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A B S T R A C T 

Spectral-timing techniques have proven valuable in studying the interplay between the X-ray corona and the accretion disc in 

v ariable acti ve galactic nuclei (AGNs). Under certain conditions, photoionized outflows emerging from central AGN regions 
also play a role in the observable spectral-timing properties of the nuclear components. The variable ionizing flux causes the 
intervening gas to ionize or recombine, resulting in a time-dependent absorption spectrum. Understanding the spectral-timing 

properties of these outflows is critical not only for the determination of their role in the A GN en vironment but also for the 
correct interpretation of timing signatures of other AGN components. In this paper, we test the capabilities of the Athena X-IFU 

instrument in studying the spectral and spectral-timing properties of a black hole system displaying a variable outflow. We 
take the narrow-line Seyfert 1 IRAS 13224 −3809 as a test case. Our findings show that while the non-linear response of the 
absorbing medium can result in complex behaviour of time lags, the resulting decrease in the coherence can be used to constrain 

gas density and distance to the central source. Ultimately, modelling the coherence spectra of AGN outflows may constitute a 
valuable tool in studying the physical properties of the outflowing gas. 

Key words: methods: numerical – galaxies: individual: IRAS 13224 −3809 – quasars: absorption lines – galaxies: Seyfert – X- 
rays: galaxies. 
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 I N T RO D U C T I O N  

he variability of active galactic nucleus (AGN) X-ray emission has 
een e xtensiv ely used to study the properties of the innermost regions
urrounding the central supermassive black hole. The time-scales of 
hese flux variations range from years down to hundreds of seconds, 
ith an amplitude reaching in some cases an order of magnitude (e.g.
onti et al. 2012 ). 
The short variability time-scale limits the number of X-ray 

hotons received for time-resolved spectroscopy. Fourier spectral- 
iming techniques (see Uttley et al. 2014 , for a re vie w) have proven
nvaluable for o v ercoming this limitation, as the y rely on statistical
roperties of the analysed light curves, rather than a high signal-to-
oise ratio in a given time and energy bin. Furthermore, they enable
solation and examination of processes occurring on different time- 
cales, pro vided the y can be distinguished by the energy at which
hey are manifested. Notably, the use of Fourier techniques allows 

easurement of delays associated with light traveltime between 
ndividual sources of X-rays within the central region, facilitating 
tudies of the geometry and dynamics of the innermost accretion 
ow (Fabian et al. 2009 ; Zoghbi et al. 2012 ; De Marco et al. 2013 ;
ara et al. 2019 ; Alston et al. 2020 ). 
In the current understanding of the central environment of AGNs, 

he source of the primary variable X-ray flux is a compact corona
Galeev, Rosner & Vaiana 1979 ), lying close abo v e the accretion
isc. There, the thermal photons from the accretion disc are scattered 
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y electrons to higher energies through the inverse Compton process, 
orming a power-law spectrum (Haardt & Maraschi 1993 ). Part of
his emission then irradiates the accretion disc, giving rise to a
omplex reflection spectrum, consisting of emission lines as well as a
ontinuum component (Ross & Fabian 1993 ). The reflection process 
eads to time lags between the primary and secondary radiation due
o the additional light traveltime, an effect known as reverberation 
Stella 1990 ; Reynolds et al. 1999 ; Uttley et al. 2014 ). 

If gas outflows are present in such an environment, additional 
elays can be produced, either by reverberation on the outflowing 
aterial out of the line of sight (e.g. Miller et al. 2010 ; Mangham

t al. 2017 ; Mizumoto et al. 2019 ), or due to interaction of the photons
ith gas observed along the line of sight (Silva, Uttley & Costantini
016 ). The latter can occur when the ionization of the outflowing gas
volves with the incoming variable X-ray radiation (Nicastro et al. 
999a ). 
Indeed, absorption features associated with outflowing material 

re present in many AGNs (see Laha et al. 2020 , for a re vie w).
hese outflows have been reported over a wide range of ionization,
s well as column density and outflow velocity. Outflows of lower
onization (with ionization parameter log ξ ∼ 0 − 2, where ξ is in 
nits of erg s −1 cm) are often referred to as warm absorbers and
ave column densities typically between N H ∼ 10 20 − 10 22 cm 

−2 

nd outflow velocities of 100 − 1000 km s −1 (e.g. Reynolds 1997 ;
eorge et al. 1998 ; Blustin et al. 2005 ). Absorbers of higher

onization (log ξ ∼ 3 − 6) show a generally larger column density 
 H ∼ 10 22 − 10 24 cm 

−2 and a higher velocity of 10 4 − 10 5 km s −1 ,
or which they are also known as ultra-fast outflows (e.g. Tombesi
t al. 2010 ; Cappi, Tombesi & Giustini 2013 ). 
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Average SED. The red and blue dashed lines represent power-law 

components whose normalizations vary simultaneously to mimic the AGN 

variability. The adjacent power law below ∼ 0 . 6 keV pivots around the point 
at 2910 Å. The grey-shaded area represents the ionizing luminosity (see 
Section 2.3 for further details). 
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The X-ray spectral-timing effects of absorbing outflows depend
n the gas density, and consequently the distance from the ionizing
ource, as demonstrated by Silva et al. ( 2016 ) on a multicomponent
arm absorber. Their results imply the possibility of determination
f these properties from the observed time lags. 
Unfortunately, current instrumentation provides only limited pos-

ibilities for inferring gas properties from spectral-timing analysis of
GN outflows. Consequently, these methods can only be applied

n the case of low-ionization gas with a relatively high opacity.
o we ver, the large ef fecti ve area and high spectral resolution in the

