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ABSTRACT

We present an investigation into the spectroscopic properties of non-equilibrium photoionization processes operating in a time-
evolving mode. Through a quantitative comparison between equilibrium and time-evolving models, we find that the time-evolving
model exhibits a broader distribution of charge states, accompanied by a slight shift in the peak ionization state depending on the
source variability and gas density. The time-evolving code tpho in SPEX was successfully employed to analyze the spectral proper-
ties of warm absorbers in the Seyfert galaxy NGC 3783. The incorporation of variability in the tpho model improves the fits of the
time-integrated spectra, providing more accurate descriptions of the average charge states of several elements, in particular Fe, which
is peaked around Fe X1X. The inferred densities and distances of the relevant X-ray absorber components are estimated to be approxi-
mately a few times 10" m=* and <1 pc, respectively. Furthermore, the updated fit suggests a potential scenario in which the observed
absorbers are being expelled from the central active galactic nucleus at the escape velocities. This implies that these absorbers might
not play a significant role in the active galactic nucleus feedback mechanism.
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1. Introduction

Warm absorbers are one of the manifestations of photoion-
ized outflows from active galactic nuclei (AGNs). Within the
X-ray regime, they are often recognized as absorption fea-
tures characterized by a diverse range of ionization states.
These features typically exhibit hydrogen column densities rang-
ing from 10?* to 10°*m~2 and outflow velocities of approxi-
mately ~100—1000 km s (Reynolds 1997; Blustin et al. 2005;
Kaastra et al. 2012; Laha et al. 2021). While warm absorbers
have been extensively observed and studied, two outstanding
questions remain regarding the interpretation of these obser-
vations: (1) whether the conventional practice of modeling
absorbers as discrete ionization components, each in photoion-
ization equilibrium, is a reasonable approximation; and (2) the
precise locations and mechanisms responsible for launching
these outflows.

For warm absorbers, the development of photoionization
equilibrium with an external ionizing source requires a certain
timescale, which is commonly approximated by the recombina-
tion time of the absorbers (Krolik & Kriss 1995; Nicastro et al.
1999). To maintain steady equilibrium, it is crucial for the
recombination time to be considerably shorter than the char-
acteristic variation time of the ionizing source. This condition
ensures that the system can promptly and effectively respond to
fluctuations in the intensity of the ionizing radiation. However, it
is not guaranteed that all warm absorbers satisfy this condition.

The recombination time depends on various factors, including
the electron density and ionization state, and with the current
limited knowledge of absorber density (e.g., Gabel et al. 2005;
Arav et al. 2015), the recombination time could range from 10*
to 108 s. On the other hand, power spectral analysis conducted by
Uttley et al. (2002) and Markowitz et al. (2003) has shown that
a significant portion of X-ray variations occur on timescales of
10°—107 s. When the two timescales become comparable, warm
absorbers are unable to achieve equilibrium, resulting in the vari-
ations in their ionization states lagging behind the intrinsic vari-
ations in the AGNs (e.g., Silva et al. 2016).

To address the nonequilibrium photoionization condition,
several time-evolving photoionization codes that build upon
existing equilibrium models have recently been developed:
CLOUDY (van Hoof et al. 2020), XSTAR (Sadaula et al. 2023),
TEPID (Luminari et al. 2023), and SPEX (Rogantini et al.
2022). These codes incorporate ionizing light curves and spectral
energy distributions (SEDs) and self-consistently solve the time-
dependent equations governing the ionization and thermal states
as a function of gas density. By employing such time-evolving
models, a more accurate approximation of the true state of warm
absorbers can be obtained, which resolves question (1). Further-
more, these models have the potential to provide insights into
question (2), namely the determination of the distances at which
the warm absorbers are located. The distance can be constrained
using the relation R = /L/ngé&, where L represents the ionizing
luminosity, ny denotes the hydrogen number density, and £ is the
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ionization parameter. The time-evolving calculations are able to
incorporate all three parameters, whereas in equilibrium mod-
eling it becomes challenging to constrain the gas density accu-
rately (Kaastra et al. 2004, 2012).

A significant portion of past work has focused on den-
sity diagnostics, utilizing response lags (Nicastro et al. 1999;
Silva et al. 2016; Jurdniova et al. 2022; Rogantini et al. 2022;
Li et al. 2023) and absorption line features from metastable lev-
els (Kaastra et al. 2004; Gabel et al. 2005; Edmonds et al. 2011;
Di Gesu et al. 2013; Mehdipour et al. 2017). However, there is
only limited knowledge about the overall characteristic spec-
troscopic features specific to time-evolving photoionized plas-
mas (Rogantini et al. 2022). Acquiring such knowledge would
be beneficial in two aspects: firstly, it would provide a system-
atic understanding of the practical differences between equilib-
rium and time-evolving models; secondly, it would allow us to
explore the potential to constrain the density and distance of the
observed warm absorbers through direct spectral analysis. In this
work we aim to characterize the time-evolving spectral model
by differentiating it from the equilibrium model and apply it to
real warm absorber observations. We utilized the SPEX tpho
(Rogantini et al. 2022) and pion (Mehdipour et al. 2016) mod-
els as the baseline for the time-dependent and equilibrium con-
ditions, respectively.

The time-dependent photoionization model was applied to
existing data of the Seyfert 1 galaxy NGC 3783 (z = 0.009730,
Theureau et al. 1998). This AGN is well known for its promi-
nent warm absorber, characterized by narrow absorption lines
originating from various elements, including Fe, Ca, Ar, S,
Si, Al, Mg, Ne, O, N, and C. The observed absorption lines
span a wide range of ionization states, with a total column
density of ~4 x 10*°m™2. Previous studies have reported
an average outflow velocity of approximately 600kms~' for
this warm absorber (Kaspi et al. 2000, 2001, 2002; Scott et al.
2014). The X-ray absorption spectra have been modeled using
different approaches, incorporating two ionized components
(Blustin et al. 2002; Krongold et al. 2003, 2005), three compo-
nents (Netzer et al. 2003), five components (Ballhausen et al.
2023), nine components (Mehdipour etal. 2017; Mao et al.
2019; Kaastraetal. 2018), or a broad continuous absorp-
tion measure distribution (Gongalves et al. 2006; Behar 2009;
Goosmann et al. 2016; Keshet & Behar 2022). All existing mod-
els assume photoionization equilibrium.

