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ABSTRACT

Our Swift monitoring program triggered two joint XMM-Newton, NuSTAR and HST observations on 11 and 21 December 2016 tar-
geting NGC 3783, as its soft X-ray continuum was heavily obscured. Consequently, emission features, including the O vir radiative
recombination continuum, stand out above the diminished continuum. We focus on the photoionized emission features in the De-
cember 2016 RGS spectra, and compare them to the time-averaged RGS spectrum obtained in 2000-2001 when the continuum was
unobscured. A two-phase photoionized plasma is required to account for the narrow emission features. These narrow emission features
are weakly varying between 2000-2001 and December 2016. We also find a statistically significant broad emission component in the
time-averaged RGS spectrum in 2000-2001. This broad emission component is significantly weaker in December 2016, suggesting
that the obscurer is farther away than the X-ray broad-line region. In addition, by analyzing the archival high-resolution X-ray spectra,
we find that nine photoionized absorption components with different ionization parameters and kinematics are required for the warm

absorber in X-rays.
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1. Introduction

The optical spectra of Seyfert 1 galaxies often show broad
emission lines with a velocity broadening of a few 10° km s~!
and narrow emission lines with a velocity broadening about a
few 10> kms~! (e.g., Blandford et al. 1990). In the soft X-ray
band of Seyfert 1 galaxies, broad and narrow emission lines
are also observed (e.g., Kaastra et al. 2000; Ogle et al. 2004;
Steenbrugge et al. 2009; Longinotti et al. 2010; Costantini et al.
2007, 2016). Although in some Seyfert 2 galaxies the spatial
extent of the optical and X-ray narrow emission line regions is
remarkably similar (Bianchi et al. 2006), the relation of narrow
emission lines in the optical and X-ray bands are not fully under-
stood. Similarly, the connection of optical to X-ray broad emis-
sion lines is also poorly understood.

Optical broad emission lines are known to vary, as they
are dependent on the luminosity of the nucleus (Bentz et al.
2013, and references therein). Optical narrow emission lines
(e.g. [Om]) are historically thought to be constant in flux and

used to calibrate spectroscopic monitoring data (Peterson et al.
2013). However, there is also a growing number of studies
(Detmers et al. 2009; Peterson et al. 2013; Denney et al. 2014;
Landt et al. 2015) suggesting that the optical and/or X-ray nar-
row emission lines in active galactic nuclei (AGN, Peterson
1997; Krolik 1999) are variable over long timescales (at least
a few years). This is not totally unexpected considering the pho-
toionization origin of these emission lines, the variable ionizing
source and the distance of the narrow-line region (at least a few
parsecs, Bennert et al. 2006a,b).

NGC3783 is a nearby (z = 0.009730, Theureau et al.
1998) Seyfert 1 galaxy that has been extensively studied for
the past few decades in the infrared, optical, UV and X-ray
wavelength ranges (e.g., Kaspietal. 2000; Kraemer et al.
2001;  Onken & Peterson  2002; Ramirezetal. 2005;
Chelouche & Netzer 2005; Honig et al. 2013; Goosmann et al.
2016; Fukumuraet al. 2018). NGC 3783 has a supermassive
black hole with Mgy = (3.0 £ 0.5) x 107 My, (Peterson et al.
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2004). The radius of the optical broad-line region in NGC 3783
ranges from 0.0012 pc (or 1.4 light-days for Hem) to 0.0086 pc
(or 10.2 light-days for HB, Peterson et al. 2004).

On 11 and 21 December 2016, our Swift monitoring pro-
gram' triggered two joint XMM-Newton, NuSTAR and Hub-
ble Space Telescope (HST) observations targeting NGC 3783
(Mehdipour et al. 2017). This is because the soft X-ray con-
tinuum of NGC3783 was heavily obscured (See Fig. 2 in
Mehdipour et al. 2017). This is similar to the obscuration events
discovered in NGC 5548 (Kaastraetal. 2014) and NGC 985
(Ebrero et al. 2016), where strong absorption of the X-ray con-
tinuum and outflowing UV broad absorption lines are observed
simultaneously. The obscurer in NGC 3783 is found to partially
cover the central source with a column density on the order of
10" m~2 (Mehdipour et al. 2017). The obscurer is outflowing
with a range of velocities up to 6000 kms™! and it is prob-
ably a disk wind at the outer broad-line region of the AGN
(Mehdipour et al. 2017). Moreover, based on X-ray data accu-
mulated in the past two decades, Kaastra et al. (2018) suggest
that obscuration events with Ny > 10%° m~2 are a frequent phe-
nomenon in NGC 3783. Based on a detailed UV spectral anal-
ysis, Kriss et al. (2018) suggest that a collapse of the broad-
line region has led to the outburst and triggered the obscuring
event. Several other examples of transient X-ray obscuration
without simultaneous UV observations have also been observed
(e.g., Rivers et al. 2015; Beuchert et al. 2017; Parker et al. 2017;
Turner et al. 2018).

Here we present a study of photoionized emission features
in the soft X-ray band of NGC 3783 from our recent observa-
tions in December 2016 and archival observations in 2000-2001.
This paper is structured as follows: In Section 2, we list all the
observations used. Then we detail the spectral analysis in Sec-
tion 3, including the data treatment and the model description,
which has been briefly mentioned in Mehdipour et al. (2017).
We present the results of our spectral analysis in Section 4, as
well as discussions of physical implications. Conclusions are
available in Section 5.

2. Observations and data reduction

In 2000-2001 absorption features in NGC 3783 caused by the
warm absorber were clearly detectable, as well as the O v
and Cvi Lya emission lines and the He-like triplets of Ovn
(Kaspi et al. 2000; Blustin et al. 2002). However, in December
2016, the soft X-ray continuum was heavily absorbed by the ob-
scurer so that narrow absorption features caused by the warm
absorber were hardly visible. Due to this diminished continuum,
narrow emission features are better visible in December 2016.
This includes O vir narrow radiative recombination continuum
(RRC), which is a characteristic emission feature of a photoion-
ized plasma (Liedahl & Paerels 1996).

The spectral analysis of such complicated spectra depends
crucially on disentangling the true continuum from the effects
of the obscuration and absorption features, which may include
many lines and edges that are unresolved and overlapping, as
well as emission features. That is to say, this requires a model
capable of fitting essentially the overall continuum as well as all
the absorption and emission features, including those that cannot
be clearly resolved.

