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Abstract

We present high-resolution 1.5–6GHz Karl G. Jansky Very Large Array and Hubble Space Telescope (HST) optical and
infrared observations of the extremely active repeating fast radio burst (FRB) FRB 20201124A and its barred spiral host
galaxy. We constrain the location and morphology of star formation in the host and search for a persistent radio source
(PRS) coincident with FRB 20201124A. We resolve the morphology of the radio emission across all frequency bands
and measure a star formation rate (SFR)≈ 8.9Me yr−1, approximately ≈2.5–6 times larger than optically inferred SFRs,
demonstrating dust-obscured star formation throughout the host. Compared to a sample of all known FRB hosts with
radio emission, the host of FRB 20201124A has the most significantly obscured star formation. While HST observations
show the FRB to be offset from the bar or spiral arms, the radio emission extends to the FRB location. We propose that
the FRB progenitor could have formed in situ (e.g., a magnetar born from a massive star explosion). It is still plausible,
although less likely, that the progenitor of FRB 20201124A migrated from the central bar of the host. We further place a
limit on the luminosity of a putative PRS at the FRB position of L6.0GHz  1.8×1027 erg s−1 Hz−1, among the deepest
PRS luminosity limits to date. However, this limit is still broadly consistent with both magnetar nebulae and hypernebulae
models assuming a constant energy injection rate of the magnetar and an age of 105 yr in each model, respectively.

Unified Astronomy Thesaurus concepts: Magnetars (992); Star formation (1569); Radio transient sources (2008)

1. Introduction

Fast radio bursts (FRBs) are dispersed, millisecond
duration bright radio pulses, located primarily at

cosmological distances (Lorimer et al. 2007; Cordes &
Chatterjee 2019; Petroff et al. 2022; Zhang 2023). Among the
hundreds of FRBs that have been identified (CHIME/FRB
Collaboration et al. 2021), the vast majority are observed as
apparent one-off events (so-called “non-repeaters,” Shannon
et al. 2018; CHIME/FRB Collaboration et al. 2021), while
only a handful exhibit repeat bursts, known as “repeaters”
(Spitler et al. 2016). With only a small number of precisely
localized events and an apparent dichotomy between
repeating and nonrepeating events, the physical origin(s) of
FRBs remain an enigma.
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A number of FRB progenitor models exist, with the bulk of
models connected with young and rapidly spinning neutron
stars with extremely strong magnetic fields (“magnetars,”
Margalit et al. 2019; Gourdji et al. 2020). This connection was
strengthened by the detection of an FRB-like event
(FRB 20200428A) from the Galactic magnetar SGR 1935
+2154 (Bochenek et al. 2020; CHIME/FRB Collaboration
et al. 2020). However, existing progenitor models
are challenged by the emerging diversity of FRB host
environments. While the majority of hosts are star-forming
(Chatterjee et al. 2017; Niu et al. 2022; Bhandari et al. 2023a;
Gordon et al. 2023), a subset are quiescent and massive
galaxies (Li & Zhang 2020; Gordon et al. 2023; Sharma et al.
2023). Characterizing the immediate environments of FRBs
has led to the discovery of the repeating FRB 20200120E
coincident with an old globular cluster in the nearby M81
(Bhardwaj et al. 2021a; Kirsten et al. 2022), whereas several
repeating and nonrepeating FRBs were found coincident with
the spiral arms of their host galaxies (Mannings et al. 2021;
Tendulkar et al. 2021). Moreover, while compact, persistent
radio sources (PRSs) were discovered coincident with two
repeating FRBs located in low-mass dwarf galaxies (Chatterjee
et al. 2017; Niu et al. 2022), no additional PRS have been
discovered to date despite a number of efforts (Law et al.
2022, 2023). The observed heterogeneity among FRB hosts
and their local environments suggests that FRB sources may be
produced via multiple progenitor systems or formation
channels.

While the population of known hosts has grown to ∼2 dozen
events, only a few have been localized to milliarcsecond
precision, paving the way for detailed studies of their parsec-
scale environments. The repeating FRB 20201124A is one such
event, and was first reported by the Canadian Hydrogen
Intensity Mapping Experiment FRB collaboration (CHIME/
FRB; CHIME/FRB Collaboration et al. 2021) on 2020
November 24 UTC 08:50:41. Following its initial discovery,
the FRB has been observed to exhibit periods of heightened
activity with hundreds of bursts recorded over several months
(Lanman et al. 2022; Xu et al. 2022). An interferometric
subarcsecond location for the source was first determined by
Day et al. (2021) using the Australian Square Kilometre Array
Pathfinder (ASKAP) and subsequently improved to milliarcse-
cond precision with the European Very Large Baseline
Interferometry (VLBI) Network (EVN; Marcote et al. 2021;
Nimmo et al. 2022). Thus far, over 2500 distinct bursts have
been reported by numerous radio facilities, including the
Upgraded Giant Metrewave Radio Telescope (uGMRT;
Wharton et al. 2021), the Five-hundred-meter Aperture
Spherical radio Telescope (FAST; Xu et al. 2022; Zhou et al.
2022), and the Karl G. Jansky Very Large Array (VLA; Law
et al. 2021), establishing FRB 20201124A as one of the most
prolific repeating FRBs to date (Kirsten et al. 2023).

FRB 20201124A was pinpointed to its host galaxy at
z= 0.0979, and follow-up observational efforts have uncov-
ered faint and extended radio emission centered on the host and
interpreted as star formation (Fong et al. 2021; Ricci et al.
2021; Ravi et al. 2022; Xu et al. 2022). In contrast, deep
observations at 22 GHz showed extended radio emission offset
from the host center and colocated with the FRB site,
suggesting that the FRB progenitor formed in situ in a star-
forming region (Piro et al. 2021). This is also supported by the
detection of resolved radio emission at the VLBI scale with the

EVN (Marcote et al. 2021; Nimmo et al. 2022). However,
ground-based optical observations of the host galaxy show that
FRB 20201124A is offset from any region of apparent star
formation (i.e., spiral arms and bar; Xu et al. 2022) challenging
the notion of in situ progenitor formation.
One way to reconcile this discrepancy is by obtaining

high-resolution imaging of the FRB host to map its true
morphology and searching for signs of obscured star formation.
Here, we present multiwavelength follow-up observations of
FRB 20201124A. We report a compilation of VLA, Hubble
Space Telescope (HST), and Keck observations of the host
galaxy of FRB 20201124A in Section 2. In Section 3, we present
an analysis of the location and morphology of star formation in
the host and constrain the amount of dust obscuration within the
host environment. We also place constraints on the luminosity of
a putative PRS coincident with FRB 20201124A. In Section 4,
we discuss implications for the FRB progenitor, the level of
observed dust obscuration, and the nature of the putative PRS in
the context of current progenitor models. We summarize our
results and conclude in Section 5. Throughout the paper, we
adopt the Planck cosmological parameters (Planck Collaboration
et al. 2020) where H0= 67.66 km s−1Mpc−1, Ωm= 0.310, and
Ωλ= 0.690.

2. Observations

2.1. Radio Observations

We obtained observations of the field of FRB 20201124A
with the VLA under program 22A-213 (PI: W. Fong) in
A-configuration with a maximum baseline length of 36 km.
The field was observed for a total of ∼3.5 hr between 2022
March 6 and March 7 UTC in three frequency bands centered
at 1.5 (L band), 3.0 (S band), and 6.0 GHz (C band). We
utilized the 3-bit samplers, which provide the full 4 GHz of
bandwidth across the observing band at high frequencies
(4–8 GHz) and the 8-bit samplers with 1 and 2 GHz bandwidth
in the lower frequency bands. Due to radio frequency
interference (RFI) and the excision of edge channels, the
effective bandwidths are 0.8, 1.6, and 3.6 GHz, in L, S, and C
bands, respectively. We performed bandpass and flux density
calibration using 3C147 and complex gain calibration using
J0510+1800.
The data were processed using the standard VLA calibration

