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Black-hole-driven outflows have been observed in some dwarf galaxies with active
galactic nuclei', and probably play a role in heating and expelling gas (thereby
suppressing star formation), as they do in larger galaxies®. The extent to which
black-hole outflows can trigger star formation in dwarf galaxiesis unclear, because
work in this area has previously focused on massive galaxies and the observational
evidenceisscarce®>. Henize 2-10 is a dwarf starburst galaxy previously reported to
have a central massive black hole®™?, although that interpretation has been disputed
because some aspects of the observational evidence are also consistent with a
supernova remnant'®", At a distance of approximately 9 Mpc, it presents an
opportunity toresolve the central region and to determine if there is evidence for a
black-hole outflow influencing star formation. Here we report optical observations

of Henize 2-10 with alinear resolution of a few parsecs. We find an approximately
150-pc-longionized filament connecting the region of the black hole with a site of
recent star formation. Spectroscopy reveals a sinusoid-like position-velocity
structure that is well described by a simple precessing bipolar outflow. We conclude
that this black-hole outflow triggered the star formation.

Radio observations of Henize 2-10 using very long baseline interferom-
etryreveal anuclear,compact, non-thermal source with aluminosity of
Ly~ 4 x10%erg s'and a physical size <3 pc x 1 pc (ref.”). High-resolution
X-ray observations unveil a point source with L, ~10*® erg s that is spa-
tially coincident with the compact nuclear radio source®. There are two
possible explanations for these radio and X-ray observations alone—a
highly sub-Eddington massive black hole (that is, a low-luminosity
active galactic nucleus (AGN)) or a very young supernova remnant”°,
However, there are other observational results to consider regarding
the origin of the nuclear radio/X-ray source in Henize 2-10. We sum-
marize these results in Extended Data Table 1 and demonstrate that
a highly sub-Eddington massive black hole is consistent with all the
available observations including the results presented here, whereas
asupernovaremnant is not.

We observed Henize 2-10 at optical wavelengths using the Space
TelescopeImaging Spectrograph (STIS) on the Hubble Space Telescope
(HST). We obtained observations of the central regions of Henize 2-10
with the 0.2"-slitin two orientations. The first, referred to as the east—
west (EW) orientation, is centred on the nuclear radio/X-ray source and
aligned with the filamentary ionized structure between the two bright,
extended regions of ionized gas previously identified in narrowband
Ha imaging with HST® (Fig. 1). The second, referred to as the North-
South (NS) orientation, is centred on the nuclear source and rotated
90° withrespecttothe EW observation. We obtained high-dispersion
observations (velocity resolution of approximately 40 km s™) at both
slit positions using the G750M and G430M gratings, which cover the
strong emission lines of interest (for example, Ha, [N 11], [S11], [O 1]
and HB, [O 111], respectively).

The kinematics of the ionized gas provide evidence for an outflow
originating fromanuclear massive black hole. First, we detect substan-
tially broadened emission lines at the location of the central source
in both slit orientations. In particular, the [O 116300 emission line
has abroad component with a full-width at half-maximum (FWHM)
of 497 km s™ as measured in the EW slit (and 445 km s in the NS slit)
using a 3-pixel extraction region in the spatial dimension. Although
the [O 1] line is too weak to be detected all along the EW filament
(or NSslit), it is detected at the location of the bright star-forming
region of approximately 70 pc to the east witha FWHM =103 km s,
whichis much less thanthat of the central source (for example, see top
left panel of Fig. 2). The [0 11115007 line is much stronger than [0 116300
and detectable all along the EW filament. The FWHM of the broad com-
ponentof [O 111] at the location of the nuclear source is 271 km s, which
is somewhat broader than the median value per spatial pixel along
the EW slit (175 km s with a s.d. of 53 km s™). We do not observe such
broad emissionbeyond the location of the central source in the NS slit
(Fig. 2, top right). We emphasize that the line widths at the location
of the nuclear source are consistent with a low-velocity outflow from
amassive black hole, but would be anomalously low for a very young
supernovaremnant with typical FWHMs of thousands of km s (refs. *'*).