nergy range 0 . 2 − 12 keV offered by the X-ray Integral Field Unit
X-IFU; Barret et al. 2018 ) onboard the Athena X-ray observatory
Nandra et al. 2013 ) will enable detailed spectral timing studies of
GN structure, including highly ionized outflows. 
For the timing analysis of AGN ionized outflo ws, narro w-line

eyfert 1 galaxies (NLS1), in which outflows are commonly found
Leighly et al. 1997 ), are particularly suitable sources to target. The
entral flux shows strong variability, which occurs on time-scales
rom days to hours and the amplitude change may exceed an order
f magnitude in the X-ray flux (Boller, Brandt & Fink 1996 ; Leighly
999 ; Komossa & Meerschweinchen 2000 ). 
In this study, we aim to demonstrate the capabilities of Fourier

pectral-timing analysis of AGN outflows, applied to future Athena
-IFU observations. In particular, we simulate observations of ion-

zed outflows in a highly variable NLS1, taking IRAS 13224 −3809
s a model example, and discuss how the characteristic response
f the absorption spectral features reflects in the time lags and the
oherence extracted from the observed light curves. We demonstrate
hat the coherence can be used to constrain the density and distance
f the absorbing medium. This, in turn, is essential information to
nderstand the formation and the impact of these outflows in the
ontext of AGN feedback. 

This paper is structured as follows. Section 2 is dedicated to a
escription of the simulations, and the timing analysis of the resulting
ight curves is presented in Section 3. There, in Section 3.1, the
ehaviour of outflows in an AGN, described by a simple baseline
pectral energy distribution (SED), is presented. Our findings are
hen compared to a more complex situation, where the gas responds
o an SED with a lagging component (Section 3.2). We explore a
ew method for gas distance determination as well as its limitations
nd future prospects in Section 4 and summarize our conclusions in
ection 5. 

 SIMULATIONS  

n order to simulate the behaviour of the gas response, we generated
 realistic, yet simply parametrized SED, which was used to
etermine the ionization balance, and a light-curve representative of
 highly variable NLS1. Using this modelled source behaviour, we
imulated the evolution of ionization properties of outflows under
ifferent conditions to encompass a wide range of the gas properties.
 detailed description of this process, including the final simulation
f Athena X-IFU observations, is the main subject of this section. 

.1 SED parameters 

o construct a realistic source of the ionizing radiation, we take
he well-observed IRAS 13224 −3809 as a model example. This
GN is a typical NLS1 located at z = 0.0658, with high X-ray
ariability (Gallo et al. 2004 ) and a presence of variable blueshifted
bsorption lines ascribed to a highly ionized gas, possibly outflowing
t ∼0.2 c (Parker et al. 2017 ; Chartas & Canas 2018 ; Jiang et al.
018 ). We base our simulations on the data obtained during the
NRAS 510, 4225–4235 (2022) 
MM–Newton observing campaigns conducted in 2011 and 2016
PI: A. C. F abian), totalling o v er 1.5 Ms of data. The data were
educed with the standard procedures of the XMM–Newton SCIENCE

NALYSIS SYSTEM version 18.0.0. We accounted for events received
y EPIC-pn during readout (out-of-time events) and filtered out the
ime periods affected by the so-called soft-proton flares by excluding
he data where the count rate deviated from the mean by more than
 σ (3 σ clipping). Short exposure losses (up to 1 ks) resulting from
his procedure were filled in the light curve by linear interpolation
nd applying appropriate Poisson noise. 

For the purpose of this study, only EPIC-pn light curves were
sed to obtain an average power spectrum, constructed from 100-
s segments with a 500 s time-step. Consequently, the range of
requencies co v ered is 10 −5 to 10 −3 Hz. 

To model the SED of the ionizing source (see Fig. 1 ),
 time-averaged EPIC-pn spectrum, obtained from observation
780561701, was used, showing low variability and moderate flux
Parker et al. 2017 ). The SED was constructed to qualitatively match
he observed spectrum, while keeping the model simple to ensure that
he absorber timing behaviour remains easy to isolate in the analysis.

The resulting soft X-ray part of the SED consists of a broken
ower law, dominant below ∼ 1 keV, where a strong soft excess
s present in the spectrum. Abo v e the break energy at 0.6 keV,
 steep decline in flux (with the photon index � = 5.0) occurs,
hile the flatter, low-energy part of this component extends down

o a point obtained from the flux at 2910 Å, measured by the OM
lter UVW 1. This flux was corrected for extinction ( E ( B − V ) =
.062; Schlafly & Finkbeiner 2011 ), using a Galactic extinction
urve (Cardelli, Clayton & Mathis 1989 ) with R V = 3.1. Since the
ariability observed in the ultraviolet (UV) band is much smaller
elative to that of the X-rays (Buisson et al. 2018 ), we used the
ime-averaged value of the UV flux. Above ∼ 1 keV, the dominant
omponent is a flatter ( � = 2.1) power law, which mimics a complex
eflection spectrum (Jiang et al. 2018 ), with a cut-off at 150 keV.
or the low-energy part of the SED below 2910 Å, the default AGN
ontinuum in CLOUDY (Mathews & Ferland 1987 ) was used. 

During the simulations, we let the SED shape vary in time to
imulate the source variability. This is, for simplicity, achieved by

art/stab3731_f1.eps
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Figure 2. Simulated continuum 0.6–1.0 keV light curve, based on the X-ray variability of IRAS 13224 −3809. 
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hanging the normalization of the flatter � = 2.1 power law (blue
ashed line in Fig. 1 ) and of the steep � = 5.0 part of the soft
ower law (red dashed line). The low-energy part of this component, 
elow the break at 0.6 keV, is fixed at the UV point at 2910 Å, around
hich it pivots, producing gradually decreasing variability amplitude 

o wards lo wer energies. 

