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Abstract

We present very long baseline interferometry (VLBI) observations of a continuum radio source potentially
associated with the fast radio burst source FRB 20190520B. Using the European VLBI network, we find the source
to be compact on VLBI scales with an angular size of <2.3 mas (30). This corresponds to a transverse physical size
of <9 pc (at the z = 0.241 redshift of the host galaxy), confirming it to be as fast radio burst (FRB) persistent radio
source (PRS) like that associated with the first-known repeater FRB 20121102A. The PRS has a ﬂux density of
201 + 34 pJy at 1.7 GHz and a spectral radio lumlnosny of L 7gu, = (3.0£0.5) x 10%° ergs “THz (also similar
to the FRB 20121102A PRS). Compared to previous lower-resolution observations, we find that no flux is resolved
out on milliarcsecond scales. We have refined the PRS position, improving its precision by an order of magnitude
compared to previous results. We also report the detection of the FRB 20190520B burst at 1.4 GHz and find the
burst position to be consistent with the PRS position, at <20 mas. This strongly supports their direct physical
association and the hypothesis that a single central engine powers both the bursts and the PRS. We discuss the
model of a magnetar in a wind nebula and present an allowed parameter space for its age and the radius of the
putative nebula powering the observed PRS emission. Alternatively, we find that an accretion-powered
hypernebula model also fits our observational constraints.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008); Very long baseline interferometry (1769);
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Astrometry (80); Radio continuum emission (1340); Dwarf galaxies (416)

1. Introduction

Fast radio bursts (FRBs) are short-duration bursts (micro-
seconds to milliseconds) of radio waves that typically come
from distant extragalactic astronomical sources (3.6 Mpc to
6.7 Gpc), predominately in star-forming galaxies (Bhandari
et al. 2022; Gordon et al. 2023). While most known FRBs
appear as one-off events (Amiri et al. 2021), some are known to
repeat (Spitler et al. 2016). One magnetar in our own Milky
Way, SGR 193542154, produced a bright FRB-like burst
(Bochenek et al. 2020; CHIME/FRB Collaboration et al.
2020), suggesting that a fraction of FRBs could have a
magnetar origin. However, the diversity of FRB locations and
burst properties suggests that a single magnetar origin may be
insufficient to explain the observed phenomena in general, and
that there may be multiple types of FRB progenitors (Petroff
et al. 2022).

FRBs have spectral luminosities ranging from 10—
10* ergs ' Hz ' (Petroff et al. 2022) and are mostly charac-
terized by a high dispersion measure (DM) relative to the expecta-
tions of Galactic electron density models (Cordes & Lazio 2002;

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Yao et al. 2017). While the exact nature and origins of FRBs are
still a subject of ongoing research and debate, one intriguing
aspect that has emerged is the apparent association of a
persistent radio source (PRS) with FRB20121102A and
potentially FRB 20190520B (Chatterjee et al. 2017; Niu et al.
2022). PRSs are defined as continuum radio sources that are
distinct from radio emission caused by ongoing star formation in
the host galaxy (Bhandari et al. 2020; Nimmo et al. 2022; Dong
et al. 2023). They are too luminous (Lprg > 10%° erg s 'Hz %
Law et al. 2022) and too compact (<1 pc; Marcote et al. 2017)
to plausibly be related to star formation. Rather, they may be
powered by the same central engine that creates the bursts
themselves.

FRB 20121102A and FRB 20190520B are twin sources that
are both active repeaters in low-mass host galaxies, and are
embedded in dynamic magneto-ionic environments (Michilli
et al. 2018; Anna-Thomas et al. 2023). The FRB 20121102A
bursting source is colocated with a PRS. The compactness of
the radio source associated with FRB 20190520B, on the other
hand, has not yet been directly established. The
FRB 20121102A-associated PRS and the FRB 20190520B-
associated PRS candidate have a flat spectrum from
1.6-10 GHz with a spectral index of a=—0.27 £0.24 and
—0.41 +£0.04, respectively (Marcote et al. 2017; Niu et al.
2022), where S, o< v“. The PRS spectrum for FRB 20121102A


https://orcid.org/0000-0003-3460-506X
https://orcid.org/0000-0003-3460-506X
https://orcid.org/0000-0003-3460-506X
https://orcid.org/0000-0001-9814-2354
https://orcid.org/0000-0001-9814-2354
https://orcid.org/0000-0001-9814-2354
https://orcid.org/0000-0002-5519-9550
https://orcid.org/0000-0002-5519-9550
https://orcid.org/0000-0002-5519-9550
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-2317-1446
https://orcid.org/0000-0003-2317-1446
https://orcid.org/0000-0003-2317-1446
https://orcid.org/0000-0002-5794-2360
https://orcid.org/0000-0002-5794-2360
https://orcid.org/0000-0002-5794-2360
https://orcid.org/0000-0001-6664-8668
https://orcid.org/0000-0001-6664-8668
https://orcid.org/0000-0001-6664-8668
https://orcid.org/0000-0001-9381-8466
https://orcid.org/0000-0001-9381-8466
https://orcid.org/0000-0001-9381-8466
https://orcid.org/0000-0002-5195-335X
https://orcid.org/0000-0002-5195-335X
https://orcid.org/0000-0002-5195-335X
https://orcid.org/0000-0001-6170-2282
https://orcid.org/0000-0001-6170-2282
https://orcid.org/0000-0001-6170-2282
mailto:bhandari@astron.nl
http://astrothesaurus.org/uat/2008
http://astrothesaurus.org/uat/1769
http://astrothesaurus.org/uat/80
http://astrothesaurus.org/uat/1340
http://astrothesaurus.org/uat/416
https://doi.org/10.3847/2041-8213/ad083f
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad083f&domain=pdf&date_stamp=2023-11-30
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad083f&domain=pdf&date_stamp=2023-11-30
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 958:L.19 (11pp), 2023 December 1

also remains optically thin down to 400 MHz with a flat
spectral index (Resmi et al. 2021). However, it becomes steeper
(v~ —1.2) at frequencies >10 GHz (Chatterjee et al. 2017).
Both PRSs have a flux density in the range of 180-200 pJy at
3GHz and spectral radio luminosities of the order of
10¥ ergs 'Hz ' (Chatterjee et al. 2017; Niu et al. 2022;
Zhang et al. 2023). We highlight that, given the existing data,
we cannot conclude whether the luminosity similarity is
intrinsic, coincidental, or due to observational biases.

