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Abstract

We report the discovery of a 20 kpc sized Ha emission in SDSS J083803.68+4-540642.0, a ringed dwarf galaxy
(My = —17.89 mag) hosting an accreting intermediate-mass black hole at z = 0.02957. Analysis of the Hubble
Space Telescope images indicates that it is an early-type galaxy with a featureless low-surface brightness disk
(119 = 20.39 mag arcsec ~ in the V band) and a prominent, relatively red bulge (V — I = 2.03, R, = 0.28 kpc or
0748) that accounts for ~81% of the total light in the I band. A circumgalactic ring of a diameter 16 kpc is also
detected, with a disperse shape on its south side. The optical emission lines reveal the nucleus to be a broad-line
LINER. Our MMT longslit observation indicates that the kinematics of the extended Ha emission is consistent
with a rotational gaseous disk, with a mean blueshifted velocity of 162 km s~! and mean redshifted velocity of
86 km s~!. According to our photoionization calculations, the large-scale Ho emission is unlikely to be powered by
the central nucleus or by hot evolved (post-AGB) stars interspersed in the old stellar populations, but by in situ star
formation; this is vindicated by the line-ratio diagnostic of the extended emission. We propose that both the ring
and large-scale Ha-emitting gas are created by the tidal accretion in a collision—and then merger—with a gas-rich
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1. Introduction

It has been generally believed (see Kormendy & Ho 2013;
Kormendy 2016, for recent reviews) that, unlike massive
galaxies at high redshifts (e.g., z 2 2) whose evolution is
driven by a major merger, low-redshift galaxies largely evolve
through secular evolution (i.e., in a slow and gentle manner)
driven by internal processes within galactic disks and/or by
environmental effects such as harassment or nurturing (see
Kormendy & Kennicutt 2004 for details; see also Cowie et al.
1996; Conselice et al. 2014 for the cosmic evolution). It has
also been generally believed accordingly that most activity
(namely active galactic nuclei—AGNs) of supermassive black
holes (BHs) at the centers of galaxies at low redshifts (e.g.,
z < 1, Cisternas et al. 2011; and even up to z ~ 2, Kocevski
et al. 2012) appear to be fueled by the random accretion of gas
via internal, secular processes working close to the BH (say,
within a few hundred parsec, Cisternas et al. 2013; also
see Hopkins & Hernquist 2006). In these cases, there is no
connection between AGN activity and major mergers of their
host galaxies. This non-connection appears to be particularly

galaxies:

true for low-z AGNs hosting intermediate-mass black holes
(IMBHs):'? according to the analysis of their images by
the Hubble Space Telescope (HST), the majority of low-mass
AGNSs live in late-type disk galaxies without a classical bulge
(Greene et al. 2008; Jiang et al. 2011). Indeed, the accretion
rate for an IMBH is so tiny (<0.05 M, yr ' even if at the
maximum Eddington accretion) that a steady supply of fuel, in
the form of stellar mass loss from evolved stars or Bondi
accretion of hot gas in the innermost regions, is available
readily much more than required (Ho 2008). “In fact, the
paradox for local BHs is not whether there is enough fuel to
light them up. Rather, the puzzle is how to keep them so dim
despite the ready abundance of in situ gas.” (Kormendy & Ho
2013; see also Ho 2008). That is, the real problem seems to be

2 Following Greene & Ho (2007) and Dong et al. (2012), hereinafter we refer
to BHs with Mgy < 2 x 10° M, at the centers of galaxies as “low-mass” or
“intermediate-mass” BHs; accordingly, for the ease of narration wherever it is
not ambiguous, hereinafter we refer to AGNs hosting low-mass BHs as low-
mass AGNs or IMBH AGNs. Normally, we prefer “intermediate-mass BHs” to
“low-mass BHs” because of the possible confusion of the latter with the stellar-
mass BHs in low-mass X-ray binaries (LMXBs).
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this (see Ho 2009): there must be some mechanism (yet to
know) to hinder the innermost fueling process."”

On the other hand, surprisingly Jiang et al. (2011) reported
that 9% of their IMBH host galaxies are detected in interacting
systems with close companions (of comparable mass) by
simple visual identification of their HST images. This fraction
is already much higher than that for local luminous galaxies
(see their Section 5.2 for details).'* Likewise, we inspected the
SDSS images of the IMBH AGNs at z < 0.15 in the Dong
et al. (2012) sample and found that 41 (16.2%) of the 253
objects are undergoing (dwarf-dwarf) major mergers, minor
mergers with a larger galaxy (i.e., violently impacted by the
primary), or collisions (violent encounters) with comparable or
more massive galaxies, or have features (tidal tails, shells,
collisional rings, etc.) indicating recent violent interactions of
the above-listed three cases (W.-J.Liuet al. 2017, in prep-
aration). Such a high incidence of violent galaxy interactions
(versus internal and environmental secular processes) in IMBH
AGNs is higher than previously deemed in the literature
(see Kormendy & Ho 2013).

From a theoretical perspective, in the hierarchical framework
of galaxy formation major mergers between dwarf galaxies are
not uncommon in the low-z universe, let alone at earlier times.
For instance, by means of cosmological simulations, Deason
et al. (2014) found that 10% of satellite dwarf galaxies with
stellar masses of M, > 10° M within the virial radius of a
M31-like host dark matter (DM) halo experience a major
merger since z = 1, and furthermore that for dwarf galaxies
that are outside of the host virial radius, the major-merger
frequency doubles. Recently, such a considerable occurrence of
nearby dwarf-dwarf major mergers has been supported by
observations (e.g., Geha et al. 2005; Nidever et al. 2013;
Amorisco et al. 2014; Crnojevic et al. 2014; Paudel et al. 2015).
Provided that the effect of major mergers to AGN activity is
similar in low-z dwarf galaxies, as in building-block galaxies of
a similar stellar mass in the early universe or as in massive
galaxies at z = 2-3 supposedly triggering quasars (see
Kormendy & Ho 2013), we can expect that major mergers
and other violent interactions of IMBH host galaxies (i.e.,
interactions transforming the configurations of the stars and
disturbing the gas of the galaxies forcefully and rapidly) would
cause the aforementioned hindrance in the inner regions
(whatever it may be) to disappear and thus enable or augment
the AGN fueling.

Thus it is worth launching a systematic observational study
to investigate the outskirts and neighborhood of the IMBH host
galaxies, and the extent, morphology, and kinematics of cold
(H1and CO; L. Qian et al. 2017, in preparation) and warm gas,
and thoroughly explore the possible correlations of IMBH
accretion activity with (violent) galaxy interaction and/or
galactic environment. As a start of our study, in this paper, we
present detailed observations of an individual source,
SDSS J083803.68+540642.0 (hereafter JO838+4-5406), which
has been observed by the MMT telescope with longslit

13 According to W.-M. Gu (2016, private communication), AGN outflows,

which can be launched even at very low accretion rates (e.g., Wang et al. 2013;
Gu 2015), provide such a mechanism.

4 As Jiang et al. cautioned (“we identify the companions only visually based
on our HST images. We do not use well-defined criteria, ...as this is not our
main focus.”), they only identified ongoing mergers (and soon-to-be mergers)
of two or more galaxies of comparable masses (see their Figure 4), and did not
take into account any morphological features indicative of past major mergers
or other violent interactions.
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spectroscopy (Section 2) and has archival HST imaging data
(Section 3). JO838+5406 caught our attention because it is
among the 10 “LINER 1” (type-1 AGNs of the Low-ionization
nuclear emission-line region; Ho et al. 1997) galaxies in the
Dong et al. (2012) sample of 309 low-z IMBH AGNs (see also
Section 4), and because its optical spectrum is very red
(u — r = 2.4; see Martin et al. 2007) as dominated by starlight
of old age (see also Section 5). It belongs to the one-third
of galaxies in the Dong et al. (2012) sample with the 4000 A
break Dy > 1.5, i.e., with a mean stellar age greater than
1 Gyr (Kauffmann et al. 2003b). Later on, we took the MMT
spectroscopic observation, and surprisingly the two-dimen-
sional longslit spectrum reveals rotation-like Ha emission
extending along the spatial axis visually of 32" across (namely
a projected physical size of 19.4 kpc), which is likely powered
by in situ star formation (Section 6). Then we searched archival
data and found its aforementioned HST images. The images
reveal a spectacular ring around the galaxy with a diameter of
15.6 kpc, which we argue should be created by tidal accretion
in a collision (and then merger) with a galaxy of a comparable
mass (see Section 7). A brief summary and suggestions
for future work are given in Section 8.

