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Abstract

Cosmic dust plays a crucial role in the evolution of galaxies, significantly influencing star formation and the
interstellar medium. However, in active galactic nuclei (AGNs), the role and origin of dust remain poorly
understood. High-resolution X-ray spectroscopy is a powerful tool for probing the properties of dust in AGN.
NGC 6860, an X-ray bright type-1 quasar, is an ideal target for investigating the connection between dust and
winds in AGN. It exhibits reddening and X-ray absorption by both dust and winds. By modeling high-resolution
X-ray spectra from XMM-Newton and Chandra observations, we determine the properties of dust and outflows in
this AGN. Our analysis finds four photoionized components, outflowing with velocities of 50-300 kms™'. The
first two are relatively highly ionized with log& = 3.4 and log& = 2.9. The results of our photoionization
modeling suggest that these two components are thermally unstable. The third component is ionized, with
log £ = 2.3, and is located farther away from the central black hole. The fourth component is less ionized and is
possibly located in the host galaxy. The application of dust models enables us to probe the abundance and location
of the dust in NGC 6860. Our findings suggest that dust absorption and reddening originates from the extended
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narrow-line region and its host galaxy.

Unified Astronomy Thesaurus concepts: Dust composition (2271); Active galactic nuclei (16)

1. Introduction

Cosmic dust grains are small solid particles, typically ranging
in size from a few nanometers to a few micrometers, composed
mainly of heavy elements. They are widespread in the Universe
and can be used to trace the evolutionary paths of planets, stars,
or even black holes. Dust grains cool down interstellar clouds
through radiative transfer, enabling star formation, they provide
the surface for chemical reactions, and they are the building
blocks from which planetesimals are formed in planet-forming
disks around young stars. Dust, mainly characterized by its
chemical composition, size, and lattice structure (crystallinity),
contains much of the heavy elements, such as Fe, O, Si, Mg, and
C, in solid form (B. T. Draine 2011).

In the last decades, high-resolution X-ray absorption spectrosc-
opy has proven to be a powerful tool for studying the cosmic dust
(e.g., S. T. Zeegers et al. 2019; D. Rogantini et al. 2020;
E. Costantini & L. Corrales 2022; 1. Psaradaki et al. 2023;
L. Corrales et al. 2024). In proximity to the photoelectric
absorption edges, one can observe the X-ray absorption fine
structures (XAFS), which are oscillatory modulations and appear
when an X-ray photon interacts with a dust grain. This interaction
modulates the wave function of the photoelectron, due to
constructive and destructive interferences (M. Newville 2004).
The XAFS’s shape contains information about the dust grain
chemical composition, size, and lattice structure. X-ray absorption
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spectroscopy of interstellar dust and gas is nowadays a very
powerful way to study the chemical enrichment of galaxies.

The origin and properties of winds in active galactic nuclei
(AGNSs) are still uncertain. Dust plays a crucial role in their
dynamics and observational characteristics. In AGN, especially
Seyfert 2 galaxies, dust contributes to the obscuration and
reddening of the AGN light. The dust torus can block the direct
view of the central black hole, absorbing ultraviolet and optical
radiation from the accretion disk around the supermassive black
hole (SMBH). This absorbed energy is then re-emitted in the
infrared, which significantly impacts the AGN’s spectral energy
distribution. The optically thick dusty torus plays a major role in
determining how we view the AGN, depending on our viewing
angle relative to the orientation of this obscuring structure. (e.g.,
S. Komossa & H. Fink 1997; C. S. Reynolds et al. 1997,
D. M. Crenshaw et al. 2001; J. C. Lee et al. 2001).

Dust in AGN can also play a critical role in the chemical
enrichment of the host galaxy’s interstellar medium (e.g.,
B. D. Oppenheimer & R. Davé 2006). Observed relationships
between SMBH and their host galaxies suggest that these two
systems coevolve through feedback mechanisms. AGN-driven
winds are crucial to this coevolution (e.g., T. Di Matteo et al.
2005). However, significant gaps remain in our understanding
of AGN outflows, leading to uncertainties about their exact role
and impact on galaxy evolution.

The origins, structure, and mechanisms that drive AGN
winds remain largely unclear. Depending on their ionization
states, different outflows can have different origin and
acceleration mechanisms (D. M. Crenshaw et al. 2003; S. Laha
et al. 2021). Some of the proposed mechanisms include
thermally driven winds (e.g., M. C. Begelman et al. 1983,


https://orcid.org/0000-0002-1049-3182
https://orcid.org/0000-0002-1049-3182
https://orcid.org/0000-0002-1049-3182
https://orcid.org/0000-0002-4992-4664
https://orcid.org/0000-0002-4992-4664
https://orcid.org/0000-0002-4992-4664
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0002-8163-8852
https://orcid.org/0000-0002-8163-8852
https://orcid.org/0000-0002-8163-8852
http://astrothesaurus.org/uat/2271
http://astrothesaurus.org/uat/16
https://doi.org/10.3847/1538-4357/adb4e9
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb4e9&domain=pdf&date_stamp=2025-03-05
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb4e9&domain=pdf&date_stamp=2025-03-05
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 981:137 (10pp), 2025 March 10

Psaradaki et al.

Table 1
Observation Log
Satellite Obs ID Instrument/mode Exp. time Date of obs.
(ks)
XMM-Newton 0903030101 RGS & OM 120 18/03/2023
Chandra 22620 HETGS/TE 25 01/12/2020
22621 HETGS/TE 17 09/12/2019
22969 HETGS/TE 30 07/07/2021
23095 HETGS/TE 33 13/12/2019
24779 HETGS/TE 30 27/02/2021
24780 HETGS/TE 30 29/11/2020
24877 HETGS/TE 25 01/12/2020

Note. TE is an abbreviation for Timed Exposure mode. The XMM-Newton OM data were taken with the primary photometric filters V, B, U, UVWI1, UVM2,

and UVW2.

