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1
Introduction

1.1

Active Galactic Nuclei

Active galactic nuclei (AGN) are incredibly luminous. The luminosities in the nuclei
of active galaxies can exceed the total luminosity of the host galaxy by several orders
of magnitude (LbolAGN ∼ 1040 − 1047 ergs s−1 ). The persistent, broadband, emission is
powered by accretion of surrounding material onto a supermassive black hole (106 −
109 M ; Rees 1984). Infall of matter in the vicinity of a black hole is also associated
with outﬂow events. Powerful outﬂows from AGN can strongly inﬂuence its host
galaxy, or even the intracluster medium, a phenomenon known as AGN feedback
(Fabian 2012; King & Pounds 2015). Assessing the nature and characteristics of the
outﬂows are hence crucial to the understanding of large-scale structure formation and
evolution in the Universe.

1.1.1

Spectral energy distribution

Extensive observations throughout the past decades, across the whole electromagnetic
spectrum, allowed a canonical picture of these objects to be inferred (see Padovani
et al. 2017, for a recent review). Due to the extreme luminosities and rapid variability (hence compact volumes) associated with the emission from the central regions of
active galaxies, it soon became clear that AGN must be powered by a process more
eﬃcient than stellar processes (e.g. Fabian 1979). Accretion onto a central supermassive black hole was ﬁrst proposed in the 60s (Salpeter 1964; Zel’dovich & Novikov
1964; see also Rees 1984) and is currently widely accepted as the likely mechanism
responsible for powering AGN.
The standard AGN paradigm (Antonucci 1993; Urry & Padovani 1995) can be
described as follows and is schematicaly represented in Fig. 1.1. A simpliﬁed diagram
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Figure 1.1: Schematic view of the uniﬁed model of AGN.

of the corresponding spectral energy distribution (SED) is shown in Fig. 1.2. The gas
in the vicinity of the black hole forms an accretion disk, due to the angular momentum
that is carried by the in-falling matter. Viscous forces in the disk are then responsible
for dissipating energy and carrying angular momentum outwards, thus driving the
gas in. Radiation from the accretion disk produces a thermal blackbody emission
proﬁle which peaks in the optical/UV (dashed red line in Fig. 1.2), as expected from
a standard optically thick, geometrically thin disk (Shakura & Sunyaev 1973). Most
of the X-ray emission observed from AGN is well modelled by a hard power-law
component with a cut-oﬀ at high energies (see dashed blue line in Fig. 1.2). This
non-thermal component is assumed to originate in a hot, optically thin medium,
generally referred to as the ‘corona’, through the up-scattering of disk photons by
Comptonization (Haardt & Maraschi 1993). While the geometry of the corona is
not fully understood, variability arguments suggest it to be very compact (see more
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Figure 1.2: Simpliﬁed schematic diagram of an AGN SED highlighting the contribution of the
diﬀerent emission mechanisms. Adapted from Collinson et al. (2017).

in Section 1.1.2). Reprocessing of the hot coronal emission in the disk results in
observable reﬂection signatures, characteristic of a reﬂection spectrum (Lightman &
White 1988), particularly in the hard X-rays through the reﬂection hump, see dasheddotted purple line in Fig. 1.2 (George & Fabian 1991; Done 2010). An additional
signature of the reﬂection spectrum is the presence of a ﬂuorescent Fe K-α emission
line at ∼ 6.4 keV. Reﬂection from the inner disc may further contribute to the observed
‘soft excess’ (Crummy et al. 2006; Fabian et al. 2009), although this component can
also be attributed to partially ionized absorption (Gierliński & Done 2004) or to
inverse Compton processes within the disk (Done et al. 2012).
In addition to the continuum emission from the accretion disk, the optical/UV
spectrum of AGN is populated by emission lines. The emission lines arise due to
ionization of the surrounding material by the central source. In particular, these
emission lines are thought to originate from two distinct gaseous environments, the
broad-line region (BLR) and the narrow-line region (NLR) (see Fig. 1.1). The BLR,
formed by large column density clouds, is responsible for the emission of lines whose
proﬁles are broadened by several thousand km s−1 . These high-density clouds are
located at ≤ 1pc from the central engine and their kinematics are dominated by
virialized motions around the central black hole (Gaskell 1988). Characterization of
the BLR through reverberation mapping (see Section 1.1.2, for details) allows tight
constraints to be placed on the masses of the central black holes, as well as providing
new insights on the geometry of this region. Broad emission lines have also been
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detected in high-resolution X-ray spectra, whose widths and ﬂuxes are consistent
with a BLR origin (e.g Costantini et al. 2016).
Narrow emission lines, often observed in the optical and the UV, are instead
believed to be produced by clouds located further from the source (up to ∼ 3 kpc,
Bennert et al. 2006) with widths of the order of several hundreds of km s−1 . The
presence of narrow forbidden lines implies a low density for the clouds in the NLR.
While narrow emission lines are widely detected in the spectra of active galaxies,
only a subset of AGN show the presence of broad lines. Polarization studies revealed
that some of the AGN apparently lacking such broad-lines were in fact obscured, and
the lines resultant from the turbulent gas in the broad-line region could be detected
when seen in polarised light (Antonucci & Miller 1985). Such observations led to the
proposal of the AGN uniﬁcation model (Antonucci 1993; Urry & Padovani 1995, and
references therein), where the diﬀerences in the observations of Type – 1 and Type – 2
AGN are attributed to the object’s orientation with respect to the observer’s line-ofsight. The key element in the paradigm is the presence of an obscuring dusty torus,
which sits in the equatorial plane (see Fig. 1.1), at about 1 pc, or less, from the central
source. When the line-of-sight intersects the torus, only narrow lines are detected and
a Type – 2 AGN is observed. On the contrary, Type – 1 AGN, showing the presence
of both narrow and broad emission lines, are observed when the line-of-sight is not at
the equatorial plane, hence not intersecting the obscuring torus. Despite its simplicity
and drawbacks (see Netzer 2015, for a recent review), this model quite successfully
explains observations of a wide variety of AGN. The torus absorbs the AGN continuum
ﬂux and re-emits the reprocessed UV and X-ray photons in the infrared (IR), leading
to the observed thermal IR bump (dot-dashed magenta line in Fig. 1.2). The inner
rim of the torus corresponds to the sublimation radius, where the dust grains can
survive the AGN radiation ﬁeld (Barvainis 1987), and determines the boundaries of
the BLR (e.g. Suganuma et al. 2006).

1.1.2

Variability

Variability is one of the most important characteristics of AGN. The bright and
persistent emission, covering the whole magnetic spectrum, is variable over a wide
range of timescales, from years to minutes (Ulrich et al. 1997). The detection of rapid
variability in the emission from the cores of active galaxies suggested early on that
the size of the emitting region is small, no more than a few light days (Greenstein &
Schmidt 1964; Terrell 1964). The estimates for the size of the emitting region follow
from the causality argument, that states that the light-travel time of the source is of
the order of the variability timescale. These estimates favoured the idea that accretion
onto a supermassive black hole power the source. Over the years, variability studies
have been crucial to the understanding of the underlying physical processes of the
emitting region (Mushotzky et al. 1993; Ulrich et al. 1997; Gaskell & Klimek 2003).
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While the continuum variability provided estimates on the size of the source, emissionline variability has been a fundamental tool in determining the masses of the black
holes in the center of active galaxies (see Peterson 2014, for a review). Variability
is thus vital to the understanding of the powering engine of AGN. In the context of
this thesis, optical/UV and X-ray variability are particularly important and will be
discussed in more detail below.
Optical/UV variability and reverberation mapping
Variations in the optical and UV light curves of AGN are highly correlated (e.g.
Cameron et al. 2012), implying that the variability in both bands originates from
a common physical region, in particular, the accretion disk which is thought to be
responsible for most of the emission at these wavelengths1 . The timescales for variability in these bands are wide in range, covering timescales of less than one day up
to months and years. The origin of the variability has been associated with reprocessing of the X-rays in the disk (e.g. Krolik et al. 1991). This idea is supported by
observations of correlated variability between the optical/UV and the X-rays, and
associated time lags (e.g. Cameron et al. 2012; McHardy et al. 2014). Nonetheless, it
has been found that not all the optical/UV variability can be explained due to X-ray
irradiation of the disk by the central source (e.g. Arévalo et al. 2009; Breedt et al.
2010). Longer term variability is hence thought to originate directly from the disk.
While obscuration of the ionizing continuum by gas crossing the line of sight may
add an additional contribution to the observed variability in AGN (both in the optical/UV and X-rays), it is now widely accepted that most of the observed variability
is intrinsic (Padovani et al. 2017).
In addition to the underlying continuum, the broad-emission lines present in the
spectra of AGN have also been found to vary. Variations in the ﬂux and proﬁle of
the emission lines have been connected to continuum changes, which drive a response
in the gas producing the lines. The lines ‘reverberate’ the continuum emission with a
delay due to light travel times within the broad line region. Monitoring the emissionline response to the continuum variations allowed tight constraints to be placed on the
geometry of the broad-line region. This method was formally introduced by Blandford
& McKee (1982), who ﬁrst referred to it as reverberation mapping. Measuring these
time delays yields an estimate of the distance of the clouds to the central source
which, combined with the line velocity widths, can be used to infer the mass of
the central black hole (for a review see Peterson & Bentz 2006). Nowadays, extensive
reverberation mapping campaigns unveil the detailed structure of the broad line region
(e.g. Pancoast et al. 2013; Grier et al. 2013), while still being a powerful tool for
accurate measurements of black hole masses (e.g. Grier et al. 2012).
1 This excludes the case of blazars, for which variability in these bands may be dominated by the
emission associated with a relativistic jet (Ulrich et al. 1997, for a review).
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X-ray variability and time lags
The X-ray light curves of AGN show the most rapid variability. The erratic and
(mostly2 ) aperiodic nature of the time series (Lawrence et al. 1987; McHardy 1989)
is also characterized by larger amplitude variations occurring on longer timescales.
This kind of behaviour can be associated with red noise (Press 1978) and can be
inferred from the shape of the power-spectral density (PSD). The PSD results from
the squared amplitude of the Fourier transform, and it is an important tool to assess
the power of the variability at diﬀerent timescales. Generally the shape of the PSDs
is well described by a power-law which decreases steeply at high Fourier frequencies
(short timescales), although some sources show more complex power spectra (see e.g.
the power-spectral density of NGC 4051 shown in Fig. 1.3), preferring a bending
power-law model with ﬂatter power-spectra below a characteristic bending frequency
(see González-Martín & Vaughan 2012), which scales linearly with black hole mass
(e.g. Uttley et al. 2002; McHardy et al. 2006).

Figure 1.3: Broad-band power spectral density of NGC 4051 obtained from XMM-Newton observations (0.2 − 10 keV). The solid curve represents the best-ﬁtting bending power-law continuum
model. Credit: Vaughan et al. (2011a).

These intrinsic ﬂux variations in the X-ray band are thought to originate from the
innermost regions of the accretion ﬂow. An important characteristic of the X-ray vari2 Quasi-periodic oscillations, when they exist, are very diﬃcult to uncover in AGN (Vaughan &
Uttley 2005, 2006) and have only been robustly detected in the X-ray time series of the Seyfert
galaxy RE J1034+396 (Gierliński et al. 2008; Alston et al. 2014).

6

1.1 Active Galactic Nuclei

ability in AGN, usually referred to as ‘rms-ﬂux relation’ (Uttley & McHardy 2001),
shows that sources are more variable when brighter. This led to the acknowledgment that the underlying physical processes driving the variability are multiplicative
rather than linear, which favours accretion rate variation models as the possible mechanism for the origin of the X-ray variations (Uttley et al. 2005). The origin of X-ray
variability is hence explained due to inward-propagating mass accretion ﬂuctuations
(Lyubarskii 1997; Arévalo & Uttley 2006), which also ought to be responsible for
driving the variability in optical/UV.
The characteristics of AGN variability in the X-rays depend not only on timescale
but also on the observed energy band. Diﬀerent energy bands display diﬀerent behaviour at diﬀerent timescales. In particular, the soft X-ray photons have been found
to lag the photons in the hard X-ray band on short timescales (see top panel of
Fig. 1.4), while at longer timescales the soft emission leads the hard (see bottom
panel of Fig. 1.4). Interpreting this complex timescale dependent behaviour in the

Figure 1.4: Two light curve segments of 1H0707 for the soft (0.3 − 1.0 keV, in red) and hard
(1.0 − 4.0 keV, in blue) X-ray bands, ﬁltered to the timescales of interest. The top panel shows the
light curves with a time binning of 700 s showing the soft X-rays lagging the hard band. On the
bottom panel, the light curves are presented for a time binning of 5000 s, where the emission from
the soft photons leads the variations in the hard X-ray band. Credit: Zoghbi et al. (2010).

time-domain can be quite challenging. The use of Fourier methods3 is here particu3 The Fourier methods used for the estimation of the spectral-timing products here discussed, such
as lag-frequency and lag-energy spectra, can be found in Section 2.4, following the detailed recipes
by Uttley et al. (2014).
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Figure 1.5: Left: Lag-frequency spectrum of 1H0707 for the soft (0.3−1.0 keV) vs the hard(1.0−4.0
keV) X-ray band. Credit: Zoghbi et al. (2011). Right: Lag-energy proﬁles for some of the sources
that exhibit Fe K lags. The lag-energy spectra are computed by the estimation of the time lags
between a narrow energy band and a broad continuum band, over a (Fourier) frequency range of
interest. Credit: Kara et al. (2013).

larly convenient, allowing for the diﬀerent processes associated with the time lags to
be disentangled in a straightforward way. The lag-frequency spectrum is a useful tool
to illustrate the time-lags between two time series as a function of Fourier-frequency
(which corresponds to the inverse of the timescale considered). It is common in AGN
to distinguish a dual type of behaviour in the lag-frequency spectrum, which relates
to the complex timescale-dependent behaviour mentioned above. At low Fourier frequencies (long timescales) a positive (hard) lag is identiﬁed, meaning that the soft
photons lead the hard, while at high Fourier frequencies the hard emission leads the
soft, resulting in a negative (soft) lag (see left plot in Fig. 1.5). The ﬁrst robust
detection of a high-frequency soft lag in AGN was reported by Fabian et al. (2009),
and was associated with reverberation from the irradiated accretion disk. Through
an extensive study considering dozens of sources, De Marco et al. (2013) found the
amplitude and frequency of the soft lag to be well correlated with black hole mass
and suggested the emitting region to be within ten gravitational radii. The discovery of the Fe Kα lags in the lag-energy spectra (Zoghbi et al. 2012; see also Kara
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et al. 2016), where the energy dependence of the lags can be appreciated at higher
spectral resolution, strongly suggests that this line is a reﬂection feature (see right
plot on Fig. 1.5). The low-frequency hard lags are thought to originate due to inward
propagation of ﬂuctuations in the inner accretion ﬂow (Kotov et al. 2001; Arévalo &
Uttley 2006) which naturally explains why the outermost soft X-rays respond before
the the innermost hard X-rays. It has recently been found (Silva et al. 2016, see
chapter 2) that the ionized outﬂow present in many of the AGN with the aforementioned timing properties is able to introduce a soft lag at low frequencies, resultant
from a delayed response of the soft photons (which are more aﬀected by absorption)
to variations in the ionizing continuum. The timescales involved in the case study of
NGC 4051 are too long to be related to the Fourier frequencies at which reverberation lags are detected, however they may aﬀect the measured hard lags, speciﬁcally by
diluting them or even producing dominant soft lags at low frequencies (see chapter 2).
Due to their stochastic nature, light curves alone do not yield relevant information on the underlying driving mechanisms. It is through the study of the temporal
properties of the variability through the modelling of the observed PSDs and, the lagfrequency and lag-energy spectra, that information on the underlying processes may
be uncovered, when time-average spectral models alone are degenerate. Additionally,
temporal variability properties must also be taken into account when modelling AGN
spectra and consistently explain the timing and spectral properties of the source.
Spectral-timing analysis is currently a rapidly developing area of research and of signiﬁcant importance in the study of AGN.

1.1.3

Outﬂows & Feedback

A natural consequence of accretion onto the supermassive black hole is the transfer of
radiative or kinetic energy to its host galaxy in the form of outﬂows. Powerful outﬂows
are capable of impacting the surrounding medium by depleting the host galaxy of cold
gas, which results in quenching of star formation and hence prevents farther black hole
growth (e.g. Di Matteo et al. 2005; Hardcastle et al. 2007; Crenshaw & Kraemer 2012;
King & Pounds 2015). In fact, observational evidence indicates that the AGN must
somehow be able to regulate the growth and co-evolution of the central supermassive
black hole and the host, since the mass of the black hole is found to correlate with
both the galaxy bulge mass (e.g. Häring & Rix 2004, and references therein) and the
bulge-stellar velocity dispersion, in what is known as the MBH − σ relation (Ferrarese
& Merritt 2000; Gebhardt et al. 2000, see Kormendy & Ho 2013 for a recent review).
Outﬂows are commonly observed in AGN, either in the form of highly collimated
relativistic jets or less collimated winds of ionized gas. Jets are driven in the near
vicinity of the black hole and their structure is usually aligned with the symmetry of
the system, perpendicular to the accretion disk plane (see Fig. 1.1). Emission from jets
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is mostly dominated by synchrotron radiation, producing a characteristic ﬂat radio
spectrum which extends up to IR wavelengths, although inverse Compton scattering
of the synchrotron photons may be responsible for additional contribution to high
energies, in X-ray and γ-ray bands (see Romero et al. 2017, for a review). Since jets
can extend to large scales (up to ∼ 1Mpc) it comes as no surprise that the transported
kinetic energy can inﬂuence the host galaxy, or even the intracluster medium. Ionized
winds, on the other hand, are usually detected through the presence of blueshifted
absorption lines in AGN spectra. Powerful quasars often show broad absorption line
outﬂows (BALs) while narrow absorption line outﬂows (NALs) are more commonly
observed in Seyfert galaxies. BALs in powerful quasars are predominantly detected
in the UV (e.g. Turnshek 1998), with velocities up to ∼ 0.2 c, although they have
also been identiﬁed in the optical (e.g. Hutchings et al. 2002; Aoki et al. 2006; Hall
2007) and the X-rays (Chartas et al. 2003). The NALs in the UV and X-ray spectra of
local Seyferts, which are usually referred to as ‘warm absorbers’, show more moderate
outﬂow velocities from several 100 up to a several 1000 km/s (Crenshaw et al. 1999,
2003a; Costantini 2010). More recently ultra-fast outﬂows (UFOs), were detected
in the X-ray spectra of Seyfert galaxies. UFOs show blueshifted absorption lines of
highly ionized species, such as Fe xxv and Fe xxvi, and middle relativistic outﬂow
velocities, up to v ∼ 0.1 c (see Tombesi et al. 2010, and references therein). Outﬂows
with the properties of UFOs may play a signiﬁcant role for AGN feedback in lowredshift galaxies (King & Pounds 2015), however the detection of such features and
detailed assessment of the properties of the winds remain challenging with current
instrumentation. Since the majority of AGN does not display major radio jet features,
hence is radio-quiet, assessing AGN feedback in its radiative mode through ionized
winds is of high importance to the understanding of the connection between the
black hole and its host. Roughly 50% of Seyfert galaxies show the presence of a
warm absorber. Observations of these bright and nearby objects, in combination with
current instrumentation with high-resolution capabilities, such as XMM-Newton and
Chandra, provide the best opportunity for detailed physical studies of AGN winds.
This thesis is focused on the spectral and timing properties of warm absorbers and,
for this reason, these will be introduced in more detail in the following section.

10

1.2 Warm absorbers in AGN

1.2
1.2.1

Warm absorbers in AGN
History and early observations

First evidence for absorption by ionized material in AGN was reported by Halpern
(1984), using X-ray observations of the quasar MR2251-178, taken with the Einstein
Observatory. Halpern (1984) detected a large increase in the absorbing column density between observations ∼ 1 yr apart and proposed the variability in absorption to
be caused by a ‘warm absorber’, resultant from photoionization of a cloud, or shell of
material in the line-of-sight, by the nuclear X-ray radiation. EXOSAT and Ginga observations of NGC 4151 (Yaqoob et al. 1989) and MCG-6-30-15 (Nandra et al. 1990),
suggested the presence of X-ray absorbing gas in the spectra of these sources. ROSAT
observations revealed the presence of photoelectric edges from ionized ions, conﬁrming the existence of warm absorbers in Seyfert galaxies (e.g. Nandra & Pounds 1992;
Fiore et al. 1993; Turner et al. 1993). Early observations with ASCA consolidated
these results and allowed for the ﬁrst constraints on the ionization state of the gas due
to the sensitivity and resolution of its detectors. Comparison to photoionized models
(Kriss et al. 1996) and variability of the absorption edges (Reynolds et al. 1995; Otani
et al. 1996) led to the conclusion that more than one absorbing component were at
play, suggesting a more complex structure of the warm absorber. Sample studies of
the numerous observations from ASCA conﬁrmed that at least 50% of Seyfert galaxies
show the presence of a warm absorber (Reynolds 1997; George et al. 1998).
The launch of the Chandra and XMM-Newton observatories revolutionized the
study of X-ray ionized absorbers. Equipped with high spectral resolution grating
spectrometers and collecting high signal-to-noise data, these two satellites have been
responsible for great advances in the ﬁeld. From the ﬁrst observations, a rich absorption line spectrum of C, N, O, and Fe-L transitions could be unveiled in the soft
X-rays (Kaastra et al. 2000; Kaspi et al. 2000). The narrow absorption lines were
observed to be blueshifted relative to the systemic receding velocity of the galaxy,
indicating that the gas was in fact outﬂowing.

Figure 1.6: Left: Illustration the X-ray space observatory XMM-Newton. Image credit: ESA.
Right: Illustration of the Chandra X-ray observatory. Image credit: NASA.
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1.2.2

Modelling the ionized absorber

Photoionization is a bound-free process and occurs when an electron is removed from
an ion due to energy transfer from an the incident photon. In AGN, the absorbing
outﬂowing gas is exposed to the strong radiation ﬁeld from the central source and
therefore photoionization primarily governs the physical conditions of the gas.
Photoionization models
Constraining the properties of the gas is thus possible through photoinization models4 . Models generally assume an inﬁnite (in the plane perpendicular to the incident
photons) slab of gas, of constant density, irradiated by the ionizing ﬂux, and in photoionization equilibrium. The ionization balance of the gas is then calculated based
on the source’s SED and assumed elemental abundances (typically solar ). This yields
the equilibrium ionic column densities and temperature of the gas as a function of
ionization, as well as the total hydrogen column density, NH of the slab. The ionization state can be deﬁned by the parameter ξ, which directly relates the ionization
of the gas to the ionizing luminosity Lion (deﬁned between 1-1000 Ryd, where 1 Ryd
corresponds to 13.6 eV), the gas density, n, and the distance of the gas to the central
source, r,
ξ=

Lion
.
nr2

(1.1)

The determination of the ionization and thermal structure of the gas with the
aforementioned codes make it possible to infer the properties of the gas through
spectral ﬁtting.
Spectral ﬁtting
In the UV, the ionic column densities of individual kinematic components can be
modeled due to the high spectral resolution available. To ﬁnd a best ﬁt, the ionization
parameter and column density are varied until the predicted ionic columns match the
estimated columns from the measured depths of the observed absorption lines.
The lack of suﬃcient spectral resolution in the X-rays prevents the individual
kinematic components from being identiﬁed. While the Cosmic Origins Spectrograph
on the Hubble Space Telescope has a resolving power of R ≈ 1550 – 24000, Chandra
and XMM-Newton have resolving powers of R ≈ 200 – 1000. However, in the X-rays,
we have access to a rich absorption spectrum populated by numerous transitions of
Fe, Si, Mg, C, N and O (see e.g. the RGS spectrum of NGC 3516 in Fig. 1.7), which
4 Codes commonly used in the ﬁeld for the modelling of photoionized plasmas are Cloudy (see
Ferland et al. 2017, for the latest release), XSTAR (Kallman & Bautista 2001), and TITAN (Dumont
et al. 2000). Throughout this thesis I primarily use Cloudy.
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allow us to more accurately constrain the ionization state and total column density of
the gas. Minimization procedures can then be used to ﬁt the soft X-ray AGN spectra
by searching through a grid of ionization parameters and column densities, similarly
to what is done for the UV case.

Figure 1.7: RGS spectrum of NGC 3516. Some of the strongest absorption features are labelled.
Credit: Mehdipour et al. (2010).

In this thesis we routinely make use of the absorption model xabs (Steenbrugge
et al. 2003) included in the spectral ﬁtting package SPEX (Kaastra et al. 1996). The
xabs model calculates the transmission spectrum of a slab of photoionized gas, where
all the ionic column densities are consistently linked through a previously calculated
photoionization model, based on the SED speciﬁc for the source, which establishes
the ionization balance of the gas. The model takes into account all the relevant ions,
even if these are weak absorption features, since the combined eﬀect of all transitions
allows for a more accurate solution.
Combined with an appropriate modeling of the underlying continuum, the xabs
model yields an estimate of the physical parameters of the gas. The directly constrained warm absorber parameters through spectral ﬁtting are the ionization state,
the hydrogen column density, the outﬂow velocity and the velocity broadening; the
latter two are not as tightly constrained as the former due to the reduced resolution
capabilities of the X-ray detectors.
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1.2.3

Variability and time-dependent photoionization

AGN are variable sources (see Section 1.1.2). The underlying ionizing continuum can
vary by more than a order of magnitude, on timescales as short as a few hours. The
warm absorbing gas is subjected to these ﬂux variations, becoming more ionized when
the ﬂux increases and recombining when the ﬂux decreases. The response of the warm
absorber to a variable central source naturally introduces a time-dependent eﬀect on
the physical behaviour of the gas.
Primarily, the heating and cooling of the absorbing gas are dominated by photoionization and radiative recombination. As such, the eﬀects induced by the source’s
variability on the behaviour of gas can be described by the time-dependent ionization
balance equations, introduced by Krolik & Kriss (1995)5 . Consider the relative density nXi of ion i of a certain species X. Its time-dependent evolution is a function of
the electron density of the gas ne , the recombination rate from stage i + 1 to i (given
by the recombination coeﬃcient, αrec Xi , times the electron density of the gas), and
the ionization rate from stage i to i + 1, IXi ,
dnXi
= −nXi ne αrec,Xi−1 − nXi IXi + nXi+1 ne αrec,Xi + nXi−1 IXi−1
dt

(1.2)

The solutions of this system of N-coupled diﬀerential equations deﬁne the response
time, i.e. the time necessary for the gas to reach equilibrium with the ionizing continuum. In an equilibrium situation, the creation and destruction rates are balanced for
each species, yielding dnXi /dt = 0, for all ions. The time-dependent behaviour of the
gas is however rarely that simple. A dependence on the history ﬂux of the source may
lead the gas to manifest a delayed and smoothed response to the continuum variations
or even to appear uncorrelated with the ionizing luminosity, for instance if the gas
becomes over-ionized due to rapid and high-amplitude ﬂux variations.
Time-dependent eﬀects are yet not throughly implemented in models of photoionized gas. Nicastro et al. (1999) attempted to study the eﬀects on the ionization state
of the warm absorber due to a time-varying ionizing continuum. The results found by
Nicastro et al. (1999) have several implications. Firstly, the response, or equilibrium,
timescale is inversely proportional to the density of the gas, even in periods of increasing ﬂux, although the recombination timescale is generally much longer than the
ionization timescale. Lower densities hence imply longer response times. Additionally the equilibrium abundances of diﬀerent ions are reached over diﬀerent timescales
adding an extra level of complexity to the time-dependent eﬀects on photoionization.
Studying the variability of the warm absorber thus yields an estimate of the density
of the gas (e.g. Nicastro et al. 1999; Kaastra et al. 2012; Arav et al. 2012), which in
turn allows for an estimate of its distance to the central source (see equation 1.1),
5 The normally small eﬀects from Auger ionization, collisional ionization, and three-body recombination are neglected in the balance equations described here.
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providing crucial information to the understanding of the nature of the gas and its
impact on the surrounding environment.

