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Abstract

Feedback likely plays a vital role in the formation of dwarf galaxies. While stellar processes have long been
considered the main source of feedback, recent studies have revealed tantalizing signs of active galactic nucleus
(AGN) feedback in dwarf galaxies. In this paper, we report the results from an integral field spectroscopic study of
a sample of eight dwarf galaxies with known AGNs and suspected outflows. Outflows are detected in seven of
them. The outflows are fast, with 50th-percentile (median) velocity of up to ~240 km s~ and 80th-percentile line
width reaching ~1200km s~ ', in clear contrast with the more quiescent kinematics of the host gas and stellar
components. The outflows are generally spatially extended on a scale of several hundred parsecs to a
few kiloparsecs, although our data do not clearly resolve the outflows in three targets. The outflows appear to be
primarily photoionized by the AGN rather than shocks or young, massive stars. The kinematics and energetics of
these outflows suggest that they are primarily driven by the AGN, although the star formation activity in these
objects may also contribute to the energy input. A small but nonnegligible portion of the outflowing material likely
escapes the main body of the host galaxy and contributes to the enrichment of the circumgalactic medium. Overall,
the impact of these outflows on their host galaxies is similar to those taking place in the more luminous AGNs in
the low-redshift universe.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Active galactic nuclei (16); Galaxy winds
(626); Dwarf galaxies (416); Extragalactic astronomy (506); Galaxy kinematics (602); Galaxy evolution (594)
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1. Introduction

While it is believed that supermassive black holes (SMBHs,
with masses My =~ 10°~10° M_,) are ubiquitous in the centers
of massive galaxies at the present epoch, the rate of incidence
of (S)MBHs in dwarf galaxies with stellar masses M, <
10°° M, (roughly that of the Large Magellanic Cloud) is not
well determined. The direct detection of SMBH in dwarf
galaxies based on the stellar and gas dynamics within the
gravitational sphere of influence of the SMBH is extremely
challenging, although there have been recent efforts producing
promising results (Nguyen et al. 2018, 2019). Nevertheless,
recent studies have revealed active galactic nuclei (AGNs) in
dwarf galaxies through diagnostics in the optical (e.g., Greene
& Ho 2007; Dong et al. 2012; Reines et al. 2013; Moran et al.
2014; Dickey et al. 2019; Mezcua & Dominguez Sénchez 2020;
Riffel 2020), near- and mid-infrared (e.g., Sartori et al. 2015;
Hood et al. 2017; Riffel 2020), and X-rays (e.g., Pardo et al.
2016; Mezcua et al. 2018), as well as from optical variability
(e.g., Baldassare et al. 2018), opening a new window for
systematic studies of (S)MBHSs in dwarfs (see Greene et al.
2020 for a recent review).

There is a general consensus that feedback processes likely
play a vital role in the evolution of dwarf galaxies, given their
shallow potential well (e.g., Veilleux et al. 2005, 2020). Stellar
processes have long been considered the main source of
feedback in dwarf galaxies (e.g., Larson 1974; Veilleux et al.
2005; Heckman & Thompson 2017; Martin-Navarro & Mezcua
2018). However, it is still debated whether such stellar feedback
is effective enough to reproduce the properties of the dwarf
galaxies we see today (e.g., Garrison-Kimmel et al. 2013). Given

the growing number of AGNs detected in dwarf galaxies, it is
also important to consider the possible impact of AGN feedback.
Few studies have explored this issue systematically. Plausible
evidence of star formation quenching induced by AGN feedback
in dwarf galaxies has been reported by Penny et al. (2018).
Bradford et al. (2018) have also found that the global H I content
may be lower in dwarf galaxies with AGNs, perhaps due to AGN
feedback. In addition, radio observations have revealed radio jets
in dwarf galaxies that are as powerful as those observed in more
massive systems (Mezcua et al. 2019). From the theoretical
perspective, analytic analyses from Silk (2017) and Dashyan
et al. (2018) have pointed out the possibly significant effects of
AGN feedback in dwarfs. New simulations by Koudmani et al.
(2019, 2020) suggest that AGNs boost the energetics of outflows
in dwarf galaxies.

Powerful, kiloparsec-scale outflows triggered by luminous
AGNs have been regarded as strong observational evidence of
ongoing AGN feedback (e.g., Rupke & Veilleux 2011, 2013a,
2013b, 2015; Liu et al. 2013a, 2013b; Westmoquette et al.
2013; Harrison et al. 2014; Rupke et al. 2017; Ramos Almeida
et al. 2019), which may impact even the circumgalactic
medium (e.g., Veilleux et al. 2014; Lau et al. 2018; Liu et al.
2019). It is thus interesting to explore whether similar outflows
can be found in dwarf galaxies with AGNs. Recently,
Manzano-King et al. (2019) have observed a sample of 29
dwarf galaxies with AGNs using Keck LRIS Ilong-slit
spectroscopy. Spatially extended (up to ~2kpc in radius),
rapid outflows (median velocity offsets < 180 kms ™', 80th-
percentile widths Wgo < 1600 km s_l) have been discovered in
a third of the sources from the sample, suggesting that AGN
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Table 1
Properties of the Targets

Name Short Name Redshift log(Mettar/Mo) Rso log(Lio my) Chol log(LagN) SFR
(€] @ ©) @ ® ©) (@) ® ©

SDSS J010005.94—011059.0 J0100-01 0.0517 9.47 1.2 40.9610:53 142 435 <0.6
SDSS J081145.294-232825.7 JO811+423 0.0159 9.02 0.6 39.63700 87 42.0 <0.01
SDSS J084025.54-+181858.9 J0840+18 0.0151 9.28 1.0 39.96+093 87 42.0 <0.01
SDSS J084234.51+031930.7 J0842+03 0.0291 9.34 1.0 4051599 142 43.1 <0.3
SDSS J090613.754-561015.5 J0906+-56 0.0467 9.36 15 41155591 142 437 <0.3
SDSS J095418.164+471725.1 J0954-+47 0.0327 9.12 2.0 4136502 142 439 <0.3
SDSS J100551.19+125740.6 J1005+12 0.00938 9.97 1.0 4020509 142 432 <0.1
SDSS J100935.66+265648.9 J1009+26 0.0145 8.77 0.7 40487591 142 43.0 <0.1

Note. Column (1): SDSS name of the target. Column (2): short name of the target used in this paper. Column (3): redshift of the target measured from the stellar fit to
the spectrum integrated over the KCWI data cube. Column (4): stellar mass from the NSA. Column (5): half-light radius from the NSA, in units of kpc. Column (6):
total [O 111] AS007 luminosity based on the observed total [O 11I] A5007 fluxes within the field of view of the KCWI data without extinction correction, in units of
erg s~!. Column (7): [O 1I]-to-bolometric luminosity correction factor adopted from Lamastra et al. (2009). Column (8): bolometric AGN luminosity, based on the
extinction-corrected [O IIT] luminosity, in units of erg s~!. Column (9): upper limit on the star formation rate based on the extinction-corrected [O 1I] A\3726, 3729
flux from the KCWI data, in units of M, yr~'. Here we assume that one-third of the [O 1] A\3726, 3729 emission is from the star formation activity, following

Ho (2005).

feedback may be significant in these dwarf galaxies. More
recently, a parsec-scale radio jet was reported in one of the
targets with a reported outflow, adding evidence for AGN
feedback in these dwarf galaxies (Yang et al. 2020). However,
while the results from the long-slit spectra are tantalizing, they
do not capture the two-dimensional morphology of the
outflows. Integral field spectroscopy (IFS) that provides full
two-dimensional coverage with high spatial resolution is
needed to map the outflows and fully quantify the true impact
of these outflows on the dwarf hosts.

In this paper, we analyze newly obtained IFS data of eight
dwarf galaxies with AGNs showing the fastest and brightest
outflowing gas in the sample studied by Manzano-King et al.
(2019) and Manzano-King & Canalizo (2020). The eight
targets were observed with Keck/KCWI, and two of the targets
were also observed with Gemini/GMOS. This paper is
organized as follows. In Section 2, the data sets, physical
properties of the targets measured from the IFS and ancillary
data, and reduction procedures are described. The analysis
techniques adopted in this paper are described in Section 3.
The main results are presented in Section 5 and detailed in
the Appendix. The implications of these results are discussed
in Section 6, and the conclusions are summarized in
Section 6. Throughout the paper, we assume a ACDM
cosmology with Hy=69.3kms ' Mpc ', Q,, = 0.287, and
Qx = 0.713 (Hinshaw et al. 2013).

2. Sample, Observations, and Data Reduction
2.1. Sample

We observed 8 out of the 29 dwarf galaxies with AGNs
studied in Manzano-King et al. (2019). The 29 sources were
originally selected from samples of dwarf galaxies with AGNs
in recent literature based on Baldwin, Phillips, & Telervich and
Veilleux & Osterbrock 1987 (hereafter BPT and VO87,
respectively; Baldwin et al. 1981; Veilleux & Osterbrock 1987)
line ratio diagrams (Reines et al. 2013; Moran et al. 2014) and
mid-infrared diagnosis (Sartori et al. 2015). The readers are
referred to Manzano-King et al. (2019) for more details. All
targets show AGN-like line ratios as measured from the Keck/
LRIS long-slit spectra extracted from the central 1”7 region.

Many of the targets show further evidence of hosting AGNs,
including (i) the detection of strong He II 4686 and [Ne V]
A3426 emission in the Keck LRIS long-slit spectra and KCWI
spectra and (ii) the detection of coronal emission lines in the
near-infrared spectra of these objects (T. Bohn et al. 2020, in
preparation). In addition, the highly ionized [Fe X] \6375 line
(ILP. =233.6 eV) is detected within the central 0”6 of target
J0906+56 based on the GMOS Integral Field Unit (IFU)
spectra reported here; targets JO906+56 and J0954+47 also
show hard X-ray emission originating from AGN activity
(Baldassare et al. 2017). The basic physical properties of the
eight targets in our sample, including those from the NASA-
Sloan Altas® (NSA), are summarized in Table 1.

2.2. Observations
2.2.1. GMOS Observations

J0906+56 and J08424-03 were observed through Gemini
fast-turnaround (FT) programs GN-2019A-FT-109 and
GS-2019A-FT-105 (PI S. Veilleux). The GMOS IFU (Alling-
ton-Smith et al. 2002; Gimeno et al. 2016) data were taken on
2019 April 4 and 2019 April 5 at Gemini-N for J0906+-56
and on 2019 April 28 and 2019 April 29 at Gemini-S for
J0842+03. The GMOS IFU 1-slit, B600 mode was used for
both targets, and the spectral resolution was ~100km s
FWHM at 4610 A. The field of view of this GMOS setup is
375 x 5”. The details of the observations are summarized
in Table 2.

We measured the point-spread function (PSF) of the IFS data
by fitting single 2D Gaussian profiles to bright stars in the
acquisition images of each target. The mean values of the
measured FWHM (0”60 for J0906+56 and 0”55 for J0842+-03)
were used as the empirical Gaussian PSF for the IFS data.
Whether these PSFs are a good approximation for our analysis
can be checked by comparing the PSF of the acquisition images
of the standard stars with those of the IFS frames on the stars
themselves. We find that the former is more extended than the
latter, i.e., the average FWHM of the PSF for the acquisition
images is ~90% larger than that of the IFS frames in arcseconds,

6 http:/ /www.nsatlas.org/data
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Table 2
Summary of Observations

Name Telescope/Instrument Dates Grating(Slicer) lexp PSF Range PA FOV 50 Detection
Limit (x10~'7)
@ 2) (3) ()] ) (6) 0 ®) €)) (10
JO100—01 Keck/KCWI 2020-01-30 BL(Small) 12004600 172 3500-5500 A 51.0 8" x 20" 9
JO811+23 Keck/KCWI 2020-01-30 BL(Medium) 4 x 1200 172 3500-5500 A 0.0 16”7 x 20" 1
J0840+18 Keck/KCWI 2020-01-30 BL(Medium) 3 x 1200 172 3500-5500 A 101.0 16" x 20" 1
J0842+03 Gemini/GMOS 2019-04-28, 29 B600 8 x 1125 0”55 3750-7070 A 122.0 375 x 5" 1
J0842+03 Keck/KCWI 2020-01-31 BL(Small) 2 x 1200 0”9 3500-5500 A 290.0 8" x 20" 1
J0906+56 Gemini/GMOS 2019-04-4, 5 B600 8 x 1155 0”6 3880-7200 A*  273.0 375 x 5" 3
J0906+56 Keck/KCWI 2020-01-31 BL(Small) 2 x 1200+280 0”9 3500-5500 A 0.0 8" x 20" 2
J0954+47 Keck/KCWI 2020-01-30 BL(Small) 5 x 1200 172 3500-5500 A 0.0 8" x 20" 2
J1005+12 Keck/KCWI 2020-01-30 BL(Small) 6 x 600 172 3500-5500 A 60.0 8" x 20" 3
J1009+26 Keck/KCWI 2020-01-30 BL(Small) 7 x 600 172 3500-5500 A 45.5 8" x 20" 5

Notes. Column (1): short name of the target. Column (2): telescope and instrument used for the observations. Column (3): date of the observation. Column (4): grating
adopted in the observation; slicer configuration adopted for the corresponding KCWI observation is also shown in parentheses. Column (5): exposure time of the
observation in seconds. Column (6): FWHM of the PSF measured from the acquisition image (GMOS data) or IFU observation of the spectrophotometric standard star

(KCWI data). Column (7): spectral coverage of the data set. Column (8): position angle of the IFU in degrees measured east of north; Column (9): full field of view of

the IFU. Column (10): 5 detection limit for an [O 1] A5007 emission line with FWHM of 1000 km s,

the listed values is ~30%.

2

in units of erg cm 2 s~ " arcsec™ 2. The typical uncertainty of

 The data with wavelength shorter than 5000 A were discarded in the analysis owing to the low S/N.

although the former is only ~15% larger than the latter in units
of image pixel size. This suggests that the FWHMs of the PSF
determined from the acquisition images overestimate those of
the science observations. Thus, the use of PSF measurements
derived from the acquisition images in our analysis conserva-
tively overestimates the true size of the PSF in the IFS
observations on our targets.

2.2.2. KCWI Data

All targets were observed with KCWI (Morrissey et al.
2018) through Keck program 2019-U217 (PI G. Canalizo) on
2020 January 31 and 2020 February 1. All targets were
observed with BL grating. JO811+423 and J0840+418 were
observed with the medium-slicer setup (spectral resolution
~160km s ' FWHM at 4550 A) while the others were
observed with the small-slicer setup (spectral resolution
~80km s~ FWHM at 4550 A) The details of the observations
are summarized in Table 2.