J. H. Krolik & G. A. Kriss 2001; D. Proga & T. R. Kallman
2002), radiatively driven processes (A. Dorodnitsyn et al.
2008), or magnetically driven processes (e.g., D. Kazanas et al.
2012; K. Fukumura et al. 2015, 2018). Understanding the role
of dust in these processes is significant because it influences the
dynamics and cooling of interstellar gas, contributes to star
formation, and affects the overall chemical evolution of
galaxies.

Warm absorbers, commonly detected in the UV and X-ray
spectra of bright AGN, have been found to be consistent with
being torus winds (e.g., J. S. Kaastra et al. 2012; M. Mehdipour
et al. 2018), suggesting that dust could be mixed with these
outflows. Notably, infrared radiation pressure on dust grains
can enhance these torus winds (A. Dorodnitsyn et al. 2011).
Therefore, establishing the existence of dust in these systems is
crucial for understanding the driving mechanisms of the
outflows and defining their environmental impact. This
knowledge is essential for understanding the contribution of
winds to AGN feedback and the coevolution of SMBHs and
their host galaxies.

Observational evidence indicates that AGN winds play a
significant role in transporting dust into the interstellar medium
(ISM). For example, in the case of ESO 113-G010 (M. Mehdipour
et al. 2012), the presence of dust within the AGN wind was
inferred from changes in the AGN emission, from the dust-to-gas
ratio, and from the characteristics of the wind. Additionally, lower-
ionization states of warm absorbers are believed to harbor dust
(S. Laha et al. 2021, and references therein), which is crucial for
understanding the feedback momentum and kinematics driven by
the central black hole (A. C. Fabian et al. 2008; W. Ishibashi et al.
2018). Further supporting this, M. Mehdipour & E. Costantini
(2018) performed a multiwavelength study of the reddened quasar
IC 4329A and identified a dust component linked to outflows from
the AGN torus.

We undertake a case study for NGC 6860 to study the nature
of the dust in the vicinity of the AGN. Dust-reddened AGN are
often too faint for X-ray spectroscopy due to strong absorption,
making it challenging to find a feasible target. For our X-ray
spectroscopic investigation of dust in winds, the AGN target
must satisfy several criteria: it must be sufficiently bright in
X-rays, exhibit the presence of ionized gas, show evidence of
dust features in both X-rays and infrared, demonstrate the
presence of an AGN wind, and have minimal reddening or
absorption contamination from the Milky Way along our line
of sight. NGC 6860 is one of the most suitable AGN that meets
all these requirements.

The total Galactic Ny in the line of sight is 3.58 x 10** cm ™2

(R. Willingale et al. 2013). NGC 6860 exhibits infrared spectral
features indicative of dust, as observed in Spitzer/IRS data
(Y. Wu et al. 2009; J. F. Gallimore et al. 2010). The data
revealed 6.2 and 11.2 um dust features linked to carbon within
the galaxy. The reddening in the host galaxy is found to be
EB — V) =0.72 (S. Lipari et al. 1993), which is significantly
higher than the Milky Way reddening in our line of sight:
E(B-V)=0.037. S. Lipari et al. (1993) also concluded from
the optical, near-IR, and far-IR data that, in the nuclear regions
of NGC 6860, the ionizing source has a composite nature, a
variable Seyfert 1 nucleus embedded in an intense and dusty
star formation environment. This indicates significant dust
extinction in NGC 6860.

The paper is organized as follows: In Section 2, we describe
the reduction process of the XMM-Newton and Chandra data.
In Section 3, we present the broadband spectral fitting
techniques used to obtain the spectral energy distribution
(SED) and model the ionized outflows (or “warm absorbers”)
and dust absorption. Section 4 discusses our results, and
Section 5 presents our conclusions.

2. Observational Data and Reduction

We use high-resolution X-ray spectroscopic data from the
Reflection Grating Spectrometer (RGS; J. W. den Herder et al.
2001) on board XMM-Newton and Chandra data taken with
the High Energy Transmission Grating Spectrometer (HETGS;
C. Canizares et al. 2005). We further use Optical Monitor data
(OM) from XMM-Newton in order to constrain the SED.

All data used in this study are listed in Table 1. We processed
the XMM-Newton data using the Science Analysis System (SAS
v20.0). The RGS was used in the standard Spectro+Q mode in
our observation. Data processing included executing the
rgsproc pipeline task, extracting both source and background
spectra, and generating response matrices. Time intervals with
background count rates exceeding 0.1 counts ™' in CCD number
9 were filtered out. The first-order RGS1 and RGS2 spectra are
simultaneously fitted over the 6-37 A band.

The XMM-Newton OM data, operating in the Science User
Defined mode, were taken with the primary photometric filters
V, B, U, UVWI1, UVM2, and UVW2. We applied a circular
aperture with a diameter of 12” for our photometry, which is
the optimal size based on the OM calibration.