! The X-ray hardness variability of eight type-I AGN was monitored
with Swift in 2016 in order to find intense obscuration events and
thereby study them with joint Hubble Space telescope, XMM-Newton,
and NuSTAR observations (Mehdipour et al. 2017).
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Therefore, as described in Mehdipour et al. (2017), we con-
struct a time-averaged spectrum in 2000 and 2001 to constrain
the intrinsic spectral energy distribution (SED) and emission
features in the unobscured state. Archival data from the opti-
cal monitor (OM, Mason et al. 2001), Reflection Grating Spec-
trometer (RGS, den Herder et al. 2001), and European Photon
Imaging Camera-pn (EPIC-pn, Striider et al. 2001) from XMM-
Newton are used. We also use archival Chandra High-Energy
Transmission Grating Spectrometer (HETGS, Canizares et al.
2005) data in 2000, 2001 and 2013 to better constrain the
photoionized absorption features, which are rather stable over
the 12-year period (Scott et al. 2014). The time-averaged spec-
trum has a total exposure of 1.37 Ms, with 1.05 Ms for Chan-
dra/HETGS and 324 ks for XMM-Newton/RGS , respectively.

The optical to hard X-ray data in December 2016 are used for
determining the intrinsic SED, obscuration effect, and photoion-
ized emission features (present work) in the obscured state. The
two data sets in December 2016 are fitted independently as the
continua are different (e.g. Figure 2 in Mehdipour et al. 2017).

All the data used for the present work are listed in Table 1.
The exposures of the obscured XMM-Newton/RGS spectra are
110 ks and 56 ks, respectively. In addition, we have UV flux from
HST Cosmic Origins Spectrograph (COS, Green et al. 2012). A
detailed description of the data reduction can be found in Ap-
pendix A of Mehdipour et al. (2015, for NGC 5548), which also
applies to the NGC 3783 data used here.

3. Spectral analysis

The spectral analysis package SPEX (Kaastra et al. 1996) v3.04
is used, incorporating state-of-the-art atomic data, including ra-
diative recombination (Badnell 2006; Mao & Kaastra 2016) and
electron energy loss due to radiative recombination (Mao et al.
2017a). We use C-statistics following Kaastra (2017) throughout
this work. Statistical errors are quoted at 68.3% (10°) confidence
level (AC = 1.0) unless indicated otherwise. X-ray spectra are
optimally binned according to Kaastra & Bleeker (2016). Spec-
tra shown in this paper are background subtracted and displayed
in the observed frame.

3.1. Optical to X-ray spectra construction

The unobscured (2000-2001) and obscured (December 2016)
spectra are constructed with all available data in each epoch as
follows:

1. OM flux at V, B, U, UVW1, UVM2, and UVW?2 bands;

2. COS flux at 1139 A, 1339 A, 1477 A, and 1794 A, free from
emission and absorption features;

3. ﬁrst-ordgr RGS data (RGS1 and RGS2 combined) in the
7 — 37 A wavelength range, in order to better constrain the
emission and absorption features especially for A > 25 A;

4. first-order MEG (Medium Energy Grating) data (positive and
negative orders combined) in the 6 — 17 A wavelength range,
which have better energy resolution compared to the RGS
data at the same wavelength range. Note that MEG data are
broken into several segments, with the local continuum of
each segment re-scaled by < +15 % to match the RGS con-
tinuum at the same wavelength range. The scaling factor of
each segment is 1.158 for 6-7 A, 1.120 for 7-8 A, 1.003
for 8-9 A, 1.029 for 9-11 A, 0.889 for 11-14 A, and 0.850
for 14-17 A, respectively. This is to account for observations
taken at different epochs, as well as the cross calibration be-
tween RGS and MEG;
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Table 1. List of NGC 3783 data used for the present spectral analysis.

Observatory Inst. ObsID Start date  Length
Chandra ACIS/HETG 373 2000-01-20 56 ks
XMM-Newton ~ OM, RGS, pn 0112210101 2000-12-28 40 ks
Chandra ACIS/HETG 2090 2001-02-24 166 ks
Chandra ACIS/HETG 2091 2001-02-27 169 ks
Chandra ACIS/HETG 2092 2001-03-10  165ks
Chandra ACIS/HETG 2093 2001-03-31 166 ks
Chandra ACIS/HETG 2094 2001-06-26 166 ks
XMM-Newton  OM, RGS, pn  0112210201/0401 2001-12-17 142 ks
XMM-Newton  OM, RGS, pn  0112210501/0601 2001-12-19 142 ks
Chandra ACIS/HETG 14991 2013-03-25  59ks
Chandra ACIS/HETG 15626 2013-03-27 102 ks
HST COS LD3EO3 2016-12-12 2 orbits
XMM-Newton  OM, RGS, pn 0780860901 2016-12-11  110ks
NuSTAR FPMA, FPMB 80202006002 2016-12-11 56 ks
HST COS LD3E0O4 2016-12-21 2 orbits
XMM-Newton ~ OM, RGS, pn 0780861001 2016-12-21 56 ks
NuSTAR FPMA, FPMB 80202006004 2016-12-21 46 ks

5. first-order HEG (High Energy Grating) data (positive and
negative orders combined) in the 1.7-3 A wavelength range,
which has better energy resolution compared to the pn data
in the same wavelength range. The HEG data are re-scaled
by a factor of 1.218;

6. EPIC-pn datain the 1.5—10keV energy range (i.e. the 1.24—
8 A wavelength range). EPIC-pn data are re-scaled by 1.038
(2000-2001);

7. NuSTAR data in the 10 — 78 keV energy range. NuSTAR data
are re-scaled by 1.013 (11 December 2016) and 1.027 (21
December 2016), respectively.

The above optical to X-ray data are fitted simultaneously,
which allows us to constrain the broadband (optical, UV and X-
ray) continuum and the X-ray obscuration, absorption and emis-
sion features at the same time. Note that the COS grating spectra
are analyzed in a separate paper (Kriss et al. 2018).

We used limited but adequate overlapping data to determine
the cross calibration among instruments. This is due to the fact
that the cross calibration is not a strict constant across the wave-
length/energy range. Introducing more overlapping data would
introduce more systematic uncertainties, leading to poorer statis-
tics in the end. Nonetheless, we should emphasize that we use the
best instrument for each wavelength/energy range.