The structure of the paper is as follows. In Sect. 2 we present
a theoretical exploration of the spectroscopic characteristics of
the tpho model. In Sect. 3 we employ the tpho model to analyze
the Chandra grating data of NGC 3783. Finally, the findings are
discussed and summarized in Sect. 4. Throughout the paper, the
errors are given at a 68% confidence level.

2. Time-dependent photoionization model

In order to investigate the general spectral characteristics of
a time-varying photoionized source, we performed a series
of time-dependent calculations using the SPEX tpho routine
(Rogantini et al. 2022) and the NGC 3783 ionized outflow con-
figuration as described in Mehdipour et al. (2017) and Mao et al.
(2019). By utilizing the eigenvector method initially described in
Kaastra & Jansen (1993), the tpho model self-consistently cal-
culates the out-of-equilibrium time evolution of photoionization,
accurately determining the ion concentrations and electron tem-
perature of the ionized source as a function of time. One advan-
tage of the tpho model, as highlighted in Rogantini et al. (2022)
and Li et al. (2023), is its potential as a density diagnostic tool
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Table 1. pion constraints on the warm absorber properties.

Comp. log & Ny Uout Umic
10°°Wm 10® m™2 kms™! kms™!
1 298+0.01 133+09 [-480] [120]
2 2.65+0.01 1.9+0.2 [-1300] [120]
3 240+001 7.9+07 [—830] [46]
4 238+0.01 79+04 [—460] [46]
5 1.63+0.01 4.5+0.3 [-575] [46]
6 [0.92] [1.2] [-1170] [46]
7 [0.58] [0.15] [-1070] [46]
8 [-0.01] [0.07] [-1600]  [790]
9 [-0.65] [0.44] [-1100]  [790]

Notes. Ionization parameters and column densities obtained from fitting
with the pion model as described in Sect. 3.1. The ionization parameters
represent the mean values of the six observations. There are minor dif-
ferences between our values and those presented by Mao et al. (2019)
on components 1-4, potentially due to the fact that Mao et al. (2019)
utilized both Chandra and XMM-Newton data in the analysis. Values
enclosed in square brackets represent fixed parameters that are set to
the results reported in Mao et al. (2019) using time-integrated spectra.

for the target source. The recombination process, influenced by
collisional interactions, is directly linked to the electron density
of the source.

The ionizing SED and its corresponding light curve, as well
as the NGC 3783 warm absorber outflows, have been modeled
in accordance with the methods outlined in Li et al. (2023). The
SED comes originally from the time-averaged spectral analy-
sis of the optical to hard X-ray data in its unobscured phase
during 2000-2001. As described in Mehdipour et al. (2017),
the archival data from Hubble Space Telescope, Chandra,
XMM-Newton, and NuSTAR were fit jointly to determine the
SED. The light curve is derived by a simulation based on the
power spectrum obtained from a large set of XMM-Newton and
Rossi X-ray Timing Explorer (RXTE) data (Markowitz 2005).
Li et al. (2023) demonstrate that a simulated light curve span-
ning approximately 1 x 10”s is adequate for capturing the
primary variability that occurs within the range 10°-10°s. The
fractional variability of the model light curve, defined as the ratio
of the standard deviation to the average flux, is approximately
40%. The warm absorbers in the target are taken from the results
of Mehdipour et al. (2017) and Mao et al. (2019) using data from
the Chandra and XMM-Newton gratings, which revealed nine
distinct photoionization components with the ionization param-
eter log & spanning a range from —0.65 to 3 (see Table 3 in
Mao et al. 2019 and Table 1).

Effects on ion concentration

To characterize the effect on ion concentration for a time-
averaged absorption spectrum, we performed a full tpho run
based on a simulated light curve, which enabled us to track the
time-dependent evolution of ion concentration throughout the
period of interest. A weighting factor based on the square root
of the X-ray flux was applied to determine the mean ion con-
centration for a time-integrated spectrum. The gas densities of
the nine warm absorber components were set to vary between
103 m=3 and 10'> m~3. To make sure that the results are statisti-
cally robust, each simulation was conducted for a considerable
duration of ~5 x 107 s as shown in Fig. 1. With the tpho model
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Fig. 1. Simulated light curve (upper panel) and the corresponding evo-
lution of the average Fe charge of component 3 (lower panels). The
average charge variations are shown as solid lines for gas densities of
10", 102, 10'°, and 10® m~3, while the dashed curves illustrate the cor-
responding source light curves in the same period. As the gas density
decreases, the response time to source variations becomes longer, result-
ing in flatter average charge variations. To highlight the response time
differences across various densities, each panel presents a different total
time period.

it is assumed that the ionizing SED retains its shape over the
period.

First we examined how the ionization state of the indi-
vidual warm absorber component changes over time. Figure 1
provides a visual representation of the temporal evolution of
the Fe average charge of component 3 (Table 1) in the warm
absorber. The average charge Cr. was computed as Cp. =
E2,c(Fe™) x i/ZP c(Fe'™), where c(Fe'™*) represents the con-
centration of Fe ions with a charge i. Component 3 was cho-
sen as it encompasses a wide span of Fe ion species given its
log & of 2.55 (Mao et al. 2019), providing a clear visualization
of the potential changes. The average charge exhibits a minor
delay of <10*s with respect to the light curve for a gas den-
sity of around 10'* m~3. As the gas density decreases, the ampli-
tude of the charge variation decreases while the delay between
the light curve and the average charge evolution increases.
The underlying density-delay relation presented in this figure
is consistent with those reported in previous studies on time-
dependent evolution of warm absorber states (Jurdnova et al.
2022; Rogantini et al. 2022; Li et al. 2023).