The flux density of FRB 20121102A’s PRS is observed to
vary by ~10% at 3 GHz on day timescales, which is consistent
with refractive scintillation in the Milky Way (Chatterjee et al.
2017; Waxman 2017). There is apparently no link between flux
density fluctuations of the PRS and burst activity. Chen et al.
(2022) monitored the PRS at 12-26 GHz and found the level of
radio flux variability to be lower than the expectations from
scintillation given the source’s compact size, ruling out active
galactic nuclei (AGNe) as a possible model for
FRB 20121102A’s PRS. In a recent study, Rhodes et al.
(2023) found a ~30% change in the flux density of the PRS at
1.3 GHz over 3 yr, which they argue to be more likely intrinsic
to the source than due to scintillation. However, more
measurements of the PRS over a range of timescales are
required to robustly rule out the possibility of scintillation. In
the case of FRB 20190520B’s PRS, Zhang et al. (2023)
reported a marginal 3.2¢ decrease in the flux density at 3 GHz
over a timescale of a year. This decrease could either be
intrinsic or due to scintillation, which could limit the size of the
potential variable component of the radio source to a sub-
parsec level.

Very long baseline interferometry (VLBI) observations of
repeating FRBs with accompanying PRSs can provide insights
into the nature of the burst source and the PRS, as well as their
potential relation. For instance, observations with the European
VLBI Network (EVN) have strongly constrained the size of
FRB 20121102A associated with PRS to be <0.7 pc (10) with
a projected linear separation of <40 pc (1o) from the location
of the burst source (Marcote et al. 2017). Moreover, a steady
flux density of the PRS over a year after detection disfavored a
young supernova scenario (Plavin et al. 2022). Finally, the
level of polarization is observed to differ significantly between
the burst and PRS emission. While the burst from
FRB 20121102A is >90% polarized at 4.8 GHz (Michilli
et al. 2018), the PRS is unpolarized with a conservative upper
limit of <25% at 4.8 GHz (Plavin et al. 2022). This ruled out
the possibility that the bursts and PRS are of the same nature,
i.e., persistent emission is not driven by a buildup of regular,
low-level burst activity from the FRB 20121102A source (as
also shown previously in Gourd;ji et al. 2019).

FRB 20121102A’s dwarf host galaxy, association with a
PRS, and the high rotation measure (RM) of its bursts (Michilli
et al. 2018) led to a concordance picture of an FRB source as a
flaring magnetar embedded in a magnetized wind nebula,
where the putative young (30-100 yr old) magnetar is formed
as a remnant from a superluminous supernova (SLSN) or long
gamma-ray burst (LGRB; Margalit & Metzger 2018). In this
scenario, the persistent emission is powered by relativistic
electrons heated at the termination shock of the magnetar wind,
while the RM originates from nonrelativistic electrons injected
earlier in the evolution of the nebula and cooled through
expansion and radiative losses. As mentioned previously,
VLBI observations have provided tight constraints on the size
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of the radio nebula (Marcote et al. 2017), showing that it must
be at least twice as small as the Crab Nebula. Such a model is
able to explain the observed size and luminosity of the PRS, as
well as the large and decreasing RM of the bursts (Hilmarsson
et al. 2021). Yang et al. (2020) suggest that the PRS luminosity
might be related to the high RM of the FRB source. Other
models include a cosmic comb in which an astrophysical gas
flow (stream) interacts with the magnetosphere of a foreground
neutron star (NS) to produce an FRB (Zhang 2018). Finally, a
model involving a hypernebula is proposed, where an accreting
compact object is able to produce FRBs along a jet cone, and
the surrounding turbulent baryon-rich outflow from the
accretion disk is responsible for the persistent radio emission,
and accounts for the overall decreasing and fluctuating RM
(Sridhar & Metzger 2022). The baryons accelerated at the jet
termination shock of these potential PRS sources could also be
sources of persistent high-energy neutrinos (Sridhar et al.
2022).

FRB 20190520B, a repeating FRB discovered at a DM of
1205 +4pcecm > by the FAST telescope, is observed to
share similar burst and host properties to FRB 20121102A.
It originates in an extreme magneto-ionic environment (Anna-
Thomas et al. 2023) in a dwarf galaxy located at a redshift
of 7=0.241. For the given redshift, FRB 20190520B has
an estimated host galaxy contribution to the DM of
903*]3, pccm>. This contribution is unlikely to be produced
by the interstellar medium of the host galaxy, but rather more
plausibly originates from the local environment of the source
which may also be linked to the colocated radio source. This
host DM is a factor of ~5 larger than what is observed for
typical FRB host galaxies (James et al. 2022) and a factor of a
few beyond what is estimated for FRB 20121102A (Tendulkar
et al. 2017). Using Karl G. Jansky Very Large Array (VLA)
observations, the size of the apparent PRS was confined to
<1.4kpc (Niu et al. 2022). Recently, based on equipartition
and self-absorption assumptions, a lower size limit of >0.22 pc
was placed using the radio spectrum and the integrated radio
luminosity in the 1-12 GHz range (Zhang et al. 2023).

In this paper, we present EVN observations of the continuum
radio source associated with FRB 20190520B, directly show-
ing that it is a compact (parsec-scale) PRS and improving the
constraints on its transverse physical size and position by over
an order of magnitude. We also demonstrate that the burst
source and PRS are likely to be strictly colocated, and thus
most likely powered by the same central engine. After
FRB 20121102A, FRB 20190520B is now only the second
FRB source to demonstrate these characteristics, which
strongly inform potential models for the source’s nature. In
Section 2, we describe our observations and data analysis. We
present our results in Section 3 and discuss the implications of
our results in Section 4. Finally, we present our conclusions in
Section 5.

