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ABSTRACT
Relativistically blueshifted absorption features of highly ionized ions, the so-called ultrafast
outflows (UFOs), have been detected in the X-ray spectra of a number of accreting
supermassive black holes. If these features truly originate from accretion disc winds accelerated
to more than 10 per cent of the speed of light, their energy budget is very significant and they
can contribute to or even drive galaxy-scale feedback from active galactic nuclei (AGNs).
However, the UFO spectral features are often weak due to high ionization of the outflowing
material, and the inference of the wind physical properties can be complicated by other spectral
features in AGNs such as relativistic reflection. Here we study a highly accreting narrow-line
Seyfert 1 galaxy PG 1448+273. We apply an automated, systematic routine for detecting
outflows in accreting systems and achieve an unambiguous detection of a UFO in this AGN.
The UFO absorption is observed in both soft and hard X-ray bands with the XMM–Newton
observatory. The velocity of the outflow is (26 900 ± 600) km s−1 (∼0.09c), with an ionization
parameter of log(ξ/erg cm s−1) = 4.03+0.10

−0.08 and a column density above 1023 cm−2. At the
same time, we detect weak warm absorption features in the spectrum of the object. Our
systematic outflow search suggests the presence of further multiphase wind structure, but
we cannot claim a significant detection considering the present data quality. The UFO is not
detected in a second, shorter observation with XMM–Newton, indicating variability in time,
observed also in other similar AGNs.

Key words: accretion, accretion discs – black hole physics – galaxies: Seyfert.

1 IN T RO D U C T I O N

Highly blueshifted absorption lines of ionized material have recently
been detected in the X-ray spectra of a number of active galactic
nuclei (AGNs), reaching velocities from ∼0.1c to as high as 0.5c
(e.g. Pounds et al. 2003; Reeves, O’Brien & Ward 2003; Tombesi
et al. 2010a, b, 2015; Nardini et al. 2015; Parker et al. 2017; Kosec
et al. 2018c; Walton et al. 2019). These absorption lines could
originate from accretion disc winds, launched at high velocities from
the accretion flow of AGNs by radiation pressure (Proga, Stone &
Kallman 2000) or magnetic forces (Fukumura et al. 2010). The large
velocity and the consequent significant kinetic power make these
outflows strong candidates for being the drivers of AGN feedback
in galaxies (Fabian 2012; King & Pounds 2015). Alternatively,
these blueshifted absorption lines could originate from low-density

� E-mail: pk394@cam.ac.uk

material co-rotating with the inner accretion flow without the need
for an outflow from the system (Gallo & Fabian 2013; Fabian et al.
2020).

In most cases, the signatures of these so-called ‘ultrafast outflows’
(UFOs) were identified using the highly ionized features of Fe XXV

and Fe XXVI (Tombesi et al. 2010a) in the iron K band (7–10 keV).
The iron K band, however, is often on the upper edge of the energy
range of the current instruments like XMM–Newton (EPIC pn and
MOS) and Chandra, where the collecting area of the instruments
steeply drops off, resulting in poor counts and signal-to-noise
ratios. Additionally, this band commonly contains strong features of
relativistically blurred reflection of the AGN coronal emission from
the accretion disc (Tanaka et al. 1995; Fabian et al. 2009). Therefore,
the observed absorption features can be hard to interpret as outflow
signatures and it is difficult to infer the wind properties such as the
velocity and the ionization level (Zoghbi et al. 2015). Furthermore,
spurious low-significance features or lines of instrumental origin
can be interpreted as real UFO signatures.
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Less frequently, fast ionized wind absorption lines are also
observed in softer X-rays (<5 keV), for example using the Si XIV,
S XVI, and O VIII transitions (Jiang et al. 2018; Pinto et al. 2018;
Reeves, Lobban & Pounds 2018a). The soft X-ray band (0.3–
2.0 keV) can, however, be dominated by the commonly observed
warm absorption from low-ionization material at larger distances
from the AGN (e.g. Kaastra et al. 2000; Kaspi et al. 2002;
Blustin et al. 2005; Detmers et al. 2011), which complicates line
identification.

It is therefore important to study UFOs in different objects and
across a broad X-ray band, comparing their properties to the source
X-ray continuum properties in order to understand the true nature
of UFOs and their relationship to AGNs.

Here we present the detection of a UFO with a velocity of 0.09c
in the spectrum of a narrow-line Seyfert 1 galaxy PG 1448+273
observed with the XMM–Newton observatory. The signatures of
the outflow are observed in both hard X-rays (iron K band) and
soft X-rays (0.3–2.0 keV), and we constrain its physical properties
systematically using an automated multiparameter search of the
X-ray spectrum with photoionized absorption grids.

