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ABSTRACT

Fast Radio Bursts (FRBs) are `s– to ms- scale, energetic (1040∼46 erg s–1) bursts
detected in the radio frequency (110 MHz to 8 GHz). They primarily originate from
extragalactic sources and are likely to originate from compact object sources. The
exact nature of the sources and the emission mechanisms remain inconclusive.

The first FRB was not confirmed until 2007. By early 2023, over 600 FRBs have
been reported, and about 40 FRBs have been associated with an individual host
galaxy. The rapid growth in sample size has helped to greatly narrow down the
number of source models. Neutron stars, especially magnetars, have been the most
popular source candidate, although other possibilities still remain.

In this thesis, we explore a few observational methods to study the potential FRB
source and host environments. In Chapter 2, we demonstrated a method to constrain
the energy ratio emitted from the FRB’s multiwavelength transient counterparts as
compared to the FRB energy themselves. We used the existing multiwavelength
transient blind survey database and the current FRB population fluence distribution
to produce tighter constraints than most targeted surveys. In Chapter 3, we investi-
gated whether or not the persistent radio source associated with FRB 121102 could
be an AGN using the VLA monitoring data and a new Keck optical spectrum. We
constrained the emission source radius to be 1017∼18 cm based on the low level
of variability in the VLA radio flux measurements presented in this work as com-
pared to the Galactic scintillation theory and other published results by VLBI. We
estimated the mass of the potential black hole to be ≲ 104∼5M⊙ based on the H𝛼

line width in the Keck spectrum. We concluded that the source is unlikely an AGN
based on the size, mass, and radio luminosity, and that the persistent radio source
could be explained by an isolated neutron star with a pulsar wind nebula. In Chapter
4, we showed the burst morphology of a sample of 21 FRBs detected by DSA-110
during part of the commissioning period in 2022, including 16 localized FRBs with
optical spectra. We explored the potential correlation between burst morphology
and host properties. We found a strong correlation between the host H𝛼 luminosity
and FRB burst energy that is likely a result of observational selection effects. We
measured the scintillation timescales and found most of them close to the predicted
Galactic scintillation timescales. In Chapter 5, we summarize the thesis and very
briefly discussed potential extensions of the above methods for the study of FRB
sources.
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C h a p t e r 1

INTRODUCTION

FRBs are short (∼ 10 `s to ∼ 102 ms), luminous (1037∼46 erg s–1) radio tran-
sients whose high brightness temperature (∼ 1035 K) indicates coherent emission.
Compact objects, such as neutron stars, have been the most commonly discussed
source models, yet the exact source model and emission mechanism are under de-
bate (Section 1.2). Nevertheless, FRBs have been proposed to be unique probes
of extragalactic ionized baryons, thanks to their short duration and high luminosity
(Section 1.3).

By the end of 2022, over 600 FRB sources have been published 1. One of them
is associated with the galactic magnetar SGR 1935+2154, while the rest are extra-
galactic, as inferred from their dispersion measurement and host redshift. Over 20
FRBs have been published to associate with an individual host galaxy (Section 1.1).

1.1 Basics
1.1.1 FRB Discovery Story
The first sources of radio emission (e.g., the Milky Way, supernova remnants, radio
galaxies) were steady in time. However Tony Hewish discovered in 1951-1954
that small radio sources scintillated due to changes in the earth’s ionosphere and in
the solar wind (interplanetary scintillation). This inspired the construction of the
Interplanetary Scintillation Array (IPS Array), which later led to the discovery of
pulsars from the detection of single pulses by Jocelyn Bell [1]. Single radio pulse
surveys have been undertaken for decades since then with a wide range of goals— to
search for pulses emitted during a supernova explosion (e.g., [2]), bursts associated
with primordial black holes evaporating by the Hawking process (e.g., [3]), transient
counterparts during gamma-ray bursts (GRBs) (e.g., [4]) and during soft gamma-ray
(SGR) events (e.g., [5]), giant pulses emitted by Crab-like pulsars [6], and so on.

Single, non-periodic radio pulse surveys were difficult for a few reasons— (1)
it requires high time and frequency resolution, yet sufficient sky coverage and
sensitivity (2) they are computationally expensive, and (3) they are difficult to
distinguish single pulses emitted by astrophysical sources from radio-frequency

1http://frbcat.org/
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interference (RFI). The recent improvements in single radio pulse surveys are largely
due to the improvement of modern computing power thanks to the digital hardware.
In particular, 11 rotating radio transients (RRATs)— a subset of the radio pulsar
population— were discovered by their short and bright single pulses in the Parkes
Multibeam pulsar survey ([7])), motivating the exploration of short single pulses.
Pulsar and RRAT survey instruments are naturally suitable for the discovery of short
pulses such as FRBs. The luminosity-duration phase space of radio transient events
can be found in several recent publications (e.g., Fig. 3 of Nimmo et al. [8]).

The first FRB (20010724) was detected from the single-pulse survey data of the
Small Magellanic Cloud (SMC) taken by the Parkes telescope in 2001 [9]. The re-
ported FRB sources has increased from ∼ 60 to over ∼600 from 2018 to early 2023,
mostly thanks to The Canadian Hydrogen Intensity Mapping Experiment (CHIME).
The high dispersion measures (DM) of some FRBs in some models were interpreted
as due to the source, and in others due to the intergalactic medium, requiring the
FRBs to be extragalactic (except for the Galactic FRB 200428). The extragalactic
nature of some of the localized FRB sources were confirmed by the redshift mea-
sured from host spectra. In addition to the rapid growth in population size, our
knowledge about the FRBs has been growing based on the followings— (1) im-
proved temporal and spectral resolution (e.g., `s-scale structures, temporal-spectral
drifting of pulses, polarization studies for sub-pulses at different frequencies), (2)
improved localization precision and the optical observations of FRB host galaxies
(e.g., host stellar population age, offset from star forming region, comparison with
other transient population), (3) long-term follow up of a growing population of
repeating FRBs (e.g., periodicity, DM and RM variations, bursts energy levels),
(4) a few multi-wavelength counterpart detection (two sources with persistent radio
counterparts and the Galactic magnetar with X-ray bursts). Some of the radio instru-
ments that have played important roles in the FRB discovery story are summarized
below in Table 1.1.

1.1.2 Signal-to-noise in Radio Transients Observations
In the search for radio transient events, the signal needs to be de-dispersed, smoothed
and searched using the matched filtering method for signals above a specified noise
threshold. This subsection introduces the steps and the common noises encountered
in the search procedures [10, 11].
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The observed width of a top-hat pulse is given by:

t =
√︃

t2intrinsic(1 + z)2 + t2samp + Δt2DM + Δt2
ΔDM + 𝜏2

s . (1.1)

Here the terms under the square root are the pulse intrinsic width, the data sampling
interval, the dispersive smearing in a single channel, the residual dispersive smearing
across the entire band if a slightly incorrect DM were used, and the scattering
broadening (Section 1.3.1), respectively.

As will be introduced in Section 1.3.1, a signal is dispersed as it propagates through
the ionized IGM and ISM (Eqn. 1.19). In a channel of bandwidth Δa, the signal is
smeared by

ΔtDM = Δa
𝜕𝜏DM
𝜕a

= 8.3 × 106 DM ΔaMHz a
–3
MHz ms. (1.2)

De-dispersion is a process that corrects for the frequency-dependent DM dispersion
and restore the un-dispersed signal profile. De-dispersion can be done incoherently
or coherently. Incoherent de-dispersion applies a time correction to each frequency
channel. The accuracy of the correction is limited by the channel bandwidth as
shown by Eqn. 1.2. On the other hand, coherent de-dispersion applies DM correc-
tions on raw voltage data by modeling the dispersive effects as a filter in the Fourier
domain. It is computationally more expensive but is able to entirely remove the
dispersion ΔtDM and restore the pulse profile.

If the exact DM value were already known (e.g., a repeating FRB), the error of an
incoherent de-dispersion would be given by Eqn. 1.2, and zero for a coherent de-
dispersion. However, in most searches the DM value of the source is unknown, so a
wide range of trial DM values need to be explored. The smearing across the entire
band produced by using a slightly incorrect DM value off by ΔDM in de-dispersion
is:

tΔDM =
𝜕𝜏DM
𝜕DM

ΔDM|a1 –
𝜕𝜏DM
𝜕DM

ΔDM|a2

= 4.15 · 106(a–2
1 – a–2

2 )ΔDM

= 4.15 · 106a–2
c

(
(1 +

NΔa

2ac
)–2 – (1 –

NΔa

2ac
)–2

)
ΔDM

≈ 8.3 · 106(N ΔaMHz) · a–3
c,MHz · ΔDM ms.

(1.3)

Here, N ΔaMHz is the entire bandwidth in MHz, and ac,MHz is the central frequency.
The trial step size is usually determined such that the residual smearing is below a
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tolerance level 𝜖 as compared to the smearing effects of other effects:

ΔtΔDM = ΔtDM
ΔDM
DM

= 𝜖

√︃
t2samp + Δt2DM + 𝜏2

s . (1.4)

Again, the smearing due to the non-zero channel bandwidth ΔtDM would be com-
pletely removed in a coherent de-dispersion.

For each trial DM, the de-dispersed signal is converted to a time series by summing
up over all frequencies. For each time series, any slowly-varying baseline is removed
by a running median window that smoothes the time series and distinguishes the
“outliers” (fast-varying signal) from the the baseline. The baseline-removed time
series is then searched for pulses above a given SNR threshold using the matched
filtering method.

The optimal SNR of a top-hat pulse with intrinsic flux density Si and de-dispersed
width Wde is given by:

SNRi =
Si

𝜎sa
√︁

Wde/Δtsamp
. (1.5)

Here, Wde includes all residual broadening effects not removed by the de-dispersion
process. The rms noise on the flux density time series is estimated by:

𝜎sa =
2kbTsys

[Ae
√︁

NpolΔaΔtsamp
. (1.6)

Here, Tsys is the system temperature of the telescope, kb is the Boltzmann constant,
[ is the antenna aperture efficiency, Ae is the effective area of the telescope, Npol
is the number of polarization, Δa is the bandwidth, and Δtsamp is the data sampling
interval.

In the matched filtering search, each de-dispersed time series is convolved with a
boxcar function of a range of trial widths. The SNR is larger when the DM value
used in a de-dispersion trial is closer to the true DM, and the boxcar width is closer to
the de-dispersed pulsed width. The SNR measured in the matched filtering using a
boxcar width Wb is SNRb = SNRi

√︁
Wde/Wb when Wde < Wb, and SNRi

√︁
Wb/Wde

when Wde > Wb.

In the low-frequency limit (ha ≪ kbT), the specific spectral power can be approx-
imated in terms of temperature as Pa = kbTsys, where Pa is the spectral power per
unit bandwidth, kb is the Boltzmann constant and Tsys is the system temperature of
the telescope. From the power, the source flux density sa is Pa/Ae, where Ae is the
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effective area of the telescope. The rms fluctuation of a Tsys measurement is given
by the radiometer equation:

𝜎T =
Tsys√︁

NpolΔaΔtsamp
. (1.7)

Here, Npol is the number of polarization, Δa is the bandwidth, the Δt is the data
sampling interval. Combining the above three equations, the rms fluctuation on a
source flux density measurement is given by Eqn. 1.6.

In general, several sources of noise power contribute to Tsys,

Tsys = Tcmb + Trsb + ΔTsource + [1 – e–𝜏A]Tatm + Tspill + Tr + ... (1.8)

Here, Tcmb ≈ 2.73k is the cosmic microwave background. Trsb is the average sky
brightness temperature. ΔTsource is the astronomical source of an observation, and
it is usually much lower than Tsys. [1 – e–𝜏A]Tatm is the atmospheric emission in
the telescope beam. Tspill comes from the spillover radiation primarily from the
ground. Tr is the noise produced by the radiometer itself.

1.1.3 Localization with Interferometers

Figure 1.1: The DSA-110 configuration (www.deepsynoptic.org/instrument).

Although DM provides a rough estimation of a FRB’s distance, spectroscopic red-
shift is a more direct measurement. This requires that the FRB can be associated
with a single host galaxy. The localization of FRBs is achieved by radio interferom-
eters, and the techniques for probabilistic association with candidate host galaxies
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Figure 1.2: The DSA-110 localization precision for one FRB as an example.

have been discussed in several works (e.g., the “PATH” paper 2021). This section
introduces the basics of radio interferometry and aperture synthesis.

A radio interferometer is an array of single telescopes. Each telescope points to
the same direction and measures the complex E-field vector of the incoming radio
wave. The E-field vectors measured by each pair of telescopes are multiplied and
then averaged over Δt by correlators. The output is called visibility:

Vij =
∫

I(ŝ)e–i2𝜋®b·ŝ/_dΩ. (1.9)

Here, I(ŝ) is the sky brightness in the direction ŝ for a slightly extended source, ®b
is the baseline vector from antenna i to antenna j. The signal travels an additional
distance of ®b · ŝ to reach the second antenna, giving a phase difference of 2𝜋®b · ŝ/_.
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The visibility of a monochromatic light from one pair of telescopes would be evenly-
spaced constructive and destructive interference “fringes,” just like those seen in the
Young’s double slit experiment. Moreover, the image center (phase referencing
center) can be shifted to a position that is different from the pointing direction of
the dishes by adding an extra delay in the correlator.

For a single telescope dish with diameter D observing a signal with wavelength _,
the “resolution,” or the prime beam FWHM, is \p ∼ _/D. A typical resolution in
the L-band (1 ∼ 2 GHz) of a large single-dish telescope is a couple of arcminutes
(e.g., FAST D ≈ 300 m), and of a small single dish is a couple of degrees (e.g.,
DSA-110 D ≈ 4.5 m). For an array of small dishes whose longest baseline is b, the
synthesized beam FWHM would be \s ∼ _/b. For example, the longest base line of
the Very Long Baseline Array (VLBA) is over 8000 km, giving a synthesized beam
FWHM of a few milliarcseconds in the L-band. A transient signal can be detected
from the visibility difference of two images at different epochs, and the source can
be localized by being detected in one (or a few, when side lobes are significant)
synthesized beam(s).

In principle, the localization precision’s FWHM is:

𝜎\ ≈ 1.22
_

b
1

SNR
1

cos(\)
. (1.10)

Here, _ is the wavelength, b is the longest baseline, SNR is the signal-to-noise ratio
and \ is the zenith angle of this detection.

The Deep Synoptic Array (DSA) is a radio interferometer located at the Owens
Valley Radio Observatory (OVRO). Each dish has a diameter of ∼ 4.5 m, and
each antenna has a receiver spanning the band of 1280 to 1530 MHz. During the
commissioning stage in 2022, a 63-antenna deployment that contains 48 antennas on
the east-west arm of the “Tee” and all of the 15 outriggers was used. The complete
stage, DSA-110, contains 95 antennas on the “Tee” for searching, and 15 outrigger
antennas with a baseline of ∼ 2.5 km for localization (Fig. 1.1). A source detected
at zenith at the central frequency (_ = 0.21 m, b ∼ 2.5 km) has a precision FWHM
of:

𝜎\ ≈ 21.4′′

SNR
. (1.11)

In principle, a 8-𝜎 detection could be localized to a sub-arcsecond precision radius.
As an example, Fig. 1.2 shows the localization of one FRB during the commissioning
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period.

In practice, the above precision is compromised by several factors such as point-
ing errors, distortion and thermal expansion of the telescope structures, direction-
dependent phase differences, antenna electronic noises, variations of the Earth
atmosphere, and so on. Some of the errors can be corrected by further calibrations.
For example, Michilli et al. [12] perform an empirical calibration by measuring the
location of 15 sources with known positions and fit them with a calibration model.

1.2 FRB sources and Emission Mechanisms
1.2.1 Physical constraints on FRB sources
The source models are expected to explain the following observational constraints—

• Timescale: FRBs are typically ∼ ms pulses. The duration of observed FRBs
ranges from ∼ 10–2 ms to ∼ 102 ms, though an accurate intrinsic width
distribution is difficult to determine due to multiple unresolvable propagation
effects that attenuate and broaden the pulses and due to instrumental selection
effects (e.g., the searching resolution). As high-resolution baseband data
becomes available, ultra-fast (a few tens of nanoseconds to `s) variations
have been detected in a few FRBs (e.g., FRB 191221 [13]). It is unclear
whether or not those are create by the same mechanism as the Crab Pulsar’s
“nano-shots” (ns-scale features in giant pulses), which have been suggested
to be produced by magnetic re-connection events in the magnetosphere.

• Compactness: ms-scale pulses imply a compact emission region of R ∼
cWi ∼ 102 to 103 km (ignoring relativistic beaming), where Wi is the redshift-
corrected burst duration measured by, e.g., burst morphology modeling.

• Luminosity and Energy budget: the isotropic observed FRB luminosity ranges
from ∼ 1038 to ∼ 1046 erg s–1, requiring an isotropic energy of 1035 to ∼ 1043

ergs.

• Brightness temperature and Emission mechanism: brightness temperature is
the temperature at which a black body would emit the same intensity as a
source. FRBs satisfy the Rayleigh–Jeans regime criterion (ha ≪ kT), in
which the black body intensity is Ia ≈ 2a2kTb/c2. For non-relativistic FRB
sources of width Wi, the projected emission area is 𝜋(cWi)2, and

Tb ∼ 1035 K(
fa
Jy

)(
a

GHz
)–2(

Wi
ms

)–2(
DL
GPc

)2.
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(e.g., [14]). In general, the range of brightness temperature observed in FRBs
requires coherent emission mechanisms.

• Spectral: FRBs have been detected from 110 MHz [15] to 8 GHz [16]. FRB
spectra are unlikely to be simple power-laws and they show various spectral
indices [9, 17]. Most repeaters have narrow-banded spectra (e.g. Chime/Frb
Collaboration et al. [18] present a sample of 25 repeaters and most of them
have bandwidths of 50 to 200 MHz).

• Multi-wavelength counterpart: Two FRBs (121102, 20190520B) have been
reported to have persistent radio counterparts [19, 20]. The counterpart of
FRB 121102 has a flat spectrum from 11 GHz down to at least 400 MHz. The
galactic FRB 200428A has been associated with magnetar SGR 1935+2154)
and has been observed to have hard X-ray transient counterparts [21], CHIME,
HXMT).

• Repetition, periodicity, and drifting: it remains uncertain whether or not all
FRBs repeat, but repeating FRBs have been observed in over 20 sources, so
at least some FRBs are produced by non-catastrophic events. In fact, most
FRBs are likely repeaters since the observed FRB event rate by CHIME has
exceeded the event rate of supernovae, one of the most promising catastrophic
FRB source candidates [22]. Moreover, FRB 180916 has been found to recur
at a period of ≈ 16 days, [21], FRB 121102 may have a period of 160 days
despite some missing active windows [23], and FRB 191221 has been reported
to have a period of ∼ 0.216 s [13] Proposed models for periods of several days
include binary systems, rotating magnetars or magnetar procession. The
sub-second periodicity could be explained by phenomena in neutron star
magnetospheres, but not the external shock models, for which it is difficult
to have such a short, and constant period. Finally, downwards drifting of
frequency with time (the “sad trombones”) in single pulses have been seen
in several repeaters, providing clues for the mechanism and geometry of the
coherent emission regions in some of the FRBs (e.g., height above a neutron
star surface), though upward drifting of frequency with time has also been
reported in a few bursts from the active repeater 20201124A [24].

• Rate: FRBs are estimated to occur ∼ 103 sky–1 day–1 [11]. [22] estimate
that the volumetric rate of FRB sources is R > 2.4 × 105 Gpc–3 yr–1 based
on the CHIME sample and assuming that each of the one-off FRB event is
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from a different source, DMhost = 50 and the Milky Way halo DM has a flat
probability distribution function between 50 ∼ 80 pc cm–3. In comparison, the
birth rate of popular FRB source models, such as magnetars, can be estimated
from the volumetric rate of core-collapse supernovae (∼ 105 Gpc–3yr–1),
although additional formation channels, such as merger-induced or accretion-
induced collapse, could be the source of additional FRB sources observed in
older stellar populations.

• Host types and location: by early 2023, over 20 FRBs had been reported to be
associated with individual galaxies. These FRBs have been found to reside
in diverse galaxy types and local environments (e.g., [25–28]). Although
most FRBs have been detected in star-forming galaxies as expected by the
popular magnetar source models, a few FRBs are not— for example, FRB
20200120E has been associated with an aged globular cluster in M81 [29],
and 20220509G is located within an early-type quiescent galaxy [30]. In
addition to the diversity of their host galaxies’ star forming histories, some
FRBs with sub-arcsecond localization have been reported to be offset from
the star-forming region in their hosts, and the offset is too large to be explained
by typical natal kicks, or binary formation recoil. Those requires different
source formation channels.

• “Local” environment: The observed FRBs are estimated to have local DMs
from few to ∼ 103 pc cm–3 and local RMs from few to ∼ 105 rad m–2,
indicating potentially different local environments. In a few repeaters, the
DM and RM have been found to change over time. For example, the large and
changing DM and RM in FRB 121102 could be related to a magnetized and
dynamic local environment.

• Polarization: Most FRBs have been observed to be highly polarized. Most,
but not all, repeaters have been found to be linearly polarized (though repeater
FRB20201124A has circular polarization), and one-off events have more
diverse polarization states. In some FRBs the polarization position angle has
been found to vary within a pulse or between different pulses of a repeater.

The small emission region, large burst energy and the requirement of coherent
emission motivate source models involving compact objects (e.g., [31, 32]). The
most commonly discussed models include isolated Neutron stars, magnetars, as
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well as neutron stars or black holes interacting with the environment or with their
companion in a binary / many-body system (e.g., Fig. 3 of BingZhang 2020 [31]).

In general, there are two main classes of FRB models distinguished by the location
of the emission.

• “Close-in”: FRBs are produced within the magnetosphere of a compact body
(e.g., Neutron star, black hole) by plasma maser effects or by coherent curva-
ture radiation from electron-positron bunches radiating in phase.

• “Far-away”: FRBs are created far away above the surface of a compact body
by the synchrotron maser process from particles accelerated by an ultra-
relativistic shock initiated by flares in a magnetized plasma environment (e.g.,
flares from reconnection in a neutron star magnetosphere).

One interesting feature to potentially distinguish the two class of models is the
polarization angle (PA). For example, Luo et al. [33] report diverse polarization
angle swings among 15 bursts from the repeating FRB 180301, and argue that the
observed swing is consistent with close-in curvature radiation models where FRBs
originate in the magnetosphere, while it disfavors the far-away synchrotron maser
models where FRBs are produced in relativistic shocks far above the magnetosphere.
PA variations originate from the B-field configurations along the line-of-sight being
swept by the FRBs radiation beam. In the close-in models, a simple rotating-vector
dipole B-field model predicts an ‘s’ or ‘inverse s’ shaped PA variation, a straight
B-field line along the line of sight predicts a constant PA, and a complicated B-
field configuration can produce diverse PA swings. In the far-away models, the
coherent radiation relies on a highly ordered B-field configuration in the upstream
medium, which is in tension with the observed PA swing that requires a complicated
configurations varying non-monotonically with the radius.

In addition to an isolated compact body as the FRB source, several works have
proposed that FRBs can be produced during the interaction between a compact object
and its environment or companion. For example, the “cosmic comb” model involves
a regular pulsar magnetosphere being “combed” by a nearby strong plasma stream
from, for example, an active galactic nucleus (AGN) flare or stellar flares from a
companion star. The stream initiates magnetic reconnection events, which produce
FRBs by curvature-radiation processes within the magnetosphere. Moreover, to
explain the observed periodicity and activity windows of FRBs 180916 and 121102,
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models argue that these FRBs could originate from highly eccentric binary system
(or perturbed three-body system) where mass transfer occurs periodically around the
orbital periastron from a stellar companion to a compact object. Coherent emission
can be produced, for example, within the relativistic jet of a black hole undergoing
super-Eddington accretion.

1.2.2 Neutron star population, magnetars
As introduced in the previous subsection, the observed features of FRBs favour
compact sources such as neutron stars or black holes. In particular, one class
of neutron stars— magnetars— have been the most commonly discussed source
candidate, as motivated by the X-ray bursts detected during the FRB-like events from
the Galactic magnetar SGR 1935+2154. Moreover, several of the FRB emission
models are developed from neutron star emission models. This subsection briefly
introduce some of the neutron star demography and highlight some of the magnetars
properties (e.g., [34–36]).

Neutron stars are compact stars born in core-collapse supernovae and supported by
the neutron degeneracy pressure. The canonical neutron star model has R ∼ 10 km
and M ∼ 1.4M⊙. They are believed to be composed of free Neutrons as well as a
small fraction of protons and electrons, though their internal structures and states
remain highly uncertain. The observed neutron stars population is diverse (e.g., Fig.
3 of Gotthelf et al. 2013 [37]), and the most well-understood sources of power are
rotation, accretion, and magnetic field.

The first observed class of neutron stars are pulsars— highly magnetized, rotating
neutron stars whose magnetic and rotational axes are misaligned and the beam(s)
of radiation along the magnetic axis periodically sweeps through the Earth. Pulsars
have been observed to spin rapidly (1.4 ms ∼ 8s). They are known to be highly
magnetized as measured from, for example, cyclotron resonance in their X-ray
spectra. In the simple magnetic dipole toy model, the characteristic B-field at the
equator is estimated to be:

B = 3.2 × 1019
√︁

P ¤P. (1.12)

Here, P and ¤P are the spin period and spin-down rate, respectively, which can be
measured from long-term observations. A rotating magnetic dipole radiates and
spins down (magnetic braking), giving a characteristic age for pulsars:

𝜏c ≈ P
2 ¤P

. (1.13)
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Fig. 3 of Gotthelf et al. 2013 [37] shows an P- ¤P diagram of the observed neutron
stars. The rotation of the highly-magnetized star induces a strong electric field. The
electric force drags charged particles out of the pulsar surface and form a plasma
sphere surrounding the pulsar surface, called the “magnetosphere.” In certain
region(s) of the magnetosphere, charged particles are accelerated to relativistic
energies and produce radiations. In the radio band, the observed high brightness
temperature requires coherent emission mechanisms. The most commonly discussed
ones are antenna, maser and relativistic plasma emission processes. In the high
energy band, possible emission mechanisms may include synchrotron, curvature
and inverse Compton scattering processes.

Isolated radio pulsars (black dots in Fig. 3 of Gotthelf et al. 2013 [37]) are believed
to be powered by their rotational energy, which is represented by the spin-down
luminosity:

¤Lsd =
d
dt

(
1
2

I𝜔2) = 4 × 1031
( ¤P–15

P1

)
erg/s. (1.14)

Here, P–15 is in the unit of 10–15 s/s and P is in the unit of seconds. The radio
emission is expected to turn off once the pulsar spins down to the region below a
“death line” (Fig. 3 of Gotthelf et al. 2013 [37], at which the accelerating potential
within the relevant region(s) of the magnetosphere is insufficient to initiate a pair
cascade process.

Though isolated pulsars turn off as they age, neutron stars in binary systems can
regain energy and momentum from their just-evolved companions during the Roche
Lobe mass transfer process. The neutron star can be spun up to a few ∼ tens of
milliseconds (mostly in the lower-left of Fig. 3 of Gotthelf et al. 2013 [37]),
depending on the life-time of their companion. The binary evolution theory of these
“recycled” millisecond pulsars (MSP) have been confirmed by the observations
of X-ray emissions from the accretion dick, and the swings between X-ray and
radio pulsations. In addition, MSPs have also been found without any companion,
in highly eccentric binary systems or in triple systems, indicating other possible
“recycling” processes.

Magnetars are a class of young (≲ years) neutron stars with high B-field (B ≳
5 × 1013 G; upper-right of Fig. 3 of Gotthelf et al. 2013 [37]) as compared with
typical radio pulsars (B ∼ 1012 G). They represent ≳ 10% of the Neutron star
population but show some of the most dramatic behaviors. They are observed as
soft 𝛾-ray repeaters (“SGRs”) and anomalous X-ray pulsars (“AXPs”) and have
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X-ray luminosities greater than their spin-down luminosities (Eqn. 1.14). Their
emission activities are believed to be powered by their magnetic energy. About 30
magnetars have been detected 2, with all of them found in the Galactic plane, and
some associated with supernova remnant shells, consistent with their young spin-
down ages, given the measured proper motion velocity of ∼ 200 km/s (e.g. [38]).
Magnetars have been proven to be high-B radio pulsars in quiescent (e.g., [39]).