pipeline (version 2022.2.0.64) as part of the Common
Astronomy Software Applications (CASA; McMullin et al.
2007; CASA Team et al. 2022) software package. During our
data reduction process, we encountered two main issues: gain
compression caused by strong RFI signals, and a problematic
gain calibration source. The second issue was caused by the
intra-day variable nature of our complex gain calibrator, which
is a very compact blazar source. This leads to both a
complicated frequency spectrum that is poorly described by a
low-order polynomial, and potential temporal variability during
our observation (although based on historic data, we do not
expect the source to vary by more than 5% on timescales of a
couple of hours; Koay et al. 2011). We estimate that these
issues could collectively contribute a systematic error in the
flux density scale at up to a 30% level. To mitigate both issues
as much as possible, we reran the VLA pipeline after enabling
gain compression correction and revising the gain calibrator
polynomial fit order to 4.
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We imaged the field with CASA’s tclean task out to the
first null of the primary beam (PB) in each band. We used a
pixel scale of 0 26, 0 13, and 0 066 pixel−1 at 1.5, 3, and
6 GHz, respectively. We performed deconvolution using
widefield gridders, a natural visibility weighting scheme,
and multiterm multifrequency synthesis (MTMFS; Rau &
Cornwell 2011) with two Taylor terms. We also imaged the
data using a robust weighting scheme, which obtains ∼40%
higher angular resolution at the cost of ∼30% higher noise; the
higher angular resolution robust images are used predominantly
to search for compact continuum emission at the site of the
FRB (Section 3.4). We performed a wideband PB correction
using widebandpbcor to account for the falling sensitivity
away from the phase center. The image is divided by the PB
correction map using two Taylor terms and a minimum gain
level of 0.01. To measure the level of any flux offset due to the
problematic gain calibrator, we determined the flux densities of
nearby point sources in the field at 3 GHz and compared them
with archival values from the Very Large Array Sky Survey
(VLASS; Lacy et al. 2020). We find that our measured flux
densities are of order ∼10% higher than the archival values—
the limited signal-to-noise ratio (S/N) of the archival VLASS
observations precluding a more precise estimate. Thus, we
conclude that, despite our efforts to correct for the effects of our
imperfect gain calibrator source, the flux scale of our images of
FRB 20201124A are likely slightly high. As a result, we treat
the measured fluxes with caution when comparing them to
archival observations (Section 3.1).

We also obtained and reimaged the VLA observations of
FRB 20201124A at 22 GHz (Program SG9112; PI: L. Piro),
originally presented in Piro et al. (2021). In their work, the
22 GHz data yield a detection that exhibits an extended
morphology possibly colocated with the FRB position (Piro
et al. 2021) and hence is useful as a comparison to our high-
resolution data in this work. For these observations, we used
standard gridders, 9000× 9000 pixels, and a pixel scale of
0 19 pixel−1 while keeping all other parameters the same. To
ensure there are no large astrometric offsets across observa-
tions, we checked both the calibrator position precision and a
field source in the 22 GHz image. We find that the uncertainty
is at most 0 18, i.e., of the order of the pixel scale, thereby
confirming that the astrometric offset is small.

For all three bands, we employed phase-only self-calibration
to recover lost flux that is otherwise decorrelated due to
atmospheric fluctuations, and to further improve the dynamic
range. We average over all spectral windows, scans, and
polarizations to obtain the most robust solutions at each
frequency band, and use a minimum S/N threshold of 8. From
the self-calibrated images, we extracted the flux density of the
source using the BLOBCAT package (Hales et al. 2012).
BLOBCAT utilizes a flood-fill algorithm to estimate the total
flux density of sources of complex morphology. We set the
minimum peak S/N to be 5σ and the lower limit for flooding
contiguous pixels adjoining an initial peak to be 2.5σ. We
detected extended radio emission coincident with the host
galaxy and the position of FRB 20201124A in all frequency
bands (Figure 1) and determined flux densities of
Fν= 750± 114 μJy at 1.5 GHz, 547± 82 μJy at 3 GHz, and
366± 55 μJy at 6 GHz. To determine regions of source
significance relative to the rms (σ) of the image, we defined
the rms as the noise level of the image calculated with pixel
statistics in SAOImage DS9 and determined contours

corresponding to significance levels at −2σ, 2σ, 4σ, and 6σ.
The contours in all three bands, along with the corresponding
images, are plotted in Figure 1. The relatively large uncertainty
on the total flux density at 6 GHz is a result of the highly
resolved nature of the source, as much of the extended emission
is detected only at low significance. The details of our radio
observations and derived flux densities are summarized in
Table 1.
At the lower frequencies (1.5 and 3 GHz) where the emission

is only moderately resolved, the reduced angular resolution
smooths away small-scale variations in morphology (see
Figure 1, bottom panels). At 6 GHz, the source is clearly
resolved and exhibits a complex morphology, with extended
emission tracing the structures seen at lower frequencies, but
with (low-significance) variations as seen in the top panels of
Figure 1. The brightest peak at 6 GHz is close to the center of
the host galaxy and the milliarcsecond-precision localization of
the FRB (Nimmo et al. 2022). However, we caution that this
brightest peak is only a couple of standard deviations above the
local background, as discussed further in Section 3.4. The peak
is broadly consistent with the 3σ contour emission from the
22 GHz data (see Figure 2; Piro et al. 2021). While the overall
6 GHz emission traces the HST IR emission, the brightest
region is more concentrated at the inter-arm region. We discuss
the radio morphology in the context of the optical and IR
morphology in Section 2.2.

2.2. HST Observations

We obtained imaging of the host galaxy of FRB 20201124A
with the Wide Field Camera 3 (WFC3) on board the HST under
Program 16877 (PI: A. Mannings) on 2022 August 15–16
UTC. The host was observed in the F475X and F160W filters
for one orbit each using the UVIS and IR channels,
respectively. The F475X filter was chosen for its high (25%)
near-ultraviolet (UV) throughput to enable studying the spatial
distribution of young stars, while the F160W is the reddest
wide filter available to trace relatively older stellar populations.
Similar to the method used in Mannings et al. (2021), we
obtained four 597 s exposures (∼40 minutes total) in F475X in
order to obtain images free of cosmic rays and image artifacts,
and subsampled the point-spread function (PSF) for better pixel
sampling. We used a custom 4-point dither pattern that is
5 times larger than the default box pattern to dither over fixed
pattern noise as described in Rafelski et al. (2015). To
maximize UV throughput and minimize our pixel-based charge
transfer efficiency (CTE) correction, we placed the target on
chip 2 close to the readout. The background in these exposures
was sufficiently high to not require the use of post-flash. For
the F160W observations, we used SPAR25 with NSAMP of
15 for a total of six exposures of 353 s, each using a 6-point
wide dither pattern from Anderson (2016). The dither offsets
were multiplied by 3 for improved blob, artifact, and
persistence removal. The exposures were obtained at similar
orients with sufficient overlap for good alignment.
We retrieved the data from the Barbara A. Mikulski Archive

for Space Telescopes (MAST) and include the latest CTE
corrections for WFC3/UVIS (Anderson et al. 2021) and the
improved WFC3/IR Blob Flats (Olszewski & Mack 2021).
The images were aligned and drizzled using the TWEAKREG
(v1.4.7) and ASTRODRIZZLE (v3.1.8) tools within DRIZZLEPAC
(v3.1.8; Avila et al. 2015). The absolute astrometry was
determined using point sources in common between the
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temporally drizzled images and the GAIA EDR3 catalog (Gaia
Collaboration et al. 2016, 2021). For the F475X data, we used
12 sources in common and obtained an astrometric uncertainty
of ∼5.5 mas. Similarly, we used 19 sources for the F160W data
with a resulting astrometric tie uncertainty of ∼19 mas. We
then created a final image mosaic including cosmic ray removal
and sky subtraction with north up and drizzle parameters of
pixfrac= 0.8, and pixscale= 0 03. The final HST
images centered on the host galaxy are shown in Figure 2
with C-band radio contours overlaid. The quasi inertial
reference frames defined in the radio (ICRF3) and HST
(Gaia-CRF3) images agree at the level of ∼10 μas (Gaia
Collaboration et al. 2022), and hence, the reference frame tie
uncertainties are a negligible contribution to the overall
astrometric error budget, compared to the measurement of the
radio and optical positions within those frames.

We used Source Extractor (Bertin & Arnouts 1996) to
determine the host galaxy center from the F160W image, and find
R.A.(J2000)= 5h08m03 493± 0 0116, decl.(J2000)=+26°03′
37 768± 0 0148. Using the EVN FRB position from Nimmo
et al. (2022) and including the positional and astrometric
uncertainties, we determine an FRB offset of 0 762± 0 019
from the host center (see Section 3 for more details). We further
describe modeling of the surface brightness profile in the HST
images to uncover substructure in Section 3.2.