We measured the PSF of these IFU observations from the
observations of spectrophotometric standard stars taken before,
in between, and after the on-target observations, where single
2D Gaussian profiles were fit to the narrowband images
(5000-5100 A) of those standard stars reconstructed from the
data cubes. For one of the targets, J0842+03, a nearby bright
star fell in the field of view and was thus observed
simultaneously with the target in one science exposure. The
same 2D Gaussian fit was applied to it, and the results were
compared with other PSF measurements. For each night, all
individual measurements of the PSF described above broadly
agree with each other, and the median FWHMs of these best-fit
Gaussian profiles were adopted as the FWHM of the PSF for
further analysis. Notice that we do not have measurements for
the PSF taken at the same time of the on-target science
observations; therefore, the variations in the size of the actual
PSF may be larger. This speculation is based on the variation of
the DIMM seeing measured by the Maunakea Weather Center,’

7 http:/ /mkwc.ifa.hawaii.edu/current/seeing /index.cgi

which ranges from 0”4 to 0”8 throughout the two observation
nights.

2.3. Data Reduction
2.3.1. GMOS Data

Both GMOS data sets were reduced with the standard
Gemini Pyraf package (v1.14), supplemented by scripts from
IFSRED library (Rupke 2014a). We followed the standard
processes listed in the GMOS data reduction manual, except
that we did not apply scattered light removal for the science
frames. This was based on the fact that (i) there were no clear
features indicative of scattered light in the raw data and (ii) the
attempt to apply scattered light removal led to significant and
unphysical wiggles in the extracted spectra.

The final data cubes were generated by combining individual
exposures of each target using script IFSR_MOSAIC from the
IFSRED library. The wavelength solutions were further
verified by checking the sky emission lines (mainly [OI]
A5577, and also weaker [O1] A6300 and [O1I] \6364). For
J0906+56, the differences between the measured line centers
of the sky emission and the reference values are between —10
and 10 km s~ . The differences are randomly distributed across
the data cube, and no pattern is seen. Therefore, no further
correction was applied to the wavelength calibration,

However, for target J0842+-03, shifts of up to ~5 A between
the measured and reference line centers of the sky line [O1]
A5577 were seen. The arc exposure for this target was taken 11
days after the science observations, perhaps explaining these
large shifts. Additional corrections were applied to modify the
wavelength solutions: (i) for each exposure, the zero-point shifts
of the spectra were corrected using the sky emission [O 1] A5577;
(ii) for the final combined data cube, small (<0.8 A),
wavelength-dependent shifts in the wavelength solution were
further corrected by adding shifts A()N), where A\ /A) = 0.0016
(/\/A) — 9.06 is the best-fit linear fit to the shifts between the
measured line centers and the expected ones calculated from the
emission-line redshift determined from the Keck /LRIS spectrum
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Figure 1. Examples of fits to the [O III] A\959, 5007 line profiles for J0842+03 using one Gaussian component (left panel) and two Gaussian components (right
panel). In each panel, the top spectrum in black is the observed data, while the solid red curve is the best-fit model and the dashed curves represent the individual
Gaussian components (C1, C2). The residuals after subtraction of the best-fit models from the data are shown with a solid black curve at the bottom, and the y = 0 line

is shown in red.

(C. M. Manzano-King 2020, private communication). The strong
optical emission lines [O 1] A5007, Hea, [N II] AX6548, 6583,
and [ST] AX6716, 6731 were included in the fit. We further
required that A(Xomiss77/A) =0, ie., zero shifts at the
wavelength of sky emission line [O1] A5577. The residuals of
the best fit are <0.15 A in general.

2.3.2. KCWI Data

The KCWI data sets were reduced with the KCWI data
reduction pipeline and the IFSRED library. We followed the
standard processes listed in the KCWI data reduction manual®
for all targets. The data cubes generated from individual
exposures were resampled to 0715 x 0715 (small-slicer setup)
or 0729 x 0729 square spaxels (medium-slicer setup) using
IFSR_KCWIRESAMPLE. The resampled data cubes of the
same target were then combined into a single data cube using
IFSR_MOSAIC.

3. Analysis
3.1. Voronoi Binning

The data cubes were mildly, spatially binned using the
Voronoi binning method (Cappellari & Copin 2003). As our
aim is to characterize the broad, blueshifted components in the
emission lines (especially [O I1I] A5007) that trace the outflows,
we binned the data cube according to the signal-to-noise ratio
(S/N) of the blue wing of the [O1I] A5007 emission line
(calculated in the target-specific, 200km s~' wide velocity
window). The spaxels with S/N of the blue wing less than 1
were excluded from the binning, and each final spatial bin was
required to reach a minimum S/N of 3.

3.2. Spectral Fits

The spectral fits utilized IDL library IFSFIT (Rupke 2014b),
supplemented by customized Python scripts.

3.2.1. Fits to the [O 11I] \\x4959, 5007 Emission

The [O 1] AAM959, 5007 line emission from our targets
shows the strongest blueshifted wings among all of the
emission-line tracers of the ionized outflow. In addition, the

8 hitps: //github.com/Keck-DataReductionPipelines /KcwiDRP /blob/
master/ AAAREADME

absence of other strong emission and absorption features in the
vicinity of [O ] AA959, 5007 makes the faint [O III] wing
components easier to analyze. In order to capture the faintest
signal from the outflows traced by those faint emission-line
wings, we started by solely fitting the [OII] AA4959, 5007
line emission. With the emission lines masked out, the
stellar continuum was fit using the public software pPXF
(Cappellari 2017) with 0.5 x solar metallicity stellar popula-
tion synthesis (SPS) models from Gonzédlez Delgado et al.
(2005). Polynomials of order up to 4 were added to account for
any nonstellar continua.

The continuum-subtracted [O 1] AM959, 5007 emission
lines were then fitted with multiple Gaussian components using
the IDL library MPFIT (Markwardt 2012). The line centers and
line widths of the corresponding Gaussian components of both
lines were tied together, and only the amplitudes were allowed
to change freely. We did not fix the relative amplitude ratios of
the doublet so that a fit was allowed when a Gaussian
component was only detected in [O III] A5007 but not in [O ]
M959. We checked the flux ratios of the doublet from the best-
fit results afterward when applicable and found that they were
very close to the theoretical expectation (within 2%). We
allowed a maximum of three Gaussian components in the fits,
and the required number of components in each spaxel was
determined by a combination of software automation and visual
inspection: an additional component was added to the best-fit
model when (1) it was broader than the spectral resolution, (2)
it had an S/N > 2, and (3) it was not too broad to be robustly
distinguished from the continuum (i.e., the peak S/N of
individual spectral channel was required to be greater than 1.5
when the line width Wy, was greater than 800 km s ). The
best-fit parameters from the continuum and emission-line fits
were adopted as initial parameters for a second fit to check for
convergence of the fit.

In order to check how the uncertainties on the fit to the stellar
continuum might affect the results on the [O IIT] AA4959, 5007
emission lines, we also tried fitting the continuum with a
straight line through the continuum-only windows adjacent to
the [O III] AA4959, 5007 emission lines. The differences of the
best-fit parameters of the [OIII] AM959, 5007 emission lines
between the two continuum fitting schemes were on average
less than 2%, indicating that the best-fit results were not
sensitive to the choice of continuum fitting function in most
cases.
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Figure 2. Examples of fits to the [O II] A\4959, 5007 line profiles for J1005+12 using two Gaussian components (left panel) and three Gaussian components (right

panel). The presentation of the data, fits, and residuals is the same as in Figure 1.

Examples of the multi-Gaussian fits, using the KCWI spectra
of targets J0842+4-03 and J1005+12, are shown in Figures 1
and 2, respectively.

For J0842+4-03, a model with one Gaussian component
cannot fit the spectra well (y, > 1). Two Gaussian compo-
nents, the narrower Cl1 component and the broader C2
component, are enough to describe the [OIII] A\4959, 5007
emission profiles. For J1005+12, neither a model with one
Gaussian component nor one with two Gaussian components
can fit the [O 1II] AA4959, 5007 profiles well (x, > 1 and Y,
= 3.36, respectively). Three Gaussian components are needed
to properly fit the [OTII] AM959, 5007 line emission: the
narrowest component (C1), the intermediate-width component
(C2), and the broadest component (C3). For the rest of the
paper, we name the individual velocity components with the
same rule adopted here, i.e., the C1, C2, and C3 components
are defined by their increasing line widths.

The results from these fits are discussed in detail in the
Appendix and summarized in Section 4.

3.2.2. Emission-line Fits to the Full Spectral Range

Emission-line fits to the full spectral range were also carried
out where all of the strong emission lines (Ha, HG, [O111]
AN959, 5007, [N II] AN6548, 6583, [SII] AN6716, 6731, and
[O1] A6300 in the GMOS data, HG, Hv, [O 1I] AA3726, 3729,
[Nem] A3869, and [O 1] AM959, 5007 in the KCWI data)
were fit simultaneously. The continuum-subtracted spectra
obtained from Section 3.2.1 were adopted for these fits.
Following the routine adopted for the fit of the [O ] A\4959,
5007 emission lines alone, all of the emission lines were fitted
with multiple Gaussian components, where the line centers and
widths of the corresponding Gaussian components for each line
were tied together. For each target, the maximum number of
Gaussian components used in the fit was determined from the
best fits of [OI] AA4959, 5007 emission described in
Section 3.2.1. Based on the best-fit results obtained above,
we did not detect additional, distinct broad hydrogen Balmer
line emission that can be attributed to a genuine broad-line
region (BLR) in any of the eight targets.

3.3. Nonparametric Measurements of the Emission-line
Profiles

Nonparametric line profile measurements were utilized to
describe the gas kinematics for both the individual Gaussian
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Figure 3. Example of a line profile illustrating the various nonparametric
kinematic parameters used in this paper. The vertical dashed lines mark the
locations of vy, vsg, and vg, for the mock emission-line profile shown in the
figure. Wy is the line width between voq and vo.

components and the overall line profiles. The details are
described below, and an example is shown in Figure 3.

i. vip and vgg are the velocities at the 10th and 90th
percentiles of the total flux, respectively, calculated
starting from the red side of the line.

ii. Wgo is the line width defined to encompass 80% of the
total flux such that Wgg = v1g—vog.

iii. vso is the median velocity, the velocity at the 50th
percentile of the total flux.

3.4. AGN Luminosities

The bolometric AGN luminosities (Lagn) of our targets were
calculated from the extinction-corrected [O1II] A5007 lumin-
osities integrated over the entire IFS data cubes (Lo m]).9 The

° Based on the [O1]/[O 1] versus [On1]/HB diagrams drawn from the

KCWTI data, at least ~90% of the spaxels show AGN-like line ratios in each
target. Consistently, all of our targets show AGN-like line ratios in the BPT and
VO87 diagrams based on the Keck/LRIS spectra extracted from the central 1”
box regions. Moreover, for targets J0842+-03 and J0906+56 where the BPT
and VO87 diagrams can be derived from the GMOS IFU data, we find that the
spaxels with AGN-like line ratios contribute at least ~95% of the [O 111] flux.
Overall, the [O 111] luminosities integrated over the entire data cubes are thus at
most slight overestimates of the [O III] luminosities originating from the AGN.
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extinction correction was determined from the Balmer decre-
ment based on the spatially integrated spectrum, assuming an
intrinsic Hoe/HQ ratio of 2.87'° for the GMOS data, or an
intrinsic HB/H~y ratio of 2.13 for the KCWI data (case B,
T =10* K; Osterbrock & Ferland 2006) and the Cardelli et al.
(1989) extinction curve with Ry = 3.1. For J0100—01 and
JO811+4-23, where Hr is too weak to be measured robustly, the
Balmer decrement was determined from the Ha/H@ ratio
measured from the Sloan Digital Sky Survey (SDSS) spectra.
We adopted the empirical bolometric correction factors in
Lamastra et al. (2009) LAGN = 142 L[O 1] and LAGN = 87
L[O 11 for 40 < IOg(L[O III]) < 42 and 38 < IOg(L[O III]) < 40
in cgs units, respectively. Note that the AGN luminosities
calculated here may be affected by relatively large systematic
errors since the intrinsic Balmer line ratio, the shape of the
extinction curve, and the Lo -to-Lagn correction factor in
systems like our targets are uncertain. The observed Lo nyj and
derived Lagn are summarized in Table 1.

3.5. Upper Limits on the Star Formation Rates

Robust star formation rate (SFR) measurements of our
targets cannot be obtained owing to the lack of sensitive far-
infrared data. None of the targets are detected in IRAS and the
AKARI all sky survey. An order-of-magnitude estimate of SFR
for our targets can be derived by dividing the stellar mass by
the Hubble SFR. For a stellar mass of log(Mjar/Me) = 9.5,
this gives an SFR on the order of 0.2 M. yr ', an order of
magnitude lower than the upper limits derived from the far-
infrared data.

SFRs may also be estimated from [OII] A\3726, 3729
luminosities (Ljom) in AGNs (e.g., Ho 2005). The derived
SFRs are in principle upper limits on the intrinsic SFR since the
AGN contributes to the [O 1] AA3726, 3729 fluxes. Adopting
Equation (10) in Kewley et al. (2004), we follow the same
recipe in Ho (2005), where one-third of the [OII] emission
comes from the star formation activity. The Ljoy; was
measured from the spatially integrated KCWI spectra and
was corrected for extinction in the same way as that for Lo .
The gas-phase metallicities of the targets adopted in the
calculations above were assumed to be solar. (This is based on
our ionization diagnosis in Section 4.3. Given that the [O1I]
AN3726, 3729 flux is dominated by the nuclear region and
contaminated by AGN emission, a metallicity higher than the
prediction from the stellar mass—metallicity relation is not
surprising.) These results are summarized in Table 1. Instead, if
we use 0.5x solar (LMC-like) metallicity (e.g., Garnett 1999)
in the calculations, the upper limits on SFR will be
~20% lower. Therefore, the upper limits recorded in Table 1
are conservatively high.

To assess the upper limits on SFR derived above, we have
also compared them to the median SFR listed in the MPA-JHU
DR?7 catalog based on SDSS data (Brinchmann et al. 2004).
One possible caveat of the SFR from the MPA-JHU DR7
catalog is that they misclassify six out of the eight targets

' While studies have shown that the intrinsic Ho/HQ ratio of AGNs is 3.1
(Osterbrock & Ferland 2006), we adopt the value 2.87 since (1) the intrinsic
Balmer line ratios of AGNs in these dwarf galaxies are poorly constrained
owing to a lack of dedicated studies and (2) in Section 5.3 we will compare our
results of outflow energetics with those from some previous studies (e.g.,
Harrison et al. 2014; Rupke et al. 2017) where they adopted the value 2.87.
Nevertheless, if we adopt instead an intrinsic Ho/HS3 value of 3.1 in our
calculations, the derived AGN luminosity will only decrease by ~0.1 dex for
our targets.
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studied here as starburst/star-forming galaxies. Therefore, for
these six targets, there could be significant systematic errors in
the SFR listed in the catalog. Moreover, even for the two
targets classified as AGNs (JO811+423 and J1005+12), the
treatment of AGN contamination to the SFR measurements
might still introduce certain systematic errors to the SFR.
Nevertheless, from the comparison we find that (a) the median
SFRs measured within the SDSS fibers in the MPA-JHU
catalog are all below our [O II]-based upper limits except for
J08114-23 (SFR ~0.02 M., yr ' from fiber SFR in catalog vs.
SFR < 0.01 M, yr71 from our [O 11] data); and (b) even if we
consider the total SFR (corrected for fiber loss) listed in the
MPA-JHU catalog, only three targets show clearly higher SFR
in the catalog than our [O IIJ-based upper limits (the largest
difference is seen for J0906+56: total SFR ~0.74 M, yr " in
the catalog vs. SFR <0.3 M. yr ' from our data), while the
SFR of J0842+03 in the catalog is only 1/10 of the upper limit
measured from our [O1I] data. These differences are likely
caused by the fact that the AGN emission in these targets is not
modeled properly in the MPA-JHU catalog. In general, our
[O 1]-based upper limits are not systematically lower than the
values from the MPA-JHU catalog.