Magnetars are temporally highly variable. They are often found by their X-ray and
𝛾-ray transient events: bursts, outbursts and giant flares. Bursts (a few milliseconds
to seconds) are the most common transient events seen in Magnetars. A typical
burst is ∼ 100-ms-long with a peak luminosity of 1036∼43 erg s–1, followed by
a tail of several minutes. Outbursts consist of an X-ray flux raise (of a factor of
×10 ∼ 103) lasting for weeks to months and peaks up to ∼ 1036 erg s–1, followed
by a few-month-long tail / afterglow, and accompanied with short X-ray bursts and
radiative anomalies. Giant flares are rare and energetic— the observed ones peak at
1044∼47 erg s–1 in the X-ray, and can release an energy of 1046 ergs within ∼ 0.2
s (e.g., Hurley+2005). These events are potentially connected with the production
of FRBs due to their high energy budgets. Frequent glitches (spin-up) and strong
glitches recovery have been noticed during transient events. Correlated emissions
in the optical, IR and radio bands have been seen in a few magnetars during their
X-ray transient events (e.g., FRB 200428 [40, 41]). In addition to the three types
of transient events, some magnetars emit persistently (≳ 1033 erg s–1), while others
don’t (“transient magnetars”).

The spectra of persistent magnetars in quiescence can be approximated as a black-
body plus a power-law component in the soft X-ray, and turns up above∼ 10 keV. The
energy and spectral parameters are highly rotational-phase-dependent. The spectra
of transient magnetars in quiescence can be approximated as a pure blackbody in
the soft X-ray, similar with high-B radio pulsars. The spectra of magnetar bursts
and giant flares are initially much harder than those of magnetars in quiescence, and
soften afterwards. Magnetar spectra are nearly flat in the radio band.

The rich phenomenons of Magnetars are powered by their magnetic energy. The
B-field evolves internally as the Magnetar ages through ambipolar diffusion and
Hall drift, which increases crustal stresses and trigger “starquakes.” The sudden
displacement of the crust releases magnetic energy and twists the magnetosphere to
an unstable state. The unstable magnetosphere releases a large fraction of its twist

2https://www.physics.mcgill.ca/ pulsar/magnetar/main.html
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energy and produces a giant flare in a short time scale and then reconnects its B-field
lines. Additionally, it could gradually release the rest of the twist energy to power
persistent non-thermal emissions.

Magnetars could be formed in multiple channels (e.g., [35]), which is consistent
with the diversity of observed FRB hosts assuming magnetars were their sources.
The most common formation channel may be core-collapse supernovea as the origin
of most neutron stars. This channel is consistent with FRBs observed in young, star
forming host galaxies. In addition, magnetars could also be formed by accretion-
or merger- induced collapse in a binary system [29], which could account for the
FRBs found in the old star populations. The correlation between FRB properties
(e.g., energy level, temporal features) and host stellar population age may help to
test the formation channel hypotheses.

1.2.3 Emission mechanisms
Two classes of coherent emission mechanisms have been proposed for FRBs: syn-
chrontron maser and curvature radiation of bunched particles.

• Synchrontron Maser: Microwave Amplification by Stimulated Emission of
Radiation, or Maser, has been observed in many astrophysical sources. [42]
consider a system of leptons with three discrete energy levels: 𝛾mc2 and
𝛾mc2 ± ha. As an electrons at the intermediate energy 𝛾mc2 is stimulated
by an incident photon with the correct energy ha, it either jump to the higher
energy level 𝛾mc2 + ha (absorption) or drop to the lower level 𝛾mc2 – ha
and emit two photons with the same frequency a (stimulated emission). The
two emitted photons then stimulate two new leptons at the intermediate en-
ergy level to emit four photons, and so on, producing a chain of stimulated
emissions at the same phase and frequency, coherently amplifying the inci-
dent radiation. This negative absorption requires a “population inversion”—
more leptons are at the higher energy levels than the lower ones, as opposite
to the Boltzmann distribution of systems at thermal equilibrium. Specif-
ically, synchrotron maser process occurs in magnetized plasma where the
lepton’s synchrotron frequency is close to the incident photons frequency.
The emitting leptons are required to have a population inversion in energies
and a narrow pitch-angle below 1/𝛾. “These conditions are possible in an
ultra-relativistic (bulk Lorentz factor Γ ≫ 1) radiative shock driven into a
significantly magnetized plasma (magnetization parameter 𝜎 ≳ 10–3); the
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shock is mediated by Larmor-rotating charges, which results in the popu-
lation inversion within the shock.”[43] This scenario is possible in a wide
range of source models. For example, [44] proposed a model where “Mag-
netar flares eject ultra-relativistic ion-electron shells that are supersonic into
the surrounding magnetized trans-relativistic ion-electron plasma released by
previous flares. The forward shock creates a population inversion and enables
the synchrotron maser process, which results in narrowly peaked coherent ra-
dio emission putatively responsible for FRBs.”[43] For another example, [45]
apply the synchrotron maser shock mechanism to a binary system with a stellar
mass black hole undergoing super-Eddington accretion from its companion
star. The accretion generates short-lived relativistic outflows into the magne-
tized upstream plasma released by the pre-existing jets, producing periodic
FRBs at the timescale of the binary system’s orbit or the procession of the
accretion funnel.

• Curvature: The coherent curvature emission mechanism for FRBs requires
bunched relativistic leptons in curved / twisted, strong (≳ 1010 G) magnetic
fields. The particles are accelerated along the B-field and grouped to have
the same oscillatory phase (in space and momentum), producing coherent
emissions. The required “bunches” could be formed by two-stream plasma
instability, magnetic reconnection events, or magnetic braking of a deferen-
tially rotating object. While the synchrontron maser emission mechanism ap-
plies to various sources and locations, coherent curvature radiation occur most
naturally in the magnetosphere near the neutron stars / magnetars surface—
most of the source models involves FRBs formed within the magnetosphere of
highly magnetized neutron stars / magnetars to account for the short timescale
and high energy budgets of FRBs. For example, [14] describes a model
where "counter-streaming e± plasma inside the twisted magnetosphere of a
magnetar rapidly clumps due to the two-stream instability. When magnetic
reconnection occurs near the magnetar surface, these clumps are accelerated
along magnetic field lines and radiate coherently."[43] Another type of ex-
amples involve small bodies (e.g., comets, asteroids, planet fragments) falls
onto the neutron stars surface and produce coherent curvature radiation as
they travels through the magnetosphere [46].
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1.2.4 Multi-wavelength counterparts
Until early 2023, the only reported multi-wavelength transient association with FRB
comes from the galactic magnetar SGR 1935+2154. X-ray transients have been
detected together with the FRB-like events 200428, although later observations of
SGR 1935+2154 show that most of its X-ray transients are not associated with FRB-
like events [47]. Multi-wavelength and / or gravitational wave (GW) transient FRB
counterparts have been predicted by several catastrophic-type FRB models (e.g.,
binary mergers, compact objects collapse) and a few non-catastrophic ones predict
(see Chapter 2 for an extended discussion).

In the far-away models, [44] predict that the forward shock which produces the
coherent emission also dissipates most of its energy in a synchrotron “afterglow,”
resulting in detectable high-energy transient counterpart. Alternatively, if the up-
stream medium were made of electrons and positrons instead of electrons and ions,
a weak optical counterpart is possible. More recently, [45] predict an observable
transient optical / IR counterpart similar with that of a dusty common envelope
transient or luminous red nova.

In the close-in models, [48] described a model that could explain the X-ray burst
associated with the FRB-like event from the galactic magnetar SGR 1935+2154.
In this model, FRBs are produced within the neutron star magnetosphere through
curvature radiation by particle clumps in the charge starvation region near the
magnetic poles. The X-ray

Until early 2023, two persistent radio counterparts have been associated with FRBs
121102 and 20190520B. They are both highly-active repeaters with large RMs
(104∼5 rad m2). These features have been commonly explained by synchrontron
radiation from relativistic particles within a dense and highly-magnetized environ-
ment at the source’s vicinity, such as a supernova remnant (SNR) or pulsar wind
nebula (PWN).

1.3 Propagation Effects
FRBs are potential cosmic probes for a range of studies. For example, FRBs
might be used to study the distributions of ionized baryons in the IGM and the
CGMs (e.g., [49]), to measure the history of reionization (e.g., [50]), to constrain
cosmological parameters (e.g., [51]) and the CMB optical depth (e.g., [52]), to
measure the extragalactic B-fields (e.g., [53]), to test the equivalence principle (e.g.,
[54]) and the photon mass (e.g., [55]), to study the cosmic web (e.g., [56]), and so
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on. However, most of the proposals rely on a good understanding of the propagation
effects.

1.3.1 Basic
Signals from extragalactic FRBs travel through varies mediums to reach the tele-
scopes. It is important to understand the propagation effects for two reasons—
to separate intrinsic FRB phenomenons from propagation effects, and to derive
properties of the mediums from the observed propagation effects.

Before reaching the radio telescopes, light from an extragalactic FRB propagates
through the local surounding environment of its source, the host ISM and CGM /
halo, the IGM, potentially the intervening galaxies, the Milky way halo and ISM,
as well as the interplanetary medium of our Solar system and the Earth ionosphere.
The major radio propagation effects for FRBs are summarized below [36].

1.3.1.1 Dispersion Measurement (DM)

The dispersion measurement (DM) is defined as the electron number density inte-
grated along the propagation path:

DM =
∫ d

0
neds. (1.15)

For extragalactic sources like FRBs, the observed DM is usually composed of the
following components (e.g., [57]):

DMobs =
DMhost + DMlocal

1 + zfrb
+

DMICM
1 + zc

+DMIGM+DMMW,halo&CGM+DMMW,ISM.

(1.16)

• DMhost: the FRB host galaxy could provide a DM of ∼ 100 ∼ 103, depending
on the type of galaxy and, the location of the FRB source within the galaxy,
and our viewing angle. Typically, the contribution ranges from a few ten ’s to
a couple of hundreds (e.g., [58]). The uncertainty of the host DM is estimated
determined by the uncertainties of the Milky Way DM contributions.

• DMlocal: the local environment of the FRB source contribute a DM of ∼
100 ∼ 103, depending on FRB source models.

• DMICM: if the FRB is discovered within a galaxy cluster, the hot plasma in
the intracluster medium contribute to the total DM (e.g., [59]).
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• DMIGM: The exact relation between the intergalactic medium DM and red-
shift remain uncertain and depends on the line of sight. The average cosmic
DM for a flat universe at redshift z is estimated to be (e.g., [49]):

⟨DMcosmic⟩ =
z∫

0

cn̄e(z)dz
H0(1 + z)2

√︁
Ωm(1 + z)3 + ΩΛ

. (1.17)

Here, the mean ion density n̄e = fd𝜌d(z)m–1
p (1 – YHe/2), where fd is the

fraction of cosmic baryons in ionized diffuse gas, 𝜌d(z) = Ωb𝜌c,0(1 + z)3

is the baryon mass density at redshift z for a critical universe whose mass
density today is 𝜌c,0 = 3H2

0/8𝜋G, mp is the mass of proton and YHe = 0.25 is
the Helium mass fraction. Ωb = 0.0486, Ωm = 0.3075 and ΩΛ = 0.6910 are
the mass fraction of baryon, matter and dark energy, respectively [60]. The
uncertainty of the IGM DM is due to cosmic variance.

• DMMW, halo&CGM: the halo and CGM of the Milky Way contributes about
∼ 10 ∼ 102 cm3 pc, depending on the halo states [57].

• DMMW, ISM: the Milky Way ISM could contribute ∼ 100 ∼ 103 cm3 pc,
depending on the line of sight (e.g., [61, 62]). The uncertainty of the Milky
Way contribution is estimated to be negligible at higher galactic latitude
(b > 20o), and is ∼ 20% near the galactic plane ([61, 62]).

For unlocalized FRBs, the extragalactic DM can be used to estimate their distances.
For localized FRBs, the distance is directly measured from the host redshift, making
it possible to separate the host DM contribution from the total. This helps to
understand the host environment as well as its relation to the evolution channels of
the FRB sources.

DM is informative, but how is it measured? Plasma is a dispersive medium since
its index of refraction is frequency-dependent and greater than one. A signal that
travels through plasma mediums, such as the ionized intergalactic medium (IGM)
or an interstellar medium (ISM), is delayed by

𝜏 =
2𝜋e2

cme𝜔2

∫
neds. (1.18)
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Here, Ω is the angular frequency of the signal. Equations 1.15 and 1.18 indicate
that high-frequency signal arrives ahead of low-frequency signal by

𝜏 = 4.15
(
(
alow
GHz

)–2 – (
ahigh
GHz

)–2
)

DM
cm–3 pc

ms. (1.19)

Here, ahigh, alow are the frequencies of the high- and the low- frequency signals.
Therefore, DM can be measured by modelling this frequency-dependent time delay
into the dynamic spectrum. In addition, the dispersion needs to be removed using
the above relation in a process called the “de-dispersion” in order to restore the
intrinsic signal profile. The detailed de-dispersion steps have been introduced in
Section 1.1.2.

1.3.1.2 Scattering

In ionized plasma medium, the temporal and angular broadening of signals due
to multi-path propagation is called “scattering.” The broadening are frequency-
dependent since photons are refracted in the plasma. The exact relation depends on
the nature and the location of the scattering medium. For example, the scattering
medium of most extragalactic sources could be approximated as a single, thin screen
with gaussian fluctuations in the free electron column density (e.g., [63]). In this
model, the plasma phase 𝜙 ∝ a–1, the angular broadening scales with frequency as:

\ ∝ a–2, (1.20)

and the delay time depends on frequency as:

𝜏 ∝ a–4. (1.21)

If the scattering screen were Kolmogorov turbulence, 𝜏 ∝ a–4.4.

The observed scattering timescale 𝜏obs usually consists of the following components:

𝜏obs =
𝜏host + 𝜏local
(1 + zfrb)3

+ 𝜏MW,halo&CGM + 𝜏MW,ISM. (1.22)

In the first term, the power of three is a combination of two effects: (1 + z)–1 from
time dilation and (1 + z)4 from the fact that arest = aobs(1 + z) and 𝜏host happened at
the rest frame, assuming 𝜏 ∝ a–4. Scattering from the IGM and the ICM are usually
negligible due to the lack of turbulent medium.
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In general, it is common to describe the distribution of the free electron column
density along the line of sight by the “scattering measurement” (SM) defined as
[64]:

SM =
∫ d

0
C2

ne(l)dl. (1.23)

Here, C2
ne(l) describes the clumpiness or turbulence of the free electrons per unit

length. Note that the scattering measurement is sensitive to the location of the
screen— SM ∝ (s(1 – s))–5/6 (e.g., Eqn. 10 of [65]), where s is the distance between
the scattering screen and the observer.

1.3.1.3 Scintillation

Scintillation has been observed from compact and distant sources, such as FRBs
and pulsars, as their signal propagate through plasma medium. In ionized medium,
the fluctuations in the electron density lead to variations of the refractive index,
which change the phase of the wavefront. When the multi-path radiation from the
same source combines coherently, the source scintillates. Scintillation can be de-
tected from spectral modulation, since the frequency-dependent multi-path radiation
combines coherently. Scintillation could also be found from flux density temporal
variation, when there were relative motions between the source, the medium and the
observer.

For extragalactic sources, the Milky Way is the major sintillating medium, and can
often be approximated as a thin scattering screen at a distant D from the observer.
One characteristic property of the screen is the first Fresnel scale:

rF =
√︂

_D
2𝜋

, (1.24)

which is the transverse length at which the phase of a wavefront with wavelength
_ changes by one radian due to the geometric path length difference, assuming that
D ≫ _. Another feature of the scattering screen is r0, the transverse scale at which
phase changes by one radian due to the random fluctuations. Based on the relation
of these two scales, scattering is divided into the weak regime (r0 ≫ rF) and the
strong regime (r0 ≪ rF).

In the weak regime, the signal is only weakly deflected, and the image is slightly
focused or defocused on the observer’s plane. Scintillation occurs when the source
size is less than the 1st Fresnel scale, and is smeared out if the source were larger.
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In the strong regime, the screen generates a large variation in phase over the 1st
Fresnel scale. There are two main types of scintillation behaviors— refractive
and diffractive. Refractive scintillation is caused by light beams travelling through
relatively large-scale inhomogeneities that are equivalent with lens. The observed
flux variability is slow (∼ days) and broad-band.

In contrast, diffractive scintillation is produced by interference effects between
light beams passing through small-scale inhomogeneities. The variations are fast
(∼ hours) and narrow-band. The diffractive scintillation bandwidth is frequency-
dependent (e.g., [66]):

Δa ∝ a22/5. (1.25)

1.3.1.4 Faraday Rotation and B-field

Faraday rotation occurs when a polarized wave propagate through a magnetized
plasma. A linearly polarized wave can be decomposed into a right-hand and a left-
hand circular polarized components. In a magnetized plasma, the index of refraction
has different values for the right-hand and the left-hand polarized waves, making the
former to propagate faster than the later. As a result, as a linearly polarized plane
wave travels across a magnetized plasma medium, the plane of polarization rotates
as (e.g., [11]):

ΔΘ = 𝜔2RM, (1.26)

where the rotational measurement RM is given by:

RM =
e2

2𝜋m2
ec4𝜔

∫ d

0
ne B||ds ≈ 8.1 × 105

∫ d

0

ne
cm–3

B||
Gauss

ds
pc

rad m–2. (1.27)

Like the observed DM, the observed RMobs from an extragalactic FRB is composed
of multiple components:

RMobs = RMMW + RMIGM +
RMICM

(1 + zICM)2
+

RMhost + RMlocal
(1 + zfrb)2

. (1.28)

• |RMMW|: The galactic RM contribution along a LoS is predicted by models
such as the NE2001 [61] and measured using polarized radio sources (e.g.,
[67]). |RMMW| is ∼ 100 rad m–2 within a few tens of degrees around the
galactic plane and ∼ 10 rad m–2 at high galactic altitude . The B-field is ∼ 0.1
to ∼ 1 `G.
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• |RMIGM|: Usually believed to be negligible ∼ 10 rad m–2 as compared to the
other contributions (e.g., [56]).

• |RMICM|: Until early 2023, only two FRBs have been localized to galaxy clus-
ters [59]. The |RMICM| of FRB 20220509 is estimated to be ≈ 120 rad m–2,
corresponding to a B-field of ∼ 1 to ∼ 10 `G. The observed |RMICM| is
consistent with the magneto-hydrodynamical simulations (MHD) results of
≈ ±200 rad m–2 (e.g., [68]).

• |RMhost +RMlocal|: varies by several orders of magnitude among the reported
FRBs, and some of them change over time. For example, the observed total
RM of FRB 121102 is ∼ 105 rad m–2 and has been reported to decrease by
about 15% per year within 2.5 years [69]. The large RM value obviously
cannot be explained by the other contributors above, and the variation has
been explained as a dense, dynamic plasma environment around the FRB
source [70]. Most of other FRBs have much lower observed RM from a few
hundreds to negligible.

If the DM and the RM were produced by the same region, the average B-field along
the line of sight could be estimated by:

< B|| >=
RM

8.1 × 105 DM
Gauss. (1.29)

Here, DM is in cm–3 pc, RM is in rad m–2.

1.3.1.5 Polarization

Until mid-2023, most repeating FRBs are reported to be highly linearly polarized
(e.g., [16, 70, 71]), and only a couple of repeating sources have been reported to
have significant portions of circular polarization (e.g., FRB 20201124A [72]). The
one-off FRBs are linearly-, circularly- or non- polarized (e.g., [71]), but most of
them are highly linearly polarized. The polarization angle have been reported to
vary within individual burst and between pulses in some FRBs (e.g., [33]), providing
clues on the emission locations relative to the magnetosphere and the configurations
of the B-fields.

1.3.2 Galactic ISM model and halo
Extragalactic FRB signals travel through our Milky way before reaching the tele-
scopes. Our Milky Way is a spiral galaxy with a total stellar mass of M∗ ∼ 1011 M⊙.
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It is composed of a bulge (R ∼ 1 kpc), a thick stellar disk (half light radius Reff ∼ 5
kpc, scale height H ∼ 1 kpc), a thin gas disk (Reff ∼ 10 kpc, H ∼ 100 pc), and a
circumgalactic halo (Rvir ∼ 200 kpc) composed of dark matter, gas and stars.

The ISM is cold and ionized with a typical electron density of ne ∼ 0.03 cm–3 (e.g.,
Ables and Manchester 1976). Most of the galactic ISM resides in the thin and the
thick discs, the spiral arms, and the galactic center / bulge. The galactic ISM free
electron along a LoS are often estimated using models such as NE2001 [61, 73]
and YMW16 [62], which are mostly based on radio pulsar surveys results. These
model can be used to estimate the galactic DM, scattering, scintillation and rotation
measure for a given line of sight (LoS). The galactic B-field and rotation measure are
also predicted by a few other models (e.g., [74, 75]). Localized nearby FRBs help
to refine the galactic free electron distribution. For example, the recent DM value
of FRB 220319 show that the DMISM along the LoS of 220319 are overestimated
using the NE2001 and the YMW16 models [76].

The circumgalactic halo is dominated by dark matter (∼ 1012M⊙), but also contains
a small amount of gas (a few ten’s percents of the galactic gas mass) and stars (a few
percents of the galactic stellar mass). The halo has a viralized radius of Rvir ∼ 200
kpc, a viralized velocity of ∼ 200 km/s, and a viralized temperature of ∼ 105 to 106

K. The Magellannic clouds and several satellite galaxies also reside inside the halo.

Several models have been proposed to describe the gas distribution in the galactic
halo. For example, some of those models numerically simulate the gas distribution
based on the dark matter density profile within the halo [77], as well as the hy-
drodynamic relaxation of the gas and the modifications due to feedback processes
([78–81]). For the galactic halo DM contribution, [57] estimate that the hot (T∼ 106-
107 K) halo gas a DM contribute of ≈ 50-80 pc cm–3 based on the X-ray and far
UV absorption lines of highly ionized oxygen. They also find that the cool halo
gas (T∼ 104 K) has negligible DM contribution based on the HI 21 cm emission
observations and assume an ionization fraction of xHI = 0.3.

1.3.3 IGM, CGM, and ICM
Nearly 90% of the baryons reside in the IGM and CGMs and are of great interest for
galaxy evolution and cosmology studies. For example, the baryonic mass distribu-
tions in the IGM can be used to probe the cosmological structure formation histories
(e.g., [82, 83]) and the amount of ionized IGM baryons at different redshift reveals
the history of reionization. In addition, the phases of the IGM and the CGMs feature
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the environments in which galaxies were formed and trace the baryonic matters and
the ionizing photons ejected by the galaxies as they evolve. The CGM helps to
understand the feedback processes in galaxy evolution.

The IGM evolves with redshift [84]. Every roughly, during the reionization epoch
(between z ∼ 11 and z ∼ 6.5), radiations from galaxies photoionize most of the
neutral Hydrogen (and later Helium) atoms in the IGM and heats the IGM from ∼
a few 103 k to ∼ 105 k. In intermediate redshift (z of 2 ∼ 5), the IGM has a mean
density of ∼ a few cm–3 and a temperature of ∼ 104 k. In relatively low redshift
(z ≲ 2), structure formation shocks heat up ∼ 50% of the IGM baryons to the hot
/ warm ionized phases (105∼7 k). Meanwhile, the IGM becomes more diffused
(10–6 ∼ 10–4 cm–3) due to cosmological expansion.

In general, it is easier to probe the cool and dense gases than the hot and diffused
ones. The column densities of elements in a gas cloud can be inferred from the
curve of growth using their spectral absorption lines widths. In a moderately-ionized
cool/ warm gas, a wide range of possible absorption lines are available, while in a
highly-ionized hot gas, the choice is limited as more atoms are already in the highly-
excited states. In the past, warm and hot ionized IGM / CGM have been observed
mostly from X-ray (emission / absorption lines, total X-ray luminosity) and the
Sunyaev-Zeld’ovich Effect (SZE) in the millimeter and sub-millimeter bands. The
SZE effect is observed by the change of brightness of the CMB behind hot plasma
due to Compton Scattering. FRB provides a new probe to the ionized plasma in all
temperatures.

The observation is difficult around the reionization epoch since (1) there is no bright
background sources and (2) fewer photons can be collected due to the high redshift.

In the intermediate redshift, the ionized HI and HeII in the IGM can be effectively
measured by the Ly𝛼 forest due to (1) the suitable gas density range and relatively
cool temperature, (2) the abundance of bright background quasars, and since (3)
the Ly𝛼 line is redshifted into the optical band. Metal absorption lines, such as
Si[II][III] and O[II][III], can also be used to infer the redshifts of the Ly𝛼 absorbers.

At lower redshift, Ly𝛼 becomes less effective since the IGM is more diffused and
the optical depth is too low (𝜏 = 0.016(1 + z)1.1 at z < 1.2, cite Meiksin 2006).
Moreover, it is more difficult to probe baryons in the shock-heated HIM as less
absorptive features are available (the “missing baryons problem”). In addition, X-
ray observation could by limited by the emissivity, which is temperature-dependent.



26

For CGMs and ICM, the observational methods and difficulties are similar. For high
redshift CGMs, spectra of multiple galaxies with similar properties and redshift
could be stacked to increase the SNR of the spectroscopic measurements.

While most of the current observational methods measure baryons in neutral or
lower energy states in the IGM / CMGs, FRBs can be used to probe the total ionized
baryon mass in all temperatures along the LoS. For FRBs localized to a single host
galaxies, the source distance can be measured from the host’s spectroscopic redshift,
producing good estimations of the DM-z relation [28]. Cautions have to be taken
since (1) the precision of widely-used models such as NE2001 or YMW16 also vary
by location, (2) overall DMhost might be estimated from some of the host features,
but the location of the FRB source within the host is difficult to measure and so is
the portion of DMhost in the foreground of the FRB, and (3) DM contribution from
intervening galaxy and ICM needs to be considered.
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C h a p t e r 2

MULTIWAVELENGTH COUNTERPARTS OF FAST RADIO
BURSTS

The work presented in this chapter can be found at:

• Ge Chen, Vikram Ravi and Wenbin Lu. The multiwavelength counterparts of
fast radio bursts. Published in the Astrophysical Journal, 2020

2.1 Abstract
The engines that produce extragalactic fast radio bursts (FRBs), and the mechanism
by which the emission is generated, remain unknown. Many FRB models predict
prompt multi-wavelength counterparts, which can be used to refine our knowledge
of these fundamentals of the FRB phenomenon. However, several previous tar-
geted searches for prompt FRB counterparts have yielded no detections, and have
additionally not reached sufficient sensitivity with respect to the predictions. In
this work, we demonstrate a technique to estimate the ratio, [, between the energy
outputs of FRB counterparts at various wavelengths and the radio-wavelength emis-
sion. Our technique combines the fluence distribution of the FRB population with
results from several wide-field blind surveys for fast transients from the optical to
the TeV bands. We present constraints on [ that improve upon previous observations
even in the case that all unclassified transient events in existing surveys are FRB
counterparts. In some scenarios for the FRB engine and emission mechanism, we
find that FRB counterparts should have already been detected, thus demonstrating
that our technique can successfully test predictions for [. However, it is possible
that FRB counterparts are lurking amongst catalogs of unclassified transient events.
Although our technique is robust to the present uncertainty in the FRB fluence
distribution, its ultimate application to accurately estimate or bound [ will require
the careful analysis of all candidate fast-transient events in multi-wavelength survey
data sets.

2.2 Introduction
Fast radio bursts (FRBs) are short (∼ ms) and luminous (∼ 1042 erg s–1) radio pulses
detected at extragalactic distances. There have been nearly a hundred FRBs reported
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[1], and the estimated rate is ∼ 103 sky–1 day–1 [2]. Five FRB sources have been
directly associated with host galaxies, revealing a range of galaxy classes, and source
environments [3–7]. Repeat bursts have been observed from 20 FRB sources [8–12],
indicating that at least some FRBs originate from non-catastrophic events [see also
13]. The exact FRB emission mechanism(s) and engine(s) remain elusive.