Throughout the paper, we assume a cosmology with
Hy=70kms ' Mpc', Q, = 0.3, and Q = 0.7.

2. Optical Spectroscopic Observation and Analysis

J08384-5406 was in the spectral data set of SDSS DR4. It was
compiled into the IMBH AGN samples of Greene & Ho (2007)
and Dong et al. (2012), because a faint broad Ha line was
identified inferring a viral BH mass below 2 x 10° M, after
careful handlings of starlight subtraction and emission-line
deblending.'” The SDSS spectrum (R ~ 1800) was taken on
2000 December 21 UT with an exposure time of 5400 s under
the seeing of ~2”, through a fiber aperture of 3” in diameter. As
a fiber spectrum, the SDSS spectral data has no spatial
information available.

We conducted longslit spectroscopic observation on 2015
March 14 UT with the Red Channel Spectrograph on board the
6.5m MMT telescope. Two exposures of 900s each were
obtained with the 1200 line mm ' grating (blazed at 7700 A)
and a 1”-wide slit. The central wavelength is placed at 6800 A.
This provides a spectral resolution of R ~~ 3500 (i.e., gjps~
36.5kms™!) and a wavelength coverage of 6410-7230 A.
The slit is oriented at a position angle (PA) of 168° centered
on JO838+5406, with the nearby star SDSS J083804.24
+540619.9 also falling into the slit. The CCD was binned by
a factor of two in the spatial direction, giving a spatial scale of
0”6 per pixel. The blue-blocking filter L—42 was used to block
light from higher orders. The seeing was 172 and the sky was
clear during the observation.

2.1. Two-dimensional Longslit Spectrum

Figure 1 (panel (a)) displays the MMT two-dimensional (2D)
longslit spectrum, with the dispersion axis centered on the Ho
line. The zero position of the spatial axis is set to be the spatial
peak of the Ha emission. The most prominent feature is the
extended Ha emission stretching out from the spatial zero
position toward the two opposite directions. The one toward the

5 1t was in the “c” (candidate) sample of Greene & Ho (2007), i.e., not
satisfying their quantitative detection threshold of broad Hor but being picked
up manually.
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Figure 1. Panel (a): two-dimensional longslit spectrum observed with MMT Red Channel. The x-axis is the rest-frame vacuum wavelength along the dispersion
direction. The y-axis is the spatial axis along the slit; on the left the angular scale is labeled relative to the spatial aperture center (cyan solid line), and on the right
is the projected physical scale. Dashed—dotted lines of different colors denote the different spatial apertures used to extract the spectrum; see the text for details. Panel
(b): HST F555W image, with the same spatial scale as the two-dimensional spectrum in the y-axis. A foreground star to the south is denoted. The MMT slit is oriented
along the y-axis, through the centers of JO838+4-5406 and the denoted foreground star. Panel (c): one-dimensional spectrum of the N branch. Panel (d): one-
dimensional spectrum of the S branch. Panel (e): starlight-subtracted spectra of different extracted apertures. The small-aperture spectrum is scaled to the flux level of
the normal-aperture one. The sum spectrum (normal-aperture 4+ N branch + S branch; the gray dotted line) is plotted for comparison. Also plotted is the best-fit

broad Hae component (the orange solid line; see Figure 3).

direction 12° west of north (labeled as “N branch” hereafter)
extends 26 pixels (namely 15”6 and a projected physical size
of 9.2kpc), and the opposite one (labeled as ‘S branch”
hereafter) 29 pixels (namely 17”4 and 10.2 kpc). Moreover,
the spatial sizes of the two Har branches are even larger than the
circumgalactic ring (see panel (b)).

2.2. One-dimensional Spectrum and Spectral Fitting

The data reduction was performed with the standard routines
in the IRAF program to obtain the one-dimensional spectrum.
Particular care is given to extracting the spectra of the two
branches that are extended and faint and even worse without a
continuum; e.g., we carefully select, by trial-and-error follow-
ing IRAF manual, the tracing parameters in the IRAF/apall
task such as t_nsum, t_step and the order of the trace fitting
function. We measured a redshift z.,, = 0.02957 + 0.00016
from the [OT]A\6300 emission line that appears to have no
spatially extended emission and is less susceptible to possible
star-formation activity; this redshift value is consistent with that

given by the SDSS pipeline. The rest frame of JO838+5406
hereinafter is referred to this redshift.

Panels (c) and (d) of Figure 1 display the one-dimensional
rest-frame spectra of the two branches of the spatially extended
Ha emission. The extraction apertures are denoted in panel (a).
The N branch of the extended Ha emission is blueshifted by
~162km s~! as measured from the centroid of the best-fit Ho
(namely the mean blueshift of the N branch, see below and
Table 1) relative to the theoretical wavelength in the rest frame,
and the S branch is redshifted by ~86km s~! (namely the
mean redshift of the Sbranch). We also extract the one-
dimensional spectra of every line of the spatial direction for the
two branches, and then obtain the radial profile of the Ha flux
per arcsec’ (namely surface brightness) as illustrated in
Figure 2. In the figure, the gray shaded area denotes the region
affected by Ha emission from the AGN broad-line region
(BLR) and narrow-line region (NLR) in the normal aperture;
we do not extract the spectra for every spatial line within the
normal aperture because considerable starlight is present and
hard to model and subtract for every spatial line there. The
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Table 1
Emission-line Parameters
Emission Line Centroid® FWHM" Flux
A) (kms™) 10 7 ergs ' em™?)
[0 mN\3727 3728.15 £ 0.19 528 + 46 217 £ 14
HBA\4861(broad)” 4867.07 2814 81 £ 13
HBA4861(narrow)” 4862.42 475 93+5
[O 1jA5007 5008.64 + 0.42 474 £ 73 75 + 8
[O 1]A6300 6300.95 + 0.37 548 + 35 111 +£5
[O 1]\6364° 6364.44 548 43+ 4
HaA6563(broad) 6570.53 + 1.22 2814 + 210 286 + 22
HaA6563(narrow) 6564.21 + 0.07 476 £ 10 438 + 13
HaA6563(N branch) 6561.07 + 1.00 162 £ 13 28 + 0.8
HaA6563(S branch) 6566.49 + 1.00 128 +9 33 + 0.8
[N A6583 6583.04 + 0.52 469 + 48 68 + 8
[S A6716 6717.36 £+ 0.54 465 £ 37 127 + 4
[S mA6731" 6731.74 465 103 + 4

Notes.

# Vacuum rest-frame wavelength.

® Corrected for instrumental broadening.

¢ Adopting the profile of the broad component of Ho.
d Adopting the profile of the narrow component of Ha.
¢ Adopting the profile of [0 I]A6300.

f Adopting the profile of [S IJA6716.

radial surface brightness profile is irregular, not in a monotonic
function with the projected radius r (e.g., by no means like
r~2). The lowest surface brightness of the extended Ha
emission is about 6 x 1078 erg s~ cm™ 2 arcsec 2, which sets
the spatial extent of the two branches we can probe. In fact it is
in terms of this brightness that we set the outer bounds of the
above extraction apertures for the two branches.

We need to verify that J0838+5406 has a real nuclear broad
Ha component rather than a false appearance resulting from
starlight contamination, or any velocity-offset Hae components
emitted on larger scales (e.g., the two branches of the extended
Ha emission). First, we extract one-dimensional spectra with
two spatial apertures of different widths. One spectrum is
extracted with a width of 5”4 (namely 9 pixels and 3.2 kpc,
hereinafter called “normal aperture”; see in panel (a) of
Figure 1 the aperture between the two red dashed—dotted lines),
which includes almost all light of JO838+5406. The other
spectrum is extracted with a width of 172 only (hereinafter
called “small aperture,” equal to the seeing FWHM, corresp-
onding to 2 pixels and 1.2 kpc; see in panel (a) the aperture
between the two blue dashed—dotted lines), which only collects
light from the central region of JO838+5406. As panel (e)
shows, the two spectra of different extraction apertures have an
almost identical shape of the Ha profile: the broad base of the
Ha line profile—presumably the broad Ha line originated from
the BLR of the AGN—does not change with aperture size. This
suggests that the broad Ho is not mimicked by narrow-line
wings or any starlight features. Besides, we obtain a sum
spectrum (see the dotted line in panel (e)) by adding up the
normal-aperture spectrum and the spectra of the two branches
of the extended emission (see panels (c) and (d)). By
comparing the sum spectrum with the normal-aperture
spectrum, we find that the extended Ha emission does not
impact the BLR-emitted Ha component at all, because (1) the
extended Ha emission is relatively too weak, and (2) more
importantly the velocity offsets of the two branches are rather
small (compared to the width of broad Hea, 2814 km g1
FWHM; see panel (e)), particularly of the S branch that is the

stronger branch but has a smaller velocity offset of
~86 km s~! only.