4. Outflows Detected in the Sample

The main results from our analysis of the IFS data are
summarized in this section. The target-specific maps of the
[Om] A5007 flux and kinematics (globally and for each
velocity component), the stellar kinematics, and the radial
profiles of the fluxes from individual velocity components are
discussed in the Appendix (Figures 13—40). In addition, line
ratio maps and the spatially resolved BPT and VO87 diagrams
are shown for J0842+4-03 (Figures 25 and 26) and J0906+56
(Figures 30 and 31). In all cases, the systematic velocities of
our targets are determined from the stellar velocities measured
from the spectra integrated over the whole KCWI data cubes.

4.1. Gas Kinematics across Our Sample

The gas kinematic properties of the galaxies in our sample
are summarized in Table 3. This includes basic statistics (min,
max, median) on vsg and Wgy for individual velocity
components and the entire [OIII] A5007 line emission across
the data cubes, as well as measurements of vsy and Wgy from
the spatially integrated spectra.

Overall, we find that the number of velocity components
needed to adequately fit the emission-line profiles in our targets
is 3 for J0906+-56, J0954+47, and J1005+12; 2 for J0100—01,
J08424-03, and J1009+26; and 1 for targets JO811+423 and
J0840+-18.

The kinematic properties of the C3 components in JO906
+56, 10954447, and J1005+12 and the C2 components in
JO100—01 and J0842+03 show strong evidence for outflows
since they are very broad and/or significantly blueshifted with
respect to the stellar velocity field derived from the same data
(their names are shown in black and marked with asterisks in
Figures 4 and 5). The kinematic properties of the C2
components in J0906+56, J0954+47, and J1005+412, as well
as the C1 component in J0842+4-03, also suggest that they are at
least part of, or affected by, the outflows in these systems. In
addition, given the peculiar kinematics of the C2 component in
J1009+26 and the C1 component in JO8114-23 relative to that
of the stellar component, we argue in the Appendix that they
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Table 3
Kinematic Properties of the Targets
Name Neomp Component Data Set Median vsq Min vsg Max vsg Median Wgq Max Wgo V50, int. Wso, int.
(km s (km s™h (km s~ (km s™h (km s™h (km s (km s
Y] 2) (3) €} (5) (6) M @) ) (10) (11)
J0100—-01 2 C1 KCWI -20 —60 0 120 210
C2 KCWI —40 —240 50 310 650 .o “e
Total KCWI -20 —130 0 220 440 -20 150
JO811+23 1 C1 KCWI —40 —60 -20 140 220 —40 150
J0840+18 1 C1 KCWI —10 -30 20 50 130 -10 50
J0842+03 2 Cl1 GMOS —-80 —110 -20 130 250 e
Cc2 GMOS —160 —220 —110 500 650
Total GMOS —110 —150 —80 400 520 —-120 420
C1 KCWI -30 —60 10 150 220
C2 KCWI —110 —160 —40 500 750
Total KCWI -70 —110 -20 400 700 —60 320
J0906+56 3 Cl1 GMOS —-10 =30 30 30% 30%
Cc2 GMOS 30 —-10 60 350 410
C3 GMOS -50 —100 40 920 1200 .o e
Total GMOS 0 -20 20 550 650 10 570
Cl KCWI —-10 -50 50 110 140
Cc2 KCWI 60 30 90 430 680
C3 KCWI -70 —150 10 980 1250
Total KCWI 10 -50 50 520 670 20 420
J0954+47 3 Cl KCWI 10 0 20 70 100
Cc2 KCWI 0 -70 20 260 430
C3 KCWI —60 —-80 0 730 1100
Total KCWI 0 -10 10 240 530 0 220
J1005+12 3 Cl KCWI -20 —40 10 80 120
Cc2 KCWI -30 —100 50 440 710
C3 KCWI —140 —200 —60 730 1200
Total KCWI -30 —60 10 300 680 -30 260
J1009+26 2 C1 KCWI —10 -30 0 80 100
Cc2 KCWI -20 —60 40 210 480 .o e
Total KCWI -10 -50 10 90 150 -20 90

Notes. Column (1): short name of the target. Column (2): number of velocity components required by the best-fit results from Section 3.2. Column (3): individual
velocity components (C1, C2, C3) and overall emission-line profiles (Total) from the best fits. Column (4): instrument used for the observations. Columns (5)—(7):
median, minimum, and maximum values of vs, measured across the whole data cube. The spaxels with the highest and lowest 5% of vs, are excluded in the
calculations. The values listed are rounded to the nearest 10 km s~'. Columns (8)—~(9): median and maximum values of Wy, measured across the whole data cube. The
spaxels with the highest and lowest 5% of Wy, are excluded in the calculations. The values listed are rounded to the nearest 10 km s~L. Columns (10)—(11): vso and
Wy of the overall emission-line profiles from the spatially integrated spectra of the whole data cubes. The values listed are rounded to the nearest 10 km s
 Compared with the KCWI data, the GMOS data have a poorer spectral resolution (FWHM =~ 100 km s~ vs. 80 km s~ ") and a shallower depth (see Table 2). The
significantly smaller line width of the C1 component measured in the GMOS data is thus most likely due to the fact that the decomposition of the emission-line profile
is less constrained in the GMOS data. Therefore, for this target, we adopt the KCW1I-based line width measurements of the C1 components as the fiducial values in our
analysis instead.

also likely represent outflowing gas in these objects (these last J0100—01 and J1009+26, which show biconical morphology

two groups of velocity components have relatively more in projection. In addition, significant nonradial velocity
ambiguous origins than the first group, so their names are gradients /structures are also seen for the outflow components
shown in red in Figures 4 and 5 to distinguish them from the of targets JO811+23 and J0842+03, as well as the C2
first group. In the following discussion, we associate all of components of targets J0954+47 and J1005+12 (see
these velocity components with the outflows in these seven Figures 4 and 5 for snapshots of the vsy and Wgo maps of
objects, and we will refer to them as outflow components by these components; see the Appendix for additional target-
default. In the end, only JO840+18 does not show any sign of specific flux and kinematic maps).

outflowing gas in our IFS data, so it is omitted from the

following discussion of the outflows, except when mentioned )
4.2. Spatial Extents of the Outflows

explicitly.

The kinematic properties of the outflows in these seven A key question is whether the outflows detected in our
targets span a relatively large range in terms of line width and targets are extended on galactic scales. As shown in
median velocities. Quantitatively, the maxima of Wy, range Figures 13-40 in the Appendix and discussed in this section,
from ~220 to ~1200km s~ ', and the minima of vs, range the analysis of the IFS data has revealed spatially resolved
from ~30 to ~—240km s~! based on our IFU data. The structures in the velocity fields of the outflow components, as
apparent morphology of these outflow-tracing components is in well as excess flux relative to the PSF, in JO100—01, JO811

general symmetric with respect to the galaxy center, except for 423, J08424-03, and J1009+26, strongly suggesting that the
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Figure 4. Median velocity (vso) maps (in units of km s™1 for the velocity components of [O III] A5007 emission showing evidence of outflows in the seven targets
with detected outflows. An overview of these outflow components is presented in Section 4.1, and the detailed analyses of these components in individual targets are
presented in the Appendix. The name of the target and the corresponding velocity component are noted at the bottom of each panel: the components showing strong
evidence for outflows are labeled in black and marked with asterisks, whereas those with relatively more uncertain origins are labeled in red, as stated in Section 4.1
and discussed in detail in the Appendix. The color scale of each panel is set to be the same as that of the corresponding target-specific map in the Appendix, except for

those of the C2 and C1 components of J0842+-03, where the color scales are centered on 0 km s

the peak of the total [O III] A5007 emission-line flux falls.

outflows in these galaxies are spatially resolved. Similarly, the
C2 components in J0906+56, J0954+47, and J1005+12 and
the C1 component in JO842+03 are also probably spatially
resolved. However, the results of our analysis are inconclusive
for the C3 components of J0906+456, J09544-47, and
J1005+12.

An independent constraint on the spatial extent of the
outflow components in J0906+456, J0954+4-47, and J1005+12
may be derived from a more formal deconvolution of the data
cubes. For this, we follow a procedure explained in detail
below, which is a simplified version of the deconvolution
scheme introduced in Rupke et al. (2017). First, we assume that
the flux in the spaxel with the peak emission-line flux (a
0”2 x 0”2 box for the GMOS data and a 0”15 x 0”15 one for
the KCWI data) is dominated by AGN emission. The spectrum
from this spaxel is treated as an AGN emission template from a

~!instead. The black plus sign in each panel denotes the spaxel where

point source. Next, we fit each spaxel n with this AGN template
+ smooth exponential continuum functions + host emission
lines, according to

n

n
exp,continuum + Iemission'

ey

The scaling factor Cagn for the AGN emission template
and the exponential continuum functions in the equation are
each the sum of four exponentials, so Equation (1) can be
rewritten as

Itgtal = CAGNIXGN +

4 4
n o __ nyn n
Itolal - Z Iz IAGN + Z Ij + Iemission’
i=1 j=1

@)

and the four exponentials are

I]n = al" e bl \)

3
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Figure 5. Same as Figure 4, but for line width Wy (in units of km s7h.

Izn = azne*bzn(lfb\» (4)
L= af(l — et 3)
' = af(l — e 0=, (6)

where " > 0, 5" > 0,(\) = %, and [Amin, Amax] 18 the
fit range. These exponentials are adopted because they are
monotonic and are positive-definite. The four exponentials allow
for all combinations of concave/convex and monotonically
increasing /decreasing. We have not used stellar templates in the
fits above, since the stellar absorption features are not strong
enough in individual spaxels to constrain the extra free
parameters and the fits become divergent.

The host emission lines are modeled with a maximum of two
Gaussian components. The fits are iterative. In step 1, the cores
of the emission lines are masked and the continuum is fit with
the AGN template + exponential continuum terms. In step 2,
the best-fit model from step 1 is subtracted from the
original spectrum, and the emission lines are fit. In step 3,
the best-fit emission-line models are used to determine a
better emission-line mask window in the continuum fit, and

then steps 1 through 3 are repeated until the best-fit results
are stable.

The results of this analysis on J0906+-56, J0954+47, and
J10054-12 indicate (1) clear evidence for spatially extended
narrow-line emission originating on the scale of the host galaxy
in all three targets and (2) blueshifted, broad-line emission with
an S/N of ~3-8 tracing the outflows in the host galaxy in
the spatially stacked spectra for all three targets. The line
widths of these components fall in between those of the C3 and
C2 components in these targets, but (3) there is inconclusive
(S/N<2 in general) evidence for spatially resolved line
emission from the outflow components. The same analysis
conducted on the other four targets confirms the presence of
spatially resolved, blueshifted and/or redshifted velocity
components from the host galaxy, corresponding to the outflow
components detected in our more detailed kinematic analysis
(see the Appendix).

Before concluding this section, it is important to repeat that the
PSF deconvolution scheme described here relies on the assump-
tion that the spectra used as AGN templates for these targets are
indeed pure AGN emission (and thus from an unresolved point
source). While the line ratios measured from these spectra fall in
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Figure 6. [O 11]/HS vs. [S 1] /Ha for the C2 (black) and C1 (gray) components of J0842+03, compared with the AGN (left), shock (middle), and shock+precursor
(right) models. The grids of the AGN models are color-coded by the power-law indices and ionization parameters of the AGN, and those of the shock and shock
+precursor models are color-coded by the values of magnetic parameter b and shock velocity vgpeck. See Section 4.3 for more details on these model parameters. In all
three panels, the black solid lines are the theoretical line separating AGNs (above right) and star-forming galaxies (below left) from Kewley et al. (2001). The black
dashed lines are the theoretical line separating the Seyfert galaixes (above left) and LINERs (below right) defined in Kewley et al. (2006).

the AGN region in the BPT/VO87 diagrams (for the GMOS data
of J0906+-56) or the [O11]/[O 1] versus [O 1] /HG diagram (for
the KCWI data), there are reasons to believe that emission from
the host galaxies themselves still contributes significantly to the
spectra. First and foremost, weak to moderate (S/N ~2-9) Mg 1b
absorption features of stellar origin are detected in these spectra. In
addition, we carried out a separate, power-law continuum + stellar
templates fit to the continuum emission of these spectra (in the
ranges of ~5000-7000 A for the GMOS data and ~3600-5500 A
for the KCWI data). An AGN-like power-law continuum
component is not formally needed in the best-fit results. Our
PSF deconvolution procedure thus almost certainly overestimates
(underestimates) the contribution from the unresolved AGN
emission (resolved host emission), so the S/N of the spatially
resolved outflow emission in JO906+56, J0954+47, and J1005
+12 obtained above should therefore be considered conservative
lower limits.

4.3. Outflow Ionization: AGNs or Shocks?

The line ratio maps and spatially resolved BPT and VOS87
diagrams for J0842+03 and J0906+56 (Figures 25-26 and
Figures 30-31 in the Appendix, respectively) suggest that the
outflows in our targets are largely photoionized by the AGN.
Here we examine further the evidence that supports this
statement. In particular, we examine the possibility that fast
shocks caused by the interaction of the outflows with the
surrounding ISM may contribute, or even dominate, the heating
and ionization of the outflowing gas. Shock excitation is a
telltale sign of fast starburst-driven winds (Veilleux & Rupke
2002; Sharp & Bland-Hawthorn 2010) and has also been
suspected in a few AGN-driven outflows (e.g., Hinkle et al.
2019).

