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Abstract

We present the results of the XMM-Newton and NuSTAR observations taken as part of the ongoing, intensive
multiwavelength monitoring program of the Seyfert 1 galaxy Mrk 817 by the AGN Space Telescope and Optical
Reverberation Mapping 2 (AGN STORM 2) Project. The campaign revealed an unexpected and transient
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obscuring outflow, never before seen in this source. Of our four XMM-Newton/NuSTAR epochs, one fortuitously
taken during a bright X-ray state has strong narrow absorption lines in the high-resolution grating spectra. From
these absorption features, we determine that the obscurer is in fact a multiphase ionized wind with an outflow
velocity of ∼5200 km s−1, and for the first time find evidence for a lower ionization component with the same
velocity observed in absorption features in the contemporaneous Hubble Space Telescope spectra. This indicates
that the UV absorption troughs may be due to dense clumps embedded in diffuse, higher ionization gas responsible
for the X-ray absorption lines of the same velocity. We observe variability in the shape of the absorption lines on
timescales of hours, placing the variable component at roughly 1000 Rg if attributed to transverse motion along the
line of sight. This estimate aligns with independent UV measurements of the distance to the obscurer suggesting an
accretion disk wind at the inner broad line region. We estimate that it takes roughly 200 days for the outflow to
travel from the disk to our line of sight, consistent with the timescale of the outflowʼs column density variations
throughout the campaign.

Unified Astronomy Thesaurus concepts: X-ray active galactic nuclei (2035); Astrophysical black holes (98); X-ray
astronomy (1810); High resolution spectroscopy (2096); Reverberation mapping (2019); Seyfert galaxies (1447);
High energy astrophysics (739); Active galactic nuclei (16)

1. Introduction

Astrophysical black holes address many significant research
questions from tests of theories of gravity (e.g., Yagi & Stein
2016; Sakstein et al. 2017), to investigations of extreme
physical processes, such as relativistic jets and outflows
(Blandford et al. 2019; Laha et al. 2021), and their effect on
the formation and evolution of galaxies (e.g., Cattaneo et al.
2009). The latter is due to interactions between the central
supermassive black hole (SMBH) and its host galaxy. This
phenomenon, referred to as active galactic nucleus (AGN)
feedback (e.g., Fabian 2012), encompasses the influence of the
AGN activity, driven by the SMBH, on the surrounding
galactic environment.

AGN feedback helps explain numerous observational results
such as the black holeM–σ relation and the luminosity function
of massive galaxies. The black hole M–σ relation indicates that
the velocity dispersion of the stars in the galaxy bulge is
correlated with the mass of the central SMBH (e.g., Kormendy
& Ho 2013). The galaxy luminosity function is found to
diverge from the cold dark matter prediction at high masses
(Klypin et al. 1999). This suggests that massive and powerful
outflows from the central black hole help prevent gas in the
galaxy from cooling to the level required for star formation
(Fabian 2012).

Despite the importance of AGN feedback in explaining
multiple results, observational evidence for the driving
mechanism remains sparse. One of the observed mechanisms
affecting galaxy star formation is galactic outflows. These
large-scale outflows have been detected in some AGN (e.g.,
Feruglio et al. 2010; Sturm et al. 2011; Cicone et al. 2014).
However, it is still unclear how these outflows are connected to
the central AGN.

In theoretical models, outflows can drive feedback on large
scales when their kinetic luminosities range from 0.5% to 5%
of the Eddington luminosity of the central black hole (e.g., Di
Matteo et al. 2005; Hopkins & Elvis 2010; Gaspari et al. 2020).
In the sphere of influence of the AGN, several types of
outflows are detected using high-resolution UV and X-ray
spectroscopy; first, ultrafast outflows (UFOs) are relativistic,
highly ionized (log ξ= 3–5 where the ionization parameter ξ is
in units of erg cm s−1) outflows mainly detected in the X-rays
through highly blueshifted Fe-K lines (e.g., Reeves et al. 2003;
Tombesi et al. 2013; Parker et al. 2017). On occasion, UV
counterparts have been detected (e.g., Kriss et al. 2018;
Mehdipour et al. 2022). UFOs have significant kinetic power,

but their persistence beyond the environment of the black hole
is uncertain. Second, warm absorbers (e.g., Crenshaw et al.
2003; Blustin et al. 2005) have a broad ionization distribution
(log ξ=−1–4, Holczer et al. 2007) and velocities of hundreds
of kilometers per second. They have been detected in both the
X-rays and UV (e.g., Mathur et al. 1997; Mehdipour et al.
2012; Ebrero et al. 2013; Laha et al. 2014). They can
potentially carry away a significant fraction of the originally
infalling mass but they do not have sufficient kinetic luminosity
to drive feedback (e.g., Blustin et al. 2005; Costantini 2010).
Finally, obscuring outflows originate from the accretion disk
with velocities of thousands of km s−1 and are observed to be
recurrent in a number of AGN (e.g., Leighly et al. 1994; Lamer
et al. 2003; Kaastra et al. 2014; Ebrero et al. 2016; Mehdipour
et al. 2017). They may be a promising driver of AGN feedback,
owing to the large momentum they carry.
The origin and driving mechanism of these AGN outflows

are unclear. Proposed mechanisms range from line driving,
where line radiation pressure from the disk and central AGN
launches unsteady fast streams (e.g., Proga et al. 2000; Proga &
Kallman 2004) to magnetic driving such as magnetohydro-
dynamic wind solutions (e.g., Blandford & Payne 1982; Konigl
& Kartje 1994; Fukumura et al. 2010), and dust-driven winds
where radiation pressure acts on dust grains within the AGN’s
circumnuclear region (e.g., FRADO model: Czerny &
Hryniewicz 2011; Edelson et al. 2015). Thermal driving,
where gas is heated by the central engine causing it to expand
and flow outward, may be a viable mechanism for the slower
warm absorbers (Waters et al. 2021).
The physical connection between the different types of

outflows found in X-rays and their relation to the UV broad-
line absorbing outflows is also uncertain. More observations
spanning diverse scales, and hence multiple wavelengths are
needed to discern the outflow properties and their ability to
cause AGN feedback. This was one of the main motivations
behind the Space Telescope and Optical Reverberation
Mapping Projects (AGN STORM 1 and 2); two large
multiwavelength monitoring campaigns discussed below.
AGN STORM 1 targeted the Seyfert 1 galaxy NGC 5548

(z= 0.0172) through a multiwavelength spectroscopic and
photometric monitoring campaign (De Rosa et al. 2015). It was
rooted around daily Hubble Space Telescope (HST) observa-
tions for a period of 6 months in 2014 along with high-cadence
Swift observations, Chandra observations, and extensive
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ground-based spectroscopic and photometric monitoring
(Edelson et al. 2015; Fausnaugh et al. 2016; Pei et al. 2017).