Next, we perform continuum modeling and emission-line
profile fitting. We use the same fitting procedures as Dong et al.
(2012); here we only provide a brief description. Regarding the
MMT data, the normal-aperture (5”4) spectrum is adopted,
corrected for Galactic reddening using the extinction map of
Schlegel et al. (1998) and the reddening curve of Fitzpatrick
(1999), brought to the rest frame, and then scaled to the
(Galactic reddening corrected) SDSS spectrum'® according to
the [O 1]A6300 flux (see panel (a) of Figure 3).

As the SDSS spectrum shows, the optical spectrum is
dominated by host-galaxy starlight. According to the decom-
position of HST images (see Section 3), the AGN continuum is
fairly weak and can be safely ignored in the spectral fitting.
Because the wavelength coverage of the MMT spectrum is not
sufficiently large to fit the starlight, we obtain the best-fit
starlight by fitting the SDSS spectrum, and then subtract it from
the MMT one to get the MMT emission-line spectrum. The
starlight is modeled with the templates of Lu et al. (2006),
which were built from the spectra of simple stellar populations
of Bruzual & Charlot (2003). The starlight templates are
broadened and shifted to match the stellar velocity dispersion
of the galaxy, so that the stellar absorption lines are well
subtracted. As shown in Figure 3 (panel (a)), the fit is good: the
absorption features are well matched, and the residuals in the
emission-line-free regions are consistent with the noise level.
The strategy of subtracting the starlight from the MMT
spectrum is reasonable because the normal-aperture MMT
spectrum comprises almost all of the light (including starlight)
in the slit from the source and in fact matches the SDSS
spectrum well (see panel (a) of Figure 3).

16 J0838-+5406 is picked up from the IMBH sample of Dong et al. (2012) that
was based on the data set of the SDSS DR4. Here we use the spectral data
reduced by the improved SDSS pipeline, version rerun 26, as released since the
SDSS DR?7, (downloadable at http: //das.sdss.org/spectro/ss_tar_26/), instead
of the data reductions archived in the SDSS DR4 (version rerun 23).
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Figure 2. Radial profile of the surface brightness of the extended Har emission. North is toward positive values in the spatial axis r. The gray shaded area denotes the
region affected by Ha emission from the AGN BLR and NLR. The dashed line denotes the lowest surface brightness of the extended Ho emission we can probe, in
terms of which the outer bounds of the extraction apertures are set for the two branches.

Next, we fit the emission lines using the code described in
detail in Dong et al. (2005). The optical spectra show strong,
narrow emission lines such as [O 1] A\3727, [O1]A6300, He,
[N]AN6548, 6583, and [ST]AA6716, 6731; [OTIIAS007 is
instead weak. As we verified above, broad Ha is evidently
presented (see also Greene & Ho 2007; Dong et al. 2012). The
SDSS data are used to fit the blue part such as in the
HG+[O 1] region (as not covered by the MMT spectrum), and
the MMT data for the red part such as [OI] lines, the
Ha+[N 1] region, and [S1I] lines. We fit the MMT spectrum
first. Every narrow or broad component of the emission lines is
modeled with Gaussians, starting with one Gaussian and
adding in more if the fit can be improved significantly
according to the F-test. The [SAA6716, 6731 doublet lines
are assumed to have the same profile and fixed in separation by
their laboratory wavelength; the same is applied to
[NT]AA6583, 6548 doublet lines, and to [OI]\6300 and
[O1]A6364 emission lines. The flux ratio of the [N II] doublet
A6583 /16548 is fixed to the theoretical value of 2.96 (e.g.,
Acker et al. 1989; Storey & Zeippen 2000). In the best-fit
model, it turns out that one Gaussian is used for the broad
component of Ha, while two Gaussians for the narrow
component of Ha, each line of the [NII], and [S1I] doublet
and the two [OT] lines, respectively. The reduced 2 is 1.21 for
the Ha+[N 1] region. Note that the [NIJA6583 and [S1I]
doublet lines show asymmetric line profiles clearly in the MMT
spectrum, which are actually common in high-resolution
spectra (Xiao et al. 2011); thus these narrow lines, and narrow
Ha also, need two Gaussians to model. Then we fit the
HB+[O 1] region based on the SDSS spectrum. As the
spectral signal-to-noise (S/N) of this region is not high and

the HG emission line is much weaker than Ha, we assume the
broad and narrow components of HG have the same profiles as
the respective components of Ha. The [OII]AA4959, 5007
doublet lines are assumed to have the same profile, and the flux
ratio of A5007/A4959 is fixed to the theoretical value of 2.98
(e.g., Storey & Zeippen 2000; Dimitrijevi¢ et al. 2007); the
best-fit model turns out to adopt two Gaussians for each [O 1II]
doublet line. The reduced x? is 0.95 for the H3+4-[O 111] region.
[O 1] A3727 is fit independently, and one Gaussian is sufficient
to model. We also fit the Ha lines of the N and S branches of
the extended emission. One Gaussian is statistically sufficient
for either branch, with reduced x? of 0.95 (N) and 0.97 (S),
respectively. The best-fit line parameters, centroid, FWHM
(corrected for instrumental broadening), and flux of every
branch agree well with those directly integrated /measured from
the spectra.

All of the best-fit line parameters are listed in Table 1. The
best-fit model is illustrated in Figure 3, for the HG4[O 1]
region (panel (b)) and the Ha+[N 1] region (panel (c)). We
note that the broad-Ho FWHM is 2814 + 210 km s~!, which is
larger than the results of Greene & Ho (2007, 2120 km s~ ') and
Dong et al. (2012, 2094 km s~!) based on the SDSS spectrum.
This is probably because the MMT spectrum with a higher
spectral resolution reveals the lower-contrast part of the wing of
broad Ha than the SDSS, which can be discerned from the
zoom-in view in the insert of panel (a) of Figure 3.

3. HST Imaging Observations and Analysis

There are archival HST images for JO838+5406 observed by
the WFC3 camera with the F160W (roughly the H band of the
Johnson system) and F555W (roughly V) filters (proposal ID:
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Figure 3. SDSS and MMT spectra, together with the continuum decomposition and line fitting. Panel (a): the SDSS (black) and MMT (blue) spectra, the best-fit
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Ha+[N 11]+[S 1] region. Panel (d): comparing the starlight-subtracted spectra: the SDSS (black) vs. the MMT (blue).

12557, PI: K. Gultekin), as well as the HST/WFPC2 image
with the F814W (roughly 1) filter used by Jiang et al. (2011).
The main body of the galaxy is almost round in shape and has
no spiral arms, indicating an elliptical /spheroidal or a face-on
SO galaxy. However, a circumgalactic ring-like structure
appears, prominent in the WFC3 images particularly (see
Figure 4). This ring is not very apparent in the WFPC2 image
and was thus not mentioned by Jiang et al. (2011)."7 We
analyzed the WFPC2 image, and the result was almost the same
as the structural fitting result presented by Jiang et al. (2011);
thus in the following, we only describe our analysis of the
WEFC3 images.

For ease of rejecting cosmic rays and to alleviate the
undersampling problems of the point spread functions (PSFs),
both the F160W and F555W observations were carried out in
the dither mode. The F160W image was targeted by the IR
channel with a four-point dithering pattern called “WFC3-IR-
DITHER-BOX-MIN,” while the F555W image was taken with
a three-step dither pattern named “WFC3-UVIS-DITHER-

17 Interestingly, we first noticed this ring from the SDSS image, though the

ring is faint and hard to discern there, and then we checked the HST
archival data.

LINE-3PT.” The total exposure times for the F160W and
F555W bands are 1073 and 1180 s, respectively. We begin the
reduction with the flat-field calibrated images (fIt.fits) and
combine the single exposures using standard software Astro-
drizzle,'® resulting in a final calibrated image for each band
that is cosmic-ray-rejected, geometrically distortion-corrected,
and sky-subtracted.

