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Abstract

Thirteen dwarf galaxies have recently been found to host radio-selected accreting massive black hole (MBH)
candidates, some of which are “wandering” in the outskirts of their hosts. We present 9 GHz Very Long Baseline
Array (VLBA) observations of these sources at milliarcsecond resolution. Our observations have beam solid angles
∼104 times smaller than the previous Very Large Array (VLA) observations at 9 GHz, with comparable point-
source sensitivities. We detect milliarcsecond-scale radio sources at the positions of the four VLA sources most
distant from the photocenters of their associated dwarf galaxies. These sources have brightness temperatures of
>106 K, consistent with active galactic nuclei (AGNs), but the significance of their preferential location at large
distances (p-value= 0.0014) favors a background AGN interpretation. The VLBA nondetections toward the other
nine galaxies indicate that the VLA sources are resolved out on scales of tens of milliarcseconds, requiring
extended radio emission and lower brightness temperatures consistent with either star formation or radio lobes
associated with AGN activity. We explore the star formation explanation by calculating the expected radio
emission for these nine VLBA nondetections, finding that about five have VLA luminosities that are inconsistent
with this scenario. Of the remaining four, two are associated with spectroscopically confirmed AGNs that are
consistent with being located at their galaxy photocenters. There are therefore between five and seven wandering
MBH candidates out of the 13 galaxies we observed, although we cannot rule out background AGNs for five of
them with the data in hand.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Radio active galactic nuclei (2134); Star forming
regions (1565); Intermediate-mass black holes (816); Radio astronomy (1338)

1. Introduction

In the concordance ΛCDM cosmology, galaxies like our
own are predicted to have formed from the hierarchical
coagulation of smaller, gas-rich stellar systems similar to the
dwarf irregular and extremely metal-poor dwarf galaxies
observed in our local universe (e.g., Vogelsberger et al.
2020, and references therein). The presence of black holes
(BHs) with masses larger than 109M☉ at high redshifts (the
current record holder is a 1.6× 109 M☉ BH at z= 7.642; Wang
et al. 2021) is therefore difficult to explain as the result of the
growth of normal stellar BH remnants, and various alternative
mechanisms have been proposed for the formation of the first
massive BH (MBH; MBH> 100 M☉) “seeds” (for recent
reviews, see Greene et al. 2020; Volonteri et al. 2021).
Critically, these mechanisms predict differing BH mass
distributions and galaxy occupation fractions, something that
is, in principle, observable. However, distinguishing between
these mechanisms requires searching for MBHs in dwarf
galaxies—galaxies typically defined, in this context, as having
a stellar mass less than the Large Magellanic Cloud (LMC),
∼109.5 M☉—because the hierarchical buildup of larger galaxies

along with their MBHs erases information about the original
MBH seed masses. For a recent review on MBHs in dwarf
galaxies, see Reines (2022).
MBHs in dwarf galaxies are smaller than 106M☉, making

them difficult to dynamically detect using current instrumenta-
tion (e.g., Nguyen et al. 2019). Their small masses mean that
when MBHs in dwarf galaxies accrete and become an active
galactic nucleus (AGN), their radiative output is generally faint
in comparison to star formation in their host galaxies, making
them difficult to detect (e.g., Trump et al. 2015). Consequently,
prior to the advent of large, sensitive sky surveys, only two
AGNs in dwarf galaxies were known, NGC 4395 and POX 52
(Filippenko & Ho 2003; Barth et al. 2004). The advent of the
Sloan Digital Sky Survey (SDSS), which produced ∼106

galaxy spectra, allowed for dedicated searches for low-mass
MBHs and dwarf galaxies with MBHs (Greene & Ho 2007;
Reines et al. 2013) that uncovered several hundred, but these
objects nonetheless proved to be rare. For example, out of a
parent sample of ∼45,000 dwarf galaxies selected from SDSS
data, Reines et al. (2013) find only 136 AGN and AGN-star-
forming-composite galaxies selected via emission line ratio
diagnostics, a frequency of 0.3%, which is a factor of ∼60 less
than emission line-selected AGNs selected from SDSS as a
whole (e.g., Kauffmann et al. 2003).
A further issue confounding searches for MBHs in dwarf

galaxies is that their gravitational potentials are much shallower
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than in more-massive galaxies. This has the effect of allowing
MBHs to “wander” around dwarf galaxies, with orbital decay
to the gravitational center of the galaxy taking timescales
comparable to a Hubble time (Bellovary et al. 2019, 2021).
Consequently, many MBHs will simply not be found at the
centers of dwarf galaxies, leading to significant incompleteness
in single-aperture spectroscopic surveys such as the SDSS.
Confirming the presence of an accreting, wandering MBH is at
least as difficult, using current observational capabilities, as
confirming those at the centers of their host galaxies, and
gravitational wave facilities that will be particularly sensitive to
MBHs in the intermediate mass range, such as the Laser
Interferometer Space Antenna (Amaro-Seoane et al. 2017), are
at least a decade away (e.g., Baker et al. 2019).

Recent work has found candidate wandering MBHs using
both high-resolution radio observations (Reines et al. 2020),
and spatially resolved spectroscopic observations (Mezcua &
Domínguez Sánchez 2020). Both techniques have drawbacks.
In the case of spatially resolved spectroscopy, off-nuclear AGN
candidates may in fact be “light echoes” from a past period of
enhanced AGN activity originating in the center of the galaxy,
as is commonly found in larger galaxies. In the case of radio-
selected objects, compact, off-nuclear sources may be super-
nova remnants or other star formation–related phenomena that
are not connected to MBH activity, and the probability of a
source being a background AGN increases with the square of
the distance from the galaxy center. While these possibilities
were carefully considered in Reines et al. (2020), the 0 25
angular resolution of the Karl G. Jansky Very Large Array
(VLA) radio continuum observations corresponds to radio
sources that may be as large as ∼100 pc, given the typical
redshifts of the sample, and therefore follow-up radio
observations at Very Long Baseline Interferometry (VLBI)
resolutions could confirm the presence of compact radio cores
powered by MBH accretion.

