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Chapter
Introduction

With the naked eye, we observe the same night’s sky as our ancient ancestors that shared
our hemisphere, with the exception of local comets and meteors. The unchanging nature
of the stars informed the first cosmological theories, involving an eternal and unchanging
Universe surrounded by celestial spheres of fixed stars. We now know that the Universe is
extremely dynamic, but often on timescales much longer than the human lifetime, or even
the lifetimes of human civilisations. Transient or time-domain astronomy is the study of those
astrophysical sources that vary in nature on human timescales. Often, these astrophysical
transients involve the strange behaviour of matter close to dense, compact objects.

The first recorded observations of astrophysical transients outside of our solar system were
conducted by ancient Chinese astronomers, who noted so-called ‘guest stars’ appearing in
the sky where no star was previously present. Modern astronomers interpret these guest
stars as novae or supernovae, and the compact objects left behind by these explosions can
be identified with specific guest stars to this day (SN135; Thorsett 1992). As technology has
advanced over the centuries new ways in which to observe the Universe have been uncovered.
In almost all cases when we hunt for dynamic astronomical activity using new techniques or
messengers, we find something.

A brief history of astrophysical messengers

Until the 20th century, astronomy was a 4 dimensional problem': we observe photons at
different energies, at different times, across the sky; a 2 dimensional solid angle. Until 1933,
when Karl Jansky invented the radio telescope (Jansky 1933; Fig. 1.1b), all observations
of the Universe were performed in the small range of photon wavelengths (§\ ~ 300nm)
observable to the human eye. Jansky’s radio source in the constellation Sagittarius would be
imaged almost 90 years later by a worldwide network of radio telescopes, resulting in the
first image of the supermassive black hole at the centre of our Galaxy (Akiyama et al., 2022).
The range of photon energies accessible to humans grew immensely as a result of the space

!Parallax distances measurements represent an exception to this general statement (Bessel, 1838).
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race, with Soviet and US space-borne satellites carrying X-ray and gamma-ray detectors,
allowing us to observe high-energy photons that cannot penetrate our atmosphere. We now
have access to over 20 orders of magnitude of wavelengths, from the lowest frequencies that
our ionosphere allows through undisturbed at roughly 10" Hz (van Haarlem et al., 2013), to
the highest energy photons the universe allows through undisturbed at approximately 10%
Hz (Cao et al., 2019). Moreover, in the past century new astrophysical messengers other
than light have been identified. Each of these new messengers present novel challenges that
must be overcome for astronomers to utilize them to learn about the Universe.

In 1912 Victor Hess (Hess 1928; Fig. 1.1a) discovered cosmic rays, astrophysically accel-
erated atomic nuclei. The origin of cosmic rays, where and how they are accelerated, is a
century-old mystery that has led to leaps forward in our understanding of particle accel-
eration. The locally observed spectrum extends over nearly 20 orders of magnitude, and
the highest energy cosmic rays are powered by the most extreme particle accelerators in
the Universe. Unlike photons, cosmic rays have charge, meaning that their path is deflected
in Galactic and intergalactic magnetic fields. This means they do not point back to their
sources which limits their astronomical use. Cosmic ray detectors range from small-scale
space-based instruments like AMS-02 onboard the International Space Station (Aguilar et al.,
2013) which measures the most common, low-energy (~ 1—100 GeV) cosmic rays & acceler-
ated leptons; to enormous ground-based observatories such as the Pierre Auger Observatory
which covers 3000 km?®. This detector measures the enormous showers of particles & light
initiated by the highest energy (> 10*® V) and rarest (1 particle km 2 yr_l) cosmic rays.

Neutrinos are extremely weakly interacting particles, first predicted in 1930 by Wolfgang
Pauli *, which are produced through a variety of nuclear and hadronic channels. Their weak
interaction necessitate the construction of huge, shielded detectors. Neutrinos were detected
in a terrestrial experiment in 1956 (Cowan et al., 1956), using a tank of water close to a
nuclear reactor. The first experiments to detect solar neutrinos were performed in the 1960s
(Davis et al., 1968) making use of giant underground tanks of cleaning fluid to observe in-
teractions of electron neutrinos and Chlorine-37 (Fig. 1.1c). Their work and the subsequent
discrepancy between the predicted and observed solar neutrino flux eventually led to the dis-
covery of neutrino oscillations. The current state-of-the-art neutrino detectors are IceCube
and ANTARES, consisting of kilometre-long strings of photon multiplier tubes embedded in
the Antarctic ice and Mediterranean sea respectively. These experiments target the neutri-
nos expected to be produced when cosmic rays are accelerated to very high energies, and a
TeV-PeV flux of astrophysical neutrinos have now been confirmed (Aartsen et al., 2014). As-
sociating observed neutrinos with astrophysical transients temporally and spatially can pro-
vide insight to the extreme inner engines of these sources that are otherwise opaque to even
the highest energy photons due to absorption (e.g. Murase et al. 2014). The first neutrinos
from an astrophysical transient were discovered in association with a supernovae SN1987a
in the Large Magellanic Cloud (Hirata et al., 1987; Bionta et al., 1987). With IceCube, such
associations have been reported during a blazar flare (IceCube Collaboration et al., 2018a)

%For a translation of Pauli’s original letter positing the existence of the neutrino see: https://icecube.wisc.edu/
neutrino-history/1931/01/1931-pauli-presents-hypothetical-neutron-particle/.
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and a tidal disruption event (Stein et al., 2021), possibly indicating high-energy cosmic ray
acceleration in these sources.

Gravitational waves, the newest cosmic messenger, are ripples in the fabric space-time, pro-
duced by the quadrapole moment of an object’s mass (Einstein, 1916). These perturbations
can propagate across the Universe, and their amplitude decreases linearly as a function of
distance. Any massive body with angular momentum that is not rotationally or spherically
symmetric will radiate gravitational waves, including binary stars, asymmetric rotating bod-
ies, and the planets and moons of our own solar system. However, the amplitude of these
waves and their effect on the local space-time on Earth is usually so small as to be impercep-
tible. The first claim of the detection of gravitational waves came in 1969 (Weber, 1969),
using mechanical bars that could resonate with gravitational waves, but was soon discred-
ited. The possibility of directly detecting gravitational waves was spurred on by the first
indirect detection: a measurement of the decreasing separation of a radio pulsar in a binary
orbit (Taylor & Weisberg, 1982). The first direct detection of gravitational waves came in
2015, when the Laser Interferometer Gravitational-Wave Observatory (LIGO; 1.1d) detected
the merger of two ~ 30 solar mass black holes from 500 Mpc away (Abbott et al., 2016).
Despite radiating over 10 ergs of energy as gravitational waves during the inspiral, the mea-
sured gravitational wave strain on Earth (i.e. the fraction by which lengths are stretched and
compressed) was just one part in 10~ . The gravitational wave detection of compact object
inspirals and mergers can allow observations of these events across the electromagnetic spec-
trum on key discovery timescales. Furthermore, gravitational radiation can also ‘shine’ from
astrophysical sources from which we do not expected observable electromagnetic emission,
such as rotating (slightly aspherical) neutron stars (Lasky, 2015), double white dwarf bina-
ries, and the mergers of supermassive black holes. The latter two of which are key targets
for the planned space-based gravitational wave detector, the Laser Interferometer Space
Antenna (LISA; Amaro-Seoane et al. 2017)

1.1 Particle acceleration & radiation

Most of the signatures we observe from the Universe are due to the motion of charged parti-
cles, of which there are two varieties: thermal and non-thermal. Thermal emission is electro-
magnetic radiation that is produced from all bodies of matter with a non-zero temperature 7',
due the random motion of particles converting thermal energy to radiation. The luminosity
scales as Lo, o< T, and the nature of this emission is relatively well understood after cen-
turies of research. The content of this thesis is focused on non-thermal particle acceleration
and radiation, which often powers the most extreme astrophysical transients. Non-thermal
particle acceleration in shocks or electric fields leads to the production of photons, neutrinos
and cosmic rays; the study of which can inform us about the nature of the particle acceler-
ation mechanism itself. In the following, we discuss the mechanisms by which particles are
accelerated and astrophysical messengers are produced.
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@) (b)

Figure 1.1: Pioneers of new astrophysical messengers. (a) 1911: Victor Hess departs from Vienna in his balloon (b)
1933: Karl Jansky with the first radio telescope (c) 1966: Davis and Bahcall with the Homestake solar neutrino exper-
iment, (d) 2016: LIGO gravitational wave detector



1.1 Particle acceleration & radiation

1.1.1 Shock acceleration

In jetted or exploding astrophysical transients such as gamma-ray bursts (GRBs), active
galactic nuclei (AGN), supernovae (SNe) and X-ray binaries (XRBs), particles are acceler-
ated in shocks. Enrico Fermi paved the way for modern theories of particle acceleration in
his attempt to explain the observed cosmic ray spectrum (Fermi, 1949). He suggested that
particles could be accelerated or decelerated by way of reflection on magnetic clouds in the
interstellar medium, which he referred to as ‘magnetic mirrors’. On average, Fermi found
that particles gain energy. This mechanism is now known as second-order acceleration, as
a charged particles’ mean energy gain is proportional to the square of the cloud’s velocity.

In 1977 & 1978, theorists independently demonstrated a subset of (first-order) Fermi accel-
eration known as diffusive shock acceleration (DSA), is particularly efficient and can explain
the power-law nature of the cosmic ray spectrum. In this version, stochastic diffusion across
the shock front occurs via scattering from magnetic turbulence generated by the particles
themselves (Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978;
Drury & Voelk 1981). DSA is now the canonical mechanism for high-energy particle acceler-
ation in a range of astrophysical sources. In the following, I provide a brief explanation of
the simplest version of shock acceleration.

Let us assume a charged particle with energy E undergoes n shock crossings and increases
its energy by AE = x E after each crossing. The particle energy after n crossings is:

E,=E,(1+x)" (1.1

Rearranging Eq. 1.1, the number of shock crossings to reach a particular energy E; can be
expressed as:

n=In (gl) /In(1+x) (1.2)

0

If the probability of a particle escaping the acceleration region after each shock crossing is
constant, then the probability a particle remains after n shocks is Premain = (1 — Pege) -
The number of particles with an energy less than E; can be found by considering how many
remain long enough to achieve F;:

_ Pcsc)n

- 1
N(S El) = Z Premain = ( P (13)
0 esc

-Pp
Substituting for Eq. 1.2, we find that the N,(< E;) « <f?1) where the value of the
0

power-law index p depends on P,,. and . The values of these parameters depend on the
specifics of the shock acceleration, but observations of cosmic rays (see Section 1.1.2) and
theoretical simulations (Malkov, 1997; Bednarz & Ostrowski, 1998; Achterberg et al., 2001;
Spitkovsky, 2008; Sironi et al., 2013) suggest values of p ~ 1.8 — 2.4.
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1.1.2 Cosmic rays

Cosmic rays (CRs) are not rays, and most are not cosmic. They are accelerated atomic nuclei,
and their discovery in the early 20th century (Hess, 1928) led to much of the theoretical
research related to shock acceleration in the above subsection. We observe CRs with space
and ground based detectors that utilize a variety of techniques, but because CRs are charged
particles they are perturbed by the interstellar and intergalactic magnetic field. This means
that observations lose not only the direction from which CRs are produced, but also the time
at which they were produced: high-energy CR astronomy is (almost®) fully described by the
observed CR flux at different energies, of CRs with different compositions.

The spectrum of CRs is observed as a powerlaw with p ~ 2.7 (e.g. Ryan et al. 1972) over
almost 11 decades of energy, with the highest energy particles carrying roughly the same
amount of energy as a 100 kilometre per hour baseball, despite being sub-atomic. In Fig. 1.2
I show the cosmic ray spectrum where the flux is scaled by a factor E*7, such that small
deviations to the powerlaw are visible. This energy-weighted flux allows us to see the fea-
tures of the spectrum: the ‘knee’, a softening of the spectra at around 3 x 10" eV; the ‘second
knee’, a further softening at around 2 x 10" eV; and the ‘ankle’, a hardening of the spectrum
occurring at roughly 4 x 10'® eV. These 3 features are crucial nuggets of information, and
understanding their origin is an ongoing debate among cosmic ray theorists.

Cosmic ray acceleration is thought to primarily occur in astrophysical shocks (Sect. 1.1.1).
By considering the fact that particles must stay confined within the shock to cross many
times and be accelerated to high energies, Hillas (1984) was able to put generic constraints
on the type of astrophysical systems that may accelerated CRs to observed energies. For an
astrophysical source with magnetic field strength B and size L, one can quantify the Larmor
radius, which is the radius of the projected motion of the particle perpendicular to the field:

muv

T

For continuous re-acceleration in shocks, r; should at least be smaller than the source size
L, leading to the Hillas criterion, which states that the maximum energy attained by a shock
accelerated atomic nuclei with Z protons is the product of the sources’ magnetic field and

size:
Z ( B L
Epey < D) (MG) <pc> (1.5)

The average interstellar magnetic field strength is approximately Byw ~ 3uG, and the
Milky Way has a typical scale height of H ~ 30 pc. By substituting H for the Larmor radius,
we can find the maximum energy of a cosmic ray that is expected to be confined within the
Galaxy: E,,,. ~ 10" ¢V. This value falls in between the ‘knee’ and ‘second knee’ breaks
in the cosmic ray spectrum, and therefore it is widely accepted that around this region a
transition from Galactic to extra-Galactic CRs occurs.

1.4

1t is possible to trace the highest energy CRs back to their sources, as they are deflected least in magnetic fields (e.g.
(Takeda et al., 1999; Pierre Auger Collaboration et al., 2007, 2017)). It may also be possible to detect changes to
the CR spectrum as a function of time, e.g. if nearby transient sources contribute significantly to the local observed
spectrum.
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Figure 1.2: The energy-weighted Cosmic Ray Spectrum (Amsler et al., 2008). The spectrum is weighted by a factor
E*7, such that observed breaks are very clear, which are thought to represent composition changes or transitions to
new source populations.

To explain the sources of CRs, one must in general be able to explain the required luminosity,
as well as the maximum possible energy. It is widely agreed that Galactic supernova rem-
nants (SNRs) are responsible for accelerating a large fraction of CRs below the knee in the
spectrum. Firstly, one can crudely estimate the SNR-accelerated CR luminosity assuming
reasonable Galactic supernova rate of 1-3 per century” and an CR acceleration efficiency of
1—10%. The total Galactic CR luminosity of approximately 5 x 10* erg s ' appears to be con-
sistent with estimated SNR-CR energy budget (Baade & Zwicky, 1934). Furthermore, recent
gamma-ray observations have found smoking gun evidence for PeV acceleration of hadrons
within SNR shocks (Ackermann et al., 2013). Identifying the sources of extra-Galactic CRs
at the very highest energies is more difficult, primarily because the energy budget is much
less constrained.

1.1.2.1 Neutrino production

Neutrinos are charge neutral particles, with a non-zero but extremely small mass (Aker et al.,
2021). They are produced during radioactive decay (e.g. in terrestrial nuclear reactors) and
during the fusion processes powering stars. Our Sun is a prolific neutrino producer: the solar

4Despite this estimate, the most recent supernova in the Milky Way was Kepler’s supernova in 1604.
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neutrino flux on Earth is approximately 10" cm™?s~" but the interaction cross-section is so
small that the vast majority propagate straight through the Earth.

Neutrinos are also produced during proton-proton and proton-photon interactions, mean-
ing their detection can be used to trace hadronic processes in astrophysical sources. As cos-
mic rays do not point back to their sources (Section 1.1.2), the detection of a high-energy
(> TeV) neutrino from a point source represents a smoking gun signal for PeV CR accelera-
tion®. The primary neutrino production channel of interest involves the interaction between
a cosmic ray and an ambient proton, which produces unstable charged pions. These pions
further decay to produce (anti-)muons and muon (anti-)neutrinos, where the neutrinos in-
herit roughly 5% of the initial cosmic ray’s energy (Mannheim & Schlickeiser, 1994).

Pcr+p > p+p+my 7 (1.6)

Ty = gt 1.7
T_ = h_+ U, '

Multi-messenger neutrino astronomy is still in its infancy. Nevertheless, the first associations
with astrophysical transients (a blazar TXS 0506+056; [ceCube Collaboration et al. 2018a &
a radio-loud TDE AT2019dsg; Stein et al. 2021) and the detection of an astrophysical flux of
PeV neutrinos (Aartsen et al., 2013) are encouraging signs. The planned upgrade of IceCube
to the second generation (Aartsen et al., 2021) promises an order-of magnitude sensitivity
increase over the previous generation. This means the theoretically predicted neutrino flux
of luminous gamma-ray bursts (GRBs) and tidal disruption events (TDEs) will be verifiable,
as will high-energy cosmic ray accelerators within our Galaxy. Furthermore, the predicted 10
arcminute localization of PeV neutrinos will enable multi-wavelength follow-up campaigns
to probe (new) classes of transients capable of high-energy cosmic ray acceleration.

1.1.3 Synchrotron radiation

The acceleration of charged particles produces an electric field, and the resulting electro-
magnetic waves are observable as emitted photons. For relativistic particles, it can be shown
that the radiated power depends on whether acceleration is perpendicular or parallel to the
motion of the particle. For a particle of charge ¢ propagating with a Lorentz factor ~, the
total radiated power is: ,

29

P =337 (dl +7%) a.8)

Where a, and o are the particle’s acceleration perpendicular and parallel to its motion
respectively. One way in which a particle can undergo acceleration, is by interaction with a
magnetic field B. This radiation is known as cyclotron or synchrotron radiation in the non-

Electromagnetic signatures of decaying pions produced during the same interaction have been observed in supernova
remnants (Ackermann et al., 2013).
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relativistic and relativistic cases respectively. The equation of motion of a particle with mass
m, velocity v and charge ¢ in an electromagnetic field is (Rybicki & Lightman, 1986):

d(ymv) _®.p
dt c

d('ymcz) _
—a qv-E

If ~ is constant, v |, the component of particle velocity perpendicular to B is:

av) _ 9, g (1.10)
dt yme

(1.9)

The solution is uniform circular motion about the magnetic field line B, or helical motion if
v = constant, with a frequency of gyration:
qB

wp = (1.1D)
yme

The associated acceleration is a;, = wgv, and substituting this into Eq. 1.8 we find that the
power emitted by a relativistic charged particle gyrating in a magnetic field with magnitude
B is:

P 2¢* 82 B*+* sin(a)?

sync — 2

(1.12)

3m
Where 8 = v/cand o = v, /via iS the pitch angle subtended between the particles velocity
and the magnetic field. By averaging over all pitch angles, if the astrophysical source has
disorganised magnetic fields, we find that:

4
Psync = gUTCBZFYZuB (113)

Here o+ is the Thompson cross section and u g is the magnetic energy density.

As particles move at relativistic velocities on helical paths, emission is beamed into a small

cone 50 = 2/~, and in the particle’s frame the pulses are separated by a time §t ~ m

For an observer, this time is shorter by a factor 1— 3 = 2%, such that §t s ~ (73w B sin(a)) B
Y
This defines the critical frequency at which synchrotron emission is observed:
3 3 .
Verit = ——7 wp sin(«) (1.14)
4
By further consideration of the beaming effects in the highly relativistic regime (Sections

6.2 & 6.4 of Rybicki & Lightman 1986), it can be shown that the emitted power per particle
per unit frequency is:

3 .
P(y) = Y34 Bsine) (v (1.15)
2mmc Verit
In two regimes above and below v, the emission can be approximated as:
L \1/3
vy, ri
P, x (E7) 12 et (1.16)
EXp(*ﬁ)(ﬁ) V 2> Verig
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1.1.3.1 Populations of particles

As discussed in Sect. 1.1.1, in cosmic explosions and astrophysical jets particles are often
accelerated into a power-law distribution such that:

N(E)dE = KE "dE 1.17)

Where K is a normalization factor that depends on the number density of particles and can
vary with the pitch angle « of the electrons. To understand the total synchrotron power
spectra emitted by this distribution of particles, we can integrate Eq. 1.15 over a range of

energies:
El

El
Proim(v) = K P(V)E*PdEa/ F( v )EPdE (1.18)

V. .
E, E, crit

Let z = -, and recalling that v, « v* « E*:
Virit

cri

Zo
Ptotal(y) X V_(p_l)/z/ F($)$<P_3)/2
“ (1.19)
oy~ PTD/2

Where in the second line we have used the fact that the integral is approximately unity if
o ~ 0 and z; =~ co.

Incoherent transients where synchrotron radiation from shock accelerated particle popu-
lations dominate observed emission (i.e. some sources in the blue region of Fig. 1.3) can
be described by the above equations. For exploding or expanding sources synchrotron self-
absorption results in a characteristic evolution in which higher frequency radiation peaks
first, followed by lower-frequency emission (van der Laan, 1966). Variations of this basic
model of radio transients have been invoked to explain GRBs (e.g. Paczynski & Rhoads
1993; Sari et al. 1998), active galactic nuclei (Begelman et al., 1984), supernovae (Cheva-
lier, 1998), X-ray binary jets (Mirabel & Rodriguez, 1999), and FRB afterglows (Metzger
et al., 2019), with appropriate adaptations to account for relativistic motion, particle com-
position and other source specific effects.

Comment on the brightness temperature limit

The brightness temperature of an astrophysical source is defined in the Rayleigh-Jeans limit
(hv < KT) as:
NE,
T = 250 (1.20)

Where 2 = 4/’;—22 is the solid angle of the source. A limit to the brightness temperature of
sources was first observed by Kellermann & Pauliny-Toth (1969), who studied some thirty
radio sources between 30 MHz to 30 GHz. They inferred maximum brightness temperatures
of between 10" and 10" K, a result which has become canonical in radio astronomy ever
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since. Their original explanation® was inverse-Compton scattering, which effectively cools
electrons in sources with high brightness temperatures. Relativistic electrons interact with
the synchrotron photons they produce in a process known as synchrotron self-Compton scat-
tering. The particle energy loss rate due to inverse-Compton scattering (Rybicki & Lightman,
1986) is:

P = gaTcu.y(%)zﬂyz (1.21)

Where w., is the energy density of the synchrotron photons. Noting the similarity to Eq. 1.13,
we can define n = P/ Psyne = u./ugp as the ratio of the synchrotron and inverse-Compton
energy loss rates. The resulting upscattered photons provide a further photon field with
which electrons may interact such that the total electron losses can be quantified in the
following divergent geometric series (Melrose, 2002; Longair, 2011):

4 2
Prynesic = 307€us (%) + <1 o4t ) (1.22)

This equation tells us that if n > 1, electrons undergo catastrophe radiation losses. The first
term represents electron loss due to synchrotron radiation, the second from synchrotron self-
Compton scattering, and higher order terms from electron scattering with next generation
of upscattered photons’. The photon energy density of a source can be expressed in terms
of its brightness temperature u., T, such that the brightness temperature as a function
of n is: ,
. (1.23)
nc' B
Assuming self-absorption, T}, ~ 2= ¢ and recalling Eq. 1.13, we can rewrite B in terms of v
and Ty such that we can express the brightness temperature in terms of only the observing

frequency to find that when n = 1:

Tb,max ~ 1012 K V(_;Il—[/zs (124)

The brightness temperature limit can be violated by relativistic motion (Rees & Simon, 1968).
For this reason relativistic sources like AGN & GRBs have brightness temperatures above the
limit® in Fig. 1.3). Proton synchrotron radiation (Kardashev, 2000) and transient particle ac-
celeration (Slysh, 1992) have also been suggested as ways in which a source may overcome
the brightness temperature limit. These violations to T ., are usually small, therefore
the limit is generally used to distinguish between incoherent and coherent radiation mech-
anisms (e.g. Fig. 1.3), the latter of which is not bound by the constraint.

® Alternative explanations for the observed T ,,,x €Xist, such as the equipartion of energy (Readhead, 1994).

7\We note this series is applicable when the photon energy in the frame of the electron is less than the electron mass
energy, after which the Klein-Nishina cross-section and energy transfer suppress scattering probability and photon
energy gain respectively.

®Relativistic sources can exceed T5 max DY = ' where T is the bulk Lorentz factor, or by r? if the light-crossing
timescale of variability is used to estimate source size.

1
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Figure 1.3: The radio transient phase space from Hurley-Walker et al. (2022), adapted from Pietka et al. (2015).

The brightness temperature limit separating incoherent and coherent transients is denoted in blue, where relativistic
sources GRBs and AGN violate the limit.
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1.1.4 Curvature radiation

Particle acceleration occurs differently for astrophysical systems that have strong, organised
magnetic fields. In this regime one cannot simply average over a pitch angle « in order
to calculate the luminosity of a set of particles. Furthermore, if the magnetic field is strong
enough, accelerated particles can be confined to stream along field lines. We can understand
this by considering the characteristic timescale in which a particle with a pitch angle « to
the magnetic field line radiates all of its energy:

Eparticle gmecz
Trad = = - 2 02
Py 4opesin(a) B yup (1.25)
=10 B2y, ! sin(a)y 2 seconds

We find that in strong magnetic fields particles rapidly radiate their entire energy if o # 0.

Therefore accelerated particles radiate away any momentum perpendicular to the field lines,
and stream along pulsars magnetic field lines (i.e. v x B = 0). In this case, particles can be
accelerated by electric fields to very high energies. Recall that the force a particle experiences
in an electric field is F' = ¢FE. The resultant increase in the particles’ Lorentz factor is large
and neglecting radiation losses can be estimated as:

i A B g1 g Ey (1.26)

meC

The magnetic field lines along which particles propagate are usually curved. For example,
pulsars and magnetars are thought to possess a dipole magnetic field, in addition to more
complex multi-polar components (Sect. 1.2.1). As the particles follow these curved magnetic
fields, they are accelerated in such a way that they do not deviate from the field line, and
thus will radiate. In this simple definition, we define each curved field line in terms of the
radius of the circle it traces out locally, known as the curvature radius p.. For neutron star
magnetospheres, typical values range between 10° < p. < 10° cm. Returning to Eq. 1.8, we
can find the radiated power for particles accelerated along these curved trajectories. As in
circular motion, a, = v*/r, which for a relativistic particle travelling along a field line with
a curvature radius p, is a, = #°¢’p. " such that:

2q2a2 ’74 2q20,74
Prry = == (1.27)
3c 3pe

We can define the gyrofrequency as we.v = Zfrz , and recall from Sect. 1.1.3 that the critical

frequency of observed radiation is higher by a factor 4 such that:

3

Verit,curv &2 1 C (128)
' 2mp.

For particles of the same energy, curvature radiation produces much less energetic photons
than synchrotron radiation. The primary reason for this is that the curvature radius of the
particles’ path is macroscopic and therefore emitted photons have much larger wavelengths.
Accelerated particles can in general achieve very large Lorentz factors in organised magnetic

13
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fields, which can be seen by equating the acceleration and radiation timescales to find a
stable Lorentz factor in the radiation reaction regime:

Pacc = Pcurv
2¢° eyt
quarallelc = qiz’y
P (1.29)
3Eparallelpc 1/4
Yy (———————
(MLt

vRT7 X 10’ Ellyéjallel,s Pl/72
This states that an electron accelerated by an electric field while radiating curvature emission
will attain nearly 100 million times its rest mass energy. Furthermore, using Eq. 1.28 one can
show that each emitted photon will have an energy of approximately £, ~ 500 GeV Ell| / ; s
or nearly a million times the rest energy of an electron. As we will show in Section 1.2.1,
the fact that such high energy photons can be produced via curvature radiation is a crucial
component to our theoretical understanding of the pulsar magnetosphere: curvature pho-
tons’ interactions with the magnetic field forms the bedrock of many theories of radio pulsar

emission (Sturrock, 1971; Ruderman & Sutherland, 1975; Timokhin & Arons, 2013).

Coherent curvature radiation

It is thought that curvature radiation can also be coherent. Coherent curvature radiation
is classified as an ‘antenna’ mechanism for coherent emission, meaning it relies on the spa-
tial proximity of particles to invoke coherence between particles. In essence, if particles’
momenta are well aligned and they are confined within one emission wavelength of each
other, the electromagnetic waves which constitute their radiation can constructively inter-
fere. This type of coherent emission means that the power of the radiation is greater than
the sum of the parts. The luminosity of NV coherently emitting particles is P,.;, = N 2Pincoh,
where P, refers to the power each particle would radiate in the absence of any coher-
ence. In other words, N particles with charge ¢ that are coherently emitting essentially act
like one a single particle with charge @ = ¢N. It is important (and not always obvious) to
note that the power radiated per particle is also higher by a factor NV for coherent emission:
Pidiv.con = Priotal,con/N = NPiqiv,incon- The idea of coherent curvature radiation dates
back to the early theoretical attempts to explain coherent emission from pulsars (Lerche,
1970; Goldreich & Keeley, 1971; Benford & Buschauer, 1977), and more recently has been
invoked to explain very high brightness temperature FRBs (Kumar et al., 2017; Katz, 2018).
However, the theory relies on the existence of a mechanism by which particles can bunch
together such that coherence requirements can be attained. Many suggested bunching mech-
anisms have come under heavy theoretical criticism (e.g. Melrose 2017; Melrose et al. 2021
and references therein).
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1.2 Compact Objects

Compact objects are the remnants of massive, dead stars. When a massive star reaches the
end of its life it explodes in a supernova, and the core of the star leaves behind a remnant.
The mass of the remnant depends on the mass and metallicity of the progenitor. If the
resulting object is more massive than approximately 1.4 solar masses, gravitational forces
overcome the electron degeneracy pressure that stabilizes white dwarfs, a compact object
forms (Chandrasekhar, 1931). If the mass is less than approximately 2-3 solar masses’ a neu-
tron star forms; larger than this and gravitational forces overwhelm the degeneracy pressure
of neutrons to form a black hole (BH) (Oppenheimer & Volkoff, 1939; Bombaci, 1996).

Neutron stars, the study of much of this thesis, are extreme in almost every sense of the word.
They have the highest known densities (apart from BHs), packing in roughly 1-2 solar masses
within a sphere with a radius of just 12km, as well as the largest known magnetic fields (more
so than the next magnetic astrophysical object by a factor 10°). For these reasons, they give
rise to a range of interesting pulses, bursts and explosions across the electromagnetic spec-
trum and beyond. Neutron stars are extraordinary astrophysical laboratories, with which
one can probe not only macroscopic processes such as general relativistic gravitational lens-
ing, but also the microscopic through exotic quantum electrodynamic processes only present
in the strongest magnetic fields. It is thought that there are billions of black holes and neu-
tron stars in the Milky Way alone, but only a few of the youngest are detectable on Earth,
as older isolated compact objects tend not to emit radiation. In the following subsections,
I briefly discuss the different categories of observable compact object that are the study of
this thesis.

1.2.1 Pulsars

Isolated, rotating neutron stars with strong surface magnetic fields are observable as radio
pulsars, first discovered in 1968 by Jocelyn Bell-Burnell (Hewish et al., 1968). These objects
are named for the observed pulses of radio emission modulated by the spin period of the star,
which are only visible when the radio beam is directed towards us. Precise timing of radio
pulses over long time spans allow for measurements of the spin period of the neutron star
P, but also the spin period derivative P and the double derivative P. These measurements
of how a pulsar spin is changing over time allows us to crudely estimate properties such as
the characteristic age and surface magnetic field of the pulsar '°:

P -1
— = 15.8 Myr P, P_
Y2 yr o 15

N
Ii

; 1.30
3CIPP (1.30)

87['2R6NS

sin(a)? = 102G P2 PV2 R, 117

°This threshold is uncertain as it depends on the specific behaviour and equation of state of extremely dense matter.

10, . . . - .
Throughout this thesis, we make use of the convenient notation X, = X /10", and use centimetre-gram-second
units, unless otherwise stated.
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Where I is the moment of inertia, Ryg is the radius of the neutron star and « is the angle
between the rotation axis and the magnetic moment, where we assume sin(«) ~ 1 in this
simple example. The magnetic field estimate relies on the assumption that the pulsar is
spun-down due to energy losses related to the luminosity of the dipole radiation: Lg4;p01. =
2 m*Q*sin(«)?. Pulsar emission is broadband, and some pulsars are observable across the
électromagnetic spectrum to the gamma-ray wavelength (Abdo et al., 2009, 2013).

Pulsars are extremely strong magnets and are surrounded by a dipole11 magnetic field which
co-rotates with the spin of the neutron star. As electromagnetic forces are much stronger than
gravitational forces surrounding a pulsar, one can model them as highly magnetised, rotating
superconducting spheres. In their seminal model of the pulsar magnetosphere, Goldreich
& Julian (1969) found that the magnetosphere must be densely populated with charged
particles commensurate with the local magnetic field divided by the spin period. Inside the
neutron star, an electric field develops that must satisfy:

Qxr

E+ X B=0 (1.31)

Where € is the angular velocity of the neutron star. A B x v electric field also exists outside
the star, however the boundary condition from the surface to the magnetosphere requires
B - E = 0 outside the star. This can be satisfied by a current of charged particles that
screens the electric field at all points, which can be expressed as the Goldreich-Julian number
density:

OB

_ 8B, _ B (Bxs
nas = 2mweq ch( R ) (1.32)

The co-rotation of the external magnetic field with the rotating neutron star occurs until a
distance known as the light cylinder, which is the radius at which co-rotation would require
the field lines to move faster than the speed of light:

P
Ric = ;— =5x 10" cm P, (1.33)
™

Beyond this distance, field lines cannot be viewed as static rotating structures, and are in-
stead considered as propagating electromagnetic waves (Fig. 1.5). Magnetic field lines can
be classified in terms of whether they extend beyond R; - (open field lines), or if they are
completely contained within R; ¢ (closed field lines).

Despite decades of theoretical study and observation, the nature of the emission mechanism
behind radio pulsars is poorly understood (see e.g. Melrose 2017). The emission is too bright
to be the sum of individual particle radiation and thus coherence between particles must
be invoked. Two types of pulsars are generally observable as strong radio emitters (Fig.
1.4). Recycled or millisecond pulsars are old neutron stars that have been spun up and
reactivated by accretion, typically characterised by short periods of 1 — 10 milliseconds
and estimated surface magnetic fields of B, ~ 10’ G. Isolated radio pulsars are younger

In reality, we see indications of multi-polar magnetic field components close to the surface (Bilous et al., 2019; Riley
et al., 2019). As higher multipole moments drop decay more rapidly with distance from the neutron star, these
components are often neglected for simplicity.
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Figure 1.4: The P — P diagram of neutron stars, with magnetars in the top centre. Millisecond pulsars are shown as
blue triangles in the bottom left, and isolated radio pulsars as faint blue dots clustered 107" < P < 10s. Also shown
are various formulations of the pulsar death line (e.g. Chen & Ruderman 1993), as well as the low-twist death line
(Wadiasingh & Timokhin, 2019) and long period sources (e.g. Caleb et al. 2022; Hurley-Walker et al. 2022) in red.
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first-time emitters, with periods of 0.1 — 1 seconds and surface magnetic fields B, ~ 10"

G. These two populations are thought to be active due to a threshold value of the rotation
powered electric field E oc £ (e.g. Chen & Ruderman 1993) that powers the pulsar emission

mechanism.
Coherent radio emission within the magneto-
sphere requires a local departure from the stable
~— Light cylinder Goldreich-Julian model, which can be achieved
=730 stolar rad W through particle acceleration and pair cascades
T~ " \ (Sturrock, 1971). If there exists a region in the
\\ T magnetosphere where B - E # 0, a compo-
ot N | nent to the electric field will be parallel to the
1"““\\\ \ j.-" W:;g(’j‘ﬂ”“ magnetic field lines F; and may freely acceler-
N e ate particles along the magnetic field lines. The
" Polar™ strong magnetic fields mean that curvature ra-
;‘15 s ——|  diation will be produced (see Section. 1.1.4),

e which results in high-energy gamma-ray pho-
\ tons*? (Egs. 1.28 & 1.28). In strong magnetic
\ fields, photons can interact with the magnetic

\ Neutron

Slot gap 1
region /

|
I{CInsed field to produce pairs. The mean free path of
__~ fedines | a photon with energy £, > 2m,c* is (Erber,
) 1966):
.‘ \ / )
4.41* Bqrp 4
O = _— JE—
fleplsrl‘tnes by= meqz B, exp 3x (1.34)

\ ; ! ) Where: b B
\—// X = v L (1.35)

2mcc2 Bqep

Figure 1.5: Pulsar schematic showing the external Where E‘,y = hv is the photon energy expressed
magnetic field, offset magnetic and rotational axis . . m2d .
and the light cylinder. Highlighted are possible par- in terms of its frequency v, BQED = ﬁ is the

ticle acceleration regions, namely the polar gap, slot quantum critical magnetic field and B, is the
gap and outer gap. . .

component of the magnetic field perpendicular

to the motion of the photon. Initially, curvature
radiation is directed along the magnetic field lines such that B, = 0, and pair production
cannot occur. However photons traverse approximately straight paths, while the magnetic
field lines diverge with a curvature radius p,, meaning B, can be approximated as B, =~
, where [, is the distance traversed by the high-energy curvature photon.

Pair production begins after a distance h = [, + [,., where [, is the short length scale
associated with the acceleration of pairs to energies at which they begin to emit curvature

?Note that alternative origins of gamma rays capable of pair production have been suggested e.g. inverse-Compton
scattering (Daugherty & Harding, 1986).
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photons with energies greater than 2m.c”, i.e. capable of pair production. Ruderman &
Sutherland (1975) show that in the polar gap model, the gap height, h, is approximately:

h =5 x10° cm p2'¢ Py'” BLyy (1.36)

After this distance h, pair production cascades occur, with the produced secondary pairs
outnumbering the local Goldreich-Julian density by factors of 10—10° (Harding & Muslimov,
2011; Timokhin & Harding, 2015, 2019), resulting in a high number density region with
conditions conductive to coherent radiation. The exact coherent radiation mechanism is
still under debate, but it is thought that non-stationary pair plasma discharges of the gap
can launch superluminal electromagnetic waves, which result in the observed broadband
coherent radiation (Timokhin & Arons, 2013; Philippov et al., 2020).

Two canonical regions in the magnetosphere are thought to be candidates for this gap ac-
celeration region. First, the polar gap, defined by the open field line region at the magnetic
poles of the neutron star, where a charge separated outflow might form (Sturrock, 1971;
Ruderman & Sutherland, 1975). Since the magnetic field emanating from this region pen-
etrates the light cylinder, the circuit defined by the closed field lines is incomplete and the
region of E # 0 can accelerate charges. The second possibility is the outer gap region
near the light cylinder where 2 - B = 0. This region separates charges of different signs
(Holloway, 1973), and if charges flow from this region they are not replenished, resulting in
an unscreened electric field. This gap is thought to be chiefly responsible for higher energy
X-ray and gamma-ray emission observed from pulsars such as the Crab (Cheng et al., 1986;
Hirotani et al., 2003).

1.2.2 Magnetars

Magnetars, also historically divided in subclasses known as soft gamma repeaters (SGRs) &
anomalous X-ray pulsars (AXPs), are isolated, highly magnetized neutron stars (B, > 10">G)
that are observable primarily in the X-ray band (see Kaspi & Beloborodov 2017 for a recent
magnetar review). Approximately 30 magnetars are known to exist in the Galaxy 13 (Olausen
& Kaspi, 2014), and they have typical spin periods and spin period derivatives of P = 2 —12
seconds and P = 10~ '° — 107 "%, The relatively large P is a consequence of their extreme
magnetic fields and therefore large energy dissipation. Although some magnetars are per-
sistant X-ray and radio sources (Rea et al., 2012), they are often identified during active
periods in which stochastic X-ray bursts are observed. These bursts are broadly categorized
by their energy as short (Ex ~ 10"~ * erg), intermediate (Ex ~ 10*~* erg) or giant flares
(Ex ~ 10" erg), the latter of which are very rare and have only been seen on a handful
of occasions.

On the 5th of March 197914, two Soviet space probes (Venera 11 & 12) were blasted with
an unprecedented flux of high-energy gamma-rays from SGR 0526-66 (Mazets et al., 1979).

13http://www.physics.mcgiII.ca/~puIsar/magnetar/main.html. Note that some GRBs are in fact magnetar giant
flares from other Galaxies e.g. Burns et al. (2021), which are not counted here.

“For more on the history of magnetars see: https://solomon.as.utexas.edu/magnetar.html.
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The Konus gamma-ray detectors on board jumped from 100 to 4 x 10° counts per second in
a millisecond. 11 seconds later the expanding sphere of gamma-rays impacted the American
solar probe Helios 2 in orbit around our Sun, and then a Venus probe Pioneer, where gamma-
ray detectors were saturated in both cases. Finally, 7 seconds later, it reached Earth, detected
by all gamma-ray instruments in orbit. It would be 20 years later, on the 27th of August
1998 that this record gamma-ray flux would be surpassed, by a new source SGR 1900+ 14
(Hurley et al., 1999). This flare impacted the Pacific Ocean in the middle of the night which
such intensity that the Earth’s outer atmosphere was ionized, detectable in US Navy’s long-
wavelength radio communications (Tanaka et al., 2008). On the 27th December 2004, a
third giant flare was observed from SGR 1806-20, exceeding the total energy of the previous
two by a factor of 100 (Palmer et al., 2005). In all three cases, the intense flash of prompt
gamma-rays was followed by a decaying tail, oscillating with a regular period of 8.0, 5.1
and 7.6 seconds respectively, attributed to a confined fireball magnetically trapped on the
surface of the neutron star observable as the star spins (Thompson & Duncan, 1995).