1.2.4

Observational properties and physical constraints

Extensive X-ray observations over the past several years allowed many properties of
these outﬂows to be uncovered (see Crenshaw et al. 2003a, for a review). The understanding of these properties can be gained through the analysis of UV and X-ray
data, both by studying the energy spectra and the time variability (see sections 1.2.2
and 1.2.3). The constraints resultant from the observations can then be used to derive
a physical model of the absorbing gas and assess its potential eﬀects on the surrounding environment.
Global properties of the gas can be derived from a proper modeling of the observed
spectral features, and their overall characteristics can be summarized as follows (see
also McKernan et al. 2007). The gas ionization parameter spans over almost four
orders of magnitude ξ ∼ 100 − 104 erg cm s−1 , and often multiple ionization phases
are required for a single kinematic component (see e.g. Steenbrugge et al. 2005). The
estimated outﬂow velocities range between a few 100 up to a few 1000 km s−1 , with
several kinematic components being detected in some sources (see e.g. Pounds & King
2013). Finally, column densities of such absorbers are typically amid 1020 −1023 cm−2 .
The fraction of the continuum that is covered by the warm absorber averaged
over all lines of sight deﬁnes its global covering factor, Cg . Global covering factors are
hard to determine. Observations reveal that at least half of radio-quiet AGN show
the presence of a warm absorber. This can lead to two distinct hypotheses regarding
the global covering factor of the gas (Crenshaw et al. 2003a). Either Cg ∼ 0.5 for
all observed sources, such that for ﬁfty percent of those the gas is out of our line of
sight, or Cg ∼ 1 for half of them with the absorbing gas being absent in the remaining
50 per cent. In any case, this implies large solid angles for the X-ray gas. These
considerations have important implications for the mass outﬂow rate of the warm
absorber. The covering factor in our-line of sight is also an important property of
the gas, as it characterizes the clumpiness of the ﬂow. Discriminating between a
homogeneous or clumpy outﬂow can provide insights on the origin and nature of the
absorbing region.
Density and location of the absorber
Other crucial parameters for the assessment of the origin and nature of warm absorbers are the gas density and its radial location. The product of the density and
the distance squared is trivial to obtain via the ionization parameter (see equation
1.1). Therefore, constraining the gas density directly yields its distance to the central
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source.
The density can be estimated by making use of density-sensitive absorption lines
from meta-stable levels. This method, while quite successful in the UV, is very hard
to apply in the X-rays (e.g. Kaastra et al. 2004). A diﬀerent way to derive the density
is by studying the variability of the gas. In section (see 1.2.3), I ﬁrst introduced the
concept of variability in warm absorbers. The bottom line here is that the variability
of the ionizing continuum induces a response in the gas, which becomes more ionized
during periods of increasing ﬂux and recombines when the ﬂux drops. Changes in
ionization can be tracked through by monitoring the variations in the absorption lines.
If their response time to changes in the continuum can be measured, the density of
the gas is obtained. Absorption variability studies are often attempted through time
resolved spectroscopy. However, the signal-to-noise ratio is in that case a limitation
for short timescales. Detail monitoring of the variations in the gas through timedependent photoionization is thus more advantageous. The predicted behaviour of
the ions, for diﬀerent densities, can next be used to simulate spectra which are then
compared to real data (e.g. Kaastra et al. 2012).
Constraining the density, and hence distance, of warm absorbers remains one of
the biggest challenges in the ﬁeld. The degeneracy of these two quantities and the
uncertainties on their estimations have led warm absorbers to be placed at a variety
of distances (Crenshaw et al. 2003a), from the host galaxy halo (∼10 kpc), to the
inner galactic disk (0.1-1 kpc),the NLR (10-500 pc), the dusty torus (∼ 1 pc), and
the BLR (0.01-1 pc).

The X-ray and UV connection
Blueshifted narrow absorption lines are also found in the UV spectra of AGN. In fact,
sources with intrinsic UV absorption also show the presence of a X-ray warm absorber
(Crenshaw et al. 1999; Kriss et al. 2002), suggesting that both phenomena are related.
For this end, simultaneous UV/X-ray observations are essential. However, even in the
presence of multiwavelenght campaigns, determining if the observed absorption features arise from the same gas is not trivial (see Costantini 2010, for a review). In
the UV, instrumental capabilities allow the individual features in the spectra to be
distinguished, which results in accurate kinematic diagnostics of the gas components.
In contrast, the ionization state and total column density are hard to constrain due
to the nature of the UV gas which shows relatively few ions. The X-ray band, on
the other hand, exhibits a rich absorption spectrum populated by numerous atomic
transitions, which allow us to constrain the ionization state and column density of the
gas, even when the spectral resolution is not ideal to isolate kinematic components.
Matching the diﬀerent absorbing phases detected in the UV to those found in the
X-rays is for that reason still a challenge. Nonetheless, evidence for a connection of
the absorbing gas has mounted over the last years as a result of dedicated UV/X-ray
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campaigns (e.g. Gabel et al. 2005; Costantini et al. 2007b; Ebrero et al. 2011, 2013;
Arav et al. 2015). Some of the low ionization components detected in the X-rays are
likely to originate from the same gas producing the observed higher ionization troughs
in the UV (e.g. C iv, N v).

Origin and driving mechanisms
Outﬂows can be driven by several mechanisms. In AGN, thermal, radiation pressure,
or magnetic driving are all plausible candidates to launch a wind, and one mechanism alone may not be suﬃcient to explain all AGN outﬂows (see Proga 2007, for
a review). Theoretically it is not trivial to develop models that can easily be tested
against available data, making it diﬃcult to predict which mechanism(s) may be dominating. Observationally, the location and geometry of the warm absorbers are hard
to constrain and thus their nature is still up for debate.
Derived warm absorber distances often point to a location consistent with the
dusty torus (Blustin et al. 2005; Costantini 2010; Sanfrutos et al. 2016). Krolik &
Kriss (2001) showed that such an outﬂow could be produced as a result of photoionized
evaporation of the inner parts of the torus. Radiatively driven disk winds are also
often evoked (e.g. Murray & Chiang 1995). As modeled by Murray & Chiang (1995),
the wind is a continuous ﬂow, originating over a range of disk radii. An observed anticorrelation of the soft X-ray luminosity with the width of the C iv UV absorption line
(Proga et al. 2000), as well as the presence of line-locking in the spectra of broad
absorption line quasars (Foltz et al. 1987; Weymann et al. 1991; Korista et al. 1993;
Arav et al. 1995; Arav 1996), support this launching mechanism. Furthermore, Arav
et al. (2005) found the shape of the absorption lines to be asymmetric, consistent with
what is predicted by line driven radiation pressure codes.
The recently discovered UFOs (see Sec. 1.1.3), are likely to originate in the inner
accretion disk (Tombesi et al. 2012) and possibly driven via Magneto-Hydrodynamic
processes (Kraemer et al. 2017). However, a possible connection of these highly
ionized, high velocity outﬂows to the classical warm absorbers is still a matter of
ongoing research.

AGN feedback
Considering that radio-quiet sources can be up to 90% of all AGN, and that at least
half of these may show a warm absorber, it is crucial to understand how the outﬂows
interact with their surroundings.
The mass outﬂow rate, Ṁout , can be estimated via the observable parameters
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discussed above as given by Crenshaw & Kraemer (2007):
Ṁout = 4πrNH mp Cg v,

(1.3)

where r is the distance of the gas to the central source, NH is the column density of the
gas, mp is the proton mass, Cg the global covering factor and v the outﬂow velocity.
The kinetic energy of the ﬂow, which is dependent both on the outﬂow velocity and
the mass outﬂow rate, can then estimated, and is given by
Lkin =

1
Ṁout v 2 erg s−1
2

(1.4)

The mass outﬂow rates can be comparable to the mass accretion rates or higher
(Crenshaw & Kraemer 2007), though the mechanical power of the ﬂow is merely on
the order of 0.1% of the bolometric luminosity (Costantini 2010), suggesting that
the warm absorber has a modest impact for feedback. Nonetheless, these results
are limited by the uncertainties on the estimated values for the radial distance and
covering factor of the ﬂow, which are often only loosely constrained. Equations 1.3 and
1.4 show that the impact of the outﬂows has a dependence on the outﬂow velocity
of v 3 . In light of this, the higher velocity UFOs have a wider potential for nonnegligible contribution to AGN feedback (King & Pounds 2015). Additionally, large
distance outﬂows (Arav et al. 2008; Di Gesu et al. 2013) are potentially capable of
also contributing to feedback.

1.3

Future prospects

Since being ﬁrst observed in the 80s, our understanding of ionized outﬂows has grown
remarkably. Instrumental capabilities have played a major role in the assessment of
the physical properties of the gas over the past decades. Despite the great discoveries
which were only made possible with the advent of Chandra and XMM-Newton, there
are yet fundamental questions to be answered. Are the diﬀerent ionized absorbers
(UV, soft X-rays, UFOs) intrinsically part of the same outﬂow? What are the driving
mechanisms of the gas and where do they originate? Can ionized outﬂows have an
important contribution to AGN feedback?
For the next few years X-ray astronomy will remain dependent on the currently ﬂying observatories. XMM-Newton is expected to operate for another decade, granting
the opportunity for comprehensive campaigns dedicated to AGN monitoring. Deep
observations of known sources, combined with multi-wavelength coverage, prove to
still be relevant to advance current knowledge of AGN. Probing the short and longtimescale variability can in turn be used to, for instance, infer the distance of the
warm absorber to the source (e.g. Kaastra et al. 2012), or to reveal the dynamical
structure of the corona through reverberation studies (Fabian et al. 2017).
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In the long term, a major breakthrough in X-ray astronomy is expected with the
next generation of X-ray observatories. Below, I describe some of the highlights of
the most exciting future X-ray missions.

1.3.1

X-ray Astronomy Recovery Mission (XARM)

Following a successful launch in February 2016, the JAXA/NASA X-ray collaboration satellite Hitomi was unexpectedly lost shortly after. Hitomi carried a variety of
instruments, of which SXS, a high resolution calorimeter, was the most relevant to
advance spectroscopic studies in the X-rays. Despite the incident, Hitomi was still
able to observe its ﬁrst target, the Perseus cluster, and exceeded expectations. These
observations resulted in numerous publications, with the major results being reported
in Nature by the Hitomi Collaboration (2016). Following the loss of Hitomi and based
on the outstanding performance of SXS, joint eﬀorts from JAXA, NASA, and ESA,
resulted in the approval of a recovery mission, XARM, which is expected to launch
in 2021. Instruments on board XARM will be a soft X-ray calorimeter spectrometer
and a soft X-ray imager, both having similar characteristics to the SXS and SXI instruments developed for Hitomi. The sensitivity of the soft X-ray calorimeter grants
a spectral resolution of 5 eV in the energy range of 0.5 - 12 keV which, as demonstrated by the ﬁrst observations from Hitomi, will revolutionize many scientiﬁc areas
of X-ray astronomy, including the study of ionized outﬂows. In particular, detailed
studies of ionized absorption at higher energies will be possible for the ﬁrst time (see
Fig. 1.8; and see Kaastra et al. 2014b, for details). This will allow for a more reliable
characterization of UFOs, which due to their high outﬂow velocities are supposed to
play an important role on AGN feedback (King & Pounds 2015).

Figure 1.8: Simulated spectrum for NGC 4151, for 100 ks exposure time with SXS. Credit: Kaastra
et al. (2014b).
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1.3.2

Athena

Athena is an European Space Agency (ESA) X-ray mission, expected to launch in
2028 and will provide a giant leap on the understanding of the hot an energetic
universe (Nandra et al. 2013). The most superb capabilities of Athena are based on
its eﬀective area, which largely exceeds previous missions (see left panel of Fig. 1.9),
while retaining a spectral resolution of 2.5 eV over a broad X-ray band (0.3-10 keV).
Regarding AGN studies, Athena will provide exceptional new science. From a spectral
point of view, the high sensitivity over a large X-ray energy band, will allow a detailed
characterization of most of the ionization states present in the absorbing gas providing
essential information to the understanding of AGN outﬂows (Cappi et al. 2013).
At the same time, the large eﬀective area permits the study of variability in greater
detail, not only through time-resolved spectroscopy, but most importantly through
spectral timing techniques. X-ray reverberation is a novel tool to map the innermost
regions of AGN and while much progress has been achieved over the past years with
XMM-Newton, this method will highly proﬁt from the exquisite quality data oﬀered
by Athena. With Athena the time lag spectrum can be obtained at much higher
resolution (see right panel of Fig. 1.9) over a broader frequency range, probing new
timescales and granting the possibility to de-couple the diﬀerent emission mechanisms
(Dovciak et al. 2013).

Figure 1.9: Left: Athena performance in terms of eﬀective area for high-resolution spectroscopy
compared to earlier missions. Credit: Barcons et al. (2015).; Right: Expected time lag spectrum (0.31 keV vs 1-4 keV) with Athena for 1H0707-495 (exposure time as in the XMM-Newton observation,
i.e. 500 ks). The red region is the 1σ contour with XMM-Newton. Credit: Dovciak et al. (2013).

20

1.4 Thesis outline

1.3.3

Arcus

Arcus is a high resolution X-ray grating spectrometer mission that was proposed to
NASA and is currently under study (Smith et al. 2016). If approved, Arcus is expected to launch in 2023 and its resolution in the soft X-ray band will be ∼ one order
of magnitude higher than XMM-Newton, Chandra, XARM, or even Athena. Due to
its increased sensitivity, Arcus would be capable of detecting lower column density
absorbers and resolving the absorption features into all their kinematic components
(see Fig. 1.10), similarly to what is achieved nowadays with UV data, and the possibility of density-diagnostics with metastable levels would become a reality in the
X-rays (Kaastra 2017a). Consequently, AGN feedback studies would highly beneﬁt
from the mission.

Figure 1.10: Chandra LETGS spectrum of NGC 5548 around the S xi line, with an exposure time
of 345 ks, and a 100 ks simulation of the same spectrum with Arcus. The solid line indicates the
model used for the simulation (see Kaastra et al. 2014a, for details). Credit: Figure publicly available
at www.arcusxray.org, adapted from Kaastra (2017a).

1.4

Thesis outline

This thesis focus on the study of ionized outﬂows in AGN. The study of these outﬂows
is of extreme importance to understand the real impact they have in the surroundings
of the AGN, which has not been quantiﬁed yet. The studies presented and techniques
developed here, aim to uncover the spectral and temporal properties of the ionized gas
and set the path for future missions, which will allow these methods to be routinely
used for mapping AGN outﬂows in great detail. In Chapter 2, I present a novel
technique to study the response time of the ionized gas to changes in the continuum
by looking for signatures of this possible extra time delay in the X-ray time lags of
NGC 4051. This technique involves a combination of spectral-timing analysis and

21

1 Introduction

time-dependent photoionization modeling. Applying this method to the extensive
XMM-Newton observations of NGC 4051, I show that the warm absorber in this
source is capable of producing a soft lag (up to 100 s) at low Fourier frequencies, due
to the response time of the gas to variations in the ﬂux of the ionizing source, as
a result of photoionization and radiative recombination. This study shows for the
ﬁrst time the eﬀects of photoionized absorption on the X-ray time lags of AGN and
explores the use of spectral-timing analysis to characterize the outﬂow. In Chapter 3, I
expand the time-dependent photoionization model developed in the work of Chapter 2
and apply it to the study of ionized absorbers in the UV. Using this model, I predict
the variations in the ionic column densities of the absorbing gas, as it reacts to the
variability of the central source, for a grid of gas densities and ionization parameters.
In the optically thin limit, the ionic column densities are directly proportional to
the equivalent widths of the absorption troughs. This linearity allows for a direct
comparison of the model predictions with the measured equivalent width light curves.
By ﬁtting the time-dependent models to the exquisite data obtained for NGC 5548,
taken with the Cosmic Origins Spectrograph on HST, I am able to constrain both
the density and the ionization state of the gas. These results highlight the potential
of time-dependent photoionization models to retrieve key physical parameters of the
gas. Finally, in Chapter 4 I analyse in detail new X-ray observations of the Seyfert 1
galaxy I Zwicky 1, focusing on the rich soft X-ray absorption spectrum. The variability
of the absorber in this source does not show a correlation with the ionizing source,
in contrast to what is expected from classical photoionization models. The changes
in ionization and column density of the gas over the years point instead to a nonhomogenous outﬂow, where diﬀerent clumps of diﬀerent densities cross the observer’s
line-of-sight over the years. The temporal behaviour of the gas in this source is not
easily explained by classical scenarios, substantiating the need for theoretical models
capable of reproducing more complex variability.
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Abstract
We investigated, using spectral-timing analysis, the characterization of highly ionized
outﬂows in Seyfert galaxies, the so-called warm absorbers. Here, we present our results
of the extensive ∼600 ks of XMM-Newton archival observations of the bright and
highly variable Seyfert 1 galaxy NGC 4051 whose spectrum has revealed a complex
multicomponent wind. Making use of both RGS and EPIC-pn data, we performed
a detailed analysis through a time-dependent photoionization code in combination
with spectral and Fourier spectral-timing techniques. The source light curves and the
warm absorber parameters obtained from the data were used to simulate the response
of the gas to variations in the ionizing ﬂux of the central source. The resulting time
variable spectra were employed to predict the eﬀects of the warm absorber on the
time lags and coherence of the energy dependent light curves. We have found that, in
the absence of any other lag mechanisms, a warm absorber with the characteristics of
the one observed in NGC 4051, is able to produce soft lags, up to 100 s, on timescales
of hours. The time delay is associated with the response of the gas to changes in
the ionizing source, either by photoionization or radiative recombination, which is
dependent on its density. The range of radial distances that, under our assumptions,
yield longer time delays are distances r ∼ 0.3 − 1.0 × 1016 cm, and hence gas densities
n ∼ 0.4−3.0×107 cm−3 . These results highlight the importance of understanding the
contribution of the warm absorber to the AGN X-ray time lags since it is also vital
information for interpreting the lags associated with propagation and reverberation
eﬀects in the inner emitting regions.

2 Timing the warm absorber in NGC 4051

2.1

Introduction

Active galactic nuclei (AGN) are powered by accretion onto a supermassive black hole
(106 − 109 M ). Outﬂowing events are often also associated with AGN. This ejection
of matter and energy, if powerful enough, may aﬀect the surrounding environment
of the AGN and even disturb the evolution of the host galaxy or the cluster hosting
the AGN, a phenomenon often termed AGN feedback (e.g. Di Matteo et al. 2005;
Hardcastle et al. 2007; Fabian 2012; Crenshaw & Kraemer 2012). The impact of the
outﬂows on the surrounding environment is a function of their distance to the central
source, the column density of the outﬂowing gas, and is highly dependent on the
outﬂowing velocities. Hence, it is crucial to investigate the physical properties of the
gas in order to assess its importance for feedback. However, while the column density
and the outﬂowing velocity of the gas are inferred from observations, it is not possible
to directly estimate the distance of the gas to the central source.
In the case of Seyfert 1 galaxies, 60% show the presence of highly ionized outﬂowing
absorbing gas that is rich in metals (Crenshaw et al. 1999). The outﬂowing material,
usually called a warm absorber, is remarkably complex in structure, spanning a wide
range of ionization parameters, outﬂowing velocities, and column densities. These
outﬂows have been detected both in the UV and in the X-ray spectra of Seyfert 1
galaxies through a composite set of absorption lines (for a review see Crenshaw et al.
2003a). Determining the radial location of the outﬂows yields valuable information for
the study of AGN feedback. However, characterizing the spatial location of the warm
absorbers is not trivial. A common approach to determinining the distance of the
absorber to the central source is measuring the density n of the gas using sensitive
absorption lines, and deriving the distance r through the ionization parameter ξ,
where ξ = Lion /nr2 , (e.g. Kraemer et al. 2006; Arav et al. 2008). This method is
usually successful for UV data, where these lines are more commonly found, but it is
not very eﬀective in studying warm absorbers in the X-rays (e.g. Kaastra et al. 2004).
There we lack the instrumental sensitivity necessary to achieve such measurements.
Alternatively, monitoring the response of the gas to changes in the ionizing continuum
leads to an estimation of a recombination timescale, which is a function of the electron
density. This approach has been applied through time-resolved spectroscopy studies
and time-dependent photoionization models (Behar et al. 2003; Reeves et al. 2004;
Krongold et al. 2007; Steenbrugge et al. 2009; Kaastra et al. 2012). Time-resolved
spectroscopy in the X-rays suﬀers from the problem that the involved timescales
may be on the order of minutes to hours, which yields limited photon counts per
time and energy bin; instead, the issue of low signal to noise can be avoided by
studying the statistical properties of variability through the use of Fourier spectraltiming techniques.
Fourier spectral-timing techniques have been applied to the study of AGN Xray light curves for more than a decade. It has been found in many sources that
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soft and hard X-ray photons behave diﬀerently on diﬀerent timescales. For long
timescales, the hard photons arrive with a time delay compared to the soft photons.
On the contrary, on short timescales the soft photons lag behind the hard photons.
The complex timescale-dependent lags are associated with diﬀerent physical processes
and disentangling them is essential to understanding the innermost emitting regions
in AGN. The soft lag associated with short timescales has been explained through
reverberation from reﬂected emission (Fabian et al. 2009). This scenario is supported
by the recently found Fe Kα lags (Zoghbi et al. 2012; Kara et al. 2013). Furthermore,
it has been suggested that ﬂuctuations in the accretion ﬂow propagate inwards so
that the outermost soft X-rays respond faster than the innermost hard X-rays, which
could explain the hard lag seen on long timescales (Kotov et al. 2001; Arévalo & Uttley
2006). Most of the AGN that show such timing properties, are Seyfert 1 galaxies.
Since most Seyfert 1 galaxies show the presence of a warm absorber, our goal in this
paper is to explore the possible contribution of the warm absorber to the observed
X-ray time lags due to the delayed response of the gas to the continuum variations.
In this work we expand on the method of Kaastra et al. (2012), using a timedependent photoionization model to examine the response of the gas to changes in
the ionizing continuum. NGC 4051, a relatively nearby Seyfert 1 galaxy (z ≈ 0.002),
is an ideal candidate for this study. This source is not only bright (with a luminosity
in the 2-10 keV band of LX ∼ 2.1 × 1041 erg s−1 and a corresponding observed ﬂux
of fX ∼ 1.6 × 10−11 erg s−1 cm−2 in the data used here), but also highly variable
(McHardy et al. 2004) and has been associated with a complex multicomponent warm
absorber (Steenbrugge et al. 2009; Pounds & Vaughan 2011). NGC 4051 also shows
the characteristic X-ray time lags found in other AGN (Alston et al. 2013a): a hard
lag at low frequencies and a soft lag at high frequencies. Furthermore, NGC 4051 has
an extensive series of XMM-Newton archival observations. In section 2.2 we present
the methods used in the reduction and processing of the raw data products, and also
the procedures used to extract the light curves and spectra. In section 2.3 we simulate
the response of the complex warm absorber observed in the energy spectra of NGC
4051 to changes in the luminosity of the central source, and the dependence of this
response on radial distance and density. In section 2.4 we further investigate whether
a non-equilibrium gas phase, which results in a delayed response of the gas to the
variations in the central source, could produce a time delay of the most absorbed
X-ray bands relative to the broad X-ray ionizing continuum. Finally, we compare our
simulations to the real data in section 2.5 and present our conclusions in section 2.6.
Throughout this work we use a ﬂat cosmological model with Ωm = 0.3, ΩΛ = 0.7,
and Ωr = 0.0, together with a cosmological constant H0 = 70 km s−1 Mpc−1 . For
the spectral modeling in this paper we have assumed a Galactic column density of
NH = 1.15 × 1020 cm−2 (Kalberla et al. 2005). The errors quoted in this paper are
1σ errors unless otherwise stated.
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Figure 2.1: RGS light curves for the 15-17Å band (top) and EPIC-pn light curves for 1.5-10 keV
(bottom). The dashed lines separate each individual observation.

2.2

Observations and data reduction

NGC 4051 has been extensively observed by XMM-Newton. We make use of the 15
observations from 2009, a total of ∼ 570 ks of data (see Vaughan et al. 2011b, for
details).

2.2.1

RGS and EPIC-pn light curves

The observation data ﬁles (ODFs) were reprocessed using the XMM-Newton Science
Analysis System (sas v.13.5) to generate calibrated event lists for RGS and for EPICpn where the conditions PATTERN<=4 and FLAG=0 were used. For the purposes of
this work, RGS and EPIC-pn event lists were ﬁltered through a common good time
intervals (GTI) ﬁle, created with the task mgtime from HEASOFT (v. 6.15), to only
include time intervals in which RGS and EPIC-pn were simultaneously observing. For
EPIC-pn we extracted source and background event lists by selecting circular regions
with a radius of 20 arcsec. All the observations were inspected for high particle
background ﬂaring and this was properly accounted for in the ﬁltering process.
RGS background subtracted light curves were extracted with the SAS task rgslccorr, for the two RGS instruments combined and ﬁrst order selected, with a time
binsize of 100 s. EPIC-pn background subtracted light curves were obtained by using
the RGS light curves as templates for start and stop times, and for binsize, such that
both RGS and EPIC-pn light curves are evenly sampled in time. This was done for
each observation separately (see Fig. 2.1). The light curves were also corrected for
short exposure losses by linear interpolation of the nearest good data points in each
side, adding appropriate Poisson noise (as seen in Vaughan et al. 2011b).
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2.2.2

RGS and EPIC-pn spectra

RGS spectra (source and background) together with response matrix ﬁles (RMFs)
were extracted for each observation by using SAS, selecting ﬁrst order. The averaged
RGS spectrum was obtained using the SAS task rgscombine which combines the
spectra of all observations and creates a single RMF. Source and background EPICpn spectra were extracted with SAS for each observation, simultaneously with the
corresponding RMFs and ancillary response ﬁles (ARFs). Using HEASOFT (v.6.15),
we produced a time-averaged EPIC-pn spectrum both for the source and for the
background, adding the individual spectra with the ftool mathpha. To combine
the response matrix and eﬀective area ﬁles we made use of the ftools addrmf and
addarf.

2.3

Time-dependent photoionization model

The main goal in this paper is to study the possible eﬀects of a warm absorber on the
spectral-timing data from NGC 4051. To this end, we perform a detailed study of the
response of the outﬂowing gas to the fast changes in the ionizing continuum. Using a
time-dependent photoionization model we investigate the variations in the spectrum
due to a complex warm absorber illuminated by a variable continuum source. The
correct modeling of the energy spectrum as a function of time will allow us to generate
light curves which are dependent on the ﬂux history of the source.
For photoionization, a variable X-ray source has an eﬀect on the ionization balance
of the gas. The outﬂowing gas, which is rich in metals, responds to the changes in the
ionizing ﬂux in the following manner. When the ﬂux of the ionizing source increases,
the gas becomes more ionized. In the same way, when the ﬂux of the ionizing source
decreases, the gas recombines. In order to monitor the time evolution of the ion concentrations in the gas, it is necessary to solve the time-dependent ionization balance
equations. As such, the relative density nXi of ion i of a certain species X varies
with time as a function of the electron density of the gas ne , the recombination rate
from stage i + 1 to i (given by the recombination coeﬃcient αrec Xi times the electron
density), and the ionization rate from stage i to i + 1, IXi . This time dependence is
given by Krolik & Kriss (1995), and can be written as
dnXi
= −nXi ne αrec,Xi−1 − nXi IXi + nXi+1 ne αrec,Xi + nXi−1 IXi−1
dt

(2.1)

in which Auger ionization, collisional ionization, and three-body recombination were
neglected. Equation (2.1) is thus deﬁned by the sum of the destruction rate and
formation rate of each ion only due to photoionization and radiative recombination.
If this response is instantaneous, the gas is in photoionization equilibrium with
the ionizing continuum at all times. However, this has been shown to not always be
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the case and so the processes of ionization and recombination of the gas can be associated with ionization and recombination timescales. Ionization and recombination
timescales correspond to the time it takes for the gas to reach equilibrium with the
ionizing continuum for increasing or decreasing ﬂux phases, respectively. Following
Nicastro et al. (1999)1 , this timescale can be approximated as

 

1
1
Xi ,Xi+1
teq
∼
×
(2.2)
αrec,Xi ne
−(αrec,Xi−1 /αrec,Xi ) + (nXi+1 /nXi )
In this situation, the gas will reach equilibrium with the ionizing continuum after a
time delay teq . Since the equilibrium timescale shows a dependence on the electron
density, measuring this time delay would allow us to constrain the density of the
gas. The same time delay could also produce an overall delay eﬀect of the more
absorbed energy bands relative to the continuum, which could aﬀect the X-ray lag
measurements in these systems. We investigate this possibility in detail in section
2.4.
Another possibility for the behavior of this gas is that its response time is much
longer than the typical variability timescales of the source. In this case the gas is in
a steady state, but never reaches equilibrium with the ionizing continuum (Krolik &
Kriss 1995). At best, the densities of the ions remain fairly constant around their mean
values: the ionization and recombination rates correspond to the values associated
with the mean ﬂux of the source over time.
All this complex behavior can be assessed by solving equation (2.1) and studying
the time dependence of the ions. Our approach to obtaining the time-dependent ion
concentrations follows that of Kaastra et al. (2012). The whole method is described
below, including some results from the simulations we performed with the calculated
concentrations.

