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ABSTRACT

Dwarf galaxies, characterized by their low luminosities and masses, are excellent candidates for searches for intermediate-mass black
holes (IMBHs), particularly when they show strong accretion and ejection activity. The dwarf galaxy SDSS J101747.09+393207.7
has recently been found to display a very high X-ray luminosity and an X-shaped optical structure, possibly caused by a dwarf–
dwarf merger. To explore its potential IMBH ejection activity, we performed very long baseline interferometry (VLBI) observations
at 4.9 GHz. In this work, we present the detection of a milliarcsecond-scale, compact, sub-microjansky radio component near the
optical centroid. According to some existing radio sky survey data, the radio component was not detected until 2015; it displayed an
optically thin steep radio spectrum and declining flux densities across 0.8–5 GHz from 2019 to 2025. Therefore, we identify it as a
short-lived and rarely seen ejecta that was produced by unstable accretion onto a massive black hole and likely faded away in a few
decades. These results indicate that short-lived, episodic jet activity from accreting IMBHs in dwarf galaxies might exist.
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1. Introduction

Supermassive black holes (SMBHs) have been widely observed
in the very early Universe (e.g., Maiolino et al. 2024;
Juodžbalis et al. 2024; Inayoshi & Ho 2025), but their formation
and growth mechanisms remain unclear. Galaxy mergers repre-
sent one potential trigger for active galactic nuclei (AGNs) and
the subsequent rapid accretion of black holes (e.g., the possi-
ble z ∼ 11 merger reported by Hsiao et al. 2023). Direct obser-
vations of high-redshift mergers are challenging, making local
dwarf galaxies critical analogs. Investigating dwarf–dwarf inter-
actions and black hole accretion may thus elucidate the early
evolution of SMBHs (e.g., Mićić et al. 2024).

Dwarf galaxies, typically defined by stellar masses of M? =
106.0−9.5 M� (see reviews by Greene et al. 2020), represent the
most common galaxy population in the Universe. A subset
of these systems host elusive intermediate-mass black holes
(IMBHs; MBH = 102−6 M�; Greene et al. 2020), which are
thought to be the progenitors of SMBHs. Recently, Pucha et al.
(2025) identified a substantial sample of 2444 AGN candi-
dates (2.1%) in dwarf galaxies using early data from the Dark
Energy Spectroscopic Instrument (DESI) survey. However, the
intrinsic faintness of these AGNs (particularly at X-ray wave-
lengths; Arcodia et al. 2024) introduces significant selection
biases across optical, infrared, and X-ray detection methods
(e.g., Wasleske & Baldassare 2024; Sturm et al. 2025), compli-
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cating demographic studies. In the radio band, jets are one of
the most direct tracers of IMBH accretion activity. Although
arcsecond-scale observations successfully identify AGNs in
dwarf galaxies (e.g., Reines et al. 2020; Eberhard et al. 2025),
higher resolution is required to isolate the compact nonthermal
emission. To date, only six IMBH candidates with radio coun-
terparts have been detected with very long baseline interferome-
try (VLBI); all six show parsec-scale nonthermal structures from
episodic jets (e.g., Yang et al. 2023). None of these dwarf galax-
ies shows signs of mergers or strong interactions.

Cosmological simulations show that dwarf–dwarf mergers
dominated the galaxy merger rate in the early Universe. How-
ever, owing to instrumental sensitivity limitations, observa-
tional evidence of merger-triggered AGN activity has thus far
been restricted to nearby systems. Recently, Mićić et al. (2024)
demonstrated that grouped or paired dwarf galaxies exhibit X-
ray AGN detection rates elevated by a factor of 6-10 compared
to isolated counterparts, providing unprecedented empirical con-
straints on cosmological models.