In this work, we present follow-up Very Long Baseline
Array (VLBA) observations of the 13 sources identified in
Reines et al. (2020) as radio-selected MBH candidates in dwarf
galaxies. In Section 2 we review this sample, and in Section 3
we present the VLBA data and its analysis. Our results are
given in Section 4, with a discussion in Section 5. Our main
conclusions are listed in Section 6. For consistency with Reines
et al. (2020), we use a flat ΛCDM cosmology with Ωm= 0.3
and H0= 73 km s−1 Mpc−1.

2. The Sample

To construct a sample of dwarf galaxies for observation with
the VLA, Reines et al. (2020) drew from the NASA-Sloan
Atlas (NSA; v0_1_2),8 which contains photometric and
spectroscopic properties of SDSS galaxies with redshifts
z< 0.055 (D225Mpc). The initial parent sample consisted
of 43,707 galaxies after selecting on the NSA for sources with
stellar masses Må� 3× 109Me and absolute magnitudes Mg

and Mr>− 20. These cuts were chosen in part to help reduce
luminous and massive galaxies with erroneous mass estimates,
and with the mass limit approximately equal to the stellar mass
of the LMC, the most massive dwarf satellite of the Galaxy.

This set of galaxies was then crossmatched with the VLA
Faint Images of the Radio Sky at Twenty-centimeters survey
(FIRST; Becker et al. 1995), allowing for a match tolerance

of�5″ (approximately the angular resolution of FIRST), and
found 186 matches. After interlopers were removed and
scheduling priorities were considered, 111 of these 186 dwarf
galaxies were followed up in the X band (8−12 GHz) using the
VLA in A configuration (0 25 angular resolution).
These observations detected compact radio objects toward

39 galaxies, 4 of which were determined to be likely
background AGNs. The remaining 35 galaxies were split into
two samples, one of which consisted of bona fide dwarf
galaxies with reliable redshifts (Sample A: 28 galaxies) and the
other with potentially more-massive galaxies having less
reliable redshifts (Sample B: 7 galaxies). After evaluating
whether or not star formation–related processes, such as H II
regions or populations of supernovae/supernova remnants
(SNe/SNRs), could plausibly account for the detected radio
emission, Reines et al. (2020) determined that the radio sources
toward 13 dwarf galaxies (in Sample A) were likely accreting
MBHs. We selected these 13 dwarf galaxies for VLBA follow-
up observations. Table 1 lists the global properties from Reines
et al. (2020) of the dwarf galaxies that we observed with
the VLBA.

3. VLBA Observations

We obtained VLBA observations of the 13 sample galaxies
in 2020 January as part of the United States Naval
Observatory’s 50% VLBA timeshare allocation. Using the
9 GHz flux densities published in Reines et al. (2020), we
determined that an on-source integration time of 60 minutes per
target was required in order to achieve a point-source detection
threshold of 5σ using the online European VLBI Network
Calculator.9 We organized the 13 targets by R.A. and created
three groups for which we formed three schedule files.
Grouping the targets together in this way maximizes uv
coverage by alternating between sources in 20 minute intervals
until a nominal observation of 60 minutes per source is
reached. VLBA observations were centered on the positions of
the VLA radio detections. We used phase referencing by
alternating 4 minute integrations of each target source with 2
minute integrations of a nearby calibrator source in order to
obtain accurate phase calibrations over the span of the entire
observation. All 10 VLBA antennas participated in each of our
three observing blocks for full angular resolution and
maximum uv sky coverage, but the Hancock antenna was
removed during calibration for ID 48 due to strong RFI. The
theoretical rms noise for the VLBA observations is therefore
32 μJy bm−1 for all targets except for ID 48 which had a
theoretical rms noise of 36 μJy bm−1. The observation and
instrumental setup parameters are noted in Table 2.
We calibrated our VLBA data using the National Radio

Astronomy Observatory (NRAO) Astronomical Image Proces-
sing System (AIPS; van Moorsel et al. 1996), release 31DEC20.
We loaded the data using a calibration table interval of
0.1 minutes. Using the VLBAUTIL module, we calibrated for the
ionosphere and earth orientation parameters for phase-refer-
enced observations, then for the correlator sampler threshold
errors. Next, we calculated phase and delay calibrations,
followed by bandpass, amplitude, and parallactic angle
calibrations. We flagged the data for each baseline on both
frequency and time versus amplitude for each source using
WIPER. We then fringe-fit the data for both the phase calibrator

8 http://www.nsatlas.org/ 9 http://old.evlbi.org/cgi-bin/EVNcalc.pl
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and the target to solve for complex amplitudes and phase where
we used a solution interval of 0.25 minutes for all targets except
for ID 25 and ID 64, in which we used a solution interval of 0.5
and 2 minutes, respectively, to increase the number of good
solutions when fringe-fitting on the calibrator source. Finally,
we applied the calibrations to each source and split them out for
imaging. The VLBA flux density values are accurate to within
the standard, nominal 5% amplitude calibration uncertainty.

We imaged the calibrated data using the standard CLEAN
algorithm in AIPS with the task IMAGR. Here, we used a pixel
size of 0.5 mas, which Nyquist-samples the restoring beam, and
a Briggs weighting scheme using robust=5, which is
roughly equal to natural weighting. We started with an image
size of 512 pixels per side and increased this to 1024, 2048, and
4096 pixels for images that did not have any obvious
detections. However, the astrometric accuracy of the VLA
data was within 0 1, so it is unlikely that the VLBA
observations missed any point sources detected by the VLA.
In this work, we define a detection using standard noise
statistics with a signal-to-noise (S/N) threshold above the 5σ
level to search for evidence of radio continuum structure (the
synthesized beam) using IMSTAT within AIPS. Nondetections
are defined from their white noise maps with no discernible
emission above a S/N of 5.

