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ABSTRACT

The vast majority of extragalactic compact continuum radio sources are associated with star formation or jets from (super)massive
black holes and, as such, are more likely to be found in association with starburst galaxies or early-type galaxies. Two new populations
of radio sources were recently identified: (a) compact and persistent sources (PRSs) associated with fast radio bursts (FRBs) in dwarf
galaxies and (b) compact sources in dwarf galaxies that could belong to the long-sought population of intermediate-mass black holes.
Despite the interesting aspects of these newly found sources, the current sample size is small, limiting scrutiny of the underlying
population. Here, we present a search for compact radio sources coincident with dwarf galaxies. We search the LOFAR Two-meter
Sky Survey (LoTSS), the most sensitive low-frequency (144 MHz central frequency) large-area survey for optically thin synchrotron
emission to date. Exploiting the high spatial resolution (6”) and low astrometric uncertainty (~0.2) of the LoTSS, we match its
compact sources to the compiled sample of dwarf galaxies in the Census of the Local Universe, an Hx survey with the Palomar
Observatory 48 inch Samuel Oschin Telescope. We identify 29 over-luminous compact radio sources, evaluate the probability of
chance alignment within the sample, investigate the potential nature of these sources, and evaluate their volumetric density and
volumetric rate. While optical line-ratio diagnostics on the nebular lines from the host galaxies support a star-formation origin rather
than an AGN origin, future high-angular-resolution radio data are necessary to ascertain the origin of the radio sources. We discuss

planned strategies to differentiate between candidate FRB hosts and intermediate-mass black holes.
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1. Introduction

FRB 20121102A was the first fast radio burst (FRB) source
found to repeat (Spitler et al. 2016). Its repetitive nature rules
out progenitor models related to cataclysmic explosions for
at least a fraction of all FRBs. FRB20121102A was also
the first FRB source to be precisely localized to a host
galaxy (Chatterjee et al. 2017) from a coordinated observing
campaign between the Karl G. Jansky Very Large Array (VLA)
and the 305m William E. Gordon Telescope at the Arecibo
Observatory. The host galaxy is a low-mass, low-metallicity
dwarf at a redshift of z = 0.19273 + 0.0008 (Tendulkar et al.
2017), and as such has the characteristics of a typical host to long
gamma-ray bursts and super-luminous supernovae. These simple
facts suggest that the mechanism driving FRBs may be linked to
these latter phenomena. Moreover, FRB 20121102A was the first
FRB found to be co-located with a persistent radio source (PRS;
Chatterjee et al. 2017), with a luminosity of Lgi, ~ 10°° ergs™!,
which is more 50 times what would be expected from star for-
mation activity alone.

* Tables 1 and 3 are available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/680/A98

Very long baseline interferometry (VLBI) observations with
the European VLBI Network (EVN) showed that the FRB and
the PRS are located within <40 pc (transverse distance) of one
another (Marcote et al. 2017), strongly connecting the two. Opti-
cal and far-infrared observations using the Hubble Space Tele-
scope revealed that the FRB/PRS location is slightly offset from
the centroid of a star formation knot within the host (Bassa et al.
2017). The PRS has a flat spectral index, that is, S, o« %,
with @« ~ —0.07 = 0.03 below 10GHz (Resmi et al. 2021),
and with a possible turnover at lower frequencies, estimated as
a ~ 0.3 between 433 MHz and 1.4 GHz by Mondal et al. (2020).
The spectral energy distribution (SED) derived from multiwave-
length measurements and upper limits matches that of the Crab
nebula, though with orders-of-magnitude higher luminosity.
Finally, bursts from FRB 20121102A have a high and variable
Faraday rotation measure (RM; Michilli et al. 2018), and the dis-
persion measure (DM) also shows secular changes (Hessels et al.
2019; Platts et al. 2021).

These measurements combined make a plausible case
for an FRB engine that is a young, highly magnetized neu-
tron star embedded in an expanding supernova remnant and
powering a pulsar wind nebula (PWN; Murase et al. 2016;
Margalit & Metzger 2018) or magnetar wind nebula (MWN;
Margalit & Metzger 2018, Zhao & Wang 2021). Another
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plausible explanation is that the FRB engine is within the
vicinity of a massive black hole, which in turn creates the
PRS. In this context, the FRB source may be a neutron star
near a black hole, or may even be a black hole jet. Other
authors have suggested that an accreting compact object
engine (e.g., ultra-luminous X-ray sources accreting at highly
super-Eddington rates) could explain the PRS (Chen et al.
2022; Sridhar & Metzger 2022). There is only one other known
repeating FRB co-localized to a PRS (Niu et al. 2022). Like
FRB20121102A, FRB 20190520B is hosted in a star-forming
dwarf galaxy, with a large DMy, contribution, a high repetition
rate, and its associated PRS has a shallow spectral index
(@ =-0.41 +0.04).

Given these two cases of FRB/PRS connection, it seems
that PRSs represent an important aspect of some FRBs, even
if their nature remains mysterious. If PRSs are wind nebulae,
a limited lifespan during which they can be detected (~few cen-
turies; Gaensler & Slane 2000) could explain why only a subset
of FRBs have a PRS counterpart. Considering a sample of 15
localized FRBs with radio sensitivity limits that could allow the
detection of a PRS (including six repeating FRBs), Law et al.
(2022) estimated that PRS occurrence could be as high as 20%
for repeating FRBs given that 2 out of the 6 repeating FRBs in
their sample are associated to a PRS. Furthermore, given that
most FRBs with meaningful PRS limits would also limit PRS
emission out to z = 0.4, a distance that includes a similar number
of repeating and nonrepeating FRBs — supporting the argument
that PRS emission from repeaters and nonrepeaters is equally
well-constrained — these authors estimate that PRS detectability
in repeating FRBs is not strongly biased by distance.

Separately, Reines et al. (2020) identified a sample of com-
pact radio sources associated with dwarf galaxies and suggested
that they may be the long-sought population of intermediate-
mass black holes (IMBHs, ~10>—10° M,; Greene et al. 2020)
predicted to reside in dwarf galaxies (e.g., McConnell & Ma
2013; Reines & Volonteri 2015). Furthermore, the compact
radio sample presented by Reines et al. (2020) has been shown
to share many similarities with the PRS associated with
FRB 20121102A, with radio luminosities, SEDs, light curves,
ratios of radio-to-optical flux, and spatial offsets between the
radio source and the host optical center being consistent with
arising from the same population (Eftekhari et al. 2020).

Follow-up observations of the 13 dwarf galaxies with likely
accreting IMBHs from Reines et al. (2020) with the Very Long
Baseline Array (VLBA) led to four source detections at mil-
liarcsecond (mas) resolution. These four sources have the largest
offset from their host centroid in the sample, which suggests
that they are all likely background AGNs (Sargent et al. 2022).
Two sources among the VLBA nondetections are associated with
spectroscopically confirmed AGNss that are consistent with being
located at their galaxy photocenter. Sargent et al. (2022) also re-
examined the radio—star formation relationship and found that a
star-formation origin cannot be ruled out for approximately 5 out
of the 9 VLBA nondetections. These authors conclude that these
sources are either the posited wandering accreting massive black
hole scenario, or simply background AGN.

While the existence of wandering black holes has yet to
be definitively proven (IMBHs in dwarf galaxies have a much
shallower gravitational potential than in more massive galaxies
that could in theory allow for off-nuclear location), the well-
documented case of FRB20121102A nevertheless highlights
that such off-nuclear compact radio emission can occur, even
within a star forming region within the host galaxy. Although the
connection between IMBHs, PRSs, and FRBs remains unclear —
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most FRB models prefer a magnetar progenitor (e.g., see dis-
cussion in Eftekhari et al. 2020) — over-luminous compact radio
sources (OCRs) in dwarf galaxies are an interesting radio source
population in their own right.

To improve our understanding of PRSs and their potential
connection to the FRB and/or IMBH phenomena (e.g., con-
strain FRB progenitor models), it is imperative to increase the
known sample size (Vohl et al. 2023). Here, we present a tar-
geted search for compact radio sources coincident with dwarf
galaxies using the LOFAR Two-Meter Sky Survey (LoTSS) sec-
ond data release (DR2; Shimwell et al. 2022) — the most sensi-
tive large-area survey for optically thin synchrotron emission to
date — as our radio reference catalogue, and the Palomar Obser-
vatory 48 inch Samuel Oschin Telescope “Census of the Local
Universe” (CLU; Cooketal. 2019) as our optical reference
catalogue.

