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Abstract

Local low-metallicity dwarf galaxies are relics of the early universe and are thought to hold clues into the origins of
supermassive black holes. While recent studies are uncovering a growing population of active galactic nuclei
(AGNs) in dwarf galaxies, the vast majority reside in galaxies with solar or supersolar metallicities and stellar
masses comparable to that of the LMC. Using Multi-Unit Spectroscopic Explorer (MUSE) and Very Large
Telescope observations, we report the detection of [Fe X] A6374 coronal line emission and a broad He line in the
nucleus of SDSS J094401.87—003832.1, a nearby (z=0.0049) metal-poor dwarf galaxy almost 500 times less
massive than the LMC. Unlike the emission from the lower-ionization nebular lines, the [Fe X] A6374 emission is
compact and centered on the brightest nuclear source, with a spatial extent of ~100 pc, similar to that seen in well-
known AGNs. The [Fe X] luminosity is ~10°” erg s~', within the range seen in previously identified AGNs in the
dwarf-galaxy population. The [Fe X] emission has persisted over the roughly 19 yr time period between the SDSS
and MUSE observations, ruling out supernovae as the origin for the emission. The FWHM of the broad component
of the Ha line is 446 & 17 km s~ ' and its luminosity is ~1.5 x 10°® erg s™', corresponding to a black hole mass of
~ 3150 M., in line with its stellar mass if virial mass relations and black hole—galaxy scaling relations apply in this
mass regime. These observations, together with previously reported multiwavelength observations, can most
plausibly be explained by the presence of an accreting intermediate-mass black hole in a primordial galaxy analog.

Unified Astronomy Thesaurus concepts: Dwarf irregular galaxies (417); Supermassive black holes (1663); AGN

host galaxies (2017)

1. Introduction

Intermediate-mass black holes (IMBHs) in local dwarf
galaxies, with masses predicted to be between 100
and 10° M, are crucial to our understanding of supermassive
black hole (SMBH) seed formation and possibly dominate the
extragalactic black hole population in the universe; yet black
holes in this mass range have eluded detection by optical
spectroscopic, mid-infrared color, X-ray, and radio surveys due
either to obscuration of the central engine, or dilution of the
accretion activity from star formation in the host galaxy (see
review by Greene et al. 2020). Indeed, there is currently no
black hole known to exist between approximately 150-10* M,
a gap of roughly 2 orders of magnitude. Kinematically
detecting black holes in this mass range is currently impossible,
so a significant sample of IMBHs can therefore only be
detected as active galactic nuclei (AGNs). Unfortunately,
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finding AGNs in dwarf galaxies is especially challenging, as
the AGN luminosity is expected to be low, the star formation
can be enhanced, and the gas-phase metallicities and black hole
masses are expected to be low, all of which compromise the
diagnostic potential of optical spectroscopic (Groves et al.
2006; Cann et al. 2019), X-ray (Secrest et al. 2015), radio
(Condon et al. 1991; Sargent et al. 2022), and broadband mid-
infrared (Satyapal et al. 2018) surveys. Although there has been
heroic work uncovering growing numbers of AGNs in the
dwarf-galaxy population (see Greene et al. 2020, and
references therein), most studies are biased toward more
massive black holes that reside in massive bulge-dominated
and higher-metallicity host galaxies, where contamination by
star formation or obscuration by dust are less significant. These
traditional techniques for searching for AGNs are therefore
severely limited in identifying the lowest-mass black holes, and
they have thus far not been able to identify black holes with
masses less than ~10* M. Moreover, the vast majority of
currently identified AGNs reside in galaxies with solar or
supersolar metallicities, galaxies that do not resemble the
primordial galaxies in the early universe. In these cases, the
black holes cannot be considered relics of the seeds
of supermassive black holes in the early universe
(Mezcua 2019).
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Observations of coronal lines are a promising path forward
in the search for elusive AGNs missed by other widely used
techniques (see Satyapal et al. 2021, and references therein)
and may even uncover and constrain the properties of accreting
IMBHSs (e.g., Cann et al. 2018, 2021; Prieto et al. 2022). These
lines have already demonstrated the potential to uncover
previously hidden candidate AGNs in bulgeless galaxies
(Satyapal et al. 2007, 2009) and the dwarf -galaxy population
(Izotov et al. 2012; Bohn et al. 2021; Cann et al. 2021; Izotov
et al. 2021; Molina et al. 2021), which are the likely hosts of
IMBHs. Most importantly, coronal line activity can uncover
accretion activity in the low-metallicity galaxies where
traditional optical narrow line diagnostics fail (Cann et al.
2019). In recent work, Reefe et al. (2022) conducted the first
systematic survey of a comprehensive set of the 20 optical
coronal lines in the spectra of nearly 1 million galaxies
observed by the Sloan Digital Sky Survey (SDSS), from the
Data Release 8 catalog. The Coronal Line Activity Spectro-
scopic Survey (CLASS) remarkably revealed a population of
coronal line emitters in dwarf galaxies (M, < 3 x 10° M) that
do not display optical narrow line ratios indicative of nuclear
activity, many with metallicities well below those of any
previously reported AGNs. This work also revealed that the
emission lines with the highest ionization potential are
preferentially found in lower-mass galaxies, indicating the
presence of hard ionizing radiation. As lower-mass black holes
produce a hotter accretion disk (Shakura & Sunyaev 1973), this
finding can be consistent with accreting IMBHs powering the
coronal line emission in dwarf galaxies. Because of their low
mass, low metallicity, and compact morphologies, these
galaxies are the best local analogs of the primordial galaxies
thought to have formed at high redshift. In order to gain insight
into the source of the hard radiation field and explore the
diagnostic potential of coronal lines in uncovering and
constraining the properties of IMBHEs, it is vital to carry out
a multiwavelength follow-up campaign of the population of
coronal line emitters in the dwarf-galaxy population.