In Fig. 2 we plot the mean ion concentrations of Fe with
three different gas densities for the warm absorber component 3.
At low density, the ion concentration can be well reproduced by
a single equilibrium pion component, indicating a stable state
where the effect on ion concentration by a changing SED is
minimal. While for a high density cloud, the obtained mean
ion concentration needs to be approximated by two equilibrium
components with distinct ionization parameters. Furthermore,

component 3 (log § = 2.55)
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Fig. 2. Average concentration distributions of Fe ions obtained from
simulation runs with gas densities of 108, 10'!, and 10'* m~ for com-
ponent 3. The obtained ion concentrations are shown as red dots. The
best-fit total concentration, depicted as black lines, is the sum of the two
equilibrium components depicted as blue and green lines. The ioniza-
tion parameters and the fractional contributions of the two equilibrium
components are also shown. A single component is sufficient to fit the
average concentration in the case of 10 m=.

the normalizations of the two equilibrium components tend to
converge at high densities. This behavior arises from two fac-
tors. Firstly, for a fixed ionization parameter and SED, the prod-
uct of density and distance from the source remains constant.
As the density increases, the distance from the source decreases,
leading to a higher ionizing flux. At the same time, the rate of
recombination due to collisions scales with density in the same
way. These factors together result in a larger fluctuation in the
ion concentration and a broader mean charge distribution at high
densities.

Here we conducted a systematic comparison between time-
evolving and equilibrium spectra. For each warm absorber
component, a single pion distribution was utilized to fit the sim-
ulated tpho ion concentration of Fe. This fitting process allowed
us to determine the deviation of log & from its original value, for
example, log & = 2.55 for component 3. To quantify the over-
all effect, we calculated the average log & deviations by taking
the mean across all nine components. We note that this approach
would, however, overlook the potential differences between the
high and low ionization components (e.g., Jurdfiovd et al. 2022).
As shown in Fig. 3, the log ¢ deviations are negligible at low
densities when the cloud maintains an approximately “stable”
state throughout the simulation with a recombination timescale
of ~10'%s, which is longer than the entire simulation duration.
However, as the density increases, the pion-measured log &
tends to underestimate the intrinsic value by approximately 0.05
at a density of 10'3~10'*m™3, given a typical light curve frac-
tional variability of ~40%. The deviation of log £ becomes small
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Fig. 3. Deviation of log ¢ (a) and the dispersion of the Fe ion concentra-
tion (b) plotted as a function of gas densities for light curves with frac-
tional variability ranging from 10% to 50% (the simulated light curve
shown in Fig. 1 has an average fractional variability, Fy,, of ~40%).
The deviation of log £ is calculated as the difference between the intrin-
sic value and the value obtained from a single equilibrium component
fitting of the simulated Fe ion concentration distribution, such as the
ones shown in Fig. 2. The curves representing the averages over the
nine warm absorber components (see Table 1) are plotted for both the
deviation and dispersion.

again once the density reaches 10" m~3, as the cloud recom-
bination timescale decreases to <10*s, making it considerably
shorter than the light curve variability timescale. On the other
hand, at high densities, the oscillation of the ionization state
results in a more even distribution of charge states. Figure 3
demonstrates that for a cloud density of 10'* m~3, the dispersion
in ion concentration og. is 40% higher than that predicted by the
equilibrium solution, assuming a light curve fractional variabil-
ity of approximately 40%. Therefore, it can be inferred that the
ionization parameter may be underestimated by the equilibrium
solution in situations where the plasma is in a “delayed” state
(Rogantini et al. 2022; Li et al. 2023) where recombination takes
place at a timescale that is comparable to the light curve variabil-
ity. In situations where the timescale of recombination is much
longer (“stable”) or shorter (“equilibrium”™) than the timescale
of source variation, the central ionization parameters obtained in
equilibrium would be less biased, although the ion concentration
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Fig. 4. Column densities of Fe in equilibrium and the time-evolving
condition. The upper panel shows the total column density of Fe in equi-
librium, with each individual component plotted in a different color. To
capture the wide range of concentrations, which span several orders of
magnitude, a logarithmic scale is employed. The lower panel compares
the equilibrium column density (represented as a dashed black line) to
the average column density of time-dependent photoionization, with gas
densities of 10® and 10'* m™3 shown as blue and red lines.

becomes significantly more dispersed than a single pion compo-
nent in the “equilibrium” scenario as also illustrated in Fig. 2.

In Fig. 4 we present the accumulated ionic column densi-
ties of Fe as a function of gas density throughout the simu-
lated period. These column densities are obtained by summing
the contributions from the nine warm absorber components in
NGC 3783. In this calculation, all components are assumed to
have the same density. The results reveal that, for a gas den-
sity of 103m™3, the ionic column density closely aligns with
the pion model assuming ionization and thermal equilibrium.
However, at a higher gas density of 10'*m=3, the curve deviates
significantly from the pion solution, particularly at the peaks
corresponding to Fe XIX and Fe XXV. Moreover, the tpho curve
exhibits a slightly larger concentration of low ionization species
(Fe viI to Fe XV) compared to the pion case. This discrepancy
can be, at least partly, attributed to the dispersion effect in ion
concentration (as shown in Fig. 3b) caused by the decreasing
recombination timescale. These results demonstrate the poten-
tial of absorption spectroscopy using a proper time-dependent
model to offer useful constraints on gas density.



Gu, L., etal.: A&A 679, A43 (2023)

Table 2. NGC 3783 Chandra HETGS data.

ID Start time  Exposure
(ks)
373 2000-01-20 56
2090 2001-02-24 166
2091 2001-02-27 169
2092  2001-03-10 165
2093  2001-03-31 166
2094  2001-06-26 166
2090 2092
373

2091 l 2093 2094
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Fig. 5. RXTE and Chandra HETGS light curves of NGC 3783 from
mid-1999 to the end of 2001. The upper panel shows the RXTE propor-
tional counter array data in the 2—60keV band, with the average flux
level indicated by a horizontal line. The Chandra HETGS light curves
are presented in the panels below as red data points, along with the adja-
cent RXTE data converted using the PIMMS tool.