.2 Source light cur v e 

o model the interaction of the unobscured AGN radiation with the 
ntervening outflow, we simulated a 1 Ms light-curve representative 
f the highly variable IRAS 13224 −3809. For this purpose, we 
mployed an algorithm presented by Timmer & Koenig ( 1995 ), with
hich linear time series can be generated, having the desired power 

pectral density as provided on input. 
The functional form of the power spectral density used here was 
odelled as a broken power law, following Summons et al. ( 2007 ),

urther modified by an additional parameter s which controls the 
harpness of the bend. The resulting form is 

 ( ν) ∝ 

( ν/νB ) αL 

[1 + ( ν/νB ) ( αL −αH ) s ] 1 /s 
. (1) 

he break frequency νB in our model is 2 × 10 −5 Hz, while αL ,
H , and s are set to −1, −1.7, and 5, respecti vely, qualitati vely
atching the observed variability properties of IRAS 13224 −3809. 
he simulated light curve, with a time-step of 500 s, was then adjusted 

o yield a lognormal flux distribution, as observed in real data (see
ttley, McHardy & Vaughan 2005 ). To illustrate the resulting source 
ux behaviour, we present the 0 . 6 − 1 . 0 keV band light curve in
ig. 2 . In this energy range, the SED shape is constant in time and

ts normalization changes according to the simulated variations. 

.3 Time-dependent ion concentrations 

ollowing the approach of Krolik & Kriss ( 1995 ), the concentration
f a certain ionization state i of an element X as a function of time
 X i can be described by a set of ionization balance equations 

d n X i 

d t 
= −n e n X i αrec , X i−1 − n X i I X i + n e n X i+ 1 αrec , X i + n X i−1 I X i−1 , (2) 

here n e is the electron density and I X i and αrec , X i are the ionization
nd recombination rates, respectively, between state i and i + 1. We
ote that taking only photoionization and radiative recombination 
nto account, Auger ionization, collisional ionization, and three-body 
ecombination are neglected. 
The equilibrium ionization and recombination rates of the outflow- 
ng gas were determined using CLOUDY (version 17.01; Ferland et al.
017 ), following the procedure presented by Silva et al. ( 2016 ). In
he case of immediate reaction of the gas to changes of the incoming
adiation, its ionization parameter scales linearly with the ionizing 
uminosity, given by the relation 

= 

L ion 

nr 2 
, (3) 

alculated using cgs units. The ionizing luminosity L ion is defined 
n the energy range 1 − 1000 Ry, n stands for the hydrogen number
ensity and r for the distance to the ionizing source. For the light
urve used here, log ξ departs from the mean value by no more than
pproximately ±0 . 44 dex, following equation (3). The rates were
alculated for the whole light curve with a smaller time-step of
0 s, using interpolated values of ξ on input, to ensure a successful
ntegration, as detailed below. Furthermore, we assume that the 
enominator in equation (3) remains constant o v er the time-scale
o v ered in our simulations. 

For the absorber, a hydrogen column density of 10 23 cm 

−2 and a
ean log ξ = 3.6 were first used, similar to the outflow properties re-

orted for IRAS 13224 −3809 (Jiang et al. 2018 ). The metallicity was
ssumed to be solar with abundances from Lodders, Palme & Gail
 2009 ). In addition to this highly ionized gas, we also probed lower
onization components: log ξ = 2.6 and log ξ = 1.6, with column den-
ities of 2 . 5 × 10 22 cm 

−2 and 8 × 10 21 cm 

−2 , respectively. The col-
mn densities were chosen to yield comparable total line opacity o v er
he observable X-ray band with respect to the highly ionized case. 

We solve the system of equations for a set of distances to
he ionizing source, tied to the gas density by relation (3), and
ssuming a constant electron density (e.g. Nicastro et al. 1999a ;
aastra et al. 2012 ; Silva et al. 2016 ). The range of distances
robed is 10 15 . 25 − 10 19 . 5 cm, with a step of 0.25 dex, which, for
ll three average outflow ionizations, covers a broad range of gas
ehaviour in response to continuum variations, from immediate to 
o response. For the initial conditions, the concentrations were set 
o equilibrium values. To ensure successful integration of the stiff 
rdinary differential equations, we use a fourth-order Rosenbrock 
ethod with an adaptive stepper STIFF implementation presented in 
ress et al. ( 1992 ). As the original time-step of the light curve (500 s)
id not lead to accurate solutions for nearly equilibrium conditions, 
 smaller (50 s) step was used, linearly interpolating between the
oints of the original light curve. 
An illustrative example of the evolution of the ion concentrations, 

amely Fe XX during a small part of the light curve, is shown in
ig. 3 . The non-equilibrium concentrations are plotted for seven 
MNRAS 510, 4225–4235 (2022) 
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Figure 3. Time-dependent relative concentrations of Fe XX simulated for 
several distances from the ionizing source (see legend). With increasing 
distance, the response becomes weaker and increasingly delayed with respect 
to the equilibrium concentrations instantaneous response (black dots). 
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istances from the ionizing source, along with equilibrium values
instantaneous response, black dots), for comparison. As the distance
ncreases (i.e. the density decreases), the response of the gas to
he continuum variations becomes delayed with respect to the
quilibrium values and, concurrently, less sensitive to high-frequency
ariations. The amplitude of the changes decreases and eventually the
on concentration remains constant, set by the average radiation field.

