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Abstract

We report the discovery of the repeating fast radio burst (FRB) source FRB 20240209A using the Canadian Hydrogen
Intensity Mapping Experiment (CHIME)/FRB telescope. We detected 22 bursts from this repeater between 2024
February and July, 6 of which were also recorded at the Outrigger station k’ni?atn k’1_stk’'masqt (KKO). The multiple
very long baseline interferometry localizations using the 66 km long CHIME-KKO baseline, each with a different
baseline vector orientation due to the repeater’s high decl. of ~86°, enabled the combined localization region to be
constrained to 1” x 2”. We present deep Gemini optical observations that, combined with the FRB localization, enabled
a robust association of FRB 20240209A to the outskirts of a luminous galaxy (P(O|x) =0.99; L ~ 5.3 X 1O]0L@).
FRB 20240209A has a projected physical offset of 40 + 5 kpc from the center of its host galaxy, making it the FRB
with the largest host galaxy offset to date. When normalized by the host galaxy size, the offset of FRB 20240209A
(5.1 Re¢r) is comparable to that of FRB 20200120E (5.7 R.¢), the only FRB source known to originate in a globular
cluster. We consider several explanations for the large offset, including a progenitor that was kicked from the host
galaxy or in situ formation in a low-luminosity satellite galaxy of the putative host, but find the most plausible scenario
to be a globular cluster origin. This, coupled with the quiescent, elliptical nature of the host as demonstrated in our
companion Letter, provides strong evidence for a delayed formation channel for the progenitor of the FRB source.
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1. Introduction

Fast radio bursts (FRBs) are ~ micro-to-millisecond-
duration bursts of radio emission originating from extragalactic
distances (E. Petroff et al. 2022). While thousands of FRBs
have been detected, their origins remain unknown. Most FRB
progenitor models involve stellar populations such as neutron
stars and magnetars (W. Lu & P. Kumar 2018; B. D. Metzger
et al. 2019; W. Lu et al. 2020; C. D. Bochenek et al. 2021).
Some FRBs repeat, which rules out cataclysmic progenitor
models for at least this class of FRBs. Repeating FRBs have
varying burst activity rates, with some having sudden periods
of heightened activity (A. E. Lanman et al. 2022; K. Nimmo
et al. 2023; Y.-K. Zhang et al. 2023), while one repeater has
bursts clustered in periodic activity windows (CHIME/FRB
Collaboration et al. 2020a). The detection of repeat FRB-like
bursts from a Galactic magnetar (C. D. Bochenek et al. 2020;
CHIME/FRB Collaboration et al. 2020b) makes a strong case
for magnetars as the origin of at least some FRBs.

Localizing FRBs to their local environments and host
galaxies is one of the primary ways to uncover their origins.
One-off FRBs have been localized to their host galaxies via
connected-element interferometry (S. Bhandari et al. 2020;
K. M. Rajwade et al. 2022; C. J. Law et al. 2024c¢), and follow-
up of repeating FRBs has enabled their localization to their
local environments via very long baseline interferometry
(VLBI; B. Marcote et al. 2017, 2020; F. Kirsten et al. 2022;
K. Nimmo et al. 2022b; T. Cassanelli et al. 2024; D. M. Hewitt
et al. 2024a). There is some indication that FRBs preferentially
occur in star-forming galaxies, with only a handful of FRBs
localized to quiescent environments (K. Sharma et al. 2024).
Additionally, nonrepeating FRBs are claimed to predominantly
have spiral host galaxies (A. G. Mannings et al. 2021;
M. Bhardwaj et al. 2024), with only one FRB having a
candidate elliptical host (K. Sharma et al. 2024). Repeating
FRBs have been localized to a variety of local environments,
from extreme magneto-ionic environments within dwarf star-
forming galaxies (S. Chatterjee et al. 2017; D. Michilli et al.
2018; C. H. Niu et al. 2022; R. Anna-Thomas et al. 2023) to a
globular cluster (GC) of the massive spiral galaxy MS8I1
(F. Kirsten et al. 2022). These varying local environments and
host galaxies indicate that FRBs can occur in regions of both
high and low star formation, and thus both prompt and delayed
formation channels for FRB progenitors are possible.

The Canadian Hydrogen Intensity Mapping Experiment
(CHIME)/FRB  project (CHIME/FRB Collaboration et al.
2018) has detected the largest number of FRBs, both repeating
and nonrepeating (E. Fonseca et al. 2020; CHIME/FRB
Collaboration et al. 2021; CHIME/FRB Collaboration et al.
2023). Some of these FRBs have channelized raw voltage data
(hereafter referred to as baseband data29) saved; however,
interferometric localizations using the baseband data from
CHIME alone can only provide an angular precision of ~1
(D. Michilli et al. 2023), which is not precise enough to
associate most FRBs to their host galaxies (T. Eftekhari &
E. Berger 2017). Consequently, CHIME/FRB is building three

2% We note that while we have used the term “baseband data” to refer to
channelized voltage data, historically, it has been used to refer to voltage data
prior to channelization.

Outrigger telescopes to form a VLBI array with CHIME to be
able to localize FRBs with subarcsecond precision (C. Leung
et al. 2021; J. Mena-Parra et al. 2022; T. Cassanelli et al. 2024,
P. Sanghavi et al. 2023; S. Andrew et al. 2024; A. E. Lanman
et al. 2024; C. Leung et al. 2024; A. B. Pearlman 2024).

Here we report, after ~1500 hr of CHIME/FRB exposure over
a period of 6yr, the discovery of an active repeater
FRB 20240209A. Using VLBI between CHIME and one of the
outrigger stations k'ni?atn k’1_stk'masqt’® (KKO; A. E. Lanman
et al. 2024), we have localized FRB 20240209A to ~ arcse-
cond precision. In Section 2, we describe the observations of
this source and provide its burst rate estimates. In Section 3, we
present the CHIME-KKO localization. The identification and
nature of the host galaxy for this repeater are discussed in
Section 4. In Section 5, we compare the properties of this FRB
source to other repeating FRBs and make predictions about the
possible progenitors based on the localization region and host
galaxy. A detailed discussion about the host galaxy properties
is presented by T. Eftekhari et al. (2025).

2. Observations

CHIME is a transit radio telescope located at the Dominion
Radio Astrophysical Observatory near Penticton, British
Columbia. It has a large field of view of >200 deg?, a wide
frequency bandwidth of 400-800 MHz, and records data in the
east—west (E-W) and north—south (N-S) linear polarization
bases (CHIME Collaboration et al. 2022). The CHIME /FRB
project uses the CHIME instrument to continuously scan the
entire Northern sky and search for FRBs in a multistage process
described by CHIME/FRB Collaboration et al. (2018).
CHIME/FRB records intensity (Stokes I) data with 0.98 ms
time resolution for all candidate FRB events with signal-to-
noise ratio (SNR) of SNR > 8. It also records baseband data
with a 2.56 us time resolution for events with SNR > 12 and
for all events identified as candidate repeaters with SNR > 10.

