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Abstract

We present the discovery of an as yet nonrepeating fast radio burst (FRB), FRB 20210117A, with the Australian
Square Kilometre Array Pathfinder (ASKAP), as a part of the Commensal Real-time ASKAP Fast Transients
Survey. The subarcsecond localization of the burst led to the identification of its host galaxy at z =0.214(1). This
redshift is much lower than what would be expected for a source dispersion measure (DM) of 729 pc cm >, given
typical contributions from the intergalactic medium and the host galaxy. Optical observations reveal the host to be
a dwarf galaxy with little ongoing star formation—yvery different to the dwarf host galaxies of the known repeating
FRBs 20121102A and 20190520B. We find an excess DM contribution from the host and attribute it to the FRB’s
local environment. We do not find any radio emission from the FRB site or host galaxy. The low magnetized
environment and the lack of a persistent radio source indicate that the FRB source is older than those found in other
dwarf host galaxies, establishing the diversity of FRB sources in dwarf galaxy environments. We find our
observations to be fully consistent with the “hypernebula” model, where the FRB is powered by an accretion jet
from a hyperaccreting black hole. Finally, our high time resolution analysis reveals burst characteristics similar to
those seen in repeating FRBs. We encourage follow-up observations of FRB 20210117A to establish any repeating
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1. Introduction

Fast radio bursts (FRBs) are pulses of coherent radio emission
with nano- to millisecond durations and dispersion measures
(DMs) exceeding the maximum expected contribution from the
Milky Way along a given line of sight (Petroff et al. 2016). The
majority of the published sample of >600 FRBs are dominated by
nonrepeating events; only 4% of FRB sources are observed to
emit repeating bursts (Amiri et al. 2021). While the fundamental
relationship between repeating and nonrepeating FRBs is
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unknown, the growing sample reveals statistical differences in
the burst properties of the two speculative populations (Pleunis
et al. 2021). There are, however, no significant differences
between the galaxies hosting repeating and nonrepeating FRBs
(Bhandari et al. 2022). The localized sample of 22 FRBs mostly
come from the outskirts of their host galaxies, at redshifts ranging
from less than 0.001 to 1.016, and they have diverse host and
local environments (Tendulkar et al. 2017; Ravi et al. 2019;
Bhandari et al. 2020; Heintz et al. 2020; Marcote et al. 2020; Fong
et al. 2021; Bhandari et al. 2022; Kirsten et al. 2022; Niu et al.
2022; Ravi et al. 2022; Ryder et al. 2022).

The first repeating FRB 20121102A (Spitler et al. 2016) is
localized to a low-metallicity dwarf host galaxy with a high
specific star formation rate (SFR), at z=0.192 (Tendulkar
et al. 2017). The burst was found to be colocated with a
compact persistent radio source (PRS; <0.7pc in size),
suggesting that the FRB source is embedded in a radio nebula
(Chatterjee et al. 2017; Marcote et al. 2017). Also, the repeat
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bursts were observed to have an exceptionally high (~10°
rad m~?) and highly variable rotation measure (RM; Michilli
et al. 2018; Hilmarsson et al. 2021). The properties of the local
environment and host galaxy of FRB 20121102A led to a
concordant model for FRBs, in which bursts are produced by
young magnetars, which are themselves produced in super-
luminous supernovae (SLSNe) or long gamma-ray bursts
(LGRBs; Margalit & Metzger 2018). Alternatively, the PRS
can also be self-consistently explained by an accreting compact
object engine (Chen et al. 2022; Sridhar & Metzger 2022).

More recently, the repeating FRB 20190520B was discov-
ered using the FAST radio telescope. The observed DM of
1202 pc cm > would imply a redshift of z > 1 (Macquart et al.
2020). Surprisingly, however, the localization of the FRB and
optical observations revealed a dwarf host galaxy at z =0.241,
making this source the FRB with the highest host DM
contribution, of DM,y = 903ﬂ%, pc cm > (Niu et al. 2022).
This is unlikely to be due to the interstellar medium (ISM) of
the host galaxy, but rather more plausibly to be due to the local
environment of the source. This host DM is a factor of ~5
larger than what has been observed for FRB host galaxies
(James et al. 2022a), and a factor of a few beyond what has
been estimated for FRB 20121102A (Tendulkar et al. 2017).
Interestingly, similar to FRB 20121102A, FRB 20190520B is
colocated with a PRS (only the second ever to be found).
Furthermore, that these two FRBs are among the active
repeating sources and also linked with PRSs implies that they
may be characteristic of young and active FRB sources that are
surrounded by dense and magnetized plasma.

Alternatively, other FRBs have been found in massive and
moderately star-forming galaxies lacking a strong magnetic
environment and radio nebula. It is possible that such sources
are relatively older or live in less dense environments, leading
to an underluminous PRS (Margalit et al. 2019; Sridhar &
Metzger 2022). Also, a CHIME/FRB repeating source,
FRB 20200120E, was recently localized to a globular cluster
in the galaxy M81, revealing a very different local environment
for this source (Kirsten et al. 2022).