First, we compare the BPT and VO87 line ratios measured in
the clear outflow components, C2 and C1 components in J0842
403 and C3 and C2 components in J0906+56, to those of
typical AGN models (Groves et al. 2004) and shock models
(Allen et al. 2008) extracted from the ITERA library (Groves &
Allen 2010). For the AGN models, the free parameters are the
gas number density, the metallicity, the photon index of the
AGN continuum ¢«, and the ionization parameter U, where
U = nion/Ne, Where nyo, is the density of ionizing photons and
n, is the electron density. We find that the line ratios probed by
our data are not sensitive to the gas number density in the range
(100-1000 cm ) relevant to our targets. We further compared
the AGN models with metallicity of 0.5 solar and solar to the
data and conclude that the one with solar metallicity is a better
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match to the data. Therefore, the gas number density and
metallicity of the AGN model grids are fixed at 1000 cm ™ and
solar values in our following model comparison, respectively.
For the shock models, we consider two types of models, one
where only the ionization from the shock itself is considered
(called shock model hereafter), and one where the ionization is
caused by both the shock and the precursor region ahead of the
shock front (called shock+precursor model hereafter). The free
parameters for both sets of models are the pre-shock particle
number density n, the metallicity, the shock velocity vgpock, and

the magnetic parameter b = log[B/n%/ (1 4G cm3)] (where B
is the transverse magnetic field). We have fixed the pre-shock
particle number density n to 1000 cm > and the metallicity to
the solar value, which follows the same setup as that for the
AGN models. The full extent of the line ratio predictions from
the shock and shock+precursor models with other density and
metallicity settings is mostly covered by the model grids we
adopt here, and they are thus omitted from the discussion
below.

The results for the [O I11]/HS versus [S II]/Ha diagram are
shown in Figure 6 for J08424-03 and in Figure 7 for J0906+-56,
where the comparison with the AGN, shocks, and shock
+precursor models are displayed in the left, middle, and right
panels, respectively. The results for the other two VOS87
diagnostic diagrams, [O 11]/HQ versus [N 1I]/Ha and [O 111]/
Hp versus [O1]/Ha, are in general similar to those from the
[O 1] /HG versus [S I]/Ha diagram in terms of how well the
data and the models match with each other. They are thus
omitted in the following discussion.

For the C2 component of J0842+03, the AGN models match
the observed line ratios with —3.5 <log(U) < -2 and —2

< a < —1.2. The shock models can reproduce the majority

of the observed line ratios with relatively large b parameters
(>1.5) and small shock velocities (<700km s~ '). As for the
shock+precursor models, either the observed [O III] /H ratios
or the [S 11]/Ha ratios are systematically lower than the model
predictions, by ~0.3 dex on average. For the C1 component,
most of the data points lie in or close to the region for the star-
forming galaxies in the diagram. This is consistent with their
systematically lower [OIII]/HQ ratios compared to the AGN
models. However, the shock and shock+precursor models are
apparently better matches to the line ratios of the Cl
component.

For J0906+56, the observed [O 111]/HQ and [S 1] /Ha ratios
can be mostly reproduced by AGN models with ionization
parameters in the range of —3 <log(U) < —1 and photon
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Figure 7. Same as Figure 6, but for the C3 (black) and C2 (gray) components of J0906+56.

indices in the full range provided by the model grids (—2
< a < —1.2). However, either the observed [O I11] /H3 ratios
or the [ST]/Ha ratios are systematically larger than the
predictions of shock models by at least ~0.3 dex, contrary to
the case for J0842+03. This discrepancy becomes larger as the
shock velocity increases. Once the ionization from the
precursor region is considered, the model predictions match
the observed line ratios almost as well as the AGN models,
although the data have few constraints on the shock velocity
and the b parameters. As for the C2 component, the AGN
models still match the data relatively well, except that ~1/3 of
the data points show slightly higher [O11]/HS ratios. The
shock models with relatively high b parameter (>1) are also a
good match to the data. Finally, the shock-+precursor models
have some trouble explaining ~1/2 of the data points with
lower [O 111]/HS ratios.

Overall, the AGN models more easily reproduce the
observed [O 1] /HS and [S 1] /Ha ratios of the C2 component
in J08424-03 and the C3 component in J0906+-56. The shock
models generate line ratios consistent with observations for
J08424-03 but not for J0906+-56, while the shock-precursor
models match the observations for J0906+-56 but not for J0842
+03. As for the C1 component in J0842+03, the AGN models
are a worse match to the data, which agrees with the
expectation that it is contaminated by emission from the host
galaxy, as discussed in Appendix A.4. Nevertheless, the AGN
and shock models can both explain the line ratios of the C2
component in JO906+56 apparently.

Second, as shown in Figure 8, there is no positive correlation
between the emission-line widths (0,,s) and the [S11]/Ho line
ratios for the individual outflow components of targets J0842
403 and J09064-56, contrary to theoretical predictions (e.g.,
Allen et al. 2008) and what is usually found in systems where
shocks are the dominant source of ionization (e.g., Veilleux
et al. 1995; Allen et al. 1999; Sharp & Bland-Hawthorn 2010;
Rich et al. 2011, 2012, 2014; Ho et al. 2014). This conclusion
still holds even when we consider the two outflow components
together in each target. Overall, these results suggest that shock
ionization is not important in JO842+03 and J0906+56. The
outflowing gas in these two objects thus appears to be primarily
photoionized by the AGN.

For the other targets, where only KCWI data are available,
the [N IT] AA6548, 6583, [STI] A6716, 6731, [O1] A6300, and
Ha emission lines are not covered by the data, so we cannot
directly compare the results with model predictions in the BPT
and VO87 diagrams. Instead, we compare the KCWI data-
based line ratios of the outflow components with model
predictions in the [O1I]/[O 1] versus [O 1] /HQG diagrams as
shown in Figure 9. The emission-line fluxes are extinction
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Figure 8. [SI]/Ha ratios vs. gas velocity dispersions for the outflow
components in JO842+03 (top) and J0906+56 (bottom) based on the
GMOS data.

corrected in the same way as stated in Section 3.4. The same
AGN, shock, and shock+precursor models as those shown in
Figures 6 and 7 are adopted in this analysis. Additionally, we
plot the approximate upper boundary of line ratios predicted by
a set of star-forming galaxy models from Levesque et al. (2010)
as a red solid line in Figure 9. Excluding the outflow
components with possible contribution from nonoutflowing
gas (i.e., C2 components in J0906+56, J0954+-47, and J1005
412, as well as the C1 component in JO842+03), the results
suggest that (1) the star-forming models cannot reproduce the
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Figure 9. [O 11]/[O 11] vs. [O 111] /HS for the outflow components of all seven targets (top row: C2 component in J0100—01, C1 component in JO811+23, C2 and C1
components in J0842+4-03, as well as C3 and C2 components in J0906+56; bottom row: C3 and C2 components in J0954+47 and J1005+12, as well as the C2
component in J1009+26) based on the KCWI data, compared with AGN (left column), shock (middle column) and shock+precursor (right column) models (grayscale
model grids). The median values of the errors of the data points are noted by the black plus signs in the upper right corners. For the AGN models, the constant power-
law indices of the AGN are shown with solid lines, and the constant ionization parameters are shown with dashed lines. For the shock and shock+precursor models,
the constant magnetic parameters b are shown with dashed lines, and the constant shock velocities vg,ocx are shown with solid lines. The red solid lines represent the
approximate upper boundary of line ratios that can be generated by star-forming activity, based on the Starburst99 models with continuous star formation history from
Levesque et al. (2010). See Section 4.3 for more details on the model parameters.

observed line ratios of the outflowing gas in the targets,
therefore indicating that massive young stars are not the
dominant ionization source in the outflowing gas; (2) the
predictions from the shock models can match the observed line
ratios of the outflowing gas relatively well, although the models
may not be able to explain the observed data with the highest
[O 1] /HQ ratios and lowest [O IT]/[O 11T] ratios; (3) the AGN
and shock+precursor models can explain the observed line
ratios equally well and are both slightly better matches to the
observations than the shock models. Moreover, the C2
component of J0906+56 and the C1 component of J0842
+03 have lower [O11]/[O I1] ratios than the predictions of all
three model sets in general, and the C2 component of J0954
+47 has lower [O 111]/Hf ratios than those of the AGN models.
These results are consistent with our conclusions in
Appendices A.4—A.6 that these outflow components are
partially contaminated by emission from nonoutflowing gas.
Next, we have examined the [O 111] /H/ line ratios versus the
emission-line widths (og,s) based on the KCWI data for all
seven targets with detected outflows in Figure 10. To the first
order, one would expect a positive correlation between the
[OmI]/HQG line ratios and gas velocity dispersions (e.g., see
Figures 16 and 17 in Allen et al. 2008). However, no such clear
correlation is seen in our data, which is a similar conclusion to
that derived from the [S II]/He ratios. In addition, for the C2
components in both J0100—01 and J1009+-26, their observed
line widths are significantly smaller (by ~300—400km s~ on
average) than the shock velocities predicted by the shock and
shock+precursor models shown in the middle and right
columns of Figure 9. This is apparently contradictory to the
expectation that the emission-line velocity dispersion reflects
the shock velocity when the shocks dominate the ionization of

12

the gas. These results again suggest that shock ionization is not
important in our targets.

Overall, our analysis indicates that the AGN is most likely the
dominant source of ionization for the outflows in our targets.

4.4. Electron Densities of the Outflows

The electron density, n,, in the ionized gas may be derived
from the [S 1] A6716/[S 1] A6731 ratios or [O 11] A3726/[0O 11]
A3729 ratios, following well-established calibrations (e.g.,
Sanders et al. 2016).

For the two targets in our sample with GMOS observations,
the spatially resolved electron density maps derived from the
flux ratios of the total [S II] A\6716, 6731 line emission show
possible radial trends of decreasing electron density outward,
but the errors on n, are too large to draw robust (>50)
conclusions. For the other targets, the electron density maps
derived from the [O1] A3726/[0O 1] A\3729 ratios from the
KCWI data are even more noisy, which again prevent us from
determining the radial trend of the electron densities. Conse-
quently, the electron densities in individual velocity compo-
nents cannot be measured reliably based on the spatially
resolved maps in these systems.

To check further the possible difference of [S IT]-based
electron densities among different velocity components, we
then turn to using the spectra spatially integrated over the
whole GMOS data cubes for targets J0842+4-03 and JO906-+56
and the Keck/LRIS spectra for the other targets.'' However,

! Notice that for the Keck/LRIS data the emission-line profiles are fit with
two Gaussian components as described in Manzano-King et al. (2019), and
here the outflow components in JO100—01, JO8114-23, J0954+47, J1005+12,
and J1009+26 refer to the broad components from their best fits.
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Figure 10. [O 111]/H/ ratios vs. gas velocity dispersions for the outflowing gas
in all seven targets (the results are split into two panels for a better view of the
data points) with detected outflows based on the KCWI data. The median
values of the errors of the data points are shown as the black plus signs in the
upper right corners.

for most of our targets, the measured electron densities of the
outflow components still show large uncertainties, and thus no
useful information of the electron density contrast among
individual velocity components can be obtained from our data.
The only exceptions are J0842+03 and J10054-12, where no
clear differences in electron densities are seen among
individual velocity components. In the discussion below, we
thus adopt the electron densities measured from the [SII]
A6716/[S 1] A6731 ratios based on the total line flux in each
object as the electron densities for the outflowing gas (see
Table 4).

4.5. Dust Extinction of the Outflows

From the GMOS data of J0842+03 and J0906+56, we find
that the clearly outflowing line-emitting material (the C2
component in J0842+03 and the C3 component in J0906-+56)
has Hoa/HQ ratios that are higher than the intrinsic values of
typical H1I regions or AGN narrow-line regions (2.87 and 3.1,
respectively; Osterbrock & Ferland 2006), suggesting that dust
extinction affects the line emission of the outflows in these
objects. Adopting the extinction curve from Cardelli et al.
(1989) with Ry = 3.1, the derived extinction values, Ay,
measured from the spectra integrated over the whole data cube,
are on the order of 1 mag. For comparison, the other velocity
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components in these two targets show slightly smaller Ay by
~0.2 mag on average. A more detailed look at the spatially
resolved Ay maps of the outflow components reveals possible
radial trends of decreasing Ay at larger radii in both targets. As
for the other targets observed with KCWI, the outflow
components in H~y are in general too faint to allow us to draw
robust conclusions.

4.6. Comparison with the Keck/LRIS Data

The fast outflows in our targets were initially discovered by
Manzano-King et al. (2019) based on Keck/LRIS long-slit
data. The properties of the outflows measured from these long-
slit data are in broad agreement with those reported here.

Column (10) in Table 2 lists the 5o detection limits of an
[O 111] A5007 emission line with FWHM of 1000 km s~ ' in the
GMOS and KCWI data. Excluding the shallower observation
of J0100—01, these detection limits are in general comparable
to those of the Keck/LRIS data, which are in the range of
~(1-3) x 107 erg cm 2s ! arcsec 2.

In JO100—-01, J0842+03, J0906+56, J09544-47, and J1005
+12 (GMOS data and KCWI data with small-slicer setup), the
kinematic properties of the outflows (vs9 and Wgg) measured
from these three data sets are similar, but the better spectral
resolutions of the GMOS and KCWI IFS data compared with
the LRIS data'? reveal more details in the shapes of the
emission-line profiles in J0906+-56, J0954+47, and J1005+12,
where three Gaussian components are required to adequately
describe the line profiles. The spatial extents of the outflows are
broadly consistent with each other after taking into account the
sensitivity of the various data sets.

In JO811+423 and J1009+26 (KCWI data with the medium-
and small-slicer setup, respectively), blueshifted [O III] A5007
velocity components are detected in both the Keck/LRIS and
KCWI data sets, although they are narrower (by a factor of ~3
on average) and show smaller blueshifts (by a factor of ~4 on
average) in the KCWI data when compared to those in the
Keck/LRIS data. As for J0840+18 (KCWI data with medium-
slicer setup), a very faint (~2 x 10~'7 ergcm *s ™! arcsec 2),
broad (Wgo >~ 1600 km s~ "), and redshifted (vso~ 150km s ")
velocity component is reported in the Keck/LRIS data, but it is
not detected in the KCWI data. The origin of this apparent
discrepancy is not clear, although the slightly coarser spectral
resolution of LRIS might make it more capable of detecting
such a broad feature.

