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ABSTRACT

Context. Fast and massive winds are ubiquitously observed in the UV and X-ray spectra of active galactic nuclei (AGNs) and other
accretion-powered sources. Several theoretical and observational pieces of evidence suggest they are launched at accretion disc scales,
carrying significant mass and angular momentum. Thanks to such high-energy output, they may play an important role in transferring
the energy released by accretion to the surrounding environment. In the case of AGNs, this process can help to set the so-called
co-evolution between an AGN and its host galaxy, which mutually regulates their growth across cosmic time. To precisely assess the
effective role of UV and X-ray winds at accretion disc scales, it is necessary to accurately measure their properties, including mass
and energy rates. However, this is a challenging task, due to both the limited signal-to-noise ratio of available observations and the
limitations of the models currently used in the spectral analysis.

Aims. We aim to maximise the scientific return of current and future observations by improving the theoretical modelling of these
winds through our Winds in the Ionised Nuclear Environment (WINE) model. WINE is a spectroscopic model specifically designed
for disc winds in AGNs and compact accreting sources, which couples photoionisation and radiative transfer with special relativistic
effects and a three-dimensional model of the emission profiles.

Methods. We explore with WINE the main spectral features associated with the disc winds in AGNs, with a particular emphasis on
the detectability of the wind emission in the total transmitted spectrum. We explore the impact of the wind ionisation, column density,
velocity field, and geometry in shaping the emission profiles. We simulated observations with the X-ray microcalorimeter Resolve
on board the recently launched XRISM satellite and the X-IFU on board the future Athena mission. This allows us to assess the
capabilities of these telescopes in the study of disc winds in X-ray spectra of AGNs for the typical physical properties and exposure
times of the sources included in the XRISM performance verification phase.

Results. The wind kinematic and geometry (together with the ionisation and column density) deeply affect both shape and strength
of the wind spectral features. Thanks to this, both Resolve and, on a longer timescale, X-/FU will be able to accurately constrain the
main properties of disc winds over a broad range of ionisation, column densities, and covering factors. We also investigate the impact
of the spectral energy distribution (SED) on the resulting appearance of the wind. Our findings reveal a dramatic difference in the gas
opacity when using a soft, Narrow Line Seyfert 1-like SED compared to a canonical powerlaw SED with a spectral index of I' ~ 2.

Key words. accretion, accretion disks — line: profiles — galaxies: active — quasars: absorption lines — quasars: emission lines —

quasars: supermassive black holes

1. Introduction

Disc winds are ubiquitously observed in many accreting sources,
from compact sources to stellar and super massive black holes
at the centre of Active Galactic Nuclei (AGNs). AGN-driven
winds are considered to be one of the fundamental mecha-
nisms in shaping the accretion process itself and the interac-
tion with the surrounding host environment. Indeed, for AGNss,
winds are regarded as one of the key players in the feedback
towards the host galaxy (see e.g. Faucher-Giguere & Quataert
2012; King & Pounds 2015; Fiore et al. 2017; Torrey et al. 2020
and references therein).

Given the high degree of ionisation displayed by the gas,
most of the observable transitions fall in the UV and X-ray
bands. By comparing the observed spectra with simulated ones,

* Corresponding author; alfredo.luminari@inaf.it

it is possible to constrain the wind properties, first of all
Ny, Vout,&; that is, the column density, outflow velocity, and
ionisation degree. The latter quantity is defined as the ratio
between the ionising luminosity, Liy, (i.e. the luminosity above
the ionisation threshold of hydrogen, E=13.6 eV) and the
product between the gas density and distance: & = Lio,/nr?
Tarter et al. (1969). In the UV range, most of the observed fea-
tures are classified as Broad Absorption Lines (BALs), traced
by mildly ionised lines such as CIV, NV, and Si IV with
velocities from a thousand km s! up to 0.3 ¢, being ¢ the
speed of light (see e.g. Murray et al. 1995; Arav etal. 2001;
Bruni et al. 2019; Bischetti et al. 2022; Vietri et al. 2022). In
the X-ray band, the two broad classes into which winds are
commonly classified are Warm Absorbers (WAs, observed in
~50% of AGNSs, Blustin et al. 2005; Piconcelli et al. 2005),
in which the ionisation status is roughly consistent with the
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ions giving rise to BALs, ie. -1 < log(&/ergems™) <
3 and Ny < 102 cm™2, and higher-ionisation, mildly rela-
tivistic Ultra-Fast Outflows (UFOs), with log(¢/erg cms™) >
3,Ngy > 102 cm™2 and vy, around 0.1 c, with a high-
velocity tail until 0.3 ¢ (see e.g. Pounds et al. 2003; Cappi et al.
2009; Fiore et al. 2017; Laha et al. 2021; Luminari et al. 2021;
Chartas et al. 2021; Matzeu et al. 2023 and refs. therein). It is
important to note that, most of these winds being spatially unre-
solved, line-of-sight integrated spectroscopy is the prime tool to
study them.

From the above spectral quantities, estimates of the wind
energetics, namely the mass and energy fluxes, are usually esti-
mated under the assumption of spherical symmetry and classic
(i.e. non-relativistic) dynamics as (see e.g. Crenshaw & Kraemer
2012; Tombesi et al. 2012)

Moul = 471"'0]\"H/lmpC]"Vout

. 1.
Eog = EMoutvoup
where ry, Cy are the wind launching radius and covering factor,
respectively, and u, m,, are the mean atomic mass per proton and
the proton mass (see Krongold et al. 2007; Fiore et al. 2024 for
alternative formulations).

Several photoionisation codes are available to fit the
observed spectra, such as Cloudy (Ferland et al. 2017), XSTAR
(Kallman et al. 2021), and SPEX (Kaastra et al. 1996). For a
given incident’s Spectral Energy Distribution (SED), Ny, &, they
allow one to compute the ionisation balance of the gas and obtain
both the transmitted and emitted spectra, which can then be fitted
to the observations. These codes allow for an extensive explo-
ration of the parameter space of disc winds and robust estimates
of their energetics, and thus readily allow one to assess the wind
role and dynamics. However, it must be noted that such codes are
designed to be as universal as possible, allowing them to repro-
duce virtually any astrophysical setting, from the atmospheres of
stars to diffuse Lya nebulae. Their physical picture is therefore
not able to account for the full complexity of the disc wind phe-
nomenon, which shows peculiar properties, such as strong veloc-
ity gradients, mildly relativistic velocities, and a non-spherical
geometry, strongly deviating from the spherical symmetry. Such
features can largely affect the gas spectroscopic appearance, and
thus must be properly accounted for to obtain reliable synthetic
wind spectra and to constrain the wind properties meaningfully.
Specifically, we note three major assumptions of present pho-
toionisation codes that are not met by disc winds:

— The gas is at rest with respect to the luminosity source (i.e.

zero net velocity).

— The thermal motion of the gas regulates the line broadening

(i.e. gas velocity shearing is negligible).

— The gas cloud is spherically symmetric around the radiation

source, resulting in emission profiles with Gaussian shapes'.
Together with the signal-to-noise and resolving power limita-
tions of current X-ray spectra, such theoretical assumptions often
prevent a reliable estimate of both the wind covering fraction,
C/ (which is usually assumed by looking at the statistical recur-
rence of outflows in large samples), and ry, which is estimated
through indirect arguments; that is, by equating v,y with the
escape velocity or through the definition of £ and assuming a
constant wind density and a plane-parallel geometry (see e.g.

ey

1" 'We note that the above codes account, to different extents, for the
covering factor of the gas and the presence of velocity gradients. How-
ever, such properties only affect the ionisation balance and the radiative
transfer but do not affect the profile of the spectral lines.
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Tombesi et al. 2011 and discussion in Laurenti et al. 2021). As
a result, the derived My, Eou usually have order-of-magnitude
uncertainties, which prevent a detailed assessment of the feed-
back of such outflows on both the accretion process and the host
environment (see e.g. Figs. 2 and 3 in Tombesi et al. 2012 and
Fig. 8 in Smith et al. 2019).