The large values of P of the observed Galactic magnetars imply they have large magnetic
fields (Kouveliotou et al., 1998) and are relatively young, which in some cases can be con-
firmed by observations of the supernova remnant that still surrounds them (Kothes et al.,
2018). The large magnetic field possessed by magnetars is likely formed when the newly-
born neutron star is rapidly rotating. Heat is dissipated from the dense, conductive inner
neutron fluid through convection. If the star is born rotating very rapidly, magnetic field
lines are swept up by convective motion and a dynamo action occurs. This can greatly in-
crease the stars overall magnetic field strength in the first tens of seconds of a neutron stars
life (Duncan & Thompson, 1992). For the first 10* years of their life, as a supernova rem-
nant expands around them, highly magnetized neutron stars are extremely active. Persistent
thermal emission is observed as charged particles stream along closed magnetic field lines
and collide with the crust, heating it with such voracity that it glows in X-rays (Thompson &
Duncan, 1996). Transient X-ray outbursts are also emitted, triggered by stresses or fractures
in the crust that perturb magnetic field lines threaded through to the inner core (Thomp-
son & Duncan, 1995). Occasionally, the magnetic field becomes unstable and undergoes an
extreme reconfiguration of the global magnetosphere, leading to giant flares as observed in
the March 5th, August 27th & December 27th events (Thompson & Duncan, 1995).

The least energetic short X-rays bursts are naturally the most common and have been studied
in the most detail. These bursts last approximately 0.1 seconds on average, and their spectra
can be modelled, often as a two thermal blackbodies categorized by their temperature 7" and
area A (van der Horst et al., 2012). The distribution of time one must wait having just seen
a burst to observe another is well described by a lognormal with a mean of approximately
100 seconds, and the burst energy distribution is a power law (Gogiis et al., 1999; Gogiis
etal., 2000). These statistical properties are shared not only with FRBs (Gourdji et al., 2019;
Hewitt et al., 2021), but also with earthquakes (Cheng et al., 1996), providing support that
starquakes power magnetar bursts. This may also indicate a common origin of FRBs and
magnetar bursts, describing both as self-organized critical systems (Bak et al., 1987), where
the magnetar exists in a critical state with an instability threshold that dissipates energy
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non-linearly. Incidentally, this model can describe a diverse range of astrophysical transients,
including solar flares.

After a magnetars short active lifespan its periods decays, spinning slow enough such that
no significant magnetic dissipation occurs. Many millions of dead, (ultra-)long period mag-
netars may be drifting through the Galaxy (or escaping it, if the kick imparted by the su-
pernova is large enough), possibly waiting to be detected once again as slowly pulsating
(Hurley-Walker et al., 2022; Caleb et al., 2022) or FRB-emitting (Beniamini et al., 2020)
radio sources.

1.2.3 X-ray binaries

Most stars are born in binaries (Duchéne & Kraus, 2013), and a portion of these may stay
together when the more massive, shorter-lived of the pair goes supernova (van den Heuvel,
1977). If this is the case an X-ray binary can form, a system with a compact object (either
a black hole or a neutron star) and a donor star that transfers matter to the compact ob-
ject. This accretion occurs either by Roche-lobe overflow, where the star swells to the inner
Lagrange point separating the stars (typically from low-mass donor stars); or strong stellar
winds (typically from massive stars). As the matter is gravitationally attracted towards the
compact object, it is circularised due to the conservation of angular momentum, and thus
an accretion disk forms (Shakura & Sunyaev, 1976).

X-ray binaries are named for the bright thermal X-rays which shine from their disks, and
the observed variability across the electromagnetic spectrum is understood in terms of disk
instabilities. During their outbursts, these systems trace out characteristic patterns in their
evolving X-ray spectra and luminosity. Associated changes in the accretion disks drive the
production of either steady, compact radio jets (Blandford & Konigl, 1979) (known as the
‘hard state’) or transient ejecta (known as the ‘soft state’) which can appear superluminal
(Mirabel & Rodriguez, 1994). Understanding whether and how the accretion disk (Blandford
& Payne, 1982) and/or the compact object spin (Blandford & Znajek, 1977) power the jet
is an open question. This disk-jet connection can be probed by multi-wavelength/messenger
studies of XRB jets or their large-scale analogues AGN jets, where scale-invariant similarities
are quantifiable (Heinz & Sunyaev, 2003; Merloni et al., 2003; Falcke et al., 2004a; McHardy
et al., 2006a).

The jets of X-ray binaries have a flat, broadband spectrum that is attributable to shock accel-
erated particles. Different regions of the jet have differing plasma conditions and therefore
the self-absorption peaks of the synchrotron spectrum occur at different frequencies. We
observe the sum of emission from all jet regions, resulting in a flat spectrum (Blandford &
Koénigl, 1979). It is still uncertain as to whether jet emission is powered only by accelerated
leptons (Markoff et al., 2001) or if hadrons contribute (Bosch-Ramon et al., 2005; Kantzas
etal., 2021), but we know at least some jets have hadronic components (Migliari et al., 2002;
Diaz Trigo et al., 2013).
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1.2.4 Neutron star mergers

Once both stars in a binary system have undergone a supernova explosion, a compact object
binary may remain intact. If the stars are massive enough, these remnants will be black holes
and neutron stars.

In 1974, just a few years after the discovery of the first pulsar, the first pulsar in a binary
was discovered (Hulse & Taylor, 1975). Gravitational waves are emitted as the stars orbit
around each other and subsequent energy loss results in orbital decay. Taylor & Weisberg
(1982) found that the orbital decay of the binary pulsar was in perfect agreement with
theoretical prediction of Einstein’s theory of general relativity, if the binary companion is
a neutron star. Despite the fact that the merger timescale before a compact object merger
could occur is extremely long (10° years for the Hulse-Taylor binary), it was realised that
some systems will merge within a Hubble time (Lattimer & Schramm, 1976; Clark & Eard-
ley, 1977). These findings motivated the development of gravitational wave detectors, and in
2015 the first detection of a compact object merger was announced by the Laser Interferom-
eter Gravitational-Wave Observatory (LIGO; Abramovici et al. 1992) collaboration (Abbott
et al., 2016), providing the first glimpse of black holes utilizing this new messenger.

The total energy involved in the collision of two compact objects is enormous, and since the
discovery of the double neutron star system many theoretical predictions related to compact
object mergers have been made. Contemporaneously with the discovery of the double neu-
tron star system, Lattimer & Schramm (1974) realised that r-process elements (that were
known to be formed by neutron capture; Burbidge et al. 1957) could be synthesised in a
merger event, and that the result would be consistent with observed abundances. Symbal-
isty & Schramm (1982) made the specific connection to NS-NS mergers, and the first models
of what we now know of as kilonovae was formulated by Li & Paczynski (1998)". In addi-
tion, Lattimer & Schramm (1976) & later Eichler et al. (1989) realised that some of the
associated energy could be released as neutrinos, gravitational waves and gamma-rays, the
latter of which was associated to the also recently discovered GRBs (Paczynski 1986; see
also Section 1.2.5).

After much theoretical study, many of these long-awaited predictions were confirmed in
2017 when the LIGO collaboration reported the discovery of the first NS-NS merger (Abbott
etal., 2017b). In a watershed moment for high-energy astrophysics, a gamma-ray burst was
also observed 1.8 seconds later (Abbott et al., 2017¢; Goldstein et al., 2017), followed by
a kilonovae (Abbott et al., 2017d; Kasen et al., 2017) and subsequent multi-wavelength
afterglow (Hallinan et al., 2017; Abbott et al., 2017d). The event was ground-breaking for
a multitude of fields providing: an independent measurement of the mass and radius of
the merging neutron stars (Abbott et al., 2018), stringent tests of the theory of general
relativity (Abbott et al., 2019), the exclusion of classes of dark energy models (Ezquiaga
& Zumalacarregui, 2017), and an independent standard siren measurement of the local
expansion rate of the Universe, the Hubble constant (Abbott et al., 2017¢).

> For a recent review on the current status of kilonovae research see: Metzger (2019)
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We are at the beginning of the gravitational-wave multi-messenger revolution. The next
observing runs will see new detectors KAGRA (Kagra Collaboration et al., 2019) and LIGO-
India (Abbott et al., 2020) coming online to aid in the detection and localization of these
gravitational wave events to enable multi-wavelength and multi-messenger follow-up. Other
sources of gravitational waves at lower frequencies will be probed by the planned space-
borne interferometer LISA (Amaro-Seoane et al., 2017) and pulsar-timing arrays (e.g. Lentati
etal. 2015; Arzoumanian et al. 2020). The third generation of terrestrial gravitational wave
detectors such as the Einstein Telescope (Punturo et al., 2010) and Cosmic Explorer (Abbott
et al., 2017a) promise to localize thousands of compact object binaries, allowing population
studies of multi-messenger transients.

1.2.5 Fast radio bursts (and gamma-ray bursts)

The transiently emitting compact objects discussed in the previous subsections involve known
astronomical sources, where emission mechanisms can be studied theoretically by consid-
ering the properties of the objects themselves. However, when a new type of transient is
discovered without a strong theoretical prediction beforehand, we must find new ways to
infer the properties and mechanisms of the sources. In the late 1960s, the Vela satellites, de-
signed to enforce the Cold War era ban on nuclear tests in space, discovered flashes of extra-
terrestrial gamma-rays (Klebesadel et al., 1973). The isotropic distribution of the GRBs on
the sky suggested they may be cosmological, implying energies of in excess of 10> ergs. Addi-
tional observations by purpose built instruments confirmed their isotropic distribution (Mee-
gan et al., 1992), and sub-populations of long and short GRBs (Kouveliotou et al., 1993b),
and soft gamma repeaters (Kouveliotou et al., 1993a). Later, observational identification of
these different sub-populations with supernovae (Galama et al., 1998), neutron star mergers
(Gehrels et al., 2005; Goldstein et al., 2017) and magnetars (Duncan & Thompson, 1992)
respectively confirmed the progenitors of these gamma-ray events. Finally, the discovery of
afterglows allowed precise localization (van Paradijs et al., 1997) and characterization of
the GRB jet parameters within simple models (Wijers & Galama, 1999).

Since their discovery in 2007 (Lorimer et al., 2007), FRBs have traced a similar discovery
path at an accelerated pace (Table 1.1). First, their extra-Galactic nature was confirmed
through large dispersion measure (DM'; Thornton et al. 2013) and eventual localization
(Chatterjee et al., 2017). Two flavours of FRBs were identified with the discovery of a
repeating source FRB 121102 (Spitler et al., 2016) and apparently one-off bursts (The
CHIME/FRB Collaboration et al., 2021a). Theorists had already identified magnetized neu-
tron stars as likely sources of FRBs (Popov & Postnov, 2013; Lyubarsky, 2014; Katz, 2016;
Beloborodov, 2017), before the discovery of a low-luminosity FRB from a Galactic magnetar
SGR 193542154 (The Chime/Frb Collaboration et al., 2020; Bochenek et al., 2020b). For
recent reviews of the state of FRB research, see Zhang (2020) & Petroff et al. (2022).

16 . . . . . -
a measurement of the column density of free electrons along the line of sight, the radio waves interact with in a
characteristic frequency-dependent manner.
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Table 1.1: A comparison between FRB and GRB discovery timelines, adapted from Zhang (2020).

GRBs FRBs
Are they real? 1967: Discovery 2007: Discovery
1973: Published 2013: Confirmation
2015: Microwaves ruled out
More than 1979: Magnetar flares 2016: Some sources repeat
one type? 1992: Long vs. short GRBs 2019: Do all sources repeat?
Where are they? | 1979: Galactic magnetars 2016: Extra-Galactic
1997: GRBs cosmological 2020: At least one Galactic
What are 1998: Magnetar flares 2020: SGR 1935+2154
the progenitors? | 1998: IGRBs from core collapse 2022: Other FRB sources?
2005 (2017): sGRBs from NS-NS

As of the time of writing, over 1000 FRBs have been observed (The CHIME/FRB Collabo-
ration et al., 2021a) partially consisting of 25 repeating sources that have been identified.
Around 20 FRBs have now been localized to a host galaxy'’ (e.g. Bhandari et al. 2018).
FRBs are bright, millisecond-duration radio bursts, typically observed with narrow spectral
bandwidths, although properties differ between repeaters and non-repeaters (Pleunis et al.,
2021a) which may suggest different progenitors or emission mechanisms. After dispersion
delay has been corrected for, FRBs have distinct spectro-temporal properties inclusive of
scattering tails at lower frequencies and a characteristic downward drift in frequency as a
function of time (e.g. Hessels et al. 2019). Approximately 90% of CHIME-observed FRBs
consist of a single peak, with about 5% having two peaks and 5% having more complex mor-
phology involving many peaks (The CHIME/FRB Collaboration et al., 2021a), or possible
quasi-periodic structure (The CHIME/FRB Collaboration et al., 2021b; Pastor-Marazuela
et al., 2022). Longer term periodicity has also been identified in at least one repeating
FRB source, (Chime/Frb Collaboration et al., 2020) and the activity window appear to be
frequency-dependent (Pastor-Marazuela et al., 2021). The aforementioned low-luminosity
FRB 200428 from a Galactic magnetar constituted a leap forward in our understanding of
FRBs. The burst occurred during an intense period of X-ray activity (Younes et al., 2020; Cai
et al., 2022b) and a simultaneous hard X-ray burst was observed (Mereghetti et al., 2020;
Lietal., 2021; Tavani et al., 2021; Ridnaia et al., 2021). This was the first observation of a
multi-wavelength counterpart to an FRB, challenging and constraining our best theories of
how FRBs are powered (Lu et al., 2020; Margalit et al., 2020a).

The challenge for theorists is two-fold: to explain the sources of FRBs and the radiation mech-
anism that powers them. The enormous true (beaming-corrected) energy of GRBs is roughly
10 erg, which meant that the energy alone requires extreme events involving a decent frac-
tion of the rest-mass energy of stellar objects. Comparatively, FRBs are energetically cheap
(~ 10" erg), meaning that theorists had the freedom to invent a myriad of possible FRB

17https://frbhosts.org/.
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Figure 1.6: Schematic from Zhang (2020) (adapted from Metzger et al. 2019; Lu et al. 2020) showing the coherent

curvature radiation model (left) and the synchrotron maser shock model (right) of FRBs from magnetized compact
objects.

sources (see e.g. Platts et al. 2019), ranging from superconducting quantum strings (Vachas-
pati, 2008) to Schwinger pair sparks (Lieu, 2017). Fortunately, there are some obvious can-
didate progenitors, namely magnetars. Firstly, all known luminous (L, > 10" ergs™'Hz ")
coherent transients are powered by neutron stars. FRBs, as the most extreme example of co-
herent radiation, are likely powered by magnetars which are the most extreme example of
neutron stars. Furthermore, as mentioned in Section 1.2.2, the global wait-time distribution
and luminosity function of the much higher energy X-ray magnetar burst population appear
to be shared with the repeating FRB population.

There are two broad classes of theories at the forefront of our theoretical understanding of
the FRB radiation mechanism, both primarily invoking magnetars as the most likely progen-
itors. These classes of current models are referred to as the ‘far-off’ and ‘magnetospheric’
models (see Fig. 1.6 for schematic examples of each) and are deeply rooted in GRB and
pulsar theory respectively. In both models, an event on the crust of the neutron star dis-
sipates magnetic energy in a manner similar to that which is thought to power magnetar
flares (Thompson & Duncan, 1995). In the ‘far-off” models, the resultant flare is relativistic
and leads to magnetized shocks. In this scenario a simulated emission process known as a
synchrotron maser forms, emitting bright coherent millisecond radiation behind the shock
front at large distances from the central compact object (Lyubarsky, 2014). This kind of co-
herent maser emission has been shown to emit FRB-like radiation in 1D (Plotnikov & Sironi,
2019) and 3D (Sironi et al., 2021) particle-in-cell (PIC) simulations of relativistic, magne-
tized shocks; a finding that was predicted long before the discovery of FRBs (Langdon et al.,
1988; Hoshino et al., 1992; Gallant et al., 1992; Usov & Katz, 2000). It has been suggested
that this model can explain the prolific first repeater FRB 121102 (Beloborodov, 2017; Mar-
galit & Metzger, 2018), as well as the Galactic FRB 200428 (Margalit et al., 2020a) from
SGR 1935+2154. The synchrotron maser shock model also predicts a multi-wavelength af-
terglow (Metzger et al., 2019) similar to GRBs (Sari et al., 1999) but at lower energies and
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with inefficient particle acceleration. Such an afterglow may provide observational paths to
verify (or falsify) the theory if the afterglow is bright enough and our telescopes are fast
enough.

Magnetospheric models of FRBs often require an transient acceleration region of unscreened
electric field within the magnetosphere, similar to polar gaps in pulsars. One plausible
method is to invoke the dissipation of magnetic energy stemming from a spontaneous crustal
or magnetospheric event. This magnetic energy propagates away from the magnetar in the
form of Alfvén waves into regions of lower charge density, where the current required to
screen the associated electric field is not sufficient (Kumar & Bosnjak, 2020). Due to this
charge starvation, an E field develops which results in the acceleration of charged parti-
cles along magnetic field lines. If the particles’ spatial distribution is inhomogenous (through
e.g. radiation reaction or two-stream instability; Lu & Kumar 2018), bunches of particles nec-
essary for coherent curvature radiation can form. The nature of how particles can bunch up,
and whether this is physical, is as hotly debated now (Melrose et al., 2021; Lyubarsky, 2021;
Lyutikov, 2021) as it was when the theory was first proposed to explain pulsars (Melrose,
1981; Larroche & Pellat, 1987). Despite this, magnetospheric theories of FRB radiation can
more easily explain the peculiar aspects of observed FRBs including downwards drift in fre-
quency and time (Wang et al., 2019), coincident high-energy emission (Yang & Zhang, 2021;
Cooper & Wijers, 2021), nanosecond variability (Nimmo et al., 2021) and closely separated
but distinct sub-bursts (Lu et al., 2020).

It is unlikely that either of these theories are completely correct and can describe the be-
haviour of all FRBs, chiefly as it appears today that could be many different FRB progeni-
tors. No theory of prompt GRB emission or radio pulsar emission has yet to convincingly
explain either phenomenon, and it may be the case that decades pass before FRB radiation
is understood. Although new instruments such as DSA-2000 (Hallinan et al., 2019) and
CHORD (Vanderlinde et al., 2019) promise to discover more FRBs than ever before, conclu-
sive answers to open questions could come from elsewhere. For example, multi-wavelength
observations of localized sources; either sensitive measurements of extra-Galactic repeaters
or rapid follow-up of nearby one-off FRBs may detect predicted (or unanticipated) coun-
terparts. Other answers could come from somewhere unexpected, such as multi-messenger
observations of neutrino and gravitational wave transients, or interdisciplinary theoretical
advances.

1.3 This Thesis

In this thesis, I have sought to understand how particles behave and emit close to black holes
and neutron stars. One of the unifying themes of this thesis is to predict multi-wavelength
and multi-messenger counterparts to transient phenomena which will enable a better fun-
damental understanding of particle acceleration.

In Chapter 2, we examine the Galactic population of black hole X-ray binaries (BH-XRBs).
Our aim is to understand whether their jets could accelerate hadronic particles to high en-
ergies, which are be observable on Earth as CRs. We estimate the total CR energy budget
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of BH-XRB jets within the Milky Way, making use of the fundamental plane radio/X-ray BH
activity, in addition to recent population estimates from X-ray observations and population
synthesis simulations. Using the DRAGON CR propagation code, we find the expected contri-
bution to the CR and diffuse neutrino spectra given various model parameters, constrained
by local CR measurements and Galactic centre observations. We find that XRB jets can be
responsible for a fraction (1-10%) of observed high-energy CRs. Moreover, we suggest that
it is plausible that XRB jets could accelerate particles above the knee in the spectrum, and
the second knee break could be attributed to the XRB accelerated CR cut-off. We further
find that any significant second Galactic CR component above 1 PeV will be verifiable by a
break in the diffuse Galactic neutrino spectrum observable by IceCube in the coming years.

In Chapter 3, we investigate the coherent curvature radiation emission mechanism as in-
voked to explain transient pulsar emission and FRBs. We find that the necessary conditions
that constrain the spatial & momentum properties of a set of coherently radiating particles
can be used to understand the extent to which individual particles’ paths are perturbed. We
find that individual particles propagate on helical paths, a departure from the previous as-
sumption that particles’ propagate directly along the curved magnetic field lines of neutron
stars. By considering when coherence conditions break down, we can express a maximum
coherent bunch luminosity in terms of the spin and magnetic field strength of the emitting
neutron star. Furthermore, we predict a weak high-energy component to coherent radio
emission that is nominally emitted in the X-ray and gamma-ray bands. We apply our results
to the most extreme known coherent radiation, namely the nanoshots observed from the
Crab pulsar and the FRB-like burst from SGR 1935+2154. We find that in the former case,
the origin of the nanoshot must be very close to the NS surface. In the latter case, the co-
incident X-ray burst could plausibly be explained by our predicted high-energy component,
and thus could be a test of whether the emission is indeed powered by coherent curvature
radiation.

Chapter 4 is focused on the prospects for detecting coherent pre-merger emission from com-
pact object mergers, where one component is a high magnetic field neutron star. We adapt
and correct a literature model of the electrodynamics of the inspiral to map the particle ac-
celeration regions where coherent radiation could be produced. We consider two possible
coherent emission mechanisms: a pulsar-inspired model of particle acceleration and radi-
ation, as well as a curvature radiation alternative. We estimate the radio luminosity using
the power of the primary accelerated particles as a proxy, and make viewing-angle depen-
dent light curves based on the temporal evolution of the electrodynamic model. We find that
coherent radio emission is directly along locally deflected magnetic field lines and has a char-
acteristic temporal morphology which depends on the observer’s inclination angle and the
magnetic obliquity of the system. The pre-merger radio luminosity depends strongly on the
surface magnetic field of the magnetized neutron star and the efficiency of the conversion
of primary particles’ energy to coherent radio emission. In the second half of the chapter
we provide a comprehensive overview of the ways in which pre-merger coherent radio emis-
sion could be detected by current and future observatories. Specifically we look at detec-
tion prospects in blind FRB searches and rapid triggered observations of gravitational-wave
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events or gamma-ray bursts with low-frequency radio observatories. We find that current
and planned wide-field FRB searches could detect such emission particularly if magnetar-
strength neutron stars merge, which we consider plausible given recent observations of long
period magnetars and theoretical evolutionary channels. We further find that triggered ob-
servations of short GRBs have already probed optimistic models of the predicted radio emis-
sion and that upgraded low-frequency radio telescopes could detect the emission in the next
gravitational-wave observing runs. Finally, we discuss whether multi-wavelength follow-up
could confirm a merger-origin of a sub-population of FRBs. We consider models of both radio
afterglows and kilonovae and advocate for multi-wavelength follow-up of nearby, localized
one-off FRBs expected from the next-generation of FRB instruments.

In Chapter 5 of this thesis, we present LOFAR imaging observations taken during the April/-
May 2020 active phase of SGR 1935+2154, after the Galactic FRB 200428. We report the
non-detection of both persistent and transient low-frequency emission from the source in
the hours and months following the FRB. Our observations coincided with one X-ray burst,
for which we place limits on the fluence ratio between radio and X-ray emission. We suggest
that similar observations could be used to constrain both the Lorentz factor of the emission
region in magnetospheric models of FRBs, and the radio afterglow in maser-shock models
of FRBs. For the latter, we analyse the predicted multi-wavelength afterglow expected in
the synchrotron maser interpretation of FRB 200428. We find that early optical limits rule
out simple versions of the afterglow in a constant external density medium case, but adapta-
tions to the model may mitigate these constraints. We also suggest further adaptations to the
model, including non-thermal particle acceleration at late-times. We conclude with a discus-
sion on the outlook of the verifying the maser-shock model through follow-up observations
of Galactic and nearby extra-galactic FRBs.
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Abstract

As smaller analogs of Active Galactic Nuclei (AGN), X-ray Binaries (XRBs) are also capable
of launching jets that accelerate particles to high energies. In this work, we reexamine XRB
jets as potential sources of high-energy cosmic rays (CRs) and explore whether they could
provide a significant second Galactic component to the CR spectrum. In the most intriguing
scenario, XRB-CRs could dominate the observed spectrum above the so-called “knee” feature
at ~ 3 x 10" eV, offering an explanation for several key issues in this transition zone from
Galactic to extragalactic CRs. We discuss how such a scenario could be probed in the near
future via multi-messenger observations of XRB jets, as well as diffuse Galactic neutrino flux
measurements.
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Cosmic rays from X-ray binary jets

2.1 Introduction

The origin of Cosmic Rays (CRs), high-energy particles from beyond the solar system, is a
century-old puzzle (Ginzburg & Syrovatskii, 1964; Berezinsky et al., 1990; Blasi, 2013). We
are yet to firmly identify classes of astrophysical sources able to accelerate hadronic cosmic
particles up to extremely high energies; much larger than those accessible by terrestrial
accelerators.

Spectral features in the locally observed all-particle CR spectrum can shed light on this mys-
tery. The observed spectrum follows a power law with an index of p ~ —2.7 over many
decades of energy. However, over years of observation, small deviations with respect to the
power law have been identified as follows: the knee, a softening of the spectra at 3 x 10"
eV; the second knee, a further softening at around 2 x 10" eV, and the ankle, a hardening
of the spectrum occurring at roughly 4 x 10'® eV (Blasi, 2013).

It is commonly thought that Galactic sources are able to accelerate hadrons up to the knee,
with Supernova Remnant (SNR) shocks as the prime candidates, yet many aspects of this
picture are far from clear. CR paths are deflected in the Galactic magnetic field and therefore
we cannot directly trace them back to their source. To this end, indirect “smoking gun”
signals, including characteristic TeV ~-ray spectra from pion decay channels, can be observed
to verify CR acceleration sites. Although observations of X-ray filaments (Vink & Laming,
2003) and ~v-ray spectra from old SNRs (Ackermann et al., 2013) suggest that protons are
efficiently accelerated at these sources, it is not clear whether SNRs can universally attain
the crucial PeV energies required to explain the softening at the knee (see e.g. the recent
discussion in Gabici et al. 2016; Ahnen et al. 2017b and references therein). In the context
of the SNR hypothesis, one of the key ideas to explain the knee and second knee features
is rigidity-dependent diffusive shock acceleration (DSA), in which the maximum possible
energy of a given CR species depends on its atomic number Z such that E,,,,(Z) = Z *
E,...(1). This has had success in explaining the second knee feature in terms of the cut-off
of accelerated iron nuclei, as extensively discussed in the literature for many decades (see
e.g. the early discussion in Peters 1961).

Besides the nature of the knee, we are still left with many open issues regarding the po-
tential Galactic CR component. In particular, the origin of CRs between second knee and
ankle, and the location of the transition from Galactic to extragalactic CRs remains unclear.
One possibility is that the extragalactic component is dominant all the way down to 10"
eV, requiring the ankle feature to be a peculiar extragalactic propagation effect. However,
alternative models also exist, mostly based on the assumption of energy-dependent leakage
of high-energy cosmic rays from the Galaxy (see, for instance, Giacinti et al. 2015), which
look to negate the need for an extragalactic CR component to dominate down to the second
knee. Another option that has been put forward is the existence of a second Galactic com-
ponent that “fills the gap” (see Fig. 2.1). Taking this additional component into account, as
discussed e.g. in Hillas (2005) and Gaisser et al. (2013), it is possible to provide a complete
and consistent description of all the features from the knee to the ankle. Possible candidates
for such high-energy Galactic components include strong Galactic winds (Jokipii & Morfill,
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1987), newborn pulsars (Fang et al., 2013), Galactic v-ray bursts (Levinson & Eichler, 1993),
Wolf-Rayet star supernovae (Thoudam et al., 2016) and many others.

Recently, this idea of a second Galactic CR component has been bolstered by new composi-
tion measurements that favour a strong light composition at around 10" eV. For instance,
in Buitink et al. (2016), a novel dataset based on 150 days of radio observations of CR-
induced extensive air showers (EAS) made with the Low Frequency Array (LOFAR) implies
a significant light-mass component in the 107 —10"7° ev range. The authors suggest this
composition dip likely necessitates a primarily proton-dominated Galactic component which
can reach approximately these energies. Measurements from different types of surface de-
tectors including HiRes, Auger, Telescope Array, and KASCADE-Grande data (Pierre Auger
Collaboration 2014; Hanlon 2019; reviewed in e.g. Kampert & Unger 2012), are compatible
with these recent findings, and clearly outline a decrease of the average mass of cosmic rays
towards the ankle.

In this paper we follow this line of inquiry and explore whether X-ray binary (XRB) jets, given
the expected total overall power and maximum energy cut-off, could be viable candidates
for the second Galactic source of CRs. Cosmic ray acceleration in XRB jets has been previ-
ously explored by Heinz & Sunyaev (2002) and later by Fender et al. (2005), yet largely
neglected since. In light of increasingly detailed multi-wavelength studies of many more
XRB jets (Tetarenko et al., 2016a; Corral-Santana et al., 2016), which help constrain popu-
lation statistics, as well as in anticipation of the next-generation of VHE ~-ray, neutrino and
CR observatories, we revisit the possibility of CR production in XRB systems. We focus on
the energy budget available for CR acceleration in all Galactic XRB jets and the maximum
energy these XRB-CRs could attain, as these are the crucial inputs to determine a potential
CR contribution. As mentioned, CRs are deflected in Galactic magnetic field and thus do not
point back to their sources. To this end, we also investigate multi-messenger possibilities of
verifying or falsifying XRB jets as a significant source of CRs.

2.2 X-ray Binary jets as cosmic ray accelerators

Active Galactic Nuclei (AGN), also powered by accreting black holes, are a natural analogues
to XRB jets and their similarities are starting to be quantifiable (Merloni et al., 2003; Falcke
etal., 2004a; McHardy et al., 2006b; Plotkin et al., 2012). These systems have the theoretical
capability to accelerate ultra high-energy CRs (Hillas, 1984; Matthews et al., 2019), and we
are beginning to see multi-messenger hints of extreme particle acceleration occurring either
in the jets of AGN or at the termination shock sites (Pierre Auger Collaboration et al., 2008;
HESS Collaboration et al., 2016; IceCube Collaboration et al., 2018b). AGN jets are some of
the prime candidates of the ultra high-energy extragalactic CRs and it is plausible that in the
scaled down XRB jets we might expect similar CR production at lower energies, assuming
similar physical processes occur across mass and luminosity scales.

Since their discovery as superluminal sources (Mirabel & Rodriguez, 1994) XRB jets have
been shown to accelerate leptons to very high energies in the jet-dominated hard state,
where high-energy radiation is associated with extremely energetic electrons up to 100s TeV.
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Figure 2.1: Schematic of a 3 source component all-particle cosmic ray spectrum. The components are SNR-CRs (red),
XRB-CRs (this work; green) and a canonical extragalactic component (yellow). The green line reflects an XRB-CR
contribution with a total power of approximately 10% erg/s, using the reasonable parameters in the middle column
of Table 2.1. The dashed green line represents the upper limit of the allowed XRB-CR power as discussed in Section
3, using the upper parameters in Table 2.1. Such a contribution is dominant around 107" eV, and could be probed
via composition measurements. Here we have assumed all sources share the same powerlaw index of accelerated CRs.
Allowing a slightly harder spectra for XRB-CRs mean they could explain the entire CR flux at the second knee without
violating energetic constraints.
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The most characteristic examples are Cygnus X-1 (Zanin et al., 2016), Cygnus X-3 (Tavani
etal., 2009) and recently SS 433, which was resolved in the TeV range (HAWC Collaboration
et al., 2018; Sudoh et al., 2019). Models of jet emission therefore require very high-energy
electrons as sources of X-ray and ~-ray emission (e.g Markoff et al. 2005; Bosch-Ramon et al.
2006; Zdziarski et al. 2014). Shocks propagating in the jet likely accelerate charged particles
to very high energies in a process known as diffusive shock acceleration (DSA) (Krymskii,
1977; Bell, 1978b), although other acceleration mechanisms such as magnetic reconnection
could play a role (Sironi et al., 2015b). Such particle acceleration may occur at any point
along the jets, and the signature flat/inverted radio spectra suggests that continuous re-
acceleration of radiating particles is required throughout the jet to combat adiabatic losses
(Blandford & Konigl, 1979; Malzac, 2014; Péault et al., 2019). Some authors have proposed
specific zones offset from the black hole where this continuous acceleration initiates, such
as near the base of the jet, or in a termination shock at jet-ISM working surface (Heinz &
Sunyaev, 2002; Fender et al., 2004; Markoff et al., 2005; Bordas et al., 2009; Russell et al.,
2014; Zdziarski et al., 2014).

Although leptonic processes such as inverse-Compton scattering might be the dominant
mechanism for such high-energy emission, hadronic particles may also significantly con-
tribute. XRB jets are fed from accretion disks and stellar winds, presumably hadron-rich
environments, yet the composition of XRB jets is still unclear. Observational evidence of
Doppler shifted atomic line emission at relativistic velocities (Margon et al., 1979; Migliari
et al., 2002; Diaz Trigo et al., 2013; Diaz Trigo et al., 2014) suggests that at least some
Galactic XRB jets have hadronic components, but whether this is ubiquitous is unknown. Pro-
tons/ions present in the jets will also undergo shock acceleration and in fact would attain
much higher energies than electrons due their lower cooling efficiency compared to leptonic
counterparts. Some authors suggest proton energies above 10"~ '® eV are achievable in XRB
jets, considering loss-limited acceleration due to radiative and adiabatic processes (Romero
& Vila, 2008; Vila & Romero, 2011; Pepe et al., 2015). If efficient particle acceleration occurs
in jets and a hadronic component is present, then a high-energy population of accelerated
protons and ions is likely, making XRB jets promising candidate cosmic ray sources.

2.3 Population and CR power of Galactic XRBs

The most important factors when considering generic CR sources are the total available CR
power and the maximum attainable CR energy that the source can generate. The former
relies on understanding the population and energetics of typical systems. While the latter
cannot be directly determined at this time, recent improvements in the modeling of multi-
wavelength data of XRBs is providing more realistic constraints on cooling rates, and thus
potential CR energies. We consider a model for the entire Galactic XRB population, and
try to understand the potential total ensemble power. By considering the global energetics
and estimating the proportion of power available for CR acceleration, we can estimate the
CR flux and evaluate whether XRBs could reasonably account for a significant Galactic CR
contribution.
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XRBs come in four varieties, categorized by the compact object (either a black hole; BH, or
neutron star; NS), and the companion star (low-mass; LM, or high-mass; HM). The outflows
of each category of system depend strongly on the nature of their accretion. X-ray binaries
with LM secondaries accrete via Roche lobe overflow, and thus undergo frequently recurring
transient outbursts. Thermal-viscous instabilities developing within the accretion disk give
rise to outburst cycles (e.g., Lasota, 2001). When observed in the X-ray waveband, a LM-XRB
will evolve through a number of distinct accretion states defined by the source spectrum
and luminosity (Remillard & McClintock, 2006). Comparatively, XRBs with HM secondaries
tend to persistently accrete matter via strong stellar winds (with some notable exceptions;
see e.g., Tetarenko et al. 2016a) and thus have somewhat more continuous outflows. The
initial mass function (IMF; Salpeter 1955; Kroupa 2001) states that low-mass stars are far
more common than high-mass stars. Therefore BHs, which generally require more massive
progenitors, are less common than NSs. Thus we expect many more NS-XRBs than BH-XRBs,
as well as more systems with LM companions than HM companions. These distributions are
encapsulated in population synthesis codes (e.g. Belczynski et al. 2008; Paxton et al. 2011;
Spera et al. 2015), which use the IMF, stellar evolution and binary interaction models to
predict Galactic population statistics for each type of XRB.

This being said, Fender et al. (2005) suggest that BH-LMXRB may actually dominate XRB-
CR production despite the fact that they are less numerous in the Galaxy. The reason for
this stems from the fact that their primarily due to their powerful radio jets implying large
amounts of energy available. However, the number of BH-LMXRBs in the Milky Way is poorly
constrained, with population synthesis predictions ranging from 10 to 10° (e.g. Pfahl et al.
2003; Kiel & Hurley 2006; Yungelson et al. 2006; Sadowski et al. 2008). Unfortunately
the large range of estimates is due to the uncertainties associated with modelling stellar
evolution, particularly common envelope and SNe kick phases.

The most recent population synthesis results from Olejak et al. (2019) suggest 1.2 x 10°
binaries involving a BH and main sequence star exist in the disk of the Milky Way. However,
it is not immediately clear how many of these systems are actively transferring mass and
could therefore be classed as XRBs. To understand this, we used the synthetic black hole
catalog database provided by Olejak et al. (2019) ' to look at all binary systems containing
a main sequence star and a black hole. For each of these systems, we looked up the binary
separation, a, and approximated the radius of the main-sequence star from its mass. We
estimate the proportion of the binaries which are actively transferring mass via Roche Lobe
overflow by counting only those systems in which the radius of the main sequence star
extends beyond the first Lagrangian point, L;, of the system. We make use of the fitted
formula of Plavec & Kratochvil (1964) for the distance b, between L, and the centre of the
primary:

%1 = 0.5 — 0.227log(q) 2.1

Where q is the binary mass ratio. Given this criteria, we find 5531 XRBs in the model A
datasets, and 5501 in the model B datasets, where the models differ slightly in the treatment

!available at: https://bhc.syntheticuniverse.org/
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of the common envelope phase. The vast majority of the XRBs are found in the Galactic disk.
All the XRBs found in the datasets had main sequence stars of less than 10M, and so can
be in general considered BH-LMXRBs.

Recent observations suggest many more such systems may exist in the Galaxy than previously
thought (Corral-Santana et al., 2016; Tetarenko et al., 2016b; Hailey et al., 2018). In par-
ticular, based on recent NuSTAR observations, Hailey et al. (2018) suggest that 300 — 1000
BH-LMXRB might exist in just the central parsec of the Milky Way, and as such lower es-
timates from population synthesis simulations may be disfavoured. Given our population
synthesis analysis, the density cusp in the Galactic centre and the uncertainties involved,
we suggest 10" is a reasonable upper limit for the Galactic XRB population, as reflected in
Table 2.1. While we take 10° as a conservative lower estimate for the total number of Galac-
tic BH-LMXRB in this work, we note that only ~ 60 BH-XRBs have been (observationally)
confirmed to exist in the Galaxy . Thus the true Galactic BH-LMXRB population remains
a major source of uncertainty in our calculations. Furthermore, XRB outburst durations are
typically on the order of months (Tetarenko et al., 2016a), yet CRs take Myrs to propagate
through the Galaxy. Therefore predictions made based on current observations make the
implicit assumption that the Galactic XRB population has not changed significantly in that
time frame.

The fraction of an XRB jet’s total power transferred to CR acceleration, the CR luminosity
Lcg, also involves many parameters lacking strict uncertainties. To estimate the realistic
range of values of Lcg, we use plausible ranges for each parameter. We adopt the method
used in Fender et al. (2005), using an outburst-oriented approach to incorporate advances
in recent population studies, particularly the Watchdog database® (Tetarenko et al., 2016a).
We simplify our calculations by only considering CR acceleration for BH-LMXRB systems in
the hard, compact jet state*; as this is when we expect steady, particle accelerating outflows.
By considering only the hard, compact jet state, we can obtain a conservative lower limit of
Lcg. Realistically, particle acceleration is also expected in other accretion states. In particular,
the higher luminosity intermediate state, where transient jets and ejections are observed (e.g.
Miller-Jones et al. 2012; Tetarenko et al. 2017; Russell et al. 2019), will likely contribute to
Lcg. However, given the comparatively short lifetime of the intermediate compared to hard
accretion states in BH-LMXBs (i.e., t;y;g ~ 1 — 10 days, tyg ~ 20 — 50 days; Tetarenko
et al. 2016a), we do not believe the inclusion of the intermediate states will significantly
alter our estimate of Lcg.

The following equation gives us an estimated total power of CRs, in units of the Eddington
luminosity, from a set of N similar BH-XRB systems where Mgy = 10M4:

Ly :
-t A- 7 . N (2.2)
edd

*BlackCat BH-XRB catalog: http://www.astro.puc.cl/BlackCAT/
*available at: http://astro.physics.ualberta.ca/WATCHDOG/

“Note that in Tetarenko et al. (20164a), the hard, compact jet state is referred to as the “Hard (Comptonized) State”
(HCS).
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Figure 2.2: Histogram showing the number of days spent in the hard state for all known BH-XRBs over the entire 19
year period; in blue transient systems and in red persistent systems (Tetarenko et al., 2016a).

Here, the factor of } comes from the fact that we naively assume an equipartition between
particles and magnetic fields, as well as sharing of the energy budget between leptons and
hadrons. This gives us  of the available power for hadronic acceleration, multiplied by two
as there are two similar jets in each system. 7 is the acceleration efficiency, i.e. how much of
the jet power is transferred to high-energy particles via acceleration mechanisms, for which
we take a canonical value of 0.1 as supported by simulations (Caprioli & Spitkovsky, 2014).
As our model is based on outbursts, it represents the hard state duty cycle of the systems.
This factor is the average amount of time an BH-XRB spends in the hard state; the state in
which we expect steady, compact jets which efficiently accelerate particles.

To estimate t, we utilize the data collected in Tetarenko et al. (2016a), in which the authors
catalogued X-ray observations of all known BH-XRB over the last 19 years. In Table 15 of
Tetarenko et al. (2016a), we find detailed outburst statistics for 52 systems; 42 classed by
the authors as transient, 10 as persistent. Most pertinent for our study, we find the number of
days each system has spent in the hard, compact jet state, which is invaluable to constrain the
hard state duty cycle. It is important to note that although almost 25% of all BH-XRBs seem to
be persistent accretors with high-mass companions, this is likely inflated due to observational
bias due to their persistent and thus more reliably detected emission. As discussed high-
mass companions are rarer and live shorter lives, and likely make up a minority of BH-XRB
systems.

Of the transient systems, we find a mean and median number of days spent in the hard state
of 183 and 66 days respectively. Taking the mean and median number of days divided by
the total time in which the data was collected (19 years) as the duty cycle of these systems,
we compute hard state duty cycles of 2.6% and 1.0% respectively. While this data set is the
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Table 2.1: Parameter limits for quantifying cosmic ray power of low-mass companion, black hole X-ray binary systems

Parameter | Upper | Middle Lower
A 0.3 0.1 6x10°
Lx 0.05 0.03 0.01
Lead 7 3 3
N 10 3 x 10 10

most complete to date with respect to XRB duty cycles, the mean duty cycle derived has
to be considered as an upper limit, by virtue of the fact that only systems that have gone
into outburst at least once are counted. Furthermore, the average outburst duration (months
to years) is still somewhat comparable to the 19 year total on-time, which makes rigorous
statistical statements difficult.