SDSS 101747.09+393207.7 (hereafter J1017) is a local
dwarf galaxy with a redshift of z = 0.054. Its star forma-
tion rate is 0.34 M� yr−1 (Kimbrell & Reines 2024). The left
panel of Fig. 1 displays a high-resolution near-infrared image
from the Hubble Space Telescope (HST) using the F110W filter,
which reveals an X-shaped morphology indicative of tidal fea-
tures from gravitational interaction; such structures appear with-
out an obvious companion galaxy in the vicinity, suggesting a
late-stage merger near the point of coalescence (Kimbrell et al.
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Fig. 1. Near-infrared and EVN observed images of J1017. Left: HST observation of J1017 with the infrared filter F110W. Right: 4.926 GHz VLBI
image of J1017 with a beam size (FWHM) of 3.2 × 2.4 mas and a major axis position angle of 20.9◦. Contours are set at 3σ × (−1, 1, 2, 4, 8). A
scale of 10.37 mas corresponds to a physical distance of 10 pc. The black cross marks the optical position from Gaia DR3; the semimajor and
semiminor axes of the yellow ellipse represent the total 1σ uncertainties. The dashed green line indicates that the VLBI imaging field of view
corresponds to the marked region in the near-infrared image.

2021; Kimbrell & Reines 2024). This system displays an unusu-
ally high X-ray luminosity of L2−10 keV = 1042.2 erg s−1, an
unambiguous signal of AGN activity (Arcodia et al. 2024;
Kimbrell & Reines 2024). Using the MBH–σ? relation, its black
hole mass is estimated to be 105.3±0.55 M� (Kimbrell & Reines
2024). With a stellar mass of ∼109.0 M�, J1017 hosts a rare com-
pact optical nucleus with a half-light radius of merely 0.4 kpc
(Kimbrell & Reines 2024), making it a critical laboratory for
studying black hole growth in low-mass galaxy mergers.

This paper is organized as follows. We describe the Euro-
pean VLBI Network (EVN) observations and data reduction in
Sect. 2. Section 3 presents our deep EVN imaging results. We
discuss component properties and implications in Sect. 4, and
give our conclusions in Sect. 5. A standard Λ cold dark matter
cosmological model with H0 = 71 km s−1 Mpc−1, Ωm = 0.27,
and ΩΛ = 0.73 is adopted throughout this work.

2. VLBI observations and data reduction

The EVN observation of J1017 at 4.926 GHz was conducted for
∼12 h from 2025 May 13 to 14. The participating telescopes
were Jodrell Bank Mk2 (Jb2), Westerbork (Wb), Effelsberg
(Ef), Onsala (O8), Tianma (T6), Toruń (Tr), Yebes (Ys), Har-
tebeesthoek (Hh), Irbene (Ir), and Sardinia (Sr). All EVN tele-
scopes adopted a standard observing setup (4 subbands with 4
polarizations and 64 spectral channels each, 32 MHz bandwidth
per subband, 2-bit quantization, 1 second integration time). The
observation was performed in phase-referencing mode with the
phase calibrator J1014+3953 (separation of 46 arcmin, correla-
tion amplitude of ∼70 mJy at 4.926 GHz, a nearly point-source
structure). The correlation was performed by the EVN software
correlator (SFXC; Keimpema et al. 2015) at the Joint Institute
for VLBI, ERIC (JIVE) using standard correlation parameters
of continuum experiments.

The visibility data were calibrated using the National Radio
Astronomy Observatory (NRAO) Astronomical Image Pro-
cessing System (aips) software package (version 31DEC25;
Greisen et al. 2003). Instrumental delay and bandpass calibra-
tion were performed using the bandpass calibrator J1023+3948.
Global fringe-fitting was carried out using the phase calibra-

tor J1014+3953, together with the two bandpass calibrators
J1023+3948 and J0555+3948. For T6, which suffered from a
low recording rate and network issues, a two-round difmap
imaging of J1023+3948 was performed: first with T6 flagged to
obtain a clean model, then with T6 included and self-calibration
applied to produce the final model, which was used for subse-
quent amplitude calibration in aips. For Wb, channels 20–35
of the seventh intermediate frequency were additionally flagged
because of severe polarization leakage. The first 0.1 min of each
Wb scan was discarded (quack) to mitigate system-calibration
lag effects. Tr exhibited phase oscillations on timescales of
∼6 min, recurring every ∼30 min; scans with the most severe
instability were fully flagged, which necessitated the calibration
described above.