4. Results

We detect a total of 4 radio sources out of our 13 targets,
shown in Figure 1. In Table 3 we give the measurements for the
detected sources and find that the detections are unresolved
point sources, as the integrated flux density versus peak flux
density ratios are on the order of unity. The VLBA-detected
source measurements in Table 3 were calculated using JMFIT to
fit a single-component 2D Gaussian model to the detection to
measure R.A. and decl., as well as a peak flux density and
integrated flux density. Assuming that they are truly associated
with their dwarf galaxies (but see Section 5.1), their
luminosities are on the order of 1027–1028 erg s−1 Hz−1, and
their physical extent is <2 pc.

In Tables 4 and 5 we list the sensitivities of all the
observations. We measured the thermal noise of our

observations by selecting a region that did not contain any
detected emission. We used the final, cleaned images to
measure the rms for the VLBA detections and a lightly cleaned
image with 200 iterations for the nondetections to deconvolve
the point-spread function. The measured thermal noise for both
VLA and the VLBA observations are listed in columns 2 and 3
in Tables 4 and 5. Our measured rms is within a factor of <2 of
the theoretical value, derived using Equation (9)–(23) from
Wrobel & Walker (1999) 10 for a typical system equivalent flux
density of 327 Jy at 4 cm for the VLBA11 and an efficiency of
0.8,12 so we achieved the designed observation sensitivities for
all of our targets.
When we compare the integrated flux density between the

VLA and VLBA for the detected sources, we find that the VLA
detections as measured in Reines et al. (2020) are ∼1–3 times
brighter than the measured flux densities when compared with
our VLBA detections. We also calculate brightness tempera-
tures for the VLBA detections and find that they fall in the
range of 106.1 K to 106.6 K, where the brightness temperature is
calculated as

p n q q
= nT

c

k
I

4 ln 2

2
. 1b

B

2

2
min max

( ) ( )

Here, Iν is the intensity in Jy bm−1 (and is the measured peak
flux density, Fpeak, for our detected point sources), ν is the
frequency in GHz, and qmax and θmin are the half-power beam
widths along the major and minor axes in arcseconds. Given
that the VLBA detections are point sources, the measured
brightness temperatures are therefore lower limits. We present
the calculated limits of the brightness temperatures for the
VLBA nondetections in Table 5 and discuss the implications of
these in the following section.

Table 1
VLBA Targets

ID Galaxy Name NSA ID R.A. Decl. z Mlog Mg g–r r50 Sérsic n
(h m s) (°′″) (Me) (mag) (mag) (kpc)

2 J0019+1507 26027 00 18 59.99 +15 07 11.1 0.0376 8.65 −18.42 0.15 1.51 0.8
6 J0106+0046 23750 01 06 07.31 +00 46 34.3 0.0171 9.40 −18.42 0.39 5.01 1.8
25 J0903+4824 26634 09 03 13.97 +48 24 13.7 0.0272 8.83 −17.46 0.36 1.64 0.7
26 J0906+5610 10779 09 06 13.77 +56 10 15.1 0.0470 9.36 −18.98 0.40 1.64 4.1
28 J0909+5655 12478 09 09 08.69 +56 55 19.7 0.0315 8.32 −17.46 0.20 1.31 1.3
33 J0931+5633 16467 09 31 38.42 +56 33 19.9 0.0494 8.34 −16.72 0.31 1.15 0.6
48 J1027+0112 137386 10 27 41.38 +01 12 06.4 0.0212 7.82 −15.81 0.27 10.36 0.6
64 J1136+1252 66255 11 36 48.53 +12 52 39.9 0.0340 9.32 −18.63 0.34 2.75 1.3
65 J1136+2643 101782 11 36 42.58 +26 43 35.7 0.0331 9.24 −18.27 0.38 3.40 1.3
77 J1200−0341 3323 12 00 58.30 −03 41 18.5 0.0257 9.23 −18.44 0.33 2.48 1.2
82 J1220+3020 102751 12 20 11.27 +30 20 08.3 0.0269 9.37 −18.21 0.35 1.09 4.2
83 J1226+0815 67389 12 26 03.64 +08 25 19.0 0.0241 9.31 −17.93 0.59 1.25 4.6
92 J1253−0312 3602 12 53 06.97 −03 12 58.8 0.0221 8.60 −19.99 −0.53 0.51 6.0

Note. The 13 targets observed with the VLBA. Global properties are from the NASA-Sloan Atlas (NSA) v_0_1_2 and assume h = 0.73. Column 1: galaxy
identification number assigned in Reines et al. (2020). Column 2: galaxy name. Column 3: NSA identification number. Columns 4 and 5: R.A., decl., respectively, of
the VLA radio detections from Reines et al. (2020). Column 6: redshift. Column 7: log galaxy stellar mass in units of Me. Column 8: absolute g-band magnitude.
Column 9: g–r color. Column 10: Petrosian 50% light radius. Column 11: Sérsic index, n.

10 https://science.nrao.edu/facilities/vlba/docs/manuals/oss2022A/
imag-sens
11 https://science.nrao.edu/facilities/vlba/docs/manuals/oss/bands-
perf#Table%205.1
12 https://science.nrao.edu/facilities/vlba/docs/manuals/oss/bsln-sens
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5. Discussion

5.1. The Nature of the VLBA Detections

To determine the nature of the four VLA sources detected
with the VLBA, we take into consideration their brightness
temperatures, apparent luminosities, and location with respect
to their associated optical dwarf galaxy stellar counterparts.
The flux densities and lack of source extent indicates that all of
the VLBA detections have brightness temperatures greater than
>106 K, which strongly favors nonthermal emission from
compact objects such as AGNs. To explore whether these
sources could be powered by X-ray binaries (XRBs) or
ultraluminous X-ray sources (ULXs), we checked the database
of Bahramian et al. (2018), which contains radio and X-ray
observation data for XRBs within our Galaxy. This database
shows that the most luminous radio X-ray binaries in outburst
are at or below L 1031 erg s−1 at 5 GHz in the radio, or
L 1021 erg s−1 Hz−1. By contrast, assuming that the four
VLBA sources are at the same distance as their associated
dwarf galaxies, the measured VLBA luminosities we have
detected are around L≈ 1028 erg s−1 Hz−1, 7 orders of
magnitude greater than what is observed in our Galaxy. It
therefore seems unlikely that the four VLBA detections are
X-ray binaries.