Of particular interest are the so-called P-Cygni pro-
files, where, in analogy with the stellar atmospheres
(Castor & Lamers 1979), a line transition is detected both
in emission and absorption, with the latter at slightly blueshifted
(i.e. higher) energies due to the bulk motion of the absorbing
gas along the line of sight (LOS). Under the hypothesis that
these spectral components are produced in the same expanding
gas, such a remarkable spectral feature allows one to probe
both the outflowing gas along our LOS and its distribution over
the solid angle. This clearly represents a great advantage for
measuring physical and dynamical properties of the gas with
respect to spectra where only absorption lines are detected.
Notable examples of P-Cygni profiles associated with UFOs
in AGNs have been discovered in the X-ray spectra of PDS
456 (Nardini et al. 2015; Luminari et al. 2018), 1H 0707-
495 (Hagino et al. 2016), PG1448+273 (Kosec et al. 2020;
Laurenti et al. 2021) and I Zwicky 1 (Reeves & Braito 2019).
However, in most of the observations it is difficult to statistically
rule out a non-negligible contribution by the accretion disc
reflection to the emission profile (see e.g. Parker et al. 2017,
Middei et al. 2023), as is discussed in detail by Parker et al.
(2022) through sets of dedicated X-ray simulations. Updated,
more accurate disc wind models are therefore needed to shed
light on this intriguing aspect of disc winds and the interplay of
their spectroscopy imprint with further emission components not
related to the wind, especially given the unprecedented resolving
power offered by the microcalorimeter Resolve onboard XRISM
(Tashiro et al. 2020) and Athena’s X-IFU (Barret & Cappi 2019;
Barret et al. 2023).

To address the limitations discussed above and get a more
accurate description of disc winds, we developed the Wind in
the Tonised Nuclear Environment (WINE) spectroscopic model.
WINE features accurate photoionisation balance and radiative
transfer through the XSTAR code and a detailed modelling of
the dynamics and geometry of disc winds from compact sources
and accreting black holes. Its main features are the inclusion of
special relativity in both gas absorption and emission, a detailed
treatment of the wind density and velocity profiles, and a proper
representation of the wind geometry, in order to deal with the
assumptions listed above. The result is a physically motivated
modelling of the wind emission and absorption profiles, which
allows one to self-consistently constrain the main wind proper-
ties and energetics. A description of the Monte Carlo approach
is outlined in Luminari et al. (2018) (where it is also applied to
the X-ray UFO in the quasar PDS 456), while special relativ-
ity effects are discussed in Luminari et al. (2020), Marzi et al.
(2023) and applications of WINE to the UFOs in the AGNs
PG1448+273 and NGC 2992 are presented in Laurenti et al.
(2021), Luminari et al. (2023a), respectively.

The structure of this paper is as follows. In Sect. 2, we illus-
trate the structure of WINE and its free parameters, and we
show characteristic WINE-generated spectra in Sect. 3. Then,
we investigate the detectability of the emission profiles for typ-
ical UFO parameters, both through an algorithm that scans the
wind spectra (Sect. 4) and through simulated observations with
the Resolve microcalorimeter on board XRISM (Sect. 5) and the
Athena X-IFU (Sect. 6). Finally, we discuss and summarise our
results in Sect. 7.
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Fig. 1. Geometry of the WINE model. The shaded grey area indicates
the wind volume. 6,,, 0, represents the wind inner and outer open-
ing angle with respect to the symmetry axis (vertical dotted line). The
LOS has an inclination angle, i, with respect to the axis. The accretion
disc is represented with a yellow bar, and the black and blue dots indi-
cate, respectively, the accreting and the luminosity sources, which are
assumed to be point-like. Finally, ry, 7, indicate the wind’s initial and
final radius, respectively.

We note that in the following we focus on the typical param-
eter range of WAs and UFOs in AGNs, but WINE is perfectly
suitable for the study of any kind of disc wind arising from com-
pact sources. Hereafter, &, Ny will be expressed in units of erg
cm s~ and cm~2, respectively, and we shall omit them for ease
of reading.

2. The working scheme of WINE

We designed WINE as a self-consistent model for disc winds,
able to directly probe the main properties of the intervening
gas — ionisation, velocity, column density, radial location, and
geometry — and thus to reliably estimate its energetics. We tuned
the number of free parameters to the (expected) constraining
power of the microcalorimeter Resolve on board the XRISM
satellite, but we shall also discuss possible avenues for further
improvements.

For a given geometry and dynamics of the wind (which are
set by the input parameters), the gas column density is sliced into
a series of geometrically thin shells. Photoionisation computa-
tion starts from the innermost shell and is then propagated out-
wards. The resulting quantities — the transmitted spectrum and
gas emissivity — are processed to compute the wind absorption
and emission profiles as a function of the physical properties of
the wind (velocity, opening angles, LOS, etc.). As we shall dis-
cuss in detail below, a number of input parameters regulate the
ionisation structure of the gas, while others regulate the kinemat-
ics and the geometry, and thus the observational appearance of
the gas spectral features.

2.1. Wind geometry and dynamics

We assume a biconical geometry for the wind (see Fig. 1), cen-
tred on the accreting source (represented as a black dot) and with
the same symmetry axis as the accretion disc (assumed to be pla-
nar). We assume that the wind is directed radially outwards (but
see Appendix A for further discussion on this) and we consider

the rear cone to be obscured by the disc (in yellow). The lumi-
nosity source is point-like and located at the centre (blue region
in Fig. 1). The wind is enclosed by an initial and final radius,
ro, 1, and has an inner and outer opening angle, 8;, and 6y,
respectively (shown in red and green in Fig. 1), while the incli-
nation of the LOS, i, is shown in light grey. The geometry is in
line with most of the observations and models of accretion disc
wind in the literature (Proga et al. 2000; Proga & Kallman 2004;
Krongold et al. 2007; Ohsuga et al. 2009; Fukumura et al. 2010;
Hagino et al. 2015; Matthews et al. 2016; Maksym et al. 2023).
Moreover, galactic-scale outflows also show quasi-spherical or
biconical morphologies (Rupke & Veilleux 2013; Feruglio et al.
2015; Venturi et al. 2018; Mingozzi et al. 2019; Menci et al.
2019, 2023).

According to this geometry, the wind covering factor, Cy, is

@

The inner cavity, specified by 6;,, can also be interpreted as
a first-order parametrisation for (possible) density variations
along the polar angle. Such variations are indeed expected
for both radiative and magnetohydrodynamic (MHD) acceler-
ations, which produce variable wind distributions in the equa-
torial and poloidal directions. As an example, for magnetically
driven winds, the interplay between poloidal and toroidal mag-
netic fields may lead to a collimated, relativistic jet-like outflow
around the rotation axis and a smooth, mildly relativistic outflow
outside the jet region (Fukumura et al. 2010, 2014; Yuan et al.
2015; Cui & Yuan 2020). In this case, we expect the jet region
to lie in the 0 < @ < 6, interval, and the wind in the 8;, < 0 < Oy
one. Simulations of radiatively driven winds instead suggest
that most of the wind develops closer to the equatorial region,
while the polar one is associated with failed winds due to ove-
rionisation by the central luminosity source (Proga & Kallman
2004; Higginbottom et al. 2014). Moreover, a configuration with
O = 6Oy is able to reproduce a funnel-shaped wind; such a
structure is foreseen by several theoretical models (see e.g. Elvis
2000; Matthews 2016; Matthews et al. 2020; Sim et al. 2008,
2010a,b) with the aim of unifying most of the outflowing struc-
tures observed in the optical/UV and X-ray bands; that is, from
the broad- and narrow-line regions up to UFOs.

The gas density and velocity are parametrised as powerlaw
functions of the radial coordinate of the cone, r, as follows:

e (2]

Cy = cos by — cos Oyy.

3

wn:w(@), )
r

where np = n(r = ryg),vo = v(r = rp). Several analyti-
cal calculations point towards such powerlaw trends (see e.g.
Faucher-Giguere & Quataert 2012; Menci et al. 2019) in the
case of a fast wind expanding in a perturbation-free environment.
Specifically, in the case of momentum- and energy-conserving
flows, the following relations hold (Faucher-Giguere & Quataert
2012):

)

_ /@2 -a)/2 Momentum conserving
"7 1(2-a)/3 Energy conserving

so it is possible to link the velocity profile to the density one. We
have focussed on an ‘ideal’ (perturbation-free) outflow, since we
expect strong inhomogeneities to be suppressed at typical disc
wind scales. Even though an intrinsic degree of anisotropy in
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the gas properties — density, temperature — is naturally expected
at the outflow launching point, the strong acceleration gradi-
ents and the extreme velocities, which make the gas trans-
to super-sonic (see e.g. Progaetal. 2000; Cui & Yuan 2020;
Yamamoto & Fukue 2021), are expected to quench the growth
of physical gradients and the setting of multi-phase flows. The
development of a fully inhomogeneus flow — that is, dp/{p) =
1,6T/{T) = 1 (where dp = |p — {p)| and {p) is the average den-
sity and the same holds for the temperature, T') — is typically
expected at WA and BLR scales. The theoretical picture, how-
ever, is not yet fully established, and we refer to Dannen et al.
(2020), Waters et al. (2021, 2022) and references therein for fur-
ther discussions.