The Chandra HETG data were reduced using the
Chandra Interactive Analysis of Observations (CIAO;
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A. Fruscione et al. 2006) v4.15 software and Calibration
Database (CALDB) v4.10.7. The chandra_ repro script of
CIAO and its associated tools were used for the reduction of the
data and production of the final grating products (PHA 2 spectra,
RMF and ARF response matrices). To improve the signal-to-
noise ratio and enhance our ability to detect absorption lines, we
need to combine the Chandra observations. The data are divided
into numerous short exposures, but after analyzing the overall
flux variations between them, we find no significant evidence of
variability. Additionally, the spectral shape of the continuum, as
determined from our HETG fit, aligns well with the lower-
energy shape observed with RGS. This suggests that NGC 6860
does not experience substantial variability during our observa-
tion period that would impact our modeling.

3. Spectral Fitting

For our modeling, we use the software SPEctral X-ray and UV
modeling and analysis (SPEX), version 3.06.01 (J. S. Kaastra
et al. 1996, 2020). To evaluate the goodness of our fit, we adopt
C-statistics, which we denote as Cg, in the rest of the manuscript.
SPEX uses Cgy, as described in W. Cash (1979), but with an
addition that allows an estimate of the goodness of the fit (for
details, see J. S. Kaastra 2017). The errors are provided at a lo
(68%) confidence level. Also, in our analysis, we use protosolar
abundance units from K. Lodders & H. Palme (2009).

3.1. Optical-UV Continuum and Reddening

The optical/UV continuum was modeled using a standard
disk blackbody component (dbb in SPEX). This model adopts
a geometrically thin, optically thick, Shakura—Sunyaev accre-
tion disk model (N. I. Shakura & R. A. Sunyaev 1973). We fix
the temperature of the dbb model to 15eV and fit the
normalization of this component. This continuum model is also
reddened. We use the ebv model in SPEX, which takes into
account internal reddening in the AGN. Another ebv
component is used for the Milky Way reddening. For the
internal reddening, we used the Small Magellanic Cloud
(SMC) extinction curve of K. D. Gordon et al. (2003), which is
called the “SMC Bar Average.” Such an SMC extinction curve
is commonly thought to describe dust extinction in AGN (e.g.,
P. F. Hopkins et al. 2004; M. Mehdipour et al. 2021). The
E(B — V) parameter of this component is fitted to the OM data.
For the Milky Way reddening, we use the extinction curve of
J. A. Cardelli et al. (1989), including the update for near-UV
given by J. E. O’Donnell (1994). The E(B — V) was set to
0.037 (E. F. Schlafly & D. P. Finkbeiner 2011). The Ry ratio
for both ebv components is set to 3.1.

The 12" aperture of OM also takes in starlight in the optical
band. Therefore, in our modeling, we incorporated a template
model component for the stellar emission from the host
galaxy’s bulge, based on A. L. Kinney et al. (1996), and
allowed its normalization to be fitted.

3.2. X-Ray Continuum Modeling

In addition to the optical /UV dbb component (Section 3.1),
the broadband continuum consists of three other components in
the X-ray band: a power-law (pow) component for modeling
the hard X-ray continuum; an X-ray reflection component
(refl) for modeling the Fe Ka line and the Compton hump at
hard X-rays; and a component for the “soft X-ray excess,”
which we model with warm Comptonization using the comt

Psaradaki et al.

Table 2
Best-fit Parameters of the Spectral Energy Distribution
Spectral
Component Parameter Value
pow Normalization 24 +0.1) x 107 :
ao* ph s kevh XMM-Newton
(32 +0.1) x 107 :
Chandra
Photon index T’ 1.6950:02
comt Normalization (1.7 £ 0.3) x 10"
(10% ph s~  keV 1)
Teea(€V) 15 (coupled to dbb)
T.(keV) 0.2 (fixed)
Optical depth 7 15 (fixed)
refl Incident power-law Norm. 324 0.1 x 107
(10% phs~' keV ™)
Incident power-law I' 1.7 (coupled to pow)
Reflection scale s 0.2473:08
dbb Normalization (10** m?) 9 + 2
T (eV) 15 (fixed)
ebv EB —-V) 045 + 0.04

Note. The ebv component refers to the internal reddening in NGC 6860. The
normalization of the pow component has two distinct values, corresponding to
the XMM-Newton and Chandra data sets, respectively. When only one value is
given, it reflects both epochs.

model in SPEX. We keep the optical depth and the coronal
temperature of the comt component fixed to typical values
(e.g., P. O. Petrucci et al. 2018) in order to avoid unnecessary
free parameters that cannot be constrained.

The XMM-Newton and Chandra data were obtained at
different epochs, and therefore the continuum shape might be
different due to variability intrinsic to the source. To take this
variability into account, we use the sectors option in SPEX.
With this option, each data set is allocated to a specific sector. In
this way, the continuum parameters (which are variable over
time) for each data set are treated independently and the
normalization of the pow component is allowed to vary freely,
which gives a more accurate description of the continuum. The
free parameters of our continuum model, listed in Table 2, are
the normalization of the pow and comt components, the photon
index (I') of the pow, and the scale of reflection in ref1. The
SED is plotted in Figure 1. The SED model we are using aligns
well with the EPIC-pn data. We note that two etau components
in SPEX are used to create the low-energy and high-energy
exponential cutoffs of the power-law component at reasonable
energies. A high-energy cutoff has been applied at 300 keV, and
a low-energy cutoff at the Lyman edge (13.6eV).