Compact point-like source emission has been detected in a
number of nearby star-forming dwarf irregular galaxies (see e.g.,

Hindson et al. 2018). For example, Cseh et al. (2012) looked at
ULXs in the radio, optical, and X-ray associated with large scale
nebulae by observing IC 342 X-1 and the dwarf irregular galaxies
Holmberg II X-1 with the VLA and NGC 5408 X-1 with the
Australia Telescope Compact Array and Very Large Telescope.
They observed Holmberg II X-1 (D= 3.39 Mpc) with the VLA
at 8.5 GHz in the C-configuration and measured a flux density of
395± 40μJy, corresponding to a spectral luminosity density of
L8.5 GHz= (5.43± 0.55)× 1024 erg s−1 Hz−1. We find that the
radio spectral luminosity densities calculated using their
observations of NGC 5408X-1 and IC 342X-1 are L9 GHz=
(3.78± 0.99)× 1024 erg s−1 Hz−1 and L4.8 GHz= (3.64±0.18)
× 1025 erg s−1 Hz−1, respectively; all orders of magnitude lower
than our measured VLBA luminosities.
Reines et al. (2020) investigate the luminosities of 102

younger radio SNe in the merging infrared galaxies Arp 220
and Arp 299 by exploring the works by Ulvestad (2009) and
Varenius et al. (2019), and they find that the vast majority of
these sources have a spectral luminosity density of
Lν 1027 erg s−1 Hz−1. The apparent luminosities of our
VLBA detections are 1 order of magnitude larger, disfavoring
interpretation as single SNe, and requiring ∼10 SNe within a
∼1–2 pc diameter volume.
With these considerations, accretion onto MBHs is the more

likely interpretation of the nature of the radio emission for these
four VLBA detections, potentially in line with expectations for

Table 2
Observation Parameters

All Observations

Parameter Value

Backend System ROACH Digital Backend (RDBE)
Total IF windows 4
X-band channel frequencies (MHz) 8412.0, 8540.0, 8668.0, 8796.0
Single window bandwidth (MHz) 128
No. of spectral channels per window 512
Total bandwidth at X-band (MHz) 512
Frequency resolution (MHz) 0.25
Polarization Right-hand circular
Data rate (Gbps) 2
Sampling rate (bits) 2
Observed central frequency (GHz) 8.67

Individual Observations

ID Tint Restoring Beam Calibrator R.A. Decl.
(s) (α × δ; mas) (α × δ; pc) (P.A.; deg) IERS Name (h m s ± μs) ( m ¢  )

2 3516 3.01 × 1.11 2.16 × 0.79 −10.06 0007+171 00 10 33.99062310 ± 4.18 +17 24 18.7612955 ± 71.4
6 3488 3.70 × 1.25 1.30 × 0.44 −18.70 0106+013 01 08 38.77110544 ± 2.05 +01 35 00.3171844 ± 31.5
25 3492 1.96 × 1.25 1.08 × 0.69 −10.75 0902+490 09 05 27.46386114 ± 11.96 +48 50 49.9653540 ± 157.7
26 3491 1.90 × 1.30 1.76 × 1.21 −15.78 0850+581 08 54 41.99641612 ± 6.54 +57 57 29.9391251 ± 60.5
28 3500 1.91 × 1.27 1.15 × 0.77 −20.01 0850+581 08 54 41.99641612 ± 6.54 +57 57 29.9391251 ± 60.5
33 3492 3.75 × 1.84 3.65 × 1.79 −4.06 0923+575 09 27 06.05345129 ± 21.62 +57 17 45.3431338 ± 223.7
48 3496 3.42 × 1.98 1.41 × 0.82 −19.40 1025+031 10 28 20.40128976 ± 6.71 +02 55 22.4719033 ± 213.0
64 3492 2.50 × 1.76 1.71 × 1.20 2.67 1137+123 11 40 27.74465895 ± 22.82 +12 03 08.2705140 ± 807.4
65 3496 2.34 × 1.26 1.48 × 0.80 −13.20 1123+264 11 25 53.71191677 ± 2.34 +26 10 19.9787016 ± 31.5
77 3492 4.44 × 1.13 2.31 × 0.59 −17.01 1200−051 12 02 34.22488808 ± 5.36 −05 28 02.4909262 ± 160.8
82 3500 2.21 × 1.21 1.20 × 0.66 −13.36 1215+303 12 17 52.08196690 ± 3.11 +30 07 00.6358732 ± 43.2
83 3508 2.98 × 1.27 1.46 × 0.62 −8.89 1221+071 12 23 54.62431532 ± 7.55 +06 50 02.5721111 ± 194.6
92 3500 3.71 × 1.40 1.67 × 0.63 −16.96 1253−055 12 56 11.16657958 ± 2.17 −05 47 21.5251510 ± 38.8

Note. The observing parameters for the targets. Phase calibrator and its position is the IERS name from the ICRF3 catalog. Column 1: galaxy identification number.
Column 2: observing time on target. Columns 3: restoring beam in milliarcseconds. Column 4: restoring beam in parsecs (if associated with galaxy). Column 5:
restoring beam position angle. Column 6: phase calibrator source. Column 7: R.A. of calibrator source. Column 8: decl. of calibrator source.
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wandering MBHs. However, it is notable that these four VLBA
detections are also the four furthest of the 13 VLA radio
sources from the photocenters of their associated dwarf
galaxies. In Figure 2 we recreate the histogram shown in
Figure 5 of Reines et al. (2020) and find that the four VLBA
detections are offset from the galaxy photocenters by 2″ or
more. Here, ID 28 and ID 65 are within 3″ of the optical center
and ID 2 and ID 48 are offset by more than 4″. To test if these
sources are consistent with background AGNs, we use the
scaling relation from Reines et al. (2020; their Figure 5, right
panel), which gives the expected distribution of background
radio sources such that N(doff)= A× 1.6doff, where A= 0.35 is
a scaling factor for seven expected background sources within a
5″ radius from the photocenter, and doff is the offset in
arcseconds. As can be seen in Figure 2, the four VLBA
detections are at distances consistent with expectations for
background AGNs.