5. Discussion
5.1. Energetics of the Outflows

The ionized gas mass of the outflows can be calculated based
on either the [OII] AM959, 5007 line luminosity or the
Balmer line (Ha or HB) luminosity of the outflowing, line-
emitting gas. We have compared the ionized gas mass of the
outflows based on these emission lines and find that the [O III]-
based values are systematically smaller than the Ha- or HG3-
based values by ~0.2 dex on average, assuming solar
metallicity and following Equation (29) in Veilleux et al.
(2020). (If we assume instead a 0.5x solar metallicity, the
average difference increases to ~0.5 dex.) This difference may

"2 Recall that FWHM is =100 km s~" at 4610 A for GMOS, ~80 km s~" at
4550 A for the small-slicer setup of KCWI, and ~190 km s~ for Keck/LRIS
(Manzano-King et al. 2019).
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Table 4
Energetics of the Outflows
—1 —1
Name Comp. Data Set n, (cm™>) log(M/M.,) R,u(kpc) Rout.ur(kpe) log[(dM/dn)/(M¢, yr™ )] log[(dE/d)/(erg s )] logl(c dp/dn)/(Lo)]
Resolved Unresolved Resolved Unresolved Resolved Unresolved
1) (2) 3) @) (5) (6) ) ()] ) (10) 1D (12) 13)
J0100—01 2 KCWI 60 + 50 7.3%93 3.1 —-0.54%3 40.8+03 9.5503
Jo811+23 C1 KCWI 590 =+ 160 4.8%01 0.9 —2.5401 37.140] 6.8701
J0842+-03 C2 GMOS 470 + 150 54701 0.8 —1.4733 39.3504 8.5°04
Cl GMOS 54402 0.9 —1.6794 381791 8.0504
2 KCWI 5.9%91 1.6 —1.2%94 394404 8.604
Cl KCWI 6.0°3; 1.6 —1.619% 38.1751 7.8491
J0906+56 c3 GMOS 570 + 360 5.802 1.1 03 —1.8+02 > 09 39273 >40.2 75502 >8.4
2 GMOS 54102 1.2 0.3 —2.1%92 >— 16 378407 >38.7 7.1593 >7.6
c3 KCWI 59792 2.1 0.4 —1.5%2 > - 09 39.9103 >40.3 8.3%02 >8.7
2 KCWI 6.1792 22 0.4 —1.4%92 > — 07 39.1792 >39.7 8.2+52 >8.7
J0954+47 C3 KCWI 470 + 80 5.851 1.6 0.4 —1.5%%1 >— 1.0 39.691 >39.9 82101 >8.4
2 KCWI 6.3791 1.8 —2.1%01 38.9*01 7.9791
J1005+12 c3 KCWI 450 + 100 5.2%01 0.3 0.1 12501 > — 06 40.1201 >40.4 9.019] >92
2 KCWI 56101 0.7 —1.7434 38.8101 78581
J1009+26 Cc2 KCWI 150 + 60 55102 0.8 —2.0%93 38.2752 7.5503

Note. Column (1): short name of the target. Column (2): individual outflow components from the best fits. Column (3): instrument used for the observations. Column (4): electron density measured from the [S 1I]
AN6716, 6731 line ratio based on the total line flux from the spatially integrated, GMOS spectra or Keck /LRIS spectra (see Section 4.4). Column (5): ionized gas mass of the corresponding outflow component. Column
(6): outflow radius adopted in the calculation of mass, momentum, and kinetic energy outflow rates when the outflows are spatially resolved (Columns (8), (10), and (12), respectively). Column (7): outflow radius
adopted in the calculation of mass, momentum, and kinetic energy outflow rate when the outflow is spatially unresolved (Columns (9), (11), and (13), respectively). Column (8): ionized gas mass outflow rate of the
corresponding outflow component when the outflow is spatially resolved. Column (9): same as in Column (8), but with the assumption that the outflow is spatially unresolved. Column (10): ionized gas kinetic energy
outflow rate of the corresponding outflow component when the outflow is spatially resolved. Column (11): same as in Column (10), but with the assumption that the outflow is spatially unresolved. Column (12): ionized
gas momentum outflow rate of the corresponding velocity component when the outflow is spatially resolved. Column (13): same as in Column (12), but with the assumption that the outflow is spatially unresolved.

02 10quaoaq 0z0g ‘(ddgg) 991:606 “TVYNYNO[ TVOISAHAOULSY HAH],

e 10 nrg
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be caused by the uncertainties on the ionization fraction
correction (which is assumed to be unity in the previous
calculation) and gas-phase metallicity that is assumed in the
[O 11]-based ionized gas mass. In order to avoid introducing
such uncertainties into our results, the best global fits
(Section 3.2.2) to the Ho (GMOS data) and H3 (KCWI data)
line emission are thus used to calculate the energetics of the
outflows in the following discussion. From Osterbrock &
Ferland (2006) and assuming case B recombination with
T=10* K, we have

Lya,corr ( <ne> )1
103%ergs~! J\100 cm=3)

where Ly, corr 1S the extinction-corrected Ho luminosity using
the measured Balmer decrement from the total emission-line
fluxes of the spatially integrated spectra and adopting an
intrinsic Ha/HB ratio of 2.87, appropriate for case B
recombination (Osterbrock & Ferland 2006), and the Cardelli
et al. (1989) extinction curve with Ry = 3.1. For the KCWI
data sets, where Ha was not observed, we instead use the
extinction-corrected Hf luminosity Lygcorr and then convert it
to LHa,corr USing LHru,corr =287 LHB,corr as above.

The calculations of the mass, momentum, and kinetic energy
outflow rates depend on the spatial extent of the outflows. As
discussed in Section 4.2, while the outflows in JO100—-01,
JO8114-23, J0842+-03, and J1009+26 are spatially resolved in
the IFS data, our analysis of the IFS data on J0906+56, J0954
447, and J1005412 does not provide a conclusive outflow size
in these objects. For the latter, we thus calculate the energetics
of the outflows in both scenarios, one where the outflows are
spatially resolved and one where they are not.

As presented in Section 4.1, while the outflows are mainly
traced by the broadest/most blueshifted velocity components
(C3in J0906+56, J0954+-47, and J1005+12; C2 in JO100—01,
J0842+03, and J1009+26; and C1 in JO811+23) in the seven
targets with detected outflows, the C2 components in JO906
+56, J0954+4-47, and J10054-12, as well as the C1 component
in J0842+4-03, may also trace a significant portion of the
outflowing gas in these systems. In the following calculations
of the outflow energetics, we thus consider not only the primary
outflow components of each target (C3 in J0906-+56, J0954
+47, and J10054-12; C2 in JO100—01, J0842+03, and J1009
+26; and C1 in JO811+423) but also the C2 components in
J0906+56, J0954+47, and J1005+12, as well as the Cl1
component in JO842+03, recording their results separately.

Moy = 4.48 Mh( (7)

5.1.1. Spatially Resolved Outflows

We begin with the scenario where the detected outflows are
spatially resolved. The mass, momentum, and kinetic energy
outflow rates are calculated using a time-averaged, thin-shell,
free wind model (e.g., Shih & Rupke 2010; Rupke &
Veilleux 2013a), where the outflow is spherically symmetric
with a radius R, in 3D space.

Specifically, the energetics are calculated by summing up
quantities over individual spaxels:

Mout V50,0ut sec 9

R()llt (8)

dM/dt = dm/dt =

dp/dt = (vso.ou sec 0)dm/dt 9)
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dE/di — %Z[(vso,om secO? + 302, 1dm/di,  (10)

where Mgy, Vsoou, and ooy are, respectively, the ionized gas
mass, absolute value of vso, and velocity dispersion (=Wg/2.563)
measured from the outflow components within individual spaxels.
In these expressions, 6 = sin™!(rpaxel /Row), the angle between
the velocity vector of the outflow in 3D space and the line of
sight. R,y again, is the radius of the spherically symmetric
outflow in 3D space and is calculated as the maximum extent at
which the outflow components are detected (S/N of the outflow
component of [O 1] AS007 emission > 2) in the sky plane plus
half spaxel, converted to an equivalent physical distance. The half
spaxel is added artificially since a spherical outflow is formally
traveling perpendicular to the line of sight at the maximum radius
Ry (€., the vsg oy Will be 0), and thus no outflow signal can be
detected. 7rypqxer 18 the projected distance on the sky of a given
spaxel with respect to the spaxel with peak outflow flux. In the
calculations above, we exclude the spaxels with emission-line flux
that fall in the lowest 5% of the full flux range. It should be
emphasized that we adopt the [O IIT]-based R, in the calculation
instead of the Balmer-line-based values, which are in general
smaller when measured through the fainter HG feature. The mass,
momentum, and kinetic energy outflow rates scale as R, in the
above equations and would thus be higher if the HG-based Ry
were used in the calculations.

The electron densities used in the above equations are
measured from the [S 1] A6716/[S 11] A\6731 ratios, following
the conversion presented in Sanders et al. (2016). As discussed
in detail in Section 4.4, the [S T[] A6716/[S ] A6731 ratios are
calculated using the total line fluxes from the spatially
integrated GMOS spectra or the Keck/LRIS spectra for the
other targets without GMOS observations (see Table 4).
Neither the [S1] M6716/[ST]] A6731 ratios of individual
spaxels nor the [S 1] A6716/[S 1] A6731 ratios of the outflow
components could be used owing to their large uncertainties.

We multiply the energetics by a factor of two to account for
the far side of the outflow that is blocked by the galaxy, except
for the C2 component of J0906+56, which is purely redshifted
and likely represents the back side of the outflow traced by the
C3 component (see discussion in Appendix A.5.1). The results
of the calculations are listed in Table 4.

It is important to point out that the geometries of the outflows in
JO100—01 and J1009+426 may deviate significantly from the
spherically symmetric wind model adopted in the calculations,
given the apparent biconical morphologies of the outflows on the
sky plane. Nevertheless, if we assume a biconical geometry (e.g.,
bipolar superbubble as adopted in Rupke & Veilleux 2013a) for
the outflows in these targets, the estimated change in the mass,
momentum, and kinetic energy outflow rates is comparable to the
errors listed in Table 4. This may also be true for the C2
components in J0954447 and J10054-12, if their apparent
biconical /asymmetric morphologies on the sky plane arise from
the geometry of the outflowing gas.

5.1.2. Spatially Unresolved Outflows

If instead the outflows are unresolved by the IFS data, the
total mass of the outflowing gas remains unchanged, but the
time-averaged mass, momentum, and kinetic energy outflow
rates are affected since they depend inversely on the size of the
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outflows. As discussed above, the C3 components of J0906
+56, J0954+47, and J1005+12 and the C2 component of
J0906+56 may be spatially unresolved. In this scenario, we
adopt % x FWHM(PSF) as a conservative upper limit to the
true outflow radius Ry, and get

dM /dt = MouttotVout, tot

(11)

out,ur
dp/dt = vourirdM / dt (12)
dE/dt = %(Vgo,out + 302,0)dM /dt. (13)

Here My 101 is the total mass of the outflowing gas, and Ry ur
is the upper limit on the radius of the outflow. The quantities
Vso,out and ooy are the median values of vsy and o
(=Wsgo/2.563) of the outflow components measured across
the data cube (see Table 3). The adopted electron densities are
the same as those in the spatially resolved scenario. The lower
limits on the outflow rates obtained under these assumptions
are listed in Table 4.

5.2. Comparison with More Luminous AGNs

The most direct measure of the magnitude of an outflow is its
velocity. Various definitions have been used in the literature to
represent outflow velocities (see, e.g., a brief summary in Section
3.1 in Veilleux et al. 2020). Wy of the overall spatially integrated
emission-line profiles have been used as surrogates for character-
istic outflow velocities in many studies (e.g., Liu et al.
2013a, 2013b; Rodriguez Zaurin et al. 2013; Harrison et al.
2014; Zakamska 2014). In Figure 11, the values of Wy, derived
from the [O 1] A5007 line emission integrated over our data cubes
and the [O1I] AS007 luminosities (Ljomy) of our targets are
compared with published values in low-z AGNs and/or
ultraluminous infrared galaxies (ULIRGs) with strong outflows.
Remarkably, four of our targets (JO842-+03, J0906+56, J0954
447, and J1005+12) have Wy that are comparable to those of
AGNs with Li pyy that are two orders of magnitude larger than
those of our targets. However, in general, the data points suggest a
positive correlation between [O II] AS007 Wy, and luminosities,
spanning 4 orders of magnitude in Lioqnny and 1.5 orders of
magnitude in Wgo. This correlation simply implies that more
powerful AGNs provide more energy to drive faster outflows.

A more physically meaningful, albeit also more model-
dependent, estimate of the importance of an outflow is the kinetic
energy outflow rate. In Figure 12, the kinetic energy outflow rates
of our targets (based on the KCWI data), normalized by their
AGN luminosities (see Table 1), are compared with those of low-z
Seyfert galaxies and type 1 quasars studied in Rupke et al. (2017),
as well as those of the z < 0.15, AGN-dominated ULIRGs from
Rose et al. (2018). The results for the C2 components of J0906
456, J0954+-47, and J1005+12, as well as the C1 component of
J0842+03, are omitted in this analysis owing to their relatively
modest contribution, as they have on average ~1 dex smaller dE/
dt than those of either the C3 or C2 components of these targets.
The values shown in this figure assume the spatially resolved
scenario by default (red filled circles; see Section 5.1.1) for all of
our sources. For J0906+56, J0954+47, and J1005+12, we also
show the lower limits obtained by assuming that the outflow
components are spatially unresolved (blue filled triangles). The
measurements of J0842+4-03 and J0906+56 based on the GMOS
data are also omitted, as they have dE/dr smaller than (but close
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Figure 11. [O 111] A5007 line widths Wg, vs. [O 11I] A5007 luminosities for the
seven targets with detected outflows (red filled circles indicate the KCWI data,
and red open circles indicate the GMOS data of J0842+03 and J0906+56), as
well as more luminous AGNs and ULIRGs taken from the literature (black
symbols; Liu et al. 2013a, 2013b; Rodriguez Zaurin et al. 2013; Harrison
et al. 2014), as indicated in the legend. All measurements refer to the total,
spatially integrated [O III] A5007 line emission from each object. The typical
errors of the measurements are similar to the size of the data points.

to) those based on the KCWI data. Compared with our targets,
those Seyfert galaxies and quasars have both more powerful
AGNSs (with higher median AGN luminosity by ~1-3 orders of
magnitude) and more massive host galaxies (with brighter median
H-band absolute magnitudes'® by ~4—5 mag). Nevertheless, our
targets have ratios of kinetic energy outflow rates to AGN
luminosities that are comparable to those measured in the more
luminous AGNSs. This result adds support to the idea that the
outflows in the dwarf galaxies are scaled-down versions of the
outflows in the more luminous AGNs and are fundamentally
driven by the same AGN processes. We examine this issue in
more detail in Section 5.3.