Among the various results of the AGN STORM 1 campaign
were changes in the emission and absorption lines (Goad et al.
2016; Pei et al. 2017) that are consistent with a variable,
obscuring disk wind, launched from the inner broad-line region
(BLR). This obscurer was previously detected by Kaastra et al.
(2014) in a multiwavelength campaign between 2013 May and
2014 February centered on 14 XMM-Newton spectra. They
observed a persistent, clumpy, ionized outflow responsible for
the broad UV absorption lines and for suppressing most of the
soft X-ray emission. This obscurer was presented as a likely
explanation for the “BLR holiday” observed during AGN
STORM 1, a period where the variability of the broad emission
lines and the high ionization absorption lines was decoupled
from the variability of the continuum (Goad et al. 2016;
Dehghanian et al. 2019).

In light of the wealth of results on the multiwavelength
reverberation mapping campaign of NGC 5548 (AGN STORM
1) and the separate XMM campaign for the same target
(Kaastra et al. 2014), we aimed to combine these efforts into a
large campaign that combined both high-cadence, multi-
wavelength monitoring with several deep XMM/NuSTAR
observations. The result is the AGN STORM 2 campaign on
Mrk 817 (PG 1434+590, z= 0.0315, Strauss & Huchra 1988).
Mrk 817 was selected to map the accretion disk of an AGN
with a significantly higher Eddington ratio than NGC 5548
through reverberation mapping (see Cackett et al. (2021) for a
recent review on this technique). Studying an ionized obscurer
was not the original motivation for the AGN STORM 2
campaign, as this source historically did not show strong
absorption in the UV and X-rays (Winter et al. 2011).
However, at the start of the campaign in 2020 November, the
source surprisingly showed significant obscuration (Kara et al.
2021, hereafter Paper I).

AGN STORM 2 is also centered around 2 day cadence HST
observations as part of a large 198-orbit program. Results from
the first third of the campaign were presented in Paper I. In
Paper II, Homayouni et al. (2023) presented the results of the
HST UV broad emission line reverberation mapping program.
Paper III, Partington et al. (2023), presented the results of the
high-cadence (1–2 days) NICER X-ray campaign, that tracked
the spectral variability of the ionized obscurer. Paper IV,
Cackett et al. (2023), presents the initial continuum
reverberation mapping results from the Swift X-ray, UV, and
optical campaign, which will be followed up with the ground-
based optical and near-infrared (NIR) continuum reverberation
(J. Montano et al. 2024, in preparation) and spectroscopic BLR
reverberation mapping (C. Hu et al. 2024, in preparation). In
this paper, we present the first results of the deep X-ray
campaign, which consisted of four simultaneous XMM-
Newton and NuSTAR observations, one of which was
concurrent with a Chandra/HETG observation. The focus of
this paper is the highest flux observation taken fortuitously
during the brightest X-ray state observed during the campaign
in 2021 April.

Paper I shows that Mrk 817 was in a deep X-ray low flux
state. Various observational results, including the variability of
the soft X-rays throughout the campaign relative to archival
XMM-Newton observations from 2009 (shown in Figure 1),
the sudden presence of broad and narrow absorption features in
the UV data, and the decoupling of the UV continuum and

broad emission line variability all pointed toward significant
obscuration of the ionizing source, particularly in the X-rays.
This obscuration is consistent with a dust-free, ionized,
partially covering obscurer located at the inner BLR (Paper I).
An independent analysis of a concurrent NuSTAR observation
also observed high obscuration (miller et al. 2021).
In this paper, we use high-resolution X-ray spectroscopy to

study the properties of the Mrk 817 obscurer. The HST,
XMM-Newton/pn, and NuSTAR observations allow us to
constrain the broadband spectral energy distribution. The
high-resolution data from the XMM-Newton Reflection
Grating Spectrometer (RGS) instrument allow us to measure
outflow properties such as velocity, ionization, and column
density. In Section 2, we present the observations included in
the AGN STORM 2 X-ray campaign and the data reduction
procedure. We present the results of our photoionization
modeling analysis of the 2021 April observation in Section 3,
which we discuss and interpret in Section 4. We summarize
our findings in Section 5.

2. Observations and Data Reduction

There were four XMM-Newton with four simultaneous
NuSTAR observations during the AGN STORM 2 campaign.
One long 100 ks Chandra/HETG observation was also taken
concurrently with the third XMM-Newton and NuSTAR
epoch. Table 1 lists the start time and net exposure time of
each XMM observation and Figure 2 shows the Swift XRT and
UVW2 light curves from 2020 December to 2022 February,
with vertical lines indicating when our four deep X-ray
observations took place.
Figure 1 shows the XMM-Newton pn and NuSTAR spectra

along with the only archival XMM-Newton observation, a 15
ks observation taken in 2009 when the source was significantly
brighter in the soft X-rays (Winter et al. 2011). Our new XMM-
Newton spectra show that there is significant long-term
variability, particularly in the soft X-ray band (Figure 1). This
can largely be attributed to a change in obscuration (see
Paper I); however, the X-rays vary by a factor of ∼2 even at
high energies (∼20 keV), indicative of variability intrinsic to
the X-ray corona.
The second of our planned XMM-Newton and NuSTAR

observations fortuitously took place during the only strong
X-ray state of the entire campaign (2021 April in Figure 2). The
NICER spectra revealed that this high-flux state is not only due
to a slight increase in ionizing luminosity, but also because the
obscuring gas becomes more transparent due to an increase in
ionization parameter and a decrease in column density
(Partington et al. 2023). Our XMM-Newton observation from
2021 April has a high enough signal to noise that we are able to
see individual blueshifted absorption lines from the obscurer in
the high-resolution RGS spectra in addition to weak emission
lines (see Figure 3). The other three observations were so
highly obscured that only emission lines from distant
photoionized gas are observed and no absorption lines are
detected (Figure 3). The 2021 April observation and the
properties of the obscuring outflow are the focus of this paper.
The other three observations will be the subject of a future
paper examining the nature of more distant, parsec-scale gas
flows around the AGN.
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2.1. XMM-Newton

We used the XMM-Newton Science Analysis System
(SAS) v19.0.0 and the most recent calibration files to process
the EPIC-pn data. The observations were taken in large-
window mode. We followed standard reduction procedures as
outlined in the XMM-Newton data reduction threads. The
source extraction region was a 35″ radius circular region
centered on the source. The background regions are also 35″
circular regions on the source detector avoiding contamination
by the instrumental copper line at the edges of the detector. The
count rate limit for flaring was set to 0.4 counts s−1 based on
the single event, high-energy (10–12 keV) pn background light
curve. The observations were clean of soft proton background
flares except at the edges of the observation’s background light
curve. The final exposure time was 104.7 ks. We produced the
response matrices using RMFGEN and ARFGEN in SAS. The
EPIC-pn spectra were binned to have at least 25 counts for each
background-subtracted spectral channel and without over-
sampling the intrinsic energy resolution by a factor larger than
3. We modeled the 1.5–10 keV energy range in order to allow
the RGS data to dominate the fits to the data at soft X-ray

energies. The reduced EPIC-pn spectra are shown in Figure 1.
Analysis of the 2020 December observation was presented in
Paper I, the 2021 April is the subject of this paper, and the other
observations will be the focus of a future paper.
For the XMM-Newton RGS data, we use the pipeline tool

RGSPROC to produce source and background spectral files, and

Figure 1. Flux density multiplied by E2 for the four XMM-Newton+NuSTAR epochs from the prime AGN STORM 2 X-ray campaign. For comparison, we show the
archival XMM-Newton observation from 2009 December (Winter et al. 2011) in gray. There is significant variability in the soft X-rays (due to the ionized obscurer) as
well as changes in the hard X-ray emission indicative of intrinsic variability in the corona. The 2021 April observation, in blue, is the focus of this paper.