The CHIME/FRB Outrigger station KKO provides a 66 km
long E-W baseline with CHIME. The statistical localization
precision achievable for this baseline for an event of SNR = 12
and having a Dbandwidth of 400MHz is ~1”
(A. E. E. Rogers 1970). However, the realistic CHIME-KKO
localization accuracy, which also includes systematic errors, is
~2" along the baseline vector (A. E. Lanman et al. 2024). KKO
has 1/16 the collecting area of CHIME and is very similar to
CHIME in terms of its optical design, as well as its analog and
digital systems. It is tilted by ~0.5 from the zenith in order to
see the same sky as CHIME. KKO does not have an FRB
detection backend, but it continuously buffers baseband data in
a rolling buffer. CHIME /FRB sends FRB triggers to KKO for
bursts with SNR > 15, upon which ~100 ms of the buffered
data around the time of the FRB are saved to disk at KKO such
that the data in each frequency channel follows the dispersive
sweep of the FRB. Note that in this Letter we use CHIME/
FRB to refer to the central telescope system that searches for
FRBs in real time, while we use KKO to refer to the Outrigger

3 From the upper Similkameen language, this translates to “a listening device
for outer space.”
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Figure 1. Total daily exposure time (UTC and topocentric at CHIME near Penticton, Canada) at the position of FRB 20240209A (blue points) and detection times of
the repeat bursts (gray vertical lines). The top panel shows the exposure times since CHIME /FRB began operations. The red line indicates a window around the time
the repeater became active, and the bottom panel is zoomed in on that window. The source had a median total exposure of approximately 55 minutes per day, which
includes upper and lower transits having median exposures of 13 minutes and 39 minutes, respectively. Days with lower exposure are due to system shutdowns. The

exposure is slightly higher on certain days every year due to an additional fractional sidereal transit of the source on the same solar day.

station that can trigger baseband data recording when a burst is
detected by the central system.

FRB 20240209A was first detected on 2024 February 9 at
07:10:14 UTC (topocentric at CHIME near Penticton, Canada).
Since then, 21 repeat bursts with real-time positions and
dispersion measures (DMs) consistent with the first burst have
been detected, until 2024 July 31. Fifteen of these bursts are
reported by V. Shah & CHIME/FRB Collaboration (2024). Of
the 22 bursts, 12 have only intensity data, while 10 have both
intensity and baseband data. Six baseband bursts were also
recorded at KKO. The timeline of the burst detections are shown
in Figure 1 and the burst properties are listed in Table 2 in
Appendix A, which also provides details about how the burst
properties were estimated. Figure 2 shows the dynamic spectrum
of the 10 bursts with baseband data, along with a frequency-
channel-integrated time series, and a time-integrated spectrum.
These burst profiles were obtained by beamforming the baseband
data to the VLBI position of FRB 20240209A (see Table 1). It is
evident that most bursts from this repeater are narrowband, having
a fractional bandwidth of 20%—50% within the CHIME observing
band. We note that following the burst activity in July, we did not
detect any bursts from this repeater until another cluster of activity
in 2024 October. However, we limit the analysis in this Letter to
the bursts detected until 2024 July 31.

Following the announcement of the discovery of
FRB 20240209A during its heightened activity in 2024 June
(V. Shah & CHIME/FRB Collaboration 2024), the Northern
Cross FRB collaboration reported the discovery of a single burst
detected during a follow-up campaign (A. Geminardi et al. 2024).
The burst was detected on 2024 July 2 at 21:24:24.540 UTC at
400 MHz. CHIME/FRB also detected a burst on the same day at
08:36:06 UTC at 400 MHz. C. J. Law et al. (2024) followed up
the source with the Karl G. Jansky Very Large Array (VLA) in
two 2 hr segments on 2024 July 2 and 2024 July 5 and did not
detect any bursts at the observing frequency of 1-2 GHz; these
observations did not overlap with CHIME detections. During the
heightened activity of FRB 20240209A in 2024 October,
0. S. Ould-Boukattine et al. (2024) detected a single burst at

1.3 GHz using the Westerbork RT-1 telescope after 350 hr of
observations.

2.1. Burst Rate Estimate

The total exposure to the source was estimated using the
functionality described in CHIME/FRB Collaboration et al.
(2021). Various metrics throughout different data processing
stages were recorded to characterize the total uptime and
variation in sensitivity of the entire CHIME/FRB system. This
information was combined with the beam model®' in order to
account for times when a source transits through the FWHM of
our formed beams at 600 MHz.

The exposure was queried using the best-known position of
FRB 20240209A (V. Shah & CHIME/FRB Collabora-
tion 2024). Due to the high decl. of this source, it is
circumpolar in CHIME’s field of view, i.e., it has two transits
separated into upper and lower transits (CHIME/FRB
Collaboration et al. 2021). It is important to note that the two
transits have different sensitivities for the same source.
CHIME’s exposure to this source from 2018 August 28 to
2024 July 31 was ~362 hr in the upper transit and ~1123 hr in
the lower transit, amounting to a total of ~1485 hr.

CHIME/FRB detected 13 repeat bursts in the upper transit
and 9 repeat bursts in the lower transit. Out of these, only two
bursts, one each in the upper and lower transits, were detected
within the FWHM of our formed beams at 600 MHz. Since our
exposure calculation only accounts for the source transit time
through the FWHM of our beams, only these two bursts can be
used for burst rate calculation, given our adopted definition of
exposure. Using the daily exposure time toward the source, we
obtain a burst rate of 5hr ' above a fluence threshold of
1.5Jyms and 2hr ' above a fluence threshold of 0.9 Jy ms in
the upper and lower transits, respectively. The fluence thresh-
olds were estimated using the methodology described by
A. Josephy et al. (2019), CHIME/FRB Collaboration et al.
(2021), and CHIME /FRB Collaboration (2025, in preparation).

3 hitps:/ /chime-frb-open-data.github.io /beam-model /
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Figure 2. Dynamic spectra, frequency-integrated profiles, and time-integrated spectra of the 10 repeat bursts from FRB 20240209A that have baseband data saved at
CHIME. The time resolution at which each burst is plotted along with the burst number (see Table 2) is indicated in the top-right corner, and the Transient Name

Server (TNS) name of the burst is provided in the heading of each plot.

Table 1
Parameters for the 10 CHIME-KKO VLBI Localization Ellipse for
FRB 20240209A, with the Center of the Ellipse Defined in the ICRS J2000
Reference Frame

Position
R.A. Decl. Semiminor axis ~ Semimajor axis Angle
19"19™33°  486°03'52" 1708 212 9254

Given that CHIME/FRB sees the source for the same amount
of time each day, both within and outside the FWHM of our
formed beams, it is apparent from Figure 1 that the burst activity of
FRB 20240209A varied significantly over the course of its activity
period. The initial activity of the source was characterized by
sparse burst detections, with consecutive bursts separated by
multiple days, followed by a period of no burst detections for
~3 months. The source suddenly became very active in 2024 June,
with 17 out of the 22 bursts detected over the course of a month.
The peak burst activity was reached on 2024 June 29 when
CHIME/FRB detected five bursts from this source. This increase
in the detection rate signifies that the source entered a high-activity
period fairly recently, and more broadly that some FRBs may

rapidly transition from years of quiescence to hyperactivity on
timescales of weeks to months. Such burst activity, from
quiescence to hyperactivity, has also been seen for sources such
as FRB20121102A (D. Li et al. 2021), FRB20201124A
(A. E. Lanman et al. 2022), and FRB 20220912A (R. McKinven
& CHIME/FRB Collaboration 2022). Additionally, as shown in
Figure 1, CHIME had limited exposure in the direction of this
repeater following its peak burst activity because the FRB search
engine gets shut down when the temperature in the computing
container becomes too high during the summer months. Thus,
there is a possibility that additional bursts from this source were
missed during its transit in July.