2.3.1

Ionizing continuum

NGC 4051 is highly variable, showing large variations in ﬂux over relatively short
timescales, on the order of few hours (McHardy et al. 2004; Vaughan et al. 2011b).
This intrinsic rapid variability, together with its complex absorbed spectrum, makes
NGC 4051 an ideal candidate for this study. The ionizing continuum used to obtain
the ionization balance takes as reference the time-averaged spectral energy distribution (SED) of the 15 observations of NGC 4051 mentioned in section 2.2. It is
important to note here that for the purpose of our study we assume that the ionizing continuum only changes in X-ray ﬂux normalization. The shape of the SED
that we consider here is kept constant with time. The reason is to not include any
1 The analytical approximation for the response time, given here by Eq. 2.2, has been corrected
for a typo in the expression from Nicastro et al. (1999), where the minus sign in the denominator is
missing.
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other source of lags due to the continuum variations. In this way, the light curves we
generate are only aﬀected by the variable warm absorber (excluding any eﬀects due
to changes in the spectral shape, with time, which naturally introduces time delays
between diﬀerent energy bands). For details see section 2.3.5.
The X-ray shape of the SED is taken from the time-averaged spectrum of EPICpn. We have performed a phenomenological ﬁt using the spectral ﬁtting package
SPEX v.2.05 (Kaastra et al. 1996) to obtain the time-average shape of the broad
X-ray spectrum (0.5 − 10 keV). The model used to describe the overall shape of the
continuum consists of a steep power law (Γ ∼ 3.02) with a spectral break at ∼ 1.47
keV, which leads to a harder spectrum (Γ ∼ 1.75). To better model the spectrum
in the soft band, where strong absorption features are detected in the RGS data, we
add a set of warm absorption models. These absorption models result from ﬁtting
the time-averaged RGS spectrum using the xabs model from SPEX, corresponding
to absorption by a slab of material in photoionization equilibrium. In this step we use
the default ionization balance in SPEX, set by running Cloudy v.13.01 (Ferland et al.
2013) with a standard SED shape from NGC 5548. This is a good approximation since
at this stage we only aim to constrain the overall shape of the EPIC-pn spectrum,
and the changes that the appropriate ionization balance introduces are small at the
available resolution. Furthermore, a positive Gaussian proﬁle centered at ∼ 6.44 keV,
with width σ ∼ 160 eV, was added to account for the Fe K feature visible in the
spectrum.
To complete the time-averaged SED we made use of the OM data, which are also
available for these observations. The OM data were collected in Imaging mode in
the UVW1 ﬁlter, corresponding to a central wavelength of 2910 Å (see Alston et al.
2013b, for more details). The OM count rates were extracted with SAS task omchain
and converted to ﬂuxes by using the recommended conversion factor. We took the
average ﬂux of the 15 observations and used this value as the time-averaged ﬂux at
2910 Å. Beyond the OM data, we made use of the default AGN continuum in Cloudy,
which is characterized by relatively low luminosity at longer wavelengths (Mathews &
Ferland 1987). The SED was completed by expanding the continuum above 10 keV,
adding an artiﬁcial cutoﬀ at ∼150 keV. The broadband SED is presented in Fig. 2.2.

2.3.2

Multicomponent outﬂowing gas

To accurately model the time evolution of the ion concentrations in the gas, it is ﬁrst
necessary to model the RGS spectrum, taking into account the numerous absorption
features observable in the 10 − 36 Å range. Considering that the continuum spectral
shape is represented here in such a narrow energy band, we chose a phenomenological
continuum model, which can better describe only the soft band. Therefore, we ﬁt the
underlying continuum of the time-averaged RGS spectrum with a blackbody emission
component (T ∼ 0.15 keV) in addition to a power-law model. The power law has
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Figure 2.2: Spectral energy distribution of NGC 4051 for the averaged EPIC-pn and OM data.

an index Γ ∼ 3.1. To account for the complex absorption features observed, we
use the SPEX photoionization absorption model xabs. The ionization balance is
calculated with Cloudy, using the previously constructed SED (see Fig. 2.2). Our
best ﬁt results in the detection of four distinct photoionized components, summarized
in Table 2.1.
To complete the ﬁt, we also added radiative recombination continuum models
where necessary and Gaussian proﬁles to account for visible emission lines. These
narrow emission lines do not vary in ﬂux, and so they will not contribute to any
possible delay caused by the response time of the warm absorber. The best ﬁt model
is shown in Fig. 2.3. The four distinct outﬂowing components were ﬁrst identiﬁed by
Pounds & Vaughan (2011); however, the parameters of each component vary slightly
when compared to our results. This discrepancy is likely due to two factors. First,
we ﬁt the time-averaged spectrum while Pounds & Vaughan (2011) have modeled the
high-ﬂux spectrum. Second, Pounds & Vaughan (2011) have calculated the physical
conditions of the photoionized gas with XSTAR.
Table 2.1: Best ﬁt parameters of the RGS spectrum for the multicomponent photoionized outﬂow.
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Comp

logξ

1
2
3
4

2.99 ± 0.03
3.70 ± 0.04
2.60 ± 0.10
0.37 ± 0.03

NH
(1021 cm−2 )
3.3 ± 0.4
16.1 ± 0.5
1.2 ± 0.2
0.11 ± 0.09

Flow velocity
(km s−1 )
−4260 ± 60
−5770 ± 30
−530 ± 10
−340 ± 10
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Figure 2.3: Best ﬁt model (in red) of the time-averaged RGS spectrum (in black) of NGC 4051.

2.3.3

Ionization and recombination rates

To solve the time-dependent concentrations it is necessary to know the ionization and
recombination rates, and the initial ion concentrations, at each point in the light curve.
Starting at the beginning of the ﬁrst observation, for which we assume photoionization
equilibrium, we monitor the ﬂux level every 500s until the end of the last observation.
We decided to track the ﬂux history with this time resolution because the typical
large amplitude variability occurs on timescales of hours, and because we would like
to have a span of variability timescales that would allow us to make a comparison
with previous results on X-ray time lags, typically reaching timescales of hundreds of
seconds.
The equilibrium ion concentrations for each of the selected points in the light
curve were calculated with Cloudy using the source SED and Lodders et al. (2009)
abundances. This is calculated for each gas component separately by feeding Cloudy
with the ionization parameter for each component, assuming equilibrium. This ionization parameter was obtained from ﬁtting the time-averaged RGS spectrum, and it
was then linearly scaled to account for the diﬀerence between the ﬂux at each time
bin and the average ﬂux value. If the gas responds immediately to the variability of
the ionizing continuum, then the gas ionization must change according to
ξ=

Lion
,
nr2

(2.3)

where ξ is the ionization parameter and Lion is the ionizing luminosity. The assumption here is that the distance of the gas from the ionizing source r and its density
n remain constant for these timescales. Therefore, the average ξ values were just
linearly scaled up or down according to the ﬂux values at each time. The ioniza-
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tion and recombination rates provided by Cloudy were stored at the end of each
run. The ionization rates obtained with Cloudy include multiple ionization after
inner-shell ionization. Since in equation (2.1) multiple ionization is not taken into
account, we correct the ionization rates obtained to force equilibrium when inserting
these in the equation together with the equilibrium concentrations, which needs to
yield dnXi /dt = 0.

2.3.4

Time-dependent ion concentrations

Having all the prior information we need, we can now proceed to solve the timedependent ion concentrations. Equation (2.1) corresponds to a system of N coupled
ordinary diﬀerential equations. We ﬁrst attempted to solve the system of diﬀerential
equations numerically by using a Runge-Kutta method with adaptive stepsize control,
subroutine odeint (Press et al. 1992). However, our solution appeared to be stiﬀ,
i.e., the required step size was unacceptably small compared to the smoothness of
the solution for a certain time interval. To account for the stiﬀness of the system we
implemented in odeint a fourth-order Rousenbrock method, the subroutine stiff
(Press et al. 1992), which is a generalization of the Runge-Kutta method for stiﬀ
systems.
We performed the calculations for each outﬂow component separately, keeping
the electron density ne constant with time, as featured in Kaastra et al. (2012) and
Nicastro et al. (1999). As for the initial conditions, we take the ﬁrst point of the ﬁrst
observation to be t0 = 0 and feed it with the equilibrium concentrations calculated
with Cloudy. Thus, we assume equilibrium at the start of the ﬁrst observation.
Thereafter, for each time step the ionization and recombination rates are obtained
by linearly interpolating on the ionization and recombination rates we previously
calculated with Cloudy. These solutions are computed for a grid of distances r
from the ionizing source. This allows us to explore the parameter space since the real
location and density of the gas are unknown. From the observed spectrum it is possible
to estimate the ionizing luminosity Lion and the ionization parameter ξ for each
outﬂowing component. From equation (2.3), it follows that - for a ﬁxed moment in
time - the product of the density of the gas with its squared distance to the source nr2
is constant. Thus we assume that all the outﬂowing components are at a ﬁxed distance
from the central source, with a corresponding density n prescribed by the ratio Lion /ξ.
We then vary the distance r and calculate the time-dependent ion concentrations for
the corresponding density of each component. An example of our results is shown
in Fig. 2.4. The two upper panels in Fig. 2.4 display the time evolution of the
relative concentration of Fe xi and Fe xix, respectively, for component 1 in Table 2.1.
The stars represent the equilibrium concentrations, e.g., the concentrations the gas
would have if it responded instantaneously to the ionizing source variability. The
colored solid lines refer to the calculated concentrations for diﬀerent distances r from
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Figure 2.4: Time-dependent evolution of the relative concentrations of Fe xi (upper panel) and
Fe xix (middle panel) responding to changes in the ionizing continuum (lower panel) for diﬀerent
distances of gas component 1 (see Table 2.1) from the ionizing source.

the ionizing source. As a reference, for component 1, r ∼ 1016 cm corresponds to a
density n ∼ 3.6 × 106 cm−3 . Finally, the lower panel in the plot shows the light curve
(0.3-10 keV), which is used to determine the variable ionizing ﬂux for the same time
interval.
It is interesting to note the diﬀerent response of Fe xi and Fe xix to changes in
the ionizing ﬂux. The outﬂowing component shown here has log ξ ∼ 2.99. At the
beginning, the ﬂux is not very high and the relative concentration of Fe xi is large,
while the relative concentration of Fe xix is negligible. When the ﬂux increases sig-
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niﬁcantly, the less ionized Fe xi gets partially stripped in favor of its more ionized
relative Fe xix. This is exactly the behavior we expect, since a signiﬁcant increase in
ﬂux will photoionize Fe and take it to its higher levels of ionization. Likewise, a significant decrease in ﬂux will lead Fe to recombine and we will see a higher concentration
of the less ionized levels. We use Fe as an example since it is sensitive to ionization
parameters such as this one. Also worth noting in Fig. 2.4 is the detection of the three
diﬀerent kinds of possible behavior for the response of the gas relative to the ionizing
continuum (see introduction to section 2.3). For close distances to the ionizing source,
the response is almost instantaneous. This is the case for distances ≤ 1014 cm where
the response is immediate but the ion concentration may not have time to reach the
equilibrium values before being disturbed again. For distances between ∼ 1015 cm
and ∼ 1016.5 cm, the gas responds to the variations of the ionizing continuum with
a visible time delay. This is the most interesting case for our study since it is the
case for which a time lag associated with the response time of the gas relative to the
continuum variability may be detected. Finally, at distances ≥ 1016.5 cm, the gas is
unable to respond to the changes of the continuum ﬂux. For distances so far from
the central source, the gas is in a steady state and the relative ion concentrations
vary slightly around a mean value corresponding to the mean ﬂux level over time. We
explore in section 2.4 the eﬀects that the complex behavior of the warm absorber can
have on the X-ray time lags.

2.3.5

Simulated spectrum and light curve generation

In order to study the pure eﬀects of a variable warm absorber on the X-ray time
lags of NGC 4051, it is necessary to generate light curves that are only aﬀected by
the changes of the relative ion concentrations over time. We then proceeded to the
simulation of RGS and EPIC-pn spectra, which we use later to build the necessary
light curves for our analysis. The aim is to construct new light curves with the same
ﬂux history as those of NGC 4051, but whose spectrum at each time step is only
aﬀected by the variable warm absorber.
Using SPEX, we simulate RGS and EPIC-pn spectra for each time step in the
following manner. We included the predeﬁned continuum shape (see sections 2.3.1
and 2.3.2) with the ﬂux levels prescribed by the light curve. The shape of the spectrum
is kept constant with time to avoid time delays caused by intrinsic changes in the Xray continuum shape. To account for the variability in the ionizing source, we scale
the ﬂux level of the X-ray spectrum according to the count rate history of the Xray light curves of NGC 4051. In fact, the spectral shape of NGC 4051 is highly
variable with time. However, this should not invalidate our results because ﬁrst, the
absorption eﬀects are stronger in the soft X-rays whereas the spectral-variability more
strongly aﬀects the shape of the continuum above ∼ 1 keV (see e.g. Uttley et al. 1999;
Vaughan et al. 2011b), and second, since the source count rate is dominated by the
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Figure 2.5: Left panel: Data/continuum model ratio of the simulated RGS spectra for r =
1015.75 cm around the region of the Fe UTA complex (15-17 Å, gray area in the spectra) for distinct time steps indicated by the dashed lines on the right. Right panel: Slice of the generated light
curves from the simulated spectra, which includes the time steps of the spectra in the left. We note
that spectra (a), (c) and (d) have approximately the same ﬂux level but show diﬀerent absorption
features, which indicates the dependence of the warm absorber on the ﬂux variation history.
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soft photons, the soft X-rays are a good proxy for the ionizing ﬂux changes. This
continuum is absorbed by a multilayer warm absorber; the ionic ion column densities
are given by the time-dependent ion concentrations. This is achieved using the slab
model from SPEX. The slab model is a thin slab absorption model, for which the
ion column density can be chosen independently. The column densities are calculated
for each ion with the time-dependent concentrations we computed previously. In
this way each simulated spectrum is identical in underlying continuum shape, and
is only changed by the variable column densities derived from the time-dependent
concentrations. The complex warm absorber we ﬁnd in the RGS data is also added
to the EPIC-pn continuum since it must also be present there, only we do not have
the spectral resolution to observe the narrow absorption features. The model is then
folded through the instrumental response matrix to obtain the net count rate per
energy channel. Since our purpose for now is to study the unadulterated eﬀect of
the variable warm absorber in the absence of observational noise, no Poisson noise
was added to the simulations (for the implications of noise for lag detectability see
section 2.5.1). Examples of the simulated spectra are shown in Fig. 2.5 (left panel).
The simulated spectra are subsequently used to generate light curves for all bands
of interest, both for EPIC-pn and RGS. An example of the generated light curves
is also shown in Fig. 2.5 (right panel). Furthermore, in Fig. 2.5 we observe the
delayed response of the gas to the variations of the continuum. The ﬁgure shows the
simulated spectra resulting from the calculated concentrations at r = 1015.75 cm. As
we can see from Fig. 2.4, the ion concentrations follow the light curve evolution with
a signiﬁcant time delay. This time delay is also detectable in a simple example in
Fig. 2.5. From the time step represented in spectrum (a) to the time step represented
in spectrum (b), the ﬂux increases by a factor of ∼ 3. The changes in the spectral
features are visible. When the ﬂux decreases to the same level as before - in the
time step represented in spectrum (c) - the spectrum has not yet recovered the same
features it had at the beginning. Some time later, at the time step represented in
spectrum (d), the spectrum ﬁnally starts to recover its initial shape for the same ﬂux
level. This is a signature of the time delay observed in Fig. 2.4 and, in this case, it is
associated with a recombination timescale on the order of, at least, some hours.
These small changes in absorption are indeed responsible for any time delays, since
no other variability processes are considered here. The absorption changes are small
in general and will modulate only a small fraction of the total ﬂux. These small
modulations will introduce small variations in the distribution of ﬂux in the light
curves, which can then allow us to measure time delays between the absorbed bands
and the continuum. In the next section we make use of the light curves generated
with the simulated spectra and compute the spectral-timing products resulting from
the application of Fourier methods.
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2.4

Timing analysis

In the previous section we show how we generate light curves that contain only the ﬂux
variability plus the eﬀects of the variations in the relative ion concentrations due to
the intrinsic source variability, excluding the eﬀects associated with variability of the
continuum spectral shape. In this section, we analyze these time series in the Fourier
domain and assess the eﬀects of the variable warm absorber on the lag-frequency and
lag-energy spectra of NGC 4051. In the next paragraphs we introduce the Fourier
techniques commonly used to detect time lags in X-ray light curves. This is intended
to give an introduction to timing analysis for readers who are not familiar with the
subject. For more details about spectral-timing analysis on X-ray light curves of black
hole systems of all scales see Uttley et al. (2014).
The most common tool in Fourier analysis is the Fourier power spectrum, or power
spectral density function (PSD). The power spectrum contains information about the
underlying structure of a stochastic variability process. It shows the dependence of the
variability amplitude as a function of temporal frequency. However, we cannot simply
measure the power spectrum. Since every observation is a random realization of the
underlying PSD, what we actually measure is a noisy random realization, referred to
as the periodogram. The periodogram is obtained from the discrete Fourier transform
of the signal we are analyzing. Thus, we begin by introducing the discrete Fourier
transform Xn of a time series x,
Xn =

N
−1


xk exp(2πink/N ),

(2.4)

k=0

where N is the number of time bins of width Δt and xk is the value of the light
curve at index k. The Fourier transform is evaluated at each Fourier frequency fn =
n/(N Δt), with n = 1, 2, ..., N/2. Thus, the lowest Fourier frequency is 1/N Δt, which
corresponds to the inverse of the total observation time, and the highest Fourier
frequency is 1/2Δt, also known as the Nyquist frequency. The periodogram is deﬁned
as the modulus square of the Fourier transform of the time series x, |Xn |2 , which can
be written as
|Xn |2 = Xn∗ Xn

(2.5)

where the Xn∗ represent the complex conjugate of Xn . The periodogram can be
normalized to yield the same units as the PSD and is usually computed for several light
curve segments. It is subsequently binned over the segments, and also over frequency
bins, to obtain an estimate of the underlying PSD, which can then be modeled.
Following the notation in Uttley et al. (2014), we denote the binned periodogram
P X.
We now consider two light curves, x and y, with x being a band of interest (typically
a small energy bin) and y a broad reference band that excludes x. It is possible to
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derive the frequency-dependent lag between these two bands by applying the crossspectrum method. The cross-spectrum is deﬁned as
CXY,n = Xn∗ Yn

(2.6)

and when considering the complex polar representation of the Fourier transforms,
equation (2.6) takes the form
CXY,n = AX,n AY,n exp(iφn ),

(2.7)

where AX,n and AY,n are the amplitudes of the Fourier transform and φn the phase lag
between the two bands. In order to reduce noise, the cross-spectrum is also computed
for several light curve segments and averaged over segments and over frequency bins.
The averaged cross-spectrum is denoted C XY,n . For an easier interpretation, the
phase lag can be converted into a time lag,
τ (νj ) = φ(νj )/(2πνj ),

(2.8)

from which we directly infer the time delay between the two time series. The error
on the lag is dependent on the coherence. The coherence measures the level of linear
correlation between two signals, which in our case corresponds to two light curves of
diﬀerent energy bands. The coherence is deﬁned as


C XY (νj )2 − n2
2
γ (νj ) =
(2.9)
P X (νj )P Y (νj )
and takes values between 1 (for perfectly correlated signals) and 0 (for signals with
no linear correlation). The n2 is a bias term due to Poisson-noise contribution to
the modulus square of the cross-spectrum (see for further details Uttley et al. 2014;
Vaughan & Nowak 1997). The error on the phase lag is then deﬁned as

1 − γ 2 (νj )
Δφ(νj ) =
(2.10)
2γ 2 (νj )KM
where K and M respectively correspond to the number of frequencies and segments
over which the periodogram and the cross-spectrum were averaged. Converted to the
time domain, equation (2.10) takes the form
Δτ = Δφ/(2πνj )

(2.11)

Through the application of these Fourier techniques, it is possible to detect the
timing properties of the time series for a broad range of timescales. We applied these
methods to the light curves we have generated from the simulated spectra, which
account for the warm absorber response to changes in the ionizing continuum. Our
results are presented below.
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Figure 2.6: Lag-frequency spectrum for a grid of distances of the warm absorber to the central
source. A negative lag indicates that the soft band (0.3 - 1.0 keV) lags the hard (2.0 - 5.0 keV).

2.4.1

Lag-frequency spectrum

The lag-frequency spectrum is a common way to represent the time (or phase) lag
between two time series as a function of Fourier frequency. Mostly for AGN, this way
of representing the timing properties of the light curves produces a very characteristic
pattern consisting of two distinct signatures (e.g. Zoghbi et al. 2011; De Marco et al.
2013). At low frequencies, which correspond to long timescales, the hard photons
from a given variation lag the soft photons from that same variation. This delay is
thus called a hard lag, and can have a magnitude from tens to thousands of seconds.
At higher frequencies, the sign of the lag is inverted. Therefore, on short timescales,
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the soft photons from a certain variation arrive after the hard photons from that same
variation, which is called a soft lag. This behavior is often observed when selecting
a soft (e.g., 0.3-1.0 keV) and hard (e.g., 2.0-5.0 keV) time series, and computing the
cross-spectrum. Since the warm absorber greatly aﬀects the soft X-rays, we investigate
how the soft X-rays behave compared to the hard X-rays.
We use an EPIC-pn simulated time series in the soft band (0.3-1.0 keV) and
compute its cross-spectrum with a harder band (2.0-5.0 keV). To compute the crossspectrum we divided the data into contiguous segments of 10 ks each and a time
bin of 500s, the same time resolution we have for the time-dependent concentrations.
We do this for the same range of distances - of the warm absorber to the central
source - that we used to compute the time-dependent concentrations. Our results
are presented in Fig. 2.6. The upper panel shows the lag vs frequency spectra
for the equilibrium situation and for distances from 1013.75 up to 1015.75 cm. The
lower panel shows the same but for distances from 1016 up to 1016.75 cm. For an
equilibrium situation, represented by the stars in Fig. 2.4, the warm absorber responds
instantaneously to changes in the ionizing continuum. Since the warm absorber has
an instantaneous response to the source variability, we do not expect to observe a
time delay between the more absorbed soft X-rays and the hard X-rays. This is the
case for warm absorbers located at smaller distances from the black hole. As seen
in Fig. 2.4, for radial distances up to 1014 cm, the warm absorber appears to be
in equilibrium with the variability of the central source, responding instantaneously.
For distances ≥ 1015.75 cm we observe in Fig. 2.4 that the warm absorber is no
longer in equilibrium with the ionizing continuum. This non-equilibrium situation
is characterized by a response time that causes a delay between the more absorbed
photons and the continuum photons. This delay is detected in the lag-frequency
spectrum we computed. The time lag between the soft and the hard photons is
detected towards lower Fourier frequencies, indicating long timescales. The strongest
delay appears to come from the region around 1015.75 cm. For even larger radial
distances, the delay between the soft and the hard bands smooths away, which again
agrees with what we expect, since for larger distances the warm absorber appears to
be in a steady state, possibly in equilibrium with the average luminosity over time,
and is not able to respond to the fast variability of the source. Hence, we proceed to
analyze the most interesting situation for our work, which corresponds to the distance
capable of producing the strongest time delay overall, r = 1015.75 cm. As a reference,
for component 1, r ∼ 1015.75 cm corresponds to a density n ∼ 1.1 × 107 cm−3 . The
corresponding densities for the other components at these distances may be easily
computed as ncompY = ξcompX ncompX /ξcompY , where X and Y can be any of the
components in Table 2.1.
For the purpose of studying this situation in detail, we compute the cross-spectrum
again, this time using narrow energy bins of interest. The energy bins are selected by
taking into account the absorption features observed in the RGS spectrum of NGC
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Figure 2.7: Lag-frequency spectrum (top) and coherence spectrum (bottom) of several bands of
interest for r = 1015.75 cm. The labels are (from top to bottom) unabsorbed band RGS (26-27 Å) vs
broadband EPIC-pn (1.5-10 keV), soft band (0.3-1 keV) vs hard band (2-5 keV) both from EPIC-pn,
Ne blended absorption in the RGS band (12.5-14 Å) vs broadband EPIC-pn (1.5-10 keV), and Fe
UTA absorption feature in the RGS band (15-17 Å) vs broadband EPIC-pn (1.5-10 keV). A negative
lag indicates that the band of interest lags the reference band.

4051. An ideal feature to study the time behavior of the warm absorber is the Fe
UTA complex (15-17 Å, see Fig. 2.4). This feature shows high opacity and it is
very sensitive to ﬂux variations (see e.g. Krongold et al. 2007). Furthermore, the Fe
UTA complex is broader than a single absorption line, and so it also provides us with
higher signal-to-noise ratio. Taking a time series from the simulated RGS light curves
in this band, we compute its cross-spectrum with a broad EPIC-pn simulated light
curve. For comparison, we also computed the cross-spectrum for another absorbed
band, 12.5-14 Å, and for a band that shows only weak absorption, 26-27 Å. These
results are shown in Fig. 2.7, together with the lag-frequency and coherence spectra
for the hard and soft bands.
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The time delay between the Fe UTA feature and the broad continuum band is
∼ 175 s, at a Fourier frequency of 10−4 Hz. In contrast, the time delay between the
band that shows almost no absorption and the broadband continuum is only ∼ 25s
for the same frequency. Furthermore, the time delay between the absorbed 12.5-14
Å band and the continuum is ∼ 110s. Even using EPIC-pn data, which are not
as sensitive to the changes in these features, we observe a soft lag of ∼ 95s at low
frequencies. From these results alone we can conclude that a warm absorber with the
characteristics of the one in NGC 4051, if located at a certain optimal distance from
the central source (1015.75 cm with our assumptions), would produce a time delay
of ∼ 100s between the more absorbed bands and the broad ionizing continuum on
timescales of hours or longer. This lag, however, is not to be interpreted directly as a
response time. The lags are eﬀectively diluted since only a small fraction of the total
ﬂux is being modulated by the variations of the absorbing features (for a discussion
on lag dilution see e.g. Uttley et al. 2014).
As can been seen in the lower panel of Fig. 2.7, the coherence between the two
energy bands also appears to show a small dependence on the absorption. For increasing lag, the coherence between the two bands is slightly reduced. However, the
whole process still appears highly coherent, reaching a coherence of ∼ 0.97 for the
longest hard lag detected. Interestingly, the observed coherence at low frequencies for
NGC 4051 is high, but not exactly 1. The observed coherence for NGC 4051 at low
frequencies has a value of ∼ 0.85 (Alston et al. 2013a). This could be due in part to
the small eﬀect of the warm absorber.
To further investigate the timing behavior, for several narrow energy bins covering
the whole RGS spectral range we computed the lag-energy spectrum.

2.4.2

Lag-energy spectrum

The energy resolved lag spectrum, or lag-energy spectrum (Uttley et al. 2014), is an
extremely valuable tool for our study, since we can relate it directly to the observed
energy spectrum and assess the behavior of the lags at energies that are highly absorbed. Hence, we are able to directly link the lags to the regions in the spectrum
where absorption plays a major role. Taking the cross-spectrum between each of the
channels of interest vs the reference band, it is possible to select a range of Fourier
frequencies of interest and take the average, plotting then the average lag against
energy. In this way we can build a lag-energy spectrum that contains the information
of all the previously calculated lag-frequency spectra, but then taking into account a
speciﬁc range of frequencies. This way of looking at time lags allows a comparison between the relative lag in several bands, providing a direct comparison of the behavior
of the time lags and the energy spectrum, since both are a function of energy.
Taking into account the fact that any time delays between the more absorbed
bands and the continuum appear to be negligible above 3 − 4 × 10−4 Hz, we have con-
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Figure 2.8: Warm absorber transmission model (top) and lag-energy spectrum (middle and bottom)
for the computed grid of distances. The reference band to compute the lag-energy spectrum is a
broad EPIC-pn band (1.5-10 keV). We note that a negative lag indicates a soft lag, which means
that the band of interest lags the broad reference band. This helps to easily match the lag-energy
spectrum to the absorption features in the energy spectrum.
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sidered the range of frequencies 1 − 3 × 10−4 Hz to compute the lag-energy spectrum.
In Fig. 2.8, we plot the transmission of the four warm absorber models, contained
in our best ﬁt to the averaged RGS spectrum, and the lag-energy spectrum for the
computed grid of distances. As can be seen from Fig. 2.8, the regions in the energy
spectra from where more direct continuum is removed by absorption from the outﬂowing gas, correspond to the regions of the lag-energy spectra where we see a stronger
soft lag. The amplitude of the lags results from averaging in Fourier frequency and
is therefore lower than the maximum lag observed in the lag-frequency spectrum.
The lag appears to be greatest around distances of 1015.75 cm for the whole energy
spectrum.
To assess the contribution of each warm absorber component to the lag-energy
spectrum, we have redone the spectral simulations and cross-spectral products for
each warm absorber component separately. This was once again done for the most
interesting case, corresponding to a radial distance of 1015.75 cm, where a maximum
lag is seen for the whole energy range. The results are shown in Fig. 2.9. When
analyzing the lag-energy spectrum of each component separately, we see that the
warm absorber that has a higher impact on the lags in this source is the one associated
with the Fe UTA feature, since this is the most prominent feature in the whole energy
spectrum, and it is also very sensitive to the ﬂux variations (see Fig. 2.5). This
corresponds to component 3, which has a mild ionization parameter of logξ ∼ 2.6.
Component 1, has an ionization parameter close to the value of component 3, logξ ∼
2.9, and so it aﬀects the same energy bands as component 3, contributing to a stronger
eﬀect at those energies. Component 2 is the component with the highest ionization
parameter, logξ ∼ 3.7, and so it is the major contributor at high energies (around
10-15 Å). Finally, the least ionized component, component 4, does not appear to
have a major contribution. This can in part be explained by the low ionization
of this component. At the same distance, component 4 will be much denser than
the other components, and a higher density would result in a faster response time.
However, since the column density of this component is much lower than the others, its
contribution to absorption of the spectrum (see the transmission plot from Fig. 2.9),
and therefore to the lags is minimal even at larger distances and/or lower densities.
We note that the response time is not only dependent on the density of gas, but
it also depends on the ion species that play a stronger role for each component (see
equation 2.1). Therefore, the contribution to the lags only scales linearly with density
if the same warm absorber component is being considered.
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Figure 2.9: Warm absorber transmission model and lag-energy spectrum for each warm absorber
component separately for r = 1015.75 cm. See Table 2.1 for the parameters of the gas components.
We note that a negative lag indicates a soft lag, which means that the band of interest lags the broad
reference band. This helps to easily match the lag-energy spectrum to the absorption features in the
energy spectrum.
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2.5

Comparison to the real data

Having studied the pure eﬀects that a variable warm absorber would introduce to the
timing properties of the X-ray light curves of NGC 4051, we now compare our results
with the observed data and discuss whether these eﬀects could be detectable with
currently available instruments and data.