5.3. What Drives These Outflows: AGNs or Starbursts?

The results from the previous sections favor AGN-related
processes as the main driver of the detected outflows. First, the
velocities of the outflows detected in our dwarf galaxies are
often large. The maximum Wg of outflow components in six
targets exceed 600km s ', including three that exceed
1000km s '. If we adopt the definition of bulk outflow
velocities Vo, = Wgo/1.3 as in some studies (e.g., Liu et al.
2013b; Harrison et al. 2014, where they assume spherically
symmetric or wide-angle bi-cone outflows), six out of the seven
targets with detected outflows have outflow velocities
>500km s~ '. To put these numbers into perspective, a
velocity of 500 km s~ ' is equivalent to an energy of 1keV per
particle and is difficult to achieve with stellar processes

13 The absolute H-band magnitudes of our targets and all other sources are
derived from the 2MASS (Skrutskie et al. 2006) H-band magnitudes taken
from the IRSA/2MASS archive https://irsa.ipac.caltech.edu/cgi-bin/Gator/
nph-scan?mission=irsa&submit=Select&projshort=2MASS, except for those
of the type 1 quasars and three of the ULIRGs from Rose et al. (2018), which
are the AGN-subtracted, host-only H-band magnitudes quoted from Veilleux
et al. (2006, 2009). While the H-band magnitudes of the Seyfert galaxies are
not AGN subtracted, the contribution from the AGN is probably not
substantial: the H-band magnitudes of the Seyfert galaxies are close to the
QSO-subtracted ones of the type 1 quasars, which is consistent with the fact
that the stellar velocity dispersions of the two samples are comparable when
they are measured or recorded in Rupke et al. (2017).
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Figure 12. Ratios of the kinetic energy outflow rates, based on the KCWI data, to the AGN bolometric luminosities as a function of the AGN bolometric luminosities
(left) and H-band absolute magnitudes (right), for the seven targets with detected outflows in our sample (red circles) and lower limits (blue triangles) if the outflows in
J0906+56, J0954+47, and J1005+12 are spatially unresolved (see Sections 4.2 and 5.1.2). Here we have neglected the kinetic energy outflow rates calculated from
the C2 components in J0906+56, J0954+47, and J1005+12 and the C1 component in J0842+-03, as their contributions are modest. Also plotted as a comparison are
the values from a sample of z < 0.3 but more powerful type 1 quasars and nearby Seyfert galaxies from or collected by Rupke et al. (2017), as well as a sample of
z < 0.15, AGN-dominated ULIRGs from Rose et al. (2018). The absolute H-band magnitudes shown in the right panel are derived from the Two Micron All Sky
Survey (2MASS; Skrutskie et al. 2006) H-band magnitudes taken from the IRSA /2MASS archive, except for those of the type 1 quasars and three of the ULIRGs
from Rose et al. (2018), which are the AGN-subtracted, host-only H-band magnitudes quoted from Veilleux et al. (2006, 2009). The estimated typical errors of the
data points are noted as black plus signs in the upper right corners of both panels.

(Fabian 2012). The high velocities of the outflows seen in most
of our targets thus suggest that AGNs play an important role in
driving these outflows.

Second, as shown in Figure 12 and discussed in Section 5.2,
the AGNSs are also powerful enough to drive the outflows in our
targets. The ratios of kinetic energy outflow rates to bolometric
AGN luminosities of our targets are in the range of ~1 x 107>
to 2 x 1072, These ratios are far less than unity and are within
the range of values seen in other, more luminous AGNs,
suggesting that the AGNs are more than capable of driving
these outflows.

The lower limits of the ionized gas mass entrainment
efficiency 7, defined as the ratio of ionized gas mass outflow
rate over the SFR, are in the range of ~0.1-0.8, with a median
of ~0.3 (the range and median are ~0.1-0.6 and ~0.2,
respectively, if we exclude the contributions from the C2
components in J0906+56, J0954+47, and J1005+12 and from
the C1 component in JO842+403). Note that these are lower
limits since our adopted SFRs are upper limits (see
Section 3.5). This is comparable to the average value (~0.19)
measured for the neutral outflows in low-redshift, AGN/
starburst-composite ULIRGs (Rupke et al. 2005). In the more
luminous AGNs, apparently higher 7 are reported in the
literature. For example, n >~ 6-20 are reported for a sample
of z < 0.2 luminous type 2 AGNs (Harrison et al. 2014).
Meanwhile, much lower 7 values, with a median of 0.8, are
reported for a sample of type 1 quasars at z < 0.3 in Rupke
et al. (2017) once the quasar emission is subtracted and both
the neutral and ionized phases of the outflows are considered.
In their sample, the median value of 7 drops further to 0.03
when the ionized phase alone is considered. In short, the 7
measured in our targets fall in the wide range seen in various
studies of outflows in more luminous AGNSs. In addition, if the
outflows in J0906+-56, J0954+47, and J1005+12 are spatially
unresolved, then the lower limits of 7 can be as high as ~3,
uncomfortably high for starburst-driven outflows in the low-z
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universe (e.g., Arribas et al. 2014, where 77 < 1 in general).
This is even more so if we also consider the possible
contribution from the C2 components to the outflow energetics
in these targets.

There is also circumstantial evidence against starburst
driving of these outflows. Given the upper limits of SFR
estimated from the [OII] AA3726, 3729 emission, all of the
galaxies in our sample lie either slightly or significantly below
the main sequence of star-forming galaxies in the low-z
universe (e.g., Brinchmann et al. 2004), while the star-
formation-driven outflows are observed much more frequently
in galaxies above the star formation main sequence (e.g.,
Heckman et al. 2015; Roberts-Borsani et al. 2020).

More quantitatively, we can examine whether stellar
processes are physically capable of driving the observed
outflows. The typical kinetic energy output rate from core-
collapse supernovae is ~7 x10*(agy/0.02)(M, /M, yr—")
(Veilleux et al. 2005, 2020). Adopting the SFR upper limits of
our targets (Table 1) and assuming a constant supernova rate of
asy = 0.02, the expected maximum kinetic energy output rates
from core-collapse supernovae in our targets are in the range of
~7 x 10% ergs_1 to 5 x 10* erg s_l, with a median of
~2 x 10*" ergs™'. These are ~6-720 times larger than the
kinetic energy outflow rates based on the scenario that the
outflows are spatially resolved. Stellar processes thus cannot be
overlooked as a potential source of energy for these outflows.

However, it should be pointed out that we have only
considered the warm ionized phase of the outflowing gas and
adopted the energetics calculated in the spatially resolved
scenario. If the outflows in J0906+56, J0954-+47, and J1005
+12 are spatially unresolved, the kinetic energy outflow rates
may be comparable to, if not larger than, the kinetic energy
output from the stellar process as estimated above. This
argument is slightly stronger if we consider the contribution
from the C2 components to the outflow energetics in these
targets too. Additionally, it is possible that a significant fraction
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of the energy is carried in a hot, thin gas phase instead, which
has been predicted by recent simulations (e.g., Koudmani et al.
2019, 2020).

Overall, the outflows in our targets are likely driven by
AGNs, but we cannot formally rule out the possibility that star
formation activity may also help in launching the outflows, as
is often the case among low-z ULIRGs and luminous AGNs
(e.g., Rupke & Veilleux 2013a; Harrison et al. 2014; Fluetsch
et al. 2019). More stringent constraints on the SFRs of our
targets need to be obtained before we can draw a more robust
conclusion about the role of stellar processes in these outflows.

5.4. Does the Outflowing Gas Escape the Galaxies?

To help us evaluate the impact of these outflows on their host
galaxies, it is interesting to examine the question whether some of
the outflowing gas is able to escape the host galaxy. This requires
comparing the kinematics of the outflows with the local escape
velocity, Ve (r) = /2[P(c0) — P(r)], where ®(r) and P(c0)
are the values of the gravitational potential at r and r = oo,
respectively, in the case of a spherically symmetric galaxy.

One may estimate the escape velocity in terms of observed
quantities, like the circular velocity v, of the galaxy, by
assuming a simple density profile such as that of a singular
isothermal sphere. A conservative estimate of the escape
velocity in that case gives Vese =2 3V (Veilleux et al. 2020).
Our IFS data do not probe the flat portion of the rotation curve,
so we adopt the maximum of the measured stellar velocities
(v,) and velocity dispersions (o,) to calculate the lower
limits of the circular velocities in our targets, where

Veire = \/vf + 203 (see, e.g., Section 2.4 of Veilleux et al.
2020). We have not applied any deprojection corrections to the
circular velocities and outflow velocities, given that the 3D
morphologies of the outflows are poorly constrained.

Alternatively, the escape velocity may be derived by
assuming an NFW dark matter density profile (Lokas &
Mamon 2001) and a total halo mass determined from
abundance matching (Moster et al. 2013), which has been
done in Manzano-King et al. (2019). Since the escape velocity
always peaks at the center, it can serve as a conservative upper
limit to the escape velocity throughout the galaxy. For our
targets, the escape velocities at r = O obtained through this
approach are larger by ~50% on average than those based on
the empirical circular velocities above. We adopt the more
conservative r = 0, NFW-based escape velocities in the
remainder of our discussion.

For all of the targets, we next define the escape fraction (fisc)
as the ratio of [O 1] A5007 flux with absolute velocities larger
than the escape velocity summed up across the data cube to the
total emission-line flux in the whole data cube. Notice here that
the escape fraction is defined as a flux ratio rather than a mass
ratio, so it does not take into account possible density contrasts
between the outflowing and quiescent (nonoutflowing) gas
components (e.g., Fluetsch et al. 2019, 2020; Hinkle et al. 2019),
which may affect the luminosity-to-mass conversion factor. In
addition, the values of f.,. obtained here are conservatively low
since we have not applied deprojection corrections to the gas
velocities in the outflows. Some fraction of the escaping gas may
not be accounted for here if the velocities of this gas, projected
along our line of sight, fall below ve..

The results from our IFS data are summarized in Table 5. The
escape fractions range from 0.1% to 6%. Taking into account
that the escape velocities are likely overestimated for the reasons

18

Liu et al.
Table 5
Outflow Escape Fractions

Target Vesc (km Sil) f;:sc
@ @ 3
J0100—-01 320 1%
JO8114-23 260 0.1%
J0842+03 300 6%
J0906+-56 300 6%
J0954+47 320 1%
J1005+12 380 1%
J1009+26 240 0.3%

Note. Column (1): short name of the target. Column (2): escape velocity at the
center of each galaxy assuming an NFW density profile, rounded to the nearest
10 km s~'. Column (3): escape fraction of the [O 1II] AS007 line-emitting gas,
based on flux rather than mass. This number does not take into account possible
density contrasts between the outflowing and quiescent gas components in
these systems and projection effects; see Section 5.4 for more details.

mentioned earlier and that the outflow velocities are potentially
underestimated owing to projection effects, this suggests that at
least some small portion of the outflowing gas may travel a long
way from the centers and help contribute to the metal enrichment
of the circumgalactic medium in these dwarf galaxies (as
reported in a number of studies; e.g., Bordoloi et al. 2014).

6. Conclusions

In this paper, we report the results from an integral field
spectroscopic study with Gemini/GMOS and Keck/KCWI of
the warm ionized gas in a sample of eight low-redshift (0.01 <
z <0.05) dwarf galaxies with known AGNs and suspected
outflows. The main results are summarized as follows:

1. Warm ionized outflows are detected in seven out of the
eight targets. The IFS data in most targets reveal broad,
blueshifted velocity components tracing rapid outflows
(vso down to ~—240km s ! and Wgo up to ~1200 km
s~ ') and narrow components tracing the rotation of the
host galaxies. In J0906-+56, J0954+47, and J1005+12,
the multi-Gaussian fits require a third velocity component
with intermediate line widths, which probably traces a
portion of the outflowing gas and/or turbulent gas. In
JO811+23 and J0842+03, the narrow components are in
general blueshifted and may trace the outflows or a
mixture of outflowing and rotating gas in these systems.

2. The two-dimensional velocity structures and radial
profiles of the outflowing kinematic components indicate
that the outflows are spatially resolved by the IFS data in
at least four cases (JO842+03, J0O100—01, J1009+26,
JO811+23), with the emission extending up to ~3 kpc
from the galactic centers. In JO100—01 and J1009+26,
the outflowing kinematic components show apparent
biconical morphologies in projection. Additionally, clear
nonradial velocity gradients/structures are also seen in
those components of J0811+423 and J0842+03. In J0906
+56, J0954+4-47, and J1005+412, the kinematic compo-
nents that have intermediate line widths and probably
trace part of the outflows are also spatially resolved.
However, the fast outflows traced by the kinematic
components with the broadest line widths in these targets
are not clearly spatially resolved. An attempt at
deconvolving the data cubes gives inconclusive results.
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3. The clearly outflowing gas in all of the targets has line
ratios that are consistent with AGN photoionization. A
general lack of positive correlation between the gas
kinematics and the [S 11]/He or [O 111] /H/3 line ratios and
inconsistencies between the observed line ratios and the
predictions from shock models indicate that shocks likely
do not play a major role in heating and ionizing the
outflowing gas in these systems.

4. Assuming a simple thin-shell, free wind model, the warm,
ionized gas mass outflow rates of our targets range from
~3x 1077 to ~3 x 107" M, yr ', and the kinetic
energy outflow rates range from ~1 x 10°7 to
~6 x 10* erg s™' (excluding the contribution from the
velocity components that likely trace a portion of the
outflows in targets J0842+03, J0906+-56, J0954+47, and
J1005+12). In J09064-56, J0954+47, and J1005+12,
where the outflows may be spatially unresolved, the
lower limits of the mass outflow rates and kinetic energy
outflow rates are ~2—-10 times higher than those obtained
in the scenario where they are spatially resolved.

5. The overall emission-line widths measured from the
spatially integrated spectra of our targets, together with
the results from samples of more luminous AGNs studied
in the recent literature, show a positive trend with
increasing [O 1] A5007 luminosities. When normalized
by the bolometric AGN luminosities, the kinetic energy
outflow rates of these outflows are comparable to those of
more luminous AGNs in massive systems. The outflows in
these dwarf galaxies act as scaled-down versions of those
in more luminous AGNs, in shallower potential wells.

6. The outflows are likely driven by the central AGN, since
(1) the outflows are faster than typical outflows driven by
stellar processes; (ii) the AGN is powerful enough to
drive the outflows given the efficiency of other low-
redshift AGNs; (iii) the lower limits of the ionized gas
mass entrainment efficiency (i.e., mass outflow rates to
SFR ~0.1-0.8, based on the upper limits on SFR
estimated from the [O 1] AX3726, 3729 emission) fall
in the wide range seen in various studies of outflows in
more luminous AGNs, and may be uncomfortably high
(with lower limits up to ~3) for starburst-driven outflows
in the low-z universe if the outflows are spatially
unresolved in targets J0906+56, J0954+47, and J1005
+12; and (iv) the dwarf galaxies of our sample all lie
either slightly or significantly below the main sequence of
star-forming galaxies, whereas starburst-driven outflows
typically take place in star-forming galaxies above that
main sequence. However, we cannot formally rule out,
based on energetic arguments, the possibility that the star
formation activity in these galaxies also partially
contributes to driving these outflows.

7. A small but nonnegligible fraction (at least 0.1%—6%) of
the outflowing ionized gas in our targets has velocities
large enough to escape from the host galaxies, if no
additional drag force is present. These outflows may thus
contribute to the enrichment of the circumgalactic
medium in dwarf galaxies.