We performed a first-order radiative transfer to account for
the absorption of the gas emission spectrum by the gas column
itself. As is discussed in Sect. 3.3, such absorption is negligible
for typical UFO ionisation degrees and velocities, but it becomes
appreciable for a higher gas opacity; that is, low ionisation and
higher column densities, log(¢) < 3, Ny > 10%.

2.2. Input parameters

The parameters regulating photoionisation and radiative transfer
(via the XSTAR code) are the following:

— Lion, S, the incident luminosity and spectrum, respectively
(either tabulated or analytic).

— &, the ionisation parameter at the inner face of the gas cloud.

— v, @y, the starting velocity and the index in Eq. (4). @, can
also be linked to @ using the relations of Eq. (5).

— Ng“‘x, the total column density of the wind, and the linear or
logarithmic stepping pace.

— 19, the initial radius of the wind.

— a, the index of the density profile in Eq. (3).

— Vurb, the gas turbulent velocity. This can be either set by the
user directly or computed self-consistently by the code fol-
lowing Eq. (8) below.

Metallicity is a free parameter and hereafter we adopt the stan-
dard solar values of Sanders et al. (1968); in other words, the
default XSTAR ones. Once photoionisation computation is per-
formed, the transmitted spectrum and the line emissivities are
used to obtain the wind absorption and emission spectrum. The
line profiles are a function of the wind geometry and dynamics,
which is set by the following free parameters (see Fig. 1):

— V9, @, the velocity profile (see above).

— ro, the launching radius (see above).

— 6Bout, the opening angle of the wind cone.

i, the inclination of the LOS with respect to the symmetry
axis of the cone.

— 6, the opening angle of the inner wind cavity.

For practical purposes, when computing tables of absorption and
emission spectra it is possible to let WINE iterate over ranges of
input values.

2.3. lonisation and radiative transfer

The wind ionisation and radiative transfer is computed in WINE
through a multi-layer approach with repeated calls to an ion-
isation code, similarly to what has already been done in pre-
vious works, such as Schurch & Done (2007), Fukumura et al.
(2010), Saez & Chartas (2011). For a given Ny, the wind is
divided into M linear(or log)-spaced slabs, each one with a col-
umn density, 6Ny;. For a given set of input parameters, photoion-
isation computation is started from the first shell using XSTAR
and then propagated outwards up to the M-th shell. This slicing
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allows one to implement the wind velocity and density profiles
of Egs. (3), (4) and to build absorption and emission templates
for increasing Ny. The shell thickness, 6N} (or, equivalently,
M), is a free parameter and has to be tuned so that the variation
in n, r,log(¢) within each shell is negligible. In all of the cases
presented in this paper, we find that 6N}; = 10%cm™? allows one
to optimally sample the wind column.

For a given &, ro, the initial density of the wind, ny, is deter-
mined by inverting the definition of &:

Lion

no(ro)?’

fo=&(r=rp) =

(6)

and the final radius of the wind, ry, is computed as a function of
Nmax:
H

Np™ = f ! n(rydr. (N

For each m-th slab, the program analytically calculates all
the input quantities needed to perform a relativistically corrected
photoionisation run. In the following, we first describe the pro-
cedure for m = 1 and then we generalise it for m > 1 slabs.
WINE sets Ny = 6N }L, and Lion, S 1, &, no, @ according to the val-
ues provided by the user. The slab’s initial radius is r’i = o,
while the final radius, r{, is a function of 6N}I through Eq.
(7). We define a column density-averaged slab velocity, Vayg, as

@y . . .
V(ravg) = Vo(#ﬁg) , Where r,, is the radius enclosing half of
avg

the slab column density, 6Ny /2 = fr i n(r)dr. The procedure

i

described in Luminari et al. (2020) is implemented to account
for the special relativity effects in radiative transfer due to the
bulk motion of the gas. Finally, vy, is defined as

ov  (velocity shearing)
(intrinsic turbulence) ’

®

Viurb = Max :
Tint

where 6v = |v(r}) — v(r"®)| represents the variation in v(r) within
the slab, while oy = 0.1 - v(raye) and accounts for the intrin-
sic turbulence of the outflow. Given that here we focus on the
study of the fastest wind components, we set a lower limit to oy
equal to 3000 km s~!, in order to match the typical turbulence
detected in the more distant (and perhaps less turbulent) broad-
line region clouds (Kollatschny et al. 2012). Moreover, such a
lower limit is also consistent with what is observed for UFOs
(see e.g. Tombesi et al. 2011; Gofford et al. 2013. However, oy
is a free parameter in WINE and can be changed by the user.
The ro run returns the (relativistic-corrected) transmitted spec-
trum from the first slab, corresponding to a column density of
Ny = 0Ny and, separately, the wind line emissivities (see below
for more details).

To calculate the radiative transfer for the second slab, the
transmitted spectrum from the first slab, Sz, is given as the
input incident spectrum. Accordingly, the initial radius of the

slab corresponds to the final radius of the previous slab — ré =

1
— and the final radius, rJ; , is calculated in the same way as r{ . 1o

. . ‘ . L
is run using 6N, n(r = ri), S, &(r = r}) = W,
Lz, is the luminosity of S7,i. Vave and vy, are updated accord-
ingly. This procedure is iterated over the M slabs, up to N,
and the absorption spectra up to N;;** are computed.

where
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Fig. 2. UV-to-X-ray SED of the NLSy1 I Zwicky 1.
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2.4. Wind emission

In 9 and in most of the current codes (see Sect. 1), the gas emis-
sion is computed assuming null outflow velocity and a spheri-
cally symmetric geometry around the central luminosity source.
In order to go beyond such assumptions, WINE models the emis-
sion profile via a Monte Carlo approach as a function of the
wind kinematics and the geometry, adopting the same multi-
layer structure used to compute the transmitted spectrum.

For each slab, the code uses the ry-computed line emissiv-
ities, £, which are in units of erg s™' cm™ and represent a
‘luminosity density’ for a given transition within the slab. The
emission spectrum of the m-th slab is calculated according to the
following steps:

— The volume of the slab, Vj, is determined as a function of its
geometry; that is, 7, 7 Bouts Bin-

— The slab is populated with a high number, K, of points,
whose coordinates are randomly assigned with a Monte
Carlo method inside V2.

— For each k-th point (where k € [1, K]):

— An average volume 6V = V/K is assigned, and the
luminosity, Z;, of the i — th transition is calculated as
Zi={ -0V, where i€ [0,1].

— Using special relativity formulae, the line energy, E;, and
luminosity, Z;, are projected along the LOS according
to so-called ‘relativistic beaming’, which is described as
(Luminari et al. 2020)

EVYS =y,

z/% =y 2z, ©)

1 1
where l,l/ = y(l—ﬁcox(@))’y = ﬁ,ﬂ = Vavg/C, Vavg T€P-

resents the column density-averaged slab velocity and 8
is the angle between the LOS and the coordinates of the
k-th point.
— The combination of EF°5,ZM%5 from all the lines (i.e. from
i = 0to =) gives the emitted spectrum of the k-th point.
— The sum of the spectra from k = 0 to K produces the slab
emission spectrum.
Finally, the composition of the slab emission spectra for
increasing m gives the wind emission spectrum for increasing

2 We find that K = 10 allows one to optimally sample the slab volume,
while still being computationally efficient.

w
wn

w
o
N

N
n

g
o
N

=
n

g
o
L

o
wn

65 7.0 7.5 8.0 8.5 9.0 95
Energy (keV)

o
o

10.0

Transmitted spectrum (10°° erg s=! keV 1)
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Fig. 3. Impact of the relativistic effects on the asorption features. Top:
Absorption profiles for vo = 0.00,0.10,0.30c (colour coding, see leg-
end) and Ny = 10%,1log(&) = 4 in the rest-frame spectrum between 6—
10 keV. For increasing v, absorption lines are increasingly blueshifted
and show lower EWs, as was expected from special relativity effects.
Bottom: Ratio, V., between intrinsic and observed gas opacity as a
function of the gas velocity, v (in units of c).

column density, up to Ni**. To account for the self-absorption
of such an emission spectrum by the gas, at each m-th slab the
radiation emitted by the inner slabs is absorbed according to the
opacity, 7, of the present slab. Such an opacity is computed as the
ratio between the transmitted and the incident spectrum of that
slab, accounting for relativistic effects as in Sect. 2.3. Moreover,
we introduce a volume filling factor, C,, so that only a fraction,
0 < C, < 1, of the incoming emission is absorbed. We illustrate
some examples in Sect. 3.3. The physical scenario of WINE is
that of a single-phase gas column, and thus C, = 1 would be
expected. However, we allow for lower values to account for pos-
sible inhomogeneities, including clumpiness, which would allow
part of the emitted spectrum to escape the wind unattenuated. In
the highest signal-to-noise spectra, C, could be directly fitted
through to the spectroscopic imprint of the self-absorption on
the emission profiles (see Figs. 5 and 6). More generally, hints
as to the degree of inhomogeneity of the gas can also be obtained
indirectly; for example, if the best-fit values of the wind absorp-
tion and emission are different, suggesting different properties
along the LOS with respect to the whole emitting region, or in
case of temporary obscuring winds (such as those seen in NGC
5548 or MR 2251, Kaastra et al. 2014; Mao et al. 2022) due to
denser clumps embedded in the intervening gas.