2.3. Ground-based Spectroscopy

To compare the emission line flux at the FRB location
relative to the host galaxy, we observed the host of
FRB 20201124A with the DEep Imaging Multi-Object
Spectrograph (DEIMOS) spectrograph mounted on the Keck
II telescope on 2022 October 28 UTC (Program U129; PI: J.

Figure 1. VLA images with natural weighting of the host galaxy of FRB 20201124A taken in the extended A-array configuration in three bands: 6 GHz (top left;
10″ × 10″, top right; zoomed in, 6″ × 6″), 3 GHz (bottom left; 10″ × 10″), and 1.5 GHz (bottom right; 10″ × 10″). The beam size is displayed in the bottom left
corner at each frequency. In each panel, the FRB position is represented as a red star, and the host centroid determined from HST imaging is marked as a yellow cross.
Contours denote −2σ (dotted, gray), 2σ (dark blue), 4σ (light blue), and 6σ (white) significance levels, where σ = 13.95 μJy beam−1 at 1.5 GHz, 6.29 μJy beam−1 at
3 GHz, and 1.94 μJy beam−1 at 6 GHz. The radio emission is roughly aligned with the host center in all frequencies. While we are unable to resolve the smaller-scale
structures at 1.5 and 3 GHz, the 6 GHz emission clearly exhibits complex morphology, with one peak located near the FRB position and another closer to the host
galaxy center.
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X. Prochaska). We used the 600ZD grating at a central
wavelength of 7000Å. We designed a slitmask with a 0 7
slit to pass through the FRB location. After mask alignment and
exposure, we offset the telescope along the width of the slit by
≈0 7, maintaining the same position angle to sample most of
the host galaxy. In total, we exposed for 400 s each at six
different positions across the galaxy. The pointings are
displayed in Figure 3 and overlaid on the HST F160W image
of the host galaxy.

We reduced the data with the PypeIt software suite (v1.12;
Prochaska et al. 2020). PypeIt performs bias-subtraction, flat-
fielding, cosmic ray masking, and wavelength-calibration of the
raw frames. After the initial processing to generate calibrated
2D spectral images, the pipeline extracts 1D spectra. We
subtracted the bias and flat-field corrected the raw frames using
calibration frames collected in the afternoon of the observing
run. The spectra were wavelength calibrated against arc spectra
also collected that afternoon. We used Hg, Cd, Zn, Ne, and Ar
lamps for the arcs. We then flux calibrated the spectra against
the archived sensitivity function available with PypeIt as
opposed to generating a sensitivity function from our own
standard star observations. This is because the wavelength
range covered by the slit in our mask does not match that of a
longslit used to observe a standard star spectrum. To ensure
that the i-band fluxes summed over all pointings match the
photometric measurement from the Pan-STARRS catalog
(Chambers et al. 2016), we multiplied the fluxed spectra by
an additional factor of 4.1. We note that the factor required to
reconcile our net synthetic flux to the Pan-STARRS value
depended on the photometric band, e.g., one would have to
scale the spectra by a factor of 9 instead of 4.1 to reconcile
fluxes in the g band and 5.6 in the r band. This is likely due to
suboptimal seeing conditions and the atmospheric dispersion-
based losses as DEIMOS does not have an atmospheric
dispersion corrector. Therefore, we do not attempt to correct
the spectra for internal extinction based on the flux ratios of Hα
and Hβ lines.

To understand if the star formation rate (SFR) is markedly
enhanced at the FRB location, we use the Hα flux ratios with
respect to the slit position containing the FRB location as a
proxy (right panels in Figure 3). We find that the flux ratios
decrease as the slit positions move away from the host center,
as expected. We also do not find any indication of enhanced
line emission at the FRB location in the 2D spectrum of the
central pointing (blue slit in Figure 3).

In addition, we identify faint Hβ and [O III]λ4959 and λ5007
features from the slit covering the FRB location corresponding
to a redshift of z= 0.5532. This result confirms the presence of
a galaxy background to the FRB as first noted in Fong et al.
(2021) despite no detection in deep imaging observations (Xu
et al. 2022). In the 2D spectrum, the centroid of the spectral
lines are ∼ 3 pixels away from the center of the FRB host
continuum trace. Assuming we are sampling the center of the
background galaxy, we derive a rough position of

R.A.= 05h08m03 46, decl.=+26°03′38 05, consistent with
the location determined in Xu et al. (2022). This corresponds to
an offset of 0 8 southwest (PA= 235 deg) from the FRB
location. We employ probabilistic association of transients to
their hosts (PATH; Aggarwal et al. 2021) to determine the
posterior probability of association assuming r= 24 mag,
which corresponds to a 1.06 ×1029 erg s−1 Hz−1 luminosity
galaxy, at z= 0.5532, a 10% probability that the background
galaxy is unseen, an angular size of 0 5, and a directional
offset of 0 2 from the FRB location. We calculate a <1%
posterior probability of association for the background galaxy,
thus strongly disfavoring an FRB association with the back-
ground galaxy.

3. Analysis and Results

3.1. Host Morphology and Star Formation

The host of FRB 20201124A is a moderately massive star-
forming spiral galaxy at z= 0.0979 (Fong et al. 2021; Xu et al.
2022). A fit to the broadband spectral energy distribution
(SED) of the galaxy indicates that it has a stellar population age
comparable to other repeating FRBs (∼2–6 Gyr; Gordon et al.
2023) with moderate intrinsic dust-extinction (∼1–1.5 mag;
Fong et al. 2021; Piro et al. 2021; Ravi et al. 2022). The stellar
population properties, including the SFR, stellar mass, and
metallicity, are otherwise consistent with the known population
of star-forming FRB hosts (Heintz et al. 2020; Bhandari et al.
2022; Gordon et al. 2023). While many well-localized FRBs
are found spatially coincident with or near the spiral arms
(Bassa et al. 2017; Tendulkar et al. 2017; Chittidi et al. 2021;
Mannings et al. 2021), our HST images show that
FRB 20201124A is located in the disk of its host but not
directly on the main pair of spiral arm features, nor on the
central bar (Figure 2). This is consistent with the finding
from Keck observations (Xu et al. 2022). Moreover,
FRB 20201124A is one of only three known FRBs with clear
bar structures observed in the host galaxy (along with the host
of FRB 20190608B and FRB 20220319D, although the bar
feature in both cases is less apparent with available imaging;
Chittidi et al. 2021; Ravi et al. 2023).
To reveal the fainter underlying structures in the host, we

employ GALFIT (Peng et al. 2002) and a PSF model from
TinyTim (Krist 1993). TinyTim is a program that generates
HST PSFs with a fine-sampling factor of 2 relative to the image
to fit the light profile of the host galaxy. For each filter, we fit
the HST image with a single Sérsic profile representing the 2D
surface brightness. The free parameters in the model include
the centroid of the galaxy, integrated magnitude, the position
angle of the major axis, ellipticity, effective radius, and the
Sérsic index. We show the residual images from our best fit for
both filters in Figure 4.
The most prominent morphological feature is the bar, which

extends out from the nucleus and is brighter in both the optical
and IR bands relative to the spiral arms. At z≈ 0.1, bars are a

Table 1
Imaging Results from VLA Observations of the FRB20201124A Source

Frequency Bandwidth Pixel Scale Image rms Beam Size Beam Angle Flux Density
(GHz) (GHz) ″ pix−1 (μJy) (arcsec2) (deg) (μJy)

1.5 0.8 0.26 13.95 1.40 × 1.31 −13.39 750 ± 114
3 1.6 0.13 6.29 0.68 × 0.65 −14.51 547 ± 82
6 3.6 0.066 1.94 0.37 × 0.36 −58.23 366 ± 55

5

The Astrophysical Journal, 961:44 (15pp), 2024 January 20 Dong et al.