.4 Simulated obser v ations 

aving the time-dependent ionic concentrations at our disposal, the
pectra of the evolving system, when observed with Athena X-IFU,
ould be simulated. In addition to the AGN model constructed in
ection 2.1, a SPEX (version 3.04; Kaastra, Mewe & Nieuwenhuijzen
996 ) component slab (Kaastra et al. 2002 ), was used to represent
he outflowing gas, as this model allows for the ionic column
ensities to be set independently. For simplicity, we assume that
he gas is not affected by a systemic outflow velocity. We assumed
 Gaussian velocity broadening of the absorption spectrum, of
v = 1000 km s −1 . The effect of the line broadening on the timing
roducts is discussed in Section 4. 

 RESULTS  

he analysis of the timing properties of the simulated system follows
he procedure described in detail in Uttley et al. ( 2014 ). The light
urves were extracted in bins of width �E = 2 . 5 eV to match the
-IFU resolution, in the energy range 0.35–10 keV and were all

ompared to a reference, virtually unabsorbed light curv e, e xtracted
rom 0.2 to 0.35 keV. To reduce the dependence of the derived timing
roperties on individual realizations of the underlying variability
rocess, the 1 Ms simulation was divided into 20 segments, which
ere used to obtain averaged intermediate timing products (for

urther details see section 2 in Uttley et al. 2014 ). As a consequence
f the reduced length of individual segments (50 ks), the timing
roducts presented here probe temporal frequencies in the range
 × 10 −5 − 10 −3 Hz. For illustration of the dependence on frequency,
he results below are shown for individual Fourier frequencies
esulting from the timing analysis, sampled with a constant step
f 2 × 10 −5 Hz. 
NRAS 510, 4225–4235 (2022) 
In the following, we explore how the coherence and time lag
volve as a function of energy, for three different energetics of the
utflow (Section 2.3) as a function of the distance of the absorber
rom the source. In this example, the SED varies in a simple manner
see Section 2.1). The effect of a more complex change of the SED
long the light curve is then addressed in Section 3.2. 

.1 Baseline SED 

.1.1 Coherence 

ince the response of the absorbing gas to variations of the ionizing
ux is typically non-linear (e.g. Rybicki & Lightman 1991 ), the light
urves affected by absorption lines associated with the outflow will
e generally less coherent with the unabsorbed reference light curve.
n Fig. 4 , the coherence is plotted as a function of energy for all three
imulated outflow energetics, displayed per column. 

The top row panels contain example Athena spectra for minimum
nd maximum continuum flux, as set by the light curve, and ionic
oncentrations of an equilibrium absorber. This is illustrative of the
xtent of changes in both gas ionization and continuum flux. The
hape of the SED, typical of an NLS1, enhances the presence of iron
ons from the M-, L-, or K-shell, depending on ξ . The contribution of
ther elements potentially appearing at energies � 3 keV, such as C,
, or Ne is much smaller, as these elements are ef fecti vely depleted
f their electrons by the strong radiation below ∼ 2 keV (Nicastro,
iore & Matt 1999b ). 
In the nine panels below, the coherence spectra are displayed for six

istances in each panel, while every row co v ers a different frequency.
e display the frequencies (corresponding to time-scales from 25

own to 12.5 ks) in a range related to more pronounced absorption
iming features. This is also in agreement with the frequencies
dentified in e.g. Kara, Alston & Fabian ( 2016 ) at which lags could be
nfluenced by absorption. The distances are selected to co v er a wide
ange of possible gas response, from nearly immediate (at 10 16 . 5 cm)
o only a small change in concentrations (at 10 19 . 0 cm). 

For each drop in coherence, a spectral feature is visible, but not
ice versa (e.g. below 0.6 keV in the right column). This happens
ecause, for a fixed distance, the magnitude of the drop depends both
n the non-linearity of the absorber response in a given energy bin and
he magnitude of this response, relative to the underlying continuum
omponent. Thus, if the line is weak or the response is close to linear,
nly a small drop is present. We note that the continuum variation is
ully coherent, by construction of the simulation. 

The magnitude of absorption-related coherence pattern does not
ary dramatically as a function of frequency. The individual features,
o we ver, sho w moderate dif ferences across time-scales, as can be
een by comparing the coherence spectra in dif ferent ro ws of Fig. 4 .
onsequently, information from some frequencies may be more

ensitive to changing distance, clearly visible in the insets of Fig. 4 . 
As the average ionization becomes higher, the range of distances

t which the gas response is unique mo v es to smaller distances,
s a result of longer recombination time-scale (Nicastro et al.
999a ). This effect can be seen in the insets of Fig. 4 , comparing
he coherence patterns between different ionizations. While the
atterns at r = 10 16 . 5 − 10 17 . 5 cm fully o v erlap for the low-ionization
bsorber (left), the pattern at r = 10 17 . 5 cm can still be distinguished
n the middle panel. Finally, in the case of the highly ionized outflow,
lso the pattern for r = 10 17 . 0 cm shows noticeable differences when
ompared to that for r = 10 16 . 5 cm. 

An alternative visualization of the coherence as a function of
he outflow distance is shown for the highly ionized outflow in the
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Figure 4. Top row: For every outflow, spectra of the maximum and minimum continuum flux and equilibrium ion concentrations are displayed for reference. 
Each simulated outflow is displayed in a different column, from low to high ionization (left to right). Second to fourth row: the coherence spectrum is displayed 
for six selected distances. In e very ro w, the coherence is shown for a different frequency to illustrate the time-scale dependent behaviour in different energy bins. 
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ight-hand panel of Fig. 5 . There, each line represents the coherence
n one energy bin, corresponding to absorption features marked on 
he left, selected to illustrate the coherence behaviour. The lines are 
ertically offset to help identify them in the coherence-energy plot 
n the left, where the coherence is displayed for several distances for
eference (see caption for more details). The generally decreasing 
oherence with decreasing distance to the ionizing source is due to 
ncreased sensitivity of this absorber to the continuum variations. 
his trend is halted when the equilibrium concentrations are reached 

n a time shorter than the continuum variability time-scale, in this
ase at distances below 10 16 . 5 cm. Furthermore, it is clearly visible 
hat each ion shows its own delayed response o v er a slightly different
ange of distances (or gas densities). This naturally reflects in the 
oherence features; the level of the average gas ionization sets not 
nly the energies at which the drops can be observed but also the
ange of distances at which the gas leaves a characteristic imprint in
he coherence spectrum. 