A357, page 5 of 19



1042

1041

104

103

Transmitted spectrum - erg s—* keV~*

103

109

104

© 1040

1039

Transmitted spectrum - erg s~* keV~*

103

Luminari, A., et al.: A&A, 691, A357 (2024)

1042

1041

104

103

103

1042 4

104

104

10% 4

ws
>

Energy (keV)

103

Energy (keV)

Fig. 4. Emission profiles for different wind geometries, assuming log(¢y) = 3,vy = 0.10c, Ny = 10%. Top row: Wind seen ‘face on’ (i = 0) and
Ooue = 90, 30 deg (left and right panel, respectively). Bottom row: ‘Edge-on’ winds (i = 90 deg) and 6,,, = 90, 30 (left and right panel, respectively).
For comparison, the i = 0, 6, = 90 deg case is reported with light grey lines in all the panels.
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Fig. 5. WINE spectrum for log(&) = 3, Ny = 5-10% and vy = 0.0, 0.1 ¢ (top and bottom row, respectively). The left panels show the E = 1-8.5 keV
spectrum, while the right panels zoom in above E = 6 keV. Orange(red) lines represent the emission spectrum and pink(purple) the total (absorption
+ emission) spectrum for C, = 0(1). The absorption spectrum is shown with dashed black lines. For ease of visualisation, the spectra are divided

by the incident continuum.
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3. Wind spectra

3.1. Input spectral energy distribution and wind parameter
space

In this section, we show some results obtained with WINE
regarding the absorption and emission features emerging from
an ionised gas with a range of physical properties. We consider
the UV-to-X-ray SED of a well-studied Narrow-Line Seyfert 1
galaxy (NLSy1, Komossa 2008; Tarchi et al. 2011; Rakshit et al.
2017), I Zwicky 1, which can be considered to be a represen-
tative highly accreting AGN showing a UFO-related P-Cygni
feature in its X-ray spectrum (Reeves & Braito 2019; hereafter
RB19). As is reported in RB19 and shown in Fig. 2 for clarity,
the UV-to-X-ray spectrum is parametrised as a series of broken
powerlaws with a peak in the far-UV regime and is built from
previous FUSE (Moos et al. 2000; Sahnow et al. 2000) obser-
vations and the 2015 datasets from OM and EPIC instruments
on board XMM-Newton (Jansen et al. 2001; Mason et al. 2001;
Striider et al. 2001; Turner et al. 2001). It consists of a powerlaw
with a photon index of I' = 1.75 below 12.5 eV and a second one
withI' = 2.2 up to 300 eV. Between 300 eV and 1.2 keV,I" = 3.3
to approximate the strong observed soft excess, while I' = 2.2
above 1.2 keV. The black hole mass and the 2—10 keV luminosity
reported in RB19 are Mpy = 2.8- 10'Mg, Ly_10 = 5- 1043erg st
implying Agqq ~ 0.85. For simplicity, we set a flat gas density

profile (i.e. @ = 0 in Eq. (3)). We set the launching radius to
a fiducial value of ry = 50rg (see discussion in Luminari et al.
2021) and vy according to Eq. (8). Here and in the following
section, we span the typical parameter space of X-ray UFOs;
that is, Ny € [10%2, 10%*], vy € [0, 0.3]c, log(&o) € [3,5]. We con-
sider a momentum-conserving wind and, consequently, we set
the velocity index, @, = (2 — @)/2. We set vy, to the (fiducial)
lower limit of 3000 km/s to reduce the smearing and to better
investigate the wind absorption and emission lines. Finally, we
fixed 6;, = 0 for simplicity.

According to these initial conditions, the wind is in a geo-
metrically thin configuration and the scaling of v, ¢ with r is lim-
ited, so it is possible to clearly appreciate the role of the different
parameters. A useful quantity to characterise the wind geometri-
cal thickness as a function of Ny is Ar = r(N‘;’ﬁ; that is, the dif-
ference between the radius enclosing a column density, Ny, and
the initial radius, ry, normalised by ry. According to the density
profile, @, Ar can be expressed as

o * T @=0
Ny _ Nu =
Ar = JEXP - lecexpt a=1 ’ (10)
. -1 a#l

1
Ny a-1
(l_noro'g(n—l))

where 7o, = ro/rg is the launching radius in gravitational units.
For @ = 0, Ar can be written as

Ny _ Nuéoro ~ 1033

Lion ion

Nuéoroc Nu & roc

=6-107. —=——2, (11)

noro 102 10° 50

where we put Adion = Lion/Lgqa = 0.85, as for I Zwicky 1. In this
formula, we omitted special relativity effects for simplicity (see
Luminari et al. 2023a for more details). The variation in ionisa-
tion and velocity along the wind column can be expressed as

E(r) = &(Ar+ 1)*72 (12)

v(r) = vo(Ar + 1)@72 (13)
so that &(r) = &y, v(r) = vy in the whole parameter space probed
in this paper, confirming the negligible variation in the wind
properties along the LOS.

3.2. Absorption profiles

The top panel of Fig. 3 shows the absorption spectrum for
vo = 0.05,0.10,0.30c and Ny = 103, log(¢&) = 4. The
strongest absorption profiles are due to the Ly, Lyg lines of
Fe XXIV and XXV, which are the most abundant Fe ions at
such ionisation (Kallman et al. 2004). Due to special relativity
effects, for increasing outflow velocities, absorption lines are
both blueshifted and have lower equivalent widths, as is dis-
cussed in Luminari et al. (2020). Moreover, the turbulent veloc-
ity, vum, increases for increasing vy (following Eq. (8)) and
strongly modifies the absorption profiles, blending together the
Lya lines of Fe XXV and XXVI for vy = 0.30 ¢ at energies
around 9 keV.

Due to the relativistic effects, when inferring the column den-
sity of the gas from its measured opacity in observed spectra,
it is necessary to include a correction to get the intrinsic gas
opacity and then the intrinsic Ny. The bottom panel of Figure 3
shows the ratio, W, between intrinsic and observed opacity as
a function of the gas velocity, v (in units of c¢), computed with
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WINE (blue diamonds), assuming v is parallel to r for simplic-
ity. This relation is found to be well described by the following
equation:

1+v/c

Wl = ————
rel ]—V/C’

(14)
which can be used to derive the intrinsic Ny from the Ny
obtained from the measured (i.e. apparent) opacity.

3.3. Emission profiles

Fig. 4 shows the emission profiles for log(&) = 3,vy =
0.1c, Ny = 10% for different wind geometries. According to
Eq. (9), the projected velocity, vy, can be expressed as vppj =
m, where 6 is the angle between the LOS and the gas
velocity (which depends on 6y, 6in, I, see Fig. 1). When 6 =
0 deg — that is, when the gas is directed radially outwards and vy

is parallel to the LOS — v; is the highest, vproj = 7("1"1'/3) , while
when the velocity is opposed to the LOS — that is, = 180 deg —
Vproj is the lowest, vproj = 5145

In the top left panel, we show the case for Gy, = 90 deg,i =
0: the transmitted flux is maximised, since the emitting volume
is the largest possible, as is shown in the cartoon (i.e. a hemi-
sphere filling the solid angle above the accretion disc) and the
LOS coincides with the symmetry axis, resulting in a beamed
emission towards the observer (see Eq. (9)). The accretion disc
is thus seen ‘face on’ and 6 ranges from 0O to 90 deg.

The emission profile is the combination of the lines due to
several ions, with the strongest ones originating from the tran-
sitions with the highest oscillator strengths for the most abun-
dant ions. We highlight with vertical dashed lines the rest-frame
wavelength of some of them; from left to right, they are due to
Mg XXII, Si XIII, Si XIII, Si XIV, S XV, Ar XVII, Ca XIX,
Fe XXII, and Ni XXIV. The emission lines extend bluewards of
their rest-frame energies, spanning a range of projected veloci-
ties from % (for the gas at 8 = 90 deg) to y(vl"i‘ﬁ) (0 = 0deg).