If such AGN-driven outflows are also present in dwarf galaxies
at high redshifts, they will increase the porosity of these dwarf
galaxies and thus their contribution to the reionization of the
universe (e.g., Silk 2017). They may also help explain the current
core—cusp controversy regarding the dark matter distribution in
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dwarf galaxies (e.g., Maccio et al. 2020). A proper treatment of
such AGN feedback will need to be included in seed black hole
formation models (e.g., Mezcua 2019).
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Appendix
Results: Individual Objects

The detailed results from our analysis are presented in this
appendix. For each object, we show the maps of the [O1II]
A5007 flux and kinematics (globally and for each velocity
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component), a map of the stellar kinematics, and the radial
profiles of the line fluxes from individual velocity components.
In addition, the line ratio maps and spatially resolved BPT and
VO87 diagrams are also shown for J0906+56 and J0842+-03.
In all cases, the systematic velocities of our targets are
determined from the stellar velocities measured from the
spectra integrated over the whole data cubes. In the few objects
where the broader velocity component shows kinematic
characteristics that are apparently similar to those of a rotating
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gas disk, we have also attempted to fit the velocity field with
Kinemetry (Krajnovi¢ et al. 2006), a software based on a
generalized harmonic expansion method of the two-dimen-
sional velocity field.

A.l.J0100-01

Figures 13—15 present the KCWI maps of the [O III] A5007
flux and kinematics, the map of the stellar kinematics, and the
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Figure 13. Voronoi-binned maps of the [O 1I] A5007 flux and kinematics in JO100—01 based on the KCWI data. The orientation of the maps is indicated by the
compass at the top of the figure. Maps of the properties of the individual velocity components derived from the multi-Gaussian fits (C1, C2) and those of the overall
emission profiles (Total) are shown from top to bottom. The flux maps are shown in the leftmost column, where each map is normalized to the maximum flux value in
the map, which is listed in cgs units above each panel. The line widths W, and velocities vsq are shown in the middle and right columns, respectively. In each panel,
the black plus sign indicates the spaxel where the peak of the total [O III] A5007 emission-line flux falls. The coordinates of the panels are in kpc.
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Figure 14. Maps of the stellar median velocity (left) and velocity dispersion
(right) in JO100—01 on the same spatial scale as in Figure 13. The map of the
median velocity is drawn on the same color scale as the vsy maps of [O 1]
A5007 (Figure 13). The map of the velocity dispersion is also drawn on the
same color scale as the Wgo maps of [O III] A5007, namely, the same color
represents the same line width in all maps. For a Gaussian profile, the
conversion between Wgo and velocity dispersion o is Wgy = 2.5630. In each
panel, the black plus sign indicates the spaxel where the peak of the total [O III]
A5007 emission-line flux is located.

[O1I] A5007 flux radial profiles of the individual velocity
components of target J0100—01.

A.1.1. Maps of the [O 1lI] \5007 Flux and Kinematics

Two velocity components (C1 and C2) are sufficient to
describe the [O 1] A5007 line profiles in this galaxy. The
spatial distribution of the [OIII] A5007 flux is not symmetric
with respect to the galaxy center (Figure 13). More flux is
present in the southern portion of the galaxy than in the north.
This is especially true when considering the C2 component
(discussed in more detail below).

The [O 111] A5007 line profiles show a mild velocity gradient
similar to that of the C1 component, and both of them appear to
be systematically slightly blueshifted by ~20km s~ with
respect to the stellar velocities. Note, however, that the stellar
velocities are only measured reliably in the inner kiloparsec of
this galaxy (Figure 14), so the amplitude and position angle of
the stellar velocity gradient are uncertain. The line widths Wy
of the [O II] A5007 line profiles are generally narrow except in
the southwestern portion of the galaxy, where Wyg, reach
~440km s~

The C1 component shows a mild velocity gradient with vs
ranging from ~—60to 0km s and a median of ~—20kms™".
The C1 line widths are in general narrow (median Wgo ™~
120 km sfl), consistent with the idea that the C1 component is
made of quiescent gas rotating in the galaxy.

The flux asymmetry is more apparent in the C2 component
than in the C1 component. The C2 component is significantly
blueshifted in the south portion of the galaxy, where vsq reach
values of ~—240km s~', well in excess of the stellar
velocities measured on smaller scales. A clear gradient in vsg is
seen along the N-S direction (PA =~ 10°), but the most
redshifted velocities are ~+50km s™'. The line widths of the
C2 components are generally large, reaching a maximum value
of ~650km s~'. The kinematics of the C2 component may be
interpreted as a tilted, biconical outflow, where the near (S) side
of the outflow is blueshifted and the far (N) side is redshifted.
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Figure 15. Top panel: radial profiles of the [O III] A5007 fluxes from the two
velocity components of JO100—01. For each component, the fluxes are
normalized to those of the spaxel with peak emission-line flux (i.e., the spaxel
indicated by the black plus sign in Figure 13). The PSF profile is derived from
fits to the spectrophotometric standard stars of the IFS observations using
single Gaussian profiles (see Section 2.2 for more details). Bottom panel: C2/
Cl1 flux ratios on a logarithmic scale as a function of distance from the spaxel
with peak emission-line flux. In both panels, the data points beyond the
maximal spatial extent of the outflow component (C2 in this target) are omitted.
In addition, the error bars in radius (x-axis) are set either to zero for single
spaxels or to reflect the radial coverage of the spatial bin.

The redshifted velocities are significantly smaller (in absolute
terms) than the blueshifted ones, perhaps an indication that the
far side of the outflow is largely blocked by the galaxy.
However, without reliable stellar velocities on large scales, it is
hard to exclude the possibility that the north portion of the C2
component consists of turbulent, rotating gas within the galaxy.

To further examine the origin of the vs, gradient seen in the
C2 component, we have tested fitting the separate vso maps of
the C2 and C1 components with Kinemetry (Krajnovié¢ et al.
2006). This software fits the two-dimensional map of the line-
of-sight velocity distribution of a galaxy by determining the
best-fit ellipses along which the profiles of the moments can be
extracted and analyzed by means of harmonic expansion. As a
product of the fit, the best-fit circular velocity field can be
obtained. In practice, we carried out the fits in two steps: (1) we
fitted the vso map with the default setting in Kinemetry where
the PA and flattening of each ellipse were allowed to vary
freely; and (2) a second and final fit was applied where the PA
and flattening were fixed to the median values measured from
step 1. Due to the asymmetry in the flux distribution of the C2
components, we applied the fits described above only to the
region within r < 1.2 kpc, where relatively complete ellipses
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Figure 16. Same as Figure 13, but for JO8114-23, where a single Gaussian component is sufficient to fit the [O 1] A5007 line profiles.
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Figure 17. Same as Figure 14, but for JO811+-23.

required for the fits can be drawn from the data, and extrapolate
the best-fit circular velocity field to the south, where the
blueshifted emission is mostly seen. For the C1 component,
the residual velocities (defined as the difference between the
observed vsy and the circular velocities from the best fit) are
consistent with random noise as expected, suggesting that
the kinematics of the C1 component can be described as a
rotating disk. For the C2 component, on the contrary, we find
that there are significant negative residual velocities in the
southern portion of the galaxy. This is consistent with our
earlier statement that the blueshifted emission on the south side
is likely originating from the near side of a biconical outflow.

A.1.2. Flux Radial Profiles

The [O 1] A5007 flux radial profiles shown in Figure 15
confirm that the individual velocity components in J0100—01
are spatially resolved in the KCWI data. There is a weak trend
for the C2/C1 flux ratios to increase radially, further indicating
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Figure 18. Same as the top panel of Figure 15, but for JO8114-23.

that these components have slightly different flux distributions
as stated in Appendix A.1.1.

A2, JO811+23

The results of our analysis of the KCWI data of JO811+23
are presented in Figures 16-18.

A.2.1. Maps of the [0 1] \5007 Flux and Kinematics

A single Gaussian component is sufficient to fit the [OIII]
A5007 line profiles in this object. The values of vso (Figure 16)
are everywhere blueshifted with respect to those of the stellar
component (Flgure 17) and show a gradient from ~—60 to

~—20km s~ ' along PA =~ —80°, which is not seen in the stellar
velocity field. The line widths of the emission lines are also on
average larger than the velocity dispersions of the stellar
components (median Wgy ~ 140 and 90 km s respectively).
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sample without a clear sign of outflow.

These results show that the kinematics of the ionized gas
cannot be described by pure rotation. The blueshifted ionized
gas likely takes part in a bulk outflow. We speculate that the v5,
gradient seen in [O III] A5007 may be caused by geometrical
effects and/or internal velocity gradient in the outflow itself,
given that the stellar components show no obvious rotation.

A.2.2. Flux Radial Profiles

The [O 1] A5007 flux radial profile (Figure 18) is clearly
more extended than the PSF, consistent with the presence of a
clear, spatially resolved velocity gradient in the ionized gas.

A.3. JO840+18

Figures 19-21 display the results of our analysis of the
KCWTI data on J0840+-18.

A.3.1. Maps of the [O 111] \5007 Flux and Kinematics

A single Gaussian component is sufficient to fit the [OIII]
A5007 line profiles. The map of [O III] AS007 vsq (Figure 19)
shows a clear gradient (—30 to +20 km s~ 1) similar to that of
the stellar vso (Figure 20). The line widths of the emission lines
are smaller than the velocity dispersions of the stellar
component. These results suggest that the ionized gas is
simply rotating within the galaxy in the same direction as the
stars. No clear evidence of outflow is seen in this object.

A.3.2. Flux Radial Profiles

The [O 1] A5007 flux radial profile (Figure 21) is clearly
more extended than the PSF, which is consistent with the
spatially resolved velocity gradients seen in both the ionized
gas and underlying stellar population.

A4. J0842+03

J0842+-03 was observed with both GMOS and KCWI. The
results derived from these two independent data sets agree well

72 94 116 138

W [km s7]

Figure 19. Same as Figure 16, but for J0840+-18, where a single Gaussian component is sufficient to fit the [O III] A5007 line profiles. This is the only object in our
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Figure 20. Same as Figure 17, but for JO840+18.

with each other. While the GMOS data trace the structures on
small spatial scale better than the KCWI data, the KCWI data
allow us to probe the fainter emission on the outskirts of the
galaxy host.

Figures 22-24 present the maps of the [O III] A5007 flux and
kinematics, the map of the stellar kinematics, and the [O III]
A5007 flux radial profiles of the individual velocity compo-
nents. The line ratio maps and spatially resolved BPT and
VO87 diagrams are shown in Figures 25 and 26.

A4.1. Maps of the [0 1] X\5007 Flux and Kinematics

Two Gaussian components (C1 and C2) are enough to
describe the [O TIT] A5007 emission-line profiles in this system
(as already shown in Figure 1). The projected distribution of
the [O 111] A5007 emission, both velocity integrated and in the
individual velocity components, is largely symmetric with
respect to the galaxy center.
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Figure 22. Same as Figure 13, but for the GMOS data (left) and KCWI data (right) of J0842+03, where two velocity components C1 and C2 are needed to adequately
fit the emission-line profiles. The orientations of the maps are noted at the top of each panel and are different from each other. In the left column of the right panel
(KCWI data), the GMOS footprint is overplotted as a blue rectangle with the 0 o’clock direction noted by the blue arrow. Note that the color bars in the right column
of each panel (vso) are centered on a negative velocity for a better visualization of the velocity gradients in both the C1 and C2 components.

The emission-line profiles are in general blueshifted with
respect to the systemic velocity (median vsy ~ —110km s~ ' in
the GMOS data and ~—70km s~ in the KCWI data) and show
a clear velocity gradient (see the bottom rows in Figure 22). The
line widths are also much broader than the stellar velocity
dispersions (see Figure 23). This indicates that the kinematics of
the ionized gas are dominated by nonrotational motion.
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The C1 component is on average blueshifted by 80 km s in
the GMOS data and by 30 km s~ in the KCWI data but shows
a clear velocity gradient (with vsqy ranging from ~—110 to
~—20km s~ in the GMOS data and from ~—60 to
~+10km s~ in the KCWI data) with an orientation of the
gradient (PA ~220°) that is similar to that of the stellar
velocity field. The line widths of the C1 component are in
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Figure 23. Same as Figure 14, but for J0842+4-03.
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Figure 24. Same as Figure 15, but for the GMOS data (left) and KCWI data (right) of J0842-+03.

general narrow (median Wgo~ 200 km s~ 1), similar to the
stellar velocity dispersion. The C1 component likely represents
a mixture of both rotating and outflowing gas.

The C2 component is in general significantly blueshifted with
respect to the systemic velocity (vso down to ~—220km s~ in
the GMOS data, and ~—160km s~ ! in the KCWI data) and
much broader (Wgo up to ~650km s~ in the GMOS data and
~750km s~ in the KCWI data) than the C1 component. The C2
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component is thus most likely associated with outflowing gas. A
clear gradient is seen in the vs( of the C2 component, suggesting
that the outflowing gas may have an intrinsic velocity structure
and/or an asymmetrical geometry with respect to the line of
sight. As the orientation of the velocity gradient of the C2
component is similar to that of the C1 component, an alternative
explanation for this gradient is that the outflowing gas may have
inherited a portion of the angular momentum from the galaxy.
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Figure 25. Emission-line diagnosis for the C1 component of J0842+03. Top row: line ratio maps of [O 1m]/H/3, [N 1] /He, [S 11l /He, and [O 1]/He, from left to
right. Bottom row: standard BPT and VO87 diagrams. The data points are color-coded according to their projected distance (in kpc) to the spaxel with peak emission-
line flux. The large red open star in each panel indicates the line ratios derived from the spatially integrated spectrum. In all panels, the solid line is the theoretical line
separating AGNs (upper right) and star-forming galaxies (lower left) from Kewley et al. (2001). In the left panel, the dashed line is the empirical line from Kauffmann
et al. (2003) showing the same separation. Objects between the dotted and solid lines are classified as composites. In the middle and right panels, the diagonal dashed
line is the theoretical line separating Seyfert galaxies (upper left) and LINERs (lower right) from Kewley et al. (2006).

A.4.2. Flux Radial Profiles

The fluxes from both velocity components are clearly more
extended than the PSF (top panels in Figure 24), consistent
with the resolved velocity structures seen in the kinematics
maps (Figure 22). There is a slight trend for the C2/C1 flux
ratio to increase radially outward in the KCWI data beyond
radii of ~0.5 kpc (bottom right panel in Figure 24); this trend is
not detected in the GMOS data.

A.4.3. lonization Diagnosis

Here we examine the ionization properties of individual
velocity components based on the GMOS data with emphasis
on the line ratios in the BPT and VOS87 diagrams. The KCWI
data are not discussed in this context because they do not cover
Ha and the other important line diagnostics in the red.

The [O1I]/HB ratios of both the CI and C2 velocity
components are roughly constant across the map. The other
three line ratios, [N 1I]/Hey, [ST]/He, and [O1]/Ha, are also
roughly constant or show only mild radial trends.

The spatially integrated line ratios of the C2 component fall
in the AGN region in all three BPT and VOS87 diagrams, while
for the C1 component they lie in the AGN region only in the
[O1]/Ha diagram. Instead, the spatially integrated line ratios of
C1 components are in the composite region of the [N 1I]/Ha
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diagram and in the star-forming region of the [S1]/Ha
diagram. For individual spaxels, the line ratios of the C2
component within r >~ 0.5kpc are AGN-like in all three
diagrams, while those of the C1 component suggest a
significant contribution from star-forming activity, as the
majority or a significant fraction of the spaxels are located in
the composite regions of the [N 1] /Ha diagram and in the star-
forming region of the [S 1] /Ho diagram.

