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Abstract

PG 1448+-273 is a luminous, nearby (z = 0.0645), narrow-line Seyfert 1 galaxy, which likely accretes close to the
Eddington limit. XMM-Newton observations of PG 14484273 in 2017 revealed the presence of an ultrafast
outflow, as seen through its blueshifted iron K absorption profile, with an outflow velocity of about 0.1 c. Here, the
first NuSTAR observation of PG 1448+273, performed in 2022 and coordinated with XMM-Newton, is presented,
which shows remarkable variability of its ultrafast outflow. The average count rate is a factor of 2 lower during the
last 60 ks of the NuSTAR observation, where a much faster component of the ultrafast outflow was detected with a
terminal velocity of 0.26 & 0.04 c. This is significantly faster than the outflow component that was initially detected
in 2017, when overall PG 1448273 was observed at a lower X-ray flux, and which implies an order of magnitude
increase in the wind kinetic power between the 2017 and 2022 epochs. Furthermore, the rapid variability of the
ultrafast outflow in 2022, on timescales down to 10 ks, suggests we are viewing through a highly inhomogeneous
disk wind in PG 14484-273, where the passage of a denser wind clump could account for the increase in
obscuration in the last 60 ks of the NuSTAR observation.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Quasars (1319); X-ray active galactic nuclei (2035)

European Space Agegcy (ESA), European Space Astronomy Centre (ESAC), Camino Bajo del Castillo s/n, Villanueva de la Cafiada, E-28692 Madrid, Spain

1. Introduction

Ultrafast outflows (or UFOs) were first detected through
observations of blueshifted iron (Fe) K-shell absorption
profiles, as observed in the X-ray spectra of active galactic
nuclei (AGNs). The first known examples of these fast outflows
were discovered in the luminous quasars APM 0827945255
(Chartas et al. 2002), PG 12114143 (Pounds et al. 2003), and
PDS 456 (Reeves et al. 2003). Since their initial discoveries, a
number of high column density (Nyg~ 103 cm_z), UFOs
(~0.1 ¢) have been found in luminous nearby AGNs (Tombesi
et al. 2010; Gofford et al. 2013). These fast winds span a wide
velocity range of up to ~0.3 ¢, as seen in both PDS 456
(Matzeu et al. 2017) and the broad absorption line quasar
APM 08279+5255 (Saez & Chartas 2011).

The mechanical power of these winds can reach a significant
fraction of the Eddington limit, which may be more than
sufficient to provide the mechanical feedback required by
models of black hole and host galaxy coevolution (Silk &
Rees 1998; Fabian 1999; King 2003; Di Matteo et al. 2005;
Hopkins & Elvis 2010). Such black hole winds may play a
crucial part in regulating the growth of supermassive black
holes and the bulges of their host galaxies in luminous QSOs
(Ferrarese & Merritt 2000; Gebhardt 2000; Tremaine et al.
2002).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The subject of this paper is the nearby (z = 0.0645) narrow-
line Seyfert 1 (NLS1), PG 1448+273. It is also classed as a
radio-quiet QSO (Schmidt & Green 1983) and has narrow
permitted lines, e.g., an H3 FWHM of 1330kms ' (Grupe
et al. 2004). Its bolometric luminosity is estimated to be
Lo =2-3 x 10* ergs™', while its black hole mass lies
in the range from Mgy =0.9-2.0 x 10’ M, (Vestergaard &
Peterson 2006; Shen et al. 2011). Recently, from a survey of
Sloan Digital Sky Survey (SDSS) quasars, Rakshit et al. (2020)
estimate a black hole mass for PG 1448+273 (based upon a
single-epoch HZ measurement) of log(M /M) = 7.14 and a
bolometric luminosity of log(L/(ergs~!)) = 45.24. These
measurements imply that PG 14484273 is likely accreting
near the Eddington limit. Such high-accretion-rate AGNs are
prime candidates for driving a fast disk wind. Indeed, there are
now several examples of fast winds in other NLS1s, reaching
velocities of up to 0.3 c; e.g., IRAS 13224—3809 (Parker et al.
2017), PG 12114143 (Pounds et al. 2003), IRAS 1702044544
(Longinotti et al. 2015), 1H 0707—495 (Kosec et al. 2018), and
I1Zw 1 (Reeves & Braito 2019). Thus as an AGN reaches the
Eddington limit, it may become more efficient at powering an
accretion disk wind.

NLSIs are highly variable in X-rays (Boller et al. 1996) and
PG 14484273 is no exception to this, showing both order of
magnitude and short-timescale variability (e.g., see Figure 4 of
Laurenti et al. 2021). Variability can provide vital insights into
the nature of AGN disk winds and their physical character-
istics. The wind velocity can react to the X-ray flux, becoming
faster as a function of luminosity, potentially as a result of
radiation driving (e.g., PDS 456; Matzeu et al. 2017). Wind
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Table 1
Observation Log of PG 14484273

Instrument Start Date (UT) Exp (ks)* Rate (s™H)°
FPMA/B 2022/01/04 10:51:09 130.0 0.130 £ 0.001
XMM/pn 2022/01/05 06:03:45 59.3 9.462 £+ 0.013
XMM/MOS 69.9 1.938 £+ 0.004
XMM/RGS 75.5 0.336 + 0.002
XMM/pn 2017/01/24 06:15:46 76.2 2.051 £ 0.005
XMM/MOS 108.6 0.425 + 0.002
XMM/RGS 115.8 0.068 + 0.001
Notes.

 Net exposure, correcting for background screening and detector deadtime.
b Average net count rates per MOS, RGS, or NuSTAR FPM module.

ionization can also increase with flux, decreasing the wind
opacity (Pinto et al. 2018). Finally, increases in wind
obscuration can occur, as a result of ejecta passing across the
sightline, e.g., PG 12114143 (Reeves et al. 2018) and MCG
—03—-58—-007 (Braito et al. 2018).

A 2017 XMM-Newton observation (75 ks net pn exposure)
has first established the presence of a fast wind in PG 1448
4273 (Kosec et al. 2020; Laurenti et al. 2021), measured by a
broad and blueshifted Fe K absorption trough observed at
7.5 keV; for example, see Figure 1 in Laurenti et al. (2021) and
Figure 3 in Kosec et al. (2020). If the absorption profile is
associated with the strong 1s — 2p resonance lines of He and
H-like iron, then the implied outflow velocity is about 0.1 c.
The equivalent width (EW) of the absorption profile is also
high, with EW = —410 + 80 eV (Laurenti et al. 2021), one of
the highest found for UFOs to date (see Tombesi et al. 2010;
Gofford et al. 2013) and implies that the column density may
reach up to Ny=10** cm 2. As shown by Laurenti et al.
(2021), the iron line profile of the 2017 observation can be
fitted with a disk-wind profile, via the WINE code of Luminari
et al. (2018), which is reminiscent of the wind profile observed
for the high-luminosity QSO PDS 456 (Nardini et al. 2015).
Overall the X-ray flux in 2017 was low (Fo_jgrev = 1.3 X
107" ergem ?s™'), compared to the Swift monitoring
observations, where the XMM-Newton observation occurred
just prior to a pronounced dip in the Swift lightcurve (Laurenti
et al. 2021).

In this paper we present the first NuSTAR observation of
PG 1448+273 (250 ks duration, 130 ks net exposure, Table 1)
which occurred in 2022 January and revealed strong X-ray
variability. The first part of the observation (slice A) is seen at a
much higher flux (F>_ g gev =4.8 X 10712 erg cm 2 sfl), with
a generally featureless X-ray spectrum and is coincident with a
70 ks XMM-Newton exposure. However the last 60 ks of the
NuSTAR observation (slice B) coincided with a rapid decline
in flux and the emergence of a deep, Fe K absorption profile at
9keV in the AGN rest frame.

The motivation of this paper is to explore in detail the wind
variability of PG 1448+-273 both on short timescales within the
2022 campaign and on long timescales, via a comparison with
the earlier 2017 observation. The paper is organized as follows.
In Section 2, the observations and data reduction are described,
while in Section 3 the variability is quantified within the long
NuSTAR observation, including the energy-dependent varia-
bility in the form of fractional rms (or Fy,,) spectra (Vaughan
et al. 2003; Igo et al. 2020; Parker et al. 2020). The spectra are
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fitted with simple XSTAR models in Section 4, above 3 keV in
order to compare the properties of the Fe K line profile,
including a comparison between the 2017 and 2022 epochs. In
Section 5 the full-band (0.3-30 keV) multiepoch X-ray spectra
are modeled with the radiative-transfer disk-wind model of Sim
et al. (2008, 2010, 2010) and utilizing the subsequent tables of
wind models computed by Matzeu et al. (2022). In Section 6,
the XMM-Newton soft X-ray RGS grating spectra are
compared between the 2017 and 2022 epochs, in order to
understand the wind properties at higher resolution in the soft
X-ray band. As will be shown in Section 6, the former reveals
putative blueshifted absorption troughs from the disk wind
(Kosec et al. 2020), while the brighter 2022 spectrum reveals
that the wind opacity decreases with increasing flux. The
possible origins of the wind variability, on both short and long
timescales, are then discussed in Section 7. Throughout the
paper, 90% confidence intervals for each parameter of
interested are adopted for the uncertainties (or Ax2:2.7),
while the parameters are stated in the AGN rest frame at
z=0.0645. The standard Lambda cold dark matter (ACDM)
cosmology (Hy=70 kms —1 Mpc ' ©,=03, and
Qx =0.7)is adopted throughout the paper.

