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ABSTRACT

Aims. We present an analysis of the Hubble Space Telescope Cosmic Origins Spectrograph spectrum of I Zw 1 aiming to probe the
absorbing medium associated with the active galactic nucleus (AGN).

Methods. We fitted the emission spectrum and performed spectral analysis of the identified absorption features to derive the cor-
responding ionic column densities and covering fractions of the associated outflows. We employed photoionisation modelling to
constrain the total column density and the ionisation parameter of four detected kinematic components. By investigating the implica-
tions of the results together with the observed kinematic properties of both emission and absorption features, we derived constraints
on the structure and geometry of the absorbing medium in the AGN environment.

Results. We find and characterise absorption line systems from outflowing ionised gas in four distinct kinematic components, located
at —60, —280, —1950, and —2900 km s~! with respect to the source rest frame. While the two slower outflows are consistent with a full
covering of the underlying radiation source, the well-constrained doublet line ratios of the faster two, higher column density, outflows
suggest partial covering, with a covering fraction of Cy ~ 0.4. The faster outflows show also line-locking in the N vV doublet, a sig-
nature of acceleration via line absorption. This makes I Zw 1 possibly the closest object that shows evidence for hosting line-driven
winds. The observed —1950km s~! absorption is likely due to the same gas as an X-ray warm absorber. Furthermore, the behaviour
in UV and X-ray bands implies that this outflow has a clumpy structure. We find that the highly asymmetric broad emission lines in
I Zw 1, indicative of a collimated, outflowing broad line region, are covered by the absorbing gas. Finally, the strongest UV-X-ray
absorber may be connected to some of the blueshifted line emission, indicative of a more spatially extended structure of this ionised

medium.

Key words. galaxies: individual: I Zw 1 — quasars: absorption lines — galaxies: Seyfert — ultraviolet: galaxies

1. Introduction

Ultraviolet and X-ray observations of active galactic nuclei
(AGNSs) from the past decades suggest that ionised outflows are
nearly universally present in these objects (e.g. Crenshaw et al.
2003a; Laha et al. 2021). This tenuous gas, photoionised by the
strong central radiation field, can be revealed via line absorption,
typically blueshifted by several hundred to tens of thousands
kms~! with respect to the source rest frame. When observed
in the X-ray band, outflows with moderate velocities and the
ionisation parameter typically in the range of logé ~ 0-3,
where & is in units of ergs™' cm (see Eq. (4)), are referred to as
warm absorbers (WA; Reynolds & Fabian 1995; Tombesi et al.

* The stacked HST COS spectrum is available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
686/A99

2013; Laha et al. 2014). The associated UV absorption in res-
onance lines of hydrogen (Ly @), CIv, and a few other ions
has been studied in great detail (see e.g. Crenshaw et al. 2003b;
Gibson et al. 2009, and references therein). However, despite the
frequent detection of ionised outflows in high-resolution spectra,
the physical properties, impact, and circumstances of their origin
are not yet fully understood (see e.g. Giustini & Proga 2019, for
areview).

While velocity-dependent properties of these relatively
highly ionised outflows can be identified in high-resolution UV
spectra, the absorbers are typically detected only in a few strong
transitions. In contrast, the X-ray band is richer in absorption
lines, but due to instrumental limitations, physical characterisa-
tion of the gas is usually limited to the total column density, ion-
isation, and the mean radial velocity. Observations in both the
UV and X-ray bands can, however, provide further insight into
the structure of the gas (Costantini 2010; Laha et al. 2021). In
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some cases, the absorption features show a clear connection to
a gas of the same properties (e.g. Mathur et al. 1995; Arav et al.
2020), but discrepancies between the UV and X-ray absorption
can allude to a more complex geometry and behaviour of these
outflows (e.g. Ebrero et al. 2013).

The outward motion of the ionised material, reached despite
the gravitational pull of the central supermassive black hole,
can be achieved via several processes. Thermal pressure can
launch winds from large distances from the central engine
(e.g. from the broad line region or dusty torus) with veloc-
ities of several hundreds to low thousands of kms™' (e.g.
Begelman et al. 1983; Krolik & Kriss 2001; Everett & Murray
2007; Proga 2007; Mizumoto et al. 2019). Radiation-pressure
driving can overcome the gravitational pull of the supermas-
sive black hole at smaller distances, provided a sufficiently
high flux and favourable spectral distribution of the incident
radiation, dominant in the UV band (e.g. Mushotzky et al.
1972; Scargle 1973; Proga & Kallman 2004). On larger scales,
beyond the dust sublimation radius, radiation pressure is
expected to be an important factor again due to the rela-
tively large cross-section of dust grains (Fabian et al. 2006,
2008). Finally, outflows can be accelerated also in magnetic
fields via magneto-centrifugal and magnetic pressure forces
(e.g. Blandford & Payne 1982; Contopoulos & Lovelace 1994;
Konigl & Kartje 1994; Fukumura et al. 2010).

A phenomenon known as line-locking (Milne 1926), com-
monly observed in quasar spectra (e.g. Ganguly et al. 2003;
Mas-Ribas & Mauland 2019; Veilleux et al. 2022), is believed
to distinctly identify ongoing radiative driving. This effect is
observed in sources with at least two kinematic components and
is manifested by an overlap of absorption doublet components
in the spectrum. This alignment is interpreted as evidence for a
dynamically important momentum transfer via those transitions.

In the geometrical configuration, the slower (shielding) com-
ponent lies between the emission source and the other, faster,
outflow, which also experiences greater total outward acceler-
ation. When the outer outflow reaches a velocity equal to the
doublet separation, it becomes effectively shielded by the slower
outflow, as the flux at the corresponding wavelength suddenly
decreases. This prevents the shielded cloud from being acceler-
ated further and a line-locked position in velocity space is estab-
lished. This velocity separation will be maintained regardless of
the total acceleration of the shielding cloud for as long as the
acceleration of the shielded one via the red doublet component
stays equal to, or greater than, what the acceleration difference
between the two outflows would be outside of the shadow.

This alignment could also be established by chance, but the
prevalence of line-locked absorbing systems, seen in as many
as two-thirds of SDSS quasars with multiple CIV absorbers
(Bowler et al. 2014) or multiple line-locked doublets in one
quasar (Srianand et al. 2002), clearly support line-locking as a
natural consequence of radiative acceleration.

In this work, we aim at characterising the ionised outflows
in I Zw 1. This object has prototypical optical properties of a
narrow-line Seyfert 1 (Osterbrock & Pogge 1985; Sargent 1968;
Phillips 1976; Gallo 2018), and for its high luminosity, it is
also considered a quasar (Schmidt & Green 1983). The AGN is
hosted in a spiral galaxy, which is undergoing a nuclear starburst
(e.g. Eckart et al. 1994; Fei et al. 2023). The central supermas-
sive black hole has a mass of 9 x 10° My (Huang et al. 2019),
with an accretion rate close to the Eddington limit (Wilkins et al.
2021). The UV and optical spectrum of this AGN is rich in emis-
sion lines, including a plethora of Fell and FeIll transitions
(Sargent 1968; Boroson & Green 1992; Vestergaard & Wilkes
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2001; Véron-Cetty et al. 2004). Interestingly, the emission-line
centroids are generally not positioned at the source cosmologi-
cal redshift but are shifted blueward, with the magnitude of this
shift growing with the ionisation of the line-emitting gas, as first
reported by Phillips (1976). Additionally, more highly-ionised
lines were found to show stronger asymmetry, most prominent
in the UV C1V doublet, which shows only little emission in the
red wing in contrast with a strong blue tail (Laor et al. 1997).

Analysing the UV spectrum of this source with the Faint
Object Spectrograph (FOS) onboard the Hubble Space Tele-
scope (HST), Laor et al. (1997) identified an ionised absorber
blueshifted to ~—1870kms~! with respect to the source rest
frame in the NV and C1V lines. O VI absorption associated with
two kinematic components was later detected in Far Ultraviolet
Spectroscopic Explorer (FUSE) data by Kriss (2002, and priv.
comm.). In the X-ray band, a low-ionisation intrinsic absorber
has been first noted by Leighly (1999) in moderate-resolution
ASCA data. In the following campaigns with XMM-Newton, this
detection was confirmed by Costantini et al. (2007). The high-
resolution RGS data revealed that the WA properties were con-
sistent with the UV absorption signature and that also more
highly ionised components were present in the system. Addi-
tionally, their and subsequent observations proved that the WAs
display complex variability (Silva et al. 2018; Rogantini et al.
2022).