The article is organized as follows: in Sect. 2 we describe our
candidate selection methodology and discuss chance alignment
probability. In Sect. 3 we discuss the selected candidates, and
complement the information available for our sample with ancil-
lary survey data at various wavelengths. In Sect. 4 we discuss the
potential nature of these sources and our plans for future work,
and in Sect. 5 we close with a summary.

2. Candidate selection
2.1. Sample description

LoTSS DR2 comprizes 4396228 radio sources spanning over
5600 deg? of the northern sky. LoTSS operates at a central fre-
quency of 144 MHz with 48 MHz of bandwidth (120—-168 MHz).

The survey has a ~6" X(Lg/mz) angular resolution and a median

root mean square (rms) sensitivity of about 80uJybeam™'.

Furthermore, with a 0’2 astrometric uncertainty1 for sources
brighter than 20 mJy — which is comparable to optical sur-
veys — and a 90% point source completeness for sources
>0.8 mJy beam™!, LoTSS DR2 represents an excellent catalogue
for our study.

We  cross-match LoTSS DR2 to the CLU-
compiledcatalogue, a compilation of all known galaxies
out to 200 Mpc (Cook et al. 2019). CLU-compiledis an exten-
sion to the CLU photometric survey carried out with four
narrow-band Ha filters corresponding to redshifts up to
z = 0.0471. CLU-compiledis a compilation from existing
galaxy databases (NASA/IPAC Extragalactic Database (NED?),
Hyperleda®, Extragalactic Distance Database®, the Sloan Digital
Sky Survey DR12, the 2dF Galaxy Redshift Survey, and The
Arecibo Legacy Fast ALFA (ALFALFA)) and is designed to
provide the most complete list of galaxies with measured dis-
tances in the LIGO sensitivity volume. The compiled catalogue
comprizes 271867 sources, of which 95047 fall within the
LoTSS DR2 footprint. For brevity, we use the terms CLU and
CLU-compiledinterchangeably throughout the paper. Distances
based on Tully-Fischer methods were favored over kinematic
(i.e., redshift) distances; however, the majority of the distances

! Namely, the uncertainty tying the LoTSS radio frame to the
PanSTARRS (PS1; Chambers et al. 2016) frame, along with the formal
error to evaluate the source centroid, given by Sﬁ/—/;\,, where S/N is the
signal-to-noise ratio. For >mlJy level sources detected at >10c, the lat-
ter is dominant. We refer the reader to Shimwell et al. (2022) for further
details about astrometry in LoTSS DR2.

2 https://ned.ipac.caltech.edu

3 http://leda.univ-lyonl.fr

4 http://edd.ifa.hawaii.edu
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Fig. 1. WISE color—color plot. Photometric ratios in magnitude (mag) between three IR bands (W134um, W24.6um>» W312um, With W1-W2, W2—
W3). Black markers correspond to dwarf galaxies matched to a compact radio source with luminosity exceeding 30~ in the L-SFR relation.
Gray-filled markers indicate dwarf galaxies matched to a radio source. We demarcate the two sources falling within the AGN region (Jarrett et al.

2011) marked by dashed lines within our sample as being classified.

are based on redshift information. For cases where neither
Tully-Fischer nor redshift was available, a distance based on the
Hu filters is provided.

In addition to distances, CLU-compiledalso contains com-
piled photometric information. In particular, sources have been
cross-matched to within 4”7 with: (i) Sloan Digital Sky Survey
(SDSS) data release 12 (Alam et al. 2015) for optical fluxes;
(ii)) GALEX all-sky (Martin et al. 2005; Bianchi et al. 2014)
for far- and near-ultraviolet (FUV, NUV) Kron fluxes (Kron
1980); and (iii) Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010) for mid-infrared fluxes. Additionally, CLU-
compiledaggregates these ancillary data to cull contaminants
(i.e., bright stars, high-redshift sources with emission lines
shifted to within the CLU Ha bands) and measure several phys-
ical properties of galaxies such as their stellar mass and star for-
mation rate (SFR).

We select sources in the mass range corresponding to dwarf
galaxies (107 < M./My < 3 x 10°), leaving 31190 sources.
We finally keep only galaxies with a valid SFR measurement,
leaving 18 159 galaxies that form our parent sample. With
regards to the LoTSS DR2 catalogue, we select sources with
a peak brightness of >0.8 mJy beam™', for a total of 2622903
sources. Furthermore, we constrain the matched sample to reject
extended sources using the Rggg compactness criterion (see
Shimwell et al. 2022, Eq. (2)), where the ratio of the natural
logarithm of the integrated flux density (S;) to peak bright-
ness (Sp) is less than or equal to the envelope that encom-
passes the 99.9 percentile of the S,;/Sp distribution, leaving
2275400 sources. Finally, we limit our source selection to those
fitted with a single Gaussian component by the source finder
pyBDSF (Mohan & Rafferty 2015), which was used to produce
the LoTSS source catalogue, leaving 2 051 534 sources.

2.2. Cross-matching and filtering

We aim to identify OCRs dwelling in dwarf galaxies with lumi-
nosity exceeding the contribution expected from star formation

alone. To find these, we cross-matched our subset of LoTSS and
CLU sources (Sect. 2.1) using a radius of (6 + €)” (the angular
resolution of LoTSS, with € being the astrometric uncertainty
for a given source), yielding 708 matches. We then rejected all
sources that lie within three standard deviations of the radio
luminosity versus star formation rate (L—SFR) relationship pre-
sented by Giirkan et al. (2018)°. This yields just 32 sources. It
is worth noting that Smith et al. (2021) highlighted a depen-
dence of the L-SFR relation on stellar mass, with galaxies at
~10%> M, /My following the relation from Giirkan et al. (2018),
while those at lower masses tend to have a lower luminosity for
a fixed SFR. Therefore, given the L-SFR mass dependence and
that the stellar mass—metallicity relation indicates a trend where
galaxy metallicity increases with increasing stellar mass (e.g.,
Curti et al. 2020), our sample selected above the 30 threshold
should be considered as a lower limit, and outliers are not sim-
ply due to low metallicity in their host galaxies.

We verify that redshift values listed in CLU match those of
other measurements listed in the NED, because redshifted emis-
sion lines other than Hoe could fall within the CLU filter and
masquerade as Hx. Indeed, objects with incorrectly attributed
redshifts will be over-represented in our sample, which is
selected based on nonadherence to the L-SFR relationship.
Among the 32 sources, we find that three objects have redshifts
that are inconsistent with the median redshift from the NED. We
therefore remove these from our sample, leaving 29 candidates.
From these, 11 out of the 29 sources have spectra available in
the NED. Next, we check IR magnitudes for any obvious AGNs
by evaluating sources whose WISE colors fall within the AGN
region prescribed by Jarrett et al. (2011, Eq. (1)), represented in
Fig. 1. Two candidates fall within this AGN region, leaving 27
sources to be further scrutinized.

We depict the candidate selection on the L-SFR plane
in Fig. 2. We discuss the distribution of matched galaxies

5 For consistency with Giirkan et al. (2018), throughout this paper, we
use a concordance cosmology with Hy = 70kms~' Mpc™!, Q,, = 0.3,
and Q, =0.7.
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Fig. 2. Candidate selection via the L-SFR relation. Gray-filled markers indicate compact radio sources matched to dwarf galaxies matched.
Black filled circles correspond to our final selection of OCRs matched to a dwarf galaxy with luminosity exceeding 30~ (dashed line) on the
L-SER relation by Giirkan et al. (2018, and the solid line) shows those with validated redshift. The uncertainty on luminosity is below the marker
size. Orange markers are sources within the AGN region in Fig. 1. As a reference, we show PRS luminosity and the SFR of the host for both
FRB 20121102A (Tendulkar et al. 2021; Law et al. 2022) and FRB 20190520B (Niu et al. 2022), with luminosity measurements scaled to 144 MHz
using « from Resmi et al. (2021, evaluated between 2 MHz and 10 GHz,) and from Niu et al. (2022, evaluated between 1.5 and 5.5 GHz), respec-
tively. We also show the transient source VT 113740337 using values from Dong & Hallinan (2023). Finally, we show Reines et al. (2020) galaxies
(J0909+5655, J1136+2643, J1220+3020) matched in CLU for which SFR information is available, with luminosity scaled to 144 MHz using «
values fitted between 1.4 GHz and 9 GHz by Eftekhari et al. (2020). The large scatter in luminosity is discussed in Sect. 2.3 and Appendix A.

(including all galaxy masses) along the L-SFR plane in
Appendix A. Candidates are summarized in Table 1, and are
investigated further in the following sections. Astrometric uncer-
tainties provided by LoTSS were taken into account during
cross-matching. Therefore, while a projected offset of 7" is
listed for ILT J125944.53+275800.9, the lower limit on its offset
taking into account the radio astrometric uncertainties on right
ascension and declination is 574.