2. Observations and Data Reduction

PG 14484273 was observed with NuSTAR (Harrison et al.
2013) in 2022 January for a total duration of 253 ks and a net
exposure per FPMA /B module of 130 ks. Part of the NuSTAR
observation was performed simultaneously with XMM-New-
ton, where with respect to the EPIC-pn detector, the total
observation duration was 74 ks. The details of the 2022 XMM-
Newton and NuSTAR observations are listed in Table 1."° The
EPIC-MOS (Turner et al. 2001) exposures were performed in
Small Window Mode and the EPIC-pn (Striider et al. 2001)
exposure in Large Window Mode in order to minimize pile-up.
The 2017 XMM-Newton observation was also reanalyzed,
which occurred over a single satellite orbit over a duration of
120 ks and in Small Window Mode. The exposures are also
listed in Table 1.

The observations were processed using the NUSTARDAS
v2.1.2, XMM-Newton SAS v20.0, and HEASOFT v6.30 soft-
ware. The NuSTAR source spectra were extracted using a 52"
circular region centered on the source and two background
circular regions with a 52” radius and clear from stray light.
The XMM-Newton EPIC-pn spectra were extracted from
single and double events, using a 36" source region and
2" x 36" background regions on the same chip. The EPIC-
MOS spectra were extracted using patterns 0-12, using a 30”
source region and 2" x 36" background regions. The spectra
and responses from the individual FPMA and FPMB detectors
on board NuSTAR were combined into a single spectrum after
they were first checked for consistency and yielded a net source
count rate of 0.130 & 0.001 cts s~ ' per detector. The NuSTAR
spectra were utilized over the 3-30keV band; above 30 keV
the source spectrum becomes background dominated as the
source count rate declines. The total background rate over this
band is 6% of the source rate. All the spectra are binned to at
least 100 counts per bin to enable the use of x* statistics.

After background subtraction, the 2022 EPIC-pn spectrum
resulted in a mean net count rate of 9.462 + 0.008 cts s over
the full 0.3-10 keV band (or 0.259 + 0.002 cts s~! from 3 to

10 The data sets are publicly available at heasarc.gsfc.nasa.gov.
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Figure 1. Net source lightcurve from the 2022 PG 1448+273 NuSTAR
observation, from 3 to 10 keV and over 5814 s orbital bins, from the FPMA
and FPMB detectors combined. The black points correspond to the first 190 ks
when the source was at a higher flux, with the red points occurring during a
lower-flux period. These intervals (indicated by a red dashed vertical line) were
used to define the time intervals for the spectral analysis in Section 4 (slices A
and B, respectively). The horizontal blue line marks the period when the
XMM-Newton observation was performed.

10 keV) and a net exposure of 59.3 ks after correcting for
detector deadtime. The background level was very low, <0.4%
of the net source rate, and significant background flaring only
occurred during the first ~5 ks of the observation, which were
filtered out from the final spectrum. In contrast, the 2017
XMM-Newton observation has lower overall count rates (see
Table 1), with a net count rate of 2.051 &£ 0.005 cts s~! for the
EPIC-pn detector over the 0.3-10 keV band (0.093 &+
0.001 cts s~ from 3-10 keV).

Spectra from the XMM-Newton Reflection Grating Spectro-
meter (RGS; den Herder et al. 2001) for both the 2022 and
2017 epochs were extracted using the RGSPROC pipeline.
These were combined into a single spectrum for each epoch
using using RGSCOMBINE, after first checking that the
individual RGS 1 and RGS 2 spectra were consistent with
each other within the errors. The total net count rate obtained
over the 6-30 A band was 0.336 +0.002cts s~ per detector
(75.5ks net exposure per RGS) for 2022 and 0.068 £+
0.001 ctss™ ' per detector (115.8ks net exposure per RGS)
for 2017. Thus the source count rate is typically a factor of 4-5
lower in the 2017 observation compared to 2022. The spectra
were binned in constant wavelength bins of A\ =0.1 A, which
approximates the spectral resolution of the RGS gratings. Note
with this binning, there are typically ~50 and ~200 counts per
resolution bin in the 2017 and 2022 RGS spectra respectively.

3. Variability of PG 14484273

In this section, the variability properties of PG 1448+-273
over the long 250ks duration NuSTAR observation are
described. A 2022 NuSTAR lightcurve of PG 14484-273 was
initially extracted over the 3—-10 keV band over the full
~250 ks duration of the observation. The net source lightcurve
is shown in the upper panel of Figure I, for the FPMA and
FPMB modules combined, binned into satellite orbital bins of
5814 s. The source shows prominent variability, by a factor of
3-4 over the minimum to maximum count rate range. In
particular, a pronounced and rapid decline in the source flux is
seen at about 190 ks into the NuSTAR observation (Figure 1,
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red points), with the decrease occurring within two NuSTAR
orbits, or 10 ks in elapsed time, after which the source flux
remains low. The mean 3-10 keV count rate decreased by a
factor of 2 from 0.213 & 0.003 cts s~ ' over the first 190 ks of
the observation to 0.113+£0.003ctss ', during the last
190-250 ks interval. In Section 4 we analyze the spectra taken
from the first 0—190 ks of the observation (hereafter slice A)
and the last 60 ks of the observation (hereafter slice B), where
the flux remained low. As is seen in Figure 1 (blue horizontal
line), the XMM-Newton observation coincided with the
brighter slice A interval of the NuSTAR observation.

3.1. Fractional Variability Spectra

To quantify in greater detail the spectral variability during
the NuSTAR observation, we investigate the fractional rms
variability (or Fy,) spectra (Igo et al. 2020; Parker et al. 2020).
For the analysis, we extracted NuSTAR lightcurves over finer
energy bins in increments of AE=0.5keV from 3 to 10 keV
and from 10-12keV and 12-15keV to 15-30keV over the
higher energy portion of the 3-30keV NuSTAR bandpass.
Following the description provided in Vaughan et al. (2003),
we then compute the excess variance, 0%, which is defined as

a%s = 82 — o2, where §? is the sample variance and aen is
the mean square error. We then compute the normalized excess
variance by dividing by the squared mean count rate in each
band, i.e., 0¥xs = 0%s/%2. The square root of this value gives
the fractional variability, F,,,, which allows us to express the
normalized excess variance as a percentage. Errors on F,, are
given by Equation (B2) in Vaughan et al. (2003).

The resulting F,,, spectrum of PG 14484273 over the entire
NuSTAR observation is shown in Figure 2 (upper panel (a)),
transposed into the AGN rest frame at z = 0.0645. A prominent
spike in the F,,, spectrum is observed between 8-9 keV. Using
a simple parametenzatlon a power law g1ves a poor fit to the
Fler spectrum  (x?/v=24.0/15), which is improved (to

X*/v=8.6/13) upon the addition of a Gaussian of positive
normahzat10n centered at 8.9 4+ 0.2 keV. Note that the width of
the Gaussian line is fixed to o = 0.5 keV, corresponding to the
width of the F,, energy bins. As described in Parker et al.
(2020), a variable UFO can produce spikes or enhancements in
variability which show up in Fy, spectra. Thus when the
continuum flux declines and if the absorption line opacity
increases—for instance due to an increase in column density,
decrease in ionization, or an increase in covering fraction—a
positive signal would be revealed in the F,,, spectrum due to an
enhancement of variability in the energy band where the
absorption line is observed. This hypothesis is investigated
further in the spectral analysis in Section 4.1.

To assess any change in the spectral variability over the
course of the observation, the F,, spectra were reextracted
covering the first half (0—125 ks) and last half (125-250 ks) of
the observation. A coarser energy binning is adopted (e.g.,
AE =1keV between 3 and 10 keV) due to the shorter time
intervals covered, which limits the signal-to-noise ratios of the
spectra. These two F,,, spectra are plotted in panel (b) of
Figure 2. It is clear that, in the second half of the observation,
which includes the low-flux period, the overall AGN variability
is enhanced, e.g., assuming a constant amplitude of variability
between the two observation halves results in a very poor
description of the spectra, with x % /v =159.6/16. Furthermore,
in the second half, an excess is observed between 8 and
10 keV, while the variability is also enhanced in the softer
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Figure 2. The NuSTAR fractional variability (or Fy,;) spectrum of PG 1448
4273, calculated from (a) the entire observation and (b) the first and last
125 ks, respectively. In panel (a), the AGN shows enhanced variability
between 8 and 9 keV, which may be due to the variability of an Fe K
absorption trough from a UFO. For comparison, the solid blue line and dotted
red lines are the theoretical predictions from an ionized absorber, which is
either variable in column density or ionization (see Section 4 for details). The
lower panel (b) shows the F,, spectra from the first and second halves of the
observation, split at 125 ks. The first (bright) part (red curve) shows no energy-
dependent spectral variability, while the second part of the observation (blue
curve, including the flux drop period) displays enhanced variability both in the
Fe K band between 8 and 10 keV and toward the lowest energy bins.

3-5keV band. In contrast, there appears to be no spectral
variability during the first half of the observation, Wthh can be
simply fitted with a constant F.,, versus energy (x> Jv=15/8).
Thus the spectral variability, possibly originating from a
variable absorber or outflow, is restricted to the last part of the
NuSTAR observation and is likely to be coincident with the
slice B interval. This is now directly tested in the next section.