common feature among spiral galaxies (Sheth et al. 2008;
Melvin et al. 2014), and most barred spiral galaxies have been
observed with dust lanes (Pease 1917; Sandage 1961) that
likely contribute to obscuration of star formation. The pair of
continuous spiral arms are more apparent in the rest-frame IR
band and wrap around the galaxy farther than exhibited by
ground-based imaging (Xu et al. 2022; Figure 4). However,
only patches of apparent star formation along the arms are
visible in the optical band. Based on these features, we identify
the host as an SBb, late- to intermediate-type barred spiral
galaxy. In such galaxies, the bar can facilitate gas inflow and
transport material from the disk into the galactic center, thereby
enhancing star formation (Knapen 2010; Wang et al. 2012).
Indeed, the radio emission tightly traces the bar and
encompasses the spiral arms (Figure 2) as expected for regions
of enhanced recent star formation. The fact that the spiral arms
are not immediately apparent in the bluer optical band is
indicative of obscuration and supported by the dust extinction

of AV∼ 1–1.5 mag as measured from SED fitting (Fong et al.
2021; Piro et al. 2021; Ravi et al. 2022).
Based on the extended nature of the radio emission and

coincidence with the IR morphology (Figure 2), we conclude
that the primary mechanism powering the radio emission is star
formation. In this picture, as massive stars undergo core
collapse, the resulting supernova remnants accelerate high-
energy electrons to relativistic speeds, producing nonthermal
synchrotron radiation (Condon 1992). At lower frequencies
(1.5 GHz), the low angular resolution precludes any discernible
radio features at the FRB position. At higher frequencies
(3–6 GHz), the radio morphology appears to trace the bar and
spiral features as probed by our HST data. We utilize the radio
emission at 6 GHz to place constraints on a PRS coincident
with the FRB in Section 3.4. In contrast, at 22 GHz (Piro et al.
2021), the emission is concentrated on the northern side of the
host galaxy where the bar connects to a spiral arm (Figure 2).
Despite this difference, the diffuse radio emission at 6 and

Figure 2. HST imaging of the host galaxy of FRB 20201124A in filters F160W (left; IR) and F475X (right; optical) showing a barred spiral morphology. All panels
are 6″ × 6″. The host center is denoted as a yellow cross, and the FRB EVN position is marked as a red star. Radio contours at 6 GHz are overlaid at −2σ (dotted,
gray), 2σ (dark blue), 4σ (light blue), and 6σ (white) significance in the bottom panels. Contours for the elongated radio emission at 22 GHz as observed by Piro et al.
(2021) are shown at −2σ, 2σ, and 4σ significance in magenta.
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22 GHz are broadly consistent at the 3σ level near the FRB
location.

At GHz frequencies, the nonthermal emission from galaxies
can be characterized by a power-law Fν ∝να with a canonical
value for the spectral index α between −0.7 and −0.75 (Gioia
et al. 1982; Condon 1992; Klein et al. 2018). In Figure 5, we plot
the radio SED spanning 190 MHz–22 GHz. Our radio data are
complemented with uGMRT measurements between 190 and
380MHz (Piro et al. 2021; Wharton et al. 2021) and VLA
measurements between 5 and 22 GHz in C- and D-configurations
(Piro et al. 2021). We set the reference frequency at 3 GHz and
employ curve_fit from the SciPy.optimize package
(Jones et al. 2001) to fit for the spectral index assuming Fν∝ να.
We use both the literature data and our data separately due to the
apparent flux density overestimation in our observations. We find
that the literature data is well-characterized by a single power law
with α=−0.69± 0.06 (68% confidence). We repeat the same
method for our VLA data only (1.5, 3, and 6 GHz) and determine
α=−0.52± 0.15. We find that, although our observations
produce a less precise estimate of the spectral index, it is
consistent with the literature data spectral index to within 1σ.
Overall, the spectral index aligns with results from previous
studies (Fong et al. 2021; Piro et al. 2021) and the expected value
for star formation.

Finally, we remark on the likelihood of any significant flux
contamination from the background galaxy as discussed in
Section 2.3. If the background galaxy hosts a core-dominated
active galactic nucleus (AGN; e.g., a blazar), we would expect
a flat spectrum (i.e., a constant spectral index over a wide range
of frequencies; Urry & Padovani 1995; Sabater et al. 2019).
However, this is not the case from our SED fitting. If instead
there is radio emission from star formation, the required SFR is
a high value of ≈70Me yr−1 (Greiner et al. 2016) to even
contribute up to 10% of the observed flux. As we do not
observe any separate radio and IR emission at the location of

the background galaxy, we conclude that it is improbable that it
contributes significantly to the radio flux density.

3.2. Offset and Properties at Burst Location

We leverage our HST images to measure the precise
projected offset of the FRB with respect to the host galaxy
center in angular, physical, and host-normalized units. We
adopt the method from Mannings et al. (2021) for the offset
and find that the FRB is located at an angular offset of
762± 19 mas from the host optical center in the rest-frame IR
image, corresponding to a projected physical offset of
1.426± 0.036 kpc, which agrees with previous measurements
(Fong et al. 2021; Nimmo et al. 2022). When compared to the
sample of localized FRBs, the offset of FRB 20201124A is
smaller than the median projected offset of 5.7 kpc (Bhandari
et al. 2022). However, given the range of FRB host sizes, the
projected offset is less meaningful than the host-normalized
offset. Thus, we use the GALFIT-derived value for the host
effective radius of re= 1.885± 0.004 kpc (Section 3.1), and
measure a host-normalized offset of rnorm= 0.756± 0.019 re.
This is within the offset range (0.5–2.4 re) found by Mannings
et al. (2021) for a sample of FRB hosts with HST imaging but
lower than the median (0.9 re). Overall, FRB 20201124A is
slightly closer to its host center than average FRBs.
Next, we calculate the fractional flux (FF) to determine how the

FRB location relates to the host stellar mass and star formation by
comparing the brightness at the FRB location relative to the host
rest-frame optical and IR light distributions (e.g., Fruchter et al.
2006). Specifically, it is the fraction of total flux from the host
galaxy that is fainter than or equal to the flux at the FRB location,
in which FF= 1 indicates that the burst occurred on the brightest
region in the galaxy. This method has the advantage of being
independent of the host morphology and size compared to the
offset measurements. We employ the method from Mannings
et al. (2021) and determine the flux within a 3σ localization ellipse

Figure 3. Left: Slit positions of the DEIMOS observations overlaid on the HST F160W image of the host galaxy. Each slit has a width of 0 7 although shown in this
figure with 0 6 widths for clarity. The centers of each adjacent position are spaced 0 7 apart, thus providing full spatial coverage of the galactic disk. The blue
rectangle denotes the slit position and angle aligned with the FRB position, while the remaining positions cover the rest of the galaxy. Right: Spectra from the six slit
positions zoomed in on Hα. The six pointings are ordered and color-coded as in the left panel. Pointings are labeled by their offsets perpendicular to the initial slit
position. We fit the spectra using the pPXF routine and overlaid the best fit as the solid black curves. The vertical dashed lines show the expected location of Hα based
on the galaxy redshift. The flux ratio in each panel corresponds to the pPXF estimates of the Hα flux values with respect to the blue pointing, i.e., the flux ratio of the
blue pointing is 1. We find no enhancement in the flux ratio through the blue pointing that contains the FRB location.
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centered at the FRB position and weigh the values with a 2D
Gaussian probability distribution. From our imaging, we measure
FF,opt= 0.65± 0.06, and FF,IR= 0.46± 0.02. To the first order,
the FRB location is an average light location compared to the total
distribution in star formation and stellar mass. This is corroborated
by our DEIMOS spectra in which the Hα flux ratios at and near
the burst site are very similar. Thus, while the FRB is offset from
regions of the strongest apparent (in the optical) star formation, it
is still well within the stellar mass distribution of the host.

While it is clear that there is some radio emission indicative
of star formation at the FRB position, we can also use our HST
F475X surface brightness distribution to determine if the level
of star formation at the FRB position is enhanced relative to the
rest of the galaxy. To this end, we compare the local flux at the
FRB location with the global value from the F475X image as
the rest-frame optical is typically dominated by the most recent
burst of star formation. We determine the total flux within a
number of 3-pixel radius apertures, weighted by the location

within the localization ellipse (similar to our calculations of
offset and fractional flux). We then divide by the aperture areas
to obtain a surface density. We find F475XFRB= 38.70±
0.19 counts s−1 arcsec−2.
Similarly, we use the effective radius of the host galaxy to

calculate the total area and obtain the global F475Xhost=
34.32± 3.31 counts s−1 arcsec−2. Taking the ratio of the local
and global F475X flux yields ∼1, suggesting that the local SFR
is similar to the global mean value. Assuming there is not a
significant patch of dust at or along our line of sight toward the
FRB location, we can use flux in the F475X filter as a proxy for
SFR. This suggests that the FRB is not in a region of significant
star formation enhancement in the host, as supported by its
location with respect to galaxy substructure. This finding is
similar to the majority of other FRBs with HST imaging (with
the exception of FRB 20121102A; Mannings et al. 2021).
However, it is worth noting that these other FRBs are found to
be spatially coincident with spiral arms in their respective
hosts, while FRB 20201124A is located offset from regions of
the strongest star formation.

