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ABSTRACT

Feeding and feedback regulated by supermassive black holes play a central role in galaxy growth and evolution, yet these processes
remain poorly understood in low-mass galaxies. In particular, the presence, properties, and role of nuclear ultra-fast outflows (UFOs)
in low-mass galaxy systems are largely unexplored. We analyzed available NuSTAR X-ray observations of Arp 151 and find possible
evidence (~20 confidence) of a fast outflow with a velocity of ~0.18¢ from the central black hole. Furthermore, we have detected
an optical galaxy-scale outflow in MaNGA integral field unit data. The estimated nuclear and galaxy-scale mass outflow rates are
~0.015 Mg/yr from NuSTAR and ~0.43 M/yr from MaNGA, respectively. Our estimates suggest that such outflows may significantly
regulate the feedback process in the galaxy. A comparison of the kinetics of the UFO and the galaxy-scale outflow indicates that they
are in the momentum-conserving phase. This tentative discovery implies that dwarf galaxies are also able to generate UFOs, which
so far have been detected in massive galaxies. Thus, the active galactic nucleus feedback may also be important for the evolution of

the dwarf galaxies.
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1. Introduction

Active galactic nuclei (AGNs) are powered by the accretion of
matter onto supermassive black holes (SMBHs; ~10%719 M) at
the centers of massive galaxies. During this process, a large
amount of energy is released in the form of radiation, relativistic
jets, and outflows (OFs), which can interact with the interstellar
medium of the host galaxy. This is commonly known as AGN
feedback, which can heat or expel gas from the galaxy, thereby
regulating star formation and influencing the growth of both the
SMBH and its host galaxy (Silk & Rees 1998; Fabian 2012).
The effect of feeding and feedback mechanisms is poorly
understood for massive black holes (BHs; 10°-10° M) in
dwarf galaxies (with stellar masses <10%3 My). Compared to
massive galaxies, AGNs in dwarf systems tend to be fainter
and less powerful (see Mezcua et al. 2024). The AGN feed-
back may play a crucial role in regulating star formation in
dwarf galaxies and is an important testbed of galaxy for-
mation and cosmology (Koudmani et al. 2021 and references
therein). Furthermore, if the BHs in these systems grow
efficiently, they can have more of an effect on the host
galaxy (Barai & de Gouveia Dal Pino 2019; Koudmani et al.
2021). Recent studies have found direct evidence of spa-
tially extended high-velocity ionized gas OFs in dwarf galax-
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ies consistent with AGN-driven OFs (Manzano-King et al. 2019;
Rodriguez Morales et al. 2025; Salehirad et al. 2025).

There is a growing body of evidence for the presence of
(sub)relativistic (20.1¢) OFs in the X-ray spectra of AGNs in
massive galaxies, imprinted by blueshifted Fe K-shell absorp-
tion lines from Fe XXV and/or Fe XX VI at rest-frame energies
>T7keV (Papadakis et al. 2007; Sim et al. 2010; Tombesi et al.
2010; Matzeu et al. 2023 and references therein). These lines
have been observed in a highly ionized medium with a col-
umn density >102cm™ and a blueshifted velocity 20.2¢
(Pounds et al. 2003; Cappi 2006; Braito et al. 2007); they are
known as ultra-fast outflows (UFOs). The kinetic power of
UFOs can significantly influence the host galaxy environment
and thus their evolution (Tombesi et al. 2013 and references
therein), consistent with the SMBH-galaxy feedback driven by
OFs (King & Pounds 2003; Gaspari et al. 2011).

However, no such evidence of UFOs from the inner central
engine has been reported in dwarf galaxies, which can be the
regulator of the feeding and feedback process. These massive
BHs might be the counterparts of the seed BHs formed in the
early Universe (Mezcua et al. 2023). The SMBH mass and accre-
tion rate scales the energetics and mass OF rates of these UFOs
(King & Pounds 2003; Tombesi et al. 2013; Matzeu et al. 2023).

Arp 151 (Mrk40) is a nearby (z = 0.021) dwarf galaxy
(with a stellar mass of 10°3 My; Mezcua & Dominguez Sanchez
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2020). It hosts an active SMBH along with two companion
galaxies at the same redshift, which indicates that the AGN
was likely triggered by the merger event. Optical spectroscopic
analyses estimated the BH masses in Arp 151 to be ~4-7 X
10° M, (Bentz et al. 2008; Valenti et al. 2015 and references
therein).

The crucial role of nuclear OFs in the feeding and feed-
back process and in regulating the galaxy growth motivated
us to investigate the multi-scale OFs in Arp 151. With the
goal of understanding feeding and feedback in dwarf galaxies,
we carried out the first detailed X-ray and integral field unit
spectroscopic analysis of OFs in the dwarf galaxy Arp 151 using
available archival NuSTAR and MaNGA data, respectively (see
also Vasudevan et al. 2013). The paper is organized as follows:
In Sect. 2 we present the X-ray and optical analyses and the UFO
and galaxy-scale OF properties. In Sect. 3 we discuss our results
and the impact of UFOs in the galaxy feedback, and present our
conclusions.