Phase and amplitude solutions for the phase calibrator were
derived in aips using calib (without normalization), sncor
(phase reset), and clcal (transferring solutions to the target).
A clean model of the calibrator obtained from difmap was
used in this process. In difmap, the target data were shifted
by (−15.837, −9.898) mas (east, north) to restore the brightness
peak to the phase center. Final imaging of the phase calibrator
and target was performed in difmap; no self-calibration was
applied to the target.

3. EVN imaging results

The 4.926 GHz EVN imaging results for J1017 are shown in
the right panel of Fig. 1. The optical centroid, reported in
Gaia Data Release 3 (DR3; Gaia Collaboration 2016, 2023),
is marked as a black cross (J2000, RA = 10h17m47.083847s,
Dec = 39◦32′07.7771′′, σra = 0.74 mas, σdec = 0.59 mas).
The radio centroid (10h17m47.083769s, 39◦32′07.7749′′) is off-
set by 2.38 mas from the optical centroid. Gaia DR3 lists
an astrometric_excess_noise of 5.11 mas, which indi-
cates a deviation from a point-source model (Lindegren et al.
2012) and leads to a total uncertainty of 5.16 mas in right
ascension and 5.14 mas in declination. This relatively large
astrometric_excess_noise reflects the extended and asym-
metric optical morphology of the host galaxy and hints at a
merger nature for J1017 (e.g., Hwang et al. 2020). Further-
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more, we compared the radio centroid with the X-ray cen-
troid (10h17m47.09s, 39◦32′08.11′′; Kimbrell & Reines 2024)
and found a positional offset of 0.36 arcsec; this is within the
absolute astrometric uncertainty of Chandra (∼1 arcsec), con-
firming their spatial coincidence.

Nonthermal emission from J1017 is detected on the mil-
liarcsecond scale of VLBI observations. After performing the
clean procedure in difmap, we adopted a circular Gaussian
model for the fitting. For J1017, we derived a total flux density
of 0.41 ± 0.04 mJy and a peak brightness of 0.30 mJy beam−1,
with an RMS noise level of 7.6 µJy beam−1. The full width
at half maximum (FWHM) of the circular Gaussian model is
1.92 ± 0.21 mas. The resulting image shows that the radio emis-
sion is dominated by a compact component. We estimated the
average brightness temperature using (Condon et al. 1982)

TB = 1.22 × 109 S obs

ν2
obsθ

2
size

(1 + z), (1)

where S obs is the observed total flux density (in mJy), νobs is the
observing frequency (in GHz), θsize is the FWHM of the circu-
lar Gaussian model (in mas), and z is the redshift. The average
brightness temperature of J1017 is (5.9 ± 0.6) × 106 K. We cal-
culated its radio luminosity at 4.926 GHz to be (1.39 ± 0.14) ×
1038 erg s−1. The errors in the total flux density and LR include
the systematic errors (10 percent) due to the limited amplitude
calibration accuracy.

4. Discussion

4.1. Nature of the compact radio emission

The VLBI position of J1017 is consistent with both the Gaia
DR3 optical centroid (right panel of Fig. 1) and the Chandra
X-ray centroid within the uncertainty. This spatial coincidence
implies the radio emission traces either the jet base or a jet
component associated with the central accretion system (i.e., the
accretion disk and corona) of the central IMBH. The brightness
temperature of >106 K further confirms its nonthermal nature.

Regarding the possibility of a supernova or supernova rem-
nant, although the observed radio luminosity falls within the
range observed for luminous young radio supernovae (e.g.,
Weiler et al. 2002), this scenario is unlikely due to multiple
constraints. First, following Murphy et al. (2011), the star for-
mation rate of 0.34 M� yr−1 leads to an expected core-collapse
supernova rate of ∼0.004 yr−1. Archival survey limits constrain
any such recent transient event to a maximum time window of
30 years (see Table B.1). The Poisson probability of a super-
nova occurring within this time window is P(N ≥ 1) =
1 − e−(0.004×30) ≈ 0.11, corresponding to a low significance of
∼1σ. The unusually high 2–10 keV X-ray luminosity of LX =
1042.2 erg s−1 (Kimbrell & Reines 2024) more than ∼8 years after
the first radio detection (see Table B.1) also disfavors this sce-
nario. Therefore, the compact radio emission is most naturally
explained as an accretion-driven event associated with the cen-
tral IMBH. Given the post-merger environment of J1017, this
radio activity could be driven by accretion rate variations result-
ing from merger-driven gas inflows, though a tidal disruption
event cannot be ruled out.