2.5.1

Detectability

To assess the detectability level of these warm absorber eﬀects we add Poisson noise
when generating light curves from the simulated spectra. We perform this analysis
for the soft (0.3-1.0 keV) and hard (2.0-5.0 keV) bands and compute the lag-frequency
spectrum using the methods outlined in section 2.4. The results are shown in Fig.
2.10.
As can be seen from the lag-frequency spectrum, Poisson noise does not play a
major role at the Fourier frequencies of interest. It minimally increases the error bars
on the computed lags and scatters the value of the lag slightly. This is to be expected
since from the study of the power-spectrum of NGC 4051 it is possible to observe that
the Poisson noise only has an eﬀect at high Fourier frequencies (Alston et al. 2013a).
Therefore, the eﬀects on the lags are minimal. The coherence is also aﬀected only
towards higher Fourier frequencies. In this way, it is safe to say that the eﬀects we
discussed in the previous section are detectable using currently available data. This
means that if the warm absorber in NGC 4051 was located at a radial distance of
∼ 1015.75 cm from the black hole, and if no other processes were at play, a soft lag
would be expected at low frequencies.

2.5.2

Comparison to RGS data

We now compare the results we obtained from the simulated RGS data to the real
observations. The lag-energy spectra that we presented in Fig. 2.8 and Fig. 2.9, were
computed from simulated RGS data that include only the eﬀects of the response of the
warm absorber to the changes in ﬂux of the ionizing continuum. The RGS spectra,
owing to the higher spectral resolution of the RGS instrument, help us to distinguish
which spectral features contribute more to the lags. We then computed the lag-energy
spectrum using real RGS light curves, in bands of interest, to investigate whether it
would be possible to detect a signature of the warm absorber in the real data even
in the presence of external continuum processes, which we did not consider in the
simulations. We ﬁnd that for the real data, the size of the error bars makes it diﬃcult
to say whether the lag is associated with the warm absorber or if the continuum
processes dominate. To examine this further we performed a simple test. We consider
that the photons that reach the warm absorber have already been subjected to the
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Figure 2.10: Lag-frequency spectrum (top panel) and coherence spectrum (lower panel) between
the soft (0.3-1.0 keV) and hard (2.0-5.0 keV) bands of the simulated light curves for EPIC-pn including
Poisson noise.

continuum processes that produce the dominant observed hard lag at low Fourier
frequencies, and thus already carry a time delay associated with these processes.
When these photons reach the warm absorber and are subjected to the response
time, this eﬀect should be additive. Thus, the lag caused by the response time of
the warm absorber should add to the previously carried lag. Hence, our simpliﬁed
model consists in ﬁtting the simulated lag-energy spectrum with an additive constant
to the observed lag-energy spectrum. We ﬁnd that adding a constant lag of ∼ 50 s
provides the best ﬁt from matching our simpliﬁed model to the data. These results
are shown in Fig. 2.11. Therefore, we can conclude that it is not possible with this
dataset to detect structure in the lag-energy spectrum that may indicate a signature
of the response time of the warm absorber to changes in the ionizing continuum.
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Figure 2.11: Warm absorber transmission model (top) and lag-energy spectrum (bottom). The
lag-energy spectrum from simulated data, at r = 1015.75 cm (see Fig. 2.8) with an additive constant
of 49.1 s, was ﬁtted to the observed lag-energy spectrum, plotted in black, to obtain a χ2 of 20.7
for 17 d.o.f. The simulated lag-energy spectrum with an oﬀset, corresponding to the constant that
resulted from the ﬁt (∼ 50 s), is overplotted in red. The reference band to compute the lag-energy
spectrum is a broad EPIC-pn band (1.5-10 keV). We note that a negative lag indicates a soft lag,
which means that the band of interest lags the broad reference band. This helps to easily match the
lag-energy spectrum to the absorption features in the energy spectrum.

Other datasets, and in particular future instrumentation with higher quality grating
or calorimeter data may allow this test.

2.5.3

Eﬀects on measured X-ray time lags

Understanding and disentangling the various components that play a role in the timing
properties of the X-ray light curves of AGN is fundamental in order to break the
degeneracies that spectral ﬁtting alone perpetuates. It is then crucial to determine
the level to which the eﬀects of the variable warm absorber may aﬀect the standard
picture of the lag-frequency spectrum of AGN X-ray time series.

48

2.5 Comparison to the real data

Compared to the previous work on the timing properties of NGC 4051 by Alston
et al. (2013a), it is clear that a soft (negative) lag is not detected at low frequencies
when using the whole 2009 dataset. We have performed the same analysis on the real
data and our results agree with Alston et al. (2013a). The lag-frequency spectrum
of NGC 4051, when considering the whole 2009 dataset, consists of a hard (positive)
lag at low frequencies followed by a turnover that leads to a soft (negative) lag at
higher frequencies. As mentioned earlier, the soft lag at high frequencies has been
connected to a direct result of reﬂected emission of the hard coronal X-rays on the
softer disk photons, causing a time delay between the direct hard X-ray emission and
the reﬂected emission (Fabian et al. 2009). The variable warm absorber also causes a
delay between soft and hard photons, however, only for long timescale variations (on
the order of hours). Thus we do not expect the measured reverberation lags in this
source to be aﬀected by the variable warm absorber. However, the soft lag we detect
at low frequencies (long timescales) due to the delayed response of the more absorbed
energy bands compared to the ionizing continuum, can aﬀect the measured hard lag
at those frequencies. This could mean, in principle, that the intrinsic hard lag at low
frequencies would have a higher amplitude if we were able to exclude the eﬀect from
the warm absorber.
Hard lags at low Fourier frequencies are common in AGN lag-frequency spectra,
especially for systems with a relatively low mass such as NGC 4051 (De Marco et al.
2013). Therefore, we stress that understanding the eﬀect of the warm absorber is
necessary in order to fully grasp the nature of the hard lags in these sources.

2.5.4

Flux dependence

The shape of the SED and the variability amplitude of NGC 4051 are known to vary
with ﬂux level (Vaughan et al. 2001). To investigate the eﬀects of these variations with
ﬂux level, Alston et al. (2013a) performed a ﬂux resolved study of the lag-frequency
spectrum of NGC 4051. Alston et al. (2013a) found that the lag-frequency spectrum
of NGC 4051 is also variable. When considering only high ﬂux segments, the lagfrequency spectrum resembles the one calculated with the whole time series. This
behavior is expected since the high ﬂux segments are also the most variable and will
dominate the averaged cross-spectrum due to the higher Fourier amplitudes. On the
other hand, the lag-frequency spectrum selecting only medium or low ﬂux segments
shows a transition at low Fourier frequencies (long timescales); a hard lag is no longer
detected but a soft lag is observed instead. It has not yet been possible to physically
explain this behavior. However, since the low ﬂux lag-frequency spectrum resembles
the soft lags produced by a warm absorber, we also performed this analysis on our
simulated data.
Using the same reference mean ﬂux levels as Alston et al. (2013a), we compute the
ﬂux resolved lag-frequency spectrum to ﬁnd whether the soft lag we ﬁnd due to the
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Figure 2.12: Lag-frequency spectrum between the soft (0.3-1.0 keV) and hard (2.0-5.0 keV) bands
of the simulated light curves for EPIC-pn, for diﬀerent ﬂux levels.

variable warm absorber could also be dependent on the ﬂux level. We overplot in Fig.
2.12 the lag-frequency spectrum for the high, medium, and low ﬂux level segments.
We ﬁnd that the soft lag we observe exclusively due to the variable warm absorber
appears to be more signiﬁcant when picking only low ﬂux segments. The lag depends
on delayed changes in the fraction of absorbed photons. When this fraction is large
(e.g., at low ﬂuxes) the lag is large, whereas when it is small (e.g., at high ﬂuxes) the
lag is small. From the simulated spectra, we have veriﬁed that these ﬂux-dependent
changes in the absorbed fraction of photons do occur for some absorption features,
particularly for the Fe UTA feature, which is one of the main contributors to the lag.
Additionally, diﬀerent atomic transitions are aﬀected by diﬀerent ionization states,
which result in diﬀerent response times and responses at diﬀerent timescales. We
suggest that the ﬂux dependence of the lags at low Fourier frequencies may be at
least in part due to the ionization state of the gas, but investigating this complex
behavior in detail goes beyond the scope of this paper and we will address it in future
work. For the non-detection of a soft lag at low frequencies in the total/combined
dataset, this could be due to the fact that the high ﬂux states are dominated by other
processes. The mechanism responsible for the hard lags at low frequencies might be
enhanced at high ﬂux levels and might dominate the other lag components.

2.5.5

Distance of the warm absorber

Previous studies of the complex spectrum of NGC 4051 have found the warm absorber
to be located quite close to the black hole and ruled out a torus origin for the gas.
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Using a simple time-dependent photoionization model on ROSAT data, Nicastro et al.
(1999) estimate the gas electron density to be n ∼ 108 cm−3 , which yields a distance
from the X-ray source of ∼ 7.4 × 1015 cm. Krongold et al. (2007) were able to
detect high- and low-ionization absorbers with XMM-Newton data, and derived a
density of n ∼ 5.8 − 21 × 106 cm−3 and n < 8.1 × 107 cm−3 , respectively, through
time-resolved spectroscopy. These densities lead to an estimate for the distances
of 1.3 − 2.6 × 1016 cm for the high-ionization phase and of < 9 × 1015 cm for the
low-ionization phase. More recently with new XMM-Newton observations, Pounds
& King (2013) identiﬁed a much more complex ionized outﬂow and propose that the
wind is being shocked at a distance of 1017 cm, which places the warm absorber at
distances of < 1017 cm. Our simulations indicate a maximum eﬀect of the response
time of the warm absorber on the X-ray time lags at distances of ∼ 0.3−1.0×1016 cm,
which are comparable to the distance at which the broad-line region is located in this
source (Denney et al. 2009). Furthermore, these distances correspond to gas densities
in the range of n ∼ 0.4 − 3.0 × 107 cm−3 for the two major contributors to the lags,
components 1 and 3. Therefore, if we take into account the existing estimates of
the location (and density) of the warm absorber and compare them to our results, it
appears that the low-frequency X-ray time lags in NGC 4051, measured by Alston
et al. (2013a), are very possibly aﬀected by the response of the gas to the source
variability.

2.6

Conclusions

Working simultaneously with RGS and EPIC-pn data, we performed a detailed analysis using a time-dependent photoionization code in combination with spectral and
Fourier spectral-timing techniques. We applied this method to the extensive XMMNewton archival observations of the bright and highly variable Seyfert 1 galaxy NGC
4051, whose spectrum has revealed a complex multicomponent wind. As a result, we
have shown that warm absorbers have the potential to introduce time lags between
the most highly absorbed bands relative to the continuum for a certain range of gas
densities and/or distances. The time delay is produced by the response of the gas to
changes in the ionizing source, either by photoionization or radiative recombination.
We ﬁnd that, in the absence of any other lag mechanisms, a soft (negative) lag, on
the order of ∼ 100 s, is detected when computing the spectral-timing products between
the more absorbed energy bands from simulated RGS spectra and a broad continuum
band from simulated EPIC-pn spectra, on timescales of hours. Furthermore, we also
ﬁnd that the absorbing gas can likewise produce a time delay between the broader
soft and hard bands, both belonging to simulations of EPIC-pn spectra. This happens
because the soft band appears to be generally more absorbed, and so even without the
higher spectral resolution provided by RGS we can see the soft band lagging behind the
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hard for long timescales. A direct consequence of our results is that understanding
the contribution of the recombining gas to the X-ray lags is vital information for
interpreting the continuum lags associated with propagation and reﬂection eﬀects in
the inner emitting regions. We have shown that the eﬀects of the warm absorber in
this source are negligible on short timescales where the reverberation lag is found.
However, on long timescales (∼ hours) the response time of the absorber causes the
soft photons to lag the hard photons by up to hundreds of seconds. This will have
implications for the modeling of the observed hard lags, which have been measured to
be only ∼ 50 s in NGC 4051, since the eﬀect of the warm absorber is to dilute them
or even produce dominant soft lags at low frequencies.
The range of gas distances that, under our assumptions, yield a stronger eﬀect of
the warm absorber are comparable to the existing estimates for the location of the
warm absorber in NGC 4051. In the light of this we note that it is likely that the
warm absorber plays a role in the observed X-ray time lags in this source. If this is
the case, such eﬀects can also help explain the observed soft lags at low frequencies
for the low ﬂux segments of the 2009 dataset from NGC 4051.
The results we present in this paper are speciﬁc to a case study we performed on
NGC 4051 and its warm absorber. Assessing the eﬀects of the warm absorber to the
lags through future studies in which we will explore the parameter space will then
allow us to disentangle the contribution from continuum processes and warm absorber
responses in the lag-frequency and lag-energy spectrum of AGN. As mentioned earlier,
one of the problems in the study of these systems through time-resolved spectroscopy
are the timescales involved (on the order of minutes to hours), which result in limited
photon counts, per time and energy bin. Moreover, there are also other processes
playing a role on these timescales, namely continuum processes that produce the
hard lag. When doing time-resolved spectroscopy the gas response lags are not easily
distinguished from the continuum lags, which may cause spurious measurements of
the response time. Evaluating the level of uncertainty on these estimates goes beyond
the scope of this paper. We stress that using spectral-timing analysis together with a
time-dependent photoionization model is an extremely powerful method, not only to
access the contribution of the warm absorber to the X-ray time lags, but also having
the potential to provide important diagnostics on the warm absorber location and
gas density, which we will explore in future work. Furthermore, the method can be
applied to other sources and warm absorber conﬁgurations allowing for a wide range of
studies. Indeed, recent work by Kara et al. (2016) shows that some AGN with soft lags
at low Fourier frequencies are also highly absorbed, highlighting a possible connection
between variable absorption and low-frequency lags in other sources. These spectraltiming methods will allow the study of the warm absorber response on even shorter
timescales and at higher spectral resolution than have ever been possible. With the
current dataset on NGC 4051, it is not yet possible to determine whether the lag
is associated with the warm absorber; however, a higher signal-to-noise grating or
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calorimeter data may enable this test. Looking farther ahead, ATHENA (Nandra
et al. 2013) will allow these methods to be routinely used to study the detailed time
response of individual absorption components, and will allow us to map AGN outﬂows
in exquisite detail.
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Abstract
A comprehensive reverberation monitoring campaign was conducted on NGC 5548
during ∼ 6 months, in the ﬁrst half of 2014. The retrieved UV data with the Cosmic
Origins Spectrograph on HST at intervals of ∼ 1 day allowed for the variability of the
intrinsic narrow absorption lines to be uncovered in great detail. Equivalent width
measurements for the observed troughs as a function of time were obtained. The
time-dependent behaviour of the troughs is well correlated with the ionizing ﬂux suggesting that the gas is responding to changes in the central source. These high-quality
data thus provide a unique opportunity to test time-dependent photoionization models. Here, we expand on the time-dependent photoionization model we developed in
previous work for the study of X-ray warm absorbers, and numerically compute the
predicted ion concentrations as a function of time reacting to the intrinsic variations
of the illuminating continuum, for a grid of gas densities and ionization states. In
the optically thin limit, and assuming a ﬁxed total column-density, the ion concentrations show a linear correlation with the measured equivalent widths, allowing us to
directly compare the predicted time-dependent behaviour of the gas to the observed
equivalent width light curves. By ﬁtting the data with our time-dependent models,
we successfully constrain both the density and ionization parameter of two of the six
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velocity components of the gas. Our results highlight the validity and importance of
time-dependent photoionization models for the characterization of AGN outﬂows.
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3.1

Introduction

Active Galactic Nuclei (AGN) outﬂows can be powerful enough to play a role in the
evolution of the host galaxy. The energy and matter expelled from the nucleus are
able to interact with the surrounding environment, a phenomenon known as AGN
feedback (e.g. Di Matteo et al. 2005; Hardcastle et al. 2007; King & Pounds 2015).
Characterizing the outﬂows is hence crucial information for the understanding of the
inner most regions of active galaxies and the interaction of the supermassive back
hole with its surroundings.
In Seyfert galaxies, the outﬂow is detected through the presence of intrinsic absorption features in their UV and X-ray spectra, which are blueshifted with respect
to the systemic velocity of the galaxy (see Crenshaw et al. 2003a, for a review). The
origin and driving mechanisms of these outﬂows are still up for debate, and assessing
their importance for feedback has been proven to be all but trivial (e.g. Crenshaw
& Kraemer 2012). One of the main problems associated with the latter challenge
relates to the estimation of the distance between the supermassive black hole and the
absorbing gas, which can then be used to quantify the momentum transferred by the
outﬂow into the surrounding medium. Characterizing the location of the absorber is
possible if a density estimate for the gas can be made. In the UV, density-sensitive
lines from metastable levels can be used to directly infer the density. This method
has successfully been applied to some sources (e.g. Arav et al. 2015), yet in many
cases such diagnostic lines are simply not detected. Furthermore, the sensitivity of
the metastable absorption lines to density diagnostics is dependent on the ionization
of the gas, implying that diﬀerent lines are only able to probe a certain range of
densities (Mao et al. 2017). Another method to estimate this quantity is by studying the variability. The outﬂowing gas, ionized by the central source, is subjected
to variations of the ionizing ﬂux, typically observed in AGN. The response time of
the gas to such changes in ﬂux, i.e. the time the gas takes to reach photoionization
equilibrium with the ionizing continuum, is inversely proportional to the density (e.g.
Krolik & Kriss 1995; Bottorﬀ et al. 2000). Thus detailed monitoring of these systems
can be a powerful method to constrain the location of the gas relative to the central
source. In the X-rays, Nicastro et al. (1999) applied this method to constrain the
density and location of the warm absorber in NGC 4051. More recently, Kaastra
et al. (2012) used a time-dependent photoionization model to constrain the distance
of the dominant X-ray outﬂow components in Mrk 509, by comparing the predicted
time-dependent transmission spectra with the observations. Making use of the ∼
600 ks of XMM-Newton archival observations of NGC 4051, Silva et al. (2016) performed a detailed study of the time-behaviour of the warm absorber components in
this source by predicting the response of the gas to the rapid changes in the continuum, which for the ﬁrst time revealed that a time delay associated with the response
time of the gas due to time-dependent photoionization eﬀects could be detected in
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the lag-frequency spectra of these sources. In the X-rays, detailed monitoring of a
source covering such short timescales is possible, however, such rapid variations in the
absorption features are particularly hard to track with current instrumentation since
we lack the resolution and signal-to-noise ratio necessary to observe these changes.
Contrarily, in the UV observed changes in the absorption troughs are not uncommon.
Gabel et al. (2005) was able to reproduce the observed changes in one of the UV
outﬂow components in NGC 3783, and derive upper limits on the distances of the
remaining two, through time-dependent solutions of the absorber variability based on
the observed ﬂux variations. This method also proved successful when applied to Mrk
509, where the distances of ﬁve ionization components could be derived (Arav et al.
2012) through time-dependent photoionization calculations with a set of simulated
lightcurves which were then compared to the variations in the troughs. Thus it is
clear that deep observations of these sources are necessary to track in detail both the
changes in the ionizing continuum and the gas response.
Between May 2013 and July 2014 NGC 5548 was extensively monitored, in what
is one of the most comprehensive multi-wavelength spectroscopy campaigns to date
targeting an AGN (Kaastra et al. 2014a). NGC 5548 is an archetypal Seyfert 1
galaxy (z=0.017175, de Vaucouleurs et al. 1991), with a persistent ionized outﬂow
detected both in the UV (see e.g. Crenshaw et al. 2003b) and X-ray bands (see e.g.
Steenbrugge et al. 2005). The absorber shows evidence for six kinematic components,
labelled 1 to 6 in descending order of velocity (Crenshaw et al. 2003b). Surprisingly,
during the 2013-2014 campaign, the ionization of the long-lived outﬂow was much
lower compared to previous epochs, due to the presence of obscuring matter blocking
the central source which resulted in a signiﬁcant decrease of the ionizing ﬂux incident
on gas at larger distances (Kaastra et al. 2014a). The obscuration event allowed for a
comprehensive study of the gas, through the newly discovered absorption troughs at
lower ionization due to the low incident ﬂux level. Arav et al. (2015) found the gas
variability throughout the years could be fully explained by a simple photoionization
model and placed tight constraints on the distance of component 1 and useful limits
on the remaining ﬁve kinematic components.
In this work, we expand the time-dependent photoionization model developed by
Silva et al. (2016) to predict the variations in the ionic column densities of the UV
absorbing gas, in response to changes in the ionizing continuum, for a grid of gas
densities. We then estimate the density, and hence the distance, of the outﬂow components by directly comparing the predicted ionic column densities to the measured
equivalent widths, as a function of time. By ﬁtting our model to the equivalent width
lightcurves, we are able to constrain the density, and ionization state, of components
1 and 3, and place tight constraints on the distance of these components from the
central source.
The paper is structured as follows. In section 3.2, we describe the UV observations
taken during the 2014 reverberation mapping campaign on NGC 5548 (De Rosa et al.
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2015), the reduction of these data and its analysis to retrieve measurements of the
equivalent widths of the narrow absorption lines. In section 3.3, we introduce the timedependent photoionization model and explain how the predicted ion concentrations
are calculated. In section 3.4, we ﬁt the predicted ion concentrations to the measured
equivalent widths in an attempt to constrain the density, and in addition the ionization
state, of the diﬀerent gas phases. Our results are discussed in section 3.5 and the
conclusions are presented in section 3.6.
For consistency with the previous works, we refer to the six UV-band kinematic
components of the NGC 5548 ionized absorber following the labeling mentioned earlier, adopted by Crenshaw et al. (2003b) and also implemented in Arav et al. (2015).

3.2

Observations and Data Analysis

The data used in this paper was obtained during the 6-month reverberation monitoring campaign conducted on NGC 5548 in the ﬁrst half of 2014, the AGN Space
Telescope and Optical Reverberation Mapping (AGN STORM) Project. Using the
Cosmic Origins Spectrograph (COS; Green et al. 2012) on HST (Program ID 13330,
PI B. Peterson), De Rosa et al. (2015) obtained 171 UV spectra at approximately
1-day cadence from February 1, 2014, through July 27, 2014. Gratings G130M and
G160M were used to obtain spectra covering the 1153 Å– 1796 Å wavelength range in
four separate exposures during a single-orbit visit for each spectrum. These separate
exposures were recalibrated and merged into a single spectrum for each observation
as described by De Rosa et al. (2015). For wavelengths in the G130M spectral range
(λ < 1430Å), a precision of 1.1% in ﬂux was achieved; at longer wavelengths covered by the G160M grating, precision was slightly worse at 1.4%. Custom-generated
ﬂat-ﬁelds enabled signal-to-noise ratios (S/N) of ∼80 per pixel, although individual
observations are count-rate limited to S/N∼10–20.
To measure the strengths of the individual absorption lines in each observation,
an emission model was ﬁrst developed for the mean NGC 5548 spectrum. This model
is described in more detail by Kaastra et al. (2014a) and De Rosa et al. (2015).
The model essentially consists of a power-law continuum, reddened by foreground
Milky Way extinction with E(B−V)=0.017, with superposed emission lines. The
emission lines range in complexity from single Gaussians (e.g., for a weak line such
as C ii λ1335), to as many as seven Gaussian components for bright lines with two
multiplets, like C iv λ1548, 1550. In the latter case, each multiplet is described by
a narrow component with full-width-at-half-maximum (FWHM) of ∼300 km s−1 , an
intermediate-width component with FWHM∼800 km s−1 , and a broad component
with FWHM∼3000 km s−1 . A single very broad component (since the doublet is not
resolved at such widths) of FWHM∼8000km s−1 completes the C iv proﬁle. Similar
proﬁles are used for Lyα, N v, He ii, and Si iv.
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As reported by Kaastra et al. (2014a), NGC 5548 has entered a long-lived phase
where obscuring material is absorbing the soft X-ray spectrum as well as producing
broad absorption troughs on the blue wings of UV resonant lines, most prominently
Lyα, N v, Si iv, and C iv. The emission model for NGC 5548 also includes a description of these components, which are modeled as asymmetric Gaussians in negative
ﬂux, with the blue half of the proﬁle having a FWHM of ∼1000 km s−1 . Finally, the
whole spectrum is absorbed by foreground Milky Way Lyα with a damped, Lorentizan proﬁle normalized to an H i column density of 1.45 × 1020 cm−2 s (Wakker et al.
2011).
Given this basic template developed for the mean spectrum, Kriss et al. (in
prep.) describe how this model is then ﬁt to each single observation of the NGC
5548 campaign. Fits are obtained by only using wavelengths unaﬀected by either
foreground interstellar absorption lines or the narrow absorption lines intrinsic to NGC
5548. Starting with a spectrum near the center of the campaign with approximately
the same ﬂux as the mean spectrum, the model parameters are adjusted to provide
the best ﬁt to that individual observation. Later and earlier observations are then
individually ﬁt, in order, so that the model parameters gradually adjust and evolve
with the changing shape of the spectrum during the campaign.
Once this ﬁnal set of emission models for each individual observation are in hand,
we can measure the equivalent widths of the individual narrow absorption lines in
each spectrum. The emission model speciﬁes the continuum level in the region of each
absorption line. We obtain equivalent widths by integrating the diﬀerence between the
emission model and the observed spectrum in the region spanned by each absorption
line. These integrations are actually discrete pixel-by-pixel sums:

EW =



(Fi − fi ) × (λi+1 − λi )/fi

where Fi is the observed spectrum in pixel i, fi is the emission model value in
pixel i,and λi is the central wavelength of each pixel. In practice, Δλ = λi+1 − λi
is a constant for each pixel in the linearized combined spectrum produced for each
observation.
Errors on the equivalent width are determined using straightforward propagation
of the observational errors for each pixel:

σEW =

(



σi2 × Δλ2 /fi2 )

This process is used to extract the measurements of all the absorption lines used
in this paper.