In this work, we present follow-up archival integral-field unit
(IFU) observations with the Multi-Unit Spectroscopic Explorer
(MUSE) on the Very Large Telescope (VLT) of SDSSJO
94401.87—003832.1 (hereafter, J0944—0038), a nearby
(z=0.0049) dwarf galaxy identified by CLASS with a [Fe X]
A6374 detection in its SDSS spectrum. J0944—0038, also
known as MCG+00-25-010, is a metal deficient blue compact
galaxy that has previously been reported to display signatures
of high-ionization emission. It was reported to display a [Fe V]
M227 detection by Thuan & Izotov (2005) and was also
identified with an [Fe X] A6374 detection in the SDSS spectrum
previously by Molina et al. (2021). Here we spatially map the
emission lines and constrain the location and spatial extent of
the high-ionization emission lines for the first time. The stellar
metallicity of this dwarf galaxy is less than 10%, and the stellar
mass is approximately 500 times lower than that of the Large
Magellanic Cloud (LMC), making it one of the lowest-mass
and lowest-metallicity galaxies currently known in the universe
to potentially host an AGN. Because of its low mass, low
metallicity, and compact morphology, it belongs to a relatively
rare class of chemically and possibly dynamically primitive
local galaxies, with physical conditions characteristic of the
early universe. Because of their proximity and the resulting
potential for high-sensitivity spectroscopy that is impossible to
obtain at the very highest redshifts, these galaxies are ideal
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laboratories in which to gain insight into the first generations of
stars, black holes, and the ionizing photons that contributed to
cosmic reionization. If current black hole—galaxy scaling
relations hold in this mass range, the central black hole will
be significantly lower than any currently known. To estimate
the distance to J0944—0038 we assume a flat ACDM
cosmology with Hy=70 kms 'Mpc™', Qy =03, and
Q4 =0.7. The resulting luminosity distance is D; =21 Mpc,
consistent with that obtained using the Cosmicflows-3 local
velocity flow model (Graziani et al. 2019; Kourkchi et al.
2020).

2. Target Selection

J0944—0038 is a dwarf galaxy with multiple star-forming
knots dominated by two bright central optical continuum
sources. It is a member of a poor cluster (Beers et al. 1984) and
is listed in Karachentsev’s catalog of isolated pairs of galaxies
(Karachentsev 1972), with the brighter nucleus that coincides
with the SDSS fiber listed as KPG212A, and the fainter
associated pair 1/71 southeast is listed as 212B. An
approximately 8o [Fe X] A6374 detection is revealed in the
SDSS spectrum, but none of the other optical coronal lines
were detected. The total galaxy stellar mass obtained through
broadband spectral energy distribution (SED) fitting of the UV
+ optical photometry using the new generation SED tool
BEAGLE (Chevallard & Charlot 2016) is log My = 6.83703%
(Berg et al. 2022), almost 500 times less massive than the
LMC. It is one of the lower-mass dwarfs in the CLASS sample
and the sample of [Fe X] emitters from Molina et al. (2021)
with no optical evidence of an AGN based on its optical narrow
emission line ratios, using the Baldwin—Phillips—Terlevich
(BPT) diagnostics (Baldwin et al. 1981), adopting the
Kauffmann et al. (2003) AGN selection criterion. As can be
seen from Figure 1, the subset of dwarf galaxies that show
coronal line emission from the CLASS survey and the survey
by Molina et al. (2021) are uncovering a population of
candidate AGNss in a significantly lower-mass regime than that
identified in samples based on traditional optical narrow line
ratios. The star formation rate based on the Balmer lines is
2.5x 1072 Mg yr ', and the stellar mass of the brightest star-
forming clump, based on fits to the broadband photometry, is
1.4 x 10° M?, assuming a constant star formation rate,
or 2.2 x 10° M assuming a recent “burst” (Senchyna et al.
2022).

The gas-phase metallicity of the northern nucleus, based on
SDSS and MMT observations is 12 + log(O/H) = 7.81 + 0.05
(Senchyna et al. 2017), placing it slightly above the 10% solar-
metallicity cut employed to define the so-called extremely metal-
poor (XMPs) galaxies. The metallicity of the stellar population of
the northern nucleus, obtained through fitting the forest of UV
photospheric absorption lines is below 10%, suggesting that the
system is chemically similar to primordial high-redshift galaxies
(Senchyna et al. 2022). As a result, this system is an ideal probe of
black hole seeds and the physics of massive stars and gas at very
low metallicities.