Throughout the paper, we employ a standard cosmology of
Hy=67.7kms ' Mpc™', Qy;=0.31, and Qy,c = 0.69 (Planck
Collaboration et al. 2020).

2. Observations and Data Analysis

We observed the field of FRB 20190520B using the EVN at
a central frequency of 1.7 GHz, with the total bandwidth
divided into 4 x 32 MHz subbands (project code EM161; PI:
Marcote). The observations were performed at two epochs on
2022 February 26 and 27 (EMI161A and EMI61B,
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respectively) both from 01:30-08:30 UT. Eleven EVN dishes
—namely, Westerbork single dish RT1 (Wb), Effelsberg (Ef),
Medicina (Mc), Noto (Nt), Onsala (O8), Tianma (T6), Urumgqi
(Ur), Torun (Tr), Hartebeesthoek (Hh), Irbene (Ir), and Jodrell
Bank Mark II (Jb)—participated in these sessions.

We also observed this field as part of our ongoing FRB
VLBI localization project, PRECISE (Pinpointing REpeating
Chlme Sources with Evn dishes) under the project code
PR236A (PI: Kirsten). Only Ef, Tr, Nt, and Wb participated in
this observation conducted on 2022 August 17 at a central
frequency of 1.4 GHz. While the PR236A observation lasted
from 19:30-05:30 UT, only the first 2 hr were focused on the
field of FRB 20190520B. These data were correlated at the
Joint Institute for VLBI ERIC (JIVE) under the project code
EKO51C (PI: Kirsten) with the total bandwidth divided into
8 x 32 MHz subbands. However, we note that Nt and Wb only
observed in six and four of these subbands, respectively.

We correlated the EMI161A/B data for the field of
FRB 20190520B at a position consistent with the published
VLA position, which has an uncertainty of 100 and 50 mas in «
and 6, respectively (Niu et al. 2022). We interleaved 4.5 minute
scans on the target source with 1.2 minute scans on the phase
calibrator source, J1605-1139, located 0°87 away from
FRB 20190520B. The sources J1550+0527 and J2253+41608
were also observed as fringe-finder and bandpass calibrators for
EMI161A/B, and J1642-0621 and J1927+6117 for EKO51C.
We also observed J1603-1007 as a check source to test our
calibration and phase-referencing technique as well as the final
astrometric accuracy.

2.1. EVN Interferometric Data

The continuum interferometric data were correlated using the
software correlator SFXC (Keimpema et al. 2015) at JIVE,
with an integration time of 2s and 64 channels per each
32 MHz subband. The data were calibrated following standard
procedures in AIPS (Greisen 2003), CASA (McMullin et al.
2007; van Bemmel et al. 2022), and DIFMAP (Shepherd et al.
1994). In order to verify our results, we followed two parallel
data reduction procedures in AIPS and CASA. The correlated
visibilities in FITS-IDI format were loaded into AIPS using the
FITLD task. The a priori amplitude calibration (performed
using the known gain curves and system temperature
measurements recorded on each station during the observation)
and a priori flagging table were applied from the tables
generated by the EVN AIPS pipeline.

We also used VLBATECR in AIPS to correct for ionospheric
dispersive delays. This task downloads the IONEX files
provided by the Jet Propulsion Laboratory (JPL) containing
the total electron content (TEC) maps of the ionosphere at the
time of the observation and calibrates the data based on them
for the different antenna sites.

For the data reduction in CASA, we imported the data in
UVFITS format with the aforementioned calibration using the
task importuvfits. This task converted such data to a
CASA measurement set (MS). The data were inspected using
plotms and 10% of the edge channels per spectral window
and the first 5s of each scan were flagged using the
flagdata task.

Next, we performed delay and phase calibration using the
task fringefit (van Bemmel et al. 2022). This was
accomplished in two steps: (1) single-band delay correction,
which corrects for instrumental effects between subbands; and
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(2) multiband delay correction, which performs global fringe
fitting across all data on the calibrator sources. We used the
best fringe-finder source scan for single-band delay correction.
Within the scan, a solution is determined for each spectral
window. For multiband delay, we correct for phases as a
function of time and frequency for all the phase-referencing
and fringe-finder source scans. The final step in the calibration
is the bandpass correction, which was performed using CASA's
bandpass task. We used the best fringe-finder scan data for
bandpass calibration. The single-band delay and multiband
delay calibration tables, along with the bandpass calibration
table, were applied to the MS using the task applycal. The
phase calibrator, target, and check source were averaged in
frequency and split into single source files using the task
split. We first imaged and self-calibrated the phase-
referencing source using tasks tclean and gaincal to
obtain the best possible model of the source. This model
allowed us to improve the phases and amplitudes of the
different antennas, which in turn led to an improved calibration
of the check source and target. The respective MS data were
then converted to UVFITS format using exportuvfits.

In the case of the second approach, with a data reduction
fully within AIPS, we repeated the same steps but using the
standard AIPS tasks with equivalent parameters (as done in,
e.g., Marcote et al. 2017, 2020; Nimmo et al. 2022). In this
case, we used DIFMAP for imaging and self-calibration of the
phase-referencing source, and the resulting model was
imported into AIPS to improve the calibration of the check
source and target.

Finally, we imaged both the target (FRB 20190520B) and
the check source (J1603-1007) using DIFMAP. We combined
the data from two epochs (EM161A and EM161B) to achieve
better sensitivity and image fidelity. We note that the Tr dish
was observed to show systematic phase variations with time
and therefore its data were flagged during imaging. We used a
cell size of 0.2 mas and natural weighting to image the target
source (referred to as “image I”’). Additionally, given the low
elevation of the source during our observations (highest
elevation of 20°-40° for most European antennas), another
set of images was obtained using the data for which the source
had an elevation greater than 20° (~75% of the total data;
referred to as “image II””). In Section 3.1, we will use images I
and II to characterize the astrometry of the source.