4. Epoch-dependent Spectral Analysis
4.1. The 2022 NuSTAR Observation

Next, the aim is to perform a simple quantitative comparison
of the Fe K-shell region during the NuSTAR slice A and B
intervals. In particular this allow us to assess the presence of a
variable absorption trough, as indicated by the F., analysis
above. The fully usable 3—-30 keV NuSTAR band was used for

Rest Energy (keV)

Figure 3. 2022 NuSTAR spectra of PG 14484273, showing the slice A
spectrum (black, open circles) vs. the slice B spectrum (red, filled circles). The
upper panel shows the net count rate spectra for both observations, while the
background spectra for the slice A and B segments are shown in green and blue,
respectively, and the dotted lines show a simple power-law continuum. The
lower panel shows the ratio of the above power-law fit to both spectra. This
reveals an excess of emission near 6 keV in both spectra and a strong deficit of
counts between 8 and 10 keV, which is apparent only in the slice B low-flux
spectrum. This may be due to the emergence of a UFO in the last 60 ks during
the low-flux period.

this purpose. Spectra were thus extracted from the slice A
(0-190ks) and B (190-250ks) intervals, as indicated in
Figure 1, where slice B is obtained purely from the flux drop
interval. The net source rates (exposure times) of the two
intervals are 0.1341 £0.0012 ctss ! (97.3ks) and
0.0682 £+ 0.0016 ctss ! (33.1ks), for slice A and B,
respectively. The 3-30 keV band NuSTAR count rate spectra
are shown in Figure 3 (left panel) and the spectra for both
intervals lie well above the background level below 30 keV.
The 3-30keV band source flux drops by a factor of 2 from
F3_30=5.0x10""? ergecm 25" (slice A) to F3_30=2.6 X
10712 erg cm 25! (slice B).

Figure 3 shows that significant residuals are apparent in the
Fe K band versus a simple steep (I' = 2.4) power law model,
which results in a poor fit to both spectra (x*/v=165.1/103
for slice A and x?/v = 58.9/22 for slice B). Note that a neutral
Galactic column density of Ny =3.0 x 10*® cm ™2 (Kalberla
et al. 2005) was also included. An excess of emission is
observed in the data/model residuals to both spectra between 5
and 7keV, however only slice B shows a strong absorption
trough which is present in the residuals between 8 and 10 keV.

To provide a simple quantification of the profile, the
emission and absorption were parameterized with simple
Gaussians with variable energy, width, and normalization
(photon flux), where the normalization of the absorption line
was set to a negative value. The results are summarized in
Table 2. In the slice A spectrum, the addition of a broad
Gaussian emission line significantly improved the fit to an
acceptable value of x*/v = 102.7/100, with no requirement for
any additional absorption. In contrast, the slice B spectrum
requires both excess absorption and emission; e.g., adding an
absorption line to the power-law continuum improved the fit to
x?/v=134.9/19, which decreased further to y*/v=16.0/16
upon the addition of an Fe K emission line. Here, the
absorption line has a rest-frame energy of 9.3 +0.3 keV, a



THE ASTROPHYSICAL JOURNAL, 952:52 (15pp), 2023 July 20

Table 2
NuSTAR Iron K Profile Parameters for PG 1448+273

Slice A Slice B
Gaussian emission:
Eest (keV) 6.22 +£0.20 6.83 £ 0.25
o (keV) 0.6379%3 0.37+039
Line flux (x10~> photons cm 25~ ") 1.640.5 09404
EW (eV) 320 + 120 440 £ 190
Gaussian absorption:
Erey (keV) 9.2 +0.3° 92+023
o (keV) 0.78+03% 0.78032
Line flux (x 107> photons cm ™2 s™") |< 0.63| -0.80 £ 0.27
EW (eV) |< 210] -750 + 250
Continuum:
r 2.44 £+ 0.04 2.32+£0.09
F3_30 ev (X 10712 erg cm2s7h 5.0 2.6
Statistics:
x2 (PL only) 165.1/103 58.9/22
X2 (with lines) 102.7/100 16.0/16

Note.
 Denotes the parameter is tied during fitting.

width of o = 0.787)37 keV, and an EW of —750 +250eV.
The line energy is significantly blueshifted compared to the
expected lab-frame energy of either Fe XXV Hea at 6.70 keV or
Fe XXVI Lya at 6.97 keV, with corresponding relativistically
corrected blueshifts of v/c=-0.31+£0.03 and v/c=
—0.27 £ 0.03, respectively. The 9 keV absorption trough found
in the slice B interval also occurs at the same energy as the
spike in the above F,, spectrum. In contrast, only an upper
limit is found to the EW of the absorption line in slice A, of
EW < 210eV for the same line energy and width as above.

4.1.1. Photoionization Modeling

In order to obtain a simple parameterization of the ionized
gas and its variability with respect to the continuum, we then
modeled the NuSTAR spectra with a self-consistent photo-
ionization model, using the XSTAR code (Kallman et al. 2004).
Absorption was accounted for by a multiplicative grid, while
emission from the wind was modeled by a Gaussian emission
line. The absorber was initially assumed to cover the power law
and Fe K emission component fully. Velocity broadening of
b=125,000 km s~ was used in the models, accounted for by
the turbulence velocity parameter and was consistent with the
line widths inferred from the earlier Gaussian analysis. The
solar abundances of Grevesse & Sauval (1998) were used
throughout. Here we use a I'=2.4 power-law continuum
between 1 and 1000 Rydberg, as is observed in the 2022
NuSTAR spectrum out to 30 keV.

The slice A and B spectra were fitted simultaneously
considering two possible scenarios: (i) where the column
density is allowed to vary between the data sets (with constant
ionization) and (ii) where the ionization varies and the column
density is constant. The results are shown in Table 3 and both
scenarios give an equally good fit to the NuSTAR spectra. The
increase in opacity at Fe K can either be accounted for by an
increase in column density from Ny < 1.9 x 10 cm ™2 to
Ny = 7.2735 x 10 cm 2 or a decrease in ionization from
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logé = 5.6793 to log& = 4.9 & 0.3, from slice A to slice B,
respectively.

Alternatively, instead of a change in column density, the
variable depth of the 9keV absorption trough might be
accounted for by a change in the line-of-sight covering fraction
of the absorber. To test this, a constant column density was
assumed (adopting the above best-fit value of Ny=7.2 x
10* cm %) along with a constant ionization parameter of
log& = 4.9. Slice B, containing the deep absorption trough,
was assumed to have a 100% covering fraction, while this
constraint was relaxed for slice A, which contained the shallow
absorption. In this case, a lower covering fraction of 30717%
can account for the weaker absorption in the slice A spectrum.
Thus within the limits of these data, a variable covering fraction
cannot easily be distinguished from an intrinsically variable
column density and both can replicate the changes in the profile
depth.

Following the above results, the F\, spectrum of PG 1448
4273 in Section 3.1 was also revisited. To calculate the
contribution of the absorber variability to the NuSTAR F,,,
spectrum, a variable multiplicative component was computed
and applied to the F,, spectrum. This was calculated assuming
either case (i) above, where the column density varies by
ANy =7 x 10% cm ™2 (for a constant ionization parameter of
log & = 4.9), or (ii) where the ionization parameter varies by
Alog & = 0.7 (for a constant column density of Ny =7 x 10%
cm 7). In each case, an absorber multiplicative factor is
calculated as a function of energy, which can then be
subsequently multiplied by the underlying continuum varia-
bility, which is modeled by a power law in the F,, spectrum.
The result of applying this variability model to the F\,,
spectrum is shown in the upper panel of Figure 2, whereby the
solid blue line presents the variable Ny case and the dotted red
line the variable log¢ case. Both cases can reproduce the
observed F\, spectrum, with an identical fit statistic of
x?/v=8.1/13, where the spike at 9keV results from an
increase in absorber opacity in the low-flux spectrum. The
same is also true for the variable covering fraction, which
yields an identical result to the variable column density case.
Thus the change in opacity from slice A to B can originates
from either a change in column density, ionization, or covering
by a fast wind, which account for both the spectral changes and
the F,,, behavior.

4.2. Comparison between the 2017 and 2022 Epochs

The 2017 and 2022 XMM-Newton spectra of PG 14484273
were also compared to assess the long-term variability of the
wind, where the spectra are plotted in Figure 4. The XMM-
Newton data were initially limited to the 3-10 keV band to
parameterize the Fe K emission and absorption and to provide a
direct comparison to the hard X-ray NuSTAR spectrum. The
broadband multiepoch spectra, which contain a soft excess and
warm absorber below 3 keV, will be described in detail in
Sections 5 and 6.