3. Localization

Baseband data for six FRB 20240209A bursts were saved at
the KKO site, allowing six separate CHIME-KKO VLBI*>

32 The 66 km long CHIME-KKO baseline is not a “very long” baseline per se.
However, VLBI can often mean a nonconnected interferometer with different
clock signals at different stations where the voltage data need to be digitally
shipped and correlated retrospectively. We use the term “VLBI” in that context
in this Letter.
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localizations for this repeater. For each of these bursts, full-
array baseband data were beamformed toward the best-fit FRB
position found from the baseband localization pipeline, R.A.
(J2000) = 19"19™39:84,  decl.  (J2000) = +86°03'44.28"
(D. Michilli et al. 2023; V. Shah & CHIME/FRB Collabora-
tion 2024), as well as the position of the source JO117+48928
from the Very Long Baseline Array Radio Fundamental
Catalog,” which was used as the phase calibrator. This
beamforming was done for both the CHIME and KKO stations.
JO117+8928 was the best choice of calibrator, as it is
unresolved on the CHIME-KKO baseline, and detected with
a cross-correlation SNR > 50. It also has a small angular
separation of ~4° from the FRB position and is always within
the primary beam of the CHIME and KKO cylinders because
of its very high decl. of 89.47. For each of the six target bursts,
CHIME and KKO data were coherently de-dispersed using a
DM of 176.518 pccm >, cross-correlated using the PyFX
VLBI correlator (C. Leung et al. 2024), and then phase-
referenced to the cross-correlated visibilities of JO11748928.
The target visibilities were integrated for the duration of the
burst while the calibrator visibilities were integrated for the
entire ~100 ms duration of the baseband dumps. The calibrated
visibilities were obtained for both the E-W and N-S polariza-
tions. Since the phase calibrator data were recorded simulta-
neously with the burst data, no clock calibration was necessary
(C. Leung et al. 2021). Though CHIME and KKO view the
source through different sightlines through the ionosphere, this
is not a dominant source of error for the short CHIME-KKO
baseline at the observing frequencies we use at 400-800 MHz
(A. E. Lanman et al. 2024). Moreover, the small angular
separation between the target and the calibrator ensured that
any differential ionospheric delays were well within our
localization uncertainty. Only the visibility data for frequency
channels that had signal were used for localization, which
amounted to 60—100 MHz of bandwidth used for the narrow-
band bursts from this repeater.

A grid of R.A. and decl. centered on the baseband
localization was searched to determine the CHIME-KKO
VLBI localization position using a “delay mapping” technique
(see Equations (12), (13), and (19) of A. E. Lanman et al.
2024). The differential geometric delay between CHIME and
KKO with respect to the initial pointing was estimated for each
point in the grid and compared to the differential geometric
delay obtained from the calibrated visibilities, which gave a
localization likelihood (see Equation (Al) of C. Leung et al.
2024). The uncertainty on the localization was determined by
the uncertainty on the delay, which is typically ~1 ns for the
CHIME-KKO baseline (A. E. Lanman et al. 2024). However,
since the bursts from this repeater are narrowband, a more
conservative delay uncertainty of 2 ns (assumed to be Gaussian
distributed) was used to account for unknown systematic errors
and residual ionospheric delays (see Figure 13 of A. E. Lanman
et al. 2024). If the delays obtained from the E-W and N-S
calibrated visibilities differed by more than 1 ns, the polariza-
tion with the higher cross-correlation SNR was used for
localization. Localization likelihoods for one or more polariza-
tions for each of the six bursts were multiplied to obtain the
combined localization. This localization region was inflated by
convolving it with a two-dimensional (2D) Gaussian having
o = 1" to account for correlated systematic errors (see

3 https:/ /astrogeo.org/sol /rfc/rfc_2024a/
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Figure 3. The purple shaded ellipses show the 1o, 20, and 30 CHIME-only
baseband localization region for FRB 20240209A. The contour stripes show
the CHIME-KKO VLBI localization regions for six repeat bursts, each
constrained along the baseline vector. The black ellipses show the 1o and 30
combined VLBI localization region after accounting for correlated systematic
errors.

Appendix B for more details), giving a final localization ellipse
of dimensions ~1” x 2”.

In Figure 3, the purple ellipses show the lo, 20, and 30
CHIME-only baseband localization regions for FRB 20240209A
(V. Shah & CHIME/FRB Collaboration 2024). The contour
stripes show the six CHIME-KKO localizations, with the solid
and dashed black ellipses delimiting the 1o and 30 combined
localization regions, respectively. The multiple CHIME-KKO
localizations, each with a different baseline vector orientation due
to the repeater’s high decl., permitted the combined VLBI
localization region to be constrained along several axes. The
parameters for the CHIME-KKO 1o localization ellipse are listed
in Table 1.

4. Host Galaxy
4.1. Deep Imaging and Host Galaxy Association

We imaged the field of FRB 20240209A with the Gemini
Multi-Object Spectrograph (GMOS) mounted on the 8 m
Gemini-North telescope on UT 2024 August 8 (PI: T. Eftekh-
ari), for a total exposure of 1 hr in the » band. We used the
POTPyRI pipeline™ to apply bias and flat-field corrections
and coadd the images. We performed astrometric calibration
using sources in common with the Gaia Data Release 3 catalog
with an astrometric tie rms of 0.06. We performed aperture
photometry of the host galaxy within a 14” radius aperture and
calculated a magnitude r = 16.79 £ 0.02 mag (AB).

To determine the most probable host galaxy, we utilized the
Probabilistic Association of Transients to their Hosts method
(PATH; K. Aggarwal et al. 2021), a Bayesian framework for
associating transients with their hosts. We adopted the default
“inverse” prior that accounts for the higher incidence of faint
galaxies on the sky (i.e., a Jeffreys prior for apparent
magnitude) and an underlying exponential distribution scaled
by one-half the half-light radius as the prior for the offset
distribution (R. M. Shannon et al. 2024). For the prior
probability that the host is unseen, we assumed a conservative

 hitps://github.com/CIERA-Transients/POTPyRI
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Figure 4. Gemini r-band image showing the host galaxy of FRB 20240209A
(cyan crosshairs) and the 1o (white solid) and 30 (white dashed) localization
ellipses. The source to the east of the localization ellipse is a star. The 3¢
limiting magnitude is r 2 25.9 mag (corrected for Galactic extinction).

value of P(U) = 0.15 given the 30 limiting magnitude of the
Gemini/GMOS image of r ~ 25.9 mag (AB, corrected for a
Galactic extinction of A, = 0.266 mag). To identify galaxy
candidates, we utilized Source Extractor on a 40" x 40"
region centered on the FRB position. We performed aperture
photometry on each of the identified sources and fed as input to
PATH the extinction-corrected magnitudes, source positions,
and estimates for the angular sizes. The host of FRB 20240209A
was robustly identified with a posterior probability P(O|
x) = 0.99 (Figure 4).