60

3.3 Time-dependent photoionization

3.3

Time-dependent photoionization

The outﬂowing gas, responsible for the observed narrow absorption lines in the AGN
UV spectra, is photoionized by the central source. In addition, the AGN continuum
emission is known to be variable. As such, time-dependent eﬀects must be considered
in photoionization modeling since the ﬂuctuations in the luminosity of the source will
have an impact on the ionization balance of the gas. A decrease in the luminosity
of the ionizing continuum will result in a lower ionization state of the gas. On the
contrary, when the luminosity increases, the gas becomes more ionized. The processes
here enabling the gas to reach equilibrium with the underlying continuum are photoionization and its inverse process, radiative recombination.
Depending on the amplitude of the ﬂux variations the gas is exposed to and on the
characteristics of the gas itself such as its density, the response to the changes in the
central source may vary (Krolik & Kriss 1995). When variations in the ionizing ﬂux
occur on much longer timescales than the typical response timescale of the gas, the
gas is in equilibrium with the ionizing source at all times. On the other hand, when
changes in ﬂux occur on much shorter timescales than the response timescale of the
gas, the ionic abundances reach a steady state determined by the average ﬂux. Finally, when the source’s variability timescale is on the order of the response timescale
of the gas, the ionic abundances show a smooth and delayed version of the ﬂux history
of the central source.
A time-dependent photoionization model that tracks the rapid changes in the
ionizing continuum and predicts the relative ion concentrations as a function of time,
for a grid of gas densities, was developed in previous work by Silva et al. (2016), while
studying the X-ray warm absorber in NGC 4051. Here we expand on the work of
Silva et al. (2016) and investigate in detail how the UV absorbing gas in NGC 5548
reacts to changes in the ionizing ﬂux. The time behavior of the gas can be described
by the time-dependent ionization balance equations as given by Krolik & Kriss (1995)
dnXi
= −nXi ne αrec,Xi−1 − nXi IXi + nXi+1 ne αrec,Xi + nXi−1 IXi−1 ,
dt

(3.1)

where ne is the electron density of the gas, αrec,Xi is the recombination coeﬃcient from
stage i+1 to i and IXi is the ionization rate from stage i to stage i+1. In equation 3.1,
the usually small eﬀects from Auger ionization, collisional ionization, and three-body
recombination are neglected. Changes in ion concentrations, predicted through this
method, are therefore inﬂuenced by the destruction rate and formation rate of each
ion solely due to photoionization and radiative recombination.
Variations in the ionic concentrations induced by the ﬂux variability are expected
to inﬂuence the observed equivalent widths of the narrow absorption lines. During
the extensive 6-month monitoring of NGC 5548, the narrow absorption lines appear
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Figure 3.1: Spectral energy distribution of NGC 5548 during the obscuration event.

to be responding to changes in the continuum only throughout the ﬁrst two continuum peaks (roughly corresponding to the ﬁrst 60 days of observations, in which the
equivalent widths are well correlated with the ionizing ﬂux. For the second half of
the campaign, an anomalous behavior of the broad UV emission lines was observed
(Goad et al. 2016), suggesting that the underlying SED had changed during this period (Mathur et al. 2017). The narrow absorption lines are also aﬀected during this
anomalous epoch and a correlation with the continuum is no longer seen. For this
reason, we only consider the ﬁrst part of the observations in our analysis. During
this time, the narrow absorption lines show the classic behavior expected from photoionization and the ionizing ﬂux is well tracked by the far-UV continuum ﬂux at
1367Å, providing ideal conditions to test our method. We therefore consider the ﬂux
variations at 1367Å as a proxy for the changes in the underlying continuum driving
the ionization state of the gas.

3.3.1

Spectral energy distribution

The incident spectral energy distribution used throughout this work (see Fig. 3.1)
is the same obscured SED adopted in Arav et al. (2015). The shape of this SED is
derived from the simultaneous X-ray/UV observations from 2002 (Steenbrugge et al.
2005), modiﬁed to include the eﬀects of the obscurer detected in the 2013 observations, which absorbed much of the soft ionizing continuum before it reached the UV
outﬂow.
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The corresponding spectral energy distribution, as well as the equilibrium ion concentrations, are essential to estimate the ionization and recombination rates. Also the
ionization of the gas is a crucial parameter in these calculations. Using this SED and
the latest version of Cloudy (v.17.00, Ferland et al. 2017), we derive the relation
between the ionization parameter ξ and U to be log(U ) = log(ξ) − 2.19. From the
six outﬂow components detected in the absorption spectra of NGC 5548, component
1 is the strongest and highest velocity component (vout ∼ 1160 km s−1 ). Arav et al.
(2015) derived the average ionization parameter of this component to be log U ∼ −1.5.
Since for the other components the estimates on the ionization parameter are rather
loose or non-existent, we start this analysis by considering only component 1. For the
following computations we use the corresponding ionization parameter, log ξ ∼ 0.69,
for this component. These results are later presented in Sec. 3.4.1. The remaining
components are analysed in Sec. 3.4.2, where we simultaneously constrain the ionization and density of the gas. In this case, the ionization and recombination rates were
computed in a similar fashion as described below, though for a grid of ξ.

3.3.2

Ionization and recombination rates

The ionization and recombination rates were calculated with Cloudy, for each point
in the light curve, using the SED from Fig. 3.1 and assuming proto-Solar abundances
(Lodders et al. 2009). We make use of the command "print rates" to retrieve the
ionization and recombination rates for each ion, for the diﬀerent ﬂux levels by feeding
Cloudy with the appropriate scaled ionization parameter, such that it matches the
luminosity changes during the observation. The assumption here is that the density
and distance of the gas to the central source remain constant for these short timescales.
In this way, the average ionization parameter, ξ ∼ 0.69, can be linearly scaled up or
down with the changes in the luminosity, according to the relation ξ = Lion /nr2 . Since
Cloudy includes multiple ionization after inner-shell ionization and in equation 3.1
multiple ionization is not taken into account, we correct the ionization rates to force
equilibrium when inserting these in equation 3.1 with the equilibrium concentrations,
which needs to yield dnXi /dt = 0.

3.3.3

Time-dependent ion concentrations

The time-dependent ion concentrations are calculated by integrating the ionization
balance equations (see equation 3.1). These form a system of N-coupled ordinary
diﬀerential equations that we solve numerically by using the subroutine odeint, a
Runge-Kutta method with adaptive stepwise control (see Numerical Recipes by Press
et al. 2007, for details).
We assume that at the beginning of the observation the gas is in photoionization
equilibrium with the ionizing continuum, and use the equilibrium concentrations as
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Figure 3.2: Time-dependent evolution of the relative concentrations of C ii (1334 Å) (lower panel)
responding to changes in the UV continuum as seen by HST at 1367 Å (upper panel), for diﬀerent
gas densities, n, in cm3 . THJD refers to the Truncated Heliocentric Julian Date = (HJD-240000).

the initial conditions for the gas. The equilibrium concentrations are provided by
Cloudy when retrieving the ionization and recombination rates. Furthermore, we
assume that the electron density, ne , remains constant during the observation (following the same approach described in Nicastro et al. 1999; Arav et al. 2012; Kaastra
et al. 2012; Silva et al. 2016). The time-dependent concentrations are then computed
for a grid of gas densities, from 103 cm−3 up to 107 cm−3 , in 0.1 dex steps. Fig. 3.2
shows as an illustrative example the solutions obtained for C ii (1334 Å).
The equilibrium concentrations are represented by the star markers in the lower
panel of Fig. 3.2. These are the expected concentrations if the gas responds instantaneously to the changes in the continuum. As the ﬂux increases, the relative
concentration of C ii is reduced, since the gas becomes more ionized. When the ﬂux
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drops, the gas recombines and the concentration of C ii increases. The colored lines
represent the predicted time-dependent ion concentrations for diﬀerent gas densities.
For high gas densities (106 − 107 cm−3 ), the gas response is close to what is expected
from photoionization equilibrium. For low densities (e.g. 103 cm−3 ), the gas is not
able to respond to the ﬂux variations. Instead, the concentration of C ii varies slightly
around a mean value, associated with the mean ﬂux level over long timescales. Finally, for intermediate densities (104.5 − 105.5 cm−3 ), the gas response to the ﬂux
variations is a smoothed and delayed version of the light curve.
This response time of the gas is often associated with an equilibrium timescale from
which an estimate of the density of the gas can be obtained (Krolik & Kriss 1995).
In this work, we attempt to constrain the density of the absorbing gas by directly
comparing the predicted changes of the ionic columns to the measured equivalent
width light curves.

3.4

The density of the ionized absorber

In the optically thin limit, the curve of growth for the spectral lines shows a linear regime in which the equivalent width, EW , is directly proportional to the ionic
columns, Ni . This linearity ensures the linear scaling of the equivalent widths with
the predicted relative concentrations, nXi , given that the total column density of
the gas does not change over the considered timescales. The linear scaling of these
quantities allows for a direct comparison between the ion concentration curves we
previously calculated with our time-dependent photoionization model and the light
curves of the measured equivalent widths. Thus, the optically thin regime is of crucial
importance for this approach. Once the gas becomes optically thick, and the lines
become saturated, this linearity is no longer valid.
To determine which electron density predicts best the observed variations in the
measured equivalent widths, we ﬁt the predicted ion concentrations for the diﬀerent
densities to the light curves of each ion. The ﬁtted model includes two free parameters;
the scaling factor aXi ,ne and the oﬀset bXi ,ne , which allow for the linear scaling relation
between the measured equivalent widths and predicted ion concentrations, given by:
EWXi ,ne (t) = aXi ,ne nXi ,ne (t) + bXi ,ne . The best ﬁt is considered to be the curve that
yields the lowest χ2 , giving us a constraint on the electron density of the gas. For
highly ionized plasmas, the density of the outﬂowing gas and the electron density are
related by ne  1.2 nH . In this way, it is trivial to estimate from our results the
density of the ionized gas, and in turn its distance to the central source. The distance
is estimated through the deﬁnition of the ionization parameter, ξ, which depends on
the ionizing luminosity, Lion , the density of the gas, nH , and its distance to the central
source, r, and can be written as ξ = Lion /(nH r2 ).
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3.4.1

Constraining the density of component 1

In Sec. 3.3, we calculated the predicted ion concentrations for component 1, using
the ionization parameter estimated by Arav et al. (2015) as a proxy for the averaged
ionization of the gas. We now ﬁt the predicted ion concentrations for diﬀerent densities (as a function of time), to the equivalent width light curves of the absorption
troughs detected for this component of the UV outﬂow. The results of the best-ﬁts
are presented in Fig. 3.3, Fig. 3.4, and Table 3.1.
Here we consider C ii to illustrate the results obtained for the behaviour of the
EW as a function of time. In the upper-left panel of Fig. 3.3 the best-ﬁt model
for C ii is plotted. It is ﬁrst worth noting that by convention, the equivalent width
measurements are negative since these relate to absorption lines. As seen in Fig. 3.2,
a decrease in the ionizing ﬂux leads to an increase in the concentration of C ii due to
radiative recombination, which translates into an increase in the absolute value of the
measured equivalent width. For this reason, the scaling factor aXi ,ne is always negative
throughout the ﬁtting. The top-right panel in Fig. 3.3 shows the corresponding χ2
values for the best-ﬁt model for each density, in which the scaling factor aXi ,ne and
the oﬀset bXi ,ne parameters were free to vary. The density that best describes the
behavior of the gas in these conditions is the density for which we obtain the best
overall ﬁt, i.e. the density whose best-ﬁt model has the lowest χ2 .
As shown in Fig. 3.3, Fig. 3.4, and Table 3.1, the density diagnostics through the
study of these lines are robust and consistent with a density of log ne ∼ 4.9−5.0 cm−3 .
Although the ﬁtting results show good constraints on the density diagnostics for C ii,
Si ii, and P v, the lowest χ2 achieved yields a χ2red < 1. A χ2red < 1 is a problem we
encounter for some of our ﬁts. This indicates that the error variance is likely to be
over-estimated, i.e. that the estimated uncertainties on the EW s (see Sec. 3.2) may
be in some cases too conservative. To account for this, we scale the χ2 values of the
ﬁts that originally yield a χ2red < 1, by setting the achieved χ2min to the number of
d.o.f., such that the best ﬁt returns χ2red = 1. This mostly aﬀects the uncertainties of
the ﬁtted parameters, since the estimated errors after scaling are larger, hence more
conservative (see the values in brackets on Table 3.1). The best-ﬁts for C ii, Si ii, and
P v are less constraining when correcting for the over-estimation of the error variance
in the ﬁts. Computing the errors in log ne by scaling the χ2 so that the minimum
corresponds to a χ2red = 1, results in log ne > 3.3 cm−3 for C ii, log ne > 4.1 cm−3 for
−3
Si ii, and log ne ∼ 4.9+0.8
for P v. The ﬁtting results for component 1, using
−0.6 cm
the best estimates for the lines providing tighter constraints, Si iii and Si iv, yield
log ne ∼ 4.9 − 5.0 cm−3 , which corresponds to a gas number density in the range of
nH ∼ (6.6 − 8.3) × 104 cm−3 . We note however that given the close agreement in ﬁt
parameters, the rescaling of the χ2 values for the ﬁts of the lines of C ii, Si ii, and P v
may not be required. Nonetheless, we present this conservative resulting conﬁdence
intervals, for completeness.
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Figure 3.3: Best ﬁts for component 1. The plots on the left show the C ii, Si ii, and Si iii EW light
curves and the corresponding best-ﬁt model to each one of these lines. The plots on the right show
the corresponding χ2 values for the best-ﬁt model for each density. The 1σ region of conﬁdence, is
represented by the dashed area in the curves.
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Figure 3.4: Best ﬁts for component 1. The plots on the left show the Si iv, and P v EW light
curves and the corresponding best-ﬁt model to each one of these lines. The plots on the right show
the corresponding χ2 values for the best-ﬁt model for each density. The 1σ region of conﬁdence, is
represented by the dashed area in the curves. The indexes r and b respectively refer to red and blue
transitions for doublets.
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Table 3.1: Results of the best ﬁts for component 1. 1σ errors, equivalent to 68% conﬁdence level,
are estimated by taking the corresponding Δχ value for one parameter of interest, Δχ = 1.0. ∗ The
errors on the estimated number density for the ﬁts of C ii, Si ii and P v have also been computed by
correcting for the over-estimation of the error variance in our ﬁts (in brackets).

Absorption line
C II (1334 Å)
Si II (1260 Å)
Si III (1206 Å)
Si IVb (1393 Å)
Si IVr (1402 Å)
P Vr (1126 Å)

log ne
(cm−3 )
∗
5.1+0.1
−0.2 (> 3.3)
+0.2
∗
5.0−0.1 (> 4.1)
4.9 ± 0.1
4.9 ± 0.1
5.0 ± 0.1
+0.8 ∗
4.9+0.2
−0.1 (4.9−0.6 )

χ2 /d.o.f.
36.34/59 ∼ 0.62
37.48/58 ∼ 0.65
143.31/61 ∼ 2.3
102.09/61 ∼ 1.67
94.31/61 ∼ 1.54
55.90/61 ∼ 0.92

In addition to the aforementioned Si ii λ 1260Å absorption trough, it was also
possible to retrieve for component 1 the EW light curves of Si ii λ1193Å, Si ii λ1304Å
and Si ii λ1526Å. Variations in these troughs are small in amplitude and additionally
aﬀected by a low signal-to-noise ratio. Consequently, the ﬁts to these absorption
troughs of Si ii provide, at most, lower limits on the number density (see Fig. A.1).
Troughs of Al ii and S iii were also observed. The EW light curves of these lines
suﬀer particularly from this signal-to-noise ratio problem in a way that has led these
lines to be unusable as a diagnostic on their own (see Fig. A.2). Finally, prominent
lines of Ly α, C iv and N v are also present in the spectra. The absorption troughs
of Ly α, C iv and N v are much stronger, showing rapid variations of much higher
amplitude than any of the other troughs (see Fig. A.3). While the long term changes
in these lines correlate with the continuum, the rapid and high amplitude variability
of the EW light curves cannot be described by a simple photoionization model. For
this reason, these lines will not be included in the subsequent analysis throughout this
paper. In Sec. 3.5, we discuss possible scenarios that can account for this complex
behaviour.

3.4.2

Constraining the density and ionization of the UV
absorber

The previous analysis relied on prior knowledge of the ionization state of the gas.
In the UV, constraining the gas ionization is not trivial due to the low number of
transitions available for a diagnostic. Out of the six outﬂow components identiﬁed in
the spectra of NGC 5548 it was only possible to constrain the ionization of the gas
for component 1 (Arav et al. 2015). In the light of this, we have extended our models
to allow for a range of ionization parameters, enabling us to simultaneously constrain
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Figure 3.5: Time-dependent evolution of the relative concentrations of Si iii (λ 1206Å) responding
to changes in the UV continuum (see upper panel in Fig. 3.2) for diﬀerent ionization states, at a
ﬁxed density of log ne = 5.0.

the density and ionization state of the gas.
Diﬀerent ionization states also have an impact on the time-dependent evolution
of the ion concentrations. An illustrative example is presented in Fig. 3.5, where
the time-dependent ion concentrations of Si iii are plotted for a range of ionization
parameters (log ξ = 0.0 − log ξ = 1.0), at a ﬁxed density of log ne = 5.0 cm−3 .
While the biggest eﬀect of ionization is on the relative abundance of the diﬀerent
ions, changes in the shape of the curves are also noticeable even when considering
a ﬁxed density. Thus, in addition to being sensitive to the density, we expect the
modeling to be sensitive to ionization.
The diﬀerent absorption troughs of each kinematic component are assumed here
to be part of the same gas phase, sharing the same physical conditions, i.e. same
ionization state and density. As we have seen in our previous ﬁts to the absorption
troughs of component 1, the results for the diﬀerent lines for which we obtain good
ﬁts are consistent with one another. Since one extra parameter is here added to our
model, a stronger constraint is given by ﬁtting together the lines corresponding to
each component. Thus, we perform a joint-ﬁt for each component in order to ﬁnd the
its best ﬁtting density and ionization parameter, in a consistent manner.
The predicted ion concentrations are ﬁrst calculated in a similar fashion to what
is described in Sec. 3.3, only this time the Cloudy runs are also performed over
a range of ionization parameters. Based on the results we achieved for component
1, we consider a narrower density range from log n = 4.0 cm−3 up to log n = 6.0
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Figure 3.6: Contours for the joint ﬁt of component 1 including C ii, Si ii λ 1260Å, Si iii, Si iv,
and P v. The 1σ region of conﬁdence (for 68% signiﬁcance level), is represented by the solid line in
magenta.

cm−3 , and a ionization parameter log ξ in between log ξ = 0.0 and log ξ = 1.0,
both in a grid of steps of 0.1. These models are ﬁtted to the equivalent width light
curves as before, including the two free parameters aXi ,ne and bXi ,ne . The joint ﬁt is
achieved by performing a 2-dimensional grid search across these ranges of ionization
parameters and densities. The pair (ne , ξ) that best predicts the observed changes in
the measured equivalent widths is the one that yields the overall lowest χ2 , when the
results of the grid search for each absorption line are computed together.
Component 1
For component 1 we successfully constrained the density of the gas through the modeling of the absorption troughs of C ii, Si ii λ 1260Å, Si iii, Si iv, and P v (see Sec.
3.4.1), while making use of the averaged ionization state found for this component by
Arav et al. (2015). Combining the ﬁts to the aforementioned absorption troughs, we
now perform a joint ﬁt to simultaneously constrain the ionization and density of this
gas component. A minimum χ2 estimation is ﬁrst computed for each line. Subsequently, we correct the results obtained for which the χ2min is lower than the number
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Figure 3.7: Best ﬁt models for the joint ﬁt of component 1 including C ii, Si ii (λ 1260Å), Si iii,
Si iv, and P v. The indexes r and b respectively refer to red and blue transitions for doublets.
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Figure 3.8: Contours for the joint ﬁt of component 1 including C ii, Al ii, Si ii, Si iii, Si iv, P v,
and S iii. The 1σ region of conﬁdence (for 68% signiﬁcance level), is represented by the solid line in
magenta.

of d.o.f., yielding a χ2red < 1, as it was the case for C ii and P v. As mentioned earlier this yields a conservative approach to the estimation of the uncertainties on the
ﬁtted parameters. The results of the 2-dimensional grid search for each trough are
summed, according to the additive properties of the χ2 distribution, and the (ne , ξ)
pair corresponding to the lowest total χ2 are considered the best-ﬁt parameters. To
estimate the conﬁdence limits on these parameters, we ﬁnd the 1σ region of conﬁdence (for 68% signiﬁcance level), for two parameters of interest (i.e. Δχ = 2.3), and
interpolate on the grid of ne and ξ to retrieve the errors. The parameters that predict
best the observed changes in the measured equivalent widths are log ne ∼ 5.00+0.08
−0.05
2
and log ξ ∼ 0.40+0.05
with
χ
/d.o.f.
=
457/361
∼
1.27.
The
contours
of
the
joint
ﬁt
−0.10
are presented in Fig. 3.8, and the results of the joint ﬁt are shown for each line in
Fig. 3.7.
We further set out to constrain the density and ionization of the gas by also
making use of the EW light curves showing lower signal-to-noise ratios, namely Al ii,
the remaining lines of Si ii, and S iii. A joint ﬁt including these troughs in addition to
+0.12
the troughs previously mentioned resulted in log ne ∼ 5.20+0.17
−0.10 and log ξ ∼ 0.50−0.03
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Figure 3.9: Contours for the joint ﬁt of component 3. The 1σ region of conﬁdence (for 68%
signiﬁcance level), is represented by the solid line in magenta.

with χ2 /d.o.f. = 816/615 ∼ 1.33. The contour plot of the joint ﬁt involving all these
lines is shown in Fig. 3.8, and Figs. A.4 and A.5 show the results of the joint ﬁt for
each of the lines.

Component 3
Component 3 shows variations in the troughs of Si iii and Si iv. A joint ﬁt to the
equivalent width lightcurves of these absorption lines yields remarkable constraints
of the physical parameters of this component, with log ne ∼ 4.90+0.05
−0.03 and log ξ ∼
0.30 ± 0.02 with χ2 /d.o.f. = 200/177 ∼ 1.13. The contour plot of the joint ﬁt for
component 3 is presented in Fig. 3.9. Fig. 3.10 shows the results of the joint ﬁt to each
one of the studied lines. The density of component 3 is comparable to the density of
component 1, within the errors. Our results however point to a lower ionization in
component 3 compared to component 1, suggesting component 3 to be located further
from the central source than component 1.
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Figure 3.10: Best ﬁt models for the joint ﬁt of component 3 including Si iii and Si iv.The indexes
r and b respectively refer to red and blue transitions for doublets.

Components 2, 4, 5 & 6
It is not possible to set constraints on the parameters of the remaining kinematic
components observed in the spectra of NGC 5548. Component 2 only shows variations
in the troughs of Ly α, C iv and N v, for which we are not able to successfully apply
our model due to the complexity of these features (see Fig. A.6). Troughs of Si iv are
detected for component 4, however these do not show any variations across the length
of the observation period we consider (see Fig. A.8). The lack of variability can be
explained by very low gas densities, or can imply a distant location of the gas from the
ionizing source, as inferred by Arav et al. (2015). The same is true for components 5
and 6, for which no signiﬁcant variability is detected during the considered time-scale
for the troughs of Si iii and Si iv (see Figs. A.9 and A.10). Interestingly, all these
components show variability in the troughs of Ly α, C iv and N v.
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3.5

Discussion

By expanding on the time-dependent photoionizationion model developed by Silva
et al. (2016), we have calculated the behaviour of the relative ion concentrations,
as a function of time, for the narrow absorption troughs present in the spectra of
NGC 5548. The changes over time, considered in our model, are solely due to photoionization and radiative recombination, as a result of the variability of the ionizing
continuum. The high-quality data of this campaign allows for the time-dependent
response of the gas to be observed in remarkable detail, by measuring the changes in
the EW of the troughs on timescales of ∼ 1 day, over a period of roughly 6 months.
As explained earlier in Sec. 3.3, in this work we only make use of the data taken
during the ﬁrst part of the campaign, roughly corresponding to the ﬁrst 60 days of
observations, where the changes in the lines are seen to correlate with the changes in
the continuum. This provides exceptional conditions to test our method, since during
this time, the narrow absorption lines show the classic behavior expected from photoionization. During the second half of the campaign, the lines show an anomalous
behaviour likely due to changes in the shape of the underlying SED (Goad et al. 2016;
Mathur et al. 2017); their analysis is out of the scope of this paper.
By ﬁtting the predicted ion concentrations to the EW light curves, we successfully
determine the density and ionization states of components 1 and 3. We ﬁrst constrain
the density of component 1 to be ne ∼ 4.9 − 5.0 cm−3 , for the assumed ionization
parameter inferred for this component by Arav et al. (2015), U ∼ −1.5 which corresponds to ξ ∼ 0.69 for the considered SED. The density of the outﬂowing gas and
the electron density are related by ne  1.2 nH , for highly ionized plasmas. Thus the
electron density we estimated corresponds to a gas number density in the range of
nH ∼ (6.6 − 8.3) × 104 cm−3 . These results are consistent with the values estimated
by Arav et al. (2015), using the metastable levels of the absorption troughs of C iii*
and Si iii*. These estimates place the outﬂowing gas at a distance of 2.5-2.8 pc from
the central source, well within the estimated size of the narrow-line-emitting region
in this source (Peterson et al. 2013).
In the second part of our analysis, we simultaneously, and in a consistent manner,
constrain the density and ionization parameter of the gas by performing a joint ﬁt of
the corresponding lines for each component, for a grid of gas densities and ionization
parameters. The results of these ﬁts are remarkable. Both the density and the ionization parameter of the gas are determined to a high accuracy. For component 1, we
+0.05
ﬁnd log ne ∼ 5.00+0.08
−0.05 and log ξ ∼ 0.40−0.10 . These results point to a slightly lower
ionization state when compared to the estimates from Arav et al. (2015), however
the constraints on the density are still consistent. This highlights how the shape of
variations is primarily inﬂuenced by the density of the gas. The time-dependence of
the gas is nonetheless also sensitive to the subtle diﬀerences between the ionization
states allowing for this parameter to also be inferred from our models. For compo-
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nent 3, we obtain log ne ∼ 4.90+0.05
−0.03 and log ξ ∼ 0.30 ± 0.02. Within the errors, the
density of component 3 is comparable to the density of component 1. The ionization parameter of component 3 though is lower than what we found for component
1. This suggests that component 3 is likely to be located farther from the central
source than component 1. A larger radial distance was also suggested for component
3 in the analysis of Arav et al. (2015), who found this gas phase to likely be located
at 5 < R < 15 pc. Our estimates however would place this kinematic component
at a distance of ∼ 3.5 pc from the central source. This discrepancy is mainly due
to the fact that our ﬁts indicate a higher density than the density range estimated
by Arav et al. (2015), which naturally implies a smaller radial distance, even though
the ionization parameter we ﬁnd is slightly lower than what it is assumed in their work.
Despite the good results obtained from our ﬁts, we ﬁnd that there are some clear
residuals towards the end of the ﬁrst part of the observations that are worth discussing. This particularly regards the best-ﬁts of Si iii and Si iv, see e.g. Fig 3.7. The
equivalent width of these lines during this period shows a decrease that our model
alone is not able to explain. Mathur et al. (2017) found an excess of ﬂux in soft Xrays to occur around the same time, suggesting a change on the underlying ionizing
spectral shape. These changes were pointed out as the likely cause for the anomalies
observed in the emission lines, which after this period, appear to be uncorrelated with
the continuum (Goad et al. 2016). Since our model predicts the variations of these
lines based on the variability of the UV light curve alone, it is not surprising that
it will not account for an unexpected change in the underlying spectral shape of the
ionizing continuum, which naturally will aﬀect the behavior of the lines.
The success of our method is demonstrated by the notable results achieved for
components 1 and 3. Its validity, however, is dependent on certain conditions. To
start with, variability studies of this kind require high-quality data where the source
is continuously monitored, over a long period of time. To date, such comprehensive
campaigns are rather uncommon, making these UV observations of NGC 5548 somewhat exceptional. The physical properties of the outﬂowing gas also play a role here.
Low density gas, or gas located at large radial distances from the central source, is
predominantly aﬀected by large amplitude variations in the illuminating continuum
over long timescales, and response times in these cases may also be long. This is likely
to be the situation for components 2, 4, 5, and 6, which do not show variability over
the considered timescales for the troughs that would yield a diagnostic, such as Si iii
and Si iv. Finally, this method is only valid in the optically thin limit. Only in this
case, is it possible to compare the variations in the EW of the lines to the predicted
ion concentrations, since the EW variations in this regime are directly proportional to
the ionic columns. For saturated lines, the relation between the ionic columns and the
equivalent width is non-linear and therefore, we do not expect the equivalent width
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changes to be well modeled by the ionic columns. The absorbing gas in NGC 5548
shows prominent lines of Ly α, C iv and N v. These troughs vary widely over time.
Such variations do correlate with the continuum variability, however their behavior is
much more complex than what we ﬁnd for the troughs of lower ionization lines (e.g.
C ii) and a good ﬁt cannot be found with our model. From their analysis, Arav et al.
(2015) have indicated that the absorption troughs of Ly α, C iv and N v are likely to
be highly saturated. This likely explains why our model is not suitable for the modelling of these troughs. On the other hand, if the geometry of the gas is more complex
than expected (e.g. if the outﬂow is not homogeneous), its response to changes in
the continuum will also be more complex. A possibility is that the absorbing clouds
with strong Ly α, C iv and N v are stratiﬁed in density, and possibly self-shielding to
some extent. The low-ionization lines, in this case, arise in the cool, dense core, while
the higher-ionization ions are created over a much large volume. Most of that volume
produces saturated high-ionization lines, but becomes more optically thin on its outer
boundaries. These optically thin layers could then produce the variations we see in
the Ly α, C iv and N v lines, which appear only in the wings of their line proﬁles and
not in the saturated core. Our model, which considers an homogeneous layer of gas
responding to variations in the ionizing ﬂux, may be oversimpliﬁed in these cases.