Table 1
Details of the XMM-Newton PN Observations

ObsID Start Time Net Exposure
(ks)

0872390901 2020 Dec 18-05:48:42 108.7
0882340601 2021 Apr 18-22:17:01 104.7
0882340701 2021 Jul 17-18:11:06 83.5
0882340801 2021 Oct 27-11:29:46 92.5

Figure 2. The AGN STORM 2 Swift XRT and UVW2 light curves from
2020 December to 2022 February (Cackett et al. 2023). Vertical lines indicate
when the XMM-Newton and NuSTAR observations were conducted. The
green horizontal line indicates the anticipated count rate based on the mean flux
of an archival Swift campaign (Morales et al. 2019). During the AGN STORM
2 campaign, the source was largely obscured, with a mean Swift/XRT count
rate below 0.2 counts s−1, except for a high-flux state in 2021 April. Our
second XMM-Newton and NuSTAR observation serendipitously took place
during 2021 April.
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instrument response files following standard procedures. We
used 0.11 counts s−1 as the background flaring limit. The final
exposure time is 129.5 and 129.2 ks for RGS 1 and 2,
respectively. We bin the RGS 1 and 2 spectra using the
“optimal binning” from Kaastra & Bleeker (2016). We used the
7–35Å wavelength range of the RGS data in our fits
(corresponding to 0.35 keV—1.77 keV). The reduced RGS
data for the four epochs is shown in Figure 3. The 2021 April
RGS data show clear absorption troughs and have higher flux
than the other three observations, which are dominated by
emission lines.

Figure 4 shows the extracted EPIC-pn light curves in the soft
(0.3–2 keV) and hard (2–10 keV) energy bands with the
corresponding hardness ratio. Both the soft and hard X-ray
bands clearly show rapid variability. Interestingly, the hardness
ratio shows much less variability, but does show a 50%
increase (i.e., hardening) about halfway through the observa-
tion. As will be discussed in Section 3.2, this change in spectral
shape motivates us to analyze the RGS spectra in two separate
segments.

2.2. NuSTAR

Concurrent NuSTAR observations were taken for each of the
four epochs. We used the NuSTAR Data Analysis Software
(NUSTARDAS V2.0) to process the observations. We used the
NUPIPELINE task and CALDB version 20100101v001 to
produce and calibrate Level 2 event files. The source and
background regions were circular regions with radii of 35″ and
124″, respectively. We bin the data so that the signal to noise is
greater than 3σ in each bin and oversample the instrumental
resolution by a factor of 3. We modeled the 3–50 keV energy
range. The NuSTAR spectra are shown in Figure 1.

3. Results

We analyze the 2021 April observation using the X-ray
spectral fitting package SPEX (Kaastra et al. 1996), which
allows us to investigate the photoionization structure of the
outflowing gas producing the absorption lines. Throughout our
analysis, we used Cash (1979) statistics to assess the goodness
of fit, and the errors reported are within 1σ errors. Distance
calculations assume H0= 70.0 km s−1 Mpc−1, Ωm= 0.300,
ΩΛ= 0.700, and Ωr= 0.000, leading to a luminosity distance
of 137.96Mpc (Strauss & Huchra 1988).

3.1. Model Components

To construct a model for the ionizing spectral energy
distribution (SED), we fit the XMM-Newton + NuSTAR
observation taken on 2021 April. The broadband SED is
needed to accurately determine the ionization balance for the
photoionized absorber model. The EPIC-pn and NuSTAR data
constrain the lower-resolution broadband spectra (1.5–50 keV),
while the RGS data cover the 10–36Å (0.35–1.2 keV) range.
Similar to previous analyses (e.g., Kaastra et al. 2014), we omit
the 0.3–1.5 keV pn data from our analysis since we do not want
the higher count rate CCD spectra to dominate the model fits
over the RGS spectra.
The best-fitting obscured and inferred unobscured (con-

tinuum) SED models are shown in Figure 5. In this section, we

Figure 3. The stacked RGS spectra from the four epochs. The 2021 April high-flux observation (blue) shows clear absorption troughs and is the subject of this paper.
All the observations are binned used optimal binning (Kaastra & Bleeker 2016). The 2020 December, 2021 July, and 2021 October RGS spectra are shown in light
blue, purple, and orange, respectively. These epochs are lower flux and show clear emission lines (F. Zaidouni et al. 2024, in preparation). These three observations are
further binned by a factor of 3 for visualization purposes.

Figure 4. The XMM-Newton EPIC-pn soft band (0.3–2 keV; top panel) and
hard band (2–10 keV; middle panel) light curves in 100 s bins along with the
corresponding hardness ratio (hard/soft) for the 2021 April observation. The
spectrum hardens significantly at ∼60 ks, and the dotted black line delineates
the division into two segments for the time-resolved analysis.
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describe the different components of the broadband continuum
model.

1. Thermal emission from the accretion disk peaks in the
UV, and we model this as a multitemperature disk
component (DBB in SPEX, orange dashed line in
Figure 5). The temperature and normalization are fixed
to the values from fits to the STIS+COS NIR to UV
spectrum presented in Paper I.

2. The X-ray continuum is produced by inverse Compton
scattering of disk photons in the mildly relativistic
corona. We model the X-ray continuum as a cutoff
power law (pow and etau in SPEX, green dotted–dashed
in Figure 5). The upper energy is fixed at 300 keV, typical
of AGN X-ray coronae (Fabian et al. 2015). We set a
lower energy cutoff of 20 eV (equivalent to the maximum
temperature of the disk component). Freeing the energy
limits does not significantly change the fit.

3. Paper I showed that the inferred outflow properties were
insensitive to the choice of a physical model for the soft
excess (i.e., a “warm corona,” e.g., Petrucci et al. 2018, or
blurred reflection, e.g., García et al. 2013), so we simply
model the soft excess as a blackbody (bb in SPEX, blue
dotted line in Figure 5).

4. We model distant X-ray reflection (pink dotted in
Figure 5) using the refl model (nonrelativistic
reflection), which accounts for a narrow iron K-line and
the Compton hump (Magdziarz & Zdziarski 1995; Zycki
et al. 1999). The refl model in SPEX is a relatively basic
reflection model, which suffices for the current analysis.
We will consider more detailed reflection models later, as
in Paper I and Miller et al. (2021).