Inadditionto broadened emission lines at thelocation of the central
source, we also find Doppler-shifted velocities along the EW slit that
exhibitacoherentsinusoid-like pattern thatisrelatively smooth, espe-
ciallyin comparison to the position-velocity diagram along the NSslit
orientation that shows no evidence of acoherent patterninthe Doppler
velocities of strong emission lines (Fig. 2 and Methods). Moreover, a
simple model of a precessing bipolar outflow broadly reproduces the
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Fig.1|HST opticalimage of the dwarfstarburst galaxy Henize 2-10. The
inset shows a narrowband Ha+continuumimage of the central 6" x 4" region.
At the distance of Henize 2-10 (approximately 9 Mpc), 1" corresponds to
approximately 44 pc. White contoursindicate compact radio emission
detected with verylong baselineinterferometry and mark the location of the

observed sinusoid-like velocity pattern along the EW slit that is aligned
with the ionized filament seen in narrowband Ha imaging with HST
(see Methods for adescription of the model). Precessing jets have been
observedinmany AGNs, although they are typically found in more lumi-
nous quasars and radio galaxies''. Theories for the origin of precessing
jetsand/or outflowsinclude accretion disk warping, jetinstabilities and
the presence of massive black-hole binaries®, However, the coher-
ent velocity pattern we observe over approximately 150 pc along the
ionized filament centred on the central source is incompatible with a
supernova-remnant origin because supernova remnants donot drive
quasi-linear outflows on such large scales.

There s also evidence that the black-hole outflow is triggering the
formation of star clustersin the central region of Henize 2-10. HST imag-
ing shows that theionized filament extends eastwards from the massive
black hole to a bright knot of ionized gas that is the site of recent star
formationlocated 1.5" (approximately 70 pc) away from the black hole
(Fig.3).Giventhat our HST spectroscopy along this filament exhibits a
continuous velocity pattern, which can be tracked from the black hole
totheeasternstar-forming region and is well described by a precessing
bipolar outflow model, this strongly suggests that the outflow driven
by the black hole is causally connected to the region of recent star for-
mation. Thereis also asecondary, blue-shifted peak (offset by 154 km s™)
detectedinthe emission lines at the location of the bright star-forming
knot, suggesting that the outflowis pushing the line-emitting gas clouds
andinfluencing their kinematics (Fig. 3). The double-peaked lines would
naturally arise as the outflow intercepted dense gas and primarily
pusheditinthelateral directionrather thanahead of the flow. The hand-
ful of young star clusters associated with the star-forming knot have
ages of approximately 4 Myr (Methods) and are predominately aligned
in the north-south direction, which is consistent with a scenario in
which they formed from gas moving in opposite directions owing to
the effect of the black-hole outflow”. There is also a local peak in the
gas density at the location of the star-forming knot with n, 2 10* cm™
(Extended Data Fig. 3), consistent with the outflow compressing gas
clouds and enhancing star formationin this region. Itis notable that we
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central massiveblack hole’, whichis also detected in X-rays®. Our HST
spectroscopy demonstrates that the black hole is driving an outflow that is
triggering the formation of young, massive star clusters. The mainimage is 25"
(approximately1.1kpc) across. Credit: NASA/STScl.

also detect double-peaked emission-line profiles to the west of the mas-
sive black hole at the boundary of a dark cloud of gas and dust (region 5,
see Extended DataFig.4), suggesting that the other side of the bipolar
outflowis alsointercepting dense clouds and pushing themin a direc-
tion perpendicular to the outflow direction. Just to the west of this region
(region 6, Extended Data Fig. 4), the equivalent width of the Hx emission
line indicates stellar ages <3 Myr, indicating a very early stage of star
formation in which the infant star clusters have not had enough time
todestroy or disperse the dense molecular gas fromwhich they formed,
leading to high levels of extinction®.

Theionization conditions of the gas provide additional support for
amassive black hole with an outflow. First, our HST spectroscopy at
approximately 0.1" resolution clearly reveals non-stellar ionization at
the location of the central source based on the flux ratio of [O 1]/Ha,
which is consistent with gas photoionized by an accreting massive
black hole (Extended Data Fig. 5). Additionally, supernova remnants are
knowntobestrong [S 11] emitters withlog [S 11]/Ha > —0.5 (ref. %), which is
notseeninthe STIS spectrum of the nuclear source. Theionization con-
ditions probed by optical diagnostics using [O 111]/Hf3 versus [N 11]/Ha
and [S 11]/Ha do not clearly indicate a (luminous) AGN, which at first
glance may seemingly rule out the presence of a massive black hole.
However, there are a number of potential reasons for this apparent
discrepancy. First, [N 11] and [S 11] are not as sensitive to the hardness
of the ionizing radiation field as [O 1] and are therefore less reliable
atidentifying AGNs. Second, the massive black hole in Henize 2-10 is
accretingatatiny fraction of its Eddington luminosity (approximately
107° Li44)®, which can affect the emission lines so that they do not look
like those of luminous AGNs with higher Eddington ratios®. The appar-
ent contradiction of emission-line diagnostics canalso arise when there
isunderlying star formation contributing to the spectrum. Finally, we
notethat there are other examples of radio-selected massive black holes
indwarfgalaxies withenhanced[O 1] that do notlook like optical AGNs
in the other diagnostic diagrams>?,