3.2. Description of model components

In order to interpret the continuum, absorption and emission
parts of the spectrum at the same time, following Section 2.2
of Kaastra et al. (2018), we take model components listed below
into account:

1. The intrinsic broadband spectral energy distribution (SED)
of the AGN.

2. The obscuration effect caused by the obscurer and the high-
ionization component in the obscured state.

3. Absorption features caused by the warm absorber.

4. Broad and narrow emission features caused by the X-ray
photoionized emitter.

5. Broad and narrow emission lines in the optical/UV.

. The host galaxy continuum emission in the optical/UV.

7. The Galactic extinction in the optical/UV and absorption in
X-rays.

[*)}

While model components 1, 3, and 4 are described in the fol-
lowing subsections, we refer readers to Mehdipour et al. (2017)
and Kaastra et al. (2018) for details of model components 2, 5,
6 and 7. In Appendix A we discuss the spatial relationships
among these components and describe in detail how we com-
bine these components in SPEX. The protosolar abundances of
Lodders & Palme (2009) are used for all plasma models.

3.2.1. Intrinsic broadband SED of the AGN

A photoionization continuum is required for photoionization
modeling of the obscurer, warm absorber, and X-ray pho-
toionized emitter. Following previous analysis of NGC 5548
(Mehdipour et al. 2015), we fit the optical to X-ray data of
NGC 3783 using a model consisting of a Comptonized disk com-
ponent (COMT, Titarchuk 1994) for optical to soft X-rays, a
power-law component (POW), and a neutral reflection compo-
nent (REFL, Magdziarz & Zdziarski 1995; Zycki et al. 1999) for
hard X-rays. An exponential cut-off is applied to the high- and
low-energy end of the power-law component (Appendix A). The
intrinsic optical to X-ray continuum and all the obscuration, ab-
sorption, emission, and extinction effects are fitted simultane-
ously. Therefore, the fit iterates many times to get the best-fit
intrinsic broadband SED of the AGN (results in Section 4.1).

3.2.2. Photoionization continuum

A photoionization continuum is required for the photoionization
modeling and it can be different from the AGN SED mentioned

Article number, page 3 of 16



A&A proofs: manuscript no. main

above. The photoionization continuum received by the obscurer
is indeed simply the contemporary AGN SED (Table 2).

For the warm absorber, in 2000-2001, when NGC 3783 is
not obscured, its photoionization continuum is also the contem-
porary AGN SED. However in December 2016 the photoioniza-
tion continuum for the warm absorber is the contemporary AGN
SED with the obscuration effect taken into account.

The photoionization continuum received by the X-ray
narrow-line region is assumed to be the 2000-2001 (time-
averaged) AGN SED for all epochs (2000-2001 and December
2016). This is because if the photoionized plasma is too far away
from the nucleus and/or the density of the plasma is too low, the
plasmais in a quasi-steady state with its ionization balance vary-
ing slightly around the mean value corresponding to the mean
ionizing flux level over time (Nicastro et al. 1999; Kaastra et al.
2012; Silva et al. 2016). Note that our assumption implies that
the obscurer does not subtend a large solid angle so that it barely
screens photons from the nucleus to the X-ray narrow emission
component or the screened photons have not arrived the X-ray
narrow emission component yet.

3.2.3. Warm absorber

We use the photoionization plasma model PION in SPEX to ac-
count for the absorption features produced by the warm absorber.
PION instantaneously determines the thermal equilibrium, ion-
ization balance and level populations of all ions from the in-
put SED and produces an absorption (or emission) model spec-
trum. As described in Section 4.2, we require nine PION absorp-
tion components. For the time-averaged unobscured spectrum
(2000-2013), we allow hydrogen column densities (Ny), ioniza-
tion parameters (log &), and outflow velocities (voy) free to vary.
After a few trials, microscopic turbulence velocities? (Vmic) are
coupled for components 1-2, 3—7, and 8-9 to reduce unneces-
sary free parameters. For the obscured spectra (December 2016),
all the above parameters are fixed to values obtained in the un-
obscured spectrum, except the ionization parameters, which are
assumed to be proportional to the 1 — 10° Ryd ionizing lumi-
nosity. That is to say, the hydrogen number density times dis-
tance squared (ngr?) of the warm absorber in the obscured state
is assumed to be the same as in the unobscured state. In both un-
obscured and obscured states, each PION absorption component
fully covers the line of sight (Cyps = 1, frozen) but has negligible
extent (Ce, = Q/4m = 0, frozen) with respect to the nucleus.

3.2.4. X-ray photoionized emitter

Similar to the previous analysis on NGC 5548 (Mao et al. 2018),
the narrow emission features in NGC 3783 can be reasonably fit-
ted with two PION components (details in Section 4.3). Whether
the soft X-ray continuum is obscured or not, four free parameters
of each PION emission component are allowed to vary, namely
Ny, logé, vpic and Cep,. Since the emission lines are consistent
with not outflowing, as shown by previous studies (Kaspi et al.
2002; Behar et al. 2003), the outflow velocity (voy) is fixed to
zero for each PION emission component. In addition, for each
PION emission component, its absorption covering factor Cip
is fixed to zero.

% The Doppler parameter b = (v + 2v2, )%, where v, = V2kT/m
is the thermal broadening velocity, T the temperature, and m the atomic

mass. The full width at half maximum FWHM = 2 VIn 2 b. In the PION
model in SPEX, vy, is the “v" parameter.
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Fig. 1. The intrinsic spectral energy distribution of NGC 3783 for
the time-averaged data in 2000-2001 (solid lines) and 11 December
2016 data (dashed lines). Contributions from individual components are
shown in red for the Comptonized disk component (COMT), blue for
the power-law component (POW) and green for the reflection compo-
nent (REFL).

Broad emission features are modeled with a third PION
component. For the time-averaged unobscured spectrum (2000—
2001), where the XMM-Newton and Chandra grating spectra are
fitted simultaneously, three free parameters of this PION emis-
sion component are allowed to vary, including Ny, logé, and
Cenm. For the obscured spectra (December 2016), these param-
eters are fixed to values obtained in the unobscured spectrum,
except the ionization parameters, which are assumed to be pro-
portional to the 1 — 10° Ryd ionizing luminosity (Table 2).

For simplicity, all three emission components are assumed to
be free of further absorption by the warm absorber (see discus-
sion in Section 4.5).