.1.2 Time lags 

he lag-energy spectra for the simulated outflows (Fig. 6 ) are 
isplayed for the same six distances and Fourier frequencies as in 
he coherence spectra in Fig. 4 (discussed in Section 3.1.1). Each 
olumn is reserved for a different simulated outflow, with increasing 
onization from left to right. The time lags shown below the example
pectra are displayed by row for 4, 6, and 8 × 10 −5 Hz, respectively,
o illustrate the sensitivity of the absorption-related lags on increasing 
requency. The lag is computed to yield ne gativ e values when the
and-of-interest light curve is lagging behind the 0 . 2 − 0 . 35 keV
eference light curve. 

Unlike the coherence features, the presence of physical time lags 
s limited to outflows where the gas is out of equilibrium with the
onizing radiation. In such cases, the response time of the absorbing

edium translates into changes in equi v alent widths (EWs) of
bsorption lines, which act as a delayed component in the absorbed
ight curve. Thus, for a fully coherent signal, time lags would only
e detected in the case of a delayed response, provided sufficient
bsorption variability. 

Ho we ver, due to the intrinsically incoherent signal resulting from
he variable absorption, the lags produced by the outflow have a non-
ntuitive pattern. At larger distances, the coherence (see Fig. 5 ) of the
bsorber-affected light curves is higher and the measured time lags 
eflect also the physical delays in the signal (see e.g. the lag features
round 1 keV in the right-hand column of Fig. 6 ). Overall, the mag-
itude of the absorber time lags decreases with increasing temporal 
requency, as can be seen comparing the lag patterns in each column.

In all nine panels of Fig. 6 displaying the time lags it is noticeable
hat not all features show a ne gativ e lag indicative of a delayed
MNRAS 510, 4225–4235 (2022) 
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Figure 5. The dependence of the coherence on the outflo w distance, sho wn 
here for the highly ionized (log ξ = 3.6) outflow at 4 × 10 −5 Hz. Left- 
hand panel: the coherence spectra (see Fig. 4 ) are plotted vertically for 
four reference distances. The positions of some representative absorption 
features are marked with dotted lines, to guide the eye. Right-hand panel: the 
coherence in the energy bins highlighted in the left-hand panel is displayed 
this time as a function of distance, vertically offset to match the position of the 
corresponding dotted lines in the left-hand panel. To enhance the readability 
of the plot, lines showing larger change in coherence are darker. The minimum 

and maximum values of the coherence for the feature at ∼6.5 keV are given 
in the plot, for reference. 
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esponse. In fact, the derived time lags may show an opposite sign
han expected. This happens when the EW of the absorption feature
s anticorrelated with the continuum flux; the absorbed light curve
hen seemingly leads the ionizing flux variations (see also Zoghbi,

iller & Cackett 2019 ). Such behaviour is clearly visible in our
imulations e.g. around 6.5 keV in the right-hand panels of Fig. 6 . In
ddition, the positive lags in the unabsorbed continuum, best visible
n the left-hand panels, are unrelated to this behaviour, as the positive-
ign delay is produced by lagging absorption lines in the reference
and. 
A detailed illustration of the distance-dependent behaviour of the

ime lags is in Fig. 7 . In the left-hand panel, we show again, for
 giv en frequenc y (4 × 10 −5 Hz) and ionization parameter (log ξ =
.6), the lag spectrum at four selected distances. In the right-hand
anel, the time lag of several representative absorption features is
hown, with a vertical offset to match the position of the given band
n the left. To focus on the behaviour of the physical time lags, the
bsorption features selected for the right-hand panel have coherence
xceeding 0.5 at all probed radii, where the contribution of artificial
ags caused by incoherent signal does not dominate the radial lag
rofile. Consequently, the strongest coherence features (see Fig. 5 ),
n many cases showing also large positive lags at some distances, are
xcluded here. 

Following the lines in the right-hand panel of Fig. 7 in the
irection of increasing distance (from right to left), the initial constant
ehaviour corresponds to an instantaneous response. Any lag visible
here is caused by partial non-linearity of the gas response. After
he gas ionic concentrations start departing from equilibrium values,
he time lags increase in magnitude with increasing distance, since
NRAS 510, 4225–4235 (2022) 
he gas can no longer follow the continuum variability immediately.
eyond the maximal detected delay, the continuum variations are too

ast for the absorbing medium to respond strongly enough for the lag
o remain visible, and the lag magnitude follows a decreasing trend.
inally, the gas state becomes set by the time-average radiation field
nd no lags are observed. 

Naturally, the timing properties in the case of absorber-induced
elayed response are limited to energies where the EWs of absorption
ines are substantially changing. Thus, if the lines are well-separable
rom the continuum, the source timing behaviour can be constrained
ndependently. 

.2 Effects of intrinsic continuum lags 

o simulate the outflow timing behaviour in a more realistic system,
e introduced time lags to the ionizing radiation itself. Their
henomenological prescription has the form presented in Fig. 8 ,
imicking the soft and hard lags observed in AGNs, typically

etween 0.3–1.0 and 1 . 0 − 5 keV (e.g. De Marco et al. 2013 ). This
unction was used to relate the normalizations of the two power-law
omponents describing a part of the SED (Fig. 1 ), yielding a mutually
agging continuum in the X-ray band. 