Following up on these results, in this study we present simul-
taneous UV and X-ray observations of [ Zw 1, with the main
focus on the ionised gas signatures seen in the high-resolution
HST COS spectrum. In Sect. 2, we summarise the HST obser-
vation details, and we present the analysis of the spectrum and
its outcomes in Sect. 3. In particular, we address the spec-
tral composition of the reconstructed incident ionising radia-
tion, spectral fitting, and subsequent photoionisation modelling
of the outflows. The discussion of the results is given in Sect. 4,
with a focus on the observed line-locking, connection to ionised
absorption in the X-ray band, possible dust extinction effects,
and any emission signatures related to the absorbing gas. Finally,
we summarise our findings in Sect. 5.

Throughout the paper, we adopt the following cosmological
parameters: Hy = 70kms™' Mpc™', Q,, = 0.3, and Q, = 0.7.
We use y-statistic for the UV data analysis and C-statistic (Cash
1979; Kaastra 2017) for the X-ray spectral fitting. The reported
uncertainties are calculated at 1o significance unless stated oth-
erwise.

2. Observations

I Zw 1 was observed by HST during eight orbits between 20
and 22 January 2015 (program 13811), simultaneously with two
XMM-Newton (Jansen et al. 2001) observations. For the results
of the X-ray timing analysis, we refer the reader to Wilkins et al.
(2017). Silvaetal. (2018) details the results from the high-
resolution X-ray observations performed with the RGS. Here,
we report on the new high-resolution UV observations of I Zw 1
performed with the HST Cosmic Origins Spectrograph (COS).

The COS spectra were taken with the Primary Science Aper-
ture and G130M and G160M gratings, covering the far-UV spec-
trum in the range of 1133—1760 A at a resolving power A1/ ~
15000-22 000 (Green et al. 2012). The observation details are
listed in Table 1. The spectra were processed with the COS cal-
ibration pipeline version 3.0. The resulting stacked spectrum is
plotted in Fig. 1.
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Table 1. Observation details of the HST-COS 2015 observation cam-
paign of [ Zw 1.

Data set Grating/tilt Start time Exposure
[GMT] [s]
Ickr01010  G130M/1291  Jan.-20 08:14:22 960
Ickr01020 G130M/1327 Jan.-20 08:33:49 950
Ickr01030  G130M/1309  Jan.-20 09:34:35 1900
Ickr01040  G160M/1577  Jan.-20 10:12:22 3000
Ickr01050 G160M/1589 Jan.-20 14:43:55 2560
Ickr02010  G130M/1291 Jan.-21 22:26:18 960
Ickr02020 G130M/1327  Jan.-21 22:45:45 950
1ckr02030 G130M/1309 Jan.-21 23:46:39 1900
Ickr02040 G160M/1577 Jan.-22 00:24:26 3000
Ickr02050  G160M/1589  Jan.-22 02:57:39 2560

3. Analysis and results

For the characterisation of the absorbers detected in the COS
spectrum, it is necessary to construct the spectral energy dis-
tribution (SED) of the incident ionising radiation. This step is
addressed in the text below, followed by the description of the
COS spectral fitting with a focus on the emission lines and the
imprinted absorption properties. The derivation of the ionic col-
umn densities from the observed absorption features concludes
this section.

The results are derived assuming elemental abundances
of Lodders et al. (2009) and solar metallicity. We adopt z =
0.061169 extracted from the H121cm line (Springob et al.
2005) for the systemic redshift of I Zw 1 throughout this paper.

3.1. The ionising SED

To describe the far-UV part of the SED, we extracted the contin-
uum fluxes from six narrow parts of the COS spectrum largely
unaffected by line emission. Additionally, to constrain the low
energy end of the AGN spectrum, we took advantage of the
simultaneous observations with the XMM-Newton Optical Mon-
itor (OM; Mason et al. 2001), taken with the six photometric fil-
ters onboard, i.e. UVW2, UVM?2, UVW1, U, B, and V. We fitted
these data in SPEX v3.07.03 (Kaastra et al. 1996, 2023) using a
spectral model composed as follows.

For the stellar light enhancing the optical flux, we adopted
the bulge template of Kinney et al. (1996), assuming the major-
ity of the stellar emission in the spectrum comes from the cen-
tral region of the host galaxy. We adopted a disc black-body
component (dbb in SPEX) to describe the AGN continuum,
with the electron temperature Ty, fixed to 10eV. To account
for the Galactic dust extinction, we used the extinction law of
Cardelli et al. (1989), with Ry = 3.1 and a colour excess fixed to
E(B - V) =0.057 (Schlafly & Finkbeiner 2011).

After the correction for the column of Galactic dust was
applied, we still observed a steep blue-ward decrease of con-
tinuum flux from the optical to the UV, as can be seen in Fig. 2.
Such a behaviour is indicative of substantial reddening, associ-
ated with the host. To account for this additional extinction, we
used the Gordon et al. (2003) Small Magellanic Cloud (SMC)
bar average model with Ry = 3.1, using the Fitzpatrick (1999)
parametrisation. However, a custom extinction law was neces-
sary to obtain a good fit of the data. In particular, flattenning —
relative to the SMC extinction curve — above 8 eV (1550 A) is
needed (see Fig. 3), suggestive of a relative lack of grains with

the corresponding size of <0.25 um. We allowed two parame-
ters to vary in the fit, namely the far-UV curvature parameter cy4
(detailed in Fitzpatrick & Massa 2005), constrained to —0.34 +
0.05, and the colour excess, yielding E(B — V) = 0.206 + 0.006.
The best-fitting extinction curve is plotted in Fig. 3 along with
the Gordon et al. (2003) SMC bar average and Cardelli et al.
(1989) Galactic extinction curves, for reference.

We note, however, that the lack of data beyond 11.3 eV pre-
vents placing independent constraints on the extinction correc-
tion and the dbb parameters. To test the dependence of the
atypical dust extinction law parameters on the assumed disc
temperature, we fitted the data points while varying Tgpp, over
a physically meaningful range of values. Interestingly, we find
that the shape of the extinction law in the observed energy
range exhibits minimal sensitivity (within 207) to the choice
of Tgavp. For instance, a substantially higher disc temperature
Tabb = 20V yields ¢4 = —0.28 + 0.05.

Having the low energy end of the SED described, we com-
posed the SED by joining the dbb profile with the X-ray model
of Rogantini et al. (2022), fitted to the concurrent XMM-Newton
EPIC-pn spectrum. The UV-X-ray gap was bridged by finding a
common tangent of the dbb and the modelled X-ray soft excess
at ~0.3keV, dominated by a Comptonisation component. The
resulting model is displayed in Fig. 2. The bolometric luminos-
ity obtained from the SED model is Ly, = 10¥% ergs™! and
the ionising luminosity (defined as the luminosity between 1 and
1000 Ryd) is Lion = 101 erg s7L.

3.2. Underlying emission spectrum

We modelled the COS spectrum around the observed or expected
absorption features with a phenomenological model to obtain a
good representation of the underlying emission. The fit was per-
formed on the Galactic extinction-corrected spectrum. Consider-
ing the rather strong continuum reddening described in Sect. 3.1,
the true line emission might be significantly stronger.

The emission lines peak blue-ward of the predicted positions
obtained assuming the cosmological redshift (z = 0.061169).
This shift is not uniform, as the lower ionisation lines, such as
O1, Sittor SI peak at z = 0.0607 (which corresponds to a veloc-
ity shift of —130kms~!), while higher ionisation lines such as
Pv, NV or C1v peak at a lower redshift still, at z = 0.05870
(or =700 kms™"). Ly a, produced in a broad range of ionisation,
peaks at z = 0.05987. This confirms the trend observed in HST-
FOS data by Laor et al. (1997).