Using the spectrum of the host galaxy, we classify it as a
quiescent galaxy at z = 0.1384 £ 0.0004 (T. Eftekhari et al.
2025), adding to the small sample of FRB hosts in quiescent
environments (K. W. Bannister et al. 2019; K. Sharma et al.
2023; C. J. Law et al. 2024; K. Sharma et al. 2024). The
properties of FRB 20240209A are especially notable given no
FRB associated with a quiescent galaxy has yet been observed
to repeat. FRB 20240209A is also the first FRB localized to a
galaxy with unambiguous elliptical morphology (T. Eftekhari
et al. 2025), with only one other nonrepeating FRB having a
candidate elliptical host (K. Sharma et al. 2024). The global
host galaxy properties, especially its extremely old stellar
population (~11 Gyr; T. Eftekhari et al. 2025), coupled with the
large host galaxy offset evident in Figure 4, support a delayed
formation channel for the progenitor of FRB 20240209A. We
discuss these implications in Section 5.

In order to verify the consistency of the host galaxy redshift
with the observed DM of FRB 20240209A, we use the joint
probability distribution of redshift and extragalactic DM for
CHIME repeaters, developed by C. W. James (2023), to
estimate a probabilistic maximum redshift. We use the NE2001
estimate of 55.5pccm * for the Milky Way (MW) disk DM
contribution (J. M. Cordes & T. J. W. Lazio 2002; S. K. Ocker
& J. M. Cordes 2024), which is consistent with the YMW16
estimate of 52.2 pc cm > (J. M. Yao et al. 2017). We assume
both the MW halo DM contribution (DMpw hato) and host
galaxy DM contribution DMy, are 0pc cm ° in order to
obtain a more conservative zn,s. Given that the extragalactic
DM is the total DM minus the NE2001 contribution, the
resulting 95% upper limit on redshift is zmax = 0.19. Thus, the
redshift of the putative host galaxy is consistent with the
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Figure 5. Optical luminosity vs. redshift for the host galaxy of
FRB 20240209A (red star) and other FRB hosts in the literature (V. Ravi
etal. 2019; A. C. Gordon et al. 2023; K. Lee-Waddell et al. 2023; M. Bhardwaj
et al. 2024; L. Connor et al. 2024; A. L. Ibik et al. 2024a; C. J. Law et al. 2024;
R. M. Shannon et al. 2024; K. Sharma et al. 2024); stars denote known
repeaters while circles denote apparent nonrepeaters. The dashed line
corresponds to the Gemini luminosity limit of r ~ 25.9 mag (30), for which
parameter space above the line is ruled out for a source coincident with the
KKO localization. The range of luminosity limits on a coincident source, set by
the upper limit on the redshift inferred from the DM (Zma = 0.19), is
highlighted in the blue shaded region, corresponding to <2.5 x 107 L. This is
well below the luminosity of the Small Magellanic Cloud (gray horizontal line)
and below the limit of the inferred luminosity for the host of FRB 20190208A
(D. M. Hewitt et al. 2024b; purple triangle). The lower bound reaches the
luminosities of GCs in elliptical galaxies (yellow box; e.g., J. Strader
et al. 2006). The luminosity of the GC hosting the repeating FRB 20200120E
(L ~ 1.3 x 10° L) falls toward the upper side of the yellow box (F. Kirsten
et al. 2022; M. Bhardwaj et al. 2021).

probabilistic maximum redshift given by the DM of
FRB 20240209A but suggests a small contribution to the DM
from the local environment and host galaxy of the FRB.

To place the host of FRB 20240209A into context with the
FRB host pogulation, in Figure 5 we show the optical r-band
luminosities®> of FRB host galaxies as a function of the
redshift; all magnitudes are corrected for Galactic extinction
(V. Ravietal. 2019; A. C. Gordon et al. 2023; K. Lee-Waddell
et al. 2023; M. Bhardwaj et al. 2024; L. Connor et al. 2024;
A. L. Ibik et al. 2024a; C. J. Law et al. 2024; R. M. Shannon
et al. 2024; K. Sharma et al. 2024). We also include the inferred
limit on the luminosity for the low-luminosity host of
FRB 20190208A (D. M. Hewitt et al. 2024b). With L ~
5.3 x 10" L., the putative host galaxy of FRB 20240209A is
the most luminous FRB host galaxy to date, 3 times more than
the most luminous host of a known repeating FRB (although
only ~10% more luminous than that of a nonrepeating FRB).
Here we entertain the possibility that there exists an undetected
source within the combined KKO localization. Our deepest
Gemini imaging reaches a 3o limit of » ~ 25.9 mag derived
using the image FWHM of 0.6, which we translate to the

35 n a few cases where the r band is not available, we use the i band.
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required combination of luminosity and redshift to exist below
our detection threshold (Figure 5). Given the redshift
constraints from DM and the location of the FRB, one
possibility is that of a satellite of the putative host at the same
redshift (z=0.1384), for which the Gemini limit requires that
L <12 x 107 L... Alternatively, there may exist a galaxy at a
redshift different from that of the putative host. For z < zpax
where Zmax = 0.19 (95% confidence) the Gemini limit requires
L <25 x 10" L.. Even for the most optimistic case of
Z = Zmax, our limits imply a luminosity =10 times less than that
of any other known FRB host galaxy with a redshift
(A. C. Gordon et al. 2023; S. Bhandari et al. 2023). We note
that the dwarf host of FRB20190208A does not have a
redshift, but has a range of luminosities of ~10—10%L.,
inferred from the DM (D. M. Hewitt et al. 2024b), potentially
comparable to the limit for FRB 20240209A. Thus, if
FRB 20240209A originated from an undetected galaxy, it
would need to be extreme in terms of its low luminosity
compared to the rest of the FRB population. We discuss this in
the context of possible progenitors in Section 5.

5. Discussion

The burst properties, activities, and counterparts of FRBs
give clues about their emission mechanisms, progenitor types,
and local environments. We compare these attributes of
FRB 20240209A to those of other repeating FRBs. Moreover,
the host galaxy properties and location of the FRBs within their
hosts help identify the most viable FRB formation channels
possible for specific environments. We therefore discuss the
implications for the progenitor of FRB 20240209A based on its
offset from the putative host.

5.1. Comparison with Other Repeaters
5.1.1. Burst Properties

The wide temporal widths and narrowband nature of
FRB 20240209A bursts are consistent with what is observed
in the broader repeater population (Z. Pleunis et al. 2021a).
Moreover, bursts B1, B5, B8, B9, and B16 clearly show a
downward-drifting morphology in the frequency—time space.
Among repeaters, FRB 20121102A is known to emit isolated
bursts of microsecond duration (M. P. Snelders et al. 2023),
while FRB 20200120E shows substructure down to a timescale
of ~60 ns in submillisecond-duration bursts (W. A. Majid et al.
2021; K. Nimmo et al. 2022a). If FRB 20240209A emitted
such narrow bursts, they would have to be brighter than the
wider bursts in order to be detected by the CHIME/FRB
backend, which detects with a time resolution of ~1 ms.
Moreover, the bursts from FRB 20200120E are 2-3 orders of
magnitude less energetic than those from other repeating FRBs,
and thus easily detectable for FRB 20200120E only due to the
proximity of this source located 3.6 Mpc away. Although
FRB 20240209A does not show such isolated narrow bursts, it
does show evidence of structures of varying timescales within
the broader burst envelope, especially in burst B1. Such
structures are also seen in bursts from other repeaters
(K. Nimmo et al. 2021; D. M. Hewitt et al. 2023). Thus, the
morphological features of FRB 20240209A are consistent with
those of other repeaters and suggest that FRB 20240209A
potentially has the same emission mechanism and progenitor
type as other repeating FRBs. However, this does not preclude
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the progenitor of FRB 20240209A from having a different
formation channel compared to other repeaters.