2.3. Chance alignment probability

We begin by evaluating the likelihood of matching a galaxy
and a background radio source by coincidence due to chance
alignment following the two methods described by Reines et al.
(2020). Firstly, we estimate the cumulative number of com-
pact radio source counts per steradian N(S ,,) with 144 MHz
flux densities greater than S, = 0.8 mlJy, taking into account
only compact sources based on pyBDSF single-component cases
and the Rg99 compactness criterion. Multiplying N(S min) =
2051 534 steradian™! by the area confined in a 6” radius cir-
cle gives Ny g = 0.0032, the expected number of background
sources for a given galaxy. Across our entire parent sample of
18 159 dwarf galaxies, we expect Noksamp ~ 58 + V58 ~ 58 + 8
background sources (where the error is computed for Poisson
statistics). We therefore expect Ny samp t0 be present in our orig-
inal 708 matches, or about 0.8%. Performing a similar analysis
using a cross-matching radius of 2" leads t0 Ny samp = 6 + 2
background sources (with an original number of matches of 573
using a 2” cut), or about 1%. Considering that outliers caused by
a false association should be evenly distributed above and below
the L-SFR relation (Fig. 2), it is likely that nearly all candidates
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below the (2 + €)” mark and about half of the candidates above
this threshold are true associations.

Secondly, we perform an empirical estimate of the expected
number of false associations using the data. We cross-match each
source in the CLU subsample to its nearest neighbor in LoTSS,
up to a maximal matching radius of 40”. Figure 3 shows the
observed offset distribution. The offset probability histogram for
chance associations should be equal to zero at an offset of zero
and rise linearly for small offsets (blue solid line in Fig. 3).
The observed distribution is minimal at a matching radius of
6”, beyond which the number of sources per offset, N(dog),
increases linearly as N(dyg) = 3.1 dg, with offset dyg in units
of arcsec. The total estimated number of background sources
with offsets of less than 6” is found by integrating N(dog) from
N(do) = 0” to 5", which gives Ny samp ~ 64+ 8 sources. This is
consistent with our calculation above using known radio source
counts. Here again, putting a cut at 2”” (pink vertical line) leads
t0 Npksamp =~ 9 + 3, which is also consistent within errors with
the analytical method.

From these two analyses, it is unclear whether outliers on
the L-SFR relation found in Sect. 2 are caused by chance align-
ment, where two unrelated sources lead to an incorrect lumi-
nosity calculation (e.g., a radio source is assigned an incorrect
redshift). To resolve this issue, we performed Monte Carlo sim-
ulations. We repeated all cross-matching and outlier selection
steps (as described in Sects. 2.1 and 2.2) after randomly shift-
ing spatial coordinates for all sources within the LoTSS set in
each Monte-Carlo run. For both cases, using 2" and 6" as the
cross-matching radius limit, we performed 1000 realizations of
the process, selecting spatial shifts from a uniform distribution
of [-10, 10] arcmin, keeping track of the number of outliers at
each realization.
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Fig. 4. Cumulative distributions from 1000 Monte Carlo realizations of
matches exceeding 30~ on the L-SFR relation from Giirkan et al. (2018).
Top panel: 6" matching radius; bottom panel: 2" matching radius.

Cumulative distributions summarising each Monte Carlo
simulation are shown in Fig. 4. At 6”, for the entire sample of
CLU, on average, it is common to find 10 matches (median)
above the 30~ mark of the L-SFR relation by chance, and is
unlikely to find 27 by chance (p < 107%). At a 2” cutoff, it
is common to get two matches by chance, and highly unlikely to
find 16. Given our 16 matches selected below (2+¢€)”’, we expect
a false-positive fraction of 0.125. The remaining 11 sources with
offsets between (2 + €)—(6 + €)"” may be chance alignments.

While this does not mean that candidates with a projected
offset of greater than 2" are necessarily chance alignments —
for example, a small transverse distance may indicate a true
association—, assessing whether or not they are real associations
remains difficult with the currently available data. For this rea-
son, we demarcate candidates below and above (2+¢€)” in Table 1
and the following sections with a black line. Nevertheless, we
show in the following section that nearly all candidates—both
below and above this demarcation—fall within the optical foot-
print of their respective matched galaxies.

Finally, the redshift distribution of the selected candidates
listed in Table 1 is vastly different from that of all dwarf
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Fig. 5. Redshift distributions of selected candidates listed in Table 1
(gray) and for all dwarf galaxies from CLU in the LoTSS field (black).
A two-sample KS test between these two distributions gives a p-value
of «0.005.

galaxies from CLU in the LoTSS field (Fig. 5). A two-sample
Kolmogorov—Smirnov (KS) test between these two distributions
lends a p-value of 1.08 x 1073, indicating the selected candidates
do not simply track the redshift distribution of the whole CLU
dwarf galaxy sample.

3. Candidates

The final candidate list includes 27 sources, with 16 having a
projected offset of lower than (2 + €)””. Composite images for
each candidate in ascending order of offset are presented in Fig. 6
(offset $2”) and Fig. 7 (32" and OCRs within the AGN region of
Fig. 1), and candidates are detailed in Table 1. Given that all Hx
filters used by CLU fall within the frequency range covered by
the PanSTARRS (PS1; Chambers et al. 2016; Flewelling et al.
2020) r filter, we use PS1 to generate image cutouts around the
coordinates of our candidates. The central coordinates of the
matched objects from LoTSS and CLU are indicated by black
crosses and plus symbols, respectively.

All candidates shown in Fig. 6 and most candidates in Fig. 7
fall well within the galaxy contours. ILT J125940.18+275123.5
falls within the low-surface-brightness regions of its host galaxy,
while the associated host galaxy of ILT J125940.18+275123.5
(candidate with largest offset) is of extremely low surface
density, and likely a chance alignment (further discussed in
Appendix B). SDSSJ143037.09+352052.8 (matched to the
AGN candidate ILT 143037.30+352053.3) is also extremely
faint in the PS1 r filter image and may also be a chance
alignment. However, data from the JVO Subaru/Suprime-
Cam (Aihara et al. 2019) show the radio source to be within the
galaxy (Appendix B).

We note that galaxies 2MASS J13002220+2814499 (ILTJ
130022.42+281451.7), SDSS J125944.76+275807.1 (ILT J1259
44.53+275800.9), 2MASX J12594007+2751177 (ILT J125940.
184275123.5), and SSTSL2J125915.27+274604.1 (ILTJ125
915.34+274604.2) are part of the cluster of galaxies ACO 1656
(Appendix C). Similarly, 2MASXJ23171540+1843385 (ILT
J231715.38+184339.0) is part of the compact group of
galaxies HCG94. Finally, the Simbad® service’ indicates
2MASXJ09133387+3000514 (ILTJ091333.83+300056.9) as
having a 75% probability of being a hierarchical member of the
galaxy cluster HCG 37.

® http://simbad.cds.unistra.fr/simbad/sim-id?Ident=
HCG++37&NbIdent=query_hlinks&Coord=09+13+35.6%2B30+00+
51&children=5&submit=children&hlinksdisplay=h_all

7 http://simbad.cds.unistra.fr/simbad
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Fig. 6. Over-luminous compact radio sources with a projected offset of less than (2 + €)”. Each panel indicates the source name from LoTSS
and the host galaxy name above a PS1 R filter image in logarithmic gray scale. Contours indicate optical data from PS1 (Chambers et al. 2016;
Flewelling et al. 2020) at u+[1,2,..., 10]o levels, with u and o being the median and standard deviation, respectively. The black crosses and plus
symbols (X, +) indicate the central coordinates of matched objects from LoTSS and CLU, respectively. LoTSS astrometric uncertainty is marked
as a yellow box. Where available in the CLU catalog, we indicate a yellow ellipse corresponding to the Ho detection isophote (D25). For each
panel, in the top left, we indicate the spatial offset (") between the X and + markers as a white bar, along with corresponding transverse distance
(pc). Top right: LoTSS radio flux at 144 MHz in mJy, with uncertainty on the last digit in parenthesis, host galaxy stellar mass (M"*) in M, and
redshift (z), with distance method indicated in parentheses. Here, (k) means kinematic, (m) median (redshift-independent), and (n) narrowband
(Hox). Where available, we indicate the spectral index (a; Fig. 9; Sect. 3.2) and the location of the SDSS spectroscopic fiber as a filled pink circle
(Fig. 8; Sect. 3.1, Fig. 9). Bottom left: White circles indicate the LoTSS 6” beam, noting that the restoring beam used in DDFacet (Tasse et al.
2018) for each image product type is kept constant over the data release region and that all image products are made with a uv-minimum of 100 m
with the uv-maximum varied to provide images at different resolutions; the highest resolution 6” images use baselines up to 120km (i.e., all
LOFAR stations within the Netherlands).