It is appealing to explain the wide variety of FRB
environments by means of a connected mechanism, which is
typically attributed to either the source age or the source
formation channel. In either case, knowledge of the environ-
ments surrounding a larger sample of FRBs is key to
understanding this potential connection. The presence or
absence of a PRS or radio emission from star formation, and
how it correlates with FRB properties—such as the repetition
rate, the DM due to the host galaxy, the RM, etc.—is therefore
critical.

In this paper, we present the discovery of the apparently
nonrepeating FRB 20210117A, with the Australian Square
Kilometre Array Pathfinder (ASKAP), and its localization to a
dwarf galaxy. Section 2 describes the discovery as well as the
properties of the host galaxy. Section 3 presents the high time
resolution analysis of the burst. Section 4 describes the follow-
up radio observations that were made to look for a PRS and
repeating bursts from the source of FRB 20210117A. Section 5
discusses the implications of our findings, and Section 6
provides a summary.

2. Discovery of FRB 20210117A

The burst was detected on 2021 January 17, UT
07:51:21.277, in the real-time CRAFT incoherent sum search
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observations, using 26 ASKAP dishes, at a center frequency of
1271.5MHz, spanning a bandwidth of 336 MHz. These
observations were simultaneously carried out with the Rapid
ASKAP Continuum Survey (RACS; McConnell et al. 2020)
observations. The burst, however, was not detected in a 10 s
commensal ASKAP snapshot, taken during an RACS pointing
of 15 minutes. In the CRAFT data, the burst had a maximum
signal-to-noise ratio (S/N) of 27.1 in the outer ASKAP beam,
02, and it was also detected in beams 01 and 07, with S/Ns of
16.3 and 4.7, respectively, with the closepack36 beam footprint
pattern (see Shannon et al. 2018). The burst has a fluence of
363% Jyms ™' and a structure-maximized DM of 729.1703%
pccm™ -, which was derived using the method described in
Sutinjo et al. (2023). The k-corrected isotropic equivalent
spectral energy of the burst is derived using

47 Dp(z)?
(1 + Z)2+a

where D, (z) is the luminosity distance, F, is the burst fluence,
and « is the spectral index (F ox v“; James et al. 2022b). We
use a default value of = —1.5 (Macquart et al. 2019), and
derive E, = 4.6 x 10*" erg Hz '. We note that any beaming of
the FRB can reduce this energy budget by a factor of AQ) /4,
where AQQ is the unknown beaming solid angle. Furthermore, if
beaming is invoked to reduce the energy of a burst, this implies
that such bursts are more numerous, as we only see a fraction of
them. The other measured and derived properties of
FRB 20210117A are listed in Table 1.

The detection in the real-time system triggered a download
of 3.1 s of voltages around the time of the FRB. Using the
standard CRAFT post-processing pipeline (Day et al. 2020),
we imaged both the FRB and the continuum sources visible in
the field. The FRB was detected with a significance of 50 o,
leading to a statistical positional precision of ~0”1 in R.A. and
decl. We used the method described in Day et al. (2021) to
estimate the systematic uncertainties, by identifying seven
compact sources greater than 70 in the 3 s field image and
comparing them to their counterparts in the RACS radio image.
We obtained an offset correction of 0/02 4+ 008 in R.A. and
0”01 40708 in decl. The final burst position is R.A.(J2000):
22"39™555015 and decl.(J2000): —16°09/05”45, with an
uncertainty of 0”13 x 0”12.

E, ey

v

2.1. Host Galaxy of FRB20210117A

On 2021 June 10/11, we used Keck/DEIMOS to image the
field in the r band. The data revealed a faint galaxy with r ~ 23,
coincident with the position of the burst. We performed a
probabilistic association of transient hosts (Aggarwal et al. 2021)
analysis, which yielded a posterior probability of P(O]x) = 0.9984
of this source being the host of FRB 20210117A.

On 2021 June 12 UT, additional imaging observations in the
g and [ bands were obtained using the FORS2 instrument
mounted on Unit Telescope 1 (UT1) of the European Southern
Observatory’s Very Large Telescope (ESO VLT). The images
were processed as described by Marnoch et al. (2020):
debiasing and flatfielding were carried out using ESOReflex"’
(Freudling et al. 2013); mosaicing was done with Montage21
(Berriman & Good 2017); and astrometric calibration was done

20 https: //www.eso.org/sci/software /esoreflex /
21 http: //montage.ipac.caltech.edu/
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Table 1

Measured and Derived Properties of FRB 20210117A and Its Host Galaxy

Measured Burst Properties
Arrival Time at 1271.5 MHz

2021-01-17-07:51:21.277

S/N 27.0
Structure-maximized DM (pc cm™) 729.1t8;§§’
DMgp NE2001 (pc cm ™) 34
DMsy YMW16 (pc cm ™) 23
DMcnsmiC(pC Cm73) ~184
DMhosl(pC Cmis) ~460

R.A. (J2000) 22h39m55.015(9)s
Decl. (J2000) —16°09105”745(12)
Fluence (Jy ms™ ") 36138

Peak] pulse width (ms)® 0.14 +0.01
Peak2 pulse width (ms)* 0.17 £ 0.02
Precursor component pulse width (ms)* 0.53 +£0.03
Scattering time (715 gu,) (MS) 0.33 +£0.02