The high brightness temperatures (∼ 1035 K) of FRBs require a coherent emission
process. Although several astrophysical coherent emission mechanisms are iden-
tified with Galactic sources [14], these mechanisms encounter difficulties with the
energy scales of FRBs. Two classes of mechanisms have been proposed for FRBs
[although see, e.g., 15]: synchrotron masers [e.g., 16–20] and coherent curvature
radiation [e.g., 21, 22]. Synchrotron masers require a population inversion in the
emitting lepton energy and pitch-angle distribution. This is generally thought to be
possible in an ultra-relativistic (bulk Lorentz factor Γ ≫ 1) radiative shock driven
into a significantly magnetized plasma (magnetization parameter 𝜎 ≳ 10–3); the
shock is mediated by Larmor-rotating charges, which results in the population inver-
sion within the shock. The curvature-radiation mechanism instead scales ideas for
the generation of pulsar radio emission to FRB energy scales, invoking coherently
radiating bunches of relativistic (Γ ∼ 30) leptons accelerated by magnetic recon-
nection events. These radiation processes are discussed in the context of several
progenitor models. The majority of these models involve highly magnetized neu-
tron stars / magnetars, because the short durations and high luminosities of FRBs
require compact, active engines with large energy budgets and emission-region field
strengths of ≳ 1010 G.

Several classes of FRB models (emission mechanism and/or engine) predict prompt
multi-wavelength counterparts, and specify the ratio between the energy emitted by
the counterpart and by the FRB. Synchrotron masers initiated by ultra-relativistic
shocks are accompanied by synchrotron emission from fast-cooling shock-heated
electrons that cascades through the 𝛾-ray and X-ray bands on sub-second timescales,
or perhaps through the optical/NIR bands in the case of an electron-positron plasma
upstream of the shock [20]. Specific luminosities comparable to or greater than
the FRB luminosities are predicted for the higher-energy emission. Addition-
ally, although the curvature-radiation mechanism does not naturally produce multi-
wavelength emission, the mechanism may be triggered by events that do radiate
across the electromagnetic spectrum [e.g., the cosmic comb model; 23].

We define the ratio between the energy radiated by an FRB event in a given electro-
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magnetic band and in the radio band as

[(ac) =
FBand
FRadio

≈
a1,Band · Fa,Band
a1,Radio · FaRadio

. (2.1)

Here, ac is the central frequency of the band of interest, FRadio and FBand are the
band-integrated fluences in the band of interest and the radio band, respectively,
Fa,Radio and Fa,Band are the specific fluences, and a1,Band and a1,Radio are the
lower-frequency bounds of these two bands. The commonly-made approximation
in the second step [24] assumes that the bands span natural-logarithmic frequency
intervals, but is accurate in general when the specific fluence scales as Fa ∝ a–2,
and the band upper-frequency bound a2 is much greater than the lower bound a1.
We also define a fluence ratio as

[a(ac) =
Fa,Band
Fa,Radio

. (2.2)

In this work, we consider how constraints on [ and [a based on the possible detection,
or non-detection, of multiwavelength FRB counterparts can test FRB models.

Until December 2019, no FRB multi-wavelength counterpart has been confirmed.
Most previous observational constraints on [ are derived from searches for multi-
wavelength transient emissions that are close to the FRBs in both time and location
(see Section 2.6.2 for references). It is also possible to search for multi-wavelength
transient events that are close to the FRBs in location only, but at any time.

In this work, we explore a third method: a blind search of the whole sky for unclassi-
fied multi-wavelength transient events at any time. Several surveys across the optical
and high-energy bands explore the sky with sub-second time resolution. We develop
and demonstrate a method to estimate [ by combining relevant multi-wavelength
survey parameters with the fluence distribution of the currently observed FRB pop-
ulation. This method can only directly constrain [ when the statistics of unclassified
short-duration transient events are published. However, these statistics are rarely
published. We therefore compare constraints derived assuming no multi-wavelength
FRB counterparts have been detected with predictions from FRB emission models.
We find in several scenarios that existing surveys are likely / unlikely to have already
detected FRB counterparts. For some surveys, we also consider the case where a
fraction of their unclassified events are indeed FRB counterparts to derive upper
bounds on [.

We propose our method for three reasons. First, a blind search for counterparts is
meaningful since some models predict cases where the radio emission from an FRB
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is non-detectable while the counterpart is. For example, Metzger et al. [20] show
that high-energy counterpart emission may escape a dense medium surrounding the
source even when the radio emission is subject to the obscuring effects of scattering
and absorption. Second, it is reasonable to make use of the statistical properties of
FRBs. The estimated FRB rate above Fa,0 ∼ 2 Jy ms is R0 ≈ 1.7× 103 sky–1day–1

[2], sufficiently large to be treated as a common events for relatively large telescopes
scanning across most of the sky in a blind survey [25]. Third, we will show that our
technique provides stronger constraints than previous multi-wavelength observations
in the current situation wherein no counterpart has been detected.

We explain the method to estimate the band-to-radio energy ratio [ in Section 2.3,
introduce the surveys under consideration in Section 2.4, and show our calculations
and results in Section 2.5. In Section 4.4, we compare our results with theoretical
predictions made by leading FRB emission models. We also compare our results
with previous observational constraints, and discuss observational strategies for
future blind searching. We conclude in Section 4.5.

2.3 Methods
We adopt the broken power-law specific-fluence cumulative distribution function
(CDF) estimated using the Australian Square Kilometre Array Pathfinder (ASKAP)
and Parkes FRB samples [26]:

R(Fa) =
∫ ∞

F
r(F′a)dF′a, (2.3a)

= R0

(
Fa

Fa,0

)𝛼1
(Fa,min < Fa < Fa,b), (2.3b)

= Rb

(
Fa

Fa,b

)𝛼2
(Fa > Fa,b). (2.3c)

Here, R(Fa) is the FRB rate (in the usual units of sky–1 day–1) above a given fluence
threshold Fa in the radio band, r(Fa) is the differential fluence distribution function,
𝛼1 = –1.18, 𝛼2 = –2.2, Fa,min is the (observationally unconstrained) fluence cut-off
in the radio-band, Fa,0 ∼ 2 Jy ms is the fluence completeness threshold for the Parkes
FRB searches [27], R0 ≈ 1.7 × 103 sky–1 day–1 is the estimated rate above Fa,0 [2],
Fa,b is the fluence break which we choose to be 15 Jy ms, and Rb ≈ 171 sky–1 day–1

is the rate above Fb calculated from Eq. (A.1b).

We assume that in any other emission band the fluence CDF, R̃, has the same
functional form as R, except with a shift in abscissa (i.e., horizontally), and a
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re-normalization:

R̃ (Fa) = R
(
Fa
[a

)
. (2.4)

We use properties of multi-wavelength surveys to estimate [a by calculating the
degree to which the distribution needs to be shifted in its abscissa to achieve the
same detection rate in two different bands.

We now describe how estimates of [ and [a are made. Suppose that a transient
survey has a field of view (FOV) of Ω steradians, effectively lasts for n days, and
has not detected any FRB counterpart. The survey operates at frequencies from a1
to a2, with a center frequency of ac. Our method involves the following steps:

1. Convert the instrumental detection sensitivity threshold to an energy flux, f0.

• If the photon flux threshold fph is specified, we calculate f0 using the
specifications of each instrument and the weighted average photon fre-
quency ⟨a⟩ in this band, assuming a typical photon index of –2 (i.e. a
spectral index of –1; see e.g., [28])1:

f0 = fph · h⟨a⟩,

= fph · h

∫ a2
a1

da a–2 a∫ a2
a1

da a–2
,

= fph · h
ln(a2/a1)
a–1

1 – a–1
2

.

(2.5)

• If we know the limiting magnitude m,

f0 = 10–0.4m · a1 · fa,m0. (2.6)

Here, fa,m0 is the specific energy flux of an object with zero magnitude
in that band and magnitude system [30–32].

2. Scale the detection limiting energy flux f0 according to a timescaleΔt. Specifi-
cally, if the survey has an automatic self-trigger algorithm for burst candidates,

1This assumption yields larger estimates for [ than if a steeper photon index was assumed (see
Section 2.5). Some previous studies [e.g., 29] assume steeper photon indices.
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we use the trigger timescale(s) ttrig. Otherwise, we use the nominal instru-
mental time resolution tres. Since the signal to noise ratio SNR ∝ Δt1/2,
the detection flux threshold f0 ∝ Δt–1/2. (Note that if the burst duration
tburst < Δt, the corresponding intrinsic burst flux needs to be higher than f0.
Otherwise, they are the same.)

3. Compute the fluence thresholds of the burst in the band of interest.

• If tburst < Δt, the band-integrated burst fluence limit is F0,Band = f0 · Δt.

• Otherwise, Δt is too short for the burst. One should either choose a
different timescale or bin adjacent time samples.

The specific fluence threshold is F
a ,0,Band ≈ F0,Band/a1. In addition, we

require that the number of photons received within the timescale (Δt) by the
telescope’s effective collecting area (A) is at least one. When this is not satis-
fied, we replace the photon flux threshold fph (step 1) with 1 photon Δt–1 A–1,
and repeat the previous steps.

4. Calculate the event-rate upper bound in this survey if no candidate were
detected:

R(Fa,0,Band) ≤ 3
n

4𝜋
Ω

sky–1 d–1. (2.7)

A non-detection means a Poisson single-sided upper limit of 3 at the 95%
confidence level [33]. Alternatively, if there were x candidate events in this
survey, the event rate would be

R =
x
n

4𝜋
Ω

sky–1 d–1. (2.8)

5. Solve for the radio band fluence threshold Fa,0,Radio that would have produced
the same rate R using Eqn.A.1.

6. Find the fluence ratios:

[a(ac) ≤ Fa,0,Band/Fa,0,Radio, (2.9)

and
[(ac) ≤ F0,Band/F0,Radio ≈

F0,Band/a1,Band
F0,Radio/a1,Radio

. (2.10)

Here, Fa,0,Band and Fa,0,Radio have been found in steps 3 and 5, respectively.
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2.4 Existing Surveys
We demonstrate the application of the methods outlined above using existing high
time resolution transient surveys from the near-infrared (NIR) band up to the TeV-
band. Following model predictions (see Section 4.4), we assume that FRB counter-
parts are fast transient events shorter than ∼ a few minutes. In this work, we only
focus on surveys with short cadences (≲ 2 minutes), large fields of view (FOVs),
and relatively high sensitivities.

Table 2.1 lists the survey instruments considered in this work. The survey durations
are counted until October 1, 2019. We assume full-time operation since the launch
date for space missions, and a typical average observation time of 8 hours per day
since the operation date for ground-based instruments. We adopt the detection
threshold used by each instrument, although some of them correspond to different
statistical SNRs, as each survey could have different false-positive rates. We list
the threshold corresponding to the given timescale, unless specified otherwise. We
increase the detection threshold of MAGIC and Fermi/ LAT (at the lower timescale)
to 2.4×10–11 and 7×10–8 photon cm–2 s–1, respectively, to satisfy the requirement
that at least one photon is received within the timescales by the corresponding
telescopes (step 3).

The timescales are chosen differently for the high energy and the optical bands. All
of the high-energy surveys selected in this work have been designed to be sensitive
to GRB-like transient events (∼0.1 s to ∼100 s). Each survey has its own transient-
candidate self-trigger algorithm that runs on board commensally with observations
using a range of trial trigger timescales. In addition, it is also possible to manually
search the survey data afterwards for candidate events using different algorithms and
timescales. For Fermi/LAT, we adopt the timescales optimized for FRB-counterpart
searching [44], since the on-board trigger only responds to very bright bursts due
to the high cosmic ray rate.2 For the other high-energy surveys, we list the trial
timescales used by the corresponding self-trigger algorithms. In the optical band,
we use the nominal time resolutions for all instruments.

2.5 Results
We estimate [ for each survey/instrument (Table 2.1) following the steps introduced
in Section 2.3. Table 2.2 and Fig. 2.1 summarize the results. In Section 2.5.1, we
make the assumption that no counterpart has been detected to demonstrate the power

2Personal communication with Dr. Nicola Omodei.
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of our technique. In Section 2.5.2, we investigate the implications of assuming that
counterparts exist among the unclassified transient events in some surveys.

2.5.1 Band-to-radio fluence ratios assuming non-detections
In Table 2.2, we list 95% confidence upper limits on the rate of FRB counterparts
and on [ for each survey. We use a reference frequency of a1,Radio = 1.182 GHz
(the lower limit of the Parkes radio band) to convert the specific fluence into the
band-integrated radio fluence (in step 6). We assume that the counterpart duration
tburst is shorter than the timescaleΔt for all instruments (in step 3 above), and discuss
the alternative case in Section 4.4. For surveys with multiple timescales, we scale
the flux and fluence following steps 2 and 3 using the shortest and the longest
timescales. We list the corresponding results in two rows in Table 2.2, and plot both
ratios in Fig. 2.1 (a).

Our results are robust within order of magnitude to a selection of variations in the
fluence distribution model in Eqn. A.1 [45]. We vary the broken power-law indices
𝛼1 and 𝛼2 by ±0.7 and find that the results change by 46% (𝛼1 = –0.48), 86%
(𝛼1 = –1.88), 92% (𝛼2 = –1.5), and 270% (𝛼2 = –2.9), respectively. We also use
a single power-law fluence distribution model with an index of –1.5, and find that
the results change by less than 88%. However, our results are sensitive to the choice
of the photon index in the 𝛾-ray band. In step 1, we assume a Crab-like photon
index of 2 to calculate the energy flux limit from the photon flux limit for MAGIC,
Fermi/ LAT and GBM. We vary the photon index to –2.5 and –1.5 and find that
the resulting fluence ratios decrease / increase by 70% and one order-of-magnitude,
respectively. There is little theoretical guidance on what range of photon indices
is reasonable for FRB counterparts, but the example of GRBs suggests that photon
indices > –2 are expected below peak energies (in aFa spectra) of typically 100 keV
– 1 MeV, and photon indices < –2 are expected above the peak energies [46].

2.5.2 What if FRB counterparts have been detected?
No compelling candidate FRB counterpart at any wavelength has been reported until
the end of 2019. However, we cannot exclude the possibility that some unclassified
short transient events found in existing surveys could be associated with FRBs. It
is beyond the scope of this paper to estimate what fraction of them might be FRB
counterparts, but we will investigate the results assuming the extreme case where all
of them are FRB counterparts. We show the results in Table 2.2 (within parentheses)
and Fig. 2.1 (b) (dashed lines).
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(a) Our 95% confidence upper limits assuming non-detection using the shortest timescales (solid
black lines) and the longest timescales (solid blue lines).
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(b) Our nominal upper limits assuming that all of the unclassified events in the trigger catalogs
were FRB counterparts, using the shortest (dashed black lines) and the longest (dashed blue lines)
timescales.

Figure 2.1: Constraints on the band-integrated fluence ratios from our results using the
shortest and the longest timescales (black and blue lines, respectively; see section 2.5),
previous model predictions (the hollow magenta markers are circles for predicted values,
and triangles for predicted upper limits; see section 2.6.1) and previous observations (filled
red star and triangles; ‘O1’ to ‘O10’ each represents the upper limit from Scholz (‘O1’
and ‘O2’), Anumurlapudi, Yamasaki, Casentini, MAGIC Collaboration, Hardy, Wevers,
Andreoni and Richmond, respectively; see section 2.6.2)
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In the Fermi/GBM trigger catalog 3 to the end of 2019, there were 7045 triggered
events, and 370 of them were marked as “uncertain classification.” We discuss two
limiting cases for these unclassified short transient events. First, if none of them
were FRB counterparts, the results would be the same as those of Section 2.5.1.
Second, if all of them were FRB counterparts, we estimate [ using the method as
in Section 2.3. Using the shortest trigger timescale as an example, steps 1 to 3
remain the same, so the Fermi/GBM fluence limit is still 1.02 × 1018 Jy ms Hz. In
step 4, the rate is now estimated as R = 370

4132 days
4𝜋 sky–1

8 = 0.14 day–1sky–1, ∼ 100
times larger than the upper limit assuming non-detection. In the radio band, the
fluence threshold that would have produced the new detection rate is 380 Jy ms, or
4.49 × 1011 Jy ms Hz. Hence, [ = 1.02×1018

4.49×1011 ≈ 2.27 × 106, ∼ 10 times higher than
our result in Section 2.5.1.

In the MAXI trigger catalog4 between 2011 April 18 and 2020 January 28, 168
events were classified as “either GRB or unknown X-ray transient”. If all of them
were FRB counterparts, the rate would be R = 168

3207 days
4𝜋 sky–1

0.0731 = 9.00 day–1sky–1.
The radio fluence that could have produced the same rate would be 6.76 × 1010 Jy
ms Hz, and the fluence ratio would be [ = 4.70×1017

6.76×1010 ≈ 6.95× 106, ∼ 7 times higher
than our previous result.

In the optical band, we only use the most constraining result (from Gaia) in the
following comparison with model predictions and previous observations. No un-
classified fast Gaia transient has been reported5, so we tentatively maintain the
non-detection assumption for Gaia in our results. This may change as more Gaia
data are searched for unclassified fast transients.

2.6 Discussion
We have developed and demonstrated a technique to estimate the ratios between
FRB energy output in the radio band, and in various bands from the near-IR to
𝛾-rays. Preliminary results based on published surveys for fast transients (Table 2.1)
are presented in Table 2.2 and Fig. 2.1 in two extreme cases: assuming either that no
FRB counterpart has been detected, or assuming that all unclassified fast transients
are FRB counterparts. Our method uses the statistical properties of the observed
FRB population, while most of the previous observational estimations are based

3https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3hdprods.pl
4https://gcn.gsfc.nasa.gov/maxi_grbs.html
5[47] develop a method to search the Gaia data for fast transients between tens of seconds to

hours. They find four events produced by stellar flares in 23.5 square degrees of sky.
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on multi-wavelength observations at the locations of individual FRB events. In
this section, we will compare our results with theoretical predictions and previous
observations, and briefly discuss possible future FRB counterpart search strategies.

2.6.1 Comparison to theoretical predictions
The two leading FRB emission mechanisms are the synchrotron maser and coherent
curvature radiation. We first compare our high-energy results with predictions
from these two types of models, as well as a class of models generally involving
contemporaneous high-energy flares, and the cosmic comb model. We then compare
our optical results with model predictions made under five scenarios. Finally, we
conclude by calculating the model-predicted counterpart detection rate for some of
the existing surveys (Table 2.3). This section is partly intended as a pedagogical
resource for future studies of FRB multi-wavelength counterparts.

2.6.1.1 Metzger et al. model

Synchrotron masers have been widely discussed as an astrophysical coherent emis-
sion process (e.g., [48, 49]), and one common variation is coherent emission from
synchrotron masers produced by ultrarelativistic shock in magnetized plasmas (e.g.,
[50], [16], [19], [51], [20], [52]). [20] describe a model using the particle-in-cell
(PIC) simulation results for maser emission and the dynamics of self-similar shock
deceleration. Magnetar flares eject ultra-relativistic ion-electron shells that are
supersonic into the surrounding magnetized trans-relativistic ion-electron plasma
released by previous flares. The forward shock creates a population inversion and
enables the synchrotron maser process, which results in narrowly peaked coherent
radio emission putatively responsible for FRBs. The same forward shock, however,
primarily dissipates energy through a synchrotron “afterglow” that will result in
observable high-energy counterparts. The model predicts that the observed coun-
terpart luminosity is L𝛾 ∼ 1045– 1046 erg s–1 with a duration of ∼ 0.1 – 10 ms in
the MeV–GeV band, and LX ∼ 1042 – 1053 erg s–1 with a duration of ∼ 0.1–1 s in
the keV band. A weak optical counterpart is possible if the upstream plasma were
composed of electrons and positrons rather than electrons and ions; we do not con-
sider any resulting quantitative predictions here. We convert the above predictions
to fluence ratios [, which can be directly compared with our results. Assuming a
typical FRB of duration 1 ms initiated by a flare of energy ∼ 1044 erg, the results of
[20] imply ratios of 6×104, 105, 105 and 2×104 for a counterpart whose band starts
from 100 MeV, 1 MeV, 10 keV and 1 keV, respectively (hollow magenta circles in
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Fig 2.1).

2.6.1.2 Beloborodov model

Meanwhile, [51] proposes that the synchrotron maser is formed instead when the
magnetar giant flares launch ultra-relativistic blast waves (Γ ≳ 103) into the rela-
tivistic (Γ ∼ 102), persistent magnetar wind outflow, which consists of e±. A bright
optical counterpart occurs only when the blast wave strikes a hot wind bubble in the
slow ion tail of a previous flare. The optical flash is estimated to have a duration of
∼ 1 s and an energy upper limit of ∼ 1044 erg. The optical-to-radio fluence ratio
would be [ ≲ 105 using the average FRB 121102 burst energy of 1039 erg [53],
and [ ∼ 103 using the FRB energy corresponding to the strongest explosion, which
produces the brightest optical flash in their model. The former is shown in Fig.
2.1 to compare with our results, since our technique utilizes the statistical features
of the entire FRB population. The latter prediction could be comparable to results
of simultaneous multi-wavelength observations of individual events. Note that in
this model many FRBs do not have optical counterparts, since only strong magnetar
flares may have significant ion tails.

2.6.1.3 Soft gamma-ray repeater (SGR) giant flares as FRB counterparts

More generally, in many FRB models the emission processes are initiated by SGR
giant flares. The energy released by giant flares is typically specified in the 𝛾-ray
band, where the Fermi/GBM survey suggests constraints ranging between [ ≲ 105

(0.1-s counterparts, assuming no extant detections) and [ ∼ 107 (100-s counterparts,
assuming all unclassified events are giant flares). These constraints can be used to
test the hypothesis that each giant flare corresponds to an FRB.

Following Ofek [54], the rate of giant flares in the Milky Way, which hosts four
SGRs, is ≲ 0.002 yr–1 for energies ESGR > 4 × 1046 erg (this rate is based on
an analysis of extragalactic giant-flare candidates), and ∼ 0.1 yr–1 for energies
ESGR > 2 × 1044 erg (Poisson errors neglected; this rate is derived from the Milky
Way alone). Ofek [54] derives the number of SGRs in a given galaxy by comparing
its core-collapse supernova rate with that of the Milky Way, which is justified
given the short lifetimes (O(kyr)) of active SGRs. As the overall star-formation
rate is a reasonable proxy for the core-collapse supernova rate [55], we can derive
the (local) volumetric rate of giant flares by scaling the Milky Way rate by the
ratio of the local star-formation rate density [ 0.015 M⊙ yr–1 Mpc–3; 55] and the
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Milky Way star-formation rate [1.9 M⊙ yr–1; 56]. For ESGR > 4 × 1046 erg and
ESGR > 2 × 1044 erg, the volumetric giant flare rates are ≲ 2 × 104 Gpc–3 yr–1

and ∼ 8 × 105 Gpc–3 yr–1, respectively. If each giant flare produces an FRB, these
volumetric rates correspond to estimates of the FRB volumetric rates for radio-band
energy releases EFRB = ESGR/[ (e.g., EFRB = 4×1039 erg and EFRB = 2×1037 erg
respectively for [ = 107). The volumetric rate of FRBs in the local Universe
inferred from the Canadian Hydrogen Intensity Mapping Experiment (CHIME) is
∼ 105 Gpc–3 yr–1 [13], approximately above an energy threshold of 2×1037 erg s–1.6
Thus, contrary to previous studies [13, 57], the giant-flare rate may in fact be too
high to explain the FRB rate. This result would be strengthened if the value of [
is substantially lower than the conservative upper bound of 107 derived herein. We
note, however, that all rate estimates above are subject to severe Poisson errors, and
that this analysis will require significant refinement before firm conclusions can be
drawn.

A similar analysis can be applied to any multiwavelength event that triggers an
FRB. This is of particular relevance to the “cosmic comb” model, where a regular
pulsar magnetosphere is “combed” by a nearby strong plasma stream with a ram
pressure higher than the magnetic pressure in the magnetosphere. The stream
triggers magnetic reconnection that accelerates particles within the magnetosphere,
which produce coherent emission by the curvature-radiation or cyclotron instability
mechanisms. On the one hand, when the plasma stream comes from nearby energetic
events, such as active galactic nucleus (AGN) flares, those events should be detected
as FRB counterparts. On the other hand, when the stream comes from closer but
less luminous events, such as stellar flares from a companion star, no detectable
counterpart would occur.

2.6.1.4 Curvature radiation

Another commonly discussed coherent emission process is curvature radiation (e.g.,
[22]; [58]). For example, [58] propose a model where counter-streaming e± plasma
inside the twisted magnetosphere of a magnetar rapidly clumps due to the two-
stream instability. When magnetic reconnection occurs near the magnetar surface,
these clumps are accelerated along magnetic field lines and radiate coherently. The
model predicts fluence ratios of [ ∼ 1 in all bands, so there would be no detectable
FRB counterpart.

6An energy of EFRB ∼ 2 × 1037 erg corresponds to a 2 Jy ms burst detected by CHIME at
100 Mpc.
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2.6.1.5 Fast optical bursts associated with FRBs

We compare our most constraining result from Gaia ([ ≲ 103, assuming non-
detection and using the Gaia time resolution of 4.5 s) with predictions made by
[59]. These authors investigate the detectability of the “fast optical bursts” (FOBs)
associated with FRBs in two broad cases and five specific scenarios. We convert
them to the constraints on the optical-to-radio fluence ratios assuming an FRB of
1-ms duration (hollow magenta triangles in Fig. 2.1).

Case 1 FOB formed by inverse Compton scattering between the FRB photons and
ambient electrons.

a. OB and FRB both formed in the pulsar magnetosphere (10–7 ≲ [ ≲ 104,
tFOB ∼ 1 ms).

b. FOB formed in a surrounding nebula, and FRB near the neutron star
([ ≲ 108, tFOB ∼ a few × 10 s).

c. FRB formed by synchrotron maser mechanism and FOB formed by
inverse Compton scattering between the maser electrons and the FRB
photons ([ ≲ 0.38, tFOB ∼ 1 ms).

Case 2 FOB and FRB formed by the same emission mechanism.

a. Curvature radiation by particle bunches ([ ≲ 3.8 × 10–5, tFOB ∼ 1 ms).

b. Synchrotron maser ([ ≲ 3.8 × 10–4, tFOB ∼ 1 ms).

We omit case 1(c) and case 2 in Fig. 2.1 as they are too low to compare with
any existing optical telescope. Compared with our Gaia result, the upper limits
predicted by cases 1(a) and 1(b) are greater by ∼ 1 and 5 orders of magnitude,
while predictions of the other three scenarios are lower by ∼ 4, 8 and 7 orders of
magnitude, respectively. Hence, a detection of FRB counterparts by Gaia (or indeed
any other optical telescope) would rule out case 1(c) and case 2, and it might be able
to rule out case 1(a) if the observed fluence ratio lies between ∼ 104 and 108.

2.6.1.6 How many multi-wavelength FRB counterparts should blind surveys
detect?

Finally, we estimate the counterpart detection rate from each model (Table 2.3)
by combining the model-predicted [ with the observed FRB fluence distribution.
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For example, the theoretical counterpart duration at 1 MeV (2.4 × 1020 Hz) from
the [20] model is ∼ 50 ms. The shortest trigger timescale of Fermi/GBM and
CGRO/ BATSE above 50 ms are both 64 ms. At this timescale, the band-integrated
fluence threshold is F0,GBM = 2 × 1018 Jy ms Hz (7.6 × 1017 for BATSE), and

Fa,0,GBM ≈ 2×1018 Jy ms Hz
2.4×1020 Hz ≈ 8.4×10–3 Jy ms (3.1×10–3 for BATSE). The model

predicts that [a ≈ 4.1 × 10–7 at a1 = 1 MeV, so the expected counterpart rate above
Fa,0,GBM in the GBM-band would be R̃(Fa) = R(Fa,0,GBM

[a
) = R(2.1 × 104 Jy ms) ≈

2.13×10–5 sky–1 day–1 (Equations 2.7 and A.1c; 1.9×10–4 for BATSE). On average,
Fermi/GBM is expected to detect one such event per ⟨n⟩ ≈ (2.13 × 10–5)–1( 4𝜋

8 sr ) ≈
7.36× 104 days (5.3× 103 for BATSE). By comparing ⟨n⟩ with the relevant survey
durations n (the last two columns in Table 2.3), it is unlikely that Fermi/ LAT, GBM
or BATSE have already detected any counterparts events, or will detect one in the
near future, according to the prediction of Metzger et al. [20].