3. Application to the 2000 and 2001
Chandra/HETGS observations

In order to investigate the feasibility of our approach on actual
observations, we performed a self-consistent tpho modeling on
the Chandra High Energy Transmission Grating Spectrometer
(HETGS) data obtained during the unobscured period of 2000—
2001 (Table 2). We limited our analysis to a relatively small set
of data as the current tpho model still requires a significant
amount of computational resources, which prevented us from

o F T R o
o L -
2F t4
*mf”ﬁ
j?’ RXTE T TT\\ f
= O
g T N 3
o L N -
,_7 Chandra/HETGS ;
oL .
O E

Temporal frequency (Hz)

Fig. 6. Power spectral density function of the combined RXTE (black)
and Chandra HETGS (red) light curves shown in Fig. 5. The data are
compared with the model (dashed line) based on the best-fit results
obtained in Markowitz (2005) on the data in the 0.2—12.0keV range.

extending our analysis to data of other time periods or instru-
ments. To process the data, we utilized the CIAO v4.15 software
and calibration database (CALDB) v4.10. The chandra_repro
script was used to perform data screening and generate spectral
files for each exposure. We then merged the spectra for orders
+1 using the CIAO combine_grating_spectra tool, along
with the associated response files. We performed a joint fit on
the medium energy grating spectrum, which covers the wave-
length range 6—16.5 A, and the high energy grating spectrum in
the 1.8—3.1 A range.

Figure 5 depicts the RXTE and HETGS light curves of
NGC 3783 from July 1999 to December 2001. To perform the
time-dependent calculation for each Chandra observation, we
utilized the HETGS light curve in combination with the RXTE
light curve obtained prior to the Chandra observation. By incor-
porating the RXTE light curve, we were able to track the changes
in the source and model the possible delayed response in the
ionization state, which can potentially have an impact on the
HETGS data. The PIMMS tool was used to convert the RXTE
count rate to the HETGS rate based on the broadband spectral
model described in Sect. 3.1. As shown in Fig. 5, during a few
overlapping periods of the two instruments, the converted RXTE
count rates match the HETGS rates well. Due to the limited cov-
erage of the RXTE data for observations 1, 5, and 6, the short-
term variability is not well captured, possibly introducing a sys-
tematic bias. Further details regarding this uncertainty will be
discussed in Sect. 3.2.

Using the method outlined in Uttley etal. (2002) and
Markowitz (2005), we computed the combined power spec-
trum for the RXTE and Chandra data taken between July 1999
and December 2001. Figure 6 shows that the resulting spec-
trum agrees well with the doubly broken model presented in
Markowitz (2005), which was also utilized to generate the light
curve used in Sect. 2. This agreement indicates that the variabil-
ity observed during the Chandra observations aligns well with
the average properties of this AGN. Considering that the pri-
mary variability of the source arises from variations detected by
RXTE below the break frequency of 4 x 107° Hz, the Chandra
exposures would capture mostly the tail end of the variability on
shorter timescales.

A43, page 5 of 12
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Table 3. tpho and UV constraints on the physical properties of the warm absorbers.

Comp. log & @ Nu ny P® trec © R@ AR ©
10°°Wm  10®m2 10"m3 100keVvm™> 10%*s 10 m 10" m
1 3.04+001 15.7+1.0 <23.1 <104.3 >0.6 >1.6 >0.7
2 274+0.03 2.0+0.2 <82.4 <158.0 >0.2 >1.2 >0.02
3 2474001 84+07 26+17  15+10 507 01+23 3216
4 242£001 75£03 24778 1497 5308 100128 31413
S L69x001 4603 4708 05t 043 166735 10703
UVvia®) -0.47 0.4 0.3 0.004 139.3 871.0 1.6
UV1b 0.75 0.2-2.5 0.02 0.0006 347.5 871.0 12.6-158.5
uv2 0.69 0.3 >0.02 >0.0005 <388.8 <7943 <10
Uv3 0.64 1.3 >0.01 >0.0003 <8539 <1584.9 <158.5

Notes. “Mean ionization parameters of the six observations. ®’Thermal pressure calculated from electron temperature and density obtained with
tpho. “Recombination time of Fe ions calculated based on charge state change (Li et al. 2023). ®Distance to the central AGN obtained by

R =

L/nyé. ©Radial depth assuming uniform, constant density outflow. "Properties of UV absorbers obtained with the data of Space Telescope

Imaging Spectrograph (STIS) on board the Hubble Space Telescope (Gabel et al. 2005).

3.1. Spectral analysis

For each HETGS exposure, we fit one time-integrated spectrum
by utilizing a time-evolving scheme as follows. By adopting
the approach presented in Mehdipour et al. (2017), Kaastra et al.
(2018), and Mao et al. (2019), we first built up a contemporane-
ous SED that serves as the photoionization continuum for the
pion and tpho components. This continuum model includes
a Comptonized disk component (comt), a power-law with cut-
off (pow), and a neutral reflection component (refl). Together,
these components form the intrinsic SED. We allowed the nor-
malizations of the three continuum components to vary between
different pointings to account for the intrinsic variability of the
nucleus as indicated in the light curve. To model the warm
absorbers, we used a total of nine quiescent pion absorption
components, whose column densities, ionization parameters, out-
flow, and microscopic turbulence velocities are fixed to those
obtained in Mao et al. (2019). For the photoionized emission, we
used three pion components with positive covering relative to the
nucleus, two for the X-ray narrow emission feature and one for
the broad features. The properties of these emission pion com-
ponents are also set to the values determined in Mao et al. (2019).
By fitting the global spectrum, we determined the contemporane-
ous SED for each HETGS pointing.

We further explored the modeling of the warm absorber com-
ponents using the pion model. For warm absorber components 1
to 5, we allowed the column densities and ionization parameters
to vary, while keeping the outflow and microscopic turbulence
velocities consistent with the values from Mao et al. (2019). To
account for variations in the ionization parameter across differ-
ent observations, we assumed that the hydrogen densities and
distances of the warm absorbers remain constant. As a result, the
ionization parameter for each observation is scaled by the con-
temporaneous SED obtained above in the 1-10* Ryd range. Due
to the limited constraining power of the HETGS data on compo-
nents at low ionization states, we chose to fix the column den-
sities and ionization parameters of components 6-9 to the val-
ues reported in Mao et al. (2019). We assumed that each pion
component extends significantly along the line of sight, with a
covering factor of 1. The results obtained from the pion fit can
be found in Table 1.