Moreover, as noted above, the four VLBA detections are the
most distant of the 13 sources from their associated galaxies.
Randomly assigning some property (i.e., VLBA detections) to
four objects from a sortable list of size 13, the probability of
getting this result is p= 0.0014. This strongly implies that there
is a preference for objects being detectable with the VLBA at
larger distances from the host galaxy, which is in agreement
with their interpretation as background AGNs. Given their
photocenter distances, and the statistical considerations out-
lined here, the four VLBA detections are likely back-
ground AGNs.

5.2. The Nature of the VLBA Nondetections

In Table 5, we provide the expected VLBA signal-to-noise
(S/N) assuming that the entire VLA flux density is contained in
a compact core on milliarcsecond scales. If these objects are

Figure 1. The VLBA-detected sources with contour lines depicting rms levels from Column 2 of Table 4 at the 3σ and 5σ levels. The physical scale assumes that the
sources are at the same distance as their associated dwarf galaxies, but these sources are likely background AGNs (Section 5.1).
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indeed point sources, then we should have detected all of them
at a S/N� 5, well above a reasonable noise floor. The lack of
detections with the VLBA indicates that these sources have
likely been “resolved out” due to the dramatically increased
angular resolution of the VLBA and lack of short baselines, so
therefore exhibit source extent beyond the largest angular scale
(LAS) of our 8.67 GHz VLBA observations: ∼30 mas, or about
16 pc at the ∼110Mpc median distance of the nondetections.

Compact AGN cores could still be present if they have a
peak brightness well below the flux density measured with the
VLA on larger scales. This type of partial resolution of AGN

emission is common. For example, a VLBI survey of ∼25,000
FIRST sources that are expected to be dominated by radio
AGN found that only 30%–40% had a milliarcsecond-scale
core with a peak brightness�32% of the flux density detected
with the VLA on arcsecond scales (Deller & Middelberg 2014).
In other words, while detection with the VLBA supports the
presence of AGNs, nondetections do not necessarily rule them
out. For example, both of the dwarf starburst galaxies Henize
2–10 (e.g., Schutte & Reines 2022) and Mrk 709 (Kimbro et al.
2021) were detected in VLA observations (Reines et al. 2011,
2014), yet neither were detected with the VLBA (Ulvestad

Table 3
VLBA Measurements for Detections

ID R.A. Decl. Fpeak Llog peak Stot Offset Size
(h m s ± μs) ( m ¢  ) (μJy bm−1) (erg s−1 Hz−1) (μJy) (″) (pc)

2 00 18 59.985 ± 4.59 +15 07 11.02 ± 89.9 831 ± 57 28.40 874 ± 83 4.9 <1.95 ± 0.14
28 09 09 08.689 ± 10.66 +56 55 19.75 ± 112.8 354 ± 44 27.87 323 ± 67 2.7 <1.33 ± 0.17
48 10 27 41.380 ± 7.16 +01 12 06.45 ± 220.4 899 ± 59 27.93 790 ± 73 4.2 <1.32 ± 0.09
65 11 36 42.578 ± 9.64 +26 43 35.66 ± 140.5 245 ± 37 27.75 375 ± 84 2.9 <1.43 ± 0.22

Note. Column 1: galaxy identification number. Column 2: measured R.A.. Columns 3: measured decl.. Column 4: peak flux density with uncertainties listed in
Column 2 of Table 4 and including an additional 5% systematic uncertainty. Column 5: log peak luminosity (if associated with galaxy). Column 6: integrated flux
density. Column 7: detection offset from photocenter as depicted in the NSA (v0_1_2). Column 8: major axis diameter (if associated with galaxy), expressed as an
upper limit because the VLBA detections are unresolved.

Table 4
Sensitivity—Detections

ID σVLBA σVLA Stot,VLA Llog VLA TB,VLBA Stot/Fpeak S/N Stot/Stot,VLA
(μJy bm−1) (μJy) (erg s−1 Hz−1) ( × 104 K)

2 40 14 2586 ± 132 28.9 >404.34 1.05 ± 0.12 20.74 0.34 ± 0.11
28 40 13 595 ± 37 28.1 >237.25 0.91 ± 0.24 8.89 0.54 ± 0.22
48 39 17 2587 ± 133 28.4 >215.82 0.88 ± 0.11 22.95 0.31 ± 0.11
65 36 13 517 ± 35 28.1 >135.09 1.53 ± 0.27 6.81 0.73 ± 0.24

Note. Measurements for the detections in the VLBA observations. Column 1: galaxy identification number. Column 2: measured rms for the VLBA observations.
Column 3: measured rms noise for the VLA observations presented in Reines et al. (2020). Column 4: VLA flux densities at 9 GHz, with uncertainties listed in
Column 3 and including an additional 5% systematic uncertainty. Column 5: spectral luminosities from the VLA observations, in erg s−1 Hz−1. Column 6: lower
limits on the brightness temperatures for the VLBA detections. Column 7: ratio of integrated flux density to peak flux density for the VLBA detections. Column 8:
signal-to-noise ratio for the VLBA detections. Column 9: VLBA to VLA integrated flux density ratios.