5. We use the hot model in SPEX to account for Galactic
absorption with a fixed temperature of 8× 10−6 keV

corresponding to the case of cold interstellar medium
(ISM) plasma. We fix the Galactic column density to N
(H I)= 1.15× 1020 cm−2 (Murphy et al. 1996).

6. The ionized obscurer is modeled using the photoioniza-
tion model PION. PION uses the ionizing spectrum from
the continuum components to calculate the transmission
and emission of a slab of photoionized plasma. It takes
into account the time variability of the continuum in the
calculations of the ionization balance (Miller et al. 2015;
Mehdipour et al. 2016). The abundances are set to the
protosolar abundances of Lodders et al. (2009). We find
that the RGS data statistically require three PION
components to fully describe the shape of the absorption
lines. Given the degeneracy between the covering
fraction and column density, constraining both para-
meters simultaneously is challenging, so we often fix the
covering fraction at 1 to simplify the analysis. More
details about the photoionization modeling are presented
in the time-resolved analysis section (Section 3.2).

7. The analysis of the XMM+NuSTAR X-ray spectrum
from 2020 December (ObsID: 0872390901, Table 1) in
Paper I revealed emission from distant circumnuclear gas
outflowing with a velocity of v=−400± 70 km s−1.
Although the 2021 April RGS observation is dominated
by strong, narrow absorption lines, it also shows
signatures of these narrow emission lines so we add
Gaussian profiles (gaus in SPEX, Gauss 1809) for the
five detected emission lines: Ne IX He-α (13.45Å),
O VIII Lyα (18.97Å), O VII (f) (22.101Å), N VII Lyα
(24.78Å), and C VI Lyα (33.74Å). The line wavelengths
are fixed to their rest energies, the line full width at half-
maxima is coupled between the emission lines, and the
normalizations are left as free parameters. A single reds

Figure 5. The best-fitting SED model. The total obscured (observed) SED is shown in blue, and the inferred unobscured (intrinsic) continuum in red. The model
components are shown using non-solid lines. The X-ray continuum is modeled as a cutoff power law (green dotted–dashed). We model the soft excess as a
phenomenological blackbody spectrum (blue dotted). The accretion disk is modeled as a multitemperature disk blackbody (orange dashed). The X-ray reflection (iron
Kα and Compton hump emission) is shown as a pink dotted line.
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component was added to account for the velocity shift in
all five lines.

Hence, the full model in SPEX syntax is

{( )
} ( )1

´ + + ´ +
+ ´ ´ ´
pow 2etau bb dbb 3pion refl
5gaus reds hot reds

Finally, we searched for the UFO previously discovered in
Mrk 817 by Zak et al. (2024). They observed a structured UFO
in Mrk 817 using XMM-Newton and NuSTAR observations
obtained during a low flux state during 2022 April. Motivated
by their result, we searched for a blueshifted Fe XXVI UFO line
(rest-frame energy of 6.97 keV) using a Gaussian line scan of
the iron line region. We allow the blueshift to vary between
0.039c and 0.099c. This range is chosen given the uncertainties
bounding the velocities seen in Zak et al. (2024) in addition to
at least ±10% of the uncertainty. We check using a full width
at half-maximum of 0 and 1000 km s−1. We find a shallow
feature blueshifted at v c 0.039 0.0001

0.002= - -
+ . The fit improved by

ΔC= 5 for 2 dof, corresponding to an improvement at the
1.74σ level, and thus, it is not significantly detected. We will
explore this in our future analysis of the low-state observations.

The blue line in Figure 5 shows the final model, after the
continuum is obscured. Figure 6 shows the RGS spectrum and
the best-fitting model. The unobscured SED has a 1–1000 Ryd
(0.0136–13.6 keV) ionizing luminosity of 8.1× 1044 erg s−1

compared to 6.5× 1044 erg s−1 for the obscured SED.

3.2. Time-resolved Analysis

Motivated by the change of the hardness ratio and count rate
in the pn light curve shown in Figure 4, we split the light curve
into two segments (Segment 1: t< 60 ks and Segment 2:
t> 60 ks) as indicated by the dotted black line. We reduced
each segment following the same procedures outlined in
Section 2 for the RGS, XMM pn, and NuSTAR data. The time-
resolved RGS spectra (shown in the Appendix) show changes
in the absorption lines. For example, the absorption troughs in
Segment 2 are generally narrower than in Segment 1 (see the
close-up of the O VIII Lyα line in Figure 7). This indicates

that in addition to changes in the absorption and continuum
observed in the broadband data between observations
(Figure 1), the outflow properties also change on timescales
of <1 day. This further motivates a time-resolved modeling
analysis.
In what follows, “component” refers to each of the

photoionization models (PION in SPEX) used in fitting the
RGS absorption lines, while “segment” refers to the time-
resolved spectra obtained by splitting the XMM-Newton (pn
+RGS) + NuSTAR observations into two segments.
Using the model in Equation (1), we fit the RGS, pn, and

NuSTAR spectra of Segment 1 and Segment 2 separately,
allowing the continuum to vary between segments.

Figure 6. The time-averaged RGS spectrum with the best-fitting model overlaid in red. A subset of the absorption lines are labeled at their blueshifted wavelengths.
The residuals are calculated as “(data-model)/error.”

Figure 7. The O VIII Lyα from Segment 1 (t < 60 ks, red points) and Segment
2 (t > 60 ks, blue points) with the best-fitting models. This is an example of the
enhanced red wing present in Segment 1 and not Segment 2.
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The final model fits for both segments are shown in
Figure 13. Figure 8 shows a zoom-in of the pn spectra over
the 5–8 keV range. No significant absorption lines (e.g., from
Fe XXV or Fe XXVI) are predicted by the model or present in
the data. The only major difference between Segments 1 and 2
in this band is in the shift in the iron emission line. In
Segment 1, the model is largely consistent with neutral
reflection: the fit improves by only ΔC= 3.24 for 1 dof
compared to a fit with a neutral reflection model fit,
corresponding to an improvement at only a 1.8σ level.
However, in Segment 2, neutral reflection is not sufficient,
and we find an ionization parameter of 0.06 0.02

0.04
-
+ erg cm s−1: the

fit improves by ΔC= 16.15 for 1 dof compared to a fit with
neutral reflection, corresponding to a significant improvement
at the 4σ level. While the need for ionized reflection is only
required in Segment 2, we cannot statistically determine
whether there is variability in the ionized reflection component
between Segments 1 and 2 (indeed a Gaussian fit to the line in
Segments 1 and 2 result in a centroid energy that is consistent
within 1σ). The neutral and ionized emission lines will be
examined in more detail in further papers, but here, we simply
allow the ionization parameter to vary between segments in
order to obtain the best fit of the continuum.

The observed flux (0.3–50 keV) decreases by 32% from
Segment 1 to 2 and this decrease in flux and spectral hardening
(Figure 4) is due to an intrinsic luminosity decrease, rather than
a significant increase in the overall obscuration (Figure 9).