3.3. Constraints on Obscured Star Formation

While optical data are subject to the effects of interstellar
dust, radio observations are often used as a probe of
unobscured star formation, especially in dust-obscured galaxies
such as the host of FRB 20201124A. Thus, we calculate a
radio-inferred SFR at various frequency bands using the
relation from Greiner et al. (2016), which extrapolates the
1.4 GHz SFR from Murphy et al. (2011) assuming the same
power-law function form (Fν ∝να) and a k-correction:
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Figure 4. Residual images of the host galaxy from GALFIT in the F160W (14″ × 14″) and F475X (10″ × 10″) HST filters. The insets are the model images from
GALFIT with the same sizes, which demonstrate that the smooth galaxy light component has been subtracted. The FRB localization and host center are marked as a
red star and a yellow cross, respectively. The F160W residual image highlights the faintness of the spiral arms compared to the bar while the F475X residual image
shows apparent star formation along the bar. The FRB appears to be offset to the east of the bar and not coincident with either spiral arm.

Figure 5. Radio SED at 190 MHz < ν < 22 GHz including our data (red
circles), data from the uGMRT at 380 and 650 MHz, and the VLA in C- and
D-configurations (yellow circles; Piro et al. 2021; Wharton et al. 2021). The
gray shaded region corresponds to the best-fit power law (assuming Fν ∝να) to
the archival data and the 1σ error region. We find a spectral index of
−0.69 ± 0.06, consistent with the expectation for star formation.
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where Fν is the observed radio flux density, dL is the luminosity
distance, α is the spectral slope of the SED, and z is the redshift
of the FRB. For FRB 20201124A, instead of using the
observed flux density from our observations, which suffers
from a systematic offset, we derive the expected flux density at
1.5 GHz from a fit to the literature data (Section 3.1). This
yields SFR= 8.9± 0.7 Me yr−1, in agreement with previous
radio-inferred SFRs that show slightly elevated values
compared to the optical (Table 2).29 The larger inferred SFR
from the radio band relative to that inferred from the optical
(SFRopt= 3.4 Me yr−1) by a factor of ≈2.5 demonstrates that
the optical emission is obscured by dust. It is worth noting that
different wavelengths are probing different emission mechan-
isms albeit similar timescales corresponding to recent star
formation (i.e., synchrotron emission from SNe in the radio and
young O/B stars in the optical; Calzetti 2013). To place these
measurements in the context of those from the literature, we
collate existing global SFR values for the host of
FRB 20201124A from broadband SED fits and multiwave-
length observations in Table 2. The apparent trend of
increasing inferred SFRs from optical to IR to radio is a
hallmark of dust attenuation at shorter wavelengths, leading to
an underestimate of the true SFR at optical (and UV)
wavelengths.

To place the level of obscured star formation in context with
other FRB hosts and the general galaxy population, we show
the radio-inferred SFR versus optically derived SFRs (typically
from Hα measurements or SED modeling) for a variety of
sources in Figure 6. For FRBs, in addition to FRB 20201124A,
we include the hosts of FRB 20181030A (Bhardwaj et al.
2021b), FRB 20190608B (Bhandari et al. 2020b), and
FRB 20191001A (Bhandari et al. 2020a), which are the only
known FRB hosts with radio emission due to star formation.
We use Equation (1) to convert the published radio fluxes to

radio-inferred SFRs assuming a canonical value of α=−0.7
and the FRB redshifts. In the case of FRB 20191001A, we
instead use the published spectral index of α=−0.8 (Bhandari
et al. 2020a).30 We plot the upper limits on the radio-inferred
SFR from measurements of compact persistent radio emission
associated with FRB 20121102A (Marcote et al. 2017) and
FRB 20190520B (Bhandari et al. 2023b). We also incorporate
radio limit on star formation for FRB 20210117A, the only
nonrepeating FRB in a dwarf host galaxy (Bhandari et al.
2023a). For FRB 20200120E, which harbors a known low-
luminosity AGN, we derive a conservative upper limit on the
star formation-related radio emission using the observed
8.4 GHz flux density for the central AGN (Miller et al.
2010). Finally, we complement our sample with 24 existing
radio continuum limits from Law et al. (2022, 2023),
previously used to place limits on PRS emission, but which
we now use as limits on star formation in the FRB hosts.
For the optically inferred SFRs, we adopt the SFRopt values

from Heintz et al. (2020), which are derived from Hα line
luminosities. We note that the Hα-inferred SFR for
FRB 20121102A is obtained from Tendulkar et al. (2017).
For cases in which the Hα-inferred SFR is not available, we
adopt SFRs obtained from broadband SED fitting (Bhandari
et al. 2020b; Hatsukade et al. 2022; Bhandari et al. 2023a;
Gordon et al. 2023; Law et al. 2023). We note that, in the case

Table 2
Global Host Star Formation Rates for FRB 20201124A

Method SFR Reference
(Me yr−1)

Prospector Spectral Energy Distribution Fitting

Parametric 2.43 ± 0.13 Fong et al. (2021)
Parametric 4.3 ± 0.5 Piro et al. (2021)
Nonparametric -

+1.50 0.35
0.52 Fong et al. (2021)

Nonparametric -
+2.72 1.22
1.65 Gordon et al. (2023)

Luminosity–SFR Relationship

Optical (Hα) -
+2.1 0.3
0.7 Fong et al. (2021)

Optical (Hα) 1.7 ± 0.6 Ravi et al. (2022)
Optical (Hα) 3.4 ± 0.3 Xu et al. (2022)
IR (3–1100 μm) -

+4.0 0.5
0.9 Fong et al. (2021)

Radio (1.4 GHz) 2.2–5.9 Fong et al. (2021)
Radio (1.4 GHz) 10 Piro et al. (2021)
Radio (1.4 GHz) 7 Ravi et al. (2022)
Radio (1.5 GHz) 8.9 ± 0.7 This work

Figure 6. Radio vs. optical-inferred SFRs for FRB 20201124A (red star),
FRB 20181030A (pink circle; Bhardwaj et al. 2021b), FRB 20190608B
(purple circle; Bhandari et al. 2020b), and FRB 20191001A (blue circle;
Bhandari et al. 2020a). Triangles denote 3σ upper limits for FRB 20121102A
(magenta; Marcote et al. 2017), FRB 20190520B (turquoise; Bhandari
et al. 2023b), and FRB 20210117A (green; Bhandari et al. 2023a) and
localized FRBs with existing radio limits (Law et al. 2022, 2023). Shown for
comparison is a sample of radio-selected star-forming galaxies at z  0.3 from
the VLA-COSMOS Source Catalog (Smolčić et al. 2017). Dashed lines
indicate SFRradio = SFRopt, 10 × SFRopt, and 100 × SFRopt. FRB 20201124A
is the FRB host with the most dust-obscured star formation.

29 We note that the SFR estimated using our observed flux density at 1.5 GHz
is 12.31 ± 1.87 Me yr−1, which is consistent with the value derived from SED
fitting within 2σ and is a factor of 6 higher than the optically inferred SFR.
However, given the observed systematic offset for our data, we adopt a more
conservative approach here, which still points to obscured star formation.

30 The SFR derived here is ∼3 times higher than the published value from
Bhandari et al. (2020a) using a different method.
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of the Galactic FRB 20200428A, we use the SFR derived from
the Cosmic Background Explorer (COBE) observations of N II
205 μm emission (McKee & Williams 1997) as reported in
Chomiuk & Povich (2011). Thus, our literature sample of 32
bursts comprises all FRB hosts with relevant radio limits or
detections and accompanying optically inferred SFRs. The
results and references are listed in Table 3. For comparison, we
include a sample of star-forming field galaxies that are radio-
selected at z 0.3 from the VLA-COSMOS Source Catalog
(Smolčić et al. 2017).
Figure 6 shows that, out of the four FRB hosts with detectable

radio emission attributable to star formation, FRB 20201124A is
one of two hosts with evidence for dust-obscured star formation
and the most heavily dust-obscured with SFRradio≈ 2.5×
SFRoptical. Furthermore, FRB 20201124A is well above the

majority of other normal star-forming galaxies at similar redshifts
(e.g., the VLA-COSMOS sources). A comparison of the radio and
optical SFRs suggests that FRB 20190608B does not have
obscured star formation, commensurate with the low AV value
(Gordon et al. 2023) whereas FRB 20191001A shows some mild
level of dust obscuration. In contrast, the upper limits for
FRB 20121102A, FRB 20190520B, and FRB 20210117A are not
constraining enough to place a meaningful limit on obscuration.
However, it is worth mentioning that the known PRSs are also too
luminous (LPRS > 1029 erg s−1 Hz−1; Law et al. 2022) and
compact in size (< 1 pc; Marcote et al. 2017) to be caused by
ongoing star formation. Moreover, deep radio upper limits from
Law et al. (2022, 2023) can rule out dust obscuration at a level
similar to FRB 20201124A for five FRBs. However, for the
majority of FRB hosts, deeper radio observations are required to
place tighter constraints on the existence or absence of obscured
star formation.