As expected given its simultaneity, the 2022 XMM-Newton
spectrum is very similar in properties to the slice A NuSTAR
spectrum, showing a steep power-law  spectrum
(T'=2.39 +0.05), a weak broad Fe K emission line, and no
evidence of any Fe K absorption trough in the 7-10 keV band.
The 3-10 keV flux of the 2017 spectrum is lower by a factor of
3 compared to 2022 (see Table 3). As reported by Kosec et al.
(2020) and Laurenti et al. (2021), a strong broad absorption
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Table 3

Photoionization Modeling of the Fe K Wind
Parameter NuSTAR/Slice A NuSTAR/Slice B XMM/2017 XMM/2022
Energy range (keV) 3-30 keV 3-30 keV 3-10 keV 3-10 keV
Variable Ny:
Ny (x10%% cm™?) <19 7.243% 6.1+12 <0.9
log(¢/erg cm s 49403 49 +0.3° 49402 49+0.2°
v/c —0.30 + 0.03° 0.30 + 0.03 —0.086 + 0.005 —0.086 =+ 0.005°
/v 103.9/99 18.7/17 213.1/210 150.5/161
Variable log&:
Ny (x10%% em™2) 7.2° 7.2 61+12 6.1+12
log(¢/erg cms™!) 56503 49+03 49402 >5.8
v/c —0.29 + 0.03" 0.29 + 0.03 —0.087 + 0.005 —0.087 =+ 0.005"
/v 103.9/99 18.4/18 213.7/210 150.2/161
Fe K emission:
Erest (keV) 6.21 £ 0.20 6.81 £ 0.21 6.48+03% 6.48+031
o (keV) 0.607039 0.35+0%2 0.65+032 0.657532
Line flux (x10~> photons cm 25~ ") 15404 0.78 +0.32 <0.46 0.85 +0.36
EW (eV) 300 + 80 370 + 150 <230 215 4 90
Continuum:
r 245 +0.04 232 +0.09 1.85 + 0.06 2.39 +0.05
F3_10kev (X107 ergem 257 3.23 1.60 1.12 2.84
Notes.

# Denotes the parameter is fixed.
® Denotes parameter is tied between observations.
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Figure 4. The 2017 XMM-Newton EPIC-pn (red) and MOS (gray) spectra of
PG 14484273, compared to the bright-state 2022 EPIC-pn spectrum (blue).
The 2017 spectra are a factor of 3 fainter in the 2-10 keV band and have a
flatter photon index of I' = 1.9 vs. the steeper I' = 2.4 continuum observed in
2022, where the respective power laws are shown by dotted lines. The lower
panel shows the residuals in units of o compared to a simple power law. A
significant broad absorption line, centered near 7.5 keV, is present in both the
2017 pn and MOS spectra, but is not present in the higher-flux 2022 spectrum.
The derived outflow velocity in 2017 is three times slower than the fast (0.3 ¢)
wind observed in the 2022 NuSTAR slice B interval and where the absorption
trough is instead centered near 9 keV.

trough is apparent with a centroid energy of between 7.4 and
7.5 keV. From fitting a simple Gaussian profile, the rest-frame
energy centroid is E=7.47+0.07keV, with a width of
o = 030700 keV and an EW = —390 - 75 eV. The addition
of the Gaussian absorption profile in 2017 is highly significant,
with the fit statistic decreasing from y?/v =351.7/215, for a

power-law fit, to x*/v=222.9/212, upon the inclusion of the
absorption line in the model. In contrast, there is no absorption
present in the brighter 2022 XMM-Newton spectrum, with an
upper limit to the EW < 125V for the same line energy and
width as above.

There are two notable differences between the Fe K
absorption profile observed in the 2017 XMM-Newton low-
flux spectrum compared to what is seen in the NuSTAR slice B
low-flux spectrum. First, the line energy is substantially lower
in the 2017 spectrum (E=7.47 £ 0.07keV versus E=9.2+
0.3 keV for 2022 slice B). Second, the line width is at least a
factor of 2 lower in 2017 compared to the 2022 slice B
spectrum (0 = 0.3073% keV versus 0.78332 keV). This points
to a lower-velocity wind being present in the 2017 epoch.

These differences can be seen in Figure 5. The left panel
shows an overlay of the data/model ratio to a power-law
continuum to both the 2017 XMM-Newton and the 2022 slice
B NuSTAR spectra, while the right-hand panel shows the
confidence contours on the line energy versus flux for each data
set with a clear separation in line energy, at >99.9%
confidence. From comparing the two profiles, the 7.5keV
absorption line in 2017 occurs before the onset of the 2022
slice B broad absorption trough, which is confined to between 8
and 10 keV. The limit on a Gaussian absorption line in the slice
B spectrum, at the same energy and width as the 2017 one, is
EW < 80eV. Thus we can rule out the detection of the slower
wind profile in the 2022 data and require that its EW decreases
by at least a factor of 4, compared to the 2017 profile.

To model the absorber properties, the XSTAR grid of models
was applied to the 2017 and 2022 XMM-Newton spectra and
the results are listed next to the 2022 NuSTAR slice A and B
epochs in Table 3 for direct comparison. One difference for the
2017 epoch is that a lower turbulence velocity of
10,000 kms~! was adopted to account for the lower velocity
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Figure 5. A detailed comparison between the Fe K line profiles between the 2017 XMM-Newton (EPIC-pn, black points) and 2022 slice B (NuSTAR, red points)
spectra. The left panel shows an overlay of the two profiles, plotted as the ratio to a power-law continuum. The low-energy trough in the 2017 XMM-Newton spectrum
occurs well before the onset of the high-energy absorption trough in 2022 slice B, which is located between 8 and 10 keV. The right-hand panel shows the 68%, 90%,
99%, and 99.9% confidence contours between the absorption line centroid energy and flux for each profile. The slice B profile shows a significantly higher blueshift

compared to 2017, at >99.9% confidence.

width during this observation. The 2017 and 2022 XMM-
Newton spectra were then directly compared, allowing either
the absorber column density or ionization to vary between them
to account for the opacity change at 7.5keV, as per
Section 4.1.1. Similar to the previous XSTAR analysis, either
a change in column density (ANg =6 X 10%* cm™?), ionization
(by Alogé = 0.9), or covering fraction can account for the
difference between the spectra, in addition to the variable
power-law continuum. The low column density (or high
ionization) derived from the 2022 XMM-Newton spectrum
results from the lack of an Fe K absorption trough at 7.5 keV.
This is also similar to what was found by Kosec et al. (2020)
and Laurenti et al. (2021) in a short 20ks XMM-Newton
snapshot of PG 14484273 in 2003 and which was also at a
higher flux than in 2017, where no fast-wind component was
required in that epoch.

Furthermore, while the wind column density in 2017
(Ng=6.1+1.2x 10 cm™2, Table 3) is similar to what is
observed in the 2022 slice B NuSTAR spectrum, it is clear that
the outflow velocity, of v/c =—0.087 4 0.005, is lower by a
factor of 3 compared to slice B, where v/c=—0.29 & 0.03.
Thus the wind appears to have either significantly changed in
its velocity between the 2017 and 2022 epochs, or that we are
viewing different components of the wind at different times.
With respect to the latter, as there was no joint NuSTAR
observation of PG 1448+273 in 2017, it is not possible to
probe whether the higher-velocity (v/c ~ 0.3) wind component
is present in addition to the slower zone. Nonetheless, the
slower 2017 wind component is not required in the higher-flux
2022 XMM-Newton observation, while the low-flux 2022 slice
B interval is dominated by a much faster wind component with
v/c = 0.3 with no requirement for a slower zone.

5. Disk-wind Modeling
5.1. The Disk-wind Parameters

In order to model the wind signatures in the PG 14484273
spectra in a more physical context and to provide estimates of
the wind parameters, we utilized the radiative-transfer disk-

wind code developed by Sim et al. (2008, 2010). The analysis
was performed over the broad 0.3-30 keV band. The model has
been previously employed to fit the Fe K wind absorption
profiles in several AGNs, e.g., Mrk 766 (Sim et al. 2008),
PG 1211+143 (Sim et al. 2010), PDS 456 (Reeves et al. 2014),
I1Zw1 (Reeves & Braito 2019), and MCG—-03-58—007
(Braito et al. 2022). Recently, Matzeu et al. (2022) expanded
the parameter ranges covered by this wind model and tested the
resulting grids on the prototype example of a fast disk wind in
PDS 456. Here, their FAST32 grid of disk-wind models is
employed, where the parameters are described in detail by
Matzeu et al. (2022).'" The key parameters of this model are
summarized below.

1. Launch radius. The launch radii adopted in this grid are
Ruin = 32R; and Ry = 48R, (where R, is the gravita-
tional radius).

2. Opening angle. This is set to § = +45° with respect to the
polar (z) axis.

3. Terminal velocity. The terminal velocities (v.) realized
in the wind models are determined via

Voo = f;, V 2GZWBH/Rmin . (1)

The terminal velocity is adjusted by varying the f,
parameter, for a given launch radius (here Ry, = 32R,).
Thus for f, =1, the terminal velocity is 0.25 c¢. The
FAST32 grid, covers eight velocity values, ranging from
Sy =0.25-2.0 (or v, = 0.0625-0.50 c¢).

4. Input continuum. This was set to be a power law,
covering the range from I'=1.6-24, in AI'=0.2
increments.

5. Inclination angle. The observer’s inclination is defined as
1 = cos @, where 0.025 < p < 0.975 over 20 incremental
values (with Ay = 0.05). Here, 6 is the angle between the
observer’s line of sight and the polar z axis of the wind,
with the disk lying in the x—y plane (see Figure 1 of
Matzeu et al. 2022).

' The model is also available at https: //gabrielematzeu.com/disk-wind/.
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6. Mass outflow rate. This is defined by the ratio
M = M/ Mgqq, where the mass outflow rate is normal-
ized to the Eddington value. The grid of models was
generated covering the range M = 0.02-0.68, in n =12
increments, with equal logarithmic spacing.

7. Ionizing X-ray luminosity. The X-ray luminosity is
parameterized in the 2—-10 keV band as a percentage of
the Eddington luminosity, where Lx =L, 10kev/Lgdd-
The FAST32 grid covers the range of Ly of 0.025%-2.5%
of the Eddington luminosity, over n =9 increments in
equal logarithmic spacing.