At frequencies below ∼ 3 × 10 −4 Hz, the steep soft power-law
omponent precedes the hard, with a maximum lag of 800 s. At
igher frequencies, the sign of the time lag changes to mimic the soft
ag, with a maximum delay of ∼ 70 s at about 10 −3 Hz. As discussed
bo v e, the lags produced by the absorbing medium extend out to the
ighest frequencies, despite decreasing in magnitude significantly.
t ∼ 10 −3 Hz, the absorber lags produced in our simulations are of

bout 20 s in the most delayed cases. 
Time lags in the case of absorber response are discrete features in

ag spectra and if the lines are well-separable from the continuum,
he source timing behaviour outside absorber-affected energies can
e constrained independently. As can be seen in the bottom panel
f Fig. 9 , the absorber lags are, ho we ver, af fected by the different
ED shape resulting from the lagging components. Nevertheless,

he effect of continuum lags is rather small, owing to the magnitude
f the lags with respect to the variability time-scale and the o v erall
hape of the SED. Specifically, the dominant contribution of the
oft ( < 1 keV) part of the SED ionizing luminosity has considerably
tronger effect on the gas ionic concentrations than the high-energy
ower law. The effect on the coherence pattern (the top panel of
ig. 9 ) is even smaller, as the SED variability, which drives the non-

inear absorption behaviour, remains close to the simultaneously
ariable case. 

.3 Obser v ational noise 

he results presented thus far do not have the effects of Poisson
oise taken into account. While the requirements for the signal-to-
oise ratio in a given time-step are lower compared to time-resolved
pectroscopy, the observed count rate of the light curves still naturally
imits the precision of the timing analysis results. As a consequence,
uitable binning in frequency and energy might be necessary. 

The mean fluxes in the soft (0.5–2 keV) and hard (2–
0 keV) band of the source simulated here are approximately
 × 10 −12 erg s −1 cm 

−2 and 5 × 10 −13 erg s −1 cm 

−2 , respectively, as-
uming the distance of IRAS 13224 −3809. Consequently, the
espective count rates obtained with Athena X-IFU would be 10
nd 0.3 counts per second.To include these observational limitations
n our simulations, Poisson noise was applied to the simulated 500 s
pectra used for light-curve extraction. 
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Figure 6. Top row: For every outflow, spectra of the maximum and minimum continuum flux and equilibrium ion concentrations are displayed for reference. 
Each simulated outflow is displayed in a different column, from low to high ionization (left to right). Second to fourth row: the lag spectrum is displayed for 
six selected distances. In every row, the lag is shown for a different frequency to illustrate the time-scale dependent behaviour at different energies. Where the 
response is non-linear, the derived time lags can reach values (exceeding the displayed range in some cases) unrelated to the physical lags (see Section 3.1 for 
more details). From the definition, the ne gativ e value corresponds to the band-of-interest light curve lagging behind the reference one. 
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The effects of observational noise are illustrated in Fig. 10 , where
he noise-affected coherence displayed in the upper panel is the raw 

oherence (equation 11 in Uttley et al. 2014 ), computed directly from
he simulated data. The results are presented for the 1 Ms simulation,
v eraging o v er 50 ks long light-curv e se gments and using energy
ins equally spaced on a logarithmic scale with log � E ≈ 0.4, where
 is in keV, to impro v e the signal-to-noise ratio. 
It is clearly visible that a decline in continuum flux and, con-

equently, an increasing influence of Poisson noise is manifested 
y a gradually decreasing coherence towards higher energies. The 
ame behaviour can be seen also in strongly absorbed bins around 
 keV, where the intrinsically incoherent counting noise lowers the 
oherence either together with the non-linear absorber response or 
lone. This effect, possibly limiting the use of the outflow spectral- 
iming features at higher energies even with data from Athena , 
an be further amplified if the absorption features are strongly 
lueshifted and therefore act at energies with lower continuum flux; 
.g. the feature at ∼ 6 . 5 k eV w ould shift by 1 keV for an outflow
t 0.15 c . 

Since the estimation of the error on the time lag is closely
elated to the value of the raw coherence (equation 12 in Ut-
ley et al. 2014 , and references therein), the precision of the
ag estimation decreases substantially both towards higher ener- 
ies and in less coherent bins due to the non-linear absorber
esponse. 

 DI SCUSSI ON  

.1 Outflow distance determination 

he timing properties of the photoionized outflows’ absorption 
eatures depend on the gas density, or equi v alently the distance to
he ionizing source. Due to the non-linearity of the gas response
o the changes in the ionizing radiation, the observed coherence of
he light curves affected by variable absorption is generally lower 
han in unabsorbed bands, in the absence of other uncorrelated 
omponents in the signal. Furthermore, while the imprint in the 
oherence spectra is generally dependent on the temporal frequency, 
ll time-scales are affected, as long as the absorber ionization 
hanges due to the source flux variations. 

In order to take advantage of this behaviour to determine the
utflow properties, the absorber-induced timing behaviour needs 
MNRAS 510, 4225–4235 (2022) 
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Figure 7. The dependence of the time lag on the outflow distance, shown 
for the highly ionized (log ξ = 3.6) outflow at 4 × 10 −5 Hz. Left-hand panel: 
the time-lag spectra (see Fig. 6 ) are plotted vertically for four reference 
distances. The positions of some representative absorption features (with 
coherence greater than 0.5) are marked with dotted lines, to guide the eye. 
Right-hand panel: the time lag in the energy bins highlighted in the left-hand 
panel is displayed here as a function of distance, vertically offset to match the 
position of the corresponding dotted lines in the left-hand panel. To enhance 
the readability of the plot, lines showing larger time lag are darker. For 
reference, the lag minimum as well as the values at r = 10 15.5 and 10 19 . 5 cm 

for the strong feature at 0.65 keV are given in the plot (in 10 3 s). 