Precise PSF is of great importance to separate the central
AGN light from the host-galaxy starlight (e.g., Kim et al.
2008). The WFC3 /IR camera for the FI60W image (with a
plate scale of 0”13 per pixel) is highly undersampled with PSF
FWHM of ~0”13 (i.e., only ~1 pixel). To achieve Nyquist
sampling and also match with CANDLES hybrid PSF scale, we
set final_scale = 0.06 to generate a new combined image with
a higher sampling rate of 0”06 per pixel. Besides, we set
final_pixfrac = 0.8 during the Astrodrizzle running in order to
avoid introducing too much variation between pixels in the
weight maps. The PSF FWHM of WFC3 /UVIS camera for the
F555W image (070396 per pixel) is ~0707, also slightly
undersampled. We set final_scale = 0.03 in the Astrodrizzle

'8 hitp://ssb.stsci.edu /doc /stsci_python_x /drizzlepac.doc /html/

astrodrizzle.html
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Figure 4. GALFIT decomposition of HST/WFC3 images of J0838+5406. Top panels: the original, model, and residual images from left to right, for the F555W
band. The ring region is denoted by the annulus between the two red ellipses. During the fitting, the ring region and other contaminations (marked as red crosses in the
image blow) are masked out. Middle panels: the same but for the F160W band. Bottom panels: one-dimensional representation of the three-component 2D GALFIT
model applied to the FS55W (left) and F160W (right) images: PSF for the AGN (orange line), Sérsic function for the bulge (red dashed line), and an exponential
function for the galactic disk (blue dotted—dashed line). In every panel, the sum of the three components is shown as the black solid line; the observed data are plotted

as black symbols with 10 error bars; shown in the bottom are the residuals between the data and the best-fit model.
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Table 2
Results of GALFIT Decomposition
PSF Bulge Disk Ring
Band m M n m M r, m M Ty m M
(" /kpe) (" /kpe)

@ @ 3 “ (&) ©) O] ® ) (10) an 12)
HST F555W 21.45 —14.11 1.83 18.61 —16.95 0.48/0.28 18.52 —17.04 0.92/0.54 21.21 —14.35
HST F814W* 21.00 —14.56 4.00 16.58 —18.98 0.93/0.55 18.26 —17.30 1.03/0.61
HST F160W 18.83 —16.73 3.29 15.07 —20.49 0.63/0.37 16.97 —18.59 1.13/0.67 17.91 —17.65

Notes. Column (1): HST filter. Column (2): the integrated magnitudes on the Vega system for PSF component, not corrected for Galactic extinction. Column (3): the
absolute magnitude for the PSF component after Galactic extinction correction. Column (4): the Sérsic index. Column (5): the integrated magnitudes on the Vega
system for bulge component, not corrected for Galactic extinction. Column (6): the absolute magnitude for Sérsic component after Galactic extinction correction.
Column (7): the effective radius of the Sérsic component in units of arcseconds and the corresponding scale length in units of kiloparsecs. (8): the integrated
magnitudes on the Vega system for the disk component, not corrected for Galactic extinction. Column (9): the absolute magnitude for the disk component after
Galactic extinction correction. Column (10): the effective radius of the disk component in units of arcseconds and the corresponding scale length in units of
kiloparsecs. Column (11): the integrated magnitudes on the Vega system for the outer ring, not corrected for Galactic extinction. The ring magnitude is derived from
the residual images. Column (12): the absolute magnitude for the outer ring component after Galactic extinction correction.

* The decomposition result of HST F814W is taken from Jiang et al. (2011).

combining. We adopted the hybrid PSF from the CANDELSs
field, which works better than either modeled or empirical
(stellar) PSFs (van der Wel et al. 2012)'° as the PSF of the
F160W image. There is no existent hybrid PSF for the F555W
image, so we turn to the modeled PSF produced by TinyTim.*
We first generate PSF to match with each single exposure,
during which its position in the CCD and its defocus offset are
carefully considered. Then we replace the central part of the
object images by the corresponding PSF images and combine
them using Astrodrizzle with the same drizzle parameters as
above.

Then we try to perform a 2D decomposition of JO838 using
GALFIT (Peng et al. 2002, 2010). The AGN is represented by
a PSF, and the host galaxy is modeled by a bulge as a Sérsic
(1968) r'/" function or a disk as an exponential function (Exp;
equivalent to n =1 Sérsic) or a combination of them. The sky
background has been subtracted during the Astrodrizzle
combination; the validity is confirmed by our residual sky
estimation. The ring region (denoted by the two red ellipses in
Figure 4) and other contaminations such as background
galaxies or foreground stars are masked out. We take a fitting
approach with the incremental complexity of the model, which
proves to be an effective way to obtain an optimal result (Dong
et al. 2007; Jiang et al. 2013). We start the fitting with the
simplest model, in which the host galaxy is represented by a
single Sérsic component in addition to a PSF for the AGN. It
yields obvious residuals with a large reduced x2. Then we add
an Exp disk component into the model, and the fitting gets
pretty acceptable for both bands. We try models with more free
parameters (such as PSF plus two Sérsics), yet the fittings
cannot be improved significantly. Thus we adopt the PSF
+Sérsic+Exp scheme as the best model. We note that,
although it is quite weak (particularly in the F160W band),

19 They use 46 isolated stars in median-stacked form as an alternative PSF

representation. The problem with this approach is the variety in the subpixel
positioning of the stellar images, which leads to broadening in the PSF model
when stacking a number of stars. In order to provide an accurate PSF model at
all radii, they take the median-stacked star and replace the central pixels (within
a radius of 3 pixels from the center) by the TinyTim model PSF. The flux
values of these pixels are normalized such that the total flux of the newly
constructed hybrid PSF model is the same as that of the stacked star. Their
hybrid PSFs have a uniform pixel scale of 0706.

20 http://www.stsci.edu/hst/observatory /focus /TinyTim

the PSF component is not dispensable, because (1) its existence
is vindicated by the presence of the broad Ha emission line in
the optical spectra (Section 2.2) and (2) in practice without it
the fittings would leave obvious residuals in the central region
with large reduced Y2, particularly in the F555W image (see
also Jiang et al. 2011 for the fitting of the F814W image).

The fitting results are presented in Figure 4, and the best-fit
parameters are summarized in Table 2. In Figure 4 (bottom
panels), we also plot the one-dimensional representation of the
data and the best fits, i.e., the azimuthally averaged surface
brightness profiles of the HST images and the GALFIT best-fit
models as well as the residuals. The surface brightness profiles
are extracted with the IRAF /ellipse task that can interpolate
into the subpixel scale. Note that the interpolation into subpixel
scale is somehow excessive and the errors of the inner data
points are inter-independent, and thus those surface brightness
data are just for demonstration purposes and used in
Figure 4 only.

The host galaxy is dominated by the bulge component,
particularly in the F160W band. In the F160W band, the bulge
has a best-fit ellipticity of (1 — b/a) = 0.29 and a Sérsic
index of n = 3.29; the Sérsic index (around 4) is typical for
merger-built classical bulges. Aside from the bulge, the disk is
yet indispensable and can be easily fitted from the 2D images
because the orientation of its major axis (PA = 44°) is almost
perpendicular to that of the bulge component (~—32°). While
its best-fit size is similar in both filters (=~1.0 kpc, see also the
F814W result in Jiang et al. 2011), the disk becomes prominent
in the bluer band (namely F555W) with a best-fit ellipticity
~0.1, overshining the bulge outside r = 1” (see Figure 4, the
left bottom panel).