4. Results and discussions
4.1. Intrinsic broadband SED of the AGN

The time-averaged intrinsic SED of NGC 3783 in 2000-2013 is
shown in Figure 1. The intrinsic SED on 11 December 2016 is
also shown for comparison, which is similar to that on 21 De-
cember 2016. Fig. 6 of Mehdipour et al. (2017) presents a ver-
sion with the intrinsic SEDs overplotted with the observational
data. The corresponding best-fit continuum parameters are listed
in Table 2. Figure 1 shows the comparison of the intrinsic and
obscured SED of NGC 3783 on 11 December 2016.

The two observations in December 2016 have similar intrin-
sic SEDs. However, for the time-averaged SED in 2000-2013,
both the Comptonized disk component and the power-law com-
ponent differ significantly from December 2016.

We should emphasize that we apply a global SED model to
fit the optical to hard X-ray data, thus, the continuum model
in the present work differs from previous studies. Kaspi et al.
(2001) and Scott et al. (2014) fitted the 1-26 A continuum with
“line-free zones" (LFZs). However, as pointed out by Scott et al.
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Table 2. Best-fit parameters of the intrinsic broadband SED of NGC 3783 in 2000-2001 and December 2016.

Date 2000-2001 11 DEC2016 21 DEC 2016
COMT
Norm 0.95+0.05  9.7+03 103+0.4
Toced 147+0.05 1.08+0.03  1.08+0.02
T, 0.54+0.02 0.13+0.02  0.14+0.03
7 9.9+0.2 22.0 (f) 22.0 ()
POW
Norm 240+0.03 242+0.16  3.03+0.19
r 1.61+£0.01 1.73+0.02  1.75+0.02
C-stat/ C-expt.  6092/2563  2335/1552 2340/ 1555
Loss rev 1.20 1.28 1.52
Loo10 xev 1.16 0.94 1.11
Lo.001-10 kev 10.6 18.8 21.1
L1_1000 Ryd 7.01 10.2 11.9

Notes. Parameters followed by (f) are fixed in the fit. The temperature of seed photons is in units of eV, the warm corona temperature in keV, the
normalization of the warm comptonization (COMT) component in 10> ph s~! keV~!, and the normalization of the power-law (POW) component
in 10°" phs~' keV~! at 1 keV. The C-stat refer to the final best-fit, where all obscuration, absorption, emission and extinction effects are taken into
account. The luminosities of COMT plus POW in different energy ranges are in units of 10°® W with uncertainties about 3 — 5%. All quoted errors

refer to the statistical uncertainties at the 68.3 % confidence level.

unobscured

obscured

vF, (Jy Hz)

Photon energy (keV)

Fig. 2. The intrinsic/unobscured (black) and obscured (red) spectral en-
ergy distribution of NGC 3783 on 11 December 2016 (solid lines).

(2014), even when LFZs are entirely line-free, absorption edges
still contribute to curvature in the spectrum. The 0.5 — 10 keV
continuum of NGC 3783 has also been fitted by a power law with
I' e (1.5, 1.83) (Blustin et al. 2002; De Rosa et al. 2002), some-
times including an extra thermal component with k7" ~ 0.1 keV
(Krongold et al. 2003). Fu et al. (2017) constructed a SED with
typical AGN SED (Elvis et al. 1994) but scaled with wavelength
(cc 27927) to match the intrinsic UV (1135 — 1795 A) and X-ray

(2 =11 A) continuum.

4.2. Warm absorber

The best-fit C-stat to expected C-stat ratio for the time-averaged
spectrum in 2000-2013 is 6092/2563 > 2 (with 2505 degrees of
freedom), which is not statistically acceptable. This is due to the
very high photon statistics compared with systematic uncertain-
ties in the instrumental response, the imperfect cross calibration
of different instruments, and our model is still rather simple com-
pared to the reality. But the result is still useful to assess whether
the observed continuum and all absorption (and emission) fea-
tures are reasonably accounted for. The best-fit time-averaged
(2000, 2001 and 2013) MEG spectrum (6-15 A) is shown in de-
tails in Figure 3. The best-fit time-averaged (2000-2001) RGS
spectrum (8-35 A) is fitted simultaneously but shown separately
in Figure 4 for clarity.

There are in total nine PION absorption components for the
warm absorber, with components 1-4 dominating highly ion-
ized ions with large atomic number (e.g. Fe xxvi, Fe xvi, and
Six1v), components 5 and 6 mainly accounting for moderately
ionized ions with intermediate atomic number (e.g. Mg 1x, O vt
and Ov), and components 7-9 for lowly ionized ions with inter-
mediate atomic number (e.g. N1v and C1v). Contributions from
individual warm absorber components (in percentage) to ions
with column density Njo, = 10%° m~2 are shown in Figure 5.
Components 7-9 are required in our model because we include
the RGS spectrum above 25 A, while previous analyses simply
focus on spectra at shorter wavelength range with 1 < 25 A
(Behar et al. 2003; Krongold et al. 2003, for RGS and MEG, re-
spectively). Admittedly, the signal-to-noise ratio decreases to-
ward the longer wavelength, thus, the best-fit parameters of com-
ponents 7-9 are less well constrained. All the best-fit parameters
for the warm absorber components of NGC 3783 in the 2000-
2013 time-averaged spectra are tabulated in Table 3.

The hydrogen column density (Ny) of the warm absorber is
dominated by components 1-6 with N ~ 3.8 x 10% m2,

similar to previous results by Netzer et al. (2003) with N2 ~
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Fig. 3. The best-fit to the time-averaged MEG spectrum (in the observed frame) of NGC 3783 observed in 2000, 2001 and 2013. Most prominent
absorption and emission features are labeled. The solid vertical lines in purple (blue) indicate the photoionized absorption (emission) features.
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top. The ionization parameters of the warm absorber components increase from component 9 to component 1.
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Table 3. Best-fit parameters of the warm absorber components in the time-averaged spectra of NGC 3783 in 2000-2013.