Young jets are extremely compact (typically on parsec scales
or even smaller; e.g., O’Dea & Saikia 2021) and are expected to
show spatial coincidence with both optical and X-ray centroids.
Based on this together with the arcsecond-scale steep spectrum
(Fig. 2) and brightness temperature, we interpret the emission as
an optically thin young jet rather than a self-absorbed base; this
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Fig. 2. Radio spectra of J1017 from nonsimultaneous observations. The
dashed lines show the temporal spectrum model S (ν, t). The color of
these lines and the data points denotes the year. Gray points represent
3σ upper limits of NVSS and FIRST.

interpretation is also supported by the monotonic decline of the
flux (Sect. 4.2)

4.2. Flux decline and the young ejecta scenario

Figure 2 displays the radio spectra of J1017 from 0.14 to
4.926 GHz. Over the last decade, it has been firmly detected in
several radio surveys, including the LOFAR Two-metre Sky Sur-
vey DR2 (LoTSS) at 0.14 GHz (Shimwell et al. 2022), the Rapid
ASKAP Continuum Survey (RACS) at 0.89, 1.37, and 1.66 GHz
(McConnell et al. 2020; Hale et al. 2021; Duchesne et al. 2023,
2024, 2025), and the Very Large Array Sky Survey (VLASS) at
3 GHz (Lacy et al. 2020).

The multi-epoch and multifrequency radio data over ∼30
years reveal J1017’s activity history. This dwarf–dwarf merger
was undetected in the NRAO VLA Sky Survey (NVSS) and
Radio Sky at Twenty-centimeters (FIRST) surveys at 1.4 GHz
in the 1990s (Condon et al. 1998; Becker et al. 1995), placing
3σ upper limits of ∼1.5 mJy and ∼0.5 mJy, respectively (see
Table B.1). However, the recent RACS-mid detection of 3.46
mJy beam−1 at 1.37 GHz is well above both upper limits. This
indicates that J1017 has brightened significantly over the past
∼30 years and suggests that the radio emission has been recently
triggered. The first radio detection occurred in the LoTSS survey,
which implies that episodic accretion triggered jet activity &10
years ago; this is consistent with a young transient rather than a
steady radio-emitting AGN. We note that J1017 was previously
classified as a variable source by Eberhard et al. (2025) based
on a subset of these archival data. J1017 has faded since 2019
or earlier. Using three-epoch VLASS 3 GHz Quick Look data,
we detected a declining flux density dropping from 1.52 mJy to
0.84 mJy within five years. We note that VLASS Quick Look
images generally have large uncertainties. To address this, we
included the systematic errors in our variability analysis. We
performed a weighted χ2 test (e.g., Bell et al. 2014), which
shows a variability with χ2 ≈ 7.8 and a p-value ≈ 0.02.