3. Observations and Data Reduction

In this work, we employed MUSE (Bacon et al. 2014)
archival data of J0944—0038, which was observed as part of a
program to study starbursts in dwarf—dwarf interactions
(Program ID: 0102.B-0325I; PI Privon). The observations
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Figure 1. Top panel: Hubble Space Telescope (HST) image of J0944—0038,
constructed from UV (F336W, blue channel), Ha (F657N, green channel), and
visual /near-IR (F814W, red channel) archival data. Bottom panel: stellar mass
distribution of the subset of dwarf galaxies in the CLASS sample compared to
the samples of AGNs identified by Reines et al. (2013) and Molina et al.
(2021). The stellar mass of J0944—0038, and other coronal line emitters, is
significantly lower than the mass regime probed by traditional optical narrow
line ratios.

were obtained on 2019 February 27 in the wide-field mode
without adaptive optics (WFM-NOAO). The MUSE data cover
the 475-935 nm wavelength interval with an average resolution
R~ 3027 and a spatial sampling of 0”2 in WEM-NOAO. The
effective exposure time for the observations was 2.65 ks, and
the average seeing was 07686. The processed MUSE data were
retrieved from the ESO Archive Science Portal,11 which had
been processed using the MUSE 2.4 pipeline in which standard
data reduction such as bias subtraction, flat-fielding, sky
subtraction, wavelength and flux calibration, and removal of
instrumental effects were performed.

Spectral fitting was performed using using the open-source
spectral analysis tool Bayesian AGN Decomposition Analysis
for SDSS Spectra (BADASS; Sexton et al. 2020) software,
which has now been adapted to fit IFU data including MUSE.
The fitting procedure employs the affine-invariant
Markov Chain Monte Carlo (MCMC) sampler emcee

" https:/ /archive.eso.org/scienceportal /home
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(Foreman-Mackey et al. 2013) for robust parameter and
uncertainty estimation. The BADASS fitting routine uses the
same procedure employed in the CLASS study in which the
spectral continuum is modeled simultaneously with multiple
components, including the stellar continuum, AGN power law,
Fe II emission, and spectral lines of various line profile shapes.
In order to enhance the signal-to-noise ratio (S/N) for detection
of the coronal line emission, we employed the Voronoi binning
algorithm VorBin (Cappellari & Copin 2003), which creates
bins of constant S/N in the continuum. Fluxes from the MUSE
data obtained using an SDSS-matched aperture were compared
to the corresponding SDSS fluxes for all overlapping lines, and
the [Fe X] fluxes were found to agree to within 16%.

In addition to fitting all strong lines and the [Fe X] \6374
line, which was previously detected by SDSS, we searched for
all other coronal lines within the MUSE window to see if any
new coronal lines were detected in the higher-sensitivity
MUSE data. We also searched for broad lines in the MUSE
cube by including broad components in the fits for detected
lines. We utilize the line testing functionality built into
BADASS, which performs comparison fits of the data with
and without the line components in question and computes a
detection confidence using a custom likelihood-based model
comparison test, the F-test, and reduced y? ratio. Using this
method, we consider a strong detection to have a confidence
>95%. We also test for the presence of lines using the
preselection filtering algorithm BIFROST, originally described
in Reefe et al. (2022), in which the average integrated flux in a
region centered on the coronal line is compared to the rms
deviation of the flux in adjacent wavelength reference
windows.

In Figure 2, we show the 1D extracted MUSE spectra
centered on the [FeX] 6374 wavelength region from 1”
apertures centered on the two brightest star-forming clumps,
which we refer to in this work as Nucleus 1 and Nucleus 2,
respectively (see Figure 3). Nucleus 1, which corresponds to
the brightest star-forming region and is coincident with the
SDSS fiber, shows a clear ~10c detection of the [Fe X] line.
For comparison, we also show the SDSS fiber spectrum from
Nucleus 1 from the same wavelength region, which shows the
~40 detection of the [Fe X]. There is also a tentative detection
in the MUSE data at the location of Nucleus 2 at the 2.8¢ level.
The sensitivity of the current data is insufficient to determine if
there are two distinct [Fe X] sources possibly suggestive of a
dual AGN in this dwarf merger. In addition, we detect a clear
broad Ha line in Nucleus 1, which is not seen in the less
sensitive SDSS spectrum obtained with a larger 3” aperture.

In order to accurately fit the broad Hae component detected in
Nucleus 1, we first determine the full extent of the narrow Ho
component by fitting a four-moment Gauss—Hermite line
profile with free parameters for the amplitude, width, velocity
offset, and higher-order moments 43 and k4. We find that the
narrow line profile is well modeled by a Gaussian (43 = 0.009,
h4 =—0.008) and has a width nearly identical to the
[N 11] A6585 line. We then mask the brightest 10 pixels of the
Ha core to ensure that the fit to the broad wings of the Ha
component are not biased by the much brighter narrow
component. The full broad-line profile requires two compo-
nents for an optimal fit, which includes a simple Gaussian
component for the core of the broad line and a Lorentzian
component for the extended wings of the profile. The extended
wings of the broad Ha profile extend beyond the [N IT]AA6549,
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Figure 2. Top: 1D extraction of the MUSE spectrum from a 1” diameter circular aperture centered on Nucleus 1 (corresponding to the positions of the northern white
circle in Figure 3) showing the [Fe X] A6374 and Ha region of the spectrum. The spectrum of Nucleus 1 was decomposed into broad and narrow components. A broad
line was detected at the >99.92% confidence level in Nucleus 1 with an FWHM of 446 + 17 km s~ '. Center: 1D MUSE spectrum from a 1” circular aperture centered

on Nucleus 2 (southern white circle in Figure 3). Bottom: 1D SDSS spectrum from the 3” fiber. No significant broad lines could be fit from with MUSE Nucleus 2 or
SDSS spectrum.