Table 2 provides the final model parameters for the time-
averaged spectrum and for each segment. Statistically, the final
fit for Segment 1 requires three PION photoionization
components (ΔC= 228 for 4 dof between a model with one
PION and two PIONS, and ΔC= 35 for 4 dof between a model
with two PIONS and three PIONS, corresponding to an F-test

Figure 8. The region around the Fe-K alpha emission line from the EPIC-pn
instrument data. We overlay the best-fit model in red. There are no strong
absorption features in this energy band, but we find that the data prefer a mildly
ionized reflection model over a neutral reflection model (blue), particularly in
Segment 2 when the spectrum is harder (see Table 2 for the parameter values).

Figure 9. The evolution of key obscurer parameters between the first and
second half of the observation. The top panel shows the intrinsic luminosity
(absorption corrected) between 0.3 and 10 keV. The rest of the panels show the
best-fitting values of the column density, ionization, and outflow velocity for
each segment (values from Table 2).
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significance of >8σ and 5σ, respectively). On the other hand,
the final fit for Segment 2 requires only two PION components
(ΔC= 136 for 4 dof between a model with one PION and two
PIONS corresponding to a significance >8σ, and ΔC= 14 for 4
dof between a model with two PIONS and three PIONS,
corresponding to only a 2.6σ significance). There is a
fitting scenario where adding a third PION to Segment
2 improves the fit more significantly (by 5σ) but, in that
case, the PION component has a very high column density
(NH> 3×1023 cm−2) and ionization parameter (log 4x > ) in
favor for a much lower reflection scale (scale <0.4). This
would make it significantly Compton thick, likely requiring a
strong reemission component, which is not observed. A similar
component shows up in Segment 1 upon adding a fourth PION,
so this scenario is not unique to Segment 2. Given that the
neutral reflection component is not expected to change
dramatically on such short timescales, and that this PION
component does not contribute to modeling any additional
spectral lines (as detailed below and in Figure 10), we conclude
that the significance of the third component is due to a
degeneracy between the parameters and not physical.

We visualize the contribution of each PION component to the
final fit in Figure 10. In both segments, the first PION
component primarily fits the low ionization transitions,
including the unresolved Fe transition array (UTA; Behar
et al. 2001), while the second PION component primarily
describes the higher ionization transitions. The third PION
component, present only in segment 1, models the red wing of
the absorption troughs seen in prominent features such as
C VI Lyα at a rest wavelength of 33.74Å and O VIII Lyα at a

rest wavelength of 18.97Å (shown in the top and middle panel
of Figure 13 in the Appendix). A close-up of O VIII Lyα is also
shown in Figure 7.
Our analysis shows that in Segment 1, the covering fractions

for PION 2 and 3 are both consistent with unity, as detailed in
Table 2. For Segment 2, to facilitate a direct comparison with
Segment 1, we set the covering fraction of PION 2–1 (otherwise
a lower covering fraction can be found in favor of a higher
column density).
Most of the model parameters are consistent to within 2σ

between Segments 1 and 2, specifically the ionization
parameters, velocity broadening parameters, and the outflow
velocities for PION 1 and 2, along with the column densities of
PION 2. Conversely, the column densities and covering
fractions of PION 1 in Segment 2 exceed those in Segment 1,
with approximately 3σ significance.
The best-fitting parameters for both segments are illustrated

in Figure 9. The obscurer is a multiphase outflow in terms of
both ionization parameters and outflow velocities. It is also
variable across the duration of the observation as the absorption
increases and the intrinsic luminosity decreases. Additional
variability is manifested by the slower photoionization
component, responsible for the extended red wing in the first
segment that is much less evident in the second segment.

3.3. Comparison with the UV Band

In earlier AGN STORM 2 papers, we noticed broad UV
absorption troughs in absorption lines such as C IV and Si IV.
These absorption troughs are blueshifted by ∼5000 km s−1,

Table 2
Model Parameters

Component Parameter Time Averaged Segment 1 Segment 2

POW Γ 2.0391 ± 0.016 2.085 0.014
0.002

-
+ 1.988 0.022

0.023
-
+

Norm (1049 ph s−1 keV−1) 1303 41
54

-
+ 1516 ± 4 1115 52

54
-
+

BB T (keV) 0.0876 ± 0.0021 0.0880 ± 0.0003 0.086 0.004
0.003

-
+

Norm (1016 m2) 3800 400
500

-
+ 3900 ± 100 3500 600

800
-
+

REFL ξ (erg cm s−1) 0.05 0.01
0.02

-
+ 0.02 ± 0.01 0.06 0.02

0.04
-
+

scale 0.62 ± 0.04 0.62 0.02
0.03

-
+ 0.60 ± 0.06

PION 1 NH (1021 cm−2) 22.346 ± 0.001 20.42 0.19
0.18

-
+ 25.11 1.69

1.74
-
+

log x (erg cm s−1) 2.31 0.02
0.03

-
+ 2.33 ± 0.01 2.40 ± 0.04

cov. frac. Ω 0.860 0.072
0.005

-
+ 0.841 ± 0.004 0.898 ± 0.012

σv (km s−1) 93 ± 11 116 10
11

-
+ 80 13

15
-
+

vout (km s−1) −5900 ± 40 −5800 ± 50 −5900 ± 50

PION 2 NH (1021 cm−2) 42.485 ± 0.005 42.48 0.59
4.93

-
+ 28.57 6.18

7.05
-
+

log x (erg cm s−1) 3.46 ± 0.03 3.25 ± 0.01 3.34 ± 0.06
cov. frac. Ω 1a >0.96 1a

σv (km s−1) 67 13
14

-
+ 69 5

6
-
+ 128 30

35
-
+

vout (km s−1) 5500 40
60- -

+ −5400 ± 50 −5600 ± 80

PION 3 NH (1021 cm−2) 1.18 0.37
0.39

-
+ 0.68 0.1

0.88
-
+ L

log x (erg cm s−1) 2.90 0.06
0.05

-
+ 2.68 0.07

0.06
-
+ L

cov. frac. Ω 1a >0.75 L
σv (km s−1) 73 22

31
-
+ 157 36

49
-
+ L

vout (km s−1) −3900 ± 100 −4100 ± 100 L

χ2/dof 1895/1532 1723/1520 1756/1508

Note.
a Fixed parameter.

9

The Astrophysical Journal, 974:91 (16pp), 2024 October 10 Zaidouni et al.



and the equivalent widths (EW) of these troughs are correlated
with the column density of the obscurer (Partington et al. 2023,
Paper I). This coevolution of the X-ray and UV absorption
features suggests we are seeing an evolution of different
ionization states of the same gas. The high-resolution X-ray
spectra allow us to identify individual absorption lines so we
can compare the dynamics and energetics of the UV and X-ray
outflow in more detail.

Using the time-averaged RGS X-ray spectrum, we zoom in
on several absorption lines to show their rest-frame velocity
profiles in Figure 11. The X-ray absorption lines show a
blueshift of ∼6000 km s−1 matching the properties and
velocities seen in the pion models (see Table 2).