Comp. Ny log,(&) Vmic Vout
10% m™2 107°Wm km s™! km s™!
1 11.1+£0.8 3.02+0.01 120+ 10 -480 + 10
2 21+0.2 2.74 £ 0.03 120 (¢) —1300 £ 25
3 6.1 0.6 2.55+0.02 46 + 2 -830+ 15
4 124 +£0.5 2.40 +0.01 46 (c) -460 + 10
5 5.0+0.2 1.65 +0.01 46 (c) =575+ 10
6 1.2+0.2 0.92 +£0.04 46 (c) -1170 £ 30
7 0.1 Sjgz?i O.Sngﬁg 46 (c) -1070 £ 40
8 0.07f8:(')? -0.01 fé:gg 790 £ 100 —-1600 + 800
9 0.44£0.03 —-0.65+0.06 790 (¢) —1100 + 140

Notes. Microscopic turbulence velocities (v;.) followed by (c) are coupled to vy, of another component with the same value in the fit. Statistical

uncertainties are quoted at the 68.3 % confidence level.

4 x 10%® m~2, which is higher than Ng’ta' ~2-=3x%10% m32
found by Kaspi et al. (2002) and Krongold et al. (2003).

Since the photoionization continuum, abundance table and
number of absorption components used by different authors
are different, we do not compare the ionization parameters
with previous results (e.g., Kaspi et al. 2002; Netzer et al. 2003;
Krongold et al. 2003).

In the present work, the microscopic turbulence velocities of
the absorption components are 50 km s™! for Components 3-7,
120 km s~! for Components 1-2, and 800 km s~! for Compo-
nents 8 and 9, respectively (Table 3). The microscopic turbulence
velocity found in the literature also cover a wide range of val-
ues, with ~ 100 km s™! for Kaspi et al. (2000) and Behar et al.
(2003), ~ 200 km s~! for Krongold et al. (2003); Netzer et al.
(2003), and up to 400 — 600 km s~! for a few ions in Table 3 of
Kaspi et al. (2002).

Our best-fit outflow velocities vary for different absorption
components, ranging from —450 km s~ to —1300 kms~!. A
wide range of outflow velocities are also reported in the liter-
ature, including —300 to —1000 km s~ by Kaspi et al. (2002),
—470 to —800 km s™' by Beharetal. (2003), =750 km s~
by Krongold et al. (2003), and —400 to —1300 kms™' by
Netzer et al. (2003).

We also note that the PION model in the SPEX code takes
advantage of recently updated atomic data, which is more accu-
rate and complete than previous models by Krongold et al. (K03,
2003) and Netzer et al. (NO3, 2003). Previous models are able to
fit some of the strong absorption lines but insufficient to fit the
global spectrum. As pointed out by Netzer et al. (2003), the KO3
model provides a better fit to the Fe UTA (unresolved transi-
tion array) yet fails to fit the Six and Sixr lines around 6.8 A.
The NO3 model has a better fit over the 5-7 A wavelength range
while the UTA features are poorly fitted. As for the PION model,
we refer readers to Section 4.29 of the SPEX manual for a de-
tailed model description, Mehdipour et al. (2016b) for a com-
parison with other popular photoionization codes and Mao et al.
(2017b) for a list of characteristic ground and metastable absorp-
tion lines.

4.3. X-ray photoionized emitter

In our PION modeling of the emission features (lines and RRCs),
we find that a broad emission component is required in addi-

tion to two narrow emission components. For the time-averaged
spectrum, the best-fit with only narrow emission components
yields a C-stat of 6301 (d.o.f. = 2508), while the best-fit with
both broad and narrow emission components yields AC = —200
at the price of three degrees of freedom. We tried a few values of
the velocity broadening (7000, 8000, 9000, and 10000 km s~!),
the best-fit C-stat. are 6108, 6098, 6092, and 6081, respec-
tively. However, regardless of the presence of the broad emis-
sion component, there are still some structures in the residuals
of the above two fits (Figure 6). Future missions (e.g., Arcus,
Smith et al. 2016) with adequate spectral resolution and signif-
icantly larger photon collecting area are essential to verify the
presence of such broad emission features in X-rays.

The broad emission component is obtained via convolving
a narrow (vpic = 100 km s~') PION component with a velocity
broadening model (VGAU in SPEX) with a fixed o, so that the
broadening effect applies to both emission lines and RRCs. Such
kind of broadening is probably due to the macroscopic motion
of the emitter. Unfortunately, the velocity broadening in X-rays
is a difficult parameter to determine. It cannot be too narrow,
otherwise there is no significant improvement on the C-stat. It
cannot be too broad either, otherwise it is unclear whether we
are fitting the broad emission line or a part of the complex con-
tinuum. Moreover, we are also limited by the calibration uncer-
tainties of the effective area of the instrument, which can easily
affect the value of the velocity broadening. At this stage, we ten-
tatively fixed the value of o7, (= Viac) to 9000 km s~!. This value
is within the range of typical gas velocity 3000 — 10000 km s
(Blandford et al. 1990) in the broad line region. For NGC 3783,
the X-ray velocity broadening corresponds to a full width at
half maximum (FWHM = 2.355 ¢,) of about 21000 km s~!,
which is significantly larger than FWHM(HB) ~ 3000 km s~
(Onken & Peterson 2002) in optical, but close to the width of the
broadest component of Lya in the UV, FWHM~ 18000 km s™!
(Kriss et al. 2018).

The broad and narrow emission model components derived
from the 2000-2001 data do not match the data observed in De-
cember 2016 (the orange line in Figure 7). Narrow emission
features might have varied slightly over the 15-year timescale
(Section 4.4). The broad emission component seems to be much
weaker in December 2016 (Figure 7). To explore possible ex-
planations, we performed three sets of photoionization calcu-
lation of the X-ray broad emission lines, assuming the 2000—
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panels) and O vit He-like triplets (right panels). The upper and lower panels show residuals of the best-fit with and without the broad (FWHM~
21000 km s~') PION emission component (the third component in Table 4), respectively.