2. Sub-parsec- to galaxy-scale outflows
2.1. Ultra-fast outflow

The X-ray spectroscopic analysis was performed using only
NuSTAR observations from October 8, 2019, with an exposure
time of 24 ks (observation ID 60160430002). No data from other
X-ray missions were available. We used standard nupipeline
and nuproducts tasks to extract the spectrum. A source region
of 40” and a background region of 80" were used in DS9 to
extract the spectrum. The source FPMA and FPMB spectra
were grouped with a minimum of 15 counts in each bin using
the grppha task. The spectral modeling for the energy band
3-60keV was performed in XSPEC (v12.12.1; Arnaud 1996)
using both phenomenological and physical models. A galactic
absorption of Ny = 1.1 x 10?° cm™2 (Vasudevan et al. 2013) was
used throughout the analysis.

We first fit the data using a simple power-law (PL) model
along with the line energy shift model ZASHIFT and the Gaus-
sian absorption model GABS for the absorption line. The best
fit with C-stat 67 was achieved for the PL photon index,
I' = 1.46 + 0.06. The inclusion of GABS improved the fit by
reducing AC-stat by 9 for a loss of three degrees of freedom,
which is equivalent to a ~20 detection using F-test probability.
This significance does not account for the look-elsewhere effect
(Protassov et al. 2002; Gross & Vitells 2010). Interestingly, we
observed a tentative blueshifted absorption line at energy Equps =
8.08 = 0.24 keV (observer frame) with line width ogps = 0.41 £
0.27keV and line strength 0.45 + 0.22. The rest-frame energy of
the line is 8.25 + 0.24 keV for z = 0.021 in the ZASHIFT model.
Such absorption lines may originate from the high-velocity out-
flowing winds, also known as UFOs, often detected in mas-
sive AGNs (see Papadakis et al. 2007; Tombesi et al. 2010 for
detailed discussions). The left panel of Fig. 1 shows the best-
fit model spectra. This phenomenological modeling can give us
preliminary information about the spectral shape and absorp-
tion line properties. Such a line feature can be identified with
highly ionized iron absorption lines associated with Fe XXV or
Fe XXVI K-shell transitions. The most plausible assumption is
that the observed 8.25keV line is the blueshifted line corre-
sponding to Fe XXV or Fe XX VI Ke at a rest energy of 6.97 ke'V.
If there is an outflowing wind aligned with our line of sight, a
line can be blueshifted. Under that assumption, we calculated the
wind velocity using the special relativistic Doppler shift formula
Vw = C[(E/Egabs)* = 11/[(E/Egabs)* + 11, which yields v,, ~ 0.17¢
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for E = 6.97keV and Egps = 8.25keV. We performed the same
analysis using FPMB data; however, we could not detect a clear
line feature.

To further understand the properties of the outflowing mate-
rial, we refit the data using the more realistic photoionization
model XSTAR (Kallman & Bautista 2001), which can model
the absorption line and its properties. For our fitting purposes,
we froze the turbulence velocity (vy) to a typical 2000 km s~
(Xrism Collaboration 2025) and generated the table model for
I’ = 1.5. The best fit is achieved with C-stat 68, which is
comparable to the phenomenological GABS model. The best-fit

parameters are Ny = 2.61f?gg x 1023 cm™2, ionization param-

eter logé = 4.5322 (the upper hard limit is set to 6.5), and the

redshift of the OF (zaps) —0.17f8'8%. The middle panel of Fig. 1
shows the best-fit spectrum, and the right panel shows the con-
fidence contour between the log & and z,,s parameters. The con-
tour indicates that the upper limit of log £ is not currently con-
strained, which may require a longer exposure or higher-S/N
data. The best-fit z,ps yields an OF velocity of 0.18¢, which
is remarkably consistent with the estimation from the Doppler
shift. The high Ny and ¢ indicate that the Fe XX VI Ka likely
originated from a high-velocity UFO from the inner region of
the disk. The distance of the OF gas can be computed from
the best-fit parameters as follows: The minimum distance of
the outflowing gas is the radius at which the OF velocity is
equivalent to the escape velocity, rmin = ZGMBH/U%JFO =

6.4 x 108 cm = 30 rg, for a BH mass of 7.0 x 10° M.
Given the above model parameters, the lower limit of the mass
OF rate can be estimated as Mypo = QNEmMpVUFO min - ~
0.015 Mg yr~', assuming a solid angle Q = 27 (see Nardini et al.
2015). We further estimated the kinetic power, Eyypo =

1/2Myrovpe ~ 14 x 10¥ ergs™, and momentum flux rate,

Puro = 5.1 x 103 gmcems™2,

2.2. Galaxy-scale outflow

We investigated the galactic-scale gas OFs by analyzing the
optical integral field spectroscopy data cube from the MaNGA'
survey.