2.2. Single-pulse Search

The baseband data recorded at Ef for the three aforemen-
tioned observations (EMI161A, EMI161B, and PR236A/
EKO051C) were searched for bursts from FRB 20190520B
using the PRECISE data analysis pipeline.'® The baseband data
were channelized with a time resolution of 128 us and a
frequency resolution of 125 kHz using digifil (van Straten
& Bailes 2011). The resulting total intensity filterbank data
products (Lorimer 2011) were searched for single pulses with
Heimdall'' using a detection threshold of 70 and a DM
range of 1202 4 50 pc cm . Burst candidates were classified
with FETCH (Agarwal et al. 2020) using models A and H with
a 50% probability threshold to separate likely astrophysical
events from false positives. The final set of candidates was
inspected by eye to confirm their astrophysical nature. The

10 hips: //github.com/pharaofranz/frb-baseband
i https: / /sourceforge.net/projects /heimdall-astro/
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Figure 1. EVN image of the PRS associated with FRB 20190520B, as seen in
the combined EM161A/B observations. The source is compact on milli-
arcsecond scales: <2.3 mas at the 30 level. This corresponds to a <9 pc
transverse extent, given the known redshift of the host galaxy. A small bar in
the top right of the image shows a representative 10 pc transverse extent, for
scale. Contour levels start at two times the rms noise level of 16 ;Jy beam ™
and increase by factors of V2. The synthesized beam is represented by the gray
ellipse at the bottom left corner; it has a size of 3.8 x 5.9 mas® and a position
angle of 57°.

single-pulse search pipeline is explained in greater detail by
Kirsten et al. (2021).

3. Results
3.1. Persistent Radio Source

A compact PRS is detected in the EVN data. Figure 1 shows
the continuum image of the region at 1.7 GHz as seen with
a synthesized beam size full width half maximum (FWHM)
of 3.8 x 5.9 mas® and an rms noise level of 16 xJy beam .
The source detected in the combined EM161A/B data set
has a peak brightness of 1864 32 uJybeam ' and an inte-
grated flux density of 20134 uJy. This flux density
translates to a spectral radio luminosity of L;;gu,=
(3.0 £0.5) x 10 ergs ' Hz™" at the known luminosity dis-
tance of 1.25Gpc. We find consistent flux density values
between the EMI161A (197+40uJy) and EMI161B
(210 40 © Jy) observations, which are separated by a day.
We note that the uncertainty on the flux density is the
quadrature sum of the rms noise and 15% of the absolute flux
density error, which is typical for VLBI observations.

We constrained the apparent angular sizes of the observed
sources by y? fitting of a circular Gaussian model in the uv-
plane. This is more robust than fitting an elliptical beam since
the solution, to some extent at least, will not be degenerate with
the beam’s ellipticity. We obtained an apparent angular source
size of 1.4+ 0.3 mas for FRB 20190520B’s associated PRS,
and sizes of ~2.0 and /5.9 mas for the core components of the
phase calibrator (J1605-1139) and check source (J1603-1007),
respectively. A comparatively larger source size for the check
source hints at extended emission.

Bhandari et al.

3.1.1. Astrometry

We investigated the astrometry by applying the derived
calibration solutions to the check source followed by imaging.
Our comparison of the position of the check source measured
from images created with all data (image I) and solely high-
elevation data (image II) at both epochs (EMI161A and
EM161B) individually, as well as the combined epoch
(EM161A/B) data set are presented in the top panel of
Figure 2. We also compared the combined epoch position from
CASA data analysis to that of AIPS. We find the position of the
core emission of the check source in our images to have an
offset of Ao = —5.5 mas and A$ = —0.2 mas compared to the
position derived from the 3 GHz image in the Astrogeo
catalog.'? Because of the different central observing frequen-
cies between our data (1.7 GHz) and the Astrogeo (3 GHz)
reference position of the check source, we cannot rule out the
possibility that these offsets are caused (in part) by core shift—
i.e., a change in the apparent position of the jet base (core) in
radio-loud AGN with frequency, due to synchrotron self-
absorption. As a result, we chose not to apply these offsets in
calculating the PRS location from our EVN data but
conservatively include them in our systematic uncertainty
calculations.

We further compare the position of the PRS measured at
different epochs using different analysis software and data
selections. These comparisons are presented in the bottom
panel of Figure 2. We note that the EVN-PRECISE data
(EKO051C) are not included in this comparison or the combined
data set because of their poor uv-coverage. For data reduced in
CASA, we find the PRS position from the combined EM161A/
B data to be consistent between images I and II. This position is
also consistent with the image II position (within <1 mas)
measured in the AIPS-reduced data. However, we do find an
offset of ~5mas for image I between the CASA and AIPS
reductions. We note that comparable flagging was performed in
both AIPS and CASA, implying that the positional difference is
unlikely to be due to flagging. Moreover, we find the standard
deviation of the offsets derived from EM161A and EM161B
considering all data and high-elevation-only data (o), and also
compute the standard deviation from the combined epoch data
analyzed in AIPS/CASA with all and high-elevation-only data
(02). We find o > 0,, and thus we conservatively use o(q,
6)= (2.1, 2.3) mas as a measurement of the scatter in the
positional offsets.

We average the above positional offsets and measure the
final position of the FRB 20190520B PRS within the Interna-
tional Celestial Reference Frame (ICRF):

a(J2000) = 16"02™0452611 =+ 6.5 mas,
§(J2000) = —11°17'17" 366 + 3.6 mas.