Lastly, we use the A-parameter normalization prescription, as presented in Fender et al.
(2005), to evaluate the XRB jet power from X-ray observations. The A factor depends on
both the type of XRB system and accretion state, and the values of A considered in Table 2.1
are chosen due to the discussion in Fender et al. (2005). By combining (i) the relationship
between jet power and radio luminosity motivated by models of steady, conical jets (L,,qi0 ¢
L;H; Blandford & Konigl 1979; Falcke & Biermann 1995) and (ii) the observed relation
between X-ray and radio luminosity for accreting BH systems (L,,qio LY; Corbel et al.
2000; Merloni et al. 2003; Falcke et al. 2004b), Fender et al. (2005) was able to show that
jet power (L ;) depends on the X-ray luminosity, according to:

L;=ALY 2.3)

Using an X-ray luminosity of jets varying between 1-5% L.qq (Maccarone, 2003; Miller-
Jones et al., 2012; Curran et al., 2014; Russell et al., 2019), the A-parameter normalization
estimated by Fender et al. (2005) in this relation (see Table 2.1), and a mean ¢, estimated
from the WATCHDOG catalogue as discussed above, we are able to compute an L estimate
via Equation 2.2.

All together, we find a total XRB-CR power in the Milky Way of between approximately 10°°
to 2 x 10* erg/s for the lower and upper bound parameters respectively, where each XRB
provides an average CR power of 10%7% erg/s depending on parameter choices. For the
reasonable parameter values in the middle column of Table 2.1, we find Lcg = 10 erg/s;
approximately 1% of the total estimated Galactic CR power. The actual XRB-CR power out-
put is likely to be significantly higher as we neglect three important additional populations:
persistently accreting BH-HMXRB systems, quiescent systems which are thought to behave
much like jet-dominated hard state systems (Plotkin et al., 2013), as well as all NS-XRB
systems, many of which have powerful jets (Tudose et al., 2006; Migliari & Fender, 2006)
which may accelerate CRs.
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2.3.1 Constraints from Galactic centre observations

Galactic CRs propagate from their sources interacting with interstellar gas to produce -
rays and neutrinos. The observation of diffuse y-ray emission in a region can therefore tell
us about the density of both the ambient medium and high-energy CRs in that region. Fur-
thermore, low-energy CRs interact with molecular clouds to produce X-rays. Observations
of such clouds can be used to constrain the low-energy CR flux in the surrounding region.
In the following, we look to the inner 200 parsecs of the Galaxy to constrain the power of
Galactic XRB jets as CR sources.

2.3.1.1 High-energy constraints on the CR power

The recent NuSTAR observation by Hailey et al. (2018) suggests the existence of a density
cusp of BH-XRBs in the inner parsec of the Galactic centre. If this population of BH-XRBs
is similar to the broader Galactic population in their potential to accelerate CRs, we expect
to see ~y-ray signatures of this in the region. Comparing the expected emission from CR-
accelerating XRBs in the Galactic centre to the observed emission, we can constrain the
CR power of these systems, and thus by extrapolation gain an additional constraint on the
Galactic population as a whole. We use the very-high-energy ~-ray spectra observed by HESS
Collaboration et al. (2016), and assume that CRs accelerated in the jets of the NuSTAR
population of XRBs is responsible for all of the observed ~-rays. This is a very conservative
constraint, as we assume all of the ~y-ray emission is due to XRB-CR interactions with ambient
protons. In reality, it is likely that many sources of CRs, including Sgr A* (HESS Collaboration
etal., 2016) and SNe in the region (Jouvin et al., 2017), and possibly other v-ray production
channels, contribute to the observed H.E.S.S. flux. In order to estimate the -ray emission
from a population of cosmic particles injected by a cusp of XRBs located in the inner Galaxy,
we perform both an analytical estimate and a numerical simulation.

For the analytical order-of-magnitude estimate, we follow the approach described in detail
in Jouvin et al. (2017). The authors consider the well-understood problem of a steady-state
injection of hadrons at the GC from GeV all the way up to PeV energies with a single power-
law energy spectrum, and their subsequent energy-dependent diffusive escape from a box
with a Central Molecular Zone (CMZ) size H. They derive the following expression for the
~-ray luminosity associated to this hadronic population:

7\ L
L, (> 200GeV) = 3.2 x 10® <K X
50 pc 1.6 X 107 erg/s

. erg/s
100 cm®
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where L p is the total power associated to the CR flux. Given the average gas density in the
CMZ and a typical size of the region H ~ 100 pc we get:

L
L.(>200GeV) = 1.2 x 10 erg/s | ——CR (2.4
a ) 8/ (1.6 x 10% erg/s

Given the ~-ray luminosity of the Galactic Ridge in L., ~ 3.5 x 1035erg/s as reported in
HESS Collaboration et al. (2016), it is straightforward to compute the maximum allowed
power associated with the CR acceleration and injection in the ISM due to the population of
the XRBs at the Galactic centre, that is still compatible with the H.E.S.S. measurement. The
conservative upper limit on this quantity is Lo ~ 10°° erg/s. For more details regarding
the analytical estimate, we refer to Section 2 in Jouvin et al. (2017).

In order to validate this estimate by means of a numerical simulation, we use the public
codes DRAGON (Evoli et al., 2017) and GammaSky. Using these codes we are able to
propagate CRs from any given source distribution and, adopting detailed models for the gas
and interstellar radiation in the Galaxy, compute the v-ray/neutrino flux associated to the CR
population under consideration. We set up the DRAGON code to inject CRs with a Gaussian
source term centered on the Galactic centre with a 1 pc width, consistent with the Hailey
et al. (2018) population. We set a hard injection spectrum described by a single power law
Q = Qo(E/E,)”* with o = 2.2 and E,,;, = 1 GeV, and let the particles propagate through
the CMZ and diffuse out of the Galaxy.

After the equilibrium distribution of CRs is obtained, we compute the hadronic v-ray flux
from the Galactic Ridge region with the GammasSky code, adopting the same model for the
gas distribution in the CMZ as in Gaggero et al. (2017). For a CR injected power Lcg (>
1GeV) ~ 10® erg/s, we obtain an average flux from the Galactic Ridge region d®/ dE, =
2x107 " CeV lem s st at 1 TeV (cfr. Aharonian et al. 2006). Furthermore, we obtain
an integrated flux of d®/dE., ~ 2 x 10" TeV 'em s~ " at 1 TeV from the inner annulus
centered on Sgr A* as considered in HESS Collaboration et al. (2016). Such v-ray flux clearly
saturates the y-ray emission reported by the H.E.S.S. Collaboration (see Fig. 2.3): thus we
confirm the analytical order-of-magnitude estimate for the upper limit on the power injected
in CRs at the GC from a XRB population.

Hailey et al. (2018) suggest that between 300-1000 BH-XRBs exist in the Galactic centre.
Although these systems currently seem to be mostly in quiescence, they could have been
more active in the past. If we conservatively assume CR acceleration in the jets of these
systems is responsible for all of the observed ~-ray flux in HESS Collaboration et al. (2016),
we can constrain the maximum CR power per system to be: 10** < Lo < 3 x 10 erg/s.
Extrapolating this to the wider Galactic population of 10° — 10* systems, we find a total XRB-
CR power of 10%7 — 3 x 10® erg/s. This range of values falls within our estimates for the
total XRB-CR power as found above; representing 0.1% to 10% of the total Galactic CR power.
This is consistent with our total XRB-CR power derived earlier in this section. We stress that
this is an upper limit based on the entire ~-ray flux as observed by HESS Collaboration et al.
(2016) to originate from CRs accelerated in jets of the density cusp of XRBs in the Galactic
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Figure 2.3: Gamma-ray spectral energy distribution associated to the population of CRs accelerated by XRBs located
at the GC. We have assumed a CR injected power Lop (> 1GeV) = 1.3 X 10% erg/s. The ~-ray flux is integrated
over the region of interest defined in HESS Collaboration et al. (2016) (Figs 1 and 3); the H.E.S.S. data are shown as
red triangles.
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centre, and is primarily used as a sanity check to ensure our assumptions do not violate
observational limits.

2.3.1.2 Low-energy constraints on the CR power

An additional constraint on the CR power in the Galactic centre region comes from X-ray
observations of the giant molecular clouds in the Central Molecular Zone (CMZ). Once again,
this is an upper limit as we assume XRB-CRs from the Hailey et al. (2018) population are
the only sources of CRs that contribute to the X-ray illumination.

GeV CR protons/ions bombarding giant molecular clouds produce X-ray emission through
collisional ionization and bremssthalung. The Galactic centre molecular cloud Sgr B2’s X-
ray emission has been decaying over the last two decades, which is primarily due to X-ray
echo of past activities of Sgr A* (Inui et al., 2009; Terrier et al., 2010; Dogiel et al., 2011).
However, in the recent years, as the X-ray echo component further faded away, Sgr B2’s
X-ray emission seemed to enter a constant low flux stage, which is intepreted as GeV CR
illumination. Observations of the Sgr B2 molecular cloud using NuSTAR in 2013 have shown
that, after more than ten years of flux decaying, the remaining X-ray emission from Sgr B2
is consistent with the GeV CR illumination scenario (Zhang et al., 2015). Assuming that
all the Sgr B2 X-ray emission comes from CR illumination, Zhang et al. (2015) derived a
CR proton spectral index of a = 1.9f8j§, and a required GeV proton power of Loy =
(0.4 —2.3) x 10* erg/s. We note that the GeV proton power derived from this method shall
be taken as an upper limit, since the X-ray emission from Sgr B2 in 2013 can come partly
from CR illumination, and partly from X-ray echoes. Future Sgr B2 X-ray observations will
put a tighter constraints on the required CR proton power in the CMZ. This CR power upper
limit from X-ray observation of Sgr B2 is consistent with the new estimate of XRB-CR power
of the Hailey et al. (2018) population derived in this work.

2.3.1.3 Consistency of constraints

As we have both low-energy and high-energy constraints on the CR power in the region, we
can check whether they are compatible by assuming our XRB-CR injection spectral index of
a = 2.2 holds across the entire energy range. The total low-energy CR power upper limit of
(0.4—2.3)x 10* erg/s applies to CR energies between the F,;, = 1-100MeVand E,,,, = 1
GeV, i.e. the model parameters used by Zhang et al. (2015). Using this, we extrapolate to find
an allowed high-energy XRB-CR power due to the Hailey et al. (2018) population of Leg (>
1GeV) < (1.3 — 39) x 10® erg/s, where the range of values reflects the allowed ranges of
both the E,;, parameter and low-energy CR power constraints described in Section 3.1.2. As
the analytical and numerical analysis of the H.E.S.S. data suggests an upper limit of Ly (>
1GeV) ~ 10% erg/s, we find that the H.E.S.S. v-ray measurements better constrain the CR
power in the region, assuming « = 2.2. However, a softer CR injection spectra or alternative
contributions to the observed ~-rays in region would mean the low-energy constraints are
more stringent limits.
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Figure 2.4: Maximum proton energy as a function of distance from the base of the jets for a quasi-isothermal jet

. . . To .
model, where we use = 0.1. We vary 2 important parameters: initial aspect ratio — in orange and plasma By =
20
U,
—“*P in blue. The higher the initial aspect ratio, the wider the jet and thus the particles are confined more easily at

high jet heights; the smaller 3,,, the higher the magnetic field strength which results in smaller Larmor radii, aiding
confinement, but producing larger synchrotron losses. In general, the maximum energy is limited by radiative losses
at lower jet height due to strong magnetic fields, and is confinement-limited at large .

2.4 Maximum Energy of XRB-CRs

We have shown that BH-XRBs can viably contribute a significant fraction of the total Galac-
tic CR power without violating constraints in the Galactic centre, so we now consider the
maximum energy attainable by XRB-CRs.

The maximum energy of accelerated CRs in jets is limited either by energy losses (syn-
chrotron, inverse-Compton and adiabatic losses are the primary channels) or by the Hillas
criteria for confinement (Hillas, 1984). This is to say that accelerated CRs must stay confined
within the accelerating medium in order to undergo re-acceleration, which we can quantify
using the Larmor radius. The importance of the radiative losses can be quantified by compar-
ing the timescales of the loss channels and the timescale of the acceleration mechanism. We
compute the maximum energy as a function of jet height, E, .. (z), such that it satisfies both
of these constraints. Here we neglect proton-photon interactions. These interactions are ex-
pected to be sub-dominant at these extreme energies and magnetic field strengths even in
photon-rich XRB systems (Romero & Vila, 2008; Pepe et al., 2015; Sudoh et al., 2019). This
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is especially true for BH-LMXRB systems where the low-mass companions are expected to
have a relatively modest photon field contributions.

2.4.1 Jet Model

We calculate the maximum energy of accelerated protons for the 3 different dynamical jet
models (isothermal, adiabatic and quasi-isothermal agnjet variant) outlined in Crumley et al.
(2017). In the Appendix of this paper, we provide an overview of the different jet models
and the parameters involved in computing the maximum CR energy. In Fig. 2.4, we focus
on the quasi-isothermal model as used in the agnjet model, due to its ability to fit the flat jet
spectrum we see in multi-wavelength XRB data (Markoff et al., 2001, 2005).

In general, models of jets are based on the jet-disk symbiosis ansatz laid out in Falcke &
Biermann (1995). The jet is fed by the disk and the power of the jet at a height z is given
by:

Li(z) = F?ﬂjcoﬂrzz sin”(6) (2.5)
where I'; (2) is the lorentz factor of the bulk jet flow, z is the height of the jet above the black
hole (z, is the height of the jet base) and w(z) is the enthalpy. For a jet with a co-moving
particle number density, n(z), the enthalpy can be written as:

w(z) = nmc® + U+ P; (2.6)

Here, U; and P; are the energy density and the pressure of the jet respectively. We can
approximate to:
w(z) = nmpc2 +TaaiU; 2.7)

where we have assumed the jet can be treated as an ideal gas with adiabatic index, ', 4;, as
in Falcke & Biermann (1995). These equations are valid for all jet models considered in the
Appendix.

To compute radiative losses and confinement of accelerated CRs in the jet, the most impor-
tant parameters are the jet radius, R(z), and the magnetic field strength, B(z). In all models,
we define the magnetic field strength of the jet as:

B(z) =/ LgUi(i) (2.8)

U
B, = L (2.9)
p UB
B, is an important free parameter which sets how energy is distributed amongst particles
and magnetic fields, and we show how different values of 3, affect the maximum CR energy

in Fig. 2.4.

where:

The prescription of U;(z) depends on the choice of jet model as shown in the Appendix.
From Equations 2.5 - 2.7, we see that the value of L;(z,), the power at the base of the jet,
depends on n(z,) and U, (z,), the number density and internal energy density at the base of
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the jet. In this analysis, we normalize L;(z,) to the hard state jet power expected from the
discussion in the previous section: ~ 1 — 5% of the Eddington luminosity of a 10M, black
hole. This results in a jet base magnetic field strength, B(z,) of (5—10) x 10° G, in line with
other models (Romero & Vila, 2008; Pepe et al., 2015).

To compute the radius of the jet, we follow (Crumley et al., 2017). For the isothermal and
adiabatic jet models, we use a simple conical jet model in which:

Tcone(z) =To + (Z - ZO) sin(@) (210)

Here 6 is the opening angle of the jet. This means that r, is an important free geometric
parameter, which sets the initial radius of the jet. It directly influences the extent to which
high-energy CRs can be confined, resulting in further acceleration. The quasi-isothermal
agnjet model used in Fig. 2.4 is not a conical model but instead considers self-collimation.
This results in a slightly different jet radius profile:

reon(2) = 1o + (= — 20) 2250 @11

This gives us a slightly narrower jet for larger values of 2.

When we calculate the maximum energy of accelerated CRs in the jet, we vary both r, and
B,- This helps us understand the parameter space available for a generic XRB population,
and the different maximum CR energies attainable. As the magnetic field strength depends
strongly upon the internal energy density of the jet, U;, the maximum CR energy increases
significantly for higher jet powers. This is to say that the most powerful XRB jets may be
capable of producing higher energy CRs than outlined here. For more on the jet models
please see the Appendix.

2.4.2 Calculating Maximum Energy

The timescales of interest in computing the maximum energy are as follows:

-1 _ mecB

tace = 2.12
acc E ( )
3 E
1ok = f(mE) corlUp B (2.13)
3 my mec™ Mmy,C
_ 20
L= 22 2.1
adi 32 ( 4)
The maximum CR energy, as limited by radiation losses, is given by the condition:
tacc(E7 Z)_l > tadi(Ea Z)_l +tsync(E7 Z)_l (215)

The condition for confinement can be rewritten from Hillas’ seminal paper (Hillas, 1984) as:

B(z) R(z) B 15
Ecr(z) < e, X P X 05 x 1077 eV (2.16)



2.5 Multi-messenger tests of the XRB-CR scenario

Equations 2.15 and 2.16 provide us with the constraints with which we compute the maxi-
mum jet power for all models. Specifically, we compute the maximum CR energy limited by
each of these constraints, and take the minimum of these two values. In Fig. 2.4 we show
our results for how the maximum possible energy varies as a function of the jet height for the
quasi-isothermal jet model (that provides the best description of flat spectra jets; Crumley
et al. 2017), for different values of the initial aspect ratio, Z—O, and §3, of the jet.

0

Radiative losses dominate near the black hole, as the high magnetic field strength close to
the base of the jet results in large synchrotron losses. Most models then show a flattening
when a lack of confinement of the particles limits the maximum energy of XRB-CR higher
up in the jet. One can assume that in the confinement-limited region, accelerated CRs which
exceed the critical energy at which the particle stays confined escape the jet to propagate
through the ISM.

We find that the maximum attainable CR energy depends strongly on geometry, jet model
and acceleration region; but in general protons can reach energies of 10'°~" eV if accel-
erated with a canonical efficiency of = 0.1 (Caprioli & Spitkovsky, 2014). We note that
varying n scales the maximum energy linearly in the radiative loss dominated regime at
small z. These calculations assume protons (i.e. Z = 1), but if more massive CR ions are
present in the jet they would attain greater energies as the maximum CR energy scales with
rigidity. Lastly, we note that in specific geometries and acceleration regions CR energies
higher than 10" eV could be reached, but this might only be plausible in atypical systems
such as very powerful, wide or highly magnetized jets.

2.5 Multi-messenger tests of the XRB-CR scenario

Any source class contribution to the CR spectrum can only be directly probed by CR ob-
servatories if those sources dominate the spectrum at specific energies. Although XRB-CRs
might dominate the parts of the CR spectrum, this is highly dependent on the total CR
power, maximum energy of individual CRs and the acceleration powerlaw index. Given our
results, we suggest that in the most optimistic case XRB-CRs might dominate (or contribute
significantly to) the spectrum close to 10" eV, near the second knee, where a light-mass com-
ponent has been detected (Pierre Auger Collaboration, 2014; Buitink et al., 2016; Hanlon,
2019; Yushkov, 2019).

The latest results from CR instruments seem to only strengthen the evidence for a light-mass
component above 10" eV (Kan g, 2019; Yushkov, 2019), and upgrades of such instruments
(e.g. Mulrey et al. 2019; The Pierre Auger Collaboration et al. 2016) will be crucial to under-
stand the composition of the transitional energy region between Galactic and extragalactic
CRs. While this observed lighter mass component could be interpreted as the start of the
extragalactic component, this would require the ankle to be a propagation effect. Thus any
Galactic CR accelerator able to reach these energies is of great interest. However, the al-
lowed range of XRB-CR power found in this work means that the contribution could be
subdominant at all energy ranges, and thus any confirmation of CR acceleration in XRB jets
might only be found via indirect measurements of y-rays or neutrinos. In Fig. 2.1, we show
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a schematic of the all-particle CR spectrum, with a range of allowed contributions from the
XRB-CR component calculated in this work. In particular, we show (green dashed line) the
maximum allowed contribution, which is calculated by taking the upper parameters in Table
2.1. Such a contribution would make up a significant fraction of the CRs in the energy range
between second knee and ankle, where the role of a second Galactic component is currently
under debate.

2.5.1 ~-rays

Several XRB jets are now known to emit ~y-rays (Tavani et al., 2009; Bordas et al., 2015;
Zanin et al., 2016; HAWC Collaboration et al., 2018), although some observations have re-
ported non-detections (Bodaghee et al., 2013; Ahnen et al., 2017a; MAGIC Collaboration
et al., 2018). Given the transient nature of some of these sources (and especially the com-
plex environment of the SS 433 system), we do not necessarily expect CR acceleration and
subsequent ~-ray emission continuously from XRB systems. Furthermore, although the ob-
servation of such high-energy radiation is a clear signature of particle acceleration, it is not
trivial to pin down the origin of observed ~-rays which could be leptonic, hadronic or a
combination. The upcoming, next generation Cherenkov Telescope Array (CTA; Cherenkov
Telescope Array Consortium et al. 2019) will have an order of magnitude better sensitivity
compared to current facilities, and up to 4-5 orders of magnitude better sensitivity than
Fermi in the 100 GeV range for fast transients. CTA will thus likely be able to detect and
identify the Galactic PeVatron sources in the near future (Kantzas et al. in prep).

As a consistency check, we again used the DRAGON code to look at the expected diffuse
Galactic v-ray emission due to the XRB population. However, as this population is sub-
dominant to the (SNR) low-energy CR sources below 10'° eV, it is impossible to distinguish
the sources in currently observable ~-ray wavelengths. Therefore, we suggest point source
~-ray observations of the most powerful XRB jets will pave the way for identifying CRs from
XRBs through traditional electromagnetic observations.

2.5.2 Neutrinos

Neutrinos are also produced through CR interactions with protons or photons, and XRB jets
have long been predicted as a sources of neutrinos (Levinson & Waxman, 2001; Distefano
et al., 2002). As neutrino astronomy is still in its infancy, observations of Galactic-origin
neutrinos thus far have been compatible with background (Albert et al., 2017). However,
the current limits from a joint analysis of ANTARES and IceCube data (Albert et al., 2018)
are now getting close to the most optimistic predictions regarding the expected Galactic
neutrino flux. Therefore, the clear detection of a component associated to the Galactic plane
may be round the corner (see for instance a recent 20 hint reported in Aartsen et al. 2019),
and diffuse Galactic searches could provide indeed a novel approach towards identifying
a second source of Galactic CRs. Neutrino observations probe higher energies than ~-ray
facilities and therefore high-energy breaks in the diffuse Galactic neutrino spectra (Aartsen
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etal., 2017; Albert et al., 2018) could be interpreted as separate contributions from different
CR source classes.

Using the DRAGON code, we compute the expected diffuse neutrino emission due to CRs
propagating from two different components: the dominant low-energy (SNR) component
and a higher energy (XRB) component. We assume a low-energy component that saturates
the observed CR spectrum below the knee, as expected by the dominant Galactic CR source.
The subdominant, higher maximum energy component has approximately 10% of the power
of the low-energy source, in agreement with most optimistic findings of total XRB-CR power
in Section 3. For the source distributions, we have assumed a Lorimer pulsar distribution
(Lorimer et al., 2006) for both source populations, as this is a good approximate tracer of
compact objects and therefore of SNRs and XRBs. In Fig. 2.5, we see the resulting diffuse
neutrino spectra due to these two components, where we assume the low-energy and higher
energy components are due to SNR and XRB sources respectively. We plot a different maxi-
mum energy cut-offs, as the maximum CR energy for each source is not well-known. Unlike
cosmic rays, neutrinos trace back to their sources and thus confirming a break/hardening
in the spectrum towards the Milky Way could verify the Galactic origin of high-energy CRs.
The current upper limits on the Galactic contribution to the astrophysical neutrino flux by
IceCube and ANTARES are also shown in the figure.

As the next-generation of neutrino observatories come online (Icecube-Gen2, IceCube-Gen2
Collaboration et al. 2014; KM3-NET (2.0), Adrian-Martinez et al. 2016), we can probe PeV
energy ranges in order to verify whether there are two clear populations of high-energy CR
sources within our Galaxy. As diffuse neutrino limits are already encroaching on best models
of neutrino emission from Galactic CRs, the ten-fold detector volume increase specified for
IceCube-Gen2 will probe our predictions of a break in the Galactic neutrino spectrum due to a
high-energy Galactic component. Furthermore, KM3-NET upgrades over the next decade will
increase the angular resolution of detections to < 0.1° at PeV energies. Coupled with greater
sensitivities, point source neutrino astronomy will soon be at the forefront of identifying CR
sources within our Galaxy. Once these upgrades are realised, XRB systems such as Cygnus
X-1 will be key targets for neutrino observatories to test whether XRB jets are important CR
accelerators.

2.6 Conclusion

We have suggested that XRB jets could accelerate protons to high energies, similar to their
larger counterparts in AGN. Within the uncertainties allowed by current population models,
jet composition and Galactic centre observational constraints, a total XRB-CR power of be-
tween 10°° erg/s is possible. The most likely allowed value of around 10*® erg/s means
XRB-CRs could contribute a few percent of the dominant SNR-CR component, representing
a non-negligible contribution to the observed CR spectrum. The maximum energy of XRB-CR
is relatively high compared to other Galactic sources of CRs, with models suggesting protons
could be accelerated to 10" eV in some systems. Together these two results indicate that
XRB-CRs could even dominate the total CR spectrum in part of the transition region be-
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Figure 2.5: The predicted diffuse Galactic neutrino spectrum from SNR-CRs and XRB-CRs with joint upper limits from
ANTARES and IceCube (Aartsen et al., 2017) using the DRAGON code. Specifically, we note that breaks in the spectra
are predicted in the total spectrum at model-dependent sensitivities even with very conservative maximum energy
cut-offs.



2.6 Conclusion

tween SNR-CR and extragalactic CR components, above the knee and below the ankle, in
broad agreement with recent mass composition results. Lastly, we suggest multi-messenger
possibilities to confirm XRB-CR (or generic second Galactic components) through diffuse
neutrino and ~v-ray measurements of our Galaxy, as well as point source observations.
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Appendices

2.A Jet models

In Section 4, we looked at dynamical jet models in order to estimate the maximum attainable
CR energy as a function of jet height. We rely heavily on Crumley et al. (2017), in which
the equations governing the different jet models are derived. Here we give a quick overview
of each jet model, and show how the maximum CR energy depends on the jet model. As
mentioned in Section 4 we believe that for XRB jets, the quasi-isothermal jet model is the
most appropriate.

From this starting point, assumptions about the physics of the jet lead to different models.
The most important difference is that in the adiabatic jet model, adiabatic losses are not
compensated for. In all other models, losses are compensated for by e.g. continuous reac-
celeration of particles. In the isothermal model adiabatic losses are fully compensated for;
whereas in the quasi-isothermal models only longitudinal (z-direction) losses are compen-
sated for. These assumptions lead to different internal energy profiles, and different Euler
equations from which the Lorentz profile of the jet is derived. In each case, we briefly explain
the assumptions and list the Euler equation for the model. For a more thorough explanation,
we suggest the reader refers to Crumley et al. (2017).

2.A.1 Adiabatic jets

In the adiabatic jet model, the jet conserves energy such that it obeys the relativistic Bernoulli
P w . Toai—1 . . .
equation: vy, — = const. This means that T; o n” 24" ". The internal energy density profile
n

is:

T, —2T', 4
7B, adi /' adi
U.(2) = Cngm, ¢ 222 — (2.17)
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Figure 2.6: Maximum CR energy as a function of jet height z for the adiabatic Jet model.

In terms of CR acceleration, adiabatic jets generally attain lower CR energies compared
to other jet models, espcially at large 2. This is because the internal energy density and
thus magnetic field strength decreases rapidly as z increases, as no reacceleration occurs.
We stress that the adiabatic jet model cannot fit the flat spectra we see in XRB jets, and is
presented primarily for comparison.

2.A.2 Isothermal jets

In the isothermal jet model, all adiabatic losses are recompensated for and thus 7} is constant.
This means that U, « n, and energy is not conserved.

,.y /6 . 7Fadi 2 -2
U;(z) = ¢ngm Pl At = (2.20)
(2) o <70/5'0 20
The Euler equation is:
Fadi +1 Fadi 8’7]ﬁ7 2
go_adi T - p o3 g5 2 2.21
’YJ /8] Fadi 1 adl’Y]ﬂj ’Y]'ﬁ]' 32 2 ( )

2.A.3 Quasi-Isothermal jets (agnjet)

In the quasi-isothermal model, the gas in the jet can only do work in the z-direction, meaning
that T o< (v, ﬂj)lfrad‘. A key difference here is that we include self-collimation, and so the
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Figure 2.7: Maximum CR energy as a function of jet height z for the isothermal Jet model.

radius of the jet as a function of jet height z is given by Equation 2.11. The internal energy
density profile is the similar to the isothermal case:

B\ Feai —2
U, (2) :Cnompcz(% J) (U> (2.22)

To

Here, we use the collimated radius from Equation 2.11. The Euler equation, however in-
cludes an additional factor:

5 Laai +€ 5 Taai OB _ 2
Wi, =1~ DB = o | g = (2.23)
r ;.—1
1 'Yjﬁj) adi
= = (2.24)
: ¢ <’Yoﬁo

The figure for this jet model is found in Section 4, Fig. 2.4. We note that U (z) is very similar
for the isothermal and quasi-isothermal models, as only the dependence on the radius is
different. For this reason, their maximum CR energies are very similar.
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Coherent curvature radiation: maximum
luminosity and high-energy emission

A. J. Cooper & R. A. M. J. Wijers
Monthly Notices of the Royal Astronomical Society Letters, Volume 508, Issue 1, pp.L32-L36
Abstract

High brightness temperature radio transients such as pulsars and fast radio bursts require
the coherent radiation of particles. The antenna class of coherent radiation models require
a large number of charged particles radiating in phase, therefore the particles must be spa-
tially confined and have well-aligned velocities. Given these necessary conditions, we look
at the magnetic field induced by the currents associated with coherently emitting acceler-
ated particles and consider the interaction between the radiating particles and the induced
magnetic field. We find a maximum luminosity of coherent curvature radiation that depends
on source parameters such as surface magnetic field and neutron star spin period. We find
that coherent radio emission across all luminosities can be explained by coherent curvature
radiation and suggest it could be universally responsible for both FRBs and extreme galactic
sources. Using the Crab Pulsar as an example, we constrain the emission parameters and ori-
gin of the most extreme nanoshots to within 60km of the pulsar surface assuming coherent
curvature radiation. In agreement with recent observations, we also predict simultaneous
X-ray emission from small-scale particle gyration due to the induced field.
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3.1 Introduction

Coherent radiation is required for luminous, short duration radio transients, where the high
brightness temperature cannot be explained by relativistic beaming alone (Pietka et al.,
2015; Melrose, 2017). The two primary examples of these very high brightness tempera-
ture astrophysical sources are pulsars and Fast Radio Bursts (FRBs). Coherent emission can
be broadly classified into either maser emission or antenna emission which requires spatial
clustering of particles (Zhang, 2020). Coherent curvature radiation is a model of the latter
and here we examine limits of this radiation model.

Coherent curvature radiation has been used to explain high brightness temperature emis-
sion from pulsars (Sturrock, 1971; Ruderman & Sutherland, 1975; Yang & Zhang, 2018).
More recently, this model has become one of the front-running radiation models of FRBs,
where the conditions for the coherent emission of a large number of particles are found in
the inner magnetospheres of highly-magnetized neutron stars known as magnetars (Katz,
2016; Cordes & Wasserman, 2016; Kumar et al., 2017; Ghisellini & Locatelli, 2018). In gen-
eral, these models suggest that acceleration gaps of unscreened electric field parallel to the
magnetic field lines, |, accelerate particles along magnetic field lines producing curvature
radiation. However, there are many open questions in terms of how these particles radiate
in phase (Lyubarsky, 2021); for example what are the sufficient conditions for particles to
act coherently in this manner. In this Letter we focus on two basic, necessary properties of
coherent radiation and look at the electrodynamic interactions between radiating particles.

Firstly, we use the fact that coherently emitting particles must do so from a region no bigger
than a comoving size R..;, < yA where X is the wavelength of observed emission. Secondly,
we assume that the particles’ velocities must not be misaligned by more than a factor of

1.0 e . -
v e, P _ 1/~. This limit is used in the coherent curvature radiation model of Kumar
p

et al. (2017), where authors suggest the induced perpendicular field due to the current of
accelerated particles B, must be smaller than the local field B along which the electrons
stream by a factor of v:

B>4B, (3.1)

2 3
mgc

For magnetic fields approaching B, = = 4.4 x 10" G, the excitation energy of the

first electron Landau level becomes comparable to the electron rest mass. In Kumar et al.
(2017), the authors suggest that the local magnetic field in which bright FRBs radiate must
be > 10"G such that particles are not dislodged from the ground state despite perturbation,
and coherence is maintained.

In Section 3.2 we look at the magnetic field induced by accelerated particles and re-derive
Eq. 3.1 by considering the perturbation of particles’ momenta. In Section 3.3 we look at
the constraints due to this perturbation, and find an upper limit of the lorentz factor of the
coherently radiating particles. In Section 3.4 we find an upper limit for radio luminosity of
coherent curvature radiation for sub-critical magnetic fields, in agreement with the luminos-
ity gap between extreme galactic pulsar emission (Hankins et al., 2003; Kuiack et al., 2020)
and extra-galactic FRBs (Petroff et al., 2019; Zhang, 2020). We apply these constraints to
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the giant pulses observed from the Crab Pulsar and constrain the emission to within 60km
of the NS surface. Furthermore, the most extreme crab nanoshots (Hankins & Eilek, 2007)
must originate on the surface of the star if produced by coherent curvature emission. We
also look at high-energy emission due to the small-scale perturbations of particles’ motion,
and suggest this could explain the recent detection of enhanced X-ray activity emission as-
sociated with giant radio pulses (Enoto et al., 2021). We conclude with a short discussion
in Section 3.5. We use convenient notation X, = X/10" throughout.

3.2 Induced magnetic field

Consider a bunch of electrons or positrons that are spontaneously accelerated along curved
magnetic field lines B by an strong electric field parallel to the magnetic field lines F;, where
E < B. The origin of the accelerating electric field or charge creation event is not discussed
here, but could be for example a magnetic reconnection event. The acceleration length scale
lice = Wnec2 /9B = 10 % cm 1 B, é is assumed to be smaller than the spatial scale of the
radiation patch throughout. To observe coherent radiation at a wavelength A the particles
must at least obey the following conditions:

Reon <A =vyev ™ (3.2)
ip l (3.3)
lp|

These two equations tell us that the particles’ positions and momenta respectively must be
well confined in order to radiate coherently. Eq. 3.2 applies to the source’s longitudinal
extent, but the transverse coherent region can be larger than v\ by a factor 771/ % due to
photon arrival delay which depends on the distance to the source’s trigger I, (Kumar et al.,
2017). We take n = 1 for simplicity and because our results depend very weakly on this
parameter, such that the total comoving volume is V/ = n7°A>. We further assume that the
bunch has propagated a distance I, from the trigger such that coherent region is transversely

l . o
causally connected: R.,, < —tz, orl, > 7\ Multiple longitudinal patches of coherent
radiation NV, ; may be consecutively observed as discussed in Section 3.3.4.

Particles streaming along the guiding magnetic field line B induce a current which in turn in-
duces a magnetic field. This secondary field B, can perturb the particles, limiting coherent
emission. We consider a bunch of N particles confined in a space with a co-moving radius
R ., moving at v, where the F acceleration balances radiation losses. These particles pro-
duce a current density J such that:

’

J = 2n.ce = 2yngce 3.4)

The co-moving electron density n,’ = n,/y where n, is in the lab frame, and we have
assumed that the particles are accelerated to approximately v = ¢. Assuming this current is
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steady on short time scales, it induces a magnetic field perpendicular to the current (Kumar
et al., 2017):

VxBn Dr _4m] 3.5)
coh c
B, = amRJ =8n R, pen, = 87Tene’ycu_1
c (3.6)

3.2.1 Particle motion

Consider the motion of these particles due to the induced field. We define B = B, B, =
B 4, B = E) ., such that the z-axis is locally tangent to the curved dipole magnetic field
lines. Particles follow the total field line B, + B, resulting in helical motion about B, with
a pitch angle o = v,/c = B, /B,, where we have assumed v, =~ c due to the strong E.
Given this, we can see how the momenta condition in Eq. 3.3 is the same as the condition
in Eq. 3.1. The particle acceleration and gyroradius are:

2
B
=2 _ _Web:  qv:B, _ 29cB, 3.7)
r AL YMe YMe
B MV
ry =1 = LReCOL _ YMeCt _ 1Mol 3.8)

2¢B? 29B. 29B,
In Section 3.4.2 we will suggest this particle acceleration along field lines, which is the
equivalent motion as synchrotron gyration about B,, results in high-energy radiation. It
is possible for accelerated particles to emit coherently for a short period of time ¢ < §t
before the force due to the induced field B, has imparted sufficient momentum to destroy

L. . 2mr _
coherence, however this timescale is extremely short: dt < —Z = 10 %*g Y3 Bl

Vg

3.3 Limits of coherent curvature radiation

3.3.1 Constraint due to spatial confinement and absorption

For coherent radiation we require that particles are spatially confined via Eq. 3.2, therefore
we should also require that r;, < R .p:
B
W;e; b. %
1 , (3.9)
~2x 10" B}

ney <
7 4mmec

Where we have used the lab frame number density and Eq. 3.2, and B is the local magnetic
field strength of B,. We find that the gyration radius r, is small compared to the coherent
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emission radius R, and therefore this does not meaningfully constrain the emission. In
fact, the particle gyroradius derived in Eq. 3.8 could help explain why coherently emitting
particles can stay confined spatially for the duration of emission despite electrostatic repul-
sion. The coherent curvature radiation will have a X-mode component transverse to both the
local magnetic field B and the wave-vector k (Kumar et al., 2017). This component easily
escapes even high particle density sources as it may propagate in a magnetized plasma if:
w > wlz,/wB > 107" B! N 12 'y;l Hz when wp > w,, (Arons & Barnard, 1986).

3.3.2 Constraint due to particle gyration cooling

The particles follow the total B, + B, field lines along a helical path with pitch angle
a = B, /B, . The particles’ path is identical to synchro-curvature radiation (Cheng & Zhang,
1996; Kelner et al., 2015) despite following the total field line, and this gyration leads to
additional incoherent cooling. For particles in the coherent region, we must compare inco-
herent synchrotron radiation due to gyration to the large scale coherent curvature radiation
to find the dominant cooling mechanism:

Psync > Pcurv
1 2(Ne)’ey?
wacaTBzyzocz > (67)267

24> 13
ToOTVUN,
v < (p = > ~5 0% v * 0/},

(3.10)

C

Where we have used Eq. 3.6. We find that synchrotron radiation is almost always subdom-
inant, and does not constrain coherent curvature radiation. The small scale gyration leads
to simultaneous high-energy radiation, especially outside of the coherent region where the
gyration will dominate particle cooling. We estimate and discuss such emission in Section
3.4.2.

3.3.3 Constraint due to momentum misalignment
For the radiation to be coherent, given the constraint in Eq. 3.1, we require that:
B>~vB, = 87rene'yzaf1

1/2
B
7<< v ) (3.11)
8men.c

1/2 1/2 —1/2
Ymax ~ 500 Bll/ VQ/ ne,lZ/

Here we have used Egs. 3.6 and typical magnetized neutron star (NS) parameters, and
find that particle bunches with large lorentz factors induce a magnetic field which destroys
coherence. In most situations from which we expect coherent radiation, it is thought the
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number density of particles scales with the magnetic field B (Goldreich & Julian, 1969) as
approximately:

26 B, Ris
3

ey 1.4 x 10” B, ; P2 ¢ Rg® cm™ (3.12)

ne =¢&ngy =
Where P is the NS period, Ryg = 10° cm is the NS radius, R > Rys is the distance from the
NS centre, B, is the dipole surface magnetic field and £ > 1 is the pair multiplicity due to
photon-magnetic field interactions producing pairs. We assume the leptons originate from
pair creation, so there is charge neutrality. We can rewrite Eq. 3.11 explicitly in terms of the
NS parameters:

Py 1/2
Ymax = (167r§) =500 P/ v,/ 2 € '? (3.13)

To obey Eq. 3.3, we should also require that all field lines occupied by the coherent patch
be well aligned. Assuming a dipole field, and that the transverse source size extends from
R above the polar cap to (R, 60), we find that this could further limit emission close to the
NS surface:

Sln(de)Ri\TS ~ RcohRIS\IS
R

R*v 12
v < ( - ) ~ 180 Rz vy/*
RNSc

1
5 >
(3.14)

However, a source with a transverse size less than R..;, can have higher lorentz factors.

3.3.4 Constraints on duration

If the decay timescale of the accelerating electric field is large, we expect many patches of
coherent emission IV, ; to extend along the observer’s line of sight. The observed duration of

coherent curvature radiation is then limited by either the observer frame light crossing time

Np,choh Np,lp
C

of the patches: ———— = N, /v, the sweep of the radiation beam: , or the move-
- ;

ment of particles along field lines into regions of lower field strength such that coherence
cannot be supported via Eq. 3.11. In all cases, bursts that originate closer to the NS surface
are expected to be shorter in duration due to smaller spatial scales, tighter field lines (Bilous
et al., 2019) and more rapidly decreasing magnetic field strength.
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3.4 Predictions

3.4.1 Maximum luminosity of coherent curvature radiation

Given the condition in Eq. 3.13, we can derive a maximum emitted luminosity of coherent
curvature radiation given source parameters:

2N (N@) C’Ymax zeZCanax
T TN N n2 RS, T max

3p 3p (3.15)
=2x107 B2, P2 p7 2 v L €PNy R ® ergs ™!