RM (rad m 2 434 0.6

Spectral energy density (erg Hz ") 4.6 x 10°
PRS luminosity (Lg gi,) (W Hz ™) <1.5 x 10!
Host galaxy properties

R.A. (J2000) 22h39m55.07(2)s
Decl. (J2000) —16°0905"37(2)
Redshift 0.214(1)

g (AB mag) 23.60 £+ 0.02

r (AB mag) 22.97 +0.04

I (AB mag) 22.23 £0.05

J (AB mag) 22.69 £ 0.08
H (AB mag) 22.94 + 0.1

K (AB mag) 22.80 + 0.1
u—r (rest-frame) 1.0£0.1

M, (rest-frame) —17.23 £ 0.05
log(M /M) 8.56:10:0¢8

100 Myr SFR (M., yr™") 0014500
log(sSFR) (yr ") -10.4
Mass-weighted age (Gyr) 5061931
Projected offset from galaxy center (kpc) 28+04

Notes.
# The reported widths are 1o of the Gaussian.

using a local installation of Astrometry.net* (Lang et al. 2010),
incorporating the Gaia (Lindegren et al. 2018) catalog—this
resulted in a precision (calculated as the rms of the offsets of
the imaged stars from counterparts in Gaia Data Release 3) of
~0!07 for both bands. The g-band image was calibrated
photometrically against Data Release 2 of the DELVE catalog
(Drlica-Wagner et al. 2022), and the I-band image was
calibrated using the FORS2 Quality Control archive. The total
integration times and image qualities were 5000/900s and
0770/0"65 for g/I, respectively. Further imaging was acquired
on 2022 June 10 UT, with the HAWK-I instrument, on UT4 of
the ESO VLT, in the J, H, and Ks bands. ESOReflex was used
for the debiasing, flatfielding, and coaddition of the images,
while photometric calibration was performed against the Two
Micron All Sky Survey Point-Source Catalog (Skrutskie et al.
2006). The astrometric calibration was performed using the
same procedure, with FORS2. Each band was observed for a
total integration time of 750 s. See Table 1 for the photometric
details.

2 hitp: //astrometry.net/
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2.1.1. Host Galaxy Spectrum

Having identified the most likely host galaxy in these images
(Figure 1), follow-up spectroscopy using FORS2—with a 1”
slit, the GRIS300I grism, and the OG590 order sorting filter—
was obtained on 2021 September 6 UT. This yielded wave-
length coverage of 600—1100 nm at a resolution of 660. The
total on-source exposure time was 2600 s.

The spectrum was reduced with the Python Spectroscopic
Data Reduction Pipeline (PypeIt; Prochaska et al. 2020).
PypeIt performed flatfielding, bias subtraction, wavelength
calibration, and spectral extraction, using the standard default
parameters. The spectrum was then flux-calibrated using the
spectrophotometric standard star EG21, which was observed on
2021 September 2 UT. The two 1300s exposures were
combined via 1D coaddition and scaled to match the Keck/
DEIMOS r-band flux. Finally, the spectrum was telluric-
corrected, using the Paranal VIS 4900 atmospheric grid, and
corrected for extinction, using the Calzetti (2001) extinction
law. Detections of the He, [S1I] doublet and [O 11I] doublet
spectral lines confirmed the redshift of the host to be z =0.214
(1). No other spectral lines are apparent in the data.

2.1.2. Stellar Population Modeling

To determine the stellar population properties of the host
galaxy, the stellar population synthesis modeling code Pro-
spector (Johnson et al. 2021) was used. The observed
photometry and spectroscopy were jointly fit using the stellar
population synthesis library python-fsps (Conroy et al.
2009; Conroy & Gunn 2010). We assume a Kroupa (2001)
initial mass function and a Kriek & Conroy (2013) dust
attenuation curve. The additional assumed priors included a
ratio on the dust attenuation between old and young stars, a
mass—metallicity relationship (Gallazzi et al. 2005), and a
continuity nonparametric star formation history (Leja et al.
2019), using eight age bins. Several spectroscopic calibration
parameters were used, including a spectral smoothing para-
meter, a parameter to normalize the spectrum to the
photometry, a pixel outlier model to marginalize over poorly
modeled noise, and a jitter model to inflate the noise in all
spectroscopic pixels, to ensure a better fit between the model
and observed spectrum. A twelfth-order Chebyshev polynomial
was then used to fit the spectral continuum. Our assumed
model, as described above, was then sampled using the
dynamic nested sampling routine dynesty (Speagle 2020), to
produce the posterior distributions of the stellar population
parameters.

The resulting model reveals a dwarf galaxy with a stellar
mass of log(M, /M) = 8.5670:0¢ and a mass-weighted age of
5.06793} Gyr (Gordon et al. 2023), a metric that is less biased
by the youngest and brightest stars in the galaxy, compared to
traditional light-weighted ages (Conroy 2013). The host has a
low current SFR, with an average SFR over the past 100 Myr
of 0.014700% M. yr~'. These values and the other host
properties are reported in Table 1. We note that as
prospector is a Bayesian inference code, the uncertainties
on the stellar parameters correspond to the 68% confidence
intervals on the posteriors, given all the priors for the assumed
model.
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Figure 1. Left: I-band VLT/FORS2 image of the host galaxy of FRB 20210117A, overplotted with the position of the burst. The white circle represents the total
uncertainty (1) in the FRB position. Right: VLT/FORS2 spectrum of the FRB 20210117A host galaxy, which is used to estimate the redshift of the host as

z=0.214.