3.3. Photoionization and Spectral Modeling of the Ionized
Outflows

The X-ray spectrum of NGC 6860 exhibits a series of
absorption lines belonging to warm absorbers. We fit the RGS
and HETGS spectra simultaneously using photoionization
modeling. For the RGS, we fit the spectral range of 7-35 A,
while for the HETGS, we utilize both the High-Energy Grating
covering 1.6-14 A, and the Medium-Energy Grating spanning
2.5-15 A. For the photoionization modeling, we choose the
pion model in SPEX (M. Mehdipour et al. 2016). pion is a
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Figure 1. The SED of the fit includes multiple components: a disk blackbody, a
power law, a reflection model, and Comptonization. The total SED is
represented in purple.

self-consistent model that calculates the thermal and ionization
balance together with the spectrum of a plasma in photoioniza-
tion equilibrium. It uses the SED from the continuum model
components set in SPEX. During spectral fitting, as the
continuum varies, the thermal and ionization balance and the
spectrum of the plasma are recalculated at each stage. This
implies that, when employing realistic broadband continuum
components to analyze the data, the photoionization is
computed in accordance with the pion model.

To adequately account for the absorption lines originating
from various ionic species, we need four pion components,
with different ionization parameters, . The ionization para-
meter is defined as £ = L/ny - %, where L is the luminosity of
the ionizing source over the 1-1000 Ryd band (13.6eV-
13.6 keV) in ergs ', ny is the hydrogen density in cm ™, and r is
the distance between the photoionized gas and the ionizing
source in cm (C. B. Tarter et al. 1969; J. H. Krolik et al. 1981).
For the different pion components, we have as free parameters:
the column density of the absorber, the ionization parameters,
the velocity shift, and the velocity broadening. The remaining
pion parameters have been kept at their default values, as
specified in the user manual.” In particular, the density ny of
pion is left at its default value, as our modeling is not
dependent on density. The pion components are added until all
the observed absorption features are effectively modeled and
no further statistical enhancement in the fit is achievable.

The highest-ionization component (Comp. A) of our fit,
logé = 3.4, produces the absorption from highly ionized species
such as S X1V, S XV, Fe XIX, Fe XX, and Fe XXI, and it improves
our fit by ACy, = 870. A second pion component (Comp. B)
with a lower-ionization parameter of logé = 2.9 fits the
absorption lines of O VI, OVII, NeIX, and NeX, and it
improves our fit by ACg, =530. A third pion component
(Comp. C), log¢ = 2.3, is needed to improve the fit by
ACya = 200. Finally, we added a fourth weakly ionized /neutral
pion component (Comp. D) in the AGN. This component
improves our fit by AC, = 1200 and contributes to the
continuum absorption. Due to the lack of line detection, the
velocity broadening (o) and velocity shift (vo,) of this

7 https: / /spex-xray.github.io/spex-help /models /pion.html
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Table 3
Best-fit Parameters of the Photoionization Component, pion
Spectral component Parameter Value ACua
pion #1 Ny 9.8+27 870
logé 343504
Vout 71881}5,%
o 70 + 28
pion #2 Ny 10.1 £ 1.7 530
log& 29 + 0.1
Vout —280 + 31
o 54 + 14
pion #3 Nu 1.14 £ 0.15 200
log& 2.31 £ 0.06
Vout —21513%
o 4612
pion #4 Ny 1.3 + 0.1 1200
logé —57 £ 0.7
Vout —50 (fixed)
o 100 (fixed)

Note. The Ny is given in units of 10! em ™2, log€ in ergs s em™Y, voy in

km s™', and ¢ in km s

component are unconstrained. Therefore, we have fixed them
at the default values, as they do not impact the fit. In our
modeling, the continuum first irradiates the highest-ionization
pion component and reaches the lowest-ionization component
last. The best-fit values of the pion components are presented in
Table 3, and Figure 2 shows the best-fit model for the data.
Finally, we examined potential variability in the pion
components across different epochs using XMM-Newton and
Chandra observations. However, we found no conclusive
evidence of variability. We also examined our spectra for the
presence of emission lines. However, these features appear too
weak for a meaningful analysis. Typically, the strongest emission
lines would be O VIII Ly« and the O VII forbidden line, but even
these are barely detectable in our case. Our tests indicate that
incorporating them into our modeling does not improve the fit,
making it impractical to constrain their parameters.

A photoionized plasma can exhibit instability at certain
ionization states. To determine whether our photoionization
components are in pressure equilibrium, we create a stability
curve (also known as an S-curve or cooling curve). The
stability curve shows the change in the electron temperature as
a function of the pressure form of the ionization parameter =,
introduced by J. H. Krolik et al. (1981), which is defined as the
radiation pressure divided by the gas pressure.

We generate the S-curves by first constructing a grid of
electron temperatures and ionization parameters £ based on our
photoionization modeling and the SED in SPEX. We then
compute the pressure, =. The parameter = gives the ionization
equilibrium and can be expressed as = = F/ny - ¢ - kT, where
ny is the hydrogen density in cm >, k is the Boltzmann
constant, and T the gas temperature. Since F = L/4 - 7 - * and
€ = L/(ny - r*), Z can be written as

L _ 4
A2 -ny -c - kT 4m-c- kT

§
=19222-=>. (1
9 S

The stability curve is presented in Figure 3, where we also
overplot the location of our photoionization components.
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Figure 2. High-resolution X-ray spectrum of NGC 6860. The panels show different spectral regions and absorption lines, including the Fe Kc, as well as the Ne
K-edge (10-15 A), Fe L-edge (15-20 A), and O K-edge (21-25 A) spectral regions.

3.4. Modeling of the Dust X-Ray Absorption in NGC 6860 specific line of sight through the Milky Way. This substantial

The host galaxy exhibits a notable reddening with a disparity highlights the presence of considerable dust extinction
measured value of E(B—V) = 0.72 (S. Lipari et al. 1993), within NGC 6860. The RGS spectrum reveals intriguing
which is higher than the E(B — V) = 0.037 observed in our residuals associated with the Fe LII and Fe LIII edges. Given
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Figure 3. The thermal stability curve (S-curve) of NGC 6860 computed with the pion model. The locations of the measured outflow components in NGC 6860,

including their uncertainties, are highlighted as bands on the S-curve.