Lcoh,max =

Where we have used Eqgs. 3.2 and 3.13, p is the magnetic field line curvature radius and N,,
is the number of coherent patches that add to the luminosity incoherently. The maximum
observed spectral luminosity is approximately L, .,s = ~*L /v, where v, = 3¢y’ /47p and
the 4> factor is due to beaming of emission into a small observable solid angle (Lyutikov,
2021):

L ax = 6% 10° B2 11 P2 p vy 2 67°* Ny Rg ® ergs ™' Hz '

obs
T s = % (3.16)
k;BV Rcoh

=4x10% B2, PP p; vy * 267 N, R © K

This upper limit to the spectral luminosity fits well with the observed maximum spectral
luminosity from extreme galactic coherent sources as shown in Fig. 3.1. Except for FRBs,
these pulses represent the brightest coherent radio emission observed, suggesting a common
coherent curvature mechanism for giant pulses and FRBs (Keane et al., 2012; Cordes &
Wasserman, 2016). Eq. 3.16 refers to the v = ~,,,, maximal case, for non-maximal bursts
with v < Yinax the luminosity drops rapidly: L2 o RS, v o« 7.

3.4.2 Coincident incoherent high-energy emission

There is growing evidence that the mechanism responsible for coherent radio emission is
also powers emission at higher energies (Younes et al., 2021; Enoto et al., 2021; HAWC
Collaboration et al., 2021). In Section 3.3.2 we discussed the possibility of a subdominant
radiation mechanism due to small-scale gyrations caused by the induced field. We can look
at the power and critical frequency of the emission, assuming it manifests as incoherent
synchrotron radiation about B with an angle o = B, /B as discussed in Section 3.2.1:

Lsync =N, nePsync - 167I'< C UTnee N ’Ymax -

(3.17)
=5x 10" BS 3y P20y 72 N, Ry ergs™

1

The total transverse particle acceleration region may be larger than R, by a factor of ¢, as
long as the total size does not exceed ~ Ryg. Accelerated particles outside of the coherent
region will follow helical field lines and radiate incoherently, so the radio is much suppressed
relative to the high-energy emission. The larger transverse size means these particles have
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a larger pitch angle and a large emission volume such that the incoherent luminosity scales
as ¢°. We have assumed particles outside of the incoherent region will have approximately
the same lorentz factor as the coherent particles, which may not be the case. Furthermore,
we note sometimes only field lines outside of the coherent region point towards the observer
such that only the high-energy radiation is visible. The critical frequency of this emission is:

3 3 .
Vc,sync = E’Ymaow Sll’l(CK)

~ 10" P21y By 11 &2 ¢ Rg® Hz

(3.18)

Or approximately £, = 5MeV. We note that the observed cut-off will be below this critical
frequency in high-field sources, due to photo-magnetic processes of photon splitting and pair
production (Daugherty & Harding, 1983). Observations of a high-energy cut-off are usually
dominated by one photon pair production, and could be used as a diagnostic of the local
magnetic field B. Assuming X < 1, which holds for the low-energy cut-off in non-critical
fields, the photon attenuation factor is approximately (Harding et al., 1997):

0.3am.c B —4 E,, B
T, o 220MeC 2 ) where X = —22_ 2
PP h B. P (3)() ere 2m,c* Be

Where we have made simplifying assumptions that photons propagate a distance comparable
to the curvature radius p such that sin(f,g) = 1, and that the drop in B is negligible across
this distance. If photons are attenuated if 7,,, > 1, we find an approximate maximum energy
cut-off of a few MeV for B = 10" G and around 10 GeV for B = 10° G. The emission
spectrum of this incoherent emission is expected to follow a synchrotron spectrum and thus
for v < v,, we estimate the observed spectral luminosity as:

2 1/3
Lobs _ 47 Lsync Vx
v,sync v

(3.19)

(3.20)

Syc,sync c,sync

—8x 1014 B;/lsl PS/GVI/S ;5/6 V<;7/6 <11/3 Np RgS ergsfl HZ71

-1 7x,18

Using Egs. 3.16 & 3.20 we can estimate the ratio of radio/X-ray flux in representative bands
by assuming luminosity across a bandwidth §v centred on v is approximately L, év, where
v~

Fy1-1cHs -1 - - - -
;171% ~7x 10" B;,/131 PE/13 pr Vx,ff 1 e VZ/BC e Ry (3.2D
1-10keV

3.4.3 Crab Pulsar

The Crab Pulsar produces kilo-Jansky flux giant pulses at GHz frequencies (Lundgren et al.,
1995), which represents a spectral luminosity of approximately L, ~ 5 x 10** ergs " Hz ',
thought to come from high altitudes close to the light cylinder (Filek & Hankins, 2016).
We can place limits on emission parameters using source parameters for the Crab (B, =
7 x 10"G, P = 0.033s; Lyne et al. 1993) and Eq. 3.16 to solve for R, assuming coherent
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Figure 3.1: We plot the maximum spectral luminosity for two reasonable limiting source parameters using Eq 3.16.
Wefix§ =10, N, = 1, v = 10° and R = 2 x 10° cm. In the background we show typical spectral luminosities
of coherent radio sources (Pietka et al., 2015), noting in particular the sources in yellow that bridge the gap between
extra-galactic and galactic sources (Hankins & Eilek, 2007; Bochenek et al., 2020b; Nimmo et al., 2021).
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curvature radiation. We further assume a pure dipole magnetic field, p = 10’ and ¢ = 10. We
find the origin of a kJy burst must be less than 400km from the surface of the NS. The inferred
limits on parameters of the emission are: B > 10°G and 20 < v < 250 depending on

R .. . . .
R but emission closer to the NS with modest lorentz factors is preferred due to causality
NS

arguments in Section 3.2.

The most extreme Crab nanoshot had a 9 GHz flux of 2 Mega-Jansky (L, ~ 10> ergs™ ' Hz ';
Hankins & FEilek 2007). Again via Eq. 3.16, we find that these brightest nanoshots must
originate from less than 60km from the neutron star surface, assuming fiducial parameters.
Despite the uncertainties involved in estimates of B, and &, the dependence of R %in Eq.
3.16 means this result is very constraining even for large uncertainties in the source param-
eters. The short duration of these bursts is also consistent with discussion in Section 3.3.4
given how close to the NS the emission originates.

Recently Enoto et al. (2021) observed for the first time a 3% increase in the 0.2-12 keV
X-ray flux associated with Crab giant pulses (v = 2 GHz), detecting a flux increase of § F' =~
8 x 107" ergs™ " cm 2. We can estimate the 0.2-12 keV flux associated with the brightest
giant pulses (= 10kJy) observed by Enoto et al. (2021) via Eq. 3.21, assuming B, and
P as before. We find that fiducial parameters can explain both fluxes simultaneously at a
distance for maximal bursts originating &~ 200 km from the NS surface if ( ~ 30. The
implied coherent and incoherent emission regions have transverse sizes of 5 x 10°> cm and
1.5 x 10° cm respectively. We therefore suggest that small-scale particle gyration due to the
induced field could plausibly explain the X-ray flux observed by Enoto et al. (2021), and the
X-ray/radio flux ratio could be used to constrain the location of giant pulse emission. Non-
detections of higher energy emission by other observatories, particularly the stringent upper
limit reported in MAGIC Collaboration et al. (2020), is line with predictions of emission from
close to the NS surface as higher energy photons are attenuated as discussed in Sect. 3.4.2.
We note that in Enoto et al. (2021), the authors discuss possible origins of the increased
X-ray flux during giant pulses which are not related to the coherently emitting particles
themselves.

3.4.4 SGR 1935+2154

On 27th April 2020 a bright radio burst was observed from SGR 1935 with a 1.4 GHz
spectral luminosity of L, = 1.6 x 10®ergs ' Hz ' (Bochenek et al., 2020b). Assuming
B, =22x 10" Gand P = 3.24 s (Younes et al., 2021), Eq. 3.16 suggests the maximum
distance of approximately 4000 km from the magnetar’s surface assuming fiducial param-
eters. Furthermore, a coincident X-ray burst was observed with an 100 keV luminosity of
approximately 10¥ ergs™! (Mereghetti et al., 2020; Li et al., 2021; Ridnaia et al., 2021),
with a harder spectrum than other magnetar bursts from the source (Younes et al., 2021).
We find that both fluxes can be explained simultaneously for a maximal burst only if we
allow non-fiducial parameters e.g. p ~ 10"°cm and ¢ ~ 100. Nevertheless, the prediction of
high-energy emission with the same beaming factor as the coherent emission can explain
the peculiar spectra of the X-ray burst temporally coincident with the radio burst. We sug-
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gest coherent curvature radiation could be a universal feature of magnetar X-ray bursts, but
observable only for a small fraction of cases due to the beaming restriction, whereas the
thermal quasi-isotropic X-ray emission is observed more often.

3.4.5 Caveats and FRBs

There are a few caveats to the luminosity upper limit in Eq. 3.15. Firstly, we have assumed
an approximately spherical source. A coherent source with longitudinal size R; and trans-
verse size R, where R..,,, > R, > R, would induce a smaller current and therefore allow
luminosities up to a factor of R;/R; larger. Furthermore, we have not considered in detail
sources with IV, > 1, where the number and geometry of the patches affects both the lumi-
nosity and duration of the observed radiation. We also note it is possible that some essential
property of coherent curvature radiation prevents the emission of simultaneous high-energy
radiation as predicted in Section 3.4.2.

The limitations described here still apply in quantum critical magnetic fields as was outlined
in Kumar et al. (2017), where the authors suggest that FRBs must occur very close to the
surface of magnetars in fields B > 10'*G. If particles confined to the ground state follow the
total B+ B, field, they should still gyrate as described in Section 3.2.1 and thus we might ex-
pect high-energy emission. Using Eq. 3.17 we predict X-ray emission of = 10™ ergs ™" below
1 MeV to accompany maximal magnetar (B, = 10"° G) bursts. We can compare our predic-
tion to the X-ray limits of Scholz et al. (2017) using Eq. 3.21 and assuming a 1 millisecond
burst duration. We find a 0.5 — 10keV fluence of approximately 10~ ergcm ™2 to accom-
pany radio bursts of 0.5 Jy, well below the constraints. We note that isotropic magnetar burst
emission may dominate, depending on the parameters.

3.5 Conclusion

In this Letter we have considered electrodynamic interactions between coherently radiat-
ing particles. We have shown in Section 3.3 & 3.4 that there is an upper limit to the radio
luminosity of coherent curvature radiation which depends on the source parameters. This
limit suggests that if the giant pulses are powered by coherent curvature radiation, they
must originate in the inner magnetosphere very close to the NS surface. Furthermore, small
scale particle gyration could mean that coherent curvature radio pulses are universally as-
sociated with high-energy counterparts. A common coherent curvature radiation origin of
giant pulses and FRBs can be falsified by observations of emission from a known source
more luminous than allowed by the limits in Fig. 3.1. Future work includes investigating the
quantitative effect of multiple coherent patches, the frequency and polarization predictions
of coherent curvature emission taking into account individual particle gyration on small
scales and modelling giant pulse & FRB populations.
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Abstract

We investigate pre-merger coherent radio emission from neutron star mergers arising due to
the magnetospheric interaction between compact objects. We consider two plausible radia-
tion mechanisms, and show that if one neutron star has a surface magnetic field B, > 10"G,
coherent millisecond radio bursts with characteristic temporal morphology and inclination
angle dependence are observable to Gpc distances with next-generation radio facilities. We
explore multi-messenger and multi-wavelength methods of identification of a NS merger
origin of radio bursts, such as in fast radio burst surveys, triggered observations of gamma-
ray bursts and gravitational wave events, and optical/radio follow-up of fast radio bursts in
search of kilonova and radio afterglow emission. We present our findings for current and
future observing facilities, and make recommendations for verifying or constraining the
model.
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4.1 Introduction

Compact object mergers involving black holes (BH) and neutron stars (NS) have long been
hypothesized to power a range of high-energy, multi-messenger astrophysical phenomena
(Lattimer & Schramm, 1974; Clark & Eardley, 1977; Blinnikov et al., 1984; Eichler et al.,
1989; Li & Paczynski, 1998). Many of these predictions were confirmed by the discovery of
an electromagnetic counterpart to gravitational wave event GW170817, which provided di-
rect evidence of a common origin of gravitational waves from a NS-NS merger (Abbott et al.,
2017b), short gamma-ray bursts (sGRBs) powered by bipolar jets (Abbott et al., 2017¢; Gold-
stein et al., 2017), kilonovae (Abbott et al., 2017d; Tanvir et al., 2017; Kasen et al., 2017;
Pian et al., 2017) and late-time afterglow emission (e.g. Alexander et al. 2017; Hallinan
et al. 2017; Abbott et al. 2017d; Lazzati et al. 2018; Mooley et al. 2018; Dobie et al. 2018;
Ghirlanda et al. 2019). Prompt radio observations of the localisation region began 30 min-
utes post-merger (Callister et al., 2017), therefore radio emission mechanisms related to the
inspiral or merger itself were not probed.

Two-body electromagnetic interactions are thought to be the sources of coherent radio emis-
sion since the seminal work by Goldreich & Lynden-Bell (1969) investigating the Jupiter-Io
system. The inspiral phase that precedes coalescence during NS-NS mergers has been hy-
pothesised to give rise to pre-merger electromagnetic emission due to the strong surface
magnetic fields present in known pulsars and magnetars. A range of mechanisms have been
considered as candidates to power precursor electromagnetic emission during NS mergers
including: the unipolar inductor model (Hansen & Lyutikov, 2001; Lai, 2012; Piro, 2012),
resonant NS crust shattering (Tsang et al., 2012; Suvorov & Kokkotas, 2020), magneto-
hydrodynamic plasma excited by gravitational waves (Moortgat & Kuijpers, 2006) nuclear
decay of tidal tails (Roberts et al., 2011), the formation of a optically thick fireball (Vietri,
1996; Metzger & Berger, 2012; Beloborodov, 2021), wind-driven shocks (Medvedev & Loeb,
2013; Sridhar et al., 2021) and particle acceleration through the revival of pulsar-like emis-
sion during inspiral (Lipunov & Panchenko, 1996; Lyutikov, 2019). Numerical studies of
force-free electromagnetic interaction between magnetized NS-NS binaries support the con-
clusion that flares may be observed before the merger (Palenzuela et al., 2013; Most &
Philippov, 2020, 2022).

High-energy precursor emission has previously been observed in sGRBs, and may be a pow-
erful tool to either infer properties of the merging compact objects (see Section. 4.3.6), or
enable targeted observations of the merger event by automated or rapid slew. Troja et al.
(2010) found that 8-10% of Swift detected sGRBs display precursor emission in the Swift
bandwidth, compared to around 20% of long GRBs (IGRBs) detected by Burst and Tran-
sient Source Experiment (BATSE; Lazzati 2005). Furthermore, Coppin et al. (2020) find
that IGRBs observed by Fermi are 10 times more likely to display precursor gamma-ray emis-
sion before the main burst, as compared to sGRBs. However, we note that apparent precur-
sor emission may be merely a manifestation of variable prompt gamma-ray burst emission:
Charisi et al. (2015) show that precursor and post-cursor emission are statistically similar,
and may share a common origin. The recent claim of a quasi-periodic precursor emission to
coincident with a kilonovae-associated IGRB further implies that precursor emission could
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be used to infer the nature of the progenitor (e.g. probing crust shattering events at small
separation; Suvorov et al. 2022), as well as the resultant post-merger compact object (Xiao
et al., 2022).

Predictions of pre-merger emission are particularly relevant in light of new observational
techniques with which theoretical predictions can be tested. For example, automatic trig-
gered observations in response to high-energy alerts, particularly by software interferome-
ters such as the LOw Frequency ARray (LOFAR van Haarlem et al. 2013) & the Murchison
Widefield Array (MWA; Tingay et al. 2013) where physical repointing is not necessary, en-
able rapid observations on source within ~ 4 minutes and ~ 10 seconds, respectively. Ob-
servations triggered by GRB or gravitational wave (GW) alerts (e.g. Anderson et al. 2021b;
Rowlinson et al. 2021; Tian et al. 2022) also benefit from dispersion delay of low-frequency
emission during propagation, which at LOFAR frequencies of 144 MHz corresponds to ap-
proximately 3 minutes of delay between gamma-ray and radio signals for a redshift of z ~1
(corresponding to a dispersion measure of ~800 pc cm ). Furthermore, these techniques
are enhanced if raw data is saved using transient buffers enabling negative latency triggers
(e.g. ter Veen et al. 2019), or making use of early time alerts from gravitational wave detec-
tors (James et al., 2019). Rapid radio observations of sGRBs can test theories of coherent
radiation after the merger (Rowlinson et al., 2019) predicted in shocks (Usov & Katz, 2000;
Sagiv & Waxman, 2002), or from a short-lived magnetar remnant (Rowlinson et al., 2013).
The constraints set by past observations of kind are discussed with respect to the model
presented here in Section. 4.4.2.

Theoretically, interest in the electromagnetic interaction between coalescing compact ob-
jects has recently been revived to explain a subset of fast radio bursts (FRBs) (Lorimer et al.,
2007; Thornton et al., 2013; Spitler et al., 2014; Petroff et al., 2016, 2022) which do not
appear to repeat (Totani, 2013; Zhang, 2014; Wang et al., 2016; Gourdji et al., 2020). This
was further bolstered by the tentative association of FRB 150418 with a fading radio source,
which was originally thought to be consistent with a short gamma-ray burst afterglow (Keane
etal., 2016); however the association was later ruled out as unrelated transient activity from
an active galactic nucleus (AGN) (Williams & Berger, 2016). Recent estimates of the rates
of NS-NS mergers (see Andreoni et al. 2021a; Mandel & Broekgaarden 2021 and references
therein) suggest a local volumetric NS-NS merger rate not more than ~ 10° Gpc > yr ',
which appears to fall short of the volumetric FRB rate (Luo et al., 2020). Comparing the
volumetric rates of FRBs and plausible cataclysmic progenitors, Ravi (2019) demonstrates
that most apparently one-off FRBs likely repeat albeit with a low repetition rate, and thus
NS mergers may power a fraction of truly non-repeating FRBs. It is an open question as
to whether sub-populations of FRBs evolve differently as a function of redshift; Hashimoto
et al. (2020a) suggest that an older stellar population underlies one-off FRBs, which may
support e.g. merger progenitors, although this is disputed by James et al. (2022). Interac-
tions between magnetized neutron stars and other objects such as black holes (Zhang, 2016)
or asteroids (Dai et al., 2016; Voisin et al., 2021) could also induce magnetospheric interac-
tions resulting in coherent emission observable to cosmological distances. This is discussed
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further in Section 4.5, and many of the results of Sect. 4.3 are relevant for NS interactions
with other conducting bodies.

In this work, we take a detailed look at the plausible emission due to the magnetospheric
interaction between merging neutron stars, adapting and extending the work of Lyutikov
(2019). We implement plausible radiation mechanisms, and make robust predictions of the
temporal evolution and observer inclination angle dependence of pre-merger coherent ra-
diation emission. The paper is organised as follows. In Section 4.2, we present the electro-
dynamic model of the NS-NS merger originally suggested by Lyutikov (2019), and present
adaptations to the model with a full derivation available in Appendix 4.A. In Section 4.3
we discuss plausible particle acceleration and radiation mechanisms that result in coherent
pre-merger emission, and estimate the radio luminosity. In Section 4.4 we discuss prospects
of detecting such emission in FRB surveys, through triggered observations of gravitational
wave and gamma-ray burst detected mergers and confirming a NS-NS merger origin after
the fact through observations of kilonovae or radio afterglow emission. Each subsection is
devoted to a separate observing strategy, in which we discuss prospects for current and fu-
ture instrumentation. We conclude with a discussion in Section 4.5 and present our primary
findings in Section. 5.6.

4.2 Model: Conductor in NS magnetosphere

In Lyutikov (2019), the authors consider electromagnetic interaction between two neutron
stars in a binary system. In the first case (denoted in Lyutikov (2019) as the 1M-DNS sce-
nario) which we focus on, it is assumed that one NS is highly magnetized (henceforth the
primary NS) such that the other neutron star (henceforth the secondary NS, or the conduc-
tor) acts as a perfect, spherical conductor due to negligible magnetization. This is a natural
scenario expected from evolutionary considerations, as the first-to-form, older secondary
NS may be partially recycled, burying its field, while the younger primary NS will retain
higher magnetization. It is also in concordance with the double pulsar system (Lyne et al.,
2004), where one pulsar is partially recycled. During orbital motion, the secondary NS moves
through the magnetosphere of the primary, expunging magnetic field field lines and induc-
ing an electric field outside the surface of the secondary NS, with a significant component
parallel to the magnetic field lines, . We also note that the results in this work will also
be applicable to pre-merger emission from double white dwarf (WD) binaries that Laser
Interferometer Space Antenna (LISA; Amaro-Seoane et al. 2017) will observe in our Milky
Way. Although they will emit at a much lower luminosity, their proximity may mean that
incoherent higher frequency nonthermal emission is within the horizon of optical or X-ray
instruments, similar to AR Scorpii (Marsh et al., 2016).

To estimate particle acceleration and the pre-merger emission signature, we derive the paral-
lel electric field component due to the motion of the secondary neutron star. We use a spher-
ical coordinate system (r, 6, ¢) centred on the conductor unless otherwise stated, where r
is the radial distance, 6 is the polar angle and ¢ the azimuthal angle. B = B(r, 0, ¢) is the
magnetic field strength at the location of the secondary due to the primary, and 8 = v/c
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Figure 4.1: A map of the electric field parallel to the magnetic field lines F; surrounding the conductor in the  — =

plane for representative values of B = 10" G and B = 0.5. The induced E| field has a quadrupole structure, meaning
coherent radiation is preferentially emitted in solid angles perturbed from the primary NS’ magnetic axis.

where v is the relative velocity of the conductor through the magnetosphere. For the purpose
of this simple electromagnetic model, the direction of the magnetic field of the primary NS
dipole is assumed to be uniform at the position of the secondary NS (as in Lyutikov 2019),
as would be the case for large binary separations. The parallel magnetic field approximation
holds reasonably well despite the fact that the conducting secondary and the primary are
close together, as the regions with large values of E| are close to the conducting NS surface
where expunged magnetic field lines are tangential (see Fig. 4.1). This means that even for
small binary separations the emission region and direction are dominated by the motion
of the conductor and not by the primary’s field topology. We use a separation-dependent
magnetic field strength in Section 4.2.2.

In Appendix 4.A, we present a full derivation of the electric field that develops. We find a
small correction to the Ej(r, 6, ¢) derived in Lyutikov (2019) (given by Eqgs. (4.1) & (4.2)).
The correction is made by first finding the electric field vector in a frame co-moving with the
secondary NS. It is in this frame that the electromagnetic interface conditions are solved for,
following which a Lorentz transformation to the primary NS frame gives the electric field
for an observer stationary with respect to the primary’s magnetosphere. The electromagnetic
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response of the secondary establishes a surface current and a surface charge, which are re-
sponsible for eliminating the magnetic field and the electric field respectively from within
the secondary unmagnetized NS. While the magnetic field is tangential at the surface in
both frames when ignoring second order terms of velocity originating from relativistic cor-
rection, the stipulation that the electric field is perpendicular to the conductor’s surface is
valid only in the co-moving frame, but not in the primary’s frame. The parallel component of
the electric field is calculated by taking the dot product with the unit vector in the direction
of the magnetic field. It becomes evident from Eq. (4.2) that the region of maximum parallel
electric field is not at the surface of the conductor, but approximately 0.23 Ryg away from
the surface (see Figure 4.1).

sin(6) cos () cos(¢) (6 — il\BIS)

3 R
L1 = —>—= = B2 4.1
2v2 R\ 2 Rys\ Ro 2 r
8(1— ~5)" +6(4— =) N sin”(0)
3
3sin(0) cos(0) cos(¢) (1 — Bns ) RS
————Bf o (4.2)
r

E||,this work — .
\/400829(1 — R—I\is)z + sin’(6) (2 + Rl}fs)z

4.2.1 Inspiral phase

Using the post-Newtonian approximation by Peters (1964), we can write down the binary
separation a, of two identical spherical objects of mass M, as a function of time ¢, due to
gravitational radiation:

1d 128 G°M°
s 4.3)
a dt 5 ca
As in Metzger & Zivancev (2016), the merger time until a = 0 is:
5 4
o5 ca (4.4)
512 3 0r°

This equation is valid only until the disruption of the conductor at a,,;,. We can put a lower
limit on a,,;,, by considering how the Roche lobe of the conductor evolves as the binary sepa-
ration decreases (Eggleton, 1983). Assuming two identical 1.4M, NSs (¢ = 1), we find that
amin = 26.4km, however depending on the equation of state of the NS, tidal disruption may
occur sooner. We note that the secondary NS will always move through the magnetosphere
of the primary neutron star as the stars will not be tidally locked, but that neglecting tidal
forces may effect dynamics and therefore lightcurve morphology (Sect. 4.3.6) during the
final few orbital periods (Bildsten & Cutler, 1992).

Solving Eq. (4.3) we find:

, ; 1/4
a(t) = <a0(1 - t)> (4.5)



4.2 Model: Conductor in NS magnetosphere

where q, is the initial separation, and ¢, , is the time to merger at the initial separation. We
assume both the primary magnetized NS and secondary conducting NS have radii Ryg =
12km (Abbott et al., 2018; Lattimer, 2019) and masses M = 1.4M,. Substituting equations
for B(r, 0, ¢) and § into Eq. (4.2), and using Eq. (4.5) we can write E|(r, 0, ¢,t) as:

EH = fl(ra 97 (;S)B(T? 07 ¢)B

B.R3VGM - (4.6)
= far0,0) SR (1 )T
0

Eq. (4.6) dictates the induced electric field around the surface of the conductor, where
f(r,0,¢) varies at different spatial points around the conductor. It encapsulates the pref-
actor in Eq. (4.2), but also the depends on the magnetic field strength at each point. We also
take into account the orbital motion of the magnetized object in the frame of the conductor,
leading to asymmetric | field as a — a,y;, as seen in Fig. 4.2. As expected, we find that
E) increases as t — t,,, o, and thus particle acceleration and attainable radiation luminosity
around the conductor increases as the inspiral progresses.

4.2.2 Numerical method: emission directed along field lines

To investigate the time-dependent and viewing angle dependent emission expected from
these systems, we calculate the electromagnetic fields during the inspiral in 3 dimensions
and map the parallel electric field component given by Eq. (4.1). To compensate for our
assumption of uniform magnetic field strength around the conductor while building the elec-
tromagnetic model, we compute the local magnetic field value B at (¢, r, 6, ¢) surrounding
the conductor by finding the distance to the centre of the primary masgnetized neutron star,
a(r, 0, ¢), and assuming the field decreases as B ~ B, (m) . Assuming B = Bz
frees the uniform field condition even though the background field is still assumed to be
parallel. Furthermore, the magnetic field lines expunged by the conductor are defined in
Lyutikov (2019) as:

R R\ 4
B = —Bcos(0) (1 - 3)f + Bsin(6) (1 + 23>0 “4.7)
r r

This equation is defined for uniform and parallel B, however, we perform computations with

the assumption of separation-dependent magnetic field strength.

As we will show in Section 4.3, we expect particle acceleration and therefore any coherent
radiation to be directed along the local magnetic field lines regardless of the specific radiation
mechanism. The angle subtended by total field line B and the radial direction f is given by:

B . . . . .
0; g = arctan B—Q. Therefore in the frame of the conductor the direction of a local field line
T
with respect to the Z direction at (r, 6, ¢) is given by:

0 = 0 + arctan % (4.8)

™
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4.3 Particle acceleration and radiation

In the calculation, each cell in (r, 6, ¢) is assigned a value of E via Eq. (4.2), a magnetic
field vector B according to Eq. (4.8) and a volume element V. To estimate the radio flux
measured by an observer at (D, 0, ¢) in the frame of the conductor, we find set of cells with
magnetic field vectors whose solid angle subtended by a beaming angle 6,cam con ~ 0.1
radian ' encompasses the observer. We then sum the luminosity of all cells aligned with
the observer according to Egs. (4.7) & (4.8), to produce lightcurves in Fig. 4.7. We find
that emission is primarily observed at angles of 5 — 45 deg from the background magnetic
field, and this viewing angle dependent emission is discussed in Sect. 4.3.5. We omit general
relativistic (GR) effects on the radiation such as gravitational redshift, gravitational lensing,
Lense-Thirring precession, frame dragging and relativistic abberation (6,;, ~ 0.1rad) due
to the orbital motion, which effect the magnetic field topology and therefore where emission
is directed (e.g. Wasserman & Shapiro 1983; Gonthier & Harding 1994). These effects are
generally smalli.e. on the order of 3/2 ~ 20% in the centre-of-mass frame, and are therefore
neglected in our calculation and in the predictions of Section 4.3.6. For edge-on observers,
conditions may be met for strong lensing of emission regions of the second by the primary,
dependent on the magnetic field geometry. Considering how GR may modify the overall
luminosity and the temporal morphology of the signal could be explored in a future work.

4.3 Particle acceleration and radiation

As orbital motion progresses and the motion of the conductor through the magnetic field of
the primary induces a large parallel electric field £}, charged particles will be pulled from
the secondary NS’s surface and accelerated along field lines to high energies (e.g. Dai et al.
2016). In any case, Timokhin (2010); Timokhin & Arons (2013) have shown that a vacuum-
like gap will be formed regardless of whether the surface is free to emit charges, as pair
creation discharges are non-stationary and pairs are advected out of the acceleration zone.
In Lyutikov (2019) it was noted that coherent radiation emitted in the radio band is the
most feasible method by which to observe such precursor emission, given the relatively low
total power as compared to e.g. gravitational waves or GRBs. This particle acceleration bears
resemblances to two theories of coherent radiation: pulsar-like emission that invokes on pair
production fronts across gaps developed to explain radio pulsars (Sturrock, 1971; Ruderman
& Sutherland, 1975; Timokhin, 2010; Timokhin & Arons, 2013) and coherent curvature
radiation which has been recently used to explain the origin of FRBs from magnetars (Katz,
2014; Kumar et al., 2017; Lu & Kumar, 2019; Cooper & Wijers, 2021). In the following
section we discuss the former, and in Appendix 4.C we discuss the latter, in the context of
the model.

! This choice, although motivated by observations of the pulsar duty cycle (neglecting period dependence e.g. Rankin
1993), is somewhat arbitrary in that it depends on the details of plasma EM mode propagation and decoupling
within the magnetosphere.
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4.3.1 Pulsar-like emission

As mentioned in previous works (Lipunov & Panchenko, 1996; Totani, 2013; Lyutikov, 2019),
a NS-NS merger may revive pulsar-like emission. Although pulsar emission is poorly under-
stood (see e.g. Melrose 2017), the merger of a 10" G neutron star invokes similar elec-
tromagnetic conditions to those expected to power coherent radio emission from radio pul-
sars (see discussion above in Section 4.2). The radio luminosity during the inspiral may be
much larger than typically observed from pulsars of similar magnetic field strength for two
main reasons. Firstly, the spatial extent of the E acceleration region due to the motion of
the secondary is large (I By & Rns ~ 10° cm), in contrast to pulsar cap models where

lpe = 10* Po_l/ % cm. Secondly, the required charge density of the magnetosphere may be

much higher than in the isolated pulsar. This is because the B x v motion of the magneto-

2ma -3 3/2
~ 10" ay;,,, seconds and

sphere is dominated by the binary orbital period P, ~

orb

not by the spin period of the aging magnetized 10'°G NS which is usually Ppin > 1s.In
the following, we explore the basics of pulsar-like emission in gap models, and calculate
analytically the expected radio luminosity from NS merger systems.

4.3.2 Acceleration gap

In the polar cap models of pulsar emission (Ruderman & Sutherland, 1975; Daugherty &
Harding, 1982), rotation-induced electric fields close to the surface of the NS accelerate
particles along open magnetic field lines. The acceleration of these particles along curved
magnetic field lines perpendicular to their velocity produces gamma-ray curvature radiation.
These high-energy photons interact with magnetic fields through magnetic pair production
to produce cascades of secondary pairs, where the ratio of primary to secondary pairs is
known as the pair multiplicity: £ = Ny /Ny andis 1 < & S 10° (Timokhin & Harding
2019; although see also Harding & Muslimov 2011 who find the multiplicity could be as high
as 10° for multipolar field topologies). The secondary pairs inherit momenta and energy
from the primaries, leading to nonstationary discharges that launch superluminal waves
with an efficiency < 1 (Philippov et al., 2020). We assume that the secondaries (and all
subsequent orders) are energetically subdominant as compared to the primary particles that
initiate the burst-like cascades. To understand the expected coherent luminosity in a viewing
angle dependent manner, we estimate the radio luminosity through a pulsar-like mechanism
in Section 4.3.3 using our numerical set-up described in Section 4.2.2. In the following,
we calculate the gap height assuming it is one-dimensional and stationary, neglecting for
simplicity that the gap will be non-stationary in reality.

The height of the acceleration gap h,,,, is the distance from the initial acceleration point h,
to a pair production front, where cascades occur efficiently enough to completely screen the
electric field. This gap height is the sum of two length scales: [, .., is the distance traversed
by accelerated primaries before they attain enough energy such that emitted curvature pho-
tons are capable of pair production; and I, ,,,, is the distance traversed by curvature photons
before pair production occurs. For larger values of /.. 4., higher energy curvature photons
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are produced and therefore smaller values of I, .., are attained. Therefore to find the h,,,
= lace,gap 1 1y, gap> W€ minimize hy,,, to find the distance at which the pair creation cascade
begins.

The maximum energy of primary pairs accelerated by F| along the B-field is limited by either
curvature radiation or resonant inverse-Compton scattering from soft X-rays (Baring et al.,
2011; Wadiasingh et al., 2018). In the absence of other particle acceleration mechanisms,
we do not expect a significant X-ray radiation field due to the relatively low magnetic field
(compared to magnetars) and slow spin of the primary magnetized neutron stars. However,
if there is tidal friction transmitted to the crust (rather than heating the interior and core) or
crust shattering before merger this may not be the case. In this case, the equation of motion
of the primary accelerated pairs is:

de,

dt
Note that we used € when referring to particle energies to make a clear distinction between
energy and the electric field. It has been shown for both magnetars (Wadiasingh et al., 2020)
and pulsars (Timokhin & Harding, 2015) that the gap terminates before the radiation reac-
tion regime occurs, where the maximum energy of accelerated primary pairs is limited by
the curvature radiation. In this case we can neglect curvature losses during the gap height
calculation. However, as the NS merger system has very strong E| and short acceleration
timescales, in the following we show that even in the radiation reaction regime, the gap will
still form. In the radiation reaction regime, the Lorentz factor of the accelerated pairs can

= qEHC - écurv (49)

be found by equating the acceleration power and loss power P,.. = P. '

2qcy*
qBye=——
Cc
(4.10)
2\ 1/4
_ (3E)p: / — 3% 10° B4 )12
Ymax = T - X II,10 pcm,é

Where p, is the curvature radius. The energy of emitted curvature photons is therefore:

3hc*y3

Pc
At v, curvature photons are produced many orders of magnitude above the energetic
threshold required for magnetic pair production, € yesnold & 2m.c’, therefore even in this
regime the gap will form. However, under the assumption that radiation reaction does not
occur we neglect curvature losses during free acceleration such that the primaries’ Lorentz
factor as a function of path length [ is:

€pn = fw = =8x 107" erg = 500 GeV 75 p;é (4.11)

qFE 000

() ~ 22 (4.12)
m.c

Where E,,, = 4mqnl,.., and understanding the number density n is crucial to estimating
Ej.p- In the maximal case we take this to be equal to £, referring to the case in which no sig-

nificant current is present to screen the field. In the NS merger case, in contrast to the pulsar
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emission case, current requirements vary significantly on timescale associated with the or-
bital period and therefore it is likely that the field will be unscreened. We can also consider a
lower limit to the number density of accelerated particles to be the Goldreich-Julian density
required by the rotation of the magnetosphere due to the orbit: n = ng; = (2B)/(qcP,.),
where B is the local magnetic field. We find that for regions of the strongest emission, the
difference between the lower limit to the number density (ng; =~ 10” em ™ By, Pofrtl)y_g)
and the E,,, = E upper limit (n ~ 10 cm73EH,10 l;clcyz) is approximately a factor of 10°,
and corresponds to a factor of 10° in the overall luminosity (see Eq. (4.21) and Fig. 4.5). For
the remainder of the paper, we consider the upper limit case and assume that E,,, = Ej,
while considering a wide range of particle power to coherent luminosity efficiency values, 7,
to account for lower values of the number density n. We also include the analytic gap height
calculation for the lower limit n = ng; case in Appendix 4.B.

In the E| = E,,, limit, the Lorentz factor of the primaries is:

qEH lacc
() = 3 (4.13)
m,c
Substituting into Eq. (4.11) we find:
E lacc °
epn = € (q') (4.14)
Pc meC
For above-threshold pair production in fields B < B, we require that:
= B sin(0y, 5) > max[0.2, B/ B, (4.15)

- Zmec2 B.
Where 60, p is the angle between the magnetic field B and the photon momentum, and
can be approximated as sin(6. g) ~ L due to small angles and curved magnetic field lines

diverging linearly from the photons’ paghs. Therefore the distance photons must travel before

pair production is:
2

Ly gap & 0.2, ZZ:C % 4.16)
By substitution of Eq. (4.14), we find:
2p§miC7Bc
~,gap = m (4.17)
2pimic7Bc . . .
Let k = WqBEB By expressing [, ,,,, in terms of /.., we can minimize hg,, = I gap +
[

. e ) . . Oh
l,cc With respect to variations in I, to find values for both length scales that satisfy —=*2 =

acc
0:

lacc = (Bk)1/4
PRV (4.18)

l

v.8ap = 73 T _3/4
l 3
acc
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Figure 4.3: Gap height for a single point close to the secondary neutron star’s surface as a function of time.

Therefore the h,, is:

L8kt 8 (20midB, 1
gap 33/4 - 33/4

15hB¢’ B

1/2 —1/4 1+—3/4
=40 cm pC{G By, / E”Jé

(4.19)

Where we have included a factor of 2 to account for relative motion of pairs as in Wadiasingh
et al. (2020). The approximate gap height as a function of time until merger is shown in Fig.
4.3 for short timescales, and Fig 4.4 on a longer timescale. The analytic gap height derivation
assuming FE,,, = 4mqnl,.. where n = ng; = (2B)/(qcP,,,) referred to here as the lower
limit, is described in Appendix 4.B.

We show in Figs. 4.3 & 4.4 that for our timescales of interest this length scale is smaller than
characteristic length scales for variations in both B and E as required for efficiency pair
cascades (Timokhin & Harding, 2015), which are both on the order of the neutron star radius
Rys ~ 10° cm. Furthermore, the fact that the gap length scale is smaller than the B variation
length scale means that radio emission generated from pair cascades will be directed along
local B-field lines. The superluminal O-modes will couple to plasma downstream of the
cascades, be advected along B by adiabaticity and decouple at higher altitudes, transforming
into vacuum EM modes.

Given this gap height, we can compute the potential difference across the gap:

¢ = E)hg,, = 10" statvolt Ej 10 Pgap,2 (4.20)
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Figure 4.4: The approximate gap height and flux at D = 100 Mpc for fiducial model parameters. A gap height
hgap < Bnss pe = 10° em (corresponding to a typical separation of 10%cm) is where radio emission could be begin,
albeit at a very low luminosities.
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We note that this is higher than the minimum voltage of ® = 10" statvolt that is thought
to be required for pulsar emission, which has been used to explain the pulsar ‘death line’
(Timokhin & Arons, 2013).

4.3.3 Radio luminosity proxy

As mentioned above, the radio emission is presumed to result from single-photon pair cas-
cades from a significant E field component during the inspiral. In the Timokhin-Arons
mechanism (Timokhin & Arons, 2013), the pair creation is a necessary and sufficient con-
dition for generation of superluminal electromagnetic modes, while other mechanisms of
the Ruderman-Suderland type (Ruderman & Sutherland, 1975) require additional possibly
unrealistic constraints and caveats. An upper limit for the radio luminosity in any scenario
is the power furnished to free-accelerating primaries in the gap. The pulsar mechanism
is broadband; in the Timokhin-Arons mechanism, this is due to the sum of a self-similar
spectrum of non-stationary discharges in a scale invariant range of wavenumbers. For this
simple estimate, we assume the entire radio luminosity is emitted across a bandwidth of
ov = 10 GHz, although in a future work considering typical pulsar spectral index would
provide better estimates for frequency dependent luminosities. In Appendix 4.C we discuss
a Ruderman-Suderland type coherent curvature radiation as an alternative radiation mech-
anism.

Below we show two methods of obtaining the luminosity of primaries, which in turn may
be used as a proxy for the radio luminosity with the inclusion of an efficiency factor, n. This
proxy is expected to capture the gross parameter scaling of coherent radio emission’s lumi-
nosity involved in neutron stars, i.e. Lg ~ nL_+_-. The efficiency n < 1 moderates this
estimate and depends on local conditions such as shape and extent of current regions with
space-like or time-like regions (e.g. J/(p,c) value and sign), the angle or shape of the pair
formation front, and varying field curvature radii. In both derivations below, within factors
of unity associated with geometric factors, the primary luminosity is L + - ~ 47rpflh§apAc
where A is a characteristic cross sectional area of flux tubes associated with the accelerat-
ing region, p, is the required charge density to satisfy the transient conditions, and hy,,,
is the characteristic gap height appropriate to physical conditions for the cascades. For
canonical rotation-powered radio pulsars, this calculation implies  ~ 10~% and is com-
patible with the voltage-like scaling of pulsar luminosity inferred by population studies with
beaming models (e.g. Arzoumanian et al., 2002). Likewise, for seismically oscillating mag-
netars (Wadiasingh & Timokhin, 2019; Suvorov & Kokkotas, 2019; Wadiasingh et al., 2020;
Wadiasingh & Chirenti, 2020) the pair luminosity estimate yields the correct energy scale
L+-~ 10%* — 10™ erg s~ observed in cosmological FRBs (as well as the low-luminosity
Galactic FRB observed from SGR 193542135 in April 2020). Correspondingly, as shown be-
low, NS-NS inspirals where on NS has a large magnetic field B, > 10"°G also yield energy
scales commensurate with observed FRBs albeit with possibly wider range in allowed lumi-
nosities for varying parameters. These varied luminosities, in addition to multi-messenger
signals and chirps in FRB quasi-periodicity, may be a distinguishing characteristic of NS-NS
mergers from magnetar progenitors in a sub-population of one-off FRBs.
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4.3.3.1 Estimate due to energy in primaries

First, we compute the power of the primary particles accelerated across the gap: Pparticles =
q®g., N where N is the rate of primaries and ®,,, = E| hg,, is the voltage drop across
the gap. N scales linearly with the local plasma density n, which can be estimated using:
N = nAc where A is the cross-sectional area of the acceleration region. For the analytical
estimate, we use the characteristic size of the particle acceleration region of A ~ 4mRxs,

E

gap I
Arql,ce 4mqhgap

and use the fact that n = . Therefore the total luminosity, inclusive of

the efficiency factor 7 is:
L, = nq®gp N = nqEyaphgapnAc

(4.21)
= nEﬁAc ~ 10% e]rgs_1 N_y E\2|,1o RIZ\IS,G

We note that the radio luminosity estimate in the F,,, = E) limit has no explicit dependence
on the gap height. However at the timescales of interest the gap height is smaller than the
characteristic size of the spatial extend of E} and field line curvature radius p. (Fig. 4.3).