6585 doublet emission on either side of Ha, as shown in 4. Results and Discussion
Figure 2. The full composite line profile, composed of the
individual two broad components, is summed, and BADASS
computes the line parameters (flux, width, velocity, etc). The

4.1. Coronal Line Detection and Morphology of the
lonized Gas

total flux of the narrow component of He is then determined The [Fe X] A6374, together with the [O 11I] A5007, He, and
from the residuals of the fit to the broad line from the masked continuum at A5100 integrated flux maps are shown in
pixels. Figure 3. The galaxy shows four major star-forming regions
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Figure 3. Top Left: [Fe X] A6374 emission line flux map from VLT /MUSE. Top Right: [O 111] A5007 flux map. Bottom Left: Ho flux map. Bottom Right: continuum
at A5100 flux map. The white circles in each image correspond to the positions of the peak continuum for the two brightest central clumps, which we refer to as
Nucleus 1 (northern source), which is coincident with the SDSS fiber location, and Nucleus 2 (southern source). Scale bars in kpc are given at the top left of each plot.
The color scales for [O III], Hey, and the continuum are logarithmic, while the color scale for [Fe X] is linear. Additionally, the fluxes have been convolved witha 5 x 5
median filter, and [Fe X], [O 1], and Ho have been masked so that only spaxels with an S/N > 3 are shown.

with diffuse emission and a shell-like structure seen connecting
the two brightest continuum sources, which we have referred to
as Nucleus 1 and Nucleus 2 (denoted by white circles in
Figure 3). While the [O 1I1] A5007 and Ha flux maps reveal
similar morphologies, with emission from all star-forming
clumps and diffuse structures seen between the continuum
sources, the [Fe X] A6374 emission is compact and centered on
the brightest source, Nucleus 1. The [Fe X] source is resolved,
and the spatial extent of the emission detected above the 3o
level is ~100 pc, comparable to the spatial extent of the
highest-ionization-potential coronal line emission recently
identified in nearby AGNs (e.g., Miiller-Sanchez et al. 2011;
Rodriguez-Ardila & Fonseca-Faria 2020; Fonseca-Faria et al.
2021). The total flux of the [Fe X] A6374 emission detected
from the MUSE data is 2.8240.48 x 10 '® ergecm *s ',
which, using our adopted luminosity distance corresponds to a
luminosity of ~10*” erg s™', within the range of [Fe X] \6374
luminosities observed in the dwarf AGN sample from Molina
et al. (2021). The ionization potential for [Fe X] is 235¢eV,
indicating extremely high-energy photons from this source
consistent with the presence of an AGN. Note that while
coronal lines have been detected in planetary nebulae and
Wolf—Rayet stars (e.g., Schaerer & Stasiiska 1999), their
luminosities are several orders of magnitude lower, and no
[Fe X] A6374 emission has been reported in Wolf—Rayet
galaxies thus far (e.g., Karthick et al. 2014). We therefore rule

these stellar sources out as the origin of the coronal line
emission.

Supernovae (SN) have been reported to produce
[Fe X] A6374 emission, but it is rare: the luminosities are
typically orders of magnitude lower (<10* ergs™') than those
found in J0944—0038, and the emission fades considerably
within the first few years (e.g., Benjamin & Dinerstein 1990;
Komossa et al. 2009; Smith et al. 2009, 2022; Vogt et al.
2017). The [FeX] A6374 detection reported in this work is
inconsistent with this scenario as the detection is seen both in
the SDSS spectrum, which was obtained on 2000 March 27,
and the MUSE data, which was obtained almost 19 yr later,
with comparable flux in matched apertures given the photo-
metric uncertainties. While the persistence of the coronal line
emission over the roughly two decades between the SDSS and
MUSE observations strongly disfavors SN activity as the origin
of the emission, J0944—0038 was selected from an original
search of ~1 million galaxies for [Fe X] emission, so we cannot
rule out that an extremely rare, luminous, coronal-line-emitting
SN such as 2005ip (e.g., Smith et al. 2009) happened to occur
both in the 2000 SDSS spectrum epoch and in the 2019 MUSE
spectrum epoch. To rule this possibility out, we extracted the
MUSE spectrum from a 3” aperture centered on the [Fe X]
source and compared it to the SDSS spectrum. Integrating over
the SDSS r passband, we found that the SDSS and MUSE
spectral fluxes differ from their mean value by 26%, which is
reasonably consistent with the expected error in the absolute



THE ASTROPHYSICAL JOURNAL LETTERS, 946:L38 (11pp), 2023 April 1

Reefe et al.