We modelled the emission spectrum with a power law for the
continuum, and for the emission lines, we used Gaussian pro-
files. As most of the lines are strongly asymmetric (see Fig. 1),
we allowed for different broadening of the Gaussians in the
red and blue wings. We characterised this with an additional
parameter y, defined as FWHM;.q = vy FWH My,.. Up to four
such components per transition were necessary to recover the
observed profiles. In the case of the prominent doublets, we
modelled the red and blue components separately with the rel-
ative centroid distance tied to the laboratory value and assume
equal flux contribution (optically thick case) and broadening.
The only exception is NV, where, due to strong blending with
the nearby Ly, the profile requires one broad asymmetric
Gaussian in addition to a somewhat narrower pair of lines of
identical profiles for the red and blue transitions to achieve a
good fit. No truly narrow components were identified in either
NvorClv.

The modelled emission-line parameters are listed in
Table A.1. We emphasise that the model is not intended as a
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Fig. 1. Calibrated COS spectrum. The most prominent emission features are labelled, including the Geocoronal line in the centre of the Galactic
Ly @ absorption trough (Earth symbol). The data are binned by a factor of 16 for clarity.
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Fig. 2. Spectral energy distribution of I Zw 1 derived from the 2015
broadband observations. The best-fitting model (dotted red line) of the
UV and optical data points (red diamonds) consists of a disc black body
(solid red line), a stellar light component (green line), and a custom
extinction curve. The reddening-corrected data and model are shown
as well. The disc black body component is connected to the contin-
uum model of the EPIC-pn spectrum (Rogantini et al. 2022, blue line)
to form the SED (yellow curve). The observationally covered bands are
depicted with the grey-shaded areas.

physical characterisation of the emission spectrum, but rather as
an empirical description of the emission lines and the continuum,
upon which the absorption features are imprinted.

I Zw 1 is known for its complex, prominent emission
of Fell and FeIll lines, most notable above 1700 A (e.g.
Vestergaard & Wilkes 2001). In the energy range of the COS
spectrum, these lines are densely spaced and blended with other
features. While this emission is in principle separable in other-
wise continuum-dominated parts of our spectrum, it is difficult
to identify any possible contamination in the prominent (non-
iron) emission lines. Unfortunately, comprehensive atomic mod-
els capable of fully explaining these complex iron features are
currently unavailable. Nevertheless, the profiles of our modelled
emission lines exhibit no discernible distortions that would point
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Fig. 3. Extinction in I Zw 1 derived from the COS and OM 2015 data.
The extinction curve (red line) is based on the Gordon et al. (2003)
SMC bar average curve (black). The relatively smaller amount of red-
dening above 8¢V is described by an additional parameter controlling
the far-UV curvature, constrained from the fit to ¢4 = —0.34 + 0.05
(see the text for more details). This 1o~ uncertainty is visualised with
the shaded area surrounding the curve. The Fitzpatrick (1999) Galactic
extinction curve (grey) is given for reference. The positions of the data
points used for the fitting are depicted with grey dots on the top.

to localised contamination. Therefore, we assume that our results
presented below are not significantly impacted.

3.3. Absorption systems

Several narrow absorption features are evident in the spec-
tra, typically blue-ward of the systemic redshift. To analyse
the absorber signatures in different ions, we transformed por-
tions of the spectrum around the emission lines with the iden-
tified absorption features into velocity space, relative to the
host galaxy cosmological recession velocity. We identified four
blueshifted absorption systems detectable in more than one tran-
sition and three more features visible only in Ly a.
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Fig. 4. Absorption features in I Zw 1. Normalised residual intensities
are plotted as a function of velocity relative to the systemic redshift of
z = 0.061169. Unless identified as ISM lines (labelled), the absorp-
tion features are assumed to belong to the displayed line: Ly & 41215
in the top panel, N v 41238 (blue) and 41242 (red) in the middle panel,
and C1V 41548 (blue) and 41550 (red) in the bottom panel. The four
absorption systems that appear in at least two transitions are marked
with the shaded areas for clarity and labelled in the bottom panel as A,
B, C, and D and discussed in the text.

3.3.1. Velocity structure

The absorption is most prominent in Ly, NV, and C1v. We
show the observed spectrum around these ions normalised by
the modelled emission in Fig. 4. The four absorption systems,
indicated with shaded regions, correspond to a mean velocity
of =2900kms~', —1950kms~!, —280kms~!, and —60 kms~!.
In the following, we refer to these systems as A, B, C, and D,
respectively.

The highest velocity system, A, can be well identified
in Lye and C1v. In NV, the position of the blue compo-
nent of the doublet coincides with a pair of strong interstel-
lar lines, P and OT. Only a narrow feature red-ward of the
blend is visible. The red component is also blended, this time
with the blue component of the strongest ionised absorber at
—1950km s~! (component B). This alignment of the two ionised
absorbers results from their velocity separation being the same
as the Nv.A11238.83, 1242.80 doublet component separation
(964 km s~!). While this effect may be, in principle, coinciden-
tal (although unlikely, see Ganguly et al. 2003), line-locking is a
phenomenon commonly seen in quasar spectra and is interpreted
as direct evidence of a line-driven wind. We address the implica-
tions of this effect in Sect. 4.2. Weak absorption features at this
velocity shift are detected also in Si1v A11393.76, 1402.77.

Kinematic component B is the deepest one, identified also
in the FOS spectrum (Laor et al. 1997). The complex absorption
trough covers velocities from —2230 kms~! to —1750 km s~ rel-

flux [1071% erg s cm~2 A-1]
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Fig. 5. HST-COS view of the I Zw 1 absorption-affected N V emission
feature. The continuum level is depicted as a grey dotted line, the emis-
sion line profile as a red dashed line and the total modelled emission is
shown as a solid red line. The positions of NV absorption features (A,
B, C, and D) are labelled, as well as the identified ISM lines. The strong
P11+O1blend overlaps the blue component of the most blue-shifted N v
absorption system.

ative to the systemic redshift and shows an asymmetric profile,
with the deepest absorption around —1950kms~'. Besides the
features shown in Fig. 4, absorption at the corresponding veloc-
ity is found also in the Pv A11117.98, 1128.01 doublet and in
Si1v, although significantly weaker.

The last two systems, C and D, are detected close to the
I Zw 1 systemic redshift (z = 0.061169), at —280 km s~ and
—60kms~!. The absorption is apparent in NV, red-ward of the
emission peak, and is visible also in Ly @, C1V and in the case of
system C also in SiIv.

In Ly @, we detect three more instances of narrow absorption,
at —1300kms~!, =370 kms~!, and =170 km s~!. However, these
do not have any detectable counterparts in other transitions, and
thus we cannot conclusively connect them to the AGN environ-
ment, in contrast with the absorption systems described above.

3.3.2. Column densities and ionisation

Before proceeding to a detailed investigation of the absorbing
gas properties, it is important to assess which components of the
emission spectrum are affected by absorption. In Fig. 5, we show
a part of the spectrum around the NV doublet. In absorbers B,
C, and D, it is clearly visible that the absorbed flux drops below
the continuum-subtracted model. As a consequence, it is reason-
able to believe that at least a part of the line-emitting region is
absorbed. In the case of absorber A, both doublet components
are blended with other features, but the same conclusion can be
made from the behaviour in Ly @. As the absorption is rather
strong and the continuum source is likely considerably smaller
than the line-emitting region, we consider the continuum to be
absorbed as well.

To characterise the gas properties, we first need to con-
strain the covering fractions and optical depths of the observed
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absorption features. To do so, we modelled them in the nor-
malised spectra with negative Gaussian line profiles. The nar-
row and symmetric absorption lines associated with systems C
and D can be described with a single component each. For the
wider and deeper A and B, up to four components are neces-
sary to achieve a good description of the data. The best-fitting
properties of the modelled components are listed in Table A.2.

To mitigate the effects of noise and uncertainties associated
with the emission profile modelling, we applied the following
simplifying assumptions. We required the doublet components
to have the same widths and fix their relative separations to
the laboratory values. Furthermore, we required the minimum
broadening to be 30kms~!. For each of the doublets in our
data, the oscillator strength of the blue transition is exactly twice
that of the red one. Implicitly, the true optical depths of the
corresponding lines are also tied by this ratio — if the small
difference in wavelengths is neglected — given that the dou-
blet components trace the same physical conditions, namely the
ionic column density (see Savage & Sembach 1991, or Eq. (3)).
Therefore, we restricted the blue:red line ratios to lie between
2:1 (optically thin case) and 1:1 (optically thick). Finally, given
a velocity component, we required this ratio to be the same for
all components of each absorption trough.