Figure 8. Time lag as a function of Fourier frequency used for modelling 
a time-variable shape of the ionizing continuum. The positive lag at low 

frequencies represents the so-called hard lag, i.e. the soft-band light-curve 
variations precede those in the hard band. Abo v e ∼ 3 × 10 −4 Hz, the value 
transitions to a ne gativ e (soft) lag. 

t  

s  

a  

e  

c  

Figure 9. Comparison of simulation results for a system with the log ξ = 

3.6 outflow and r = 10 17 . 5 cm and synchronously varying SED (red line) and 
SED composed of mutually lagging components (blue line). The coherence 
and time lag are shown for 4 × 10 −5 Hz where the continuum at E > 1 keV 

leads the soft X-ray variations. 

Figure 10. Coherence and time lag spectra unaffected by Poisson noise (red 
line) and results for simulated data with Poisson noise applied prior the timing 
analysis. The results are plotted for the log ξ = 3.6 outflow at r = 10 17 . 5 cm 

and a frequency of 4 × 10 −5 Hz, derived from the 1 Ms simulation using 
the frequency width of 2 × 10 −5 Hz for the cross-spectrum. The declining 
trend in coherence at high energies is caused by the lower AGN flux and 
consequently stronger contribution of Poisson noise to timing behaviour of 
these light curves. 
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o be constrained accurately. This will be possible with the high
pectral resolution of Athena X-IFU, allowing the absorption lines
nd the associated timing features to be isolated from the surrounding
mission spectrum. Additionally, our simulations suggest that the
oherence features tend to be only marginally affected when mutually
NRAS 510, 4225–4235 (2022) 
agging continuum components are introduced, as shown in Fig. 9 .
his is due to the low sensitivity of the SED variability itself to the
elays of the individual continuum components, which, in turn, forms
he absorption behaviour. As a result, absorption-induced coherence
eatures may be easily visible also with a multicomponent varying
ontinuum. 

Considering the abo v e-mentioned properties, the coherence spec-
ra could be used to constrain the distance to the ionizing source. An
llustrativ e e xample of the applicability of this approach is presented
n Fig. 11 . There, the χ2 is shown, calculated for the raw coherence of
he noise-included simulations as a function of energy, assuming that

art/stab3731_f7.eps
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Figure 11. Example of a fit of the coherence spectrum. Top: χ2 of the coherence spectra for the models using energy in the range (0.35, 2.0) keV and first 
12 frequencies, calculated with 1259 degrees of freedom. Bottom: The same but plotted for each frequency separately, with 104 degrees of freedom each. The 
‘models’ were compared to simulated data for an outflow at r = 10 18 cm, marked with the dashed vertical line. As can be seen in the bottom panel, while the 
coherence at the longest time-scales shows a strong dependence on radius, combining the information from different frequencies further impro v es the constraint. 
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or all absorbers, the distance is r = 10 18 cm. In the top panels, time-
cales from 50 to ∼ 4 ks (about 1 d − 1 h, co v ered by 12 frequencies)
re used to determine the χ2 . Below, the values computed separately 
or each frequency are colour coded and illustrate how the sensitivity
o a change in the parameter varies for different temporal frequencies. 
ue to the increasing influence of the noise (see Section 3.3), only the

nergy bins below 2 keV were used, containing most of the variable
bsorption. 

As discussed in Section 3, the av erage lev el of ionization deter-
ines the range of distances at which the gas response is delayed

and leads to a unique coherence pattern). In general, the range of
istances at which the gas reacts with a delay mo v es closer to the
onizing source with higher average gas ionization, but ultimately 
he sensitivity to this parameter is set by the timing signature of
he resulting absorption lines. Overall, the statistic computed for 
he models corresponding to all other distances differs significantly 
rom the best-fitting one. Namely, the smallest difference, between 
he neighbouring parameter value ( r = 10 17 . 75 cm) in the case of the
o west-ionization outflo w, is �χ2 > 90. Equi v alently, the gas density
ould be estimated with a correspondingly high accuracy. 
Knowledge of the location of the absorbing gas is crucial for

etermination of the mass outflow rate and ultimately also the 
inetic luminosity of the outflow. Other observables, on which these 
uantities depend, i.e. the outflow velocity and column density, can be 
etermined from current observations, leaving the outflow distance 
he remaining one to be constrained. Therefore, the constraints 
rovided by the modelling of the spectral-timing properties of these 
utflows can provide valuable information in assessing their role in 
he AGN feedback. 

.2 Current limitations and future outlook 

he magnitude of the timing features is dependent not only on the
esponse of the outflow spectral signatures but also the column 
ensity and the co v ering factor. This has been recently shown for
MM–Newton observations by De Marco et al. ( 2020 ), illustrating

hat the intrinsic coherence can decrease considerably, if the fraction 
f primary emission transmitted by the absorber in a given band is
ow. 

Furthermore, high gas column density can be associated with line 
aturation, which, in turn, can alter the response of the absorber-
ffected light curve. Fig. 12 shows an example of this effect, where
he coherence and time lags are plotted for a simulation of an absorber
ith mean log ξ = 1.6 and turbulent line broadening of σ v = 100

nd 1000 km s −1 , respectively. As can be seen in the spectra in the
op panel, most of the strongest absorption features noticeable in the
igher broadening scenario (blue lines) are greatly suppressed when 
he broadening is smaller (red and yello w), o wing to a higher level
f saturation. At the corresponding energies in the panels below, 
oth the coherence dips and time lags are reduced as well. This
s a consequence of a reduction of the response strength when the
ines become saturated, allowing more of the coherent continuum 

ux to be transmitted. While the turbulent line broadening in AGN
utflows usually cannot be reliably determined with the current 
nstruments, the spectral resolution of X-IFU will allow an analysis 
f individual spectral lines and thus setting this parameter of the
imulation accurately. 