We proceeded by replacing the nine pion absorption compo-
nents with corresponding tpho components. These tpho com-
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ponents calculate the time-dependent spectrum based on the
obtained light curves and contemporaneous SEDs. In the tpho
modeling, both the Chandra and adjacent RXTE light curves
(Fig. 5) are utilized, while the output model represents the inte-
grated spectrum within the Chandra period. Therefore, the fit-
ting results provide an average characterization of the proper-
ties observed during the Chandra observations. The basic setup
of the tpho components remains identical to that of the pion
components, except for one key difference: the hydrogen num-
ber densities are allowed to vary freely in the tpho modeling
of warm absorber components 1-5. This variation in hydro-
gen number densities enables the modeling of time-dependent
behavior within these components, contrasting with the pion
modeling where the densities are not constrained. For the low
ionization components 6-9, the column densities and ionization
parameters are fixed to the values reported in Mao et al. (2019).
Their hydrogen number densities are set to their lower limits,
effectively turning off their time evolution. The tpho results are
summarized in Table 3.

The fit that utilizes the tpho component results in a C-
statistic of 12116 for an expected value of 8073, which is a
mild improvement over the C-statistic of 12 889 obtained with
the pion model. In order to gain insight into the enhanced mod-
eling of the spectral features by tpho, we conducted an analy-
sis employing the slab model. This model allowed us to inde-
pendently determine the column density of each ionic species,
without relying on assumptions regarding the ionization balance.
Thereby, the slab component can be considered as a complete,
independent representation of the ionization state of the warm
absorbers. To mitigate the level of degeneracy, we employed
two slab components, instead of nine, to model the absorp-
tion feature for each HETGS observation. The first component
was introduced with a velocity varying in the range —400 to
—-600kms~!, representing warm absorber components 1, 4, and
5. The second slab component encompasses an outflow veloc-
ity ranging from —800 to —1600kms~' and combines warm
absorber components 2, 3, 6, 7, 8, and 9. The turbulence veloc-
ities of the two slab components were fitted freely. The fit that
utilizes the two slab components yields a satisfactory C-statistic
of 11 844 for an expected value of 8058. The addition of a third
slab component does not yield any further significant improve-
ment in the fitting quality.
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By substituting the nine tpho components with these two
slab components, we fit the set of HETGS data again. We per-
mitted the column densities of Fe species from Fe IX to Fe XXVI,
Ne ions from NeIII to Ne X, Mg ions from Mg VIII to Mg XII, Si
ions from SiX to SiXIv, and S ions from S XI to S XVI to vary
freely for both slab components. To reduce degeneracy, we kept
the column densities of O, Na, Al, Ar, Ca, and Ni, as well as the
remaining species of Ne, Mg, Si, S, and Fe, at the fixed values
determined from the global tpho fit. The column densities com-
bining the two slab components can be thus used as the absolute
absorption values for each observation.

Figure 7 displays a comparison of the ionic column densi-
ties ranging from Fe IX to Fe XXVI obtained from three different
models: pion, tpho, and slab, for each HETGS pointing. All
data sets exhibit two prominent peaks centered around Fe XIX
and Fe XXV, in line with the average model depicted in Fig. 4.
While the current HETGS data lack sufficient constraints on the
Fe XXV peak, it becomes evident that the tpho model systemat-
ically provides a better or, at the very least, comparable fit to the
Fe XIX peak. The pion curves tend to slightly overestimate the
peak values in observations 2090, 2091, and 2092. For obser-
vation 2093, the pion model seems to underestimate the col-
umn density of Fe XIX, meanwhile overestimating that of Fe XX.
Some of these features can be better reproduced by utilizing the
tpho components. Both models perform similarly when com-
pared to the slab results for observations 373 and 2094.

To further compare the results between the slab and the
physical models, we computed the average charges of Ne to Fe
using the slab fits for each observation. The average charges
are plotted in Fig. 8 as a function of the contemporaneous ion-
izing fluxes, alongside the average charges calculated using the
best-fit pion and tpho models. Due to limited constraints, the
Mg and S results are not included in the comparison. As the ion-
izing fluxes increase, we observe a corresponding mild increase
in the obtained average charges, indicating for evolving ioniza-
tion levels under varying ionizing fluxes within a finite recom-
bination time. A similar pattern is found in the total column
densities of Fe XIX and Fe XX, which are the predominant iron
species. Conducting a statistical comparison among the slab,
pion, and tpho results reveals that the tpho model consis-
tently aligns better with the s1lab results. The pion calculations
appear to slightly overestimate the average charges at low ioniz-
ing luminosity. This is basically in line with the results depicted
in Fig. 7.

Both the pion and tpho models utilize identical atomic data
for calculating ionization balance, thermal balance, and absorp-
tion lines. The key distinction lies in the fact that the tpho model
introduces time and density dependences in the ionization and
thermal states, whereas the pion model adopts equilibrium for
both. The better agreement between tpho and slab results thus
provides evidence for nonequilibrium states within each obser-
vation. This further indicates the presence of nonzero densities
for the relevant warm absorption components.

3.2. Systematic uncertainties

An apparent concern with the current tpho approach arises from
the combination of RXTE and Chandra light curves, particularly
where the RXTE light curves are sparsely sampled in observa-
tions 373, 2093, and 2094. Consequently, the RXTE data may
not adequately capture the full history of source variations pre-
ceding the Chandra observation, potentially introducing system-
atic biases on the ion concentration variations during the target
periods due to the finite recombination time. To estimate the

magnitude of this uncertainty, we explored an extreme scenario
where each RXTE light curve is transformed into a flat constant
at its average value. Consequently, the ion concentration remains
constant throughout each RXTE period, resulting in minimal
impact on the subsequent variations. By fitting the HETGS data
using these modified light curves, we identify fractional differ-
ences of ~5—15% in the derived densities of the warm absorber
components when compared to the values obtained using the
original light curves. Therefore, it is unlikely that the uncertainty
in RXTE light curve has substantially affected the current tpho
results.