We also find that the ionization conditions probed by strong
emission-line ratios at the location of the central source and along the
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Fig.2|Optical spectraandionized gaskinematics for the central region of
Henize 2-10. The top panels show 2D continuum-subtracted HST STIS spectra
of key emission-line regions along the EW and NSslit orientations. The middle
panelsshow position-velocity diagrams along each slit position where Doppler
shifts arerelative to the systemic velocity of the galaxy (873 km s™)!2. The

filament are well described by theoretical models of shocks propagat-
ing in a high-density medium?® (Methods). Specifically, emission-line
ratios in the central region of approximately 150 pc along the EW slit
orientation are consistent with models of a shock with a velocity of
approximately 200 km s travelling through a gas with an electron
density of approximately 1,000 cm™, and include a ‘precursor’ model
component of ionizing photons that travel upstream from the shock
front pre-ionizing the gas. The model shock velocities that match the
strong emission-lineratios agree with those obtained from direct meas-
urements of the line widths from our kinematic study described above
(for example, [0 111]), and the model gas densities are consistent with
our measurements using the density sensitive line ratio [S 11]6716/6731
(Methods). Moreover, these conditions are well explained by an
AGN-driven outflow mechanically exciting the interstellar mediumin
theseregions, inaddition to the precursor component contributing to
the photoionization of the interstellar medium. There is also evidence
forshocked emission at the location of the eastern star-forming region,
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velocity patternin the EWslitismuch more coherent thanthatin the NSslit.
Thebottom panels show extracted one-dimensional spectra (expressedin
units of flux density, F,) at the location of the nuclear massive black hole.
Theregion surrounding the nucleus (0 pcin bothslit positions) shows strong
broadened emissionlines, including [0 116300 and [O 111]5007.

particularly from the secondary blue-shifted peak, in addition to pho-
toionization fromyoung hot stars (Methods). Combining these results
with our kinematic study indicates that the bipolar outflow generated
by the central black hole is shocking the interstellar medium in the
central regions of Henize 2-10, creating conditions that are favourable
for positive AGN feedback®?.

AGN-driven outflows have been discovered inasmall sample of dwarf
galaxies, although the discovery of ablack-hole outflow in Henize 2-10,
toour knowledge, provides the first example that is robustly spatially
resolved. Moreover, Henize 2-10 differs from these other systems in
several other ways. The majority of black-hole-driven outflows in dwarf
galaxies have been found in galaxies with well-defined nuclei and opti-
cally selected AGNs with relatively high accretion rates. These observa-
tions suggest that the AGNs play arole in heating and expelling gas in
the galaxies and quenching star formation, which is a phenomenon
known as negative feedback?®. This is in stark contrast with Henize
2-10, which has anirregular central morphology, is intensely forming
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Fig.3|Visualization of the bipolar outflow model and star-forming
regions. Top left, position-velocity diagram of the [0 111]5007 emission line
alongthe EW slit where the Doppler shifts arerelative to the systemic velocity
of the galaxy (873 km s™)'2. The dataare well described by a simple precessing
outflow model with a precession frequency of - 5 revolutions Myr*and a
precession angle of 8- 4° (Methods). Bottom left, HST narrowband
Hoa+continuumimage showing that the EW slit positionis aligned with the
ionized filamentary structure connecting the massive black hole and the site of

stars and is experiencing positive feedback from a weakly accreting
black hole thatis luminous at radio, rather than optical, wavelengths.

Indeed, ‘jet-mode’ feedback is often associated with radio-loud AGNs
accreting at low Eddington ratios, and is attributed to the unbound
nature of radiatively inefficient accretion flows??%*°, Warmionized gas
outflows are observed to accompany the radio jets and/or outflowsin
some cases, particularly in young radio galaxies in which nascent jets
are expanding through the interstellar mediumin the central regions
of their hosts®. In these systems, the spatial extents of the warm out-
flows (traced by emission lines) are similar to the radio morphologies.
Asimilar phenomenonis observedin Henize 2-10, whichis most readily
found ina comparison between the radio emission detected with the
Very Large Array and Paccemission detected by HST in the central few
hundred pc of the galaxy®. However, an important difference between
Henize 2-10 and powerful young radio galaxiesis that the emission lines
aredominated by AGN photoionizationin the more massive and lumi-
nous systems, whereas the extended emission-line regions in Henize
2-10 are dominated by star formation (enhanced and/or triggered by
the black-hole outflow). Therefore, Henize 2-10 may be a low-mass,
low-power analogue of young radio galaxies.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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recentstar formation approximately 70 pc to the east. White contoursindicate
compactradio emission fromvery longbaseline interferometry’ and show the
location of the massive black hole. Bottomright, HST 0.8 pm (around the I-band)
broadband image with the same field of view. Young star clustersin the eastern
star-forming region are highlighted with anellipse. Top right, spectraof the
easternstar-formingregion (70 pc) show strong broad emission lineswitha
secondary blue-shifted peak most clearly visible in the [S 11] emission.
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Methods