Table 5
Sensitivity—Nondetections

ID σVLBA σVLA SVLA 3σVLBA/LVLA TVLA < TB < TVLBA SVLA/σVLBA
(μJy bm−1) (μ Jy) (×104 K)

6 42 14 352 ± 30 <0.41 0.01 < TB < 0.59 8
25 45 15 375 ± 47 <0.44 0.02 < TB < 0.63 8
26a 41 13 929 ± 53 <0.15 0.04 < TB < 1.56 22
33 59 13 1951 ± 101 <0.09 0.09 < TB < 3.27 33
64 21 13 3218 ± 163 <0.02 0.17 < TB < 5.39 153
77 47 17 1496 ± 82 <0.10 0.04 < TB < 2.51 31
82a 41 14 397 ± 31 <0.31 0.03 < TB < 1.31 9
83 59 15 780 ± 47 <0.23 0.04 < TB < 1.94 13
92 42 24 1160 ± 96 <0.11 0.02 < TB < 0.67 27

Note. Measurements for the nondetections in the VLBA observations. Column 1: galaxy identification number. Column 2: measured rms for the VLBA observations.
Column 3: measured rms noise for the VLA observations from Reines et al. (2020). Column 4: VLA flux densities at 9 GHz from Reines et al. (2020), including 5%
systematic uncertainties. Column 5: VLBA radio luminosity upper limits as a fractions of VLA luminosities at the 3σ level. Column 6: brightness temperature ranges
corresponding to the VLA at its angular resolution limit and the VLBA at its largest angular scale. Column 7: upper limit for nondetections at the 1σ level.
a ID 26 and ID 82 show optical spectroscopic signatures consistent with accreting MBH (Reines et al. 2013; Molina et al. 2021), and ID 26 also shows X-ray
signatures consistent with accreting MBH (ID 9 in Baldassare et al. 2017).
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et al. 2007; Kimbro et al. 2021). On the other hand, the median
distance to the nondetections is 12 times further than
Henize 2–10, so the VLBA beam subtends dramatically
different physical scales. Indeed, core emission was detected
in Henize 2–10 using Long Baseline Array (LBA) observations
(Reines & Deller 2012) that, with an angular resolution of
0 1× 0 03, subtend nearly the same physical scale as our
VLBA observations, ∼1–3 pc. The radio emission in the
VLBA nondetections is therefore likely to be more extended
than the source in Henize 2–10. However, while the LBA radio
core of Henize 2–10 was found to have a brightness
temperature (Equation (1)) of at least >3× 105 K (Reines &
Deller 2012), closer to expectations for compact nonthermal
emission driven by a MBH, it also has a spectral luminosity of
∼1026 erg s−1 Hz−1, which would be undetectable by both the
VLBA and VLA observations at the median distance of our
sample.

We note that, with the exception of IDs 25 and 92, the
nondetections were found by Reines et al. (2020) to be
unresolved with the VLA, setting a lower bound on the
brightness temperatures of a few times ×102 K. These
brightness temperatures provide a range of possible values
that are consistent with star formation–related processes.
However, such brightness temperatures are not inconsistent
with extended radio emission seen in the vicinity of AGNs due
to winds or jet lobes. We note that the VLBA nondetections
include ID 26 and 82, which were confirmed to host AGNs
(Reines et al. 2013; Baldassare et al. 2017; Molina et al. 2021).
ID 26 has Seyfert-like narrow emission line ratios and exhibits
broad Hα emission consistent with a MBH with MBH∼ 2.5×
105Me (ID 9 in Reines et al. 2013). ID 82 exhibits the AGN
coronal line [Fe X], enhanced [O I] emission coincident with
the radio source, and broad Hα emission (Molina et al. 2021).
On the other hand, the VLA radio positions of ID 26 and 82 are
within 0 4 of their measured host-galaxy photocenters and, as
far as we can tell, are nuclear. Four of the VLBA
nondetections, specifically IDs 26, 82, 83, and 92, have VLA

source photocenter offsets less than 0 5, where the uncertainty
of the photocenter position is an important consideration in
deciding if an AGN is off-nuclear. While the NSA catalog does
not give position uncertainties, comparison with the SDSS
positions shows that 90% of the nine VLBA nondetections
have NSA and SDSS positions that agree within ∼0 6, giving
some sense of the photocenter position uncertainties. It is
therefore possible that the VLA sources in these four objects
are not off-nuclear. Finally, star formation is often concentrated
at the centers of AGN host galaxies (e.g., Esquej et al. 2014),
so cospatial radio emission is not necessarily related to AGN
activity.
Interpretation of the origin of the VLA radio emission in the

nine VLBA nondetections depends on the likelihood of their
emission being star formation–related, versus either wandering
MBHs or background AGNs. Reines et al. (2020) presented
evidence disfavoring the star formation interpretation for the 13
galaxies observed in our program. First, they consider H II
regions and calculate the radio-based star formation rate (SFR)
of a VLA source under this assumption. These are compared to
galaxy-wide SFRs calculated using a combination of GALEX
FUV and WISE 22 μm data, although the latter was not
available for 9 of the 13 galaxies, 4 of which are in our sample
of VLBA nondetections. If the implied SFR of the radio source
(assuming it is a thermal H II region) is significantly above the
galaxy-wide SFR, the VLA source likely has a different, non-
H II region origin (e.g., SNe/SNRs or an AGN) since a single
star-forming region cannot have a SFR greater than its entire
host galaxy. The candidate MBHs that are the focus of this
work were found to be significantly more luminous in the radio
than the expectation from their SFRs. While the FUV+IR-
based relationship used by Reines et al. (2020) gives SFRs
consistent with Hα-based SFRs to within ±0.13 dex (Hao et al.
2011), additional systematic uncertainties may affect the

accuracy of the implied SFRs.
To explore this last point, we have extended the SFR