In the top right panel of Fig. 4, we have set the cone open-
ing angle 6,,, = 30 deg and we have kept the inclination i = 0.
The emitted luminosity is lower than that found in the previ-
ous case (plotted again with grey lines for comparison) and
the low-energy (low-velocity) side of each emission peak is
reduced, since there is no gas at 30deg < 6, < 90 deg. In
the oy = 90,i = 90 deg case (bottom left panel of Fig. 4),
the accretion disc is instead seen ‘edge on’, and then 6 ranges
from O to 180 deg. As a consequence, the spectral features are
broadened over a larger energy interval than in the ‘face on’
case, since they are projected over an increased velocity space.
Finally, for 6,y = 30,7 = 90 deg (bottom right panel), the emis-
sion region is outside the LOS and 6 ranges from 60 to 120 deg.
This explains the lower v,,; and the overall decrease in the trans-
mitted flux, since the relativistic beaming reduces the radiation
projected along the LOS.

Wind emission spectra for log(&y) = 3 and 4 are shown in
Figs. 5 and 6, respectively. In both figures, the top and bottom
panels are for vo = 0.0 and 0.1 ¢, while in all cases 6,y = 90,i =
0 deg, Ny = 10%*. Orange(red) lines indicate the emission pro-
files for C, = 0(=1) and pink(purple) lines the composition of
such spectrum with the absorption one. For reference, absorp-
tion spectra are reported with dashed black lines. For increas-
ing vo, the gas cross section decreases due to relativistic effects
and emission features are spread over a larger observed energy
interval. As a consequence of both these effects, the emitted flux
per unit energy is lower for increasing vy. As we shall show in
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Sect. 4, this will have important implications for the detectabil-
ity of emission features in the total (i.e. emission+absorption)
wind spectrum. By comparing Figs. 5 and 6, it can be seen that
the higher gas ionisation directly translates into lower gas opac-
ity. For log(&y) = 4, the strongest transitions in the hard X-ray
band (E > 5 keV) are those of Fe XXV Ka and KB (E=6.7, 7.8
keV, respectively) and Fe XX VI Ka (E=6.9 keV). The attenua-
tion of the emitted radiation by the gas self-absorption is mostly
effective, both for high gas opacity and for low velocity. The lat-
ter effect is due to the fact that absorption and emission lines
are closer in the velocity space, and thus the weakening of the
emerging emission is maximised. The narrow absorption fea-
tures at rest-frame energies of E =7-8 keV and, for log(¢) = 3,
also between E =3-5 keV, are due to resonances of the photo-
electric cross-section of several abundant elements, most notably
iron (Kallman et al. 2004), which are not convolved for the gas
turbulent velocity in XSTAR (T. Kallman, priv. comm.). The
high gas opacity for log(¢) = 3, Ny = 5 - 10?® leads to strong
absorption and emission in the soft band (E <5keV), virtually
leading to a complete absorption of the incident continuum.

4. Wind emission detectability

We explored the disc wind parameter space to evaluate the
strength of the emission features in the wind spectrum. Start-
ing from the input parameters presented in Sect. 3, we simulated
with WINE a range of column densities, Ny € [5,20] - 10?3,
for log(&y) > 3, in order to optimally sample the properties of
the P-Cygni profiles observed in UFOs (see Sect. 1). We set
Oout = 90 deg, 0, = 0,i = 0deg in order to maximise the wind
emission, and Cy = 1, as is suggested by such high-covering
factor geometry. We set an energy resolution of 5 eV as a fidu-
cial reference value for the Resolve microcalorimeter on board
XRISM.

We defined the emission as detectable if the flux of the emis-
sion spectrum were higher than the absorption one in at least two
adjacent energy bins. We selected two energy bands of interest,
a soft band from 0.5 to 2.5 keV and a hard band between 5 and
10 keV. Figure 7 shows the median equivalent width (mEW) of
the emission features, derived by the following procedure. We
scanned the soft and hard energy bands looking for intervals of
two or more bins satisfying the detectability requirement. For
each interval, we computed the EW of the emitted spectrum with
respect to the transmitted one. Finally, we calculated the median
value of the distribution of EWs for all the intervals. We have
focussed on mEW, rather than the total EW, since we are primar-
ily interested in the detectability of such features. Although an
emission spectrum whose flux is slightly higher than the absorp-
tion one in a large energy range will have a non-negligible EW, it
would be difficult to detect due to the low contrast with respect to
the underlying absorbed continuum spectrum. Conversely, emis-
sion features that are much stronger than the absorbed contin-
uum, even if concentrated in a few energy bins, will lead to
an easily detectable spectral feature. Finally, null mEW values
indicate that the detectability condition has not been matched
in the whole energy band. The mEWs are reported as a func-
tion of Ny for both the soft and the hard bands (dashed and
solid lines, respectively). For log(&y) = 3 (top panel), emission
is detectable in the soft band in winds with v up to 0.3 c. As was
expected, the emission features are stronger for lower velocities,
since the relativistic effects are lower (i.e. the overall interaction
rate between radiation and gas is higher) and the emission pro-
files are neither smeared nor blueshifted. In the hard band, the
detectability threshold is not met for any vy, except for vo = 0
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Fig. 7. Logarithm of the mEW of the wind emission as a function of
Ny, plotted for increasing vy (colour coding, see legend). The soft and
hard X-ray bands, corresponding to 0.5-2.5 and 5-15 keV, respectively,
are shown with dashed and solid lines. The top and bottom panels cor-
respond to log(&) = 3, 4, respectively.

and 4 - 10 < Ny < 5-10%. This is due to two Fe XIX and
Fe XXIII emission lines at E=6.4 keV that, however, get re-
absorbed for higher gas column densities. Finally, for log(&) = 4
(bottom panel), most of the opacity of the highly ionised gas
falls in the hard band. Therefore, emission is more detectable in
this band than in the soft one. For vy = 0.3c, the detectability
requirement is never met, due to strong suppression of the emis-
sion profiles by the relativistic effects, as was discussed above.
Finally, we have not plotted the results for & > 5, since for such
high ionisation the detectability threshold is never met.

5. XRISM Resolve simulations
5.1. Narrow-line Seyfert 1 galaxy spectral energy distribution

In this section, we probe the capability of the Resolve
microcalorimeter on board XRISM to constrain the wind emis-
sion properties. To do so, we have built a table of WINE spectral
templates that are provided as inputs to the xspec fitting software
(Arnaud 1996) as table models. We focussed on the following
UFO parameter space:

— log(&p) € [3.0,5.5], 0.25 step

— vp € [0.00, 0.40]c, 0.025 step

— Ny €1[0,2-10%*], 10% step

— Bout € [0,90deg], 10deg step

— i €[0,90deg], 10deg step
and we set all the other properties as in Sect. 3 We note that
Oout = 0 implies a null volume of the wind cone (see Fig. 1), and
therefore corresponds to a null emission spectrum. Since for a
given &, Ny, the flux of the emitted radiation is proportional to
Cy, the strongest emission spectra will be associated with wide-
angle winds. To better approximate the attenuation of the emitted
radiation in these cases, we set a constant C,, = 1 throughout the
parameter space.

Through xspec, we simulated Resolve spectra with the fol-

lowing input model:

WINE,s - powerlaw + WINE.,, (15)
where WINE,,s and WINE,,, represent the WINE absorption
and emission spectrum, respectively. We note that the gas self-
absorption is accounted for during the creation of the emission
spectra, and thus it is already implemented in the WINE,, com-
ponent. The powerlaw normalisation was tuned to give a 2-
10 flux of 107" erg cm™ s~!, which is representative of the
bright targets of the performance verification (PV) phase of
XRISM?.

Using this model, we simulated sets of 1000 spectra of 100
ks with several input values for both the ionisation, log(¢) = 3.5,
4.0,4.5,5.0, and the column density, N;(10*)=1.0,2.5,5.0,7.5,
10.0, and with vy = 0.1c. For each observation, we randomly
assigned a value for 8, the opening angle of the cone, while
for simplicity we fixed i = 0,6;, = 0. The spectra were fitted
using a two-step approach:

— First, we fitted the spectrum only with an absorption compo-
nent (WINE,, - powerlaw), accurately scanning the parame-
ter space by computing the error and the contour plots asso-
ciated with each free parameter; that is, log(&y), Ny, vo.

— Once a best-fit model was obtained, we included an emission
component for which the values of log(&y), Ny, vy were tied
to those of the absorption component (since emission and
absorption are generated by the same medium), and with 6y
free to vary. Then, we fitted, leaving all the parameters free
to vary, and we scanned the parameter space as above.