Table 1
Emission Line Fluxes

Line Wavelength Nucleus 1 Flux* Nucleus 2 Flux®
(A) (log(F/erg cm=2s~1) (log(F /erg cm~2s71))
Hp 4861 —13.547 £ 0.008 —14.121 £ 0.004
[O 1] 5007 —12.749 + 0.003 —13.435 + 0.001
[Fe X] 6374 —16.41 £ 0.04 —17.07 £0.15
Ha (narrow) 6563 —12.887 + 0.003 —13.486 + 0.001
Ha (broad) 6563 —14.534 + 0.025
[N 11] 6585 —14.792 4+ 0.006 —15.323 4+ 0.008
Note.

 Fluxes obtained from BADASS fits from a 1” circular aperture centered around Nuclei 1 and 2 (the positions are displayed by white circles in Figure 3).

flux calibration. The corresponding r-band AB magnitudes are
17.0 for SDSS and 17.5 for MUSE. These values correspond to
absolute magnitudes of ~—14 at the 21 Mpc distance of J0944
—0038, far dimmer than the expected luminosities of any SN
type (e.g., Figure 1 in Gal-Yam 2012). While this finding alone
argues strongly against an SN origin of the [Fe X] emission, we
compared these magnitudes to those obtained from Pan-
STARRS1 (PS1; Chambers et al. 2016) data during a 4.1 yr
period between the SDSS and MUSE observations. At a mean
epoch of 2012.8, the PSF r mag of J0944—0038 from PSI1 is
17.3, comparable to the MUSE and SDSS magnitudes, given
typical calibration errors and errors induced by differences
between the aperture and PSF magnitudes. Note that the optical
continuum flux from supernovae in the r-band fades drama-
tically in the first few hundred days, typically by several
magnitudes (e.g., see Figure 1 in Smith et al. 2009). The
consistency in magnitudes between the SDSS, PS1, and MUSE
data therefore rules out SN activity as the origin of the [Fe X]
source. We note that a lack of detectable continuum variability
in Nucleus 1 does not preclude the presence of an accreting
IMBH. Secrest & Satyapal (2020) demonstrated that the
relatively sparse temporal sampling of general survey data
such as from the SDSS and WISE systematically misses AGN
activity in dwarf galaxies. In contrast to the dramatic and rapid
variability seen in SNe, the fractional AGN variability on ~1 yr
timescales is typically about ~10%, which is below the
sensitivity of the analysis performed here.

We searched for all optical coronal line detections but did
not find additional detections within the MUSE passband,
including the [Fe VII] A6087 line, which is commonly detected
in samples of larger-mass galaxies (Gelbord et al. 2009). This is
however not unusual for the CLASS survey presented by Reefe
et al. (2022). While both lines are often detected in higher-mass
galaxies, in lower-mass galaxies the higher-ionization-potential
lines are more prominent. Of the 72 galaxies with stellar masses
M, >3 x 10° Mg, that show an [Fe X] A6374 detection, ~68%
also show an [Fe VII] A6087 detection. In contrast, only ~17%
of galaxies with stellar masses M, < 3 x 10° M, that show an
[Fe X] A6374 detection, also show an [Fe VII] A\6087 detection.
Of the 29 galaxies in the CLASS survey with
M, <1x10° Mg that display an [FeX] A6374 line, not a
single one shows the lower-ionization [Fe VII] A6087 line
(using the catalog obtained from Reefe et al. 2023). These
findings are consistent with a hardening of the radiation field
with decreasing stellar mass, a result that would be expected
with accretion onto lower-mass black holes in the least massive
dwarf galaxies. Such an effect is predicted by photoionization

models with an accreting IMBH as shown by Cann et al.
(2018).

In Table 1, we list the fluxes obtained from the BADASS fits
to the spectra from Nuclei 1 and 2, respectively. The flux ratio
of [Fe X] relative to the strong lines detected in the spectrum is
somewhat lower than the mean values found in the CLASS
sample (Reefe et al. 2023, in press), although there is a large
dynamic range in the flux ratios across the CLASS sample, as
well as in samples of well-known AGNs (e.g., Erkens et al.
1997) or within the extended regions around single AGNs with
IFU observations (e.g., Fonseca-Faria et al. 2021). The lack of
detections of other coronal lines in this source is not unusual;
indeed, of the subset of BPT AGNs with coronal lines in the
CLASS sample, ~49% show the detection of only one line.

4.2. Broad-line Detection

The FWHM of the broad Ha line from the 1” diameter
circular aperture centered on Nucleus 1 is 446 + 17 kms™".
The total luminosity of the broad component is ~ 1.5 x 10°®
ergs™', comparable to that found in the well-known type 1
dwarf AGN NGC 4395 (Brum et al. 2019), and considerably
lower than the broad-line luminosities of previously identified
low-mass broad-line AGNs in the dwarf-galaxy population
(e.g., Greene & Ho 2007; Reines et al. 2013; Salehirad et al.
2022), as might be expected for a galaxy with a stellar mass at
least 1-3 orders of magnitude lower than that of any previous
dwarf galaxy with an identified broad-line AGN (e.g.,
Baldassare et al. 2016; Salehirad et al. 2022). Note that the
broad line disappears when the extraction aperture size is
increased to match the SDSS aperture size, indicating that its
origin is from an extremely compact region centered on the
nucleus. There was no evidence for a broad component or
asymmetries in the profile of the [OIII] A5S007 line from this
aperture, strongly suggesting that the broad Ha line is
consistent with virialized gas motion in a broad-line region
instead of outflowing gas. Note that, while weak broad Ha can
be associated with SN activity and has been observed to fade
over time (e.g., Baldassare et al. 2016), the combination of the
persistent [Fe X] emission and lack of optical variability over
almost two decades and the detection of a broad line in a
compact aperture centered on Nucleus 1 is strong evidence for
an AGN in this source.