High energy resolution together with a large ef fecti ve area of
he instrument is needed for the outflow properties determination, 
s illustrated in Fig. 13 . There, the intrinsic source coherence (top
anel) is estimated from the noise-included (observed) raw coherence 
bottom panel) for both X-IFU and XMM–Newton EPIC-pn detectors, 
or comparison. The intrinsic coherence was reco v ered using the
pproach described in equation (8) of Vaughan & Nowak ( 1997 ).
s the lines illustrate, the energy resolution of EPIC-pn reduces 

he intrinsic coherence features, which cannot be reliably estimated 
rom the observed data (blue points) due to the high contribution of
oisson noise, dominant already below 1 keV. 
Even with future instruments, the observational noise may limit 

he use of high-energy absorption features, such as the Fe lines
n the ∼ 6 . 4 − 7 keV range, prominent in high-ionization outflows.
his is also the case for the source simulated here, resembling

RAS 13224 −3809 (Section 3.3). We note, ho we ver, that this
articular source is not among the brightest in the X-ray band, with
n average 0.5–10 keV flux of 1 . 9 × 10 −12 erg s −1 cm 

−2 (Bianchi
MNRAS 510, 4225–4235 (2022) 
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Figure 12. Top: Spectra of the outflow with the average log ξ = 1.6, in 
maximum and minimum continuum flux and gas ionization, displayed for 
σv = 100 km s −1 (red and yellow) and σv = 1000 km s −1 (dark and light 
blue). Middle and bottom: Coherence and time lag spectra plotted for this 
outflow and both values of line broadening, σv = 100 km s −1 in orange and 
σv = 1000 km s −1 in blue lines. The results are plotted for a frequency of 
4 × 10 −5 Hz and r = 10 17 . 5 cm. Positions of the strongest lines are marked 
by vertical grey lines to help match the features in different panels. 
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Figure 13. Intrinsic (top) and raw coherence (bottom) of the simulated source 
with the log ξ = 3.6 outflow when observed with XMM–Newton EPIC-pn and 
Athena X-IFU, for comparison. The data points represent results from noise- 
affected light curves, whereas the solid lines show the coherence without the 
contribution of noise, and are thus the same in both panels.The results are 
derived from the 1 Ms simulation, with the frequency width of 2 × 10 −5 Hz 
used for the cross-spectrum, here plotted for r = 10 17 . 5 cm and 4 × 10 −5 Hz. 
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t al. 2009 ). Nevertheless, depending on the source, the spectral
iming analysis of future X-IFU observations may still rely on the
bsorption signatures present at lower energies, likely exhibiting a
ore complex source behaviour. 
The observing capabilities of upcoming X-ray missions, including

thena , will provide new insight into the nature of the AGN emission
ources in the soft X-ray band. It is likely that the observed features,
onnected to the absorption from AGN outflows, will be mixed with
urrently unresolved components, such as emission lines produced by
isc reflection (Barret & Cappi 2019 ), requiring a careful approach in
oth data analysis and modelling. Ho we ver, the rising computational
o wer and de velopment of simulation techniques, aiming at detailed
odelling of the AGN central components geometry and dynamics

nd their effects on the timing properties (e.g. Alston et al. 2020 ),
ill enable self-consistent modelling of the photoionized absorbing
edium along the line of sight. 
The timing studies done with Athena X-IFU observations will

llow time-scales of up to about 100 ks to be probed (Barret et al.
018 ), separated by cryostat cooling periods, for longer observations.
he resulting gaps, together with other instrumental effects affecting

iming analysis will require a specific approach to mitigate the
ssociated biases (Huppenkothen & Bachetti 2021 ). 

 C O N C L U S I O N S  

n this study, we simulated a set of photoionized AGN outflows
ith differing ionization, focusing on their response to the ionizing

adiation of a highly variable NLS1, as they could be observed
n absorption by X-IFU onboard Athena . The resulting synthetic
NRAS 510, 4225–4235 (2022) 
bservations were analysed employing Fourier timing techniques,
oncentrating in particular on the coherence and time lag as a function
f energy. 
Three outflow energetics were considered, spanning from moder-

te to high average ionization, log ξ = 1.6, 2.6, 3.6, respectively. 
For a range of the gas densities (or the distance to the source),

he radiative processes happen on longer time-scales relative to the
ource v ariability, gi ving rise to a delayed and smoothed variable
bsorption. Due to the non-linear nature of gas response to the source
adiation, the absorption features will produce local dips in coherence
pectra, different depending on the frequency and the gas properties.

The capability of X-IFU will allow us to exploit the coherence as
 tool to determine the gas density, and equi v alently its distance from
he ionizing source. Our simulations show that for a typical NLS1,
he location of the absorber, important for e v aluating the impact of
he gas on the surrounding medium, can be determined with at least
he accuracy of the parameter space grid step, 0.25 dex. 

The simulations also reveal a complex behaviour of the lag
pectrum. Typically, time lags can be observ ed ev en when the
hanges in the gas ionic concentrations are ef fecti vely instantaneous,
r can have the magnitude and/or sign unrelated to the intrinsic delays
n the signal. This results from the generally non-linear gas response
nd the combination of signal from the transmitted emission and the
ariable absorption in a given light curve. 

In conclusion, Athena X-IFU, in conjunction with new analysis
ethods, promises an important step forward in the understanding

f the physical characteristics of the AGN ionized outflows. 
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