4.3.3.2 Estimate due to energy in field

An alternate method of estimating the luminosity is by consideration that a fraction 7 of the

total energy in the parallel electric field is converted to coherent radio luminosity each time
2

v _ B _ Bl

the gap discharges. The total energy density in the gap electric field is = 52

zap 8w 8w
The gap volume is the cross-sectional area times the gap height: V,,, = h,,,A.

In the pulsar gap model, curvature photons emitted by the primary accelerated particle
population will produce secondary pairs, with the efficiency of the cascade and therefore
multiplicity x dependent on the specific gap physics (Timokhin & Harding, 2015; Wadiasingh
et al., 2020). The gap discharge is likely non-stationary, occurring on timescales longer than
hgap/c ~ 10~ 7s (Timokhin, 2010), but still shorter than the orbital timescale, thus we expect
quasi-continuous emission whenever a large £ field is present. Given this, we take hy,,/c
as an estimate for the gap discharge timescale in the lower number density limit. Therefore
the radio luminosity is estimated as:
(&

fgap (4.22)

N 2 N 2
= gEHAC = EEHRNSC

€
L,= nVEhgapA

We see the two methods of approximating the coherent radio luminosity agree to within a
factor of 2. The above calculation assumes implicitly that a single gap is sufficient to supply
enough charge to satisfy current requirements along field lines with £ . If this is not the case,
multiple gaps could develop in the longitudinal direction along field lines, meaning for a
length scale L ~ Ryg the number of gaps and thus radio luminosity would scale linearly with

a filling factor f =

hL . We assume that current provided by the gap discharge is sufficient

gap
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Figure 4.5: An analytic estimate of the total flux as a function of time to merger given by Eq. (4.21), assuming an
emission bandwidth of §v = 10'° Hz, D = 100 Mpc and n = 102, For B, = 10"2G, we include both the analytic
(solid), lower limit (dot-dashed) & numerical (dashed) fluxes as described in the text.

and thus take f = 1, but an upper limit for this dimensionless factor is: f = 10* L h
and thus would represent a luminosity increase by a factor 10*.

gap,2>

It is useful to compare the radio luminosity proxy to the Poynting luminosity of the binary.
For an equal mass system where the magnetic moment of the primary fi,,; > figec, the
Poynting luminosity Lp is:

2 2 2/3
Lp = :P;' (g) Q' o Q" ca”’ (4.23)
Cc g

Where pi,,; = B anNS> Q is the angular frequency of the binary defined in Eq. 4.26 and
(), is the angular frequency defined at a point R, ~ 3Ryg (Medvedev & Loeb, 2013). In the
E,.p, = E) limit Ly Eﬁ o a”’ via Eq. 4.6, such that the radio luminosity scales similarly
to the Poynting luminosity but it is always the case that Ly < Lp.

In the lower limit E,,, = 4mqngyhg,, case, Ly ng Jhgap —30/7 (Egs. 4.43 & 4.44 in

Appendix 4.B). In this case, we can define the time at which radlatlon mechanism ought to
commence by finding the separation and time at which Ly = Lp, while n = 1:

ap_p =5 x 10° cm Bf/112977 ;/19 c—g/wA 7/19

thep =2 % 10° seconds 3221/219 n—28/19 Pc_é()/lg A—28/19

(4.24)

The above equation suggests that in the E,,,, = 4mgng hg,, limit, radio emission should
turn on approximately one day before merger, albeit at a low luminosity. Despite this, the

Zhttps://www.deepsynoptic.org/instrument
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Figure 4.6: Total fluence of the last 3ms of the inspiral, corresponding to 2 orbital periods and thus 2 peaks of emission,
for various values of efficiency n and surface magnetic field B,. We assume an emission bandwidth of §v = 10" Hz,
and distance to source of D = 100 Mpc. The assumed fluence limits are: CHIME/FRB 5 Jy ms (Josephy et al., 2021),

DSA-2000 1.6 mJy ms” & SKA-mid 1 mJy ms (Torchinsky et al., 2016). The fluence predictions in this plot refer to the
case where E,,, = E I and assume an optimal viewing angle.

necessary condition that h,,, < Rys (e.g. Fig. 4.4) is in general more constraining and
therefore it is unlikely the radiation mechanism turns on before 10° B; 1 seconds before the
merger for NS-NS binaries.

4.3.4 Numerical Implementation

As mentioned in Section 4.2.2, we use a numerical set-up to estimate viewing angle depen-
dence of the radio luminosity from the system. We calculate | surrounding the secondary
conducting neutron star out to distance R = 5Ryg, and compute the radio luminosity us-
ing Eq. (4.21). We calculate the gap height for each cell for each timestep, to ensure that
pair production occurs within a fraction of the neutron star radius, as is required by our as-
sumption of emission along field lines and to ensure the voltage is sufficient for pulsar-like
emission using Eq. (4.20). We replace the cross-sectional area A with the cross sectional area
of each cell, estimated as (6V)2/ ®. As aforementioned we include an efficiency factor < 1
to capture both the uncertainty related to the number of gaps that form and contribute to
emission, but also the conversion of primary particle power to coherent radio radiation. We
further assume an observing frequency of v, = 10° Hz and a total spectral bandwidth of
emission of vy, = 10'° Hz. In Fig. 4.5, we also show the total radio luminosity integrated
over all viewing angles by way of comparison to the analytic calculation. The luminosity
found using the numerical approach is slightly higher, attributed to the fact that we calcu-
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late emission from a larger volume than assumed in the analytic calculation, and thus the
total cross-sectional area A in the analytic calculation under-estimates the total area from
which pulsar emission is expected.

We also estimate the maximum luminosity of the system assuming coherent curvature ra-
diation, discussed in Appendix 4.C. We discuss only upper limits to the bunch luminosity
based on electromagnetic considerations, and therefore instead of summing all emission in
the direction of an observer as in the pulsar-like case, we simply find the maximum value
associated with the set of field lines aligned with each observer.

4.3.5 Viewing angle dependence

The approach we take to the calculation of E} in Section 4.2 assumes a uniform background
magnetic field B = — B2 stemming from the primary NS’s dipole magnetic field. This ap-
proximation limits a full understanding of the viewing angle dependence of emission, for
two reasons. Firstly, the calculation of the expunged magnetic field will be different in a
realistic dipole magnetic field, thus yielding a E field map having a different spatial mor-
phology. Secondly, the perturbed magnetic field lines along which particle acceleration and
radiation is directed may be offset to the directions described here. We expect the emis-
sion to be emitted in a slightly wider range of observing angles due to the dipole nature
of the magnetic field, particularly at small values of orbital separation a where the dipole’s
deviation from a uniform field is greatest. However, the strongest E fields occur close to
the NS surface (maximal value at R = 1.23Ryg) and thus the direction of magnetic field
lines is more strongly influenced by the perturbation of the field lines caused by the moving
secondary NS, and not the background field orientation.

The perturbations of the magnetic field lines from their background orientation also result
in variations of the radio luminosity at different observing angles. The maximum magnetic
field line deflection occurs is quadrapole in nature (corresponding to maximal values of the
absolute value of sin(f); see Fig. 4.1 & Eq. 4.2), which means emission is suppressed at
larger angles to the background field. For field lines that are unperturbed (i.e. at ¢ = 7/2)
there is no strong £ field component, meaning radiation is suppressed for observers on-
axis to the background field, as seen in Section 4.4. Corresponding to this, we see that
the radio luminosity drops off substantially for observers at angles to the background field
smaller than 10 degrees. As such, we find that almost all of the emission is emitted within
5-45 degrees of the magnetic axis of the field of the primary magnetized neutron star, with
a peak of emission occurring at an angle offset from the background magnetic field ~ 10
degrees.

It is crucial to remember that we do not necessarily expect the magnetic axis of the primary
magnetized neutron star to be perpendicular to the orbital plane, as has been assumed
throughout this work. However, our viewing angle dependent results need only be rota-
tionally transformed to represent cases where the angle between the orbital plane and the
magnetic axis of the primary NS is not 90 degrees, as shown in Fig. 4.8. This rotational sym-
metry for the uniform magnetic field at the secondary’s position comes from the fact that
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the motion of the conductor is orthogonal to the magnetic field lines. In the Figs 4.9-4.14
in Section 4.4, we assume the magnetic obliquity ap ., = 90 deg. Observing the coherent
pre-merger emission could aid in constraining the magnetic obliquity of NS merger sources,
and thus provide insights into the binary evolution of merging neutron stars.

As we consider that the primary NS has a dipole magnetic field, the value of the magnetic
field strength B at a point (r, 8, ¢) will change depending on the orientation of the axis to
the point in question. For values of o o1, < 90deg, the strength of this magnetic field at
the secondary’s position, for a separation a, will range between:
Ris Rs 2
B,—3> < B < By—5>4/1+3cos”(ag o) (4.25)
a a

where the maximal case occurs when the magnetic axis is tilted exactly towards the sec-
ondary ag o, = 0deg. In this case, the magnetic field can increase by up to a factor of 2,
resulting in a coherent luminosity increase by a factor of 4. These considerations have not

been numerically implemented in any section, given their relatively small increase to the
overall luminosity.

4.3.6 Temporal Morphology

In Section 4.4 we discuss how one may confirm a NS-merger origin of coherent precursor
bursts discussed in this paper. One way in which these precursor bursts can be distinguished
from FRBs from other sources is through analysis of the temporal morphology of the burst,
which we discuss here (see also Gourdji et al. 2020).

In the model presented here, radio precursors of NS-NS mergers are modulated by the orbital
period of the binary. In the Newtonian approximation, the angular frequency of the binary
is:

(G(M, + M)

e

where M; & M, are the masses of the neutron stars and a is the separation. This is seen
in Fig. 4.7, where observers at different azimuthal and polar angles to the orbital plane
observe emission from different phases and magnetic field lines respectively. If coherent ra-
dio emission is bright enough to be observed at more than one orbital period, progressively

brighter sub-millisecond bursts are observed with a decreasing separation between bursts

as dictated the decreasing orbital period P ~ Z/BLG x v/a (1 - tL)l/B using Eq. (4.5).
c

m,

Sub-millisecond periodicity has been claimed in a four FRB sources (The CHIME/FRB Col-
laboration et al., 2021b; Pastor-Marazuela et al., 2022), however explaining the periodicity
as modulated by a compact object binary inspiral is generally disfavoured, as the period be-
tween sub-bursts does not appear to decrease as expected. We note that one could plausibly
invoke eccentric orbits or unequal mass ratios in order to change the expected sub-burst
morphology.

Q= ~ 10" MY a;*? Hz (4.26)

The characteristic increase of flux can also be used to distinguish such bursts, and the in-
crease depends on the exact nature of the emission mechanism. In the upper limit assump-
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E)
4mqhgap
for the coherent curvature radiation mechanism (unless the coherent emission is limited
by the magnetic field constraint of Kumar et al. (2017), see Appendix 4.C). By inspection

) _ t o\ -
of Eq. (4.2) & (4.6), we find that B} o B*6* o a7 o (1 — ) "
m,0
limit estimate where n = ng; (Appendix 4.B), the characteristic flux increase is instead

2 252 —22/7 t \-11/14
L, < hgupy B Py, < a 7 (1 - ﬁ)

variations (with prejudice towards incr,easingly higher frequencies as the plasma density
increases during inspiral) which may require broadband observations to ascertain this an-
ticipated temporal dependence. Where sub-millisecond temporal resolution is available, we
suggest that matched template technique could be used to identify NS-merger origin FRBs,
and possibly to distinguish between the different emission mechanism limits discussed in
this Section. Furthermore, identification of coherent radio emission modulated by the or-
bital period and phase will provide a measurement of the (combined) neutron star masses
similarly to gravitational wave emission (Cutler & Flanagan, 1994) which may inform the
neutron star equation of state. Close-by NS-mergers where one source has a high magnetic
field are rare, but may be detectable over many orbital periods and may allow for detailed
estimates of the neutron star masses.

tion that n , the radio luminosity scales as L, Eﬁ This is also the case

. In the lower

. However, there may be spectro-temporal

4.3.7 Absorption

As discussed in Lyutikov (2019), it is possible that the radio signal predicted in this section
may not escape the source. In particular, predictions of high-energy precursors to NS merg-
ers invoke a dense shroud of particles surrounding the merging neutron stars (Metzger &
Zivancev, 2016). The dense pair production front may prevent the propagation of radio emis-
sion, unless generated EM waves are superluminal relative to the plasma (e.g. Timokhin &
Arons 2013). The absorption frequency of electromagnetic waves in a plasma is modified
due to the magnetic environment (Arons & Barnard, 1986), and emission may propagate if
2
w.
w> =,
wB
Arqnsecc _ Ejre
B Bhgap (4.27)
=300 B} 10 5181 hgap» Mhz

w >

Where we have used the fact that the densit% of the secondaries from which coherent emis-
~ [

= 4mqhgap
escapes in regions of highest electric and magnetic field for typical multiplicity and gap
height values, with a caveat that Arons & Barnard (1986) assume a homogeneous and sta-
tionary plasma which is not the case. These regions are also where we expect the strongest
particle acceleration and therefore emission. Kumar et al. (2017) also argue that free-free
absorption of GHz radiation will be negligible as long as the number density does not exceed
~10"%m?, implying that pair multiplicity in the secondary cascade region should not be

sion is radiated is Ngec = KNprimaries . Thus it is plausible that GHz emission
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Figure 4.7: Example light curves for the final 3ms of the inspiral, covering the final 2 orbital periods. We show pulsar-
like emission from NS-merger n = 1077 & B, = 10”Gat D = 100 Mpc, for various observers positioned at different
azimuthal and polar angles.
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# < 100 in this case. Furthermore, as the photons propagate through the magnetosphere of
the primary, the magnetic field strength B and density n will both decrease linearly assum-
ing a Goldreich-Julian charge density, meaning emission that escapes the immediate vicinity
is expected to propagate to the observer. In Wang et al. (2016), the authors find that coher-
ent radio emission of approximately v =~ 1 GHz may freely escape the magnetosphere during
a NS-NS inspiral.

4.3.8 High-energy emission

Regardless of the specific mechanism of coherent emission, high-energy radiation will also
be emitted. In the polar cap model of pulsar emission, this is explained by curvature &
synchrotron photons emitted by accelerated pairs that do not meet energy requirements to
interact with the magnetic field to produce pairs, and thus contribute to the gamma-ray flux
(Daugherty & Harding, 1982, 1996). Gamma-ray emission modulated by the spin period has
been observed for hundreds of isolated neutron stars (Abdo et al., 2013; Caraveo, 2014). In
the NS-NS merger case, the most likely production mechanism would resemble those in
observed gamma-ray pulsars, where radiation emerges from charged current sheets outside
the light cylinder in the equatorial plane (relative to rotation) where large electric fields
are likely realized for curvature radiation. The pulsar gamma-ray luminosity functions of
Kalapotharakos et al. (2019, 2022) provide a gross baseline estimate, with the identification
of spin period to orbital period, corresponding to L., ~ 10% ergs ™", assuming €., _og = 1
GeV, P = 107" and P = P,,,, ~ 1 ms. In the coherent curvature radiation model, high-
energy emission may be emitted by the coherently radiating particles themselves due to
the twisting of magnetic field lines by coherent bunches (Cooper & Wijers, 2021), or by a
trapped fireball associated with a crustal trigger event (Yang & Zhang, 2021). In both cases,
high-energy radiation is far too weak to be probed to extra-Galactic distances with current
facilities.

Finally, Metzger & Zivancev (2016) consider an unspecified mechanism which converts a
large fraction of available electromagnetic energy during the inspiral to gamma-ray radia-
tion. In all cases, the lower sensitivity of gamma-ray detectors means that precursor emission
is difficult to observe. Metzger & Zivancev (2016) found that even for very efficient conver-
sion of electromagnetic energy to high-energy radiation, precursors are only observable to
a distance D ~ 10 Mpc (B,/ 1014G)3/ * with current instruments.

4.4 Multi-wavelength & multi-messenger detection prospects

In this Section we discuss the feasibility of (co-)detection of the coherent pre-merger emis-
sion discussed in this work in blind searches, triggered observations of multi-wavelength
and multi-messenger signatures of neutron star mergers, and follow-up observations. We
do not discuss all-sky radio telescopes such as the Survey for Transient Astronomical Radio
Emission 2 (STARE-2; Bochenek et al. 2020b), the planned Galactic Radio Explorer (GReX;
Connor et al. 2021), and the Amsterdam-ASTRON Radio Transients Facility And Analysis
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B, GRB GW Radio Kilonova
[G] | trigger | trigger | afterglow
Current 10" X X X X
generation 10" ? v ? ?
Next 107 v v v ?
generation 10" v v v v

Table 4.1: Simplified summary of this section. For current/next-gen detectors and two surface magnetic field strengths,
we show whether the coherent emission model is likely to be probed from NS-NS mergers (GRB & GW triggers) or
given an observed radio burst, can a NS-NS merger origin be verified (afterglow & kilonova). The afterglow & kilonova
possibilities rely on the current & future generation FRB facilities as detailed in Section. 4.4.1. We have assumed
an optimal viewing angle and magnetic obliquity ap .}, for each observing method, and question marks represent
uncertainties in the merger rate and/or model parameters. Much more detail is given in the text of each section,
including current observational status, methodology & expected next generation capabilities.

Center (AARTFAAC; Prasad et al. 2016) in detail as they are not in general sensitive enough
to detect extra-Galactic coherent radio emission from the model presented here.

In Section 4.4.1, we discuss the prospects for detecting coherent pre-merger emission from
NS mergers through blind FRB surveys. In Section 4.4.2 we discuss rapid and triggered ob-
servations of sGRBs, putting past rapid observations of sGRBs with MWA and LOFAR in the
context of this work, and make predictions for future observations with SKA. In Section 4.4.3
we discuss prospects for rapid observations of gravitational-wave detected mergers and de-
tection of pre-merger emission. Finally in Sections 4.4.4 & 4.4.5 we discuss how follow-up
observation of one-off FRBs without a GRB or GW counterpart could be confirmed to be
of merger-origin using radio and optical facilities. A full description of the instruments dis-
cussed in the text is available in Table 4.2. In all cases, we show the co-detection space as
a function of binary inclination angle (assuming the magnetic axis and orbital plane are
perpendicular: ag .1, = 90deg) and distance, assuming fluence sensitivity for coherent
bursts with next-generation radio telescopes. In Fig. 4.8, we show how the magnetic oblig-
uity ap ., changes the inclination angle dependent detectability horizon. In Table 4.1 we
provide a highly simplified summary of this Section, and in Table 4.2 we provide a descrip-
tion of the properties of the current and future instrumentation considered in this study.

4.41 Fastradio burst surveys

The simplest method of detecting coherent radio bursts from NS merger events is through
blind FRB surveys. FRBs are extra-Galactic, (sub)-millisecond duration radio bursts, and
many hundreds of bursts have now been seen since their discovery (Lorimer et al., 2007;
CHIME/FRB Collaboration et al., 2021). FRBs are classified as either repeating or non-
repeating sources, and the burst properties of these two classes appear quite different, par-
ticularly the spectral bandwidth and burst duration (Pleunis et al., 2021a), which may be

%see also: https://www.skatelescope.org/wp-content/uploads/2012/07/SKA-TEL-SKO-DD-001-1_
BaselineDesign1.pdf


https://www.skatelescope.org/wp-content/uploads/2012/07/SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf
https://www.skatelescope.org/wp-content/uploads/2012/07/SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf
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Figure 4.8: Inclination angle dependent observing horizon for SKA-mid for NS merger radio bursts from mergers
with different magnetic obliquities ag ,,1,; the angle between the magnetic axis of the primary magnetized neutron
star and the orbital plane. The symmetry is due to the E azimuthal symmetry, i.e. the two peaks refer to particle
acceleration in the red and blue regions of Fig. 4.1. We assume pulsar-like emission with parameters, n = 107%,
B, = 10" G as explained in Section. 4.3. For the rest of the plots in this section, we show only the ag o, = 90
horizon for readability.
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suggestive of different progenitors. The all-sky FRB rate is large, with the latest estimate
from FAST (Nan, 2006) putting the rate at 1.247 459 x 10° sky ' day ™' above 0.0146 Jy ms
(95% confidence interval; Niu et al. 2021b). Instruments with large fields of view and sulffi-
cient sensitivity are best suited to finding them, including CHIME/FRB (CHIME/FRB Collab-
oration et al., 2021), ASKAP (Macquart et al., 2010) & DSA (Hallinan et al., 2019) to name
three of the most prolific. Of current FRB instruments, FRBs are found most frequently by the
Canadian Hydrogen Intensity Mapping Experiment (CHIME)/FRB team (CHIME/FRB Col-
laboration et al., 2018), reporting over 500 FRBs in the first catalog (CHIME/FRB Collabora-
tion et al., 2021), and the Australian Square Kilometre Array Pathfinder (ASKAP) (Macquart
etal., 2010) has had success in localizing one-off bursts to their host galaxies (Bhandari et al.,
2020b; Heintz et al., 2020; Day et al., 2021; Bhandari et al., 2022). Despite this, poor local-
izations of CHIME FRBs and high redshift sources present difficulties in finding persistent or
variable counterparts to non-repeating FRBs (Gourdji et al., 2020). Many authors have sug-
gested that coherent bursts originating from NS mergers may be detected as one-off FRBs
(e.g. Totani 2013) without an observed multi-messenger or multi-wavelength counterpart,
but the volumetric rate of NS-NS mergers appears to be a factor of 10-100 too low to explain
all FRBs (Ravi, 2019; Lu & Piro, 2019; Luo et al., 2020; Mandel & Broekgaarden, 2021). In
this subsection, we consider whether pre-merger coherent emission could be probed by the
CHIME/FRB radio telescope, but also future FRB survey instruments, namely the upcom-
ing Deep Synoptic Array (DSA-2000; Hallinan et al. 2019), the CHIME/FRB successor the
Canadian Hydrogen Observatory and Radio-transient Detector (CHORD; Vanderlinde et al.
2019 and the Square Kilometre Array (SKA; Dewdney et al. 2009; Torchinsky et al. 2016)
observatories.

4.4.1.1 Current generation

In the model presented here, the number of pre-merger coherent radio bursts that would be
detectable as one-off FRBs depends sensitively on the surface magnetic field of the primary
neutron star B, and the radio efficiency n. We show the fluence of radio bursts for a range
of parameters B, and 7 in Fig. 4.6, assuming a distance to the source of D = 100 Mpc. In
order to estimate the rate of FRBs, we assume that all NS mergers contain a 10"> G neu-
tron star, and pulsar-like emission occurs with an efficiency of n = 10~? (henceforth the
fiducial parameters), but include parameter scalings for the horizon and rate. In this case,
the CHIME/FRB fluence horizon of the pulsar-like emission at optimal viewing angles is:
Dyorizon,cuive = 70 n17/22 B, 1, Mpc. Assuming a universal volumetric NS-NS merger rate of
R = 10° Gpe ’yr~ ! (see e.g. Mandel & Broekgaarden 2021) and CHIME/FRB FoV of 250
deg, this corresponds to just Noyng = 0.002 ni/zz B:lz ‘R events per year and thus cannot
explain observed CHIME events, without invoking magnetar strength magnetic fields. We
note that if just 20% of all mergers involved a magnetar with B, = 10'*G, the observed
CHIME rate could be explained, however this contradicts two observed facts. Firstly, the
volumetric NS-NS rate is too low (Ravi, 2019) and as most of the mergers capable of pro-
ducing FRBs would have dispersion measures too high to be compatible with the observed
population. Secondly, one would be required to explain why the characteristic temporal
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morphology is not observed in the brightest FRBs where multiple orbital periods would be
bright enough to be observed if allowed by temporal resolution®. We therefore suggest it is
unlikely that a significant population of the current observed CHIME/FRBs are powered by
this mechanism, but searches for the temporal morphology suggested in Sect. 4.3.6 could
yield a sub-population of mergers containing NS with B, ~ 10"*G.

4.4.1.2 Next generation

In Table 4.4, we show the detection horizons and expected event rate of the fiducial coherent
pre-merger emission of current and next generation FRB facilities. For DSA-2000, the smaller
FoV is greatly offset by the expected increase in sensitivity, and thus the observed event rate
is much larger than for either CHIME/FRB or CHORD. For SKA-AAmid, an unconfirmed
extension to SKA-mid, the large FoV coupled with sensitivity produces many hundreds of
detectable events per year. We note that these values are larger than expected by a factor
of a few due to viewing angle dependencies discussed in Sect. 4.3.5. However, the sensitive
dependence on the magnetic field strength means that if just a few merging neutron stars
have magnetic fields B, > 10'°G, the event rate will increase dramatically.

4.4.1.3 Other considerations

The temporal resolution of CHIME/FRB intensity data (i.e. without triggering raw baseband
data recording; see Chime/Frb Collaboration et al. 2020; Michilli et al. 2021) is approxi-
mately 1ms (CHIME/FRB Collaboration et al., 2018), although simulations have shown that
sub-burst timescales down to 0.1ms can be probed in a few cases (CHIME/FRB Collabora-
tion et al., 2021). The temporal morphology of coherent pre-merger bursts predicted in this
paper is sub-millisecond peaks separated by the orbital period and increasing in intensity
(@as x (1— t/tm)77/4; see Sect. 4.3.6). Such morphology may be detectable by CHIME/FRB
depending on the signal-to-noise, scattering due to multi-path propagation (Chawla et al.,
2022) and bandwidth of bursts. SKA-mid not only has a higher sensitivity such that many
peaks could be observed from orbital phases before merger, but is also expected to have
temporal resolution on the order of 1-100 nanoseconds. If these coherent burst from NS-NS
mergers are observed with SKA, they will likely be identifiable by their temporal morphol-

ogy.

4.4.2 Short gamma-ray bursts

There have been many successful rapid radio observations of GRBs dating back decades
(e.g. Green et al. 1995), but to detect pre-merger emission instruments must be on source
of sGRBs extremely quickly. Some radio telescopes employ rapid-response modes, such that
repointing can occur automatically in response to transient alerts issued by other facilities on

*Itis plausible this is explained by a radiation mechanism only producing the cosmological radio bursts at threshold
electromagnetic conditions, which we aim to explore in a future extension to this work.
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platforms such as the VOEvent network (Williams & Seaman, 2006), which allow machine-
readable astronomical event distribution. In particular software telescopes that do not re-
quire physical repointing can respond to alerts and be on source within minutes, and some-
times seconds (Hancock et al., 2019). Rapid radio observations of sGRBs observed by Fermi-
GBM and Swift-BAT are possible for a few reasons: a high GRB event rate owing to a large
field of view (1.4 steradians and 2 7 steradians respectively; Meegan et al. 2009; Gehrels
et al. 2004); a large horizon of detection resulting in large dispersion delays (although sGRB
tend to have redshift z < 2 Fong & Berger 2013); rapid notification of detections through the
GCN (Barthelmy et al., 1998) and VOEvent systems; and the precise localization of sources to
within 1-4 arcmin for Swift-BAT and 1-10 deg for Fermi-GBM. Furthermore, upgrades to the
Swift-BAT pipeline are expected to increase the number of localized nearby sGRBs by a fac-
tor 3-4 in the near future (Del.aunay & Tohuvavohu 2021, see also Tohuvavohu et al. 2020).
Thus far, rapid response observations of NS-NS mergers have been triggered in response to
sGRBs as reported by Swift-BAT by the Low Frequency Array (LOFAR; Rowlinson et al. 2021),
the Murchison Widefield Array (MWA; Anderson et al. 2021b; Tian et al. 2022), Arcminute
Microkelvin Imager (AMI; Anderson et al. 2018, the Australian Compact Telescope Array
(ATCA; Anderson et al. 2021a), and a 12m dish at the Parkes radio observatory (Bannister
et al., 2012).

The small opening angles of collimated GRB jets mean that triggered radio observations will
probe NS merger systems with small viewing angles with respect to relativistic jets, which
we assume to be perpendicular to the orbital plane. The opening angles of long GRBs are
often determined through jet breaks in the afterglow emission (Sari et al., 1999) and range
between approximately 6,,.. ~ 3 — 10 deg (Berger, 2014). Afterglow observations of sGRBs
are sparse, but jet breaks are thought to have been observed in a few sources, corresponding
to estimated opening angles of ..., ~ 4 — 8 deg (Soderberg et al., 2006; Fong et al., 2012).
Aksulu et al. (2022) perform multi-wavelength afterglow modelling of 4 sGRBs and 3 out
of the 4 sources have opening angles 0.,.. < 6deg, and one source is found to have a
much larger opening angle of 0., ~ 34 deg. If the orbital plane and primary magnetic axis
are perpendicular (ap ., = 90deg) as discussed in Sect. 4.3.5, it is likely that the set of
mergers from which prompt emission is observable does not substantially overlap with the
set of mergers from which coherent radio bursts are luminous enough to be observed. Rapid
radio observations of sGRBs will probe NS mergers with specific magnetic obliquities which
direct coherent radiation along the jet axis; i.e. when ag ., is 10-30 degrees misaligned
with the jet axis (see. Fig. 4.8). In any case, the radio emission predicted in this paper is
radiated into a much larger solid angle than the prompt GRB emission.

4.4.2.1 Current generation

LOFAR has performed successful triggered observations of GRB 180706A (Rowlinson et al.,
2019) & GRB 181123B (Rowlinson et al., 2021). The former was a long GRB but the latter
was a short GRB, and its afterglow has been associated with a galaxy at z=1.8 (Paterson
et al., 2020) with a chance alignment of 0.44%. Assuming a DM-redshift relation (DM =
1200 z pc cm™>; Toka 2003, and the NE2001 Galaxy model; Cordes & Lazio 2002), it is
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very likely that the dispersion delay from the source to the telescope was large enough

(Tgelay = ——5— > 400 seconds) such that LOFAR probed pre-merger radio emission.
241 VGHz
The attainable FRB fluence limits depend sensitively on the dispersion measure (i.e. Fig. 3

of Rowlinson et al. 2021), primarily due to the extent to which the dispersed burst fills
each snapshot image. Assuming the galaxy association suggested by Paterson et al. (2020),
fluence limits of 2 x 10* Jy ms can be placed for millisecond FRB emission and can be used to
constrain our model. Assuming standard cosmological parameters (H, = 70, Ay; = 0.286,
flat universe; Wright 2006), a redshift of = = 1.8 corresponds to a luminosity distance of
~ 14 Gpc. This means that the LOFAR observations of GRB 181123B can constrain the
pre-merger radio emission in the present model to a primary NS magnetic field strength of
B, < 10'® G, assuming n = 10~ > and optimal magnetic obliquity.

The Murchison Widefield Array (MWA) successfully triggered on sGRB 180805A (Anderson
et al.,, 2021b), and was on source 84 seconds after the burst. For most typical sGRB red-
shifts & DMs, coherent emission during the inspiral would have been probed. The resulting
fluence limits ranged from 570 Jy ms to 1750 Jy ms depending on the assumed dispersion
measure, but a reliable constraint for our model cannot be placed without a distance mea-
surement. In Tian et al. (2022), the authors present a catalog of rapid radio limits with MWA
for a total of 9 sGRBs. Tian et al. (2022) make use of image-plane de-dispersion techniques
to report triggered observations with deep fluence limits of 80 — 12000 Jy ms, with most
limits clustered around 1000 Jy ms. GRB 190627A was the only event in this sample with
an associated redshift (z = 1.942; Japelj et al. 2019), corresponding to an approximate
luminosity distance of 15 Gpc assuming the same cosmological parameters as before. The
authors were able use their derived fluence limit of ~ 80 Jy ms to constrain efficiency pa-
rameters for various models of prompt radio emission during GRB 190627A to reasonable
values for the first time. For optimally aligned pulsar-like emission in the model presented
here, the fluence limit presented by Tian et al. (2022) constrains the primary NS magnetic
field to B, < 10'°G, assuming an efficiency n ~ 10 2.

Making use of direction-dependent calibration and source subtraction techniques, Rowlinson
et al. (2019) were able to place deep fluence limits, corresponding to 3 x 10° Jy ms for a
typical sGRB of redshift z = 1°. Given this, and the results of Tian et al. (2022), we find that
triggered observations by LOFAR and MWA will detect pre-merger coherent emission to a
distance of approximately 3—5 7717/ 22 B, 1, Mpc, using detection limits in Table 4.2. Although
this distance may be an under-estimate, as the low DM expected for mergers at this short
distance will aid snapshot sensitivity, such a low DM would also mean that LOFAR will not
be on source fast enough to observe pre-merger emission. However, MWA’s rapid triggering
could probe dispersed bursts at ~ 300 Mpc, and would be sensitive to pulsar-like emission
from NS mergers at this distance if B, > 6 x 10" G. Such a close sGRB would be rare, but
Swift-BAT pipeline upgrades discussed above may provide triggering opportunities in the
near future for off-axis sGRBs.

®In the near future, image-plane de-dispersion will be implemented in the LOFAR rapid response pipeline, significantly
improving sensitivity.
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Other instruments that have performed rapid observations of GRBs, namely Parkes, AMI, &
ATCA, (Bannister et al., 2012; Anderson et al., 2018, 2021a) nominally begin observations
with delay times incompatible with pre-merger observation, instead probing early radio af-
terglow emission.

4.4.2.2 Next generation

The upgraded LOFAR 2.0 will allow simultaneous imaging and beam-formed triggered ob-
servations, which will allow more sensitive high-time resolution burst searches for well-
localized GRBs (Gourdji et al., 2022). A tied-array beam (TAB) set-up using the LOFAR
core stations could be utilized to perform time-domain search for dispersed radio bursts
across the most likely localization region of Swift GRBs. Pleunis et al. (2021b) used such a
set-up to search for FRBs, achieving a fluence limit of 26 Jy ms for bursts with an assumed
50ms duration. Importantly, the ~ 3 arcmin full-width half maximum (FWHM) of the TAB
is approximately the same as the Swift-BAT localization region and therefore could be used
for prompt GRB searches. The large scattering timescale of FRBs at LOFAR frequencies will
reduce the signal-to-noise of bursts, but 100 Jy ms is a reasonable fluence target for the
coherent pre-merger bursts which may be observable for many milliseconds, as the fluence

limit scales as 4 / tqc—a“ This would allow LOFAR 2.0 to probe NS-NS merger emission to
burst

15 nl/zz B, 1, Mpc, notably probing mergers with B, = 10"G to Gpe distances.

Comparatively, the fiducial horizon distance for SKA-mid at full sensitivity of 1 mJy ms is
5000 7717/22 B, 1> Mpc, corresponding to a redshift z ~ 0.8. The large dispersion measure ex-
pected from these sources, coupled with the precise localization particularly by Swift-BAT
mean that triggered observations may allow deep radio observations of sGRBs. The disper-
sion delay to z =~ 0.8 to 770 MHz and 110 MHz (i.e. lowest nominal observing frequencies of
SKA-mid and SKA-low) is 7 seconds and 330 seconds respectively, assuming a DM-redshift
relation (loka, 2003). SKA-mid is expected to respond to alerts within seconds, but assuming
a similar slew speed to its precursor MeerKAT (~ 2deg s~ ') repointing could take 0.1-10
minutes and thus is unlikely to be able to detect pre-merger emission via triggered obser-
vations. SKA-low, assuming a similar triggering performance to MWA, should be on source
within 20 seconds and thus should be sensitive to radio emission from sGRBs. To estimate
the rate for SKA, we assume that SKA-low telescope triggers rapid observation on half of
all Swift-BAT and Fermi-GBM detections of likely sGRBs: 10 and 45 per year respectively
(Burns et al., 2016). Gompertz et al. (2020) find that in a sample of 39 Swift-BAT observed
(likely) sGRBs with known redshifts, three quarters have redshifts of z < 0.8. SKA-low’s
large FoV means the entire Swift-BAT localization region and most (if not all) of Fermi-GBM
can be probed. Given this, and extrapolating to Fermi-GBM sGRBs, we could expect SKA to
be sensitive to fiducial pulsar-like emission from ~ 20 — 30 sGRB events per year.
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4.4.2.3 Other considerations

We note that Gourdji et al. (2020) search for sGRB counterparts to two well-localized, non-
repeating FRBs: FRB 180924 and FRB 190523. Non-detections of sub-threshold Fermi coun-
terparts in both cases constrain FRB models in which coherent radiation is emitted along
the same axis as a GRB. We note that in model we present here, sGRBs may not be aligned
along the same axis as the emitted coherent radio emission, thus non-detection of gamma
rays may not preclude a NS-merger origin. Moreover, the authors disfavour FRB models
where coherent radio emission is powered by the inspiral, as the predicted flux as a function
of time is not compatible with the observed temporal morphology of the FRBs. This severely
constrains the present models ability to reproduce FRB lightcurves (see discussion at the
end of Sect. 4.4.1).

4.4.3 Gravitational wave events

NS merger events are also observable using gravitational wave (GW) detections of compact
object mergers, where many of the rapid, multi-wavelength observing techniques discussed
in Sect. 4.4.2 can be utilized. The fourth observing run (O4) of the GW detector network is
expected to start in March 2023°.

4.43.1 Current generation

The three detectors of the third observing run (0O3) will be operational during O4 at im-
proved sensitivities: the two Advanced Laser Interferometer Gravitational-Wave Observatory
(aLIGO; Abramovici et al. 1992; Abbott et al. 2009) detectors near their design sensitivities
with a BNS range Dgng = 160 - 190 Mpc, and the advanced Virgo (AdV; Caron et al. 1997)
detector with Dyyg = 80 - 115 Mpc (Abbott et al., 2020). A fourth detector the Kamioka
Gravitational Wave Detector (KAGRA; Kagra Collaboration et al. 2019; KAGRA Collabora-
tion et al. 2022) will be starting operations as well but the anticipated sensitivity is limited
with Dgng & 1 - 10 Mpe. In Abbott et al. (2020), it is estimated that 10755 BNS detec-
tions will occur in O4 with a median 90% localisation area of 33 deg”. These predictions
assume Dpng = 80 Mpc for KAGRA, however this is likely well above the horizon that will
be obtained in 04 for that detector. We therefore use a more likely 100 deg” for O4.

In this Section, we estimate the distance to which BNS GW signals can be detected, aver-
aged over sky position but, not over the inclination angle, due to the strong inclination angle
dependence of the pre-merger emission. We compute the inclination angle dependent GW
signal-to-noise ratio (SNR), averaged over thirty random sky positions, using various GW
detector network setups (see Figs. 4.9 and 4.10). We calculate the SNR with the pycbc
Python package using the prescription of Cutler & Flanagan (1994), using the standards
PSDs in pycbc for the current generation detectors (aLIGO, AdV, KAGRA) at design sensi-
tivity. For the PSDs of future detectors (LIGO A+, LIGO Voyager, AdV+, KAGRA+, ET, CE),

6https://observing.docs.Iigo.org/plan/
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Figure 4.9: We show the inclination angle dependent observing horizon for SKA-mid for NS merger radio bursts
powered by pulsar-like emission (for three efficiency values 7, Sect. 4.3) and coherent curvature radiation (Sect. 4.C).
The apparently increase in horizon for n = 1072 at 50 deg is a artifact related to the way in which inclination angle
dependent horizons are calculated. In the background grey are detection limits (assuming detections for SNR =8) for
the fourth observing run of 2nd generation gravitational wave instruments: LIGO (Hanford + Livingston) (darkest
shade), LIGO-VIRGO (medium shade) and LIGO-VIRGO-KAGRA (lightest).

we follow Borhanian & Sathyaprakash (2022) and take them from ce_cu rves.zip7. For our
template waveform h, we use the de facto standard waveform model for BNS mergers "IM-
RPhenomD_ NRTidalv2” (Dietrich et al., 2019). We vary the component masses of the BNS
merger but set the NS spins to zero.

4.4.3.2 Current generation

To make predictions for the fourth gravitational-wave observing run, we assume 10752 BNS
gravitational wave detections all with localization area of 100 deg” as mentioned. The dis-
persion delay to the maximum BNS range of 190 Mpc (z =~ 0.043) is approximately 10
seconds at 144 MHz and 30 seconds at 80 MHz. This means that although LOFAR would
not be on source quick enough for pre-merger detection, we note that if LOFAR 2.0 can be
on source within 10-15 seconds, precursor emission from NS mergers in O5 could be probed.
However, MWA’s quicker triggering time will probe the most distant events in O4, at least
at the lowest frequencies. Assuming MWA is well-positioned to respond to half of all alerts
(neglecting sensitivity drop off towards a non-optimal declination), this corresponds to 5
BNS events, where the large FoV means the entire localization region can be covered. As-
suming a distance of 190 Mpc and r = 10~2, MWA will be sensitive to emission for a surface

7https://dcc.cosmicexplorer.org/pubIic/0163/T2000007/005/ce_curves.zip
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magnetic field of B, ~ 4 x 10"°G (assuming optimal viewing angle), therefore some limits
attainable during the O4 run will be constraining for this model.

