. Since the on-axis peak flux
density F,, .y is proportional to €2; /€2 ; x, We obtain the on-axis flux from a segment
Fikt,aa =0) = F,(t) Q1/Qe,r where F,(t) indicates the flux from a blast wave
with the isotropic energy 4mey ; ;, (Sari et al., 1998, 1999). For an off-axis observer
the flux from a segment is given by equation 3.8; the sum of flux from each segment
at time ¢ gives a total afterglow light-curve. Using this model the emission from a

decelerating jet can be estimated at various observation angles.

3.3.2 Homogeneous Jets: approximations

Here we give an approximation for the peak flux and peak time of an orphan afterglow

from a homogeneous jet; the estimates will be compared with the numerical results.

The afterglow emission from a decelerating relativistic collimated blastwave is beamed

within the angle 6; + 1/I". For observers outside this angle the emission becomes

much fainter as the inclination of the system increases. Assuming slow cooling with

vy < v < V., and the Doppler correction for an off-axis observer, the observed peak

flux is approximately,

E, = C(p) f(Oops, 0;) [fops—0;)27F) v17P)/2 By p(Hp)/4 5g+p)/4 e ' D% ergs ' em? Hz !,
(3.9)

where C'(p) is a constant that depends on the particle index p and all the relevant

physical parameters', f(6obs, 0;) accounts for the jet opening angle 6;, viewing angle

L C(p) = (32m) 10/ (12m) "1 (2m)A=P)/2 PP 73002 gl0=92 ¢ g [(2p — 4)/(7 —
)P~ [(T—p)/(5+p)]®+P)/2 where m, is the electron mass, c the speed of light, o7 the Thomson
cross-section, ¢, an electron charge, m,, the proton mass
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8,1 and the relativistic beaming, and v is the observed frequency. The factor f(G,ps, ;)

18,

1 — cos 0,

F O 03) = cos B =05) | TS0 1) T2 — 27 o)

(3.10)

where cos(fops — 6,) corrects for the surface area projection, and the second term
accounts for the emission solid-angle.

For p = 2.5, the peak flux is,

Fp ~2 X 1073 f(eobSv ej) [eobs - 9]’]7 3/4 Eso ”7/18 5;/8 2 3/21 D2020Mpc mJy,

(3.11)

where we use the convention N, = N/10". Angles are in radians, frequency is in Hz,

E is the isotropic jet kinetic energy Ej in erg, ambient number density n in cm~2, and
the distance is normalized to 200 Mpc.
The peak flux occurs at a time given by,
5 7—p)'/3 -
f 195 |OERT=DV TN g1 )18 BB g (3.12)

(p—1)*®

The expressions in equation 3.11 and 3.12 give an approximation for the peak flux and
time from an off-axis orphan afterglow to a relativistic jet with homogeneous structure

in a uniform density ambient medium.

3.3.3 Monte Carlo Results

Given a GW detection from a NS-NS or BH-NS merger, the fraction of events that
have detectable EM counterparts from the relativistic jet depends on the jet structure

and opening angle. Using a Monte Carlo method we estimate the fraction of merger
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Figure 3.1: By considering the GW strain from a merger as a function of inclination the distri-
bution of system inclinations can be determined. For all GW detected mergers at a fraction of
the maximum detectable luminosity distance the probabilty of a system being inclined at given
angle is shown with the blue solid line. The mean system inclination for this distribution is the
dashed black line. The red dash-dotted line is the cumulative distribution.
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jets, with a given jet structure, that result in EM counterparts with r-band magnitude
m, < 21. A population of 10° mergers within the face-on detection limit for a NS-
NS merger by advanced LIGO ~ 300 Mpc is generated. The luminosity distance Dy,
to a merger is randomly determined using the redshift distribution for non-collapsar
short GRBs found by Wanderman & Piran (2015). The inclination 7 follows a random
isotropic distibution. By considering that GW signals are stronger along the system
rotation axis for binary mergers with a random orientation, the average inclination
for a distribution of GW detected mergers can be determined. Mergers with a GW
strain b o (h% + h%)Y?/Dy, where hy o 1+ cos®i and hy o< 2cosi, are GW
detected if h > h., the limiting detectable strain (e.g. Kochanek & Piran, 1993; Lamb
& Kobayashi, 2016); for a more detailed investigation of the detectable gravitational
waves from compact binary mergers see Kobayashi & Mészaros (2003); Nissanke et
al. (2010); Schutz (2011). The distribution of merger inclinations is shown in figure
3.1; the peak of the probability distribution is ¢ ~ 31°, and the mean (i) ~ 38°. The
blue solid line is the probability of a merger with a given inclination; the red dash-
dotted line is the probability that a merger will have an inclination equal or less than a
given value.

The peak magnitude for an observer at the mean GW detection inclination angle
of ~ 38° from a homogeneous jet depends on the half-opening angle of the jet. By
considering a homogeneous jet with a constant isotropic equivalent blast energy, or
a constant geometrically corrected jet energy, the peak magnitude of the orphan af-
terglow for an observer at 200 Mpc and 38° can be estimated. Using the isotropic
equivalent energy i, = 2 x 1052 erg, or the geometrically corrected energy £ =
EisoQ/4m = 1.5 x 10° erg, giving Ei, for a §; = 10°, the peak magnitude for jet
half-opening angles 2° < 6; < 30° are shown in figure 3.2. The thick red line is

for constant Ei,, and the thick blue dotted line for constant geometrically corrected
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jet energy. Three optical bands are shown, g-, r-, and i-band and the equivalent peak
macronova flux, black dashed line, for a NS-NS merger (Tanaka et al., 2014). BH-NS
mergers would result in brighter macronova, ~ 23.8, 23.2, 22.8 respectively, although
the ejecta in these cases is not isotropic. The macronova estimates should be consid-
ered as upper limits, for the adopted model, as the peak flux depends on the inclination
where the brightest emission coincides with the polar axis (the jet axis) (Tanaka, 2016;
Wollaeger et al., 2017); however, macronovae may be brighter than the adopted model
i.e. Jinet al. (2016). The frequency dependence for the afterglow flux is shallower than
that of a macronova which peaks sharply in the red to radio with a thermal spectrum
and exponential decay at higher frequencies. The non-thermal spectrum of a GRB af-
terglow, where the higher frequency is typically F,, oc v~ ~1/2 or F,, oc v7P/? where
p ~ 2.5, ensures that for an off-axis observer the afterglow is at a similar amplitude in
a range of detection bands.

In figure 3.2 we see that the peak flux for an orphan afterglow viewed at 38° is
brighter for homogeneous jets with wider jet half-opening angles. The point at which
the peak flux for constant isotropic equivalent blast energy and constant geometrically
corrected jet energy are equal indicates the normalization angle. For jets normalized
to this value with narrower half-opening angles, the peak afterglows are brighter than
the equivalent constant isotropic blast energy case; this is due to the jet having a higher
energy density in these cases, and for jets wider than this normalization, a reduction
in jet energy density is apparent. The shape of the curve is dominated by the effective
angle to the jet for wide 6, i.e. (Oobs — Qj)*3 (equation 3.11); and for narrower 6;, by
the fill factor i.e. the second part of the expression in equation 3.10. For a jet with a
given opening angle, inclination, distance, and observation frequency the peak orphan
;/882/2

afterglow flux is F}, o Exn™/3¢ . The degeneracy in € and n can make deter-

mination of these parameters difficult, and the change in peak flux for a one order of
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Figure 3.2: The peak magnitude for the off-axis afterglow at 38° from a homogeneous merger
jet with opening angle 6; at 200 Mpc. Red thick line indicates a jet with constant isotropic
equivalent energy, Fis, = 2 x 10°2 erg, and the blue thick dashed line indicates a jet with
constant geometrically corrected jet energy (normalized to a 6; = 6° jet with Ejs, = 2 x 1052
erg). The thin lines indicate a two-component jet where 6; defines the core angle (6. in equation
3.1) and the wider component extends to 30° (equivalent to 6; described in §3.2). The energy
and Lorentz factor of the wide component are fixed at 5% the core values. All jets have a core
Lorentz factor of I' = 100 and are in an ambient medium with a particle density of 0.1 cm™3.
The full sizes of the errorbars in the righthand panel indicate the magnitude of change in peak
flux for a one order of magnitude change in the respective parameter (note that n is degenerate
with €p). The black dashed horizontal lines indicate the peak macronova emission for a NS-
NS merger; assuming isotropic emission from a soft equation-of-state model e.g. Tanaka et al.
(2014) at 200 Mpc
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magnitude change in any of these parameters is indicated by the length of the errorbars
in the third panel. Short GRBs often occur in low-density environments, a reduction in
n by an order of magnitude would result in a peak that is Am g ~ 2.2 dimmer.

Within figure 3.2 the peak flux for the orphan afterglow of a two-component jet
is shown as a thin red and a thin blue dotted line. In each case the wider jet structure
extends to 30° (equivalent to ; in §3.2) with energy and Lorentz factor at 5% the value
for the core region, defined by the x-axis in the figure. For the thin red line the jet has
an isotropic equivalent blast energy for an on-axis observer 0,5 < 0, of 2 x 102 erg;
the thin dotted blue line has a constant geometrically corrected jet energy normalized
to a homogeneous jet with an opening angle of 6°. As the two-component jet always
has a wide sheath that extends to 30°, beyond the core angle defined by 6; on the plot x-
axis, the peak flux for jets with a core narrower than ~ 20° is constant and approaches
the homogeneous jet case for half-opening angles wider than this. By considering
equation 3.11 for two homogeneous jets, one with fixed energy and undefined 6; and
the second with 6; = 30° and 5% the energy of the first, the §; for the more energetic
jet that results in the same peak orphan afterglow for an observer at 0, is 0; ~ Oops —
20'/3(Oops — 30) degrees. The wide sheath with 5% of the core energy and Lorentz
factor is the dominant contributer to the off-axis emission for jets with a core < 20°.
Where the jet energy is fixed at the geometrically corrected value for a 6° homogeneous
jet, the reduction in the energy content of the wider component as the core width is
increased leads to a dimmer afterglow. When the off-axis emission from the jet core
becomes brighter than the off-axis emission from the sheath, the peak off-axis flux
follows the homogeneous jet. Two-component jets are described in §3.2 and their
afterglows discussed below.

The Monte Carlo distribution of mergers for each structure model have identical

values of the core opening angle 6. = 6°. Hydrodynamic simulations indicate a range
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of jet core half-opening angles that are dependent on the initial conditions, 3° < 6, <
13° (Nagakura et al., 2014). The core value is significantly wider than the core values
used in other structured jet models (e.g. Rossi et al., 2002; Salmonson, 2003). The
two-component jet has €, and Ty at 5% of the core values, while the power-law jet has
an index £ = 2 for 6§ > 6.. The effect of jet structure on the observed jet-break is
discussed below. For the extended structure the minimum I' is 2, and the maximum
half-opening angle is 25°, and all other parameters are as previously used.

Examples of the afterglow light-curves for each model from a jet at 200 Mpc and
viewed at inclinations from 0° to 40°, in 5° intervals, are shown in figure 3.3; each jet
structure has 120 x 120 segments. The light curve produced using N = M = 120 in
the model is identical for values of N, M > 120; where N, M < 120 the peak flux
and time for afterglows are consistently reproduced although the shape of the early
afterglow before the peak is inaccurate. Light curves for inclinations ¢ >> 6. are less
sensitive to the choice of segment number, and N, M 2> 25 reproduce well the higher
resolution light curves. The blue lines indicate the afterglow for a Swift-detectable
GRB, 6,5 < 10°; the red dashed lines indicate the afterglow for a jet viewed within
the half-opening angle but without a Swift detectable GRB, a failed-GRB, 0.5 < 6;;
the black dash-dotted lines indicate an off-axis orphan afterglow, ,,s > ¢;. For the
homogeneous jet, the analytic peak magnitude and time from equations 3.11 and 3.12
are shown as blue crosses; the analytic expressions overestimate the peak flux, and
underestimate the peak time when 0,,s < 36;. Additional light curves are shown in
the top-left panel for an observer at 0° and 10°, by blue dashed and black dotted lines
respectively. Here the ambient number density is lower by a factor 10; for an on-axis
observed afterglow, this parameter change results in a peak flux that is ~ 1.2 magni-
tudes fainter and for off-axis observed afterglow the peak flux is ~ 2.2 magnitudes

fainter. A similar change in magnitude, 1.2 < Am, < 2.2, is observed for all light
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Figure 3.3: Afterglow r-band light curves for jets at 200 Mpc. Light curves are plotted for
an observer at 5° increments in the range 0° < 6., < 40°. The model values used in each
case are: (top left) 6. = ¢; = 6° for the homogeneous jet; (bottom left) 6. = 6° for the
two-component jet where the second component extends to §; = 25° with 5% of the core
energy and Lorentz factor; (top right) 6. = 6° for the power-law jet with an index £ = 2 for
0. < 6 < 25°; and (bottom right) 6, = 6° for the Gaussian jet with a maximum 6; = 25°. Jets
have an isotropic equivalent blast energy of 2 x 10°2 erg, a bulk Lorentz factor I' = 100, and
an ambient medium density of n = 0.1. Blue lines indicate the afterglow of a GRB; red dashed
lines indicate an on-axis orphan afterglow i.e. within the wider jet opening angle but with
suppressed prompt emission; black dash-dotted lines indicate an off-axis orphan afterglow. The
blue dashed and black dotted lines in the top left panel indicate the afterglow for an observer at
0° and 10° respectively where the ambient medium has a particle density n = 0.01 cm™3; the
change in magnitude for an ‘on-axis’ observer is Am, ~ 1.2, and for an ‘off-axis’ observer
Am, ~ 2.2 for each order of magnitude change in the n parameter.
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curves where the ambient density is lower by a factor 10.

The light-curves in figure 3.3 have afterglows which in each case are similar for an
observer on the jet axis with respect to the deceleration time, peak flux, and peak time.
The jet has a soft break that is determined by either the difference between the obserav-
tion angle and the jet half-opening angle for a homogeneous jet, or the core angle for a
jet with structure. A second break may be observed at later times, which is associated
with the opening angle of the extended structure. A GRB afterglow for a homogeneous
jet observed at the jet edge ¢; is half as bright and has a jet-break determined by the
width of the jet ~ 20;; for the other structures, the afterglow characteristics depend on
the local jet energetics € and I" parameters.

Light curves for the jet structure models tested show that, where no sideways
expansion is assumed and the jet-break is caused by the increase in the beaming angle
beyond the jet edge, the break seen in short GRB afterglows depends on the inclination.
We expect a sharp break at very late times when the outflow becomes Newtonian, but
this is not included in our model. Fong et al. (2015) list four short GRBs with measured
half-opening angles 3° < 6; < 8°, and a further seven with lower limits; the narrowest
of these lower limits is 2 4°, and the widest 2> 25°. The average ¢, for short GRBs
can be inferred by assuming a maximum jet half-opening angle; §; = 16° 1/ for
Omax = 30°, and @ = 33° _+§$ at the limit 6,,,, = 90°; alternatively, Ghirlanda et al.
(2016) found the short GRB population to be consistent with a jet opening angle of
3 < 0; <6°. Weuse at); = 6° for homogeneous jets, consistent with both estimates,
and fix this as the core angle for jets with extended structure. In these examples the
jet half-opening angle was inferred using I'"*(¢;) = 6;. If the observed jet-break time
t; depends on inclination, as in our model for GRB afterglows, the break time cannot
limit the full extent of jet structure. By assuming a range of jet parameters, the range

of jet-break times can be reproduced by our model.
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Additional features in the afterglow light-curves for jets with extended structure
appear at wider angles. For our parameters, these appear where the prompt emission
is suppressed and the afterglow would be from a failed-GRB. Afterglows for the two-
component model at angles 0,,s > 6. have an early peak flux and time determined by
the local jet energy € and I' respectively; a late bump is due to emission contribution
from the bright core, the time of the bump is determined by the inclination, with higher
inclinations resulting in a later bump time. A similar feature can be seen in the power-
law structured jet but as the energetics and Lorentz factor for the wider component
are not uniform with angle, the early peak flux and time are unique. The afterglow
for the Gaussian-structured jet at comparable angles is dominated by the bright core
emission at late times. For orphan afterglows in each structured jet case, the early
rise time and peak are due to the contribution from the wide extended structure; a
more energetic wide component leads to a brighter and more pronounced peak, while
for a less energetic wide component, the orphan afterglow is dominated by the core
emission at later times. As the observation angle increases, the contribution from the
various components becomes indistinguishable; here we only show orphan afterglows
up to an observation angle of 40°.

In all cases we have assumed uniform baryon loading; if the baryon loading is
more efficient towards the edge of a jet then € and I' will not have the same distribution.
If the structure in a jet is due to baryon loading only, then the energy will be uniform;
the afterglow for the various viewing angles will be brighter than the equivalent shown
here as the peak flux depands on the energy. The peak time for the afterglow will be

later for lower-I" components; the prompt emission will be similarly suppressed.
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Figure 3.4: Peak magnitude for the afterglow brighter than 21 for a population of 10> GW
detected mergers; the percentage of the total detected merger population for each type is: ho-
mogeneous jets 13.6%; power-law structured 36.9%; two-component 30.0%; and Gaussian
13.3%. The blue thick line histogram is a GRB afterglow, red thin line histogram is an on-axis
orphan (failed GRB) afterglow 6,15 < ¢}, and black dashed line is an off-axis orphan afterglow
obs > 0;. Percentages are the fraction of events brighter than magnitude 21 in each case.
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3.4 Peak Flux/Time

The 10° Monte Carlo distribution has a randomly determined inclination and distance
given a GW detection where the same distributions are used with each jet structure
model. The afterglow from each jet structure model is evaluated at one degree intervals
0° < Bops < 90°, and for efficiency, the model uses N = 25 and M = 100 ensuring
jet structure is resolved. The peak magnitude for the light-curve that corresponds to
the jet structure at the randomly determined inclination is then selected and scaled for
the distance. A histogram of the peak magnitude for jet EM counterparts brighter than
magnitude 21, for GW detected mergers < 300 Mpc is shown in figure 3.4; the thick
blue line is a GRB afterglow, the thin red line is a failed-GRB orphan afterglow, and the
black dashed line is an off-axis orphan afterglow. The fractions of each jet counterpart
type i.e. GRB afterglow, failed GRB afterglow, orphan afterglow, of the total number
of m < 21 events are shown.