The controversy of massive black hole or supernovaremnant
Inrecent years, evidence has been mounting for a massive black hole
powering alow-luminosity AGN at the centre of Henize 2-10 (refs. ),
although a supernovaremnant has been proposed as an alternative by
some authors'®™, As discussed in the Article, the radio and X-ray point
source luminosities are consistent with both. A recent study™ argues
forasupernovaremnantbased on their findings that the X-ray spectrum
is better fit by a hot plasma model (typically used for supernova rem-
nants) than a power-law model (typically used for luminous AGNs).
However, the soft X-ray spectrum of the nuclear source in Henize 2-10
does resemble massive black holes accreting at very low Eddington
fractions® including Sagittarius A* in the Milky Way?*?. Another study
using ground-based spectroscopy favoured a supernova-remnant
origin for the central source based on a lack of any AGN ionization
signatures™. However, the ground-based observations used in that
work had an angular resolution of approximately 0.7", which is not
sufficient to cleanlyisolate the weakly accreting black hole from nearby
young (<5 Myr) massive (M, ~ IOSMO) star clusters that dominate the
line ratios at this relatively course angular resolution.

There are other observational results to consider regarding the ori-
ginof the nuclear radio and/or X-ray source in Henize 2-10. For example,
arecent study using adaptive optics integral field spectroscopy pro-
vides evidence for gas excited by an AGN and an enhanced stellar veloc-
ity dispersion at the location of the nuclear source consistent with an
approximately 10"Mo black hole, favouring the low-luminosity AGN
interpretation’. There is also evidence for moderately significant
variability on hour-long timescales in the X-ray light curve, which is
incompatible with asupernova remnant®'°. Moreover, itis reasonable
to expect that Henize 2-10 hosts a massive black hole because its over-
allstructure resembles an early-type galaxy (albeit with a central star-
burst) and its stellar mass may be as high as M, ~10'°M, (ref. »),
aregime in which the black-hole occupation fraction is near unity>*.
The central starburst complicates the identification of the weakly
accreting black hole, yet a variety of multiwavelength observational
results taken collectively strongly supportits presence. These results
aresummarized in Extended Data Table 1. A highly sub-Eddington mas-
siveblack holeis consistent with all of the observations, including the
work presented here, whereas asupernovaremnantis not. The present
study not only adds to the evidence for amassive black hole in Henize
2-10, but it also demonstrates that a bipolar outflow from the black
hole is enhancing and/or triggering star formation inits vicinity.

STIS observations and data reduction

Spatially resolved spectroscopic observations of the nuclear regions
of the dwarf starburst galaxy Henize 2-10 were obtained using the
STIS instrument on the HST. We obtained observations with two slit
orientations. The first was aligned with the quasi-linear ionized gas
structure identified by Reines et al.® and covers the central radio and/or
X-ray source and the bright knot of ionized gas to the east. We refer
to this as the east-west (EW) orientation. The second slit orientation
was placed perpendicular to the EW observationat the location of the
central radio and/or X-ray source. We refer to this as the north-south
(NS) orientation. The candidate AGN itself was too faint to acquire
directly, and therefore we used a target acquisition with an offset from
abright point source 7.9" to the southeast.

Spectra were taken with the G750M and G430M gratings providing
medium spectral resolution (R - 5,000-6,000) coverage of key opti-
cal emission lines. The central wavelengths were set at 6,581 A and
4,961 A for the G750M and G430M gratings, respectively. At each slit
orientation, two orbits were spent in G430M and one orbitin G750M.
The observations were taken with a two-point dither pattern with
CR-SPLITS (multiple exposures taken to aid in cosmic ray rejection)
ateach positionto help eliminate cosmic rays. The calibrated dithered

images were combined and had a spatial resolution of approximately
0.1", which corresponds to a physical scale of approximately 4 pc at
the distance of Henize 2-10 (approximately 9 Mpc).

Emission line fitting

Before we fitted emission lines in the spectra, we first mod-
elled and removed the continuum. The reduced spectra were
continuum-subtracted by masking emission-line regions and fitting
alow-order polynomial to the continuum in each row in the spatial
dimension. Alow-order polynomial was used given the lack of absorp-
tion features in the spectra. We did, however, consider the potential
effect of stellar absorption lines on our measurements and found
that the absorption line strengths were negligible compared with the
emission-line strengths. Scaling a Starburst99 (ref. *) model for a4 Myr
stellar population (see the 'Star cluster ages' section below) to our
observed spectra, we found that the flux of Ha absorption is smaller
by afactor of 61thanthe Hax emission and the flux of the HB absorption
is smaller by a factor of 7 than the H3 emission at the location of the
central source. Accounting for this absorption has a negligible effect
onthelineratios of the nuclear source and does notinfluence the clas-
sifications based on the diagnostic diagrams.