In the following subsections, we investigate the possible
nature of the candidates by considering complementary infor-
mation in ancillary surveys; for example, optical spectra and flux
density measurements at other radio wavelengths.

3.1. Main source of ionization in host galaxies

A useful tool for distinguishing between galaxies with different
prevailing photo-ionization sources is the family of emission line
ratio diagnostic diagrams introduced by Baldwin et al. (1981,

hereafter, BPT) in which the source location is determined
by a pair of low-ionization, emission-line intensity ratios. We
searched archival data® for optical spectra to within 6” of
the CLU coordinates. In SDSS, we found 11 matches within
our candidates, and 483 out of the total 708 matched dwarf
galaxies. However, it is worth noting that ~40% of nearby

8 Data from: SDSS (Abdurro’uf et al. 2022) DR 17, CALIFA (Calar
Alto Legacy Integral Field Area; Gonzdlez Delgado et al. 2015) survey,
and LAMOST (Large Sky Area Multi-Object Fibre Spectroscopic Tele-
scope; Guo et al. 2022) survey.
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Fig. 7. Over-luminous compact radio sources with projected offset greater than (2 + €)””. OCRs within the AGN region in Fig. 1 are shown below

demarcation lines. See Fig. 6 for component descriptions.

radio-loud AGNs are too gas poor and optically inactive to
be detected via optical line ratio (Geréb et al. 2015). Further-
more, low-luminosity dwarf galaxies with low metallicities —
particularly those with high star formation rates — are suscep-
tible to contamination from stellar processes that can poten-
tially hide AGN indicators (Reines et al. 2013; Molina et al.
2021). Using the normalized emission line measurements from
the MPA-JHU” spectroscopic reanalysis'® (Tremonti et al. 2004;
Brinchmann et al. 2004), we evaluated the ratios of measured
line fluxes (Table 2) for [OIIl]/HP against [NII]/Ho and
[SII]/Hx. We show the results in Fig. 8.

9 A collaboration of researchers from the Max Planck Institute for
Astrophysics (MPA) and the Johns Hopkins University (JHU).

10 Values are taken from the table galSpecLine. A table description
is available at http://skyserver.sdss.org/dr17/MoreTools/
browser/.
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3.2. Spectral indices in the radio band

A radio continuum spectrum dominated by nonthermal syn-
chrotron emission has a characteristic power-law slope, S, o«
v®. To evaluate the spectral index a of our candidates, we
cross-matched other radio surveys to within a 6” radius from
our source center. In particular, we searched the Rapid ASKAP
Continuum Survey (RACS; McConnell et al. 2020, 1.25 GHz),
the Faint Images of the Radio Sky at Twenty centimeters sur-
vey (FIRST; Becker et al. 1995, 1.4 GHz), the NRAO VLA Sky
Survey (NVSS; Condon et al. 1998, 1.4 GHz), and the Very
Large Array Sky Survey (VLASS; Lacy et al. 2020, 3 GHz). The
coverage of each survey can be found in Appendix F.

We find a total of 12 matches among the 29 source
candidates. Spatial coverage by the various surveys is dis-
cussed in Appendix F. Table 3 lists the multifrequency flux


http://skyserver.sdss.org/dr17/MoreTools/browser/
http://skyserver.sdss.org/dr17/MoreTools/browser/
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Table 2. Emission line ratio measurements for host galaxies observed by SDSS.

Source name Host name log [NII]/Hx log [OIII]/HB log [SH]/Hx a R,
ILT J075257.15+401026.3 UGC 04068 -0.143(129) -0.017(052)  -0.371(115) -0.54 -
ILTJ162244.56+321259.3 2MASSJ16224461+3213007 —0.777(311) 0.073(050) -0.366(111) -0.63 0.50
ILT J142859.42+331005.2 2MASXJ14285953+3310067 —0.500(179) -0.316(005)  —0.260(170) - 0.08
ILT J143050.99+410642.6  SDSSJ143051.12+410640.8  —0.946(158) 0.127(044) -0.331(210) - 0.41
ILT J090406.54+530314.6  SDSS J090406.38+530311.8  —1.120(148) 0.469(147) -0.483(159) 0.18 -
ILT J140524.35+613358.7 2MASS J14052457+6134020 —1.254(837) 0.538(426) -0.895(491) -0.88 0.55
ILTJ122250.31+681434.2  SDSSJ122249.71+681431.8  —0.960(283) 0.360(123) —-0.592(091) - 0.43
ILTJ113634.77+592533.3 SBS 1133+597 —0.651(474) —0.024(005)  -0.565(235) -0.96 0.15
ILT J125940.18+275123.5 2MASXJ12594007+2751177  —0.190(234) 0.049(211) —1.510(505) -1.00 0.39
AGN AGN
1.0
Y
L I ]
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~
o i
o
n
g C 2 |l<
E n b4 R —— .l
9 0.0 ALI. 3l
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Fig. 8. BPT diagrams for sources with SDSS spectra showing the main source of ionization. Green and black markers correspond to sources with
projected separation of less than or greater than (2 + €)”, respectively. Gray circles are all “compact radio source-dwarf galaxy” matches with
spectral line information in SDSS. Markers with a colored inner circle (colors other than black) occupy interesting parts of parameter space and
are discussed in Sect. 4. The galaxy marked with a white inner circle lies above the gray line in the SII/Hx panel, while being well within the star
formation range in the [NII]/Hox panel. Blue and pink inner circles fall within the composite region in the [NII]/Hx panel, where we can expect
a contribution from both star formation (HII regions) and AGN activity. Finally, the galaxy marked by a cyan inner circle was classified as an
AGN candidate by Truebenbach & Darling (2017) by selecting sources detected in the AIWISE and FIRST catalogs but not detected in 2MASS

or SDSS DR7 and DRO.

measurements used to evaluate spectral indices («), following
the order of sources in Table 1. Figure 9 presents for each
matched source a radio spectrum and best model from fitting
a single power law to flux measurements including uncertain-
ties (dashed line), with corresponding a. The resulting spectral
indices range between 0.2 + 0.01 and —1.0 + 0.10.

It is worth noting that if our sources are partially resolved
by some surveys then our spectral index estimates will be sys-
tematically biased. The beam sizes of LoTSS (6”") and FIRST
(5”") are comparable, while the beam of VLASS is slightly
smaller (~3"), and is larger in both NVSS and RACS (~15").
We checked whether or not the sources were point-like by
comparing the peak flux density to the integrated flux density
in RACS, VLASS and LoTSS (NVSS does not provide peak
flux information) in Fig. 10. In most cases, flux ratios in FIRST,
RACS and VLASS point toward compactness, with median
ratios of 1.0, 0.8, and 0.8, respectively (with a minimal ratio

of 0.6, 0.6, and 0.8; and a maximal ratio of 1.7, 1.0, and 0.9).
Despite the point-source-like nature of our candidates, we cau-
tion the reader that the possible presence of diffuse synchrotron
emission from the host galaxy could have biased our flux esti-
mates. This effect is especially apparent at very large beam size
ratios (e.g., Venkattu et al. 2023). Unfortunately, we do not yet
have VLBI detection of our sources to test this hypothesis: we
cross-matched the candidates with the Radio Fundamental Cat-
alog'! and mJIVE-20 (Deller & Middelberg 2014)—two VLBI
datasets—, but found no matches.

3.3. X-ray and gamma ray bands

We searched the ancillary data from the Chandra and XM M-
Newton (namely Chandra Source Catalog Release 2.0,

1 http://astrogeo.org/rfc/, last visited 27 June 2023.
12 https://cxc.cfa.harvard.edu/csc/
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Table 3. Fluxes for candidates matched in at least one ancillary radio survey.