Table 4
Best-fit Parameters for the Hot and amol Components, Displaying the Gas
and Dust Column Densities in the Interstellar Medium of the Milky Way
(MW), as Well as the Dust Column Density Near NGC 6860

Spectral component Parameter Value
hot #1 MW Ny (10*° cm™3) 3.1 (fixed)
T (keV) 107 (fixed)

hot #2 MW Ny (10* cm™?) 7.9139

T (keV) <0.01

amol MW Nagst (10" ecm™2) <12

Nausi2 (10 cm ™) <6.54
amol NGC 63860 Naust (10'% cm™2) 23 + 13
Nyuse (10'° cm™) 101 + 05

Note. The notation “dustl” refers to metallic iron, while “dust2” refers to
amorphous pyroxene composition (Mg 75Fe( 25S103).

that iron is highly depleted into dust (I. Psaradaki et al. 2024,
and references therein), these features likely indicate the
presence of iron-containing dust grains within NGC 6860.
The dust modifies the shape of the photoabsorption edge,
giving a diagnostic for its detection in the X-ray spectrum. To
model the dust XAFS in the spectrum of NGC 6860, we employ
the amol model in SPEX, which calculates the transmission of a
dust component while treating the dust column density as a free
parameter. Our methodology integrates the recently introduced
dust extinction cross sections for the Fe L-edges (I. Psaradaki
2021), derived from up-to-date laboratory data detailed in
I. Psaradaki (2021) and 1. Psaradaki et al. (2023). These cross
sections are computed using anomalous diffraction theory
(H. C. van de Hulst 1957) for the Fe L-edges, and Mie theory
(G. Mie 1908) for the O K-edge. A Mathis—Rumpl-Nordsieck
dust size distribution (J. S. Mathis et al. 1977) has been assumed
for the computation of these models, which follows a power-law
function, dn/da o a >, with grain sizes ranging from a
minimum cutoff of 0.005 um to a maximum cutoff of 0.25 um.
We include a composite dust mineralogy in our fitting
procedure, consisting of metallic iron and pyroxene silicate
(Mg 75sFep255103). This particular combination of dust
components, identified as the most suitable compounds to
describe the Fe L and O K edges according to I. Psaradaki et al.
(2023), is applied in our analysis. The inclusion of this model
improves our fit by ACy, = 120. The parameters of the best-fit

dust component are listed in Table 4. It is important to note that
this model specifically accounts for dust in the vicinity of the
AGN, as a reddening component has been taken into
consideration.

3.5. Modeling the Milky Way ISM

To account for neutral Galactic absorption, we utilize the
hot model from SPEX (J. de Plaa et al. 2004; K. C. Steenbru-
gge et al. 2005). This model calculates the ionization balance
for a given temperature and set of abundances, and then
determines all ionic column densities scaled to the specified
total hydrogen column density. At low temperatures (approxi-
mately 0.001 eV or 10 K), the hot model simulates a neutral
gas in collisional ionization equilibrium. The fitted parameters
are the hydrogen column density along the line of sight and the
temperature (k7, where k is the Boltzmann constant). This
approach provides a physical fit of the ISM, allowing us to
distinguish between different temperature phases along the line
of sight. The depletions of silicon, magnesium, and iron are
constrained to be at least 90% (D. Rogantini et al. 2019;
S. T. Zeegers et al. 2019; 1. Psaradaki et al. 2023), while the
oxygen depletion is at 20% (I. Psaradaki et al. 2020, 2023).

For the neutral ISM component, we fix the hydrogen column
density to the value of 3.1 x 10**cm™2 from R. Willingale
et al. (2013). The Galactic ISM also contains absorption lines
of ionized species, in particular around the O K-edge
(A. M. Juett et al. 2004; E. Costantini et al. 2012; C. Pinto
et al. 2013; E. Gatuzz et al. 2016; 1. Psaradaki et al. 2020, and
references therein), such as O I and O III. Therefore, we add an
additional hot component at a higher temperature to account
for absorption lines such as O 11, O 111, O 1V, Fe 111, Fe v, Ne III,
and Ne IV. The results are presented in Table 4. Finally, we add
an amol model to account for Galactic Milky Way dust
extinction, assuming a dust composition of a mixture of
pyroxene and metallic iron, as mentioned in Section 3.4. We
find a total dust column density of <7.74 x 10'"®cm 2. The
inclusion of these ISM components improves our fit by
ACy, = 80.

4. Discussion

4.1. The Ionized Outflows in NGC 6860

From our modeling of the RGS and HETG spectra, we find
that the ionized outflows (or warm absorbers) in NGC 6860
consist of four components. There is a large difference between
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the ionization of components 1-3 and component 4, which
exhibits very low ionization. Assuming a constant velocity
outflow with a volume filling factor f = 1, an upper limit for the
distance (r) of the absorber from the ionizing source can be
obtained. This is done by substituting Ny = nyrf into the
definition of the ionization parameter & = L/ny r*, in order to
eliminate the unknown density ny. Therefore, we get
r < Lf/Nu& By using the best-fit parameters of Table 3,
along with the value of L = 1.7 x 10* erg s~ from our SED
modeling, we obtain r < 2pc (pion #1), <7pc (pion 2),
and <237 pc (pion 3). For pion 4, because £ is too low, the r
limit becomes practically unconstrained.