Once the spectra were continuum-subtracted, we fitted each emis-
sion line of interest with a linear combination of Gaussian profiles to
characterize the flux and estimate the kinematic properties along the
spatial dimension of each slit. The fitting was done using Imfit*, a
non-linear least-squares curve fitting package in Python. Wefitted each
emission line with up to two Gaussian components when needed. To
determineifasecond Gaussian component was warranted, we required
that the flux of both components be greater than the 3o error of the
flux. This processis performed row by row in the spatial directionalong
each slit for the emission lines of interest. During this process we fit-
ted the HB, [0 111]5007, Ha, [N 11]6548/6583 and [S 11]6716/6731 emis-
sion lines. We fitted the Ha and [N 11] lines simultaneously, fixing the
spacing between [N 11] Gaussian components to their corresponding
componentsinthe Haemission line tolaboratory values. Additionally,
we tied the widths of [N 11] components and fixed the flux ratio of the
[N 11] lines to the laboratory value of 1:2.96. Similarly, the two [S 11]
emission lines were fitted simultaneously, with the spacing between
Gaussian components of the two lines held fixed, and the widths of the
Gaussian components were tied together.

Wealsofitted [0 116300 in the spectra of the nuclear source and the
eastern star-forming region, but the line was too weak to be detected
all along the slits. As the [0 116300 line has a complex profile at the
location of the black hole, with possible double-peaked narrow lines
and a much broader component than the other emission lines, we
confirmed that thiswas not due to anartefactin the data. In Extended
Data Fig. 1, we show close-up views of the raw two-dimensional (2D)
spectra along the EW slit position. The two images correspond to the
two dithered subexposures offset by 7.5 pixels. The broad [0 1] line
at the location of the central source is seen in both images at differ-
ent positions on the detector (indicated by white circles). Note that
the locations of hot pixels do not change between the two images. In
Extended DataFig. 2 we also show the final reduced 2D image with the
subexposures combined. The broad, double-peaked nature of the [0 1]
line is clearly visible. We also note that [O 1] is similarly broadened in
the nuclear spectrum extracted from the NS slit position, although
thereis notan obvious double-peaked narrow line component (Fig.2).
In any case, broadened [O 1] is clearly detected at the location of the
nuclear sourceinbothslit positionsindicating an outflow of the order
of approximately 500 kms™.

Gas density

We estimate the electron density, n., using the density sensitive line
ratio [S 1116716/6731 (ref. *). This ratio is sensitive to electron den-
sities in the range of approximately 10>-10* cm. Along the EW slit



orientation, we find arange of n. ~ 10*°-10* cm, indicating arelatively
high-density gas (Extended DataFig. 3). These density estimates arein
general agreement with the gas densities predicted by the Allenet al.>
shock and shock+precursor models in the central regions of Henize
2-10 as described in the next section.

Emission line diagnostics and photoionization and shock
models

To understand the ionization mechanisms in the central regions of
Henize 2-10 we compared our emission-line measurementsin various
regions with photoionization and shock models. In addition to the
centralradio and X-ray source, we identified seven regions of interest,
as shown in Extended Data Fig. 4, which serve to provide a spatially
resolved picture of the kinematics and ionization conditionsinthe cen-
tralregions of Henize 2-10. The extraction regions taken along the EW
slit orientation were chosento correspond with the emission features
seen in the Ha and I-band imaging from HST (young star clusters and
knots of ionized gas) and the features seen in the STIS spectroscopy
(broad emission and double peaks).

We first used the standard emission-line diagnostic diagrams
described by Baldwin et al.>® and Veilleux et al.>® that have been
expanded on and summarized in Kewley et al.*°. An accreting black
hole will produce a much harder continuum than is emitted by hot
stars, and these diagrams take advantage of this fact by comparing
strong emission-line ratios that are close together in frequency to
mitigate reddening effects. In this study we utilized widely used
emission-line diagnostic diagramsthat take [O 111]/HB versus [N 11]/Ha,
[S11]/Haand [O 1]/Ha (Extended Data Fig. 5). Inthe [N 11]/Ha diagram,
line-emitting galaxies separate into a V-shape*® with star-forming
galaxies occupying the left-most plume, whereas AGNs occupy the
right branch of galaxies. These regions are quantified by an empirical
divisionbetween H 11 regions and emission from AGNs developed by
Kauffmann etal.*. The ‘composite’ region between this empirical divi-
sionand the theoretical maximum starburst line from Kewley et al.*?
indicates that there is probably significant emission form both H 11
regionsand AGNs. Likethe [N 11]/Ha diagram, the [S 11]/Haxand [O 1]/Ha
diagrams provide diagnostics for differentiating between emission
from H 11 regions and AGNs. These two diagrams add a dividing line
to distinguish between emission from Seyferts and low ionization
nuclear emission regions (LINERs). LINER emission can be gener-
ated both by shocks and by very hard AGN spectra, and determining
the primary ionization mechanism can be complicated®. It should
be noted that even though these diagnostic diagrams are useful for
identifying regions dominated by luminous AGNs, they have limita-
tions and canyield ambiguous results for (or completely miss) massive
black holes accreting at very low Eddingtonratios, suchasthe onein
Henize 2-10.Indeed, non-stellar ionizationis clearly indicated in the
[O1]/Ha diagram at the location of the nuclear source, but this is not
so for the other diagnostic diagrams (see the discussion in paragraph
six of themain paper). Extended Data Fig. 5 shows the [O 111]/Hf3 versus
[N11]/Ha, [S 11]/Ha and [O 1]/Ha diagnostic diagrams for the various
extractionregions along the EW slit.