Vohl, D, et al.: A&A 680, A98 (2023)

Source name S Lotss SRACS S FIRST SNvss SvLass a QHF
(ILTJ) (mJy) (mJy) (mJy) (mJy) (mJy)

003532.36+303008.0 11.89 +0.35 - - 3.90 +£0.50 1.99 +0.28 -0.6 +0.04 -0.9 +0.25
021835.45+262040.9 6.55+0.44 2.07+0.86 - - - -0.5+0.19 -
075257.15+401026.3  7.37 +£0.35 - 2.14£0.15 - [0.50+0.05] -05+0.04 [-1.9+0.13]
162244.56+321259.3  8.06 +0.18 - 1.81 +0.15 270040 [1.20+0.05] -0.6+0.03 [-0.8+0.05]
015915.79+242500.6  4.30+0.43 4.18+1.13 - - - -0.0+0.13 -
090406.54+530314.6  6.69 +£0.13 - 12.65+0.15 1530+090 9.52+0.23 0.2 +£0.01 -0.4 +0.03
023058.18+232412.6 11.49+1.31 3.51+0.89 - 2.40 +0.40 - -0.7 £ 0.08 -
140524.35+613358.7 22.37 +0.13 - 3.11+£0.14 - 1.08 +0.24 -0.9+0.02 -1.4+0.30
091333.83+300056.9  5.89 +0.49 - 0.65+0.13 - - -1.0+0.10 -
113634.77+592533.3  12.82 +0.12 - 1.44 +0.20 - - -1.0+0.06 -
125940.18+275123.5 22.34+020 583+1.38 2.09+0.18 3.00+£0.40 - -1.0+0.03 -
161111.24+360401.0  8.45+0.17 - 141 +£0.14 - [0.50 £0.05] -0.8+0.04 [-1.4=+0.18]

Notes. Measurements from LoTSS, RACS, VLA FIRST, NVSS, and VLASS at 144 MHz, 1.25 GHz, 1.4 GHz, 1.4 GHz, and 3 GHz, respectively.
Values in square parentheses are estimated based on cutout image from CIRADA Image Cutout Web Service (http://cutouts.cirada.ca).

Only spectral indices in brackets include estimates from CIRADA Cutouts.

XMM-EPIC, and XMM-EPIC-STACK) which we query via the
astroquery (v0.4.6) ESA Sky module'?, and the Burst
Alert Spectroscopic Survey (BASS; Koss et al. 2017) to within
15”. Chandra SC2 observed 7 out of the 29 candidates, and
XMM-Newton only 2. The only match (found in Chandra
SC2) corresponds to the source 2CXO0 J125943.4+275802. The
X-ray source covers the cluster of galaxies ACO 1656 men-
tioned in Sect. 3, and can be attributed to free-free emis-
sion (bremsstrahlung) at the cluster scale, and therefore not
directly attributable to our compact source. It is worth not-
ing that X-ray observations toward FRB 20121102A have not
yet been constraining (Chatterjee et al. 2017; Marcote et al.
2017). Similarly, we search the Fermi 4FGL second data
release to within 6 arcmin for gamma-ray emission (also with
astroquery.esasky). All candidate fields have been observed;
we did not find any match.

We find it difficult to interpret the X-ray nondetections using
the fundamental plane of BH activity, that is, the empirical cor-
relation between the continuum X-ray, radio emission, and mass
of an accreting black hole (Giiltekin et al. 2019). Firstly, the
6"'spatial resolution data from LoTSS can only provide upper
limits as it is not possible to isolate the nuclear core flux with
good point-source sensitivity (which would require subarcsec-
ond spatial resolution). Furthermore, LoTSS and any X-ray data
mentioned in this section were not obtained simultaneously, and
the timescale for variations in flux would be short for IMBHs,
that is, scaling with the size of the “event horizon” and therefore
with the black hole mass.

We obtained flux upper limits in the hard state for both
Chandra (accessed with CSCview', using values in the 2-7 keV
range) and XMM-Newton (accessed with flix'> for XMM-
Newton in the 2-10keV range). We evaluate the upper limits
using the prescription from Giiltekin et al. (2019), which typi-
cally uses radio flux at 5 GHz, and X-ray flux at 2-10keV. We
scale radio flux to 5 GHz using either @« = —0.7 or using spec-

3 https://astroquery.readthedocs.io/en/latest/esasky/
esasky.html

4 https://cxc.harvard.edu/csc/gui/intro.html, last acces-
sed 18 July 2023.

5 https://www.ledas.ac.uk/flix/flix.html, last accessed 18
July 2023.
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tral indices from Table 3 where available. Results are listed in
Table 4, with estimated BH mass limits ranging from below
~107 M to ~10% M. Given the reasons highlighted above, we
advise the reader to use these upper limits with caution.

4. Discussion

4.1. Cause of radio emission

We here investigate what can be ascertained about the potential
progenitors of our selected candidates given emission line ratios
and spectral index measurements presented in Sect. 3. Markers
below and to the left of the solid and dashed gray lines in Fig. 8
indicate that the emission lines are due to star formation and
not to AGN activity (Kewley et al. 2001; Kauffmann et al. 2003).
Measurement uncertainties cannot definitively rule out an AGN
contribution in three cases. For galaxies falling within the star
formation region of this parameter space, ionising flux is primar-
ily provided by hot, massive, young stars and associated super-
novae surrounded by HII regions (Zajacek et al. 2019).

A few cases occupy interesting regions of parame-
ter space. ILTJ090406.54+530314.6 (white inner circles)
sits above the gray line in the SII/Ho panel, while sit-
ting well within the star formation range in the [NII]J/Ha
panel. ILTJ075257.15+401026.3 (blue inner circles) and
ILTJ125940.18+275123.5 (pink inner circles) fall within the
composite region between models from Kewley et al. (2001) and
Kauffmann et al. (2003) in the [NII]/Ho panel. For these, we can
expect a contribution from both star formation (HII regions) and
AGN activity.

Similarly, the galaxy UGCO04068, which hosts
ILTJ075257.15+401026.3 has been classified as an AGN
by Véron-Cetty & Véron (2010), while the classification based
on the SDSS spectrum is simply “galaxy” (rather than other
considered classes in SDSS nomenclature, such as QSO). There
is a bright star located near the centroid of the galaxy (slightly
leftward in Fig. 6) that may impact the overall flux observed
in the spectrum, especially given the location of the SDSS
spectrograph fiber (pink circle) almost exactly between the
galaxy centroid and that of the bright star. It is also the only
case within the candidates where the CLU catalog contains a
fitted Ha D25 measurement. CLU J163850.64+352900.9 and


http://cutouts.cirada.ca
https://astroquery.readthedocs.io/en/latest/esasky/esasky.html
https://astroquery.readthedocs.io/en/latest/esasky/esasky.html
https://cxc.harvard.edu/csc/gui/intro.html
https://www.ledas.ac.uk/flix/flix.html
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Fig. 9. Radio spectra of candidates matched in one or more of the RACS, FIRST, NVSS, and VLASS surveys, with central frequencies of 1.25 GHz,
1.4 GHz, 1.4 GHz, and 3 GHz, respectively. LoTSS observes at a central frequency of 144 MHz. The source name in LoTSS is indicated for each
candidate. Black markers show flux measurements with uncertainties (small enough not to be visible), and the dashed blue lines show the best
power-law fit over all frequencies, with power-law index « also indicated. Where applicable, a gray dashed line shows the best power-law fit at
higher frequencies (~1-3 GHz).
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Fig. 10. Comparing peak flux (S ,) and integrated flux (S;, Tables 1 and 3) measurements in the various surveys. Gray lines in the upper panel
indicate a 1:1 ratio. In the lower panel, the solid and dashed blue lines indicate the median and mean of each ratio distribution, respectively. NVSS
does not provide peak flux information.
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Table 4. BH mass upper limits estimated from radio flux and X-ray flux limits.

Source name M nost L, Ly xMm Ly Chandra M. xmm M. chandra
(ILTJ) (Mo) (ergs™h) (ergs™h) (ergs™h) (Mo) (Mo)

153943.52+592730.7 2.0x10° 5.0x107 <3.0x 10 - <22x107 -
125940.18+275123.5 14x10° 34x107 <3.5x10% <1.1x10¥ <52x107 <4.0x108
125915.34+274604.2 82 x 108 1.1 x 107 - <13x10% - <2.6x107
125944.53+275800.9 2.7 x 108 2.5 x 10*7 - <72x10% - <9.4 %107
142859.42+331005.2 2.7x10° 1.6x 10¥7 - <22x10% - <3.0x107
091333.83+300056.9 1.7x10° 2.3 x10% - <29x10% - <15x%x108
231715.38+184339.0 23 x10° 4.1 x10%¥ - <6.9x10% - <1.7x108
143037.30+352053.3 63 x 108 1.7 x 107 - <2.6x10% - <3.0x107

Notes. Radio luminosity from LoTSS are scaled to 5 GHz, X-ray data from XMM-Newton (2-10keV) and Chandra (2-7keV).

2MASX J09133387+3000514 are unclassified in SDSS, while
all other matches are classified as galaxies.

Finally, we note that ILT J113634.77+592533.3 (cyan inner
circles) was classified as an AGN candidate by Truebenbach &
Darling (2017) by selecting sources detected in the AIWISE
and FIRST catalogs, but not detected in 2MASS or SDSS DR7
and DR9. However, we note that the source may be matched to
the galaxy SBS 11334597, which has been observed by SDSS
and for which the BPT diagram rather indicates that the driv-
ing source of ionization in the galaxy can be attributed to star
formation.