As another example, we interpolate the Metzger et al. [20] predictions to 100 keV
and conservatively assume a 1-s duration counterpart in the Swift/ BAT band (and
the CGRO/ BATSE band) with [a ≈ 4.1 × 10–6. At this timescale, Fa,0,BAT ≈
4.18 × 10–2 Jy ms, and the expected counterpart rate in that band would be
R(4.18×10–2 Jy ms

4.1×10–6 ) = R(104 Jy ms) ≈ 10–4 sky–1 day–1, and ⟨n⟩ ≈ 8.95 × 104

days. Swift/ BAT is not expected to have detected any FRB counterpart based on
this model, unless the counterpart duration at 100 keV is significantly shorter (≲ 64
ms).

We cannot comment on the predictions from Beloborodov [19] and Yang et al. [59],
as their models only indicate the lower limits to ⟨n⟩.

2.6.1.7 Caveat emptor

Cautions should be taken in the comparisons described above. First, our technique
relies on a homogeneous FRB population distribution, and the synchrotron-maser
and curvature-radiation models may not be able to explain so far non-repeating
FRBs. Although it has been argued that all FRB sources repeat in their lifetimes
[13], some sources are clearly more active than the others and it is not yet clear
whether or not they belong to the same population groups. Second, the high-energy
counterpart could be either the giant flare that initiates the FRB emission processes or
the afterglow, or both, but their contributions are observationally indistinguishable.
Third, it might be difficult to distinguish intrinsic emissions from propagation effects,
since any dense intervening medium has different attenuation effects on different
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wavelengths. For example, in the model of Metzger et al. [20], it is unclear whether
the keV photons would escape from supernova ejecta shells surrounding the proposed
magnetars, or get absorbed by the neutral gas on the FRB timescale [60]. This
ambiguity makes it difficult to constrain the model based on the non-detection of
X-ray counterparts. Fourth, in this work we only focus on surveys with cadences
less than 2 minutes, but longer-duration counterparts may also be possible [e.g., 61].
In this case, sensitive surveys on these longer timescales should also be considered.

A further issue is that the brightest FRB sources may in fact be missed by some
of the multi-wavelength surveys, because of the sparsity of these FRBs on the
sky. Consider the possibility that the nearest FRB sources are the brightest
[62]. The nearest sources might be missed by surveys using telescopes with
small fields of view that are restricted to certain portions of the sky. Our
technique assumes that FRBs are uniformly distributed over the sky region
scanned by a survey, which is likely true for distant FRBs, but may not be true
for nearby FRBs or those near the Galactic plane. Although over time, the
anisotropic distribution would be averaged out by successive surveys, this issue
may result in erroneously low estimates of [. However, this effect is mitigated by
our incorporation of Poisson error in Step 4 in Section 2.3, in the case of multi-
wavelength non-detections. It is also not a major issue for our analysis of the
surveys with cataloged unidentified detections (Fermi/GBM, MAXI), because
they cover the full sky besides the Galactic plane.

2.6.2 Comparison to other observations
As is evident from Figure 2.1, our technique generally provides stronger constraints
on [ than previous observations. We consider a selection of previous observational
results in turn.

Some high-energy transient surveys have been blindly searched for FRB counterpart
candidates without using knowledge of individual FRB events. Yamasaki et al. [63]
(O4 in Figure 2.1) performed a blind search for 𝛾-ray flashes (duration 1 to 10
ms) using the 7-year Fermi/LAT data. No event is found after removing flashes
associated with known steady 𝛾-ray sources and false events produced by the diffuse
background. They found a 𝛾-ray to radio fluence ratio of [ ≲ (4.2 ∼ 12) × 107 by
modeling FRBs as standard candles with a power-law 𝛾-ray spectrum and estimating
the comoving FRB rate density using the nine FRB detected by then. In comparison,
our technique adopts a model-independent FRB population distribution based on
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a directly measurable quantity (fluence) and a significantly larger sample (∼ 50).
Using our technique, we find [ ≲ 1.7 × 106 (100 ms) based on the non-detection in
the 7-year of Fermi/LAT data.

In the optical band, we estimate [ from a few survey sub-datasets that have been
blindly searched for fast transients. Wevers et al. [47] (O8 in Figure 2.1) develop
a method to blindly search the Gaia Photometric Science Alerts data base for fast
transients between tens of seconds to hours. They demonstrate the method on a
trial data set that spans ∼ 23.5 deg2 of sky and has been repeatedly scanned for 40
to 50 times. Four events produced by stellar flares are found but no unclassified
event is detected. The non-detection implies a optical-to-radio-band fluence ratio of
[ ≲ 4×104 using our technique. In addition, Andreoni et al. [64] (O9 in Figure 2.1)
specifically search for extragalactic fast optical transients with durations down to 70
s using the Dark Energy Camera as part of the Deeper Wider Faster programme.
The g-band limiting magnitude of one single exposure (20 s) is ∼ 23 mag (AB),
the FOV is 2.52 deg2 and the total observation time of their data set is 25.76 hours.
Four events with uncertain classifications are detected, but no 𝛾-ray signal or FRB
is found within ± 1 day near these transients. Using our technique, the optical-
to-radio-band fluence ratio is [ ≲ 6 × 104. Finally, Richmond et al. [65] (O10 in
Figure 2.1) find no transients with durations from 1.5 s to 11.5 s using the Tomo-e
Gozen wide-field CMOS mosaic camera data (limiting magnitude V=15.6) with a
control time of 177,502 deg2 sec. The non-detection implies that [ ≲ 106 using our
technique.

Most previous constraints on [ are based on counterpart searches in the sky region
of individual FRB events, either contemporaneous or not. We summarize them
below and show some of the stronger constraints in Fig. 2.1.

A one-second-long X-ray counterpart was detected during the recent FRB event
ST 200428A from the Galactic magnetar SGR 1935+2154 [66, 67]. Based on the
X-ray observations of [68], [66] estimated that the band-integrated fluence ratio
FX/Fradio ∼ 3 × 104 (red star in Fig. 2.1), about one order-of-magnitude lower
than our result based on the non-detection in the blind search of Swift/BAT for a
one-second-long burst in a similar energy band.

MAGIC Collaboration et al. [69] (O6 in Figure 2.1) conducted simultaneous ob-
servations of the repeating FRB 121102 using the Arecibo telescope and MAGIC
(100 GeV–50 TeV, and the optical band). Five FRBs were detected during this time
(mean fluence ∼ 2 Jy ms), but no simultaneous or persistent counterparts were found
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by MAGIC. This implies that F>100GeV/FArecibo ≲ 2×107 for a 10-ms counterpart,
and Foptical/FArecibo ≲ 4 × 103 for a 1-ms counterpart.

[70] (O5 in Figure 2.1) searched the AGILE archival data for MeV–GeV counterparts
of two repeating FRB sources. They find no prompt emission and estimate a band-
integrated fluence ratio of FMeV/FRadio ≲ 108, assuming ms-scale emissions in the
MeV band.

Cunningham et al. [44] found no prompt high energy counterpart with durations
between 0.1 and 100 s for a sample of 23 FRBs in the Fermi/GBM, Fermi/LAT and
Swift data. They estimate the fluence ratio to be [ ≲ 107–12 for the timescale of 0.1
s (and [ ≲ 108–13 for 100 s).

Anumarlapudi et al. [71] (O3 in Figure 2.1) find no prompt X-ray counterpart for a
sample of 42 FRBs in the AstroSat/CZTI data (20–200 keV) and estimate the fluence
ratio to be FX/FRadio ≲ 108–10.

[72] (O1 and O2 in Figure 2.1) present simultaneous observations of the repeating
FRB 121102 using the XMM-Newton, Chandra, and Fermi/GBM telescopes along
with several radio telescopes. They found 12 radio bursts and no contemporaneous
counterpart emission. They estimate that [ ≲ 4 × 108 in the Fermi/GBM band and
[ ≲ 3 × 106 in the X-ray band (0.5– 10 keV) assuming bursts of < 700 ms. In
addition, they find no X-ray counterpart in the sky region at anytime during these
observations. Using the fluence distribution of radio bursts from FRB 121102, they
estimate that [ ≲ 5 × 107 in the XMM-Newton band (0.1– 15 keV) and [ ≲ 108 in
the Chandra band (0.5– 7 keV), assuming 5-ms X-ray bursts.

[73] (O7 in Figure 2.1) conducted simultaneous observations of FRB 121102 using
the high-speed optical camera ULTRASPEC on the Thai national telescope, and the
Effelsberg radio telescope. They detected 13 radio events and no prompt optical
counterparts. They compared the median radio fluence of those bursts with the
optical detection limit and find Fa,767nm/Fa,1.4GHz ≲ 0.077, corresponding to a
band-integrated fluence ratio of [ ≲ 2 × 104.

Finally, in a class of FRB models, the emission processes are initiated by SGR giant
flares. Tendulkar et al. [29] estimate that Fa,1.4GHz/F𝛾 ≲ 107 Jy ms erg–1 cm2 for
a 10-ms radio fluence based on the radio non-detection of a 𝛾-ray giant flare from
the magnetar SGR 1806-20. Their results imply [ = F𝛾/Fradio ≳ 1010, which is
inconsistent with our 𝛾-ray upper limits and thus in tension with the idea that SGR
flares generally produce FRBs. This outcome is consistent with the discussion in



57

Section 2.6.1.3.

2.6.3 Future searching strategies
In the absence of FRB counterpart detections, [ can be constrained from either
simultaneous multi-wavelength and radio searches, or blind searches combined
with the FRB population (considered in this paper). The observational strategies are
slightly different in these two cases, given the nature of the FRB fluence distribution.

First, we emphasize that simultaneous radio and multi-wavelength searches are only
worthwhile if they probe to lower values of [ than existing blind multi-wavelength
searches. In a simultaneous counterpart search with non-detection, the upper limit
to [ ∝ f0 · Δt. Here, Δt is the timescale and f0 is the corresponding detection flux
threshold. The FOV (Ω) makes no difference. The total observation duration (L) is
also irrelevant, until the next FRB occurs.

In contrast, in a blind search where no counterpart is found, the upper limit on
[ also depends on L and Ω. The counterpart rate upper bound R ∝ L–1 · Ω–1

(step 4 in section 2.3). Using the broken power law fluence distribution, the radio
fluence threshold that would have produced the same rate R is Fa,0,Radio ∝ R1/𝛼 ∝
L–1/𝛼 · Ω–1/𝛼. Meanwhile, the fluence threshold in the band of the counterpart is
Fa,0,Band ∝ f0 · Δt. Therefore,

[ ∝ f0 · Δt · Ω1/𝛼 · L1/𝛼,

∝ 10–0.4 m · Δt · Ω1/𝛼 · L1/𝛼.
(2.11)

Here, m is the absolute magnitude, and 𝛼 is the power-law index of the fluence
distribution (Eqn. A.1). Assuming non-detection or low counterpart detection rate,
the power-law index of the ASKAP FRB sample (𝛼2 = –2.2) is more relevant than
that of the Parkes (𝛼1 = –1.18), since the former describes events with rate below
Rb ≈ 170 sky–1 day–1 (Eqn. A.1c), and the latter describes more common events
(Eqn. A.1b). Using 𝛼2, [ ∝ f0 · Δt · Ω–0.45 · L–0.45, so one could enhance the
constraint on [ by one order of magnitude by lowering the detection flux threshold
by 10 times, using a 10 times shorter timescale, or increasing the FOV or survey
duration by 158 times (15 times if using 𝛼1).

Nonetheless, there may be reasons to also require large fields of view or survey
areas. If counterpart events are rare in the local Universe, a significant number of
nearby galaxies would need to be included in a blind search.
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2.7 Conclusions
We have developed and demonstrated a technique to estimate [ — the ratio between
the energy emitted by the multi-wavelength counterparts of FRBs and FRBs them-
selves — by combining existing multi-wavelength fast transient surveys with the
fluence distribution of the FRB population. The extremely large fields of view and
observation durations of surveys from the optical to the TeV bands, combined with
the high all-sky rate of FRBs, mean that the locations of several FRBs undetected
by radio telescopes have likely been observed by telescopes across the electromag-
netic spectrum. We use the properties of several multi-wavelength surveys (listed in
Table 2.1) to constrain [ under the assumption that no FRB counterparts have been
detected, and in some cases to estimate [ under the assumption that all unclassified
transient events are FRB counterparts (Table 2.2 and Figure 2.1). We conclude the
following:

1. Even our most conservative constraints / estimates for [ are lower than several
existing results, which are largely based on targeted observations of known
FRB locations, coordinated between multiple telescopes.

2. The FRB models proposed by Metzger et al. [20] and Beloborodov [51], which
involve synchrotron masers initiated by shocks driven by young-magnetar
flares, are closest to our constraints on [. In some scenarios, Gaia should
have already detected several FRB counterparts. FRB counterparts may be
found amongst unclassified transient events. This demonstrates the power of
our technique to address FRB model predictions. However, in the high-energy
bands, surveys by the Fermi and Swift satellites are not likely to have detected
FRB counterparts unless the photon indices are significantly steeper than –2.

3. Our technique can also be used to test predictions for multi-wavelength emis-
sion that is associated with but not directly caused by FRBs. For example, we
find evidence that the volumetric rate of magnetar giant flares that emit a factor
of [ = 107 larger energies in 𝛾-rays than FRBs do in the radio band is over an
order of magnitude higher than the FRB volumetric rate (Section 2.6.1.3).

4. The apparent rarity of multiwavelength FRB counterparts, and correspond-
ingly likely low values of [, implies that future multiwavelength surveys are
likely to only detect counterparts to the brightest FRBs. Given the steepness
of the FRB fluence distribution at the bright end [26], future blind surveys
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searching for FRB counterparts should prioritize sensitivity, and the ability to
probe appropriately short timescales, over field of view and survey duration.

Although our results are robust to uncertainties in the FRB fluence distribution,
the future application of our technique to better constrain FRB models will require
a careful analysis of unclassified transient events in existing survey data sets. In
addition, we assume a homogeneous population of FRB sources, which may not be
the case, and it is also possible that some (e.g., soft X-ray, or blue optical) FRB coun-
terparts are absorbed or scattered in dense surrounding media. Multi-wavelength
observations of nearby individual sources [e.g., 74–76] are a complementary means
to address the nature of the FRB engine and emission mechanism.
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C h a p t e r 3

A COMPREHENSIVE OBSERVATIONAL STUDY OF THE FRB
121102 PERSISTENT RADIO SOURCE

The work presented in this chapter can be found at:

• Ge Chen, Vikram Ravi and Gregg W. Hallinan. A comprehensive observa-
tional study of the FRB 121102 persistent radio source. Published in the
Astrophysical Journal, 2023.
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ABSTRACT

FRB 121102 is the first fast radio burst source to be spatially associated with a
persistent radio source (QRS121102), the nature of which remains unknown. We
constrain the physical size of QRS121102 by measuring its flux-density variability
with the VLA from 12 to 26 GHz. Any such variability would likely be due to
Galactic refractive scintillation, and would require the source radius to be ≲ 1017 cm
at the host-galaxy redshift. We found the radio variability lower than the scintillation
theory predictions for such a small source, leaving open the possibility for non-AGN
models for QRS121102. In addition, we roughly estimated the mass of any potential
supermassive black hole (BH) associated with QRS121102 from the line width of the
host-galaxy H𝛼 emission using a new optical spectrum from the Keck Observatory.
The line width indicates a supermassive BH mass of ≲ 104∼5 M⊙, too low for the
observed radio luminosity and X-ray luminosity constraints, if QRS121102 were
an AGN. Finally, some dwarf galaxies that host supermassive black holes may be
the stripped cores of massive galaxies during the tidal interactions with companion
systems. We find no nearby galaxy at the same redshift as the QRS121102 host
from low-resolution Keck spectra, or from the PanSTARRS catalog. In conclusion,
we find no evidence supporting the hypothesis that QRS121102 is an AGN. We
instead argue that the inferred size, and the flat radio spectrum, favors a plerion
interpretation. We urge continued broadband radio monitoring of QRS121102 to
search for long-term evolution.
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3.1 Introduction
Fast radio bursts (FRBs) are a class of transient phenomena wherein energies ≳
1035 erg are released on timescales ≪ 1 s at radio wavelengths (e.g., [2]). The
progenitor and emission processes of FRBs remain uncertain. Hundreds of FRB
sources have been reported, and over 20 of them have been found to repeat (e.g., [3]).
Repeaters and non-repeaters are reported to show statistically different characters
(luminosity, pulse width, temporal-spectral structures, etc.), yet it remains unclear
whether or not they originate from two distinct populations. FRB 121102 was the
first repeater detected [4, 5], and so far one of the most extensively studied FRB
sources. The bursts are found to have a ∼ 160-day periodicity [6], and the source has
been localized within a star forming region of a low-metallicity dwarf galaxy at a
redshift of 0.19273 [7–9], giving a luminosity distance of 971 Mpc (using the recent
Planck results implemented in astropy: H0 = 67.4 km s–1 kpc–1, Ωm = 0.315,
ΩΛ = 0.685; [10]).

FRB 121102 is one of only two FRBs reported to be spatially associated with
persistent radio emission of unknown origin [9, 11]. In the case of FRB 121102, the
centroid of the persistent emission is within 12 mas (40 pc; 95% confidence level)
from the FRB source. The emission shows a flat spectrum from ∼ 400 MHz to ∼ 6
GHz (flux density ≈ 200 `Jy), and decreases at higher frequencies (166± 9, 103± 7
and 66 ± 7 `Jy at 10, 15 and 22 GHz, respectively) [12, 13]. It remains unresolved
by very long baseline interferometry (VLBI) at 5 GHz, indicating a radius below
∼ 0.2 mas, or ∼ 1018 cm (0.35 pc) at the host-galaxy redshift [9]. A flux-density
amplitude modulation of ∼ 30% has been reported at 3 GHz [12], consistent with
refractive scintillation by the Milky Way interstellar medium (ISM) (e.g., [14, 15]).
No X-ray counterpart has been detected with XMM-Newton and Chandra [12].

If we remain agnostic regarding models for the origin of FRBs, a compact ra-
dio source like that associated with FRB 121102, with a luminosity of ∼ 2 ×
1029 erg s–1 Hz–1, would most likely be ascribed to AGN activity. Several AGN-
like radio sources of similar luminosities have been reported to be hosted by dwarf
galaxies (e.g., [16, 17]). Although Tendulkar et al. [9] has found the host-galaxy
optical spectrum to be consistent with intense star formation based on the BPT
diagnostics [18], it is rare but not unheard of [at the ∼ 0.1% level; 19] for galaxies
classified as star forming according to BPT diagnostics to host radio-loud AGN.
This may be substantially more common among the dwarf galaxy population: the
majority of the Reines et al. [16] sample of dwarf galaxies with optical spectra
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hosting candidate radio AGN are classified as star forming on BPT diagrams. The
radio source associated with FRB 121102 is too compact and too luminous to be
associated with star-formation activity [12]. Other possible origins include a super-
nova afterglow powered by interaction with a dense circum-stellar medium [20], the
afterglow of a long-duration gamma-ray burst (e.g., [21]), and an extreme pulsar
wind nebula (PWN; e.g., [22]).

In this paper, we investigate the nature of the persistent radio source associated with
FRB 121102 (“QRS121102” hereafter) using new data from the Karl G. Jansky
Very Large Array (VLA) and the Low Resolution Imaging Spectrometer (LRIS) at
the Keck Observatory. We adopt the host redshift of 0.19273 [9] for all relevant
calculations hereafter. In Section 3.2, we describe the observations. In Section
4.3, we first measure the flux-density modulation of QRS121102 in the K-band
(18 to 26 GHz) and the Ku-band (12 to 18 GHz), where refractive scintillation is
expected to produce larger modulations than previously observed at 5 GHz. We also
separately investigate the hypothesis that QRS121102 is powered by a supermassive
or intermediate-mass black hole (BH) using a medium-resolution LRIS spectrum,
and evaluate whether or not the host galaxy belongs to a galaxy group using the low-
resolution LRIS spectra. In Section 4.4, we first constrain the size of QRS121102 by
comparing its flux-density modulation with that predicted by scattering theory. In
addition, we compare the AGN population with our dynamical BH mass estimation,
stellar mass estimation, and radio and X-ray luminosity constraints. We conclude
in Section 4.5 that an AGN hypothesis for QRS121102 is unlikely.

3.2 Observations
3.2.1 VLA radio observations
We have observed the persistent radio source (QRS121102) in the VLA K-band (18
to 26 GHz) and Ku-band (12 to 18 GHz) using the C configuration. The channel
width was 2 MHz and the integration time was 3 s for the K-band observations and
2 s for the Ku-band observations. The observations include six epochs from 2017
May 29 to 2017 August 10 (Table 3.1). In each epoch, the observation started with
a single scan of the primary calibrator 3C147 (Field 0) for flux scale and bandpass
calibration, and then a few cycles of the phase calibrator 1 J0555+3948 (Field 1),
phase calibrator 2 J0518+3306 (Field 2), and QRS121102 (Field 3) (Table 3.2).
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3.2.2 Keck optical observations
The optical spectra used in this work were obtained using Keck/LRIS. We obtained
two types of observations. One, with medium spectral resolution, was used to
measure the spectral width of the H𝛼 emission line associated with the FRB 121102
host galaxy. The other, with low spectral resolution, used two slit orientations to
obtain spectra of galaxies immediately adjacent to the FRB 121102 host.

The medium resolution spectrum of the FRB 121102 host was obtained on October
12, 2018 using the 1.0” longslit and the D560 dichroic. The red side used the grating
with 1200 lines/mm blazed at 7500 Å and targeted the H𝛼 emission.

Low resolution spectra of the host and nearby sources were obtained on 2017 January
26 using the 1.5” long slit and the 560 dichroic. The grating used on the red side has
400 lines / mm blazed at 8500 Å, covering wavelength from about 5462 Å to 10318
Å, with a dispersion of 1.86 Å/pixel. We estimate the spectral resolution to be ∼ 4
Å (1𝜎) from the weighted average width of the four isolated skylines (5577.0 Å,
5898.0 Å, 6315.7 Å, 7257.4 Å). On the blue side the grism has 600 lines / mm
blazed at 4000 Å, covering wavelengths from 3122 Å to 5603 Å. Standard stars
were observed for the flux response calibration, arc-lamp spectra were obtained for
the wavelength calibration, and bias frames were taken for the bias-subtraction. The
flat field was generated using dome flats.

3.3 Data Analysis and Results
3.3.1 VLA flux density measurements
In this section, we describe how we measure the radio flux density of QRS121102
in each epoch.

The visibility data were calibrated and imaged using CASA following the standard
procedures (task names shown in parentheses).1 In the calibration, the VLA antenna
positions were updated (gencal). The primary calibrator 3C147 was used to find the
absolute scale of the gain amplitudes by referring to the standard flux density (setjy),
and to correct for the instrumental delay and the complex antenna-response variation
with frequency (bandpass). The complex gain solutions (both amplitude and phase)
were obtained from the phase calibrator 1, J0555+3948, that is ∼ 8o apart from
QRS121102 (CASA task gaincal), and the gain amplitudes were properly-scaled
using the absolute scale just obtained using 3C147 (fluxscale). All calibration

1The Common Astronomy Software Applications (CASA) is a software package developed by
the NRAO.
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solutions were then applied (applycal) to QRS121102, as well as the fainter phase
calibrator 2, J0518+3306 (∼ 2o away from QRS121102). After calibration, potential
radio frequency interference (RFI) and internally generated signals were removed
by flagging out narrow-banded spikes in the spectra (flagdata). In epoch 3, one scan
of QRS121102 was removed as it was several times brighter than the others (within
30 minutes apart) due to strong RFI, or perhaps a passing cloud.

The calibrated visibility data were binned to 20 s and 500 kHz to speed up synthesis
imaging using the CASA task (split). The data were gridded and Fourier transformed
and the synthesized beam was deconvolved (tclean). The FWHM of the synthesized
beam was ∼ 1.5′′ (major axis) ×1.2′′ (minor axis) in the Ku-band and ∼ 1.3′′ (major
axis) ×0.9′′ (minor axis) in the K-band in C configuration. Our images were created
using a small cell size of 0.1′′ × 0.1′′ and a Briggs robust weighting of 0.5 [23].

We measured the flux density of each source from the images by fitting each with
a 2-D Gaussian model (imfit; Fig.3.1). We obtained the flux density of those point
sources (based on the criterion implemented by the CASA imfit task) from the
peak, and of the others from the integrated flux density within each fitting region.
Uncertainties were calculated by propagation of errors of the 2D fitting model. Table
3.1 lists the results and Fig. 3.2 shows the flux density light curves in both bands.

The angular size of QRS121102 has been reported to be under ∼ 0.2 mas at 5 GHz
as measured by the Very-long-baseline interferometry (VLBI) [8]. It is expected
to be unresolved in our observations, where the beam FWHM is ∼ 1.4” in the
Ku-band and ∼ 0.9” in the K-band. In our images, the 2D Gaussian fitting results
show that QRS121102 is a point source in all but epoch 3, where the image is
marginally resolved as 1.13 ± 0.61 arcsec along the major axis and 0.49 ± 0.22
arcsec along the minor axis (FWHM, deconvolvd from beam). This is likely due
to the remaining phase errors in the calibration solution, as the image of phase
calibrator 2 J0518+3306 appears highly distorted. The errors were removed by
phase-only self-calibration in field 2, but not in field 3, for reasons outlined below.

In field 3, our observations of QRS121102 were affected by a bright source, NVSS
J053153+331014, that is ≈ 1.8’ (twice of the primary beam FWHM in the Ku-
band) away from the pointing center (QRS121102) and over one order-of-magnitude
brighter (≈ 3 mJy in flux density before correcting for primary-beam attenuation). To
reduce the associated errors, we performed self-calibration (phase only) for NVSS
J053153+331014 and QRS121102 simultaneously. We also tried to remove the flux
density contribution from NVSS J053153+331014 modeled from self-calibration,
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Figure 3.1: VLA images (in J2000 coordinates) of QRS121102 in seven epochs, with band
indicated in parentheses. The color scale represents flux density in Jy / beam (see color
bar). The open light gray circle (on the bottom left of each image) shows the synthesized
beam size (1𝜎) and the red circle shows the 1𝜎 2D Gaussian fitting results convolved with
the synthesized beam. The position angles of the best fit results are consistent with those of
the clean beams within 1𝜎 in all cases where the source is unresolvable.
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Figure 3.2: Flux density light curve of the K-band (left) and the Ku-band (right). f3, f2,
f1 and f0 represents the flux density of QRS121102 (solid red circle), the phase calibrator
2 (solid black diamond), the phase calibrator 1 (solid blue square) and the prime calibrator
(cyan stars), respectively. f3 and f2 are scaled by 104 and 10 times for display. Details of
the observations are shown in Tables 3.1, 3.2.

and then subtract the model visibility from the corrected visibility data. Neither
attempt made a significant improvement on the image of QRS121102, since self-
calibration failed to correct the beam model error far away from the pointing center.

In addition, there might be remaining calibration errors since the flux densities of
the two phase calibrators, J0555+3948 and J0518+3306, also vary by ∼ 4% and
∼ 10% throughout the epochs in each band (Fig. 3.2). The variations are likely not
intrinsic to the source for two reasons. (1) J0555+3948 has been reported to vary by
2.0% on a time scale of 251 days at 33 GHz and 3.4% on a time scale of 293 days
at 16 GHz [24]. It is unlikely to show a greater variability on a timescale of days,
as been observed in this work (e.g., epochs 3, 4, 5). (2) More importantly, the flux
density light curve of QRS121102 shows a moderate positive correlation with that
of J0555+3948, and a strong positive correlation with that of J0518+3306, with a
correlation coefficient of 0.67 and 0.91, respectively. To reduce potential calibration
errors, in each epoch we re-scaled the flux density measurements of QRS121102 by
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Figure 3.3: Normalized (and scaled) flux density light curve of the K-band (left) and the
Ku-band (right). f3, f2 and f1 represents the flux density of QRS121102, the phase calibrator
2 and the phase calibrator 1, respectively. Red open circles (f3) show the normalized flux
density of QRS121102, black open diamonds (f3/f2) show the flux density of QRS121102
divided by those of the phase calibrator 2 and then normalized to average at unity, and
blue open squares (f3/f1) are the flux density of QRS121102 divided by those of the phase
calibrator 1 and then normalized to average at unity.

those of the two phase calibrators (Fig. 3.3). We adopt the flux density scaled by
J0518+3306 (phase calibrator 2) thereafter, since it has a smaller angular separation
from QRS121102.