2001 parameters for X-ray broad emission lines. The first case
is the simplest one where the XBEL is directly exposed to the
intrinsic SED (the black curve in Figure 8). In the presence of
the obscurer, we need to consider two more cases. The XBEL
might be exposed to the obscured SED (the red curve in Fig-
ure 8), or the XBEL is photoionized by the intrinsic SED but
further screened by the obscurer (the blue curve in Figure 8).
Among all three cases, the last one yields the weakest broad
emission profiles. The second case yields a slight increase of
C-stat (AC = +5) compared to the last one. Therefore, the ap-
parent weakening observed in 2016 can be accounted for by ap-
plying the obscuration to the broad emission component (the
purple line in Figure 7). But we cannot strictly rule out the
possibility that a fraction of the obscurer is co-existing or even
closer to the black hole with respect to the X-ray broad-line re-
gion. The parameters for the obscurer used here are the same
as given in Table 1 of Mehdipour et al. (2017). The observed
flux of the broad emission component around the O vii He-like
triplets (21.0-23.6 IOA) decreases from 23 x 10717 W m~2 (2000—
2001, i.e., “unobscured SED" in Figure 8) to 4 x 1077 W m™2
(“obscured SED"), and 1 x 1077 W m~? (December 2016, i.c.,
“obscured XBEL"). The above interpretation supports the pic-
ture suggested by Mehdipour et al. (2017) that the obscurer is
currently at the outer broad-line region of the AGN. Admittedly,
if our assumption is not valid that the X-ray broad emission com-
ponent varies significantly (column density, ionization parameter
and broadening), we can no longer break the degeneracy shown
in Figure 8.

The best-fit to the RGS spectrum on 11 December 2016 is
shown in Figure 9, which is similar to that on 21 December
2016. The best-fit parameters of the X-ray photoionized emit-
ter in 2000-2001 and December 2016 are listed in Table 4.
While the emission measures (EM.= n, ny 47 Cem 1> Nu/np)
of component 1 are consistent (at 1o confidence level) between
epochs, the emission covering factor (Cey,), thus the emission
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measure of component 2 is an order of magnitude higher. If we
fix Cem(EM 2) = 0.6 when fitting the 11 December 2016 spec-
trum, the best-fit C-stat is 2406, which is a worse fit (AC ~ +70)
when compared to the best-fit C-stat in Table 2. Meanwhile, the
ionization parameter of component 2 is a factor of two smaller
in 2016, accordingly the line emissivity is an order of magnitude
lower in 2016. This might suggest an increase of the physical
size of the emitter over 15 years.

Different values of the best-fit parameters of the narrow
emission components in different epochs (Table 4) need to be
interpreted with caution. Due to lack of information, we assume
the photoionization continuum to be the 20002001 AGN SED
for all spectra in 2000-2001 and December 2016. Under this as-
sumption, the ionization parameter & = L/(ny r*) should be the
same, because the number density (ny) and distance (r) of the
emission region are not expected to vary dramatically. The col-
umn density (Ny), microscopic turbulence velocity (vpic) and
emission covering fraction (Cep) might not vary significantly
as well. Deviation from the time-average photoionization con-
tinuum can be partly due to long-term variation in the intrinsic
SED components and/or the obscuration events, which might be
more frequent than previously thought for NGC 3783. Based on
the hardness ratio of all Swift/XRT spectra in 2008-2017, obscu-
ration events might occur about half of the time (Kaastra et al.
2018), which will affect the photoionization modelling of the X-
ray narrow emission features.

Additionally, by comparing the best-fit results of the absorp-
tion (Table 3) and emission (Table 4) components, we find that
emission component 1 and absorption component 3 share sim-
ilar ionization parameter, yet the hydrogen column density, tur-
bulence velocity and outflow velocity are significantly different.
The ionization parameter of emission component 2 has no coun-
terpart in absorption components. This is similar to what we find
in another Seyfert 1 galaxy NGC 5548 (Mao et al. 2018). It is
possible that the X-ray emission and absorption components are
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Fig. 7. Best-fit to the 17—24 A RGS spectrum (in the observed frame) of NGC 3783 from 11 December 2016. The best-fit model with contributions
from all emission components is shown in purple. Contributions from individual emission components are shown in different colors, with red and
blue for narrow emission features and green for broad emission features. The orange solid line is a calculation using the best-fit parameters obtained
from the time-averaged archival spectrum for all three emission components. Due to the obscuration effect, the broad emission component (EM 3)

appears to be weaker in December 2016.

not related, although we need distance (thus density) measure-
ment on these components to verify this deduction.

4.4. Variability of the X-ray emission features

We check the variability of the most prominent narrow emission
lines, the O vir Ly line and O vir He-like triplets, in the RGS
spectra in 2000-2001 and December 2016. A phenomenological
local fit is used in this exercise so that we are not confused by
the unknown photoionization continuum effect on the photoion-
ization modeling.

We fix the continuum model to the best-fit global continuum
accounting for the foreground Galactic absorption, the obscurer,
the warm absorber and including the broad emission features in
addition. Subsequently, the narrow emission lines are accounted
for with Gaussian line profiles. The normalization and velocity
broadening of the Gaussian profiles are free to vary, except that
we limit the velocity broadening to be no larger than 2000 km s~!
and couple the broadening of the resonance and intercombina-
tion lines of the O vi1 He-like triplets. The line luminosity and
velocity broadening are listed in Table 5. The best-fit results of
2000-2001 and 11 December 2016 are plotted in Figs. 10 and
11.

These emission lines are consistent with each other at a
1o confidence level between the two observations in December
2016. When compared to 2000-2001, the O vii resonance and
forbidden lines remain constant in luminosity at the 1o confi-
dence level, while the O vin Ly line and intercombination line
of He-like O vir are marginally brighter in December 2016 at the
20 confidence level. In addition, the resonance and intercom-
bination lines of O vir appear to be broader in December 2016,
although the uncertainty is large. Note that the line luminosity

depends on both the emission measure and line emissivity. While
the emission measure of component 2 (Section 4.3) increases in
2016, the line emissivity decreases, leading to the comparable
line luminosity between epochs.

We should point out that the residuals on both sides of the
O vmr Lya line in Figure 11 are accounted for in the full plasma
model fit shown in Figure 7. A full plasma model includes many
dielectric satellite lines, which are even weaker than the O vt
Heg line (at 18.63 A).

Since the variability of the X-ray broad emission features
cannot be checked directly, we turn to the very broad (FWHM>
10* km s™!) emission lines in the high-resolution UV spectra
with HST in 2000-2001 and December 2016 (Kriss et al. 2018).
No significant variation is found in the line flux of Lya, Si1v,
C1v and He 1t between the two epochs. Hence, our previous as-
sumption of a non-varying X-ray broad emission component is
reasonable.

4.5. Summary

We analyzed the X-ray spectra of the Seyfert 1 galaxy NGC 3783
using both archival data in 2000-2013 and newly obtained data
in December 2016. The intrinsic SED of the AGN, the obscura-
tion, absorption, emission, and extinction effects are fitted simul-
taneously. In Figure 12 we show a sketch of the relations among
spectral components resulting from our modelling.