2.2. Excess Host DM

The observed DM of the FRB can be divided into
contributions from various components, as
DMps = DMpw, 1sm + DMmw hato + DMEG
DM
DMEG = DMcosmic + ¢ (2)
14z

Here, DMyw 1sm and DMyw haio are the contributions due to
the Milky Way’s ISM and halo. These are estimated to be
34pcem > and 23pcem > from the Galactic models of
NE2001 (Cordes & Lazio 2002) and YMW16 (Yao et al.
2017), respectively, and DMpmwnao 1S assumed to be
50 pc cm > (Prochaska & Zheng 2019). DMgg refers to the
extragalactic DM that is composed of the contributions due to
the intergalactic medium (IGM)/foreground halos along the
FRB sightline (DM osmic) and the host galaxy of the FRB
(DMpos0)- DMcosmic 1 estimated to be 183 pc cm > using the
Macquart (DM-z) relation (Macquart et al. 2020). After
subtracting the respective contributions of the Milky Way
(using NE2001) and IGM from the observed DM of the FRB,
we find DMy, to be ~460 pc cm >, which is greater than what
has been observed for ASKAP-localized FRBs (a median of
DMpost = 186:513 pc cm >; James et al. 2022a). A much lower
value is possible if the sightline exhibits a higher DM osmic
value than is typical; see Simha et al. (2023) for such a test
hypothesis. When we include the variation in DM_qgmic from
Macquart et al. (2020), with a feedback parameter F = 0.32, in
Equation (2), we produce a distribution for DMy, Scaling this
to the host galaxy rest frame by 1 +z, as per Ryder et al.
(2022), produces Figure 2, where the rest-frame DM is
compared to those of other FRBs with large DMy
contributions. Using this method, we estimate the median
rest-frame DM, for FRB 20210117 to be 595733 pccm .
James et al. (2022b) demonstrated that it is critical to
consider observational biases in a survey, because they can
result in an inversion of the Macquart relationship, after a
certain DM value. Using their P(DMgg,z) grid for the CRAFT/
incoherent sum (ICS) survey, we calculate the probability

0.014 1 —— FRB 20210117A
------- FRB 20220610A
0.0121 ---- FRB 201905208
0.010. —-— Fit to population
5 i
£0.008 /"
= Iy
a i
S 0.006 .
i
0.004 4. P
| i
0.002 { Do
1
0.000 F———=rmi i e : -

0 250 500 750 1000 1250 1500 1750 2000
Rest frame DMpost [pccm™3]

Figure 2. Probability density functions P(DMy,) for the host galaxy DM

contribution, scaled by 1 + z to the host galaxy’s rest frame. Values are shown

for three localized FRBs—blue solid line: FRB 20210117; green dashed line:

FRB 20190520B (Niu et al. 2022); and orange dotted line: FRB 20220610A

(Ryder et al. 2022)—as well as the log-normal fit to the FRB population, based
on ASKAP and Parkes (Murriyang) data (James et al. 2022b).

distribution function (PDF), P(DMgg|z), given the redshift of
FRB 20210117A. The PDF is presented in Figure 3, reaching
its maximum at an extragalactic DM of 182 pc cm_3, witha lo
confidence interval spanning 176-496 pc cm ™ >. We also show
the PDF of the DM due to the IGM and the extragalactic DM,
both of which are free of any instrumental biases.

The host DM contribution can be probed by optical studies.
We use the Ha flux measurement from the spectrum of the host
to constrain the host DM. We measure Fy,=1.7 X
107 ergem ?s™! and use it to derive the Ha luminosity of
Lo =2.3 x 10% erg s ~'. Dwarfs of the Magellanic type range
in size from 1 to 5 kpc (Kaisin et al. 2012). For simplicity, we
assume the size of the dwarf host galaxy to be 3 kpc, as we are
unable to fit a Sérsic profile, due to galaxy’s unresolved nature.
Third, the Ha luminosity is proportional to f n2 dV, because it
is a tracer of ionized hydrogen, implying that the free electron
density is proportional to the square root of the total Ho
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Figure 3. PDF, P(DMgg|<z), for the extragalactic contribution to the DM, given
the redshift of the FRB host galaxy. The ASKAP ICS survey yields the blue
curve, after accounting for the various survey biases (the peak is shown by the
vertical dashed line). The green curve represents the PDF of the DM due to the
IGM only (i.e., without the host galaxy), while the orange curve represents the
extragalactic DM free of instrumental biases.

luminosity emitted by the host galaxy, n. & /Lg./V Xu &
Han 2015), where V is the volume of a sphere. We note that
this assumes that the volumes of galaxies like the Milky Way
and dwarfs are uniformly ionized. According to the statistics
for Milky Way—type galaxies (James et al. 2004), the total Ly,
from the Milky Way is ~10° erg s~' and the size of the Milky
Way is 30 kpc. Finally, using the above relation, we obtain