We used up-to-date response and background files for point
source observations for a closed gate valve configuration, avail-
able through the XRISM mission website*. Simulated spectra
were binned to a minimum of 50 counts per bin and y? statistics
was adopted. The energy range between 2.0 and 10.0 keV was
considered. We verified that the results are the same if a binning
with a fixed energy width of 10 eV and C-statistic (Cash 1976)
are adopted.

Figure 8 shows the distributions of the 1000 best-fit solu-
tions for an input of log(¢) = 4. For simplicity, we report only
the results for inputs of Ny = 10%3,5-10%, 10?* (left, centre, and
right columns, respectively). The top, centre, and bottom panels
report the best-fit values of Ny, &, vy, respectively. Hatched and
filled histograms represent the distributions before and after the
inclusion of the emission component in the fitting model. The
last panel shows the best-fit values for 8, as a function of their
input values. The diagonal black line shows a 1:1 correspon-
dence. Increasing the input for Ny (left to right) leads to nar-
rower best-fit distributions, since the wind opacity is higher, and

3 The list can be found at: https://xrism.isas.jaxa.jp/
research/proposer/approved/pv/index.html

4 Resolve files can be found at https://xrism.isas.jaxa.jp/
research/proposer/obsplan/response/index.html
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Fig. 8. Distribution of the best-fit values of 1000 XRISM Resolve simulations, using as input values log(¢) = 4.0,vy = 0.10c and three different
Ny =10%,5-10%,10% (left, centre, and right column, respectively). The top, centre, and bottom rows report the best-fit values for Ny, log(&), vo,
respectively. Hatched and filled histograms correspond to the distributions before and after the inclusion of the emission component, respectively.
Dashed and solid lines are the median values of the two distributions. Finally, the last panel reports the best-fit values of 6, as a function of the
input ones.

thus tighter constraints can be achieved. The values before and of 10 deg is simply due to the resolution of the table model. The
after the inclusion of the emission component basically overlap impact of the emission component grows with an increase in the
for Ny = 10?3, suggesting that the emission component is sub-  input Ny, as is demonstrated by the increasing distance between
dominant in these fits. This is confirmed by the distribution of the the hatched and filled histograms and the tighter correspon-
values of 6,,;, which is spread over a broad range of the parame- dence between input and output 6. To provide a more quan-
ter space. We note that the clustering of the output values in steps  titative evaluation of the ability to recover the input parameters,
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are included.

we computed the average A as

’y; (16)

that is, the ratio between the best-fit and the input values, Vy, Viy
respectively, re-scaled to 0. Figure 9 shows A for input log(¢) =
3.5,4.0,4.5,5.0 as a function of the input Ny. The spread corre-
sponds to the standard deviation of the distributions of the best-
fit values. For plotting purposes, we only report the values after
the inclusion of the emission component. As was expected, A is
smaller for increasing Ny and decreasing &; in other words, when
the opacity of the wind increases, and thus the fitting results are
more constrained. Since we are mainly interested in the charac-
terisation of wide-angle outflows, which are the ones most likely
to produce P-Cygni profiles, in the computation of A for 6., we
include only the simulations with input 6., > 45deg (=50%
of the total; see Appendix C for the computations with the full
dataset).

To give an idea of the capabilities of Resolve with the gate
valve open, Fig. 10 shows a simulated 100ks Resolve spec-
trum with input parameters of log(¢) = 4,v9 = 0.10c, Ny =

5-10%3, By = 72 deg (blue points), together with the fitted model
(red line), with best-fit values of log(¢) = 4.008 = 0.006,v, =
0.1004 = 0.001¢, Ny = 4.9%04 . 102 g, = 7171] deg.

5.2. Powerlaw spectral energy distribution

In this section, we adopt a powerlaw function as the input SED
and run new simulations to assess its impact on the simulated
spectra. We do so to better compare our results with several
X-ray observations reported in the literature, in which UFOs
have been analysed through photoionisation models assuming
such an SED (see e.g. Tombesi et al. 2010; Gofford et al. 2015;
Reeves et al. 2023).

We set as reference values a 2—10 keV luminosity of L,_jo =
10" erg s™! and a black hole mass of Mgy = 10" My, imply-

ing a value of Aggg = f;z(‘l ~ 0.1 for an X-ray bolometric cor-

rection of ~30 (Lusso et al. 2012), a typical value for the bulk
of the AGN population in the local Universe (z < 0.1, see e.g.
Véron-Cetty & Véron 2006). We set a powerlaw spectral pho-
ton index of I' = 1.8, again to be representative of the local
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Fig. 10. Simulated 100ks XRISM Resolve spectrum (blue points) for a
wind with log(¢) = 4,vy = 0.10c, Ny = 5 - 103, 6,y = 72 deg and with
the gate valve open. The best-fit model is indicated as a red line. The
spectrum has been re-binned for plotting purposes.

population (see e.g. Piconcelli et al. 2005; Tombesi et al. 2011
and references therein). As above, we assumed an initial radius
of ry = 50rg and a flat density profile (¢ = 0). The parameter
space and the fitting strategy were as above.

We compared this SED and the NLSy1 one in the top panel
of Fig. 11, in units of photons s~! keV~!. Their relative ratio was
set as to give the same L;,,. The vertical black line corresponds
to 13.6 eV; that is, the lower bound of Li,,. As was expected,
for a given Liy,, the NLSyl SED shows more photons below
0.3 keV. For given ¢&, this leads to a higher ionised gas for the
powerlaw SED, as can be seen in the second panel, in which we
compare the distributions of the iron ionic fractional abundances
for & = 103, Ny = 5- 103, vy = 0.1c using the two SEDs. While
with the NLSyl SED the most abundant ion is Fe XVII, with
the powerlaw SED it is Fe XXVI, and 20% of iron is totally
ionised (Fe XXVII). This can also be seen in the spectra of Fig.
11, shown for both cases. We refer to Nicastro et al. (1999a) for
a further discussion of the difference between the NLSy1-like
and powerlaw SEDs for the gas ionisation.

We simulated sets of 1000 observations with Resolve, fol-
lowing the same procedure as above. Unsurprisingly, we found
that the gas emission is totally unconstrained for log(¢) > 4, the
emission being much weaker.

6. Athena X-IFU simulations

To assess the capabilities of the planned X-/FU microcalorime-
ter on board the Athena satellite, we repeated the same procedure
as in Sect. 5.1 using the updated response matrices following the
2023 mission reformulation®. We used the same input model and
fitting strategy as in Sect. 5.1. Again, we verified that adopting
a 5 eV energy binning and the C-statistic does not change the
results. As is shown in Fig. D.1, thanks to its higher effective area
and resolution, X-IFU will be able to constrain log(&p), Vout, Ny
with uncertainties smaller by a factor of 2, 20, and 5, respec-
tively, and 6, with half the uncertainty for input log(&y) < 4.0.
Figure 12 shows a simulated spectrum with input log(¢) =
4,Ny = 10%,vy = 0.10, and the best fit obtained by replac-
ing the NLSy1-SED wind components with those assuming the

5 X-IFU files are available at https://x-ifu.irap.omp.eu/
resources/for-the-community
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Fig. 11. Impact of the SED on the photoionised gas. First panel: Com-
parison between the powerlaw SED (orange) and the NLSy1 one (blue),
in units of photons, s™! keV~! (arbitrary normalisation). Second panel:
Iron ionic fractional distribution for log(¢) = 3, Ny = 5-10%, vy = 0.1¢
and the two different SEDs (colour coding as above). Third and fourth
panels: Absorption and emission spectra (thin and thick lines, respec-
tively; units of Erg s™! keV~!) assuming the powerlaw and the NLSy1
SED, respectively, and the same log(¢), Ny, vy as in the second panel.

powerlaw SED. As is shown in Fig. 13 (see also Nicastro et al.
1999a), the different incident SEDs lead to different ionic popu-
lations as a function of log(£). As a result, the best-fit model is
unable to correctly reproduce the Fe L-shell features at £ ~ 1
keV, which are due to a mixture of different ions. Thanks to this,
X-IFU will be able to discriminate the incident SED through the
absorption (and, eventually, emission) features in the soft band.

Conversely, it can be seen that the relative abundance of Fe
XXV, XXVI, XXVII is similar for the two SEDs, albeit with a
shift in the value of log(¢). Therefore, fitting a spectrum simu-
lated with an NLSyl SED with a higher log(¢) = 5, for which
these ions are dominant, with a powerlaw SED table yields an
acceptable fit with log(¢) = 3.1. As is shown in Fig. 13 (vertical
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Fig. 12. 100 ks simulated X-IFU spectrum for a wind with log(¢) =
4,Ny = 10%,vy = 0.10c and an NLSyl incident SED (blue points),
best-fitted with a powerlaw-SED WINE table (red line). The bottom
panel reports the data for the best-fit model ratio.

dashed lines), these values of log(¢) lead to the same abundance
of Fe XXV, XXVI, XXVII with both SEDs.