The quoted uncertainties take into account the statistical
uncertainties on the measured position derived from the shape
and size of the synthesized beam normalized by a signal-to-
noise ratio (S/N) of (Aa=0.6mas, A§=0.4 mas); the
systematic uncertainties of the absolute position of the phase
calibrator (J1605-1139; +0.1 mas) and check source (J1603-
1007; £0.3 mas) within the ICRF; the uncertainties expected
from the phase-referencing technique due to the separation
between the phase calibrator source and the target source
(£2.5 mas; Kirsten et al. 2015); an estimate of the frequency-

'2 hitp: / /astrogeo.org /sol /rfc /rfc_2023a/rfc_2023a_cat.html
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Figure 2. Top panel: comparison of the position of the check source (J1603-1007)
measured from EM161A (orange) and EM161B (light orange) for all data (plus
markers) and only high-elevation data (circles), all relative to the Astrogeo position
at 3 GHz. Also plotted are the positional offsets measured from the CASA analysis
(light purple) and AIPS analysis (violet) for the combined epoch EM161A/B data.
The black-filled plus sign shows the average position derived from individual
measurements at different epochs, using different analysis software, and different
data selections. The gray ellipse shows the size of the synthesized beam for the
combined EM161A/B data, centered at the average position. The individual
measurements fall within the FWHM of the synthesized beam. Bottom panel:
measured positional offsets for the PRS relative to the centroid of the published
VLA position (Niu et al. 2022). We note that the uncertainty on this position is 100
and 50 mas in « and 6, respectively, which is larger than the extent of the image.
Here the individual measurements show a scatter of a few mas with respect to the
average PRS position shown by the dark black cross.

dependent shift in the phase calibrator position from the ICRF
(conservatively +1 mas; Plavin et al. 2019); the check source
positional offset of Aa = —5.5 mas and Ad = —0.2 mas; and a
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Figure 3. The burst profile (top panel) and dynamic spectrum (bottom panel) of

the only burst detected from FRB 20190520B in our observations (in

EKO51C). The time and frequency resolution are 1.024 ms and 2 MHz,

respectively. The data has been coherently de-dispersed using SFXC at the

Heimdall-reported DM of 1177.2 pc cm >,

scatter in the PRS position, o(c, §) = (2.1, 2.3) mas derived
from the above. Since the PRS position is only ~20 mas offset
from the phase center, no re-correlation of the EM161 data was
necessary.

The centroid of our PRS position has an angular offset of
16 mas with respect to the centroid of the VLA position (Niu
et al. 2022); however, our PRS position is fully consistent
within the uncertainties: +£100 mas, £50 mas in (a, ) of the
VLA position. Our EVN measurements improve the precision
of the PRS position by more than an order of magnitude.

3.2. Burst Discovery

We detected a single burst from FRB 20190520B in our
EVN-PRECISE observations (EK051C) at a center frequency
of 1.4GHz. The burst has a time of arrival (TOA) of
MIJD 59808.83055426728 and was detected with an S/N of
~8 at a DM of 1177.2pccm ™" (integrated over the whole
observing band and using a time resolution of 1.024 ms). The
FRB has a fluence of 1.24+0.2Jyms and a duration of
7.8 £0.1 ms. No additional bursts were detected in any of the
other observations (EM161A and EM161B). Figure 3 shows
the coherently de-dispersed pulse profile and dynamic spectrum
of the burst at a time and frequency resolution of 1.024 ms and
2 MHz, respectively. The data was coherently de-dispersed
using SFXC. The quoted TOA has been corrected' to the solar
system barycenter to infinite frequency assuming a DM of
1177.2 pccm >, reference frequency of 1494 MHz, and a
dispersion constant of 1/(2.41 x 10~*) MHz? pc ' cm’ 5. The
quoted time is in Barycentric Dynamical Time (TBD).

Using the burst TOA in the Ef data, a second correlation was
performed on the full EVN data containing the burst, where the
gate width used for correlation was determined by eye to

'3 hitps:/ /github.com/MSnelders/FRB-Burst-TOA
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Figure 4. Direct convolution (the so-called dirty map) of the interferometric data from the single FRB 20190520B burst detected in our EVN-PRECISE observations
(EK051C). The synthesized beam, with a size of 62 x 18 mas? and a position angle of 17°, is shown as the gray ellipse at the bottom-left corner of each of the two top
panels. Also, in both top panels, the red solid and dotted ellipses represent the position and 2¢ uncertainty of the PRS and bursting source, respectively, as measured by
Niu et al. (2022) using the VLA. Top left: A ~2" x 2" image of the field. The fringe pattern with strong peaks is due to the limited UV-coverage resulting from only
four available antennas and a few milliseconds of integration (meaning negligible Earth rotation during this time). Top right: zoom-in on the white square shown in the
left panel. The cross represents the centroid of the strongest peak in the whole ~2” x 2” field. The EVN position of the PRS along with the 1o (solid), 20, and 3¢
(dotted) uncertainties are represented by white ellipses. The PRS position is ~20 mas offset from the centroid of the brightest and closest peak. Bottom: a CDF of the
pixel values in the ~2” x 2" field. The black-dotted line shows the pixel value at the position of the PRS centroid, while the shaded region represents pixel values
within 1o of the nominal PRS position. The data are consistent with the PRS and burst source being positionally coincident to within <20 mas (i.e., to within a

transverse distance of <80 pc).

maximize the S/N. We used the EVN-derived PRS position
from EM161A/B as the phase center for EKO51C continuum
and burst data. The correlated bin data containing the burst
were converted to FITS-IDI format and appended for gain
curve and system measurement corrections. We used the
CASA task importfitsidi to convert the FITS-IDI file to
MS format. The calibration tables obtained during the
continuum data reduction of EKO51C were also applied to
the correlated FRB data, which was later imaged using the task
tclean for burst localization.

Similar to the continuum data analysis, we also conducted a
parallel data reduction in AT PS. The calibration tables obtained
from the continuum data were copied and applied to the burst
data, which was finally imaged in Di fmap. Figure 4 shows the
direct convolution of the data (the so-called dirty image)

containing the burst. Due to the limited uv-coverage of this
observation at the time of the burst, we cannot independently
measure the position of the burst emission with the same
accuracy as for the PRS. However, by combining with the PRS
information, we can ascertain if the two are at least consistent
with being at the same position at the milliarcsecond level.
As can be seen in the left panel of Figure 4, the burst signal
is spread over several high-amplitude peaks. Nonetheless, the
strongest peak in the whole ~2” x 2" image is only ~20 mas
away from the measured PRS centroid, suggesting that both
sources (PRS and burst source) may be coincident (see the right
panel of Figure 4). To further quantify this, we present a
cumulative distribution function (CDF) of the pixel values in
the full burst image in the bottom panel of Figure 4. The PRS
centroid pixel value and those within 1o of the PRS position
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Table 1
PRS Spectral Radio Luminosity Measurements and 30 Upper Limits for a
Sample of Well-localized Repeating FRBs at the Highest-available Angular
Resolutions