2.2.1. Outflow velocity

The extent and kinematics of ionized gas OFs are traced using
the [O111] 45007 emission line, which is an excellent tracer of
diffuse ionized gas. For this, we first masked the prominent
emission features and modeled the stellar continuum in each
spaxel by using the publicly available nonlinear optimization
spectral fitting routine PyQSOFit (Guo et al. 2018). We then fit
the [O 1] 15007 emission line using a narrow Gaussian compo-
nent with a typical width of o < 500kms~! (Pucha et al. 2025),
which represents the emission from the narrow line region. In
addition, a broader component for a possible OF signature was
introduced for the spaxels where the F-test yields a signifi-
cantly better fit compared to the single-Gaussian model, with
a confidence level of 95%. We further verified this by ensur-
ing a lower Bayesian information criterion value (Schwarz 1978;
Liddle 2007) for the double Gaussian profile as compared to the
single Gaussian model. Using the OF component, we estimated
the typical OF velocity width (Wgp), which comprises 80% of
the flux of the OF component. In addition, the velocity was esti-
mated as vor = —vy + %, where v is the velocity offset between
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Fig. 1. Best-fit FPMA spectrum of Arp 151 using the PL model (left) and the XSTAR model (right). The solid lines are for the model, and the
points with error bars represent the data. The lower subpanels show the residuals of the fit. Right: Confidence contour between the wind redshift
and ionization parameters. The red, green, and blue lines show the confidence contours at the 1, 2, and 30 levels.
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Fig. 2. Multiple Gaussian component spectral line modeling of HB (top
left) and Ha (bottom left) emission line profiles. Right: [O111] 15007
nebular emission line modeled with two Gaussian components, for the
central spaxel with a weak flow signature and additional two spaxels
showing strong blue- and redshifted emission line profiles. The solid
line represents the model fit, and the dotted lines represent the individual
underlying components.

Fig. 3. DECaLS color composite (g-, -, and z-band) image of the dwarf
AGN host galaxy Arp 151. The two companion galaxies both having the
same redshift as Arp 151, z = 0.021, indicates the presence of a merger
system. The inset shows a bi-conical OF from the dwarf galaxy.

2.2.2. Mass outflow rate

The outflowing ionized gas mass (Mop) was estimated using the
following relation (Carniani et al. 2024),
Zo
— | Mo,
)(z) ©

) (500 cm™
ne

where Liomn,or is the luminosity of the outflowing component
of the [O 1] 45007 line, n, is the electron density, and Z is the
gas-phase metallicity. The electron number density was calcu-
lated as n, = (Cr — AB)/(A — r) (Sanders et al. 2016). Here
r is the flux ratio of the [SII] emission lines, defined as r
[S1] 26716/[S11] 26731, and A, B, and C are dimensionless con-
stants equal to 0.4314, 2107, and 627.1, respectively. The gas-
phase metallicity was calculated as Z/Z, = 4.01N7%07  where
N2 = log ([N1] 16584 /He) (see also Carvalho et al. 2020). The
estimated mean electron density, r, and metallicity values are
356cm™3, 1.2162, and 0.64 Z, respectively.

Using the MaNGA 2D OF map, we obtained the mass
OF rate as Mop = vor Mogr/Ry, where R, is the distance of
each OF-hosting spaxel from the galaxy center. We detect the
extended OF imprints with a physical size of ~2kpc (4 arcsec)
from the galactic center. The average integrated Mop and max-
imum vor are found to be 0.43 Mg yr‘1 and ~+1000kms™!,
respectively. The magnitudes of massive galaxies with Mo

Liom,0F
10 ergs~!

the centers of the narrow and OF components. The [N1I] and
[S 1] doublets were modeled with narrow Gaussian components
whose kinematics were tied to the narrow component of the
[O111] line. The complex profile of the HS and He line was fitted
with multiple (1-4) Gaussians with an initial guess of two nar-
row, one broad, and one very broad component. For a physically
consistent fit, the width of the narrow components was tied to the
[O 1] systemic and OF features. To reduce the arbitrariness of
the component fits and make the decomposition more physical,
we constrained the redshift and width of the two narrow com-
ponents to be the same as those of the [O 1] 45007 lines. The
best-fit model and components for HB and He emission lines are
shown in the left panel of Fig. 2. The full width at half maximum
of the HB broad emission line component is 3631+717 kms™! as
measured from the central region (25 spaxels), where the AGN
emission dominates. This yields a Mgy of 6.0+0.2 % 10° M, (see
Greene & Ho 2005 for the scaling relation), which is consistent
with other works (Bentz et al. 2008; Valenti et al. 2015) that fol-
lowed a similar method. The inset in Fig. 3 shows the velocity
map, with an apparent biconical outflowing component seen as
blueshifted and redshifted profiles (see also Fig. 2, right panel).