In order to calculate the total mass outflow rate, the model
assumes that the wind is axisymmetric about the azimuthal
direction. The absorption against the direct continuum arises
purely along the line of sight, while the emission from the wind
is integrated from photons scattered over the full range of
angles above the plane of the disk. Therefore, the combination
of both the wind emission, in the form of the broad Fe K line,
and the absorption along the line of sight, are important in
determining the total mass outflow rate. Indeed, this allowed a
realistic estimate of the mass outflow rate for the prototype
disk-wind case of PDS 456, via both its wind emission and
absorption (Nardini et al. 2015).

5.2. Application to the Multiepoch Spectra

The above disk-wind model was then applied to both the
slice A and B NuSTAR spectra, as well as the 2017 and 2022
XMM-Newton spectra. As the slice A NuSTAR spectrum
overlaps the 2022 XMM-Newton spectrum, these were treated
as a single epoch (slice A) with identical parameters, just
allowing for a constant multiplicative factor between the
spectra to account for any difference in normalization. The slice
B NuSTAR spectrum and the 2017 XMM-Newton spectrum
were treated as separate epochs, allowing the wind parameters
to vary, due to their very different properties. Thus in total there
are three independent epochs (slice A, slice B, and 2017)
covering three distinct spectral states of PG 1448+273. In
addition, the XMM-Newton spectra were modeled over the full
0.3-10 keV band. Both the 2017 and 2022 XMM-Newton
spectra require a soft X-ray excess below 2keV, which was
modeled with the thermal Comptonization model COMPTT
(Titarchuk 1994). In addition to the Galactic absorption column
density (of 3 x 10*° cm™?), modeled by the TBABS model
(Wilms et al. 2000), a soft X-ray warm absorption component
(WA) was also included to model the XMM-Newton data below
2keV, whereby the parameters are fixed to the values
determined in the high-resolution RGS spectra. This will be
described in greater detail in Section 6. A broad Gaussian
emission line (GAU) was retained to model any additional Fe K
emission that is not already accounted for by the disk-wind
model. Thus the overall phenomenological form of the model is

TBABS X WA X WIND X (POWERLAW + GAU + COMPTT).

@)

For the wind model, the Ly parameter sets the wind
ionization, scaled to the 2-10 keV luminosity, so the Ly
parameter was varied between the three epochs in direct
proportion to the intrinsic (absorption-corrected) 2—10 keV
luminosity. Relative to the brightest 2022 slice A epoch, the Lx
parameter was set to x0.8 and x0.45 this value for the slice B
and the least-luminous 2017 epochs, respectively. The
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inclination parameter, y, was assumed to not vary between
epochs, while M and the terminal velocity parameter, f,, were
allowed to vary independently. Note that the terminal velocity
for each epoch is then calculated from Equation (1), where
Voo/c=0.25 f, for a wind launch radius of 32 R,. The input
photon index of the FAST32 grid for each epoch was tied to the
value determined by the power-law continuum, in order to
represent best the slope of the ionizing continuum. The
exception to this is for the slice A epoch (best-fit value of
I'=2.47 £ 0.02), which slightly exceeds the maximum value
computed in the FAST32 grid. The input photon index for this
epoch was subsequently fixed to I'=2.4 in the disk-wind
model.

The results of the disk-wind fits are shown in Table 4, while
the fit to the broadband spectra is displayed in Figure 6. Overall
the best-fit inclination parameter is p = 0.53 & 0.02, corresp-
onding to an inclination angle of § = 58° + 2°, placing our line
of sight inside of the wind opening angle of 45°. The fit statistic
to all of the spectra is acceptable (x*/v=1758.0/1635) and
provides a significant improvement upon the baseline model
without including the disk-wind component, where
X*/v=2003.6/1642, which is rejected with a null hypothesis
probability of N=1.7 x 10~°. There are no strong residuals
present against the best-fit wind model (Figure 6, lower panel),
while in the NuSTAR slice B and 2017 epochs, the disk-wind
model is able to account for the absorption profiles in the Fe
K band.

While the disk-wind model is able to account for the Fe K
emission and absorption in the slice B and 2017 epochs
simultaneously, it does not account for the broad Fe Ka
emission present in the slice A epoch (see Table 4 for the
parameters). This emission may originate from an ionized disk
reflector (Garcia et al. 2014), which is often observed in the
X-ray spectra of bare Seyfert 1s (e.g., Porquet et al.
2018, 2021). Alternatively, it could arise from additional
scattering of wind photons from gas out of the line of sight.
While there is no requirement for any disk-wind absorption in
the bright slice A epoch, the additional Fe Ko emission might
hint at some asymmetry or inhomogeneity to the wind
structure. Thus while our line of sight is devoid of absorbing
gas (e.g., lower column density or covering fraction), the
additional Fe Ko emission could still arise via scattering from
denser gas out of the line of sight, which may not have varied
over time.

As for the disk-wind model parameters, a strong variation in
the mass outflow rate is required between the three epochs,
varying (in Eddington units) from M < 0.03 (slice A) to
M =023 + 0.06 (slice B) to M = 0.096 &+ 0.011 (2017).
Note that the upper limit on M for slice A is obtained upon
assuming the same wind velocity as per slice B. Given the
strong Fe K emission and absorption seen toward slice B, its
mass outflow rate has the highest value of all the epochs and is
also about a factor of 2 higher than in the 2017 spectrum. The
disk-wind analysis also confirms the variation in terminal wind
velocity between the slice B interval (1n./c = 0.267302) and of
the 2017 spectrum (where v, /c = 0.110 £ 0.008).

Figure 7 also shows confidence contours between the mass
outflow rate and terminal velocity parameter (f,) for the slice B
and 2017 epochs. The difference between the mass outflow rate
for these epochs largely results from the higher terminal
velocity of the slice B epoch, which may be expected given that
M vy In the slice B contours, there is a hint of a second
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Table 4

Disk Wind Model Results for the Broadband (0.3-30 keV) Spectra
Parameter Slice A Slice B XMM/2017
Disk wind:
M? <0.03 0.23 £+ 0.06 0.096 £ 0.011
% Ly° 0.31 £ 0.04 0.24 £ 0.03 0.14 £ 0.02
£ 1.05F 1.057913 0.44 £ 0.03
Voo 0.26 0.2670:53 0.110 + 0.008
u = cosf° 0.53 £0.02 0.53" 0.53"
Power law:
r 2.47 £0.02 2.29 £ 0.09 1.92 £ 0.02
Npr® (x1072 photons cm 2 s~ ' keV ™) 44402 27406 0.96 + 0.06
Fr_10xev” (X107 ergem 257 4.8 23 1.35
Ly 1okev: (x10% ergs™") 6.1+03 48+ 1.1 28402
Constant’ 0.86 + 0.02 1.05 + 0.01
COMPTT:
kT (eV) 180+ 7 139 £ 6
- 19.0 + 0.9 21.5%]4
Fos_2kev™ (x10712 erg em 257 139 3.1
Loz_akev' (x10% ergs™) 27402 1.1+0.1
Gaussian (Fe Ka):
E (keV) 6.241018 6.24" 6.24"
o (keV) 0.841027 0.84" 0.84f
Ngaussm (x 10 erg 571) 21f82 <15 <0.6
EW (eV) 360 + 100 <350 <170

Notes.
4 Mass outflow rate in Eddington units.
b Percentage of ionizing (2-10 keV) luminosity to Eddington luminosity.
¢ Terminal velocity parameter, f,, as defined in Equation (1).
d . . .
Wind terminal velocity.
¢ Cosine of wind inclination, w.r.t. the polar axis.
f .
Parameter is fixed.
€ Power-law normalization at 1 keV.
" Observed 2-10 keV flux.
f Intrinsic 2-10 keV luminosity, corrected for absorption.

J Multiplicative cross-normalization constant between EPIC-pn and NuSTAR in 2022 and EPIC-MOS and pn, respectively, in 2017 and 2022.

X Observed 0.3-2 keV flux.
! Intrinsic 0.3-2 keV luminosity, corrected for absorption.

™ Photon flux of the Fe Ka emission line, after including the disk-wind component.

" Denotes the parameter is tied between observations.

solution at an even higher velocity (f, ~ 1.4), although this is
not formally required by the data. The extension of the contours
in velocity space for slice B likely results from the breadth of
the profile toward higher energies in the NuSTAR spectrum,
while in the 2017 epoch, the velocity width of the profile is
smaller, the contours are symmetrical and the velocity space is
highly constrained.

It is also worth noting the variation in intrinsic luminosity
between the three epochs. After correcting for the intrinsic
absorption imparted by the wind, the 2-10 keV luminosity for
the slice B epoch is inferred to be within 80% of the value for
the bright slice A epoch. This means that changes in the Ly
parameter alone are not sufficient to account for the opacity
change between slices A and B and are instead driven by
variations in the mass outflow rate. This implies that the wind is
intrinsically variable even down to short timescales of tens of
kiloseconds. The implications will be discussed in Section 7.