In figure 3.4 the peak of the distribution for GRB afterglows is that for a face-on
NS-NS merger at the maximum detection distance ~ 300 Mpc. The structured jets
have an extended distribution to fainter magnitudes when compared with the homo-
geneous jets, which is due to the lower energetics for observers 6. < 0.,s. For the
failed-GRB orphan afterglows from jets with structure, the distribution for power-law
structured and Gaussian structured jets has a wide plateau for the peak magnitudes
due to the non-uniform energetics of the wider jet component. The two-component
jet structure has a uniform energy distribution in the wide component, which gives a
single sharp peak to the failed-GRB orphan afterglows.

From the Monte Carlo analysis the fraction of afterglow counterparts brighter than
magnitude 21 depend on the jet structure model. For jets with extended structure to the
limit of 25°, we show that compared to a population of homogeneous jets with 0; =

6° the fraction of bright jet counterparts is higher for two-component jets (equation
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3.1) and power-law structured-jets (equation 3.2). GRB-producing jets result in bright
afterglows, with peak r-band magnitude 20 = m, = 5. Orphan afterglows brighter
than magnitude 21, both from failed-GRBs and off-axis observations, are produced in
~ 12% of cases for homogeneous jets; ~ 27% for two-component jets; ~ 15% of
cases for power-law structured-jets; and ~ 3.4% for Gaussian jets. The brightest of
these counterparts is m, = 8. The peak brightness depends on the jet kinetic energy
and the fraction of events depends on the jet opening angle. For mergers that are close
by, the prompt photon flux at angles > 6. can be above the detection threshold; for
two-component jets, where the € distribution is generally flat in this region, a noticable
fraction of the counterparts will accompany faint GRBs. This can be seen by three
peaks in the flux distribution for GRB afterglows.

The total fraction of EM counterparts brighter than magnitude 21 from the jet
of GW-detected mergers depends on the jet structure: for homogeneous jets we find
~ 13.6%; for two-component jets ~ 30%; for structured jets the fraction is ~ 37%; and
Gaussian jets ~ 13%. The fractions for an isotropic distribution to a distance of ~200
Mpc, the maximum for edge-on NS-NS GW detection, are ~ 4.5%, 11.8%, 13.5%,
and 4.1% respectively (homogeneous, two-component, power-law, and Gaussian); here
GRB afterglows account for ~ 4.4%, 3.4%, 43.7%, and 53.7% of the m, < 21 coun-
terpart fraction. In all cases we consider the same structure parameters. The fraction
of events brighter than magnitude 10, in each case, is dominated by GRB afterglows.

A corresponding histogram showing the peak time for each of the counterpart
distributions is shown in figure 3.5. The colour and line style are the same as figure
3.4. The peak time distribution shows that for structured jets the GRB afterglows have
a broader range of peak times than the homogeneous jet case. This is due to the non-
uniform distribution of Lorentz factor for GRB producing jet components > 0..

The jet counterparts m, < 21, to GW detected mergers, typically peak at ¢, < 100
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Figure 3.5: Peak time for the afterglows brighter than 21 for a population of 10° GW detected
mergers. Blue thick line histogram is a GRB afterglow; red thin line histogram is an on-axis
orphan (failed GRB) afterglow 6., < 0;; black dashed line is an off-axis orphan afterglow
Oobs > 0;. Percentages are the fraction of events brighter than magnitude 21 in each case.
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days. The brightest counterparts peak very early, 0.01 < t, < 0.1 days; orphan
afterglows for a homogeneous jet peak typically at ¢, ~ 10 days; failed-GRB and off-
axis orphan afterglows typically peak at ¢, ~ 1 day for power-law structured-jets and
two-component jets; and Gaussian jets exhibit a bimodal distribution, due to the wide
low I' extended jet structure, that peaks at ¢, ~ 0.25 days and ¢, ~ 20 days. The
bimodal feature in the GRB afterglow distribution for two-component jets is due to the
stepped boundary between the spine and sheath; detectable GRBs are produced outside
of the core region 6. = 6°. These GRBs near the core edge have significantly lower
I' than those observed within the core angle, which the second split in peak times for
the two-component jets is due to the dominance of the off-axis core emission over the
on-axis sheath emission, where on-axis emission will peak earlier. The apparent bi-
modality of the bright orphan afterglows for a homogeneous jet is a result of the sharp
jet edge and uniformity of 6; for the population as well as the numerical precision for
changes of inclination < 1°; the bimodality would vanish for a population of jets with

a distribution of ; or higher numerical resolution.

3.5 Conclusions

For jets from compact-stellar-mergers with a homogeneous structure we have shown
that wide opening angles 6; 2 10° result in optical orphan afterglows, when viewed
at the average GW detected merger inclination of ~ 38°, that are brighter than the
estimates for the equivalent peak flux from macronovae; note that this depends on
the ambient density and jet energetics. We show that where jets have an extended
structure to a limit of §; = 25°, similar to the limit predicted by numerical simulations,
the fraction of EM counterparts brighter than magnitude 21 can be 2-3 times that from

a narrower homogeneous jet population. GW triggered searches for EM counterparts
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could reveal a hidden population of failed-GRB orphan afterglows associated with
wider jet structure where the low energetics and Lorentz factor could suppress the
prompt y-rays; we show light curve features in orphan afterglows that could indicate
the presence of extended jet structure. Jet EM counterparts to GW detected NS-NS or
BH-NS mergers will reveal the jet structure, Lorentz-distribution, and opening angle
for short GRB jets.

We assumed a jet central axis observed isotropic blast energy of 2 x 10°? erg
s~1. A jet with a higher blast energy will result in an afterglow with a brighter peak
magnitude. The various structured jet models naturally predict a range in observed
total energetics that have a maximum at 2 x 10°? erg s~!. The observed energetics
of a jet, inferred from the prompt fluence and the peak of the afterglow, will appear
lower for GRB afterglows seen at the jet edge for homogeneous jets or outside the jet
core for jets with a variable structure. Jets viewed at inclinations where most of the
prompt emission is suppressed may appear as X-ray flashes or low-luminosity GRBs;
in both cases the afterglow will appear dimmer and peak at later times than for the
on-axis afterglow. For jets observed at inclinations comparable to the point where -
rays become suppressed, the duration of the prompt emission will be longer due to
the delayed emission of the prompt photons from the low I' segments; the spectra will
have a strong thermal contribution. The longer duration of such a GRB could result in
misclassification as Tyy = 2 s.

The rate of NS-NS mergers within the advanced LIGO detection volume is not
known but values range from 0.2 — 200 yr! (e.g. Aasi et al., 2013; Abbott et al.,
2016a). Metzger & Berger (2012) made an estimate for the Swift-detected short GRB
with redshift rate within this volume for NS-NS, of 0.03 yr~!; similarly, Coward et
al. (2012); Petrillo et al. (2013); Siellez et al. (2014) found a consistent rate for GW-

GRBs within the aLLIGO volume, although the limits vary, and Fong et al. (2015) found
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Table 3.1: The GW-detected NS-NS rate given an all-sky GRB rate, within the LIGO detection
limit, 0.27 < Rys—ns < 1.1 yr—!. The first column showns the jet structure model, the
second column gives the fraction of GRBs in the Monte-Carlo analysis,the third column shows
the fraction of the Monte-Carlo population that resulted in an optical counterpart map < 21,
the fourth column shows the fraction of these that are associated with a Swift-detectable GRB,
and the last column gives the predicted rate for GW-detected NS-NS mergers.

Jet Model farBs  fmap<21  f<o1,GrBs Rns—ns yr
Homogeneous | 1.7% 13% 13% 15.9 — 63.5
Two-component | 2.7% 30% 9% 10 — 40
Power-law 22% 3% 59% 1.2 —4.9
Gaussian 9.6% 13% 74% 2.8 —-11.3

a merger-rate of 8737 yr~! which results in the same rate for Swift/BAT short GRBs
from jets with an opening angle of 16° and the Swift/BAT field of view. The Swift/BAT
field of view is ~ 1.4 sr, therefore the all-sky rate of short GRBs within the NS-NS
detection volume is ~ 0.27 yr~!; or by assuming that all Swift/BAT GRBs have the
same redshift distribution, the rate becomes ~ 1.1 yr—! as only 1/4 of Swift/BAT short
GRBs have a measured redshift. For each of our jet models we find the fraction that
have peak afterglows brighter than m,. < 21, and of this fraction we find the percentage
that are associated with GRBs. If the all-sky rate of short GRBs within the NS-NS
LIGO detection volume is 0.27 < Rsgrp < 1.1 yr! then the merger rate for each
model is shown in Table 3.1.

If we consider the number of potential counterparts with m, < 21 for each of
these models with our parameters, we find that homogeneous jets will resultin ~ 2 —8

! power-law jets ~ 0.4 — 1.8

yr~1, two-component jets will result in ~ 3 — 12 yr—
yr—!, and Gaussian jets ~ 0.4 — 1.5 yr~'. Note, however that Bromberg et al. (2013)
demonstrated that ~ 60% of Swift short GRBs are non-collapsar in origin, which would
reduce the estimated merger rates presented here by this factor.

Here we have considered NS-NS mergers, if short GRBs are from BH-NS mergers

only, then the rate will be a factor ~ 10 larger, given that the maximum GW detection
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distance is approximately twice that for NS-NS mergers. As the merger ejecta from
a BH-NS is not isotropically distributed, a larger fraction of the ejecta is on the rota-
tional plane, and the jet may not propagate through the merger ejecta; no significant
cocoon phase will result in a wider jet. Any jet structure will be the result of the ac-
celeration/formation mechanism. The fraction of bright EM jet counterparts to wide
homogeneous jets from BH-NS mergers will be higher than those indicated here for
NS-NS mergers; a homogeneous jet with 6; ~ 25° will produce GRBs in ~ 27% of
GW detected mergers, whilst orphan and GRB afterglows with peak flux m, < 21 will
accompany < 45% of GW detected mergers within the BH-NS GW detection limit
~ 600 Mpc. If the population is all BH-NS mergers with a 25° homogeneous jet, the
merger rate will be 10 < Rpy_nys < 40 yr~!, and the number of bright GW-EM
counterparts is 4.5 — 18 yr~!. GW-EM counterparts from the jet will be detectable
for a significant fraction of BH/NS-NS GW detected mergers; bright counterparts will
typically peak < 100 days after the merger.

Electromagnetic follow-up of a GW trigger requires broadband monitoring of
the GW localization region; a bright optical transient from the jet afterglow, with
these models, is expected within ~ 14 days. Optical telescopes with a limiting mag-
nitude of ~ 21 (e.g. ZTF, Black GEM, GOTO) in joint observations with X-ray
and ~-ray telescopes (e.g. Swift, Fermi, MAXI, Chandra) should perform intensive
searches/monitoring within the first few weeks. At later times, any search or moni-
toring should be conducted by mid- to large-sized telescopes with higher sensitivity
(e.g. Subaru HSC, LSST, LT) and radio/infrared observatories (e.g. VLA, ALMA),
although high-energy monitoring could also reveal a late transient from an off-axis
afterglow. For GW detected mergers that are significantly closer than 200 Mpc, the
search timescales should be extended as any transients from structured or off-axis or-

phan afterglows will be brighter than the limiting detection thresholds for longer.



CHAPTER 3. STRUCTURED JETS 102

Given one well sampled GW-EM counterpart, the presence of extended jet struc-
ture could be revealed if the system is favourably inclined. An ‘on-axis’, within the
jet core angle, afterglow would not reveal any signature of jet structure. However, af-
terglows at higher inclinations, or orphan afterglows, could reveal the presence of jet
structure; an achromatic re-brightening would indicate a two-component, or a power-
law structured jet. A shallow decline or slowly brightening afterglow with a soft peak
would indicate a Gaussian type jet structure observed at relatively high inclination
(within the jet opening angle). For an off-axis orphan afterglow, either a sharp peak
followed by a weak decay until a break or a shallow rise to a late peak can be used to
indicate the existence of extended jet structure. Where the prompt emission has been
fully suppressed, with no X-ray flash or low-luminosity y-ray burst, differentiating be-
tween an afterglow from within the jet opening angle and a genuine off-axis orphan in

the cases of extended jet structure may not be possible.



4. GRB 170817A as a jet counterpart
to gravitational wave trigger GW

170817

This Chapter has been published as Lamb & Kobayashi (2017b).

4.1 Introduction

Short «-ray bursts (GRBs) are thought to be due to internal energy dissipation (e.g.
Meszaros & Rees, 1993; Kobayashi et al., 1997; Daigne & Mochkovitch, 1998; Zhang
& Yan, 2011) in an ultra-relativistic jet launched when rapid accretion of material by
a compact merger object occurs following a binary neutron star (NS-NS) or neutron
star black hole (NS-BH) merger (e.g. Eichler et al., 1989; Paczynski, 1990; Kluzniak
& Lee, 1998). The NS-NS/BH merger is due to the loss of orbital energy and angular
momentum via gravitational radiation (e.g. Phinney, 1991). This makes such systems
a candidate for gravitational wave (GW) detection by advanced LIGO/Virgo (Abbott
et al., 2016a). The detection of a GRB in association with a GW signal is key to
confirming the neutron star binary merger scenario as the progenitor for short GRBs.

GRB 170817A, with an isotropic equivalent y-ray energy F. = (4.040.98) x 10%

103
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erg at ~ 40 Mpc, a duration for 90% of the -ray energy Tyo ~ 2+ 0.5 s, and a v [},
spectral peak energy F, = 185 &£ 62 keV (Connaughton et al., 2017; Goldstein et al.,
2017a,b; Savchenko et al., 2017a,b) was detected by Fermi/GBM and INTEGRAL as
a potential electromagnetic (EM) counterpart to the binary NS merger GW 170817
(Abbott et al., 2017c,f) with a delay of ~ 2 s from the GW detection to the GRB.
From the GW signal, the system is inclined with an angle 0 < ¢ < 36° from the
line-of-sight (Abbott et al., 2017d), where the inclination ¢ gives the angle between
the rotational axis and the observer. Using known constraints on H the inclination is
3 <1 < 23° with the Planck Hy = 67.74 & 0.46 km s~ Mpc~! (Planck Collaboration
et al., 2016), and 14 < ¢ < 32° using the Type la supernova distance scales from
SHOES Hy, = 73.24 & 1.74 km s~! Mpc~! (Riess et al., 2016); more recently, an
inclination of ¢ = 18 £ 8° using H, from the Dark Energy Survey was found by
Mandel (2018).

The Swope Supernova Survey detected an optical counterpart (SSS17a) in asso-
ciation with the galaxy NGC4993, 10.9 hours post-merger (Coulter et al., 2017). The
counterpart was consistent with a blue kilo/macro-nova from the dynamical merger
ejecta (e.g. Tanaka et al., 2014; Metzger et al., 2015; Tanaka, 2016; Barnes et al., 2016;
Wollaeger et al., 2017). See also (Arcavi et al., 2017; Covino et al., 2017; Cowperth-
waite et al., 2017; Drout et al., 2017; Evans et al., 2017a; Gall et al., 2017; Kilpatrick
et al., 2017; Nicholl et al., 2017; Pian et al., 2017; Smartt et al., 2017; Tanaka et al.,
2017; Tanvir et al., 2017; Valenti et al., 2017, etc). If GRB 170817A was from internal
dissipation within a compact merger jet then the GRB would be accompanied by an
afterglow. In this chapter we calculate the expected flux at various frequencies from a
forward and reverse shock. We model the afterglow from a low-luminosity GRB jet,
a low Lorentz factor (I') jet, structured jets with either a two-component, power-law,

or Gaussian structure, and a GRB seen off-axis from a homogeneous jet with typical
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parameters.

In §4.2 the jet models and parameters used to predict the afterglows are described.
In §4.3 we discuss the results and their implications for GRB 170817A, and in §4.4
we give final comments. The work and discussion of this chapter focuses on the days
immediately after the GW and GRB detection in August 2017 and therefore assumes
no knowledge of the subsequent afterglow evolution. An update that includes radio,
optical and X-ray afterglow from ~ 10 — 110 days has been added at the very end of
§4.4.

4.2 Afterglow Prediction

Energy dissipation within an ultra-relativistic jet that results in a GRB will be followed
by a broadband afterglow as the jet decelerates in the ambient medium; depending on
the jet parameters, the peak magnitude and timescale at various frequencies can vary
significantly. By assuming that GRB 170817A was from a compact-merger jet viewed
either within or outside the jet opening angle we can make reasonable predictions for
the expected afterglow. A forward shock afterglow is expected to accompany all on-
axis GRBs, although a reverse shock may also be present at early times and typically
at low frequencies.

In the following section we calculate the afterglow from forward and reverse
shocks for a high Lorentz factor, low kinetic energy GRB jet (e.g. Sari et al., 1998,
1999; Kobayashi & Sari, 2000), and for low Lorentz factor, low and high kinetic en-
ergy jets (e.g. Lamb & Kobayashi, 2016). We also calculate a forward shock afterglow
for various jet structure models viewed off the central axis, and a homogeneous jet

viewed outside the jet half-opening angle (e.g. Lamb & Kobayashi, 2017a).
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4.2.1 High I', Low Kinetic Energy Jet

Using the isotropic y-ray energy reported by Fermi for GRB 170817A, E, = (4.0 +
0.98) x 10 erg, and making reasonable assumptions for the afterglow parameters, a
prediction can be made for the expected flux from the afterglow at various frequencies.
The typical parameters for a sample of short GRBs are given by Fong et al. (2015) who
find that the ambient density is n ~ (3 — 15) x 1072 cm™3, and the ~-ray efficiency'
is 0.4 < n < 0.7. As the y-ray luminosity of GRB 170817A is well below the typical
values for a short GRB, we extend the efficiency range to a lower limit of 0.1; for a
jet with an efficiency lower than 0.1, see the discussion at the end of §4.2.2. From the
efficiency and v-ray energy the jet kinetic energy can be determined, Ey = E,(1/n —
1); the jet kinetic energy drives the afterglow. The accelerated particle distribution
index for short GRBs is p = 2.43703% (Fong et al., 2015), we use p = 2.5 as our
fiducial value. Other assumed jet parameters are the jet bulk Lorentz factor, I' = 80,
and the microphysical parameters, e = 0.01, and €, = 0.1. Note that these parameters
are assumed throughout unless otherwise stated.