The value of @ helps distinguish between optically thin
and optically thick emission mechanisms. We note that flux
measurements from the archival surveys we used span several
decades of observations, with FIRST and NVSS being the old-
est, and RACS, VLASS and LoTSS being contemporaneous but
not simultaneous. Using archival data spanning many decades
comes with the caveat that measurements may be affected by
time-dependent phenomena like scintillation or source evolu-
tion. In cases where radio emission is powered by an AGN, vari-
ability at various timescales (from days to years) can be expected
with potential flux variations of the order of 100 mJy at GHz
frequencies, and in rare cases varying by factors of several in
flux density over timescales measured in decades (Nyland et al.
2020). Almost no variability is expected from star formation on
the timescale covered by our data.

The range of spectral indices covered by various source
types is known to differ. Pulsars have spectral indices of
<—1.2 (Bates et al. 2013). Given the range of values of our can-
didates, they are unlikely to be pulsars. Moreover, we can assume
that if an OCR (detected by LoTSS/FIRST/NVSS) is a radio
pulsar, it would have to be Galactic, and would therefore be an
unrelated foreground object in a chance alignment with the back-
ground galaxy as LoTSS should not be sensitive to extragalactic
pulsars. Supernova remnants tend to have spectral indices rang-
ing between —0.1 and —0.8 (Kothes et al. 2006; Alvarez et al.
2001). Six of our candidates fall within this range, including five
cases with offset below (2+¢)”. Planck Collaboration XV (2011)
showed that the spectral indices of AGNs at low frequencies
(1.1-<70 GHz) are fairly flat, with an average of —0.06. Their
distribution is narrow, with 91% of the indices being in the range
a € [-0.5,0.5]. However, a few sources have remarkably steep
spectra <—0.8, while others have inverted spectra (@ = 0.86).
Although our spectral indices are calculated at lower frequencies
than these (where possible, we also computed the spectral index
at higher frequency between 1.4—3 GHz), they all fall within this
broad range.
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Comparing spectral indices between 4.85 and 10.45 GHz
from a distribution of radio sources with optical counterparts,
Zajacek et al. (2019) showed that the ionization potential of
sources with an inverted radio spectrum (@ > —0.4) is weaker
than that of sources with a steep radio spectrum (@ < —0.7).
In particular, simultaneous two-point @ measurement at 4.85
and 10.45 GHz at Effelsberg highlighted that decreasing spectral
indices from steep to flat (-0.7 < @ < —0.4) to inverted leads
to a decrease in typical line ratios (BPT diagram), particularly
[OHI]/Hf.

ZajaCek et al. (2019) considered radio loudness R, in addi-
tion to @ and ionization ratio in order to highlight three dis-
tinct classes of radio emitters resulting from recurrent nuclear jet
activity distributed along the transition from Seyfert to LINER
sources in the optical diagnostic, namely sources with: (class 1)
steep a, high ionization ratio, and high radio loudness; (class
2) flat @, lower ionization ratio, and intermediate radio loud-
ness; and (class 3) inverted @, low ionization ratio, and low
radio loudness.

To compare our results to those of Zajacek et al. (2019),
we computed R, using the flux density from LoTSS, Fju4.
We converted F44 into the AB, radio magnitude system of
Oke & Gunn (1983), according to Ivezi¢ et al. (2002): m;4 =
—2.5log F14/3631Jy, in which the zero point 3631 Jy does not
depend on wavelength, and scaled the fluxes from 144 MHz to
1.4 GHz using either our fitted spectral indices or @« = —0.7
otherwise. Subsequently, the radio loudness can be calculated
as the ratio of the radio flux density to the optical flux density,
R, = log Fragio/ Fopticat = 0.4(g — my44), with g corresponding to
the magnitude in the optical g-band. We use SDSS magnitudes
in the g band where available, and g-band Kron magnitudes from
PS1 where available otherwise.

We list values of R, in Table 1. For our whole set of candi-
dates, R, ranges between 0.05 and 2.48, with mean, median, and
standard deviation of 1.21, 1.16, and 0.48, respectively. Sources
for which we can evaluate R, and emission line ratio between
[OII] and HPB are shown in the upper panel of Fig. 11, display-
ing o where possible using the color map'® and in gray other-
wise. In addition, we show distributions of R, (central panel)
and @ (lower panel) for candidates with and without available
optical spectra in gray and black, respectively. In the lower panel,
we mark the regions defined by Eckart et al. (1986) separating
steep (@ < —0.7, class 1), flat (-0.7 < @ < —0.4, class 2), and

16 We note that the point with @ ~ —0.6 shown in pink is calculated
using detections at all available frequencies, and that its equivalent at
higher frequencies corresponds to —0.88, as shown in Table 3.
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Fig. 11. Comparing radio loudness R,, emission line ratio [OIII]/Hf{3,
and spectral index, where available. From the sample of 26 R, values
(Table 1), 7 also have [OIII]/HP values available (Table 2, alias T2;
black bars in central panel), and 9 have fitted a values (Table 3, alias
T3). HF indicates spectral indices fitted between 1.4 and 3 GHz. Class
1,2, and 3 (cl, c2, c3) as defined by Eckart et al. (1986). Unfilled his-
tograms in middle and lower panels represent all available “compact
radio source-dwarf galaxy” matches below 30~ on the L-SFR relation.

inverted (@ > —0.4, class 3) spectrum sources in blue, green
and pink, respectively, in order to reflect the distributions of the
spectral index for samples of radio-loud galaxies in the range
of 1.6—5 GHz — regions of parameter space also used to classify
sources by Zajacek et al. (2019).

The region occupied in the emission line ratio—loudness
plane by our matched sources corresponds to that of sources
classified as class 3 by Zajacek et al. (2019, e.g., their Fig. 12),
though with much lower R, (the lower bound on R, used by
Zajacek et al. 2019 being ~0.7). The sample used by these latter
authors covered supermassive black holes (>10° M), explain-
ing the loudness discrepancy where dwarf galaxies could be
hosting IMBHs instead. Their spectral index distribution (black,
lower panel) rather points toward class 1 or 2, even when con-
sidering « evaluated at higher frequencies (1.4—3 GHz; orange
dotted border showing sources with associated spectrum; blue

border showing all cases matched at high frequencies). Unfor-
tunately, given that only four sources shown in the top panel
of Fig. 11 were matched in other surveys to evaluate a spec-
tral index, these results provide only small number statistics.
Nevertheless, the initial information they carry points toward a
mismatch between the primarily AGN-related source studied by
Zajacek et al. (2019), which mainly fall along the demarcation
line between Seyfert and LINER, and our candidates primarily
located well within the star formation region of the BPT dia-
gram, which strengthens our hypothesis that the OCRs in our
sample are not AGNs. Follow-up observations at higher frequen-
cies similar to those observed by Zajacek et al. (2019) would
allow this tension to be further scrutinized.

4.2. Volumetric density and rate of over-luminous compact
radio sources

The CLU catalog consists of galaxies selected to be within
200 Mpc and is complete to a flux limit of 10~'*ergs™! cm™2.
This limit corresponds to a dust-unobscured star formation
rate of ~1 Myyr~' (Cook etal. 2019). The 200 Mpc distance
is small enough for us to assume a Euclidean geometry in
our volume density calculations. Based on the 29 sources in
Table 1, we can summarily compute a lower limit of 856 = 150
sources Gpc™ (1o~ Poisson bounds in parentheses) for compact
radio sources (on arcsecond-scales) above 0.8 mJy at 144 MHz
that deviate by more than 30 from the radio—SFR relation-
ship. The limit is preliminary because VLBI observations are
necessary to conclusively rule out a star-formation origin for
our sources.

We can compare this rate to that suggested by Law et al.
(2022) for persistent radio sources associated with FRB pro-
genitors. These latter authors compute a volume density of
50—10 000 Gpc ™ for sources with a 1.4 GHz radio luminosity of
greater than 10% ergs s~ Hz™!. A separate volume density com-
puted by Ofek (2017) is close to the upper end of the density
computed by Law et al. (2022). A source of 10%° ergs™' Hz™!
luminosity placed at our survey horizon of 200 Mpc would have
a flux density of 2.2mlJy. Given our survey completeness of
0.8 mJy, such a source would be detected in our survey if it was
optically thin or if it had an inverted spectrum with a spectral
index shallower than ~0.4 (i.e., a relatively flat spectrum). How-
ever, our survey is also sensitive to closer sources with much
lower flux densities.