The top panel of Figure 11 shows the C IV (1548.195Å)
broad UV absorption troughs in the HST COS data from
HJD= 59322.4023 (this data may be obtained from the MAST
archive at doi:10.17909/10sp-zt74). The C IV absorption
trough was chosen since it shows the kinematic structure of
the outflow and is not blended with other transitions (G. Kriss
et al. 2024, in preparation).

To fit the C IV absorption line, we start with the model of the
emission spectrum as described in Paper I. The absorption is
complex, and we characterize it with several Gaussians. Each
Gaussian has a freely varying strength, velocity, and width. The
two components of the C IV doublet have their optical depths
fixed at a 2:1 ratio (blue:red), velocities tied by the ratio of their
rest wavelengths, and identical widths. The C IV fits include a
narrow doublet at ∼−3200 km s−1, and a blend of four
overlapping components that comprise the main portion of the
absorption trough at ∼−5500 km s−1. This main portion of the
absorption trough also has its overall profile shaped by another
Gaussian that specifies a smoothly varying covering fraction.
Thus, at lower optical depths, when the individual lines are not
saturated, one can begin to resolve the individual velocity
components. The two strong lines at ∼−9000 km s−1 that are
not part of the fit are the foreground interstellar C IV absorption
lines. Details on the fits for the overall HST COS spectra of
Mrk 817 will be presented by G. Kriss et al. (2024, in
preparation).
The most important point in our comparison of the X-ray

RGS and the UV C IV absorption troughs is that both have a

Figure 10. The contribution of each of the PION photoionization model components to the overall fit for Segment 1 (t < 60 ks, top panel), and Segment 2 (t > 60 ks,
middle panel). The bottom panel shows the scenario where a statistically significant, but redundant PION component is added to the fit of Segment 2. The models are in
the form of “(pow × etau × etau + bb + dbb + refl) × pion, ” which we achieve by setting the covering fraction of the other PION components to zero. For
both Segments 1 and 2, PION 1 (black) is the lowest ionization component, fitting largely the long wavelength lines and the iron UTA, while PION 2 (blue) is a higher
ionization component, modeling largely the shorter wavelength lines. PION 3 (pink) accounts for the asymmetry in the line shapes of Segment 1 (see the text for
details).
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blueshifted component at ∼−5500 km s−1, indicating that they
are likely from the same material. We discuss the interpretation
of this finding in more detail in Section 4.

4. Discussion

In this paper, we present the results of the photoionization
and kinematic properties of the obscuring wind in Mrk 817. It
has been shown to be highly variable (Partington et al. 2023),
and appears to have a significant effect on the measured time
lags (both the BLR lags; Homayouni et al. (2023), and the
continuum lags; Cackett et al. (2023), Lewin et al. (2024). We
have four XMM observations at different points in the
campaign (Figure 2). Figure 1 shows that the amount of
obscuration correlates with the intrinsic luminosity. At one
particularly bright observation during 2021 April 18, we were
able to see X-ray absorption lines at 5000–6000 km s−1.

Similar ionized obscurers have been seen before in NGC
5548 (Kaastra et al. 2014), NGC 3227 (Lamer et al. 2003),
NGC 985 (Ebrero et al. 2016), NGC 3783 (Mehdipour et al.
2017), MR 2251-17 (Halpern 1984; Mao et al. 2022), NGC
6814 (Leighly et al. 1994), NGC 3516 (Turner et al. 2008), and
Mrk 335 (Longinotti et al. 2013). Typically, they have column

densities of NH∼ (0.2–200)×1022 cm−2, ionization parameters
of log x ~ -2–4 erg cm s−1, covering fractions from 20%
to 100%, and outflow velocities ranging from −1000 to
−6200 km s−1. These properties distinguish them from the
slower warm absorbers (WAs) flowing at only hundreds of
kilometers per second. Interestingly, these ionized obscurers
have been observed exclusively in AGNs that also have WAs.
Here, we detect an ionized obscurer in Mrk 817, and for the

first time, we show that it is kinematically linked to UV broad
absorption lines (Figure 11). Moreover, we do not detect a WA
making it the first example of an obscurer without a WA.
Perhaps shielding of high-energy photons by the obscurer
prevents the launching of WAs at larger radii or perhaps WAs
have different covering factors than the obscurers.
The fact that the UV and X-ray absorption components are

kinematically linked, and that the column density of the
obscurer traces the EW of UV lines on longer timescales of
months (Partington et al. 2023) indicates that the low ionization
wind found in the UV and the higher ionization wind found in
the X-rays are spatially coincident. This spatial coincidence can
be physically manifested in different ways. UV absorption may
arise from weakly ionized gas clumps embedded within a more
ionized, diffuse X-ray obscuring medium as suggested by
Krolik & Kriss (1995) and supported by the variability of the
UV and X-ray covering fraction of the absorbing gas
(Partington et al. 2023). Alternatively, different ionization
zones may result from outflow stratification, with the most
ionized X-ray layers nearest the black hole and the UV layers
further away, consistent with the UV obscurer’s slightly lower
velocity compared to the X-ray obscurer (Figure 11) and the
impact of the order of the photoionization components on the
outflow characteristics in our spectral models (see Section 4.3
for more details). Based on the results of these models, we can
place constraints on the location and duty cycle (Section 4.1),
energetics (Section 4.2), and thermodynamic properties
(Section 4.3) of the outflow.

4.1. Constraints on the Launching Radius and Energetics

The ionization parameter of the absorbing plasma

( )L

nr
2ion

2
x =

is a function of the radial distance of the absorber from the
ionizing source (r), the electron number density (n), and the
ionizing luminosity Lion calculated over 1–1000 Ryd (13.6 eV
to 13.6 keV). While we can measure the ionizing luminosity,
the distance and the density of the absorber are degenerate and
cannot normally be directly determined from spectral
modeling.
Using constraints on the ionization parameter, column

density, and velocity of the obscurer, we can make fairly
crude, order-of-magnitude estimates for the location of the
outflow. All PION components have relatively similar
velocities, so we make the assumption that these components
trace gas at a similar location. Taking the arithmetic mean of
the parameters of the time-averaged model fits in Table 2 and
then summing up the resulting column densities, we adopt a
total column density of N 6.6 10H

tot 22 ´ cm−2, an ionization
parameter of log 3.1x , i.e., ξ; 1300 cm erg s−1, an outflow
velocity of v ;−5200 km s−1, and a 1–1000 Ryd ionizing
luminosity of Lion; 8.1× 1044 erg s−1.