A.5. J0906+56

J0906+56 was observed with both GMOS and KCWI. While
the KCWI data have a larger field of view and detect emission
lines out to a larger physical scale, the results from both data sets
agree with each other in general, as in the case of J0842+03.

The maps of the [OII] A5007 flux and kinematics, stellar
kinematics, and [OTI] A5007 flux radial profiles of individual
velocity components for this object are shown in Figures 27-29.
The line ratio maps and spatially resolved BPT and VO87
diagrams are shown in Figures 30 and 31. The map of the stellar
kinematics based on the GMOS data is significantly more
uncertain than the map based on the KCWI data owing to the
lower S/N in the stellar continuum in the former. Therefore, only
the stellar kinematics maps based on the KCWI data are shown in
Figure 28.
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Figure 26. Same as Figure 25, but for component C2.

A.5.1. Maps of the [O 111]] X\5007 Flux and Kinematics

The emission-line profiles in this object are generally broad,
with Wy, reaching ~650 km s~ in the GMOS-based maps and
~670km s~ in KCWI-based maps. Up to three Gaussian
components are needed to properly fit the [O III] A5007 line
emission. The stellar components show a clear velocity
gradient with a PA ~ 30° and a velocity range from ~—40
o ~+90km s~ .

The maps of the velocity-integrated [O III] A5007 flux and of
the individual velocity components all show a roughly circular
morphology. There are no clear offsets among the flux peaks of
the global and flux individual components except for that of C1
components in the GMOS data, which is slightly offset to the
east by ~1 spaxel (0”2) with respect to that of the global flux.

The C1 component shows a clear velocity gradient (with vs
varying from ~—30 to +30km s~' in the GMOS data,
stretching to ~=450 km s~ in the KCWI data). The orientation
of the velocity gradient (PA =~ 30°) is very similar to that of the
stellar velocities, while the velocity range of the C1 gas
component (~+50km s ') is slightly smaller than that of the
stars (~—40 to ~+490 km sfl) on the same spatial scale. The
line width of the C1 component is generally narrow (median
Wgo~ 110 km s~ in the KCWI data), comparable to the stellar
velocity dispersions. The C1 component represents the
quiescent rotating material within the host galaxy.

In contrast, the C3 component is generally blueshifted (with
vso down to —50 km s~ ! in the GMOS data and —70 km s~ ! in
the KCWI data) with respect to the systemic velocity derived
from the stellar velocity field, and the line widths are very large
(with Wgo reaching ~1200km s~' in the GMOS data and
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~1250km s ! in the KCWI data). These characteristics are
strong evidence of a fast outflow in this system.

The C2 component is in general redshifted with respect to
the system velocity (with a median vsy of ~+30 km s ! in the
GMOS data and ~+60km s~ ! in the KCWI data), and the line
widths are clearly broader (median Wgy~350km s !
and ~430km s~ in the GMOS and KCWI data, respectively)
than those of the C1 components and the stellar velocity
dispersions. No clear spatial gradient is seen in either quantity.
One possibility is that the C2 component represents the far side
of the same outflow traced by the C3 component. The smaller
absolute velocities and smaller line widths of the C2
component can be explained in this picture if only a portion
of the redshifted gas is visible, where the broader, more
redshifted portion of the outflow is blocked by the galaxy itself.
Alternatively, the C2 component may represent nonoutflowing
ionized gas in the (extended) narrow-line region (NLR) of the
AGN, similar in line width to NLR gas in other Seyfert 2
galaxies (e.g., Netzer 1990).

Interestingly, a parsec-scale (~47 pc) radio jet was recently
reported in this target (Yang et al. 2020), which might be an
important energy source for the outflowing ionized gas
on kiloparsec scales (e.g., Zakamska 2014; Morganti et al.
2015; Ramos Almeida et al. 2017). It is difficult to directly
connect this radio jet to the outflowing ionized gas revealed by
our data, due to the large difference in physical scales between
the two, and our data do not provide clear information on the
orientation of the outflow in the sky plane. Nevertheless, it
seems that the radio jet might have enough kinetic energy
(Piet = 10*20%07 erg 571y to drive the ionized gas outflow,
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Figure 28. Same as Figure 14, but for J0906+56.
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Figure 29. Same as Figure 15, but for the GMOS data (left) and KCWI data (right) of J0906+-56.

assuming a simple scaling relation between radio luminosity
and jet power (Yang et al. 2020).

A.5.2. Flux Radial Profiles

The radial profiles of the velocity components are all slightly
more extended than the PSF based on the GMOS data, where
the fluxes are on average larger than the corresponding PSF
values at the ~2¢ level at r ~ 0.8 kpc in the GMOS data. For
the KCWI data, the more extended PSF of the data makes the
flux excesses less significant, although flux excesses are still
seen for the C1 and C3 components at » ~ 1.3 kpc (Figure 29).
When comparing the fluxes of individual velocity components,
the C3 component has a radial distribution that is very similar
to that of the C1 component in both IFU data sets. Since C1
shows a clear, spatially resolved velocity gradient, the C3
component is also likely spatially resolved by our data.
However, the C2 component is slightly more compact than
the other two, where the C2/C1 flux ratios drops to ~0.1-0.2
at r 2 1 kpc in both GMOS and KCWI data.

A.5.3. lonization Diagnosis

Here we examine the ionization properties of individual
velocity components based on the GMOS data in the same
manner as that for J0842+-03. For the calculations of line ratios
below, we combine the fluxes of the C1 and C2 components
since (i) we are interested in the difference, if any, between the
pure, rapidly outflowing gas and the other gas components; and
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(ii) the C1 component is significantly fainter and less spectrally
resolved, and thus has more uncertain line ratios, than the other
two components. For both the C3 and C1+C2 components, the
[O1I]/HQ ratios are roughly constant across the map. The
other three line ratios, [N 11]/He, [S 11]/He, and [O 1]/Hay, are
also roughly constant or show only rather mild radial trends.

Both the C3 and CI1+C2 components show spatially
integrated line ratios consistent with AGNs in all three BPT
and VO87 diagrams. For both the C3 and C1+C2 components,
the line ratios of individual spaxels are also dominated by
AGN-like line ratios, at least within » ~ 0.7 kpc. The [N 11]/
Ha and [ST]/He ratios are in general smaller than those
measured in the more luminous AGNs with more massive host
galaxies. This is consistent with the lower gas-phase metallicity
expected from this dwarf galaxy (log M,/M. = 9.36;
Table 1).

For the C3 component, there is a possible trend that line
ratios in spaxels at larger radii are closer to the dividing lines of
AGN and star-forming activity in all three BPT and VOS87
diagrams. This is perhaps a sign that the ionization parameter
decreases with increasing radii, as is generally the case in
AGNs, and/or that the relative contribution to the ionization/
excitation from possible star-forming activity increases at larger
radii.

A.6. J0954+47

The maps of the [O 111] A5007 flux and kinematics, the map
of stellar kinematics, and the [O III] A5007 flux radial profiles
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style and meaning of the symbols are the same as in Figures 25 and 26.

of the individual velocity components in this object are
presented in Figures 32-34.

A.6.1. Maps of the [O 1lI] \5007 Flux and Kinematics

Three velocity components (C1, C2, and C3) are needed to
describe the [O 1II] A5007 line profiles in this system. The flux
maps of the total emission line and individual components
show a circular morphology in general. The map of the median
velocities vsy of the overall emission-line profiles shows a
gradient similar to that of the C1 component, although the C1
component is slightly more redshifted on average.

The C1 component shows a clear velocity gradient with vsq
varying from ~0 to ~+20km s ', with a position angle
similar to that of the stellar velocity field (PA ~ —45°,
Figure 33). The line widths are small in general (median
Weo~70km s~ '), similar to the velocity dispersion of the
stellar component. These results suggest that the C1 component
is largely rotating in the potential well of the galaxy, but with a
smaller velocity amplitude (the values of vsy of the [OIII]
A5007 C1 component are on average ~10-20km s~ ' smaller
in absolute terms than the stellar values).

The C2 component is generally close to the systemic
velocity except in the southwestern region, where they are
significantly blueshifted (by as much as ~70km s~') and
slightly broader than in other parts of the galaxy. These
blueshifted and broad velocity profiles may indicate the
presence of outflowing and/or turbulent gas.
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The C3 component is significantly blueshifted with respect
to the systemic velocity (vso down to ~—80 km sfl) and has a
large line width (Wgy up to ~1100km s h. Mild radial
gradients are seen in these quantities. The large line widths and
clear blueshifts of the C3 component strongly suggest that they
are associated with a fast outflow.

A.6.2. Flux Radial Profiles

The [OmI] A5007 flux radial profiles of the individual
velocity components are largely consistent with the PSF within
1 kpc, but all show excess emission (up to ~4o level) beyond
~1kpc. The flux ratios of C2/C1 and C3/C1 scatter around
unity in general, suggesting that they share a similar radial
distribution. The C3 components might thus be spatially
resolved by our data, as the C1 and C2 components are very
likely so judging from the clear spatial velocity gradients/
structures seen in the vsy maps.

A.7. J1005+12
The results on this object are presented in Figures 35-37, in
the same format as that for J0954+47.
A.7.1. Maps of the [O 111] X5007 Flux and Kinematics

Three velocity components (C1, C2, and C3) are required to
fit the [O I1] A5007 line profiles adequately in this object. The
values of vsy of the overall emission-line profiles are slightly
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Figure 31. Same as Figure 30, but for the outflow component C3.

blueshifted (~—30km s~ ') and show a gradient along
PA =~ 30° that is very similar to that of the C1 component.

The C1 component shows a clear velocity gradient with vs
ranging from ~—40 to ~10km s™', but this gradient is not
centered on the systemic velocity and is perpendicular (PA ~
150°) to that seen on a slightly large spatial scale in the stellar
velocity field (PA ~ 60°). The line widths of the C1 component
are in general narrow (median Wgy ~ 80 km s~ 1), similar to the
stellar velocity dispersions. If we interpret the velocity gradient
of the C1 component as a sign of rotation, the different angular
momentum of the C1 component relative to that of the stellar
component suggests that the C1 component consists of gas
acquired externally after the stars in the galaxy were already in
place (e.g., Chen et al. 2016). The overall blueshift of the C1
component may also hint at the influence of an outflow (see
below).

The C2 component shows a dramatic velocity gradient
where vsy vary from ~—100 to 50 km s !. The kinematic
major axis of the C2 component has a PA ~ 135°, offset from
those of the C1 component and stellar velocity field. The line
widths of the C2 component are also significantly larger
(median Wgo~440km s ') than those of the C1 component.
The interpretation of the C2 component is unclear; it may
represent a mixture of rotating, turbulent, and outflowing gas in
the galaxy.

The nature of the C2 component is further explored by fitting
the vso map of this component with Kinemetry, following the
same procedure as in Appendix A.l.1. The residual velocities
(observed vsg—best-fit circular velocities) show absolute
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amplitudes similar to those of the best-fit circular velocities.
This suggests that a pure, rotating disk cannot explain the
kinematics of the C2 component alone, which further supports
our statement in the previous paragraph that it is partially
affected by outflowing gas.

The C3 component is blueshifted (vso down to ~—200 km s
and shows large line widths (Wgg up to ~1200 km s~ ). Mild radial
gradients are seen in these quantities. The large line widths and
clear blueshifts of the C3 component suggest that they are most
likely due to a fast outflow.

A.7.2. Flux Radial Profiles

The [O1] A5007 flux radial profiles of the individual
velocity components are largely consistent with the PSF within
~0.2 kpc, but excess flux is detected (at the ~4o level on
average) beyond 0.2kpc in C1 and C2 velocity components
(Figure 37). The flux ratios among individual velocity
components are in general scattered around unity within
0.2kpc, suggesting no difference of radial flux distributions
among the three velocity components. However, the C2
component may have slight flux excess compared to the C1
component beyond ~0.3 kpc.

A.8. J1009+26

The results of our analysis of the KCWI data for J10094-26
are presented in Figures 38—40.



THE ASTROPHYSICAL JOURNAL, 905:166 (38pp), 2020 December 20

Liu et al.
N
e
kpc
(5.91E-16) -1 0 1
O
o
o
™
o
S
o
|_
0.00.20.40.60.81.0 412 675 937 -18-6 6 18
- - -1 -1
Flux[erg s'cm™]  Wg[km s7] Vso[km s7']
Figure 32. Same as Figure 13, but for J0954+4-47 based on the KCWI data.
. . The values of vsg in the Cl1 component are on average
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Two Gaussian components are sufficient to describe the velocities (shown in Figure 39). The PA of the vso gradient is
[O 1] A5007 emission-line profiles in this object. The maps of ~0°, similar to that of the gradient of the stellar components.
vso and Wy of the overall line profiles show apparent gradients The line widths of the C1 components are once again narrow
and structures that are very similar to those of the Cl1 (median Wgo~80km s~ ') and similar to the stellar velocity

component (Figure 38). dispersions. The C1 component appears to be associated with
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Figure 34. Same as Figure 15, but for J0954+4-47.

gas that is largely rotating within the galaxy, but the slight
overall blueshift may be a sign of a small bulk outflow.

The flux peak of the C2 component is slightly offset from
that of the C1 component by ~0”15 (1 spaxel) to the southeast.
The map of vs of the C2 component shows a clear gradient
along the SE—NW direction (PA ~ —40°), much steeper (vso
varies from —60 to 40 km s~ ') and offset in position angle with
respect to that seen in the C1 component. The line widths of the
C2 component are also much broader than those of the Cl
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component (with Wy, reaching 480 km s 1), and no clear
spatial structure is seen. The C2 component may represent a
tilted, biconical outflow, like that of JO100—01, where the near
(NW) side of the outflow is blueshifted and the far (SE) side is
redshifted. Alternatively, the apparent bisymmetry of the
velocity field of the C2 component may be interpreted as a
rotating structure, but the large line widths indicate that the gas
is turbulent. This result is confirmed using Kinemetry: while the
residual velocities (observed vsg—best-fit circular velocities)
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Figure 38. Same as Figure 13, but for J1009+-26.

for the C2 component do not show clear patterns indicative of
biconical outflowing gas, the best-fit circular velocity field of
the C2 component has significantly larger amplitudes and a
clearly different position angle when compared to those of the
C1 component, as reported above from our visual examination
of the observed kinematic maps.
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A.8.2. Flux Radial Profiles

As shown in Figure 40, the flux radial profiles of both
velocity components are clearly more extended than the PSF,
which is consistent with the spatial gradient clearly seen in the
vso maps. The C2 component has excess flux relative to the C1
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component beyond ~0.3kpc, where the flux ratios reach a
maximum of ~10 at around 0.7 kpc.
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