To account for this, we assumed that the FRB-related PRS
sources follow a Schechter luminosity function (Schechter 1976)
with an exponent of —1 and a cut-off luminosity that is ten times
the Law et al. (2022) normalization point of 10* ergs™' Hz ™.
We also assumed that the sources have a flat spectrum and com-
puted the number of sources that would likely exceed the 0.9 mJy
completeness limit of our survey. We then numerically computed
the expected number of detectable sources within a 200 Mpc
horizon. For the 50—10000 Gpc™> range specified in Law et al.
(2022), we expect to detect 0.3—58 sources, which is consistent
with our yield of 28 candidates. Values of cut-off luminosity
in excess of 10°3 ergs™' Hz™' are necessary to create a ten-
sion between our yield and the Law et al. (2022) rates. While
the consistency is encouraging, we caution against drawing firm
conclusions because of the unknown FRB beaming fraction on
which the Law et al. (2022) estimate is based, along with the
disparate selection filters applied in the analysis of these latter
authors and ours.
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4.3. Star formation versus active (intermediate-mass) black
holes

Condon et al. (2019) evaluated the luminosity functions for
sources whose radio emission is dominated by star formation
and AGN, respectively. After scaling the luminosity of our can-
didates to 1.4 GHz using either the spectral indices evaluated in
Sect. 3.2 or @ = —0.7 for typical synchrotron spectra of optically
thin radio sources for the remaining sources, we find luminosity
values ranging between 10'7 and 10°>” W Hz™!, with a median
of 10" W Hz~!. Compared to the luminosity functions for star
formation and AGN of Condon et al. (2019), the radio emission
from our candidates is more likely attributable to star formation.

A critical step towards establishing the candidates presented
in previous sections as potential FRB hosts is to conclusively
determine the compactness of these sources. To this end, we
obtained time on the European VLBI network (EVN) and
e-MERLIN to observe the most likely candidates. Compact-
ness in LoTSS images only ensures a brightness temperature of
>10*K, which is insufficient to rule out unusually radio-bright
star formation as the cause of the radio emission. Moreover, our
sources may have a significant component of their radio flux
attributed to star formation with the rest in a compact source
component. VLBI at <10 mas resolution is therefore the best
observational technique to totally eliminate (i.e., resolve out) the
star-formation component and establish the presence of a com-
pact source. Furthermore, including the e-MERLIN array should
allow us to distinguish between compact and star-formation
components, if present. In addition, we are in the process of
reimaging the archival LoTSS radio data on these sources while
including the international stations from LOFAR. The resulting
images should have a resolution of about 0725 (LOFAR-VLBI;
Morabito et al. 2022). These higher-angular-resolution images
should inform us about the following possible outcomes.

If a target were not detected at very high resolution then it
would confirm the star-formation hypothesis. This would be a
rather unusual conclusion as the selected targets all violate the
radio—SFR relationship, and so a nondetection at very high res-
olution would cast doubt on the canonical radio-AGN selection
technique that is widely used (Davis et al. 2022). It is possible
that AGN-related flux is present on intermediate scales of a few
hundred milliarcseconds, which are inaccessible to the EVN, but
should be accessible by the intermediate scale of e-MERLIN.
Moreover, in such a case, AGN-related flux should also be
detectable with LOFAR long-baseline data.

The detection of a core—jet structure would confirm the
AGN-like IMBH hypothesis. Although the radio detection
of black-hole jet candidates in dwarf galaxies based on the
procedure mentioned in Sect. 2 is now becoming feasible
(Davis et al. 2022), confirmatory VLBI detection of the jet
(or structure thereof) is rare (Paragietal. 2014; Yang et al.
2020; Eftekhari et al. 2020). As such, confirmation of the AGN
hypothesis will have interesting scientific consequences for stud-
ies of feedback in dwarf galaxies.

If an unresolved point is detected, although it would rule
out the star-formation hypothesis, both the PWN and unresolved
AGN would remain plausible—even if the source proves to be
slightly («1”) offset from the optical stellar light centroid.
Based on the known properties of starburst galaxies, a detec-
tion on EVN long baselines should exclude star formation as
the cause of the bulk of the radio emission (Condon et al. 1991).
Here, a path forward would be to follow-up such sources to
model their broad-band SED (e.g., with optical spectroscopy
directly on-source to search for canonical AGN signatures, and
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with radio observations at C, X, and K bands) in order to deci-
pher between the PWN and AGN hypotheses.

4.4. Future search for FRBs

Finally, we also plan to search these targets for millisecond-
duration bursts with the 25m Westerbork Synthesis Radio
Telescope. Starting with the hypothesis that some are simi-
lar in nature to currently known PRSs, we can expect these
to be repeating FRB sources. Furthermore, given the periodic
activity of some FRBs, such as FRB 20121102A (Cruces et al.
2021; Rajwade etal. 2020) and FRB20180916B (Chime/
Frb Collaboration 2020),), it is plausible that a subset of our can-
didates could also display on/off phases of FRB emission.

5. Summary

In this paper, we present a targeted search for OCRs coincident

with dwarf galaxies up to z < 0.05.

1. We identified candidate compact sources with luminosity
exceeding 30 relative to the L-SFR relation (Giirkan et al.
2018).

2. Through ancillary surveys, we investigated the possible
nature of the candidates.

3. Emission line ratios from SDSS spectra show the main
source of ionization in the host galaxies where the candidates
are located is likely star formation, and not AGN activity.

4. Spectral indices suggest that our candidates could be SNRs
or AGNs—although, the combination of @ with emission line
ratios and radio loudness provides evidence that we may be
observing sources other than typical AGNs.

5. A comparison to the luminosity functions for star formation
and AGN of Condon et al. (2019) indicates that radio emis-
sion from our candidates is more likely attributable to star
formation.

6. We derive a preliminary lower limit of 856 + 150
sources Gpc™> (1o~ Poisson bounds in parentheses) for com-
pact radio sources (on arcsecond-scales) above 0.8 mJy at
144 MHz that deviate by more than 30 from the radio-SFR
relationship.

7. For the 50-10000Gpc™> range specified in Law et al.
(2022), we expect to detect 0.3—58 sources within the
200 Mpc horizon of our optical parent sample, which is con-
sistent with our yield of 28 candidates.

Follow-up high-angular-resolution imaging should allow us
to further describe these outlying radio sources. Furthermore,
searching these sources for high-time-resolution bursts may
inform us about the FRB progenitor. If only a subsample of
our candidates turn out to be active sources of persistent radio
emission associated to FRBs, as is the case for those presented
by Chatterjee et al. (2017) and Niu et al. (2022), it would be
possible to evaluate whether or not these are indeed calorime-
ters allowing us to estimate the energy output of the central FRB
engine.

We end by noting that due to the unprecedented sensitivity
of LoTSS to optically thin synchrotron sources in a wide-angle
survey, we have been able to select interesting radio sources in
dwarf galaxies. The proposed VLBI observations are a crucial
step toward the discovery of a new population of either wind neb-
ulae or black holes in nearby!” dwarf galaxies—both outcomes
being scientifically interesting.

7 https://github. com/askap-vast/askap_surveys
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Appendix A: The obtained L-SFR distribution radio sources to all galaxy masses available within CLU using

a 6” matching radius. The peak of the distribution of matched
The zero point on the L-SFR relation from Giirkan et al. (2018) dwarf galaxies falls just below the zero point. Objects below
was obtained on more massive (~ 1083-10'1 M) galaxies than —100 (14 dwarf galaxies) have redshifts below 0.002, except
our dwarf sample. In figure A.1, we show that the zero point cor-  two extra cases at higher masses that have redshifts of 0.003 and
responds to the peak of the distribution when matching compact  0.027, respectively.
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Fig. A.1. Matched compact radio objects along the L-SFR plane. Gray-filled bins indicate cases matched to dwarf galaxies. Gray border bins
indicate cases matched to galaxies at all masses available in CLU. Blue bins indicate OCRs. Very low-luminosity cases encountered in Figure 2
are further investigated in Figure A.2.

0.04 - * | 0.04 6
N 4
0.02 A 0.02 1 0
20
0.001 ‘e & com 0.00 -
7.5 1 .. 7.5 1
= 50 . g 5.0 oo
§ . ) ° .'.{".3.,. . N
= 251 -, .l¢~4s: 2.5 4 0.02
S s . -
0.01 i , TR 0.0 - 0.00
-30 -20 -10 0 10
OL-SFR

Fig. A.2. Compact radio objects matched to dwarf galaxies (left) and all galaxies (right) along the L-SFR plane as a function of redshift and offset.
Very low-luminosity cases encountered in Figure 2 all have redshifts below 0.002.
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Appendix B: 2MASX J12594007+2751177 and
SDSS J143037.09+352052.8

The dwarf galaxy 2MASX J12594007+2751177 was shown
to be of very low surface density in PS1 (Figure 7). To bet-
ter highlight the environment in which this galaxy resides,
Figure C.1 shows the same field as observed by PS1 in r fil-
ter (right) as shown previously, and a JVO Subaru/Suprime-
Cam (Aiharaetal. 2019) composite image (left) using all
filters—where 2MASX J12594007+2751177 is apparent. Green

spcam ALL

markers (X, +) show the location of the LoTSS and CLU detec-
tions, respectively. The Subaru Suprime-Cam image strength-
ens the hypothesis that 2MASX J12594007+2751177 and
ILTJ125944.53+275800.9 are unrelated.