The brightest burst from FRB 20240209A in our sample is
the first burst detected from this source, which has a structure-
maximizing DM of 176.49 pccm ™. The DMs of the repeat
bursts listed in Table 2 are largely consistent. We do not
consider any apparent DM variation to be intrinsic to the source
as it is nontrivial to disentangle DM variation from downward-
drifting morphology, especially at the coarser time resolution
for some bursts. Moreover, the DM variation of >1 pc cm > for
FRB 20121102A occurs over a period of years (D. Li et al.
2021). Thus, significant DM variation is not expected in the
FRB 20240209A bursts listed here, which span a period of a
few months.

5.1.2. Burst Activity

The daily exposure of CHIME toward the position of
FRB 20240209A allows us to monitor the activity of the
source. FRB 20240209A was first detected in 2024 February
and we estimate a burst rate of 5 hr~' above a fluence threshold
of 1.5Jyms and 2hr ' above a fluence threshold of 0.9 Jy ms
in the upper and lower transits, respectively. Following its
initial detections, the source had a sudden period of heightened
burst activity in 2024 June. A sudden increase in burst activity
has also been seen in other repeaters: the first example is from
the CHIME/FRB observation of a period of high burst activity
from the repeater FRB 20201124A, with the peak burst rate
reaching up to 92day ' and 201 day ' with a 90% fluence
threshold of 19 Jy ms during this period in the CHIME band
(A. E. Lanman et al. 2022). For this source, FAST saw a peak
burst rate of 542hr™' (Y.-K. Zhang et al. 2022) in their
1-1.5 GHz observing band with a 90% fluence threshold of
~0.03 Jy ms. For FRB 20200120E, K. Nimmo et al. (2023)
observed a period of burst activity with the Effelsberg telescope
at 1.4GHz, where the source emitted 53 bursts within
43 minutes above a fluence of 0.04 Jy ms. Y.-K. Zhang et al.
(2023) observed FRB 20220912A with the FAST telescope and
observed an event rate up to 390hr ' with a 90% fluence
threshold of ~0.014 Jy ms. Most recently, FAST also observed
FRB 20240114A to have a burst rate up to ~500 hr ' above a
fluence of 0.015 Jy ms, an increase in burst activity by over an
order of magnitude compared to observations conducted just
over a week prior (J. Zhang et al. 2024). The sudden increase in
activity of FRB 20240209A is thus consistent with other
repeaters, although a direct comparison of burst rates across
different frequency bands and fluence thresholds requires a
more detailed analysis.

As discussed in Section 2, apart from the CHIME-detected
bursts, there are only two other reported detections of
FRB 20240209A. The Northern Cross FRB collaboration
detected a single burst at 400 MHz in 20 hr of observation
(A. Geminardi et al. 2024), while the Westerbork RT-1 telescope
detected a single burst at 1.3 GHz in 350 hr of observation
(O. S. Ould-Boukattine et al. 2024). This is seemingly in contrast
to other repeaters that have been highly active across a wide
frequency band—all the aforementioned FRB repeaters, which
had follow-up burst activity monitoring campaigns at >1 GHz,
were discovered by CHIME/FRB at 400-800 MHz. Other
repeating FRBs with detections across various frequency bands
include FRB 20121102A (from ~600 MHz to ~8 GHz, though
seemingly preferentially at higher frequencies; V. Gajjar et al.
2018; A. Josephy et al. 2019) and FRB 20180916B (from
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~110MHz to ~8 GHz Z. Pleunis et al. 2021b; S. Bethapudi
et al. 2023). A deeper analysis is required to study the burst
activity of FRB 20240209A across different frequency bands.

5.1.3. Limits on a Persistent Radio Counterpart

Only FRB 20121102A and FRB 20190520B are confidently
associated with compact persistent radio sources (PRSs) that
are coincident with their positions (S. Chatterjee et al. 2017;
C. H. Niu et al. 2022). Interestingly, these are also the only two
FRBs known to have Faraday rotation measures (RMs) as high
as ~10*-10° rad m 2 (D. Michilli et al. 2018; R. Anna-Thomas
et al. 2023). FRB 20201124 A has a coincident radio source,
which is interpreted as a candidate PRS (G. Bruni et al. 2024)
or star formation (Y. Dong et al. 2024). We performed an
archival search for compact persistent radio emission at the
position of FRB 20240209A, utilizing CIRADA® cutouts to
extract a 1 arcmin® region surrounding the VLBI position. The
VLA Sky-Survey Quicklook (VLASS-QL; M. Lacy et al.
2020) was the only radio survey with available observations of
the field of FRB 20240209A. We found no evidence of any
PRS emission within the 3¢ localization regions above the 5o
rms threshold of 600 pJy. Assuming z = 0.1384, we place a S0
upper limit on the spectral luminosity of any PRS counterpart
of Ligon, < 3 x 10®ergs 'Hz '. In comparison to
those available in the literature, a PRS akin to those associated
with FRB20121102A and FRB 20190520B, which fall
within the spectral luminosity ranges of L;;gu, ~ 1-3 X
10%° erg s~ Hz™! (B. Marcote et al. 2017; S. Bhandari et al.
2023), would be on the cusp of the 50 detection threshold
provided by VLASS-QL. On the contrary, a lower-luminosity
PRS akin to the candidate PRS associated with
FRB 20201124A with L, ~ 5 x 10 ergs 'Hz ' (G. Bruni
et al. 2024) would fall below the detection threshold.

C. J. Law et al. (2024) searched for a PRS at the
FRB 20240209A position using VLA and found an unresolved
radio source that is at or near the nucleus of the putative host.
Given the large offset of FRB 20240209A from the putative
host, this radio source is not associated with the FRB and
instead may indicate the presence of a radio-loud active
galactic nucleus in the host as discussed in T. Eftekhari et al.
(2025). While a lower-luminosity PRS counterpart cannot be
ruled out at this stage, FRB 20240209A currently joins the
group of well-localized repeating FRBs with no observed
compact radio counterparts (A. L. Ibik et al. 2024b).