The contamination of absorber A in NV requires special
treatment. Due to the blending of the red component of system
A with the blue component of B, the blue-to-red ratio of system
B cannot be independently constrained. Therefore, we fixed this
ratio to the value yielded from the fit of the CIv doublet. For
the red component of A, we further fixed the positions of the
Gaussian lines that form the profile of this trough to the same
velocity shifts as determined from the fit in Ly @, in which the
absorption profile is better constrained, and fixed the widths to
the same velocity dispersion. However, leaving the normalisa-
tions of the modelled troughs free, the resulting strength of the A
feature is consistent with zero. The contribution of the blue com-
ponent in the effectively black P11+O1 blend cannot be recov-
ered either, and thus we treat the neighbouring narrow feature,
which lies at the low-velocity end of the trough, as marked in
Fig. 4, and is also clearly visible in Ly «, as a lower limit of the
true absorbing column.

From the doublet profiles shown in Fig. 4, it is clear that at
least in the case of systems A and B the blue-to-red line ratio
is smaller than 2, but the residual intensities are still relatively
high. This indicates that the absorber is only partially covering
the central source. To derive the covering fraction, we used the
modelled normalised, velocity-dependent, residual intensities /;
and /I, of the red and blue doublet components, respectively. Fol-
lowing (Arav et al. 2002), we used

L(v)? -2L(v) + 1
L) -2I(v)+1°

Ci(v) = ey

with the assumption that the ratio of the real (unobserved) optical
depths of the blue and red components is exactly two. Similarly,
we recovered the covering-fraction-corrected optical depths as

2

71(v) = =1In

Ii(v)-[1- Cf(U)]) _ _ln(ll(l)) - Iz(U))
Ci(v) 1 -1

where 7, is the optical depth of the red component. We obtained
the blue one as 7, = 271;. We note that this velocity-resolved
approach has limited effect due to assumptions made during the
absorption profile modelling, required by the data quality.
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Table 2. Column densities of ions detected in the [ Zw 1 COS spectrum.

Ion log Nion [cm™2]

A B C D
Hi 135+0.1@ 13.9%0)@ 12.8+0.1@ 12.8+0.1@
Crv  142%3  152+02  13.0*)] 12502
Nv 137793® 152+02 13403 133+03
Sinm <12.8 <11.8 <12.3
Sitv 122704 134703 117404 <11.6
Pv <12.8 12.8703 <125 <132
OVvI 15.2+04

Notes. “Treated as a lower limit due to saturation. ?’Treated as a lower
limit due to the exclusion of the blended part of the absorption trough.
Components A, B, C, and D denote the kinematic absorption systems at
—2900, —1950, —280, and —60km s, respectively. 3o limits are given.
The ionic column densities are given after correcting for partial cover-
ing, namely C; = 0.45 and 0.44 for components A and B, respectively.
C and D are given assuming full source coverage. O VI column den-
sity is derived from an archival FUSE spectrum (see the text for more
details).

By integrating over the absorption velocity profile, we
obtained the ionic column density as

MeC
Nion = YN fT(U)dU, 3)

where m. is the electron mass, c is the velocity of light, e is the
elementary charge, f the oscillator strength and Ay represents
the laboratory wavelength of the transition (Savage & Sembach
1991). The use of this relation for the resonance transitions in
our data requires the ions to be in their ground states, which we
confirm from level population calculations with PION in SPEX
(see Mao et al. 2017).

We applied this approach to all identified doublets. The cov-
ering fraction at the deepest point of the absorption trough of
systems A and B derived from C1V is 0.45+0.04 and 0.44+0.04,
respectively. For C and D, the line ratios are consistent with unity
covering fractions, but the uncertainties are large and permit also
significantly smaller covering of the source. As it is not possi-
ble to independently constrain the covering fraction associated
with Ly @, we treat the apparent column densities derived for full
source coverage as lower limits (Arav et al. 2005). The resulting
constraints are listed in Table 2.

Additionally, we place upper limits on column densities of
Si1rA1260.42, undetected at any of the expected velocity shifts.
For each of the four absorption systems, we took the best-fitting
profiles from CIV and fit the normalised spectra at the corre-
sponding wavelengths with only the overall normalisation left
free, unless contamination by interstellar lines was apparent. The
resulting predicted 30 limits were used to place constraints on
the overall properties of the absorbing gas. We assumed the same
covering fractions as those derived from C1v.

Finally, to take advantage of the wavelength coverage down
to 910 A of the archival FUSE data, we examined the longest
and most recent exposure, P1110102, taken in November 2000.
While molecular hydrogen absorption complicates the identifi-
cation of most of the ionised lines at the expected blueshifts in
this source, the O VI doublet of component D lies in an appar-
ently absorption-free portion of the spectrum. We analysed this
doublet analogously to the COS spectrum features, using one
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Gaussian profile for each of the lines. The underlying emis-
sion was modelled locally by interpolating over the neighbour-
ing absorption-free parts of the spectrum with a polynomial.
Assuming that also this absorber is long-lived and variable only
on timescales exceeding the separation of the COS and FUSE
observations, we included the constraint on the ionic column
density in our dataset. The doublet ratio gives Cy ~ 0.7, but
this value, as well as the overall strength of the doublet in the
spectrum, is dependent on the emission profile representation,
constrained with a large uncertainty. That is caused by a large
number of neighbouring absorption features and the blended,
likely asymmetric, emission of the O VI doublet. We estimate
this additional modelling uncertainty to 0.2 dex of the derived
ionic column density.

While a specific column density of an ion can originate
in vastly different physical conditions, constraints from sev-
eral lines can narrow down the range of possible properties of
the absorbing gas. To link the measured ionic column densi-
ties above to these global characteristics of the gas, namely
the hydrogen column density and the ionisation parameter,
we used photoionisation models obtained with Cloudy v22.00
(Ferland et al. 2017) with the following conditions. For the gas,
we assume the turbulent velocity is 30 km s™!, consistent with the
narrowest features in the data, and the hydrogen particle density
is 10%cm™. We note that the simulation results relevant to this
work are not density-dependent for values below ~10'' cm™.
Finally, the gas is assumed to be in photoionisation equilibrium
with the incident ionising SED. In principle, however, this may
not be the case, depending on the recombination timescale of the
gas (Krolik & Kriss 1995; Rogantini et al. 2022; Gu et al. 2023).
However, given the low X-ray continuum variability preceding
the HST observations (Wilkins et al. 2017), we expect that any
time-dependent effects resulting from a delayed response to the
changing incident flux can be neglected relative to measurement
errors.

The ionic column densities are derived for the I Zw 1 SED
detailed in Sect. 3.1 and a grid of ionisation parameter & and total
column density Ny with a step of 0.1 dex in each dimension. The
ionisation parameter £ is defined as

£=ton, )
nr

where L., is the ionising luminosity between 1-1000Ryd
(Kallman & Bautista 2001), n is the hydrogen number density
and r is the gas distance from the source of the ionising radi-
ation. We note that for our SED of I Zw 1, & (in ergs~!cm)
relates to the dimensionless ionisation parameter U as logU =
log & —1.26. This parameter based on Davidson (1977) is defined
as the ratio of the incident flux of hydrogen-ionising photons ¢y
(with energy >1 Ryd) to the hydrogen density of the gas, further
divided by the speed of light ¢; U = ¢y /(nc).

Figure 6 shows the photoionisation model predictions for
all four absorption systems. The shaded areas specify the 1o
regions for conditions in which the measured column densities of
each ion are expected. Upper limits provided by non-detections
and lower limits derived for HI and N V in the case of the highest
velocity systems are given as well, to provide more insight into
the physical properties of the absorbing gas.

To identify the most likely photoionisation model, we used
the Borguet et al. (2012a) definition of the merit function, suit-
able for the logarithmic values of N;,

X2 = Z ( log(Ni»mod) - log(Ni,obs) )2
7 1og(Ni obs) — 10g(Niobs + 07)

&)

summing over well-constrained ions. For each ion i, N; s and
Nimoa are the observed and modelled column densities, respec-
tively, and the generally asymmetric error on the measured col-
umn density o is either added or subtracted, depending on
whether the modelled value is smaller or larger than the observed
one, respectively. The mean values and the associated uncertain-
ties for all four absorption systems are given in Table 3.