Figure 11. The top panel shows the C IV line profile from an HST COS
spectrum taken a day before the X-ray observation (see text for details). The
bottom panel shows strong X-ray absorption line profiles from the overall
2021 April RGS spectrum, notably, the transitions: O VII Lyα, O VII (r), N VII
Lyα, and C VI Lyα along with the model fit to the overall observation. The
velocities are with respect to the rest frame of the source. The y-axis is the
normalized flux with respect to the unabsorbed continuum. Both the X-ray and
UV data show evidence for an obscurer outflowing at between ∼ −5000 and
∼ −6000 km s−1. The vertical dashed lines show the approximate centers of
the absorption troughs.
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Assuming that the thickness (Δr) of the absorbing layer is
not larger than its distance from the X-ray source (i.e., Δr/
r< 1) and using NH∼ nCvΔr∼ Cv(L/ξ)(Δr/r2), where Cv< 1
is the volume filling factor, we can set an upper limit for the
distance of the obscurer from the black hole of

r
L

N
R1.6 10 9.5 10 cm 3 pcgmax

ion

H

6 18 
x

= » ´ ´

(e.g., Crenshaw & Kraemer 2012; Tombesi et al. 2013;
Serafinelli et al. 2021). This estimate assumes that the absorber
is confined to a small radial range at a well-defined distance
from the central source. If we also assume that the outflow
velocity is equal to the local escape velocity, then the distance
of the obscurer from the central source is estimated as

r
c

v
R R2 6600 3.8 10 cm 0.01 pc,g g

2

2
16 = » ´

where we assume a black hole mass of ( )M Mlog BH  =
7.59 0.07

0.06
-
+ (Bentz & Manne-Nicholas 2018). We note that the

winds need not have the local escape speed. This estimate is an
upper limit on the distance only if Mrk 817ʼs outflow is a failed
wind, implying the total outflow velocity is less than the escape
velocity and hence the line-of-sight velocity is also lower than
the escape velocity. If the outflow is successful, the total
outflow velocity exceeds the escape velocity, but the line-of-
sight velocity is not necessarily lower or greater than the escape
velocity.

Additionally, we can use the time variability of the third
photoionization component during our observation to improve
our distance estimate. If we assume that the observed
variability is due to transverse motion across the line of sight,
then we can estimate the transverse velocity of this component
given the size of the X-ray source. Lewin et al. (2024) used the
2021 April XMM-Newton observation of Mrk 817 to perform
frequency-resolved X-ray reverberation mapping, which
revealed short soft X-ray lags (∼150 s). These lags correspond
to a coronal size of approximately∼ 10 Rg, consistent with
reverberation modeling in other AGN, suggesting a compact
corona (e.g., Dai et al. 2010; Chartas et al. 2016; Kara et al.
2016; Lewin et al. 2022).

Thus, assuming Rc≈ 10 Rg for the coronal size, and given
that we observe variability over (δt≈ 60 ks), the implied
transverse velocity is at least

R

t
9500 km s .c 1

d
» -

For simplicity, we assume a Keplerian velocity for the
absorbing clumps, then the part of the outflow modeled by
PION 3 should be located at a distance of at most

r R1000 5.7 10 cm 0.002 pcg
15 » ´

from the black hole. This estimate of the distance places the
third photoionization component near the inner BLR,
consistent with the distance to the obscurer inferred by the
reverberation time delays between the UV-emitting disk and
the broad C IV emission line (Homayouni et al. 2023). It also
aligns with the estimates in Paper I for the distance of the
obscurer based on UV photoionization modeling with CLOUDY

(Chatzikos et al. 2023). Thus, the distance this outflow crosses
during 60 ks if it was indeed located at the 1000 Rg inferred

from the UV analyses is comparable to the X-ray corona size,
in line with the possibility that the observed variability during
our observation is due to transverse motion across the line of
sight. Thus, while this variability-based distance estimate, in
our analysis, is inferred for PION 3, it is plausible that all the
X-ray photoionization components are cospatial. This is
supported by their similar velocities (4000−6000 km s−1) and
the agreement with the independent distance measurements
from the UV, given the kinematic consistency between the
X-ray and UV outflow that we established in Section 3.3.
Next, we can determine the corresponding particle density of

the wind as n= Lion/(r
2ξ); 2× 1010 cm−3, which is

consistent with the CLOUDY density estimate in Paper I made
using broad UV absorption troughs.
Finally, we can make a rough estimate of the time it takes for

the outflow to leave the disk and reach our line of sight,

( )
t

Rdistance traveled

velocity of gas

tan 90 30 1000

5200 km s
g

flight 1
= ~

- 
-

yields

t 200 days,flight ~

where we have assumed an inclination of 30° (Paper I constrains
the inclination to be <40° and, independently, Miller et al.
(2021) constrains it to ∼20°). We assume that the wind launched
at the 1000Rg distance estimate (making the flight time a lower
limit if it was launched below 1000 Rg), and assume that the
vertical velocity of the outflow to be similar to the line-of-sight
velocity of ∼5200 km s−1. If it takes ∼200 days for material to
reach our line of sight, then we only sample a small part of the
wind streamline, far from the launching site during our brief
∼120 ks XMM-Newton observation. Any variations at the
launching point (e.g., higher mass outflow rate due to increased
luminosity) that could result in differences in the column density
or velocity structure likely take months to reach our line of sight.
The only exception is the ionization parameter, which responds
quickly to changes in the ionizing continuum if the wind density
is sufficiently high. Interestingly, 200 days is roughly the
timescale on which we observe large, order-of-magnitude
changes in the X-ray column density of the obscurer (Partington
et al. 2023). Additionally, if we instead use the escape radius of
6600Rg, we obtain a flight time of ∼1500 days, which is too
slow to reproduce the observed variability in the EW of the UV
absorption troughs and changes in the X-ray obscuration
observed throughout the campaign.

4.2. Estimates of the Mass Outflow Rate and Kinetic
Luminosity

The continuity equation M r v2 r= W relates the mass-loss
rate to the radius, velocity, and solid angle Ω of the outflow.
The outflow mass density ρ= Cvmpn depends on the electron
number density n and the filling factor of the absorbing outflow
Cv. The electron number density is also related to the total
column density N nC rvH

tot = D where Δr is the thickness of the
absorbing layer. Combining these and assuming that Δr< r
where r is the distance from the X-ray source to the outflow, the
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lower limit on the mass-loss rate is

( )M
rm N v M0.005 yr , 3p H

tot 1


 
W

> -

similar to Equation (1.1) of Kaastra et al. (2013), where we
have used r∼ 1000 Rg, v;−5200 km s−1, and N 6.6H

tot  ´
1022 cm−2. This mass-loss rate then implies a minimum kinetic
luminosity of

L
L4.2 10 erg s 0.003% ,kin 40 1 1

bol
1

W
´ W ~ W- - -

where Lbol∼ 1.4× 1045 erg s−1 is calculated from our unobs-
cured SED model (10−3

–105 keV).
To obtain an upper limit, we follow Blustin et al. (2005),

where we can use Equation (2) to determine n, leading to

( )M

C

m L v
. 4

v

p ion

xW
~

We use the same values for ξ, Lion, and v as before,

L

C
L C7.4 10 erg s C 5% .

v
v v

kin 43 1 1 1
bol

1 1
W

´ W ~ W- - - - -

The value of Cv is unknown; we can obtain an upper limit on
the kinetic luminosity by assuming Cv= 1. For a reasonable
value of 0.25

4
~

p
W we obtain a range of kinetic luminosity of

0.01% Lbol to 16% Lbol which is too broad to determine the
significance of feedback. If we instead use Cv∼ 8% as the
upper limit on the volume covering factor derived by Blustin
et al. (2005) from many similar AGN, using Equation (4), we
obtain a kinetic luminosity of 1.3% Lbol, which is above the
0.5% threshold needed for significant feedback (Hopkins &
Elvis 2010). This holds for any Cv> 3.1% in our calculation
using 0.25

4
~

p
W . Thus, based on this exercise, it is a

possibility that the outflow plays a role in driving feedback
on large scales in Mrk 817. Assessing the outflow’s true impact
on the broader galactic environment necessitates estimating the
total kinetic energy released over a significant part of the
AGN’s lifetime, this kinetic luminosity estimate is from our
one day observation, which might not hold true over longer
timescales. Long-term monitoring campaigns, such as AGN
STORM 2, will help us better constrain the duty cycle.