In addition, the assumed equilibrium solution for the ini-
tial ionization states of the warm absorber components, obtained
from a time-integrated analysis, might introduce bias, as the true
condition is likely to be nonequilibrium. Determining the precise
initial ionization state presents a challenge in itself. However, we
can assess the uncertainty associated with the initial condition by
modifying the first data point in the light curve. This would have
a significant impact on the evolution of the ionization states since
the ionizing flux utilized in the tpho model is a relative value
scaled by the first data point in the light curve. To evaluate this
uncertainty, we altered the first data point by a fractional change
of 15%, determined from the standard deviation of the HETGS
light curves averaged over six observations. The modified light
curve results in a fractional difference of ~40—80% in the best-
fit densities. This suggests that the current assumption regarding
the initial ionization state might introduce a substantial system-
atic uncertainty into the results. The reported density errors in
Table 3 and Fig. 9 are derived by combining the statistical errors
with the systematic errors stemming from both the RXTE light
curve and the initial state.

4. Interpretation and future prospects
4.1. Comparing the time-dependent and equilibrium models

The equilibrium model continues to serve as the current base-
line in the examination of photoionized sources, despite some of
such sources potentially exhibiting substantial deviations from
equilibrium. Consequently, it is crucial to address the similarity
and discrepancy between time-dependent and equilibrium mod-
els in terms of their spectra. As indicated earlier in Sect. 2, the
ion concentrations derived from the equilibrium pion model and
the time-dependent tpho model differ in at least two notable
aspects: the ionization parameters obtained with pion may
exhibit a slight deviation from those with tpho within the den-
sity range 10''~10" m™3 in the case of NGC 3783, and tpho
tends to yield a broader range of ion species compared to the
equilibrial distribution.

As shown in Tables 1 and 3, the ionization parameters
derived from the pion model exhibit systematically lower val-
ues compared to those obtained using the tpho model, with
a difference ranging from 0.05 to 0.1 across various warm
absorber components. This aligns well with the expectation illus-
trated in Fig. 3. Despite the small deviation, it is reasonable to
take the warm absorber components identified using the clas-
sic pion model in the HETGS band for this object as a valid
approximation.

4.2. Constraints on densities and distances of the X-ray
absorbers

Although the overall spectral fits with the tpho and pion models
yield a marginal difference (C-statistic of 12 116 with tpho and
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Fig. 7. Column densities of all Fe ions ranging from Fe IX to Fe XXVI determined through fitting using the slab model (black data points). The
observed data points are compared with the values computed using the pion (red) and tpho (blue) models. Each panel represents one HETGS
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Fig. 8. Average charge states of Ne, Si, and Fe, as well as the combined column densities of Fe X1X and Fe XX, plotted as a function of the ionizing
luminosity. The average charges are defined in Sect. 2. Each data point corresponds to an individual observation and was obtained via fitting with
the slab model. The values obtained from the pion and tpho models are shown with red and blue curves, respectively. The y-square values
between the models and the data are displayed as numbers in the lower-right corner.

12 889 with pion), the tpho model shows significant improve-
ments over the pion model in various instances. This is evi-
dent in Fig. 8, where the average charge state distributions of
Ne, Si, and Fe obtained with the slab significantly favor the
tpho model over the pion model. Figure 7 shows that the tpho
model consistently better reproduces the ionization peak cen-
tered around Fe XIX, primarily originating from warm absorber
components 3 and 4 as depicted in Fig. 4. Consequently, this
enables us to derive useful constraints on the cloud densities
associated with components 3 and 4, while obtaining a more
marginal constraint for component 5 at a lower ionization state.
However, it should be noted that the current HETGS data only
allows for the upper limits to be determined for the densities of
components 1 and 2, since these components involve highly ion-
ized Fe where the sensitivity of the present instrument becomes
poorer. The obtained density constraints are shown in Fig. 9 and
Table 3.

By employing the derived hydrogen number densities, ion-
ization parameters, and source luminosity, we can calculate
the distance between the absorber components and the central
source. Based on observed densities of several times 10'' m™3,
the distances for components 3—5 are obtained to be around
1-2 x 10'®*m (0.3-0.6pc). Assuming a roughly uniform dis-
tribution of each component with approximately unity volume
filling inside the cloud, we can also determine the depth of the
cloud along the line of sight from the ratio of column density to
number density. This yields depths ranging from 1 x 10'*m to
5% 10'* m for these three components. As for components 1 and

2, we can only obtain lower limits for their physical distances
and depths.

Next we compared our density measurements with previ-
ous findings in the literature. In their study, Netzer et al. (2003)
compared the absorption features observed during low and high
luminosity states with HETGS, suggesting an upper limit of
2.5 x 10" m™3 for the highly ionized component and approx-
imately 10'' m=3 for the intermediate component. Through a
match considering the ionization parameter and column den-
sity, their highly ionized components likely correspond to our
components 3 and 4, while their intermediate component par-
tially aligns with our component 5. The density values obtained
from our tpho model are therefore in line with the limits pro-
posed by Netzer et al. (2003). A similar agreement is found
when comparing our density values with the upper limits derived
from the variability analysis of XMM-Newton grating spectra
by Behar et al. (2003). By using a thermodynamic modeling of
the outflowing structure, Chelouche & Netzer (2005) predicted
that the hot X-ray absorbers originate from within a distance of
1 pc, which agrees with our measured values. Finally, by con-
ducting a variability analysis of the Fe L- to M-shell unresolved
transition array (UTA) with the HETGS data, Krongold et al.
(2005) reported a lower limit of approximately 10'° m=3 for the
absorber density, and an upper limit on its distance of around
6 pc. These values again align well with our spectroscopic mea-
surements using tpho.