The duration of the GRB can be used to indicate the width of the relativistic shell,
Ay ~ Ty (Kobayashi et al., 1997), where we assume that the GRB is from internal
dissipation processes and c is the speed of light. If the bulk Lorentz factor is below a
critical value T = (3Ey/32mnm,,c2A3)'/8, then the reverse shock cannot effectively
decelerate the shell; here m,, is the mass of a proton. For short GRBs the reverse

shock is typically described by the thin shell case. The shell crossing time for such

! The efficiency of the prompt-emission from an internal shock origin is usually given by 7 ~ fqis€e frad
where the fraction of energy dissipated is fqis < 0.5, and the fraction of energy radiated is fyaq ~ 1.
Using e, = 0.1, the value of the efficiency should be 7 < 0.05. However, the value estimated from
an internal shock efficiency can be much higher if we consider the collision of multiple shells with
a broad range of Lorentz factors (Kobayashi & Sari, 2001). The resultant light curve would appear
smoother and broader for a large number of shells. We base our estimates first on the central observed
values of 7 found for short GRBs by Fong et al. (2015) where the range of observed efficiencies is

1073 <n <0.98.
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Figure 4.1: Afterglow light curves for a jet with an isotropic -ray energy of 4.0 x 1046 erg, a -
ray efficiency of 7 = 0.4, a jet bulk Lorentz factor I' = 80, in an ambient medium of n = 0.009
cm~2 with microphysical parameters e g = 0.01 and ¢, = 0.1, and a luminosity distance of 40
Mpc. The blue dashed line shows the X-ray afterglow, the green solid line shows the optical
afterglow, and the red dash-dotted line shows the 10 GHz radio afterglow. The shaded regions
indicate the light curve for an efficiency 0.1 < n < 0.7. The reverse shock is important at radio
frequencies, the 10 GHz reverse shock is shown as a thin dash-dotted red line and faint shaded
region for the range of jet energies considered; the forward and reverse shock light curve at 10
GHz is shown as a thick black dash-dotted line. The red dashed horizontal line indicates the
1uJy limit, the green horizontal solid line indicates map ~ 21 magnitude, and lower-limit of

the y-axis is the X-ray sensitivity ~ 0.4 uCrab at 4 keV
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Figure 4.2: Afterglow from a low-T" jet with an isotropic y-ray energy of 4.0 x 1046 erg, a y-ray

efficiency of 0.001 < n < 0.7 and a luminosity distance 40 Mpc. The jet bulk Lorentz factor is
estimated from the delay time as 2.2 < I' < 10.0, all other parameters are as Figure 4.1. The
lines show the afterglow for a jet with I' ~ 3.9, the shaded regions indicate the uncertainty in
the kinetic energy and the Lorentz factor. Colours are as for figure 4.1. Top panel: 10 GHz
emission where the thin dash-dotted line and faint shaded region indicate the reverse shock; the
thick dash-dotted line and shaded region indicate the forward shock; the sum of reverse and
forward shock light-curves is shown as a black dash-dotted line. The red horizontal dashed
line indicates the 1 pJy limit. Middle panel: optical afterglow. The green solid line shows
the optical magnitude 21. Bottom panel: X-ray afterglow. The blue horizontal dashed line is
~ 0.4 uCrab at ~ 4 keV
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a reverse shock is ~ (I'/T,)~%/3T,, and the characteristic frequency for the reverse
shock is vy, rs ~ Vim.rs/ I'? (Kobayashi, 2000), where subscripts RS and F'S indicate
reverse and forward shocks respectively and v,, g is the forward shock characteristic
frequency. The spectral peak flux at the characteristic frequency is proportional to
the number of electrons, the magnetic field, and the bulk Lorentz factor. The mass
in the shell is a factor I' larger than the heated and swept up ambient density of the
forward shock region. The spectral peak flux for the reverse shock is then F), jax rs ~
I'F, max,rs. The forward and reverse shock regions can have a different pre-shock
magnetization parameter ¢ g, for simplicity we assume that they are the same.

At low frequencies synchrotron self-absorption becomes important; for the reverse
shock, synchrotron self-absorption will limit the flux more efficiently than for the for-
ward shock because the effective temperature of the electrons in the reverse shock
region is lower by a factor ~ I'. The limiting flux, at a given frequency v and observer

time ¢, for the reverse shock is (e.g. Kobayashi & Sari, 2000)

vet\? p—2 e v\ M2
FI/,BB ~ 27rmpF3 (F) Ee (E) <;) max (1/_> s 1 s (41)

where e is internal energy density and p is the mass energy density in the reverse shock
region. At the shock crossing time (e¢/p) ~ 1, and (e/p) oc t~%/7 after the shock
crossing. For the forward shock, the limiting flux is a factor I' larger at the shock
crossing time.

If the ejecta from the central engine is magnetized, £p in the reverse shock re-
gion would be higher than that in the forward shock region. The higher €5 will make
the reverse shock peak slightly later and brighter. At early times and low frequen-
cies, synchrotron self-absorption limits the reverse shock emission. As the reverse

shock region expands, the emitting surface becomes larger, and the flux limit grows as
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Figure 4.3: Afterglow from a low I jet with a jet kinetic energy of 10°? erg, and a luminosity
distance 40 Mpc. The jet bulk Lorentz factor is estimated from the delay time as I' ~ 30.
Shaded regions represent the range of ambient densities (3 < n < 15) x 1072 cm™3, all other
parameters are as Figure 4.1. The reverse shock at 10 GHz is shown as a thin dash-dotted red
line and faint shaded region. Colours are as for Figure 4.1. The green horizontal solid line is
optical map = 21, and the red horizontal dash-dotted line indicates the 1 pJy limit
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F, g o t'/2 (see Kobayashi & Sari, 2000; Kopa¢ et al., 2015, for the black body ap-
proximation) where v < v,,, rg. When this limit becomes higher than the synchrotron
flux F, o 5}3/315‘1/ 2 (Kobayashi, 2000), the reverse shock component peaks. Note
that the self-absorption limit does not depend on ¢p, but the synchrotron flux does.
By equalizing the two flux estimates, we find that the peak time and peak flux of the
reverse shock emission are scaled as 5119/?’ and 5}3/6 respectively. If v > v, rg, these
scalings are F,gg o t%/7, and F, oc eP*1/4=2 We find the peak time and flux are
scaled as 5%”“)/ * and 5%?“)/ 10 respectively. For low I' outflows, synchrotron self ab-
sorption is less important and the reverse shock will peak at the time when the shock
crosses the shell. If v, pg < v at peak time, then the peak time and flux are pro-
portional to 5%7_1)/ * and 6?3(” DA (e.g. Zhang & Kobayashi, 2005; Kobayashi et al.,
2007). The forward shock light curve will evolve as t~3(P~1)/4 after the peak.

A jet viewed on-axis will exhibit a light curve break when I'™* < 6; (Sari et al.,
1999), where 0, is the jet half-opening angle. As I' oc EY/#n~1/8¢=3/8 the break time
should occur at

t; ~ 10 Eyen y/*(0;/0.31)%? days, (4.2)

where subscripts follow the convention N, = N/10%, ¢; is in radians and we normalise
to a jet with ; = 0.31 rad, or ~ 18°. Note that for GRB 170817A to be on-axis
i.e. within the jet opening angle, the value of 6; should be larger than the system
inclination. For jets where the kinetic energy is < 108 erg, or the half-opening angle
is < 6°, then the jet will break at ~ 1 day. Where the energy is low and the jet is
narrow, then the break will occur at ~ 0.1 days. The jet half-opening angle is unknown,
however as the inclination is ~ 18° (Mandel, 2018) this can be used to indicate a wide
jet if the GRB is observed on-axis. The jet-break is not included in the analysis.

The afterglow light curve for a jet viewed on-axis is shown in Figure 4.1; the am-

bient density is set as the mean of the Fong et al. (2015) sample, n = 0.009 cm™3.
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Before the deceleration time, when I' is constant, the forward shock flux and charac-
teristic frequency depend on the ambient density as [F}, max, Vim] X n'/2. The deceler-
ation time depends on the number density as .. n~1/3. After the deceleration time,

Vp X t=3/2

and the dependence on the ambient density vanishes. Where v < v, at the
deceleration time, the light curve will continue to increase as F, = F,, o, (v/v) '3
until v = v,,,, the peak here is therefore F,, oc n'/? as v,, no-longer depends on 7.
Afterglow light curves are shown for 10 GHz, optical, and X-ray frequencies. The
shaded regions represent the uncertainty in the ~y-ray efficiency 0.1 < n < 0.7. The
bold afterglow lines show the light curve for a v-ray efficiency n = 0.4, where the
dash-dotted red line is 10 GHz, the solid green line is optical (5 x 10'4 Hz), and the
dashed blue line is X-ray (10'® Hz). The reverse shock emission is shown as a thin
dash-dotted red line with a faint shaded region; and the reverse and forward shock
afterglow at 10 GHz assuming the mean efficiency is shown as a thick black dash-
dotted line. The forward shock dominates emission for optical and X-ray frequencies.
As areference, the horizontal dash-dotted line shows 1 uJy, horizontal solid line shows

map = 21, and the approximate Swift/XRT (X-Ray Telescope) limit is given by the

lower-limit of the y-axis at 1073% erg cm™2 s~! Hz 1.

4.2.2 Low ]I Jets

The minimum radius at which the prompt ~y-ray photons can be emitted is the photo-
spheric radius, where the outflow becomes optically thin. The photospheric radius is
given by

orEx

1/2
R, = { } ~ 1.9 x 10 BT em, (4.3)

drm,,cl
where o is the Thomson cross-section.

Considering the relatively high £, despite the low L., we assume that the prompt
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~-ray photons are emitted near the photosphere. The observed delay time between the
GW signal and the GRB is equivalent to the travel time for a constant Lorentz factor
flow to a radial distance equivalent to the photospheric radius, At ~ R,/2I"%c. The

bulk Lorentz factor is then

2/5 _

orE 1/2 At 2/5

] s () e
c? (mmy,

where At is the measured delay time.

The prompt y-ray emission is predicted to be suppressed for a jet with a low
Lorentz factor, the higher energy emission will be suppressed due to pair production
and the total energy in the photons reduced due to adiabatic cooling before decoupling
from the expanding plasma at the photosphere,’ (e.g. Hascoét et al., 2014; Lamb &
Kobayashi, 2016). GRB 170817A had a thermal component (Goldstein et al., 2017b)
that would be expected from photospheric emission (e.g. Pe’er et al., 2006a). To re-
flect the possible prompt suppression we extend the lower limit of the -ray efficiency
range3. The Lorentz factor for a jet with 0.001 < < 0.7, and the observed E., from
equation 4.4, is 10.0 = I = 2.2. The afterglow light curves from low I" jets are shown
in Figure 4.2; we use an efficiency of = 0.1 for the light curve. The shaded region
indicates the afterglow for the limits of the efficiency.

The low-I" value for the outflow gives a relatively long deceleration time (4c.) for
the jet, where tg4o. X ['8/3. The reverse shock will cross the shell at ~ 0.4 — 1.7
days for 10 = I" = 2.2 respectively. At radio frequencies the reverse shock emission

will dominate over the forward shock light curve at t4e. for I' = 5. This will result

2 This suppression results in the fraction of energy radiated being f..q < 1 while the assumed value for
€, remains unchanged.

3 Where the efficiency is high, the jet kinetic energy will be low and suppression of dissipated energy
within a low I" outflow reduced (see Lamb & Kobayashi, 2016). Such low-energy, low-luminosity,
and low I" jets may form a distinct population (e.g. Siellez et al., 2016)
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in a brightening of the light curve before the forward shock peak due to the reverse
shock. The reverse shock is only important at early times and for the upper limits of
the parameter space; the reverse shock is shown for the 10 GHz light curves in Figure
4.2.

The level of suppression of the prompt emission is unknown; if all jets from binary
neutron star mergers produce jets with a similar kinetic energy (e.g. Shapiro, 2017),
then the afterglow would appear brighter than a low-luminosity jet afterglow with a
typical n value. Using a jet kinetic energy of £y = 10°? erg, the bulk Lorentz factor
from equation 4.4, would be I' ~ 30 and the prompt emission significantly suppressed
(e.g. Lamb & Kobayashi, 2016). The prompt efficiency for such a jet would be very
low, n ~ 107, where the observed GRB had energy equivalent to GRB 170817A.
The afterglow for such a jet is shown in Figure 4.3; as the jet kinetic energy is fixed,
here the limits of the shaded regions represent the uncertainty on the ambient medium
number density, n ~ (3 — 15) x 1072 cm™3. A reverse shock is apparent at 10 GHz,
peaking at ~ 2 days with a flux ~ 10 Jy; the reverse shock is shown in the figure
as a thin red dash-dotted line with the associated uncertainty in the ambient number
density. A black dash-dotted line indicates the sum of the 10 GHz light curve from the

forward and reverse shocks.

4.2.3 Structured Jet

GRBs are usually assumed to have a homogeneous, or ‘top-hat’, structure i.e. the
energy and Lorentz factor are uniform in a jet cross-section and the jet has a sharp edge
defined by the jet half-opening angle. However, jets may have some intrinsic structure
either due to the formation and acceleration processes or as a result of jet breakout from
merger ejecta. Here we use the structured jet models from Lamb & Kobayashi (2017a);

see also Xiao et al. (2017) for a similar analysis or Jin et al. (2017) and Kathirgamaraju
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Figure 4.4: Afterglows from jets with structure; jet core parameters are Fi, = 10°? erg,

n = 0.4, ' = 80, and 0. = 6°, all other parameters are as previously used. The jet structure
extends to 25° in each case. Left: Gaussian structure, a Gaussian function on E and I' with
angle from the centre. Jet inclined to the observer at 18.5°. Middle: Power-law structure with
a decay index outside of the core of £ = —2. Jet inclined to the observer at 25.5°. Right:
Two-component structure, where the second component has 5% of the core parameters. Jet
inclined to the observer at 11°.

et al. (2018) for discussion of the prompt emission from a structured jet. For each
of the three models used the total isotropic equivalent jet core energy is fixed at 1052
erg, and the core extends to an angle of 6° from the central axis. The jet parameters,
E and T, vary according to the model: for a two-component jet, &/ and " are at 5%
of the core values between (6 — 25)°; for a power-law jet, £ and " vary with angle
outside the core following a power-law index -2; and for a Gaussian structured jet the
parameters F and I" depend on angle following a Gaussian function from (0 — 25)°.
The detected prompt emission in a 50-300 keV band is determined for each jet model at
observation angles from (0—25)° and a distance 40 Mpc. The observation angle values
are selected for each jet structure where the detected prompt photon flux is comparable
to the observed Fermi/GBM and INTEGRAL. The afterglow from each model for the
determined inclination is then generated following the method in Lamb & Kobayashi
(2017a).

The Gaussian jet model, shown in Figure 4.4 left panel, has an inclination of 18.5°.

For the power-law jet model, shown in Figure 4.4 central panel, the inclination angle is
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25.5°. For the two-component model, shown in Figure 4.4 right panel, the inclination
angle is 11°; note that for the two-component model the y-ray emission is that seen off-
axis from the core jet region, the wider sheath component has a low-I" value such that
the prompt emission is fully suppressed. In the figure the afterglow at 10 GHz is shown
in red with a dash-dotted line, optical is shown in green with a solid line, and X-ray
is shown in blue and with a dashed line. The shaded region represents the uncertainty
in the ambient medium number density, with the line indicating the afterglow for the
mean n = 0.009 cm 3.

For each model the first break in the light curve is due to the deceleration time
for the jet component inclined towards the observer, i.e. the jet-component at the in-
clination angle. At radio frequencies, the light curve will peak when the characteristic
frequency crosses the observation band, v,,, = v. At optical and X-ray frequencies, and
at radio frequencies for the two-component jet, a late-time excess or a shallow decay
is due to the off-axis emission from the bright core of the jet. Any late-time break in
the light curve is due to the edge of the jet becoming visible i.e. the jet-break, equation
4.2.

For the structured jet models the photon flux at the detector from the prompt emis-
sion approximates, without fine-tuning, the observed parameters: for the Gaussian jet
the prompt fluence is ~ 3.8 x 1077 erg cm~2; for the power-law jet the prompt flu-
ence is ~ 7 x 1077 erg cm~2; and for the two-component jet the prompt fluence is
~ 2.1 x 1077 erg cm~2. The Fermi/GBM measured fluence is (2.8 +0.2) x 1077 erg
cm~2 (Goldstein et al., 2017b; Abbott et al., 2017f). The difference in fluence between
the jet models and the observed value is due to the choice of numerical resolution. The
fluence for each jet model was calculated in 0.5° steps from 0 — 28° and the inclination
for the jet determined by the angle for which the fluence was closest to the observed

value.
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Figure 4.5: Off-axis afterglow from a homogeneous jet with Eis, = 10°2 erg, n = 0.4, T’ = 80,
and a half-opening angle §; = 6°. The observed ~-ray fluence in the 50-300 keV band is

2.1 x 10~7 erg cm~2; the inclination from the jet central axis is 11° and the ambient density is
in the range 0.003 < n < 0.015 cm 3,

4.2.4 Off-Axis Afterglow

The Tyy duration of GRB 170817A is longer than the typical value of ~ 0.6 s (Zhang et
al., 2012), although still within the usual period for short GRB classification < 2's. The
delay time between the GW signal and the detected prompt emission, and the duration
and low-luminosity of the «y-rays could be due to the jet inclination to the line-of-sight;
where for an off-axis observer the time until emission and the duration are lengthened
from that for an on-axis observer by the relativistic Doppler factor, ¢ oc ! where ¢ is
the observed time, § = [['(1 — 3 cosfq,s)] ! is the Doppler factor and 3 the velocity

as a fraction of ¢, and the observed fluence is o< 62 (e.g. Ioka & Nakamura, 2001). The
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off-axis prompt emission will also appear to be brighter in X-rays (e.g. Yamazaki et
al., 2002).