4.4.3.3 Next generation

After O4, all current detectors are planned to undergo significant upgrades towards the
fifth observing run (O5). For the aLIGO detectors, this entails the A+ upgrade targeting
a maximum Dgyng = 325 Mpc, similarly AdV will be upgraded to the AdV+ configura-
tion with a maximum Dgyg & 260 Mpc (Abbott et al., 2020). KAGRA (Kuroda & LCGT
Collaboration, 2010; Kagra Collaboration et al., 2019) is expected to reach Dgyg ~ 130
Mpc and could potentially gain more sensitivity with the KAGRA+ upgrade. Furthermore,
a fifth detector, LIGO-India, is planned to join the global GW network starting operations
around ~2025(Abbott et al., 2020). LIGO-India is expected to have identical specifications
to the other two LIGO detectors and thus very similar sensitivity. Borhanian & Sathyaprakash
(2022) make predictions for the scientific capabilities of such a five detector network at op-
timal sensitivity. They find that this network will detect around 200 BNS mergers per year
with approximately six of those detections having a 90% localisation area of < 1 deg”, and
the median 90% localization region is 9-12 deg2 (Corsi et al., 2019).

As discussed in Section 4.4.2, LOFAR 2.0 will allow for faster triggering, and simultaneous
imaging and beam-formed triggers, allowing it to probe a wider variety of the predicted
radio emission associated with NS mergers. In terms of detecting millisecond radio bursts,
beam-formed observations would allow improve sensitivity, as well as grant greater flexibility
de-dispersion techniques. For gravitational wave events where the localization is general
much poorer than GRBs, the one possible observing set-up would be to use the LOFAR Tied-
Array All-Sky Survey (LOTAAS) survey (Sanidas et al., 2019) beam structure in addition
to interferometric imaging beams. In this case, coherent tied-array beams cover 12 deg”
allowing sensitive high time resolution searches, with additional incoherent beams providing
lower sensitivity coverage up to 68 deg”. The latter of which were used for an FRB search
in ter Veen et al. (2019) to achieve a fluence limit of approximately 1600 Jy ms. The larger
field-of-view of the incoherent beams would allow better coverage of the localization region,
where roughly half of the 90% localization region may be covered by incoherent beams, and
a smaller portion by the tied-array beams. If LOFAR 2.0 can trigger within 15 seconds, the
dispersion measure expected from the O5 observing horizon distance of ~ 300 Mpc, would
be compatible with pre-merger detection. In this case, incoherent beams would be able to
cover the entire localization region and probe emission from a B, = 10'*G merger, and the
tied-array beam could cover a portion of the 1deg 90% region, and be sensitive to lower
magnetic field.

First light for SKA is predicted to be in 2027, when we expect a 5-detector network to be
running with 200 mergers per year with a horizon of Dyyg =~ 325 Mpc, and a typical 10 deg?
localization. The dispersion delay to 150 MHz at 325 Mpc is approximately 15 seconds, and
the delay across the entire 50-350MHz band is ~ 130 seconds. These values may be higher
depending on the local source and Milky Way contributions. SKA1-low will be able to save
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~ 30 seconds of raw voltage data per station. Assuming repointing can occur within 10
seconds upon receipt of a gravitational wave alert, pre-merger emission at low frequencies
should be observed. Assuming n = 102, SKA-low will be able to test the model presented
here for NS mergers with B, = 10"' G for D = 300 Mpc, and therefore will be able to verify
the model.

The capabilities of future post O5 GW detectors are promising, though speculative. LIGO
Voyager, expected around 2030, will first upgrade the three LIGO detectors to a range of
Dgns ~ 1 Gpe (Adhikari et al., 2020). The Einstein Telescope (ET; Punturo et al. 2010) and
Cosmic Explorer (CE; Abbott et al. 2017a) will instead be completely new, next generation
GW detectors and bring tremendous, ten-fold increases in sensitivity. The definitive range of
LIGO Voyager, ET and CE will strongly depend on the final design configurations, which are
subject to uncertainty in the technological improvements reached in the next decade. Still,
preliminary sensitivity curves exist for these future detectors and can give insight into their
potential (Borhanian & Sathyaprakash, 2022). A network of three LIGO Voyager detectors,
AdV+ and KAGRA+ will detect on the order of 2000 BNS mergers per year with one percent
of the detections having a 90% localisation area of < 1deg”. Astonishingly, if three next
generation detectors become operational, i.e. ET and two CEs, on the order of 300,000 BNS
mergers will be detected per year with again, around one percent of the detections having
a 90% localisation area of < 1deg” corresponding to roughly 2000 precisely localised BNS
mergers per year. The inclination angle dependent horizons for these next-generation GW
detectors are shown in Fig. 4.10.

4.4.3.4 Other considerations

Pre-merger alerts will be issued by gravitational wave observatories in the coming observing
runs (Chu et al., 2016; Magee & Borhanian, 2022), and radio emission could be observable
seconds before the merger event (Fig. 4.11). Assuming 100% duty cycle and design sensi-
tivities, Magee & Borhanian (2022) find that during a four detector network O4/05 run
there will be 3.5 and 1.5 events per year that can be reported 1 second and 10 seconds
before the merger respectively. For a five detector network during O5, these values rise to
30 and 15 events per year respectively. Such pre-merger alerts will be invaluable for radio
observatories to begin slew and repointing, even if only approximate localizations can be
provided in early reporting (Chu et al., 2016). Finally, we note that mergers that occur at a
smaller distances (and therefore with shorter dispersion delays) will be detected with more
GW detectors and therefore will have better localizations.

4.4.4 Gamma-ray burst radio afterglows

The relativistic jetted outflows powering sGRBs plough into the circumburst medium, re-
sulting in shocks and particle acceleration. This particle acceleration leads to broadband
synchrotron emission visible first at higher energies with X-ray telescopes and then at lower
frequencies at later times (Rees & Meszaros, 1992). Such afterglow emission usually de-
tected during follow-up observations triggered by gamma-ray burst detectors, or occasion-
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Figure 4.10: We show the inclination angle dependent observing horizon for SKA for NS merger radio bursts powered
by pulsar-like emission (for three efficiency values 7, Sect. 4.3) and coherent curvature radiation (black line, Sect. 4.C).
In the background grey are detection limits (assuming detections for SNR =8) for 2nd and 3rd generation gravitational
wave instruments for single detector setups of LIGO+ (darkest shade), LIGO Voyager (medium shade) and the Einstein
Telescope (lightest shade).
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Figure 4.11: Expected detection time before the merger time in seconds, assuming an SKA fluence sensitivity of 1 mJy
ms and averaging over phase dependence.
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ally as so-called ‘orphan’ afterglows without prompt gamma ray emission (Levinson et al.,
2002; Ghirlanda et al., 2015; Law et al., 2018) or by follow-up observations of kilonovae
(Ho et al., 2020; Andreoni et al., 2021a). It is expected that future radio facilities such as
SKA-mid will detect afterglows both serendipitously during transient surveys, and in gravi-
tational wave event follow-up (Dobie et al., 2021) to Gpc distances (Fig. 4.12). Prospects for
detection of radio afterglows from compact object merger events is covered in much more
detail, including specific follow-up observing strategies, in the excellent work by Dobie et al.
(2021), to which we refer the interested reader.

Late-time radio follow-up of non-repeating FRBs to look for persistent and long-term variable
counterparts has been performed for a few well-localized sources. Bhandari et al. (2018)
report on multi-wavelength and multi-messenger follow-up observations of four apparently
non-repeating FRBs as discovered by the Parkes telescope. No radio afterglow emission was
observed, although the large inferred luminosity distances (ranging from 4.8 Gpc to 17.2
Gpc) mean that afterglow emission would be difficult to detect. Similarly, Bhandari et al.
(2020b) report on four FRBs localized by ASKAP and find no significant radio transient
sources, and observed emission is attributed to the host galaxy. Lastly, Bhandari et al. (2020a)
report on precursor and follow-up of a well-localized FRBs, again with a non-detection that
cannot meaningfully constrain radio afterglow models.

To investigate whether the NS-NS merger origin of coherent radio bursts could be confirmed
by detection of late-time afterglow emission, we used the python package AFTERGLOW.PY
(Ryan et al., 2020). In Table 4.4.4, we list the assumed fiducial parameters for the radio after-
glows as in Ryan et al. (2020), where reasonable values are chosen given multi-wavelength
fits to GRB afterglows (e.g. Aksulu et al. 2022). In particular, the circumburst density n, is
quite uncertain and has a large effect on the detectability horizon of radio afterglows and
therefore we take a broad range of values of between 10> and 10" to give an approximate
idea of the uncertainties involved. We consider both structured (gaussian) jets and tophat
jets.

Parameter | Fiducial value Meaning [units]

E, 10™ Isotropic-equivalent energy [erg]
Ocore 0.05 Half-opening angle [rad]
Oing 0.2 Wing angle for gaussian jet [rad]

ng 107°-107! Circumburst density [em ]

P 2.2 Electron energy powerlaw index

€e 0.1 Fraction of energy in electrons

€p 0.01 Fraction of energy in magnetic field
én 1.0 Fraction of electrons accelerated

4.4.41 Current generation

We find that for circumburst densities of 10> and 10~ respectively, MeerKAT should be
sensitive to many afterglows from NS-mergers from distances of 200 Mpc to 2 Gpc for gaus-
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Figure 4.12: Background colours show MeerKAT detection horizons for peak flux of gaussian jets at v = 1.43 Hz

assuming detection threshold of 700 pJy. Shades of gray correspond to varying circumburst densities (Darkest n =
s . -3 .. —1

10 7; medium n = 10 7; lightest n = 10" ).

sian jets (Fig. 4.12) and tophat jets (Fig. 4.15), assuming optimal magnetic obliquity for
pre-merger radio bursts. For off-axis jets, the horizon is reduced drastically to 10-200 Mpc,
dependent on the assumed afterglow parameters, in particular the circumburst medium den-
sity. One of the primary limitations with the current generation of instrumentation is the
low number of localized one-off FRBs at distances close enough such that an afterglow can
be definitively constrained.

4.4.4.2 Next generation

If ny > 10 °, SKA-mid should be sensitive to almost all afterglows from NS-mergers that can
power coherent bursts with fiducial efficiency and surface magnetic field values (n = 10™2;
B, = 10"G), as shown in Figs. 4.13 & 4.16 for gaussian structured and tophat jets respec-
tively. As we have shown in Sect. 4.4.1, it is unlikely that all non-repeating FRBs are powered
by NS mergers. Nevertheless, follow-up radio campaigns to trigger sensitive observations on
localized FRBs (hundreds per year with the CHIME/FRB outrigger and CHORD projects;
Leung et al. 2021; Vanderlinde et al. 2019) could certainly confirm the NS-merger origin
of Gpc coherent radio bursts by detecting late-time afterglow emission. We note that in our
calculation, detection critera depends only on the peak flux of the afterglow, and therefore
well-timed observations with multiple epochs or frequencies would be required in practice
to confirm an afterglow.
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Figure 4.13: Background colours show SKA detection horizons for peak flux of gaussian jets at v = 1.43 Hz assuming

detection threshold of 2 i Jy. Shades of gray correspond to varying circumburst densities (Darkest n = 10~°; medium

n=10""; lightest n = 10™1). Coloured contours show viewing angle-dependent SKA detection horizon of pulsar-
. o . —2 12

like coherent pre-merger emission assuming n = 10" ~, B, = 10°°G.

4.4.5 Kilonovae

An alternative method of identifying coherent radio bursts of NS merger origin (if the burst
is sufficiently localized), is to perform optical follow-up in search of a kilonova counterpart.
Thus far, optical follow-up of fast radio bursts has largely focused on well-localized repeating
sources (Andreoni et al., 2019, 2020; Kilpatrick et al., 2021; Andreoni et al., 2021b), and
not the one-off bursts discussed in this work. For non-repeating sources, Petroff et al. (2015)
performed multi-wavelength follow-up, including optical facility DECAM, of FRB 140514
and were able to rule out supernovae and long GRB progenitor, but were not sensitive enough
to rule out kilnova models. Marnoch et al. (2020) & Nufiez et al. (2021) performed follow-
up observations with the Very Large Telescope (VLT) and Las Cumbres Observatory Global
Telescope (LCOGT) respectively on well-localized, one-off FRBs as discovered by ASKAP
(Bhandari et al., 2018). Marnoch et al. (2020) find that it is unlikely that the bursts that
were observed are coincident with Type Ia or Type IIn supernova explosions, and similarly
Ntfez et al. (2021) rule out bright supernovae. Neither work is able to rule out coincident
kilonovae, due to a lack of sensitivity. Tominaga et al. (2018) report on optical follow-up
with the Subaru/Hyper Suprime-Cam on week-long timescales of FRB 151230 and again
find no evidence of Type Ia supernovae, but lack the sensitivity to probe kilonovae emission.

In order to examine this method of confirming a merger origin of one-off FRBs, particu-
larly in expectation of many more localizations through the CHIME/FRB outrigger project
(Leung et al., 2021; Vanderlinde et al., 2019) we make use of the kilonova model grid pre-
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Figure 4.14: Background colours show ZTF and LSST g-band (darker and lighter shades respectively) detection hori-

zons for peak flux of GW170817-like kilonovae models using models from Bulla (2019). Coloured contours show
viewing angle-dependent SKA detection horizon of pulsar-like coherent pre-merger emission assuming n = 1072,

B, = 10"G.

sented in Bulla (2019). The grid was generated via radiative transfer simulations sensitive
to the viewing angle parameter, allowing viewing angle dependent lightcurve predictions.
We select the kilonova model that best fits the GW170817 observations, with dynamic ejecta
mass Mgy, = 0.005 Mg, disk wind ejecta mass M,;,q = 0.05 Mg, and half opening angle
of the lanthanide-rich dynamical ejecta component 6.,,c 1, = 30 deg. In Figs. 4.14, 4.17
& 4.18 show viewing-angle dependent detector horizons for the GW170817-like kilonova
model as observed by Zwicky Transient Facility (ZTF; Bellm et al. 2019) & Vera C. Rubin
Observatory’s Legacy Survey of Space and Time (LSST; Ivezi¢ et al. 2019) in g, r and i
bands respectively. ZTF can detect kilnovae from NS-NS mergers to 100 — 200 Mpc, and
LSST to =~ 1 Gpc, with a modest drop off for highly inclined viewing angles. As in the pre-
vious section, we suggest that sensitive optical follow-up of close-by (low DM) one-off FRBs,
or those with quasi-periodic structure (timescale of the orbital period of short separation
binaries ~ 1ms) may yield a kilonova detection that could confirm NS-merger origin. For
well-localized one-off FRBs, as expected in 2023 with the CHIME outrigger project, pointed
target-of-opportunity optical observations may probe kilonova at cosmological distances. In
lieu of triggered observations, large FoV optical survey data (e.g. ZTF) could also be searched
for kilonova-like emission on the position of reported one-off FRBs.
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4.5 Discussion

4.5.1 Binary evolution of highly magnetized NS mergers

The evolution of a neutron star’s magnetic field is complicated, making it difficult to estimate
the surface magnetic field strength at the time of merger (see Igoshev et al. (2021) for a
recent review). Observable emission through the mechanism described in this work requires
one of the two merging neutron stars to have a surface magnetic field B, > 10"G for
detection of precursor emission. Traditional binary evolution channels for NS-NS mergers
(e.g. Bhattacharya & van den Heuvel 1991) suggest that these systems take 100 Myr-Gyr to
merge due to gravitational radiation (Tauris et al., 2017). It is expected from evolutionary
arguments that one old, recycled ~ 10°G millisecond pulsar will merge with a younger, more
slowly spinning 10'>G neutron star (Bhattacharya & van den Heuvel, 1991), as is observed
in Galactic double pulsar systems (Burgay et al., 2003; Lyne et al., 2004).

The characteristic lifetime of a pulsar is:
P
T=4 o — 4.28
P (4.28)

where P is the spin period, P is the spin period time derivative, B, is the surface magnetic
field. In Eq. (4.28) we have used the fact that the characteristic magnetic field of a neutron
star is By P1/2P1/2, and the spin down luminosity L « PP « B*P~*. We know of
around 25 magnetar strength neutron stars in the Galaxy, with typical periods and magnetic
fields P = 10s and B, = 10'G, in contrast to approximately 2500 non-recycled radio
pulsars with P ~ 1s and B, = 10"*G. Assuming spin-down occurs on the characteristic
timescale of Eq. (4.28), this implies the birthrate of 10'>G and 10"*G neutron stars may be of
the same order of magnitude (see also Beniamini et al. 2019). A highly magnetized neutron
star’s magnetic field are thought to decay primarily through Ohmic decay and Hall drift
(Goldreich & Reisenegger, 1992), where typical timescales are on the order of 100s Myr. This
within a factor of 3 of the merger timescale of the Hulse-Taylor neutron star binary system
(Weisberg et al., 1981). We therefore may not necessarily expect the field to substantially
decay before the merger, and a portion of NS mergers likely contain a highly magnetized
neutron star as required for bright FRB-like emission during the inspiral 4.4.1. The possibility
that high magnetic field neutron stars may retain strong fields for at least 10-100s Myrs is
bolstered by recent discoveries of ultra-long period magnetars (Hurley-Walker et al., 2022;
Caleb et al., 2022), as well as theoretical work on spin period evolution of highly magnetized
neutron stars (Beniamini et al., 2020).

Moreover, alternative evolutionary channels have been proposed in which one NS may be
much younger during merger, and share properties with observed Galactic magnetars. To
explain the observed short-period low-mass X-ray binaries, Kalogera (1998) suggested that
some initially wide binaries could be brought together by the supernova kick itself, in a
formation channel known as direct supernova. Very wide binaries would bypass the common
envelope phase during the first supernova, and a small proportion of these systems would
undergo a fortuitous kick resulting in a tight orbital separation. Voss & Tauris (2003) noted



4.6 Conclusions

that if the first supernova kick results in a close X-ray binary, and the second star’s demise also
results in a NS, the resulting compact object binary could have a relatively small separation
and thus could merge relatively quickly. They estimate that up to 5% of all NS-NS mergers
could be produced in this way. Specifically, they predict a small number of NS-NS mergers
requiring just 10°7* yrs to merge, which may imply a subset of mergers containing young,
highly magnetized neutron stars. Furthermore, in Vigna-Gémez et al. (2018), the authors’
fiducial model contains a few NS-NS binaries created with periods of around 10~? days,
representing systems that would merge in 10°~* years. These outliers represent just a few
systems in a simulation containing ~ 10° binaries, and the authors note they are the product
of fortuitous kicks as discussed in Kalogera (1998). Another possible evolutionary channel
leading to a fast merger time was proposed by Dewi & Pols (2003). In this scenario, a
binary containing a 2.8 — 6.4, helium star and a NS could produce a NS-NS binary with
very short periods (P ~ 0.01 days), if the NS has sufficient time to spiral in the helium
stars’ envelope before core collapse. Various models in Dewi & Pols (2003) suggest merger
timescales of between 10* and 10° yrs, such that a significant magnetic field may still be
present. We note that dynamical channels such as N-body interactions in globular clusters
that may significantly contribute to BH-BH merger events, are disfavoured to contribute to
the rate of lower mass compact object mergers such as NS-NS and NS-BH events (Ye et al.,
2020).

4.5.2 Neutron star - black hole mergers

The model outlined in this paper required the presence of a magnetized NS merging with
an object that acts as a conductor, which we have assumed throughout to be a secondary,
less magnetized NS. However, a stellar-mass BH will also act as conductor and result in
similar emission. The rates of of NS-BH mergers are generally thought to be lower than NS-
NS mergers (Mandel & Broekgaarden, 2021), however typical binary evolution suggests that
the NS in a NS-BH merger would be highly magnetized. This is because the more massive star
in a binary has a shorter lifetime, will undergo supernovae first and is more likely to result in
a BH, such that the younger compact object is the (unrecycled) NS. Therefore such systems
may still contribute significantly to the volumetric rate of coherent bursts from compact
object mergers, and will also emit multi-wavelength and multi-messenger signals discussed
in Section 4.4 that can provide paths for detection (McWilliams & Levin, 2011; Boersma
& van Leeuwen, 2022). Lastly, the gravitational wave detection horizon for NS-BH mergers
is larger than for NS-NS mergers by a factor of 2 (for a recent detection see Abbott et al.
2021), which may allow automatic triggering of buffer boards or observations on a much
larger number of gravitational wave events than discussed in Section 4.4.3 ®.

4.6 Conclusions

We have presented an model for coherent pre-merger bursts from NS mergers, based on
an adapted version of the model presented by Lyutikov (2019) (Section 4.2). We primar-

8https://dcc.ligo.org/pubIic/0161/F‘1900218/002/SummaryForObservers.pdf
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ily consider pulsar-like emission expected as the inspiral revives electromagnetic conditions
required for gap particle acceleration. We find that bursts are observable to Mpc - Gpc dis-
tances depending on the efficiency, if the mechanism operates maximally (E,,, = £) and
one NS has a significant magnetic field B, ~ 10">G as expected from evolutionary arguments
(Section 4.3). Radio emission is emitted along magnetic field lines, and the inclination an-
gle between the background dipole magnetic field of the primary NS determines the set
of observers for whom the radio burst is visible. (Section 4.3.5). Coherent precursor bursts
can be distinguished from FRBs from other sources by way confirmation of modulation on
the orbital period and characteristic flux increase, which may aid in inferring properties of
merging neutron stars (Section 4.3.6). We have made predictions for detecting these bursts
through fast radio burst surveys and triggered observations of short gamma-ray bursts and
gravitational wave events (Section 4.4). We further suggest follow-up of some fast radio
bursts in the optical and radio wavelengths to confirm merger origin. Our main observa-
tional conclusions are listed below:

1. Coherent pre-merger emission is directed along the perturbed magnetic field lines of
the primary magnetized neutron star and multi-wavelength & multi-messenger cam-
paigns with next generation of instruments will probe fiducial emission parameters,
particularly for systems with magnetic obliquity of ag .1, 2 45

2. Coherent emission is expected to turn on at a time ¢ ~ 10° B; 1, seconds before merger

3. CHIME/FRB does not in general observed coherent emission from mergers with B, =
10"G, but a sub-population of FRBs may involve mergers with 10" G fields (Section
4.4.1)

4. DSA-2000 and SKA FRB surveys will detect tens of bursts per year assuming fiducial
parameters 7_, Bﬁ,u (Section 4.4.1)

5. Triggered observations of sGRBs and GW events by MWA & LOFAR have probed the
most optimistic models, and LOFAR 2.0 & especially SKA will constrain fiducial param-
eters (Sections 4.4.2 & 4.4.3)

6. Late-time observations in optical and radio of low redshift, one-off FRBs with quasi-
periodic or increasing temporal structure is recommended (Section 4.4.4 & 4.4.5)
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Telescope Horizon [Mpc] | Event rate [yr_l]
(773_/22 Bg,lz) (ni/zz B:,lz Rs)
CHIME 70 0.002
CHORD 650 0.4
DSA-2000 3700 15
SKA-AAmid 5000 600

Table 4.4: Observing horizon and the 100% duty cycle detection rate for current leading and future FRB facilities. We
assume fiducial model parameters for the efficiency 7 and surface magnetic field B, as well as a volumetric NS-NS

merger rate R = 10° Gpc_3 yrt



Appendices

4.A Correction to the parallel electric field calculation

The assumption that the magnetic field of the primary at the position of the secondary is
uniform leads to the form of the magnetic flux density given by B = — B2. This further
assumes that the magnetic dipole moment of the primary is perpendicular to the orbital
plane. In the inertial reference frame co-moving with the non-rotating primary, designated
as frame S, the electric field E = 0. We initially consider that only the primary is present in
frame S.

We transform to a frame of reference S’ which is moving with velocity 3" = 3§ with respect
to frame S. The magnetic field in this frame B’ = B + O(3”), where we will ignore second-
order terms in 3. Lorentz transformation of the electric field for non-relativistic velocities
follows

E'r=E+ 8 xB=(89) x (—B2) = —3B% (4.29)

The secondary is considered to be a perfect electrical conductor with negligible magnetiza-
tion and a vanishing internal magnetic field intensity. When the secondary is placed in the
approximately uniform field B’, it will expel the magnetic field from the inside by generat-
ing surface currents. The magnetic field outside the secondary in frame S’ is then given by,
, R’ R\ 4
B' = —Bcos(1— = )# + Bsinf(1+ —)6 (4.30)
r 2r

Given that a uniform static electric field exists anti-parallel to the x-axis in S’, the conductor
will generate a dipole field oriented along the x-direction in response to keep the sphere at
uniform potential. Taking the dipole moment to be p, we can write,

/ p.f psinfcosf
Vdipole = 2 = 2
r T

Vinitorm = BBz = BBrsin § cos ¢
‘/t/ot = Vulniform + Vd/ipole = (% + BBT) sin 6 cos ¢
T
As the secondary has an equipotential surface we can choose V;,; = 0 at 7 = R. This implies
that p = —BBR>. As such,
R3
=)

/
‘/tot = (ri
r

BB sin 0 cos ¢ (4.31)
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Therefore, electric field outside the secondary in frame S’,

E' = —VVi
2R’ R’ R’
= —{ (—3 + 1) sin 6 cos ¢, (1 — —3) cos 6 cos ¢, (—3 — 1) sin (;S}ﬁB (4.32)
r r r

With the secondary being stationary in S’, we can apply the electromagnetic interface con-
ditions in this frame. Using the normal field boundary condition,

E'.#|,_p = —3BBsinf cos ¢ = 4no’ (4.33)
Surface currents responsible for inducing the magnetic dipole field component of Eq. (4.30)

. c 3c . ~ .
are given by K’ = 4—n xB'|,_p = S—B sin §¢. For Lorentz transformations, we also need
T s

to convert the surface current density and the surface charge distribution to the form of the
current 4-vector.

J = ;’—;B sin05(r — R)$ (4.34)

ol =— 43 BB sinf cos p5(r — R) (4.35)
T

This conversion from surface density to volume density requires the usage of the Dirac-delta

function centered at R in the radial direction.

Now, we transform to a frame of reference S” where the secondary neutron star moves with
velocity 39. This means that, 5" must be moving with 3" = — 3% with respect to the frame
S'. Note that S is essentially the frame S, but whereas S did not have the secondary neutron
star and its associated fields, S” will have all the transformed fields from S’. The designation
of S” as such is only done for convenience. The magnetic field exhibits no change for 8 << 1,

B —B - %(—/39) « E' = B+ O(8/c). The electric field E” = E/ + (—8§) x B'.

¥ x B’ ={sin 0 sin ¢, cosOsin ¢, cos ¢} x B’
y
3 3
=— (1+R—3>Bsin0cosqbf'+(R—s—l)Bcosﬁcosqﬁé
2r 7
R > P,
+ (1+—3(sm 0 — 2 cos 9)>Bsm¢¢

27
3
= E'= —{%sin@cos 0,0, % sin® f sin ¢}BB3R (4.36)
r
The volume current density and the volume charge in S” frame, then, are
3 =3~ P (—p9) = ;’7‘;3 sin 03(r — )b+ O() 4.37)
1 A

Pa = pq— I (=BY)

= —4%63 sin @ cos ¢d(r — R) — %(2—;3 sin 04 (r — R))(—Bcos ?)

= —iﬁB sin 6 cos d(r — R) (4.38)
8m



4.B Gap height derivation for lower number density case

As a result, the surface current density and the surface charge density in S” frame are

obtained to be K" = g—cB sin6 and ¢ = — 83’83 sin 6 cos ¢ respectively.
™ ™

E" is the total electric field vector outside the secondary neutron star in S”. Using this, we
can calculate the component of the electric field in the direction of the magnetic field B”.

E”.B” 1 3632R3 R3
g2 _ —/—— (1 — —) sin @ cos 0 cos
= BT T B 27 ( 7’ ) ¢
3Sin9€OSHCOS¢(1—ij) R’
_ r BB— (4.39)

\/4c0529(17R—33)2+sin29(2+R—;)Z T

T

This corresponds to Eq. (4.2) herein.

4.B Gap height derivation for lower number density case

We present the lower limit to the analytic gap height, assuming that E,,, = 4mgnh,,, and

n is given by the Goldreich-Julian density due to the motion of the magnetosphere in orbit:

n=ngy; = (2B)/(qcP,.), where B is the local magnetic field.

Starting from Eq. (4.12), the Lorentz factor of the primaries is:

Eyapl
y(1) = Lewpee (4.40)

meC

By way of Egs. (4.14) & (4.15) and by substitution we find:

B 2 °
L .o =0.4pm,ct2c Pe [ TeC
T 8 ‘ B 3he <4wq2nGJZ§cc

(4.41)
. 0.4p§mic7 B.
1927°ng®nd,; 15, B
Let k, — 2% Be . Minimizing hy,y, — | ! find:
et 5 = m. lnlmlzlng gap — lv,gap —+ acc WE Ind:
lacc = (6k2)1/7
B 117 (4.42)
6
l'y,gap - k2(6k2) 7 = 27/7
6
Therefore the h,,,, in the lower number density limit, is:
k1/7 7]€1/7
hgap = 62/7 + (6k2)1/7 = 662/7
(4.43)

14 (pimicloBcPc?rb) Y7

6%7 \ 38407°ng’B*

115




116

Pulsar revival in neutron star mergers

Where we have included a factor of 2 to account for relative motion of pairs as before. Making

use of the fact that E,,, ~ 4mqng hga.p,, We can estimate the radio luminosity as:

L, =nq®g,N

= angap hgapnGJ Ac
2
gap

=8x10% n_o h;p,z sz P:32 ergs_1

(4.44)

= 47an2h néJ Ac

We note here that in this derivation of the coherent radio luminosity, there is no explicit
dependence on the value of .

4.C Coherent curvature radiation as an alternative radiation mecha-
nism

In light of the discovery of FRBs (Lorimer et al., 2007; Thornton et al., 2013; Petroff et al.,
2022), a variety of radiation models have been proposed to explain their origin. A large
fraction of the proposed theories rely on highly magnetized neutron stars as progenitors
(e.g. Keane et al. 2012; Popov & Postnov 2013; Katz 2016; Beloborodov 2017). Coherent
curvature radiation is one such model that has the flexibility to explain many of the observed
properties of these enigmatic bursts (Kumar et al., 2017; Katz, 2018; Ghisellini & Locatelli,
2018; Lu & Kumar, 2018; Lu et al., 2020; Cooper & Wijers, 2021). The model relies on the
formation of overdensities (bunches) of pairs,for example due to the two-stream instability
Lu & Kumar (2018); Kumar & Bosnjak (2020), such that curvature radiation is emitted co-
herently. Critics argue that the formation and maintance of particle bunches in spite of repel-
lent electromagnetic forces (Lyubarsky, 2021). However, if bunches are formed, one could
expect the conditions of the NS-NS merger (£ ~ 10 esu, B ~ 10" G) to be conducive to
coherent curvature emission in a similar manner to models of FRBs from magnetospheres.
It is however less clear that the coherent curvature mechanism would continuously operate
effectively at all times that necessary electromagnetic conditions demanded of B and E| are
met. In the following we estimate the coherent radio luminosity of this mechanism during

a NS-NS merger inspiral.
3

The critical frequency of curvature radiation v, = 2C7|"Yp where ~ is the Lorentz factor of
radiating electrons and p, is the magnetic field line curvature radius; implying emission
1/3 1/3

observed at v, is emitted by electrons with v ~ 60 p./¢ v5’". The radiation formation
length scale is ~ p./v ~ 10*cm (Lu & Kumar, 2018), much smaller than the spatial extent
of £ which is ~ 10°cm. As in Kumar et al. (2017), the isotropic equivalent luminosity can
be estimated as:

I a4 e
iso ™ 6 2
3Vobspc (445)

’
37 -1 -8/3 "2 a/3
=2x10" ergs v, / N 12 pC{6



4.C Coherent curvature radiation as an alternative radiation mechanism

Where we have replaced ~ in terms of v,,; & p.. In the following, we briefly discuss 2
curvature radiation luminosity limits to gauge plausible luminosities in the NS-NS merger
scenario.

In Lu & Kumar (2019), the authors discuss the maximum luminosity of FRBs in the curvature

radiation model due to the rapid production of Schwinger pairs which screen the E field on
2 3
very short timescales if £ > E, ~ MeC

. In the proof, the authors derive generic constraints

(i.e. unrelated to extreme Schwinger electric field) on the isotropic equivalent luminosity of
coherent emission:

Ligo < Eﬁpic =3x10%erg st EﬁJO Pi,s (4.46)

Where E is the magnitude of the parallel electric field component and p, is the local curva-
ture radius.

In Kumar et al. (2017), the authors note that particles emitting coherent curvature radiation
induce a perpendicular component to the magnetic field B, = 8=l gn., where [, is the
spatial extend of the coherently radiating particles perpendicular to their motion, and n,
is the number density. For the particles to remain coherent, their momenta should remain

. 0, 1 . .
aligned to a factor ﬁ < =, where v is the Lorentz factor of the accelerated particles.
p Y
Particles are in the lowest landau state and move only along magnetic field lines, therefore

. B 1 . . L
we should also require that f < =. The results in a maximum luminosity of coherent

Y
curvature radiation within a local magnetic field strength B of:
Li, < 6 x 10% ergs™" B3, 1/9_4/3 pi{: (4.47)

We neglect to include maximum luminosity constraints discussed in Cooper & Wijers (2021)
to remain agnostic about the unknown particle number density in the NS-NS merger case.
Combining these constraints, we can estimate the maximum isotropic luminosity as:

Liso,max = min (3 x 10 Ef 1 p? 6, “@.48)

6 x 10* B}, l/,;4/3 pi/;) ergs” " .
The number of coherent bunches that may radiate towards the same observer is uncertain,
as is the beaming factor of each curvature powered radio burst. In our numerical imple-
mentation for the luminosity estimate of the coherent curvature radiation mechanism, we
simply show the maximum allowed luminosity directed within a 0.1 radian solid angle of
the observer. The primary result of this subsection is shown in Fig. 4.9, where the black
line denotes viewing angle dependent maximum CCR luminosity of a merger involving a
10"*G neutron star. We note that the luminosity profile approximately matches the pulsar-
like case with an efficiency of approximately n = 10" and therefore we do not show the
CCR luminosity profile in the remainder of our results and discussion. The viewing-angle
dependent luminosity profile of CCR is different to the pulsar-like case. This is because it is
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Figure 4.15: Background colours show MeerKAT detection horizons for peak flux of tophat jets at v = 1.43 Hz

assuming detection threshold of 700 ©Jy. Shades of gray correspond to varying circumburst densities (Darkest n =
—5 . —3 5. —1

10 7; medium n = 10" 7; lightest n = 10" 7).

calculated by finding the maximum possible CCR luminosity (using Eq. 4.48) for the set of
field lines directed towards each observer, rather than the sum of the luminosity along the
all observer-aligned field lines.

4.D Additional co-detectability plots

In this Section we include additional plots as referenced in the main text. In all cases, over-
plotted are flux sensitivity curves for various efficiency parameters and B, = 102G, assum-
ing a fluence limit of the Square Kilometre Array of 1 mJy ms.
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Figure 4.16: Background colours show SKA detection horizons for peak flux of tophat jets at » = 1.43 Hz assuming

detection threshold of 2 1 Jy. Shades of gray correspond to varying circumburst densities (Darkest n = 10™°; medium
n = 10_3; lightest n = 10_1).
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Figure 4.17: Background colours show ZTF and LSST r-band (darker and lighter shades respectively) detection hori-

zons for peak flux of GW170817-like kilonovae models using models from Bulla (2019). Coloured contours show

viewing angle-dependent SKA detection horizon of pulsar-like coherent pre-merger emission assuming n = 1072
12

B, =10"G.
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Figure 4.18: Background colours show ZTF and LSST i-band (darker and lighter shades respectively) detection hori-
zons for peak flux of GW170817-like kilonovae models using models from Bulla (2019). Coloured contours show
viewing angle-dependent SKA detection horizon of pulsar-like coherent pre-merger emission assuming n = 1072,

B, = 10”6G.
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Testing afterglow models of FRB 200428
with early post-burst observations of
SGR 1935+2154
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Horst, V. Kondratiev, D. Michilli, Z. Pleunis, T. Shimwell, S. ter Veen

Accepted for publication in Monthly Notices of the Royal Astronomical Society. In press.
Abstract

We present LOFAR imaging observations from the April/May 2020 active episode of mag-
netar SGR 1935+2154. We place the earliest radio limits on persistent emission following
the low-luminosity fast radio burst FRB 200428 from the magnetar. We also perform an
image-plane search for transient emission and find no radio flares during our observations.
We examine post-FRB radio upper limits in the literature and find that all are consistent
with the multi-wavelength afterglow predicted by the synchrotron maser shock model inter-
pretation of FRB 200428. However, early optical observations appear to rule out the simple
versions of the afterglow model with constant-density circumburst media. We show that
these constraints may be mitigated by adapting the model for a wind-like environment, but
only for a limited parameter range. In addition, we suggest that late-time non-thermal par-
ticle acceleration occurs within the afterglow model when the shock is no longer relativistic,
which may prove vital for detecting afterglows from other Galactic FRBs. We also discuss
future observing strategies for verifying either magnetospheric or maser shock FRB models
via rapid radio observations of Galactic magnetars and nearby FRBs.
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5.1 Introduction

Fast radio bursts (FRBs) are bright, millisecond duration flashes of coherent radio emission
(Lorimer et al., 2007; Thornton et al., 2013; Petroff et al., 2016; The CHIME/FRB Collabora-
tion et al., 2021a). Over 20 FRBs have now been localized® to their host Galaxies (Chatterjee
et al., 2017; Ravi, 2019; Bannister et al., 2019; Marcote et al., 2020; Nimmo et al., 2021;
Heintz et al., 2020; Bhandari et al., 2020b), confirming that these bursts are (usually) of
extragalactic origin, as was already implied by large dispersion measures. Two varieties of
FRB source have been identified, categorized by whether the source is observed to repeat or
not. Bursts observed from these different categories of sources appear to have different prop-
erties (Pleunis et al., 2021a), which may be suggestive of different progenitors or emission
mechanisms.

Since the discovery of FRBs, many theoretical models have been presented to explain the
bursts involving various astrophysical sources and radiation mechanisms (Platts et al., 2019).
Many of these models focus on highly magnetized neutron stars as prime progenitor candi-
dates for a few reasons. Firstly, the millisecond emission timescale implies compact emission
regions R ~ ctpgpl” ~ 10° tFRB,—3 I's cm, where I is the bulk Lorentz factor of the emis-
sion region towards the observer and we have used the convenient notation X, = X/10".
In addition, the luminosity of FRBs (~ 8 orders of magnitude larger than giant millisecond
radio pulses in the Milky Way) might imply they are powered by the large magnetic energy
reservoir in the magnetospheres of highly magnetized neutron stars known as magnetars.
For decades, magnetars within our Galaxy have been observed to emit spontaneous X-ray
bursts, which appear to follow a similar wait time distribution and luminosity function to
FRBs (SGR 1900+14 Goglis et al. 1999; SGR 1806-20 Goglis et al. 2000; FRB 121102
Gourdji et al. 2019), as well as periods of activity and quiescence. Finally, other observed
properties of FRBs can be explained within a magnetized neutron star progenitor model:
large rotation measures (Michilli et al., 2018), downward drifting sub-bursts (e.g. Hessels
et al. 2019), and polarisation angle swings across bursts (Luo et al., 2020).

The exact radiation mechanism within a magnetar progenitor framework is also not under-
stood, with the two primary classes of models distinguished by where the FRB is emitted:
close to the surface of the neutron star in magnetospheric models (Katz, 2016; Kumar et al.,
2017; Lu & Kumar, 2018; Kumar & Bosnjak, 2020; Wadiasingh & Timokhin, 2019; Lyutikov
& Popov, 2020), and far away from the surface in models which rely on maser emission
in magnetized shocks (Beloborodov, 2017; Metzger et al., 2019; Beloborodov, 2020). Both
classes of radiation model appear to explain the basic properties of FRBs.

Magnetospheric models of FRBs require the coherent radiation of accelerated particles from
close to the neutron star surface, through e.g. curvature emission (Kumar et al., 2017). It
has been shown that many of the observed properties of FRBs discussed above can be re-
produced within this model (e.g. Lu & Kumar 2018; Wang et al. 2019; Cooper & Wijers
2021; Yang & Zhang 2021; Wang et al. 2022). Coherent curvature radiation requires spatial
inhomogeneities in the particle distribution (‘clumps’ or ‘bunches’), which may be created

1http://frbhosts.org
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during the particle acceleration phase through the two-stream instability (Cheng & Ruder-
man, 1977; Usov, 1987; Lu & Kumar, 2018). However, whether clumps form on the required
timescales is less clear (see Melrose et al. 2021 and references therein for critical discussion
of curvature radiation as a pulsar mechanism), and it has further been suggested that the
FRBs produced within the magnetosphere may fail to propagate to an observer (Beloborodov,
2021).

The maser shock model appears to be a theoretically robust way in which coherent emis-
sion can be produced, as the maser has been shown to emit narrow-band radio emission
in 1D & 3D particle-in-cell (PIC) simulations of magnetized, relativistic shocks (Plotnikov &
Sironi, 2019; Sironi et al., 2021). Furthermore, such emission could be ubiquitous in nature
wherever such shocks occur, and non-magnetar progenitors have been invoked to explain
observed periodicity in repeating sources (Sridhar et al., 2021). Such ubiquity could ac-
count for the high observed volumetric rate of FRBs (Ravi, 2019; Lu & Piro, 2019; Luo et al.,
2020). However, the specific properties of recently reported FRBs are difficult to explain in a
maser shock scenario. In particular, the microsecond variability of FRB 20180916B (Nimmo
et al.,, 2021) and the 30ms separation between distinct sub-bursts in Galactic FRB 200428
(CHIME/FRB Collaboration et al., 2020) appear to be contradictory to the large length scales
associated with the synchrotron maser emission region.