Mm=08xw% )
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of a few X 10 Mgyyr™' and vop of a few x 10°cms™! are

significantly higher, which suggests that OFs in dwarf galax-
ies are possibly the scaled-down version of those in mas-
sive galaxies (Osterbrock & Ferland 2006; Avery et al. 2021;
Rodriguez Morales et al. 2025). We estimated the kinetic energy
of the galaxy-scale mass OF as Exor = 1/2Mopvdy = 1.4 X

104 erg s~! and the momentum flux as Pop = Mopuor = 2.7 X
103 gecms™2.

To quantify the impact of the UFO and galaxy-scale OF on
the host galaxy, we estimated the AGN bolometric luminosity
(Lpo1) using the relation Lo = 1000 X Lo iy (Moran et al. 2014).
The Liom; measured over the central 25 spaxels, which is the
primary AGN emission at the core and corresponds to a typi-
cal seeing of ~2.5arcsec, results in Lioyy = 4.1 x 10 ergs™!
and Ly = 4.1 x 10% erg s~!'. The radiation momentum flux is
found to be Prq = Lgga/c = 2.4 x 10°** gcm s=2 for an Edding-
ton luminosity of Lggq = 7.2 x 10¥ ergs™! for the BH mass of
~6 x 10° M,, taken from this work.

3. Discussion and conclusions

The UFOs launched from the sub-parsec region of the cen-
tral engine propagate through the interstellar medium and leave
their imprint on the galaxy-scale gas dynamics. During this
process, they deposit both energy and momentum into the
surrounding medium and can potentially affect the star forma-
tion of the host galaxy (King & Pounds 2003; Di Matteo et al.
2005; Gaspari et al. 2011; Faucher-Giguere & Quataert 2012).
In this work we analyzed NuSTAR X-ray data and MaNGA
optical data of the nearby dwarf galaxy Arp 151 to understand
the sub-parsec- to galaxy-scale OFs and their implications for
the host galaxy. We have tentatively detected a UFO signature
in the X-ray spectrum based on the detection of an absorption
line at ~8.08 keV (observer frame) with ~20 confidence. If the
absorption line corresponds to Fe XXVI Ke, this would sug-
gest the presence of a highly ionized UFO with Ny ~ 2.6 X
10%* cm~? moving away from the central source with a veloc-
ity of ~0.18¢c. The combined X-ray and optical analyses raise
the question of whether such UFOs in dwarf galaxies are able to
produce sufficient feedback. An important parameter that quan-
tifies the feedback contribution of OFs in AGNs is the ratio
of the kinetic power of the OF to the bolometric luminosity,
euro (Di Matteo et al. 2005; Gaspari et al. 2011). For Arp 151,
we have estimated eypo = Exuro/Leaa ~ 0.02, i.e., the Exyro is 2
percent of Lggq. This eyro suggests significant feedback from the
UFO to the host galaxy. The momentum load of the nuclear OF
is Pyro/Prag = 0.2, less than that of the radiatively driven winds
or OFs from the accretion disk (~1 in King & Pounds 2003).

Moreover, we compared the energy budgets of the galaxy-
scale OF and the UFO. The corresponding eor = Evor/Lgdad ~
0.002 and Pop/Pnag = 0.1 are lower than the requirements
(0.5-5%) typically assumed by the most popular feedback mod-
els (Di Matteo et al. 2005; Gaspari et al. 2011). Such a scenario
may appear if the cold gas or ionized OFs capture only a
tiny fraction of the UFO energy and most of the UFO energy
stays in a hot shocked phase while interacting with the ambi-
ent medium (see Faucher-Giguere & Quataert 2012; Fiore et al.
2017 for reviews). This can be further verified from the estima-
tion of Exor/Exuro and Por/Puro. These ratios come out to be
~0.01 and =0.6, which indicates that neither the energy nor the
momentum of the UFO has totally transferred to the galactic-
scale warm gas; therefore, the galactic-scale OF may be in a
momentum-conserving phase.
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Our estimated feedback parameter eypo ~ 0.02 suggests
the UFOs have a significant impact on the host galaxy’s feed-
back mechanism. Such activities have been observed in massive
galaxies when they host an AGN. However, no such effects have
been reported in the case of dwarf galaxies to date. To further
understand the impact of the UFO on the galaxy-scale OFs, we
estimated their ratios of energy and momentum rates and found
that both the UFO and the galaxy-scale OFs might be in the
momentum-conserving phase.
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