3.4. Constraints on a Compact Persistent Radio Source

Taking advantage of our high-resolution radio observations,
we also search for a PRS coincident with the FRB location
using our VLA C-band observations. The bulk of the radio
emission has a complex morphology that is clearly linked to
star formation. Indeed, while Figure 2 shows there is no clear
detection of a point-like source at the location of the FRB that
would indicate a PRS similar to those associated with
FRB 20121102A and FRB 20190520B (Chatterjee et al.
2017; Niu et al. 2022), the morphologically complicated host
radio emission makes the process of placing upper limits on
any such compact PRS challenging. To do so, we first estimate
the peak emission at the burst site, and then attempt to subtract
a conservative estimate for the background SFR-related radio
emission.
At the FRB location, the measured 6 GHz radio brightness is

≈15 μJy beam−1. However, based on our radio and optical
morphology, we consider it plausible that the entirety of this
emission is due to star formation. Figure 1 shows that the
region surrounding the burst site is enclosed by emission at or
above the 4σ level (8 μJy beam−1). If we crudely use this as an
estimate for SFR emission at the FRB location, we are left with
an upper limit of 7 μJy for any compact PRS.31 To ensure we
do not underestimate the flux density, we employ a more
conservative limit of 10 μJy for the potential PRS. We note that
previously published EVN observations with an image rms of
14 μJy beam−1 (Nimmo et al. 2022) would therefore not detect
such a PRS (our VLA observations have an rms of
∼2 μ Jy beam−1, a factor of 7 more sensitive). Our conserva-
tive 10 μJy limit corresponds to Lν= 2.6×1027 erg s−1 Hz−1

(6 GHz). However, we also note that the flux densities derived
in this work are ∼30% higher, on average, than what is
obtained from a fit to archival values, which could be due to
multiple issues as described in Section 2. If our measured flux
densities were scaled downwards by 30% to match the archival
values, the limit becomes even tighter at Lν= 1.8×
1027 erg s−1 Hz−1 (6 GHz). The inferred value is deeper than
the existing PRS limit placed by Ravi et al. (2022) of Lν= 3 ×
1028 erg s−1 Hz−1 (1.4 GHz) for FRB 20201124A and among

Table 3
Spectral Luminosities, Radio, and Optical SFRs of FRBs from the Literature

FRB ν Lν SFRradio SFRopt

(GHz) (erg s−1 Hz−1) (Me yr−1) (Me yr−1)

171020A 2.1 <3.2 × 1028 <2.65 0.13 (a)
180301A 1.5 <1.8 × 1029 <10.82 1.93 (b)
180916B 1.7 <4.9 × 1026 <0.03 0.06
180924A 6.5 <5.7 × 1028 <9.58 0.88
181030A 3.0 1.3 × 1027 (c) 0.08 0.35 (c)
181112A 6.5 <1.3 × 1029 <21.14 0.37
190102A 6.5 <4.2 × 1028 <7.11 0.86
190523A 3.0 <4.3 × 1030 <392.89 <0.09
190611A 0.9 <2.9 × 1030 <120.63 0.69
190608B 5.5 2.5 × 1028 (d) 3.95 7.03 (e)
190711A 0.9 <5.6 × 1030 <226.09 0.42
190714A 3.0 <7.2 × 1029 <71.86 0.65
191001A 2.0 4.2 × 1029 (f) 34.60 18.28 (e)
191228A 6.5 <3.4 × 1028 <5.82 0.50 (b)
200120E 8.4 <3.8 × 1025 (g) <0.008 0.6 (h)
200428A L L 2(i) 1.65 (h)
200430A 3.0 <3.2 × 1029 <32.56 0.26 (b)
200906A 6.0 <4.3 × 1028 <6.76 0.48 (b)
210117A 5.0 <5.3 × 1028 (j) <7.61 0.01 (j)
220207C 3.0 <2.3 × 1028 <2.42 2.14 (k)
220307B 3.0 <1.0 × 1030 <99.53 3.52 (k)
220310F 3.0 <4.6 × 1030 <435.21 0.15 (k)
220319D 1.4 <1.8 × 1026 <0.01 1.17 (k)
220418A 3.0 <8.6 × 1030 <791.26 0.37 (k)
220506D 3.0 <1.5 × 1030 <147.47 7.01 (k)
220509G 3.0 <1.1 × 1029 <11.40 0.08 (k)
220825A 3.0 <9.4 × 1029 <93.71 1.34 (k)
220914A 3.0 <1.8 × 1029 <18.54 1.45 (k)
220920A 3.0 <3.6 × 1029 <36.64 0.39 (k)
221012A 3.0 <1.4 × 1029 <138.14 0.49 (k)

121102A 1.7 <2 × 1029 (l) <13.55 0.4 (m)
190520B 1.7 <3 × 1029 (n) <34.60 0.04 (e)

Notes. Unless otherwise specified, all luminosity measurements are from Law
et al. (2022, 2023), and all optical SFRs are from Heintz et al. (2020). We add
the the luminosities of PRS 20121102A and 20190520B as upper limits on star
formation from Marcote et al. (2017), Bhandari et al. (2023b), respectively.
While FRB 20190714A has detectable radio emission, it is not clear at present
whether it is due to star formation or is a compact PRS (Chibueze et al. 2022).
Thus, we keep the upper limit from Law et al. (2022).
References. (a) Mahony et al. (2018), (b) Bhandari et al. (2022), (c) Bhardwaj
et al. (2021b), (d) Bhandari et al. (2020b), (e) Gordon et al. 2023, (f) Bhandari
et al. (2020a), (g) Miller et al. (2010), (h) Hatsukade et al. (2022), (i) Chomiuk
& Povich (2011), (j) Bhandari et al. (2023a), (k) Law et al. (2023), (l) Marcote
et al. (2017), (m) Tendulkar et al. (2017), (n) Bhandari et al. (2023b).

31 Our robust weighted image (higher resolution than natural weighted images;
not shown) yields a consistent result, with a brightness at the FRB location of
9 μJy beam−1 on a local background of ∼2 μJy beam−1. This leads to a
comparable upper limit of ∼7 μJy for any compact PRS at the FRB location.
Thus, our conclusions are insensitive to the weighting scheme.
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the deepest PRS limits to date in terms of luminosity (e.g.,
FRB 20180916B; Marcote et al. 2020 and FRB 20220319D;
Law et al. 2023). Notably, the inferred luminosity of the
potential PRS is fainter than the two known PRSs 20121102A
and 20190520B by 2 orders of magnitude . Moreover, our
limit is also deeper than the median value (Lν 2.5×
1029 erg s−1 Hz−1) obtained for upper limits on PRS emission
(Table 3) compiled by Law et al. (2022, 2023).

4. Discussion

4.1. Implications for the Progenitor of FRB 20201124A

Shortly after the initial discovery of FRB 20201124A
(CHIME/FRB Collaboration 2021), the source was observed
to enter periods of extreme activity (Lanman et al. 2022; Xu
et al. 2022; Zhou et al. 2022), becoming one of the most
actively repeating FRBs to date. Similar to other repeating
FRBs, FRB 20201124A exhibits a high linear polarization
fraction, flat polarization angles, and downward drifts in
frequency (Hilmarsson et al. 2021). Strikingly, it is the first
repeating FRB to show clear signs of circular polarization up to
75% (Xu et al. 2022), and one of the few FRBs to exhibit
strong rotation measure (RM) fluctuations (Xu et al. 2022;
Yang et al. 2022). In addition, FRB 20201124A now joins a
small sample of four FRBs with detectable radio emission due
to star formation in the host galaxy (Bhandari et al.
2020a, 2020b; Bhardwaj et al. 2021b). Previous deep
ground-based imaging showed clear bar and spiral morphology
within its host galaxy (Xu et al. 2022), consistent with our deep
HST imaging. They find the local environment to be
inconsistent with a supernova explosion in situ due to its
offset from the main locus of the galaxy, at an interarm region.