While the precise locations of warm-absorber components
are not known, the above distance constraints are consistent
with typical locations near the torus (#1 and #2), the narrow-
line region (NLR; #3), and the extended NLR and the host
galaxy (#4). The spatially resolved optical spectroscopy by
N. Bennert et al. (2006) finds that the NLR in NGC 6860 is
extended out to 1.47 kpc. The pion outflow component may
have originated as thermal winds from the dusty AGN torus
(e.g., J. H. Krolik & G. A. Kriss 2001). For the lowest-
ionization component (pion 4), the ionization and velocity of
this gas cannot be constrained well. Therefore, it may have
either originated as a torus wind, or alternatively, this
component could be distant gas in the ISM of the host galaxy
that is ionized by the AGN radiation. Warm absorbers by the
host galaxy have been also found by L. Di Gesu et al. (2017).
Interestingly, Figure 3 shows that the highest-ionization
components (pion #1 and 2) reside on the unstable parts of
the S-curve. On the other hand, the lower-ionization compo-
nents (pion #3 and 4) are thermally stable. Furthermore, the
pion components #1, 2, and 3 have similar = values—this
would imply that these components are in pressure equilibrium.
On the other hand, the gas described by pion component #4,
which has a vastly lower =, appears to be in its distinct state
and is likely separated from the other components. In the
following, we discuss the possibility of dust presence in these
warm-absorber components.

4.2. The Reddening in NGC 6860

We find that the reddening in the host galaxy is
EB — V) = 045 £ 0.04. Using our reddening value, we
can derive the hydrogen column density with the following
equation: Nu(em %) =b x E(B — V)(mag), where the b value
ranges from 5.5 to 6.9 (P. Gorenstein 1975; R. C. Bohlin et al.
1978; P. Predehl & J. H. M. M. Schmitt 1995; T. Giiver &
F. Ozel 2009; B. T. Draine 2011). This implies that the neutral
hydrogen column density is approximately 2.5 x 10*' cm™? to
3.1 x 10*' em ™2

Apart from continuum modeling, another method to estimate
the reddening is via measurement of the observed Balmer
decrement (Ha/Hf flux line ratio). The extinction causes the
observed Balmer decrement (D) to appear larger than
intrinsic theoretical predictions (Dj,, ~ 2.85; D. E. Osterbrock
& G. J. Ferland 2006). Using the reported Ha and HS flux
values for NGC 6860 from M. A. Malkan et al. (2017), the
observed Balmer decrement is 5.5. This can be converted into
reddening according to E(B — V) = a log (Dyps/Dint), Where
a depends on the choice of the extinction curve. For the SMC
extinction curve (a = 1.475; see M. Mehdipour et al. 2018), the
inferred reddening would be 0.42. This matches the E(B — V)
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that we measure from continuum modeling (0.45 + 0.04;
Table 2).

Furthermore, the optical and near-infrared spectroscopic
study of S. Lipari et al. (1993) reports that the reddening in the
host galaxy of NGC 6860 is E(B — V) = 0.72. Using this larger
value, the neutral hydro%en column density is approximately
4 % 10" em 2 to 5 x 10*' cm ™2, depending on the b value. In
our analysis, we determined the reddening by fitting the
continuum using OM data. Discrepancies in E(B — V) may
also arise from various factors, such as the extinction curve
applied, the energy range used for continuum modeling, and
the type of continuum model that is used. Nonetheless, our
results are consistent with the Balmer decrement method,
described above.

The above E(B — V) values all imply significant X-ray
absorption in NGC 6860, in addition to the absorption of the
Milky Way. However, based on our X-ray modeling, we do not
require neutral absorption by the host galaxy (hot spectral
component). Furthermore, the neutral hydrogen column density
that we obtained from our X-ray modeling with the hot model
is 3.03 x 10%° cm 2, which is consistent with the Milky Way
value of R. Willingale et al. (2013): 3.58 x 10*°cm "
Therefore, the absorbing gas responsible for the internal
reddening is likely the photoionized warm absorber in
NGC 6860 that we have modeled with the pion. Interestingly,
the column density that we measure with pion is consistent
with the implied column density from the reddening.

4.3. The Nature and Origin of Dust

A key indicator of dust X-ray absorption is that, although
atomic and ionic absorption lines can be accurately fitted
without considering dust, the photoelectric edges in the X-ray
spectrum are not well-fitted. This occurs because dust affects
the shape of the absorption edges. Therefore, additional
absorption is needed to fit the K-edge of O, as well as the
LIT and LIIT edges of Fe.

To account for dust absorption in our fit, we included the
amol model in SPEX, incorporating two different minerals:
metallic  iron and  amorphous  pyroxene  silicate
(Mg .75Fe(25S103). The dust is likely either embedded in the
outflow, present in the ISM of the host galaxy, or both. In our
photoionization modeling, we included four pion compo-
nents. The first two components, pions #1 and #2, are highly
ionized, with log & = 3.43 and log £ = 2.9; therefore, we do
not expect dust to be embedded in these components.

The lowest-ionization pion component (#4) likely origi-
nates in the host galaxy of NGC 6860. Similarly to our Milky
Way, it is expected that the host galaxy contains dust,
contributing to the observed absorption features. Unlike gas
in the Milky Way, gas in the host galaxy of the AGN is ionized
by the central AGN. This component is distinguished from our
own Galaxy’s dust absorption because it is redshifted, while
our Milky Way’s dust absorption component is not. The
lowest-ionization pion component (#4) from NGC 6860
exhibits a column density comparable to the values typically
observed in the Milky Way (e.g., . Psaradaki et al. 2023). This
similarity in column density further supports the presence of
dust within the host galaxy.