3.3.2 Keck/LRIS Medium Resolution Spectral Analysis
The LRIS data were processed using the LRIS automated reduction pipeline (LPipe;
[25]) following standard procedures: subtract the bias, make flat fields and apply
flat-field correction, remove cosmic ray pixels, model and remove sky lines, perform
wavelength calibration by referring to the arc lamp spectra, and determine the flux
response function by observing standard reference stars. The processed 2D spectrum
targets the H𝛼 emission.

The width of the H𝛼 emission line is produced by multiple effects [26]—
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Figure 3.4: 2D medium resolution LRIS spectrum of the host galaxy of FRB 121102.
Wavelength has been converted to the rest frame using the previously reported redshift of
z = 0.19273 [9]. Top to bottom panels are the observed 2D spectrum, the 2D fitting model
and the residual (data–model), respectively. On the top and right of each panel are plots of
the data collapsed along the wavelength axis and position axis, respectively.
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• dynamical velocity dispersion due to gravity,

• instrumental broadening,

• random thermal motions,

• natural broadening,

• turbulent motions.

In this section, we test the hypothesis that QRS121102 is associated with an AGN
by using the velocity dispersion to roughly constrain the mass of a potential super-
massive BH. The velocity dispersion is estimated from the H𝛼 line width.

The H𝛼 emission line width of the host is determined by fitting the rest-frame 2D
spectrum with a 2D Gaussian function whose rotation angle is fixed at zero, plus a
constant offset. We convert the observed 2D spectrum of the host into the rest-frame
wavelength using a previously reported redshift of 0.19273 [9]. The width (1𝜎)
of the emission line is 0.9316 ± 0.0026 Å when combining all four exposures, and
0.8947 ± 0.0015 Å after removing the two exposures polluted by the nearby cosmic
rays (Fig. 3.4). A bright pixel at the center of the H𝛼 emission is seen in the residual
(bottom panel of Fig. 3.4), but no extended structure that might impact the emission
width result is found.

We then determine the width of the instrumental broadening effects by collapsing the
2D spectrum into 1D and fitting each of the three isolated sky lines in the field with a
1D Gaussian function plus an offset. The instrumental spectral broadening width is
given by the weighted mean of the three sky lines’ 1-𝜎 widths (0.638725±0.000039
Å). The natural broadening width of the H𝛼 line is known to be 0.46 mÅ (e.g.,
[26]). The 1-𝜎 width of the line is 0.6265 ± 0.0021 Å after quadratically removing
the instrumental and natural broadening effects.

The rest frame line width of a Maxwellian velocity distribution (i.e., Gaussian along
the line-of-sight) is given by [26]:

Δa

a0
=

1
c

(
𝜎2

v +
2kT
mH

+ v2
turb

)1/2
. (3.1)

Here, Δa Hz is the rest-frame line width (1𝜎) in frequency and a0 = 4.57× 1014 Hz
is the frequency of the H𝛼 emission in vacuum. 𝜎v is the velocity dispersion due
to gravity,

√︁
2kT/mH ≈ 12.8 km/s is the most probable thermal velocity assuming
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a gas temperature of 104 K (e.g., [27]). vturb, the turbulent velocity, is weakly
constrained to be ≲ 103 km/s as inferred from the scattering measurements of FRB
121102 (Table 2 of [28]). We ignored its contribution and find an upper limit of
𝜎v ≲ 30 km s–1.

Assuming that the FRB 121102 host galaxy has a central BH, we estimate its mass
using the empirical M-𝜎 relation reported in recent literature. The BH mass is
7.8+8.2

–5.2 × 104M⊙ using the relation derived from a sample of 88 AGN covering a
stellar velocity dispersion 𝜎∗ of 30 – 268 km s–1 ([29], error bars calculated from
the intrinsic scatter found in the relation). A consistent BH mass of 8.816.2

–5.8×104M⊙
is found using the relation based on 93 low-mass active galaxies ([30], 𝜎∗ from
31 to 138 km/s). Other reports show similar results, though an extrapolation of
the M-𝜎 relation is required as the sampled objects cover higher 𝜎∗: the mass is
4.2+7.5

–2.7 × 104M⊙ (error bars from the intrinsic scatter in the relation) based on a
sample of 49 BH mass dynamical measurements in spiral galaxies, S0 galaxies
and elliptical budges (𝜎 = 67–385 km s–1; [31]), and ∼ 104M⊙ from 72 similar
objects (𝜎 = 75 – 347 km s–1; [32, 33]). Finally, we note that the measured velocity
dispersion is lower than any of those measured from a sample of 35 tidal disruption
events host galaxies (𝜎 > 43 km/s) reported by [34, 35]. This suggests that the BH
mass in the FRB 121102 host is lower than the BH masses of the tidal disruption
event galaxy sample.

We consider two potential errors in our BH mass estimation. First, the H𝛼 velocity
dispersion measurement may not be suitable for the dynamical analysis. The BH
mass is usually estimated from the stellar velocity dispersion measured from multiple
absorption lines from an optical or IR spectrum. In our observation, these stellar
absorption line widths were unavailable due to the limited SNR. Instead, we infer
the velocity dispersion from the line width of a single compact H𝛼 emission region
(radius < 0′′.24 at 1𝜎, [36]) that is offset from the stellar continuum centroid of the
galaxy by 0′′.29±0′′.05 [9]. The H𝛼 line width reveals the dynamics of the partially
ionized warm star forming gas formed in discrete clouds. If the gas pervades in the
galaxy, it is expected to have larger velocity dispersion than the stars due to turbulent
motions and provide an upper limit to the BH mass. However, the H𝛼 region is
isolated to one part of the host and may not represent the global gas dynamics in the
host. This could lead to systematic errors as reported in the dynamical analyses of
galaxies with irregular gas and dust distributions [37].

However, the dynamical mass implied by the H𝛼 velocity dispersion is comparable
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to the stellar mass of the FRB 121102 host galaxy inferred using the optical/IR
spectral energy distribution. We assume that the system is virialized for an order-of-
magnitude estimation. In an ellipsoid, the kinetic energy is dominated by random
motions. The virial theorem gives a total stellar mass of M∗ ∼ 𝜎2

v Reff/G ∼ 108M⊙,
adopting a half-light-radius of Reff = 0.68 kpc [7]. In a pure rotational disk (e.g.,
disk of a spiral galaxy), a comparable value is expected. The inferred mass is
consistent with the stellar mass reported by Bassa et al. [7] from a spectral energy
distribution fit ((1.3±0.4)×108M⊙). This suggests that the velocity dispersion may
be useful for the dynamical BH mass estimation. We also note that QRS121102 is
spatially associated with the H𝛼 emission region.

Second, the M-𝜎 relations could be less reliable at our velocity dispersion for two
reasons. (1) Most reports derive the empirical M-𝜎 relation based on a sample of
more massive galaxies with larger stellar velocity dispersions. It is unclear how well
the relation extends to lower velocity dispersions. (2) Even in the few reports that
cover velocity dispersions down to 30 km/s, the M-𝜎 relation is still less reliable due
to the larger uncertainty in the empirical mass-luminosity (M-L) relation at the lower
end. To derive the M-𝜎 relation, the dynamical mass of the BHs were estimated
using the virial relation, where the virial radius is either measured directly from
reverberation mapping (e.g., [38]) or indirectly from the empirical M-L relation that
was derived from the reverberation mapped AGN. At the low-mass end, few AGN
have been reverberation mapped, so an extrapolation of the M-L relation has to be
made in the BH mass estimations, introducing extra uncertainty to the resulting
M-𝜎 relation. The M-𝜎 relation might be flatter at the lower-mass end based on
a few intermediate mass BHs in the sample (e.g., [29]), although the flattening is
inconclusive without reverberation mapping results of the lower-mass BHs.

We validate our BH mass estimation result by comparing to the empirical BH-
galaxy mass correlation. Reines and Volonteri [39] measure the correlation between
galaxy stellar mass and BH mass based on a sample of 341 AGN host galaxies,
including a sub-sample of dwarf galaxies [40]. They find that log (MBH/M⊙) =
7.45 + 1.05 log

(
M∗/1011M⊙

)
, with a scatter of 0.55 dex. A stellar mass of 108M⊙

gives an AGN BH mass of 104∼5M⊙ (1𝜎 uncertainty assuming log-normal mass
distribution), consistent with our BH mass estimation.
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Figure 3.5: Locations of the host, the slits and the sources in the low resolution Keck/LRIS
observation. The slit orientations are shown as black lines. Spectra were extracted for each
of sources S1, S2, and S3, together with the FRB 121102 host. The background image is an
LRIS R-band exposure, as presented in Tendulkar et al. [9]

3.3.3 Keck/LRIS Low Resolution Spectral Analysis
Data were obtained with two longslit orientations (shown in Fig. 3.5). The LRIS
data were bias subtracted, flattened, cosmic-ray removed, skyline subtracted and flux
calibrated using the LPipe [25]. The LPipe wavelength calibration failed on the red
side, since the arc lamps spectrum missed too many of the expected reference lines.
We calibrated the wavelength manually by fitting the sky spectra to six isolated,
bright skylines. We then selected all nearby sources for which reliable spectra could
be extracted— two sources near the host on slit 1 (S1, S2) and one on slit 2 (S3)
(Fig. 3.5).

In this section, we evaluate whether or not the host and its nearby sources belong
to the same galaxy group. The redshift of each spectrum was estimated as follows.
The procedures were also tested on several SDSS spectra and yield results within
1% of the known redshift values.

1. Remove strong sky line features and data near the boundaries of the wavelength
coverage.

2. Interpolate and smooth the spectrum using a 1D Gaussian kernel (𝜎 = 3 Å)
to reduce random high-frequency noise. The kernel width was chosen such
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that it is narrower than the spectral line width at 8000 Å (1𝜎 ∼ 5 Å) for a
typical galactic velocity dispersion of ∼ 200 km/s (e.g., [41]). Somewhat
different kernel width choices (1Å, 3Å, 5 Å) do not change the redshift results
significantly.

3. Fit for the continuum and subtract from the spectrum. The fit was done
using the Astropy package specutils, which removes spikes using a median
filter and fits the spike-removed spectrum with a list of models using the
Levenberg-Marquardt algorithm.

4. Extract a 60-Å-long segment of spectrum centered at each typical galaxy
absorption (or emission) line and stack them. We considered the following
absorption lines as they are near the visible wavelength at a redshift of∼ 0 to 1:
the Balmer series, Ca K&H (3934.777, 3969.588), the G-band (4305.61), Mg
(5176.7), Na (5895.6), and Ca[II] (8500.36, 8544.44, 8664.52). We ignored
emission lines since none of our sources show significant emission features.
The segment width of 60 Å was chosen such that it were able to include at
last the ±5𝜎 region of a spectral line broadened by a typical galactic vlocity
dispersion of 200 km/s (e.g., [41]), but not too wide to contain multiple lines.

5. Compare the amplitude of the stacked segment at a grid of trial redshift values.
In this work, the best estimation occurs at the deepest valley since we only
considered absorption lines.

For S1, we find z ≈ 0.5796 and inspect absorptive features at the wavelengths of
the Ca H&K, Mg, H𝛾 and possibly the G-band. For S2, we find z ≈ 0.4471 and see
absorptive features at the wavelengths of the Ca K, the G-band, Na, and potentially
H𝛼. For S3, a few weak lines (the Ca H, Mg and Na) indicate that this source might
be close to S2 in redshift, but we were unable to reach a conclusion due to the low
SNR. We find no significant spectral feature at the expected wavelengths assuming
that S3 were at the host redshift. None of the three sources is likely to be at the same
redshift as the host of FRB 121102.

3.4 Discussion
3.4.1 Does QRS121102 scintillate?
3.4.1.1 Scattering theory predictions

Compact sources scintillate as their wavefronts propagate through an inhomoge-
neous ionized medium. Within the medium, fluctuations in the electron density lead
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to variations of the refractive index, which change the phase of the wavefront. The
fluctuations can be described by the phase structure function defined as the phase
difference of two points separated by a distance x:

D𝜑(x) = ⟨[𝜑(x + x0) – 𝜑(x)]⟩x0 ∝ x𝛼. (3.2)

Here, 𝛼 is 5/3 for Kolmogorov turbulence [42]. We adopt a Kolmogorov turbulence
assumption in our calculations thereafter. When there are relative motions between
the source, the medium and the observer, the fluctuations cause temporal variations
in the observed flux density.

One important scale of the scattering medium is r0, the transverse radius (on the
observer’s plane) at which the phase changes by one radian (D𝜙(r0) = 1) due to the
ISM free electron inhomogeneity. r0 can be related to 𝜎\ , the root mean square of
the angle of arrival for a point source at distance D:

r0 =
_

√
2𝜋𝜎\

, (3.3)

𝜎2
\ =

∫ D

0
dx [(x)

( x
D

)2
. (3.4)

Here, x is the source-observer axis. [(x) is the mean square of the scattering angle
per unit length along the line of sight.

In general, [(x) is determined by the wavelength _, the scattering measurement (SM)
and the inner scale of the spatial power spectrum of the electron density fluctuation
in the turbulent medium. The specific relation depends on the geometry and the
power spectrum (e.g., see [43] for details).

For extragalactic sources, scattering is dominated by the Milky Way ISM, which can
often be approximated as a thin scattering screen at a distance D from the observer
(e.g., [14]). In Eqn. 3.4, the integration becomes a Delta function at the distance of
the galactic ISM screen.

Another characteristic scale of the scattering medium is the Fresnel scale (e.g., [44]):

rF =
√︂

_D
2𝜋

,

= 1.23 × 109 m
(

D
1 kpc

)1/2 ( a

1 GHz

)–1/2
,

(3.5)

which is the transverse length (on the observer’s plane) at which the phase of a
wavefront with wavelength _ changes by one radian due to the geometric path length
difference, assuming that D ≫ _.
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Based on the relation of these two scales (Eqn’s 3.3, 3.5), scattering is divided
into the weak regime (r0 ≫ rF) and the strong regime (r0 ≪ rF). The transitional
frequency, a0, is defined as the frequency at which r0 ∼ rF for an extragalactic
source. In the NE2001 electron density model (Cordes and Lazio 45, 46), the a0
for plane waves emitted by far-away sources is given by (adopted from Eqn. 17 of
Cordes and Lazio 45):

a0 ≈ 318 GHz (b
r0
rF

)10/17 (
SM

1 kpc m–20/3 )6/17 (
Deff
1 kpc

)5/17. (3.6)

Here, b = 1/
√

2𝜋 is the fresnel scale definition factor. SM =
∫ D
0 ds C2

ne(s) is
the scattering measure and C2

ne describes the strength of the free electron density
fluctuations along the line of sight. We adopt a SM of 0.00614 kpc m–20/3 based on
the NE2001 model along the line of sight.

Deff =

∫ D
0 ds s C2

ne∫ D
0 ds C2

ne

is the effective path length through medium. We find Deff ≈ 2 kpc, as calculated
using NE2001 by D(SM – SM𝜏/6 – SM\ /3)/SM, where we use D = 30 kpc for
extragalactic sources, SM𝜏 =

∫
ds(s/D)(1 – s/D)C2

ne ≈ 0.0023 kpc m–20/3 and
SM\ =

∫
ds(1 – s/D)C2

ne ≈ 0.016 kpc m–20/3. We estimate that a0 = 38 GHz along
the line of sight of FRB121102 (l ≈ 175o, b ≈ –0.2o). Our observations were taken
at frequencies (12 to 26 GHz) below a0, so they all belong to the strong scattering
regime.

In the strong scattering regime, there are two main types of scintillation behaviors:
refractive and diffractive. We summarize the predicted scintillation behaviors below
based on Romani et al. [14] and Walker [15].

Refractive scintillation is caused by large-scale (≫ rF) ISM inhomogeneities. The
observed flux density variability is slow and broad-band. For Kolmogorov turbu-
lence, the angular radius of the apparent scattering disc at frequency a is [15]

\r = \F0
( a0
a

)11/5
,

= 1.32 `as
(

D
1 kpc

)1/2 ( a0
a

)11/5
.

(3.7)

Here, \F0 is the angular size of the first Fresnel zone at the transitional frequency
a0:

\F0 =
√︂

c
2𝜋a0D

= 8.11 `as
(

D
1 kpc

)1/2 ( a0
1 GHz

)–1/2
. (3.8)
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The observed flux density of a compact source smaller than \r varies on a refractive
time-scale of [15]

tr ∼
2rr
v

,

=
2rF0

v

( a0
a

)11/5
,

≈ 2 × (2 × 108 m)
50 km s–1

( a0
a

)11/5
,

∼ 2 hours
( a0
a

)11/5
.

(3.9)

We assume a typical relative transverse velocity of 50 km/s [47] , an ISM scattering
screen distance of 1 kpc from the observer, and using the diameter of the apparent
scattering disc at frequency a as the length scale. In this work, modulation index
is defined as the weighted root-mean-square (rms) fractional variation:

mp =
1
⟨f⟩

√︄∑
i wi(fi – ⟨f⟩)2∑

i wi
. (3.10)

Here, fi is the flux density of the i-th epoch, wi = 1/𝜎2
fi

is the weight calculated from
the measurement uncertainty 𝜎fi , and ⟨f⟩ is the weighted mean flux density. The
modulation index of a source smaller than \r is given by [15]

mp =
(
a

a0

)17/30
. (3.11)

When the point source approximation fails (\s > \r, where \s is the source angular
radius), the modulation index reduces as m = mp(\r/\s)7/6 and the variability
timescale increases as t = tr(\s/\r).

Table 3.4 lists the predicted \r (Eqn.3.7), tr (Eqn.3.9) and mp (Eqn.3.11) using the
central frequency of each band, and assuming a point source. We do not predict the
substantially larger effects of diffractive scintillation because, as will be seen below,
we observe significantly less modulation than expected due to refractive scintillation
alone. We calculate \r (Eqn’s 3.7, 3.8) using a distance D ranging from 100 pc to
10 kpc (Fig. 3.6), and list the \r corresponding to a nominal distance of 1 kpc (∼
galactic scale height) in Table 3.4. For scattering media dominated by a steeper
fluctuation spectrum, the expected values of mp, tr and \r would be greater [42].

In contrast, diffractive scintillation is produced by interference effects between light
rays passing through small-scale (≪ rF) ISM inhomogeneities. The variations are
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fast (td ∼ 2(a/a0)6/5 ∼ 5 hours at a = 18 GHz) and narrow-band (Δa ≈ a(a/a0)17/5 ≈
1 GHz at a = 18 GHz). This is beyond the scope of this paper.

3.4.1.2 Comparison between the flux density measurements and predictions

In the following analyses, we analyze two types of flux density measurements in
each band—

• The normalized flux density measurements of QRS121102 (“f3” in Table
3.5).

• The flux density measurements of QRS121102 divided by those of J0518+3306
and then normalized (“f3/f2” in Table 3.5). The scaling is justified for two
reasons. (1) The phase calibrators J0518+3306 (and J0518+3306) are not
expected to scintillate, since the constraints on their angular radii and the
observed flux densities would require a brightness temperature exceeding the
inverse Compton catastrophe threshold — ≳ 1012 K (and ≳ 1013 K)— as-
suming a scattering screen at 1 kpc. (2) The variations are unlikely to be
intrinsic due to the strong correlations and the short variation timescale, as
explained in Section 3.3.1.

We calculate the modulation indices of the above four sets of flux density measure-
ments (Table 3.5, column 2) and find each of them more than 5𝜎 lower than the
predictions (error bar calculated from the statistical errors in the flux density mea-
surements), though our observation spacings are longer than the predicted refractive
time scale (Table 3.4). To conclude the comparison, we perform 𝜒2 tests for two
hypotheses —

1. The flux density is constant.

2. The flux density measurements are drawn from a Gaussian distribution whose
standard deviation is equal to the scattering theory prediction (Table 3.4,
Section 3.4.1.1). A Gaussian distribution is used here to provide a conservative
test, though galactic scattering has been observed to modulate intensity with
one-side exponential functions (e.g., [48]).
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We test the first hypothesis by fitting our measurements in each band with their
weighted average and calculate the 𝜒2:

𝜒2 =
∑︁

i

(fi – ⟨f⟩w)2

𝜎2
fi

. (3.12)

Here, ⟨f⟩w, fi and 𝜎fi are the weighted average flux density, the i-th epoch flux
density and its measurement error, respectively. For example, in the K-band, the
best-fit result of f3/f2 has a 𝜒2

min of 5.8 and a degree of freedom (dof) of 2, yielding
a one-side P-value of 5.6% for obtaining a 𝜒2

min that is greater or equals to our
observation if the flux density were constant. Other results are listed in Table 3.5.
In both bands, the constant flux density hypothesis is questionable using the f3/f2
light curve, and is rejected to a level of at least 10–3 using the f3 light curve.

We test the second hypothesis by simulating 105 light curves for both bands, each
with the same number of measurements and the same fractional uncertainties as our
observations. For each light curve, the flux densities are drawn from the absolute
values of a Gaussian distribution centered at unity and with a standard deviation of
mp

√
n/(n – 1), where mp is the expected modulation index and n is the number of

measurements. We calculate the 𝜒2
a for each light curve and compare the smoothed

distribution with our observations in each band. For example, using f3/f2 in the
Ku-band, ∼ 3% of the simulated light curves have 𝜒a values lower than or equals
to our observation (2.9), questioning the second hypothesis. In both bands, the
scintillation-variability-hypothesis is doubtful using the f3/f2 data.

3.4.1.3 Implications

We have found it questionable that our observation is consistent with refractive
scintillation predictions for a point-like source. We will discuss the implications of
the absence of refractive scintillation modulation in our observations.

First, scintillation variations would be smeared out if the angular size of the source is
greater than that of the scattering disc. The lack of modulation implies a lower limit
to the physical size of the source in each band (Fig. 3.6). Here, the scattering disc
angular size lower limit is calculated assuming a range of distances from 100 pc to
10 kpc between the scattering screen and the observer. The physical size limit of the
source is obtained using the angular size limit and the host redshift (z = 0.19273). In
the Ku-band, the scattering disc radius is 10 `as (Table 3.4) assuming a scattering
screen distance of 1 kpc (∼ galactic scale height), corresponding to a physical
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Figure 3.6: Implication from the lack of refractive scintillation modulation assuming a
range of distances between the scattering screen and the observer. Upper panel: source
radius lower limits in the Ku-band (dash-dot blue line) and the K-band (solid black line), the
scattering disc radius at the transitional frequency a0, as well as the source radius upper limit
from the unresolved VLBI image at 5 GHz. Lower panel: brightness temperature upper
limits using the emission region size lower limit inferred from the Ku-band (\r ≳ 10 `as)
and the weighted average flux densities measured in the Ku-band (dashed blue line) and the
K-band (solid black line).
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radius of R ≳ 1017 cm (0.03 pc) at the host redshift. This together with the VLBI
resolution at 5 GHz limit the emission radius to be between ∼ 1017 cm and ∼ 1018

cm. Alternatively, a rough estimation on the source radius could be made using the
measured modulation index. When the angular radius of the source is larger than that
of the refractive scattering disc, the variability would reduce and the source radius
is given by \s ≈ \r(mp/m′

p)6/7, where mp is the expected scintillation modulation
index, m′

p is the observed modulation index and \r is the refractive scintillation disc
angular radius. This gives a source radius of 14 `as (1.4 × 1017 cm) in the K-band
and 36 `as (3.7 × 1017 cm) in the Ku-band (using the host redshift and assuming a
scattering screen at 1 kpc), within the above constraints of 1017∼18 cm.

In addition, the constraint on source size rules out the scenario that the flux density
modulation is intrinsic. The flux density varies significantly within a week in the
Ku-band (e.g., epochs 3, 4, 5). If the modulations were intrinsic, the source radius
would be R ≲ (1/2) · (7 days) · c ∼ 1014 cm, three orders of magnitude below
the scintillation size limit. The source would also have scintillated more if the fast
variations were intrinsic.

Moreover, the brightness temperature of the source can be constrained by its size
limit and flux density measurement. Brightness temperature provides clues on the
radio emission process. For example, a brightness temperature above 105 K may
rule out star-forming galaxies (e.g., [49]), and a brightness temperature above 1012

K requires coherent processes or relativistic boosting (e.g., [26]). The brightness
temperature is given by:

Tb ≲
fc2

2𝜋\2
r,15GHzkba2

. (3.13)

Here, \r,15GHz is the radius lower limit implied by the lack of scintillation modulation
in the Ku-band, and a is the frequency at which the flux density f is measured.
Assuming a scattering screen distance of 1 kpc (Table 3.6), we find Tb ≲ 5× 108 K
using our average flux density measured in the K-band (ac = 22 GHz, ⟨fa⟩ ≈
61.3 ± 5.0 `Jy, weighted by the statistical errors in the flux density measurements)
and Tb ≲ 2×109 K using the weighted average flux density measured in the Ku-band
(ac = 15 GHz, ⟨fa⟩ ≈ 61.3 ± 5.0 `Jy). A more complete result assuming a range of
scattering screen distances is shown in Fig. 3.6.
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3.4.2 Optical
3.4.2.1 Implications of Constraint on Potential supermassive BH Mass

We have estimated the mass of the potential supermassive BH to be 104∼5 M⊙ using
the velocity dispersion measured from the H𝛼 emission line width (section 3.3.2).
We will test the AGN hypothesis by comparing its mass, radio luminosity and X-ray
luminosity with the AGN population.

The radio luminosity of QRS121102 is several orders of magnitude higher than
expected given MBH ≈ 104∼5M⊙, based on results from a large sample of AGN
with higher BH masses [50]. However, it may not be rare in a sample of bright
radio emissions detected in dwarf galaxies at intermediate redshifts [17], and is only
slightly brighter than those detected in some nearby dwarf galaxies [16]. For the
general AGN population, the BH mass (MBH), radio luminosity (L5GHz), and the
ratio of bolometric luminosity to the Eddington limit (L/LEdd) has been reported to
be correlated. For example, Lacy et al. [50] measure a relation based on a sample of
60 AGN with BH masses of 106.5∼10 M⊙: log10(L5GHz) = 1.9 log10(MBH/M⊙) +
x log10(L/LEdd) + 7.9 (with a scatter of 1.1 dex), where L5GHz is in a unit of W
Hz–1 sr–1, x ≈ 1 for a typical (L/LEdd) of 0.1 and x ≈ 0.3 for a low (L/LEdd) of
10–5. The specific radio luminosity of QRS121102 is L5GHz ≈ 1021.2 W Hz–1

sr–1, as calculated using the host redshift and the flux density of ≈ 200 `Jy at 3GHz
and 6 GHz [12]. This is three orders of magnitude greater than calculated from the
relation (scatter included) even if L/LEdd = 100% and MBH = 105 M⊙. However,
we note that the relation reported in Lacy et al. [50] is derived from a sample of
more massive BHs (106.5∼10 M⊙).