3.6

Conclusions

Using a time-dependent photoionization model, we numerically computed the timedependent ion concentrations of several atomic species present in ionized outﬂow of
NGC 5548, as they respond to changes in the ionizing continuum. The predicted ion
concentrations are compared to the light curves of the measured equivalent widths,
yielding an estimate for the density, and hence distance, of the gas. Our ﬁndings can
be summarized as follows:
1. A simple photoionization model, which predicts the time-evolution of the ion
concentrations simply due to the variability of the central source, is able to
explain the variations in the measured equivalent widths of the absorption lines
over time.
2. Given the ionization parameter estimated by Arav et al. (2015), we were able to
obtain the density of component 1, by comparing the predicted time-dependent
ion concentrations, for a grid of densities, to the equivalent width light curves of
C ii, Si ii, Si iii, Si iv, and S iii. The estimates on the density from the diﬀerent
troughs are consistent, yielding nH ∼ (6.6 − 8.3) × 104 cm−3 , from which a radial
distance of 2.5-2.8 pc could be inferred. These estimates place this component
well within the estimated size for the narrow-line-emitting region in this source.
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3. By expanding our models to allow for a range of ionization states, in addition to
a range of gas densities, we are able to constrain the density and ionization state
of components 1 and 3. We do so by performing a joint ﬁt for the absorption
troughs of each component. Our estimates allow us to infer the location of
component 3 to be at ∼ 3.5 pc from the central source.
4. The time-dependent behaviour of Ly α, C iv and N v cannot be explained with
our simple model. This is likely due to a more complex geometry of the absorbing clouds where these high ionization troughs originate.
5. Time-dependent photoionization models are a powerful tool to study the complex behaviour of ionized absorption. High-resolution data and extensive observations of nearby sources are key to unveil in detail the processes at play and
the physical parameters necessary to understand the nature, and characterize
the importance of AGN outﬂows at large.
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Abstract
We present new XMM-Newton observations of the warm absorber in I Zwicky 1, taken
simultaneously with HST-COS observations. This luminous and nearby narrow-line
Seyfert 1 galaxy shows ionized absorption by two components of outﬂowing gas; a
low and a high-ionization phase with log ξ ∼ 0 and log ξ ∼ 2 respectively. Detailed
modeling of these data reveal a complex and variable multi-phase warm absorber.
However, we ﬁnd the changes in the ionization state of the gas not to be correlated
with the variability of the intrinsic source, in apparent contrast with photoionization
equilibrium. Such puzzling behaviour cannot be understood under classical warm
absorber geometries. This variability instead hints at a close connection between the
two gas components, possibly both directly connected to the accretion disc activity.
We thus suggest a phenomenological model capable of explaining these observations,
consisting of a clumpy outﬂow where the high and the low-ionization components are
closely linked. Changes in ionization over the years are mainly driven by the diﬀerent
densities of the clumps crossing the observer’s line-of-sight, in which the ‘skin’ layer
facing the source accounts for the more ionized component.

4 The variability of the warm absorber in I Zwicky 1 as seen by XMM-Newton

4.1

Introduction

Ionized outﬂows in Active Galactic Nuclei (AGN) have long been a subject of study in
the X-ray and ultraviolet (UV) domains. Such gas is frequently referred to as a warm
absorber (WA) and its presence is inferred from the detection of blueshifted absorption lines in the high-resolution spectra of these sources (for a review see Crenshaw
et al. 2003a). It has been estimated that roughly 60% of Seyfert 1 galaxies show the
presence of a warm absorber in their spectra (e.g. Crenshaw et al. 1999; Laha et al.
2014).
Despite extensive studies, the origin and physical structure of warm absorbers is
not yet fully understood. In the UV, the observed transitions belong solely to a few
important ions (e.g. C iv, N v, O vi, and Lyman-α) but due to the high spectral
resolution available in this band several velocity components can be distinguished,
while in the X-rays dozens of blurred transitions make it possible to estimate the
ionization state and column density of the diﬀerent gas components. Other important characteristics such as the spatial extent of the absorbing gas and its distance
relative to the central source are harder to determine. The spatial location of the
outﬂows in particular yields valuable information for AGN feedback studies (e.g. Di
Matteo et al. 2005; Hardcastle et al. 2007; Crenshaw & Kraemer 2012; Fabian 2012).
An estimate of the density n of the gas grants an estimate of its distance r to the
central source since the ionization parameter ξ is a function of both these properties, as well as of the ionizing luminosity Lion , ξ = Lion /nr2 . In the UV, sensitive
absorption lines from meta-stable transitions can be used to measure the density of
the gas (e.g. Kraemer et al. 2006; Arav et al. 2008, 2015). In the X-rays, the density
can be estimated through variability studies. The intrinsic X-ray source is variable
and changes in the ionizing ﬂux induce a response in the ionization state of the gas,
characterized by an equilibrium timescale. The time it takes for the gas to reach
equilibrium with the ionizing continuum is dependent on the properties of the gas,
speciﬁcally on its density (Nicastro et al. 1999; Krolik & Kriss 2001; Silva et al. 2016).
Obtaining the density, and subsequently the distance, of the warm absorber via this
method requires detailed monitoring of the source and has been applied for several
objects through time-resolved spectroscopy (e.g. Krongold et al. 2007; Steenbrugge
et al. 2009) and time-dependent photoionization studies (Nicastro et al. 1999; Kaastra
et al. 2012). However, some sources appear to show an even more complex behaviour.
For example, in MR 2251-178 there seems to be no connection between the ionization
parameter and the X-ray luminosity (Kaspi et al. 2004). More recently, Longinotti
et al. (2013) reported the discovery of intrinsic ionized absorption in Mrk 335, for
which no correlation was found between the warm absorber variability and the X-ray
ﬂux.
Multiwavelength UV-X-ray campaigns are key to characterize the outﬂow (for a
review see Costantini 2010). Previous studies have suggested ionized absorption in
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the X-rays to be a manifestation of the same gas that absorbs in the UV (see e.g.
Kaspi et al. 2002; Arav et al. 2007; Ebrero et al. 2011). Unveiling this connection
between the UV and X-ray absorbing gas is fundamental to understanding the nature
of warm absorbers and, consequently, assess the impact of the gas on the surrounding
environment.
I Zwicky 1 (I ZW 1) is a narrow-line Seyfert 1 galaxy located at a redshift of
z=0.061169 (Springob et al. 2005). Previous XMM-Newton observations of this source
revealed absorption by two components of ionized gas and an apparent anti-correlation
between X-ray ionization and ionizing luminosity on timescales of years (Costantini
et al. 2007a). In this work, we further analyse the absorption-line rich soft X-ray
spectrum of I ZW 1 as recently observed by XMM-Newton during a multiwavelength
campaign, also including simultaneous observations with HST (PI: Costantini, E.).
The analysis of the HST data will be published in a subsequent paper (Giustini et al.
in prep.).
Details on these observations and data reduction are reported in section 4.2. Section 4.3 refers to the detailed analysis of the data and modelling of the spectral features
through time-averaged spectral ﬁtting, ﬂux-resolved spectroscopy and time-resolved
spectroscopy. Section 4.4 is devoted to an extensive discussion of our results and
possible physical scenarios for the nature of the warm absorber. The conclusions and
a summary of our work can be found in section 4.5.
We use a ﬂat cosmological model with Ωm = 0.3, ΩΛ = 0.7, and Ωr = 0.0, together
with a Hubble constant H0 = 70 km s−1 Mpc−1 . For the spectral modelling in this
paper we have assumed solar abundances (Lodders et al. 2009) and a Galactic column
density of NHtot = 6.01 × 1020 cm−2 , which includes both the atomic and molecular
hydrogen components (Elvis et al. 1989; Willingale et al. 2013). The errors quoted in
this paper are 1σ errors unless otherwise stated.

4.2

Observations and data reduction

I ZW 1 was observed by XMM-Newton during two consecutive orbits on January 21
and January 22, 2015 (hereafter observations 301 and 801, respectively). For these
observations, the RGS instrument (den Herder et al. 2001) was operated in multipointing mode. Point source photons of a given energy are always recorded in the
same pixel of the detector due to the pointing stability of XMM-Newton. This means
that if bad pixels in the detectors coincide with spectral features of interest, these may
be lost. Multipointing mode uses ﬁve diﬀerent pointings with oﬀsets in the dispersion
direction. In this way, the bad pixels, which often hamper the analysis of narrow
spectral features, fall at a diﬀerent energies for each pointing. Combining the spectra
allows us to recover the true spectrum, at the expense of a slightly lower signal to
noise ratio at the position of the bad pixel.
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In the analysis, we took care of manually selecting the stable orbit portion for
each of the pointings. This step is not currently handled automatically by the SAS
pipeline. In practice, an additional good-time-interval table was used, in addition to
the background event-ﬁlter, to select the events belonging to the stable part of the
orbit. This led to a loss of only ∼ 1 ks of eﬀective exposure time per orbit. Furthermore, observation 801 was aﬀected by episodes of background ﬂaring. We selected
only the background events with count rate less than 0.2 cts s−1 , as recommended by
the SAS guidelines. The background ﬁltering led to a loss of about 21 ks. The total
net exposure time (including both orbits) is then 258 ks with 123497 ± 388 net source
counts.

4.3

Spectral analysis

The absorption-line rich soft X-ray spectra obtained from RGS during the two observations were analysed using the ﬁtting package SPEX v.3.02 (Kaastra et al. 1996).
SPEX photoionization absorption model is able to model the complex absorption
features observed in the spectra taking into account all relevant ions in a consistent
manner. The xabs model calculates the transmission of a slab of material in photoionization equilibrium, by interpolating over a ﬁne grid of column density NH and
ionization values log ξ. The ionization balance is given as an input to xabs and is
calculated with Cloudy v.13.01 (Ferland et al. 2013) using the spectral energy distribution (SED) speciﬁc for these observations, for which the ionizing luminosity is
calculated between 1 - 1000 Ryd.
The SED was constructed by using the simultaneous observations of I ZW 1 in
2015, taken with XMM-Newton and HST. The shape of the broad X-ray ionizing continuum (0.5 - 10 keV) is obtained by ﬁtting the time-averaged spectrum of the EPICpn camera on board XMM-Newton. This phenomenological ﬁt consists of a brokenpower law with Γ1 ∼ 3.02, Γ2 ∼ 2.26, and an energy spectral break at ∼ 1.4 keV. The
unabsorbed (both of Galactic and local ionized absorption) continuum is then used
to construct the SED. The UV data refer to simultaneous observations with the COS
instrument on HST, while the XMM optical monitor (OM) extends the data to the
optical band. Both the COS and OM data were corrected for the eﬀects of interstellar extinction. At longer wavelengths the SED was completed by making use of the
default AGN continuum in Cloudy (Mathews & Ferland 1987). The continuum was
extended above 10 keV, with a cutoﬀ at ∼ 150 keV. The broadband SED is presented
in Fig. 4.1.
The RGS energy range is limited, and thus we opted to ﬁt a phenomenological
continuum model that describes the data well in this range. The continuum shape
for each observation was best described by a broken power-law (see Table 4.1). We
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Figure 4.1: Adopted spectral energy distribution of I ZW 1 based on the time-averaged simultaneous
observations from XMM-Newton and HST in 2015.

have then combined the two observations in sectors1 . In this way we are able to
ﬁt the spectra of the two observations simultaneously, increasing the signal to noise
ratio to constrain the warm absorber parameters, but still allowing continuum spectral changes between observations. Throughout the analysis, we use the C-statistic
as shown in Kaastra (2017b), and the optimal data bin size, which rebins the data
taking into account the signal to noise ratio as well as the instrumental resolution
(see Kaastra & Bleeker 2016, for details). The optimal bin size can be achieved with
the command obin in SPEX.
The residuals left from ﬁtting the continuum (C-stat/d.o.f. ∼ 4737/3723) clearly
indicate absorption features, which were already identiﬁed in the past as two distinct warm absorber components (Costantini et al. 2007a). Adding a photoionization absorption model to the ﬁt resulted in an improvement for which we reached
C-stat/d.o.f ∼ 4612/3719. This model accounts for strong absorption features observable around 21 - 25 , due to multiple oxygen transitions (O v - O vii), as well as for
the iron unresolved transition array (UTA). Finally, an additional photoionization absorption model is required to ﬁt residuals at shorter wavelengths (10 - 17 ) such as the
O viii edge and the Fe L complex, which results in C-stat/d.o.f. ∼ 4565/3715. Our
best-ﬁt model to the combined RGS spectra thus conﬁrms the presence of two distinct
1 More information on how to create diﬀerent sectors to analyse several observations simultaneously in SPEX can be found at http://var.sron.nl/SPEX-doc/cookbookv3.0/cookbook.html
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Table 4.1: Best-ﬁt parameters for the underlying continuum of the RGS spectra. Fluxes are in
units of 10−12 erg s−1 cm−2 , unabsorbed luminosities in units of 1043 erg s−1 .

Param.
Γ1
Γ2
Ebreak (keV)
F0.5−2 keV
L0.5−2 keV

Obs. 301
2.93 ± 0.01
2.52 ± 0.1
1.4 ± 0.1
6.64 ± 0.07
8.54 ± 0.09

Obs. 801
2.98 ± 0.01
2.47 ± 0.1
1.4 ± 0.1
7.39 ± 0.09
9.5 ± 0.1

Table 4.2: Best-ﬁt parameters for the combined ﬁt of the 2015 observations. Components 1 and 2
correspond to the low and high-ionization phases, respectively.

Comp 1
Comp 2

NH
(×1020 cm−2 )
3.4 ± 0.4
9±2

log ξ
−0.23 ± 0.06
1.96 ± 0.05

Velocity
(km s−1 )
−1870 ± 70
−2500 ± 100

σrms
(km s−1 )
70 ± 10
30 ± 10

photoionized components, a low and a high-ionization phase, see Fig. 4.2. Component
1, the low-ionization phase (log ξ ∼ −0.2) has a column density NH ∼ 3.4 × 1020 cm−2
and an outﬂow velocity vout ∼ 1900 km s−1 . The high-ionization phase (log ξ ∼ 2,
hereafter component 2) has a column density NH ∼ 9 × 1020 cm−2 and an outﬂow
velocity vout ∼ 2500 km s−1 . The root mean square width of the absorption lines was
constrained by our ﬁt to be σrms ∼ 70 km s−1 for component 1 and σrms ∼ 30 km s−1
for component 2. The best-ﬁt parameters for the continuum are presented in Table 4.1
and the best-ﬁt parameters for the warm absorber components are presented in Table
4.2. While ﬁtting the spectrum only these four parameters for each xabs model were
free to vary. We ﬁxed the line-of-sight covering factor of the gas to unity. Looking at
the residuals, there could be some oﬀ-set from the best-ﬁt model, particularly at low
energies. This would likely be due to the complexity of the of the continuum which
in our model is represented in a simpliﬁed manner. Our analysis did not reveal the
presence of additional absorber components.

4.3.1

Flux-resolved spectroscopy

To investigate if there are any changes to the absorber parameters when considering diﬀerent source ﬂux levels, we have divided the data according to their ﬂux and
analysed the averaged high and medium/low ﬂux spectra separately. Based on the
time variability of the source and corresponding ﬂux levels, we have selected time
intervals corresponding to periods of high and medium/low ﬂux throughout the observations. The criteria for the selection took as a basis the broad-band light curves
(0.3-10.0 keV), for which we determined the cut rate to be approximately at 10 cts/s
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Figure 4.2: Best-ﬁt parameters for the combined ﬁt of the 2015 observations. The upper panel
shows the transmission spectra of the two warm absorber models. The low-ionization component
(component 1) is shown in green and the high-ionization component (component 2) is shown in blue.
The strongest absorption features are labelled. The grey dashed-line refers to Galactic absorption
and the features it produces are underlined. The middle panel shows the data (magenta, green) and
the best-ﬁt model (dark red, red) for observations 301 and 801 respectively. Data from both RGS
instruments are presented. The lower panel shows the respective residuals.

(see Fig. 4.3). This cut rate ensures that there will be good signal-to-noise ratio for
the medium/low ﬂux spectrum while the ﬂare observed in the last observation mostly
dominates the high-ﬂux state. We have then created two RGS spectra according to
this ﬂux selection and ﬁtted the resulting averaged medium/low and high-ﬂux spectra.
The medium/low spectrum has an average count rate of ∼ 0.49 ± 0.01 cts/s and the
high-ﬂux spectrum has an average count rate of ∼ 0.68 ± 0.01 cts/s. Taking advantage of the constraints we obtained by ﬁtting the two observations simultaneously, we
now ﬁt the diﬀerent ﬂux levels in a similar fashion. We start by ﬁxing the warm absorber parameters to the best-ﬁt parameters obtained previously (see Table 4.2) and
allowed the continuum to adjust, since both the normalization and spectral shape
could vary. We have then allowed the warm absorber parameters in the xabs models
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Figure 4.3: I ZW 1 broad-band light curves (0.3 - 10.0 keV) extracted from the EPIC-pn observations. The dashed line marks the cut rate for the selection of the medium/low and high-ﬂux
levels.
Table 4.3: Best-ﬁt parameters for the underlying continuum of medium/low and high RGS spectra.
Fluxes are in units of 10−12 erg s−1 cm−2 , unabsorbed luminosities in units of 1043 erg s−1 .

Param.
Γ1
Γ2
Ebreak (keV)
F0.5−2 keV
L0.5−2 keV

high-ﬂux
2.92 ± 0.03
2.2 ± 0.2
1.3 ± 0.1
9.8 ± 0.1
12.7 ± 0.2

medium/low ﬂux
2.97 ± 0.02
2.5 ± 0.2
1.3 ± 0.1
6.7 ± 0.1
8.6 ± 0.1

to vary, with the exception of the widths of the lines, σrms , that were ﬁxed to the
values of Table 4.2.
The spectral continuum shape is similar at low energies (Γ1 = 2.92 ± 0.03 for the
high-ﬂux spectrum and Γ1 = 2.97 ± 0.02 for the low-ﬂux spectrum), and both break
around 1.3 keV. At higher energies, Γ2 = 2.2 ± 0.2 and Γ2 = 2.5 ± 0.2 for the highﬂux and low-ﬂux spectra respectively. The best-ﬁt parameters for the continuum are
presented in Table 4.3. In terms of the behaviour of the warm absorber, the spectral
ﬁt does not reveal signiﬁcant diﬀerences between the ﬂux states. Fig. 4.4 shows
the results of the modelling of the high and medium/low-ﬂux spectra. For the highﬂux spectrum, our best-ﬁt model corresponds to C-stat/d.o.f. ∼ 2579/2311. The
best-ﬁt to the medium/low ﬂux spectrum corresponds to C-stat/d.o.f. ∼ 2849/2412.
The residuals are consistent with the residuals left by our best-ﬁt model for the two
observations combined.
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Figure 4.4: Best-ﬁt parameters for the high and medium/low spectra. The upper panel shows the
transmission spectra of the two warm absorber models. The high-ﬂux transmission spectrum is shown
by the dashed lines, while the medium/low ﬂux transmission spectrum is shown by the solid lines. As
previously, the low-ionization component (component 1) is shown in green and the high-ionization
component (component 2) is shown in blue. The middle panel shows the high-ﬂux spectrum (purple)
and the medium/low ﬂux spectrum (magenta). The best-ﬁt model for each spectrum is represented
by the red solid lines. The bottom panel shows the respective residuals.

Table 4.4: Best-ﬁt parameters for the medium/low and high-ﬂux spectra.

Comp 1
Comp 2

low-ﬂux
high-ﬂux
low-ﬂux
high-ﬂux

NH
(×1020 cm−2 )
3.3 ± 0.5
4.3 ± 0.5
7±3
15 ± 6

log ξ
−0.3 ± 0.1
0.0 ± 0.1
2.0 ± 0.1
2.0 ± 0.1

Velocity
(kms−1 )
−1870 ± 80
−1900 ± 200
−2500 ± 200
−2500 ± 400
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The most interesting variation is the behaviour of the column density of the most
ionized component, component 2. Our ﬁt suggests that column density of this gas
phase during the high-ﬂux state could be higher than during the medium/low ﬂux
periods (see Table 4.4). As can be seen from the transmission spectrum in Fig. 4.4,
this diﬀerence is noticeable in the Fe-L complex which is highly sensitive to luminosity
variations (Behar et al. 2001). The low-ionization component, component 1, seems to
be immune to diﬀerent ﬂux levels (see Table 4.4). Despite the ﬂux levels being very
diﬀerent, especially during the ﬂare, in which the ﬂux increases by approximately a
factor of two, we do not observe a signiﬁcant change in ionization.

4.3.2

Time-resolved spectroscopy

We investigate in more depth behaviour of the warm absorber, particularly how its
ionization and column density behave as the ﬂux changes in time. For this, we use
time resolved spectroscopy to investigate how the warm absorber behaves on shorter
timescales.
Long-time segments
We have considered at ﬁrst two time segments per each orbit. The ﬁrst segment of
observation 301 is the combination of the ﬁrst two pointings, while the second segment
is the combination of the remaining three pointings. As for observation 801, the ﬁrst 3
pointings were combined to create the ﬁrst segment, and the remaining two pointings
constitute the second segment (see top panel of Fig. 4.5). We probe here timescales of
∼ 50-80 ks. Combining individual pointings ensures both the elimination of bad pixels
and a fair signal-to-noise ratio. The rationale behind this combination in particular
relies on an attempt to combine, and analyse, similar ﬂux levels, while ensuring a
high signal-to-noise ratio. To ﬁt the spectra we used a similar procedure to the one
implemented in the ﬂux resolved analysis. We started by using the best-ﬁt model to
the combined ﬁt of the 2015 observations, and ﬁxing the warm absorber parameters.
We ﬁrst ﬁtted for the continuum by allowing the normalization of the power-law, the
power-law indexes and the spectral break energy to vary. Subsequently we ﬁtted the
warm absorber parameters of components 1 and 2, leaving the column density and
ionization of the gas as free parameters, while the continuum parameters remained
thawed. The outﬂow velocity was kept ﬁxed during the ﬁts as well as the width of
the absorption lines to the values from Table 4.1. The best-ﬁt parameters are listed
in Table 4.5.
Regarding the ionization state of the gas, both components do not seem to vary
within the errors (see middle panel on Fig. 4.5). Thus, it is not possible to assess
whether the gas is in equilibrium with the ionizing continuum for the considered
timescales or if it is able to respond to the ﬂux variations during these observations,

90

4.3 Spectral analysis










































 

 




















  

  





































Figure 4.5: Best-ﬁt parameters for the long time segments. This plot shows the behaviour of log
ξ (middle panel) and NH (bottom panel), for each of the long time segments selected (top panel).

Table 4.5: Best-ﬁt parameters of the long time segments. The count rate refers to the RGS spectra.

1
2
3
4

N H1
(1020 cm−2 )
3±1
3±1
5±1
3±1

N H2
(1020 cm−2 )
10 ± 4
7±3
4±4
19 ± 6

log ξ1

log ξ2

−0.3 ± 0.1
−0.4 ± 0.2
−0.3 ± 0.1
−0.2 ± 0.1

1.9 ± 0.1
2.0 ± 0.1
1.8 ± 0.2
2.00 ± 0.06

Rate
(cts/s)
0.518 ± 0.002
0.444 ± 0.003
0.476 ± 0.002
0.584 ± 0.004

C-stat/
d.o.f.
2612/2272
4104/3458
3046/2275
2484/2325

since such changes would not be possible to be detected with the present statistics.
Variability in the column density of the warm absorber components is formally not
detected at these timescales, although component 2 appears to increase in column
density during the second observation (see lower panel of Fig. 4.5). Motivated by
these results, we attempted to ﬁt the individual pointings separately and investigate
further possible column density variations on shorter timescales.
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Figure 4.6: Best-ﬁt parameters for the individual pointings. The behaviour of NH with time
(bottom panel) is shown for each one of the individual pointings (top panel). The ionization ﬁxed
of each of the gas components was ﬁxed in these ﬁts to the best-ﬁt value we found while ﬁtting the
long segments.

Individual pointings
We ﬁt, in the same manner as described above, the individual pointings to investigate
possible variations on shorter timescales, and if such variability would directly relate
to the intrinsic changes in the ﬂux of the source. The best-ﬁt parameters can be found
in Table 4.6.
We ﬁrstly note that it is indeed diﬃcult to constrain the warm absorber parameters
for each of the individual pointings. The lower signal-to-noise ratio does not allow
for reliable constraints on the ionization parameters of the two gas components. To
enable us to constrain the changes in the column density more accurately, we have
ﬁxed the ionization state of each of the gas components to the best-ﬁt value we
found while ﬁtting the long segments. As can be seen from Fig. 4.6 and Table
4.6, the column density of the two gas components does not appear to vary at a
signiﬁcant level (see lower panel of Fig. 4.6). However, the suggestive variations
in the column density of component two during the second observation appear to
roughly follow the ﬂux changes in the source during this period. The highest value
for the column density of component two is measured during the fourth pointing
which encloses most of the ﬂaring period. The ﬂux during the ﬁfth pointing ﬁrst
increases then undergoes an abrupt decrease. Due to the limits on the statistics it is
not possible to split the ﬁfth pointing and measure the column density for the high
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Table 4.6: Best-ﬁt parameters of the individual pointings. The count rate refers to the individual
RGS spectra.

301-1
301-2
301-3
301-4
301-5
801-1
801-2
801-3
801-4
801-5

NH, Comp 1
(×1020 cm−2 )
3±1
3±1
5±2
3±1
2±1
3±1
3±1
8±2
4±1
2±1

NH, Comp 2
(×1020 cm−2 )
8±5
10 ± 5
4+7
−3
9±7
8±5
2±2
10 ± 5
6±3
27 ± 10
12 ± 6

Rate
(cts/s)
0.527 ± 0.004
0.468 ± 0.003
0.358 ± 0.003
0.444 ± 0.003
0.445 ± 0.003
0.455 ± 0.003
0.455 ± 0.003
0.456 ± 0.003
0.578 ± 0.004
0.550 ± 0.004

C-stat/d.o.f.
1703/1540
3217/2610
1773/1513
1832/1612
1988/1720
3101/2646
3165/2745
1967/1708
1889/1731
1781/1648

and low-ﬂux independently. Therefore we are not able to examine in more detail
this suggestive correlation between the source’s ﬂux and the column density of the
high-ionization component (see Fig. 4.7). Interestingly, in some cases, an apparent
decrease in column density in component two corresponds to a potential increase in
column density in component one, as seen for example between the second and third
pointing of observation 801. When considering the two observations, however, the
uncertainties do not allow to distinguish an anti-correlation in the behaviour of the
column densities in both components (see Fig. 4.8).

4.4

Discussion

These new observations conﬁrm the presence of two ionized absorbing gas components
in the soft X-ray spectrum of I ZW 1. In this section we discuss our results in the
light of previous observations and their implications in the context of warm absorber
models and geometries.