4.3. Thermal State of the Photoionized Gas

The SPEX photoionization modeling estimates the thermal
and ionization balance based on the SED of the ionizing
source, the elemental abundances of the ionized plasma
(Mehdipour et al. 2016), and assume photoionization
equilibrium. Under this assumption, the temperature of the
gas is a unique function of its ionization parameter ξ. If we
assume pressure balance between the radiation field and the
gas, then the pressure form of the ionization parameter is
(Krolik et al. 1981)

F

n ckT

L

r n ckT ckT T4 4
19, 225 ,

H

ion
2

Hp
x

p
x

X = = = »

where F= Lion/(4πr
2) is the flux of the ionizing source

between 1 and 1000 Ryd and k is the Boltzmann constant. The
electron temperature T shown as a function of Ξ is often
referred to as the S curve or the thermal stability curve. In

regions of the curve with a positive gradient, a small increase in
temperature will increase the cooling, and the photoionized gas
is thermally stable. Regions with a negative gradient are
thermally unstable since a small perturbation in temperature
will instead grow.
Figure 12 shows the S curves for Segments 1 and 2. Each

photoionization model sees a slightly different SED, which
yields a slightly different S curve. The photoionization
components are arranged so that the highest ionization
component sees the unobscured SED, and the lowest ionization
component sees an obscured SED. While this is a reasonable
assumption, the actual order of the photoionization components
is not known, and the shape of the SED is sensitive to the order
of the components.
Figure 12 shows that PIONS 1 and 2 lie in thermally stable

regions for both segments (red and blue stripes). On the other
hand, PION 3 of Segment 1 falls near the thermal instability
region of the S curve. This could explain its variability over the
timescale of the observation, as slight variations in the
conditions of the gas can lead to significant fluctuations in
the observed properties of this wind component.
The top two panels of Figure 12 show that the unstable

regions of the S curves, i.e., where the gradient is negative, for
PION 3 (green) and PION 1 (red) span a slightly wider range of
Ξ compared to the blue S curve (PION 2). This is not surprising
since PIONS 1 and 3 see a more obscured SED. A higher level
of absorption or obscuration of the ionizing radiation can affect
the ionization balance and temperature structure of the gas and
increase the likelihood of variability in the observed properties
of the gas (Mehdipour et al. 2015).

5. Summary and Conclusions

As part of the multiwavelength monitoring program AGN
STORM 2 of the Seyfert 1 galaxy Mrk 817, we conducted an
X-ray campaign consisting of four XMM-Newton observa-
tions, all of which were accompanied by simultaneous
NuSTAR observations. The focus of this paper is the
2021 April observation. This was the highest flux observation
from our campaign, due to a reduced obscuration and an
increased intrinsic luminosity. The greater flux allowed us to
probe the properties of the obscurer with high-resolution
spectroscopy. We summarize the results as follows:

1. Modeling the RGS spectra requires three photoionization
components with varying column densities, ionization
parameters, and velocities (4000–6000 km s−1), which
reveals the multiphase nature of the outflow.

2. Comparing the kinematics between the X-ray absorption
line profiles from the XMM-Newton/RGS spectrum and
UV absorption line profiles from the HST/COS
spectrum, taken a day prior, provides kinematic evidence
for the first UV counterpart detected for an X-ray ionized
obscurer.

3. The lower velocity component of the X-ray absorber
shows variability on short (∼60 ks) timescales, aligning
with the overall obscurer’s location of ∼1000 Rg inferred
from independent UV measurements, and consistent with
an accretion disk wind.

4. Analysis of the thermal state of the photoionized gas
indicates that the variable photoionization component is
positioned close to the thermally unstable region on the S
curve.

13

The Astrophysical Journal, 974:91 (16pp), 2024 October 10 Zaidouni et al.



5. The time it takes for material to travel from the accretion
disk into our line of sight is roughly 200 days, consistent
with the large-scale column density changes seen in long
timescale X-ray monitoring with NICER (Partington
et al. 2023).

6. The kinematic luminosity, Lkin∼ 1.3% Lbol, is sufficiently
high for AGN feedback, assuming a solid angle of π and
a volume filling factor of 8% as often observed for AGN.

Acknowledgments

F.Z. and E.K. acknowledge support from NASA grant
80NSSC22K0570. P.K. acknowledges support from NASA
through the NASA Hubble Fellowship grant HST-HF2-
51534.001-A awarded by the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA
contract NAS5-26555. E.B. is grateful for the hospitality of
MKI, where this collaborative work took place. Research at
UC Irvine was supported by NSF grant AST-1907290. H.L.
acknowledges a Daphne Jackson Fellowship sponsored by the
Science and Technology Facilities Council (STFC), UK. M.C.

B. gratefully acknowledges support from the NSF through
grant AST-2009230. D.I., A.B.K and L.C.P. acknowledge
funding provided by the University of Belgrade–Faculty of
Mathematics (contract No. 451-03-47/2023-01/200104) and
Astronomical Observatory Belgrade (contract No. 451-03-47/
2023-01/200002) through the grants by the Ministry of
Science, Technological Development and Innovation of the
Republic of Serbia. D.I. acknowledges the support of the
Alexander von Humboldt Foundation. A.B.K. and L.C.P.
thank the support of the Chinese Academy of Sciences
Presidentʼs International Fellowship Initiative (PIFI) for
visiting scientists. C.S.K. is supported by NSF grant AST-
2307385. M.V. gratefully acknowledges financial support
from the Independent Research Fund Denmark via grant No.
DFF 8021-00130.

Appendix

Figure 13 shows the RGS spectra for the first and second
half of the observation (Segment 1 and Segment 2) separately.
We also show the best-fitting model using 2 and 3 PIONS for
Segment 1, and 2 PIONS for Segment 2.

Figure 12. Thermal stability curves (S curves) showing the equilibrium electron temperature of the gas as a function of the ionization parameter (ξ) in the bottom
panels and as a function of the pressure form of the ionization parameter (Ξ) in the top panels. The S curves are calculated using the SEDs seen by each of the
photoionization components during the first half of the observation (Segment 1, left column) and the second half (Segment 2, right column). The thick strips show the
positions of the derived photoionization components (including the fitting uncertainties) from the best-fitting model of the spectra.
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