It is intriguing that the radio luminosity of QRS121102 is consistent with a sample of
bright radio emissions detected in dwarf galaxies at intermediate redshifts [17]. The
specific radio luminosity of QRS121102 at 3 GHz is L3GHz ∼ 2.3×1022 W Hz–1, as
calculated using the host redshift and the flux density at 3 GHz (206±17 `Jy; [12]).
This lies within the broad luminosity range (L3GHz ≈ 1021.5∼24.2 W Hz–1) observed
in a sample of 35 dwarf galaxies (107 < M∗ < 109.5) at intermediate redshifts (0.13 to
3.4) hosting compact radio sources from the VLA-COSMOS 3 GHz Large Project
catalog [17]. These sources are suspected to be AGN mainly because they are
significantly more luminous (≥ 2𝜎) than expected from star formation processes.
In particular, a few objects in their sample show similar radio luminosities, host
stellar masses, BH mass estimations and redshifts with QRS121102, although the
constraints on their X-ray luminosities are weaker (Table 1, 2 of [17]). Similarly,
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the specific luminosity at 10 GHz (∼ 1.9 × 1022 W Hz–1) is only slightly above
the observed range (1018.5∼22 W Hz–1) from 13 nearby (z < 0.055) dwarf galaxies
hosting bright radio sources that are too bright to be star formation processes or
supernova remnants [16]. We suggest that the nature of several of these radio
sources, including QRS121102, remains uncertain [e.g., 51].2

In addition, we estimate the minimum average radio luminosity of QRS121102
during its past life span and find it uncomfortably high given constraints on the X-ray
luminosity. We assume possible source radii of 1017 cm (lower limit from this work)
and 1018 cm (upper limit from the previous VLBI observation; [8]) and calculate
the minimum energy (equipartition energy) based on section 2.3 of [53]. Assuming
a power-law electron energy distribution of index -1.5 (to enable direct comparison
with [53] and to account for the flat spectrum), the minimum total energies required
to power a synchrontron source with the observed radio luminosity at these two size
limits are Eq ≈ 1048.9 ergs (Beq ≈ 27 mG) and ≈ 1050.2 ergs (Beq ≈ 190 mG),
respectively (e.g., Chapter 5 of [54]). Adopting a conservative expansion speed of
∼ 0.01c [53], the average radio luminosity during its past lifespan would be 2×1040

erg s–1 (5 × 1040 erg s–1), about 0.2% (0.5%) of the Eddington limit for a 105M⊙
BH. This is uncomfortably high, accounting for typical amounts (∼ 10%) of energy
deposited into relativistic electrons, given the upper limit on X-ray emission of 4%
of the Eddington limit for a 105M⊙ BH [12].

The radio and X-ray observations of QRS121102 can also be compared with the
radio / X-ray luminosity correlation in accreting BH systems (e.g., [55]). In partic-
ular, the AGN BH mass has been found to be correlated with its radio and X-ray
luminosity (e.g., [56, 57]). A recent report based on a sample of 30 AGN with
independent dynamical mass measurements shows that log

(
M/108 M⊙

)
= 0.55 +

1.09 log
(
LR/1038erg s–1

)
– 0.59 log

(
LX/1040erg s–1

)
[58], with a 1𝜎 scatter of 1

dex assuming a log-normal mass distribution. Here, LR and Lx are the luminosity at 5
GHz and 2 to 10 keV, respectively, observed within close epochs (Δt ≲ 2+M/106M⊙
days). We adopt a 5 GHz flux density of fR ≈ 5 GHz · 200`Jy ∼ 10–17erg s–1 cm–2

measured by VLA and an X-ray flux upper limit of fx ≲ 5 × 10–15erg s–1 cm–2

inferred from the non-detection in the XMM-Newton and Chandra images [12].
We convert the flux density to isotropic luminosity using the host redshift and have
LR ≈ 1039erg s–1 and Lx ≲ 5×1037erg s–1, giving a BH mass of ∼ 1011 M⊙, 6 ∼ 7
orders of magnitude greater than our measurement. Therefore the persistent radio

2Although see [52] for an example of an unambiguous AGN in a dwarf galaxy.



99

source does not follow the AGN BH mass-luminosity relation measured in Gültekin
et al. [58].

3.4.2.2 AGN in an Isolated Dwarf Galaxy

A fraction (8% to 32%) of supermassive BH have been estimated to reside within
high mass ultra-compact dwarf galaxies, suggesting that some of those galaxies
could be the stripped cores of larger galaxies through tidal interactions with their
companions [59]. We find that this scenario is not supported for QRS121102 for
two reasons. First, the low BH mass estimated from the gas velocity dispersion is
consistent with a typical dwarf galaxy instead of a more massive galaxy (section
3.3.2). Second, member(s) from the same galaxy group are expected to be associated
with QRS121102 if the host had been dynamically stripped by nearby companions.
From the low resolution LRIS spectra, we found that the three nearby bright sources
are likely to have different redshift values from the host (section 3.3.3).

We extend this argument by searching the PanSTARRS catalog for potential compan-
ions that are likely to belong to the same galaxy group. We search the PanSTARRS
catalog for sources within 5 arcmin (∼1 Mpc, the virial radius of a galaxy group with
a typical mass of ∼ 1013 M⊙ and velocity of 200 km/s) and have consistent photo-
metric redshift measurements with the host. One object (PSO J082.9850+33.0967)
was found at 3’ from QRS121102 but only detected in a stacked image and have
no valid magnitude measurement available in the catalog. Another object (PSO
J082.9961+33.0895) was ignored due to the large uncertainty in its photomatric
redshift (0.20 ± 0.18). We find no promising group member candidate from the
PanSTARRs catalog. Moreover, we compare the PanSTARRS galaxy number den-
sity within this area with the galaxy number density calculated from the deep VRI
images in the R-band produced by the Keck Telescope [60]. In that work, they
estimate a galaxy number density of ≈ 7 × 105 deg–2 with a magnitude range of
20.5 ≲ mR ≲ 27.2. In the PanSTARRS DS1 catalog, 2705 objects are found within
a radius of 5 arcmin around FRB121102, and 30 of them are classified as galaxies
above a confidence level of 90% [61]. The limiting magnitude of PanSTARRS is
mr ≈ 23.2, six times shallower than that of the deep VRI images, predicting ≈ 60
galaxies within the searched area at a limiting magnitude of 23.2. The galaxy num-
ber density near QSR121102 is not overdense compare to an average sky region.
We find no evidence that the host belongs to a galaxy group.
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3.4.3 What Else Could the Source Be
We have found that QRS121102 is unlikely to be an AGN based on the low inferred
BH mass (≲ 104∼5M⊙), high radio-to-X-ray luminosity ratio and the absence of
companions from the same galaxy group. In this section, we discuss other possible
sources for the compact persistent radio emission.

The size of the persistent radio emission could be explained by an isolated young
neutron star with luminous synchrotron emission produced in a pulsar wind nebula
(PWN), or plerion. The pulsar wind forms a terminal shock at a radius where
the wind momentum flux and the confining pressure reach a balance, and forms a
PWN further out. The shock radius is given by: rw =

√︁ ¤E/(4𝜋[cp) [62], where ¤E
is the pulsar energy injection rate into the wind, [ is the fraction of area covered
by the wind, c is the speed of light, p is the confining pressure outside the shock
and is proportional to the electron number density ne for medium with the same
components. The relation gives a radius of ∼ 0.1 pc for a canonical isolated radio
pulsar, and is confirmed to be ≈ 3 × 1017 cm from the X-ray images of the Crab
nebula [63]. For the Crab pulsar, the spin down energy rate is ¤E ∼ 4.5 × 1038 ergs
s–1 [64], and the confining pressure outside the shock is proportional to the density
of the medium, which can be approximated as a typical ISM (ne ∼ 10–1 to 10–2

cm–3; e.g., [27]). In comparison, the energy ejection rate of FRB 121102 by the
flares and the wind into the surrounding medium is estimated to be ¤E ∼ 1039 to 1040

ergs s–1 (Fig. 5 of [65]), and the medium ahead of the termination shock is likely
denser than a typical ISM, as indicated from the high RM of FRB 121102 [66].

One example of the PWN emission model that produce the observed radio luminosi-
ties and the size of QRS121102 is presented in Margalit and Metzger [22], where
the authors explain the persistent emission using a concordance FRB model. On a
large scale (∼ 1015 cm, Eqn. 4 of [67]), the train of ion-electron shells merge into
a steady wind and feed into a nebula via a terminal shock, which heats up electrons
in the nebula and produces the persistent synchrotron radio source. Based on the
lack of self-absorption feature down to 6.0 GHz in the spectrum of the persistent
source [12], Margalit and Metzger [22] estimate that the emission region’s radius
R ≳ 0.46 × 1017 cm adopting the observed luminosity at 6 GHz. Moreover, Resmi
et al. [13] report the lack of self-absorption down to 400 MHz in their GMRT obser-
vations. Using their flux density measurement at 400 MHz and the scaling relation
R ∝ L4/11

a,obsa
–10/11
obs (Eqn. 21 in [22]), we find that R ≳ 5.4× 1017 cm. This emission

size is consistent with the constraint implied by the lack of refractive scintillation in
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the Ku-band.

Among the more unique features of QRS121102 is its unusually flat radio spec-
trum at GHz frequencies [12]. As we have noted, several examples of compact
radio sources of similar luminosities exist in dwarf galaxies. Indeed, two recent
discoveries of transient radio sources not associated with BHs also reached similar
radio luminosities. The first, FIRST J141918.9+394036, had a peak radio lumi-
nosity of 2 × 1029 erg d–1 Hz–1 at 1.4 GHz, and is hosted by a star-forming dwarf
galaxy [68]. FIRST J141918.9+394036 is most likely the afterglow of an off-axis
long-duration GRB [69]. The second, VT J121001+495647, had a peak radio lu-
minosity of 1.5 × 1029 erg s–1 Hz–1 at 5 GHz, was associated with a star-forming
region, and was ascribed to interaction with a dense circum-stellar medium ejected
through binary interaction [20]. In both cases, however, classical synchrotron spec-
tral shapes were observed together with secular time-evolution, unlike in the case
of QRS121102. We urge continued wideband monitoring of QRS121102, together
with more detailed evaluation of potential empirical analogs.

Finally, we rule out a few other possible origins of QRS121102 based on our
observations. First, the source cannot be a supernova remnant (SNR) due to its high
luminosity. We have calculated the specific luminosity of QSR121102 at 3 GHz and
10 GHz as La ∼ 1022 W Hz–1. Varenius et al. [70] and Ulvestad [71] recently report
the radio luminosities (5 GHz and 8.4 GHz) of 102 SNRs in the merging galaxies
Arp 220 and Arp 229. The brightest SNR in the sample is La < 1021 W Hz–1, over
one order of magnitude lower than that of QSR121102. Moreover, the luminosity
is inconsistent with the star formation rate (SFR) of the host galaxy if the source
were SNR(s). The brightest SNR and the SFR of a galaxy have been reported to be
related [72] as: Lmax

1.4 = 95+31
–23 SFR0.98±0.12, where Lmax

1.4 is in a unit of 1024 erg s–1

Hz–1 and SFR is in M⊙ year–1. Adopting the SFR upper limit of 0.4 M⊙ year–1

based on the host H𝛼 emission flux [9], the brightest SNR in the host would be
Lmax

1.4 ≈ 1018.6 W Hz–1, over 3 orders of magnitude lower than that of QSR121102.
The persistent source is too bright to be an SNR. Second, the source is too bright
for a long-duration GRB (LGRB) radio afterglow. Adopting a typical LGRB peak
radio luminosity of La,8.5GHz ∼ 2 × 1031 erg–1 s–1 Hz–1 and a decay rate of ∝ t–2

from day 10 after the GRB (e.g., [21]), the radio luminosity would have reached the
level of QRS121102 (La,10GHz ≈ 2 × 1029 erg–1 s–1 Hz–1) within 3 weeks, while
the radio luminosity of QRS121102 have been nearly constant below 10 GHz for
years (e.g., [9, 13]).
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3.5 Conclusion
In this work, we investigated the origin of the persistent radio source, QRS121102,
associated with FRB 121102. We present new VLA monitoring data (12 to 26 GHz)
and new spectra from Keck/LRIS. The main results are summarized as follows:

1. We constrained the emission radius to be 1017∼18 cm based on the low
level of scintillation variability in our VLA observations and the previous
VLBI observation. A few compact radio sources (e.g., AGN, PWNs, very
young SNRs and GRB afterglows) could fall into these size limits. Most
interpretations with the exception of an AGN would have been in tension with
a converse finding of significant scintillation in QRS121102.

2. To further investigate the hypothesis that the source is an AGN, we roughly
constrained the mass of the potential BH to be ≲ 104∼5M⊙ using the H𝛼

velocity dispersion. The radio luminosity (La ∼ 2 × 1022 W Hz–1 from 400
MHz to 10 GHz) is possibly too high at this BH mass compared to the general
AGN population, although similarly bright radio emissions have been reported
in several dwarf galaxies. The source is also unlikely to be an AGN because
it is too faint in the X-ray for its low BH mass and bright radio emission.

3. A significant fraction of dwarf galaxies hosting supermassive BHs may be the
stripped cores of massive galaxies during tidal interactions with their nearby
companion(s). From our LRIS spectra and the PanSTARRS catalog, we found
no promising companion galaxy near the host to support an environment for
a tidal stripping event history.

4. We briefly discussed possible origins other than AGN. QRS121102 is too
luminous in the radio band to be an SNR and too old to be a typical GRB
afterglow. The isolated young neutron star models for FRBs might be able
to account for both the size and the luminosity of the persistent source as
synchrotron emission produced in the PWN (e.g., [67]).

In conclusion, the persistent radio emission associated with FRB 121102 is likely
not an AGN, and its nature remains interesting for FRB emission models involving
extreme neutron stars.
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Table 3.3: Summary of Optical Observations.

Date Instrument Grating, Grism _ Slit Resolution (1𝜎) Exposure
(YYYY-MM-DD) (Red, Blue) (Red, Blue; Å) (Å) (Minutes)
2018-10-12 LRIS 1200/7500, 400/3400 NA long 1.0” ∼ 1 80 a

2017-01-26 LRIS 400/8500, 600/4000 5462 ∼ 10318, 3122 ∼ 5603 long 1.5” ∼ 4 50
a Each exposure is 20 minutes. The total exposure time is 80 minutes when combining all four exposures, and 40 minutes after excluding the two exposures
polluted by cosmic rays (see Section 3.3.2).

Table 3.4: Predicted Galactic Refractive Scintillation Properties of QRS121102 Assuming
a Point Source and Kolmogorov Turbulence.

Band (ac) mp tr \r a

(Hour) (`as)
K (22 GHz) 73% ∼ 7 4
U (15 GHz) 59% ∼ 16 10

a Assuming a nominal distance between
the scattering screen and the observer to
be 1 kpc.

Table 3.5: VLA Flux Density Modulation Indices Results and Statistical Tests.

Data (band) m′
p 𝜒2

min (dof) Constant Refractive Scintillation
(Observed) P(≥ 𝜒2

min; a) P(≤ 𝜒2
a ; mp)

f3/f2a(K) (19.3 ± 7.1)% 5.8 (2) 5.6% ∼ 9%
f3/f2 (U) (13.3 ± 4.8)% 10.9 (3) 1.2% ∼ 3%
f3b(K) (30.2 ± 5.8)% 13.9 (2) 10–3 ∼ 20%
f3 (U) (26.1 ± 4.4)% 48.5 (3) 10–10 ∼ 23%

a The flux density measurements of QRS121102 divided by those of J0518+3306 and then nor-
malized to an average of unity.
b The normalized flux density measurements of QRS121102.

Table 3.6: Implications of the Lack of Refractive Scintillation.

Observation ⟨fa⟩ a Radio Luminosity b Radiusc Tb
c

(`Jy) (erg s–1 ) (cm) (k)
VLA K-band (22 GHz) 61.3 ± 5.0 1.5 × 1039 ≳ 4 × 1016 ≲ 5 × 108

VLA Ku-band (15 GHz) 89.4 ± 3.4 1.5 × 1039 ≳ 1017 ≲ 2 × 109

a Weighted Average Flux Density
b Isotropic Luminosity L ≈ ac⟨fa⟩4𝜋D2

L, where ac is the band central frequency.
c Assuming a nominal distance of 1 kpc between the scattering screen and the observer.
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C h a p t e r 4

THE BURST MORPHOLOGY OF A SAMPLE OF DSA-110 FRBS

The work presented in this chapter has been adapted from:

• Radio morphology of a sample of 21 DSA-110 FRBs. In preparation, 2023.

4.1 Introduction
Fast Radio Bursts (FRBs) are short (∼ `s to several ms), luminous (1040∼46 erg
s–1) transients detected in the radio band (110 MHz to 8 GHz). By the end of
2022, nearly 700 FRB sources have been reported by the Canadian Hydrogen In-
tensity Mapping Experiment (CHIME) [1], the Australian Square Kilometre Array
Pathfinder (ASKAP) ( e.g., [2], add more recent papers), the Parkes Radio Telescope,
the Deep Synoptic Array (DSA-10), the Five hundred meter Aperture Spherical Tele-
scope (FAST), the APERture Tile In Focus (Apertif), the European VLBI Network
(EVN) and Arecibo. Those samples illustrate the diversity in burst properties such
as fluence, width, multi-path scattering, temporal-spectral complexities, repetitions
and periodic activities, revealing a potentially non-uniform population of FRBs (
e.g., [1]). In particular, the temporal-spectral features are best resolved using the
high resolution baseband voltage data.

Localized FRBs provide important clues on their progenitor formation channels.
To begin with, the precise redshift measured from individual host galaxy spectrum
makes it possible to calculate the burst energy, the volumetric rate and to explore
the correlation between burst properties with host distance and cosmic evolution.
Moreover, additional host properties, such as the galaxy type, age, star formation
rate as well as the spatial offset between the FRB and the star-forming regions, help
to distinguish different progenitor formation histories ( e.g., [3]; [4]; [5]).

Localized FRBs could be used as cosmic tools. For example, the relation between
redshift and extragalactic DM helps to explain the distribution of the cosmic baryon
content ( e.g., [6]). In addition, the redshift measurements could help to disentangle
the DM, multi-path scattering and scintillation contributions from the Milky Way,
the intergalactic medium (IGM), the host galaxy and potentially intervening systems
such as galaxies, galaxy clusters or the cosmic web ( e.g., [7]). What’s more, if there
were any correlation among the host properties such as the H𝛼 luminosity, host DM
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and host scattering, they would provide additional means to understand host-galaxy
systematics in future studies.

By the end of 2022, about 25 FRBs have been associated with individual host
galaxies ( e.g., [3]). The diversity in host properties and FRBs locations within their
hosts indicate the possibility of multiple formation channels for FRB progenitors.
For example, FRB 20121102 has been localized to a dwarf galaxy with active star
formation and a persistent radio counterpart ( e.g., [8]), which could be explained
by a young magnetar ( e.g., [9]). The repeating FRB 20200120E in M81 has been
associated within an old globular cluster that is unlikely to fit in with a young
magnetar formed in a recent core-collapse supernovae, but could be explained by
magnetar progenitor formed via accretion- or merger- induced collapse in a binary
system ( e.g., [10]; [11]). Recently, [12] report two FRBs within massive galaxy
clusters with different host types: the host of FRB 20220914A is a late-type star-
forming galaxy, while the host of FRB 20220509G is an early-type quiescent galaxy,
requiring progenitor formation channels to accommodate different stellar population
ages.

In this work, we report a sample of 21 FRBs detected by the Deep Synoptic Array-
110 (DSA-110) from January to October of 2022 during the commissioning stage.
We utilize the raw-resolution voltage data to best characterize their burst morphology
and spectral features. In particular, hosts in some imaging data have been identified
for 18 objects and 16 have optical spectra. The combination of the DSA-110 high-
resolution voltage data and optical observations of the host provide an invaluable
opportunity to explore any potential correlations between FRB features and host
types.

In this paper, we describe the DSA commissioning observations in Section 4.2,
present the burst morphology and spectral analyses method and results in Section
4.3, compare the DSA sample with other relatively large FRB samples and explore
the correlation between burst and host properties in Section 4.4 and conclude in
Section 4.5. Throughout this work, we use the cosmological constants reported
by [13] for a flat universe, with a Hubble constant of H0 = 67.8 km s–1Mpc–1, a
dark matter energy density of ΩΩ0 = 0.691, a matter density of Ωm0 = 0.308 and a
baryon matter density of Ωb0 = 0.0486.
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4.2 DSA-110
The DSA-110 is a radio interforometer sited at the Owens Valley Radio Observatory
(OVRO). It is the only radio interforometer designed specifically to search for
and localize FRBs. During the time period described in this work, DSA-110 is
within a commissioning stage with a 63-antenna deployment (Ravi et al. in prep).
The deployment is composed of 48 searching antennas aligned along the east-west
direction with a maximum spacing of 400 m, and 15 outrigger antennas spread out
at the site with a maximum baseline of 2.6 km. All of the dishes are 4.65 m in
diameter, has a dual-polarization receiver with a system temperature of 25 K [14]
and a system equivalent flux density (SEFD) for FRB searching of 140 Jy.

The real-time search system inspects the 256 fan-beams formed by the 48 searching
antennas using a modified multi-beam Heimdall pipeline [15] within a DM range
from 50 to 1500. The pulse candidates are then clustered by individual event and
evaluated by a machine learning classifier to estimate the probability of being an
astrophysical event. For events above a signal-to-noise-ratio (SNR) of 8.5, a 2s-long
(or 4s-long) of voltage data from the 63 antennas are stored, with ∼ 0.5 s of data
before the event and ∼ 1.5 s (or 3.5 s) of data afterwards. The 4-bit voltage data has
a temporal resolution of 32.768 `s and spectral resolution of 6144 × 30.518 kHz
from 1498.8 to 1211.3 MHz.

The voltage data are coherently combined towards the direction of each FRB can-
didate to initially verify the detection. Complex, frequency- and polarization-
dependent calibration weights are applied to data from each antenna prior to com-
bination. The weights are typically identical to those applied in real time for FRB
searching. Total-intensity (Stokes I) time-frequency data sets at the native time and
frequency resolutions are then saved for future analysis.

Table 4.1: DSA-110 Specifications during the Commissioning Period for Baseband Voltage
Data

Parameters
Dish diameter (m) 4.65
Antennas 63
Time resolution (`s) 32.768
Frequency resolution (kHz) 30.518
Effective band (MHz) 1498.8–1311.3
Bandwidth (MHz) 187.5
Central frequency (MHz) 1405.0
SEFD (Jy) 140
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4.3 Data Analysis and Results
Baseband data reveal burst temporal and spectral features that would have been
unresolvable at lower resolutions ( e.g., [16]; [17]). In this work, we analyze the
baseband data for 21 of the 24 FRB candidates detected from January to October
2022.

In this section, we first introduce our Bayesian burst modelling procedure, then
present burst morphology analysis results on this DSA sample as well as on the
simulated testing data, and finally show the spectral decorrelation analysis. All
error bars are given at 1𝜎 level unless specified otherwise.

4.3.1 Burst Morphology Analysis
We develop our burst morphology analysis routine based on burstfit [18] using a
Bayesian approach. First, we pre-processed the filterbank produced from the full-
intensity voltage data. We de-dispersed the filterbank using the initial DM estimation
reported by Heimdall. We included data of width 1 to 3 times the Heimdall boxcar
on each side of the burst as the burst morphology analysis data window. We found
that the morphology analysis results did not change with different selections of data
window widths as long as the windows were sufficiently wide to include the burst
signal plus a portion of the baseline on both sides. We used data far from the burst
signal (from 0.1 s to 0.45 s and from 0.6 s to 0.9 s) for baseline statistics calculations.
We subtracted from the data the mean level of the baseline of each channel and then
normalized the data using the frequency-averaged baseline’s standard deviation. We
binned the data evenly into 4 frequency channels to simplify the burst morphology
model. We will use the baseband raw-resolution spectrum afterwards in the spectral
analysis.

Second, we fit the de-dispersed, channel-by-channel mean-subtracted and normal-
ized spectrogram to a few models using a Bayesian approach. For each model, we
first fitted the spectrogram using the least-square method as an initial estimations
of parameters values. We then took the estimations as the initial guesses in the
following Markov chain Monte Carlo (MCMC) analysis using the emcee package to
fully explore the parameters spaces and the errors. The spectrogram model is given
by

f = c(a) × T(t). (4.1)

Here, c(a) is the normalized spectrum and T(t) is the temporal pulse profile.

For the spectrum, we do not assume any model, but estimate the relative spectral
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Figure 4.1: Frequency-averaged pulse profile data at raw resolution (solid black line),
optimal model obtained by burstfit (blue curve) and residual (data – model; dashed red
line). Data and model have been dedispersed at the optimal DM. The name of each FRB and
its optimal model are shown on the sub-plot— “Gauss” means a simple Gaussian model,
“scatter” means that the Gaussian model is convolved with an exponential scattering tail,
and “comp” gives the total number of component(s) / sub-pulse(s) of the optimal model.

amplitudes ci in four channels. The spectrum model is normalized to unity (
∑4

i=1 ci =
1) such that the burst fluence can be measured from the pulse profile model directly.

For the pulse profile, the following models were used:

1. We started with a Gaussian model without scattering:

f1 =
S · ci

𝜎i,DM
√

2𝜋
exp

[
–

(t – t0 – ti,DM)2

2𝜎2
i,DM

]
. (4.2)

Here, ci is the relative spectral amplitudes in the i-th channel. t0 is the
burst arrival time at the highest frequency channel. S is the fluence of the
spectrogram that has been normalized by the baseline noise level. However,
we choose to report S measured directly from the de-dispersed data to reduce
errors introduced by modeling. S (in ms) could be converted to burst fluence
F (in Jy ms) by F = 1.26 Jy × S, where the flux density noise of 1.26 Jy
was estimated by SEFD/

√︁
2 · 187.5 MHz · 32.768 `s using a SEFD of 140

Jy at boresight, an effective bandwidth of 187.5 MHz, a time resolution of
32.768 `s and two polarizations. ti,DM is the relative time delay in the i-th
channel due to the residual DM (DMfit) not modeled accurately by the initial
Heimdall estimation (DMtot = DMinit + DMfit):

ti,DM = 4.15 ms DMfit(a–2
i,GHz – a–2

0,GHz). (4.3)

𝜎i,DM is the burst standard deviation measured in the i-th channel and is
given by the intrinsic burst standard deviation w added in quadrature to the
dispersion smearing in the i-th channel. We note that the constant of 4.15 ms
is used for convention, and that the results can be scaled as needed [19].
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We represent the dispersion smearing using a Gaussian function whose stan-
dard deviation is given by:

wi,DM = 8.30 ms DMtot a
–3
i,GHz ΔaMHz. (4.4)
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Figure 4.2: Normalized spectra obtained from burstfit. The data has been binned to 4
channels to simplify the fitting process and the summation of the 4 channels is normalized
to unity. FRB names are shown on the upper left of each sub-plot and the order of the
sub-plots is the same with those of Fig. 4.1.

Here, ΔaMHz is the channel width in MHz. In this model, there are seven free
parameters: DM, c1, c2, c3, S, w, and t0.

2. We then consider the effect of multi-path scattering by convolving the Gaus-
sian function with a one-sided exponential scattering tail:

s(t) =


exp
[
– t–t0
𝜏1.5(ai/1.5GHz)–4

]
, (t ≥ t0),

0, otherwise.

Here, 𝜏1.5 is the e-fold scatter broadening timescale at the highest frequency
channel (1498.75 MHz). The power index of 4 was adopted assuming Gaus-
sian homogeneity in the galactic ISM, though a wide range of power index
values may exist for FRBs ( e.g., [20]).

The convolution is (Eqn. 3 of [18]):

f2 =
S · ci
2𝜏i,sc

[
1 + erf

[
t – t0 – ti – 𝜎2

i,DM/𝜏i,sc

𝜎i,DM
√

2

] ]
× exp

(
𝜎2

i,DM

2𝜏2
i,sc

)
exp

(
t – t0 – ti
𝜏i,sc

)
. (4.5)

Here, 𝜏i,sc is the e-fold scattering broadening timescale in the i-th channel
assuming an index of –4. This model includes eight free parameters: 𝜏1.5 in
addition to the seven parameters used in the simple Gaussian model.

3. In a few cases, the pulse profiles were multi-component as judged by humans
and we used multi-peak Gaussian functions with and without scattering in
the fitting process. In these cases, we model each peak using the same DM,
scattering timescale and relative spectral amplitudes. Sub-pulses from one
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Figure 4.3: Burst morphology tests using simulated pulses with scattering tails. Frequency-
averaged pulse profile data at the search resolution (solid black line), optimal model obtained
by burstfit (blue curve) and residual (data – model; dashed red line). Data and model
have been dedispersed at the optimal DM.

FRB should have the same scattering timescale due to the small temporal
separations (≲ a few ms) between sub-pulses ( e.g., [21]). The similarities of
spectra from sub-pulses will be confirmed in the spectral analysis afterwards.
For a n-component spectrogram model with no scattering, there are (4 + 3n)
free parameters: DM, c1, c2, c3, and n sets of S, w and t0. For a n-component
spectrogram model with scattering, there are (5 + 3n) free parameters: DM,
𝜏, c1, c2, c3, and n sets of S, w and t0.