By utilizing the reverberation mapping, Peterson et al. (2004)
reported the presence of a broad line region with radii ranging
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Fig. 9. Hydrogen number densities of the warm absorbers plotted as a
function of their ionization parameters. Our results for components 1-5
from the tpho model are shown as stars. The gray shaded region repre-
sents the region where the outflow is unable to escape the gravitational
potential of the black hole due to ny > ne, while the dashed line indi-
cates the position of n7 . (see Sect. 4.4). The red shaded region shows
the forbidden regime where the thickness of the outflow exceeds its dis-
tance (ng < njw). The blue shaded regions indicate the areas where

density-sensitive X-ray lines can be utilized to measure densities.

from approximately 4 x 10'*> m (He IT) to about 3x 10'* m (HB). A
more recent measurement by GRAVITY Collaboration (2021),
employing the GRAVITY instrument installed at the Very Large
Telescope Interferometer (VLTI), provides a broad line region
size estimate of approximately 4 x 10'* m. Comparing them with
the tpho results suggests that the warm absorber components
1-5 are located outside the boundary of the broad line region.
Furthermore, based on K-band observations using the AMBER
instrument at VLTI, Weigelt et al. (2012) reported the presence
of a ring-like torus with a radius of 5 x 10> m (or 0.16pc),
which coincides with the distances of components 1 and 2. In
addition, the GRAVITY data revealed a [Ca VIII]-emitting ‘“coro-
nal line region” with a size of around 1.2 x 10'® m. This aligns
well with the locations of X-ray warm absorber components 3—
5. By using the data obtained from the Spectrograph for Inte-
gral Field Observations in the Near Infrared (SINFONI) at VLT,
GRAVITY Collaboration (2021) further proposed that the coro-
nal line region is likely an outflowing component with an exten-
sion up to approximately 3 x 10'® m from the AGN. Overall it
suggests a possible scenario in which the X-ray warm absorber
components 1-5 represent highly ionized gas clouds distributed
between the torus and the inner part of the extended coronal line
region.

In Table 3, we further present the comparison between the
X-ray absorbers and the UV counterparts as reported in
Gabel et al. (2005). The UV absorbers are classified into three
kinematic components, namely components 1, 2, and 3, with
outflow velocities of 1350, 550, and 725kms~!, respectively.
Component 1 can be further divided into two physically distinct
regions, denoted as la and 1b, based on detailed differences in
covering factors and kinematic structure. Table 3 reveals differ-
ences between the two sets of absorbers, specifically, the gas
densities of the lowly ionized UV absorbers are in the range
10°~10'"m=3, which are considerably lower than those of the
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X-ray components. In addition, the UV components are situated
at greater distances from the AGN, with an approximate range
R ~ 20-50pc, consistent with the typical location of the AGN
inner narrow line region. While the radial depth of UV compo-
nent la appears to align with that of the X-ray components, UV
component 1b is significantly more extended along the line of
sight assuming a uniform absorber distribution. A shared charac-
teristic between the X-ray and UV components is their relatively
small global volume filling in the radial direction, indicated by
AR/R < 1. This feature supports the scenario that both types of
absorbers are composed of discrete and compact gas clumps.

4.3. Constraints on thermal and ionization properties

As shown in Table 3, the thermal pressure remains consis-
tent within uncertainties for X-ray components 3-5, despite
their electron temperatures varying by a factor of 6. Further-
more, according to the tpho model, the temporal variations
of electron temperature due to changes of the source luminos-
ity are subtle, accounting for less than 10% of the mean value
within each observation. Therefore, it is plausible to suggest that
these components likely maintain stable pressure equilibrium
within a shared environment (e.g., Chelouche & Netzer 2005;
Goosmann et al. 2016). To achieve and sustain this equilibrium,
it is necessary for the characteristic sound crossing time within
the region to be shorter than its dynamical timescale, allowing
for efficient propagation of pressure disturbances within the sys-
tem.

On the other hand, the UV absorber components exhibit sig-
nificantly lower gas pressure, which is approximately two or
three orders of magnitude lower than the X-ray components.
This contrast stems from a combination of differences in both the
electron temperature and gas density. The pressure equilibrium
observed in X-rays is not applicable to the UV component la,
which exhibits a pressure approximately ten times higher than
that of component 1b. Some of these UV components might rep-
resent cold gas with low ionization levels, undergoing transient
heating and ionization from a cold neutral state (Gabel et al.
2005; Kallman & Dorodnitsyn 2019).

We present in Table 3 the recombination time of Fe ions for
each component, employing an approximate calculation based
on charge state changes (see Eq. (5) in Li et al. 2023). Our anal-
ysis reveals that components 3 and 4 exhibit recombination times
of no more than a couple of days, while component 5 likely has
a recombination time of a day or even shorter. These three com-
ponents, especially component 5, show potential as candidates
for investigating variability through timing analysis. According
to Fig. 4, component 5 contributes significantly to the population
of species ranging from FeIX to Fe XIII, constituting a substan-
tial portion of the Fe UTA. This finding aligns with the result
of Krongold et al. (2005), who reported significant variability
in the Fe UTA by utilizing a differential spectral technique on
two HETGS spectra taken one month apart. Meanwhile, these
timescales should still be in line with the report of Behar et al.
(2003), where the Fe UTA was found to be relatively constant
within a few days despite an increase in continuum flux.

As presented in Table 3, the UV warm absorbers reported in
(Gabel et al. 2005) exhibit longer recombination times, ranging
from approximately 1.4 to 3.5 x 10° s. This finding indicates that
ion species with different levels of ionization may exhibit vari-
ations on distinct timescales. Considering that the peak source
variation occurs within the range 10°-5 x 10°s (Markowitz
2005), which coincides with the observed range of recombina-
tion times, it is probable that many of the narrow absorption UV
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and X-ray components are in a nonequilibrium state, where they
exhibit a delayed response to changes in the ionizing SED.

4.4. Constraints on kinematics

In order to provide a further understanding of the physical prop-
erties involved, we assessed the observed densities in light of two
useful constraints: the geometrically determined lower density
limit and the boundary between an escaping outflow and a failed
wind. The lower density limit was derived from the assumption
that the thickness of the outflowing cloud (AR) is equal to the
distance from the central supermassive black hole (R). In this
scenario, the lower limit is given by niow = L/(£AR?) = éNZ/L,
where £ represents the ionization parameter, Ny denotes the col-
umn density, and L corresponds to the average ionizing lumi-
nosity. The boundary between escaping and failed outflow is
determined by the condition in which the outflow can barely
overcome the gravitational potential when its radial velocity
reaches V2GMpy/r, where G denotes the gravitational con-
stant, Mgy = 2.8 x 107 M, represents the observed black
hole mass (Bentz et al. 2021), and r corresponds to the dis-
tance. Accordingly, the density boundary can be expressed as
Nee = Lv*/(4G* M3 &), where v represents the observed radial
velocity of each component shown in Table 1.