For the interests of curiosity, we approximated the black hole
mass from the broad Ho FWHM and luminosity using the
virial mass relation from Stern & Laor (2012), which is based
on the calibrations from Greene & Ho (2005) and Kaspi et al.
(2005). Based on an FWHM of 446+ 17kms ' and a
luminosity of 1.5 x 1038 erg s_l, we estimate the black hole
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Figure 4. Mgy—M,,ug. relation for classical bulges and elliptical morphological types from Kormendy & Ho (2013) extrapolated to the estimated stellar mass of
6.76 x 10° M, and virial BH mass estimate of Mgy ~ 3150 M.,. The shaded region represents the 95% confidence interval for the fit to the Mgu—Mpyge relation,

which has an intrinsic scatter of 0.29 dex.

to have a mass of ~3150 M., though with some major caveats.
First, the calibration for the Ho virial black hole mass from
reverberation-mapped AGNs is performed for Ha widths of
10°-10*kms™" and luminosities between 10*° and
10% erg s7! and thus our estimated mass is a linear
extrapolation of the relation over nearly 3 orders of magnitude
in black hole mass. In addition to these extrapolations, the virial
estimators are modeled assuming a strictly Gaussian width,
whereas the best-fit model of our broad line is the sum of
multiple Gaussian and non-Gaussian components, and given
the strong dependence of the width on virial mass, this could
have a significant effect on our approximation. Despite these
important caveats, we plot our estimated black hole mass
against the stellar mass for our object on the Mpy—Mpyge
diagram for known AGNs shown in Figure 4 and find that it
interestingly is consistent with the extrapolation of the scaling
relations derived for more massive black holes.

In summary, the =10 o detection of the [Fe X] \6374 line,
which requires photons with energies >235 eV; its persistence
over 19 yr,; the lack of optical variability in the SDSS, PSI,
and MUSE data; its compact morphology centered on the peak
continuum; and the broad Ha line identified in a compact
aperture centered around Nucleus 1, all provide convincing
evidence for the existence of an AGN in this low-metallicity
dwarf-galaxy merger.

4.3. Other Evidence for an AGN

There are several other lines of evidence that suggest the
presence of a hard radiation field in J0944—0038 that can
potentially be explained by the presence of an AGN . Based on
the All-Sky WISE (AIIWISE) catalog'® (Wright et al. 2019),
the W1-W2 color, which includes both Nuclei 1 and 2, is
1.346 £ 0.040 and has stayed consistently at this value over the
nearly 12 yr baseline of the WISE and Near-Earth Object

12 https: //wise2.ipac.caltech.edu/docs /release /allwise/

(NEOWISE) multiepoch catalogs. This W1-W2 color is well
above the color cut (>0.8) that is widely used to identify AGNs
from Stern et al. (2012). In Figure 5, we show the WISE colors
of J0944—0038 along with several three-band color cuts
employed in the literature to identify AGNs (Jarrett et al. 2011;
Blecha et al. 2018; Satyapal et al. 2018). The mid-infrared
colors do not meet the most stringent three-band color cuts
used to identify powerful AGNs, but the very red colors of this
source strongly suggests the presence of hot dust either heated
by an extreme stellar population in a low-metallicity galaxy or
potentially heated by an AGN.

While the optical narrow line ratios from SDSS and the
apertures centered on Nuclei 1 and 2 are consistent with star
formation (see Figure 5), low-metallicity galaxies with AGNs
and AGNs powered by IMBHs are expected to show narrow
line ratios that reside in the star-forming region of standard
BPT diagnostics (Groves et al. 2006; Cann et al. 2019).
Nucleus 1 displays prominent nebular emission in the resonant
C 1V A1548,1550 doublet (Senchyna et al. 2022), exceedingly
rare in nearby low-redshift star-forming galaxies but found in
high-redshift Lya emitters (Stark et al. 2015; Mainali et al.
2017; Schmidt et al. 2017). Nucleus1 also displays a
prominent He I1 A4686 line, as well as the A\1640 Hell lines
in the UV (Senchyna et al. 2022), indicating the presence of
highly ionized gas. While He Il emission, which requires the
presence of ionizing photons with energies > 54 eV, can be
associated with Wolf-Rayet stars, the profiles produced by
Wolf-Rayet stars are broad, in contrast to the line profile
observed in this source. Based on the lack of stellar wind
signatures located near 4650 A and 5808 A, the galaxy is
classified as a non-Wolf-Rayet galaxy by SDSS, strongly
suggesting that the observed He Il emission is not associated
with Wolf-Rayet stars. Because both lines are recombination
lines with the same dependence on the density and temperature,
this line flux ratio is a strong indicator of the shape of the
radiation field. The observed ratio in Nucleus 1 is too high to be
explained by photoionization models with even the most
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Figure 5. Left: A BPT ratio plot of the CLASS sample with the values obtained from the 1” aperture centered on Nuclei 1 and 2 being displayed by the red diamonds.
The color of each point corresponds to the stellar mass of the galaxy obtained from the Max Planck Institute for Astrophysics/Johns Hopkins University (MPA /JHU)
catalog. The star-forming, “composite,” and AGN regions are marked with text and separated by the curves defined in Kauffmann et al. (2003) and Kewley et al.
(2001). The gray shading displays the BPT values for the entire MPA /JHU catalog Right: A WISE color—color plot of the class sample with the value for J0944
—0038 being displayed by the red diamond. The coloring of the points and contours is defined the same way as in the BPT plot. The AGN demarcation box from
Jarrett et al. (2011) is shown by the black line, the demarcation box from Satyapal et al. (2018) is shown by the red line, and the demarcation box from Blecha et al.