The intermediate-ionization component (pion #3) origi-
nates from gas with an ionization parameter of log¢ = 2.31.
This value places it in the thermally stable segment of the
S-curve (Figure 3). Given its location, at a distance of less than
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237 parsecs from the central source, this component is situated
in the NLR (Section 4.1). The question is whether the warm
absorber, corresponding to this intermediate-ionization comp-
onent (pion #3), contains dust. Previous studies indicate that
dust particles can survive destruction mechanisms such as
sublimation and thermal sputtering under the conditions present
in certain warm absorbers (e.g., C. S. Reynolds et al. 1997;
M. Mehdipour et al. 2012). Using the definition from R. Bar-
vainis (1987), the sublimation radius (the minimum distance
from the central source where grains can survive) is given by

Rayp =13 LL?\},S% Tis60 Pe, @)

where L,y 46 1s the UV luminosity of the central source in units
of 10% erg s~! (calculated from our SED), and Tjsoo is the
grain sublimation temperature in units of 1500 K. Using the
luminosity value in the UV band from our SED modeling,
along with a temperature of 1500 K, we obtain a sublimation
radius of Ry, = 0.01 pc. Thus, as long as the dust resides in a
plasma that is farther than 0.01 pc from the source, it is not
destroyed by sublimation.

Another mechanism that can destroy dust grains is sputter-
ing, where high-energy collisions with hot ions cause atoms or
molecules to be ejected from the surface of the dust grain,
which gradually disintegrates the grain over time. Following
J. R. Burke & J. Silk (1974), the sputtering threshold, which is
the grain lifetime before destruction by sputtering, is

fyput = 6.25 x 101 (YT s, 3)

where Y is the sputtering yield (the number of atoms ejected per
incident particle) at T4, which is the incident particle energy in
units of 10% K, and 7 is the incident particle density. According
to our photoionization modeling results (Figure 3), pion #3
has a temperature of 0.01 keV (105 K). The n value can be
obtained using the definition of the ionization parameter
&=1L/n %), the r value from Section 4.1, and the sputtering
yield from the formula ¥ = 0.01 - (T,/ 10°). We therefore
estimate the sputtering timescale to be #g,, < 1.3 - 10%3s.

We can then calculate how far the outflowing gas would
travel to reach the sputtering timescale: r ~ fopy * Vou, Where
Vour 18 the outflow velocity of pion #3 (Table 3). This
assumes a simple steady flow. We thus find a distance of
83.6 pc. Therefore, if pion 3 is located at r < 83.6 pc, it would
survive sputtering. Since our derived distance for pion #3 is
r < 237 pc (see Section 4.1), this means it is still feasible for
dust to survive sputtering in this component.

S. Laha et al. (2016) explore the dynamics of warm
absorbers and their impact on the host galaxy’s environment.
Assuming the observed outflow velocity of the warm absorber
corresponds to the radial escape velocity (voy) at its distance
from the central engine, the minimum launch radius (7;,,) can
be estimated using the virial relationship:

GM

T'min = 5 (4)

Vout

where the black hole mass M for NGC 6860 is 4.0 x 10" M,
(O. Gonzilez-Martin & S. Vaughan 2012). Applying this
formula, we find rp;, = 4 pc. Under this assumption, the pion
component 3 is located within the range 4 < r < 237, where
dust grains could potentially survive sputtering.
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4.4. Comparison with Other AGN with Dusty Outflows

Significant efforts have been made in the literature to
investigate dust in AGNSs. J. C. Lee et al. (2001) studied the
dusty warm absorber in MCG-6-30-15 using Chandra/HETGS
data. The presence of dust in the warm absorber of MCG-6-30-
15 was previously identified by C. S. Reynolds et al. (1997).
They discovered that the warm absorber in this source has at
least two zones: an inner warm absorber at distances
characteristic of the broad line region and an outer warm
absorber at distances characteristic of the torus. The authors
noted that dust cannot survive in the inner warm absorber, due
to the intense radiation field, and must therefore reside in the
outer absorber. In NGC 6860, we identified at least four
components. Two of these are consistent with typical locations
near the torus, one component belongs to the narrow-line
region, and the fourth component is in the extended NLR and
the host galaxy. Additionally, the dust grains in NGC 6860 can
survive destruction (sublimation and sputtering) in the inter-
mediate-ionization warm absorber if it is located at a distance
r < 83.6 pc. The dust is primarily located in the NLR and the
torus.

J. C. Lee et al. (2001) found that the dust column density
from their modeling aligns with the column density obtained
from reddening studies, providing direct X-ray evidence for
dust within a warm absorber. They suggest that the most
plausible explanation for the detection of the Fe I L feature is
absorption by dust embedded in partially ionized material.
Similarly, in NGC 6860, there is significant absorption by dust
in the Fe L. Dusty warm absorbers have also been proposed for
other AGN—for example, those discussed by W. N. Brandt
et al. (1996), S. Komossa & H. Fink (1997), S. Komossa &
D. Breitschwerdt (2000), and J. C. Lee et al. (2013).

M. Mehdipour et al. (2012) studied the warm absorber in the
Seyfert 1.8 galaxy ESO 113-G010. Based on continuum
modeling, dust-to-gas ratio arguments, and the measured
properties of the ionized outflows, they concluded that dust is
embedded in the AGN wind. This provides observational
evidence that AGN winds likely transport dust into the ISM.
Similarly to the case of NGC 6860, the authors found that dust
grains here can survive the sublimation and sputtering
processes in the lower-ionized phase of the warm absorber,
and thus can cause the observed optical-UV reddening.