To quantify the fading of J1017, we performed a fit to the
multi-epoch and multifrequency radio flux with a temporal spec-
trum model (S (ν, t) ∝ ναe−(∆t/τ); see details in Appendix C). The
best-fit parameters are a spectral index α = −1.15 ± 0.15 and a
decay timescale τ = 3066 ± 1952 days (∼8 years). This expo-
nential timescale quantifies the fading of the transient emission
and predicts that the flux density of J1017 at 5 GHz will drop
to <0.1 mJy in &12 years. The dashed lines in Fig. 2 show this
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best-fit temporal evolution. The declining flux density implies that
the young ejecta is expanding and its electrons are cooling. This
young ejecta scenario also naturally explains the low flux den-
sity at 0.14 GHz in 2015 (LoTSS; pink diamond in Fig. 2). If the
ejecta had been optically thin during the LoTSS observation, our
derived steep spectrum would predict an extrapolated 0.14 GHz
flux orders of magnitude higher than the observed ∼1.2 mJy.
This suggests that the newly born ejecta was more compact, so
its low-frequency emission was likely absorbed by synchrotron
self-absorption (e.g., Yang et al. 2021; Fernández-Ontiveros et al.
2023). However, we cannot rule out the possibility that the 2015
detection captured the rising phase of the episodic ejection before
its peak. In either case, the observed radio evolution points to a
unified physical scenario: a recently triggered ejecta that expands
with time, transitioning from an initial compact, self-absorbed
phase into a cooling, optically thin plasma.

4.3. Accretion states and episodic jets in IMBHs

The fundamental plane (FP) relation, linking black hole mass and
radio and X-ray luminosities, is well established for stellar-mass
black holes and SMBHs (Merloni et al. 2003; Falcke et al. 2004)
but remains poorly constrained for IMBHs due to sparse, het-
erogeneous samples (e.g., Gültekin et al. 2022; Yuan et al. 2025).
According to the standard FP from Merloni et al. (2003), with its
X-ray luminosity of LX = 1042.2 erg s−1, we would expect a radio
luminosity of LR = 1036.8 erg s−1 for J1017. This estimate is more
than one order of magnitude lower than our EVN result, indicating
that the target does not follow the standard FP. The time interval
between our EVN observation and the X-ray observation, and the
decaying trend in the radio activity, also contribute to this differ-
ence. This deviation indirectly partly supports the interpretation
that the system features optically thin ejecta at a high Eddington
ratio of LX/LEdd ∼ 0.1, a state that falls outside the standard FP.

Among the six currently known VLBI-detected IMBHs
or candidates (Wrobel & Ho 2006; Yang et al. 2022a,b, 2023),
J1017 and SDSS J090613.77+561015.2 (Yang et al. 2023) are the
two most radio-luminous sources (see Fig. D.1 for the LR/LEdd −

LR/LEdd distribution). Both sources have a radio luminosity (LR)
of ∼1038 erg s−1 (LR/LEdd > 10−6). Yang et al. (2023) found
that SDSS J090613.77+561015.2 exhibits episodic, relatively
large-scale two-sided jet activity. J1017 instead shows a compact,
milliarcsecond scale morphology, suggesting an earlier stage of
similar jet activity. Notably, J1017 has a distinct accretion state:
at LX/LEdd ∼ 0.1, it is the most luminous of all the VLBI-detected
IMBHs. Such a high X-ray luminosity could be a signature of
the merger, where efficient gravitational inflow drives gas inflows
toward the nucleus (e.g., Sijacki et al. 2007; Kara & García 2025).
In X-ray binaries, high accretion rates can be associated with the
transition state, which is often accompanied by discrete ejections
(Fender et al. 2004). Assuming scale-invariant accretion physics,
this physical picture could represent a possible analog of the
young ejecta scenario discussed in Sect. 4.2. We further place
J1017 in the broader context of local dwarf galaxies. Though lumi-
nous among VLBI-detected sources, its radio luminosity is typ-
ical of broader dwarf galaxy samples (e.g., Reines et al. 2020;
Gültekin et al. 2022; Paul et al. 2024; Eberhard et al. 2025), indi-
cating it is not an extreme outlier.

5. Conclusions

To probe the nature of the radio emission in J1017, a nearby
dwarf–dwarf merger system hosting an AGN driven by an IMBH
candidate (MBH ∼ 105.3 M�), we carried out deep EVN observa-

tions at 4.926 GHz. We detected a compact radio component on
milliarcsecond scales with a luminosity of 1.39×1038 erg s−1 and
a brightness temperature of 5.9×106 K at 4.926 GHz, which con-
firm its nonthermal origin. The radio component is near the Gaia
centroid and has undergone brightening and fading over the past
30 years. Based on this and its steep spectrum and declining flux
trend, we interpret this milliarcsecond-scale radio component as
a young, short-lived ejecta.
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Appendix B: Radio flux densities of J1017 from
multiple surveys

We list the radio flux densities of J1017 from multiple surveys
in Table B.1. For the flux extraction, we forced the 2D Gaussian
sizes to match their synthesized beams, since the target remains
unresolved in these survey images.