If the jet is inclined in such a way that the observer’s line-of-sight is outside of
the jet edge i.e. 0,,s > 0;, then the prompt and afterglow emission will be delayed
and suppressed when compared to that seen by an on-axis observer i.e. 0., — 0. In
considering an observer at various angles from the jet central axis, we use the method
in Lamb & Kobayashi (2017a) which includes the jet geometry and emission surface to
determine the inclination at which the prompt y-ray photons have a similar fluence*. At
an inclination of 11° for a jet with f; = 6°, Fis, = 10°? erg, an efficiency = 0.4, and a
" = 80, the simplest estimate of the fluence in a Ty, period from our model is 2.1x 1077

erg cm 2

. The corresponding afterglow in an ambient medium 0.003 < n < 0.015
cm™? is shown in Figure 4.5 where the colours are as previous figures. Note that as
v, < v < Uy, at the deceleration time for the 10 GHz light curve, then the synchrotron
self-absorption frequency 0.25 < v, < 0.75 GHz at this time will not affect the light
curve (Sari et al., 1999).

Given an observed F,, ~ 185 keV, and the inclination, jet half-opening angle and
I' used, the ‘on-axis’ spectral peak energy would be a few MeV. Short GRBs with a
spectral peak of a few MeV include GRB 061006, 070714, and 090510; where the
E, = [955 £ 267, 2150 £ 1113, and 8370 £ 760] keV respectively (e.g. Zhang et
al., 2012; Piron, 2016). All of these GRBs have high luminosities for short GRBs,

where L, > 10 erg s™*

. The high on-axis £, value applies to the two-component
jet discussed in §4.2.3, where the wider sheath component has no detectable ~y-ray

emission and only contributes to the afterglow light curve.

4 We do not change any of the prompt energy parameters from the model in Lamb & Kobayashi (2017a)
except the total isotropic energy, efficiency, and bulk-Lorentz factor, where we use £ = 10°2 erg,
n=0.4and ' = 80 instead of E = 2 x 10°? erg, n = 0.1 and I' = 100. This maintains consistency
with earlier scenarios and avoids fine-tuning.
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4.3 Discussion

By assuming that the observed GRB is from a compact merger jet we have shown the
expected afterglow light curves for various jet models. If GRB 170817A was a low-
luminosity GRB viewed on-axis, the afterglow in X-ray and optical would peak within
seconds of the GRB. A reverse shock in the radio, typically fainter than <1 mJy at 10
GHz, may be visible peaking on a timescale of minutes; this will be followed by the
radio forward shock afterglow peak with flux < 0.1 mJy at ~ 1 day i.e. Figure 4.1.
The predicted optical afterglow is fainter than map < 19, and the X-ray afterglow is
detectable by Swift/XRT but will fade rapidly. The X-ray afterglow will peak within
seconds and typically last ~ 15 minutes before becoming too faint for Swift/XRT,
where we assume an X-ray limit of > 10732 erg cm~2 s~! Hz~!. Such a fast and faint
transient would be challenging to detect.

By considering the delay time from GW signal to GRB, constraints can be put on
the jet bulk Lorentz factor, if the jet is inclined within the half-opening angle i.e. on-
axis. The energy dissipated will decouple from the jet when the optical depth becomes
unity, at the photospheric radius. By using an assumed ~y-ray efficiency, the jet kinetic
energy can be estimated and from this and the delay time a value for I' found. The
bulk Lorentz factor found using an efficiency 0.001 < n < 0.71s 10.0 > I' > 2.2
respectively. This is consistent with the low-I" jet model of Lamb & Kobayashi (2016)
where the prompt emission is expected to be significantly suppressed. The forward
shock afterglow from such a jet is shown in Figure 4.2; the afterglow peak in all bands
is < 1 day and optical and X-ray are faint. Radio emission at 10 GHz is typically < 1
mly, and would be detectable for = 1 — 100 days.

If the ~-ray efficiency is very low i.e. the jet Kinetic energy is £y >> F, then the
derived bulk Lorentz factor, using £y, = 102 erg, is I' ~ 30. This value is consistent

with the low-I" jet model, predicting suppression of the prompt emission resulting in
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a low-luminosity GRB. The afterglow for such a jet is shown in Figure 4.3; the peak
afterglow is typically a few hours after the GRB at optical and X-ray frequencies.
Radio, optical, and X-ray emissions are bright in all cases. The 10 GHz afterglow
remains at the ~ 1 Jy level for ~ 10 — 1000 days, while optical and X-ray fade rapidly.

A jet with extended structure may naturally produce low-luminosity GRBs at
wider angles where the jet energetics are lower. By following the structured jet mod-
els of Lamb & Kobayashi (2017a), we show the expected afterglow from a jet with
these models where the observed y-ray flux is equivalent to the detected Fermi value.
The afterglows from a Gaussian jet viewed at 1 = 18.5°, a power-law jet viewed at
1 = 25.5°, and a two-component jet viewed at an inclination ¢ = 11° are shown in
Figure 4.4. Radio, optical and X-ray emissions are bright in all cases with optical and
X-ray light curves peaking ~ 3 —100 days, and 10 GHz at ~ 20 — 100 days at the 0.1-1
Jy level. Various features are distinct for each jet model: the Gaussian jet has an early
peak with a shallow rise or decline in optical and X-ray emission for ~ 100 days before
breaking to a more rapid decline. In addition the radio typically peaks at the break. For
an observer at a wider inclination, the afterglow light curve will show a slow rise from
a few days to a peak at = 100 days at all frequencies (e.g. Lamb & Kobayashi, 2017a).
The power-law jet has a sharp early peak at optical and X-ray frequencies whilst the
10 GHz afterglow has a later peak with a slower increase in flux after the deceleration
time. Finally the two-component jet has a softer peak and shows a slight rebrightening
at late times, especially at radio frequencies, before a rapid decline.

An observer at an inclination just higher than the jet’s half-opening angle will
see the relativistically beamed prompt and afterglow emission at a later time and at a
lower frequency and intensity. The observed delay in the prompt emission, and the
low-luminosity can be explained by the jet inclination; the afterglow in such a case

would be similarly delayed and fainter. We show the afterglow for an observer at 11°
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from the jet central axis, where the jet has a half-opening angle 6; = 6°, an isotropic
equivalent blast energy 10°? erg, a y-ray efficiency of n = 0.4, and I' = 80. The X-ray
afterglow, at ~ 4 keV, rises slowly to a peak flux < 1073 erg cm™2 s=! Hz 7! at ~ 30
days; optical afterglow has a similar rise index and peak time with a map < 16; while
the 10 GHz afterglow has a steeper rise rate, breaking to a soft peak from 70 days, the
10 GHz afterglow is brighter than 1 pJy from = 1 — 2 days and peaks at ~ 1 Jy.

A neutron star binary merger is expected to produce a kilo/macro-nova that will
peak with a thermal spectrum at optical to near-infrared frequencies during the first
10 days (e.g. Tanaka et al., 2014; Metzger et al., 2015; Tanaka, 2016; Barnes et al.,
2016; Wollaeger et al., 2017). For the structured or off-axis jet afterglows, the optical
emission may peak on a similar timescale to the expected kilo/macro-nova. However
X-ray and radio emission will reveal the afterglow in such a case. Non-detections by
X-ray and/or radio searches for an afterglow from GRB 170817A at early, < 10 days,
times can be used to rule out the various structured, and high kinetic energy with low-I"
jet scenarios presented here.

The prompt emission for GRB 170817A was fit by an exponential cut-off power-
law, the Comptonization spectrum model (e.g. Yu et al., 2016), with a vF,, spectral
peak energy at [, ~ 185 &+ 62 keV and an index a@ ~ —0.62 £ 0.40 (Abbott et al.,
2017f; Connaughton et al., 2017; Goldstein et al., 2017a,b; Savchenko et al., 2017b).
Due to the sparsity of high-energy photons, the requirement for an ultra-relativistic
bulk Lorentz factor is relaxed. Additionally, with this £}, and low luminosity, the
GRB does not fit on the £}, — L., correlation for all GRBs (e.g. Yonetoku et al., 2010;
Zhang et al., 2012). A structured jet where the photospheric emission is treated more
precisely could explain the GRB (Meng et al., 2018), or the ~y-rays could be due to
inefficient particle acceleration, wider angle Comptonized emission, or scattered jet

internal prompt emission (Kisaka et al., 2015b, 2017). Alternatively the detected -
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ray flux may not have been from a jet but a more isotropic outflow (e.g. Salafia et al.,
2018); a cocoon or shock-breakout (Pe’er et al., 2006b; Nakar & Piran, 2017; Lazzati
et al., 2017a; Gottlieb et al., 2018), or a flare due to fragmentation of a viscous disc

(Perna et al., 2006).

4.4 Conclusions

We have modelled the afterglow from various jet dynamical scenarios given the ob-
served ~y-ray flux detected by Fermi and INTEGRAL for GRB 170817A in association
with the GW signal GW 170817. Four scenarios were considered: (i) an on-axis low-
luminosity GRB with typical high Lorentz factor; (ii) low-I" jets viewed on-axis; (iii)
jets with extended structure where the prompt emission would have an energy similar
to that observed; (iv) and an off-axis jet where the prompt emission is geometrically
corrected to give the observed y-ray fluence. In all cases an afterglow is expected on
various timescales and with a range of peak fluxes. Where the kinetic energy is typical
for a GRB jet, the afterglow for either a low-I" jet or from a structured jet where the
prompt ~y-ray emission is suppressed or low, will result in a bright afterglow, easily
detectable at all frequencies. If GRB 170817A is from within a relativistic jet then the

jet must be either:
e Alow energy jet with either a low- or high- I, and a high ~-ray efficiency n = 0.4
e A GRB jet viewed off-axis

If the jet is the first of these, then a large population of low-luminosity, low-energy jets
from neutron star mergers could exist resulting in a high GW detection rate for neutron

star mergers.
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Figure 4.6: Afterglow from a Gaussian structured jet with parameters tuned to recreate the
observed radio, optical and X-ray observations if viewed at 20°. The afterglow range indicates
the light curve for an inclination 10 < ¢ < 26°. X-ray at 1 keV is shown in blue, optical with
green, and 3 GHz in red. Markers indicate observations from Hallinan et al. (2017), Haggard
et al. (2017), Lyman et al. (2018), Margutti et al. (2017), Mooley et al. (2017), Ruan et al.
(2017), and Troja et al. 2017; errorbars are typically smaller than the markers and not included.

4.4.1 An Evolving Counterpart

X-ray and radio counterparts were initially reported from ~ 9 — 18 days post-merger
(Corsi et al., 2017; Hallinan et al., 2017; Margutti et al., 2017a; Mooley, Hallinan &
Corsi, 2017; Troja et al., 2017). Electromagnetic observations continue to follow the
evolution of the afterglow to GW170817-GRB 170817A.

Radio counterparts are expected from the merger ejecta at late times (e.g. Ho-
tokezaka et al., 2016), however, the X-ray and radio observations from ~ 10 — 100

days (Haggard et al., 2017; Hallinan et al., 2017; Margutti et al., 2017a; Mooley et al.,
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2018; Ruan et al., 2018) and recent optical data (Lyman et al., 2018) are consistent with
a Gaussian structured jet. One phenomenological fit is for an observer at ~ 20°, and
with the parameters used in §4.2.3 tuned (e.g. Lyman et al., 2018; Margutti et al., 2018)
; where energy follows an angular distribution o< e~%°/% and the bulk Lorentz factor

~0°/20; The parameters for the afterglow shown in Figure 4.6 are E, = 10°2 erg,

x e
I' = 80 for the jet core with an angle . = 4.5°, microphysical parameters ¢, = 0.01
and e = 0.01, p = 2.1, and ambient number density n = 1.3 X 103 cm~3; where the
range indicates an observer between 10 < ¢ < 26° (Mandel, 2018) and the thick lines
indicate 20°. The GRB emission is not directly reproduced by this model, however
the contribution from scattered prompt emission of the jet core (Kisaka et al., 2017)
or other higher latitude effects have not been considered. Alternatively a jet-cocoon
structure can explain the observed afterglow (Lazzati et al., 2017c), or a choked-jet
cocoon (Mooley et al., 2018).

The afterglow models presented here can be used with future EM jet-counterparts
to GW detected NS mergers. For a Gaussian structured jet, the rising broadband emis-
sion of the afterglow from ~ 10 days depends on the inclination and the jet parameters,
whereas for a cocoon model it should be fairly consistent for a wide range of observa-

tion angles. Failed GRB afterglows, or other jet structures could be revealed by further

GW-EM detections.



5. Transient Survey Rates for
Orphan Afterglows from Compact

Merger Jets

This Chapter has been submitted to MNRAS as Lamb et al. (2018).

5.1 Introduction

The most promising candidate for the progenitor of short y-ray bursts (GRBs) is the
merger of a binary neutron star (NS) system or a NS black hole (BH) system (e.g.
Eichler et al., 1989; Narayan et al., 1992; Mochkovitch et al., 1993; Bogomazov et al.,
2007; Nakar, 2007; Berger, 2014). Such systems are candidate targets for gravitational
wave detectors, and as such there has been a focus on potential electromagnetic (EM)
counterparts to such mergers (Nissanke et al., 2013). Amongst the counterparts are the
isotropic macro/kilo-nova (e.g. Li & Paczynski, 1998; Barnes & Kasen, 2013; Tanaka
& Hotokezaka, 2013; Piran et al., 2013; Metzger & Fernandez, 2014; Tanaka et al.,
2014, 2018; Barnes et al., 2016; Tanaka, 2016; Metzger, 2017a), radio counterparts
(e.g. Nakar & Piran, 2011; Kyutoku et al., 2014; Margalit & Piran, 2015; Hotokezaka

& Piran, 2015; Hotokezaka et al., 2016), wide angle coccoon emission (Lazzati et
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al., 2017a; Nakar & Piran, 2017; Gottlieb et al., 2018; Kisaka et al., 2017), resonant
shattering, merger-shock or precursor flares (Tsang et al., 2012; Kyutoku et al., 2014;
Metzger & Zivancev, 2016), GRBs (e.g. Coward et al., 2014; Ghirlanda et al., 2016;
Kathirgamaraju et al., 2018; Jin et al., 2017), failed GRBs (fGRB) (Dermer et al.,
2000; Huang et al., 2002; Nakar & Piran, 2003; Rhoads, 2003; Lamb & Kobayashi,
2016, 2017a), and off-axis orphan afterglows (e.g. Rossi et al., 2002; Granot et al.,
2002; Zou et al., 2007; Zhang, 2013; Lazzati et al., 2017a; Sun et al., 2017). Some
of these counterparts make promising potential transients for the next generation of
optical survey telescopes e.g. Large Synoptic Survey Telescope (LSST) (LSST Science
Collaboration et al., 2009), and Zwicky Transient Factory (ZTF) (e.g. Bellm, 2014;
Bellm & Kulkarni, 2017).

Here we make predictions for transient rates in blind surveys (i.e. without a grav-
itational wave or ~y-ray trigger), for orphan afterglows from short GRB jets and tran-
sients based on the expected excess as a result of low-Lorentz factor failed GRB jets
(Lamb & Kobayashi, 2016) and/or jets with extended wide structure (e.g. Lamb &
Kobayashi, 2017a; Kathirgamaraju et al., 2018; Jin et al., 2017; Xiao et al., 2017).
Different jet structures predict different emission properties, especially for off-axis
viewing angles. Therefore, the detection rate of orphan afterglows will give an im-
portant constraint on the structure and dynamics of the jets. We consider only the
transients from the afterglow due to the jet-ISM interaction; such transients will be
associated with all jetted short GRB progenitor models and the jet afterglow, orphan or
otherwise, will have a non-thermal spectrum. Where short GRBs are exclusively due
to NS/BH-NS mergers, then additional transients will be associated; most notably a
macro/kilo-nova that will have a red/infra-red frequency peak brightness that depends
on the viewing angle, and an earlier blue/ultra-violet peak that will be apparent depend-

ing on the system inclination. Macro/kilo-nova emission will have a thermal spectrum
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and a very rapid decline after the peak.

In §5.2 we describe the merger jet parameters and models used and in §5.3 we
describe the method for generating the cosmological population of merger jets. The
results are described in §5.4, and discussed in §5.5. Concluding remarks are made in

§5.6.

5.2 Merger Jet Models

We assume that the dominant progenitor for the short GRB population are relativistic
jets from mergers (Levan et al., 2016). From the observed energetics of short GRBs
a luminosity function can be determined (e.g. Wanderman & Piran, 2015; Sun et al.,
2015; Ghirlanda et al., 2016; Zhang & Wang, 2018).