7. Discussion and conclusions
7.1. Comparison with other wind models

WINE is built on XSTAR, which is a one-dimensional photoion-
isation code. Such a limitation is addressed by post-processing
the gas emissivity and convolving it with three-dimensional line
profiles. Therefore, its underlying structure is intrinsically differ-
ent from three-dimensional Monte-Carlo radiative transfer codes
such as DISKWIND (Sim et al. 2008, 2010a,b; Matzeu et al.
2022) and MONACO (Odaka et al. 2011; Hagino et al. 2017)
(see Noebauer & Sim 2019 for a review on the models available
in the literature). Such codes are able to reproduce with great
accuracy the scattering of the radiation by the wind as a func-
tion of its geometry and velocity field. However, to cope with
the huge computing time required for such simulations, they are
based on a number of assumptions concerning the kinematics
and the geometry of the wind. Moreover, their photoionisation
computation is optimised for a highly ionised gas and focusses
mainly on transitions from the K, L, M atomic shells. Due to
their fundamental differences, a direct comparison between these
models and WINE is not straightforward, but we expect WINE
to be more accurate for relatively low Cy and/or low Ny; that is,
in all those cases in which the reflected spectrum is subdominant
with respect to the transmitted one.

The higher degree of freedom in modelling the radial density
and velocity profiles in WINE also allows one to better constrain

1.0 NLSyl SED
0.8
T 0.61
=}
Qo
©
C
2 0.4
i
0.2 Oy
X\
\,\‘\\‘\\\
0.0f —
1 2 3 4 5 6
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1.0 Powerlaw SED
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©
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Fig. 13. Iron ion abundances (computed with XSTAR) as a function of
log(¢) for an optically thin slab and assuming either an NLSy1 (top) or
a powerlaw (bottom) incident SED. Dark to light colours correspond to
the increasing ionic charge, with the lightest (and rightmost) line being
Fe XXVII. Dashed vertical lines in the top and bottom panels corre-
spond, respectively, to the input and best-fit values (see text).

the radial thickness of the wind, Ar (see Eqgs. (10)—(13)), which,
in turn, can probe ry, ny (i.e. the launching radius and the wind
number density), as was done for the UFO detected in the X-
ray spectrum of the AGN PG1448+273 (Laurenti et al. 2021).
Together with the covering factor, Cy (which can be derived
through WINE once the emission geometry is constrained), such
quantities are crucial to accurately compute Mout, Eoue. In turn,
Moy, Equ are fundamental to probe the impact of the wind on
the surrounding environment. By comparing them with the ener-
getics of galaxy-scale outflows, which are typically observed at
millimetre to optical wavelengths, it is possible to determine
the efficiency of the propagation from the nuclear to the host
galaxy scales, and thus to assess the impact on the galaxy life
cycle and on the AGN fuelling (so-called ‘AGN feedback’; see
e.g. Fiore et al. 2017; Cicone et al. 2018; Marasco et al. 2020;
Tozzi et al. 2021).

We finally note that the column density slicing performed
in WINE for the ionisation and radiative transfer is the same as
for the MHD wind model of Fukumura et al. 2010, 2018, 2022.
We aim to extend their analysis of magnetic disc winds through
absorption features with the inclusion of the emission spectrum.
Moreover, the velocity, density, and thus ionisation profiles pre-
dicted for radiatively driven winds, such as in DISKWIND or in
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Fig. 14. Fraction of the XRISM Resolve simulations in which the WINE absorption (left) and emission (right) components are detected above a
given statistical significance, as a function of the input Ny. Dotted, dashed, and solid lines correspond to 2, 3, and 4 o, respectively.
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Fig. 15. Fraction of the Athena X-IFU simulations in which the WINE
emission is detected above a given statistical significance, as a function
of the input Ny. Dotted, dashed, and solid lines correspond to 2, 3, and
4 o, respectively.

Luminari et al. (2021), can be reproduced in WINE, and there-
fore allow for the comparison of different launching mechanisms
within the same code.

7.2. Summary of the results

In this paper, we have outlined the design, initial conditions,
and physical picture of the WINE model. We have illustrated
some of its main results by simulating the disc winds frequently
observed in the X-ray spectra of AGNs. More precisely, we
focussed on NLSyl-like galaxies — highly accreting AGNs —
where most of the UFOs for which both emission and absorp-
tion lines have been detected so far are. Their combination gives
rise to the so-called P-Cygni profiles, which are valuable spec-
troscopic signatures for investigating some of the most elusive
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wind properties (first of all, the covering factor, Cy) and shedding
light on the wind launching, which is hard to constrain by rely-
ing on absorption spectroscopy alone. Our main results are the
following:

— The gas opacity, kinematics, and geometry all play a piv-
otal role in shaping the emission spectrum. The gas opac-
ity depends on the ionisation and on the total (hydrogen-
equivalent) column density, which together dictate the ionic
column giving rise to the different atomic transitions. Kine-
matics — that is, the outflow and turbulent velocities, and the
geometry — regulate the broadening of the emission profiles
via special relativistic Doppler effects. All of these properties
must be accounted for to correctly model the emission pro-
files and, in turn, to derive meaningful physical constraints
on the outflowing gas.

— The incident SED has a strong impact on the gas ionisation.

For a given &, the gas is much more ionised in the case of a
powerlaw SED than in the case of a softer NLSy1- like SED.
The gas opacity, and thus the strength of the wind absorption
and emission features, are considerably reduced, as is shown
in Fig. 11. This may be one of the reason why P-Cygni pro-
files are more frequently detected in NLSy-like sources.
A similar trend has been observed for UV winds as well.
Specifically, the velocity of winds traced by both blueshifted
CIV emission and broad, blueshifted CIV absorption cor-
relates with the steepness of the ionising spectrum, usually
parametrised through the @oy ratio® (Nardini et al. 2019;
Rankine et al. 2020; Vietri et al. 2020, 2022; Saccheo et al.
2023).

— We assessed the power of the Resolve microcalorimeter on
board XRISM in constraining the UFO parameters — includ-
ing the emission — of a source with an X-ray flux typical
of the targets of the science PV phase (Fr-jokev = 1071
erg cm2 s7!, see Sect. 5 for details). Assuming an input
of vour = 0.1c, we find that, as is shown in Fig. 9, Resolve
will be able to constrain log(&p), vour With <5% accuracy
and Ny with <40% accuracy for a wind with an input of
log(&yp) < 4.0. For a wind with inputs of log(&y) > 4.5 and
Ny > 5-10%, the accuracy of the best-fit values is within

® The apy is defined as the slope connecting the monochromatic lumi-
nosities at 2500 Angstrom and 2 keV.
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6% for log(&y), vour and 40% for Ny. The opening angle of
the emitting region, 8, , can be determined within a ~60%
accuracy, provided that the input 6,y is > 45deg. When
considering any input 6, , the accuracy reduces to a fac-
tor of 2.5 for an input of log(&y) < 4.0,Ny > 5 - 103 (see
Appendix C for further details). Figure 14 reports, as a func-
tion of input Ny, the fraction of simulations in which the
absorption and the emission components (left and right pan-
els, respectively) are detected with a significance higher than
2, 3, or 4 o. For the absorption, the significance was com-
puted as the difference between the best-fit x> obtained by
fitting the simulated data with a simple powerlaw contin-
uum and with a powerlaw modified by the WINE absorp-
tion (WINE,y - powerlaw). For the emission, the significance
was estimated from the difference between the previous
absorption-only model and the full model including the wind
emission (WINE,ys - powerlaw + WINE,,). While the absorp-
tion is detected with > 4o significance for any input &, and
Ny > 2.5 - 10%, the significance of the emission strongly
depends on the wind opacity (i.e. it increases for increasing
Ny and decreasing &).

The constraining power is the same for different velocities,
provided that the observed opacity is the same; in other
words, provided that the intrinsic Ny is increased(decreased)
for increasing(decreasing) velocity, to compensate for the
special relativistic reduction of the opacity according to
Eq. (14). The same trend also holds for the X-IFU simula-
tions discussed below.