analysis as done in Reines et al. (2020), performing two tests.
First, we repeated the calculation from Reines et al.(2020,
Section 5.1) in which all of the radio emission is assumed to be
thermal and the corresponding SFR is calculated given the
relationship between thermal radio luminosity and Lyman
continuum photons from Condon (1992). This is checked
against the SFR calculated using the reddening-corrected far-
UV (FUV) luminosity, which uses the WISEW4 [22 μm]
luminosity for the correction. This time, however, we used the
entire NSA catalog, not just the target dwarf galaxies, by
crossmatching it with AllWISE and FIRST and used the FIRST
flux densities for the SFR calculation due to radio emission. For
the full NSA catalog, we required all objects to have both FUV
and W4 measurements, but for the nondetections we allowed
objects with “reconstructed” FUV magnitudes from the NSA
spectral energy distribution fits, as well as objects with only
95% confidence upper limits on their W4 mag. For these cases,
we treat the FUV-based SFRs as upper limits. The radio
continuum below ∼30 GHz is synchrotron dominated, so as
expected we find a large offset, by ∼1.3 dex, between the SFR
calculated using the 1.4 GHz luminosities and the FUV+W4-
based SFRs. Indeed, using the radio spectral energy distribution
of the prototypical starburst galaxy M82 (e.g., Condon 1992,
Figure 1), the ratio between the total and thermal 1.4 GHz
luminosity is ∼1.2 dex, almost exactly the overall offset that
we find. We therefore correct the radio-based SFRs using the

Figure 2. Distribution of galaxy photocenter offsets for the 13 VLA sources
targeted with the VLBA, as well as the other radio sources from Reines et al.
(2020) detected with the VLA for reference. Photocenters are constructed from
Table 1 in Reines et al. (2020) and were originally determined from the NSA
(v0_1_2). The yellow line shows the expected distribution for background
AGNs, as calculated in Reines et al. (2020). Notably, the four VLA sources
detected by the VLBA are all at distances consistent with expectations for
background AGNs, and are the furthest from the optical center of the 13
galaxies observed.
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1.3 dex offset, and compare the nondetections in this study to
the overall galaxy population. We find a dispersion between
1.4 GHz- and FUV-based SFRs of ∼0.35 dex (Figure 3, left),
which places IDs 6, 26, 92, and 82 firmly within statistical
expectations for star formation–powered radio emission. IDs 64
and 77 are possibly also consistent, although IDs 64 and 77 are
near the base of a plume of objects with high radio-based SFRs
that are likely radio AGNs. We note that ID 26 exhibits AGN-
like mid-IR colors (Latimer et al. 2021), and indeed ID 26 is a
spectroscopic/X-ray AGN (Reines et al. 2013; Baldassare et al.
2017), so its W4 [22 μm] emission may be contaminated. We
therefore treat its SFR as an upper limit in Figure 3. Given
these considerations, about four of the nine VLBA nondetec-
tions exhibit radio emission consistent with star formation–
powered emission in the broader galaxy population.

For the second test, we directly calculated the SFRs expected
from the total X-band luminosities found in Reines et al.
(2020). We used the Murphy et al. (2011) calibration, which
gives the total thermal+nonthermal radio emission at a
particular frequency, given an electron temperature Te and
nonthermal spectral index αNT. Adopting Te= 104 K and a
typical synchrotron spectral index of αNT= 0.75, we find
results very similar to our first analysis (Figure 3, right), with
IDs 6, 26, and 92 consistent with expectations for star
formation. ID 82 is less consistent with star formation than
before, although in this case the statistical dispersion is taken at
face value from the SFR indicator analyses in Murphy et al.
(2011) because we do not have comparable X-band data for the
full NSA catalog. We adopt a value of 0.2 dex, which is based
on the comparison of different SFRs performed in Murphy
et al. (2011) for all but the 1.4 GHz luminosity-based SFR
estimator, which has a scatter of 0.35 dex. From this analysis,
IDs 25, 33, 64, 77, possibly 82, and 83 appear to be too radio
luminous for their SFRs. We note that in the first test the radio
emission from FIRST is well matched to the angular resolution
of the GALEX FUV data (∼5″), while the X-band sources from
Reines et al. (2020) are much more compact, subtending 0 2.

This raises the question of whether or not more extended radio
emission seen in FIRST is being resolved out in the X-band
data, the latter of which was taken in VLA A configuration. We
view this as being unlikely, for the following reasons. First, the
largest angular scale of the VLA in A configuration at X-band is
5 3,13 the same as the angular resolution of the FIRST data.
Second, the ratio between the integrated and peak FIRST flux
densities is close to unity for all of the nondetections, indicating
that it is unlikely that there is radio emission from scales
outside of detectability in the X-band data. Finally, the X-band
observations achieved about 1 order of magnitude greater depth
than the FIRST data, so even steep-spectrum emission present
in the 1.4 GHz FIRST data should have been detected in the
9 GHz X-band data. With these considerations, we do not
consider differences in angular scale to be significant for our
second test.
An additional potential origin for non-AGN radio emission

in the nondetections are individual, luminous SNRs. To test
this, Reines et al. (2020) compare the luminosities of the VLA
X-band sources to expectations for the most luminous SNR in a
given galaxy, determined from the work of Chomiuk & Wilcots
(2009), who study 19 nearby star-forming galaxies to derive the
SNR luminosity function. All of the radio sources in question
are much too luminous to be produced by single SNRs,
although Chomiuk & Wilcots (2009) note that SNRs in M82
and NGC 253 are as luminous as ∼1027 erg s−1 Hz−1 at
1.4 GHz, similar to the 1.4 GHz luminosity of ID 6
(∼8× 1027 erg cm−2 s−1). The normalization of the SNR
luminosity function scales with SFR, however, and the SNR-
driven radio luminosities of the nondetections are much larger
than expected given their SFRs. On the other hand, the
prevalence of luminous SNe and SNRs is fundamentally
stochastic, so SNe/SNRs may exist that are significantly more
luminous than expected for their host-galaxy SFR (as indeed is

Figure 3. Left: SFRs from 1.4 GHz FIRST data for the full NSA catalog and VLBA nondetections, compared to FUV-based SFRs, after correction for a 1.3 dex offset
consistent with expectations for the ratio between the total and thermal 1.4 GHz luminosities for star-forming galaxies. The gray region denotes a dispersion of
0.35 dex, which we estimated directly from the data. Right: SFRs calculated directly from the Reines et al. (2020) X-band luminosities, using the total radio luminosity
calibration of Murphy et al. (2011), with a 0.2 dex dispersion estimated from the comparison of different SFR indicators in Murphy et al. (2011).