We generate seven populations of merger jets where we use a Wanderman & Piran

(2015) redshift and luminosity function. Four have homogeneous jet structure models:

(i-1i1) WP156/16/26: With a coasting phase bulk Lorentz factor I' = 100 and a jet half-
opening angle' of §; = 16 & 10° (Fong et al., 2015). For population (i) 6; = 6°,
(i) 0; = 16°, and (iii) 0, = 26°

(iv) LK16: With a bulk Lorentz factor distribution for the population defined as
N(T') o< T2 with arange 2 < I' < 10° (Lamb & Kobayashi, 2016). We

assume each jet has a half-opening angle ¢; = 16°

The final three jet populations use parameters that are described by the structured jet
models in Lamb & Kobayashi (2017a). These jets have a core angle §. = 6° and a
wider jet component to 6; = 25° in each case. For the structured jets the luminosity

function is used to determine the power within the jet core:

! Note that Ghirlanda et al. (2016) found this redshift distribution to indicate jet half-opening angles

in the range 7° < 0; < 14°, we use the wider angle and range to include the widest observations
0; > 25°.
J ~
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(v) LK17t, two-component jets where the wider component ¢, < ¢ < §; has energy

and Lorentz factor at 5% the core value

(vi) LK17p, power-law jets where the energy and Lorentz factor between the core
and jet edge scale with angle from the core using a negative index power-law,

o (0/6.)~*

(vii) LK17g, Gaussian jets where the energy and Lorentz factor follow a Gaussian

function with angle to the jet edge, o e=07/26;

The existence of a jet edge for the structured jet models is motivated by relativistic
magnetohydrodynamic simulations of neutron star mergers (e.g. Rezzolla et al., 2011;

Dionysopoulou et al., 2015)

5.3 Method

We assume the short GRB rate? and luminosity function given in Wanderman & Pi-
ran (2015); note the event rate for this distribution varies with redshift, peaking at
z = 0.9, and rapidly declines with increasing redshift (Rqrp = 45 e*~0:9/0:39 Gpc—3
yr~! where z < 0.9, and Rgrp = 45 e #709/026 for » > 0.9). At redshifts below
the peak, the event rate is consistent with that found by D’Avanzo et al. (2014) and
Sun et al. (2015). The luminosity function follows a broken power-law with the lim-
its 5 x 10* < L, < 10° erg s™' and a brake at 2 x 10°? erg s!; at luminosities
below the brake the power-law index is -1, and above the brake the index is -2. The
luminosity function is defined with an interval d log L.. Note that we do not consider
low-luminosity short GRBs, i.e. L, < 5 x 10% erg s~*. The origin of low-luminosity

short GRBs is not known, the low-luminosity population could represent an extension

2 Cosmological parameters Hy = 70, Q7 = 0.3 and 2, = 0.7 are used throughout
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of the usual short GRB luminosity function to lower powers or a distinct population of
low-luminosity short GRBs (e.g. Siellez et al., 2016). The afterglows from a population
of low-luminosity GRBs would be intrinsically very faint and the redshift distribution
of the observable sample limited to ‘local’ luminosity distances.

Using the short GRB rate (Gpc— yr~!) and luminosity function, a correlation for
isotropic equivalent energy and v I, spectral peak energy F, in Tsutsui et al. (2013),
and assuming a spectral index a = 0.5 and § = 2.25 (Gruber et al., 2014) with a
broken power-law, we find the minimum ~-ray luminosity for a detectable short GRB
and the rate at a given redshift. We assume a detection if the number of photons in
the energy band 15-150 keV is > 0.3 ph cm~2 s~! (Band, 2006). Using the minimum
observable luminosity and the short GRB rate with redshift, the all-sky number of
detectable short GRBs is ~ 71 yr'. Swift/BAT detects ~ 10 yr~!, however as noted
by Bromberg et al. (2013), the Swift/BAT short GRB sample is contaminated by non-
merger (collapsar) short duration GRBs, the fraction of merger short GRBs is ~ 60%.
Using a detection rate of ~ 6 yr—! the effective field-of-view for Swift/BAT is ~ 1.06
st, this is less than the BAT partially coded field-of-view ~ 1.4 sr (Baumgartner et al.,
2013). The Swift/BAT duty cycle, the sensitivity of the partially coded field-of-view,
or the exact fraction of merger short GRBs may explain this discrepency. The all-sky
rate for short GRBs is used to normalize the Monte Carlo merger jet samples.

For each model (i-vii), 10° merger-jets are generated. Each jet has a random
isotropically distributed inclination ¢ to the line-of-sight and a random redshift 2~ using
the short GRB redshift distribution. The jet energetics, and bulk Lorentz factor depend
on the model parameters. The prompt emission is highly beamed and only detectable
for typical cosmological distances and ~y-ray energies from jets inclined within the jet
half-opening angle. The «-ray photon flux at the detector for a jet inclined within the

half-opening angle is calculated considering the jet luminosity. A correlation between
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the y-ray luminosity and spectral peak energy for short GRBs is used to determine £,
(e.g. Yonetoku et al., 2004; Ghirlanda et al., 2009; Zhang et al., 2012; Tsutsui et al.,
2013). We use the same GRB detection criteria as that used to estimate the all-sky
Swift/BAT short GRB rate.

Using the fireball model (Piran, 1999) and an assumed ~-ray efficiency 7 for the
prompt emission, the isotropic equivalent blast energy can be found from the ~y-ray
luminosity L., and timescale Tyy. The jet kinetic energy Ey = L.Ty(1/n — 1) is
dissipated in shocks that form as the jet decelerates in the ambient medium giving rise
to an afterglow. The temporal evolution and peak afterglow flux of a GRB follows Sari
et al. (1998, 1999), where the peak flux is F), o< nl/Qg}B/ZEkD_Q, here n is the ambient
number density, €5 is the microphysical magnetic parameter, and D is the luminosity
distance.

For an off-axis observer, at an inclination greater than the jet half-opening angle
6;, the observed flux is reduced by relativistic effects. The flux at a given observer
frequency v becomes F,(i,t) = a’F,;,(0,at), where a = 6(i)/6(i = 0) and § =
[C(1 — Bcosi)] ™t is the relativistic Doppler factor; I is the bulk Lorentz factor, and
B is the jet velocity relative to the speed of light (Granot et al., 2002). Note that
this relation is valid for a point source only and that for a jet with a defined opening
angle the relativistic beaming factor for the flux is ~ a? for i < 26;, and the angle
used to calculate the relativistic Doppler factor is ¢ — 6; where 7 > 0; (Kumar &
Panaitescu, 2000; Ioka & Nakamura, 2001). The off-axis jet model assumes multiple
point sources that when summed over the extended jet opening angle account for the
different analytical solution at ¢ < 26);.

For all jets we use the method in Lamb & Kobayashi (2017a), with the relevant
jet structure model to generate on/off-axis afterglows for the population of jets. The

3

ambient density is assumed to be n = 0.1 cm™~, microphysical parameter ¢, = 0.1,
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Table 5.1: The number of afterglow transients from a given merger jet model that are brighter
than a limiting r-band magnitude magnitude. All models use the redshift and luminosity func-
tion from Wanderman & Piran (2015). The GRB population in each sample is normalized
to an all sky rate of Swift/BAT detectable short GRBs of ~ 71 yr~!. The first value in each
column is for orphan afterglows only, the values in square brackets are for GRB and orphan
afterglows combined. The all-sky rates less than a given magnitude have an associated uncer-
tainty of ~ £0.7 deg=2 yr~!. The LSST and ZTF detection rate is based on the mean timescale
a transient is brighter than the telescope threshold

<92 <245 <921 <204 (Tisst)  LSST (Tyre)  ZIF

Model | x1073deg 2 yr™! x1073deg2yr! x103deg ?yr! x1073deg 2 yr! days yrt days yr!
(i) WPI5¢ 32.2[33.6] 25.3[26.7] 3.6 5.0] 1.4 [2.8] 0.16[0.20] 13.4[17.6] 0.02[0.03] 0.6[1.9]
(ii)  WP1544 20.2 [22.9] 18.5 [21.1] 2.31[5.0] 0.8 [3.1] 0.12[0.27] 7.3[18.8] 0.03[0.06] 0.5[4.2]
(iii)  WPI155 15.7 [17.5] 15.0 [16.7] 35([5.2] 1.6 [3.3] 0.11[0.34] 547[18.7] 0.02[0.07] 0.7[5.2]
(iv) LKI16 60.0 [62.0] 39.2 [41.2] 3.715.7] 1.8 [3.7] 0.54[0.56] 70.0[76.1] 0.09[0.07] 3.6[5.8]
(v) LKI7t 27.6 [29.3] 21.8[23.5] 2.51[4.2] 0.9 [2.5] 0.18[0.30] 12.8[23.2] 0.03[0.11] 0.6[6.2]
(vi) LKl17p 43.6 [45.4] 29.3 [31.1] 3.3[5.0] 1.3[2.9] 0.11[0.25] 10.6[25.7] 0.03[0.12] 0.9[7.8]
(vii) LK17g 50.3 [51.5] 34.4 [35.5] 2.8 [4.0] 1.3[2.5] 0.08 [0.14] 9.1 [16.4] 0.03[0.07] 0.9[3.9]

ep = 0.01, particle distribution index p = 2.5, and ~y-ray radiation efficiency n = 0.1.
For each population the normalized number of Swift/BAT GRBs and orphan afterglows
are counted.

Using the distribution of peak afterglows from a given model, and a transient sur-
vey telescope’s per night coverage, the number of transients with or without a GRB,
that have an optical counterpart brighter than the survey’s detection threshold can be
found. For transients in our sample that are brighter than the LSST(ZTF) survey thresh-
old, r-band magnitude ~ 24.5(20.4), we determine the number that are brighter than
this limit for > 4(1) days. This ensures a minimum of two detections within the pro-
posed cadence. For LSST we use a survey rate of ~ 3300 deg? night™!, covering
~ 0.08 of the whole sky per night; for ZTF the survey rate is ~ 3760 deg? hour!
where the average night is 8h 40m (Bellm, 2014). ZTF will cover ~ 0.09 of the whole
sky per hour, and considering the observable fraction of the sky per night, will cover

~ 22500 deg? night~! or ~ 0.55 of the whole sky per night with a 1 day cadence.
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Figure 5.1: The number of afterglows (deg~2 yr—!) brighter than a given magnitude for each
jet model in Am, = 0.25 magnitude bins. The homogeneous jet models (i-iii) with a half-
opening angle §; = 6° with a thin black dash-dotted line, #; = 16° are a black solid line, and
0; = 26° with a thin black dotted line. The afterglows from the low Lorentz-factor jets model
(iv) are shown with a medium thickness solid cyan line. The structured jet models (v-vii) are
shown with a thin blue dotted line for the two-component model, a thick pink dotted line for
the power-law structured jets, and a thick red solid line for the Gaussian structured jets.
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5.4 Results

The rate of afterglow transients for each model is shown in Table 5.1. The various
models are described in §5.2. For LK17t, LK17p and LK17g (v-vii), the opening angle
at which a GRB is detectable depends on the distance, luminosity and inclination of the
source. For the WP15 (i-iii) and LK16 (iv) models, a GRB is typically only detectable
for inclinations that are less than the jet half-opening angle, i < 6,°.

Figure 6.1 shows the number of afterglow transients per square degree per year
brighter than a given r-band magnitude from merger jets. Each model is indicated by
a different colour and line style as described in the figure caption. Each distribution is
for both GRB and orphan afterglows (the value in square brackets in Table 5.1).

The homogeneous jet models with a fixed initial Lorentz factor WP15 (i,11,1i1)
produce detectable GRBs, where the detector has our parameters and sensitivity, for
~ 9 + 1% of merger-jets that are inclined within the jet half opening angle. For ho-
mogeneous jets the typical inclination for on-axis, ¢ < 6;, orphan afterglows and/or
GRB detected systems is ~ 26;/3; for off-axis, i > 6;, the orphan afterglow is typi-
cally observed at an angular separation of ~ 0; + 1.1°, where the limiting magnitude
is < 26.

The typical redshift for a detected GRB with our detection criteria and parameters,
for all of the jet models, is (z) = 0.5 4 0.07. The uncertainty represents the different
model mean values. The measured mean redshift value for the population of Swift/BAT
short GRBs with redshift is (z) = 0.49 (Berger, 2014). For the orphan afterglow pop-
ulations the typical redshift is sensitive to the limiting magnitude. Where the afterglow
peaks < 26 and for the LSST sample where the peak < 24.5 then (z) = 0.90 £ 0.05;
for the limit of < 21 and the ZTF sample with < 20.4 then (z) = 0.80+0.05. A signif-

3 Merger jets at very low redshift or with very high energy may be detectable at ~-ray energies for
inclinations just outside of the jet half-opening angle
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icant fraction of all orphan afterglows in our sample are viewed on-axis, i.e. within the
jet half opening angle. The prompt GRB can be undetected despite being favourably
inclined due to the dynamics of the jet model, the detector sensitivity, y-ray efficiency,
and/or distance. The orphan afterglow in such a case will be phenomenolgically the
same as a regular GRB afterglow (e.g. Cenko et al., 2013).

If detections are limited to two points brighter than the limiting magnitude in the
given cadence of a survey telescope, then for LSST using a cadence of 4 days the
number of transients brighter than magnitude 24.5 and the number for ZTF with a 1
day cadence but limiting magnitude of 20.4 is small in all cases. For the LSST sample,
with or without a GRB, the fraction of transients brighter than the threshold for the 4
day cadence considered is ~ 0.04 4 0.01. For ZTF this fraction is < 0.06 for a one

day cadence. These fractions are insensitive to the jet model.

5.5 Discussion

We have generated a Monte Carlo distribution of merger jets for each of the jet models
considered: a population of homogeneous jets with a jet half-opening angle of 6°, 16°,
or 26°; a population of merger jets that have an independent Lorentz factor following
a negative index power-law distribution; and three structured jet models, all with a
core value of 6° and a jet edge at 25°. The merger jets follow a Wanderman & Piran
(2015) redshift distribution for merger (non-collapsar) short GRBs and have a random
isotropic inclination. For each event the y-ray photon flux at the detector in the energy
band 15-150 keV is determined, if the flux is greater than the threshold value then a
GRB is detectable. Each population of merger-jets is normalized by the all-sky rate of
Swift/BAT detectable short GRBs.

The fraction of on-axis events ¢ < ¢; will follow the probability distribution for
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a randomly oriented bi-polar jet system with the jet half-opening angle 6;, i.e. 1 —
cosf; ~ 8? /2. Not all on-axis events will produce a detectable GRB or afterglows
above the detection threshold. For all models considered this is due to a combination of
luminosity, distance to a merger, and spectral peak energy. For the LK 16 and structured
jet models, the failed GRB fraction is higher due to suppression of the prompt emission
in the low- ['/energy jet/components.

Forward shock afterglow transients from short GRBs, on-axis failed GRBs, and
off-axis orphan afterglows are detectable by both the LSST and ZTF. The rate for both
LSST and ZTF detectable transients depends on the nature of the jets in a population
of mergers. Where the jet Lorentz factor varies from jet to jet, only a small fraction
of the merger jets, when viewed on-axis, will produce a detectable GRB (e.g. Lamb
& Kobayashi, 2016). Afterglows are typically fainter for a population of low I failed
GRBs, this is due to the later deceleration time for the jet where ¢ 40 ['—8/3 and the
lower characteristic synchrotron frequency, v, o< I'*, meaning the optical peak flux
is lower than the maximum synchrotron flux as v,,s > v, at the peak time. This is
reflected in the orphan afterglow rate being ~ 2 — 3 larger for LK16 model (iv) than
for WP15,¢ model (ii), where I' = 100 for all events.

For jets with structure, the orphan afterglows are typically brighter than the orphan
afterglows for a population of homogeneous jets (Lamb & Kobayashi, 2017a). Struc-
tured jets have higher latitude jet components with a low I" that can suppress a GRB for
an observer at these inclinations, thus structured jets can produce a larger fraction of
orphan afterglows where the inclination is less than the jet half-opening angle. These
orphans are typically brighter than a homogeneous jet described by the ~y-ray bright
region of a structured jet. However, for the two-component jet LK17t model (v) it is
clear from Figure 6.1 that the rate of transients is ~ 80% that of the rate for a homo-

geneous jet population with ; = 6°, WP155 model (iii). The two-component model
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will typically have a y-ray bright core, 6. = 6°, and an extended ‘sheath’ that gener-
ally fails to produce detectable GRBs. For model (iii), 6; is equivalent to the core size
in the two-component model. Due to the two-component models extended structure,
GRBs are observable at 7 > 6, in jets where the core luminosity is very high or the
merger is nearby. Therefore the fraction of GRBs from this model is larger than that
for the 6° homogeneous jet model and thus when the distributions are normalized the
total number of mergers is smaller.

To consider the fraction of afterglows detected by blind sky surveys, the typical
time period for which a transient is brighter than the limiting magnitude is determined.
For the LSST(ZTF) limit of 24.5(20.4) the typical timescale is shown in Table 5.1.
The product of the all-sky rate (deg=2 yr—!), the per night survey field-of-view (deg?
day™'), and the typical timescale for a transient (day) gives the expected rate of de-
tectable transients for a survey. For LSST the chance of detecting an orphan afterglow
from a merger jet is reasonable, 5 < Roa < 70 yr~!, depending on the jet model. If we
consider both orphan and GRB afterglows the rate increases, 16 < Rag < 76 yr— L. For
ZTF the rate of detected orphan afterglows from merger jets is low, 0.5 < Roa < 3.6
yr—!. The combined orphan and GRB afterglow rate is more promising, 2 < Rpg < 8
yr~t. However, in each case, the afterglow transients are rarely brighter than the de-
tection threshold for longer than the cadence.

The differentiation between merger-jet origin orphan afterglows and collapsar or
long GRB jet orphans will be difficult. Ghirlanda et al. (2015) predicts a rate of Ros ~
50 yr~! for the LSST from long-GRB jets. For faint transients, the peak flux may not be
brighter than the host galaxy, magnitude ~ 24 — 27 (Berger, 2014). In such a case the
transient will go undetected. However, short GRBs can be hostless or have typically
large offsets from the bright core or star forming regions. Long GRBs are typically

associated with star-forming galaxies and regions (e.g. Bloom et al., 1998; Djorgovski
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et al., 1998; Fruchter et al., 2006), making faint orphan transients from long GRB jets
more difficult to detect. Short GRB host galaxies systematically have an older stellar
population, have a lower star-formation rate, and a higher metallicity than the host
galaxies for long GRBs (Berger, 2014). Note however that short GRB host galaxies
can be both early- and late- type galaxies. Additionally, simulations suggest that short
GRB merger progenitor systems are over-produced by dwarf galaxies (O’Shaughnessy
et al., 2017), these galaxies are typically faint with magnitude —14 < Mp < —10
(Sabatini et al., 2003), approximately magnitude 28-32 at z = 0.5. The differences in
the host galaxy and location within the host galaxy can be used to distinguish between
the progenitor of GRB-less transients.