Given the large number of detected UV features, absorber B
has, unsurprisingly, the tightest constraints on its properties:
logé = —0.1 £ 0.1 and Ny = (5 = 2) x 10" cm™2. For this
component, there is a kinematic correspondence with a low-
ionisation X-ray warm absorber seen in the RGS spectrum con-
current to the COS spectrum, analysed in detail by Silva et al.
(2018). To compare its properties to the UV absorber, we re-
analysed the RGS spectrum in SPEX using the same model with
one modification: the SED from Sect. 3.1 was utilised to com-
pute the ionic column densities of the photoionised absorption.
The newly obtained ionisation parameter is remarkably similar

: _ 0.07 :
to the UV constraint, log & = —0.117 ¢, but the column density

is higher, Ny = 3.2f8:§ x 1029 cm™2. For completeness, we note
the radial velocity of the absorber (modelled with component
xabs in SPEX) is constrained from the fit to —1940*79 kms™".
The correspondence in ionisation and outflow velocity suggests
a direct connection between the X-ray and UV absorption sig-
natures and a common physical origin. If that is the case, the
difference in the total column density requires more scrutiny,
as it can give more insight into the composition of the absorb-
ing medium. We discuss this further in Sect. 4.3. Finally, from
the constraints on the column density and ionisation, we do not
expect significant X-ray absorption detectable in the RGS spec-
trum corresponding to the velocity components A, C, and D.

4. Discussion
4.1. Dust extinction

The UV continuum in I Zw 1 suggests reddening by a consid-
erable amount of dust in the line of sight. This was pointed
out already by Laoretal. (1997), who noticed the unusually
red spectrum in the HST-FOS data. As described in Sect. 3.1,
a custom extinction law was needed to recover a realistic con-
tinuum shape. We note that this curve, derived from the con-
tinuum shape observed with COS (below 1160 A), is consistent
also with the archival FUSE observation from 2002, extending
the band down to 910 A. Relative to the SMC extinction law,
flattenning above 8eV (1550 A) is necessary, suggestive of a
different dust size distribution, with a relatively smaller frac-
tion of grains with the corresponding size <0.25 pm. This could
be due to past brightening of the AGN, or a nuclear starburst
which I Zw 1 is likely undergoing, as suggested by CO emis-
sion observations with ALMA, reported in Fei et al. (2023), and
also other works (e.g. Barvainis et al. 1989; Eckart et al. 1994),
that resulted in the destruction of the smaller grain population
(Chang et al. 1987; Laor & Draine 1993).

In the photoionisation modelling of the UV absorbers
(Sect. 3.3.2), we assume the dust is located farther away from
the AGN centre. It might be, however, possible that the dust is
present more locally and that the absorbing gas is exposed to the
extincted SED. In the case of our analysis, we do not get an exact
overlap in the column density-ionisation parameter space from
the measured ionic column densities (see Fig. 6 and Sect. 4.3
below). This could indeed be explained by a difference in the
true ionising SED and the one used for the photoionisation mod-
elling. Unfortunately, it is difficult to determine the SED outside
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Fig. 6. Photoionisation model constraints on the UV absorbers in I Zw 1. The measured column densities and the associated uncertainties of each
ion are represented by the coloured bands, with the mean value depicted with the solid line. 30~ upper limits for undetected lines are shown as
dashed lines. The dash-dotted lines, representing the measured column densities of HI and NV (in the upper left panel), are regarded as lower
limits. For these limits, the permitted portion of the parameter space is indicated with an arrow. In each panel, the black dot depicts the minimal y?
value, surrounded by a 1o contour. In the upper right panel (absorber B), the location of the X-ray warm absorber seen at the same radial velocity
is represented by a diamond marker, with its size covering the associated 1o~ uncertainties.

Table 3. Global properties of the UV absorbers.

Abs. v [kms™] Ct logé  log Ny [cm™2]
A -2000 0454004 —-0.1%03 18506

B 1950 044+004 0101 19701

C 280 1 02102 17703
D -60 1 1.9+04 20+ 1

Notes. For A and B, the ionisation parameter and hydrogen col-
umn density values are derived assuming the covering fraction
C¢ derived from doublet component ratios. See the text for more
details.

of the spectral bands covered with the HST and XMM-Newton
data. Due to the atypical dust distribution, suggested by the cus-
tom extinction curve, it is not possible to place any reliable limits
on the amount of the neutral gas from the observed reddening, as
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opposed to the known relation for the Galactic dust. More impor-
tantly, the UV spectrum does not show any significant atomic gas
features at the I Zw 1 redshift, which would point at a consider-
able column of neutral gas in the line of sight and thus suppress
the ionising flux in the EUV band.

The effect the “missing” ionising radiation has on the pho-
toionisation models is examined in Kara et al. (2021). There,
the authors were able to determine the relative position of an
ionised absorber and a UV-X-ray obscurer in Mrk 817 by com-
paring the predictions for ionic concentrations for an obscured
and an unobscured SED. In the case of obscuration in the
EUV and soft X-ray bands, the effect on the resulting col-
umn densities is quite large, as the number of ionising pho-
tons changes substantially. The situation in I Zw 1, however,
differs greatly from that in Mrk 817. The medium responsible
for the reddening in our data appears to have a large dust-
to-gas ratio. With that, the absorbed SED above the Lyman
limit is likely not very different, and thus we do not expect the
results to change significantly if the absorbers “see” the reddened
continuum.
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4.2. Line-locking

The kinematic components A and B are detected at the respective
outflow velocities of —2900km s~! and —1950km ™', with the
difference matching the N vV doublet separation. Unfortunately,
detailed analysis of the —2900kms~' NV absorption is ham-
pered by severe blending of the blue doublet component with
interstellar lines. The kinematic correspondence is, however,
confirmed by Ly @ and C1V absorption. While it is, in principle,
not possible to rule out chance alignment, dynamically impor-
tant line driving, evidenced by this line-locking effect, would
be unsurprising in I Zw 1, given its quasar-like properties. For
effective line-locking, it is necessary that the shielded absorbing
gas has the same or smaller covering fraction than the shielding
counterpart. And that is indeed the case of the outflows in1Zw 1,
where the derived covering fractions are very similar.

While line-locking in C1v (with velocity separation
500kms™") is more common, the NV separation of 964 km 57!
has been observed as well (e.g. by Srianandetal. 2002;
Ganguly et al. 2003; Veilleux et al. 2022). Furthermore, in
I Zw 1, the acceleration due to absorption by NV is higher than
by C1v, implying its greater importance in radiative driving.
This results from the fact that the radiation pressure force is pro-
portional to the absorbed flux, which is higher in NV relative to
other detected absorption features from different ions, as can be
read from Figs. 1 and 4. It is important to note that while geo-
metrical alignment of the two outflows along the line of sight
is necessary, the physical separation is not constrained, except
that the faster absorber A must be farther than absorber B for
line-locking to occur.

The shaded regions in Fig. 6 visualise conditions in which
column densities of different ions are at the observed values.
The tightly constrained position of the shielding absorber B in
this parameter space allows us to speculate why line-locking in
NV can be successfully maintained in this outflow. When the
ionisation parameter changes, as a result of the ionising source
variability, the strength of the Si1v or C 1V absorption lines will
change significantly. This translates in Fig. 6 in that the predicted
column density of these ions will move away from the shaded
area already with a relatively small deviation of log &. In the case
of N v, the sensitivity is much smaller, as for the found total col-
umn density the absorption troughs will stay similarly deep if
& changes within 1 dex from the 2015 value. We caution that
while this factor alone plays in favour of NV as the more likely
line-locking ion with respect to similarly strong and more often
witnessed C 1V, the actual dynamical conditions depend also on
the covering fraction across the velocity profile of the shielding
trough and other effects that can contribute significantly to the
presently observed line-locking.

We find that the contribution of the red N v doublet compo-
nent from absorber A to the trough of blue NV component of
absorber B is consistent with zero (see Sect. 3.3.2), which is also
consistent with the line-locking scenario. Because if the lack of
radiation at the red NV transition energy prevents further accel-
eration, the associated absorption signature should be propor-
tionally weaker or even absent, despite the otherwise favourable
ionisation state of the gas. If, on the contrary, the line-locking
was caused purely by geometrical alignment along the line of
sight, the observed absorption of the overlapping components
would appear deeper.