13 https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/
resolution
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the case for the SNe-powered superbubble in IC 10; Chomiuk
& Wilcots 2009). Chomiuk & Wilcots (2009) estimate the
statistical sampling error of the most luminous SNRs as a
function of SFR (their Equations (25) and 26), which Reines
et al. (2020) use to demonstrate that the objects considered here
are significantly more luminous than expected. Finally, Reines
et al. (2020) compare the observed compact radio luminosities
to the expected cumulative luminosity from a population of
SNRs/SNe in the entire host galaxy, making use of the radio
SNR luminosity function from Chomiuk & Wilcots (2009),
again finding that the objects studied here are too luminous. It
is important to note, however, that the number of galaxies
considered in Chomiuk & Wilcots (2009) is small and selected
from the local volume, and Chomiuk & Wilcots (2009) caution
that their luminosity functions are poorly sampled at the high-
luminosity end. Indeed, the parent sample of Reines et al.
(2020) are 186 dwarf galaxies with radio emission luminous
enough to be detected by FIRST, selected from a much larger
sample of several tens of thousands of dwarf galaxies not
detected, so selection on objects with atypically bright SNRs or
unusually prevalent SNe may be a factor.

Finally, we reiterate that IDs 26 and 82, which have radio
luminosities consistent with a star formation origin, were
confirmed to host AGNs, so we emphasize that radio emission
consistent with star formation does not preclude the existence
of accreting MBHs in the other nondetections. Follow-up
studies, such as with high angular resolution X-rays (e.g., with
the Chandra X-ray Observatory), spectroscopic observations
sensitive to high-ionization coronal lines, or multiepoch radio
observations to probe for variability that would indicate a
compact emitter at a luminosity below the sensitivity of our
VLBA observations, may alleviate the ambiguity between star-
forming processes and massive BHs. We also reiterate that
background AGNs may have a lingering presence in the
nondetections, although the fact that the background AGNs
discussed in Section 5.1 were detected with the VLBA
somewhat disfavors this scenario.

6. Summary and Conclusions

We observed with the VLBA 13 radio-selected AGN
candidates in dwarf galaxies from Reines et al. (2020) as a
follow-up study to potentially confirm the existence of
wandering MBHs. Our VLBA observations have a beam solid
angle that is smaller by a factor of ∼104 compared to the VLA
observations of Reines et al. (2020), and comparable point-
source sensitivity. We used the VLBA X-band receiver
centered at 8.67 GHz for comparability with the VLA
observations presented in Reines et al. (2020). Our main
conclusions are as follows:

1. We confirmed the presence of compact sources consistent
with accretion onto MBHs in 4 out of the 13 VLA
sources. However, these 4 sources are the furthest from
their associated galaxy photocenters (between 2 5 and
5″), a result that is significant at the p= 0.0014 level, and
with distances consistent with expectations for back-
ground AGNs.

2. The nondetection of VLBA counterparts for 9 out of the
13 VLA sources indicates that a significant fraction of the
VLA flux density is extended beyond the largest angular
scale detectable with the VLBA observations (∼30 mas).
While this phenomenon is commonplace in AGNs, where

the emission on arcsecond scales may be dominated by
outflows, winds, or lobes, it is also consistent with
expectations for star formation–related processes, and
indeed the VLBA observations set an upper limit on the
brightness temperatures that is consistent with this
scenario.

3. However, by extending the SFR analysis performed in
Reines et al. (2020), we found that ∼5 out of the 9 VLBA
nondetections have VLA sources that are likely too
luminous for their host galaxies’ SFRs, favoring either
the wandering accreting MBH scenario or background
AGN. Without spectroscopic confirmation, however, we
cannot rule out that there are remaining background
AGNs in these objects.

4. Two of the VLBA nondetections with radio luminosities
consistent with expectations from star formation were
previously confirmed to be AGNs using optical
spectroscopy and X-ray data, so their radio emission
may indeed be AGN-related. One is a mid-IR AGN,
which may lead to an overestimate of the host galaxy’s
SFR, increasing this likelihood. These two AGNs are
notably very close to, or consistent with, their host-galaxy
photocenters, making their confirmation as AGNs less
surprising.

Thus far, the nature of 6 of the 13 radio-selected AGN
candidates in dwarf galaxies presented by Reines et al. (2020)
have been determined. Four sources are likely background
AGNs and two objects are confirmed to be active MBHs near
the centers of their dwarf host galaxies based on optical
spectroscopy. The origin of the remaining seven VLA sources
from Reines et al. (2020), with radio-optical position offsets
between ∼0″ and 2 5, have yet to be determined, although ∼5
of them appear to be too luminous to be star formation–related
processes such as H II regions or SN/SNe. Follow-up multi-
wavelength observations, such as with the Hubble Space
Telescope, are being obtained to better understand the nature of
these sources.

This research made use of Astropy,14 a community-
developed core Python package for Astronomy (Astropy
Collaboration et al. 2013, 2018). This research made use of
APLpy, an open source plotting package for Python (Robitaille
& Bressert, 2012). The National Radio Astronomy Observatory
is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc. The
authors acknowledge use of the Very Long Baseline Array
under the U.S. Naval Observatoryʼs time allocation.
Facilities: GALEX, WISE, VLA, VLBA.
Software:AIPS (van Moorsel et al. 1996), Astropy (Astropy

Collaboration et al. 2013, 2018), APLpy (Robitaille &
Bressert, 2012).
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