By considering the other associated transients i.e. resonant shattering flares or
impact flares for NS mergers (Tsang et al., 2012; Kyutoku et al., 2014) or super-
novae (SNe) for long GRBs, the origin of the orphan afterglow may be additionally
constrained for nearby events. With the development of next generation gravitational
wave detectors e.g. the Einstein Telescope (ET) (Punturo et al., 2010), the volume
within which a NS/BH-NS merger can be detected increases. Coincident survey tran-
sients (e.g. Scolnic et al., 2018), within the ET detection horizon z ~ 0.5, and GW
merger signals will be key to characterising the growing number of objects in the
transient sky. The rate of transients at z < 0.5, with m,, < 26, for our models is
(0.2 S R..05 < 6.8)x 1073 deg 2 yr !, and a mean rate (R.-o5) ~ 3.0 x 107 deg >
yr—t. For each model the rate is: (i) 4.5, (ii) 0.6, (iii) 0.2, (iv) 6.8, (v) 4.0, (vi) 2.4, and

(vii) 5.1 where the units are x1073 deg™2 yr?

. These deep survey rates for a field-
of-view 3300 deg? are: (i) 3.0(22.2), (ii) 0.5(20.4), (iii) 0.2(19.6), (iv) 12.6(114.6), (v)
3.3(24.2), (vi) 2.4(44.5), (vii) 2.4(23.7) yr—! where the number in brackets is without

the redshift condition.

The rate of orphan afterglows from long GRBs is higher than that for short GRBs
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due to the difference in the occurence rate of either transient. Long GRBs typically
have jet half-opening angles 6; ~ 6° (Ghirlanda et al., 2015). The peak afterglow for
a highly inclined system at ¢ > 6; decreases rapidly with increasing angle; for long
GRB jets associated with SNe, the peak flux rapidly falls below the peak of the accom-
panying SN* where the absolute magnitude is typically M ~ —19. If the majority of
long GRB jets are from core-collapse SNe then the orphan afterglow will be hidden by
the SN for systems inclined at ¢ 2> 20° away from the jet axis (Kathirgamaraju et al.,
2016), this will reduce the number of detectable orphan afterglows from long GRBs,
where it is assumed that all long GRBs have narrow homogeneous jets. Using the con-
dition that an orphan afterglow from a long GRB must be inclined ¢ < 20°, the fraction
of the total population could be lower than the predicted 50 yr—?.

Figure 6.2 shows how the absolute magnitude for an observer in the r-band changes
with inclination for a homogeneous jet with ¢; = 16° and a range of isotropic equiv-
alent energies 5 x 10%® < Fi,, < 10°? erg. The peak r-band macro/kilo-nova flux
is shown as a red line, where the range is the observed diversity (Gompertz et al.,
2017) which agrees with the predicted range for macro/kilo-nova peak magnitudes in
Tanaka & Hotokezaka (2013) and Barnes & Kasen (2013). For jets from mergers,
the associated macro/kilo-nova emission, although isotropic, is generally considered
to be fainter for increasing observation angles (e.g. Tanaka et al., 2014; Tanaka, 2016;
Metzger, 2017a; Wollaeger et al., 2017). The macro/kilo-nova decline with inclination
shown in Figure 6.2 assumes a linear trend from an ‘on-axis’ view to an edge-view,
where the change in magnitude is that from Wollaeger et al. (2017). The macro/kilo-

nova associated with GW170817 is shown as a red triangle at an inclination of 28°

4 This depends on the K-corrected luminosity of the SN (Prentice et al., 2016). GRB afterglows are
brighter over a broader spectrum than SNe due to the non-thermal nature of the emission, the off-
axis GRB afterglow spectrum is increasingly shifted to lower frequencies as the observation angle
increases, this effectively contributes to the reduction in the observed off-axis flux for an orphan
afterglow at optical frequencies
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Figure 5.2: The peak afterglow in the r-band with the system inclination. The blue line indic-
taes the peak observed r-band absolute magnitude at a given system inclination. The jet is a
homogeneous jet with a half-opening angle of 16° and an energy Fis, = 5 x 10%® erg for the
dashed blue line Ei,, = 10°° erg for the solid blue line, and Ei,, = 10°? erg for the dotted
blue line. The yellow stars indicate the peak time after the merger in days at those points. The

red lines indicate the expected peak macro/kilo-nova r-band magnitude with inclination. The
dotted red lines indicate the observed diversity of macro/kilo-nova peak fluxes.
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(see for example: Abbott et al., 2017e; Pian et al., 2017; Tanaka et al., 2017; Smartt et
al., 2017; Tanvir et al., 2017; Evans et al., 2017b; Drout et al., 2017; Metzger, 2017b;
Murguia-Berthier et al., 2017, etc.). Macro/kilo-nova will typically peak in the r-band
< 5 days after the merger for an observer at any inclination. However, the jet after-
glow peak flux time is much later for an off-axis observer (days to months) than for an
on-axis observer (minutes to hours). Where an orphan afterglow peaks < 1 day or 2 5
days, a survey telescope may have two opportunities to observe the merger, one from
the afterglow and a second from the macro/kilo-nova; the afterglow transient will typ-
ically fade much slower than that from a macro/kilo-nova and will have a non-thermal
spectrum. Thus, even if the transients have coincident peaks, the afterglow will fade
more slowly than the macro/kilo-nova. Additionally, due to the broadband nature of
the afterglow a radio transient should accompany the optical, possibly peaking at a
later time depending on the inclination of the system.

The orphan afterglow population may be dominated by low-luminosity GRBs.
Such low-luminosity GRBs form a distinct population (Wanderman & Piran, 2010)
where the rate is greater than that for long GRBs. The afterglow from low-luminosity
GRBs is fainter than that for long GRBs (Barniol Duran et al., 2015), but the lower
Lorentz factor of the ejecta means that any off-axis emission will have a reduced beam-
ing effect. Where an orphan afterglow is brighter than the accompanying SNe, then
low-luminosity GRB orphan afterglows may dominate the blind survey population.

The jets that produce long GRBs may exhibit the same structure or dynamical di-
versity as proposed for merger jets, the number of detectable orphan afterglows from
long GRB or collapsar jets will be higher than that predicted by assuming homoge-
neous structured jets. The increased rate of orphan transients from either collapsar
jets or merger jets would indicate the presence of intrinsic jet structure or a dominant

population of low I jets. If long GRB jets follow the latter, i.e. a dominant low I" pop-
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ulation (Hascoét et al., 2014), the rate of orphan afterglows from collapsar jets would
be higher by a similar fraction to that demonstrated here for merger jets with the LK16
model (iv). The light curve of an on-axis orphan afterglow will appear phenomenolog-
ically the same as a GRB afterglow, i.e. a power-law decay, o< ¢! with an observable
break at late times. Whereas an off-axis orphan afterglow would decay with a steep,
o <72, decline with no jet-break.

We used a population of mergers that follow a lognormal time delay redshift dis-
tribution (Wanderman & Piran, 2015). If NS/BH-NS mergers follow a power-law time
delay distribution that peaks 2 ~ 1.5 — 2, then a higher fraction of the short GRB
population would go undetected due to the large luminosity distance. The observa-
tion of a host for short GRB 111117A at z = 2.211 could challenge the lognormal
time delay model, although this redshift is still within the lognormal limits, the prob-
ability is ~ 2 orders of magnitude lower than for the peak at = = 0.9 (Selsing et al.,
2017). Detectable orphan afterglows from a power-law time delay redshift distribution
will follow the rates predicted here, although a significant excess would exist at very
faint magnitudes, m, > 26 — 28, where the population distribution peaks at a redshift
z 2 1.5. For a discussion of a short GRB population with such a distribution see Sun

et al. (2015) and Ghirlanda et al. (2016).

5.6 Conclusions

We have shown that the rate of orphan afterglows from merger (non-collapsar) short
GRBs detectable by the LSST is 5 < Roa < 70 yr!, where the rate is ~ 7.3 yr™!
for a population of homogeneous jets with §; = 16°. Where GRB afterglows are
included, the rates become 16 < Rpq < 76 and ~ 19 yr~! for homogeneous jets

~

with 6; = 16°. The ZTF detection rate for orphan afterglows from short GRBs is low
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0.5 < Roa < 3.6, the rate for afterglows with or without a Swift/BAT detectable GRB
is 2 < Rag < 8yr !, and ~ 4.2 yr~! for a population of homogeneous jets with
0; = 16°.

For populations of jets narrower than ¢; = 16°, the rate of orphan afterglows
increases. For LSST the orphan afterglow rate from a population of narrow short
GRB jets is ~ 13.4 yr~!. This increase is due to the increased rate in the parent
merger population due to the normalization required to produce the detectable all-sky
Swift/BAT non-collapsar GRB rate.

If the population of jets that produce short GRBs is dominated by jets with a low
I, then the rate of orphan afterglows will increase significantly, ~ 70 yr—! for LSST
and ~ 3.6 yr—! for ZTF. Where these jets result in failed-GRBs and are viewed within
the jet half-opening angle, the light curve will appear phenomelogically the same as an
on-axis GRB afterglow light curve.

If jets exhibit intrinsic structure, where the jet energetics extend beyond a homo-
geneous core to a defined edge, then the rate of orphan afterglows is greater than that
for a homogeneous population; with the exception of the two-component jet structure
when compared to the narrowest homogeneous jet population.

If LSST modifies the observation strategy from a fast survey to a deep-drilling
field, then the obtainable sensitivity will increase. By focusing on a single field the
potential to detect the same transient with multiple observations increases and with this
the ability to identify orphan afterglows. As shown in Figure 6.1 and Table 5.1, the rate
of detectable merger-jet transients increases significantly from a limiting magnitude of
24.5 to 26 for a population of narrow jets, a jet population dominated by low-Lorentz
factors, or jets with intrinsic structure.

Orphan afterglows fade rapidly and will rarely be above the detection threshold

> 1 day, single point candidate identification and fast targeted follow-up will be re-
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quired. This presents a huge challenge for the identification of such transients by
optical survey telescopes alone; however these challenges can be partially overcome
by simultaneous broadband detections where unlike the majority of astrophysical tran-
sients the afterglows, both orphan and GRB, are expected to have both a radio and an
X-ray counterpart. By searching for temporal and spatially coincident transients in ra-
dio and X-ray surveys (e.g. Square Kilometre Array (Dewdney et al., 2009), Einstein
Probe (Yuan et al., 2015), SVOM (Cordier et al., 2018)) the correct identification of
transients from GRB jets can be realised. The structured or dynamical models tested
here could equally be applied to collapsar or long GRB jets. The observed rate of
orphan afterglows from such jets would increase by a similar fraction for each case.
Careful filtering of transients is required to successfully identify an orphan afterglow

from either short or long GRB jets.



6. Extending the “Energetic Scaling
of Relativistic Jets From Black Hole
Systems” to Include v-ray-loud X-ray

Binaries

This Chapter has been published as Lamb et al. (2017a).

6.1 Introduction

Astrophysical jets are observed on many different scales from proto-stars and X-ray
binaries (XRBs) within our Galaxy, to radio-galaxies, blazars, and ~-ray bursts (GRBs)
at cosmological distances. Relativistic jets from black hole (BH) systems have a broad
range of luminosities and dynamics: XRBs with a BH component have bolometric
luminosities that can reach ~ 10%? erg s~! (e.g. Mirabel & Rodriguez, 1999; Fender &
Belloni, 2004), with Lorentz factors constrained by observations of the jet and counter-
jetto a few I' < 5 — 10; blazars, the on-axis analogue to the kilo-parsec jet structures

1

of radio-galaxies (Urry & Padovani, 1995), have luminosities of ~ 10%8 erg s, and

Lorentz factors I' < 40 — 50 (e.g. Marscher, 2006a; Lister et al., 2009; Jorstad et al.,

144
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2013; Saikia et al., 2016); GRBs have isotropic equivalent energy outputs ~ 10°? erg
s~1, where achromatic temporal breaks in the afterglow indicate a jet structure (e.g.
Sari et al., 1999), and Lorentz factors > 100 can be inferred from the highly variable
non-thermal emission (e.g. Mészéros, 2002; Piran, 2004).

Several attempts have been made to unify the different scales of BH engines. The
relativistic jets or ouflows from BH systems are thought to have a common mechanism.
The appearance of superluminal features in a jet following a dip in X-ray emission has
been observed for both XRBs and the radio-galaxy 3C120, where the X-ray dip is
associated with accretion (Marscher et al., 2002). A fundamental plane connecting
BH mass, radio, and X-ray luminosity was found for active galactic nuclei (AGN) and
XRBs by Merloni et al. (2003). A scaling relation for the radio flux, from the core of
AGN and XRBs, with BH mass M (or accretion rate), where most accretion scenarios
produce the relation F, oc M'7/12=5/3 and s is the spectral index where s = 0 for
flat spectrum sources and s ~ 0.75 for optically thin emission, demonstrates that the
radio-loudness of jets scales with BH mass, where the mass can range over nine orders
of magnitude (Heinz & Sunyaev, 2003). Similarly, scaling laws have been found to
unify low-power accreting BH over many decades in mass (Falcke et al., 2004). The
emission models for jets from a supermassive BH have also been successfully applied
to an XRB e.g. GRS 1915+105 (Tiirler et al., 2004).

Comparisons between the jets from different mass BH systems led to Yuan &
Zhang (2012) using the nature of episodic jets from AGN and XRBs to explain the
erratic light-curves of GRBs. A correlation between blazar jets and GRBs was demon-
strated by Nemmen et al. (2012); by considering the mechanical power of GRB
and blazar jets P;, and the collimation corrected y-ray luminosity L., the relation
P; oc L3 was found. Blazars and GRBs occupy the low and high ends of the cor-

relation respectively. This result implies that the efficiency of the y-ray producing
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mechanism within these jets is consistent over 10 orders of magnitude in jet power.

There have been several attempts to find a unifying scheme or scaling relation
between BH systems where accretion and ejection are at work. Many results have
been obtained that separately relate AGN and GRBs, or AGN and XRBs. An attempt
to relate all three classes was made recently by Wang & Dai (2017), who used the
X-ray and radio luminosities from GRBs and inferred a BH mass to show that the
fundamental plane of BH activity (Merloni et al., 2003; Falcke et al., 2004) holds for
all jetted BH systems. Also, by considering the bolometric luminosity from jets, Ma
et al. (2014) demonstrated that BH XRBs and low-luminosity AGN fit on the L., — P;
relation for GRBs and AGN. If the L, — P; relation is truly universal then the on-axis
and collimation corrected y-ray luminosity and power for the jets from XRBs should
fit the same relation as for blazars and GRBs. A fit to this relation could indicate a
ubiquitous emission mechanism for all relativistic BH jets and allow for constraints on
the high energy emission models for XRBs, AGN, and GRBs.

The XRBs Cygnus X-1 (Bodaghee et al., 2013; Zanin et al., 2016; Zdziarski et
al., 2016), Cygnus X-3 (Bodaghee et al., 2013; Corbel et al., 2012), and V404 Cygni
(Loh et al., 2016) have been detected at Fermi LAT v-ray energies. A further two
sources have Fermi LAT upper limits; GRS 1915+105 and GX339-4 (Bodaghee et
al., 2013). All of these objects have evidence for a BH component (Tetarenko et al.,
2016; Corral-Santana et al., 2016): Cygnus X-1 (Cyg X-1), has a BH confirmed by
dynamical modelling (Orosz et al., 2011); Cygnus X-3 (Cyg X-3), has a radio and X-
ray correlation which follows that found in BH X-ray binaries (Szostek et al., 2008);
V404 Cygni (V404 Cyg) has a BH confirmed by the mass function (Casares & Charles,
1994); GRS 1915+105, the BH is established using a dynamical mass estimate (Reid
et al., 2014); GX339-4, the K-correction and model confirm the BH (Mufioz-Darias et

al., 2008). Including these XRB on the L., — P; universal scaling found by Nemmen
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et al. (2012), we make the first attempt, using ~y-ray luminosities, at comparing the
energetics for three classes of accreting BH systems. The comparison is extended to
~ 17 decades in both y-ray luminosity and jet power.

In §6.2 the XRB parameters are discussed. §6.3 outlines the method for correcting
the y-ray luminosity and inferred jet power for the inclination and collimation. The

results are presented in §6.4. The discussion and conclusion are in §6.5 and §6.6.

6.2 XRB Parameters

The inclusion of XRBs on the L. — P; relation requires estimates for the -ray lumi-
nosity from the relativistic jets, for an on-axis observer, and estimates for the jet power.
Unlike blazars and GRBs, the jets from XRBs are not guaranteed to be oriented along
the line-of-sight. Any detected emission from an off-axis jet will have to be corrected
for the relativistic Doppler effect; this requires knowledge of the system inclination
and bulk Lorentz factor I'. Additionally, any high-energy emission from the jet will
be collimated within an angle 1/T", which is typically greater than the jet half-opening
angle for XRBs. To estimate the jet power we assume equipartion of energy between
the particles and magnetic field, and use the optically thin emission during radio flares
to find the minimum power. The necessary parameters are: the detected v-ray photon
flux NV; the system distance D; the jet inclination 7; the jet bulk Lorentz factor I'; and
radio flare peak flux density S, observed frequency v, and rise time At.

Radio emission and flares from XRBs are attributed to relativistic jets. Accretion,
seen at X-ray energies, and ejection, seen at radio, are strongly correlated (e.g. Mirabel
et al., 1998; Fender & Pooley, 1998; Corbel et al., 2000; Fender, 2001; Corbel et al.,
2003; Rodriguez et al., 2003, 2008; Corbel et al., 2013, etc.). The peak flux and rise

time of radio flares can be used to constrain the power of a jet. Emission at y-ray
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energies from XRBs has been associated with radio flaring and variability (Corbel et
al., 2012). Detection of y-rays during periods of intense radio flaring suggests the
origin of the high energy emission is a jet (Bodaghee et al., 2013). The simultaneous
detection of the 511 keV annihilation line and higher energy ~v-rays from V404 Cyg
within hours of a giant radio flare indicates a jet as the origin of the y-ray emission
(Loh et al., 2016).