In addition to the diagnostic diagrams discussed above, we also
investigated whether the ionization conditions found in the central
regions of Henize 2-10 can be explained by mechanical excitation from
shocks. Toinvestigate this, we used the ionization models of shock and
shock+precursor emission developed by Allen et al.”. These models
provide emission-line fluxes for ionization from a pure shock (possibly
driven by an outflow from an AGN or by regions of intense star forma-
tion), in which the gas is collisionally ionized, or a shock+precursor
in which ionizing photons produced in the shock-heated gas travel
upstream and ionize the gas before the shock reaches it. We explored
models with a variety of electron densities (0.01-1,000 cm ), shock
velocities (100-600 km s™) and transverse magnetic field strengths
(0.01-32 uG). These are shown in Extended Data Figs. 6 and 7.

The emission-line ratios from the nuclear source are best described by
the shock+precursor models with alow shock velocity (100-250 km s ™),
ahigh-density gas (n=1,000 cm™) and a low transverse magnetic field
parameter (b= 0.01-1 uG) (Extended DataFigs. 6 and 7). Shock+precursor
models are thought tobe agood description for AGN+outflow emission.
Alongthe filament (extraction regions 2-5), the lineratios are explained
well by alow velocity shock or shock+precursor model (approximately
200 kms™)inahigh-density (n. ~1,000 cm ) gas with a transverse mag-
netic field parameter in the range of 1-10 pG. This is consistent with
ascenario in which the central black hole is driving a bipolar outflow
that shocks the gas and dominates the ionization conditions along the
filament.

Attheregion of intense star formation located approximately 70 pc
totheeast of the black hole, we observed strong emission linesinclud-
ing a secondary, blue-shifted kinematic component. To properly fit
the emission lines in this region, an additional Gaussian component
was added (Fig. 3). The separation of this component was determined
using the [S 11] emission-line region in which the secondary peak was
most clearly resolved. We found that the secondary peak is offset from
the primary peak by 154 km s and we used this value when fitting the
other emission-line regions in which the secondary peak is not as
well resolved. When comparing with the shock(+precursor) models,
we found that the [N 11]/Ha diagram indicates a low shock velocity
(100-250 km s™) ina high-density gas (n=1,000 cm™) with alow trans-
verse magnetic field parameter (b = 0.01-1 pG) (Extended Data Figs. 6
and 7). The[S 11]/Ha diagram shows that the primary emission peak is
inconsistent with emission from shocks or shocks+precursor models.
Thisindicates that the primary emission peak at this locationis primar-
ily due to star formation. The secondary emission peak is consistent
with shock+precursor models for the low-velocity, high-density condi-
tions, indicating that this kinematically distinct emission component
isdominated by a shock+precursor from the AGN-driven outflow.

Emission from extraction regions 6 and 7 (that is, the west-
ern star-forming region) is not consistent with any shock or
shock+precursor models, which is in agreement with their location
in the H 11 region of the Baldwin-Phillips-Terlevich (BPT) diagram.
Theline ratios are dominated by star formation in this region.

Star cluster ages

We estimated the ages of the young stellar clusters that fall within the
EW slit fromtheir Ha and HP equivalent widths. To ascertain ages from
these equivalent widths we used simple stellar population models from
Starburst99 (ref. *). We used models from version 7.1 with solar metal-
licity (appropriate for the central regions of Henize 2-10; ref. **), an
instantaneous burst of 10* M with a Kroupa initial mass function
(0.1-100 M), the Genevaevolutionary tracks with high massloss and
the Pauldrach-Hillier atmospheres.