Ne host x LHo,,hnst/Vhost
9
e MW Luamw/ Vvw

DMyt _ Pehost lhost
DMyw  Remw Ivaw
172 3/2
L X
DMhost . DMMW( Ha,host ) (RMW) ( lhost ) (3)
Ho, MW Riost hvw

Here, o5 and lyw are the path lengths along the host and the
Milky Way, which are assumed to be twice the effective radius
of the galaxy. Using the DMyw contribution from NE2001, we
estimate DMy, to be ~60 pc cm . We are unable to estimate
the host’s inclination angle, because the galaxy is barely
resolved in our observations. Nevertheless, we note that in a
simulation to model the DM due to dwarf galaxies, Xu & Han
(2015) found the DM to be 11-12 pc cm73, 22-24 pc cm*3,
and about 100 pccm > for inclination angles of 0°, 60°, and
90° respectively. Thus, we conclude that the host ISM alone
cannot dominate the excess DM observed along the FRB
sightline, and that the excess DM must come from the local
environment of FRB 20210117A.

3. High Time Resolution Studies

Using the CRAFT voltage data, we performed a high time
resolution analysis of the FRB. The data were beam-formed
(coherently summed) at the position of the burst, using the
delay, bandpass, and phase solutions derived from the
calibrator source PKS 0407—658. The 336 ASKAP channels
of 1 MHz bandwidth containing the FRB signal were then
coherently dedispersed at the FRB’s structure-maximized DM,

Bhandari et al.

and passed through a synthesis filter to reconstruct a single 336
MHz channel with ~3 ns time resolution. Cho et al. (2020)
provide a detailed description of the high time resolution
construction process.

Next, we characterize the spectral modulation in the burst,
which could be intrinsic to the burst emission or caused by
propagation effects. The autocorrelation function (ACF) of the
main component of the burst spectra S(Av) with a frequency
resolution of 1 MHz is calculated as follows:

A(Sv) = %Z ASW)AS(v + bv), )

v

where AS(v) = S(v) — S, § is the mean spectral power and N
is the number of frequency bins (Salpeter 1966). The ACF was
then normalized by its maximum and fitted with a one-
component Gaussian function from the Imfit python
package. The central peak FWHM is 103 4+ 4 MHz, which is
the characteristic frequency scale seen on the spectrum of the
burst’s main component. The fitted Gaussian function is then
subtracted from the ACF, and the residuals are fitted with a
Lorentzian function of the following form:

s\
fév) = C(l + Lz) , (5)
6Vd

where C is a constant and 61 is the scintillation bandwidth (see
Figure 4). We estimate dvq ~ 6 MHz, which is consistent with
the expectations for diffractive scintillation from the Milky
Way along the burst’s line of sight, using the NE2001 model
(~3MHz at 1 GHz).

We fit the frequency-averaged pulse profile with scatter-
broadened Gaussian pulse models, using the nested sampling
presented in Qiu et al. (2020) and Cho et al. (2020). This allows
the fitting of multiple pulse components within the spectrum, as
demonstrated in Day et al. (2020).

We model the burst using a three-component scattered pulse
with a precursor component (see Figure 5). The fitting of the
averaged pulse profile gives a scattering time of
7= 0.33£0.02 ms at the center frequency of 1271 MHz,
assuming 7o v Y. We note that the scattering fit was
performed on the dynamic spectrum dedispersed at the
structure-maximized DM. We also estimate the scattering time
as a function of different DM trials between 728.6 and 729.4
pcem , finding a gradient of —76 us per pccm >. We note
that the scattering timescale is not consistent with the Milky
Way estimate (0.06 us at 1 GHz) from the NE2001 model.
Peak 1 and peak 2 have widths of 0.14 +0.01 ms and
0.17 + 0.02 ms, respectively. The two peaks of the main pulse
are separated by 0.60 ms. The precursor emission peak occurs
~1.5ms before the main peak, with a pulse width of
0.53 £0.03 ms.

3.1. Polarimetry

The FRB data were polarization-calibrated using an
observation of the Vela pulsar (PSR J0835—4510), which
was observed 3.4 hr after the detection of the FRB. This
ASKAP observation was compared to a Parkes radio telescope
observation of the Vela pulsar with an accurate polarization
calibration in order to determine ASKAP’s instrumental
leakage parameters (differential gain and phase between the
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Figure 5. Pulse morphology model plot over a 125 ps time series. The best-fit
model comprises a scattered three-component pulse profile.
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Figure 6. Faraday-corrected profiles of FRB20210117A. Top: polarization PA
at a time resolution of 96 us. Bottom: Stokes profiles at a time resolution
of 48 ps.

two linearly polarized receptors), which were then applied to
the burst data set. See Day et al. (2021) for additional details.