In this line-driving scenario, the weak feature clearly
detected in Ly @ and NV at —2755kms™! (the low-velocity end
of system A troughs) deserves more attention. The red counter-
part of the NV doublet does not fall in the absorption shadow

of the kinematic system B. However, if the acceleration via
NV has similar importance as for the absorption trough A, this
absorber could be accelerating and might eventually reach the
same velocity, merging with the main trough in the spectrum.
Evidence for such acceleration, in a line-driven quasar outflow,
has been observed by Hall et al. (2007), based on a displacement
of absorption features between observations separated by only
1.4 years. To test for any line shift in our data, we examined an
archival COS spectrum (taken between 1150 and 1470 A) from
January 2012. Despite a lower signal-to-noise ratio of the spec-
trum, the data quality allowed us to confirm the presence and
similar strength of the same absorption systems that we iden-
tified in the 2015 spectrum. The location of the —2755km s
feature in Ly @ and the blue component of N V is consistent with
the 2015 position within the calibration uncertainty, although an
indication of a small (0.04 A) blue-ward shift in the 2015 spec-
trum is visible in both lines. Based on this value, we place an
upper limit on the radial acceleration, a < —10km s~ yr~!.

It is important to keep in mind that line-locking identifies
radiation-driving as an important outward-acting acceleration
mechanism, not as the dominant one. In fact, the extended blue
tail of the absorption trough of outflow B (see Fig. 4) resem-
bles rather the effects of a magnetically-driven wind, presented
by Fukumura et al. (2022). Ultimately, however, the observed
absorption profile is determined also by the velocity-dependent
absorption measure distribution and other factors, making it dif-
ficult to discern if there are other mechanisms at play.

4.3. X-ray-UV correspondence

As described in Sect. 3.3.2, we obtained tight constraints on
the column density and the ionisation parameter that best
reproduce the observed ionic column densities of the long-
seen outflow at —1950kms~!. The ionisation parameter gives
a remarkably good match with the X-ray warm absorber at
the same outflow velocity, which suggests that the UV and X-
ray absorption are produced by the same medium. Such UV-
X-ray connection has been found in other AGN outflows (e.g.
Mathur et al. 1995; Gabel et al. 2003; Steenbrugge et al. 2003;
Crenshaw & Kraemer 2012). However, the UV column density
in I Zw 1 derived from our data is by 0.8 dex lower than that of
the X-ray gas.

For I Zw 1, the derived ionic column densities of CIV,
Nv, and SilIv agree on the total column density of Ny = 5 X
10! cm™2. The PV ionic column density suggests a somewhat
higher value for the total column, bridging the gap between the
X-ray constraint and other ions in the UV. We note, however, that
our assumptions about the chemical composition of the gas can
reflect in this prediction more than in those from other exam-
ined elements. Phosphorus is a weakly abundant element and
a small deviation from the assumed solar abundance can have
a large impact on the predicted total column density. Elevated
phosphorus content in quasar outflows has been reported by e.g.
Arav et al. (2001), Borguet et al. (2012b), with the measured val-
ues — corrected for saturation — reaching ten and four times solar
abundance, respectively. A similar situation could apply to our
data. A four times higher phosphorus abundance would not only
match the combination of the total column density and the ion-
isation parameter predicted from other lines but could also help
explain a rather strong emission of the phosphorus doublet. We
note that the apparently stronger emission from the red doublet
component (see Table A.1) is unphysical and may hint at con-
tamination, possibly by Fe 111" (Ekberg 1993).
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The partial covering method used in our analysis allows for
a reasonably accurate measurement of the ionic column densi-
ties. Nevertheless, the UV column density might still be some-
what underestimated for the following reasons. We modelled the
emission spectrum assuming all absorption features are narrow
and well-identified, and that no significant blends by e.g. Fe11,
Fe1 influence the emission line profiles (see Sect. 3.2). Nev-
ertheless, a selective contribution to the flux at the position of
the C1v 11548.19 absorption could lower the apparent level of
saturation and consequently lead to an underprediction of the
total column density. Other doublets seen in absorption are either
contaminated by other absorption features or too weak to inde-
pendently constrain the line ratio. Also, the absorption troughs
consist of several components in velocity space, spanning sev-
eral kms™! in total. It is therefore possible that the line ratio
also varies as a function of velocity, as shown e.g. in Arav et al.
(2002, 2003). This effect, however, cannot be isolated in our
data due to the modelling uncertainties. Additionally, we con-
strained the covering fraction velocity profiles in the analysis
(see Sect. 3), and assumed the absorber is covering homoge-
neously and uniformly both the continuum and the emission
lines, which might not be an accurate representation of the sit-
uation and could contribute to the column density discrepancy
(Ganguly et al. 1999; Gabel et al. 2003; Arav et al. 2005, 2008).
Finally, it is important to note that the different X-ray and UV
column densities can be explained simply by geometric effects,
resulting from different wavelength-dependent apparent sizes of
both the emitting and absorbing components of the system.

Another apparent disagreement is in the covering fraction.
While the covering of the X-ray warm absorber is consistent
with unity, the UV-absorbing doublet ratios require a signifi-
cantly smaller covering fraction, Cy ~ 0.4. Again, an intuitive
explanation for such a discrepancy lies in the relative sizes of the
underlying, emission-producing regions. The geometrical extent
of the X-ray continuum source is considerably smaller than that
of the UV-emitting region, and thus while its complete cover-
age can be in principle easily achieved if the angular size of the
absorber is not sufficiently large or if the absorber is clumpy, it
might not cover the entire UV source, as observed.

A clumpy structure of the outflow in this source is con-
sistent with the behaviour observed by Costantini et al. (2007),
Silva et al. (2018), Rogantini et al. (2022), who compare the
X-ray warm absorbers in I Zw 1 observed with RGS in 2002,
2005, 2015, and 2020. They observe variability of both the ioni-
sation parameter and column density, without any apparent rela-
tion to the changes in the ionising continuum. Such behaviour,
particularly the variable column density, suggests that different
parts of the same outflow (at the same radial velocity) are passing
across the line of sight in each observation. Beyond the observed
motion along the line of sight, an additional transverse velocity
component could produce variations in the X-ray column den-
sity if the outflow is clumpy. At the same time, the UV absorber
could stay relatively stable in its overall properties. Unfortu-
nately, at the other instances when I Zw 1 was observed with
RGS, high-resolution UV spectra, which could shed more light
on any variability of the UV properties at these times, are not
available.

The velocity and ionisation distribution of the UV and X-ray
absorbers provide further evidence for a complex and dynamic
environment in the innermost region of the highly accreting
object. To provide an overall picture of the ionisation properties
of the outflows with respect to the ionising radiation, we visu-
alise the positions of the outflows on the thermal stability curve
in Fig. 7. The pressure ionisation parameter & plotted on the x-
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Fig. 7. Thermal stability curve for I Zw 1. The ionisation pressure
parameter values of the UV and X-ray photoionised absorbers are
shown on the curve. For absorber A, the minimal value is obtained as
the crossing of the 1o contour in Fig. 6 and the lower limit from N V.

axis is defined as E = L/(dnr’cp) = &/(4nckT), where c is the
speed of light, k is the Boltzmann constant and T is the electron
temperature. The solid black line represents the thermal stability
curve, the boundary between the regions with dominant cooling
(above the curve) and dominant heating (below; e.g. Krolik et al.
1981). It can be seen that the disc-dominated ionising spectrum
does not naturally support the development of thermal instabil-
ities in the ionised gas, which is manifested by the absence of
the “S” shape of the stability curve, typical for harder SEDs (e.g.
Gallo et al. 2023).