As shown in Figure 4, the host galaxy exhibits a bulge with
winding spiral arms and a strong bar that a majority of disk
galaxies (up to 70% when observed in the near-IR) have at both
low and high redshifts (Aguerri et al. 2009). While the FRB
location is not coincident with the bar, the bar does affect the
distribution of star formation sites (Phillips 1996). In the case
of an SBb spiral barred galaxy, star formation is more intense
in a circumnuclear ring structure and the junction where the bar
meets the stellar spiral arms. From the optical morphology in
Figure 4, we observe pockets where the emission is not
enshrouded by dust, pointing to an inhomogeneous distribution
of dust within the host, and aligned with the expected patchy
dust distributions in SBb galaxies (Phillips 1996). Thus, it is
reasonable to expect star-forming regions to extend to the
burst site.

Indeed, our radio observations newly uncover obscured star
formation throughout the host and extending to the FRB site.
Thus, the most natural scenario is that the FRB originated from
a young progenitor born in situ. In this case, the progenitor,
possibly a magnetar, is formed via core collapse of a young
massive star embedded in a dust cloud. Indeed, Mannings et al.
(2021), Bhandari et al. (2022) find the radial distribution of
FRBs are indistinguishable from those of core-collapse super-
novae (CCSNe). Subsequent studies by Bochenek et al. (2021),
Bhandari et al. (2022) also find consistencies between the host
environments of FRBs and CCSNe, strengthening the case for
a magnetar progenitor population born from the explosions of
young massive stars. In contrast, superluminous supernovae
(SLSNe) and long-duration γ-ray bursts (LGRBs) are pre-
dominantly found in the brightest regions of low-mass host

galaxies (Lunnan et al. 2015), a distinctly separate type of local
and global environment compared to that of FRB 20201124A.
Other in situ scenarios, such as the formation of a magnetar

via the accretion-induced collapse (AIC) of a massive white
dwarf (WD; Margalit et al. 2019) in a close binary with either a
nondegenerate companion or another WD, are also viable.
Such formation channels have been proposed for
FRB 20200120E due to its globular cluster environment
(Bhardwaj et al. 2021a; Kirsten et al. 2022) in which old
systems like WDs are more common than young massive stars.
However, such an in situ delayed channel is not necessarily
required by our observations for FRB 20201124A.
On the other hand, to explain the apparent offset from the

central bar structure and spiral arms in which the majority of
star formation is occurring, it is interesting to explore migratory
progenitors. While the galactocentric offset of FRB 20201124A
is smaller than the median for the FRB population, it is not
particularly close to any region of enhanced star formation, and
thus, we explore the possibility that it could have traveled with
some velocity from its birth site. In the context of a magnetar
progenitor, we explore a few such formation channels.
Within the “migratory” models, the most natural channel is a

magnetar born from an energetic CCSN with a significant natal
kick, as in the case of many Galactic radio pulsars (Lyne &
Lorimer 1994; Faucher-Giguère & Kaspi 2006). Well-mea-
sured velocity distributions of pulsars demonstrate that neutron
stars typically have natal kick velocities of ∼100–1000 km s−1

(e.g., Hobbs et al. 2005; Deller et al. 2019). We estimate the
projected distance from the FRB location to the center along
the bar to be ∼0.4 kpc. Given the range of kick velocities, this
would require minimum travel times of ∼0.5–4Myr to achieve
the observed offset assuming the NS progenitor originated in
the bar, far exceeding typical active magnetar lifetimes of
0.1 Myr (Kaspi & Beloborodov 2017). If we instead assume
an edge case in which the FRB progenitor originated from the
edge of the bar (∼0.2 kpc projected offset) and assume a
maximum kick velocity of 1000 km s−1 for magnetars, we
obtain a minimum age of ∼0.2Myr, still at odds with active
magnetar lifetimes.
Another possible scenario is the remnant of a runaway O or

B star through dynamical ejections similar to those observed
from open clusters (Blaauw 1961; Poveda et al. 1967; Fujii &
Portegies Zwart 2011; Oh & Kroupa 2016). Approximately
1%–10% of O and B stars are runaways (Fujii & Portegies
Zwart 2011), and these massive young stars can create compact
NS via supernova explosions, which may preferentially happen
earlier in the lifetime of those clusters when their stellar
densities are higher (Chen et al. 2004). The peculiar velocities
of runaway OB stars range between 30 and 200 km s−1

(Hoogerwerf et al. 2000) with respect to the mean Galactic
rotation. Assuming a main-sequence age range of 3–12Myr for
runaway O stars and 12–70Myr for runaway B stars with initial
masses >8Me that can produce NS (assuming 8–18Me for B
stars and >18Me for O stars and models in Choi et al. 2016),
we calculate the projected tangential velocity from the edge of
the bar, which would place a lower limit on the velocity of the
runaway systems. We find that, at a minimum, a runaway O
star would need to travel at a speed between 16–65 km s−1 to
achieve the observed offset, well within the expected velocity
for a runaway progenitor. However, due to the longer lifetime
of B stars, the inferred velocity (3–16 km s−1) suggests that
the star would not necessarily need to be a runaway to travel to
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the observed location of the FRB. Thus, if the progenitor of
FRB 20201124A is a runaway, it would most likely be a
massive and young O star. But given the small fraction of
runaway OB stars in general, this scenario is likely not a
common channel for most FRBs based on their high occurrence
rates.

We finally remark on a third scenario for a migratory
progenitor: a magnetar born from a binary neutron star (BNS)
merger (Margalit et al. 2019; Wang et al. 2020). The recent
claim of an association between the BNS merger GW190425
and FRB 20190425A (Moroianu et al. 2023) makes this an
interesting formation channel to consider for FRB 20201124A
(but also see Bhardwaj et al. 2023). If we assume a maximum
systemic velocity of 240 km s−1 for a double NS system found
in the Galactic disk (Tauris et al. 2017), it would require
0.8–1.6 Myr to travel from the edge and center of the bar
respectively. This age is much smaller than the inspiral times
for BNS mergers (∼tens to hundreds of Myr at minimum;
Zevin et al. 2022), thus well within the viable timescale for the
production of a magnetar remnant. However, while the offset
can be explained by the kick velocity and age, we find the BNS
merger scenario improbable by invoking the luminosity
constraint on the PRS in the following section.

4.2. Models for a Putative Persistent Radio Source

Despite the nondetection of any compact radio source
coincident with FRB 20201124A, the constraints we have
placed on the PRS are nevertheless meaningful when applied to
the current models of PRSs. To this end, we first consider the
magnetar nebula model, which was initially invoked to explain
the observed properties of PRS 20121102A (e.g., size,
luminosity; Yang et al. 2016; Beloborodov 2017; Dai et al.
2017; Margalit & Metzger 2018; Li et al. 2020). In this picture,
the PRS originates from a magnetized electron–ion nebula
powered by a flaring young magnetar that can be formed
through both prompt and delayed channels as discussed in
Section 4.1. The difference in each scenario depends on the
surrounding environment that dictates the evolution of the
magnetar wind nebula.

We adopt the analytic approach as described by Margalit
et al. (2019) for the expanding nebula in which the nebula
luminosity depends on the energy injection rate of the magnetar
E and the density of the surrounding medium, parameterized
by M vej ej

3/t3 where Mej and vej are the total mass and
mean velocity of the expanding ejecta, respectively. In
order to satisfy our PRS luminosity limit L6.0 1.8×
1027 erg s−1 Hz−1, the energy injection rate must satisfy the
following:

 c s< ´ -
-

-E M v t2 10 erg s 239 1
0.2
0.72

1
0.70

ej,10
0.42

ej,9
1.26

100
0.64 ( )

where χ0.2= χ/0.2 GeV, σ−1= σ/0.1 denote the mean energy
per ion ejected in the magnetar wind and the wind magnetiza-
tion; Mej,10=Mej/10Me, vej,9= vej/10

9 cm s−1 represent the
ejecta mass and velocity; and t100= t/100 yr denotes the age of
the expanding nebula. For these fiducial parameters, relevant for
a magnetar born through core collapse of a massive star, this
implies an internal magnetic field strength of the putative
magnetar 1016 G (see Equation (2) of Margalit et al. 2019).
This conclusion does not depend on the (unknown) source age if
we assume that it satisfies t< tmag, such that tmag is the
magnetar’s active lifetime (Equation (1) of Margalit et al. 2019).