FRB Name Luminosity Frequency  References
(ergs 'Hz ") (GHz)

FRB 20121102A 1.8 x10%° 1.6 Marcote et al. (2017)

FRB 20180916B  <4.9 x 10°° 1.7 Marcote et al. (2020)

FRB 20181030A  <2.0 x 10% 3.0 Bhardwaj et al. (2021)

FRB 20190520B 3.0 x 10% 1.7,3.0  This work, Niu et al.
(2022)

FRB 20200120E  <3.1 x 103 15 Kirsten et al. (2022)

FRB 20201124A  <3.0 x 10 1.6 Ravi et al. (2022)

are also marked. This shows that the burst image is consistent
with the hypothesis that the PRS and burst source are strictly
coincident on milliarcsecond scales: less than 1% of the burst
image pixels have a larger flux density than what is found at the
nominal centroid of the PRS. This is unlikely (p-value <0.05)
to occur by chance, suggesting that the brightest peak in the
burst image indeed represents the burst source position.

4. Discussion
4.1. PRS Luminosity and Size Constraints

The spectral radio luminosity of the PRS associated with
FRB 20190520B, determined from our EVN observations,
Li76u,=(3.0+£0.5) x 10*° ergs ' Hz™' (and its flux den-
sity, S17cu, =201 £+34 11 Jy) agrees well with the results
previously published by Niu et al. (2022).

The agreement between these values implies that there is no
significant flux density resolved out on VLBI scales
(150 x higher resolution than the VLA), thus no significant
emission on scales of 210 pc. The source responsible for the
continuum emission is thus compact on those scales. These
results likely suggest that the emission of the PRS at 1.7 GHz
remains stable within uncertainties over a 2 yr timescale.
Table 1 compares the PRS luminosities (or their 30 upper
limits) for various well-localized repeating FRBs. These are
also presented in Figure 5. FRB20121102A and
FRB 20190520B are the only FRBs associated with a PRS
and have consistent luminosities that are much greater than the
upper limits for the other FRBs. These luminosities, together
with other observed burst properties (Michilli et al. 2018;
Hilmarsson et al. 2021; Anna-Thomas et al. 2023), suggest that
these two FRBs may be particularly young and active sources
surrounded by dense and dynamic magnetized plasma. For
instance, in the case of FRB 20121102A, for a scenario where
the magnetic energy of the magnetar inflates a synchrotron
nebula behind the expanding supernova ejecta, the age of the
magnetar, which is inversely proportional to the luminosity (see
Equation (2)), is estimated to be 10-100yr (Margalit &
Metzger 2018).

We have measured a PRS source size of 1.4 + 0.3 mas in our
EVN data. While this value appears to imply significant source
extension, we cannot claim that we are measuring the intrinsic
size of the PRS source. According to Marti-Vidal et al. (2012),
the smallest resolvable size of a source, 0, can be expressed

as
1/4 172
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Figure 5. Radio luminosities (at 1 GHz) and physical sizes of multiple types of
compact radio sources. These include measurement and constraints for the
confirmed FRB PRSs (blue); the radio source potentially associated with
FRB 20181030A (orange; Bhardwaj et al. 2021); the compact radio component
of SNR SN 1986J (black); the orphan GRB afterglow, FIRST J141918.9
4394036 (green); and wandering black hole candidates (magenta) obtained at
the highest-possible angular resolutions (Marcote et al. 2017; Bietenholz &
Bartel 2017; Marcote et al. 2019; Sargent et al. 2022). Teal points represent the
PRS-like candidates identified in nearby dwarf galaxies by Vohl et al. (2023).
Red data points show the inferred lower and upper limits on the size of the
PWN candidate VT 1137-0337 (Dong & Hallinan 2023). Yellow and dark red
points represent measurements from Galactic SNRs and PWNe, respectively
(Ranasinghe & Leahy 2023; Green 2019), whereas cyan points represent SNRs
in nearby galaxies (UroSevi¢ et al. 2005). The high-luminosity space is
occupied by light green points showing low-luminosity AGNe (Radcliffe
et al. 2018). Circles indicate a size measurement, while 1o upper limits on size
are shown as triangles. Overplotted dashed lines show the 30 upper limits on
radio luminosity for a sample of localized FRBs presented in Table 1.

where S/N is the signal-to-noise ratio of the averaged
visibilities; 3 weakly depends on the spatial distribution of
the telescopes (it typically takes values between 0.5 and 1 for
VLBI arrays); Opeam is the FWHM of the synthesized beam
using natural weighting; and \. depends on the probability
cutoff for a false size detection. The value of A, is 3.84 fora 20
cutoff. Equation (1) assumes that the source size is estimated
directly from the visibilities, by means of model fitting.
Following this, we obtain a 6, ~ 2 mas for 3=1 for our
observations. Our measured size for the PRS is below this limit
and thus the source is not actually resolved. We also note that
the angular scatter broadening (at 1.7 GHz) due to the Milky
Way interstellar medium (ISM) along this line of sight is
expected to be 0.4mas (Cordes & Lazio 2002) and thus
negligible.

Furthermore, a circular Gaussian fit to the FRB burst
emission (assuming the brightest peak being associated with
the FRB emission) revealed an apparent source size of
~1.7-2 mas. Given that the FRB emission must be compact
on much smaller scales, due to the timescale of the burst and
causality arguments, we confirm that the measured size of
~2 mas is not intrinsic but due to the limited resolution of the
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interferometric data. Thus, we use the measured size as an
upper limit to the intrinsic size of the PRS and constrain its
angular size to be <2.3 mas at the 30 confidence level. Given
the redshift of the source (z=0.241;Niu et al. 2022), this
implies a projected physical diameter of <9pc (at the 3o
confidence level) at an angular diameter distance of 8§10.5 Mpc.