(2018) is shown in green.

extremely metal-poor stars, and AGNs have previously been
invoked as an explanation in similar sources (Berg et al. 2018;
Plat et al. 2019). Based on the models of Allen et al. (2008),
these authors point out that radiative shocks cannot reproduce
the observed line ratios. In addition to the [Fe X] emission,
J0944—-0038 was one of five metal-poor dwarf galaxies studied
by Thuan & Izotov (2005) to show [Fe V] 4227 emission.
These authors argue that stellar population models cannot
produce the required hard radiation field necessary to produce
the emission. Based on the intensities of the near-infrared
[Fe 1] lines, which are enhanced in shock excited gas, Izotov &
Thuan (2016) argue that shocks are not necessary to explain the
near-infrared spectrum of this source.

Radio and X-ray emission can also be a valuable tool in
detecting AGNs. J0944—-0038 is one of the 0.03% of dwarf
galaxies in the sample by Reines et al. (2013) that show
detectable radio emission. It is detected in the VLA Faint
images of the Radio Sky at Twenty Centimeters (FIRST)
survey (Becker et al. 1995). Follow-up 10 GHz VLA A-
configuration observations revealed an extended radio source
centered on Nucleus 1 (Reines et al. 2020), as can be seen in
Figure 6. After estimating the contribution to the radio
emission from HII regions, SNe, and supernova remnants
using the global star formation rate estimated from the Galaxy
Evolution Explorer and WISE, Reines et al. (2020) concluded
that the radio emission does not require the presence of an
AGN. However, we note that there is considerable uncertainty
in the relations between the star formation and the radio
luminosity, and the radio morphology shown in Figure 1 may
be consistent with star formation and a compact jet (Nyland
et al. 2017).

There is also a 15 ks Chandra observation of J0944—0038
(ObsID 19463; PI: Mezcua). These data were analyzed by
Senchyna et al. (2020) who report the detection of two
prominent X-ray sources at the locations of Nucleil and 2,

Figure 6. VLA X-band contours of the radio emission coincident with the
[Fe X] source, overlaid on a 2”x2" cutout ofthe HST image from Figure 1. The
contours start at the 30 level (23.5 pJy beam ') and increase by integer
multiples of the v/2. The VLA image has an angular resolution of 0.2.

within positional uncertainties. Senchyna et al. (2020)
calculated the 0.5-8 keV flux assuming an absorbed power-
law model, with the column density set to the Galactic value
toward the source, adopting a power-law index of I'=1.7.
Using our adopted luminosity distance of 21 Mpc, the
computed luminosity is Lys gkev =4.9 2.1 X 10°8 erg s L,
which is within the scatter of the predicted contribution from
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high-mass X-ray binaries (HMXBs) given the star formation
rate, using the recent relation for low-metallicity galaxies from
Lehmer et al. (2022). Interestingly, Nucleus 2 is approximately
an order of magnitude more luminous in the X-rays. While
there is no conclusive evidence for an AGN based on the radio
and X-ray data alone, we point out that radio and X-ray
observations are limited in the dwarf-galaxy population.
Indeed, only 0.3% of the sample of dwarf galaxies analyzed
by Reines et al. (2020) were detected by FIRST. Of these, only
13 of 111 were selected as the most likely AGN candidates
based on the follow-up VLA X-band A-configuration data, and
a follow-up deep Very Long Baseline Array (VLBA) campaign
(Sargent et al. 2022) demonstrated that four are likely
background AGNs, with five remaining as possible AGNs
despite nondetection with the VLBA. It is also challenging to
use X-ray observations to identify AGNs in low-mass galaxies
as the X-ray contribution from HMXBs is significantly
enhanced (Senchyna et al. 2022), and recently confirmed
AGNSs in low-metallicity dwarfs and low-mass AGNs are found
to be X-ray (and radio) weak (Dong et al. 2012; Simmonds
et al. 2016; Cann et al. 2020; Burke et al. 2021). While
inconclusive in confirming the existence of an AGN, the X-ray
observations do place constraints on the HMXB and ULX
population. Senchyna et al. (2022) demonstrated, using a grid
of photoionization models, that photoionization by extremely
metal-poor stars coupled with multicolor disk models of
HMXBs or ULXs cannot reproduce the observed He II/H( in
this source. An additional source of ionizing photons consistent
with an accreting, more massive black hole is required to
explain the nebular emission in this source.