— Thanks to its higher effective area and resolution, the X-ITFU

microcalorimeter on board Athena will allow one to con-
strain the wind properties with significantly higher accuracy.
The absorption is significantly detected in 100% of the sim-
ulations, for every input log(&y) and Ny. As is shown in
Fig. 15, the emission is detected with much higher signif-
icance than with XRISM Resolve (see Fig. 14). For input
log(&y) = 3.5,40 and Ny > 5 - 102 ecm™2, in >75% of the
simulations the emission is detected at 40~ significance, while
for input log(&) = 4.5, Ny > 5+ 10% cm™2, 50% of the sim-
ulations are above the 30 threshold.
Moreover, the Fe L-shell features around 1 keV, which are
due to a mixture of different ions, will also allow one to dis-
criminate between a soft and a steep incident ionising SED.
While this is not currently possible with Resolve on board
XRISM, since the gate valve limits the sensitivity to E > 2
keV, most of its targets will likely be already known, allow-
ing one to reconstruct their SED through data from other
observatories.

7.3. Future upgrades

We plan three main areas of improvement for WINE. First, the
computing time needed to build large table models (currently of
the order of tens of days for a 50 CPU server) can be dramatically
reduced by adopting neural network emulators, such as that pre-
sented in Matzeu et al. (2022). Then, we shall increase the mod-
ularity of WINE by giving the user the possibility to compute
the ionisation balance and radiative transfer with other publicly
available codes, such as Cloudy (Ferland et al. 2017). This will
allow one to test the impact of the assumptions, limitations, and
atomic databases of the different codes on the resulting spectra
and to take advantage of the most recent updates of the different
codes.

Finally, we aim to implement in WINE an updated ver-
sion of the Time Evolving Photolonisation Device (TEPID;

Luminari et al. 2023b), which will be able to model both the
time-variable gas absorption and emission spectra, thanks to
the inclusion of a detailed electron level population treatment.
TEPID will allow one to extend wind modelling beyond the
assumption of the photoionisation equilibrium limit. Indeed,
time-evolving ionisation is particularly relevant in AGNs, where
the ionising luminosity is observed to vary dramatically. The gas
equilibration timescale (i.e. the typical time needed by the gas
to adjust to luminosity variations) is inversely proportional to
its number density, n (Nicastro et al. 1999b), and, for the typ-
ical values of X-ray disc winds (especially for WAs), it can
be longer than the luminosity variation timescale, leading to
a non-equilibrium ionisation dynamic (Rogantini et al. 2022;
Sadaula et al. 2023; Luminari et al. 2023b; Gu et al. 2023).

We also note that the perturbation-free assumption in WINE
can be relaxed in two main ways. First, it is possible to mod-
ify the density and velocity profiles, Egs. (3), (4), introduc-
ing a stochastic fluctuation pattern at perturbation length scales
on top of the ‘ideal’ powerlaw trend. Secondly, the synthetic
spectra of a multi-phase wind can be represented through the
superposition of the absorption or emission features due to
the different outflow phases. We shall also consider introduc-
ing further degrees of freedom in WINE to account for the
wind anisotropy; for example, through the density contrast,

op/{p).

7.4. Public release of WINE table models

We make publicly available the WINE table models presented
in Sect. 5 at https://baltig.infn.it/ionisation/wine.
They can be implemented within the most popular fitting
tools, such as xspec, sherpa (Freeman et al. 2001), and spex
(Kaastra et al. 1996). The two tables, one with the soft, NLSy1-
like SED and one with the powerlaw SEDs, cover a parameter
range suited for X-ray disc winds in AGNs, as well as in com-
pact accreting sources, such as X-ray binaries (Fukumura et al.
2017; Tominaga et al. 2023) and ultra-luminous X-ray sources
(Pinto et al. 2016; Kosec et al. 2021).
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Appendix A: Perpendicular velocity components

The main effect of an eventual velocity component perpendic-
ular to the LOS, such as that due to Keplerian rotation, will be
to increase the angle 6 between the total wind velocity and the
LOS (which for a pure outward radial motion is =0) and, thus, to
modify the relativistic factors i, ¥° of Eq. 9, regulating respec-
tively the wavelength shift and the beaming in the wind refer-
ence frame. To assess the impact of this on the wind interaction
with the radiation field, we compared v, ¢ for a pure outward
motion (as assumed in WINE) with v,,, = 0.1,0.3 c and adding a
transverse rotational component corresponding to the Keplerian
rotational velocity v, = %

ro, ie. l7Drata @b%m'

Figure A.l. top panel, shows v,, as a function of ry. Mid-
dle panels report, as a function of ry, 8 (left) and ¥, ,, 1//30, (right)
including v,,; and v,,,=0.1, 0.3 c. For comparison, y, > are plot-
ted with dashed lines. Within ~ 10 Ry, the inclusion of v,,,
leads to a strong increase of 6, i.e. the motion is almost per-
pendicular to the LOS. Consequently, both >, are very
small, resulting in spectroscopic signatures with small blueshift
and limited interaction between the gas and the radiation field,
respectively. For increasing ry, v,,, decreases and, accordingly,
6 is closer to 0 and ¢,;, t//fw tend to iy, 1/13. The bottom panel
reports the ratios ¥,/ and >, /¢ . For ro=10 R, ¥,/ =0.93
and ¢ /¢ = 0.85, while for rp=100 Ry they are both >0.999.
The blueshift and the opacity of the observed absorption features
as measured by WINE (and, thus, the derived v and Ny) can
be corrected by multiplying them by ¥,/ and ¥, /43, pro-
vided that the radial location of the wind (or, equivalently, the
ratio between outflow and rotational velocity components) can
be estimated. Such a-posteriori correction cannot be performed
for the emission profiles which, unlike the absorption, are inte-
grated over the outflow solid angle. However, the ratios above
provide an overview of the expected variation of the velocity
broadening and equivalent width of the profiles, respectively.

for different launching radii

Appendix B: Comparison between WINE and
XSTAR

Figure B.1 shows the comparison between the absorption spectra
computed with WINE and XSTAR (green and blue lines, respec-
tively) for & = 10% and Ny = 5-10%, 10** (top and bottom panel,
respectively). As discussed in Sect. 2, WINE spectra are built by
dividing the wind column in a series of thin slabs (with a linear
thickness of 5 - 10%? in this example) and computing photoion-
isation and radiative transfer iteratively, from the innermost to
the outermost. Wind emission is computed in post-processing,
therefore the emitted radiation does not affect radiative trans-
fer and the resulting absorption spectrum. Conversely, XSTAR
spectra are computed giving as input the whole column density
and, thus, the emitted radiation is accounted for automatically
by the code during the radiative transfer. This leads to slightly
smaller opacities in the XSTAR spectra. However, as can be seen
in the figure, the differences in terms of fluxes per unit keV are
very small, of the order of 107> and 10~'® with respect to the inci-
dent continuum for Ny = 5-10?* and 10?4, respectively, showing
that the WINE slicing does not lead to dramatic changes in the
absorption spectra even for such high wind opacities.
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Fig. A.1. Impact of a velocity component perpendicular to the LOS.
Top: rotational velocity v,,, (in units of ¢) as a function of the disc
radius (in units of Rg). Middle, both as a function of the radius; left:
angle 6 between the LOS and the total velocity for v,,s =0.1, 0.3 ¢
(colour coding; see legend); right: relativistic factors ., 4>, for the
same total velocity (dark and light colours, respectively). For compari-
son, dashed lines report i, ¢, i.e. the same factors computed neglecting
V,or- Bottom: ratio between the relativistic factors: dark ad light colours

correspond to i,/ and ¥>,, /i3, respectively. Colour coding as above.

Appendix C: XRISM Resolve simulations

Figure C.1 shows the ratio, A, between input and best fit values
for 6,,,, including all the simulations.

Appendix D: Athena X-IFU simulations

Figure D.1 shows the ratio A for the Athena X-IFU simulations.
For ease of comparison with the XRISM results in Fig. 9, bottom
right panel reports only the cases with input 8,,, > 45deg.
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Fig. B.1. Comparison between WINE- and XSTAR-generated absorp-
tion spectra for log(¢)3 and Ny = 5 - 1023, 10?* (top and bottom panel,
respectively). Blue lines correspond to the XSTAR results, green to the
WINE ones. For ease of visualisation, the spectra are divided by the
incident continuum.

eout

5.0
2.54
0.0
—2.5
—5.0-

log(&0)=5.0

—7.51 — log(&0)=4.5

— lo =4.0

~10-09 — |03§§§§=3.s

2 4 6 8 10

Ny (1023cm~2)
Fig. C.1. Ratio A and corresponding standard deviations for XRISM

Resolve simulations, relative to 6,,,, as a function of input Ny and for
different input log(&,) (see legend).
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Fig. D.1. Ratio A and corresponding standard deviations for Athena X-IFU, as a function of input Ny and for different input log(&) (see legend).
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