4.1.1. Comparison with Other Sources

Young NSs in a supernova remnant (SNR) and/or a pulsar
wind nebula (PWN) feature in some of the models proposed for
explaining repeating FRBs and PRS emission (Beloboro-
dov 2017; Dai et al. 2017; Metzger et al. 2017; Margalit &
Metzger 2018). SNRs are the outcome of prompt energy
deposition in the form of a blast wave propelled into the ISM
by a supernova explosion. PWNe, on the other hand, have a
longer-lived power supply in the form of a bulk relativistic flow
of electron /positron pairs from an active NS. Moreover, SNRs
have relatively steep spectral indices (—0.8 <a < —0.3),
whereas PWNe have flat spectral indices (—0.3 < a < 0). Such
a flat spectral index below a frequency of 10 GHz has been
observed for both known FRB PRSs. As far as their physical
size is concerned, Galactic SNRs range in size from a few
parsecs to a few tens of parsecs, whereas Galactic PWNe are
typically parsec level (Reynolds et al. 2012)—although some
older PWNe may be substantially larger. In addition to SNRs
and PWNe, accreting NSs or BHs have also been proposed to
explain the high and variable RMs of some repeating FRBs
(Sridhar & Metzger 2022; Sridhar et al. 2022). Observationally,
a sample of compact sources with comparable luminosities as
the FRB PRSs have been identified in dwarf galaxies (Reines
et al. 2020; Vohl et al. 2023).

Motivated by the size constraints and luminosities of
different source types and how they compare to FRB PRSs (see
Figure 5), we investigate the phase space of radio luminosity
and physical size of sources such as the known PRSs associated
with FRBs; wandering black hole (BH) candidates in dwarf
galaxies (Reines et al. 2020; Sargent et al. 2022); the compact
radio source emerging from SN1986J’s SNR at the epoch of
maximum radio luminosity (Bietenholz & Bartel 2017);
Galactic SNRs and PWNe!* (Green 2019; Ranasinghe &
Leahy 2023); SNRs in nearby galaxies with distances ranging
from 0.055-14.5 Mpc (Urosevi¢ et al. 2005); transient sources
such as the PWN candidate VT 1137-0337 (Dong & Halli-
nan 2023) and the orphan GRB afterglow FIRST J141918.9
4394036 (Law et al. 2018; Marcote et al. 2019); PRS-like
candidates identified in a low-frequency survey (Vohl et al.
2023); and low-luminosity AGNe detected with the VLBA
spanning a redshift range of z = 0.3-3.4 (Radcliffe et al. 2018).
We note that the sample of Galactic SNRs is nearly complete
for remnant ages <2 kyr and shows a mean Galactic SNR
diameter of 30.5 pc (Ranasinghe & Leahy 2023).

We scale the radio luminosities of sources to 1 GHz using
their measured spectral indices from the literature. This
excludes SNRs and PWNe as their flux densities are measured
at 1 GHz (Ranasinghe & Leahy 2023). For sources without a
measured spectral index, we assume a canonical value of
a = —0.7 (Condon 1992; Gioia et al. 1982). We find that the
radio luminosities of the PRSs are only surpassed by the low-
Iuminosity AGNe, and are about a million times brighter than
Galactic SNRs and PWNe, including the Crab Nebula. On the

14 https: //www.physics.mcgill.ca/~pulsar/pwncat.html

Bhandari et al.

other hand, their physical size seems to be broadly consistent
with that of other compact radio sources. We note that the
physical size of the PRS candidates from Vohl et al. (2023) is
poorly constrained due to the limited resolution of the survey
(6"), though ongoing VLBI analysis is being done to better
constrain these values. A subset of these and extragalactic
SNRs, in addition to the compact radio source in SN1986J,
seem to bridge the luminosity gap between the Galactic and
extragalactic compact sources. We note that this luminosity gap
is most likely a consequence of the present observational
biases.

4.2. Progenitor Implications

We examine the model of a magnetar in an ion-wind nebula
(Margalit & Metzger 2018) and the hypernebula model
(Sridhar & Metzger 2022; Sridhar et al. 2022) using the
luminosity and size constraints for FRB 20190520B’s asso-
ciated PRS obtained from our EVN observations.

4.2.1. Magnetar in a Magnetized lon—Electron Wind Nebula

We place constraints on the age, f,q., of a putative magnetar
responsible for powering both the bursts and PRS associated
with FRB 20190520B following the prescription of Margalit &
Metzger (2018). In this scenario, the magnetic energy, Ep,, of
the magnetar inflates a synchrotron nebula behind the

expanding supernova ejecta over a timescale f,qc,

E
fage S —2= ~ 1800 B yr, )
vL

v

where VL, ~ 5 X 1038 erg s 'is the 1.7 GHz luminosity of the

PRS, B, is the interior magnetic field strength, and
Big= B*/IOI(’ G. Assuming a lower limit on the source age of
tage 2 4 yr based on the initial discovery, we find that the
allowed age of #,5. ~4-1900 yr is comparable to that inferred
for FRB20121102A (Margalit & Metzger 2018), and con-
sistent with the active lifetime of strong B-field, millisecond
magnetars. Figure 6 shows the allowed parameter space in both
f,ge and R,,, the magnetar nebula radius, based on observational
constraints, where our EVN data set an upper limit on R, of
<9 pc, while a lower limit of 220.22 pc can be placed from the
lack of a clear break in the synchrotron spectrum due to self-
absorption (Zhang et al. 2023). We note, however, that in order
to reconcile the EVN limit of <9 pc for the nebular size with
the size of the expanding supernova ejecta shell—which must
be larger than the magnetar-inflated nebula—requires an age of
2900 yr (assuming an ejecta velocity of v~ 10*kms ™",
typical of hydrogen-poor supernovae).