We used the RMFIT program in PSRCHIVE to calculate the
RM of FRB 20210117A, finding the burst RM to be 43 4+ 0.6
rad m 2. The frequency-integrated burst profiles (corrected for
Faraday rotation) and the dynamic spectra are presented for all
four Stokes parameters, in Figures 6 and 7, respectively. We
see a hint of downward drifting structure in the dynamic
spectrum, which has now been established as a distinguishing
feature of repeating FRBs (Pleunis et al. 2021). Next, we use
the method described in Section 2.4.1 of Day et al. (2020) to
calculate the polarization position angle (PA) ¥ and the
associated uncertainty oy, which was estimated using the
Faraday-corrected Stokes profiles 7, O, and U. The uncertainties
o1, 0g, and o were estimated by taking the standard deviations
of the off-burst Stokes 7, Q, and U data. The PA and associated
error are shown in the top panel of Figure 6.

We also calculate polarization fractions for the
FRB 20210117A time window of 3.6 ms, using the calibrated
Stokes parameters. The total debiased linear polarization and
the total polarization are given by:

L 2
Ldefbias =1 (—) -1 lf - > 157 (6)

o1

0 otherwise.

P = \/Ldze—bias + Vz' (7)

Here, Lpess = 0%+ U?. We obtain  Lge_pias/I = 0.90,
V/I=—0.03, and P/I=0.90.
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4. Follow-up Radio Observations
4.1. Search for a PRS

We observed the FRB field with the Karl G. Jansky Very
Large Array (VLA), under the project code VLA /20B-103, on
2021 February 20. The source was observed for 52 minutes in
the 4-8 GHz frequency band centered at 6 GHz. We also
conducted a second epoch of follow-up observations with the
Australia Compact Array Telescope, on 2021 September 10,
for ~3 hr, centered at 5.5 GHz and 7.5 GHz. We found no radio
emission from anywhere in the host galaxy and no compact
PRS at the position of the burst. Our 3¢ luminosity limits were
1.5x 10" WHz ' at 6GHz and 4.0 x 10 WHz ' at
6.5 GHz for both epochs, respectively. These limits are lower
than the luminosity of the FRB 20121102A PRS (see Table 2),
indicating that FRB 20210117A may be an older source or in a
less dense environment.

4.2. Search for Repeating Bursts

We conducted follow-up observations of FRB 20210117A
using the ultra-wideband low (UWL) receiver at the 64 m
Parkes radio telescope (also known as Murriyang). The
observations were centered at 2368 MHz, with the bandwidth
spanning 0.7 to 4 GHz. The FRB source was observed for a
total of 9.2 hr during January and October 2021. We searched
the Parkes data for repeat bursts and single pulses, using the
Heimdall (Barsdell 2012) and Fetch (Agarwal et al. 2020)
software packages, for a DM range of 100-1100pccm 2,
utilizing a tiered subband strategy, as described in Kumar et al.
(2021). No significant single-pulse candidates of astrophysical
origin were identified in these observations above an S/N of 8.
We could constrain the detectable fluence of the repeat bursts to
<0.15 Jyms ' in these UWL observations, assuming a
broadband pulse (3.3 GHz bandwidth) with a nominal width
of 1ms. If the repeat bursts were narrowband (64 MHz
bandwidth), then our search pipeline was sensitive up to
~1Jyms~"'. Furthermore, the source was followed up by
ASKAP from September 2021 to January 2022, for a duration
of 125.53 hr, with the band center frequency ranging from
920.5 to 1632.5 MHz. No significant candidates for repeat
bursts were found in these ASKAP observations exceeding a
threshold S/N of 10. The ASKAP detection system in the
incoherent sum mode is sensitive to a fluence of 3.7 Jyms ™',
for a nominal pulse width of 1 ms, using the entire array of 36
antennas. For most of the follow-up observations, though,
smaller subarrays were used, consisting of 23-26 antennas.
Assuming a Poissonian rate distribution, we set a 95% upper
limit on the burst repetition rate, of ~2.4 X 1072 hr~!, for the
ASKAP observations. We note here that in some repeating
FRB sources, the burst rate has been found to show significant
variations with time as well as frequency (Cruces et al. 2021;
Dai et al. 2022; Xu et al. 2022), so this upper limit is just a
rough estimate for repetition.

5. Discussion
5.1. Comparison with FRB Host Population

FRB 20210117A is the only published burst to be discovered
in a dwarf galaxy where its repeating nature has yet to be
established. We compare this source with the published
sample of FRB hosts, particularly FRB20121102A and
FRB 20190520B, which are known to originate in dwarf
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Figure 7. Faraday-corrected Stokes dynamic spectra of FRB20210117A at a
time resolution of 96 us and a frequency resolution of 2 MHz.

galaxies. Despite the large excess host DM, the local
environment of FRB20210117A differs from those of
FRB 20121102A and FRB 20190520B, due to the lack of a
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Table 2
Observed Properties of FRB 20210117A, along with Those of Two Active Repeating FRBs Localized to Dwarf Galaxies

FRB z Repeat Rate RM PRS Luminosity Host DM Scattering (71 guy) Pulse Morphology
(hr ™Y (rad m~?) (WHz™ (pc cm ™) (ms)

20121102A 0.192 122 10° 1.4 x 10% <324 0.02 Repeater-like

20190520B 0.241 4549 10* —10* 2 x 107 903172, 24.4 Repeater-like

20210117A 0.214 <24 %1072 43 <5.3 x 10! ~460 0.86 Repeater-like

Note. The burst rate for 20121102A is the peak rate at 1.25 GHz above a fluence of 0.0015 Jy ms™

L and R =, i, (>9.3 mJy ms™") for 20190520B. We quote the

radio luminosities for the PRS at 5 GHz. The properties of FRB 20121102A are taken from Chatterjee et al. (2017), Marcote et al. (2017), Tendulkar et al. (2017),
Michilli et al. (2018), Hessels et al. (2019), and Li et al. (2021), while those for FRB 20190520B are taken from Anna-Thomas et al. (2022), Dai et al. (2022), and Niu

et al. (2022).