4.4. The emission counterpart of the warm absorber

It is possible that the UV spectrum reveals more information
about the properties of outflow B. Laor et al. (1997) identified
the broad emission feature in the FOS spectrum at ~1730 A in
the observer frame as highly blueshifted He IT emission. Based
on the correspondence with the detected ionised absorption
velocity shift, the authors argue the emission and absorption
could be produced by the same ionised gas, part of which lies
in the line of sight. With our higher-resolution HST-COS data,
we expand on this idea. In Fig. 8, we show this He IT emission
feature as it appears in our spectrum — highly asymmetric and
double-peaked. The strong, broader component peaks around
the velocity shift of —1950km s~!, consistent with the strongest
absorber (B). The second peak is weaker and narrower and is
located at —300kms~', a shift consistent with the location of
low-ionisation lines present in the spectrum, such as CII or STI
(Table A.1). We note that the equivalent width of the stronger
He 1l emission line is consistent with quasar scaling relations
presented in Timlin et al. (2021), considering the inherent data
scatter.

We do not conclusively identify any other emission lines
shifted to —1950kms~!. This is in part due to blending with
stronger emission features at the corresponding line shifts and
also because of the somewhat uncertain contribution of blended
Ferr and Fenr emission features. Nevertheless, two candi-
dates can be found in the spectrum. An isolated emission line,
located at 1373 A, could belong to the O111302.17 transition
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Fig. 8. Continuum-subtracted emission lines displayed as a function of
velocity relative to the systemic redshift of z = 0.061169. The lines
are not corrected for blending with nearby features. Besides Ly a, the
displayed lines are doublets, with the velocity shift derived for the blue
component. Note that the flux increase at approximately —2300 km s~
in the Ly @ profile coincides with the position of the SiIlt 41206.50.
The flux enhancement at the velocity corresponding to the absorption
system B (=1950kms™') in other lines is addressed in the text. Ly a
and C1V are scaled for visualisation purposes.

blueshifted to the correct wavelength. We show also this tenta-
tive O 1 feature in Fig. 8, along with Ly @, to illustrate the location
of the —1950 km s~! absorption trough, C1v, and P V. The latter
also displays enhanced flux around —2000 km s~!. Interestingly,
no increased emission that could be associated with blueshifted
C11141334.53,1335.71 can be seen in the spectrum.

We stress that the reasoning connecting the B outflow com-
ponent to a larger, line-emitting, region, is associated with
important caveats. Namely, the tentative identification of each
of the emission features plotted in Fig. 8 is based on their veloc-
ity shift with respect to the rest frame of the neighbouring lines.
As mentioned in Sect. 3.2, the line emission from Fe IT and Fe 111
to the spectrum may provide an alternative explanation for some
or all of the observed, apparently strongly blueshifted, features
(Wills et al. 1985; Laor et al. 1997).

Nevertheless, with the above-stated caveat, we speculate that
if indeed the apparent blueshifted He IT and O I emission belongs
to the same gas, the absence of other low-ionisation emission
lines at this velocity could place limits on the gas properties.
Namely, HeIl and OT are produced primarily in gas of den-
sities ne ~ 108—10cm™3. At the same time, the absence of
the C1I doublet is consistent with these constraints, as it would
require higher densities (and lower ionisation) to be produced
efficiently. Under such conditions, this gas would be more tenu-
ous than the bulk of the broad line region, which is expected to be
ne ~ 10" ecm™ (Laor et al. 1997), and denser than the narrow-
line region gas, with n, ~ 10°-107 cm™ (Véron-Cetty et al.
2004). Under the assumption that the gas density indeed lies in
the range ~108=10'%c¢cm™3, we can derive a crude estimate of its
location directly from the definition of the ionisation parameter
&. Namely, the ionising flux required by the observed & places
the outflow to r ~ 10'78~10'88 cm from the central source. This
value range is broadly consistent with the outflow position within
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Fig. 9. Cartoon of the observed emission and absorption regions in
IZw 1. The highly asymmetric profiles with nearly absent red wings can
be explained with a rather vertically outflowing BLR. Inwards increas-
ing (radial) velocity of the BLR clouds would result in the detected
emission-peak blueshift that grows with ionisation. The outward accel-
eration of ionised absorption components A and B is directed along the
line of sight, which allows N Vv line-locking to be seen in the spectrum.
Additional transverse motion (e.g. Keplerian, perpendicular to the plane
of the image) and a clumpy structure of the outflow B can produce the
observed changes in the total column density of the otherwise persis-
tent absorption, detected in the UV and X-ray spectra for over 20 years.
If the line emission of unclear origin discussed in Sect. 4.4 belongs to
blueshifted emission from outflow B, then this gas spans over a larger
area and might have originated in the outflowing BLR.

the dust sublimation radius, which can be estimated from the
bolometric luminosity to 7y ~ 10'%1-10'8 cm, depending on
the dust grain composition (Mor & Netzer 2012).

4.5. Geometrical constraints

Irrespective of the possible absorption-emission connection in
the B component, the rich UV spectrum of I Zw 1 with its
relatively narrow, blueshifted, broad-emission lines as well as
absorption features presents valuable insight into the geometry
and kinematics of the innermost region of this AGN. We visu-
alise the geometry constraints resulting from our analysis with a
cartoon in Fig. 9 and explain our reasoning below.

The highly asymmetric broad emission lines (Fig. 1 and
Sect. 3.2) with little emission in the red wings suggest that the
broad-line producing gas is outflowing at an angle smaller than
the AGN inclination (Murray & Chiang 1997; Chajet & Hall
2013, marked as ¢ in Fig. 9), with the receding part obscured
by the optically thick accretion disc. Additionally, the increas-
ing blueshift of the emission line peak with increasing ionisation
gives evidence for radial stratification in the outflow velocity.

In Sect. 3.3.2, we show that the four ionised absorption sys-
tems detected in the spectrum cover both the emission lines and
the continuum, which places the absorbing gas at least as far as
the broad line region. The line-locking seen between the kine-
matic components A and B implies that the outward accelera-
tion of these two absorbers is directed along our line of sight,
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with A farther away from the ionising source, and that radiative
acceleration is strong enough to cause their dynamical coupling.
Additionally, the time-dependent behaviour of the X-ray absorp-
tion spectrum, discussed in Sect. 4.3, implies a clumpy struc-
ture of component B, revealed as a result of sufficient transverse
velocity component of the flow. Required by the line-locking
and similar UV covering fractions (Sect. 3), this property likely
applies also to the shielded component A. Finally, due to the
weak absorption features associated with components C and D,
little can be said about the geometry of these outflows.

5. Summary

In this paper, we analyse the HST-COS spectrum of I Zw 1 taken
in 2015 as a part of a multi-wavelength campaign. We perform
photoionisation modelling of the observed spectral features with
the aim of characterising the absorbing medium associated with
the AGN. Our major findings from this investigation are the fol-
lowing.

1. We identify and analyse four kinematic components of
ionised absorbers, located at —60, —280, —1950, and
—-2900km s~! with respect to the cosmological redshift. The
corresponding absorption features are detected in Ly @, C1V,
NV, Si1v, and in the case of the most prominent absorber
also in Pv. See Sect. 3.3.1.

2. For the —1950 and —2900 km s~! outflows, we constrain the
covering fraction from doublet ratios to 0.45 + 0.04 and
0.44 +0.04, respectively. The —60 and —280 km s™! outflows
are much weaker, and while their covering fraction cannot
be precisely constrained, the NV line ratios are consistent
with optically thin conditions, allowing full covering of the
source. See Sect. 3.3.2.

3. The strongest, long-observed outflow, corresponds to an
X-ray warm absorber with matching radial velocity of
—1950km s~! and ionisation (log & = —0.1). The UV column
density of this outflow is Ng ~ 5 x 10'” cm™2. This value is
approximately eight times lower than the one of the X-ray
absorber. See Sects. 3.3.2 and 4.3.

4. The velocity difference of the —1950 and —2900 kms~! sys-
tems corresponds to the NV doublet separation, 964 kms~!.
The observation of line-locking indicates a coupling between
the two kinematic components, suggesting that line absorp-
tion plays a significant role in the acceleration of these out-
flows. Moreover, this effect reveals the direction of out-
flow motion due to the radiative acceleration, which is
aligned with our line of sight. A clumpy structure of
the wind combined with sufficient additional transverse
motion can explain this geometrical requirement together
with long-timescale changes in the X-ray column density
of the —1950km s~! absorber reported in the literature. See
Sects. 4.2 and 4.5.