4.2.2. Hypernebula Model

The host’s contribution to the overal DM (of
~1177 pc cm > see Section 3.2) was estimated to be
903"7%, pc cm3 (Niu et al. 2022), which is about three times
the DM,,.sx of FRB20121102. However, Lee et al. (2023)
found that the halos of intervening galaxy groups and clusters
contribute significantly to the observed DM, and revised the
contribution of the host to DMy = 4307130 pc cm 3. Based
on the FRB scattering timescale, the gas contributing to this
DM, is also expected to be close to the FRB engine. Such
large DM, and RM values for FRB20190520B
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Figure 6. Allowed parameter space for the age, f,4., Of a putative magnetar
progenitor for FRB 20190520B and the radius R, of the synchrotron nebula
responsible for powering the observed PRS emission, based on observational
constraints. An upper limit on R, is obtained from our EVN observations, while
a lower limit can be placed based on the lack of a clear self-absorption
signature (SSA) below 1 GHz (Zhang 2018). An upper limit on the source age
is obtained from the observed PRS luminosity and total available magnetic
energy, while the date of discovery sets an approximate lower limit on the
source age. Requiring that the size of the expanding supernova ejecta shell R;
is larger than the size of the magnetar-inflated nebula requires a minimum age
of tyee 2 900 yr. Gray-dashed curves correspond to the expansion velocity of
the synchrotron nebula, R, /f;gc.

(~2 x 10°rad m~?; Niu et al. 2022) hint toward a dense,
young, and highly magnetized circum-source medium: condi-
tions naturally expected from a young hypernebula inflated by
an evolved accreting binary system. In this scenario, the peak
burst luminosity from FRB 20190520B of ~10** erg s ' would
require a central engine accreting at least at a rate of M > 10°
M Edd.10, Where M Edd.10 18 the Eddington-limited mass transfer
rate for a BH with a mass of 10 M, (Sridhar et al. 2021).
Locally, the shell inflated by the mass loss in the form of disk
winds (at a rate comparable to M with a speed vy, ~ 0.03¢)
could contribute as much as (Sridhar & Metzger 2022),

DMlocal

. 72 t 71
~425 pc cm 3 Af : ( Y ) age 3)
5 x 10 MEdd,lO 0.03¢ 10 yr

to the DMy, after t,,c = 10 yr of free expansion (i.e., prior to
the shell decelerating). This is consistent with the observed
DM,,s, assuming that the interstellar medium of the host
galaxy contributes ~100 pccm > to the DMy At this age,
the freely expanding shell would have expanded to a size of

Vw tage
Ry~ 0.1 pc( ) , 4
0.03¢ /\ 10 yr

with a central shock-heated nebular core of size ~0.01 pc
(Equation 28 of Sridhar & Metzger 2022). We note that these
size estimates (Equation (4)) are in agreement with the
observed upper limit on the size of the PRS being <9 pc, as
reported in this work (Section 3.1).

Recently, Zhang et al. (2023) detected not only a likely radio
flux density decrease, but also a marginal variability in the flux
density of the PRS associated with FRB 20190520B between
the observations taken in 2020 and 2021 at 3 GHz. If the
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variability is attributed to scintillation by a scattering disk
(estimated to be of angular size 53 pas at 3 GHz based on the
observations separated by more than 1 yr) located at a distance
of 1kpc away from the observer, the size of the PRS is
~0.2 pc; this drops down to ~0.07 pc for a scattering disk at
10 kpc. These estimates are comparable to the size obtained
from our modeling (see Equation (4)), and the inference of
Zhang et al. 2023 that accreting compact objects, such as
hypernebulae, might be able to explain the PRS's temporal and
spectral properties aligning with ours. Furthermore, as shown
in Section 4.2 of Sridhar & Metzger 2022, this model also self-
consistently explains the observed luminosity of the PRS
(Li7Gaz~3 X 10%° erg s ! Hzfl), and the large and varying
RM of the FRBs (~2 x 10°rad m~?; Niu et al. 2022) as they
traverse through the hypernebula.

5. Conclusions

We have presented tight constraints on the position and size
of the radio source associated with FRB 20190520B and
confirmed it to be an FRB PRS by characterizing its compact
nature using EVN observations. We conclude the following:

1. We have detected a PRS with an angular size of < 2.3
mas (30). This results in a physical diameter of <9 pc at
an angular diameter distance of 810.5 Mpc.

2. We find the position of the PRS to be

«(J2000) = 167027045 2611 + 6.5 mas,

6(J2000) = —11°17'17" 366 + 3.6 mas

referenced to the ICRF. This position is consistent within
uncertainties with the previously published VLA position
of Niu et al. (2022) and is 15 X more precise.

3. We have detected and localized a burst from
FRB 20190520B during our EVN-PRECISE observa-
tions. Though we cannot independently measure the burst
position with the same accuracy as the PRS, we find that
the two are consistent with being colocated to within <20
mas (i.e., to within a transverse distance of <80 pc).

4. We find the flux density of the PRS to be 201 £ 34 pJy at
1.7 GHz. The flux density is consistent between two
epochs separated by a day and also consistent with other
published values (Niu et al. 2022; Zhang et al. 2023). As
a result, we can confirm that no flux density is resolved at
VLBI scales. Using the measured flux density, we find
the spectral radio luminosity of the PRS to be
L7 6n, = (3.0 £0.5) x 10%° erg s 'Hz ! at the given
luminosity distance of 1.25 Gpc. Our luminosity is also
consistent with that in Niu et al. (2022).

5. Based on our EVN observations and results, we have
explored the model of a magnetar in a magnetized ion—
electron wind nebula (Margalit & Metzger 2018). We
have presented an allowed parameter space for the age of
a putative magnetar progenitor (4-1900 yr) for
FRB 20190520B and the radius of the synchroton nebula
responsible for powering the observed PRS emission.
Furthermore, we also considered the accretion-powered
hypernebula model (Sridhar & Metzger 2022; Sridhar
et al. 2022) in light of our results and find that the model
estimates for the nebular size, PRS luminosity, RM, and
the host’s contribution to the DM to be in agreement with
our observational constraints.
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Further observations are currently being conducted within our
EVN-PRECISE program. The detection of a larger number of
bursts will allow us to pinpoint the burst source to
milliarcsecond precision, independently of any information
on the position of the PRS. This will more robustly constrain its
physical separation from the PRS at the parsec level.
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