PRS and a low RM, which is suggestive of low magnetic fields
or an older system (see Table 2).

We note that FRB 20210117A has the second highest excess
DM in the sample of ASKAP-localized bursts, after
FRB 20220610A. Simha et al. (2023) have also studied the
matter density distribution along the FRB sightline, discovering
no foreground galaxies or halos to explain the excess DM.
Their study leveraged the spectroscopic redshifts of field
galaxies from the FLIMFLAM survey (see Lee et al. 2022) to
model the foreground gas distribution from intervening galactic
halos, and they also searched for possible galaxy groups whose
intergroup medium might contribute to the DM. The resulting
empirical model of foreground plasma indicates a very small
contribution (<10 pccm ) to the DM, and thus also indicates
a high host galaxy or progenitor environment value.

We also search for any possible relationships between the
scattering and the excess DM for a sample of FRBs, including
FRB 20220610A (71 g, = 0.89 ms; Ryder et al. 2022) and
those presented in Table 2. Except for FRB 20121102A, the
scattering timescales for the FRBs in this sample exceed the
expectations from the ISM in our galaxy, implying that the
scattering originates far beyond the Milky Way, possibly in the
FRB host galaxies. We also do not find any correlations
between the scattering timescale and the excess host DM
estimates.

In Figure 8, we compare the stellar mass and SFR of the host
of FRB 20210117A with those of the FRB host population, and
discover that the host has a very low SFR compared to the
population. It is evident that: (1) there is little ongoing star
formation and there were no bursts of star formation in the past;
and (2) the host DM constraints from the Ha measurements
rule out excess DM contribution from the host, implying that
the majority of the observed excess DM must come from the
immediate surroundings of the FRB source. In the same figure,
we also compare the stellar masses and SFRs with the hosts of
other transients, such as core-collapse supernovae (CCSNe;
Schulze et al. 2020), SLSNe (Taggart & Perley 2021), and
LGRBs and short GRBs (SGRBs; Taggart & Perley 2021;
Nugent et al. 2022). Unlike the dwarf hosts of repeating FRBs,
the properties of the FRB 20210117A host do not match those
of the SLSNe and LGRB hosts. Furthermore, unlike the hosts
of other ASKAP-localized FRBs, the host of FRB 20210117A
does not share the same space as the majority of the SGRB
hosts. However, it is broadly consistent with the CCSNe hosts.

5.2. Potential Progenitor Channel

The large DMy, of FRB 20210117A strongly hints at the
existence of a compact nebula surrounding the FRB engine.

3 . .
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Figure 8. Stellar masses and SFR distributions for FRB hosts compared to the
hosts of other transients. The FRB dwarf host galaxies are shown in magenta,
while the other FRB hosts are shown in green. The hosts of CCSNe (yellow
circles), SLSNe (blue squares), SGRBs (cyan diamonds), and LGRBs (red
stars) are overplotted. The dashed line separates star-forming from quiescent
galaxies. The data for the transients are taken from Schulze et al. (2020),
Taggart & Perley (2021), and Nugent et al. (2022).

Such sources could be powered, for instance, by young pulsars
in SN remnants (Connor & Sievers 2016; Piro 2016) or by the
interactions of strong winds from a young magnetar with the
surrounding medium, forming a pulsar wind nebula (Dai et al.
2017; Margalit & Metzger 2018). A recently proposed scenario,
whereby the FRB source is embedded within the powerful
baryon-rich outflows from a hyperaccreting black hole (“hyper-
nebula”; Sridhar & Metzger 2022; Sridhar et al. 2022), could
explain the various properties of FRB 20210117A, including its
large DMy, We further investigate this model in the light of
our observations.

The derived isotropic equivalent luminosity of the burst seen
from FRB20210117A is Lpgg = 1367555 x 108 ergs'.
This requires a minimum accretion rate of m =
M /Mggq > 10°, for the FRB to be accretion jet—powered
(Sridhar et al. 2021), where Mgqq is the Eddington mass
transfer rate for an accreting 10M. black hole. Such an
accretion jet—powered scenario could give rise to repeating—
and potentially even periodically active—FRBs, where the
periodicity may be associated with the Lense—Thirring
precession timescale of the accretion disk/jet passing along
the observer’s line of sight. In this scenario, the apparent
nonrepetition from FRB20210117A could imply a small
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Figure 9. Radio synchrotron emission from an accretion-powered hypernebula surrounding the FRB source. Left: light curves of the expanding hypernebula in
different bands (color-coded). The vertical dashed and dotted gray lines denote the active duration of the central accreting engine #,.qve and the free expansion
timescale of the hypernebula (Equation (9)), respectively (see Section 5.2 for more details of the system’s parameters). Right: spectral energy distribution at the epoch

tage

activity duty cycle (Katz 2021; Sridhar et al. 2021):
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where f, = 2w (1 — cos(Af))/4m ~ 0.01 is the FRB beaming
factor, 0y is the angle of the axis of jet precession, and Af is the
opening angle of the jet.