5. Based on the observed kinematics, we speculate on a cor-
respondence between the —1950kms~' absorber and an
emission component, possibly extended from the broad line
region. See Sect. 4.4.
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Appendix A: Properties of the modelled UV
emission and absorption lines

Table A.1. Emission line components properties derived from the 2015 COS spectrum of I Zw 1.

Notes. @The asymmetry parameter y is defined as FWHM, = y FWHM,, where FWHM, and FWHM,, are the full-width half maximum values

Feature Ao Flux Ucen FWHM, @
(A) 10714 erg cm2g”! kms™! kms™!

Pv 1117.98 0.6+0.1 —-2390 +£40 800 « 100 1.0

Pv 1117.98 6.7+02 —-630+20 2100+ 100 0.53+0.05
Pv 1128.01 10.3 £ 0.1 —-630 =20 2370 £80 0.50 +£0.03
cur* 1175.74 3.84 + 0.08 -500 + 20 1430 £40 0.67 £0.04
Sinn 1190.42 29+0.2 -500 % 20 1090 + 50 1.0
Sinn 1193.29 09+0.1 =250+ 10 460 = 50 1.0
Sinn 1194.50 09+0.1 =250+ 10 460 + 50 1.0
Sinn 1197.39 05+02 =250+ 10 460 = 50 1.0
unknown 1273.40® 4.8+0.9 .- 1300 + 200 1.0
Si 1206.50 11+2 =200+ 100 1050 + 60 1.0
Lya 1215.67 32+3 -390 = 20 680 + 50 1.0
Lya 1215.67 76 + 6 —600 + 100 2400 + 200 0.7+0.1
Lya 1215.67 49 +7 -150+20 1700+ 100 0.27 £0.02
Lya 1215.67 123 £ 8 200+ 100 9200 400 09=+0.1
Nv 1238.82 95+09 —1100 £20 2300 + 400 1.0
Nv 1242.80 95+09 —-1100 £20 2300 = 400 1.0
Nv© 1240.80 49 +7 —400+40 4200+ 100 0.31+0.03
S 1250.58 20+£0.2 -270+20 1400 = 300 0.4+0.1
S 1253.81 23+04 -260+20 1400 = 300 04+0.1
Sinn 1260.42 43+0.3 -330 + 20 940 + 70 09+0.1
Siir* 1264.73 47 +0.3 -300 = 20 910 £ 60 0.85 +0.07
unknown 1372.85® 1.6 £0.1 e 930 + 70 1.0
unknown 1378.25® 19+04 e 800 = 100 1.0

O1 1302.17 37+04 —-149 £ 8 500 + 30 1.0
Sinn+01 1304.86 32+0.2 -203 +£9 400 = 20 1.0

O1 1306.03 23+02 —-149 £ 8 370 £ 20 1.0

O1 1309.28 2.34 +£0.08 —-190 + 10 690 + 30 1.0
Cu+Cu 1335.12 22+02 -294 £ 8 620 + 30 1.0
Cu+Cu 1335.12 4.6 +0.2 —-670 + 20 1330 + 30 1.0
Pur* 1344.33 1.48 +£0.05 —-190 + 30 910 + 60 0.60 + 0.09
Sitv+01v] 1402.77 T+1 -590+70 2100 %300 1.0
SiIv+01v] 1393.76 9+2 —-510 = 40 2630 60 0.37 +£0.05
Sitv+01v] 1402.77 13+£2 —-600+30 3200700 0.33+0.09
Sinn 1526.71 25+02 -230+ 30 1070 + 60 1.0
Siir* 1533.45 45+09 —-230 =40 1070 + 60 1.0
Civ 1548.19 95+04 —-380+ 20 900 + 30 1.0
Civ 1550.77 95+04 —-380 + 20 900 + 30 1.0
Civ 1548.19 15.7+0.5 —-1180£50 2700+ 100 0.31 +£0.06
Civ 1550.77 157 +£0.5 —-1180+£50 2700+ 100 0.31 +0.06
He 1 1640.42 56+04 -2160 +£70 1200 + 100 1.8+04
He1nr 1640.42 0702 -300 = 50 600 = 100 1.0

for the red and blue wing of the Gaussian line profile. ®’Observed wavelength. “Blended doublet emission component.
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Table A.2. Absorption line properties derived from the 2015 COS spectrum of I Zw 1.

Ton Ao EW Ucen FWHM
(A) (A) (kms™") (kms™")
Pv 1117.98 0.023 + 0.007 —1890 + 8 60 + 20
Pv 1128.01 0.012+£0.004 —-1890+8 60 + 20
HI1 1215.67 0.129 + 0.006 —2886 + 2 88+ 5
Hi 1215.67 0.022 £0.004 -2755+4 50+ 10
Hi 1215.67 0.04 £ 0.01 —-2240 + 20 130 + 60
HI1 1215.67 0.11 £0.05 —-2090 + 20 130 +£ 20
Hi 1215.67 0.21 £ 0.07 —-1954 + 9 130 +£ 20
Hi 1215.67 0.033 +£0.004 -1875+3 60+ 8
HI1 1215.67 0.033 + 0.003 —1309 + 3 61+7
HI1 1215.67 0.038 + 0.002 -382+2 70+£2
H1 1215.67 0.034 + 0.002 —294 + 2 70+2
HI1 1215.67 0.026 + 0.002 —-179+3 70+2
HI1 1215.67 0.037 + 0.002 —-81+2 70+2
HI1 1215.67 0.029 = 0.003 106 £ 3 65+7
Nv 1238.82 0.038 + 0.008 -2752 +4 40+ 10
Nv 1238.82 0.02 + 0.01 —-2160 + 20 70 + 30
Nv 1238.82 0.13+£0.04 —-2060 + 10 110 + 30
Nv 1238.82 0.02 £0.01 —-1977+3 28+ 9
Nv 1238.82 0.21 £0.04 —-1922 +9 120 = 20
Nv 1238.82 0.02 +£0.01 —1790 + 20 70 + 30
Nv 1238.82 0.051 + 0.004 -283 + 1 35+3
Nv 1238.82  0.044 + 0.004 —-67+2 36 +4
Nv 1242.80 0.012+0.006 -2160+20 70 + 30
Nv 1242.80 0.08 +£0.02 —-2060 + 10 110 £ 30
Nv 1242.80 0.018 + 0.009 -1977 +3 28 +9
Nv 1242.80 0.15+0.03 —-1922+9 120 + 20
Nv 1242.80 0.010+0.006 —1790 + 20 70 £ 30
Nv 1242.80 0.025 + 0.002 283 + 1 35+3
Nv 1242.80 0.022 + 0.002 —-67+2 36 +4
Sitv 1393.76 0.011 £ 0.004 —-2887 + 6 30.0
Sitv 1393.76 0.045 + 0.005 —-1907 + 3 46 + 6
Sirv 1393.76 0.008 +0.003 —-1837+6 30.0
Sitv - 1393.76 0.005 + 0.003 -280+ 10 30.0
Sitv 140277 0.006 £0.002 —-2887+6 30.0
Sitv  1402.77 0.025 + 0.003 —-1907 + 3 46+ 6
Sitv  1402.77 0.004 + 0.002 —-1837+6 30.0
Sirv - 1402.77 0.003 + 0.001 =280+ 10 30.0
Civ 1548.19 0.10 £ 0.01 2861 +4 90+ 10
Civ 1548.19 0.044 +£0.008 -2110+10 100.0=+20
Civ  1548.19 0.101 £0.007 -=-2010+10 100.0 £ 8
Civ 1548.19 0.20 +£0.03 —-1914 + 8 90+ 10
Civ 1548.19 0.016 + 0.004 —1880 + 8 40+ 10
Civ  1548.19 0.046 + 0.007 -293+5 70+ 10
Civ 1548.19 0.014 + 0.004 -63+5 30.0
Civ  1550.77 0.057 +0.009 -2861 +4 90+ 10
Civ  1550.77 0.033+£0.006 -2110+10 100.0=+20
Civ 1550.77 0.076 £ 0.006 -2010+ 10 100.0 £ 8
Civ  1550.77 0.15+0.02 -1914 + 8 90 + 10
Civ  1550.77 0.012 +£0.003 —1880 + 8 40+ 10
Civ 1550.77 0.023 + 0.003 -293+5 70+ 10
Civ  1550.77 0.007 +0.002 -63+5 30.0
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