The increase in M from slice A to B has two effects, it
increases the line-of-sight column density through the wind and
consequently, it also decreases the ionization, as a result of the

wind density being higher. Indeed for slice B, the continuum is
suppressed by a factor of 2 by the wind, primarily through
electron scattering, as well as via some bound—free and bound-
bound absorption at Fe K. As electron scattering decreases the
continuum by a factor of e~ (where ot is the Thomson
cross section), this implies that the column density along the
wind is approximately Ny~ 10** cm 2, in broad agreement
with the XSTAR results in Section 4. One interesting
consequence of this is that the factor of 2 flux drop observed
in slice B may be accounted for by this increase in column
density. In contrast, the correction for intrinsic wind absorption
alone is not sufficient to account for the lower flux observed
toward the 2017 epoch.

6. The Soft X-Ray Disk Wind

The 2017 and 2022 XMM-Newton RGS spectra were also
analyzed in order to quantify any absorption from both the fast
disk wind and from any lower-velocity gas from a soft X-ray
warm absorber. In the PG 14484273 spectra, the RGS
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Figure 6. Broadband X-ray spectra of PG 1448+-273, fitted with the disk-wind
model, as listed in Table 4. The NuSTAR slice A and 2022 EPIC-pn spectra are
shown as open circles (black and blue points, respectively). The slice B
spectrum is shown as filled red circles and the 2017 EPIC-pn spectrum is
shown as magenta crosses. The EPIC-MOS spectra from 2017 and 2022 are not
included in the plot, but are included in the spectral fit. The solid lines show the
best-fit model in each case and the lower panel the residuals against this. The
disk-wind model is able to reproduce the strong Fe K absorption profiles
present in the slice B and 2017 spectra, leaving no significant residuals. Note
the soft X-ray XMM-Newton spectra below 1 keV are dominated by a strong
soft X-ray excess, especially for the 2017 data set.

bandpass is sensitive over the range from 0.45 to 1.9 keV. The
same baseline model as per Equation (2) was used, with a warm
absorber included (modeled by XSTAR) to assess also the
presence of lower ionization and low-velocity gas, as is
frequently observed in many Seyfert 1 galaxies (e.g., Kaastra
et al. 2000; Kaspi et al. 2002; Crenshaw et al. 2003).
Additional emission lines, in this case likely from the He-like
lines of O VII and Ne IX, are also included. The warm absorber
and emission are described in more detail in Section 6.1. For
the continuum, the soft X-ray excess, in the form of the
Comptonized disk emission (COMPTT component) dominates
the soft band below 1 keV (or wavelengths longer than 12 A).
The power-law emission is required to fit the short-wavelength
tail of the spectra, where the photon indices of the 2017 and
2022 spectra have been fixed at I'=19 and I'=24,
respectively, as per the broadband analysis, as otherwise they
are not well determined.

The residuals of each of the RGS spectra to the baseline
model without the disk-wind absorber are shown in Figure 8.
The baseline model provides a good fit to the 2022 spectrum
and no significant residuals remain (see upper panel). In
contrast, the 2017 residuals show a strong absorption line at
the 50 level, measured at A=1732+0.10 A (or E=
0.716 +0.003 keV) in the AGN rest frame, while a second
weaker feature (at the 30 level) may also be present at
A=14.76 £0.15 A (or E=0.840 £ 0.009 keV). In terms of
their significance when fitted with a Gaussian absorption line,
the first feature improves the fit by Ax?=36.0 (for Av=3
fewer degrees of freedom), while for the second feature
Ax*=15.9 for Av=3. Considering the identification of the
17.32 A line, there is no obvious atomic line present at this
wavelength in the rest frame; the closest line is the higher-order
1s — 5p O VII transition, which would be expected to be weak.
However it may be identified with a strong blueshifted
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Figure 7. Confidence contours for the mass outflow rate vs. terminal velocity
parameter (f,) for the wind model, where the resultant terminal velocity is v/
¢ =0.25 f, for the FAST32 disk-wind grid. The upper panel shows the 2022
slice B epoch and the lower panel the 2017 XMM-Newton epoch and the
contours represent the 68%, 90%, 99%, and 99.9% significance levels for the
two parameters of interest. Both the mass outflow rate and terminal velocity are
significantly higher in the 2022 slice B epoch compared to 2017. Note the
different axis scales across the two plots.

resonance line from O VIIL Ly« (1s — 2p), which occurs at a
rest wavelength of 18. 97 A; in this case the inferred outflow
velocity would be v/c=0.09, which is very similar to the
velocity inferred from the blueshifted Fe K absorption at
7.5keV during this epoch. Then in the case of the shorter-
wavelength trough, it could either arise from the weaker O VIII
Lyg line at 16 A (e.g., see Sidoli et al. 2001) at a similar
velocity or from an even higher-velocity component of the
O vil Ly« line.

As per Section 5, the disk-wind model is then applied to the
RGS spectra. Following the broadband fit, the Ly parameter
between 2017 and 2022 is tied in proportion to the inferred
intrinsic 2-10 keV luminosity; in this case the 2017 epoch is a
factor of 0.45 of the luminosity of the bright 2022 epoch. The
spectral fitting results are listed in Table 5 and a fit to the RGS
spectra using a single disk-wind zone is shown in Figure 9 (left
panel). Overall the fit statistic is good with /v = 572.5/545,
while the fit W1th0ut including the dlsk wind is significantly
worse with /v = 628.5/550 (and Ax* = 56 for Av = 5). The
wind model is able to reproduce the absorption feature near
17.3 A in the 2017 spectrum (shown in red) in the form of a
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Figure 8. Residuals to the soft X-ray XMM-Newton RGS spectra of PG 1448
4273, with respect to the baseline model without a disk-wind absorber. The
upper panel (black points) shows the high-flux 2022 spectrum and the lower
panel (red points) shows the low-flux 2017 spectrum. Note that the soft X-ray
flux varies by a factor of 3 at 17.3 A between the observations, see Table 5. In
the 2022 spectrum, no significant residuals are present against the baseline
model, which accounts for an additional warm absorber seen toward PG 1448
+273. However the 2017 RGS spectrum shows a highly significant (5¢) broad
absorption trough at 17.3 A, which may be associated to the O VIII Ly« line
which is blueshifted by 0.1 ¢. A second, weaker trough at 14.7 A may arise
from a higher-velocity component of the wind.

blueshifted O VIII Lya line. The velocity of the disk-wind
component is v.,/c = —0.098 4+ 0.010, which is in agreement
with the wind velocity inferred from the Fe K absorption profile
in the previous section. It is also in agreement with the analysis
presented by Kosec et al. (2020), who reported a wind velocity
of —26,900 & 600 km s~ ! from their analysis of the same RGS
spectrum.

The 2017 mass outflow rate, of M = 0.13 + 0.03, is also in
broad agreement with the Fe K zone, while the inclination is
also consistent (see Table 5). In contrast, no disk-wind
component is required in the bright-state 2022 epoch, with an
upper limit to the mass outflow rate of M < 0.05 assuming the
same terminal velocity. This is not surprising, as the 2022
XMM-Newton RGS spectrum coincided with the bright and
featureless slice A portion of the NuSTAR observation where
no Fe K wind features were present either. Alternatively, if we
assume that the mass outflow rate remained constant between
the 2017 and 2022 spectra, then the ionizing luminosity of the
former epoch has to be much lower than the latter, with
Ly =0.14+0.03 versus Ly > 0.9, respectively, in order to
explain the difference in opacity. .

The second absorption trough at 14.7A is not fully
accounted for by the disk-wind model in the 2017 spectrum,
where the model imparts only a weak absorption feature due to
O vI Ly at the above terminal velocity as in 2017. However,
this second trough can be modeled with a faster disk-wind
component originating from O VIII Ly« (see Figure 9, right
panel). In this case, the corresponding outflow velocity is
Voo/c=—0.314+0.02 (or f, =1.254+0.09), with a corresp-
onding mass outflow rate of M = O.23f8j(1)2 . Interestingly, both
the velocity and outflow rate are consistent with what is found
during the slice B interval of the NuSTAR spectrum. Note that
the improvement in fit statistic for this second faster zone
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Table 5

Model Results for the Soft X-Ray (0.4-2.0 keV) RGS Spectra
Parameter 2017 2022
Disk wind:
M? 0.13 +0.03 <0.05
% Lx° 0.14 £ 0.03 0.32 4 0.07
1. 0.39 + 0.04 0.39
Voo ¢ 0.098 + 0.010 0.098*
J = cos° 0.54 + 0.02 0.54*
Power law:
r 1.9 2.4
Npi 2 (x1072 photons cm 2 s~ ' keV ™) 14403 3.8+02
COMPTT:
kT (eV) 1134]! 171+1]
T >35 225433
Fo3-akev” (x107'2 erg cm ™2 s’l) 2.8 13.7
Los—2kev (x107% ergem™2s7") 1.1+0.1 27402
Warm abs:
Ny (x10% cm™3) 3.8713 3.8
log(¢/erg cm s™h) —0.47 £0.23 0.69 £+ 0.30
Vout (kms™h) <360% <360
Veur? (km s™h) 200" 200"
Gaussian (O VII):
E (eV) 556% 556 42
o (eV) <6 <6
Line flux (x107° photons em 257 <1.8 49+23
EW (eV) <15 21+1.0
Gaussian (Ne IX):
E (eV) 939% 930 £ 2
o (eV) <4.2% 42+2.1
Line flux (x10~> photons cm ™ 2s™ ") <0.4 3.0+£09
EW (eV) <3.6 47415

Notes.

4 Mass outflow rate in Eddington units.

b Percentage of ionizing (2-10 keV) luminosity to Eddington luminosity.