The above estimation does not account for the transverse
velocity component. It might be worth considering that some
absorbers may have been moving perpendicular to our line of
sight, as suggested by the decrease in the radial velocity of
the UV absorbers reported in Gabel et al. (2003). Taking into
account the possibility that the X-ray components also have a
Keplerian velocity component of G Mpy/r, the boundary con-
dition is modified to nj,, = Lv*/(G*MZ,£). The actual boundary
would lie somewhere between g and n..

Figure 9 show that the observed densities of X-ray absorber
components 3-5 surpass njow by a significant amount. Mean-
while, these densities all agree within uncertainties with ny. and
ng... implying an intriguing possibility that the warm absorber
components are being expelled from the system at velocities
close to the escape velocity. It appears that these wind compo-
nents possess just enough kinetic energy to exit the gravitational
potential of the black hole and dissipate their energy in the inter-
stellar medium. Assuming uniform cloud with spherical geome-
try, the present results show that the kinematic luminosities asso-
ciated with these components range from approximately 10
to several 10°" W. These values are significantly lower than the
intrinsic AGN luminosity, which is estimated to be ~6 x 103 W
(Mehdipour et al. 2017). As a result, it is unlikely that these
warm absorbers play a significant role as an energy source of
AGN feedback.

Based on the above estimates for the location and densities
of X-ray components 3-5, it is plausible that these components
occupy an intermediate distance range 0.3—0.6 pc, characterized
by overlapping density and thermal pressure ranges. They might
be influenced by a common stream of gas that moves at the
escape velocity. Hence, it is possible that the combined spa-
tial extents of these components, along with the media between
them, could manifest as a geometrically thick region, where
radiative transfer across different layers becomes potentially sig-
nificant (Sadaula et al. 2023). The present tpho model does not
account for time-dependent radiative transfer in such a thick
layer. As a result, the current results may exhibit biases that
could be addressed through an improved version of the spectral
model.

4.5. Atomic physics

Ballhausen et al. (2023) incorporated systematic uncertainties
intrinsic to atomic data into their photoionization modeling for
analyzing the Chandra HETGS data of NGC 3783. They showed
that adjusting the radiative transition data for individual absorp-
tion lines brought a marginal ~5% improvement in the fit statis-
tics. However, even with these modifications applied to the lines,
the global fit quality remained formally unacceptable. They
pointed out that the primary discrepancies between the data and
the model likely stem from unaccounted astrophysical effects or
uncertainties related to instrumental calibration.

Our analysis shown in Sect. 3.1 demonstrates that adopting
our tpho model yields a ~6% improvement in the fit statistics
with respect to the initial pion fit. This implies that neglecting
the time dependence in photoionization for this data set caused
a moderate impact on the fit statistics, which is, on the whole,
comparable to that introduced by inaccuracies in atomic data.
Despite this improvement, the final fit statistics with the present
tpho model is still not ideal. The major data-model discrepan-
cies remain unresolved, which might originate from a combina-
tion of instrumental factors as well as unaddressed astrophysics,
such as radiative transfer across layers and complex outflow
velocity profiles.

4.6. Future prospects

The HETGS spectra in our current study provide limited con-
straints on the densities of highly ionized absorbers. The planned
X-ray Integral Field Unit (X-IFU; Barret et al. 2018) on the
Athena X-ray observatory (Nandra et al. 2013) will offer a sub-
stantial increase in effective area and spectral resolution with
respect to current instruments. This advancement will enable
more precise and detailed spectroscopic investigations of warm
absorbers, including the highly ionized components. To demon-
strate this potential, we present a simulation based on the tpho
modeling framework.

The X-IFU spectrum was generated through a simulation
based on the best-fit model obtained from observation 1, which
includes nine tpho components for the warm absorbers. The
densities of components 1-5 were assigned the values listed in
Table 3, while the densities of components 6-9 were assumed
to be the same as that of component la observed in the UV
(Gabel et al. 2005). We incorporated a simulated light curve, as
shown in Fig. 1, into the calculation. The integrated time was
set to 200 ks to capture the expected variability on a timescale of
~10°s. The simulation was built on the available response files
of X-IFU, which have a spectral resolution of 2.5 eV.

The density constraint is illustrated in Fig. 10. The most sig-
nificant improvement is observed in components 1 and 2, where
the density can be determined with an accuracy of <50%. Com-
ponents 3—5 have density constraints determined by the 200 ks
X-IFU that are approximately twice better than those from the
900 ks HETGS. We obtain a marginal constraint on component
6 but only upper limits for components 7-9. As shown in Fig. 10,
the UV and X-ray metastable line diagnostics using, for exam-
ple, Arcus (Smith et al. 2022) will serve as excellent comple-
mentary tools for analyzing these lowly ionized components.

The above result represents only a part of the absorption
study possibilities for AGNs with future instruments. The spec-
tral analysis using the tpho method has its limitations, as it needs
a relatively long exposure to accumulate a high-quality time-
integrated spectrum. On the other hand, timing analysis provides
an alternative approach that is less constrained, since it does not
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Fig. 10. Same as Fig. 9 but for the expected results from a simulation of
200 ks exposure with Athena X-IFU.

require a comprehensive fitting of the full spectrum. The timing
approach encompasses techniques that employ Fourier timing
(Silva et al. 2016) and coherence analysis (Jurdniova et al. 2022)
to study short-timescale variability and employ the density-
delay relation for longer timescales (Li et al. 2023). According
to Juranova et al. (2022), the coherence modeling alone could
potentially yield a density accuracy of <70—-80% with X-IFU for
outflows in a typical narrow-line Seyfert 1 AGN. Furthermore,
Li et al. (2023) suggest that the density-delay relation could be
applied effectively when the source density falls within the range
of approximately 10'°-10"* m=3 in NGC 3783. By leveraging
the strengths of all available tools, we will be able to maximize
our capability to determine the density and distance of the warm
absorbers in AGNs.
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