4.4.1

A two component warm absorber

Our results are particularly interesting when placed in context with previous observations of I ZW 1 (See Table 4.7). I ZW 1 was ﬁrstly observed by XMM Newton in 2002
(see Gallo et al. 2004). When presenting the new soft X-ray data from 2005, Costantini et al. (2007a) characterized the warm absorber in both epochs by performing an
analysis similar to this work, also using the xabs model available in SPEX. Costantini
et al. (2007a) found that the soft X-ray spectra during both epochs required two warm
absorber models, including low and high-ionization components, with similar column
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Figure 4.7: NH1 (left) and NH2 (right) plotted as a function of luminosity. The ﬁlled data points
belong to the ﬁrst observation, and the open data points belong to the second observation.
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Figure 4.8: NH2 plotted as a function of NH1 . The variations in column density in component 2
do not appear to be correlated with variations in the column density of component 1.
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Table 4.7: Recent history of the X-ray WA in IZW1

Comp 1

Comp 2

2002
2005
2015
2002
2005
2015

NH
(×1020 cm−2 )
24 ± 5
13 ± 3
3.4 ± 0.4
13 ± 4
13 ± 5
9±2

log ξ
−0.9 ± 0.2
0.05 ± 0.16
−0.23 ± 0.06
1.6 ± 0.2
2.6 ± 0.3
1.96 ± 0.05

Velocity
(kms−1 )
−1800 ± 400
−1700 ± 400
−1870 ± 70
−2500 ± 100

densities. While the column densities did not change dramatically over those years,
there was a variation of the ionization parameters of both components that oddly
suggested an anti-correlation between the X-ray luminosity and the ionization state
of both components of the gas. More interestingly, the low-ionization component was
found to likely have a counterpart in the UV (see Laor et al. 1997; Costantini et al.
2007a). This component has been found to have the same outﬂow velocity since it was
ﬁrst observed in the UV (Laor et al. 1997). In Costantini et al. (2007a) an intrinsic
neutral absorber was also identiﬁed. We ﬁnd, in our analysis, that the improvement
on the Galactic absorption measurements, which now include both the atomic and the
molecular hydrogen components (Willingale et al. 2013), is likely be the reason why
our ﬁts do not require an extra neutral absorber. Furthermore, we do not identify
an O i edge at the redshift of the source in these data, which would be present in
the case of neutral absorption. Our observations show that the ionization state of
the gas is lower for both components when compared to the last observations, even
though the X-ray luminosity is higher in 2015 than it was in 2005 (see Table 4.7).
Fig. 4.10 shows the X-ray luminosity in each of the epochs versus the estimated ionization parameter for each of the absorber components. The X-ray luminosity alone
is a good diagnostic for ionizing luminosity in this case, since the X-ray ions are more
sensitive to the X-ray photons rather than to the UV continuum (e.g. Netzer 1996).
When photoionization occurs, a variable source will have an impact on the ionization
balance of the gas. For an equilibrium situation, the gas responds instantaneously to
such changes, becoming more ionized as the ﬂux increases and recombining when the
ﬂux drops. In the presence of a low density gas (and depending on its distance to
the continuum source), the response to changes in luminosity may be delayed which
results in a complex time-dependent behaviour (Nicastro et al. 1999; Silva et al. 2016).
Remarkably, I ZW 1 shows instead an apparent anti-correlation with X-ray luminosity on timescales of years. This could derive from a scenario in which the outﬂowing
absorbing gas is in constant non-equilibrium with its ionizing source or, could result
instead from the presence of transiting gas, crossing our line of sight.
In either case, the two warm absorber components must be linked. The two show
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Figure 4.9: NH1 and NH2 behaviour throughout the years, for components 1 and 2 respectively.
Please note that at this scale the error bars in the estimated value for the column density of component
1 in 2015 are within the size of the marker (see table 4.7).

the same ionization behaviour despite the X-ray luminosity and, although not formally consistent, the two also show very similar outﬂowing velocities. To co-exist,
the two components are required to be in pressure equilibrium by classical warm
absorber scenarios (see more in section 4.4.3). To investigate if the low and highionization phases of the absorbing gas are in pressure equilibrium, we have generated
the thermal stability curves for I ZW 1 by plotting the pressure ionization parameter,
Ξ as a function of the electron temperature, T , see Fig. 4.11. The pressure ionization
parameter is deﬁned as Ξ = L/4πr2 cp = ξ/4πckT , where c is the speed of light, p is
the pressure, k is the constant of Boltzmann, and T is the electron temperature. We
computed with Cloudy the corresponding electron temperature for a grid of ionization parameters ξ, thus allowing us to estimate Ξ. The two ionized gas components
are overplotted on the stability curves for each epoch. To be in pressure equilibrium
both components would need to share the same Ξ. As it is clear from Fig. 4.11, this
is not the case for the two gas phases, as they lie far apart in pressure ionization parameter. An alternative ways to sustain the co-existence of both components which
does not require pressure equilibrium is a scenario of radiation pressure conﬁnement
(Stern et al. 2014) or magnetic conﬁnement (Rees 1987).
Furthermore, the column density of the low ionization component has dropped
by at least a factor of three, since I ZW 1 was last observed in 2005 (see Fig. 4.9).
Meanwhile, the outﬂow velocity of this component has remained constant for the past
20 years, when its UV counterpart was ﬁrst observed.
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Figure 4.10: X-ray luminosity versus ionization parameter. The ionization state of both gas
components do not correlate with the ionizing luminosity. Note also the similar behaviour of both
gas components, suggesting the two gas phases may be linked. Notice that the ionization states
of the gas is represented here over a broad range to accommodate both components. The changes
in the ionization state of the gas throughout the years can be better appreciated in Table 4.7.
Additionally, please note that at this scale the error bars in the estimated values for the column
density of components 1 and 2 in 2015 are within the size of the marker (see table 4.7).

4.4.2

Short-time variability

The remarkable variability observed in the recent history of the warm absorber in
I ZW 1 drove us to dissect these observations in diﬀerent ﬂux levels and timescales,
in order to study the outﬂowing gas in more detail. In our analysis, we were not
able to determine whether the ionization parameter of the gas changes despite the
rapid variability in the intrinsic ﬂux of the source. The column density of the gas,
on the other hand, is potentially variable on such short timescales, particularly for
component two.
During the second observation, the column density of component two, the highionization component, seems to vary on timescales of hours apparently following the
intrinsic luminosity of the source. An increase in column density following an increase
in luminosity is not a common occurrence in the study of warm absorbers. We stress
that, since the column density increases with increasing luminosity, occultation phenomena can be excluded as an explanation for the potential short time variability
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Figure 4.11: Stability curves for the diﬀerent observations of I ZW 1 by XMM-Newton. The low
and high-ionization warm absorber components are marked in the curves by the thicker lines.

in NH . When presenting the timing properties of I ZW 1 during these observations,
(Wilkins et al. 2017) has also found that the variability power in the coronal emission
increases during the ﬂare, which can be explained due an increase in the turbulence of
the disc. For a disc driven ﬂow, this could also induce variations in the warm absorber.
Such apparent variations in our data, however, are not detected at a signiﬁcant level.

4.4.3

The origin of the warm absorber in I ZW 1

Constraints on the location of the X-ray warm absorber are generally derived once
the density of the gas is estimated. Estimating the density of the gas is only possible
when the photoionized gas responds to changes in the ionizing continuum, allowing for
a recombination timescale to be measured (see e.g. Krongold et al. 2007). In I ZW 1,
instead of the expected linear response, we observe the ionization state of both gas
components, while varying together, to be uncorrelated with the ionizing luminosity
along the years and as such, photoionization equilibrium does not easily apply.
We can derive a crude estimate for the location of the warm absorber by assuming
a spherical outﬂow with a uniform ﬁlling factor f , and a density that decreases with
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Figure 4.12: Schematic view of the phenomenological model for the warm absorber in I ZW 1.
In this scheme, we highlight only the events we witnessed on the occasion of the observations with
XMM-Newton throughout the years.

radius, n(R). Following Blustin et al. (2005), we assume that all the warm absorber
mass is contained within a thin layer of thickness Δr. The thickness of such a layer
must be smaller than or at most equal to the distance of the warm absorber to the
central source such that
Δr
≤ 1.
R

(4.1)

The column density along our line of sight, for a speciﬁc ionization parameter ξ, can
be expressed as a function of the gas density n(R), the thickness of the layer Δr and
the volume ﬁlling factor f as
NH ∼ n(R)Δrf.

(4.2)

Since the ionization parameter in the shell is given by
ξ=

Lion
,
n(R)R2

(4.3)

99

4 The variability of the warm absorber in I Zwicky 1 as seen by XMM-Newton

we get the maximum distance of the warm absorber to the central source
R≤

Lion f
.
ξNH

(4.4)

The volume ﬁlling factor f can be estimated by equating the momentum of the
outﬂow to the momentum of the radiation it absorbs plus the momentum of the
radiation it scatters (Blustin et al. 2005). Using the parameters from the best-ﬁt of
the averaged 2015 spectrum, we have calculate the volume ﬁlling factor in I ZW 1 to
be f1 ∼ 4 × 10−5 and f2 ∼ 3 × 10−3 , which respectively locates the warm absorber
within 45 pc for component 1 and 9 pc for component 2.
A minimum radius for the location of the warm absorber can also be estimated
by assuming the outﬂow velocity vout is greater or equal to the escape velocity such
that
R≥

2GMBH
.
2
vout

(4.5)

This assumption would put the minimum location of the warm absorber at a distance
of R1 ≥ 0.07 pc from the central source for component 1 and R2 ≥ 0.04 pc for
component 2.
Understanding the variability of the warm absorber
In classical warm absorber models, the gas would be expected to respond to variations
in the ionizing continuum. For thin spherical shells of material, the outﬂow is radially
stratiﬁed, with the ionization of the gas being mostly dependent on its distance to the
central source (see e.g. Steenbrugge et al. 2005). The long term variability observed on
I ZW 1 suggests instead the density of the gas to be the main driver of the ionization.
Alternatively, some studies have suggested a clumpy outﬂow in which tenuous hot,
high-ionization, gas absorbs the X-rays, while surrounding discrete ﬁlaments of cold,
low-ionization, UV absorbing gas. This scenario allows for the two components to be
co-located and could explain the observed variability, but requires both phases to be
in pressure equilibrium (Krolik & Kriss 2001). However, the high and low-ionization
components observed in I ZW 1 are not in pressure equilibrium (see Fig. 4.11), and
as such, this scenario also fails to be a candidate for the possible geometry of this
outﬂow.
The peculiar characteristics observed for the warm absorber in I ZW 1 cannot
be explained through classical warm absorber scenarios. To start with, changes in
the ionization state of the gas throughout the years do not appear to be linked to
variations in the ionizing luminosity as is expected for photoionization. Variations
in the column density of the gas are also observed on long timescales. Furthermore,
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these variations in ionization and opacity seem to be correlated for both components,
which also happen to be outﬂowing at similar velocities. The outﬂow velocity of
the low-ionization component, in particular, seems to be unchanged for the last 20
years, since its UV counterpart was ﬁrst observed. We propose here an alternative
geometrical model that could accommodate the apparent oddities of this source.
Due to the persistent outﬂow velocity observed in the colder component for the
past two decades, we suggest that throughout all the observations of I ZW 1 we
are observing of the same outﬂow event. The outﬂow is expected to be radiatively
driven as the simultaneous UV data of this campaign seem to point out (Giustini et
al. in prep.). In this picture, the gas identiﬁed in the UV/X-rays, the low-ionization
component, primarily constitutes the ﬂow. The skin layer facing the source would
naturally become highly ionized, resulting in the observed high-ionization component
which is detected only in the X-rays. This connection between the two components
would oﬀer a natural explanation for the similar kinematics (vComp 1 ∼ −1900 km s−1 ,
vComp 2 ∼ −2500 km s−1 ), as well as for the correlated variability on long timescales
regarding the ionization state and opacity of both gas components. This geometrical
model we propose (see Fig. 4.12), considers the outﬂow to be clumpy. Diﬀerent
clumps, having diﬀerent densities, and thus diﬀerent ionization, cross the observer’s
line of sight at diﬀerent epochs, resulting in the observed changes over the years,
both in ionization and column density. In particular, the ionization state of the gas
at diﬀerent epochs is driven by diﬀerent densities of the clumps and not by changes
in the ionizing luminosity aﬀecting gas components at diﬀerent radii, as is usually
assumed. This would explain the non-trivial behaviour of the ionization of the gas as
a function of luminosity over long timescales. It is possible that the diﬀerent clumps
are individually in photoionization equilibrium with the ionizing luminosity. Also the
changes in opacity for the diﬀerent observations (2015, 2005 and 2002) can be easily
understood as a natural consequence of a clumpy outﬂow.

The conﬁnement of the warm absorber
As mentioned earlier in this paper, these observations were part of a multiwavelength
campaign on this source, of which HST also took part. The UV data and its analysis
will be further discussed in an upcoming paper (Giustini et al. in prep.), but its
preliminary analysis has already shown ’line-locking’, a signature of a radiatively
driven wind, pointing to radiation pressure as the likely driving mechanism of the
outﬂow (Proga et al. 2000). The driving radiation force can also compress the gas
resulting in a scenario of radiation pressure conﬁnement (Stern et al. 2014), which
naturally explains a multiphase outﬂow without the need for pressure equilibrium
between phases since the pressure increases signiﬁcantly throughout the slab, with
decreasing ionization. In a radiation pressure conﬁnement scenario, the radiation
pressure compresses the gas instead of accelerating it, which results in an outﬂow
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with constant velocity, as observed in I ZW 1. Alternatively, magnetic conﬁnement
could also allow for a co-existence of the two warm absorber phases even if these are
not in pressure equilibrium (Rees 1987).

4.5

Conclusions

We have performed a detailed analysis of the recent observations by RGS on board
XMM-Newton of the narrow-line Seyfert 1 galaxy I ZW 1. The extensive modelling
of the observed spectral features through time-averaged spectral ﬁtting, ﬂux resolved
spectroscopy and time-resolved spectroscopy, we conclude the following:
1. We have conﬁrmed the absorbing gas to be composed of two ionization phases,
as previously reported by Costantini et al. (2007a) based on the historical data
of I ZW 1. The long-lived low-ionization component (log ξ ∼ 0), which has
been associated with the observed absorbing gas in the UV and whose outﬂow
velocity has remained unchanged for nearly 20 years, and the high-ionization
component (log ξ ∼ 2) have similar kinematic properties (∼ −2000 km s−1 and
∼ −2500 km s−1 respectively). Furthermore, the long term variability of the
gas suggests the two components to be linked.
2. The long-term variability of I ZW 1 disagrees with the commonly assumed scenario of photoionization equilibrium. The low and the high-ionization phases
vary together in ionization state, yet these variations do not correlate with
changes in the ionizing luminosity. This suggests the density of the gas to be
the main driver of the observed changes in ionization, instead of a response to
the variability of the ionizing source. The column density of the low-ionization
component is also variable on timescales of years. The high-ionization component is consistent with being constant at such timescales. We have also studied
the variability of the warm absorber on short-timescales. Our observations do
not show signiﬁcant variations on timescales of hours.
3. Classical warm absorber models fail to explain the complex variability of the
ionized gas in I ZW 1. Instead, we propose a phenomenological model in which
the gas originates from a inhomogeneous clumpy outﬂow, possibly radiatively
driven. The low-ionization component primarily constitutes the ﬂow, while the
skin layer of the clumps facing the ionizing source becomes more ionized and
accounts for the high-ionization phase observed. In this scenario, the ionization
of the gas is primarily dependent on the density of the clumps. Diﬀerent clumps
have diﬀerent densities, hence the observed variability in ionization throughout
the years. Our estimates suggest the gas to be located between 0.07 pc and 9
pc, implying that the outﬂow may even be originating from the accretion disc.
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The non-typical behaviour of the warm absorber in I ZW 1 demonstrates that,
despite extensive studies, these systems are still not fully understood and substantiates
the need for new theoretical models capable of reproducing such complex behaviour,
particularly regarding the variability of the gas. Furthermore, long and, in particular,
multi-wavelength observations are crucial to fully characterize the warm absorber zoo
in AGN and assess the potential impact of the ionized gas to AGN feedback.
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Figure A.1: Best ﬁts for Si ii. These ﬁts only allow the estimation of a lower limit for ne . The
model corresponding to the lowest χ2 is plotted in red. The dashed-grey line represents the model
for log ne = 5.0 cm−3 , for reference.
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Figure A.2: Best ﬁts for Al ii and S iii. The model corresponding to the lowest χ2 is plotted in
red. The dashed-grey line represents the model for log ne = 5.0 cm−3 , for reference. Due to the low
signal-to-noise ratio, these lines are unusable for a diagnostic on their own.
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Figure A.3: C iv, N v and Ly α. As an illustrative example, the model corresponding to the lowest
χ2 for C iv is plotted in red. The complex behaviour of these lines leads the best-ﬁt to lean towards
higher densities, since higher density models show rapid and high amplitude variability. The dashedgrey line represents the model for log ne = 5.0 cm−3 , for reference. The indexes r and b respectively
refer to red and blue transitions for doublets.
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Figure A.4: Best ﬁt models for the joint ﬁt in component 1 including C ii, Al ii, Si ii, Si iii, Si iv,
P v, and S iii.
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Figure A.5: Best ﬁt models for the joint ﬁt in component 1 including C ii, Al ii, Si ii, Si iii, Si iv,
P v, and S iii (continued). The indexes r and b respectively refer to red and blue transitions for
doublets.
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Figure A.6: Equivalent width light curves from the troughs corresponding to component 2. The
indexes r and b respectively refer to red and blue transitions for doublets.
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Figure A.7: Equivalent width light curves from troughs corresponding to component 4. The indexes
r and b respectively refer to red and blue transitions for doublets.
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Figure A.8: Equivalent width light curves from troughs corresponding to component 4 (continued).
The indexes r and b respectively refer to red and blue transitions for doublets.
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Figure A.9: Equivalent width light curves from troughs corresponding to component 5. The indexes
r and b respectively refer to red and blue transitions for doublets.
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Figure A.10: Equivalent width light curves from troughs corresponding to component 6. The
indexes r and b respectively refer to red and blue transitions for doublets.
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Alston, W. N., Markevičiūtė, J., Kara, E., Fabian, A. C., & Middleton, M. 2014,
MNRAS, 445, L16
Alston, W. N., Vaughan, S., & Uttley, P. 2013a, MNRAS, 435, 1511
Alston, W. N., Vaughan, S., & Uttley, P. 2013b, MNRAS, 429, 75
Antonucci, R. 1993, ARA&A, 31, 473
Antonucci, R. R. J., & Miller, J. S. 1985, ApJ, 297, 621
Aoki, K., Iwata, I., Ohta, K., et al. 2006, ApJ, 651, 84
Arav, N. 1996, ApJ, 465, 617
Arav, N., Kaastra, J., Kriss, G. A., et al. 2005, ApJ, 620, 665
Arav, N., Korista, K. T., Barlow, T. A., & Begelman. 1995, Nature, 376, 576
Arav, N., Moe, M., Costantini, E., et al. 2008, ApJ, 681, 954
Arav, N., Gabel, J. R., Korista, K. T., et al. 2007, ApJ, 658, 829
Arav, N., Edmonds, D., Borguet, B., et al. 2012, A&A, 544, A33
Arav, N., Chamberlain, C., Kriss, G. A., et al. 2015, A&A, 577, A37
Arévalo, P., & Uttley, P. 2006, MNRAS, 367, 801
Arévalo, P., Uttley, P., Lira, P., et al. 2009, MNRAS, 397, 2004
Barcons, X., Nandra, K., Barret, D., et al. 2015, Journal of Physics: Conference
Series, 610, 012008
Barvainis, R. 1987, ApJ, 320, 537
Behar, E., Rasmussen, A. P., Blustin, A. J., et al. 2003, ApJ, 598, 232
Behar, E., Sako, M., & Kahn, S. M. 2001, ApJ, 563, 497
Bennert, N., Jungwiert, B., Komossa, S., Haas, M., & Chini, R. 2006, A&A, 459, 55
Blandford, R. D., & McKee, C. F. 1982, ApJ, 255, 419
Blustin, A. J., Page, M. J., Fuerst, S. V., Branduardi-Raymont, G., & Ashton, C. E.
2005, A&A, 431, 111

117

BIBLIOGRAPHY
Bottorﬀ, M. C., Korista, K. T., & Shlosman, I. 2000, ApJ, 537, 134
Breedt, E., McHardy, I. M., Arévalo, P., et al. 2010, MNRAS, 403, 605
Cameron, D. T., McHardy, I., Dwelly, T., et al. 2012, MNRAS, 422, 902
Cappi, M., Done, C., Behar, E., et al. 2013, ArXiv e-prints, arXiv:1306.2330 [astroph.HE], ads
Chartas, G., Brandt, W. N., & Gallagher, S. C. 2003, ApJ, 595, 85
Collinson, J. S., Ward, M. J., Landt, H., et al. 2017, MNRAS, 465, 358
Costantini, E. 2010, Space Sci. Rev., 157, 265
Costantini, E., Gallo, L. C., Brandt, W. N., Fabian, A. C., & Boller, T. 2007a,
MNRAS, 378, 873
Costantini, E., Kaastra, J. S., Arav, N., et al. 2007b, A&A, 461, 121
Costantini, E., Kriss, G., Kaastra, J. S., et al. 2016, A&A, 595, A106
Crenshaw, D. M., & Kraemer, S. B. 2007, ApJ, 659, 250
Crenshaw, D. M., & Kraemer, S. B. 2012, ApJ, 753, 75
Crenshaw, D. M., Kraemer, S. B., Boggess, A., et al. 1999, ApJ, 516, 750
Crenshaw, D. M., Kraemer, S. B., & George, I. M. 2003a, ARA&A, 41, 117
Crenshaw, D. M., Kraemer, S. B., Gabel, J. R., et al. 2003b, ApJ, 594, 116
Crummy, J., Fabian, A. C., Gallo, L., & Ross, R. R. 2006, MNRAS, 365, 1067
De Marco, B., Ponti, G., Cappi, M., et al. 2013, MNRAS, 431, 2441
De Rosa, G., Peterson, B. M., Ely, J., et al. 2015, ApJ, 806, 128
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., et al. 1991, Third Reference Catalogue of Bright Galaxies. Volume I: Explanations and references. Volume
II: Data for galaxies between 0h and 12h . Volume III: Data for galaxies between
12h and 24h .
den Herder, J. W., Brinkman, A. C., Kahn, S. M., et al. 2001, A&A, 365, L7
Denney, K. D., Watson, L. C., Peterson, B. M., et al. 2009, ApJ, 702, 1353
Di Gesu, L., Costantini, E., Arav, N., et al. 2013, A&A, 556, A94
Di Matteo, T., Springel, V., & Hernquist, L. 2005, Nature, 433, 604
Done, C. 2010, ArXiv e-prints, arXiv:1008.2287 [astro-ph.HE], ads
Done, C., Davis, S. W., Jin, C., Blaes, O., & Ward, M. 2012, MNRAS, 420, 1848
Dovciak, M., Matt, G., Bianchi, S., et al. 2013, ArXiv e-prints, arXiv:1306.2331
[astro-ph.HE], ads
Dumont, A.-M., Abrassart, A., & Collin, S. 2000, A&A, 357, 823
Ebrero, J., Kaastra, J. S., Kriss, G. A., de Vries, C. P., & Costantini, E. 2013,
MNRAS, 435, 3028
Ebrero, J., Kriss, G. A., Kaastra, J. S., et al. 2011, A&A, 534, A40
Elvis, M., Wilkes, B. J., & Lockman, F. J. 1989, AJ, 97, 777
Fabian, A. C. 1979, Proceedings of the Royal Society of London Series A, 366, 449
Fabian, A. C. 2012, ARA&A, 50, 455
Fabian, A. C., Alston, W. N., Cackett, E. M., et al. 2017, Astronomische Nachrichten,
338, 269

118

BIBLIOGRAPHY
Fabian, A. C., Zoghbi, A., Ross, R. R., et al. 2009, Nature, 459, 540
Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al. 2013, Rev. Mexicana Astron.
Astroﬁs., 49, 137
Ferland, G. J., Chatzikos, M., Guzmán, F., et al. 2017, Rev. Mexicana Astron. Astroﬁs., 53, 385
Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9
Fiore, F., Elvis, M., Mathur, S., Wilkes, B. J., & McDowell, J. C. 1993, ApJ, 415,
129
Foltz, C. B., Weymann, R. J., Morris, S. L., & Turnshek, D. A. 1987, ApJ, 317, 450
Gabel, J. R., Kraemer, S. B., Crenshaw, D. M., et al. 2005, ApJ, 631, 741
Gallo, L. C., Boller, T., Brandt, W. N., Fabian, A. C., & Vaughan, S. 2004, A&A,
417, 29
Gaskell, C. M. 1988, ApJ, 325, 114
Gaskell, C. M., & Klimek, E. S. 2003, Astronomical and Astrophysical Transactions,
22, 661
Gebhardt, K., Bender, R., Bower, G., et al. 2000, ApJ, 539, L13
George, I. M., & Fabian, A. C. 1991, MNRAS, 249, 352
George, I. M., Turner, T. J., Netzer, H., et al. 1998, ApJS, 114, 73
Gierliński, M., & Done, C. 2004, MNRAS, 349, L7
Gierliński, M., Middleton, M., Ward, M., & Done, C. 2008, Nature, 455, 369
Goad, M. R., Korista, K. T., De Rosa, G., et al. 2016, ApJ, 824, 11
González-Martín, O., & Vaughan, S. 2012, A&A, 544, A80
Green, J. C., Froning, C. S., Osterman, S., et al. 2012, ApJ, 744, 60
Greenstein, J. L., & Schmidt, M. 1964, ApJ, 140, 1
Grier, C. J., Peterson, B. M., Pogge, R. W., et al. 2012, ApJ, 755, 60
Grier, C. J., Peterson, B. M., Horne, K., et al. 2013, ApJ, 764, 47
Haardt, F., & Maraschi, L. 1993, ApJ, 413, 507
Hall, P. B. 2007, AJ, 133, 1271
Halpern, J. P. 1984, ApJ, 281, 90
Hardcastle, M. J., Evans, D. A., & Croston, J. H. 2007, MNRAS, 376, 1849
Häring, N., & Rix, H.-W. 2004, ApJ, 604, L89
Hitomi Collaboration. 2016, Nature, 535, 117
Hutchings, J. B., Crenshaw, D. M., Kraemer, S. B., et al. 2002, AJ, 124, 2543
Kaastra, J. S. 2017a, Astronomische Nachrichten, 338, 146
Kaastra, J. S. 2017b, A&A, 605, A51
Kaastra, J. S., & Bleeker, J. A. M. 2016, A&A, 587, A151
Kaastra, J. S., Mewe, R., Liedahl, D. A., Komossa, S., & Brinkman, A. C. 2000,
A&A, 354, L83
Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV and X-ray Spectroscopy
of Astrophysical and Laboratory Plasmas, ed. K. Yamashita & T. Watanabe, 411
Kaastra, J. S., Raassen, A. J. J., Mewe, R., et al. 2004, A&A, 428, 57

119

BIBLIOGRAPHY
Kaastra, J. S., Detmers, R. G., Mehdipour, M., et al. 2012, A&A, 539, A117
Kaastra, J. S., Kriss, G. A., Cappi, M., et al. 2014a, Science, 345, 64
Kaastra, J. S., Terashima, Y., Kallman, T., et al. 2014b, ArXiv e-prints,
arXiv:1412.1171 [astro-ph.HE], ads
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Kallman, T., & Bautista, M. 2001, ApJS, 133, 221
Kara, E., Alston, W. N., Fabian, A. C., et al. 2016, MNRAS, 462, 511
Kara, E., Fabian, A. C., Cackett, E. M., et al. 2013, MNRAS, 434, 1129
Kaspi, S., Brandt, W. N., Netzer, H., et al. 2000, ApJ, 535, L17
Kaspi, S., Netzer, H., Chelouche, D., et al. 2004, ApJ, 611, 68
Kaspi, S., Brandt, W. N., George, I. M., et al. 2002, ApJ, 574, 643
King, A., & Pounds, K. 2015, ARA&A, 53, 115
Korista, K. T., Voit, G. M., Morris, S. L., & Weymann, R. J. 1993, ApJS, 88, 357
Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511
Kotov, O., Churazov, E., & Gilfanov, M. 2001, MNRAS, 327, 799
Kraemer, S. B., Tombesi, F., & Bottorﬀ, M. 2017, in American Astronomical Society
Meeting Abstracts, Vol. 229, American Astronomical Society Meeting Abstracts,
250.57
Kraemer, S. B., Crenshaw, D. M., Gabel, J. R., et al. 2006, ApJS, 167, 161
Kriss, G. A., Krolik, J. H., Otani, C., et al. 1996, ApJ, 467, 629
Kriss, G. A., Scott, J. E., Alexander, T., et al. 2002, in Bulletin of the American
Astronomical Society, Vol. 35, American Astronomical Society Meeting Abstracts,
571
Krolik, J. H., Horne, K., Kallman, T. R., et al. 1991, ApJ, 371, 541
Krolik, J. H., & Kriss, G. A. 1995, ApJ, 447, 512
Krolik, J. H., & Kriss, G. A. 2001, ApJ, 561, 684
Krongold, Y., Nicastro, F., Elvis, M., et al. 2007, ApJ, 659, 1022
Laha, S., Guainazzi, M., Dewangan, G. C., Chakravorty, S., & Kembhavi, A. K. 2014,
MNRAS, 441, 2613
Laor, A., Jannuzi, B. T., Green, R. F., & Boroson, T. A. 1997, ApJ, 489, 656
Lawrence, A., Watson, M. G., Pounds, K. A., & Elvis, M. 1987, Nature, 325, 694
Lightman, A. P., & White, T. R. 1988, ApJ, 335, 57
Lodders, K., Palme, H., & Gail, H.-P. 2009, Landolt Börnstein, 44
Longinotti, A. L., Krongold, Y., Kriss, G. A., et al. 2013, ApJ, 766, 104
Lyubarskii, Y. E. 1997, MNRAS, 292, 679
Mao, J., Kaastra, J. S., Mehdipour, M., et al. 2017, A&A, 607, A100
Mathews, W. G., & Ferland, G. J. 1987, ApJ, 323, 456
Mathur, S., Gupta, A., Page, K., et al. 2017, ApJ, 846, 55
McHardy, I. M. 1989, in ESA Special Publication, Vol. 296, Two Topics in X-Ray
Astronomy, Volume 1: X Ray Binaries. Volume 2: AGN and the X Ray Background,
ed. J. Hunt & B. Battrick