5.2. Galactocentric Offset and Implications for the Progenitor
of FRB 20240209A

One of the most notable features of FRB 20240209A is the
offset from its host galaxy, which has implications for its
progenitor. Thus, we use the combined CHIME-KKO
localization to calculate the distribution of possible angular
offsets between FRB 20240209A and its host galaxy center,
weighted by the localization probability map. Using z = 0.1384
and Planck cosmology (Planck Collaboration et al. 2020), we
calculate a projected physical offset of 40 £+ 5kpc (68%
confidence). Since the host of FRB 20240209A is particularly
large in extent (T. Eftekhari et al. 2025), it is informative to
normalize the offset by the host galaxy size. We use the host
effective radius Ry = 7.78 £ 0.03 kpc from morphological

36 https://cirada.ca/
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fitting (T. Eftekhari et al. 2025) to calculate a host-normalized
offset of 5.1 + 0.6 R.g, demonstrating a location well outside
the locus of the host galaxy light. This large offset of
FRB 20240209A from a luminous and quiescent host galaxy
makes it stand apart from the majority of the FRB population,
characterized primarily by star-forming galaxies at physical
offsets of <I10kpc and host-normalized offsets of <2 R.g
(K. E. Heintz et al. 2020; A. G. Mannings et al. 2021;
S. Bhandari et al. 2022; A. C. Gordon et al. 2023; K. Sharma
et al. 2024).

For context, in Figure 6, we show the cumulative distribution
of projected FRB host galaxy offsets for 6 repeating and 37
nonrepeating FRBs with available offset information in both
physical and host-normalized units (A. G. Mannings et al. 2021;
S. Bhandari et al. 2022; K. Sharma et al. 2024; M. N. Woodland
et al. 2024). In physical units, the offset of FRB 20240209A
exceeds the median FRB population offset of ~5.4kpc by a
factor of 7; indeed, it has the largest host galaxy offset observed
to date. While in host-normalized units, the offset of
FRB 20240209A is 4 times larger than the median offset of
~1.4 R, rivaled only by the offset of FRB 20200120E. Many
FRB progenitor models invoke a magnetically powered neutron
star (NS), called a magnetar, as the central engine (E. Platts et al.
2019). FRBs localized within star-forming regions can be
produced by young magnetars formed via core-collapse super-
novae. Thus, while the majority of the FRB population is
consistent with magnetars created from core-collapse super-
novae, the properties of FRB 20240209A challenge this
interpretation, as the fraction of stars at ~5 R is extremely
low. In the following subsections, we briefly consider three
progenitor scenarios to explain the large offset from the putative
host: a progenitor that (1) formed in situ in a GC associated with
the massive host galaxy, (2) formed in situ in an undetected
satellite dwarf galaxy of the massive galaxy, or (3) was kicked
from its birthplace.

5.2.1. Globular Cluster Origin

For in situ progenitors, the localization of FRB 20200120E
to a GC (F. Kirsten et al. 2022) demonstrated that at least some
FRBs can originate in environments with older stellar
progenitors. The extreme offset of FRB 20240209A could
naturally be explained by the formation in a GC. To place this
possibility into context, in Figure 6, we plot the cumulative
distributions of projected physical offsets of GCs in the Milky
Way (W. E. Harris 1996), M81 (J. B. Nantais &
J. P. Huchra 2010; J. B. Nantais et al. 2010), and the elliptical
galaxies NGC 821 (L. R. Spitler et al. 2008) and NGC 4278
(C. Usher et al. 2013). Since the galactocentric offsets of GCs
can depend on the sizes of their host galaxies, it is equally
informative to compare the host-normalized offsets. Thus, we
also show the projected offset distributions in host-normalized
units, using Regr of 5.75kpc (J. Lian et al. 2024), 3.5kpc
(K. Sheth et al. 2010), 5.1 kpc (S. Pellegrini et al. 2007) and
2.4kpe (C. Usher et al. 2013) for the Milky Way, MS8I,
NGC 821, and NGC 4278, respectively. We also show the
projected offset of FRB 20200120E, which was precisely
localized to a GC of the spiral galaxy M81 (M. Bhardwaj et al.
2021; F. Kirsten et al. 2022). We find that in terms of physical
offsets, FRB 20240209A is consistent with the upper ~10%-—
25% of the spatial distribution of GCs in ellipticals. When
normalized by the host galaxy size, the offset of
FRB 20240209A is still consistent with those of GCs in
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Figure 6. Projected physical offsets (left panel) and host-normalized offsets (right panel) of 43 FRBs that have robust host associations and offset information. Also
shown are the projected physical and host-normalized offsets of GCs of the spiral galaxies Milky Way and M81, and of the elliptical galaxies NGC 821 and
NGC 4278. The black dashed line shows the ~20 kpc projected offset of FRB 20200120E, which is localized to a GC of M81. The black solid line shows the ~40 kpc
projected offset of FRB 20240209A with the gray shaded region showing the 3¢ uncertainty on the offset based on the localization region. Based on its offset,
FRB 20240209A is consistent with originating from a GC of its massive elliptical host galaxy.

elliptical galaxies in the upper ~30%—-50% of those distribu-
tions. Notably, the host-normalized offset of FRB 20200120E
is very similar to the median value for FRB 20240209A (5.7
versus 5.1 R.g). Thus, this comparison clearly illustrates that
based on offsets alone, it is plausible that FRB 20240209A
could have originated from a GC.

In such a case, promising progenitor models for GC FRBs
include magnetars formed via the accretion-induced collapse of
a white dwarf (WD), or merger-induced collapse of a WD-
WD, NS-WD, and NS-NS binary, in which dynamical
interactions within the GC can increase the rates of such
events (e.g., K. Kremer et al. 2021). Low-mass X-ray binaries
(LMXBs) and ultraluminous X-ray sources (ULXs) are also
viable given their occurrence in GCs (G. W. Clark 1975;
T. J. Maccarone et al. 2007; K. C. Dage et al. 2021; N. Sridhar
et al. 2021). Notably, based on deep X-ray measurements,
A. B. Pearlman et al. (2024) ruled out ULXs and ~30% of the
brightest Milky Way—like LMXBs for FRB 20200120E. Thus,
the association of FRB 20240209A to a ULX would make it
distinct from FRB 20200120E.

5.2.2. Undetected Satellite Dwarf Galaxy

Another possibility is that the FRB originated in an
undetected satellite dwarf galaxy. In such a case, there is no
constraint on the age of the progenitor and prompt formation
channels such as a magnetar formed via core-collapse super-
nova of a massive star are possible. However, as discussed in
Section 4, such a galaxy would have L < 1.2 x 107 L., making
it 210 times less luminous than any other FRB host galaxy
with known redshift. Moreover, this upper limit on luminosity
falls toward the lower end of the luminosity range possible for
the dwarf host of FRB 20190208A (D. M. Hewitt et al. 2024b),
indicating further that the presence of an undetected satellite
dwarf would be an extreme scenario in terms of host
luminosity.