As they expand, the quasi-spherical disk winds drive a
forward shock into the circumstellar medium, with a typical
density of, say, n~ 10cm . On the other hand, the faster jet
interacts with the slower disk winds via a termination shock.
Following Sridhar & Metzger (2022), we calculate the
observable properties of the hypernebula due to these
interactions for the following physical parameters: the velocity
of the slower disk wind vy, = 0.01 ¢; the velocity of the fast
wind/jet v; = 0.1 ¢; the jet magnetization parameter (the ratio of
the magnetic energy density to the plasma rest-mass energy
density) o;=0.1; the ratio of the wind luminosity to the jet
luminosity 1= 0.1; the fraction of the shock power that goes
into heating the electrons €. =0.5; the mass of the accreting
black hole M. = 10M_,; and the mass of the companion accretor
star M, =30M. The free expansion timescale of the out-
flowing winds (before they start to decelerate) is

Vw

1/2 —-25
) (0.0l c) .

Above, we adopt the shorthand notation, Y,=Y/10%, for
quantities in cgs units.

During the free expansion phase, the ionized wind shell
contributes to a DM through it, as given by Sridhar & Metzger

(2022):
_2 -1
V)

The model prediction of DMy, ~470 pc cm > is consistent
with the observed DMyo ~ 460 pc cm  for our chosen set of
parameters. For the same set of parameters, the left panel of
Figure 9 shows the model light curves in different bands
(0.1-10 GHz). Also indicated there are the active duration of

Ly 42

©)

tiee =~ 1.3 x 103 yr(
m

Vw
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tage
160 yr

~ 3 _m
DMy, ~ 470 pc cm (W)(

160 yr. The downward-facing black triangles are the upper limits of the PRS associated with FRB 20210117A.

the engine, fyciive =~ M, /M ~ 150 yr, and fge.. The right panel
of Figure 9 shows the model spectrum of the radio synchrotron
emission from the shock-heated electrons, calculated when the
age of the hypernebula is 7,,. ~ 160 yr (expansion timescale)—
corresponding to the time when the model DMy, tentatively
matches the observed DMy, We note here that the model
spectrum calculated at this time of expansion is also in
agreement with the upper limits on the observed persistent
radio emission from FRB 20210117A.

The absolute maximum RM through the nebula at the time
fage ~ 160 yr is [RM|pax = 2 X 107 rad m 2 (Equation (50) of
Sridhar & Metzger 2022). The observed RM of ~40 rad m ™2 is
thus consistent within this model, which could mean that the
FRB was observed during a phase of RM sign reversal, as has
been seen from other FRBs (Anna-Thomas et al. 2022; Dai
et al. 2022; Mckinven et al. 2022). Such RM swings could be
due to fluctuating orientations of the local magnetic field lines
in the turbulent eddies downstream of the termination shock, as
would be expected from accreting BH outflows (e.g., Equation
(51) of Sridhar & Metzger 2022; see also Yang et al. 2022).
Future long-term, short-cadence observations will reveal the
trend of [RM|,a.x and allow us to better constrain the model
parameters, to consistently explain the observed RM(t) as well
as the spectra.

6. Summary

We have presented the discovery and subarcsecond
localization of the apparently one-off FRB 20210117A, which
originates in a dwarf galaxy at z=0.214. The dwarf host
galaxy has a little ongoing star formation, as compared to the
known dwarf hosts of repeating FRBs. FRB 20210117A is
among the sample of FRBs with an excess host DM
contribution (DMj,os ~ 460 pc cm>), where the excess DM
is more likely to come from the burst’s local environment. The
burst is highly (90%) linearly polarized and it has a low RM
(43 rad m~?) and a flat polarization PA. A high time resolution
analysis of FRB 20210117A and its dynamic spectrum reveals
that the burst has three components and a hint of frequency
drifting. While none of these characteristics are inconsistent
with a nonrepeating origin, flat polarization PAs and frequency



THE ASTROPHYSICAL JOURNAL, 948:67 (11pp), 2023 May 1

drifting in particular are more commonly found in repeating
sources. However, subsequent observations have not detected
any repeat bursts. Moreover, we find no radio emission (either
a PRS or from star formation) in our follow-up observations.
Thus, the local environment of FRB 20210117A is very
different to those of the repeating FRBs 20121102A and
20190520B with dwarf host galaxies. Finally, we find that the
accretion jet—powered hypernebula model for FRB 20210117A
matches with our observations.

We encourage follow-up observations to search for repeating
pulses. The discovery of a repeating burst from
FRB 20210117A would contradict the observed correlation
between FRBs originating in dwarf galaxies and their
association with a PRS.
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