XRBs are not persistent y-ray sources at detection sensitivity, although see Bodaghee
et al. (2013) where Cyg X-3 was detected above the background without a flare. Gen-
erally XRBs have only been observed at these high energies during flares; therefore we
use the detected peak Fermi LAT ~-ray photon flux for each source and determine an
observed isotropic equivalent y-ray luminosity L. opsiso from the Fermi LAT photon
spectral index! « at energies > 100 MeV. Detections are in the 0.1-10 GeV range for
Cyg X-1 and Cyg X-3 (Bodaghee et al., 2013; Fermi LAT Collaboration et al., 2009),
and 0.1-100 GeV for V404 Cyg (Loh et al., 2016). Upper limits for the y-ray photon
flux from GRS 1915+105 and GX339-4, in the energy range 0.1-10 GeV, are used to
estimate the maximum L., .1, s fOr these objects (Bodaghee et al., 2013). The detected
peak photon flux and spectral index «, for Cyg X-1, Cyg X-3 and V404 Cyg, and the
~-ray photon flux upper limits for GRS 1915+105 and GX339-4 are shown in Table
6.1.

The photon spectral index is defined as Ny oc E~%, where Ny is in units ph s™*
cm~2 erg~! and F is the photon energy. The y-ray luminosity is then,

2—a 2—«
12{ (Oé - 1) (Elow - Ehigh) erg Sil (61)
P (a=2) (B — Engy)

low

Ly obsiiso ~ 1.9 x 10° N_¢ D

where oy, and Eyig, are the detection band limits in GeV, N_g = N/(107° ph s~ cm™?)

! High energy photon spectral index is regularly represented using I'; to avoid confusion with the out-
flow bulk Lorentz factor (I') we use a throughout
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and N is the detected photon flux, and Dy, is the distance in kpc.

The observed proper motion of radio jet components can be used to put constraints
on the value of I'. The proper motion is defined as yu = ¢fsini/[D(1+ cos )] radians
s~!, where 8 = (1 — I'"2)1/2. An approaching component i, has 1 — B cosi and a
receding component i, has 1 + 3 cosi. Using resolved i, and .., a value for (5 cos1
can be found, where Scosi = (ug — pr)/ (e + pr) (Mirabel & Rodriguez, 1999).
Values of [ cost for various XRBs are listed by Miller-Jones et al. (2006) (MFNO6
from here). For a system with a known inclination, the observable quantity (3 cos ¢ can
be used to determine the bulk Lorentz factor I'. Where the inclination is unknown, the
Lorentz factor can be determined using the approaching and receding proper motions
and the distance to the system. From the product of the proper motions 144,

D*(1— 2]

c2

D= |1-2%— jup, , (6.2)

where 7 is the observed value /3 cos 4, the proper motions i, and i, are in radians s—*,

D is the distance in cm, and c is the speed of light in cm s,

If the proper motions of either component are poorly constrained then a limit on
I' can be found by considering the observed jet opening angle ¢. The angle ¢ is an
upper-limit found by measuring the angle between the jet central axis and a tangential
line from the edge of a radio component to the system core. The jet components are
assumed to be spherical plasmoids that expand uniformly with a co-moving velocity
Bexp- If we assume maximum co-moving expansion velocity of ¢, then the jets bulk
Lorentz factor is, I' > [1 4 tan—2 ¢sin 2 1]'/2. Where the co-moving expansion veloc-
ity is less than the maximum, I’ 2 [1 + 82 _/(tan? ¢ sin®)]"/2. This assumes no jet
confinement.

The inclination 7 of the system to the line of sight is well constrained for Cyg X-1,
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V404 Cyg, and GRS 1915+105 (Orosz et al., 2011; Huppenkothen et al., 2017; Reid
et al., 2014, respectively). Cyg X-3 and GX339-4 have unknown system inclinations.
For Cyg X-3; Dubus et al. (2010) showed that the jet orientation within the system is
constrained to be between 20° < #; < 80°, and the system line-of-sight inclination is
1 = 30°. Vilhu & Hannikainen (2013) used an inclination of ¢ = 30° in their models.
Using the [ cost values in MFNO6 and the distance to the system, the bulk Lorentz
factor I" of the jet can be constrained. Given 3cosi = 0.5, pap, ~ 7.4 x 10726 rads
s~1,and D = 7 kpc, the bulk Lorentz factor is ' = 1.18 and the line of sight inclination
to the jet-axis is ¢« ~ 20°. For GX339-4; MFN0O6 measured (3 cos? > 0.16 and derived
al' > 4.9 from the jet opening angle; a lower limit of ' > 2.3 is used by Fender et al.
(2004). Using these values for I, the inclination of the system can be determined from
B cost = 0.16; for I' = 4.9 the inclination is ¢ = 80°.6; for I' = 2.3 the inclination
is 2 = 79°.8. In all cases we assume that the inclination angle is the same as the line-
of-sight angle to the jet axis and that there is no significant precession. Values for the
inclination are listed in Table 6.1.

XRB jets typically have I' < 5. For Cyg X-1 a Lorentz factor I' = 1.25 is used by
Pepe et al. (2015) for modelling the lepto-hadronic broadband emission, whilst from
the jet opening angle and 3 cos i from MFNOG6, there is a minimum value of I' = 3.3.
We show results for both values. For Cyg X-3 the Lorentz factor must be I' < 2
(MFNO06); we derived the value I' = 1.18 (equation 6.2). We show results for I' = 2
and I' = 1.18. For V404 Cyg we assume a Lorentz factor I' = 2.3 (Tanaka et al.,
2016). For GRS 1915+105, from the inclination 7 = 60° and [ cos7 = 0.41 we derive
al' = 1.75. For GX339-4, we use the value I' = 4.9 from the jet opening angle.

We assume that y-ray emission, and radio flares are from the jet with negligible
contribution from the accretion disk or star. The peak radio flare flux density S, the

rise time At, frequency v, and distance D are shown with references in Table 6.1.
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Table 6.1: XRB parameter values used to determine the luminosity, power, and Doppler- and
collimation-corrected luminosity. Values in brackets are assumed. The derived luminosity and
power values for the sample of XRB. The observed y-ray luminosity L. obs iso 18 determined
from the Ferm: LAT photon flux and spectral index. The minimum jet power P}, and the
Doppler- and collimation-corrected luminosity L., are shown; where two values are present, the
first is for the lower Lorentz factor in the parameters, the second for the highest. References:
[1] Pepe, Vila & Romero 2015. [2] Dubus, Cerutti & Henri 2010. [3] Tanaka et al. 2016. [4]
Miller-Jones, Fender & Nakar 2006. [5] Bodaghee et al. 2013. [6] Fermi LAT Collaboration
2009. [7] Loh et al. 2016. [8] Reid et al. 2011. [9] Huppenkothen et al. 2017. [10] Fender,
Belloni & Gallo 2004. [11] Orosz et al. 2011. [12] Ling, Zhang & Tang 2009. [13] Zdziarski
et al. 2016. [14] Corbel et al. 2012. [15] Reid et al. 2014

Parameter Cyg X-1 Cyg X-3 V404 Cyg GRS1915+105 GX339-4
r 1.2511)-3.3£0.1pgy  1.224-2.0£0.1 2.340.5;3 1.7514 4.9
N, (x10~%phem2s71) 1.4 £0.455 3.540.5014 23£0.8;7; <0.023+£0.0175 < 0.016 £0.010(5
« (ph spec. index) 2.4)13 2.7 2.5 (2.5) (2.5)
D (kpC) 1.86 £ 0-12[8] 7.0+ 0.4[121 2.39 + 0.14[9] 9+ 2[15] 8+ 2[10]
1(%) 27.1 £ 0.8y 20 & 2 ) 67 £ 2p9) 60 = 515 80.2 & 0.4y
S, (x10% mly) 0.0281q] 134y 34 214p19) 5510]
v (GHz) 5.0 5.0 13.9 5.0 5.0
At (x10%s) 0.2p9) 30y 6.9 4.32}1) 1.981q]
Loy obs,iso (x10% erg s71) 2.70 £0.34 76.6 = 8.75 7.30 £ 0.86 1.00 £0.43 0.50 + 0.26
L., (x10% erg s71) 0.13 +£0.02 3.16 = 0.60 18.8 £2.20 0.54 +0.24 70.0 £35.8
0.42 +0.08 2.52 +0.64
P (x10%7 erg s™1) 0.03 £0.01 20.7 £4.89 17.3 £12.23 4.90 £ 3.42 30.7+£4.20
0.02 £0.01 7.70+1.98

6.3 Method

We use the Fermi LAT measured 7-ray photon flux for three XRBs: Cygnus X-1
(Bodaghee et al., 2013), Cygnus X-3 (Fermi LAT Collaboration et al., 2009), and V404
Cygni (Loh et al., 2016). These are currently the only v-ray detected XRBs. Fermi
LAT upper limits exist for GRS 1915+105 and GX339-4 (Bodaghee et al., 2013); the
upper limits are used for these objects. Cynus X-3 and V404 Cygni have also been
detected at > 100 MeV by AGILE (Tavani et al., 2009; Piano et al., 2017). The high
energy emission is associated with jet activity.

Emission from a relativistic jet is beamed in the direction of the jet bulk motion;
we assume a point like emission region on the jet axis for all high energy photons.
The ~-ray luminosity is corrected for the inclination of the jet to the line of sight. The

Lorentz invariant quantity I, /v® (Rybicki & Lightman, 1986), where I, is the specific
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intensity and v the frequency, can be used to determine the specific luminosity from
a relativistic source where the observer is outside the relativistic beaming angle. As
v = §v/, where 6 = [['(1 — Bcosi)]™! is the relativistic Doppler factor, ' the bulk
Lorentz factor, ¢ the inclination, and primed quantities are in the co-moving frame,
then I, = I',(v/v')® = I!,63. The observed luminosity is then L, = 47 1’,§%. For an
on-axis observer the Doppler factor becomes § = [['(1—3)]~; the observed luminosity
is then a® times the on-axis luminosity (Granot et al., 2002), where a is the correction
for an on-axis observer to an off-axis observer; the factor a = (1 — ) /(1 — S cosi).

The v-ray luminosity for an on-axis observer has detection band limits a factor
a~! times the off-axis detection limits; a correction to the on-axis Doppler boosted
emission should be made to ensure the detection band is consistent. All the v-ray
detections have a single power-law spectral fit with a v £, index 2 — «, and no in-
formation of a spectral peak or behaviour at lower energies. A peak for the y-ray
component should exist at a few GeV (e.g. Zdziarski et al., 2014) for an on-axis ob-
server; we therefore assume a flat spectrum for the correction. The on-axis isotropic
equivalent y-ray luminosity is then L., = a7° L gbs iso» Where L ghs iso 18 the ob-
served isotropic equivalent «-ray luminosity, equation 6.1. The collimation-corrected
luminosity is L, = f, L, Where f; is the collimation factor for the jet. The
collimation-correction is f, = 1 — cos (1/I'). The intrinsic, on-axis 7y-ray luminos-
ity is then L, = fy a™3 L obs iso-

Bright radio flares from plasmoids that travel along the relativistic jet structures
can be used to estimate the minimum power of the jet. Although ~-ray emission is
often correlated with radio flaring, the site of the emission within the jet is distinct.
Radio flares are contained by the plasmoids and equipartition of the energy within
these structures can be assumed. The jet power is estimated by assuming equipartition

of energy between the synchrotron emitting particles and the magnetic field strength



CHAPTER 6. AN ASIDE - ENERGETIC SCALING OF BLACK HOLE JETS 153

B (Burbridge, 1956, 1959; Longair, 1994; Lewin & van der Klis, 2006). The energy
density in the particles, given a random magnetic field, is e occ B~3/2, and the energy
density in the magnetic field is u oc B2. The total energy is Eio. = V(€ + u), where
V' is the volume of the emitting region; as the dominant component is unknown 1i.e.
large B and small e, or small B and large e, then a minimum energy can be found at
the point where dFo,/dB = 0. The particle number density assumes a power-law
distribution of ultra-relativistic electrons n, o< £~P; the contribution from relativistic
protons is included by the factor 7 = 1+-¢, /€., where ¢, is the energy in protons and €,
is the energy in electrons. The energy in the particles is £ = C(p, v)nL,B~%/?, where
L, is the co-moving specific luminosity and C'(p, ) is a constant that depends on the
particle index p, the frequency v of the specific luminosity, and the upper and lower
synchrotron frequency limits for the particle distribution (Longair, 1994).

For a distribution of particles with a power-law index p > 2, the low energy
particles dominate. By assuming that v = vy,;,, the minimum synchrotron frequency,
a simple estimate for the energy in the system can be made’>. We assume a particle
distribution, in all cases, of p = 2.5 (Sironi & Spitkovsky, 2011); the observed flux
density .S, would have a spectral index of 0.75, where .S, v~ 97, The volume of
the emitting system is assumed to be spherical, where the size can be inferred from
the light crossing time indicated by radio flare rise time At; the volume is then V' =
47 (Ate)®/3. The jet-power P; = Eioa/At can then be estimated by considering
the Doppler corrected observed flux density; for an optically thin source the Doppler
correction to the flux density is 6°+(~1)/2 (Blandford & Konigl, 1979).

The jet power P; is a Lorentz invarient quantity, therefore the observed flux den-

[A—
v T

sity, time, and frequency must be co-moving quantities. The flux dependence is S

§~B+=1/2) G the time is At = §At, and frequency v/ = §~'v. The jet power is

2 This assumes no large flux of low energy relativistic particles with a different energy spectrum
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then,

Pj ~ 3.5 x 108 p¥T AT YT DYT erg s (6.3)

v/ mJy ~kpc

where, At' is in seconds, v/ is in GHz, S/, is in mJy, and D is in kpc. We assume equal
energy in protons and electrons, €, /e, = 1.

Uncertainties on the derived values are estimated by propagating the uncertainty
on the distance, the inclination, the y-ray flux, and the bulk Lorentz factor. The un-
certainty on I' is assumed to be dI' = 0.1 for Cyg X-1, Cyg X-3, GRS 1915+105, and
GX339-4 where the estimate for I is from observed proper motions, and dI" = 0.5 for
V404 Cyg where I is found from a model jet velocity. The choice of uncertainty for
I" reflects the estimation method and a conservative value for the minimum precision.
The error on the final parameters is dominated by the uncertainty in the v-ray flux and

is only very weakly dependent on the choice of dI'.

6.4 Results

Figure 6.1 shows the L, — P; relation for the sample of XRBs. The observed lumi-
nosities (filled markers) and collimation/Doppler-corrected values (unfilled markers)
are both shown. Values for Cyg X-1 are blue squares; Cyg X-3 are red diamonds; and
V404 Cyg, are pink stars. For Cyg X-1; the small unfilled marker is the estimate based
on ' = 1.25, the large marker is I' = 3.3. For Cyg X-3; the small unfilled marker is
I' = 1.18, and the large I' = 2. For V404 Cyg, there is only one estimate for the bulk
Lorentz factor used. GRS 19154105 is an upward pointing black triangle. GX339-4
is a downward pointing black triangle. Errorbars are those derived from the quoted
uncertainties or 0.5 dex where propagated errors are large. The parameters used for

the XRB sample, and the derived luminosity and power, are listed in Table 6.1.
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Figure 6.1: XRB L. — P; diagram: Cyg X-1 blue squares; Cyg X-3 red diamonds; V404 Cyg
pink stars; GRS 1915+105 black upward-pointing triangle; GX339-4 black downward-pointing
triangle. Filled markers represent observed values with no L., correction for collimation and
Doppler-factor - where two values of I" are listed, the lowest value is used in determining the
jet power. Unfilled markers represent the collimation- and Doppler-corrected values - small
markers represent the lower I' value, large marker represents the larger I' value. Black solid
lines indicate the uncertainties calculated for each value. L. for GRS1915+105 and GX339-4
are upper limits. The dashed line is the L, — P; relation found by Nemmen et al. 2012 for
Blazars and GRBs; the dotted lines are their uncertainties.
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6.5 Discussion

Using the observed peak Fermi LAT ~y-ray flux or upper limit, the jet to line-of-sight in-
clination, and the jet Lorentz factor, we have made estimates for the on-axis, isotropic
equivalent y-ray luminosity from the jets of five XRBs. The isotropic on-axis lumi-
nosity is further corrected for the collimated emission, where the fraction is given
by 1 — cos(1/I"), resulting in a collimation-corrected estimate for the y-ray luminos-
ity. This y-ray luminosity, along with an estimate for the jet power, can be directly
compared with the universal scaling for relativistic jets from BH systems proposed by
Nemmen et al. (2012). The Nemmen relation is based on the peak y-ray luminosity
and jet power for blazars and ~y-ray bursts (GRB). The inclusion of XRBs on this plot,
extends this L., — P; relation to lower luminosities and power. The XRB fit on this plot
can also be used to indicate the jet origin of y-ray photons from such sources.

The ~-ray luminosity for the three source types, blazars, GRBs, and XRBs, is the
beamed on-axis and collimation corrected luminosity. The jet power is estimated for
each source type uniquely: for blazars, the jet power is found from a tight correlation
between the radio luminosity and the power required to inflate an X-ray cavity (Cav-
agnolo et al., 2010). Using the relation P; ~ 6x10* L} erg s™', where Ly is the radio
luminosity in units x 10%° erg s7!, the power for blazars with VLA observed extended
radio emission was determined; for GRBs, the jet power is found using a collimation
corrected estimate for the kinetic energy from the peak of the radio or X-ray after-
glow and assuming the fireball model. The jet power is then P; = (1 + 2) f, E iso/t90s
where f; is the collimation correction, Ej ;s the isotropic equivalent kinetic energy,
and g the timescale for 90% of the prompt emission energy; for XRBs, the jet power
is found using the minimum energy assuming equipartition and the peak radio flare
flux density. The jet power is given by equation 6.3. Our estimates for the Doppler-

and collimation-corrected y-ray luminosity and jet power, for the five XRBs in our
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sample, all fall within the uncertainties associated with the original L, — P; relation
for BH jets: log P; = (0.98 +0.02) log L., + (1.6 £ 0.9) ergs™.