In Section 4, we derived a conservative 95% upper limit on
the redshift of the FRB of z;,,x = 0.19 assuming O pc cm > for
DMpywhato and DMy, If we instead use DMpyw pao =

3 3

30pcem ” and DMy = 10pccm™~, which are still on the
lower end of the expected contributions (J. X. Prochaska &
Y. Zheng 2019; S. Yamasaki & T. Totani 2020; A. M. Cook
et al. 2023; K. Shin et al. 2023), we find zy.x = 0.14. This
suggests that at the redshift of the FRB host galaxy of
7=0.1384, there is barely any DM contribution from the local
environment and host galaxy of the FRB. This is in stark contrast
to the hundreds of units of DM, for the three FRBs known to
reside in dwarf galaxies (S. P. Tendulkar et al. 2017; C. H. Niu
et al. 2022; S. Bhandari et al. 2023). The two repeating FRBs out
of these three FRBs in dwarf galaxies also exhibit very high RM
values (D. Michilli et al. 2018; R. Anna-Thomas et al. 2023).
Polarization analysis of FRB 20240209A will be done in future
work and will give more clues about its local environment. Thus,
based on DM budgeting, we infer that FRB 20240209A resides
in a clean environment indicating that a GC origin is a more
favorable scenario than a satellite dwarf galaxy origin. If correct,
a low value of RM would be expected. Space-based imaging
coupled with a more precise localization of FRB 20240209A is
required to distinguish between the two possibilities.

5.2.3. Kicked Progenitor

It is possible that the progenitor of FRB 20240209A was
kicked out of its host galaxy. Plausible progenitors include
binary neutron star mergers (NS-NS) or WD-NS mergers,
which in a small fraction of cases may produce indefinitely
stable neutron stars (B. Margalit & B. D. Metzger 2019).
Indeed, the high systemic velocities coupled with the long
delay times relative to star formation can result in galacto-
centric offsets of tens of kpc (K. Belczynski et al. 2000).
However, we find that only ~15% (=5%) of short gamma-ray
bursts, which likely originate from NS-NS mergers, have
physical (host-normalized) offsets comparable to or larger than
the offset of FRB 20240209A (W.-f. Fong et al. 2022).
Furthermore, only ~10% of short gamma-ray burst host
galaxies are quiescent (A. E. Nugent et al. 2022). Thus, while
the environmental properties of FRB 20240209A are consistent
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with a subset of kicked compact object binary progenitors, we
find it to be a less plausible explanation.

6. Summary and Conclusion

The repeating FRB 20240209A was discovered by CHIME/
FRB in 2024 February, with 22 repeat bursts detected up to
2024 July 31. The activity of this repeater evolved significantly
over this period, with the source suddenly becoming very
active in 2024 June. This indicates that FRB 20240209A also
undergoes sudden episodes of increased activity, as has been
seen in other repeaters. Additionally, the burst morphology of
FRB 20240209A bursts is consistent with other repeaters.

The CHIME-KKO baseline provides a one-dimensional
(1ID) VLBI localization accuracy of ~2” along the baseline
vector for single pulse localizations. For the six repeat bursts
recorded at KKO, the high decl. of FRB 20240209A allowed
the bursts to be detected with a rotating range of baseline
vectors, such that combining the multiple localizations
constrained the localization region along several axes. This
combined localization was inflated to account for correlated
systematic errors, giving a final localization ellipse of
dimensions ~17 x 2"

We observed the field of FRB 20240209A with the Gemini-
North telescope and obtained an image of depth r = 25.9 mag.
We use the VLBI localization and PATH to robustly associate
FRB 20240209A with a luminous and quiescent elliptical
galaxy at z=0.1384 (P(O]x) = 0.99). This is the first
association of a repeating FRB to a quiescent galaxy, and the
first association of any FRB to an elliptical galaxy (see also
T. Eftekhari et al. 2025). Moreover, the FRB has a projected
physical offset of 40 + 5 kpc from the center of the host galaxy,
making it the most offset FRB host to date.

Given the large offset of the FRB from the host galaxy, we
consider a progenitor that is either formed in situ or kicked
from its birthplace. For the in situ case, an origin in a GC is
possible with the projected offset of FRB 20240209A being
consistent with the projected offsets of GCs in elliptical
galaxies. Moreover, when normalized by the host galaxy size,
the offset of FRB 20240209A is comparable to that of
FRB 20200120E, providing further support for a GC origin.
In such a scenario, promising progenitor models include
magnetars formed via accretion-induced collapse of a WD,
merger-induced collapse of a WD-WD, NS-WD, or NS-NS
binary, LMXBs, or ULXs. An extreme scenario would be
in situ formation in an undetected satellite dwarf galaxy of the
putative host, which is 210 fainter than any other FRB host
with known redshift. However, DM budgeting barely allows
any DM from the host galaxy of the FRB at the redshift of the
putative host, making a GC origin more favorable. For a kicked
progenitor case, NS-NS or NS-WD mergers that produce
stable neutron star remnants are a possibility, where the high
kick velocities of these systems can explain the large offset.
However, only a small fraction of short gamma-ray bursts,
which are thought to be formed from kicked NS-NS mergers,
are known to have similar or larger galactocentric offsets, or
quiescent host galaxies. Thus, we consider in situ formation in
a GC to be the more likely scenario.

We thus conclude that the unique local environment and host
galaxy of FRB 20240209A revealed by its precise localization
adds to the diversity of environments in which repeating FRBs
are found. The precise localization of FRBs is crucial to
understanding their origins. The CHIME-KKO localization of
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this repeater provides a proof of concept for the full three-
station CHIME/FRB Outrigger array, which will be opera-
tional in the near future and which will enable subarcsecond
localizations for thousands of FRBs to their local environments
and host galaxies.
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Appendix A
Estimating the Burst Properties

For the bursts with baseband data, the data were beamformed
to the best VLBI position of FRB 20240209A listed in Table 1.
The baseband morphology pipeline uses the intensity (Stokes /)
data in the beamformed file to fit a model with burst width,
scattering, bandwidth, arrival time, and DM as parameters.

Table 2
Properties of the Repeat Bursts from FRB 20240209A
Burst TNS Name TOA SNR DM Width T tres Peak Flux Fluence
(pc cm ™) (ms) (ms) (ms) ay) (Jy ms)
Bl FRB 20240209A 2024-02-09 07:10:14 15.99 176.49 £ 0.01 234 <0.2 0.082 209 £25 3249 £ 334
B2 FRB 20240217A 2024-02-17 06:36:05 9.24 177.63 £ 0.24 29.7 <4.58 0.983
B3 FRB 20240309A 2024-03-09 04:29:37 16.78 176.33 £ 0.03 1.9 <0.15 0.041 7.0 £0.8 129 £ 1.5
B4 FRB 20240608A 2024-06-08 10:23:09 9.0 175.4 £ 0.09 49.9 <2.99 0.983
B5 FRB 20240612A 2024-06-12 08:51:06 14.42 175.07 £ 0.14 32.1 <0.79 0.655 29 +0.6 182 +24
B6 FRB 20240612B 2024-06-12 21:33:20 10.89 176.82 £+ 0.51 45.5 <19.32 0.983
B7 FRB 20240616A 2024-06-16 22:52:19 13.7 175.27 £ 0.04 3.8 <1.09 0.164 18.7 £2.7 64.9 £ 8.0
B8 FRB 20240619A 2024-06-19 08:57:36 10.46 175.12 £ 0.01 574 <0.72 0.328 39+0.38 214 +£2.6
B9 FRB 20240619B 2024-06-19 09:03:37 10.73 175.19 £ 0.02 17.7 <0.22 0.328 2.8 £0.5 212 +£24
B10 FRB 20240619C 2024-06-19 10:11:00 10.3 176.51 £ 0.18 16.2 <6.88 0.983
Bl11 FRB 20240620A 2024-06-20 08:55:51 8.47 17535 £ 0.14 555 <191 0.983
B12 FRB 20240620B 2024-06-20 09:14:46 8.53 17591 £ 0.27 332 <4.02 0.983
B13 FRB 20240621A 2024-06-21 21:00:56 9.02 179.46 £ 0.77 63.2 <26.85 0.983
Bl4 FRB 20240625A 2024-06-25 20:20:30 12.29 175.39 £ 0.04 41.7 <1.27 0.983
B15 FRB 20240628A 2024-06-28 22:05:21 9.59 175.72 £ 0.16 30.5 <5.83 0.983
B16 FRB 20240629A 2024-06-29 07:58:35 16.17 175.18 £ 0.01 16.4 <0.24 0.082 9.6 £ 1.1 113.7 £ 11.6
B17 FRB 20240629B 2024-06-29 08:32:47 20.67 175.17 £ 0.01 15.6 <0.18 0.041 125+ 14 465 £5.0
B18’ FRB 20240629C 2024-06-29 08:57:54 19.46 175.21 £ 0.04 2.7 <1.13 0.655 46 £0.8 74+ 13
B19 FRB 20240629D 2024-06-29 11:07:02 9.7 176.47 £ 043 304 <12.93 0.983
B20’ FRB 20240629E 2024-06-29 19:16:34 16.12 175.37 £ 0.01 6.0 <0.44 0.164 30.1 £5.0 97.1 £+ 13.1
B21 FRB 20240702A 2024-07-02 08:36:06 9.25 17729 £ 0.3 20.9 <8.87 0.983
B22 FRB 20240716A 2024-07-16 06:14:15 8.6 175.3 £ 0.15 17.7 <75 0.983