Atthelocation of the youngstellar clustersin the easternstar-forming
region (regionlin Extended DataFig.4) we found anequivalent width
of 478 A and 70 A for Ho and HB, respectively. These both give stellar
population age estimates of approximately 4.3 Myr, which is in good
agreement with previous estimates of the ages of other young star
clusters in the region**. The ages of these clusters are larger than the
crossing time for the AGN-driven outflow (approximately 0.3 Myr),
based onthe minimum outflow velocity measured from emission-line
spectra (approximately 200 km s™) and the distance between the AGN
and the eastern star-forming knot (approximately 70 pc). Therefore,
the timescales enable the AGN-driven outflow to have triggered and/
orenhanced the formation of star clusters in the eastern star-forming
knot.

The EW slit orientation also passes through a young star cluster in
region 3. At this location we found equivalent widths of 212 Aand 41 A
for Haoand Hp, respectively, both indicating an age of approximately
5.2 Myr for the stellar cluster. Finally, region 6 in the western
star-forming region had Ho and Hp equivalent widths of 1,092 A and
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196 A, respectively. These equivalent widths indicate the stellar clusters
have ages <3 Myr.

Bipolar outflow model

Here we provide aderivation of the model used to describe a precessing
bipolar outflow emanating from the nuclear radio and X-ray source,
which can explain the coherent velocity pattern seen in the central
approximately 120 pc of the EW orientation observations (Fig. 3).
Inthismodel, we alignthe EW slit orientation with the zaxis and assume
the outflow precesses about this axis with asmall angle 8 and an angular
precession frequency w. If the gas being ejected by the outflow has
velocity v,, and we orient the xaxis to bein the direction of the observer,
then the radial (Doppler-shifted) velocity found at the location of the
AGN as a function of time will be given by

U (£) =v,(t) = vgsin(B)sin(wt +y),

where y represents a phase shift that accounts for small asym-
metries in the outflow profile, which are not explicitly modelled here
(see Extended Data Fig. 8 for anillustration of our model).

To find the radial velocity as a function of distance (z) along the
slit axis, we must consider what angle the outflow made with the
(line-of-sight) x axis when the gas at distance z was emitted. As this
angle is time dependent as the outflow precesses, the line-of-sight
velocity of the gas willdepend on the orientation of the outflow at some
time ¢, in the past. The time that has passed since the gas at distance z
was ejected by the outflow is determined by the z velocity of the gas.
Owingtothe symmetry of the model about the zaxis, the zcomponent
of the gas velocity will be time independent and only depend on the
angle of the outflow with the z axis,

v, =vycos(6).

The time, ¢,, for the gas to reach a distance z along the slit is then
given by

z

fo= vocos(6)

We are then able to find an expression for v,(z) by evaluating the
expression for v,(f) at the time —¢,:

U,(2) = vosin(6) sin (V N #S(H)Zj
0

To fit this model to the data we require arough estimate of the bulk
outflow velocity, v,. We estimate this parameter using W80, the veloc-
ity interval containing 80% of the line flux, of the broad emission seen
at the location of the candidate AGN. We find W80 ~200-500 km s™
based on measurements of the [0 111]5007 and [0 116300 lines at the
location of the candidate AGN. This enables us to determine the best-fit
angle of precession, 6, and the frequency of precession, f = w/21, to be
intheranges

0=2.4°-6.1°, f=3.0-7.5revolutions Myr ™!

where the larger angle of precession and smaller frequency of pre-
cession correspond to lower outflow velocities. We found consistent
results when using the Doppler shift profile of Ha, HB and [O 111] emis-
sion lines to fit the model derived above (the results using the [O 111]
emissionline are showninFig.3). The Doppler shift profile canbe coher-
ently traced out to 50-60 pc on either side of the candidate AGN, and
most definitively out to the bright eastern star-forming region, after

which the Doppler shifts of the emission lines show no coherent pattern
further alongtheslit. The coherent velocity structure found over 100 pc
isinconsistent with a young supernova remnant as the origin of the
central compactradio and X-ray source in Henize 2-10, which provides
further motivation that alow-luminosity AGN is driving the outflow.
Theseresults are roughly consistent with the jet parameters derived
in other studies in which precessing or reorienting jet models have
beenapplied. Thelong precession period we observed (approximately
200,000 years) is shorter by a factor of afew than those predicted by
Dunn et al.’, Nawaz et al.** and Cielo et al.*®, but longer by a factor of a
few than those predicted by Gower et al.® when jet precessionisinvoked
to explain the complex bending and knotting seenin large radio jets.