In magnetar models of FRBs, multi-wavelength or multi-messenger counterparts to emis-
sion provide invaluable observing opportunities with which to distinguish between theoret-
ical models. Both magnetospheric and maser shock models predict a high-energy counter-
part to FRB emission (Metzger et al., 2019; Cooper & Wijers, 2021; Yang & Zhang, 2021),
however the large distances to extragalactic FRBs mean predicted X-ray/gamma-ray fluxes
are below the detection threshold of current instrumentation. The first version of the syn-
chrotron maser shock model (Lyubarsky, 2014), in which relativistic magnetar hyperflares
(Up ~ 10® erg) interact with pulsar wind nebula, predicted a very high-energy TeV com-
ponent to FRBs. In Metzger et al. (2019) this model was adapted to consider interaction
with a wind-like environment, or a mildly relativistic baryonic shell emitted from a previous
flare. Using these models, Metzger et al. (2019) predict a multi-wavelength afterglow due
to thermal synchrotron emission, based on gamma-ray burst (GRB) afterglow models (Sari
et al., 1998). Notably, as the shocks required for the maser are highly magnetized & rela-
tivistic, magnetic field lines are compressed such that shocks are quasi-perpendicular. For
this reason, shock accelerated non-thermal electrons are not necessarily expected (Sironi
& Spitkovsky, 2009), in contrast to what is observed in other astrophysical shocks. Obser-
vationally, identifying a multi-wavelength afterglow could confirm the synchrotron maser
model of FRBs, since magnetospheric models are not predicted to produce them. Persistent
radio counterparts have been identified in two localized repeating FRB sources: FRB 121102
(Chatterjee et al., 2017) and FRB 20190520B (Niu et al., 2021a). The origin of the persis-
tent radio emission is not definitively known, the spectra and lack of variability may imply
the compact source is an AGN that resides relatively close to the FRB source. Follow-up of
all other localized FRBs have yielded only upper limits to afterglow counterparts (Bhandari
et al., 2018), although these are generally not constraining for the maser shock model.
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In this work, we present Low Frequency Array (LOFAR; van Haarlem et al. 2013) imaging
results of SGR 193542154, and discuss more broadly the multi-wavelength afterglow pre-
dicted after FRB 200428 in the maser shock model. In Section 5.2 we discuss the behaviour
of magnetar SGR 1935+2154 before and during the 2020 active phase. In Section 5.3, we
present the LOFAR imaging results, where we perform a search for bright radio bursts ob-
servable in the image-plane (see Bailes et al. 2021 for the time-domain search, as well as
other radio observations) and provide limits for persistent low-frequency emission. In Sec-
tion 5.4 we interpret the LOFAR results and suggest observing strategies for verification of
FRB emission mechanisms. In Section 5.5, we discuss the synchrotron maser shock model
and its application to FRB 200428. In particular, we find that early time upper limits appear
to rule out simple versions of the maser shock model as applied to the Galactic FRB. We
further discuss extensions to the model including non-thermal radiation at late times, and
make afterglow predictions for Galactic and nearby, extragalactic FRBs. We conclude our
findings in Section 5.6.

5.2 SGR 1935+2154

Galactic magnetar SGR 1935+2154 was discovered in July 2014 through a series of short
X-ray bursts (Cummings et al., 2014; Lien et al., 2014; Israel et al., 2016), and past X-ray
activity from 2011 was found in an archival search (Campana et al., 2014). Further obser-
vations in 2015 with CHANDRA & XMM-Newton found many more X-ray bursts (Israel et al.,
2016), as well as the first intermediate flares (Kozlova et al., 2016). This led to the first mea-
surements of a spin period and spin-down rate of P = 3.245 seconds (Israel et al., 2016) and
P =1.43x10" ", relatively typical values for a Galactic magnetar. Using these measured val-
ues, [srael et al. (2016) derive the characteristic age and surface magnetic field of the magne-
3¢’ IPP

2 6

~ 2.2 x 10" G. Interestingly, P shows a de-
8m RNS

taras: 7, = £ ~ 3.6 kyrand B, =

2P
creasing trend, with a measured negative P = 3.5(7) x 10~ "?s™" observed. The source posi-
tion was determined to be at R.A. = 19 : 34 : 55.5978, Dec. = 21 : 53 : 47.7864, with an ac-
curacy of 0.6” (90% confidence, Israel et al. 2016; see also the discovery of an infrared coun-
terpart by Levan et al. 2018 at Galactic coordinates b = 293.73128, 1 = 21.896608). The
magnetar was associated with a supernova remnant SNR G57.2+0.8 by Gaensler (2014),
with a full multi-wavelength radio study of continuum and persistent emission presented in
Kothes et al. (2018). The authors find that the age of the SNR is approximately 41 kyr, i.e.
much older than the characteristic age of the magnetar derived from its spin properties (Is-
rael et al., 2016). The distance to SNR G57.2+0.8 was revised by Zhou et al. (2020), finding
that the SNR and thus the magnetar is likely closer than the 10 kpc previously assumed, at
just D = 6.6 + 0.7 kpc.

In late 2019 (Wood et al., 2019; Ambrosi et al., 2019) and especially in early 2020 (Palmer,
2020; Younes et al., 2020), the magnetar entered a new phase of extreme activity. On
the 27th April 2020 at 14:34:24, an extremely bright radio burst was emitted from SGR
1935+2154. The burst was observed by the Survey for Transient Astronomical Radio Emis-
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sion 2 (STARE-2; Bochenek et al. 2020b) an all-sky radio telescope (Bochenek et al., 2020a).
It was also detected in the side lobes of CHIME, the Canadian Hydrogen Intensity Mapping
Experiment telescope (CHIME/FRB Collaboration et al., 2020). STARE-2 detected the burst
with a 1.281 — 1.468 GHz lower limit fluence of 1.5 + 0.3 x 10° Jy ms and a full-width half-
maximum duration of 0.61 ms. CHIME/FRB observed two bursts separated by 28.9 ms, with
400 — 800 MHz durations of 0.585 +0.014 ms and 0.335 +0.007ms respectively, and average
fluences of 0.48 :l:g:gi x10° Jy ms and 0.22 +932 x10° Jy ms. The lower observed fluence
could be attributed to a steep spectral rise with frequency such that the burst is brighter at
the STARE-2 observing frequency. The implied luminosity was lower than extragalactic FRBs
by ~ 4 orders of magnitude, but was brighter than any other coherent radio emission ob-
served from within our Galaxy with the possible exception of the brightest 2 MJy nanoshot
observed from the Crab pulsar (Hankins & Eilek, 2007). On 30th April, a weak radio burst
(0.06 Jy ms) was reported by Zhang (2020), and two further radio bursts were reported
later by Kirsten et al. (2021) with fluences of 112 Jy ms and 24 Jy ms.

FRB 200428 occurred during a very active period of high-energy bursts from SGR 1935+2154,
and many hundreds of short X-ray bursts were observed by NICER, Fermi, Swift, AGILE, IN-
TEGRAL, Insight-HXMT, Konus-Wind and other X-ray satellite observatories (Fig. 5.4; for
catalogues of X-ray bursts see Younes et al. 2020; Cai et al. 2022b; Li et al. 2022). Remark-
ably, an X-ray burst temporally coincident with the FRB was observed by four X-ray instru-
ments: Integral (Mereghetti et al., 2020), Insight-HXMT (Li et al., 2021), AGILE (Tavani
et al.,, 2021) and Konus-Wind (Ridnaia et al., 2021). The X-ray/radio energy ratio of the

radio burst was FX ~ 10°. The radio-coincident X-ray burst had a harder spectrum than

other bursts seen from SGR 1935+2154 in the same window of activity, extending to 250
keV (Mereghetti et al., 2020; Li et al., 2021) despite a relatively typical total fluence. The
stark contrast is clear when the X-ray burst is compared to the many Fermi-GBM and NICER
observed bursts in Younes et al. (2021). Within magnetospheric models of FRBs, this can
plausibly be explained by a non-thermal counterpart observable only when an FRB is ob-
served (Cooper & Wijers, 2021), in addition to a regular short magnetar burst; or due to
rapid relaxation of perturbed magnetic field lines (Yang et al., 2020). In the synchrotron
maser shock picture of FRBs, the hard X-ray burst represents the initial peak of the afterglow
emission that is observable at lower frequencies at later times (Margalit et al., 2020a).

5.3 LOFAR observations

SGR 1935+2154 entered an active phase in April 2020. We obtained Directors Discretionary
Time observations using LOFAR, comprising of 14 hours spread over 3 dates in 2020. The ob-
servation details are provided in Table 5.1. Each observation was obtained using the LOFAR
High Band Antennas (HBA) and the full Dutch array (24 core stations and 14 remote sta-
tions), covering a frequency range of 120-168 MHz and a central frequency of 144 MHz. The
frequency range is divided into 244 sub-bands with bandwidths of 195.3 kHz. The recorded
data have a time resolution of 1s, and a frequency resolution of 64 channels per sub-band.
These data were pre-processed using the standard methods for LOFAR.
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5 arcmin

Figure 5.1: LOFAR image of SGR 193542154 (denoted by the green circle) and the surrounding remnant SNR
G57.2+0.8. This image makes use of the full datasets from all epochs.

Observation ID Start Date Start Time Calibrator ID
(UTC) (UTC)
1780243 April 29 2020 03:08 L780239
1780251 April 29 2020 05:20 L780247
1780651 May 11 2020 01:49 L780655
1780659 May 11 2020 04:01 L780655
L.780667 May 11 2020 06:13 L780671
L797090 October 21 2020 14:30 L797092
L797094 October 21 2020 16:42 L797096

Table 5.1: The observations attained of SGR 1935+2154. The ID numbers correspond to the IDs for the preprocessed

data in the LOFAR Long Term Archive®. The duration of each target observation was 2 hours, separated by 10 minute
calibrator observations of 3C295.
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To calibrate these LOFAR data, we used the PREFACTOR pipeline (version 3.2)* developed
by the LOFAR Radio Observatory with the default parameters and version 3.1 of the LO-
FAR software. The calibrator source chosen for these observations was 3C48. As the field of
SGR 193542154 is close to the A-Team source Cygnus A, we used the PREFACTOR demixing
options to subtract the contribution of Cygnus A from the target data. The data were aver-
aged to a time step of 8 seconds and a frequency resolution of 48.82 kHz (4 channels per
subband).

5.3.1 Epoch imaging

All imaging of these data was conducted using WSCLEAN version 2.7.0* (Offringa et al.,
2014). The imaging settings used for these observations are outlined in Table 5.2. Deep
images of the field were created for the 3 observation days separately, as well as a fully
combined image. Two versions of the deep images were created; one with the full dataset
and the second with a minimum baseline length of 1000\ to remove the extended emission
from the supernova remnant. These images were used to search for faint persistent emission
from the location of SGR 1935+2154. No persistent emission was detected at the location of
SGR 193542154 and the limits obtained for persistent emission from SGR 1935+2154 are
provided in Table 5.3. We provide a constrained flux density measurement at the position
of SGR 1935+2154 obtained using PYSE (Carbone et al., 2018) and assuming the restoring
beam parameters. Additionally, we measure the rms noise in a 30x30 pixel box centred on
the position of SGR 1935+2154 and use the rms noise to calculate a 3¢ upper limit.

5.3.2 Snapshot imaging

To search for bright pulses from SGR 193542154, we also imaged the observations on
shorter snapshot timescales. We integrated across the observed frequencies to create a sin-
gle image. As SGR 1935+2154 has a high dispersion measure (332.7pc cm ™~ °; CHIME/FRB
Collaboration et al. 2020), it takes time for a dispersed pulse to traverse the bandwidth of
the HBA observation. This time is calculated using:

ToMm = 8.3A1/DM1/73p,s, (5.1)

where ) is the dispersion delay in seconds, Av is the bandwidth in MHz, v is the observing
frequency in GHz, and DM is the dispersion measure in pc cm™ > (Taylor & Cordes, 1993).
For these LOFAR observations, we find that the dispersion delay corresponds to 44 seconds.
Therefore, we create snapshot images of 40 seconds in duration (as the data are integrated
to 8 second intervals) and obtained 1081 images in total. We note that we could conduct de-
dispersion imaging (e.g. Anderson et al. 2021b; Tian et al. 2022) to obtain deeper constraints
on very short duration dispersed pulses such as FRBs. However, beam-formed observations

3 https://github.com/lofar-astron/prefactor
4http://wsclean.sourcefo rge.net
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Paramter

Deep Images

Snapshot Images

Size (pixels)
Pixel Scale (arcsec)
-mgain
5
Automatic masking of sources (o)
Maximum baseline length (\)
Minimum baseline length (\)
Number of frequency channels
Automatic threshold (o)
Briggs weighting robustness
Number of iterations
Primary beam applied
Weighting rank filter
Clean border
Reorder visibilities
Fit restoring beam
Number of time intervals

4096 x4096
5
10
10
10
8000
0/1000
6
3
-0.5
10000
True

True
True
1

2048x2048
5
10
10
10
8000
700

-0.5
10000
False
3
0
False
True
180

Table 5.2: The parameters used for imaging each observation set in WSCLEAN. Deep images are created using two
different minimum baselines.

Observation Date  Flux density 3¢ upper limit
(mJy) (mJy/beam)
April 29 2020 22+58 9.5
May 11 2020 1.8+4.3 6.8
October 21 2020 0.7+4.6 7.9
All 1.5+3.8 6.0

Table 5.3: The flux density measurements at the location of SGR 1935+2154 for each observing epoch and a combined
image. The flux density measurements were obtained via a constrained flux density measurement using PySE. The
30 upper limits are obtained by measuring the rms noise in a region surrounding SGR 1935+2154.
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were also attained for these observations and very short duration dispersed pulses would be
optimally detected in those observations (Bailes et al., 2021). Our snapshot images targeted
longer duration flares that may not have been detectable in the beam-formed searches. The
snapshot images were created using the settings given in Table 5.2. A minimum baseline
length of 700\ was used so that the extended emission from the supernova remnant was
not visible in the snapshot images as this leads to a better constraint on emission from a
point source at the location of SGR 1935+2154.

Following the method outlined in Rowlinson et al. (2022), we correct for any systematic flux
density variations between the snapshot images produced by assuming that the majority of
sources are not variable. As SGR 1935+2154 is in the centre of the field, we consider sources
out to a radius of 1 degree (covering the inner 50% of the full width half maximum of the
LOFAR HBA beam at 150 MHz’). We extract all sources in the first 40 second snapshot
image within that radius using PYSE with a detection threshold of 8¢ and confirm they are
point sources by visual inspection (one source was rejected as it consisted of 2 blended point
sources). These selection criteria resulted in 10 sources that were input into the LOFAR
Transients Pipeline (TRAP; Swinbank et al., 2015) using the monitoring list capability. A
flux density correction factor is then calculated and applied to each individual imageG. The
average flux density correction is ~6%.

Following the correction for systematic flux density variations, we conduct image quality
control by measuring the rms noise in the inner eighth of each image and plot a histogram
of these data in Figure 5.2. We fit the typical rms noise distribution for the images with a
Gaussian distribution to give an average rms value of 17.475'S mJy/beam. Any image with an
rms noise that is more than 3¢ deviant from the average rms value is rejected. This analysis
rejected 110 images, corresponding to 10% of the sample.

To search for emission at the location of SGR 1935+2154, we processed the images us-
ing TRAP and monitor the position of SGR 193542154 to provide a flux measurement in
each epoch. We used the standard TRAP settings apart from using a 40 detection threshold
and setting the force beam parameter to True. As we are focusing on the location of SGR
1935+2154, which lies at the centre of the field, we use a small extraction radius of 120 pix-
els (corresponding to 10 arcmin). We detect no emission at the location of SGR 1935+2154.
In Figure 5.3, we plot a histogram of the flux density values measured at the location of
SGR 1935+2154 and fit the distribution with a Gaussian distribution. The fitted Gaussian
distribution gives an average flux density measurement per epoch of 13+0.7 mJy with a
standard deviation of 23 mJy, corresponding to a 30 upper limit for persistent point source
emission of 82 mJy. This suggests the flux at the location of SGR 1935+ 2154 is significantly
non-zero, which by inspection of Fig. 5.1, can be attributed to extended emission from the
surrounding SNR.

s http://old.astron.nl/radio-observatory/astronomers/lofar-imaging-capabilities-sensitivity/
lofar-imaging-capabilities/lofa

6using the script https://github.com/transientskp/TraP_tools/blob/master/exampleScripts/
correctSystematicFluxOffset.py
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Figure 5.2: Histogram of the rms values of the inner eighth of all the 40 second snapshot images used. The values are
fit with a Gaussian distribution shown by the solid red curve. All images that are > 3o deviant from the average rms
are rejected and the thresholds are shown with the black dashed lines.
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Figure 5.3: A histogram of the flux density values for SGR 1935+2154 obtained by conducting a constrained fit at
the location in each snapshot image.
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5.4 Interpretation of LOFAR observations & discussion

5.4.1 Simultaneous radio & X-ray limits on transient flares

Low-frequency image-plane searches for radio transients have recently yielded detections of
new types of coherent radio transient with long periods (Hurley-Walker et al., 2022; Caleb
et al., 2022). These new sources have inferred surface magnetic fields consistent with mag-
netars. We have performed a search for transient low-frequency emission in snapshot images
on timescales of 40 seconds (i.e. the dispersion delay across the LOFAR band of a burst from
SGR 1935+2154) and find no transient emission at the location of the magnetar. Given the
non-detections in the LOFAR time-domain search presented in Bailes et al. (2021), coupled
with the fact that second-hour timescale transient radio emission has not been yet observed
from Galactic magnetars, we did not necessarily expect a detection from this search.

One of the primary motivators of radio observations of magnetars in active phases, other
than detecting period-modulated radio pulses from magnetars (see Sect. 5.4.2), is to obtain
constraints on the X-ray/radio luminosity ratio during X-ray magnetar bursts. In Fig. 5.4
we show the times of LOFAR and AARTFAAC observations, overplotted with high-energy
bursts observed by various X-ray observatories. One high-energy burst observed by Insight-
HXMT (burst number 56 in Cai et al. 2022b) occurred during our LOFAR observations on
11/5/2022. The burst had a reported 1-250 keV flux of 2.297015 x 107 ergs™ ' em™? (Cai
et al., 2022a). The duration of this burst was 0.093, 0.06 and 0.076 seconds in the high-
energy (HE), medium-energy (ME) and low-energy (LE) detectors respectively, resulting in
a X-ray fluence of approximately 2 x 10™° ergcm 2. The time-domain search for LOFAR
bursts in this observation provided upper limits to the spectral fluence of a 1ms width radio
burst of 0.075 Jy ms (Bailes et al., 2021). Assuming the bandwidth of a typical radio burst
is 6v = 10° Hz (i.e. similar to FRB 200428 observed from SGR 1935+2154), we find a
ﬂue;ce limit of 7.5 x 10~ '® erg cm 2, resulting in a minimum X-ray/radio fluence ratio of
X
F r,144MHz
predict luminosity ratios of approximately 10° (Margalit et al., 2020a).

The Amsterdam-ASTRON Radio Transient Facility And Analysis Centre (AARTFAAC), is an
all-sky radio transient monitor operating in parallel with LOFAR (Prasad et al., 2016), sensi-
tive to bright transient and variable emission at low-frequencies. AARTFAAC was operating
with 16 subbands spanning 60.15 — 64.84 MHz during an X-ray burst observed from SGR
193542154 by Insight-HXMT (burst 19 in Cai et al. 2022b). The dispersion delay from SGR
1935+ 2154 from the Insight-HXMT X-ray band to the AARTFAAC band is 7x_ ., = 324 sec-
onds, and the in-band dispersion delay across 60.15 — 64.84 MHz is 7, _.,q = 54 seconds.
No radio transient was detected at the time of the X-ray burst. We can derive a meaningful flu-
ence sensitivity by comparing the weakest bursts observed in Kuiack et al. (2020) from PSR
B0950+08 (4 x 10* Jy ms), and rescaling by a factor proportional to the square root of the
ratio of in-band dispersion delay from the different sources to account for a loss of sensitivity

> 3 x 10°. This ratio is very constraining, as shock models of FRBs typically

TPSR B0950+08

1/2
due to pulse smearing: ( > ~ 11. We therefore find a conservative fluence

TSGR 1935+2154
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sensitivity of approximately 10° Jy ms for the dispersed burst from SGR 1935+2154, and we
can constrain the fluence ratio of the X-ray burst observed by Insight-HXMT to % > 10°.

Some magnetospheric models of FRBs predict that FRBs are always produced with short
magnetar X-ray bursts, but are only beamed towards the observer in a small number of cases
~T "' (Lu et al., 2020). Here, T is the Lorentz factor of the emitting set of particles, and is
on the order of 50 — 1000 (Kumar et al., 2017). In the context of these models, coordinated
radio and X-ray observations of active magnetars will either lead to the detection of another
Galactic FRB, or build up a sample of radio-quiet magnetar bursts. If such a sample is signifi-
cantly large (i.e. N > I') it can be used to statistically constrain I', and thus magnetospheric
models of FRBs more broadly. Using single-dish 25m class telescopes, Kirsten et al. (2021)
were able to place strong limits on radio counterparts to 59 high-energy bursts from SGR
193542154, effectively ruling out values of I' <« 50. Furthermore, Lin et al. (2020) found
that 29 Fermi-GBM bursts were co-observed during one observing epoch with the FAST ra-
dio telescope, providing stringent upper limits on the radio/X-ray ratio of these bursts. The
caveats with pursuing these kinds of simultaneous observation are two-fold. Firstly, we know
that (repeating) FRBs generally have a narrow bandwidth (e.g. The CHIME/FRB Collabora-
tion et al. 2021a) and therefore observing at a one frequency does not necessarily preclude
the emission of a radio burst at another. Second, magnetar X-ray bursts are stochastic and dif-
ficult to predict. Building such a sample will require either a pipeline from X-ray detections
to radio observatories that enable rapid target-of-opportunity observations’; or long-term
observations of magnetars with underutilized radio telescopes. For the latter, we note that

. . L . . .
achieving a constraint of L—X > 10° for a typical Galactic magnetar bursts only requires

r
fluence limits on the order of 100 — 1000 Jy ms, and therefore does not require time on
extremely sensitive radio instruments.

5.4.2 Radio-quiet magnetars as FRB sources

Pulsed, persistent emission is observed from a sub-population of magnetars which are radio-
loud (Camilo et al., 2006, 2007; Kramer et al., 2007; Levin et al., 2010; Anderson et al.,
2012; Lower et al., 2020; Esposito et al., 2020). In Rea et al. (2012), the authors describe
the fundamental plane of radio magnetars, suggesting that in general radio-loud magnetars
have quiescent 2 — 10 keV X-ray luminosities below their rotational energy loss rate L., =
47 IPP~?, where I is the neutron star moment of inertia. The conjecture that enhanced
X-ray emission precludes radio emission (or vice versa) is supported by observations of PSR
J1119-6127, a radio pulsar with a high magnetic field where radio pulses shut off when
X-ray bursts are observed (Archibald et al., 2017). Similar X-ray and radio mode switches
have also been observed in older (but non-recycled) pulsars with modest inferred magnetic

A possible observation strategy would be to use low-frequency radio telescopes and utilize the dispersion delay of
radio emission to probe radio bursts associated with rapidly reported X-ray bursts. Alternatively, one may attempt
to identify X-ray burst storms to trigger observations when more X-ray bursts are expected within the observation
duration.
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fields, including PSR B0943+10 (Hermsen et al., 2013) and PSR B0823+26 (Hermsen et al.,
2018).

SGR 1935+2154 is thus far the only Galactic magnetar to have produced a bright radio burst,
and the radio limits presented here and in Bailes et al. (2021) suggest SGR 193542154 is
not a radio-loud magnetar. This is consistent with the fundamental plane of Rea et al. (2012)
given the observed persistent X-ray luminosity of SGR 1935+2154. Three individual radio
bursts/pulses were reported after the FRB (Zhang, 2020; Kirsten et al., 2021), albeit at lower
luminosities. The one-off radio bursts and pulses strongly suggest that high X-ray bursting
activity does not disrupt a magnetar’s ability to produce transient radio bursts, and possibly
that persistent pulsed radio emission precludes transient bursts. The association between
radio-quiet magnetars and FRB-emitting magnetars is more intriguing when considered in
the context of the recent discovery of highly magnetized neutron stars which exist beyond
the canonical pulsar death lines (e.g. Ruderman & Sutherland 1975; Chen & Ruderman
1993) in P — P phase space (Caleb et al. 2022; see also Hurley-Walker et al. 2022). The
implication that a neutron star’s inability to produce typical pulsar-like emission could be a
prerequisite for a FRB production may hint that pulsed radio emission observed from (ultra)
long period magnetars is powered by a different emission mechanism than pulsars, possi-
bly more similar to the radiation mechanism that powers FRBs. Understanding the particle
acceleration and coherent radiation mechanism operating in these long period sources may
advance our understanding of how FRBs are generated.

5.5 Maser shock model & afterglow constraints

In the synchrotron maser shock model of FRBs, coherent radiation is generated by the gy-
ration of particles in relativistic, magnetized shocks (Lyubarsky, 2014; Beloborodov, 2017;
Metzger et al., 2019; Beloborodov, 2020; Sironi et al., 2021), as has been previously dis-
cussed in the literature before the discovery of FRBs (Langdon et al., 1988; Hoshino et al.,
1992; Gallant et al., 1992; Usov & Katz, 2000). The model suggests that flaring magnetars
can produce relativistic ejecta, which provide conditions conducive to synchrotron maser
emission upon interaction with external material in a surrounding nebula (Lyubarsky, 2014),
or from a previous flare (Metzger et al., 2019). As the shock propagates relativistically, a
multi-wavelength afterglow is expected (Metzger et al., 2019), with emission peaking at
successively lower frequencies due to absorption and a decreasing bulk Lorentz factor T'.

5.5.1 Afterglow model

We present relevant dynamical & radiation models, following the afterglow prescription de-
tailed in Metzger et al. (2019) & Margalit et al. (2020a) in this subsection. We extend the
model of Metzger et al. (2019) into the non-relativistic expansion phase relevant for late-
time radio observations, remaining agnostic about the nature of the circumburst medium.
Much of the early afterglow model is similar to models developed for GRB afterglows (e.g.
Mészaros et al. 1998; Sari et al. 1998). The late-time dynamics of interest here after a de-
celeration time t4,, rely on the self-similar model of blast-waves described in Blandford &
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McKee (1976) and non-relativistic Sedov-Taylor model of an expanding blast-wave (Sedov,
1959; Taylor, 1950). Using these models we can make detailed predictions of the evolution
of the shock and multi-wavelength afterglow.

5.5.1.1 Deceleration phase

As shown in Metzger et al. (2019), the shock reaches the deceleration radius ry.. in a time
t4ec> Which is equal to the central engine activity time, i.e. t4.. =~ tprp ~ 1 ms, such that
we use these subscripts interchangeably. All parameters denoted with these subscripts refer
to the value at the deceleration time. All timescales of interest for emission below the X-
ray band occur at ¢ > tg4.., therefore we are only interested in solutions to the dynamics
and radiation in the deceleration and non-relativistic phases. The bulk Lorentz factor for an
adiabatically evolving shock at times ¢ > tprp is:

Faare (17 — 4F) ) i

32
16Tmpneyx T C

k=3

r 2
= I'rrp
TFRB

Where r and n.,, are the radius of the shock from the central engine and the external number
density of the local environment that the shock ploughs into. n.,, depends on the type of
environment considered and in general has the form n,, o 7" where 0 < k < 3. Wind-
like medium (k = 2) and constant medium (k¥ = 0) are commonly used, and either may be
applicable to the environment surrounding a magnetar (Metzger et al., 2019). Assuming an
external density at 1. (Tprp) at 7 = rErB:

L(r > rprp) = (
(5.2)

—k

r

Next (T) = next(TFRB) (53)
TFRB

In the observer frame, the distance of the adiabatic shock front from the central engine as a

function of time is:

k—3
r(t > tprp) = 2¢1%t = 2ctTipg (’”)
TFRB 5.4
o tﬁ

Therefore, by Egs. 5.2 & 5.4 the shock Lorentz factor varies as a function of observer time
as:

1 -5 ) 13—k 7
T'(r>r =T 2ctI A=k Aok
( FRB) FRB (TFRB> (( FRB) FRB (5.5)
k—3
o< tS*Zk

Given this, Metzger et al. (2019) compute the afterglow emission during this deceleration
phase. Electrons in the shock are assumed to be in energetic equipartition with the ions
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mp

such that their mean thermal Lorentz factor is: Yyperm = T. Particles are assumed not

e
to undergo non-thermal acceleration by the shock (see Sect. 5.5.5). The magnetic field is
parameterized in terms of the magnetization parameter o as a fraction of the thermal energy
density of the shock such that:

—3
B(t > tprp) = \/647ml“2mpcznCxt o t8=2k (5.6)

where we assume throughout 0.1 < ¢ < 1, as required for coherent maser emission. As
in GRB afterglows, the critical synchrotron frequency v,,,. and the cooling frequency v,
(Sari et al., 1998) in the observer frame is:

_ qB’ytzhcrmF 3k_12

= o t 82k
syne 2Tmec (5.7)
qB 5 3k—10 ’
Vool = 770,00011—‘ o ¢ 8-k
mec
6mm,c . . .
Where 7. coo1 = =t Using the parameter values of Margalit et al. (2020a), we find that

for the flare associTated with FRB 200428 from SGR 1935+2154, vy, < Ve after a time
of just ¢ = 0.99 o>, seconds. This means that for even the earliest optical data discussed in
Section 5.5.3, the slow cooling regime holds. We note that for larger magnetization values
(i.e. o = 1) the earliest time predictions within a minute of the burst (e.g. Figs. 5.6 & 5.7)
will be affected.

The spectral luminosity at the critical synchrotron frequency is:
Lu,sync X NthermF37 (58)

where Nijoom X Moy R, is the number of radiating thermal electrons. In the slow-cooling
regime (Sari et al., 1998; Margalit et al., 2020a), the spectral luminosity is:

Lu,sync(ﬁ)l/3 v < Vsync
L, = 5.9
Lu,sync €xXp (( - ’/s:nc)l/3> v > Vsynm ( )

where the 1/3 exponent in the second line reflects recent theoretical work by Margalit &
Quataert (2021). In practice, for FRB 200428 we compute the predicted afterglow by fit-
ting the initial X-ray data point and using the temporal scaling relations developed for GRB
afterglow models described below (Mészaros et al., 1998; Sari et al., 1998; Metzger et al.,
2019). To approximate the absorption of lower frequency emission, we follow the method of
Margalit et al. (20202) used in their Fig. 9, by ensuring the spectral luminosity is not larger
than the expected synchrotron self-absorption value of:

8
LI/,SSA ~ gﬂ-zmeRghyz’ytherm (510)



5.5 Maser shock model & afterglow constraints

5.5.1.2 Non-relativistic phase

The low luminosity of FRB 200428 means it enters a non-relativistic expansion phase much
earlier than a bright FRB (Margalit et al., 2020a). We can model this phase by comparison
to the dynamics of supernova remnants, i.e. Sedov-Taylor expansion (Taylor, 1950; Sedov,
1959). We can find the time at which the shock enters this phase by considering when T" ~ 1.

k-3
Inspection of Eqs. 5.4 & 5.5 tell us I'(¢ > tprp) o t3-2F such that the approximate time and
radius at which the shock becomes non-relativistic as:

8—2k

1 k—3
tnonfrcl ~ tFRB 1—\7
FRB

1
=%
~ Lhon—rel
Tnon—rel ¥~ TFRB\ —,

(5.11)

tFRB

For FRB 200428, we find that ¢,,,,,_,.; & 45 seconds. We can find the synchrotron frequency
and spectral luminosity of the thermal electrons at the time the shock is non-relativistic by
Eq. 5.7:

3k—12

t 1 8—2k

non—re

Vsync,non—rel — Vsync,dec t (512)
FRB

In the slow-cooling regime, L, . ~ constant in the deceleration phase (Sari et al., 1998)
such that:

L L

v,sync,dec (513)

After defining these quantities at the non-relativistic transition time, we can make predic-
tions for this phase. Using the well-known Sedov-Taylor expansion solution in a constant
medium, the shock radius in this regime is:

v,sync,non—rel —

. 2/5
7”(7” > 7dnon—rel) = Thon—rel () (514)

tnonfrel

In the slow-cooling non relativistic regime, the critical thermal synchrotron frequency and
synchrotron luminosity are:

-3
t
Vsync (t > tnon—rel) = Vsync,non—rel

tnonfrel
s (5.15)
t 5
Lu,sync(t > tnonfrel) = Lu,sync,nonfrel <t )
non—rel

The above description assumes the thermal particles are relativistic, and therefore is valid
while Yiherm > 1. For FRB 200428, in the constant medium case the thermal electrons be-
come non-relativistic approximately 1 day post-burst due to the low initial Lorentz factor. By
this time the synchrotron cut-off frequency has dropped below the observing frequency for
radio wavelengths of interest (see Fig. 5.5). However, extrapolating afterglow lightcurves
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beyond this time will require additional consideration of the deep-Newtonian regime simi-
larly to GRB afterglows (e.g. Barniol Duran & Giannios 2015). Finally, we note that similar
to SNR evolution, the shock is expected to enter the radiative snow-plough phase at a thresh-

kT

old velocity v, = ~ 10" cms ™. For the constant medium case, this occurs for the

FRB 200428 at approximately 1000 days post-burst affecting the predicted shock dynamics
and lightcurves at very late times, which are not relevant for the observed upper limits.

Using the above, we can make lightcurve predictions through the deceleration and non-
relativistic phases for a variety of FRB bursts, as in Margalit et al. (2020b). Following the
prescription of Margalit et al. (2020a), we use the observed properties of FRB 200428 &
and the coincident X-ray burst to normalize the initial values rgrp, I'rrp, trrp given the
requirements of the maser and the high-energy burst. Crucially, the peak of the X-ray after-
glow at tpgp is normalized to the fluence and peak frequency observed by Insight-HXMT
(Fa7%x1077 erg cm™?; Vpeak = 50 keV; Li et al. 2021). These parameters are outlined for
FRB 200428 from SGR 193542154 in Margalit et al. (2020a) (Egs. 10-13; used in Figs. 5.5
& 5.9).

5.5.2 Radio afterglow

In Fig. 5.5, we show predicted afterglow lightcurves for four frequencies for which radio
limits were obtained within a short time after the initial burst (Bailes et al., 2021), assum-
ing a constant medium (k = 0). We find that that model-constraining observations could
have been attained with the Karl G. Jansky Very Large Array (VLA; Thompson et al. 1980)
& European VLBI Network (EVN®) at 6 and 1.67 GHz respectively if these instruments were
on source before the synchrotron frequency of thermal electrons falls below the observing
frequency. However, this would necessitate observations beginning just hours after the ini-
tial burst, which is incompatible with typical target-of-opportunity delay for large-scale ra-
dio facilities. In this case the obtained LOFAR limits presented in Section 5.3 are not very
constraining, primarily attributable to the brightness of the extended emission from SNR
G57.2+0.8 at 144 MHz.

5.5.3 Optical afterglow

In Lin et al. (2020), the authors report on FAST observations of SGR 193542154, as well as
a multi-wavelength campaign spanning X-ray, optical and radio observations taken after FRB
200428. Of particular note is a minute-long z-band BOOTES-3 (Castro-Tirado et al., 1999)
observation that occurred simultaneously with the FRB 200428. The observation began on
the 28th April 2020 at 14:34:24.00 (Extended Data Table 1; Lin et al. 2020), concluding
a minute later and setting an upper limit of 17.9 mag. The authors revise this to just 11.7
mag when corrected for dust extinction of 6.2 mag, corresponding to a flux density of ap-
proximately 75 mJy. The peak of the X-ray burst coincident with the FRB 200428 occurred
after the optical observations began (Mereghetti et al., 2020; Ridnaia et al., 2021), mean-

8https://www.evlbi.org/
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Figure 5.5: Radio afterglow lightcurves following the FRB from SGR 1935+ 2154, following the prescription of Mar-
galit et al. (2020a) as discussed in the text. We show those frequencies with the most stringent and earliest radio
observations (Bailes et al., 2021), including the LOFAR limits we present in this work. The lack of non-thermal parti-
cles leads to a steep decline in all lightcurves after just hours as the synchrotron frequency drops below the observing
frequency.

ing the optical limit is constraining for the very early time afterglow of the FRB. Lin et al.
(2020) discuss the limit with respect to fast optical bursts (FOBs) predicted by Yang et al.
(2019) to be produced coincident with FRBs. In Fig. 5.6, we show z-band lightcurves using
the above method (see also Fig. 9 in Margalit et al. 2020a), and note that the BOOTES-3
upper limit significantly constrains the FRB afterglow. We assume that the flux limit scales
as Fy, o« (Tobs)fl/ % and that limits could be placed 1 second after the FRB and the start
of the observations. We note that there are uncertainties with extrapolating the upper limit
to the start time of the observation in this manner. Even without such extrapolation, the
reported data strongly suggests that the predicted afterglow of the maser shock model in a
uniform medium presented in Margalit et al. (2020a) is not compatible with the observed
upper limit.

5.5.3.1 Wind-like case

One way in which the maser shock model could circumvent the optical upper limit is to
invoke a more complex, non-uniform environment. In this subsection, we consider the FRB
200428 afterglow shock propagating into a wind-like (¢ = 2) medium at early times. To
correct the initial values of I'yrp & rprp We refer to the wind-like case in Section 2.2.3 of
Metzger et al. (2019).

Tprp = 2.8 EY4 My, ~V* Y2 51172 (5.16)

flare
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Figure 5.6: We show in red the z-band lightcurve following the FRB from SGR 1935+ 2154, following the prescription
of Margalit et al. (2020a). In orange, the span of the observation taken by BOOTES-3 telescope (after 1 second on
source), and in black we include additional optical upper limits by BOOTES-2 and LCOGT presented in Lin et al.
(2020). The peak of the predicted flux is approximately one order of magnitude above the extinction-corrected limit
set by the BOOTES-3 observation.

rerp = 1.5 x 10° em EY2 My, V% Y2 5t1/2 (5.17)

flare

Where Ej,,. is the total energy of the flare, M is the mass injection rate in units of grams per
second, and By = v,,/c is the time-averaged magnetar wind velocity divided by the speed
of light. We note that the Lorentz factor required to explain the low-luminosity X-ray flare is
relatively low, challenging the implicit assumption required for maser emission that the flare
is initially ultra-relativistic. As a lower limit to the flare energy Fg,,., we adopt the X-ray
luminosity of the coincident flare so that Eg,,.. = 7 X 10% erg. We also consider a range
of values for the unknown mass injection rate for this source: M = 10"~ g s™'. Values
of M = 10"7?' g 57" have been shown to be consistent with the persistent radio nebula
and rotation measure of FRBs from FRB 121102 (Margalit & Metzger, 2018). However, we
also consider values M < 10" g s™" due to the lack of any persistent radio nebula at the
location of SGR 1935+2154 in Section 5.3, and the fact that this source does not appear to
be a prolific FRB emitter. In the non-relativistic regime, we use the Sedov-Taylor expansion

solution corrected for wind-like media such that R oc t2/°.

In Fig. 5.7 we show the z-band predictions for the wind-like medium case, considering a
range of values for A/. We also show the flux limits obtained by BOOTES-3, again assuming
that the flux limit sensitivity scales as T()I)ls/ % from one second after the start of the observa-
tion. We find that the optical limits are consistent with scenarios in which M > 10" gs™*,

but caution that a more detailed analysis of the earliest second of the optical dataset may
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Figure 5.7: Afterglow z-band lightcurves the wind-like environment case for various values of the mass injection
rate M. The flux sensitivity of the BOOTES-3 limit is assumed to scale as T(:bls/ * and we show only limits from one

second after the start of the observation. This appears to rule out the most reasonable values of the mass injection rate,
however extrapolation of the observations to the time of the FRB may completely rule out the maser shock model of
FRB 200428.

rule out all values of M < 10*' g s . Finally, we note that n o< R~* where k > 2 might be
expected during the early-time deceleration phase at the time of the BOOTES-3 observation.
This is because the charge density of the magnetar’s magnetosphere (which has a radial
dependence of k ~ 3) likely contributes to the local density at  ~ 10° cm. Estimated in
terms of the Goldreich-Julian density (Goldreich & Julian, 1969), the contribution is:

-3
2B, (R _ _
ney(rerp) ~ oaP (;S) ~10*em™® By, Py (5.18)
This is comparable to the required value of n., = 4 X 10* cm ™ in the maser shock model
of FRB 2000428 in Eq. 12 of Margalit et al. (2020a), therefore considering variable values
of k as a function of r may be required for a more accurate description of the afterglow.

5.5.4 Prospects of radio afterglow detection for the next Galactic FRB

As aforementioned, the lower limit to the radio luminosity of the Galactic FRB 200428 from
SGR 1935+2154 was approximately 4-5 orders of magnitude less than typical FRB luminosi-
ties. In this subsection, we discuss strategies with which to detect an afterglow for a future
Galactic FRB.
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Figure 5.8: Radio afterglow predictions for a typical luminosity FRB from SGR 193542154, at frequencies for which
early upper limits were obtained for FRB 200428. We include the expected sensitivity from triggered observations
with low-frequency radio telescopes that have rapid response capabilities, such as LOFAR or the Murchison Wide Array
(MWA; Tingay et al. 2013). We assume a conservative 5 mJy sensitivity for a 4 hr integration at 144 MHz, and that
sensitivity increases as v/T where T is the observation time (dashed orange line). The observations are presumed to
begin 6 minutes after the burst, longer than LOFAR’s current rapid response capability. Inverted triangles correspond
to radio upper limits at different frequencies from Bailes et al. (2021) as in Fig 5.5.

A bright FRB occurring within the Galaxy could be detected by all-sky radio telescopes such
as STARE-2° or AARTFAAC (Prasad et al., 2016), or in the side-lobes of smaller field-of-view
radio telescopes. Furthermore, the prompt X-ray component of the afterglow (or coincident
magnetar X-ray burst) will be very bright and possibly detected by wide-field gamma-ray
instruments such as Fermi-GBM, or other X-ray instruments as in the case of the burst from
SGR 1935+2154.