The L. — P; correlation can be applied to XRBs without a limit on the v-ray
luminosity. There are at least four additional XRBs with peak radio flare flux densi-
ties, rise times, (3 cos ¢, and distance measurements: GRO J1655-40, V4641 Sgr, XTE
J1550-564, and H 1743-322. All have BH components (Corral-Santana et al., 2016;
Tetarenko et al., 2016). The distances to these systems are: GRO J1655-40 is at 3.2
kpc (Hjellming & Rupen, 1995); V4641 Sgr is at 6.2 kpc (MacDonald et al., 2014);
XTE J1550-564 is at 4.5 kpc (Orosz et al., 2011); H 1743-322 is at 10 kpc (Shaposh-
nikov & Titarchuk, 2009; McClintock et al., 2009). Given the [ cosi and ., values
in MFNO6, the bulk Lorentz factors are I' = [2.5, > 2.5, 1.3, 3.7] respectively. The
power of the jet for these systems, using the rise time and peak flux listed in MFNO6 for
GRO J1655-40, V4641 Sgr, and XTE J1550-564, and the rise time and peak flux from
McClintock et al. (2009) for H 1743-322, is then P; = [2.93, 1.05, 0.04, 8.33] x 1038
erg s! respectively. The L., — P; relation can give us contraints on the on-axis y-ray
luminosity. As the observed upper limit for y-ray luminosity is L obsiso = f} 1a3L7,
using equation 6.1, the maximum ~-ray photon flux at a detector for each source is:
N, < [1.6, 0.5, 2.8, 0.1] x 10~® photons s~* cm™? respectively, at energies > 100
MeV and assuming o = 2.5.

The inclination angle used for the relativistic Doppler correction is in all cases as-
sumed to be the angle from a point source on the jet-axis to the line-of-sight. However,
the jets have a finite opening angle ¢; the angle to the jet could be as low as (¢ — ¢).
The Doppler corrected luminosity will be lower in each case than those presented here.
Cyg X-1 and Cyg X-3 have relatively small inclination angles, 27°.1 and ~ 20°, and
jet opening angles, < 18° and < 16°.5 respectively. The Doppler and collimation cor-

rected values for each system using (¢ — ¢) are shifted to lower ~-ray luminosities. For



CHAPTER 6. AN ASIDE - ENERGETIC SCALING OF BLACK HOLE JETS 158

Cyg X-1, L, ~ 2.5 x 10** erg s~! when I = 3.3, and for both I" values used here is
closer to the central L., — P; trend. For Cyg X-3, L., ~ 10% erg s™* for I" = 2, and for
both I' values used is well within the correlation limits.

However, note that the Doppler-corrected vy-ray energies for the five XRBs are
most likely underestimates; this is due to the shift of the observed Fermi LAT band
> 100 MeYV, to the on-axis energy range, where v, = av, and v, is the value to an
on-axis observer. The observed Fermi LAT spectrum, in all cases, is assumed to be a
single power law; without information regarding the spectral peak or index below the
observed minimum energy 100 MeV, we have assumed the on-axis y-ray luminosity
to be equivalent to the energy in the Doppler-corrected band i.e. a flat spectrum. If the
single power-law extended to lower energies than those observed by Fermi LAT then

I such

the on-axis Doppler corrected luminosities would be of order L., ~ 10*! erg s~
a bright on-axis source could be detectable as a y-ray transient in local galaxies e.g.
N, ~2x107%phs~! cm~2 at I Mpc, and becoming limited at N., ~ 2 x 107® ph s~*
cm~2 at 10 Mpc.

To estimate the minimum power of the jet we have assumed a ratio of energy in
relativistic protons to electrons in the synchrotron emitting region of €,/e. = 1. This
ratio could in reality be very small or as high as ~ 100 e.g. GRBs, where the ratio
is typically in the range 10 < €,/e. < 100. If the energy in the hadronic particles
is larger, the jet powers presented here would be underestimates; for €,/e. = 2 the
jet power would increase by a factor of ~ 1.3, for ¢,/e. = 100 the power would be
~ 9.4 times those presented here. Alternatively, if the energy in relativistic protons
is very small, then the jet power would be ~ 0.7 of those presented. As noted by
Zdziarski (2014), this method does not consider the contribution by cold ions in the

jet bulk flow to the total power. The minimum jet powers presented here are therefore

underestimates; the maximum correction factor to the presented powers is a factor
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~ 20 larger. If the minimum jet powers presented here are massively underestimated,
then by considering similar arguments for the underestimate of the jet power in blazars
(e.g. Ghisellini, 1999) the L. — P; correlation may still hold but with a shallower index.

Figure 6.2 shows the Nemmen et al. (2012) distribution of blazars and GRBs with
the uncertainties for each population, plus the five XRBs presented here. Where two
estimates for the Doppler-corrected luminosity and power exist for an XRB, we have
used the values that correspond to the largest I'. The addition of more XRBs to this
distribution will help to determine the validity of the correlation, and if it holds, better
constrain the index and limits for a wide range of BH jets in L., — P;.

Ma et al. (2014) found a similar correlation for XRBs in the hard state using the
bolometric luminosity for the jet derived from models; the power estimates for the jets
in their sample were typically lower than those found here by up to 3-4 orders of mag-
nitude. Our estimates are based on the minimum jet power during a flaring/transient
event as opposed to the compact jets seen during the hard state; this difference can
explain the disagreement in jet power where the same source is compared. The lumi-
nosity used in our sample is the y-ray flare luminosity not the hard-state bolometric jet
luminosity and therefore our estimates are directly comparable to the original Nemmen
et al. (2012) correlation.

That Ma et al. (2014) find a correlation without using ~y-ray luminosity demon-
strates that a common mechanism links all BHs and jets through accretion with very
small differences. By considering only the -ray flux from these jets we can probe
the part of the outflow with the highest Lorentz factor and strongest relativistic beam-
ing. For GRBs, the emitted ~y-rays are a small fraction of the total engine energy;
despite the differences in these sources (stellar mass BH in XRBs, SMBH in AGN, or
SNe/merger for GRBs) the observed relation is always the same. A confirmed correla-

tion for L, — P; for jets from accreting BH systems, regardless of phenomenological
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Figure 6.2: L., — P; relation including five XRBs. Doppler- and collimation-corrected luminos-
ity and power estimates are shown for XRB (pink diamonds), using the larger I" value where
appropriate. Values for blazars are shown as blue squares, and ~y-ray bursts are shown as red
circles, where the data and uncertainties are from Nemmen et al. 2012. Dashed black line is
the L., — P relation, thin dashed lines represent the limits from Nemmen et al. 2012.
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differences between the systems, could help determine a ubiquitous emission mech-
anism for high energy photons from such jets. The existence of a correlation across
extremes of time and mass scale points to common physical phenomena between all
relativistic BH jets. If all relativistic BH jets have the same high-energy emission
mechanism then the differences between the system classes can be used to constrain
the emission mechanism at y-ray energies. Alternatively, the correlation may indicate
that the efficiency for various ~y-ray emission processes in relativistic jets is similar.

Two groups of models are used to explain the high energy emission in XRBs and
blazars: the hadronic/lepto-hadronic models, where the high energy emission is from
internal jet processes such as synchrotron self Compton (SSC), synchrotron of protons
or the decay of neutral pions from proton-proton cascade; and the leptonic models,
where high energy emission is due to the external Compton scattering by relativistic
electrons of a strong photon field, either from stellar companion black-body photons
or X-ray photons from the accretion disk for XRBs, or the accretion disk and broadline
region for blazars.

Strong polarization measurements made in the ~y-ray tail of Cyg X-1 favour a
lepto-hadronic model, and a jet origin, for the high energy emission (Rodriguez et al.,
2015). Lepto-hadronic models for the broadband emission of Cyg X-1 by Pepe et al.
(2015) also favours a synchrotron or SSC, and therefore jet origin, for the high energy
tail. The low mass of the companion to V404 Cyg, the temporal association of y-ray
excess and radio flares, and the simultaneous detection of the 511 keV annihilation
line and v-rays of higher energy all point to the jet as the origin for such emission
(Loh et al., 2016). For blazars, the jet as the origin for the high energy emission is
supported by long-term monitoring campaigns which indicate a correlation between
~-ray flares and optical flares; the optical emission from blazars is polarized to differ-

ent degrees depending on the location of the synchrotron peak relative to the observed
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optical bands (Jermak et al., 2016); optical and ~-ray flares, and high polarizations,
are associated with the jet where observed polarization rotations can be explained by
a structured magnetic field within the jet and used to support a lepto-hadronic model
for the high energy emission (Bottcher et al., 2013; Bottcher, 2016).  Similarly, po-
larization measurements of the early afterglow in GRBs indicates the existence of an
ordered magnetic field in a magnetized baryonic jet (Steele et al., 2009; Mundell et al.,
2013). Alternatively, if high energy emission from AGN and XRBs is due to a leptonic
process i.e. inverse Compton scattering of external photons, then this correlation may
have implications for the emission mechanism responsible for the high-energy prompt
GRB. For a long GRB the target photons may be from shock breakout, early super-
nova photosphere photons, or the photons of a companion star whose presence may
be inferred by the high degree of stripping of long GRB progenitor supernovae i.e. Ic
SNe.

Throughout, we have made the assumption that all GRBs are powered by BH,
as opposed to magnetars; the overall L., — P; correlation presented here may support
this assumption. XRBs, blazars, and GRBs all populating the same relation for L. —
P; indicates a common jet emission mechanism, or efficiency, for v-rays where the

magnitude of L., depends on the jet power.

6.6 Conclusions

We have shown that when corrected for collimation and Doppler boosting, the y-ray
luminosity from XRBs follows the L., — P; relation found by Nemmen et al. (2012)
for relativistic jets from BH systems. This correlation holds across ~ 17 orders of
magnitude and is the first attempt at comparing the energetics, using y-ray luminosi-

ties, for three classes of accreting BH systems e.g. XRB, AGN, and GRB. Although
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the jet powers and -ray luminosities for XRBs are most likely underestimates, XRBs
are relatively closely grouped in the parameter space. The power of a jet from a BH
system can be independently constrained by the on-axis ~y-ray luminosity. Alterna-
tively, the jet power can be used to indicate the expected on-axis y-ray luminosity for
high energy flares from BH jets. Future target of opportunity high energy observations
of XRB during radio flaring events could help further constrain this relation. If such
a relation is ubiquitous amongst relativistic jets from BHs, then a common emission
mechanism, or efficiency, is most likely responsible. Where the efficiency here is in
the range 0.2 < 1 < 0.995, and n = L, /(P;+ L.) By comparing the different systems,

constraints can be put on the emission dynamics.



7. Conclusions and Future Work

The aim of this thesis is to give a qualitative indication of the various dynamical and
structural jet properties that can be revealed by the observation of electromagnetic jet
counterparts to gravitational wave detected neutron star mergers. This is motivated by
the opportunity that GW triggered detections give in probing the afterglow of merger-
jets and the possibilty of revealing a hidden population of low I" failed GRB jets or the
intrinsic jet structural properties that cannot be revealed by GRB triggered afterglow
observations. These results will help constrain the physical mechanism that launches
and accelerates relativistic jets from compact merger objects, and can potentially give
insight into how the mechanism works in the jets from other systems e.g. X-ray bina-

ries and AGN.

7.1 Conclusions

EM counterparts from relativistic merger-jets accompanying GW detected NS/BH-
NS mergers will reveal the structure and dynamic properties of short GRB jets. If
a significant fraction of merger-jets result in low I' outflows, a hidden population of
afterglow-like transients will be revealed. Such a population can be used to constrain
the Lorentz-factor distribution for the population of merger-jets. Alternatively, the X-

ray, optical, and radio frequency afterglows from jets viewed at inclinations ~ 20 —40°

164
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will reveal the presence of structure from the features and temporal behaviour in the
light curve. Sharp light curve peaks, re-brightening of the afterglow during the decline
after peak, or a shallow rise pre-peak are all signatures of structured jets viewed at an
inclination greater than the jet core angle.

The sub-luminous ~y-ray burst associated with GW 170817, GRB 170817A, is
not easily explained with a traditional jet origin, however if such a GRB accompanies
the majority of NS mergers then the emission can be considered quasi-isotropic and
is likely to have an origin as either scattered prompt emission (Kisaka et al., 2017)
or another flaring mechanism e.g. shock breakout or reconnection. The afterglow
detection from ~ 10 — 100 days post-merger for GW 170817 is consistent with a
Gaussian structured jet viewed at an inclination ~ 20°; see Figure 7.1 for the light
curve and spectra at 15 and 108 days including X-ray, optical, IR and radio frequency
observations (Lyman et al., 2018). Further GW detections will reveal if such a jet
structure is a universal feature for short GRB jets.

A population of failed-GRBs from merger-jets, or the presence of extended jet
structure beyond a ~y-ray bright jet core will increase the rate of optical transients in
an untriggered deep, m < 26, optical survey. If the Gaussian structure is seen to
be a universal feature for short GRB jets, then the transient rate at mag 2 23 for
orphan afterglows in untriggered surveys will be above that expected from a simple
homogeneous jet model alone.

This thesis presents estimates for the expected rates of various jet afterglow tran-
sients given a GW detection and a variety of jet dynamical and structural models. The
observation of failed-GRB afterglows will indicate a hidden low I" jet population that
can be used to constrain the Lorentz-factor distribution for merger-jets. The off-axis
light curves for various structured jet models give an indication of the various phe-

nomenological features that can be used to distinguish between the various models.
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Figure 7.1: The observed light curve and spectral energy distribution of the afterglow at radio,
optical, and X-ray wavelengths for GRB 170817A can be described by an off-axis structured
jet. Left panel: Off-axis afterglow light-curve. Thick dashed grey and dashed purple lines
indicate 3 GHz and 1 keV flux density respectively, overlaid with radio (Hallinan et al. 2017,
Mooley et al. 2017) and X-ray data (Margutti et al. 2017, Haggard et al. 2017, Troja et al.
2017, Ruan et al. 2017). Upper limits are shown as triangles. The green dashed line indicates
the HST near IR F140W frequency while the blue dashed and orange dashed lines show HST
optical F606W and F814W fluxes. Optical detections are indicated as error bars on the optical
light curves and near IR flux limits as open triangles. Right panel: The model spectra at 14.9
days (red) and 108 days (blue) post-merger compared to radio (Hallinan et al. 2017, Mooley et
al. 2017) and X-ray data (Haggard et al. 2017, Ruan et al. 2017). The X-ray flux at 15 days is
shown at 1 keV as an error bar and at 108 days as a spectral slope due to better spectral index
constraints; the grey shaded region indicates the 1o bounds on the slope (Ruan et al. 2017).
All uncertainties are shown as 1o, and some error bars are smaller than the marker.
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The intrinsic jet structure has an implication for the rates of detectable orphan after-

glows and can be used to give constraints on the local NS merger rates.

7.2 Future Works

The prompt emission for a low I' jet or jet component in Chapters 2 and 3 makes
some basic assumptions about the opacity and the emission at the photosphere. By
inclusion of a more sophisticated radiative transfer model the precise nature of the
prompt emission from a low I' region can be more reliably investigated. This may have
implications for the origin of X-ray flashes from both short and long GRB progenitors.

The current structured jet light curve estimates, shown in Chapter 3, are based on a
few simple assumptions that give the general qualitative behaviour of the various struc-
tured jet models but cannot accurately constrain the exact parameter values given an
observational fit. To improve the parameter estimates the afterglow model will have to
include consideration of the entire emitting volume and the exact hydrodynamics of the
emitting region. At present the emission is assumed to be from a surface at the shock
front; the timescales for emission from a volume should be lengthened from those indi-
cated by considering only a single surface, while the timescale should be shortened by
considering the dynamics of the emitting region i.e 7, = 1/2I'(¢). The model assumes
a balance between these two effects. This assumption should be checked and the model
improved by inclusion of the emitting volume and the hydrodynamical details of the
forward shock region.

Reverse shock emission from a structured jet has not been considered. Adding a
reverse shock component to the structured jet afterglow lightcurves will provide an
understanding of the expected afterglow temporal and spectral behaviour at various

inclinations. Understanding how the reverse shock behaves for either a thick or thin
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shell in a structured relativistic outflow would enable the interpretation of optical and
radio counterpoints from a jet to gravitational wave detected mergers.

The afterglow light curve model can be further improved by considering the point
at which the outflow becomes Newtonian. The current version follows a Blandford &
McKee (1976) solution until I' = 1, in reality the transition may occur earlier than
this (e.g. Kobayashi et al., 1999). The counterjet may also become visible once the
evolution becomes spherical and this should be included to give accurate late time light
curves, particularly important for radio observations. Additionally, the jet is assumed
to always be confined i.e. no sideways expansion, although this is valid for the early
evolution (van Eerten & MacFadyen, 2012) the jet may start to expand sideways at later
times. Such sideways expansion will effect the late time post jet-break evolution, where
the decline is steeper. By producing a light curve model that can include sideways
expansion as an option the late time evolution of an afterglow can be better modelled.
These improvements would allow the more accurate determination of the various jet
parameters from observations.

A more detailed investigation of the emission characteristics of ~y-rays from the
various black hole jet systems will help determine if the universal scaling, observed
to hold for GRBs, XRBs, and AGN, is due to intrinsic similarities in the emission
process, or whether the scaling is purely due to the available efficiency for various
emission processes. If this scaling pertains to a similar emission process in all systems,
then a contrast of the differences will help constrain the physical processes that are

responsible.
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