Finally, the AGN candidate ILT 143037.30+352053.3 was
matched to the host galaxy SDSS J143037.09+352052.8.
SDSS J143037.09+352052.8 is not resolved in PS1 r filter
shown in Figure 7. We found a JVO Subaru/Suprime-Cam image
for this field, which indicates that the radio source is within the
optical footprint of the host, which we show in Figure B.2.

PanSTARRS DR1 r

Fig. B.1. Environment around 2MASX J12594007+2751177 as observed by PS1 in r filter (right, Figure 7), and JVO Subaru/Suprime-Cam
composite image (left) using all filters—where 2MASX J12594007+2751177 (pink markers) is apparent. Green markers (X, +) show the location
of the LoTSS and CLU detections, respectively. Figure generated with Aladin Desktop (Bonnarel et al. 2000).

spcam ALL

PanSTARRS DR1 r

Fig. B.2. Environment around SDSS J143037.09+352052.8 as observed by PS1 in r filter (right, Figure 7), and JVO Subaru/Suprime-Cam com-
posite image (left) using all filters—where SDSS J143037.09+352052.8 (pink markers) is apparent. Green markers (X, +) show the location of the

LoTSS and CLU detections, respectively.
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Appendix C: ACO 1656

We note in §3 that four of our selected compact radio
sources fall within galaxies that are members of the
cluster of galaxies ACO 1656. These are galaxies and
respective matched radio sources (Table 1) are 2MASS
J13002220+2814499  (ILTJ130022.42+281451.7),  SDSS

PanSTARRS DR1 color-z-zg-g

J125944.76+275807.1 (ILTJ125944.53+275800.9), 2MASX
J12594007+2751177 (ILTJ125940.18 +275123.5), and SSTSL2
J125915.274274604.1 (ILTJ125915.344+274604.2). We show
the position of these galaxies along with the central coordi-
nate of ACO 1656 in Figure C.1, which displays a PS1 com-
posite image of the z and g filters, as plotted in Aladin Desk-
top (Bonnarel et al. 2000).

Fig. C.1. Cluster of galaxies ACO 1656 (pink markers), and four dwarf galaxies matched to compact radio sources (pink squares).
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Appendix D: Host properties

In Table 1, a number of physical properties are listed, includ-
ing luminosity of the compact radio source, as well as red-
shift and star formation rate of the host galaxy. Here, we
also present the distribution relative to stellar mass and spe-
cific star formation rate (sSFR, the star formation rate normal-
ized by the stellar mass) in Figure D.2. Similarly, Figure D.2
shows SFR and sSFR in relation to stellar mass. Here, we note
that none of our candidates reach the same level of SFR as
the host galaxies from FRB 20121102A (Tendulkar et al. 2017)
and FRB 20190520B (Niu et al. 2022), with FRB 20190520B
being within range. The host galaxy of FRB 20121102A stands

out with respect of its sSFR compared to the rest of the
data points. The host galaxies of the IMBH candidates stud-
ied by Reines et al. fall within the SFR and sSFR ranges of
our candidates. We note that two out of the three galaxies
matched to CLU in our study correspond to unresolved radio
sources (J0909+5655, J1136+2643) in Sargent et al. (2022).
We performed two-sample KS tests between the respective
candidates distributions to that of the background sample
(“compact radio sources-dwarf galaxy” matches below 3o
on the L-SFR relation) for stellar mass, SFR, and sSFR
that yield p-values of 0.2, 0.8, and 0.4 respectively, and
are therefore consistent with being drawn from the same
population.

0.8 + 4

0.6 1

0.4 + 1

Likelihood

00 1 1
7.0 7.5

80 85 90 95 -3 -2
log(M./Mgy)

log(SFR) (Mo yr=1)

-1 0 -2 -1 0
log(sSFR) (Gyr~1)

Fig. D.1. Distribution of host stellar mass (left panel), SFR (middle panel), and sSFR (right panel) for candidates listed in Table 1. Gray bars
indicate values for all “compact radio source-dwarf galaxy” matches below 30~ on the L-SFR relation.

® FRB20190520B
{ HH Reinesetal. (2020)
100 E 4 FRB20121102A
- —+— g
S 107 5 . Tttt
1) E + o ® +
= ] i ¢
E 1072 o °
[T E
n * e
] *,
107 5 4 b -+
T T T T
10! E
—_——
o . 1
I; 10 -§ °
E —
S ] - . TT':
o °
L -1 4 <
s 10 3 [ ] e, ° .l oo &
0 . ® o o
1 °
10-2 4 ——
—T —T T
107 108 10°

M. /Mg

Fig. D.2. Host stellar mass as a function of SFR and sSFR for our candidates. We also indicate values for FRB 20121102A, FRB 201905208,
and Reines et al. (2020) sources from Figure 2. Gray markers indicate all “compact radio source-dwarf galaxy” matches below 30~ on the L-SFR

relation.
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Appendix E: Radio luminosity versus OI/Hx

Reines et al. (2020) showed that the relation between the emis-
sion line ratio [OI]3600/Ho and the luminosity at 9 GHz could
be used to separate radio emission from radio AGN and star
formation. We used the spectral indices fitted in §3.2 (and the
canonical @ = —0.7 otherwise) to scale the luminosity of our
sources to 9 GHz for sources with spectral line measurements
available in SDSS. We show the results in Figure E.1. Most of
our sources fill the gap region found in Figure 10 of Reines et al.
(2020) that divides radio emission consistent with star forma-
tion and radio AGN. We note that, despite the fact that scaling
flux from 144 MHz to 9 GHz remains an approximation, typi-
cally 10% of the flux being resolved out at higher frequencies
would only marginally affect the luminosity of sources plotted
here.

As mentioned in Appendix D, galaxies J0909+5655 and
J1136+2643 were matched to CLU, with both radio source being
unresolved by the VLBA (Sargent et al. 2022). The remaining
match (J1220+3020, Lisamuz ~ S5 % 102! WHz™!) is one of
Reines’ sources with optical spectroscopic signature (obtained
with targeted observation at the location of the radio source with
GMOS-N/IFU) consistent with accreting IMBH, via the AGN
coronal line [Fe X] and enhanced [O I] emission coincident with
the radio source (Molina et al. 2021; Sargent et al. 2022). We do
not detect these sources in LoTSS, despite two of them being
within the DR2 footprint.

The two VLBA detections at 144 MHz-scaled lumi-
nosity from Reines et al. (2020) using spectral indices by
Eftekhari et al. (2020) yield ~ 1.39 x 10?> and ~ 2.47 x
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Fig. E.1. Black markers indicate values where the luminosity was scaled
to 9 GHz with spectral indices obtained in §3.2, while gray markers
were scaled using the canonical @ = —0.7 for synchrotron spectra of
optically thin radio sources.

1022 W Hz!. It is therefore plausible that a fraction of the radio
luminosity reported for our candidates could be attributed to
an unresolved compact component. However, our scaling from
9 GHz to 144 MHz should be seen as an informed approxima-
tion, and radio luminosity values presented in Figure E.1 should
be regarded as order-of-magnitude estimates.
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Appendix F: Spatial coverage of ancillary surveys we overplot our candidates using yellow ‘+” markers. We note
that seven sources have not been observed by FIRST and nine

In this section, we evaluate the spatial coverage of radio surveys have been observed by RACS (Figure 9). All other sources could
used in §3.2. Figure F.1 shows multiorder coverage (MOC) maps have been observed by the remaining surveys. Finally, we also
for each of these surveys, seen as subdivided cells. Each survey  show coverage for SDSS DR12 (§3.1), as well as Chandra SC2,
is color coded and described in the figure caption. In addition, XMM-Newton EPIC, and Fermi 4FGL (§3.3).

NVSS/VLASS 0 RACS W Chandra SC2 [ Fermi 4FGL
SDSS DR12 I LoTSS DR2 0 XMM-EPIC [ FIRST

Dec (J2000)

RA (J2000)

Fig. F.1. Coverage maps of surveys searched in §3. Source candidates discussed in this paper are shown as white circles.
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