We would like to provide a more in-depth analysis and
explore the use of our adopted hybrid PSF for the F160W
image. Potentially the PSF modeling seriously impacts the
best-fit AGN and galactic disk components, both of which
(particularly the AGN) are much weaker with respect to the
bulge component in the NIR than in the optical (see Figure 4).
The hybrid PSF is likely composed of substantially redder stars
than the nucleus of JO838-+5406, and is thus wider. This would
create artificial flux transfer to some degree from the bulge
component (namely the second most compact component) to
the AGN component in GALFIT fitting; certainly the inverse
transfer is also conceptually possible (particularly in sources


http://www.stsci.edu/hst/observatory/focus/TinyTim
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with bright nuclei, which is not the situation of J0838+-5406).
To assess this possibility, we use TinyTim to generate a model
PSF for the F160W filter. We consider the CCD position, focus
offset, AGN SED, and so on, following the aforementioned
procedure for the F555W filter. Then we run GALFIT again to
fit the F160W image. The fitting result changes little, with
similar residual patterns. Note that the spike-like white “cross”
(namely over-subtraction to a certain degree) in the residual
image of the F160W fitting (Figure 4) is not due to PSF
mismatch, unlike the usual situation of GALFIT fitting images
with bright AGN nuclei. It is instead caused by the slight (as
judged from the residual of the one-dimensional representation
in Figure 4) over-subtraction of the bulge and disk components;
as mentioned above, the two are oriented almost perpendicu-
larly. Besides, the best-fit disk in the F160W is by no means
only to compensate for possible PSF mismatch, because (1) the
disk component is indispensable as we argue in the above
paragraph with the F555 fitting result (as well as the F§14W of
Jiang et al. 2011), (2) the AGN component is rather faint in the
F160W band and cannot leave considerable residual fluxes on
the scale of the galactic disk, and (3) the best-fit disk
parameters (size, PA, and ellipticity) of the F160W image are
consistent with those of the optical images. We have also
extracted the one-dimensional surface brightness profiles of
both the hybrid PSF and the TinyTim F160W one, and find that
the discrepancy between the two is almost negligible at all
radii. In fact, Kim et al. (2008) have conducted detailed tests
(see their Section 2.1) and concluded that for HST PSFs the
variation due to SED is <10% at all radii, which is negligible
compared to that due to spatial distortion, temporal variability,
and particularly pixel undersampling. Certainly, as demon-
strated by the one-dimensional surface brightness profiles in
Figure 4 (bottom panels) the bulge component overwhelms the
other two components (the AGN and the disk) in the NIR, and
hence we caution that the best-fit parameters for the AGN and
the disk from the F160W image are not as reliable as from the
F555W image. It is for this very reason that in the above we
quote the information (Sérsic index, size, PA, and ellipticity)
for the bulge from the F160W fitting and for the galactic disk
from the F555W fitting.

4. The IMBH and LINER 1 Nucleus

Based on the analyses of the spectra and images, we are able
to estimate the properties of the host galaxies and central BH
for JO838+5406. The 2D decomposition of the HST images by
this work and Jiang et al. (2011) show that JO838+-5406
incorporates three components: a bright bulge component, a
weak galactic disk component, and a faint PSF component.
Spectral analysis reveals that J0838+-5406 has a weak but
evident broad Ho emission line originated from the AGN BLR.
This object was covered by the VLA FIRST survey (Becker
et al. 1995). We analyze the radio data and find a compact
source located in the nucleus position with a considerably high
statistical significance, and the measured flux at 20cm is
1.09mJy with a rms noise of 0.15mJy.?! We calculate the

2! We use the program Gaia in the starlink software package (http://starlink.

eao.hawaii.edu/starlink /) to fit a two-dimensional Gaussian to the source at the
position of J0838+4-5406 in the VLA FIRST image. The source turns out to be
point-like, with a flux of 0.84 mJy and an rms noise of 0.15 mJy. The source
detection threshold set by the FIRST catalog is 1 mJy, so this source was not
included in the official catalog. With a CLEAN bias (which always makes an
underestimate of the flux) of 0.25 mJy (Becker et al. 1995), the real flux of the
source should be 1.09 mly, 7.3 times the rms noise.
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k-corrected radio power as Psgcm = 47rDL2 JrRsT / (1 + g)t+or,
where the radio spectral index o, (F, o< v®) is commonly
assumed to be —0.5. Then we get Py = 2.16 x 102!
W Hz ', We calculate the radio-to-optical flux ratio (namely
radio loudness) following Ivezi¢ et al. (2002), R; = log(

Sroem

where f; and f,, ., are flux densities (per Hz) at the i band and
20 cm, respectively. The thus-calculated R; is 2.0, indicating
that J0838+-5406 is a mildly radio-loud AGN.

With the measured luminosity and line width of the broad
Ha emission line, the BH mass can be estimated with the
commonly used virial mass formalisms that adopt the empirical
relation between BLR radius and AGN luminosity (the R—L
relation; Kaspi et al. 2000). The BH mass values given by
Greene & Ho (2007) and Dong et al. (2012) are 1.58 x 10% M,
and 1.26 x 10° M, respectively. Here we estimate the BH mass
with our measurement of the Ho emission line from the MMT
spectrum (see Section 2.2), using the mass formalism given by
Xiao et al. (2011, their Equation (6)) which is based on Greene
& Ho (20054a, 2005b) but incorporates the R—L relation recently
calibrated by Bentz et al. (2009). The total (BLR + NLR) Ha
luminosity measured from the normal-aperture MMT spectrum
is Ly, = 1.45 x 10*erg s7!. Note that according to the
broad-line Ha/HS ratio (3.4; see Table 1), the broad lines
suffer nearly no dust obscuration (see Dong et al. 2008). Thus
we obtain Mpy = 3.15 x 10° M. This value is larger by a
factor of =2 than those given by Greene & Ho (2007) and
Dong et al. (2012), mainly because of our larger FWHM of
broad Ha measured from the MMT spectrum; this discrepancy
is roughly within the uncertainty of virial mass estimation (e.g.,
Wang et al. 2009; Xiao et al. 2011).

To estimate the bolometric luminosity (Lyo), we follow the
recipe of Greene & Ho (2007) for the bolometric correction from
Lia, yielding Ly, = 6.21 x 10*? erg s~!. The corresponding
Eddington ratio is thus Ly /Lggq = 0.016. The Ly, of JO838
45406 (and correspondingly the L) is slightly lower than the
median Ly, (1.9 x 10*erg s7!) of the nearby type-1 Seyfert
galaxies and quasars listed in Table 1 of Ho (2008), but higher
than the median of the nearby type-1 LINERs listed there
(3.7 x 10*erg s~!). The broad-Ha luminosity is slightly larger
than that of the IMBH AGN in a less luminous galaxy at a similar
redshift  (SDSS J160531.84+174826.1, z = 0.032; Dong
et al. 2007), but lower than that of the prototypal IMBH AGN,
POX 52 at z = 0.022 (see Table 4 of Dong et al. 2007).

J0838+4-5406 is among the 10 LINER 1 galaxies in the Dong
et al. (2012) sample of 309 low-z IMBH AGNSs. From the
SDSS and MMT spectra (see Table 1), the optical narrow
emission lines are observed to have the following line-intensity
ratios: log [O I]A5007 /HB = —0.09 £ 0.11, log [N 11]A6583/
Ha = —0.81 + 0.12, log [S1]AN6716, 673/Ha = —0.28 +
0.04, and log [O1]A6300/Har = —0.52 £+ 0.05. In the BPT
diagnostic diagrams (Baldwin et al. 1981; Kauffmann et al.
2003a; Kewley et al. 2006), JO838+5406 corresponds to the
boundary case between H II and LINER: it is located at the H1I
portion in the [O 1] /HQ versus the [N 1I]/Ha diagram, on the
border between H 1 and LINER in the [O 1] /HQ versus [S11]/
Ha diagram, and at the LINER portion in the [O 111] /HS versus
[O1]/Ha diagram. We also note its strong [O 1] A3727 and
[O 1]1A6300 emission lines, which are characteristic of LINERs.
With the flux ratios of log[O1] A3727/[01]A5007 =
046 4+ 0.11 and log[O1A6300/[O mA5007 = 0.17 +
0.11, JO838+5406 safely satisfies the criteria of being a
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LINER of Osterbrock & Ferland (2006; [O1] A3727/
[O m]A5007 > 1 and [O1]A6300/[O mJA5007 > 1/3).

5. The Host Galaxy, Ring, and Extended Ho Emission

JO838+-5406 is an early-type galaxy of a red color with
u —r =241, which satisfies the red galaxies criteria
(u—r=222) of Strateva et al. (2001). With a total
luminosity (bulge + disk + ring) of M, = —17.80 mag
measured from the HST F555W image, it is a dwarf galaxy,
even fainter than the Large Magellanic Cloud (LMC,
My = —18.5mag). The SDSS spectrum is dominated by
starlight from old stars. The stellar age of a galaxy can be
roughly estimated from the 4000 A break index D(4000) and
the H § absorption index (Hé,); see Kauffmann et al. (2003b).
We measure D(4000) and Hé, from the SDSS spectrum and
obtain D(4000) = 1.66, Ho4 = 0.40. According to Figure 2 of
Kauffmann et al. (2003b), both the indices indicate that the
mean stellar age of J0838+4-5406 is about 2.5 Gyr. We use the
K-band luminosity of the starlight to calculate the stellar mass,
because the mass-to-light ratio in the K band (M/Lyg) is
relatively insensitive either to dust absorption or to stellar
population age. Into & Portinari (2013) provide a calibration of
mass-to-light ratios against galaxy colors; here we use
logM/Lgs = 0.794(g — i) — 0.997 (with a scatter of
40.1 dex; see their Table 3). The g and i are the SDSS
Petrosian magnitudes and Lk; is calculated from the 2MASS K
band of JO838+5406, giving ¢ — i = 1.19 and Lk, = 5.00 X
10° L. Then the stellar mass is Myoq = 4.45 x 10° M.