From Figure 4 of Margalit et al. (2019), this allows us to rule out
a significant portion of the E-ejecta density space that may be
realized in the BNS merger scenario. While magnetars born from
LGRBs, SLSNe, and AIC, which are compatible with lower-
energy injection rates remain plausible, the location of
FRB 20201124A in its host makes these progenitor scenarios
less likely (see Section 4.1).
One caveat to note is that the model assumes a constant

energy injection rate. While this makes the calculations
analytically tractable, it was shown that a constant E is not
able to explain the detailed properties of FRB 20121102A
(Margalit & Metzger 2018). On the other hand, a E that
declines as a function of time (as invoked for FRB 20121102A)
would generally lead to less luminous persistent radio emission
at a fixed time t. This would loosen our constraints on the
magnetar B-field, since it would become easier to satisfy our
PRS upper limits. We therefore cannot definitively rule out a
magnetar progenitor with an internal magnetic field 1016 G.
However, such high fields would generally suggest a short
active lifetime (e.g., Margalit et al. 2019), which may start to
become in tension with the lack of free–free absorption at
∼GHz frequencies.
An alternative scenario for FRB progenitors was introduced

by Sridhar et al. (2021) in which FRB pulses are emitted along
the jet axis of an accreting compact object, and the associated
PRS synchrotron emission is powered by particles heated at the
termination shock of the outflowing super-Eddington disk wind
(“Hypernebula”; Sridhar & Metzger 2022; Sridhar et al. 2024).
Unlike a magnetar-powered engine, the activity rate of FRBs
from an accretion-powered engine does not necessarily
diminish as the system ages. In this scenario, a typical burst
luminosity LFRB∼ 1040 erg s−1 for FRB 20201124A (Xu et al.
2022) would require an accreting engine with a mass transfer
rate of  ~M M103 Edd,10 where  ºM L c0.1Edd,10 Edd,10

2( ) is the
Eddington rate of an accreting engine, with a mass of
M•= 10Me, and LEdd,10; 1.5× 1039erg s−1 is the corresp-
onding luminosity. At this M , the outflowing disk winds can
contribute ∼120 pc cm−3 to the overall dispersion measure
(DM) of FRB 20201124A (i.e., comparable to the host DM
measurement from Ravi et al. 2022; Xu et al. 2022)
after ∼105 yr of expansion (Equation (12) of Sridhar &
Metzger 2022) for the PRS.
Using Equations (10) and (28) of Sridhar & Metzger (2022),

the size of the shell formed from the interaction of the disk
wind with the surrounding medium and the radio synchrotron-
bright region (the “nebula”) are Rsh� 25 pc and Rn 1 pc,
respectively. Even for the highest angular resolution C-band
images (robust weighting, for which the angular resolution of
0 23 corresponds to a linear size of 430 pc), a size of this
source would be effectively point-like to our VLA observa-
tions. This means that our earlier comparisons against the peak
brightness at the FRB location provide valid upper limits on the
PRS flux density. The bright nebula region can be detectable in
the radio at a luminosity of ∼1039 erg s−1 up to ∼105 yr.
However, given the active lifetime of the system also being
∼105 yr (∼Må/M•, for an assumed post-main-sequence
companion star with a mass of ∼30Me), the luminosity would
fall off precipitously after ∼105 yr, in agreement with our flux
density upper limit (<1037 erg s−1) that is 2 orders of
magnitude lower. Thus, the hypernebula model is viable given
the luminosity constraints from our radio observations.

12

The Astrophysical Journal, 961:44 (15pp), 2024 January 20 Dong et al.



Finally, multipath propagation from a magnetized plasma
screen has been hypothesized to produce the observed
polarization behaviors including frequency-dependent depolar-
ization and the mean RM (|RM|) in FRBs, notably the ones
associated with a PRS (Beniamini et al. 2022; Feng et al. 2022;
Yang et al. 2022). In this model, the RM scatter (σRM) that
causes the depolarization at low frequencies is correlated with
|RM| and could also be proportional to the specific luminosity
of the PRS (see Equation (42) of Yang et al. 2022).
The |RM| of FRB 20201124A is observed to decrease from

889.5 to 365.1 rad m−2 over a 10 days timescale (Jiang et al.
2022; Xu et al. 2022), and σRM is found to be 2.5 rad m−2

(Feng et al. 2022). We choose FRB 20190520B as our
reference case since its RM is closer to FRB 20201124A than
that of FRB 20121102A and scale the σRM with
PRS 20190520B. We find that the PRS luminosity is
in agreement with the upper limit of L6.0GHz 1.8×
1027 erg s−1 Hz−1 based on our VLA observations within a
factor of 2. Consistency with our upper limits for the PRS
luminosity could be maintained by, for instance, reducing the
fraction of synchrotron-radiating electrons in the GHz band (ζe)
by a factor of 2. It is worth noting that, if we chose
PRS 20121102A instead, the PRS luminosity would be higher
than our derived upper limit by roughly an order of magnitude.
However, given that there are other free parameters such as the
screen radius (R) and thermal Lorentz factor (γth) to adjust in
the equation, this model remains plausible.

5. Conclusions

We have presented high-resolution VLA and HST observa-
tions, as well as Keck spectroscopy of the host galaxy of the
extremely active repeating FRB 20201124A. These observa-
tions map the morphology of star formation throughout the host
and near the location of the FRB. We also performed a deep
search for a potential PRS coincident with FRB 20201124A.
Our main results are as follows:

1. The radio emission at 1.5 and 3 GHz is marginally
resolved and centered on the host galaxy. The higher
spatial resolution afforded by our 6 GHz observations
shows that the radio emission is extended, and tightly
traces the IR morphology of the host galaxy, especially
along the bar and enclosing the pair of spiral arms.
Moreover, the radio emission extends to the position of
the FRB indicating some amount of star formation at the
FRB location.

2. Our HST observations clearly display the bar and spiral
arm features of the host in the rest-frame IR and indicate a
patchy dust distribution in the optical band. A compar-
ison of the local and global values of fractional flux and
SFR density indicates that the FRB 20201124A location
is average in both its stellar mass and star formation
distributions.

3. The host galaxy of FRB 20201124A has a radio-inferred
SFR of 8.9± 0.7 Me yr−1, a factor of ≈2.5 higher than
the SFR inferred from Hα luminosity, demonstrating the
presence of dust-obscured star formation throughout the
host environment.

4. A comparison of all four FRB hosts with radio emission
powered by star formation, as well as all 29 additional
limits on radio star formation in FRB host galaxies,
demonstrates that FRB 20201124A is one of two known

FRB hosts with dust-obscured star formation and the
most dust-obscured to date.

5. Deep radio imaging does not reveal a compact PRS
colocated with FRB 20201124A, thereby constraining
the luminosity of the PRS to be L6.0 GHz 1.8×
1027 erg s−1 Hz−1. This is 2 orders of magnitude lower
than the two known PRSs associated with FRBs. Our
limit is consistent with both the magnetar wind nebula
model assuming a constant energy injection rate and the
hypernebula model assuming a PRS age of 105 yr.

6. The fact that the radio emission due to star formation
extends to the burst site suggests that the progenitor of
FRB 20201124A was born in situ, for example, a
magnetar born from the core collapse of a massive star.
Migratory progenitor scenarios such as runaway massive
stars, although plausible, seem less likely as they are not
necessary to explain the observed FRB offset from
the bar.

In this study, we highlight the importance of utilizing joint
rest-frame optical and radio observations of FRB host galaxies.
In particular, multiwavelength follow-up of FRB sources
provides a more comprehensive view on the environments
surrounding these events and ultimately their progenitor
channel(s). The extremely active nature of FRB 20201124A,
combined with its apparent offset from any active regions of
star formation in the optical bands, sets a precedent for future
detections of FRBs as it offers a discerning view on the current
possible progenitor scenarios. Future multiwavelength studies
of FRB hosts and their morphological properties, both globally
and local to the FRB environment, will lend critical insight into
the formation channel(s) of FRBs.
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