Along the line of sight toward the nucleus, prominent ab-
sorption line features due to the warm absorber were clearly vis-
ible in the 2000-2013 X-ray spectra (e.g., Netzer et al. 2003;
Krongold et al. 2003; Scott et al. 2014). Nine X-ray absorp-
tion components with different ionization parameters and kine-
matics are required in our photoionization modeling. On 11
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Table 4. Best-fit results of the X-ray photoionized emitter in the time-averaged spectra of NGC 3783. The emission measure (E.M.) is calculated

based on the best-fit parameters.

Comp. Nu log,(£) Vmic Cem E.M.
10%m2 10°Wm km s~ % 107 =3
20002001

60+37 2.60+0.07 600100 0.29+0.12  0.5%03

2 5234 135£005 14080 06704 15v4

3 28*72  0.82+0.02 100 (f) 0.3+01 13+33
11 DEC 2016

25+6  2.58+0.05 590+90 098=0.13  1.0%9¢

30407 1.03+0.05 350+70 7.0+1.3 30%19

3 28 (f) 1.00 (f) 100 (f) 0.3 (f) 13 (f)
21 DEC 2016

35+17  2.58+0.05 460+130 0.7+03 1.6

23+1.0 1.03+£0.05 270110 7.3+24 283

3 28 (f) 1.06 (f) 100 (f) 0.3 (H) 13 (f)

Notes. Parameters followed by (f) are fixed in the fit. The 2000-2013 MEG (6 — 17 A) data and the 2000-2001 RGS (7 — 37 A) data are fitted
simultaneously (Section 3.1), but constraints are obtained mainly from the 2000-2001 RGS data since it covers all the emission features from Ne,
O, N, and C. Statistical uncertainties are quoted at the 68.3 % confidence level.

Table 5. Best-fit results of the oxygen emission lines from RGS data in 2000-2001 and December 2016.

Ton Line 2000-2001 11 DEC 2016 21 DEC 2016
AA) LA0ZW) o, (kms!) L(102W) o, (kms) LI0ZW) o, (kms™)
OvimLya 1897 134+09 360+130 17.8+1.1 370100 19.8+1.1 520130
Oovi(r) 21.60 6.6+1.4 <280 92+1.8 740190  8.4+2.1 <500
Ovi(i) 2181 13=13 <280(c) 60+1.6 740 (c) 55+1.0  <500(c)
Ovi(f) 2210 185+17 310+100 17.6+19 <180 17.3 3.1 <300

Notes. Velocity broadening (o,) of the resonance and intercombination lines of O v are coupled (c) in the fit. Statistical uncertainties are quoted

at the 68.3 % confidence level.

and 21 December 2016, obscuration was seen in NGC 3783
(Mehdipour et al. 2017). The obscurer produces the heavy ab-
sorption of the soft X-ray continuum, as well as broad and
blueshifted absorption lines in the UV spectra. It is very
likely that there are more obscuration events in NGC 3783
(Markowitz et al. 2014; Kaastra et al. 2018).

The X-ray narrow emission components reprocess photons
from the nucleus that are not directly observed (dashed lines
in Figure 12). Prominent emission features like the O vin Lya
line and the He-like triplets of Ovm are visible whether the
soft X-ray continuum is obscured or not. Weak emission fea-
tures like the Ovim RRC are detectable only when the con-
tinuum is obscured. Our photoionization modeling requires
two components for the X-ray narrow emission features in
NGC3783. The two narrow emission components have differ-
ent emission measure, ionization parameter, turbulence veloc-
ity, and emission covering factor. This is similar to our previ-
ous analysis for NGC 4151 (Seyfert 1.5, Armentrout et al. 2007),
Mrk 335 (Seyfert 1, Longinotti et al. 2008), NGC 4051 (Seyfert
1, Nucitaetal. 2010), NGC424 (Seyfert 2, Marinucci et al.
2011), and NGC 5548 (Seyfert 1.5, Mao et al. 2018). On the
other hand, Guainazzi et al. (2009) and Whewell et al. (2015)
model the X-ray narrow emission features in NGC 1365 (Seyfert
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1.8) and NGC 5548 (Seyfert 1.5), respectively, with only one
photoionized component.

Our photoionization modeling (Table 4) finds that the ion-
ization parameter of the X-ray narrow emission component 1
remains constant throughout 2000-2016, indicating that either
this component has a distance of at least a few light-years or
its density is very low. On the other hand, for the X-ray narrow
emission component 2, the ionization parameters are consistent
between the two observations in December 2016 yet about a fac-
tor of two lower when compared to 2000-2001. If the variation
is due to the change in the ionizing continuum, this suggests that
component 2 is closer than component 1, but its distance should
be larger than 10 light-days.

The X-ray broad emission component also reprocesses pho-
tons from the nucleus. In this work, we demonstrate that, when
the obscurer is present in NGC 3783, it screens photons emit-
ted from the X-ray broad emission component, which leads to
the apparent weakening of the X-ray broad emission features
in December 2016 (Section 4.3). The above interpretation sup-
ports the geometry proposed by Mehdipour et al. (2017) that the
obscurer is located farther away than the X-ray broad emis-
sion component, which is a few light days from the nucleus
(Peterson et al. 2004). Our photoionization modeling of the ob-
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Fig. 8. Photoionization calculations of the X-ray broad emission lines
(XBEL). In all three cases below, line profiles are corrected for the red-
shift and Galactic absorption of NGC 3783. The black solid curve cor-
responds to a case where the XBEL is directly exposed to the intrinsic
SED of 11 December 2016. The red curve is for a case where the XBEL
is exposed to the obscured SED of 11 December 2016. The blue curve
is for a case where the XBEL is photoionized by the intrinsic SED of
11 December 2016 and further screened by the obscurer.

served X-ray broad emission features is an ad hoc interpretation.
There is evidence that the optical, UV, and X-ray broad emis-
sion lines originate from the same photoionized plasma (e.g.,
Costantini et al. 2016). Thus, the broad-line region has a range
of densities, ionization parameters, and kinematics. A dedicated
analysis with the “locally optimally emitting cloud" approach
(e.g., Costantini et al. 2007) or even sophisticated dynamic mod-
els (e.g., Pancoast et al. 2011) is required to interpret the optical
to X-ray broad emission lines in NGC 3783.