4.4. Other Scenarios

The presence and persistence of prominent [Fe X] emission
in a low-metallicity galaxy almost 500 times less massive than
the LMC is surprising and difficult to explain without invoking
the hard radiation field produced by an accreting IMBH or
some other exotic physics. While other processes related to star
formation activity have been invoked to explain nebular
emission seen in the few dwarf galaxies that display
[Ne V] A3426 emission (e.g., Thuan & Izotov 2005; Izotov
et al. 2012, 2021), the ionization potential of [Fe X] is 235 eV,
considerably higher than the 97 eV needed to produce [Ne V].
If not explained by an AGN, the discovery reported here poses
significant challenges to our understanding of the physics of
extremely metal-poor stars in low-metallicity gas.

The influence of massive stars on the nebular emission in
J0944—0038 1is clearly indicated by observations. P-Cygni
profiles are seen in the C IV line profiles (Senchyna et al. 2022),
indicating the presence of outflowing gas in the atmospheres of
massive stars. The possibility remains open that the physics of
metal-poor stars in a low-metallicity gas is not fully under-
stood, and that current models underpredict the emergent
ionizing photon flux. Unfortunately, stellar models in this
metallicity regime have yet to be tested observationally, as
samples of subsolar individual stars only exist in the LMC and
SMC, which have much higher metallicities than J0944—0038
(20% and 50% solar metallicity, respectively; Dufour 1984).
Recent work on the only HII region observed that is powered
by a single O star in an extremely metal-poor gas (3% solar
metallicity) revealed no He Il M4686 emission and a nebular
emission line spectrum that is consistent with current metal-
poor stellar models, based on photoionization models (Telford
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et al. 2023), suggesting that the observed emission line
spectrum from J0944—0038 is inconsistent with a population
of single metal-poor hot stars. There have been recent studies
suggesting that binary evolution, fast rotation, or other
processes could lead to even hotter stars that could enhance
the ionizing radiation field in low-metallicity galaxies. For
example, Gotberg et al. (2019) have shown that stars stripped
of their envelopes from interaction with a binary companion,
thought to be a common phenomenon yet neglected in stellar
population models, produce a very hard radiation field that
persists over longer evolutionary stages. Inclusion of binary
stars and stellar rotation in the stellar synthesis models could
significantly change the predicted ionizing radiation field and
possibly account for the high-ionization coronal line detected in
low-metallicity galaxies. Thus far, there has been no quanti-
tative stellar population model that can account for nebular
[Fe X], leaving open the possibility that the required hard
radiation field is generated by as of yet poorly understood
physics of low-metallicity stars in low-metallicity galaxies, a
result that is extremely important for our understanding of the
first generation of stars in the early universe and their role in
reionization.

4.5. Metal-poor Dwarfs as Laboratories for the Early Universe

One of the longstanding goals of extragalactic astronomy is
to understand the origins of the first stars, galaxies, and
supermassive black holes that reside in galaxy centers. The star
formation rate, stellar mass growth, and accretion onto the first
black holes in the early universe are also of critical importance
in order to understand the first sources of ionizing photons and
their contribution to cosmic reionization. While unprecedented
sensitivity is now enabled by JWST in the high-redshift
universe, the high sensitivity of the weak coronal line spectrum
will only be possible in the local universe. Because of their low
metallicity, low mass, compact morphology, and high star
formation rate, metal-poor galaxies like J0944—0038 are the
best local analogs of primordial galaxies and ideal laboratories
in which to study in detail the ionizing radiation field
characteristic of galaxies in the early universe. Because of
their high ionization potential, observations of the coronal lines
can independently constrain the AGN contribution to the
ionizing radiation field in contrast to the stronger lines from
less ionized gas. Coronal lines therefore can help provide
constraints on the relative role of AGNs and star formation in
reionization. In addition to being ideal laboratories in which to
gain insight into the SMBH seed population, metal-poor dwarfs
are ideal laboratories in which to gain insight into the physics
of massive low-metallicity stars, the primordial helium
abundance, and the study of galactic chemical evolution over
cosmic history.

5. Summary and Implications

In this work, using observations from MUSE/VLT, we
report the detection of a [Fe X] A6374 line and a broad Ha line
seen only in a compact aperture centered on the brightest
nuclear source in J0944—0038, a metal-poor galaxy almost 500
times less massive than the LMC. This work highlights the
potential of integral-field observations of coronal line emission
in identifying AGNs and constraining their location, and their
power in finding faint broad lines missed in SDSS spectra. The
persistence of the coronal line and lack of continuum variability
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over a 19 yr period between the MUSE observations and
observations from SDSS, together with the compact morph-
ology, broad line width, and previously reported multi-
wavelength observations, strongly suggest that J0944—0038
harbors an accreting IMBH with a stellar metallicity and mass
below those typically reported in the dwarf-galaxy population.
If not explained by an AGN, these observations would imply
the presence of an extreme stellar population and that current
stellar population models in the low-metallicity regime
significantly underpredict the ionizing photon flux, a result
that will be extremely important in the interpretation of JWST
spectra of high-redshift galaxies. As local metal-poor galaxies
like J0944—0038 can be considered analogs of primordial
galaxies, a true understanding of the ionizing radiation field in
galaxies such as J0944—0038 is vital in our quest for
understanding the sources of cosmic reionization.
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