According to the [O 1] A3727 emission line from the SDSS
spectrum, we can estimate the star-formation rate (SFR) of the
nuclear region (r < 0.9 kpc).22 However, [O1] A3727 is a
low-ionization forbidden line and can be excited in either H1I
regions, or in NLRs of AGNs, or in a shock-heated plasma. It is
hard to estimate the fraction of [OT] A3727 coming from
possible H1I regions for JO838+5406. If we assume all of the
[O 1] A3727 flux is from H1I regions of JO838+5406, we can
use the extinction-corrected [OII] A\3727 luminosity to get the
upper bound to the SFR. The extinction of narrow lines can
be determined by comparing the observed narrow-line Balmer
decrement Ha,/HS with the intrinsic value in AGN NLRs (3.1;
Halpern & Steiner 1983; Gaskell & Ferland 1984). Assuming
the extinction curve to be the Small Magellanic Cloud one
(Gordon et al. 2003), we get E(B — V) = 0.38. The measured
Liomas727 is 436 x 10%erg s7!, and the extinction-corrected
Lioms727 18 2.13 x 10%erg s~!. Employing the calibration of
Kewley et al. (2004, their Equation (10)), we derive the upper
bound to SFR([O 1] A\3727) to be 0.15 M, yr .

HST images reveal a circumgalactic ring structure of JO838
+5406. The ring is an ellipse in the sky, with its major and
minor axes being 27”7 (15.6kpc) and 19”7 (11.4kpc), respec-
tively, in the F1I60W (H) band. It exhibits a disperse shape on
its south side in the sky, which spreads ~6”5 along the radial
direction.

The most striking feature of JO838+-5406 is the large-scale
Ha emission extending to 10 kpc from the center of the galaxy
in the MMT 2D longslit spectrum. We measure the distribu-
tions of the LOS velocity of Ha-emitting gas (namely Ha line
profiles) at different spatial positions along the slit. To increase
the S/N (compared with Figure 2), we combine the spatial lines

22 The SDSS spectrum is extracted through a fiber aperture of 3” in diameter,

i.e., a radius (projected physical distance) of 0.9 kpc at this source’s redshift.
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every 2 pixels. Velocity measurements are also done for the
spatial lines within the normal aperture (namely the main body
of the galaxy) since such a measurement does not require exact
flux calibration and measurement; the normal apertures (9
pixels) are divided evenly into three bins. The distributions are
close to normal, and we then fit them with a Gaussian each.
From the fitting results, we obtain the mean velocity (v, namely
the centroid of the Gaussian distribution, with respect to the
systematic redshift) and velocity dispersion (o) at every spatial
position; the 1o errors are also given by the fitting. In Figure 5,
we plot the radial profiles of v (top panel) and o (bottom panel).
In the spatial axis r, zero denotes the position of the central
AGN in the slit (see Figure 1) and north is toward positive
values. The positive v values denote redshifts, and the negative,
blueshifts. The o values are not corrected for instrumental
broadening. The v profile shows a steep decrease by
~250km s~! when r runs from —4” (2.4kpc south) to +4”"
(2.4 kpc north). With r going outwards along the S branch, v
basically keeps constant at the mean value as measured from
the integrated S-branch aperture (86km s~!), marginally
reaching the maximum redshift (130 £46kms~!) at
r ~ 5kpc south and then dropping and roughly leveling
around the mean. On the positive r part (namely the N branch),
v basically keeps constant at the mean value as measured from
the integrated N-branch aperture (162km s~!), marginally
reaching the maximum blueshift (200 £46kms~!) at
r~ 54kpc north and then decreasing again and roughly
leveling at ~140km s~! toward the larger north end (r > 7.5
kpc). The o profile, except in the central region (roughly r in
the range [—2, 2] kpc), which is affected by the Ha emission
from the AGN BLR and NLR, are basically flat with velocity
dispersion values in the range of ~30-90km s~! (without
correcting for instrumental broadening). Considering the
instrumental broadening ;s = 36.5 km s~!, the intrinsic velo-
city dispersion of the extended Ha-emitting gas is very small;
only in the two positions with the maximum redshift or
blueshift (namely r around 5kpc south and 5.4 kpc north,
respectively) o reaches a maximum of ~80 km s~! (corrected
for instrumental broadening). Both the v and o profiles are
similar to many rotation disks of warm gas reported in the
literature (e.g., Walsh et al. 2010; Katkov et al. 2011).

In addition, we do not detect significant starlight continuum
on the large scales of the extended Ha emission, neither in the
HST images nor in the MMT longslit data; this is evident in
Figure 4 and indicated by the continuum levels (close to 0) in
panels (c) and (d) of Figure 1. It is also worth noting that the
physical scale of the extended Ha emission corresponds to or
even larger than the faint outer rim of the ring as revealed by
the HST images (Figure 4). Several bright spots of the extended
Ha emission along the slit (e.g., at r =6 kpc south) roughly
correspond to the inner rim of the ring.

6. In Situ Star Formation Powers the Extended Ha

The presence of the spatially extended Ho emission (see
Section 2.1) indicates that ionized warm gas exists on scales
of 10 kpc away from the center of the galaxy. In the literature,
such large-scale emission lines were often reported in dwarf
starburst galaxies as powered by in situ star-formation activities
(e.g., NGC 1569, Martin et al. 2002), but seldom in galaxies
with such red colors. Thus two questions naturally emerge. The
first question—what powers the large-scale Ha emission line
for this object: AGN, star formation, or heating by some kind
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Figure 5. Mean (v, with respect to the systematic redshift) and dispersion (o) of the line-of-sight velocity distribution of the Ha: emission at different spatial positions
along the slit, measured from the 2D MMT spectroscopic data. The positive v values denote redshifts, and the negative, blueshifts; the o values are not corrected for
instrumental broadening (oi,s ~ 36.5 km s~!). The spatial axis r and the gray shaded area are the same as in Figure 2, but every 2 or 3 spatial pixels are combined to

increase the S/N of the data points (see the text).

of shock? The second question—where is the ionized
gas from?

As to the first question, assuming all the Ha flux is from
hydrogen recombination, the total number of ionizing photons
must be large enough to balance the total number of
recombination events in the ionized gas. Following Equation
(13.4) of Osterbrock & Ferland (2006), we can write the
luminosity of Ha as follows,

ol (HY, T) Q

o (HO, T) 47 2

Q
~ 137 x 1072220y,
T) 4x ol

LHa = thry

ey
Ll‘ton is the number
ap(HO,T)
of Ha photons produced per hydrogen recombination,” and
QOyo is the number of photons that can ionize hydrogen atoms.
By means of Equation (1), we can estimate the ionizing
photons required to produce the observed Ha luminosities of
the broad component, the narrow component and the extended

component, provided that the corresponding covering factors

Q . .
where s the nebular covering factor,
s

2 The parameter oSt (HO, T) is the effective recombination coefficient that

reflects the number of recombinations to all n > 3 levels, which ultimately

lead to transitions from n =3 to n =2 (namely emitting Ho photons).

The parameter oz (H, T') is the Case B recombination coefficient. At 7, = 10*

K and under the Case B condition (see Tables 2.1 and 4.2 of Osterbrock

& Ferland 2006), az(H, T) is 2.59 x 1073 em’®s™!, ofL(HO, T) is

3.03 x 107 cm’s ™!, and the Balmer line-intensity ratio ji, /jys = 2.87.
(yEHffg(HO, T) - JHB MG

eff
(see Equation (4.14) of Osterbrock

o 0 .
According to o M1 o Mo
& Ferland 2006), offf (H?, T) is 1.17 x 10713 cm® 5™,

11

(2, 2
4An’ 4Am
extended Ho luminosities are 5.73 x 103 erg s71,8.78 x 103
ergs~!, and 1.22 x 10% erg s7!, respectively.