Data availability

The spectroscopic data analysed in this study are available from the
Mikulski Archive for Space Telescopes (MAST) at https://archive.stsci.
edu/.
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Extended DataFig.1|Raw 2D spectrashowingthe[01]6300 emissionline atthelocation ofthe nucleusinthe EW slit orientation. Thelocationofthe
nucleusisindicated by white circles and the two images correspond to the two dithered sub-exposures.
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Extended DataFig.2|Combined 2D spectrashowing the [01]6300 emission
lineatthelocation of the nucleusinthe EW slit orientation. Same as
Extended DataFig.1but showing the reduced 2D image with the dithered
sub-exposures combined.
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ExtendedDataFig.3|Theelectrondensity, n,, along the EWslit orientation. whichiswithinthe range the[SIl] ratiois sensitive to density. The high densities
We measure the electron density along the EW slit from the ratio of are consistent with those predicted by optical emission line diagnostics
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Extended DataFig. 4 |The spatial extractionregions takenalong the EW
slitorientation. We place these regions on optical emission line diagnostic
diagrams (Extended Data Figs. 5-7). Top panel: the extractionregions are
shownonthe narrow band Ha + continuum image from HST to highlight the
ionized gas features that several of the spatial extractions probe. Bottom
panel:theextractionregionsare shownonthearchival 0.8 micron HST image,
showing youngstar clusters that the EW slit orientation passes through.
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Extended DataFig. 6 | Optical emission line diagnostics from the shock and
shock+precursor models with varying gas density. We place the spatial
extractions from the EW slit orientation shownin Extended DataFig.4 onagrid

of shock excitation models (presented in Allen et al.”* with varying gas density
(n=0.01-1000cm™3) and shock velocity (v=100-600 km/s). We fix the
transverse magnetic field tobe b =1pnG and the assume solar metallicity.
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Extended DataFig.7|Optical emissionline diagnostics from theshock and

shock+precursor mod

(presentedin Allen et al.”®) are shown as a grid with dashed blue lines indicating

elswith varying magneticfield. The models

constantshock velocity and dashed black lines indicating constant transverse
magnetic field. For these models, the density is fixed ton=1000cm ™ and the
transverse magnetic field parameteris allowed to vary fromb=0.01-32 uG.
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Extended Data Table 1| Summary of observational results regarding the nature of the nucleus in Henize 2-10

Consistent  Consistent
with with
Observations aaaive c Notes and References
black hole?  remnant?

Nuclear, non-thermal + Nuclear, non-thermal point source detected with the VLA (Johnson et al. 2003; Reines et al. 2011).
radio point source with yes yes s the nuclear radio s3x1
La~4x10% erg/s pe. i SNR. size and luminosity imply i must be very young (Reines & Deler 2012).
| Spatially coincident + Nuclear X-ray point source is spatially X
nuclear X-ray point es es mm Anxuyumrynnula’:‘w;mnmmmmuammumw
source with Lx ~ 10% y y (Reines et al. 2016).
erg/s * X-ray spectrum also consistent with SNR (Hebbar et al. 2019)
e + Xeray lig 160 ks moderately signficant variabilty (a
X-ray variability on hr- factor of ~2. Reines et al. 2016). Probabilty of non-variable Iight curve producing the signal is 3%
long timescales yes no (Hebbar et al. 2019).
+ Tentatwe detection of ~a-hr perlodicity in the variable light curve (Reines et al. 2016).
+ Stellar velocty dispersion map is ~7kmis at
Enhaneed. slellaf position of nuclear source, consistent with a BH mass of ~1.5 x 10° Mu (Riffel et al 2020). This is
velocity dispersion at in nu with expectations given the n-u mass of Henize 2-10 (~10'° Musn, Nguyen et al. 2014).
location of nuclear yes no . star cluster R etal. 2011). Thisis
source S woaker mors exendad oft nucear VLB! souce. which co-spatial with the most luminous super
star cluster in Henize 2-10, and is a ikely SNR (Reines & Deller 2012).
* Exhanced neer 8 Fo IlWy ratio consistent wih accreting BH or supemova driven shocks (Riffel
et al. 2020; Cresci et
Gas excitation and > * Near-IR Hz ine ratios. m-um with AGN photoionzation (Riffel et al. 2020).
lonization conditions yes . from ground-based star formation (Cresc et al. 2017).
. HSTASTIS involving [O1). SNRs have log [SiljHa
>-0.5, which is not seen in the STIS spectrum of the nuciear source (this work).
. ath atthe
location of the central source (Riffel et al. 2020 and this wn) In pumxl. [on63c0 i
§ of ~500 kms indicating an outflow from the central source (this work). Very young SNRs typically
Gas kinematics and have broad ines with widths on the order of thousands of km/s.
morphology yes no . HST/STIS Soive

along a
(s6en in Ha imaging with HST) exhibes a coherent sinusold-sko patten In the Dopglerstied
velocites. T y data is wes-fit by &

from & massive BH, and s incompatibie weh & SNR (this work)

A highly sub-Eddington massive black hole is consistent with all the available observations including new results presented here, while a supernova remnant is not.
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