120

BIBLIOGRAPHY
McHardy, I. M., Koerding, E., Knigge, C., Uttley, P., & Fender, R. P. 2006, Nature,
444, 730
McHardy, I. M., Papadakis, I. E., Uttley, P., Page, M. J., & Mason, K. O. 2004,
MNRAS, 348, 783
McHardy, I. M., Cameron, D. T., Dwelly, T., et al. 2014, MNRAS, 444, 1469
McKernan, B., Yaqoob, T., & Reynolds, C. S. 2007, MNRAS, 379, 1359
Mehdipour, M., Branduardi-Raymont, G., & Page, M. J. 2010, A&A, 514, A100
Murray, N., & Chiang, J. 1995, ApJ, 454, L105
Mushotzky, R. F., Done, C., & Pounds, K. A. 1993, ARA&A, 31, 717
Nandra, K., & Pounds, K. A. 1992, Nature, 359, 215
Nandra, K., Pounds, K. A., & Stewart, G. C. 1990, MNRAS, 242, 660
Nandra, K., Barret, D., Barcons, X., et al. 2013, ArXiv e-prints, arXiv:1306.2307
[astro-ph.HE], ads
Netzer, H. 1996, ApJ, 473, 781
Netzer, H. 2015, ARA&A, 53, 365
Nicastro, F., Fiore, F., Perola, G. C., & Elvis, M. 1999, ApJ, 512, 184
Otani, C., Kii, T., Reynolds, C. S., et al. 1996, PASJ, 48, 211
Padovani, P., Alexander, D. M., Assef, R. J., et al. 2017, A&A Rev., 25, 2
Pancoast, A., Brewer, B. J., Treu, T., LAMP2008 Collaboration, & LAMP2011 Collaboration. 2013, in American Astronomical Society Meeting Abstracts, Vol. 221,
American Astronomical Society Meeting Abstracts #221, 309.08
Peterson, B. M. 2014, Space Sci. Rev., 183, 253
Peterson, B. M., & Bentz, M. C. 2006, New A Rev., 50, 796
Peterson, B. M., Denney, K. D., De Rosa, G., et al. 2013, ApJ, 779, 109
Pounds, K. A., & King, A. R. 2013, MNRAS, 433, 1369
Pounds, K. A., & Vaughan, S. 2011, MNRAS, 413, 1251
Press, W. H. 1978, Comments on Astrophysics, 7, 103
Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992, Numerical
recipes in FORTRAN. The art of scientiﬁc computing
Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 2007, Numerical
Recipes 3rd Edition: The Art of Scientiﬁc Computing, 3rd edn. (New York, NY,
USA: Cambridge University Press)
Proga, D. 2007, in Astronomical Society of the Paciﬁc Conference Series, Vol. 373,
The Central Engine of Active Galactic Nuclei, ed. L. C. Ho & J.-W. Wang, 267
Proga, D., Stone, J. M., & Kallman, T. R. 2000, ApJ, 543, 686
Rees, M. J. 1984, ARA&A, 22, 471
Rees, M. J. 1987, MNRAS, 228, 47P
Reeves, J. N., Nandra, K., George, I. M., et al. 2004, ApJ, 602, 648
Reynolds, C. S. 1997, MNRAS, 286, 513
Reynolds, C. S., Fabian, A. C., Nandra, K., et al. 1995, MNRAS, 277, 901
Romero, G. E., Boettcher, M., Markoﬀ, S., & Tavecchio, F. 2017, Space Sci. Rev.,

121

BIBLIOGRAPHY
207, 5
Salpeter, E. E. 1964, ApJ, 140, 796
Sanfrutos, M., Miniutti, G., Krongold, Y., Agís-González, B., & Longinotti, A. L.
2016, MNRAS, 457, 510
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Silva, C. V., Uttley, P., & Costantini, E. 2016, A&A, 596, A79
Smith, R. K., Abraham, M. H., Allured, R., et al. 2016, in Proc. SPIE, Vol. 9905,
Space Telescopes and Instrumentation 2016: Ultraviolet to Gamma Ray, 99054M
Springob, C. M., Haynes, M. P., Giovanelli, R., & Kent, B. R. 2005, ApJS, 160, 149
Steenbrugge, K. C., Fenovčík, M., Kaastra, J. S., Costantini, E., & Verbunt, F. 2009,
A&A, 496, 107
Steenbrugge, K. C., Kaastra, J. S., de Vries, C. P., & Edelson, R. 2003, A&A, 402,
477
Steenbrugge, K. C., Kaastra, J. S., Crenshaw, D. M., et al. 2005, A&A, 434, 569
Stern, J., Behar, E., Laor, A., Baskin, A., & Holczer, T. 2014, MNRAS, 445, 3011
Suganuma, M., Yoshii, Y., Kobayashi, Y., et al. 2006, ApJ, 639, 46
Terrell, J. 1964, Science, 145, 918
Tombesi, F., Cappi, M., Reeves, J. N., & Braito, V. 2012, MNRAS, 422, L1
Tombesi, F., Cappi, M., Reeves, J. N., et al. 2010, A&A, 521, A57
Turner, T. J., Nandra, K., George, I. M., Fabian, A. C., & Pounds, K. A. 1993, ApJ,
419, 127
Turnshek, D. A. 1998, in Structure et Evolution du Milieu Inter-Galactique Revele par
Raies D’Absorption dans le Spectre des Quasars, 13th Colloque d’Astrophysique
de l’Institut d’Astrophysique de Paris, ed. P. Petitjean & S. Charlot, 263
Ulrich, M.-H., Maraschi, L., & Urry, C. M. 1997, ARA&A, 35, 445
Urry, C. M., & Padovani, P. 1995, PASP, 107, 803
Uttley, P., Cackett, E. M., Fabian, A. C., Kara, E., & Wilkins, D. R. 2014, A&A Rev.,
22, 72
Uttley, P., & McHardy, I. M. 2001, MNRAS, 323, L26
Uttley, P., McHardy, I. M., & Papadakis, I. E. 2002, MNRAS, 332, 231
Uttley, P., McHardy, I. M., Papadakis, I. E., Cagnoni, I., & Fruscione, A. 1999,
Nuclear Physics B Proceedings Supplements, 69, 490
Uttley, P., McHardy, I. M., & Vaughan, S. 2005, MNRAS, 359, 345
Vaughan, B. A., & Nowak, M. A. 1997, ApJ, 474, L43
Vaughan, S., Edelson, R., Warwick, R. S., Malkan, M. A., & Goad, M. R. 2001,
MNRAS, 327, 673
Vaughan, S., & Uttley, P. 2005, MNRAS, 362, 235
Vaughan, S., & Uttley, P. 2006, Advances in Space Research, 38, 1405
Vaughan, S., Uttley, P., Pounds, K. A., Nandra, K., & Strohmayer, T. E. 2011a,
MNRAS, 413, 2489
Vaughan, S., Uttley, P., Pounds, K. A., Nandra, K., & Strohmayer, T. E. 2011b,

122

BIBLIOGRAPHY
MNRAS, 413, 2489
Wakker, B. P., Lockman, F. J., & Brown, J. M. 2011, ApJ, 728, 159
Weymann, R. J., Morris, S. L., Foltz, C. B., & Hewett, P. C. 1991, ApJ, 373, 23
Wilkins, D. R., Gallo, L. C., Silva, C. V., et al. 2017, MNRAS, 471, 4436
Willingale, R., Starling, R. L. C., Beardmore, A. P., Tanvir, N. R., & O’Brien, P. T.
2013, MNRAS, 431, 394
Yaqoob, T., Warwick, R. S., & Pounds, K. A. 1989, MNRAS, 236, 153
Zel’dovich, Y. B., & Novikov, I. D. 1964, Soviet Physics Doklady, 9, 246
Zoghbi, A., Fabian, A. C., Reynolds, C. S., & Cackett, E. M. 2012, MNRAS, 422, 129
Zoghbi, A., Fabian, A. C., Uttley, P., et al. 2010, MNRAS, 401, 2419
Zoghbi, A., Uttley, P., & Fabian, A. C. 2011, MNRAS, 412, 59

123

Contribution from co-authors

The bibliographic information for the chapters contained in this thesis is presented
below. The relative importance of the co-authors is indicated by the order of the
author list.
Chapter 2: Timing the warm absorber in NGC 4051
Silva, C.V., Uttley, P., & Costantini, E., 2016, A&A, 596, A79.

Chapter 3: Constraining the physical properties of the UV ionized absorber in NGC
5548 with time-dependent photoionization modeling
Silva, C.V., Kriss, G.A., Costantini, E., Uttley, P., et al.
To be submitted to Astronomy and Astrophysics

Chapter 4: The variability of the warm absorber in I Zwicky 1 as seen by XMMNewton
Silva, C.V., Costantini, E., Giustini, M., Kriss, G.A., Brandt, W.N.,
Gallo, L.C., Wilkins, D.R.
Submitted to Monthly Notices of the Royal Astronomical Society

125

Publications

First-author articles
1. Silva, C.V., Uttley, P., & Costantini, E., 2016.
A&A, 596, A79. (Chapter 2)
Timing the warm absorber in NGC 4051
2. Silva, C.V., Costantini, E., Giustini, M., Kriss, G.A., Brandt, W.N.,
Gallo, L.C., Wilkins, D.R.
Submitted to Monthly Notices of the Royal Astronomical Society (Chapter 4)
The short and long-term variability of the warm absorber in I ZW 1
3. Silva, C.V., Kriss, G.A., Costantini, E., Uttley, P., et al.
To be submitted to Astronomy and Astrophysics (Chapter 3)
Constraining the physical properties of the UV ionized absorber in NGC 5548
with time-dependent photoionization modeling

Co-authored articles
1. Markoﬀ, S., Nowak, M.A., Gallo, E., Hynes, R., Wilms, J., Plotkin,
R.M., Maitra, D., Silva, C.V., Drappeu, S., 2015.
The Astrophysical Journal Letters, 812, Issue 2, L25.
As Above, So Below: Exploiting Mass Scaling in Black Hole Accretion to Break
Degeneracies in Spectral Interpretation
2. Wilkins, D. R.; Gallo, L.C.; Silva, C.V.; Costantini, E.; Brandt, W. N.;
Kriss, G.A., 2017.
Monthly Notices of the Royal Astronomical Society, Volume 471, Issue 4, p.44364451.
Revealing structure and evolution within the corona of the Seyfert galaxy I Zw 1

127

Nederlandse Samenvatting

Het universum is structureel georganiseerd, van de kleinste tot de grootste schalen.
Sterren, stellaire restanten, gas, stof/gruis, en donkere materie zijn middels de zwaartekracht aan elkaar gebonden in grotere systemen, genaamd sterrenstelsels. Volgens de
meest recente waarnemingen bevat het waarneembare universum op zijn minst enkele
biljoenen sterrenstelsels. Deze vormen samen weer grotere structuren, i.e. sterrenstelsel clusters, die vervolgens superclusters kunnen vormen. Men vermoedt dat er in het
centrum van ieder sterrenstelsel een superzwaar zwart gat (hierna SMBH) bevindt.
Sommige sterrenstelsels vertonen tekenen van activiteit in de kern, gerelateerd aan de
accretie van materiaal op de SMBH. De centrale gebieden van sterrenstelsels, waar
deze fenomenen plaatsvinden, worden actieve sterrenstelsels (hierna AGN) genoemd,
en zijn extreem heldere bronnen.
De krachtige en aanhoudende emissie van AGNs reikt over het gehele elektromagnetisch spectrum. De materie die in een spiraalbeweging invalt, vormt een accretieschijf die thermische straling uitzendt in de vorm van optisch en UV licht. Krachtige non-thermische röntgenstraling wordt geproduceerd in een hete corona met lage
dichtheid, gelegen in de binnenste delen van de kern. Accretie op de SMBH gaat ook
gepaard met uitstromen. Deze uitstromen, in de vorm van sterk gecollimeerde straalstromen of een minder gecollimeerde wind van geïoniseerd gas, kan krachtig genoeg
zijn om het gastheer-stelsel of zelfs het medium tussen clusters te beïnvloeden. De
overdracht van stralings- of kinetische energie naar het sterrenstelsel in de vorm van
uitstromen wordt ‘AGN feedback’ genoemd.
AGN feedback wordt vaak aangehaald als de waarschijnlijke verklaring voor de
waargenomen connectie tussen de SMBH en zijn gastheer-stelsel. Observaties tonen
aan dat de massa van het zwarte gat correleert met de snelheidsverdeling van de
sterren in de centrale bobbel (i.e. de ‘bulge’) van het sterrenstelsel en de massa deze
bobbel. Dit suggereert dat de groei en co-evolutie van de SMBH en het sterrenstelsel op een bepaalde wijze gereguleerd worden door de AGN. Om te achterhalen of
de uitstromen verantwoordelijk zijn voor deze relatie is het eerst noodzakelijk om de
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overdracht van energie van de uitstromen naar het omgevende medium te kwantiﬁceren. Hierdoor is het karakteriseren van de fysische eigenschappen van de uitstromen
en hun bijdrage aan AGN feedback van cruciaal belang voor het begrijpen van de
formatie en evolutie van de grootschalige structuren.

Figuur A: Close-up van het sterrenstelsel NGC 1068, genomen met de Hubble Space Telescope van
de NASA. De inzet toont een illustratieve zoom-in op de centrale AGN. Origineel van NASA/JPLCaltech.

Dit proefschrift richt zich op de studie van geïoniseerde uitstromen in de vorm
van een zwak gecollimeerde wind. Deze uitstromen worden gedetecteerd middels
de blauw verschoven absorptie lijnen in de UV en röntgen spectra van nabijgelegen
Seyfert-sterrenstelsels. De hier gepresenteerde onderzoeken zijn gericht op het blootleggen van de fysieke eigenschappen van het gas door gebruik te maken van technieken
gericht op de tijdvariaties in de energiespectra, i.e. ‘spectrale-timing’ analysetechnieken. Uit de analyse van de spectra is het mogelijk om sommige karakteristieken van
het gas af te leiden, zoals de ionisatietoestand, de kolomdichtheid en de snelheid van
de uitstroom. Het bepalen van de afstand van het gas tot de centrale bron is daarentegen niet eenduidig en is echter van fundamenteel belang voor het vaststellen van de
bijdrage van deze uitstromen aan AGN feedback. De ionisatieparameter is dusdanig
gedeﬁnieerd dat de radiële afstand van het gas samenhangt met de dichtheid van het
gas. Hierdoor leidt een afschatting van de dichtheid van het gas tot een schatting
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van de radiële afstand van het gas tot de centrale bron. Het gas, welke gefotoioniseerd wordt door de centrale bron, is onderworpen aan de intrinsieke variaties van
het ioniserende continuüm. Zodoende reageert het gas op veranderingen in de invallende ﬂux en wordt meer geïoniseerd wanneer de ﬂux toeneemt en recombineert
gedurende perioden van afnemende ﬂux. De responstijd van het gas op de variaties
in het continuüm is omgekeerd evenredig met de dichtheid. Het in detail registreren
van de variabiliteit van de bron en de reactie van het gas op deze veranderingen levert
derhalve een schatting van de dichtheid van het gas en daarmee een afstand van het
gas tot de centrale bron. In dit proefschrift worden nieuwe technieken ontwikkeld om
het absorberende gas te bestuderen, door gebruik te maken van de combinatie van de
spectrale en temporale eigenschappen van het gas. Deze methoden bieden bruikbare
hulpmiddelen voor het, in de toekomst, inperken van de fysische parameters van het
geïoniseerde gas welke UV- en röntgenstralen absorbeert. Dit maakt het mogelijk om
een completere schatting te maken van de rol van deze uitstromen in AGN feedback.
De onderzoeken waarin we deze methoden toepassen en de implicaties van de daaruit
volgende resultaten, worden hieronder kort beschreven.
In hoofdstuk 2 wordt een nieuwe methode ontwikkeld om het tijdsafhankelijke
gedrag van de uitstroom, in reactie op de variabiliteit van het continuüm, te beoordelen. De respons van het gas op veranderingen in de ioniserende ﬂux van de bron
wordt berekend door het combineren van spectrale-timing analysetechnieken met een
tijdsafhankelijk foto-ionisatiemodel. Vervolgens worden, voor het eerst, de eﬀecten
van de absorptie door foto-ionisatie op de röntgen-tijdvertragingen van AGNs voorspeld. Het signatuur van de uitstroom in de spectra van de tijdvertraging versus
de Fourier-frequentie van een AGN is geassocieerd met de responstijd van het gas
op de variaties in de ﬂux van de ioniserende bron als gevolg van de foto-ionisatie en
radiatieve recombinatie. Dit resulteert in een tijdsvertraging tussen de variaties in de
lage-energie-röntgenstraling, welke beïnvloed wordt door de talrijke absorptiekenmerken, en de band van de hoge-energie-röntgenstraling waar de variaties in de continuüm
domineren. Het toepassen van deze nieuwe methode op de uitgebreide waarnemingen, gemaakt met de XMM-Newton, van NGC 4051, toont aan dat het absorberende
gas van deze bron in staat is een vertraging in de lage energie emissie te produceren (tot 100 seconden) bij lage Fourier-frequenties. De gevolgen van de bijdrage van
het absorberende gas op de tijdsvertragingen in de röntgenstraling van de AGN zijn
tweedelig. Ten eerste, het incorporeren van dit eﬀect in het modelleren van de vertragingen maken het mogelijk om de verscheidene fysische processen meer accurate
te ontrafelen, aangezien de bijdrage van het absorberende gas de andere processen te
niet doet of zelfs overheerst over de andere processen die op vergelijkbare tijdschalen
plaatsvinden. Ten tweede, dit onderzoek onthult de potentie van de spectrale-timing
analysetechnieken om de uitstromen in het algemeen te karakteriseren. Met name in
het geval van toekomstige missies, zoals Athena, waarbij deze methoden routinematig
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toegepast kunnen worden voor het in groot detail in kaart brengen van de uitstromen
van AGN.

Figuur B: Artistieke impressie van AGN-uitstromen. Origineel van NASA en M.Weiss (Chandra
X-ray Center).

In hoofdstuk 3 wordt het tijdsafhankelijke foto-ionisatiemodel, ontwikkeld voor de
studie van het absorberende gas in hoofdstuk 2, uitgebreid en toegepast op de studie
van het absorberende gas in de UV-band. Het model levert de tijdsafhankelijke kolomdichtheden van de ionen op, aangezien deze reageren op de variaties in het continuüm.
In de optisch dunne limiet, zijn de kolomdichtheden van de ionen recht evenredig met
de gemeten equivalente breedtes van de absorptietroggen. Vanwege deze lineariteit
is het mogelijk om de voorspelde ionenconcentraties als een functie van tijd direct te
vergelijken met de lichtcurven van de equivalente breedtes van de verschillende ionen.
Het tijdsafhankelijk gedrag van het gas wordt zodoende berekend voor een reeks van
gasdichtheden en ionisatietoestanden. Door het vergelijken van deze voorspellingen
met de waargenomen data, is het mogelijk om tegelijkertijd de dichtheid en de ionisatieparameter van ieder gascomponent te schatten. De validiteit van deze innovatieve
methode wordt hier gedemonstreerd door de toepassing ervan op de uitstekende data
van NGC 5548, verkregen met de Cosmic Origins Spectrograph op HST gedurende
een uitgebreide waarnemingscampagne. Door de tijdafhankelijke modellen te ﬁtten
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aan de lichtkrommen van de equivalente breedtes, zijn zowel de dichtheid- als de ionisatieparameters van twee van de zes componenten van de UV-uitstroom in NGC
5548 ingeperkt. De inperkingen op de dichtheid kunnen vervolgens worden gebruikt
om de locatie van deze componenten van de uitstroom te schatten. Deze interessante
resultaten benadrukken de potentie van de tijdafhankelijke foto-ionisatiemodellen bij
het verklaren van de variabiliteit van het absorberende gas en tonen aan dat het gebruik van deze modellen een veelvermogende methode is om de fysische parameters
van de uitstromen bloot te leggen.
Ten slotte, in hoofdstuk 4, worden nieuwe waarnemingen van röntgenstraling, gemaakt met XMM-Newton van de Seyfert 1 sterrenstelsel I Zwicky 1 (I ZW 1) geanalyseerd. De geïoniseerde uitstroom in deze bron lijkt variabel te zijn op lange tijdschalen,
echter vertoont de variabiliteit geen correlatie met de ioniserende bron, zoals verwacht
zou worden volgens klassieke foto-ionisatiemodellen. Uitgebreid onderzoek van de
spectrale- en temporale eigenschappen van het lage-energie-röntgenstralingsabsorptiespectrum suggereert een scenario waarbij delen met verschillende dichtheden, ontwikkeld in een niet-homogene uitstroom, over de jaren langs het gezichtsveld van de
waarnemer bewegen. Dit verklaart de langetermijnveranderingen in de ionisatie van
het gas en de afwezigheid van een correlatie met de ioniserende emissie. De resultaten van dit onderzoek onderbouwen de behoefte aan theoretische modellen die in
staat zijn om het complexe gedrag van het absorberende gas te reproduceren, zoals
de waargenomen variabiliteit in de uitstroom in I ZW 1.
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Summary

The Universe is structurally organized, from the smallest to the largest scales. Stars,
stellar remnants, gas, dust, and dark matter, are gravitationally bound in large systems called galaxies. According to the most recent observations, the observable Universe contains, at least, a couple of trillions of galaxies. These form larger structures,
galaxy clusters, which may be organized in superclusters. It is thought that a supermassive black hole (SMBH) resides in the center of each galaxy. Some galaxies show
signs of nuclear activity related to accretion of material onto the SMBH. The central
regions of the galaxies associated with this phenomenon are called Active Galactic
Nuclei (AGN).
AGN are extremely bright. The powerful and persistent emission of AGN spans
the whole electromagnetic spectrum. While spiralling inwards, the accreting material
forms an accretion disk which emits thermal radiation in the optical and the UV.
Strong X-ray emission is powered by a hot and tenuous medium, the ‘corona’, situated
in the inner most regions of the nucleus. Accretion onto a SMBH is also associated
with outﬂow events. AGN outﬂows, either in the form of highly collimated jets or less
collimated winds of ionized gas, can be powerful enough to impact the host galaxy,
or even the intra-cluster medium. The transfer of radiative or kinetic energy to the
galaxy and its surroundings in the form of outﬂows is termed ‘AGN feedback’.
AGN feedback is often evoked as the likely explanation for the observed connection between the SMBH and its host. Observations show the mass of the black hole
to correlate with the velocity dispersion of stars in the bulge, and with the galaxy
bulge mass, which suggests the growth and co-evolution of the SMBH and the galaxy
to be somehow regulated by the AGN. To decide whether the outﬂows are responsible
for this relationship, it is ﬁrst necessary to quantify the energy transferred by the
outﬂowing material onto the surrounding medium. Hence, characterizing the physical properties of the outﬂows and their contribution to AGN feedback is of crucial
importance to the understanding of large-scale structure formation and evolution.
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Figure A: NASA’s Hubble Space Telescope close-up of the galaxy NGC 1068. The zoomed-in inset
shows an illustration of the central AGN. Credits: NASA/JPL-Caltech.

This thesis focuses on the study of ionized outﬂows in the form of ‘winds’. These
outﬂows are detected by the imprint of blueshifted absorption features in the UV
and X-ray spectra of nearby Seyfert galaxies. The studies here presented are aimed
at uncovering the physical properties of the gas through the use of spectral-timing
analysis techniques. From the analysis of the spectra it is possible to infer some of
the characteristics of the gas, such as its ionization state, column density, and outﬂow
velocity. Determining the distance of the gas from the central source however is not
trivial, yet it is vital information for assessing the contribution of these outﬂows to
AGN feedback. Through the deﬁnition of the ionization parameter, the radial distance is tied to the density of the gas, thus estimating the density of the gas results in
an estimate of its distance to the central source. The gas, photoionized by the central
source, is subjected to the intrinsic variations of the ionizing continuum. Accordingly, the gas reacts to the changes in the incident ﬂux, becoming more ionized when
the ﬂux increases and recombining during periods of decreasing ﬂux. The response
time of the gas to the continuum variations is inversely proportional to the density.
Monitoring the variability of the source and the response of the gas to these changes
in detail thus yields an estimate of the density, and hence the distance of the gas
from the central source. In this thesis, novel techniques are developed to study the
absorbing gas by taking into account its combined spectral and temporal properties.
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These methods oﬀer useful tools for future constraints on the physical parameters of
the ionized UV and X-ray absorbers, allowing for a more complete assessment of the
role of these outﬂows in AGN feedback. The studies where we apply these methods
and the implications of their results, are brieﬂy described below.
In Chapter 2, a new method is developed aimed at assessing the time-dependent
behaviour of the outﬂow, responding to the continuum variability. Combining spectraltiming analysis with a time-dependent photoionization model, the response of the gas
to changes in the ionizing ﬂux of the source is computed. Then, and for the ﬁrst time,
the eﬀects of photoionized absorption on the X-ray time lags of AGN are predicted.
The signature of the outﬂow in the lag-frequency spectra of AGN is associated with
the response time of the gas to variations in the ﬂux of the ionizing source, due to
photoionization and radiative recombination. This results in a time delay between
the variations in the soft X-rays, which are aﬀected by numerous absorption features,
and the hard X-ray band where the continuum variations dominate. Applying this
novel method to the extensive XMM-Newton observations of NGC 4051, it is shown
that the warm absorber in this source is capable of producing a soft lag (up to 100
s) at low Fourier frequencies. The consequences of the contribution of the absorbing gas to the X-ray time lags of AGN are two fold. Firstly, including this eﬀect
in the modelling of the lags will allow the diﬀerent physical processes at play to be
disentangled more accurately, since the contribution of the absorber may wash out or
even dominate over other processes which may occur on similar timescales. Secondly,
this study reveals the potential of spectral-timing analysis to characterize the outﬂows at large, particularly when future missions, such as Athena, become available,
allowing these methods to be routinely used for mapping AGN outﬂows in great detail.
In Chapter 3, the time-dependent photoionization model developed for the study
of the X-ray absorbing gas in Chapter 2 is expanded and applied to the study of the
ionized absorbers in the UV band. The model yields the time-dependent ionic column
densities as these respond to the variations in the illuminating continuum. In the optically thin limit, the ionic column densities are directly proportional to the measured
equivalent widths of the absorption troughs. Due to this linearity, it is possible to
directly compare the predicted ion concentrations as a function of time to the equivalent width light curves of the diﬀerent ions. The time-dependent behaviour of the gas
is thus computed for a range of gas densities and ionization states. When comparing
these predictions to the real data, it is possible to estimate, simultaneously, the density and ionization parameter of each gas component. The validity of this innovative
method is here demonstrated through its application to the exquisite data of NGC
5548, obtained with the Cosmic Origins Spectrograph on HST during an extensive
monitoring campaign. By ﬁtting the time-dependent models to the equivalent width
light curves, both the density and ionization parameters of two out of the six compo-
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Figure B: Artist impression of AGN outﬂows. Credit: NASA and M. Weiss (Chandra X-ray Center).

nents of the UV outﬂow in NGC 5548 are constrained. The constraints on the density
can then be used to estimate the location of these components of the outﬂow. These
exciting results highlight the potential of time-dependent photoionization models in
explaining the variability of the absorbing gas, as well as demonstrating this technique
as a powerful method to uncover the physical parameters of the outﬂows.
Lastly, in Chapter 4, new X-ray observations taken with XMM-Newton of the
Seyfert 1 galaxy I Zwicky 1 (I ZW 1) are analysed. The ionized outﬂow in this source
appears to be variable on long timescales, yet its variability does not show a correlation
with the ionizing source, as would be expected from classical photoionization models.
Extensive modeling of the rich soft X-ray absorption spectrum through time-averaged
spectral ﬁtting, ﬂux resolved spectroscopy, and time-resolved spectroscopy suggests a
scenario where diﬀerent clumps of diﬀerent densities, developed in a non-homogenous
outﬂow, cross the observer’s line-of-sight over the years. This explains the long term
changes in the ionization of the gas and the apparent absence of a correlation with
the ionizing luminosity. The results of this study substantiate the need for theoretical
models capable of reproducing more complex behaviour of the absorbing gas, such as
the observed variability in the outﬂow in I ZW 1.
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