Table B.1. Radio flux densities of J1017 from multiple surveys.

Survey Date νobs Flux
Name (GHz) (mJy beam−1)

LoTSS 2015-07-08 0.14 1.19±0.15
RACS-low 2019-04-21 0.89 4.00±0.47
RACS-mid 2021-01-01 1.37 3.46±0.39
RACS-high 2021-12-24 1.66 1.83±0.24
VLASS-ep1 2019-04-26 3 1.52±0.21
VLASS-ep2 2021-12-06 3 1.35±0.19
VLASS-ep3 2024-08-03 3 0.84±0.16

NVSS 1993-12-15 1.4 < 1.46∗

FIRST 1994-08-19 1.4 < 0.47∗

Notes. Asterisks indicate 3σ upper limits for non-detections. A system-
atic error of 10 percent is included in the error budget of flux density.

Appendix C: Temporal spectrum model S(ν, t)
Given the unknown trigger time and the fading start time of the
radio activity, we adopted an exponential decay rather than the
power-law models (van der Laan 1966), which require a specific
epoch. The decay model is as follows:

S (ν, t) ∝ ναe−(∆t/τ), (C.1)

where τ is the decay timescale, ∆t = t − tref . We adopted a time-
independent spectral index (α) in our model since the &1 GHz
emission indicates an optically thin regime, which is expected
to remain temporally stable within a narrow frequency range
(∼1−5 GHz). Furthermore, the calculated spectral indices from
the two epochs, −0.79± 0.15 (2019-04) and −0.51± 0.32 (2021-
12), are consistent within 1σ, also confirming this stability.

We used RACS (0.89 GHz data were excluded due to the
possible peak frequency), VLASS, and EVN data as the fit-
ting data. We used the Markov chain Monte Carlo method with
emcee (Foreman-Mackey et al. 2013). During the fitting pro-
cess, we normalized the parameters to a reference frequency of
νref = 3 GHz and a reference epoch of tref = 58599 (the first
VLASS epoch) to minimize parameter covariance.

Appendix D: The LR/LEdd − LX/LEdd plane

To show jet efficiency under specific accretion states of IMBHs,
we plot the LR/LEdd − LX/LEdd plane in Fig. D.1. We col-
lected seven VLBI observed IMBHs from the literature to give a
comparison with J1017 (Wrobel & Ho 2006; Paragi et al. 2014;
Yang et al. 2022a,b, 2023). We also included Very Large Array
(VLA) results for some IMBHs or candidates (Nyland et al.
2012; Saikia et al. 2018; Gültekin et al. 2022; Paul et al. 2024;
Yuan et al. 2025).
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SDSS J090613.77 + 561015.2 (Yang et al. 2023)
This work

Fig. D.1. LR/LEdd − LX/LEdd plane. The Eddington luminosity (LEdd),
4.926 GHz radio luminosity (LR), and 2−10 keV X-ray luminosity (LX)
are shown on a logarithmic scale. The dot-dashed black lines indi-
cate different LR/LX. References in the legend indicate the sources of
radio luminosity data. Triangles denote radio luminosity measurements
obtained using VLBI. The red star marks J1017 (this work). Arrows
indicate that the corresponding data points are upper limits.

L22, page 5 of 5

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://lofar-surveys.org/
https://ror.org/05qajvd42

	Introduction
	VLBI observations and data reduction
	EVN imaging results
	Discussion
	Nature of the compact radio emission
	Flux decline and the young ejecta scenario
	Accretion states and episodic jets in IMBHs

	Conclusions
	References
	Acknowledgements
	Radio flux densities of J1017 from multiple surveys
	Temporal spectrum model S(,t)
	The LR/LEdd-LX/LEdd plane