Note. The burst number is used to refer to the individual bursts. ~ indicates the bursts detected at KKO and localized with the CHIME-KKO baseline. Although each
burst has a different TNS name, all bursts are from the same repeating source FRB 20240209A, which has the TNS name of the first burst from this repeater.
Topocentric TOAs are referenced at 400 MHz and calculated using the structure-maximizing DM indicated in the fifth column and a DM constant of
Kpm = 104/ 2.41 s MHZ® pc! cm®. The scattering timescale 7 is referenced at 600 MHz and reported as an upper limit equivalent to the width of the narrowest
subburst. All burst properties are calculated at a time resolution f,.. Fluxes and fluences are not quoted for intensity bursts as our current pipelines can only estimate a
lower limit on these values.
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While the baseband data have a time resolution of 2.56 us, the
data are downsampled in time to achieve a higher SNR per
sample for fitting. The pipeline has three main steps, as
described by K. R. Sand et al. (2023, 2024). The first step
involves radio frequency interference excision (D. Michilli
et al. 2021), obtaining the structure-maximizing DM
(J. W. T. Hessels et al. 2019) and dedispersion. The second
step involves smoothing the burst profile and estimating the
number of burst components. Then, the 1D time-series data and
spectrum are fit to exponentially modified Gaussians
(M. M. McKinnon 2014) and running power-law (CHIME/
FRB Collaboration et al. 2021) models, respectively, where a
Markov Chain Monte Carlo sampling algorithm is used to
generate initial parameters for the next step. In the third step,
the initial parameters are passed to fitburst (E. Fonseca
et al. 2024) to perform a 2D least-square optimization fit on the
dynamic spectrum of bursts and return the DM, time of arrival
(TOA), signal amplitude, temporal width, power-law spectral
index, spectral running, and scattering timescale (7) of the
bursts. The scattering time is assumed to go as 7 o< v+ with
frequency v and with a reference frequency of 600 MHz. The
burst properties for the bursts with intensity data were also
estimated using fitburst and a similar procedure as
described above. The only difference is the method to estimate
the initial guesses for the fit parameters, which is described in
CHIME/FRB Collaboration et al. (2021).

The fluxes and fluences for the baseband bursts were
estimated using the procedure described in CHIME/FRB
Collaboration et al. (2024) and the VLBI position of
FRB 20240209A. The flux calibration pipeline for intensity
bursts is set up to use the real-time localization of the burst
estimated from the metadata stored during burst detection.
Since the uncertainty on these “header” localizations can span
several degrees, the pipeline can only estimate a lower limit on
the flux and fluence (CHIME/FRB Collaboration et al. 2021;
B. C. Andersen et al. 2023). We thus do not quote flux and
fluence measurements for intensity bursts.

Table 2 lists the TOA, structure-maximizing DM, temporal
width, and scattering time returned by fitburst for each of
the 10 baseband bursts and 12 intensity bursts. The temporal
width is the width of the FWHM of the burst envelope at
600 MHz. Since none of the bursts showed any obvious
scattering visually, the scattering times are reported as upper
limits, with the upper limit being the width of the narrowest
subburst. Fluxes and fluences are listed for the 10 baseband
bursts. Polarization analysis of the FRB 20240209A bursts will
be presented in future works.

Appendix B
Systematic Error in CHIME-KKO Localizations

There can be multiple sources of systematic errors in the
CHIME-KKO localizations. The residual ionospheric delays
are expected to be a source of time-dependent systematic errors
that are not correlated for data taken at different times. Another
source of systematic error is the beam phase. The primary beam
of each feed in the CHIME and KKO stations has an unknown
phase that is not accounted for while obtaining geometric
delays from the phase-calibrated visibilities (A. E. Lanman
et al. 2024). The beam phase is expected to be time-
independent and spatially dependent on the pointing of the
correlator on the sky. Due to the high decl. of FRB 20240209A,
the correlator pointing for each of the six repeat bursts is
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similar, and thus the systematic errors in the localizations due
to the beam phase are correlated.

To obtain the correlated systematic error in the combined
CHIME-KKO localization, we used 3-5 localizations from 12
pulsars each, which were obtained using the procedure
described in Section 3 and by A. E. Lanman et al. (2024).
For each localization, the calibrator that was closest to the
pulsar on the sky and detectable within the same baseband
dump as the pulsar pulse was used as the phase calibrator. Only
the frequency channels used for FRB 20240209A localizations
were used for the pulsar localizations, to remove any
bandwidth dependence of errors. The multiple localizations
were combined for each pulsar, and the offset of the combined
localization position from the true pulsar position along the
baseline vector was obtained. These “projected” offsets had an
rms of ~1”. We assume that combining multiple localizations
averaged down time-dependent errors, and thus the correlated
systematic error in CHIME-KKO localizations is ~1”. While
the conclusions of A. E. Lanman et al. (2024) tell us that the
rms localization error in CHIME-KKO localizations for
broadband one-off bursts is ~1”, the analysis here indicates
that the rms error in combined localizations of narrowband
bursts from repeaters is also ~1”.

Note that the beam phase error depends on the separation of
the target and calibrator on the sky. The pulsar localizations
had target-calibrator separations of tens of degrees, while the
target-calibrator separation for FRB 20240209A is ~4°. We
expect the beam phase error in the FRB 20240209A localiza-
tions to be similar for both the target and the calibrator since
they are close together on the sky, and to be removed upon
calibration. Thus, if the systematic error is dominated by the
beam phase error, assuming a systematic error of 1”7 in the
combined CHIME-KKO localization for FRB 20240209A
gives us a conservative localization error.
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