Finally, we select the best model using the Bayesian information criterion (BIC):

BIC = k · ln N – 2 ln L. (4.6)

Here, k is the number of free parameters in a model, N is the data size and L is
the likelihood of the estimation. The first term penalizes model complexity and the
second term favors higher likelihood. For each FRB, the BIC value of all models
used in the fitting were calculated and compared. A model is selected if (1) it has
the lowest BIC that is at least 3 units lower than that of any other model, or (2) it has
the second lowest BIC that is no more than 3 units greater than the lowest BIC and
the model has fewer free parameters than the model with the lowest BIC. The best
model results for each FRB is listed in Table 4.2 and the burst morphology profiles
are displayed in Fig 4.1. All error bars are at the 1𝜎 level.

In addition, we test the analysis routine using four simulated pulses (Fig. 4.3). Each
of the test pulses was simulated with the DSA search parameters (262.144 `s time
resolution, and 1024 channels between 1280–1530 MHz), the same burst width, two
different scattering timescales and different signal to noise ratios. In all cases, the
correct model is selected and parameters are correctly recovered.
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4.3.2 Spectral Characterizations
The high-resolution of baseband data enables detailed FRB spectral studies to un-
derstand the intrinsic emission model. For example, the spectra of repeating FRBs
have been reported to be relatively narrow-banded, more variable and display char-
acteristic temporal revolutions as compared to the one-off FRBs spectra [22]. In
addition, high-resolution FRB spectra help to understand the medium along the path
of the FRB. For example, spectral modulation can be used to estimate scintillation
from propagation medium.

In this section, we present our measurement of the spectral decorrelation bandwidth
following the method used in [23]. The implications on scintillation will be discussed
in Section 4.4.

For each FRB, we extracted the normalized pulse spectrum (spectra) in the following
the steps:

• De-disperse the raw-resolution filterbank (30.5 KHz, 32.8 ms) using the opti-
mal DM value found in the previous burst morphology analysis.

• Extract data within the FWHM of the pulse profile (or the FWHM of each
sub-pulse for FRBs with multi-peak profile models) using the best burst profile
model obtained from the burst morphology analysis above.

• For each pulse (or sub-pulse), the data were averaged over time and weighted
using the square of the profile amplitude and then normalized to unit area to
generate the normalized spectrum.

For FRBs with multi-peak profile models, we compared the spectrum of each sub-
pulse by calculating the cross-correlation coefficient (CCC) of each pair of them.
Table 4.3 lists the CCC and the p-value of each pair of spectra being uncorrelated.
The components of FRBs 220207 and 220310 are correlated as indicated by the low
p-values. For FRB 220418, the comparison remains unclear due to the low SNR of
some of the components.

We then calculated the autocorrelation function (ACF) of the normalized pulse
spectrum as follow:

ACF(Δa) =
∑

i S(ai)S(ai + Δa)√︁∑
i S(a)2

∑
i S(ai + Δa)2

. (4.7)
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Here, Δa is the offset frequency, S(ai) is the spectral value at the i-th frequency
channel and S(ai + Δa) is the spectral value at the frequency of ai + Δa.

We fitted the first peak of the ACF with a Lorenzian model and estimated the spectral
de-correlation bandwidth ad using the half width at half maximum (HWHM) of the
model. The scintillation bandwidth 𝜏d is given by:

2𝜋Δad𝜏d = C1. (4.8)

Here, we used C1 = 1.16 for a Kolmogorov scattering media [24]. We list the
decorrelation bandwidth (Δad) and the scintillation bandwidth at 1.4 GHz (𝜏d,1.4)in
Table 4.4. We will not include the scintillation timescale measurements of the
following FRBs in the discussion since their spectra are likely too noisy for accurate
estimations: FRBs 220121, 220330, 220726, 220831, 220926, 221002, 221012.
Finally, we note that the short scintillation timescale for FRB 220920 needs further
validation since its spectral autocorrelation function is relatively noisy.

4.4 Discussion
4.4.1 Comparison with the large Samples
Over 600 FRBs have been reported by the end of 2022. To understand whether
or not each instrument features the same FRB population, we compare the burst
morphology of this DSA sample with those of the first CHIME catalog and the
ASKAP sample reported by [2] in Fig. 4.4. We choose to compare with these two
samples since each of them contains a large sample size that was observed under a
consistent instrumental status.

The first CHIME catalog consists of about 600 events [1]. The data has a temporal
resolution of 0.98304 ms and 16, 384×24.3 kHz frequency channels from 400 to 800
MHz. Their spectrogram morphology is characterized using the least square method
following the fitburst routine. They model their burst profile with a Gaussian
function smeared by dispersion and potentially convolved with a scattering tail and
model the spectra using an empirical function. They assume a frequency dependency
of 𝜏 ∝ a–4 for the scattering timescale as we do in our analysis. For FRBs with
multi-component, they model each component with the same DM and scattering
timescale 𝜏 but independent widths. Their model selection criterion is unknown to
us ( e.g., [1]).

The ASKAP population [2] consists of 33 FRBs. The data has a temporal resolution
of 0.86– 1.73 ms and 336 × 1 MHz channel within the band of 700– 1800 MHz. The
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Table 4.2: Burst Morphology Results.

FRB DM Component 𝜎 𝜏

(Jy ms) (pc cm–3) (ms) (ms)
220121aaat 5.885 314.04+0.22

–0.21 1 0.4823+0.027
–0.029 < 0.7

220204aaai 5.543 612.72+0.048
–0.049 1 0.2853+0.0088

–0.0094 < 0.17
2 0.07768+0.011

–0.011 < 0.17
220207aabh 25.33 262.34+0.005

–0.0046 1 0.05902+0.0012
–0.0013 0.1063+0.0022

–0.0022
2 0.02515+0.0039

–0.0045 0.1063+0.0022
–0.0022

3 0.1392+0.0061
–0.0059 0.1063+0.0022

–0.0022
4 0.07106+0.0097

–0.012 0.1063+0.0022
–0.0022

220208aaaa 11.88 436.24+0.59
–0.6 1 1.25+0.073

–0.075 < 2.2
220307aaae 1.883 499.25+0.028

–0.032 1 0.04971+0.0056
–0.0057 0.07593+0.0098

–0.0099
220310aaam 20.249 462.24+0.004

–0.0035 1 0.04395+0.0017
–0.0014 0.007343+0.00033

–0.0023
2 0.05703+0.003

–0.0036 0.007343+0.00033
–0.0023

220319aaeb 7.79 110.98+0.01
–0.01 1 0.09274+0.0013

–0.0013 < 0.057
220330aaan 19.23 472.1+0.84

–0.91 1 2.378+0.16
–0.17 3.768+0.46

–0.48
220418aaai 5.824 623.24+0.0061

–0.0068 1 0.01578+0.0052
–0.0056 0.03003+0.0036

–0.0036
2 0.02372+0.0025

–0.0024 0.03003+0.0036
–0.0036

3 0.03577+0.021
–0.44 0.03003+0.0036

–0.0036
4 0.1122+0.0099

–0.011 0.03003+0.0036
–0.0036

220424aabq 2.983 863.48+0.022
–0.036 1 0.07468+0.004

–0.0045 < 0.081
220506aabd 13.08 396.97+0.011

–0.0097 1 0.03987+0.002
–0.002 0.2662+0.0044

–0.0045
220426aaaw 5.407 269.53+0.0071

–0.0071 1 0.0243+0.0014
–0.0014 0.08048+0.0028

–0.0029
220726aabn 5.408 686.73+0.013

–0.014 1 0.03939+0.003
–0.0032 0.1509+0.0078

–0.0084
220801aabd 3.21 412.64+0.04

–0.042 1 0.0461+0.0054
–0.0055 0.2133+0.017

–0.018
220825aaad 4.63 651.38+0.015

–0.015 1 0.0888+0.0024
–0.0025 < 0.11

220831aaaj 11.06 1146.7+0.17
–0.16 1 0.3762+0.038

–0.038 1.042+0.079
–0.085

220914aabz 2.987 631.26+0.016
–0.024 1 0.0507+0.0057

–0.0081 0.03335+0.016
–0.009

220920aacl 3.494 315.0+0.059
–0.036 1 0.1492+0.0065

–0.0057 < 0.056
220926aaeu 3.374 441.55+0.029

–0.028 1 0.0689+0.0075
–0.0068 0.06378+0.012

–0.013
221002aaab 6.644 321.53+0.98

–1.0 1 1.843+0.22
–0.31 < 0.68

221012aaab 3.622 441.09+0.26
–0.26 1 0.5774+0.031

–0.033 < 0.86

FRBs were detected in a single-dish fly’s eye mode and the multi-dish interferometric
mode using 7 or 36 antennas. The single-dish mode has a sensitivity of ∼ 25

√
w Jy

ms and the interforometric mode has a sensitivity of ∼ 25
√

w/
√

N Jy ms. Here, w is
the burst width in ms and N is the number of dishes / antennas used. We choose not
to include the ASKAP FRBs reported after [2] as they were observed with a range
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Table 4.3: Multi-peak FRBs Spectra Comparison.

FRB components CCC p-value
220204 1&2 0.007 0.6
220207 1&2 0.03 2 × 10–2

1&3 0.1 2 × 10–17

1&4 0.04 3 × 10–3

2&3 0.03 6 × 10–3

2&4 0.03 3 × 10–2

3&4 0.02 0.1
220310 1&2 0.06 10–6

220418 1&2 0.005 0.7
1&3 -0.02 0.1
1&4 0.006 0.7
2&3 -0.008 0.5
2&4 0.008 0.5
3&4 0.002 0.8

Table 4.4: Spectral Analysis Results.

FRB Δad 𝜏d,1.4
(MHz) (10–5 ms)

220121 NA NA
220204 6.06 ± 0.75 3.05 ± 0.38
220207 1.02 ± 0.07 18.14 ± 1.26
220208 2.38 ± 0.76 7.75 ± 2.47
220307 0.79 ± 0.25 23.4 ± 7.4
220310 22.20 ± 0.79 0.83 ± 0.03
220319 2.07 ± 0.10 8.91 ± 0.42
220330 NA NA
220418 8.80 ± 4.20 2.10 ± 1.00
220424 10.65 ± 4.80 1.73 ± 0.78
220506 2.83 ± 0.06 6.54 ± 0.14
220426 3.48 ± 0.12 5.31 ± 0.18
220726 NA NA
220801 8.63 ± 1.80 2.14 ± 0.45
220825 6.98 ± 4.20 2.64 ± 1.59
220831 NA NA
220914 3.68 ± 0.52 5.02 ± 0.71
220920 0.19 ± 0.08 96 ± 39
220926 NA NA
221002 NA NA
221012 NA NA
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of different antenna numbers and therefore various fluence threshold, which would
make the ASKAP sample less uniform. [2] extract the spectrogram morphology
using a Bayesian method. They model the pulse profile with a Gaussian function
that is convolved with an exponential scattering decay kernel. The models with
and without scattering is then selected using their Bayes factors. For the scattering
timescale 𝜏, they adopt a frequency dependency of 𝜏 ∝ a–4 for all FRBs except FRB
180110, where the power law index is a free parameter.

For this DSA sample, in all cases except FRB 220319, the extragalactic dispersion
measurement is estimated by

DMEx = DMtot – DMNe2001 – DMMW halo pc cm–3. (4.9)

Here, DMtot is the total DM measured from the burst morphology analysis, DMNe2001
is the galactic ISM DM predicted by the Ne2001 model along the LoS of the FRB
[25] and DMMW halo is the Milky Way halo DM which is typically between ∼ 20
and ∼ 80 pc cm–3 (e.g. [26, 27]). In this work, we adopt a typical value of
DMMW,halo = 50 pc cm–3 for all FRBs. The uncertainty of DMEx is estimated by

ΔDMEx =
√︂
Δ2

DMtot
+ Δ2

DMNe2001
+ Δ2

DMMW,halo
pc cm–3. (4.10)

Here, ΔDMtot is found from the burst morphology analysis. We assume an uncer-
tainty of 20% for DMNe2001, as estimated by most models [25, 28]. For ΔDMMW,halo ,
we adopt a value of 30 pc cm–3, though the distribution of the halo DM has not
been well measured in observations. We note that it is in principle more correct
to characterize the probability distribution function (PDF) of DMEx by calculation
the convolution of the PDF’s of each of the DM component. In practice, however,
it may not be a significant improvement, since the PDF of DMEx is dominated by
the PDF’s of DMNe2001 and DMMW halo, while neither of them have been well
characterized in observations. Therefore we simplify the calculations using Eqn’s
4.9 and 4.10.

For FRB 220319, [27] report that the DMISM along the LoS of 220319 are overes-
timated using the Ne2001 and the YMW16 models. They estimate the DMISM using
nearby pulsars and find an DMEx between 45.7 and 64.3 pc cm–3. We adopt the
mean DMEx value of 55 pc cm–3 in this work. The width is defined as the standard
deviation of the simple Gaussian pulse profile model. The exponential scattering
timescale 𝜏 has been converted from 600 MHz (CHIME) or 1.3 GHz (ASKAP)
to 1498.75 MHz using 𝜏 ∝ a–4 to compare with the DSA sample. We note the
followings in the population comparison (Fig. 4.4):
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• The extragalactic DM median value of this DSA sample (363± 0.26 pc cm–3)
is 13% lower than that of the first CHIME catalog sample (419 pc cm–3),
and is less than 1% lower than that of this ASKAP sample (366 pc cm–3).
As discussed in the CHIME catalog paper [1], different surveys may have
different DM selection functions. The selection function of DSA-110 is likely
flat, as verified through injection tests, but is affected at high DMs during
periods of increased RFI.

• The fluence distribution (Fig. 4.4 top panel) of this DSA sample is not
distinguishable from the CHIME sample, and is fainter than the ASKAP
sample, which is expected from the detection threshold. For a burst of width
1 ms, the DSA sensitivity is ∼ 1.7 Jy ms with a SNR cutoff of 7.5, and
the ASKAP fluence thresholds are 25 Jy ms (fly’s eye mode), 9.4 Jy ms
(interferometric mode using 7 antennas) and 4.2 Jy ms (interferometric mode
using 36 antennas).

• This DSA sample of FRBs contains narrower bursts than the CHIME and
the ASKAP samples as expected, since the search system of DSA uses a
sampling rate of 262.144 `s, while the CHIME and the ASKAP samples used
for comparison in this work have temporal resolutions of ∼ 1 ms and thus are
less sensitive to narrower bursts.

• Similarly, this DSA sample contains shorter scattering time scales than the
ASKAP sample. In addition, 11 out of the 21 DSA FRBs have scattering,
while only 2 out of the 33 ASKAP sample are scattered if using the same
Bayesian model selection criterion. This is also expected since the higher
time resolution of our baseband data makes it possible to resolve narrower
scattering tail. We do not compare with the CHIME scattering timescale since
their model selection criterion is unclear to us.

4.4.2 Comparison with the localized samples
FRBs that are localized to individual host galaxies help to understand their progenitor
formation history as well as to use them as cosmic tools. In this work, we have
expanded the population of localized FRBs with optical spectra from the previously
reported size of about 25 to over 40. The combination of high-resolution voltage
data with optical host observations enable a detailed correlation study between the
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Figure 4.4: Comparison of this DSA sample (red), the CHIME first catalog sample (cyan)
and the ASKAP samples (magenta). The triangular marks represent the upper limits mea-
sured from the pulse morphology models with the confidence level indicated in the figures
legends, and the circular or square marks are the results reported in the pulse morphology
analysis with an error bar of 68% confidence level. We distinguish the ASKAP FRBs ob-
served in the single-dish fly’s eye model (open magenta circles / dashed magenta histogram),
the interferometric mode using 36 antennas (IC36; solid magenta circles / solid magenta
histogram) and using 7 antennas (IC7; solid magenta squares) since they have different
fluence thresholds. Width is defined as the standard deviation of the simple Gaussian (SG)
pulse profile model. 𝜏1.5 is the exponential scattering timescale converted to 1498.75 MHz
using a frequency-dependency of 𝜏 ∝ a–4. All error bars are at 1-𝜎 level unless specified
otherwise.

burst features and the host properties of this DSA sample and a comparison study
with other localized FRB samples.

In this subsection, we take the first steps in this direction by exploring potential cor-
relations between the burst properties measured in Section 4.3 and the host redshift
and H𝛼 luminosity. Several host spectra are presented in [29]. In the correlation
analyse below (Figs. 4.5 to 4.13), we first calculate the Pearson correlation coeffi-
cient (PCC) of each pair of burst-host feature and compute the p-value that they were
log-linearly correlated. We then fit each pair of burst-host data with a log-linear
model log10 y = m · log10 x + b using the least square method and show the results
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Figure 4.5: Extragalactic DM (DMEx) of the localized FRBs compare with the average
cosmic DM (⟨DMcosmic⟩) predicted by the Macquart relation using a cosmic baryon fraction
fd of 70%, 85% and 100%.

on each plot and discuss their implications.

4.4.2.1 Redshift and Burst Properties

This DSA sample spans the second nearest extragalactic FRB (220319, z = 0.0111(4),
next to the nearest extragalactic FRB 20200120E detected in M81) and the second-
highest redshift (220330, z = 0.67) among all localized extragalactic FRBs that have
been reported. This expands the parameter space to explore the correlation between
the host distance and the burst properties. Here, we explore the relation between
the host redshift with the FRBs’ cosmic DM, extragalactic scattering, width, burst
fluence and radio luminosities.

The Macquart relation predicts the average cosmic DM for a flat universe at redshift
z ( e.g., [6]):

⟨DMcosmic⟩ =
zFRB∫
0

cn̄e(z)dz
H0(1 + z)2

√︁
Ωm(1 + z)3 + ΩΛ

. (4.11)

Here, the mean ion density n̄e = fd𝜌d(z)m–1
p (1 – YHe/2), where fd is the fraction

of cosmic baryons in ionized diffuse gas, 𝜌d(z) = Ωb𝜌c,0(1 + z)3 is the baryon
mass density at redshift z for a critical universe whose mass density today is 𝜌c,0 =
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Figure 4.6: Extragalactic scattering timescale (scaled to 1498.75 MHz) of the localized
FRBs and their redshifts.

3H2
0/8𝜋G, mp is the mass of proton and YHe = 0.25 is the Helium mass fraction.

Ωb = 0.0486, Ωm = 0.3075 and ΩΛ = 0.6910 are the mass fraction of baryon,
matter and dark energy, respectively [13]. In Fig. 4.5, we compare the extragalactic
DM (DMEx, see Eqn. 4.9) of the localized FRBs of this DSA sample and other
samples with the Macquart relation using a typical cosmic baryon fraction of 70%
(solid line) as well as 85% and 100% (dotted lines) for comparison. The observed
DMEx is highly correlated with redshift as expected. The majority of DMEx in these
localized FRB samples lie above the predicted average IGM DM as expected due,
for example, to the additional DM contributions from the FRB host. We fit the FRB
data with a function y = k ·x+b, where the slope k could be compared with the slope
of the DM-z relation and b could represent the averaged DM contribution from the
host. However, the linear model does not fit well with the localized FRB sample.
This might be caused by redshift-dependent scatter due to the cosmic foreground
structure, the uncertainties of the ISM DM near the galactic plane, and the various
host DM contribution from different progenitors local environments and host types.

The multi-path scattering could come from the ionized gas within the Milky Way,
the host, and the intervening galaxies. The contribution is maximum if the scattering
screen were half way through between the Milky way and the host. The scattering
would be positively correlated with the redshift if intervening galaxies contribution
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Figure 4.7: Fluence and redshift of the localized FRB samples. Dashed grey curves have
constant radio luminosities whose values are marked along each line in erg s–1.

were significant to the total scattering [30], since the chance of intersection increases
with the redshift. We find that the extragalactic scattering timescale and the host
redshifts are not strongly correlated (Fig. 4.6). Here, the scattering timescale of
the other localized FRBs are converted to 1498.75 MHz by 𝜏 ∝ a–4. We ignore the
scattering contribution from the galactic ISM (predicted by the Ne2001 model at
30 kpc alone the LoS of each FRB; [25]) to the total scattering, since the former is
at least two orders of magnitude lower than the later. The lack of clear correlation
could be explained by— (1) The contribution from the scattering screen in the
intervening galaxy depends strongly on the geometry of the host-screen-observer
system, causing large scatter in the linear correlation. (2) Alternatively, intervening
galaxies may not contribute significantly to the scattering in most FRBs.

Previous studies have concluded that FRBs are not standard candles ( e.g., [31]).
We compare the fluence of these localized FRB samples at different redshift with
that of radio sources with constant luminosity. As shown in Fig. 4.7, this sample
of FRBs do not follow the curves of constant luminosities. Here, we calculate the
radio fluence F from the luminosity L by F = w L/a1 4𝜋dL(z)2, where we assume
a typical burst width of w = 1 ms, typical FRB luminosity values from 1042 to
1045 erg s–1, lowest channel of the radio instrument of ∼ 1 GHz and calculate
the luminosity distance dL from the redshift z. In addition, we do not find strong
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Figure 4.8: Redshift-corrected pulse width of the localized FRBs and their redshifts.
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Figure 4.9: Energy distribution of localized FRBs.

correlation between the fluence and the redshift.

The observed burst is broadened by a factor of (1 + z) due to time dilation for a
FRB at redshift z. Fig 4.8 shows that the redshift-corrected burst width (1𝜎) of the
localized samples are not correlated with the redshift.

In Fig. 4.9, we compare the burst energy of the localized DSA FRBs with the
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other localized samples by E = a1Fa4𝜋d2
L(z), where a1 is the lowest frequency of

the instrument, Fa is the specific fluence of the burst, and d2
L(z) is the luminosity

distance at redshift z. The burst energy distribution of this DSA sample is lower
than that of the other localized sample.

4.4.2.2 H𝛼 Luminosity and Burst Properties

The host galaxy’s H𝛼 luminosity (LH𝛼), together with its initial mass function, can
be used to estimate its current star formation rate (SFR). This helps to understand the
global stellar population of the host and its relation to the formation history of the
FRB progenitor. In addition, any potential correlations of the host H𝛼 luminosity
with other host properties such as DMhost and 𝜏host, or with any burst properties
such as fluence and radio luminosity, would provide an independent estimation of
those properties based on the LH𝛼 measurement [27]. For the FRBs in our sample
with spectroscopic data on host galaxies, we obtain H𝛼 luminosities where possible
[29].

We estimate the host DM by

DMhost = (1 + zhost)
(
DM – DMNe2001 – DMMW,halo – ⟨DMcosmic⟩

)
. (4.12)

Here, zhost is the host redshift, DMNe2001 is the galactic ISM DM predicted by
the Ne2001 model [25] at 30 kpc along the line of sight of each FRB, DMMW,halo
is the galactic halo DM which we assume to be 50 pc cm–3 as in Eqn.4.9 and
⟨DMcosmic(z)⟩ is the average extragalactic DM (Eqn. 4.11). The uncertainty on the
host DM is calculated by

ΔDMhost = (1 + zhost)
√︂
Δ2

DMtot
+ Δ2

DMNe2001
+ Δ2

DMMW,halo
pc cm–3. (4.13)

Here, the same values are used as in Eqn. 4.10 and the same argument applies.

The host LH𝛼 and DMhost could be correlated if the majority of the ionized gas in
the host ISM comes from the star-forming regions along the LoS of the FRB. We
find no correlation between LH𝛼 and DMhost (Fig. 4.10). This could be caused
by any of the followings— (1) LH𝛼 is determined by the global star-forming rate
of the host, while DMhost only measures ionized gas along the LoS. They may not
represent the same region since some FRBs have been found outside the star-forming
regions of their host galaxy. For example, FRB 20200120E has been localized to
an aged globular cluster in the spiral galaxy M81. In such a case, the observed
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Figure 4.10: The host DM and the host H𝛼 luminosity.

LH𝛼 is expected to be uncorrelated with the DMhost measured along the LoS of
FRB 20200120E since the globular cluster is not a star forming region. (2) The
DMhost estimation may be compromised by the larger scatter in the extragalactic
DM-z relation (Fig. 4.5). (3) The ionized gas in the host ISM could be produced by
non star-forming processes along the LoS such as AGN radiations and supervovea
explosions.

The host LH𝛼 could also be correlated with the host scattering timescale 𝜏host if the
multi-path scattering within the host is primarily due to the star-forming regions.
The rest-frame host scattering timescale is estimated by ( e.g., [32]):

𝜏host,1.5 = (1 + z)3(𝜏1.5 – 𝜏MW,1.5). (4.14)

Here, z is the host redshift, 𝜏1.5 is the observed total scattering timescale converted
to 1498.75 MHz, and 𝜏Ne2001,1.5 is the galactic scattering at 30 kpc converted to
1498.75 MHz, as described before. We find LH𝛼 and 𝜏host,1.5 not strongly correlated
(Fig. 4.11). We note two uncertainties in this analysis. (1) The 𝜏host,1.5 estimation
assumes no intervening galaxy. Intervening galaxies could contribute significantly
to the total scattering depending on the geometry, but this is beyond the scope of
this work. (2) LH𝛼 is determined by the global star-forming rate, while 𝜏host only
measures scattering medium along the LoS.

The host LH𝛼 and burst energy are highly correlated (Fig. 4.12, p = 99%). The burst
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Figure 4.11: The host scattering timescale and H𝛼 luminosity.
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Figure 4.12: The burst energy and host H𝛼 luminosity of the entire sample are strongly
correlated (dashed blue line and the blue texts, correlation p-value = 99%). However, they
are not correlated after excluding the lowest three points (dotted green line and green texts,
correlation p-value = 65%).
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Figure 4.13: Redshift-corrected burst widths and the host H𝛼 luminosities.

energies are calculated by E = a1Ea = a14𝜋d2
LS, where a1 is the lowest frequency

of the instrument, d2
L(z) is the luminosity distance at redshift z and S is the burst

fluence. This correlation is expected due to apparent-brightness limited selections
on both the FRB and host-galaxy samples (spectra are typically only obtained for
brighter hosts). We note that the correlation is dominated by the three FRBs with
the lowest energies in this sample and does not retain when they are excluded (Fig.
4.12, p = 65%).

The redshift-correlated burst width and the host luminosity are not correlated (Fig.
4.13).

4.4.2.3 Which media dominate the scattering and the scintillation?

Most previous radio surveys show that scattering is dominated by extragalactic
medium while scintillation mostly comes from the Milky Way ( e.g., [33]), though
extraglactic scintillation has been reported (e.g. FRB 150807 [34]). For this DSA
sample (Fig. 4.14), we compare the scattering timescales from the burst morphol-
ogy, the decorrelation timescales (𝜏d) calculated from the spectral decorrelation
bandwidth (Eqn. 4.8) and the scattering timescales predicted by the Ne2001 model
along the LoS at 30 kpc (𝜏Ne2001,1.5). All timescales have been scaled to 1498.75
MHz for comparison. We note the followings.
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Figure 4.14: Measured scattering timescales (circles) and upper limits (triangles), scin-
tillation timescales measured from the spectral decorrelation bandwidths (crosses) and the
galactic scattering timescale (solid black line) predicted by the Ne2001 model at 30 kpc
alone the line of sight of each FRB. All timescales have been converted to 1498.75 MHz for
comparison.

• The total scattering timescales (red circles or triangles) are over two orders
of magnitude greater than the Milky way ISM scattering timescale prediction
𝜏Ne2001,1.5 (solid black line), indicating additional sources of scattering, such
as the ISM of the host and / or the intervening galaxies ( e.g., [30]).

• Some of the spectral decorrelation timescales (blue crosses) lies closely on
𝜏Ne2001,1.5, meaning that galactic scattering is likely the main source of scin-
tillation for those FRBs.

• However, in some cases, 𝜏d lies below the galactic scattering predictions. This
is unexpected since Ne2001 is unlikely to overestimate scintillation timescales
along several directions.

• The decorrelation timescale of FRB 220920 (z = 0.16) is over one order of
magnitude greater than the galactic scattering timescale, implying additional
source of scintillation, although the structure of its ACF may be ambiguous.

The DM is proportional to the electron density along the line of sight, while the
scattering is caused by the electron density inhomogeneity. It is unclear whether
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or not the FRB DM and scattering come from the same ionized medium. The host
redshift makes it possible to separate the DM and scattering contributions from
the host and from the cosmic mediums. We discuss the relation between DM and
scattering in the following hypothetical scenarios.