M. Mehdipour et al. (2018) conducted a multiwavelength
spectroscopic study to investigate the origin and nature of dust
in the reddened quasar IC4329A. There are two dust
components in this object: an ISM dust lane in the host galaxy
(seen in optical HST images), and a nuclear one (see in through
X-ray absorption and reddening). The authors find that the
nuclear dust is associated with dusty outflows from the AGN
torus. The nuclear dust grains from the AGN torus and its wind
in IC4329A are likely larger than those in the Milky Way’s
ISM. They are in a porous composite form, containing
amorphous silicate with iron and oxygen. Similarly, in
NGC 6860, we find that the dust is primarily located in the
NLR and the torus. However, additionally, we also see a dust
component in X-rays that is located in the host galaxy
(pion #4).

The recent literature suggests that a major portion of the mid-
infrared (MIR) emission in AGN originates from an extended
polar component, indicating the presence of polar dust
(D. Asmus 2019, and references therein). This polar dust is
located at scales similar to that of the NLR of the AGN, and it
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likely forms a hollow, cone-like structure surrounding the
NLR. D. Asmus (2019) studied nine nearby obscured Seyfert-
type AGN using deep, subarcsecond-resolution MIR imaging
and found that polar dust may be a ubiquitous feature of AGN
structure. Therefore, if polar dust resides on scales comparable
to that of the NLR, our results may imply that the observed dust
in NGC 6860 is outflowing polar dust.

Finally, our study allows us to place limits on the distance of
the absorbers and investigate the presence and location of dust
grains in this AGN. Previously, NGC 6860 was studied by
L. M. Winter & R. Mushotzky (2010), who analyzed Suzaku
and XMM-Newton observations and identified a two-comp-
onent warm ionized absorber in the soft X-ray spectrum. In our
analysis, we identify three warm photoionized absorbers. This
is likely due to differences in the coverage of high-resolution
spectra (HETGS + RGS in this work), as well as differences in
modeling, which also impact the derived parameters.

4.5. The Physical Origin of the lonized Outflows

One of the longstanding enigmas in AGN research is the
nature and origin of ionized outflows (warm absorbers). Some
studies have linked them to the presence of dust grains in AGN.
M. Mizumoto et al. (2019) suggested that dust-driven winds
may play a significant role in accelerating warm absorbers.
Later on, S. Ogawa et al. (2022) investigated the ionization
structure of the radiation-driven fountain model in a low-mass
AGN (K. Wada et al. 2016). In this model, outflows are
primarily driven by radiation pressure on dust and the thermal
energy of gas resulting from X-ray heating, naturally forming a
geometrically thick, torus-like structure. Their results suggest
that additional components, originating closer to the SMBH
than the torus—such as line-driven winds from the accretion
disk—are likely crucial contributors to the formation of warm
absorbers in AGN. Our results for NGC 6860 support this
scenario, as we find that the dust in this AGN likely originates
from the NLR and is present in the warm absorber.

The importance of radiation pressure on dusty gas as a
source of AGN feedback has also been discussed in the
literature (e.g., W. Ishibashi & A. C. Fabian 2016; Z. He et al.
2022). Recently, W. Ishibashi et al. (2024) studied broad
absorption line (BAL) outflows, which are commonly detected
in AGN but their driving mechanism is poorly understood.
They concluded that dust-driven BAL outflows may provide a
significant contribution to AGN feedback on galactic scales. In
NGC 6860, we observe that the dust likely originates from the
NLR and possibly the host galaxy, suggesting that the ionized
dusty outflows could serve as a mechanism driving feedback
within the host galaxy.

5. Conclusions

In this study, we analyzed the high-resolution X-ray spectra
of the active galactic nucleus NGC 6860 using high-resolution
X-ray spectroscopy with XMM-Newton and Chandra. By
applying photoionization modeling, we determined the proper-
ties of the ionized outflows in NGC 6860, and investigated the
nature and location of dust in this AGN. Our main findings are
the following:

1. The RGS and HETG spectra reveal that the ionized
outflows (or warm absorbers) in NGC 6860 consist of
four distinct components. There is a significant disparity
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in ionization levels between components 1-3 and
component 4, with the latter being very lowly ionized.
The first two components are highly ionized, with
log € = 3.43 and log& = 2.9, respectively. Our thermal
stability analysis showed that these components are not
thermally stable. The third component is at an inter-
mediate level, with log& = 2.31, and it belongs to a
stable part of the S-curve. The fourth component is lowly
ionized and is likely originating from the host galaxy.

2. While the precise location of the warm absorbers is not
known, we estimated an upper limit for the location
(distance from the central black hole) of these components.
Components 1 and 2 are located at » < 2 pc, and r < 7 pc,
respectively, and are consistent with typical locations near
the torus. The third component is at r < 237 pc, and it is
located in the narrow-line region. The fourth component is
located in the extended NLR and the host galaxy.

3. From our continuum modeling, we measure an internal
reddening of E(B — V) = 0.45 £ 0.04 in NGC 6860. The
derived E(B — V) value implies significant X-ray
absorption in addition to that of the Milky Way. This
absorbing gas comprises the photoionized outflows in the
AGN. We find that the column density of this gas
matches the column density expected from the reddening.

4. We find that the dust is possibly located in the NLR and
the torus. Additionally, there is a potential dust comp-
onent in the host galaxy. The dust grains in NGC 6860
can survive destruction mechanisms such as sublimation
and sputtering in the intermediate-ionization warm
absorber. If this component is located at r < 83.6 pc, it
could survive sputtering.
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