¢ Terminal velocity parameter, f,, as defined in Equation (1).

9 Wind terminal velocity.

€ Cosine of wind inclination, w.r.t. the polar axis.

f Parameter is fixed.
€ Power-law normalization at 1 keV.
" Observed 0.3-2 keV flux.

f Intrinsic 0.3-2 keV luminosity, corrected for absorption.
J Outflow and turbulence velocity of the XSTAR warm absorber, in units of

kms™'.

k o .
Denotes parameter is tied between observations.

(Ax* = 16 for Av=3) is much smaller than for the above 0.1

¢ wind zone. Furthermore, as the 2017

XMM-Newton

observation was not performed simultaneously with NuSTAR,
it is not possible to verify whether this faster component is
present in the Fe K band above 9 keV.

6.1. Properties of the Soft Warm Absorption and Emission

In addition to the fast disk wind, a soft X-ray warm absorber
is also present in PG 1448+273. The main features of the warm
absorber and emitter are marked with blue labels on the RGS
spectra in Figure 9, while the properties of the warm absorber
and two possible emission lines (most likely from O VII and
NeIX) are listed in Table 5. The largest imprint of the warm
absorber occurs in the oxygen K-shell band, which is illustrated
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Figure 9. Fluxed RGS spectra of PG 1448+-273, for the 2017 (red) and 2022 (black) observations. The solid blue line shows the best-fit model to both spectra. The left
panel shows the spectra fitted with a single disk-wind absorption zone (red label, O vIIl DW1), with a terminal velocity of 0.1 ¢, which can account for the strong
173 A absorption trough. The velocity of this absorber is also consistent with what is obtained from the Fe K absorption profile in 2017. In contrast no signature of the
disk wind is present in the high-flux 2022 spectrum. The right panel shows the addition of a second, faster (0.3 ¢) disk-wind zone to the 2017 spectrum (red label,
O vil DW2), which can model the second absorption trough, but it is of lower significance. Note the most prominent absorption and emission lines from a low-

velocity warm absorber are also marked in blue.

in the zoomed-in version of this region in Figure 10. The warm
absorption lines are most prominent against the high-flux 2022
epoch. The strongest absorption in 2022 is due to the higher
excitation lines of OVI, OVI, and N VI, with weaker
absorption from lower ionization gas (O II-V). Conversely,
the higher excitation lines are not present in the low-flux 2017
spectrum and only low ionization absorption (e.g., OIV) is
present. From fitting the two epochs simultaneously, the
change in absorption opacity can be explained by an increase
in absorber ionization from 2017 to 2022. In the XSTAR fits
listed in Table 5, this is accounted for by a simple change in the
ionization parameter from log& = —0.47 + 0.24 (2017) to
log € = 0.69 = 0.30 and assuming a constant column density
of Ny =3.87]3 x 102 cm 2 In this simple scenario, the
2017 absorber is deionized with respect to the 2022 absorber,
resulting from the x5 lower observed soft X-ray flux. Unlike
the fast wind, the warm absorber does not require any velocity
shift, where the upper limit on its outflow velocity is <360
kms~'. The column density is also at least three orders of
magnitude below that of the fast wind, as was derived in
Section 4.

Two emission lines are required in the bright-state 2022
spectrum. The first emission line occurs at A =22.3 + 0.1 A (or
556 +2eV), which is close to the expected position of the
O v1I forbidden line (at 22.1 A or 561 eV). The slight redshift
may just be as a result of the strong O VI absorption line on the
blueward side of the emission (see Figure 10). As a result of
this, only an upper limit is placed on the line width, of
o < 6eV, corresponding to o, < 3200 km sfl, which would be
consistent with either a broad-lined region or narrow-line
region origin. In comparison, only an upper limit is placed on
the O VII line flux in the low-flux 2017 spectrum (see Table 5),
which might suggest it responds to the continuum flux,
although the five years between observations prohibits a
meaningful constraint on its timescale. A second emission line
in 2022 is seen at 939 +2eV (or 13.2 +0. 1A see Figure 9),
which is somewhat blueshifted with respect to the expected
position of the Ne IX triplet emission (between 905-921 eV or
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Figure 10. Zoomed-in view of the oxygen (O) K-shell region for both the 2017
and 2022 RGS spectra. The absorption lines originating from a low-velocity
warm absorber (lines marked with blue labels) are strongest in the high-flux
2022 observation. In comparison, the highest excitation lines due to O VI-VII
and N VII are absent in 2017. This might suggest the warm absorber is
underionized in the 2017 epoch. Similarly, emission due to the O VII forbidden
line (marked with a green label) is present in 2022, but not in 2017.
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13.4-13.7 A). Given its blueshift, its origin is more uncertain,
although its addition to the model is highly s1gn1ﬁcant
(AX =30.9). No other emission lines are detected in the soft
X-ray band.

7. Discussion

NuSTAR and XMM-Newton observations of PG 1448+273
in 2022 reveal the remarkable variability of its UFO. On short
timescales, the wind opacity appears to increase by at least a
factor of 3 during the last 60 ks of the NuSTAR observation
(the slice B spectrum), which corresponds to an interval in the
lightcurve where the X-ray flux of PG 14484273 decreased
(Section 3). This flux drop interval revealed a broad Fe K
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absorption trough centered near 9 keV and implies an outflow
velocity of ~0.3 ¢ (Section 4). The onset of the flux drop
occurred on very short timescales, of ~10 ks, corresponding to
two NuSTAR satellite orbits, highlighting the rapid wind
variability. On longer timescales, between the 2017 and 2022
epochs, a substantial change in the terminal wind velocity was
observed, as seen by from the blueshift of the Fe K absorption
profile, varying from v/¢c=—0.10+0.01 in 2017 to v/c=
—0.26 +0.04 in 2022, when modeled with a physically
realistic disk-wind model (Section 5). Changes in the opacity
of the soft X-ray wind is also observed between the 2017 and
2022 epochs (Section 6), where the 2017 low-flux RGS
spectrum showed a deep absorption trough due to a broad
O viII Ly line and which has diminished in the x5 higher-flux
2022 RGS spectrum.

PG 1448+-273 thus appears to exhibit all of the variability
characteristics seen toward other AGN disk winds. For
instance, in the highly variable NLS1 IRAS 13224—-38009,
the fast wind at Fe K and at soft X-rays appears to respond to
the X-ray flux of the AGN, becoming transparent at high
fluxes, potentially due to an increase in wind ionization (Parker
et al. 2017; Pinto et al. 2018). The same effect occurs in
PDS 456, where the X-ray spectrum can become almost
featureless at very high flux, corresponding to flaring states,
compared to the more quiescent X-ray flux states where strong
wind absorption profiles are more commonly observed (Reeves
et al. 2021). A similar behavior occurs in PG 1448+273, when
comparing the 2022 high-flux slice A spectrum, which is bare
and devoid of wind features, with the low-flux 2017 X-ray
spectrum (e.g., Kosec et al. 2020; Laurenti et al. 2021). The
increase in opacity in the last 60 ks of the 2022 NuSTAR
observation of PG 14484273 may arise due to a rapid wind
obscuration event, with an increase in column density of
ANy~ 10** cm™2 or by an equivalent change in the covering
fraction. Similar opacity variations have also been observed in
other UFOs on timescales down to a day, e.g., MCG—03—58
—007 (Braito et al. 2018), PG 1211+143 (Reeves et al. 2018),
and PDS 456 (Gofford et al. 2014; Matzeu et al. 2016; Reeves
et al. 2018). These have been interpreted as being due to
clumpy, inhomogeneous winds, where opacity variations are
observed over size scales of tens of gravitational radii.

Finally, PG 14484273 appears to exhibit a remarkable
change in its terminal velocity, by as much as a factor of 3
between 2017 and 2022. Variations in the outflow velocities of
fast outflows have been established in several cases, most
notably in PDS 456 (Matzeu et al. 2017), APM 08279+5255
(Saez & Chartas 2011), IRAS 13224—-3809 (Chartas &
Canas 2018), and MCG—-03—-58—007 (Braito et al.
2021, 2022). As we discuss further below, the example which
may bare the closest behavior to PG 1448+273 is in MCG—03
—58—007, where a similar factor of 3 variability in the wind
velocity is also observed, on timescales as short as two weeks.

7.1. Kinematics of the X-Ray Wind

The observed increase in wind velocity between the 2017
and 2022 epochs in PG 14484-273 likely has implications for
the resulting mechanical power of the disk wind. To compare
the wind energetics for the different observational epochs
(2022 slice A, 2022 slice B, and 2017), the mass outflow rates
and terminal velocities derived from the disk-wind modeling in
Section 5are adopted, where the mass outflow rate (M) is
expressed in Eddington units. Here, the disk-wind model
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Table 6

Derived Outflow Energetics for PG 14484273
Value 2022 /Slice B 2017/EPIC 2017/RGS
Vao/€ 0.26 +0.04 0.110 £ 0.008 0.10 £+ 0.01
M? 0.23 +0.05 0.096 + 0.011 0.13 +£0.02
E’% 82425 0.58 + 0.09 0.65 +0.13
p° 0.62 £0.16 0.11 +£0.02 0.13 +£0.02
Notes.