1. Extragalactic scattering were dominated by the host (Fig. 4.15a). In this
case, the host scattering timescale can be estimated by Eq. 4.14. The galactic
DM and scattering timescale have been found to be correlated as measured
from galactic radio pulsars ( e.g., [35]). Similarly, DMHost and 𝜏Host could
be correlated if the ISM of the host were similar with that of the Milky Way.
We find DMHost and 𝜏Host not strongly correlated (Fig. 4.15a). This could
be due to (1) extragalactic scattering were not dominated by the host so the
estimation on 𝜏Host were incorrect, or (2) although extragalactic scattering
were dominated by the host, the host ISM has different turbulent states with
the Milky Way and a significant portion of the host ISM does not contribute
to scattering.

2. Extragalactic scattering were dominated by the cosmic medium between the
Milky Way and the host. In this situation, a correlation between ⟨DMcosmic⟩
(Eq. 4.11) and 𝜏1.5,Ex coule be expected. In Fig. 4.15b, we find them uncor-
related and discuss two types of scenarios. (1) If there were no intervening
galaxy, they are likely uncorrelated since the IGM is usually not turbulent
(cite) and so they contribute to the DM but not the scattering. (2) If there were
intervening galaxies, their contribution to the cosmic DM would be linear
and independent of their locations, while their contributions to the scattering
would be strongly related to their locations. In the second case, the DM and
scattering contributions need to be analyzed on a case-by-case basis ( e.g.,
[7]).

3. Both the host and the cosmic medium contributed to the scattering signifi-
cantly. In this case, the total extragalactic contributions, 𝜏1.5,Ex and DMEx, are
expected to be correlated. We find them not strongly correlated (Fig. 4.15c).
This is consistent with the reasons discussed in the previous two scenarios.

4.5 Summary
We have reported the burst morphology and spectral features of a sample of 21
FRBs discovered and localized by DSA-110 during the commissioning stage be-
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Figure 4.15: Dashed line shows the linear model fitting results using data with scattering
measurements. (a) Assuming that the scattering were dominated by the host ISM. (b)
Assuming that the scattering were dominated by the medium between the host the the Milky
Way. (c) Assuming both contributions were significant.
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tween January and October 2022. We used the raw-resolution baseband data and
characterized the burst morphology using a Bayesian procedure.

1. We have compared this DSA sample with two other relatively large FRB
samples and found that this DSA sample spans comparable DMEX and fluence
values to the CHIME sample, a fainter fluence range than the ASKAP sample,
and is able to resolve narrower burst widths and shorter scattering tails due
to the high time resolution. When comparing these samples, we note that the
CHIME and the ASKAP samples are not from raw-resolution baseband data.
A future comparison with samples from those instruments using the baseband
data would be more informative once they become published.

2. We have explored correlations between burst and host properties for part of this
DSA sample that have been optically observed as well as the other localized
FRBs that have been published. (1) We have found a strong correlation
between the burst energy and the host LH𝛼 (p = 99%), likely caused by
observational selection effects. We note that the correlation is dominated by
the three lowest energy FRBs and does not retain when the three points are
excluded in the correlation analysis. (2) In addition, we have found that the
extragalactic DM of most of the FRBs lie above the ⟨DM⟩-z relation predicted
by, e.g., [6], as expected due to the DM contribution from the host. For
the next step, we could extend the burst- host correlation study by including
some of the relevant host properties that are closely related to the progenitor
formation history, such as the host color, age, SFR, sSFR, metallicity, offset
distance of the FRB source with the star forming regions, location on the BPT
diagram, and so on.

3. Our analyses agree with previous findings that FRB scintillation mostly come
from the Milky Way, with the exception of FRB 220920, whose scintillation
may be dominated by extragalactic medium though the accuracy of the result
is debatable due to the relatively noisy spectrum. A more detailed study of
intervening medium along its LoS could help to understand the source of the
additional scattering. Our results is also consistent with previous reports that
FRB scattering is dominated by extragalactic medium, although it remains
unclear if it is dominated by the host, the intervening galaxies or in rare cases
the IGM.
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C h a p t e r 5

CONCLUSIONS

This thesis focused on the use of observational data for FRB progenitor and envi-
ronment studies. FRB studies has been developing rapidly around the time period
of this thesis. For example, from 2018 to early 2023, the number of reported FRB
sources has increased from about 60 to over 600, the number of localized FRBs
have grown from a few to around 40. Those observations have helped to narrow
down nearly 50 competing progenitor models to a few that are commonly discussed
recently, though observations have not been able to completely rule out many of the
other models. In this thesis, I explored three different methods to study the FRB
progenitor models using radio and multiwavelength data.

Multiwavelength transient FRB counterparts have only been detected with the FRB-
like event from the galactic Magnetar SGR 1935+2154. In Chapter 2, we demon-
strate a technique to estimate the energy ratio emitted by the FRBs’ multiwavelength
transient counterparts to the FRBs themselves. We combined the FRB population
fluence distribution with the existing multiwavelength transient blind surveys. Our
technique provides tighter constraints on the energy ratio compared to most of the
targeted surveys by 2020. For the “far-away” class of models, where FRBs are
created through synchrotron masers process initiated by shocks driven by young-
magnetar flares at regions that are far-away above the magnetar surface, our results
implied that high energy surveys like Fermi and Swift are unlikely to have detected
FRB counterparts, and Gaia could have detected a few FRB counterparts in some
cases. For the “close-in” class of model, where FRBs are created within the magne-
tosphere via, for example, curvature radiation, our result for the X-ray / radio band
energy ratio is consistent with some of the models (e.g., [1]). If no multiwavelength
FRB transient were detected in the near future, our technique is valuable in con-
tinuing to tighten the constraint, especially when combined with sensitive surveys
with short cadence and large FoV. However, with the detection of more local FRBs
(e.g., FRB 20200120E in M81, 200428 from galactic magnetar SGR 1935+2154),
based on the energy ratio estimated from this work, it would be possible to catch
high energy transient associated with individual FRBs like those X-ray bursts from
SGR 1935+2154, and thus directly measuring the energy ratio. This would relies
on sensitive, fast surveys that covers sufficient sky areas near the galactic plane and
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the nearby groups.

Unlike the multiwavelength transient counterpart that is difficult to capture, two FRB
persistent radio sources (PRSs) have been spatially associated with FRBs 121102
[2] and 20190520B [3], providing opportunities for detailed, long-term studies of
their progenitors and environments. In Chapter 3, we presented a detailed case study
on the possible progenitors of FRB 121102 using the VLA monitoring data (12 to
26 GHz) and the new Keck optical spectrum and found that the emission source was
unlikely an AGN. We constrained the radius of the emission to be > 1017 cm based
on the low level of flux density variability as compared to the galactic scintillation
prediction, and < 1018 cm since the source was reported to be unresolvable in the
previous VLBI observation. The emission size is too big for an AGN. In addition,
we estimated that the mass of the potential black hole at the center of the host
to be ≲ 104∼5 M⊙ based on the line width of the H emission in the Keck/LRIS
spectrum, and found the mass too low for its radio luminosity as compared to
the general AGN population. We concluded that the size and the luminosity of
the emission could be explained by isolated neutron star FRB models, where the
persistent source is produced by synchrontron radiation in the PWN. Detailed case
studies like this work would be important for all future FRB PSRs to study their
progenitor, environment and evolution channel as a potential different population
as compared to other FRBs. Currently, only two FRBs that have been associated
with PRSs have several similarities– both have been highly active repeaters, have
very high RMs that varies with time, have very high host DM contribution, and are
detected within star-forming dwarf galaxies. These features requires extreme and
dynamic magneto-ionic environment, which could be related to dynamic formation
channels or young age of their progenitors. It might be interesting to monitor FRBs
that share similar characteristics and host type with thoses two but have not been
associated with any PRSs.

Localized FRBs enables the studies of their progenitor’s environments and formation
histories. The potential correlations between the FRBs burst morphology and their
host properties could help to distinguish potential FRB sub-populations produced
by progenitors formed in different channels. In Chapter 4, we presented the burst
morphology of a sample of 21 FRBs detected during the commissioning observa-
tions of DSA-110 in 2022, including 16 FRBs with host galaxy optical spectra. This
DSA sample has a comparable extragalactic DM range with first CHIME catalog
sample and is fainter than the ASKAP sample. We conducted preliminary correla-
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tion studies between the burst and the host features. We found a potential correlation
between the host DM and the host H𝛼 luminosity, and noted a strong correlation
between the FRB energy and the host H𝛼 luminosity that is likely due to observa-
tional selection effects. We also found that galactic scattering is the major source
of scintillation for most of the FRBs, with the obvious exception of FRB 220920,
whose scintillation timescale is over one order of magnitude above the predicted
galactic scattering timescale. To expand the correlation study between burst features
(e.g., energy, width) and the host features, it could be interesting to include a few
host properties that are closely related to the progenitor formation history, such as
the delay time between the star formation period and the FRB event (e.g., [4], [5]),
the SFR, the sSFR and the offset between the FRB and the star formation region
when they become available. Although the correlation study remains inconclusive
in this work, with a larger localized FRB sample, it could be a good starting point
to reveal sub-populations of FRB produced by progenitors with different formation
channels and / or reside in different environments.
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A p p e n d i x A

CHANGES TO THE SOFTWARE HEIMDALL FOR
MULTI-BEAM PROCESSING FOR DSA-110

This work is done by Christopher Bochenek and Ge Chen as part of the DSA-110
searching software development. The final subsection is concluded by simulations
of Liam Conner. The simulations and results are not included in this appendix since
Ge Chen did not contribute to them.

The default version of heimdall cannot process multiple beams simultaneously. The
DSA-110 will produce 256 fan beams for the first stage of the project, with 64 beams
being processed on one node. We have modified heimdall to process any number of
beams. We describe the assumptions made about the input data, the modifications
to the code, and the structure of the output.

A.1 Input Data
We assume that data will be structured as follows:

{beam 1 [time 1 (freq 1 ... freq n) ... time m (freq 1 ... freq n)] ... beam k [time 1
(freq 1 ... freq n) ... time m (freq 1 ... freq n)]}

Each beam must have the same number of time samples, and each time sample the
same number of frequency samples.

A.2 Signal Flow Logic
The pipeline reads in 4 seconds of data from each beam at once (called a ‘gulp’).
Each beam is processed independently. Firstly, the data is de-dispersed using a series
of DM trails and averaged over all channels. Then, the pipeline searches for pulses
(called ‘giants’) in each of the frequency-averaged time series using a list of boxcar
filters. The pipeline records every pulse whose signal-to-noise ratio (SNR) is above
a detection threshold, and print results to a file. Finally, the pipeline groups together
pulse candidates that are considered to come from the same event and save possible
FRB candidates into filterbank files. However, we will use some other software to
group and select candidates later.
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A.3 Changes to the Code
Most of the changes happen in the code Heimdall.C and pipeline.CU.

A.3.1 Add the Multi-beam Option
In Pipeline/, we add a ‘nbeams’ option in default_params.c, hd/params.h
and parse_command_line.C.

A.3.2 Allocate Memory for Multi-beam Data
In the single-beam version, the pipeline each time processes a ‘gulp’ of data. In this
version, it processes a ‘gulp’ of data from each beam in parallel. We allocate more
memory accordingly at the following steps .

• In Heimdall.C, we allocate nbeams · (gulp + overlap) of memory for the
filterbank data vector. Here, nbeams is the number of beams, and overlap is
the length of data that cannot be processed correctly in the current reading
due to the de-dispersion delay and the width of the boxcar filter. We choose to
read in the overlap in each beam to avoid mixing data from different beams.

• The overlap can only be processed in the next reading with data at later times.
In each reading, we copy the overlap from the previous reading and put them
at the beginning of each beam before reading in data from the next ‘gulp’
(called ‘rewind’).

• We initialize a overlap of randon numbers at the beginning of the filterbank
to equalize the length of each reading. Otherwise, the first reading would be
shorter than the rest since there is no data from a previous ‘gulp’ to put at its
beginning. Consequently, the first reading takes longer due to the time required
to initialize the vector. In addition, previous experience with the single-beam
version shows that the first a couple of readings cannot be processed correctly
anyways.

• In Pipeline.CU, we allocate more memory for the followings: nbytes,
dm_series, time_series, filtered_series, cur_nsamps, offset.
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A.3.3 Add Beam Label
We transfer all the raw pulse above the detection threshold from device (d_giant)
to host (h_giant), and calculate their beam labels and filterbank indices. Results
are printed to the file giant.cand

A.3.4 Other Changes

• In Pipeline.CU, we remove the lines that clean the filterbank RFI since we
will use some other software to do it (what software?).

• Pipeline.CU produces two new output text files: heimdall.cand and
giants.cand and saves each possible FRB candidate into a filterbank file.

• The pipeline selects possible FRBs from the grouped candidates and save each
of them into a candidate filterbank file.

A.4 Code Management
The code is available at:

https://github.com/dsa110/

dsa110-mbheimdall

and the version described here is right after the commit ‘87a3159’ (Mar 6, 2020) on
the master branch.

The code can be ran by

heimdall -{options}

. For example,

heimdall -f fakedata.fil

-output_dir my_output_path

-dm 10 3000 -dm_tol 1.25

-nsamps_gulp 4096

-detect_thresh 10

-boxcar_max 512 -nbeams 32 -v
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A complete list of option choices can be found by running ”heimdall -h”. More
details on how to run the code are given in section A.6.

The code searches for pulses with SNR above the give detection threshold and
produces the following outputs (more details in section A.5):

• giant.out: contains information about every pulse.

• heimdall.out: contains information about every event after grouping together
pulses that belong to the same event.

• FRB candidates filterbank files.

In particular, one could test the code by checking the contents of giant.out.

A.5 Output
A.5.1 giant.cand

The file contains the following columns:

(0) SNR (float).

(1) Filterbank index (int). Note that this is different from the time sample index,
since there are multiple beams.

(2) Time sample index (int). One time sample integration is 1.048 ms.

(3) The MJD time in seconds (float).

(4) Boxcar filter index (int).

(5) DM trail index (int).

(6) The DM value (float).

(7) Beam label (int), starting from 0.

A.5.2 heimdall.out

The file records parameters of the giant with the highest SNR in each candidate
group. Note that we will use some other software to group candidates, so this
output file will not be useful. Here, columns (0) to (6) are the same with those of
giant.out, column (7) is the number of members in each group (int), and column
(8) is beam label (int), starting from 0.
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A.5.3 Candidates Filterbank Files
Pipeline.CU saves each of the FRB candidate into a filterbank. The filterbank is
names after the time sample index at which the pulse reaches its peak SNR.

A.6 Test on multi-beam fake data
A.6.1 Fake Data
We test the pipeline using simulated multi-beam fake pulsar time series with Gaus-
sian noise. The fake data is produced by running (on dsamaster)

/usr/local/sigproc/src/fake

-{options} >path/file.fil

. Specifically, to match the DSA-110 data format, the fake data should satisfy the
followings:

• The pulse width should be ms-scale. For example, if the period is 104 (in
ms), the width should be ∼ 0.01 (in percentage).

• Bits per time sample (nbits) is 8, total channel number (nchans) is 2048,
sampling time (tsamp) is 1048 (in `s), channel 1 (fch1) is 1530 (in MHz),
channel bandwidth (foff) is 0.1220703125 (in MHz), and the total beam
number processed (nbeams) is 32.

• The samples per block (nsblk) is a tunable parameter that determines how
many time samples to read in from each beam at once. For example, here
the sampling time of the filterbank is 1048 `s, so one ‘gulp’ of data is
1048 `s · 4096 ≈ 4s. Note that (nsblk) must match with the heimdall
command line option nsamps_gulp.

For example, the command could be:

/usr/local/sigproc/src/fake

-period 10000 -width 0.01

-snrpeak 20 -dm 600 -nbits 8

-nchans 2048 -tsamp 1048

-tstart 55000 -fch1 1530
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-foff 0.1220703125 -tobs 60

-nbeams 32 -nsblk 4096

> fakedata.fil

A.6.2 Heimdall Options
We test heimdall with the following options:

• DM from 10 to 1000, and SNR loss tolerance between each DM trial (dm_tol)
1.25.

• Each gulp takes 4096 time samples per beam. (Note that this should match
with the nsblk option in the fake data.) The pipeline also get the time
sampling rate from the data header.

• Detection threshold is 10.

• The maximum boxcar filter width (boxcar_max) is 512 time samples.

• The -v option enables the pipeline to print out more.

For example, the command could be:

heimdall -f fakedata.fil

-output_dir my_output_path

-dm 10 3000 -dm_tol 1.25

-nsamps_gulp 4096

-detect_thresh 10

-boxcar_max 512

-nbeams 32 -v

A.6.3 Output Analysis
In this test, we created a 32-beam fake pulsar data filterbank using the following
command:

/usr/local/sigproc/src/fake

-period 45000 -width 0.1
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-snrpeak 20 -dm 600

-nbits 8 -nchans 2048

-tsamp 1048.576 -tstart 55000

-fch1 1530 -foff 0.1220703125

-tobs 60 -nbeams 32

-nsblk 4096 >

test_32beams_45speriod.fil.

The pulsar period is 45 s, the pulse width is 45 ms, the SNR peaks at 20, the DM
value is 600, each time sample is 1.048576 ms, the observation lasts for 60 s, and
the number of beams is 32.

We test the mbheimdall pipeline with the following command:

heimdall -f

test_32beams_45speriod.fil

-output_dir my_output_path

-dm 10 3000 -dm_tol 1.25

-nsamps_gulp 4096

-detect_thresh 10

-boxcar_max 512 -nbeams 32 -v

We then show the output in Figures 1 to 3. All pulses were detected with the
maximum signal to noise at the correct DM, width, and time. However, the peak
SNR of each pulse varies significantly from beam to beam, even though the fake
data has the same SNR (with small noise) for each beam (Fig. A.1).

A.6.4 Real Time
The pipeline should be able to process 32 beams in ‘real time’ (see details in section
A.7 and Figs. A.4, A.5). For example, it takes∼ 4– 5 s to run on 32 beams and a gulp
size of 4s with approximately 1890 DM steps (from 5 to 3000 pc cm–3 with a pulse
width smearing tolerance of 25%) and 10 boxcar width steps (from the minimum
to 29). However, the length of a ‘gulp’ and the processing time cut-off are to be
determined by future experiments.

A.6.5 Output Issue
The output text files contains a few lines with incorrect formats. This will be fixed in
the future, as the giants will be sent via socket connections, rather than writing
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Figure A.1: SNR of the giants vs the sample number the giants were found at in the filterbank
file. The orange series shows the frequency averaged dedispersed filterbank. Giants were
found for every beam at the correct time samples.

Figure A.2: The time samples that each giant was found at in each beam. The color
corresponds to the DM of the giant and the size of the marker is proportional the the SNR
squared.

Figure A.3: Pair plot of SNR, time sample, filterbank width, DM, and beam number. The
diagonals are KDEs of the parameters with a kernel width of 0.5.
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to a text file..

A.7 Benchmark
We test the total processing time using the same fake pulsar time series and the same
heimdall command as in Section A.6, and show results in Figs. A.4. The test first
loops over a range of DM upper bounds, then a few DM tolerance values (DM_tol),
and finally some maximum boxcar widths (boxcar_max). In particular, we only
include gulps that detect no giant event to calculate the mean and the standard
deviation of the total process time in each test.

A.7.1 Double the Boxcar Width in each trail
In these tests, the boxcar filter width doubles from the narrowest time resolution up
to boxcar_max (Fig. A.4).

A.7.2 Linearly Boxcar Increments tests
In these tests, we add a new heimdall parameter n_boxcar_inc and let the boxcar
filter width has n_boxcar_inc linear increments from the narrowest time resolution
up to boxcar_max (Fig. A.5).

A.7.3 Completeness Tests
A.8 Single-beam Crab data test
on going test:

heimdall -f

/home/user/vikram/

scratch/fil_B0531+21_1.fil

-output_dir my_output_dir

-dm 10 1000 -dm_tol 1.25

-nsamps_gulp 4096

-detect_thresh 10

-boxcar_max 256

-nbeams 1 -v

A.9 Optimal Searching Parameters
This section estimates the detection rate using different beam forming parameters
(time and frequency resolutions) and different searching parameters (DM upper
limits, boxcar widths and beam number). The goal is to increase the detection rate
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while keeping the searching pipeline in real time. All results are summarized in
Table A.1.

I will calculate the detection rate by beam forming for now, and probably by imaging
later.

A.9.1 Heimdall Search Parameters
This subsection investigates the detection rate at different Heimdall search param-
eters. Assume for now that the beam former time resolution is Δt = 0.131073 ms
and the channel width is Δa = 250/2048 = 0.122 MHz.

To begin with, I approximated the FRB population’s DM and width (limited to
≤ 1000 ms) distributions by fitting Gaussian functions to the FRBCAT.org catalog
data in 2019 summer– the DM has a mean of 563 ± 13 pc cm–3 and a standard
deviation of 442 ± 21, and the width has a mean of 1.85 ± 0.17 ms and a standard
deviation of 3.03 ± 0.29 ms. Other population distributions will be discussed at the
end of this section.

In addition, I adopt the broken power-law specific-fluence cumulative distribution
function (CDF) estimated using the Australian Square Kilometre Array Pathfinder
(ASKAP) and Parkes FRB samples [26]:

R(Fa) =
∫ ∞

F
r(F′a)dF′a, (A.1a)

= R0

(
Fa

Fa,0

)𝛼1
(Fa,min < Fa < Fa,b), (A.1b)

= Rb

(
Fa

Fa,b

)𝛼2
(Fa > Fa,b). (A.1c)

Here, R(Fa) is the FRB rate (in the usual units of sky–1 day–1) above a given fluence
threshold Fa in the radio band, r(Fa) is the differential fluence distribution function,
𝛼1 = –1.18, 𝛼2 = –2.2, Fa,min is the (observationally unconstrained) fluence cut-off
in the radio-band, Fa,0 ∼ 2 Jy ms is the fluence completeness threshold for the Parkes
FRB searches [27], R0 ≈ 1.7 × 103 sky–1 day–1 is the estimated rate above Fa,0 [2],
Fa,b is the fluence break which we choose to be 15 Jy ms, and Rb ≈ 171 sky–1 day–1

is the rate above Fb calculated from Eq. (A.1b).

A pulse with an intrinsic width of wint is broadened during incoherent de-dispersion.
The dispersion delay of a signal (a GHz) relative to a signal at some reference
frequency (aref GHz) is:

𝜏 = 4.15 × 106(a–2 – a–2
ref)DM ms. (A.2)
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The pulse is first broadened due to the finite frequency resolution:

wDM =
𝜕𝜏

𝜕a
Δa ≈ 8.3 × 106 DM a–3 Δa ms. (A.3)

Here, DM is in pc cm–3, Δa and ac are the channel width and channel frequency in
MHz, respectively, and I used the lower bound a1 = 1280 MHz since it produces the
largest smearing. Moreover, the pulse is further smeared by the discrete DM trails
in de-dispersion. Across the entire band, the error becomes:

wΔDM =
𝜕𝜏

𝜕DM
ΔDM|a1 –

𝜕𝜏

𝜕DM
ΔDM|a2

= 4.15 · 106(a–2
1 – a–2

2 )ΔDM

= 4.15 · 106a–2
c

(
(1 +

NΔa

2ac
)–2 – (1 –

NΔa

2ac
)–2

)
ΔDM

≈ 8.3 · 106N · Δa · a–3
c · ΔDM ms.

(A.4)

Here, a1 = 1280 MHz and a2 = 1530 MHz are the band limits, N ·Δa = 250 MHz is
the entire bandwidth, ΔDM is the step size between DM trails, and ac = 1405 MHz
is the central frequency of the entire band. The DM trail steps are determined such
that it results in a smearing of ≤ 25% (heimdall argument dm_tol 1.25). Note that
the DM trail step size increases at larger DM values, so the step number grows
slightly sub-linearly with DMmax. Finally, the effective pulse width is (ignore
scattering):

weff =
√︃

w2
int + Δt2 + w2

DM + wΔDM. (A.5)

Here, wint is the intrinsic pulse width and Δt = 0.131073 ms is the tentative beam
forming time resolution (may improve later).

The rms fluctuation on a flux density measurement is given by the radiometer
equation:

𝜎sa =
1

√nbox

2kbTsys

Ae
√︁

NpolBΔt
. (A.6)

Here, Npol = 2 is the number of polarization, B = 250 MHz is the entire bandwidth
and Δt = 0.131073 ms is the current beam forming time resolution. The effective
area Ae = [ · ndish𝜋R2 ≈ 938 m2 for an effiency of [ = 0.65, dish number of
ndish = 85, and single dish radius of R = 2.325 m. The number of independent
reading nbox is the searching boxcar width in the unit of Δt).

The detection fluence threshold is given by:

F0 = 𝜎sa ∗ SNRmin ∗ max{weff , b}. (A.7)



171

4 2 0 2 4
x

0.0

0.1

0.2

0.3

0.4

b(
x, 

y
=

0)

1D cut of the Beam forming response

(a) 1D cut of the Beam Forming Response Func-
tion

4 2 0 2 4
x

4

2

0

2

4

y

Beam forming response

0.0

0.2

0.4

0.6

0.8

Po
we

r r
es

po
ns

e

(b) Beam Forming Response Function

Figure A.6: Beam forming response function using 256 beams. Each main lobes are
approximated with a narrow Gaussian with 𝜎m ≈ 0.012 degree, and the prime beam as a
broad Gaussian with 𝜎p ≈ 1.65 degrees. The function is approximated by evenly placing
all 256 main lobes within the prime beam’s FWHM and scaling their peaks by the prime
beam’s envelope.

Here, 𝜎sa is the flux noise (Eqn. A.6), SNRmin is the detection SNR threshold, weff
is the effective width (Eqn. A.5), and b = Δt∗nbox is the boxcar width (the observed
flux in further smeared out if the boxcar were wider than the effective pulse width).

In the beam forming method, the detection rate is further reduced by the beam
response function B. In this calculation, side lobes are ignored. Each main lobe is
approximated as a narrow Gaussian with 𝜎m ≈ 0.012 degrees, and the prime beam
as a broad Gaussian with 𝜎p ≈ 1.65 degrees and peak normalized to unity. The
beam response function B is approximated by evenly placing all main lobes within
the prime beam’s FWHM and scaling their peaks by the prime beam’s envelope.
For example, each main lobe would be spaced by ≈ 0.5𝜎m if 256 beams were used
(Fig. A.6). The integrated response rate within a small angle r around the boresight
is given by:

B =
1

4𝜋

∫ r

0

∫ \

0
b(r, \)rd\dr. (A.8)

Here the spherical sky surface is approximated as flat since we’re only interested in
a small angle around the boresight (we use r = 5 degrees here). The response is
normalized such that a perfect response function gives B = 1 over the entire sky.

Putting the above together, the detection rate is calculated by integrating the cu-
mulative fluence distribution R above a fluence threshold F0 that satisfies a desired
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SNRmin over all possible DM and intrinsic width range:

B ∗
∫ ∞

0

∫ ∞

0
R(F0) ∗ P(DM) ∗ P(w) dDM dw. (A.9)

As shown in Table A.1, one might consider a beam number of 256, a boxcar width
that increments linearly from 1 to 8 at a step size of 1 and doubles from 8 to 32,
a maximum DM of 2000. The relative detection rate are calculated using a beam
former resolution of 0.13 ms and a channel width of 0.12 MHz.

A.9.2 Choosing back-end parameters (beam former)

Data rate Nbeam ts,opt (ms) aopt (MHz) Nbox DMmax
(linear, +1) (tolerance=25%)

1x 5% (32) – (0.13) – (0.24) 66% (2) 37% (500)
2x 6% (64) – (0.066) – (0.12) 92% (4) 80% (1000)
4x 37% (128) – (0.033) – (0.06) 99.8% (8) 99.9% (2000)
8x 100% (256) – (0.016) – (0.03) 100% (16) 100% (4000)
16x – – – 100% (32) –

Table A.1: Optimal search parameters– relative detection rate using different parameter.
Results in the Columns Nbeam, Nbox and DMmax are calculated assuming a beam forming
time resolution of 0.13 ms and a channel width of 0.12 MHz.

Liam Conner concluded this test using simulations (not included in this appendix).
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