In Fig. 5.8, we present 6 GHz, 1.67 GHz and 144 MHz afterglow lightcurves for a ‘typical’
luminosity (Ef,,. = 10" erg) FRB from within our Galaxy, along with obtained radio limits
for the SGR 1934+2154. The afterglow in this Figure is calculated using the reference values
of ’prB;, I'rRB> tFRB & Vsyne,dec fOT a typical FRB described in Egs. 30-32, 57 in Metzger et al.
(2019). We scale the early X-ray afterglow fluence appropriately such that the F,, o nc max &
Eaure/ (47rD2). We find that of the radio limits attained after the 2020 burst, only the earliest
LOFAR & VLA limits can constrain the model in its current form. We note that for this brighter
burst, the condition that vy, > 1 as required by the afterglow model holds until 1000 hrs
post-burst, i.e. the entire time of interest for the radio afterglow.

We also show in Fig. 5.8 plausible flux limits that could have been attained if radio telescopes
capable of rapid automated response such as LOFAR (van Haarlem et al., 2013; Rowlinson

9STARE—2 is now decommissioned, but a successor instrument to the project is planned: Connor et al. (2021)
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et al., 2022) and MWA (Tremblay et al., 2015; Hancock et al., 2019; Anderson et al., 2021b)
were triggered on the initial burst and were on source within 10 minutes. We have assumed
a 5 mJy flux limit after 4 hr observation, where the flux limit scales as Fj;;,, (Tobs)_l/ % as
generally expected, unless the flux threshold is limited by poor u-v coverage for very short
integration times. If we are fortunate enough to observe a bonafide FRB from within our
Galaxy, rapid optical & radio observations on minute to day timescales will be crucial to ob-
serve the afterglow and verify or falsify the maser shock model of FRBs. Such observations
are only possible if the FRB event is reported in a timely manner on networks that distribute
astronomical alerts rapidly (such as GCN Barthelmy et al. 1998 or VOEvent Williams & Sea-
man 2006 networks), and radio telescopes have programs in which observations can be
interrupted for rapid or automatic repointing.

5.5.5 Non-thermal radio afterglows

Shock acceleration of particles resulting in non-thermal distributions and radiation occurs
almost ubiquitously in high energy astrophysical transients such as supernovae remnants
(Yuan et al., 2011; Ackermann et al., 2013), gamma-ray bursts (Waxman, 1997), active
galactic nuclei (Blandford & Konigl, 1979) and X-ray binary jets (Markoff et al., 2001). How-
ever, particle-in-cell (PIC) simulations of relativistic, magnetized shocks suggest that particle
acceleration in shocks does not occur very efficiently (Sironi & Spitkovsky, 2009; Sironi et al.,
2015a). As relativistic shocks sweep up organised magnetic field lines, they are compressed
into the downstream shocked medium. As compression occurs, the angle between the mag-
netic field lines and the shock velocity 6 increases, such that they are quasi-perpendicular
0 ~ 90 deg. PIC simulations show no significant self-generated turbulence or magnetic field
from particles in relativistic magnetized shocks (Sironi & Spitkovsky, 2011), and as such the
particles are forced to slide along the background magnetic field lines. As these field lines run
perpendicular to the shock velocity, particles do not escape the shock and therefore do not
undergo repeated shock crossings required for Fermi-like shock acceleration. This is quanti-
fied in Sironi & Spitkovsky (2009), where the authors define a critical angle 6.;, such that
if 6 > 6., particles would have to propagate at greater than the speed of light in order to
outrun the shock and undergo multiple shock crossings as required for non-thermal acceler-
ation. For this reason, the FRB afterglow model presented in Metzger et al. (2019); Margalit
et al. (2020a) assumes purely thermal radiation, nor are non-thermal particles included in
Figs. 5.5, 5.6, 5.7 or 5.8.

As the FRB-initiating shock wave progresses it decelerates to smaller bulk Lorentz factors
and propagates into regions of lower magnetic field strength (Egs. 5.5 & 5.6). The typical
magnetization and Lorentz factor values assumed in simulations of relativistic, magnetized
shocks are o > 0.1 and I' > 10. For the SGR 1935+2154 burst, the afterglow model in
Margalit et al. (2020a) suggests the shock enters a non-relativistic Sedov-Taylor phase at
thon—rel & 45 seconds via Eq. 5.11. This is exceptionally early due to the low-luminosity of
this FRB: ¢,,,,_.. Will be larger by a factor of approximately 100 for a bright FRB, using
the shock values from Margalit et al. (2020b), corresponding to a time ¢, _.; = 1.5 hours.
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We suggest that in this non-relativistic phase, particles are able to undergo multiple shock
crossing as has been observed in magnetized shocks of supernovae remnants.

To model the non-thermal radiation in the Sedov-Taylor phase, we assume 10% of the total
(constant) energy of the shock E, = gszhnextmpvfh o t° is available for non-thermal

particle acceleration, as is canonically expected for cosmic ray acceleration in SNRs (e.g.
Strong et al. 2007). We further assume an equipartition in energy between hadronic and
leptonic acceleration. For this calculation we assume a uniform density medium through-
out such that n. = npgrp, noting that if the constant density does not extend to such
radii, the non-thermal radiation would be lower than predicted here. Non-thermal radia-
tion strongly depends on the magnetic field at the shock. However, in the non-relativistic
regime the shock’s magnetic field strength is uncertain due to the unknown magnetization
of the magnetosphere-ISM transition medium, and possible amplification of the compressed
magnetic field due to non-resonant Bell instability (Vink & Laming, 2003; Bell, 2004). We
parameterize the magnetic field in terms of a fraction of the thermal energy density (i.e. Eq.
5.6) and the shock-amplified ISM value, such that:

B = max(y / 64710@2mpc2next , XshBISM> (5.19)

Where x,, ~ 4 is the shock compression ratio, the magnetization c = 0.1 — 1 (Metzger
et al.,, 2019), B is the velocity of the blast-wave in units of the speed of light, and we assume
Bism ~ 3 pG. The minimum electron energy can be expressed in terms of the thermal
particle energy: -

B = eez(?pi_zf)% +m, (5.20)
Where e, = 0.05 is the fraction of shock energy (i.e. half of 10% of the total energy due to
equipartition) that goes into accelerating electrons and p is the slope of the power law dis-
tribution of shock-acceleration electrons which we assume to be p = 2.2 (Sironi & Giannios,
2013). The spectral luminosity in the slow cooling regime relevant for the radio afterglow
is therefore:

L, o« X~ -D/2 g2 (5.21)
p+1

where K = Ege.(p— 2)E§;ﬁ is the normalization factor of the non-thermal electron distri-
bution. We note that exponential suppression of non-thermal particle radiation is assumed
for times ¢ < t,,,_re1, Since we do not expect shock acceleration at these times (see above).
We treat synchrotron self-absorption using Eq. 5.10, replacing 7;pcrm With the Lorentz factor
for which the critical synchrotron frequency is the observing frequency v.

In Fig. 5.9, we show the predicted thermal (dashed) and non-thermal (solid) afterglow
lightcurves for two observing frequencies. For FRB 200428, the weak burst means the af-
terglow is relatively dim, and does not challenge the radio upper limits previously discussed.
However, we note that particularly at low frequencies the non-thermal radiation could con-
tribute to the overall flux shortly before the thermal synchrotron cut-off. In Fig. 5.10, we
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Figure 5.9: Dotted and solid lines denote the thermal and non-thermal components respectively to the afterglow
associated with the FRB from SGR 193542154, as described in the text. The major break denotes the time at which
the emission becomes optically thin. The non-thermal afterglow contributes most significantly for lower frequencies
and at later times, near the thermal synchrotron cut-off. For all times of interest, the shock magnetic field strength is
always greater than the amplified ISM value. Black and orange inverted triangles correspond radio upper limits taken
after FRB 200428 by VLA and LOFAR at 6 GHz and 144 MHz respectively.

show a similar plot for a bright FRB for two distances, corresponding to Galactic or nearby ex-
tragalactic FRBs. For a bright Galactic FRB, non-thermal radio emission could be detectable
up to years after the initial burst. Long-term monitoring of such a source would provide
opportunities for detailed modelling of the afterglow, contributing to our understanding of
shocks more generally. However, non-thermal radio emission from even a nearby extragalac-
tic FRB is not likely to be bright enough to probe.

The closest repeating FRB resides at a distance of D = 3.6 Mpc in M81 (Bhardwaj et al.,
2021; Kirsten et al., 2022). Kirsten et al. (2022) obtained deep persistent flux constraints
(6.5uJy at 1.5 GHz) of the source before their reported FRBs, but 1-6 months after previously
reported bursts by Bhardwaj et al. (2021). Unfortunately, the low luminosity of the observed
FRBs mean that predicted afterglow emission is not observable.

5.6 Conclusions

In this work we have presented results from LOFAR imaging observations of SGR 1935+2154,
following the Galactic magnetar burst FRB 200428. We discuss interpretations of the LOFAR
results, stressing the importance of simultaneous X-ray/radio observations of active magne-
tars to constrain both magnetospheric and flare/shock models of FRBs. We also make rec-
ommendations of rapid observations on minute-day timescales following Galactic or nearby
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Figure 5.10: Dotted and solid lines denote the thermal and non-thermal components respectively to the afterglow
after a typical luminosity FRB, where v, = 1.4 GHz. We show two distances representative of a bright Galactic
burst (black) and a nearby extragalactic FRB. The non-thermal emission is relatively weak, but allows for late-times
monitoring of the lightcurve in the Galactic FRB case. The thermal radio afterglow is tentatively observable (> pJy) in
the hours following a close extragalactic FRB. We assume exponential suppression of non-thermal acceleration before
the shock becomes non-relativistic.
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extragalactic FRBs. We have analysed optical and radio early time upper limits in the context
of models of FRB 200428 that predict a multi-wavelength afterglow, namely the synchrotron
maser shock model. We have found that early BOOTES-3 optical observations appear to rule
out simple versions of this model, but invoking a wind-like environment close to the FRB
emission zone may mitigate the constraints. We also suggest that shock accelerated particle
populations should be considered at late times when the shock is non-relativistic, however
we find that such non-thermal emission is too faint to be observable, except for future Galac-
tic FRBs.
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English summary

Compact objects, neutron stars and black holes (and white dwarfs), are dense, mysteri-
ous astronomical sources. They form at the end of stars’ lives, or after the merger of two
other stellar objects, floating through interstellar space invisible to astronomers searching
for them. However, when they are young or in binary systems, they can produce a variety of
transient and explosive phenomena visible to us on Earth through a particular wavelength of
light or another messenger. This is not an uncommon occurrence, as most stars (particularly
more massive ones) are born in binary systems. As they evolve together burning away their
hydrogen fuel, eventually one of the pair will undergo a supernova explosion, sometimes
producing a young, magnetized neutron star known as a pulsar or a magnetar, or possibly
a black hole. These neutron stars can produce a wide range of pulses, bursts and explosions
across the electromagnetic spectrum, powered by large magnetic fields and rapid rotations
(Chapter 3 & 5).

Occasionally, the star and the newly born compact object can stay together despite the diffi-
culties encountered by the violent supernova. In this case, if the objects are sufficiently close
in orbit, the star may begin accreting matter onto the compact object. This can occur either
when matter is pulled directly from the stellar surface due to the compact objects’ gravita-
tional pull, or due to the stars own powerful stellar winds blowing off material towards its
companion. Conservation of angular momentum dictates that this transferred matter forms
into a disc around the compact object. This accretion disc shines in X rays and launches
powerful outflows of ejected matter and accelerated particles known as jets, which vary on
day to year timescales (Chapter 2).

As the compact object and star binary continue to evolve together, the donor star may also
eventually explode in a supernova. If, possibly against the odds, the binary pair’s orbit stays
bound despite this second explosion, a compact object binary forms. These two compact
objects are often far apart and initially only interact through due to their motion through
space and time. The resulting gravitational radiation, ripples through space-time that prop-
agate across the Universe, is the only signature of their cosmic dance. Eventually, often
on timescales nearly as long as the Universe itself, the objects will have radiated sufficient
energy such that their orbits decrease to the point of merger. This final, most energetic
of transients is detectable across the electromagnetic spectrum, as well as in gravitational
waves, as the gravitational chirp ripples through space-time to perturb our own perception
of length and time on Earth (Chapter 4).
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Figure A: An artist’s impression of Cygnus X-1, a black hole X-ray Binary (NASA/CXC/M.Weiss)

In the following, I will briefly summarise the research contained within the four science
chapters of this thesis.

* Chapter 2 - High-energy cosmic ray production in X-ray binary jets

Chapter 2 examines the jets of X-ray binary systems, a binary system involving a com-
pact object and a star, as particle accelerators. The primary aim of the chapter is to
understand how significant is the X-ray binary contribution to the cosmic ray spectrum:
an observed flux of astrophysically accelerated protons and ions.

The chapter is particularly focused on black hole X-ray binaries, sources in which the
compact object is a black hole, as astronomical observations conducted thus far across
the electromagnetic spectrum indicate these systems are the most efficient particle
accelerators. We estimate the Galactic population of X-ray binaries by considering the-
oretical population synthesis studies rooted in the physics of binary evolution and
recent observations of the dense centre of the Galaxy where X-ray binary systems are
thought to reside.

Using observed X-ray and radio properties of black hole X-ray binary systems, an em-
pirical relationship is employed to find the mean jet power. First principles particle
acceleration simulations imply a small percentage of the jet energy powers the accel-
eration hadronic particles (protons, and other heavier ions) during shocks. The total
Galactic hadronic acceleration power stemming from shocks within X-ray binary jets
is then compared to the known Galactic cosmic ray luminosity.
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To gain a fuller understanding of how accelerated particles in jets end up as cosmic
rays, we simulate the propagation of these accelerated hadrons from X-ray binaries
using the DRAGON code. This allows us to also understand which other messengers
are produced from these cosmic rays during their propagation to Earth, along winding
paths bent by the interstellar magnetic field. In particular, we calculate the diffuse
gamma rays and neutrinos that arise due to the cosmic rays’ interactions with the
interstellar medium.

We find that up to 10% of Galactic cosmic ray luminosity could be accelerated in X-
ray binary jets. Furthermore, jets have the capability to accelerate particles above 1
PeV (10" electron-volts), and possibly to the second knee feature in the observed
spectrum at around ~100 PeV. This finding may aid in explaining these peculiar fea-
tures in the cosmic ray spectrum during the transition from Galactic to extra-Galactic
sources. Finally, we find that any second significant Galactic component to the cosmic
ray spectrum that has a higher energy cut-off than the primary component (thought
to be supernova remnants) should be verifiable through a break in the diffuse Galactic
neutrino spectrum in the coming years.

Chapter 3 - Coherent curvature radiation: maximum luminosity and high-energy
emission

In this chapter of the thesis, we investigate transient radio bursts from magnetized
neutron stars. We consider in detail one radiation mechanism in which very bright
coherent radio emission can be produced, known as coherent curvature radiation. Co-
herent emission is a specific type of observed astrophysical radiation in which observed
emission is too bright and too short in duration to be explained by the sum of individu-
ally emitting particles. Instead, accelerated particles behave and emit in an organised
manner similar to a laser beam, boosting the total emitted and observed power.

Particle acceleration close to neutron stars is generally powered by rotation-induced
steady electric fields, or transient electric fields arising due to a change in magne-
tospheric properties. Accelerated particles are directed along magnetic field lines, as
strong electromagnetic forces radiate away motion perpendicular to the field lines. The
curvature of field lines results in an acceleration component perpendicular to the parti-
cles’ momenta resulting in radiation, similar to centripetal acceleration during uniform
circular motion. Coherence is invoked due to the particles’ proximities to each other
both spatially and in momentum space. In this way, bunches of particles confined to
one emission wavelength in the observer frame and having well-aligned momenta, ef-
fectively radiate as one large clump of charge equal to the sum of all charges in the
clump.

We find that the accelerated particles themselves perturb the magnetic field lines along
which they propagate. The net effect is that instead of moving along the slowly curving
neutron star magnetic field lines, individual particles move along helical curves, similar
to a bent spring. This has two important consequences. Firstly, there is a maximum
coherent luminosity for each bunch of particles, that depends on the properties of the
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Figure B: An artist’s impression of a magnetar, a highly magnetized neutron star (Maciej Rebisz/Quanta Magazine)

bunch and therefore the properties of the neutron star itself. This stems from the fact
that if the magnetic field lines are too tightly wound, individual particles will not longer
have their directions of motion well-aligned, which breaks the coherence. Secondly, the
perturbations to the particles’ paths leads to a small-scale acceleration transverse to the
guiding neutron star magnetic field lines. This results in an additional, subdominant,
incoherent component to the bunches’ radiation at high frequencies. It is found that
this component is nominally emitted in the X-ray or gamma-ray band for sources of
interest, and may be detectable for the brightest radio bursts in some conditions.

These consequences are compared to the observed properties of transient radio bursts
from the Crab Pulsar, the bright FRB 200428 observed from the Galactic magnetar SGR
193542154, and extra-Galactic fast radio bursts of unknown origin. We show that the
maximum luminosity condition means that the brightest pulses from the Crab pulsar
must come from close to the surface of the star. Furthermore, it limits the progenitors
of fast radio bursts to only high magnetic field neutron stars within the context of
this radiation mechanism. The high-energy component of the emission may be able to
explain (a part) of the high-energy burst observed coincidentally with FRB 200428.

* Chapter 4 - Pulsar revival in neutron star mergers: multi-messenger prospects for
the discovery of pre-merger coherent radio emission

Chapter 4 investigates the possibilities for the detection of emission from neutron star
mergers produced before the merger event itself. The magnetospheric interaction be-
tween two neutron stars is considered, where one neutron star has a negligible mag-
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Figure C: An artist’s impression of a neutron star merger (Robin Dienel/The Carnegie Institution for Science)

netic field. Such properties are generally expected for typical binary evolutionary chan-
nels, and have been observed for double neutron star systems in our Galaxy.

The first half of the chapter investigates the manner in which particle acceleration and
radiation could occur. We correct calculations in the literature for the electromagnetic
response of a perfect conductor (i.e. the less magnetized neutron star) moving through
a uniform magnetic field, which here represents the magnetosphere of the magnetized
neutron star. Using this, we identify regions in which a strong electric field is present
parallel to local magnetic field lines, conductive to particle acceleration. We estimate
the coherent luminosity of these regions by calculating the height of a vacuum gap that
forms due to high-energy curvature photons interacting with the magnetic field. In this
interaction, photons can produce pairs that screen screen the electric field, similar to
theories of pulsar emission.

Using a semi-analytical framework, we can map this electric field and the perturbed
magnetic field lines as a function of time to understand the direction of particle accel-
eration and radiation. In this way we are able to, for the first time, predict pre-merger
emission in a viewing-angle dependent manner and produce simulated observer-dependent
lightcurves. The emission profile of coherent radio radiation depends on a few key pa-
rameters: the radiative efficiency, the surface magnetic field of the primary magnetized
neutron star, the inclination angle of the system, the magnetic obliquity of the system,
and distance to the merger.

In the second half of the paper, we investigate five possibilities for the discovery of
this pre-merger emission using multi-messenger and multi-wavelength observing tech-
niques. Firstly, the radio bursts may be discovered a fast radio burst without a multi-
messenger or multi-wavelength counterpart. We suggest these pre-merger bursts could
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make up a fraction of one-off bursts observed by wide-field instruments, and may be
identifiable due to their characteristic temporal structure. Secondly, the pre-merger
emission may be detected by rapid observations of gamma-ray bursts performed by
low-frequency instruments. The most optimistic parameters (high magnetic field neu-
tron stars with well-aligned systems) have already been probed by low-frequency ra-
dio telescopes, where the dispersion delay of radio waves as compared to the prompt
gamma-rays allows these instruments to effectively observe before the merger. Thirdly,
similar rapid observations may be performed for gravitational-wave events involving
a neutron star, particularly important for the upcoming ground-based gravitational-
wave detector runs. Fourthly, a gamma-ray burst afterglow may be detectable follow-
ing a coherent burst without an initial counterpart, to confirm a merger origin of the
coherent burst. Finally, a kilonova, a short-lived optical afterglow of a neutron star
merger, may be verifiable after a coherent burst in a similar manner.

* Chapter 5 - Testing afterglow models of FRB 200428 with early post-burst obser-
vations of SGR 1935+2154

Around 14.30 UTC on the 28th of April 2020, an extremely bright radio burst was
observed from within our Galaxy from a magnetar SGR 1935+2154. The burst was
many orders of magnitude brighter than typical giant pulses previously observed from
neutron stars. The properties of this burst were similar to the recently discovered fast
radio bursts of unknown origin that originate from other galaxies. Despite being less
luminous that typical fast radio bursts, it provided strong evidence that magnetars may
be progenitors of fast radio bursts, as had already been proposed in the literature.

The radio burst, also known as FRB 200428, was observed during a highly active period
of the magnetar where many transient X-ray bursts were also observed. Of particular
note is that one X-ray burst was observed by four separate instruments almost simul-
taneously to the radio burst. It has a peculiar spectrum as compared to the hundreds
of other radio bursts. This represented the first time such a bright radio burst was ob-
served with a multi-wavelength counterpart, providing a unique opportunity to con-
strain and develop the emission mechanisms proposed to power fast radio bursts. One
popular theory of fast radio bursts, the synchrotron maser shock model, is the primary
focus for the theoretical part of the paper. In this model, a synchrotron maser powers
the fast radio burst, that forms due to shocks as a relativistic blast-wave impacts the
surrounding medium. This model can be constrained by post-burst observations, as a
multi-wavelength afterglow is predicted as the blast-wave propagates away from the
neutron star, similar to the afterglow of a gamma-ray burst.

In this Chapter we present observations of the magnetar taken after FRB 200428
with the Low Frequency Array (LOFAR), an international radio telescope based in
the Netherlands. We do not find any emission at the location of the magnetar during
deep images across three observing epochs, nor during snapshot imaging on shorter
timescales. We first discuss the implications of our LOFAR non-detection. Some mag-
netars are radio-loud, emitting radio pulsations modulated by their spin period. The
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fact that this magnetar does not, and produced an FRB, may suggest that the FRB
production mechanism is completely separate from pulsar like mechanism.

We discuss the coincident X-ray detection and multi-wavelength non-detections, both
with LOFAR and other reported limits in radio and optical, in the context of the multi-
wavelength afterglow predicted by the maser shock model. We find that earlier obser-
vations hours to days after the burst are crucial to detect the radio afterglow. Based on
these findings we make recommendations for the possibility of automatic triggering
of rapid response telescopes in the event of another Galactic FRB. We further discuss a
very early optical observation reported in the literature to begin just one second after
the burst. By modelling the optical afterglow we suggest that, at least for the most sim-
ple shock model with a uniform density circumburst medium, the non-detection rules
out the synchrotron maser shock model. We further find that if the blast wave instead
interacts with a non-uniform density medium, these constraints may be mitigated with
certain parameter choices. We further suggest that the non-thermal acceleration of par-
ticles should be incorporated within the model after the shock is not longer relativistic.
We show that if non-thermal acceleration is accounted for, afterglows from the bright-
est radio bursts could be detectable for much longer periods of time.
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Nederlandse samenvatting

Compacte objecten, d.w.z. neutronensterren en zwarte gaten (en witte dwergen), zijn mys-
terieuze astronomische bronnen met een hoge dichtheid. Ze ontstaan aan het eind van het
leven van sterren, of na de fusie van twee andere stellaire objecten, en zweven door de in-
terstellaire ruimte, onzichtbaar voor astronomen die ernaar zoeken. Als ze echter jong zijn
of in dubbelstersystemen zitten, kunnen ze allerlei kortdurende en explosieve verschijnselen
voortbrengen die voor ons op aarde zichtbaar zijn door licht van een bepaalde golflengte of
een andere boodschapper. Dit is geen ongewoon verschijnsel, aangezien de meeste sterren
(vooral de zwaardere) geboren worden in dubbelsterren. Naarmate ze samen evolueren en
hun waterstof opbranden, ondergaat een van de twee uiteindelijk een supernova-explosie,
waarbij soms een jonge, gemagnetiseerde neutronenster ontstaat die bekend staat als een
pulsar of een magnetar, of mogelijk een zwart gat. Deze neutronensterren kunnen een breed
scala aan pulsen, uitbarstingen en explosies in het elektromagnetische spectrum produceren,
aangedreven door grote magnetische velden en snelle rotaties (Hoofdstuk 3 & 5).

Soms kunnen de ster en het pasgeboren compacte object bij elkaar blijven, ondanks de
gewelddadige supernova. In dat geval kan de ster, als de objecten dicht genoeg bij elkaar
in een baan zijn, materie gaan afgeven aan het compacte object. Dit kan gebeuren doordat
materie rechtstreeks van het oppervlak van de ster wordt getrokken door de zwaartekracht
van het compacte object, of doordat de krachtige wind van de ster zelf materiaal naar zijn
begeleider blaast. Behoud van impulsmoment dicteert dat deze overgedragen materie een
schijf vormt rond het compacte object. Deze zogeheten accretieschijf schittert in rontgen-
straling en lanceert krachtige stromen van materie en versnelde deeltjes, jets genaamd, die
vari€ren op tijdschalen van dagen tot jaren (Hoofdstuk 2).

Als het compacte object en de ster samen verder evolueren, kan de donorster uiteindelijk
ook exploderen in een supernova. Als, mogelijk tegen de verwachting in, de baan van de
dubbelster ondanks deze tweede explosie gebonden blijft, ontstaat een dubbel compact
object. Daarin zijn de compacte objecten aanvankelijk vaak ver van elkaar verwijderd en
hebben daardoor alleen interactie door hun beweging door ruimte en tijd. De resulterende
zwaartekrachtstraling, rimpelingen door de ruimtetijd die zich door het heelal voortplanten,
zijn de enige signatuur van hun kosmische dans. Uiteindelijk, vaak op tijdschalen bijna zo
lang als de leeftijd van het heelal zelf, zullen de objecten voldoende energie hebben uitges-
traald dat hun banen krimpen tot het punt van samensmelting. Dat veroorzaakt een laatste,
meest energieke transiént die waarneembaar is in het elektromagnetische spectrum en in
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Figuur A: Een artistieke impressie van Cygnus X-1, een zwart gat met rontgenstraling. (NASA/CXC/M.Weiss)

gravitatiegolven, die door de ruimte-tijd rimpelen en onze eigen perceptie van lengte en tijd
op aarde verstoren (Hoofdstuk 4).

Hieronder zal ik het onderzoek in de vier wetenschappelijke hoofdstukken van dit proef-
schrift kort samenvatten.

* Hoofdstuk 2 - High-energy cosmic ray production in X-ray binary jets

Hoofdstuk 2 onderzoekt de jets van rontgendubbelsterren, een dubbelster met een
compact object en een gewone ster, als deeltjesversnellers. Het voornaamste doel van
het hoofdstuk is te begrijpen hoe belangrijk de bijdrage van rontgendubbelsterren aan
kosmische straling is: een waargenomen flux van astrofysisch versnelde protonen en
ionen.

Dit hoofdstuk is vooral gericht op rontgendubbelsterren waarin het compacte object
een zwart gat is, aangezien astronomische waarnemingen over het hele elektromag-
netische spectrum erop wijzen dat deze systemen de meest efficiénte deeltjesversnellers
zijn. We schatten de Galactische populatie van rontgendubbelsterren met behulp van
theoretische studies van populatiesynthese, gebaseerd op de fysica van de evolutie van
dubbelsterren, en recente waarnemingen van het dichte centrum van onze Melkweg,
waar vermoedelijk veel rontgendubbelsterren verblijven.

Met behulp van waargenomen réntgen- en radio-eigenschappen van rontgendubbel-
sterren met zwarte gaten vinden we een empirische relatie voor het gemiddelde ver-
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mogen van jets. Uit nauwkeurige simulaties van deeltjesversnelling blijkt dat een klein
percentage van de energie van de jet de versnelling van hadronen (protonen en andere
zwaardere ionen) tijdens schokken aandrijft. Het totale Galactische hadronische ver-
snellingsvermogen als gevolg van schokken in deze jets wordt vervolgens vergeleken
met de bekende totale hoeveelheid Galactische kosmische straling.

Om beter te begrijpen hoe versnelde deeltjes in jets eindigen als kosmische straling,
simuleren we de voortplanting van deze versnelde hadronen uit rontgendubbelsterren
met behulp van de DRAGON code. Hierdoor kunnen we ook begrijpen welke andere
boodschappers uit deze kosmische stralen worden geproduceerd op hun weg naar de
aarde, langs kronkelige paden die door het interstellaire magnetische veld worden
afgebogen. In het bijzonder berekenen we de diffuse gammastraling en neutrino’s die
ontstaan door de interactie van de kosmische straling met het interstellaire medium.

Wij vinden dat tot 10% van de Galactische kosmische straling kan worden versneld in
jets van rontgendubbelsterren. Bovendien kunnen jets deeltjes versnellen tot boven 1
PeV (10" elektronvolt), en mogelijk tot het tweede kniepunt in het waargenomen spec-
trum rond ~100 PeV. Deze bevinding kan bijdragen aann de verklaring van deze eige-
naardigheden in het kosmische-stralingsspectrum rondom de overgang van Galactis-
che naar extra-galactische bronnen. Ten slotte vinden wij dat een tweede significante
Galactische component in het kosmische stralingsspectrum met een hogere grensen-
ergie dan de primaire component (vermoedelijk supernovaresten) in de komende jaren
moet kunnen worden geverifieerd via een knik in het diffuse Galactische neutrino-
spectrum.

Hoofdstuk 3 - Coherent curvature radiation: maximum luminosity and high-energy
emission

In dit hoofdstuk van het proefschrift onderzoeken we radio-uitbarstingen van gemag-
netiseerde neutronensterren. We onderzoeken in detail één stralingsmechanisme waar-
bij zeer heldere coherente radio-emissie kan worden geproduceerd, bekend als coher-
ente krommingsstraling. Coherente emissie is een specifiek type waargenomen astro-
fysische straling waarbij de waargenomen emissie te helder en te kort van duur is
om te worden verklaard door de som van individueel uitstralende deeltjes. In plaats
daarvan gedragen de versnelde deeltjes zich op een georganiseerde manier en zen-
den ze gezamenlijk straling uti, vergelijkbaar met een laserstraal, waardoor het totale
uitgezonden en waargenomen vermogen toeneemt.

Deeltjesversnelling in de buurt van neutronensterren wordt over het algemeen aange-
dreven door langdurig bestaande rotatie-geinduceerde elektrische velden, of door elek-
trische velden die tijdelijk ontstaan door een verandering in de eigenschappen van de
magnetosfeer. Versnelde deeltjes worden langs magnetische veldlijnen geleid, aangezien
beweging loodrecht op de veldlijnen snel door straling gedempt wordt. De kromming
van de veldlijnen resulteert in een versnellingscomponent loodrecht op de impulsen
van de deeltjes, vergelijkbaar met centripetale versnelling bij uniforme cirkelbeweg-
ing; die resulteert in straling. Coherentie wordt veroorzaakt doordat de deeltjes zich
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Figuur B: Een artistieke impressie van een magnetar, een sterk gemagnetiseerde neutronenster. (Maciej Rebisz/Quanta
Magazine)

zowel ruimtelijk als in de impulsruimte dicht bij elkaar bevinden. Op deze manier
stralen bundels deeltjes die zich binnen tot één emissiegolflengte van elkaar bevinden
en goed op elkaar afgestemde impulsen hebben, effectief als één grote lading die gelijk
is aan de som van alle ladingen in de klomp.

We vinden dat de versnelde deeltjes zelf de magnetische veldlijnen waarlangs ze zich
voortbewegen verstoren. Het netto effect is dat in plaats van langs de langzaam krom-
mende magnetische veldlijnen van de neutronenster te bewegen, individuele deeltjes
langs spiraalvormige krommingen bewegen, vergelijkbaar met een gebogen veer. Dit
heeft twee belangrijke gevolgen. Ten eerste is er een maximale coherente helderheid
voor elke bundel deeltjes, die athangt van de eigenschappen van de bundel en dus van
de eigenschappen van de neutronenster zelf: als de magnetische veldlijnen te strak
gewikkeld zijn bewegen de afzonderlijke deeltjes niet meer voldoende in dezelfde
richting, waardoor de coherentie uitblijft. Ten tweede leiden de verstoringen van de
banen van de deeltjes tot een kleinschalige versnelling dwars op de leidende mag-
netische veldlijnen van de neutronenster. Dit resulteert in een extra, subdominante,
incoherente component in de straling van de bundels bij hoge frequenties. Het blijkt
dat deze component nominaal wordt uitgezonden in de rontgen- of gammaband voor
interessante bronnen, en onder bepaalde omstandigheden detecteerbaar kan zijn voor
de helderste radio-uitbarstingen.

Deze gevolgen worden vergeleken met de waargenomen eigenschappen van voorbij-
gaande radio-uitbarstingen van de Krabpulsar, de heldere FRB 200428 van de Galac-
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tische magnetar SGR 193542154, en buiten-Galactische snelle radio-uitbarstingen
van onbekende oorsprong. Wij laten zien dat de voorwaarde van maximale helder-
heid betekent dat de helderste pulsen van de Krabpulsar afkomstig moeten zijn van
dicht bij het oppervlak van de ster. Bovendien beperkt het de voorlopers van snelle
radio-uitbarstingen tot alleen neutronensterren met een hoog magnetisch veld in de
context van dit stralingsmechanisme. De hoogenergetische component van de emissie
kan wellicht (een deel) van de hoogenergetische uitbarsting verklaren die samen met
FRB 200428 is waargenomen.

Hoofdstuk 4 - Pulsar revival in neutron star mergers: multi-messenger prospects
for the discovery of pre-merger coherent radio emission
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Hoofdstuk 4 onderzoekt de mogelijkheden voor de detectie van straling van samensmeltende

neutronensterren voorafgaand aan de samensmelting zelf (zgn. pre-merger emissie).
De magnetosferische interactie tussen twee neutronensterren wordt beschouwd, waar-
bij één neutronenster een verwaarloosbaar magnetisch veld heeft. Dergelijke eigen-
schappen worden algemeen verwacht voor typische evolutiekanalen van dubbelster-
ren, en zijn waargenomen voor dubbele neutronenstersystemen in onze Melkweg.

De eerste helft van het hoofdstuk onderzoekt de manier waarop deeltjesversnelling en
straling zouden kunnen optreden. We corrigeren berekeningen in de literatuur voor
de elektromagnetische respons van een perfecte geleider (d.w.z. de minder gemag-
netiseerde neutronenster) die door een uniform magneetveld beweegt, wat hier de
magnetosfeer van de gemagnetiseerde neutronenster voorstelt. Aan de hand hiervan
identificeren we gebieden waarin een sterk elektrisch veld aanwezig is parallel aan
lokale magnetische veldlijnen, wat gunstig is voor deeltjesversnelling. We schatten de
coherente helderheid van deze gebieden door de hoogte te berekenen van een vacuiim
spleet die ontstaat doordat hoogenergetische fotonen wisselwerken met het magnetis-
che veld. Daarbij kunnen fotonen deeltjesparen produceren die het elektrische veld
afschermen, vergelijkbaar met theorieén over pulsaremissie.

Met behulp van een semi-analytisch kader kunnen wij dit elektrisch veld en de ver-
stoorde magnetische veldlijnen in kaart brengen als functie van de tijd om de richt-
ing van deeltjesversnelling en straling te begrijpen. Op deze manier zijn wij voor het
eerst in staat om de straling voor de samensmelting te voorspellen voor verschillende
waarneemrichtingen en gesimuleerde waarnemer-afhankelijke lichtkrommen te pro-
duceren. Het emissieprofiel van coherente radiostraling hangt af van enkele belangri-
jke parameters: het stralingsrendement, het magnetisch veld van de neutronenster, de
inclinatiehoek van het systeem, de hoek tussen magneetveld en baan, en de afstand
tot het moment van samensmelting.

In de tweede helft van het hoofdstuk onderzoeken we vijf mogelijkheden voor de
ontdekking van deze pre-merger emissie met behulp van multi-messenger en multi-
golflengte waarneemtechnieken. Ten eerste kan het gaan om de ontdekking van een
snelle radio-uitbarsting zonder een multi-messenger of multi-golflengte tegenhanger.
Wij suggereren dat deze pre-merger uitbarstingen een fractie kunnen vormen van
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Figuur C: Een artistieke impressie van een neutronensterfusie (Robin Dienel/The Carnegie Institution for Science)

de eenmalige uitbarstingen die door instrumenten met een groot beeldveld worden
waargenomen, en dat zij identificeerbaar zijn door hun karakteristieke tijdsstructuur.
Ten tweede kan de pre-merger emissie worden gedetecteerd door snelle waarnemin-
gen van gammaflitsen door radiotelescopen. De meest optimistische parameters (neu-
tronensterren met een hoog magnetisch veld en goed uitgelijnde systemen) zijn reeds
onderzocht met laagfrequente radiotelescopen, waar de dispersievertraging van radio-
golven in vergelijking met de snelle gammastraling deze instrumenten in staat stelt
effectief waar te nemen véor de fusie. Ten derde kunnen soortgelijke snelle waarnemin-
gen worden gedaan voor uitbarstingen van zwaartekrachtgolven waarbij een neutro-
nenster betrokken is, wat bijzonder belangrijk is voor de komende waarneemperioden
van detectoren voor zwaartekrachtgolven op de grond. Ten vierde kan na een coher-
ente uitbarsting zonder aanvankelijke tegenhanger een nagloeier van een gammaflits
worden waargenomen om te bevestigen dat de coherente uitbarsting zijn oorsprong
vindt in een fusie. Ten slotte kan een kilonova, een kortstondige optische nagloeier
van een fusie van neutronensterren, na een coherente uitbarsting op soortgelijke wi-
jze worden gecontroleerd.

* Hoofdstuk 5 - Testing afterglow models of FRB 200428 with early post-burst ob-
servations of SGR 1935+2154

Rond 14.30 UTC op 28 april 2020 is een extreem heldere radio-uitbarsting waargenomen
van een magnetar SGR 1935+2154 in onze Melkweg. De uitbarsting was vele orden
van grootte helderder dan de typische reuzenpulsen die eerder van neutronensterren
zijn waargenomen. De eigenschappen van deze uitbarsting waren vergelijkbaar met de
onlangs ontdekte snelle radio-uitbarstingen van onbekende oorsprong die afkomstig
zijn van andere melkwegstelsels. Hoewel hij minder helder was dan typische snelle
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radio-uitbarstingen, leverde hij sterk bewijs dat magnetars de voorlopers kunnen zijn
van snelle radio-uitbarstingen, zoals reeds in de literatuur was voorgesteld.

De radio-uitbarsting, ook bekend als FRB 200428, werd waargenomen tijdens een zeer
actieve periode van de magnetar waarin ook veel kortdurende réntgenuitbarstingen
werden waargenomen. Van bijzonder belang is dat één rontgenuitbarsting door vier af-
zonderlijke instrumenten vrijwel gelijktijdig met de radio-uitbarsting werd waargenomen.
Deze heeft een eigenaardig spectrum in vergelijking met de honderden andere radio-
uitbarstingen. Dit was de eerste keer dat zo’n heldere radio-uitbarsting werd waargenomen
met een tegenhanger op meerdere golflengten, wat een unieke gelegenheid biedt
om de emissiemechanismen die worden voorgesteld om snelle radio-uitbarstingen
aan te drijven te testen en verder te ontwikkelen. Een populaire theorie over snelle
radio-uitbarstingen, het synchrotron-maserschokmodel, staat centraal in het theoretis-
che deel van dit artikel. In dit model drijft een synchrotron-maser de snelle radio-
uitbarsting aan, die ontstaat door schokken als een relativistische drukgolf op het
omringende medium inslaat. Dit model kan worden gecontroleerd aan de hand van
waarnemingen na de uitbarsting, aangezien een nagloeier met meerdere golflengten
wordt voorspeld naarmate de schokgolf zich van de neutronenster verwijdert, vergeli-
jkbaar met de nagloeier van een gammaflits.

In dit Hoofdstuk presenteren we waarnemingen van de magnetar na FRB 200428 met
de Low Frequency Array (LOFAR), een internationale radiotelescoop in Nederland.
We vinden geen emissie op de locatie van de magnetar tijdens diepe beelden over
drie waarnemingsepochen, noch tijdens momentopnamen op kortere tijdschalen. We
bespreken eerst de implicaties van deze non-detectie. Sommige magnetars zijn radio-
luid en zenden radiopulsen uit die gemoduleerd worden door hun rotatieperiode. Het
feit dat deze magnetar dat niet doet, en een FRB produceerde, kan erop wijzen dat
het FRB-productiemechanisme volledig losstaat van het pulsar-achtige mechanisme.

Wij bespreken de samenvallende rontgendetectie en multi-golflengte non-detecties
(zowel met LOFAR als met andere instrumenten in radio en optisch) in de context
van de multi-golflengte nagloeier voorspeld door het maser-schokmodel. Wij vinden
dat eerdere waarnemingen uren tot dagen na de uitbarsting cruciaal zijn om de radio-
nagloeier te detecteren. Op basis van deze bevindingen doen wij aanbevelingen voor
de mogelijkheid van automatische activering van snelle-reactietelescopen in geval van
een nieuwe Galactische FRB. Verder bespreken wij een zeer vroege optische waarnem-
ing die volgens de literatuur slechts één seconde na de uitbarsting begint. Door de op-
tische nagloeier te modelleren suggereren wij dat, althans voor het meest eenvoudige
schokmodel met een circulerend medium met uniforme dichtheid, de non-detectie
het synchrotron-maserschokmodel uitsluit. Verder blijkt dat als de schokgolf in wissel-
werking staat met een medium met een niet-uniforme dichtheid, deze beperkingen
met bepaalde parameterkeuzes kunnen worden verzacht. Verder stellen wij voor de
niet-thermische versnelling van deeltjes in het model op te nemen nadat de schok
niet langer relativistisch is. Wij laten zien dat, als rekening wordt gehouden met niet-
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thermische versnelling, de nagloeier van de helderste radio-uitbarstingen veel langer
waarneembaar zou kunnen zijn.
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