For simplicity, we assume that the X-ray broad and narrow
emission components are not further absorbed by the warm ab-
sorber (Section 3.2), which might not be true. That is to say, the
unabsorbed luminosity of the X-ray broad and narrow emission
lines obtained here is only a lower limit. To properly account
for the screening effects by the warm absorber, we need to know
which warm absorber components are more distant than the X-
ray emission regions, and what are the covering factors for these
warm absorber components with respect to the X-ray emission
regions.

5. Conclusions

We focus on the photoionized emission features in the high-
resolution X-ray spectra of NGC 3783 obtained in December
2016 when the soft X-ray continuum was heavily obscured. We
also analyze the archival time-averaged high-resolution X-ray
spectrum in 2000-2001 to compare the photoionized emission
features and study the warm absorber. The main results are sum-
marized as follows.

1. Nine photoionization components with different ionization
parameters and kinematics are required for the warm ab-
sorber.

2. Two photoionization components are required for the X-ray
narrow emission features, which are weakly varying over the
past 15 years.

3. The presence of a X-ray broad emission component signif-
icantly improves the fit to the time-averaged spectrum in
2000-2001.

4. The X-ray broad emission features are much weaker in De-
cember 2016. This apparent weakening can be explained by
the obscuration effect on the X-ray broad emission compo-
nent.
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Appendix A: Component relation in fitting the
spectra using SPEX

The emission and absorption components of our model for the
X-ray spectrum of NGC 3783 have a complex spatial relation-
ship that is important for how we construct our model in SPEX.
Figure 12 gives a visual representation of our model. The intrin-
sic SED (model component 1 in Section 3.2) originates in the ac-
cretion disk surrounding the supermassive black hole (SMBH).
This is the innermost component of the model. This innermost
emission region is absorbed by both the obscurer, when it is
present (model component 2), and the X-ray warm absorber
(WAX). The next emission layer is the X-ray BEL (part of model
component 4). This is also absorbed by the obscurer when it is
present. The outermost emission component is the X-ray NEL
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Fig. 11. Local fit to the observed O vit Ly (left panel) and O vi He-
like triplets (right panel) in the RGS spectrum of NGC 3783 from 11
December 2016. The continuum model (CONT, light blue) is fixed to
the best-fit global continuum, accounting for the foreground Galactic
absorption, the obscurer, the warm absorber and including the obscured
broad emission features in addition.
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Fig. 12. Simplified view of the relations among spectral components
observed in NGC 3783 in X-rays. Three different light paths are shown
here. The obscurer (dashed box) is not always present along the line
of sight. Dashed lines indicate that these photons are not directly ob-
servable. WAX is short for the warm absorber in X-rays. BEL and NEL
refer to the broad and narrow emission lines. EM and ABS are short for
emission and absorption, respectively.

(part of model component 4), which may be co-spatial with the
WAX, but we presume it is not absorbed by the WAX. The fi-
nal component in our model is Galactic absorption (model com-
ponent 7), which affects all other components originating in
NGC3783.

The intrinsic SED of NGC 3783 consists of a Comptonized
disk component (COMT in SPEX), the power-law component
(POW), and a neutral reflection component (REFL). These are
additive components. An exponential cut-off is applied to the
high- and low- energy end of the power-law component. This
is realized via the ETAU model in SPEX (see also Chapter 7
of the SPEX cookbook), which provides a simple transmission
T(E) = exp(—19 E?), where 7 is the optical depth at 1 keV.
For the high-energy cut-off, we set a = 1 and 79 = 1/340, which

Article number, page 15 of 16


http://var.sron.nl/SPEX-doc/cookbookv3.00.00.pdf

A&A proofs: manuscript no. main

corresponds to a cut-off energy at 340 keV (De Rosa et al. 2002).
For the low-energy cut-off, we set a = —1 and 79 = Tseed, Which
corresponds to a cut-off at the seed photon temperature (7seeq) Of
the Comptonized disk component.

The warm absorber is modeled with nine PION absorption
components, which are multiplicative components. The most
highly ionized component (index 1) is assumed to be the clos-
est to the nucleus, while the least ionized component (index 9)
is assumed to be the furthest. In the absence of the obscurer, the
first PION absorption component is directly exposed to the AGN
SED. Ionizing photons received by the second PION absorption
is the AGN SED screened by the first PION absorption compo-
nent. The rest is done in the same manner. In the presence of
the obscurer, photons from the nucleus are first screened by the
obscurer then modified by PION absorption components.

The PION emission components (for the X-ray photoion-
ized emitter) are both multiplicative and additive. This is because
they reprocess ionizing photons which are not directly observed
(dashed lines in Figure 12) and emit photons which are directly
observed. Accordingly, the ionizing continuum is first multiplied
by the PION emission components (as multiplicative compo-
nents) then followed by a ETAU component with 79 = 1000
and a = 0 so that this ionizing continuum is not present in the
spectrum. As additive components, the PION emission compo-
nents are multiplied by the redshift of the AGN and the Galactic
absorption in X-rays.

We provide a rough estimate of the distance of the X-ray pho-
toionized emitter in the following. To estimate the distance of the
narrow and broad line gas, we need the mass of the supermassive
black hole, the geometry factor, broadening of the line due to Ke-
plerian motion (e.g., Eq. 1 of Peterson et al. 2004). The geome-
try factor is usually assumed to be 5.5 (Peterson et al. 2004). But
the broadening of the line due to Keplerian motion is unknown
in our case. We do have measurement on the line broadening but,
for the narrow emission line components, we attribute the broad-
ening to microscopic turbulence. Note that turbulence does not
only affect the broadening but also the strength of the line. We
attempted to add a macroscopic motion to the narrow line gas,
but we cannot obtain a meaningful constrain (Ve << Vic). That
is to say, we only have the upper limit on the line broadening due
to Keplerian motion, which yields the lower limit of the distance
(> 1 pc) of the narrow-line gas.

For the broad-line gas, the X-ray FWHM is broader than that
of the optical, indicating that the X-ray emitting gas is closer
to the black hole than the optical emitting gas. The distance
of the optical BLR ranges from 1.4 light-day to 10.2 light-day
(Peterson et al. 2004). Thus, we have a reasonable upper limit of
the distance (<1.4 light-day) of the X-ray broad-line gas.

The distance of the obscurer is about 10 light-day, according
to Mehdipour et al. (2017). Thus, the obscurer is farther away
than the X-ray BLR but closer than the X-ray NLR.
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