We first consider the possibility that the ionizing photons are
all provided by the central AGN. Adopting the ionizing
continuum of the median quasar SED (either radio-loud or
radio-quiet) of Elvis et al. (1994) and scaling it to the observed
M,(5100 A) of this object, we obtain the number of the
ionizing photons Qpo = flc; o %dy = 1.5 x 10°% per sec-
ond. We note that previous studies showed that the SED of
LINERSs does not likely have the big blue bump (e.g., Ho 2008;
Younes et al. 2012) and thus the number of the ionizing
photons of JO838-+5406 (being a LINER) should be less than
the above Qo value. On the other hand, typically in AGNs the

BLR covering factor is ?—7‘; ~ 0.1 and the NLR covering factor

is % ~ 0.07 (Mor et al. 2009). Considering its disk config-
uration (Section 5), the covering factor of the extended
Hao-emitting gas to the central source should be very small
(say, ?—; < 0.01). According to Equation (1), the required
number of the ionizing photons accounting for the broad Ho
luminosity is 4.18 x 10°2 per second; 9.16 x 10°? per second
for the narrow Ha; 8.96 x 10°0/ %r per second for the
extended Ha. Note that here we do not count emission lines
other than Ha, and thus the real required ionizing photons
should be much more than the above estimated. Hence we can
see that the AGN-provided ionizing photons may roughly
balance the one required by the broad Ha emission line only,

QC
and ;) are known. The measured broad, narrow, and
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but is not able to further power all the narrow Ha emission line
extracted from the normal aperture, let alone the large-scale Ho
that should have a tiny covering factor to the central AGN.
There might be a possibility that the warm extended gas is
powered by stronger AGN activity in the past time, about
3 x 10° years ago (corresponding to the distance of the
extended Ha emission to the AGN). This is, however,
disfavored by the line-ratio diagnostics of the extended
emission (see below).

In light of the old stellar age of the host galaxy, we then
consider hot evolved stars as a probable energy source. In
galaxies with stellar populations older than ~1 Gyr, evolved
stars after their asymptotic giant branch phase (post-AGB) can
become sufficiently hot (~103 K) to produce a radiation field
capable of ionizing atoms with a substantial ionization potential
(Binette et al. 1994; Ho 2008; Singh et al. 2013). In terms of
the BPT diagrams, the emission lines powered by post-AGB
stars appear like a LINER spectrum, which is the case for the
narrow emission lines of JO838+5406. Post-AGB stars have a
specific ionization rate of Qj,, = 7.3 X 1040% s~! (Binette

et al. 1994; Ho 2008). Multiplied with our derived stellar mass
of J0838+5406 (4.45 x 10°M.), the post-AGB stars
embedded in the whole galaxy can contribute 3.25 x 10
ionizing photons per second. This value is lower by one order
of magnitude than either that required by the broad Ha

. . . . Q0
emission, even if assuming a complete covering (4—7‘; = 1), or

that required by the narrow Ha emission, assuming ff—; =1, 0r
it is 2.7 times lower than that required by the extended Ha
emission, assuming % = 1. It can be regarded as reasonable to
assume a complete covering of the narrow-Ha-emitting gas to
the post-AGB stars because the two are generally co-spatial. It
is, however, not possible for the extended Ha-emitting gas to
completely cover the post-AGB stars, because the post-AGB
stars are predominantly distributed within the main body of the
galaxy (namely within r = 3”) but the extended Ha-emitting
gas is much farther out and likely in a thin-disk configuration
(Section 5). It thus appears plausible that, considering possible
uncertainties in the above estimations, the AGN continuum
powers the broad Ha emission line, the post-AGB stars may
power (part of) the narrow Ho emission line, but neither is able
to further power the large-scale Ha emission. This inference is
consistent with the radial surface brightness profile of the
extended Ha emission that is irregular without a monotonic
dependence with projected radius (Section 2.2). Actually, it is
vindicated by the Ha-involving BPT diagram of the normal-
aperture narrow lines (Section 4) and the BPT diagnostics of
the extended emission below.

We do not detect any significant spatially extended emission
features of low-ionization lines ([O1], [N1I], and [S1I]) in the
two-dimensional longslit spectrum. The [O1]A6300 line is
located at the blue end of the MMT spectrum, where the
spectral quality is poor. The [STI] doublet lines suffer from
contamination from the nearby sky lines. For the extended
[N 1], we try to measure the upper bound of the flux from the
spectra of both branches. As the [N 1I] doublet lines in either
branch are rather weak (if not absent), we calculate the flux and
flux error for the [N IIJ\6583 line directly from the spectrum of
each branch (see panels (c) and (d) of Figure 1), which gives
71 £24 x 107 ergs 'em ? for the N branch and
46429 x 1077 ergs ' cm™? for the S branch. We take
the thus-estimated flux plus two times the flux error as the

12

Liu et al.

upper bound to the [NIA6583 flux, ie., 1.19 x 107!6
ergs™' cm™? for the N branch and 1.04 x 1071¢ ergs™' cm™>
for the S branch. We confirm that these values are definitely a
secure upper limit, by plotting the [N II]A6583 line assuming
the line having the same width as the corresponding Ho and the
above upper-limit flux for each branch. Thus the line ratio
log [NTJA6583 /Ha < —0.38 for the N branch and
log [N 11JA6583 /Har < —0.50 for the S branch, both being in
the HII region of the BPT diagram. This further supports our
inference that the extended, line-emitting gas is powered by star
burst.

It is also unlikely that the large-scale Ha line is powered by
shock heating, at least not primarily. As model calculations
suggested in the literature, shocks usually enhance those low-
ionization forbidden lines (Allen et al. 2008), which is opposite
of the situation in JO838+4-5406. Certainly, conceptually there
are still several other possibilities accounting for the absence of
low-ionization emission lines on the large spatial scales, e.g.,
the suppression for low-ionization lines due to high-ionization
state, the low-metallicity of the gas, etc. However, low-
metallicity gas is not common in the local universe; the AGN
of JO838+45406 is neither in a high-ionization state nor
seriously obscured (Section 4), unlike the AGN-powered cases
in forms of either direct photoionization or shock heating (e.g.,
Fu & Stockton 2009; Cai et al. 2017).

Summing up the above, we therefore conclude that the
ionizing photons for the large-scale emission are mainly
provided by the in situ star formation. According to the
empirical relation (Kennicutt 1998), the extended Ha: emission
requires merely an SFR of 0.01 M, yr '

7. The Scenario: Tidal Accretion and Merger
7.1. Creating the Ring and Extended Ho-emitting Gas

As mentioned in Section 5, the ring shows a disperse shape
on its south side in the sky. We note that some parts of the inner
region of the ring are filled by the galactic disk component (see
the HST FW160 image in Figure 4). Besides, the physical scale
of the extended Ha emission is larger than the ring, and the
bright spots in the extended Ha emission along the slit
orientation are located interior to the ring. Plausibly, the
extended Ha emission powered by in situ star formation, the
faint galactic disk and the circumgalactic ring have a certain
connection.

The kind of galactic rings that are not associated with
galactic bars, either coplanar or not with the disk of the host
galaxies, are collectively called collisional rings or polar rings.
They are generally believed to be formed by a violent
interaction (collision or merger) and/or the tidal accretion
during such an interaction between two galaxies (Lynds &
Toomre 1976; Theys & Spiegel 1976; Toomre 1978; Bournaud
& Combes 2003; Mapelli & Mayer 2012). Thus, the presence
of the circumgalactic ring suggests that J0838+5406, unbarred
and dominated by the bulge, once experienced a recent galactic
interaction.

Here we propose a scenario to explain the origin of the ring
and the extended Ha-emitting gas, as well as the galactic disk
perhaps, as follows. J0838+4-5406 has undergone a recent,
violent interaction with an intruder galaxy. In the SDSS field of
view around JO838+5406, we do not find any galaxy that
could be (the remnant of) the intruder; this is not like the usual
situation of collisional ring events (e.g., Liu et al. 2016). Thus
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the intruder must have instead been merged with the host (see,
e.g., Bournaud & Combes 2003), becoming part of the bulge as
is common with major mergers. During the interaction/col-
lision stage, as the numerical simulations of Bournaud &
Combes (2003) suggested, the gas of the intruder is tidally
accreted by the host galaxy and forms the ring. According to
their simulations, the intruder should be gas-rich and of a
comparable mass to JO838+4-5406. Then, in the merging stage,
some of the stars of the intruder (and possibly some of the stars
of the host as well) are spread, forming the faint disk. Likewise,
part of the gas of the intruder (or, secondarily, some of the gas
of the host as well) is spread, which is the origin of the large-
scale Ha-emitting gas.