4 Mass outflow rate in Eddington units, as per Tables 4 and 5.
® Outflow kinetic power as a percentage of the Eddington luminosity.
¢ Outflow momentum rate in Eddington units.

assumes a biconical axisymmetric geometry, for a wind
opening of 45°, as is described in Section 5. For comparison,
the soft X-ray wind energetics derived from the 2017 epoch are
also computed for comparison (from Section 6). The kinetic
power in Eddington units (E) is subsequently

. ) ) 2
Lgaa 7 2n \c

E 3)
where v is the Lorentz factor and 7 is the accretion efficiency;
the equation tends to the nonrelativistic limit on the right-hand
side, even for the fastest slice B interval. The corresponding
wind momentum thrust in Eddington units is subsequently
— I:’oul — l MK

Peaa M €

The disk-wind energetics of PG 1448+273 are listed in
Table 6. We do not compute the 2022 slice A epoch, due to the
lack of any measurable line-of-sight absorption at that time.
However, comparing the epochs with pronounced wind
absorption, there is a strong increase in the wind energetics
when comparing the 2017 and 2022 (slice B) epochs. This is
largely driven by the increase in wind terminal speed from 0.11
¢ to 0.26 ¢ between 2017 and 2022, as the parameters scale
with velocity as M o v and thus subsequently p o v? and
E oc v3. As a result, the derived kinetic power increases by an
order of magnitude from 0.6% =+ 0.1% Eddington in 2017 (seen
both in the EPIC and RGS spectra) to 8.2% + 2.5% Eddington
during the fast-wind epoch in 2022. Such large variations in
velocity and kinetic power are similar to what have been
previously discovered in the fast wind in the Seyfert 2 galaxy,
MCG—-03—-58—007. In this AGN, Braito et al. (2022)
demonstrated that the terminal velocity varied from 0.07 ¢ up
to 0.2 ¢ over a timescale of only two weeks and consequently
by an order of magnitude in the wind kinetic power. In contrast,
in the well-studied wind in PDS 456, the velocity changes are
more modest, ranging from 0.25 to 0.35 ¢, where Matzeu et al.
(2017) showed that the wind speed scaled with the X-ray
luminosity as v oc L2, As there are only two epochs where
the wind is detected in PG 1448+273, it is not yet possible to
ascertain how its speed and power scale with luminosity, e.g.,
whether the increase in wind velocity is a result of increased
radiation pressure or magnetic driving (Fukumura et al. 2018).

p “

7.2. Short-timescale Wind Variability

The wind in PG 1448273 is variable on short timescales, as
evidenced by the change in opacity in the 9 keV absorption
trough between the slice A and slice B intervals in the 2022
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NuSTAR observation. As was shown in Section 3, this
coincides with the dip in the NuSTAR lightcurve, whose onset
occurs within a timescale of Ar= 10 ks and may correspond to
the initial passage of an absorbing cloud or streamline across
the line of sight to the X-ray source. In the spectral analysis,
this can be accounted for by an increase in the column density
of the ionized absorber, by ANy ~ 10%* cm 2, which as shown
in Section 4 can account for the increase in 9 keV opacity and
the enhanced variability in the F,,. spectrum at this energy.

From the timescale and magnitude of the absorber
variability, it is possible to derive constraints on its size scale,
density, and location. The thickness of a passing cloud or
streamline can be estimated by Ar=vAt, where v, is the
transverse velocity of the gas cloud across the line of sight,
which is initially assumed to be equal to the terminal wind
speed (vy=v,). Thus for Ar=10 ks and v,,=0.26 c,
Ar=8x 10"~ 10" cm (or Ar=50 R, for a 10" M, black
hole mass in PG 1448+273; e.g., Vestergaard & Peterson 2006;
Shen et al. 2011). The average hydrogen density of the gas is
then n = ANy/Ar= 10'° cm™3. Given the density, the radial
distance can be estimated from the definition of the ionization
parameter, & :Lion/nRz, where Li,, is the 1-1000 Rydberg
ionizing luminosity. Here Lo, = 1.5 x 10* ergs™', as deter-
mined from the broadband fit in Section 5 to the 2022 slice A
epoch'? Thus for the ionization parameter of log& = 5, as
determined from the XSTAR fits in Section 4, the radial distance
is estimated as R~ 10" cm (or ~700 R,). Finally the
characteristic length scale (I) of the absorber is given by the
total duration (Atq) of the absorption event, where
I=vAtg~5 x 10" cm. Note this is a lower limit, as the
minimum duration of the absorption dip is 74 =60 ks during
slice B, as we do not see the recovery from the dip at the end of
the 2022 observation.

Alternatively, we can relax the assumption of v,=v,, and
instead set it equal to the Keplerian rotation velocity at radial
distance R, where v = \/GM /R. Substituting for v, = vk into
the above expressions (see Risaliti et al. 2005 and Reeves et al.
2018) then leads to a radial distance estimate of

LinnAt
ANyé”

Thus for the above numbers, R~ 5 X 10" ¢cm (or ~300 R,),
similar to the above estimate. At this distance and for
logé =5, n=6x10" cm™3, while vg ~0.05 ¢ and Ar=
VAt ~2 x 10" cm (~15 Ry).

In either case above, the variability of the absorber could be
explained by a transiting (or rotating) clump or streamline as part
of an inhomogeneous wind. Given the above conditions, the
absorption likely occurs at a typical distance of a few hundred
gravitational radii from the black hole and consists of clumps of
thickness of a few tens of gravitational radii. Observationally, the
increase in opacity in PG 1448+273 is very similar to what is
seen in the UFO in MCG—03—-58—007 (Braito et al. 2018).
There, a drop in flux and a corresponding increase in obscuration
was observed in a 2015 NuSTAR observation, with the dip
lasting for just over a day. The drop could be accounted for by an
increase in opacity by a fast (~0.1 ¢) wind, via an increase in its

RY/2 = (GM)'/ )

12 The 1-1000 Rydberg luminosity was calculated from extrapolating the
broadband power law plus Comptonized disk model in the 2022 XMM-
Newton spectrum, toward lower energies. The extrapolated model is consistent
with the photometry measured in the UV, from the simultaneous XMM-
Newton Optical Monitor data points.
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column density, or by a decrease in its ionization. Similarly, the
location of the absorber was derived to be a few hundred
gravitational radii, likely within a clumpy disk wind.

These typical scales are in agreement with the hydrodynamical
wind simulations of Mizumoto et al. (2021), who demonstrate that
the bulk of UFO wind absorption occurs at radii much larger than
the launch radius, once the gas density is high enough and the
ionization drops to values of log& = 5 or below. These authors
applied their model to the well-known UFO in PG 12114143
(Pounds et al. 2003) and are able to reproduce the Fe K absorption
structure in this QSO. Interestingly, Waters et al. (2022) also
suggest that clumps can form in highly supersonic outflows, as a
result of the gas becoming thermally unstable. This occurs once the
gas is fully accelerated close to its terminal speed rather than at the
wind launching point, as otherwise acceleration can prohibit
clumps from forming. These authors also suggest that intrinsic flux
variability can enhance clump formation, which may be especially
relevant to NLS1s like PG 14484-273, which are highly variable in
X-rays and can exhibit strong UFOs (Hagino et al. 2016; Parker
et al. 2017; Kosec et al. 2018; Reeves & Braito 2019).

8. Conclusions

New 2022 NuSTAR and XMM-Newton observations of the
NLS1 galaxy, PG 1448+273, have revealed a highly variable
wind. These revealed a much faster wind (of v/c=0.26)
compared to an earlier 2017 observation (with v/c = 0.1), which
overall was in a lower-flux state. This is evidenced by the
increased blueshift of the Fe K absorption trough when comparing
these observations, from 7.5 keV in 2017 to up to 9 keV in 2022.
Short-term variability of the wind is observed in 2022, with the
dip in the last 60 ks of the NuSTAR observation coinciding with
an increase in opacity of the fast disk wind. This can potentially be
explained by denser clumps or streamlines of gas intercepting our
line of sight to the source, within an inhomogeneous wind and on
scales of a few hundred gravitational radii.

Several open questions remain as to the origin of the wind
variability in PG 1448+273. One is the cause of the drastic
change in wind velocity and the blueshift of the Fe K absorption
profile. Overall the 2017 XMM-Newton campaign caught the
QSO in a lower overall flux, which also coincided with a period
where the X-ray flux went through several dips (by up to an
order of magnitude), as is seen in the Swift monitoring analyzed
by Laurenti et al. (2021). One possibility is the wind velocity
reacts to a decrease in ionizing flux, becoming less efficiently
accelerated, either by radiation or by a reduction in the overall
magnetic activity of the corona, while in 2022 the wind is faster
when the AGN is in a brighter X-ray flux state. Here, the ratio of
the wind momentum rate to radiation force increases by a factor
of 5 between the 2017 and 2022 (slice B) epochs, but does not
appear to exceed unity overall and thus could be consistent with
an increase in radiation driving.

The second open question is the frequency and cause of the
X-ray flux dips and whether they are connected to wind
obscuration events, which can increase the X-ray opacity—
especially if the wind streamlines become Compton thick
(Ng > 10** cm™2) to electron scattering and fully cover the
X-ray source. Future observations of PG 14484273, via an
approved 3 x 80 ks joint XMM-Newton and NuSTAR program
in 2023 and coupled with daily Swift monitoring, will shed more
light on how the wind reacts to the continuum. In particular, the
observations may provide insight into the frequency of dipping
events, how or if the wind opacity changes as a result, and
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whether there is any connection between the overall X-ray
luminosity and the resultant wind velocity.
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