As for the rotation-like pattern of the velocity offsets of the
extended Ha emission, there are two possible explanations.
One possibility is that the ionized gas traces the outflowing gas
in galactic winds. The aforementioned violent galactic interac-
tion triggers the star-formation activities, which can produce
galactic winds, as detected in various kinds of galaxies from
ULIRGS to dwarf starburst galaxies (e.g., NGC 1569; Martin
et al. 2002). The outflowing gas might move outwards in close
to perpendicular angles with respect to our line of sight, and
thus the observed large-scale Ho emission would have only
small blueshifts and redshifts. However, galactic winds are
seldom reported in galaxies with such red colors as JO838
+5406. The other possibility (see Bournaud & Combes 2003),
as we prefer, is that the extended Ha emission traces the large-
scale gas that is formed by the tidal accretion/disruption from
the intruder galaxy and that has an angular momentum as the
rotation-like pattern suggests. The velocity profile of the
extended Ha emission in JO838+5406 is similar to the large-
scale rotation gaseous disks reported in the literature (e.g.,
Katkov et al. 2011). Thus this explanation fits in well with the
whole scenario we propose above.

7.2. Triggering the AGN?

It is interesting to think about the following question: How is
the IMBH AGN triggered in such a red, old, and (presumably)
gas-poor galaxy? First of all, we should agree that, as current
observations indicate, the majority—likely more than about
two-thirds—of low-z IMBH AGNs (and almost all of the
AGNSs in nearby galaxies, Ho 2008) are triggered by internal
secular processes caused mainly by various instabilities of
galactic disks and by nuclear star-formation activities (Greene
et al. 2008; Jiang et al. 2011; see Kormendy & Ho 2013 for a
detailed review). That is, major merger is not the only way to
break the “angular momentum barrier” in the AGN fueling
passage and trigger the AGN (Jogee 2006). This is definitely
the case for AGNs in local massive galaxies, because for
galaxies of such masses (ZLyw) in the local Universe the
frequency of ongoing/recent major majors is indeed small
(Blanton & Moustakas 2009), consistent with both the
expectation of the hierarchical clustering theory and the
observed ‘“cosmic downsizing” phenomenon (Cowie et al.
1996) that most star formation and most AGN activity
(Heckman & Best 2014) now happen in relatively low-mass
galaxies.

However, for low-mass galaxies in the local Universe, the
major-merger frequency is much higher than the massive
cousins. This is mainly because of the large number of low-
mass galaxies, and secondarily because they are usually
dragged by massive DM halos and thus close to each other,
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forming “groups” of low-mass galaxies. Both factors are
actually just as the hierarchical clustering theory expects (see
Section 1; e.g., Deason et al. 2014). Recently, reported
observational cases of dwarf-dwarf major mergers also have
increased (e.g., Geha et al. 2005; Nidever et al. 2013; Amorisco
et al. 2014; Crnojevié et al. 2014; Paudel et al. 2015). Based on
a sample of 104 dwarf-galaxy pairs, Stierwalt et al. (2015) show
that the star-formation enhancement observed in massive galaxy
pairs also extends to the dwarf mass range. Distorted HI
morphologies and the presence of gaseous tails around star-
bursting dwarf galaxies have also been attributed to wet major
mergers (Nidever et al. 2013; Pearson et al. 2016). Again, all
these observations are not inconsistent with the observed “cosmic
downsizing,” but raise a long neglected phenomenon—wet major
mergers/violent interactions between dwarf galaxies and their
same effect on star formation as their massive cousins had in
their active epochs (at higher redshifts).

We can suppose that, like the aforementioned role in
triggering star formation, wet major mergers/violent interac-
tions of local gas-rich small galaxies play almost the same role
in triggering AGN activity as their massive cousins plausibly
did at high redshifts (e.g., z ~ 2-3). The high-z role is
commonly believed in the co-evolution paradigm of super-
massive BHs and their massive host galaxies in their quasar
epoch (Kormendy & Ho 2013). Then our proposed scenario for
the ring and extended Ha-emitting gas can naturally explain
the triggering of the AGN too. Certainly, we should bear in
mind a second possibility: the co-occurrence of the recent
major-merger event and the AGN activity in JO838+5406 is
just accidental, because neither the major-merger rate nor the
AGN fraction is small in local low-mass galaxies. The
conclusion cannot be drawn until well-defined comparisons
are done in major-merger rate between galaxies with AGN
activities and the same kind of galaxies without.

What we would like to stress again is that the incidence of
major mergers and other violent interactions in local IMBH
AGNs is not insignificant at all. According to the studies
mentioned in Section 1 (Jiang et al. 2011, W.-J. Liu et al. 2017,
in preparation), the fraction of such violent galaxy interactions
in IMBH host galaxies is about 9%—16%, which is much higher
than in local massive galaxies. In fact, the above values are
similar to the fraction of the radio-loud population in AGNs
and to the fraction of broad-absorption-line (BAL) quasars;
both radio-loud AGNs and BAL quasars have not been
neglected for their not being the majority. We think that
violent galaxy interactions in IMBH AGNs are also worth
further investigations.

8. Summary and Future Work

J0838+4-5406 first caught our attention in the Dong et
al. (2012) sample of 309 IMBH AGNs because it is located at
an extreme portion of the parameter space with certain
peculiarities: host galaxy being rather red (u — r = 2.41) for
a total luminosity My = —17.80 mag, and AGN belonging to
the 10 LINER 1s in the sample. In the present work, we carried
out a detailed study with its HST images and MMT longslit
spectroscopic data as well as the SDSS data. The analysis of the
HST images indicates that JO838-+5406 is an early-type galaxy:
the disk is featureless, faint, and of low surface brightness
(tto,y = 20.39 mag arcsec ), whereas the bulge is prominent,
red (V — I = 2.03), relatively compact (R, = 0.28 kpc), and
accounts for ~81% of the total light in the / band. Interestingly,
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the HST images reveal a circumgalactic ring with a 16 kpc
diameter. The ring is clear-cut and narrow on its north side but
manifests a dispersed shape on its south side. More surpris-
ingly, the MMT two-dimensional longslit spectrum reveals
large-scale Ho emission with a projected physical size of
20kpc. The velocity profile of the extended Ho shows a
rotation-like pattern, with a mean blueshifted velocity of
162 km s~' and mean redshifted velocity of 86km s~!. Our
photoionization calculations suggest that the AGN continuum
powers the broad Ha emission line, and the post-AGB stars
power (part of) the normal-aperture narrow emission lines, as
indicated by the LINER-like narrow-line spectrum in terms of
the BPT diagram, but neither is sufficient to further power the
large-scale Ha emission. This is vindicated by the BPT
diagnostic of the extended emission, which also disfavors
any kind of shock heating but indicates a star-formation origin.
We propose that both the ring and extended Ha-emitting gas
are created by the tidal accretion in a collision event (and then
merger) with a gas-rich galaxy of a comparable mass. Provided
that wet major mergers (or other violent interactions) of
present-day small galaxies play almost the same role in
triggering AGN activity as their massive cousins supposedly
did at high redshifts (namely the co-evolution of high-z quasars
and massive galaxies), then our proposed scenario can naturally
explain the triggering of the IMBH AGN too. In summary,
JO838+4-5406 is a good target to study the influence of violent
galactic interactions on IMBH AGNSs (plausibly) and on their
(dwarf) host galaxies.

We are proposing deep and high-spatial-resolution observa-
tions in multiple bands to further investigate the concrete
astrophysical processes at play in J0838+4-5406. IFU observa-
tions in the optical and near-infrared, particularly AO-assisted
observations, will obtain the spatially resolved kinematics of
the host-galaxy stars, and the spatial distribution and
kinematics of both the star formation and the large-scale warm
gas. Radio aperture-synthesis observations of high spatial
resolution (e.g., by JVLA, GMRT, and ALMA in particular)
will reveal the spatial distribution and kinematics of the cold
gas. Those observations will enable us to probe the spatial
scales from the circumgalactic down to tens of parsecs from the
nucleus, with a panoramic view. Meanwhile, as a straight step
forward, it is exciting to find more systems like JO838+-5406
and observationally census the frequency of violent galactic
interactions in the dwarf-galaxy world generally, and particu-
larly in the dwarf-AGN world.
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