PG 1448+273 is a narrow-line Seyfert 1 AGN (Boller, Brandt &
Fink 1996; Grupe et al. 2004) located at a redshift of z =
0.0645 (Alam et al. 2015). Its mass is (9 ± 2) × 106 M� (Vester-
gaard & Peterson 2006, from single-epoch optical spectroscopy).
PG 1448+273 has an estimated bolometric luminosity of ∼1045.5

erg s−1 (Grupe et al. 2004), resulting in an Eddington ratio above
unity (L/LEdd ∼ 3). PG 1448+273 could therefore be a super-
Eddington accretor (Kawaguchi 2003). At such a high Eddington
fraction, radiation pressure is an important component of the
accretion flow and is expected to drive powerful outflows from
the accretion disc (Shakura & Sunyaev 1973). PG 1448+273 is
therefore a natural candidate for a spectroscopic search of UFO
signatures.

Previous X-ray studies have remarked on the complex shape
of the soft X-ray excess (Inoue, Terashima & Ho 2007) of PG
1448+273, requiring more than the usual ∼0.1 keV blackbody
component for an accurate description. The AGN is, however, not
heavily absorbed by neutral absorption or a strong warm absorber.
Its X-ray spectrum is also highly variable (Ponti et al. 2012b).

This paper consists of five sections. The observation and data
reduction are described in Section 2. Details of our analysis and
the results are shown in Section 3, followed by a discussion of the
findings in Section 5. Section 6 contains the conclusions of this
study.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The XMM–Newton (Jansen et al. 2001) data were obtained from the
XSA1 archive. The main data set consists of a single observation
taken on 2017 January 24 (ID: 0781430101, proposal PI: A. Zoghbi)
with a total raw exposure of 126 ks. There is also a second, much
shorter (22 ks) observation, which was taken on 2003 February 8
(PI: Kawaguchi).

We reduced the main data set using standard pipelines with SAS

v17. There were no high background periods of time during the
observation and thus no time intervals needed to be filtered out.

The observation with the European Photon Imaging Camera
(EPIC) pn and MOS instruments was split into two exposures, a
scheduled (‘S’) part and an unscheduled (‘U’) part. Initially, we

1nxsa.esac.esa.int/nxsa-web/

Figure 1. Image of the EPIC pn Small Window Mode exposure. The source
region used in the analysis is the green circle (20 arcsec radius), and the two
polygons are the regions used to extract the background spectrum. The non-
uniform background count distribution (in the vertical direction) is evident
and is likely caused by the wings of the source point spread function.

extracted the spectra of the two exposures separately, but found no
significant differences between them. We therefore combined the
scheduled and unscheduled parts of the observation into a single
exposure.

The EPIC pn (Strüder et al. 2001) instrument was operated in
Small Window mode during the observation to limit pile-up. An
image of the pointing was made using standard routines. We noticed
a strong non-uniformity of background counts across the image
(Fig. 1), likely due to source counts from the wing of the source
point spread function (PSF). To avoid including source counts in
the background spectrum, we chose background regions to be two
small polygons as far from the source as possible. Furthermore, we
decreased the importance of background subtraction by choosing
a small (20 arcsec) source region. This boosted the signal-to-noise
ratio in the critical 6–10 keV energy band where the Doppler-
shifted absorption features of highly ionized iron (Fe XXV/XXVI)
are expected. Only events of PATTERN <= 4 (single/double) were
accepted. The average EPIC pn count rate was 2.2 ct s−1, but the
source is strongly variable, varying between 1 and 4 ct s−1 over the
course of the observation.

EPIC/MOS 1 and 2 (Turner et al. 2001) were operated in Large
Window mode. The source region was chosen to be a circle with
a radius of 20 arcsec, similar to pn data. The background covered
the rest of the central chip area, at least 110 arcsec away from
the source, avoiding other bright point sources. We did not notice
any background non-uniformity as observed in EPIC pn data,
confirming that the non-uniformity observed in the EPIC pn image
is caused by the wings of the PSF. Events of PATTERN <= 12
(single/double) were accepted. The average EPIC MOS 1 count
rate was 0.44 ct s−1 and the average MOS 2 count rate was 0.43
ct s−1. We stacked data from MOS 1 and MOS 2 into a single
spectrum with the EPICSPECCOMBINE routine.

Data from both EPIC/pn and EPIC/MOS were grouped using
the SPECGROUP procedure to at least 25 counts per bin, and to
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oversample the detector resolution by a factor of at most 3. The
clean exposure time of the pn data set is 76 ks, and the exposure
of the combined MOS 1 and MOS 2 data is 108 ks (pn exposure is
smaller due to a lower Live time in Small Window mode).

Reflection Grating Spectrometer (RGS; den Herder et al. 2001)
data were reduced using standard routines with default values and
with standard observational background. Data were binned by a
factor of 3 directly within the SPEX fitting package to oversample the
real grating resolution by roughly a factor of 3. The clean exposure
of RGS 1 and RGS 2 data is 115 ks.

After reduction, the data were converted into SPEX FITS format
using the TRAFO tool. SPEX fitting package (Kaastra, Mewe &
Nieuwenhuijzen 1996) was used for spectral fitting as it contains
the physically motivated ionized absorption grids XABS and PION.
All spectral models were fitted using Cash statistics (Cash 1979)
and the errors are stated at 1σ level. We use three cross-calibration
constants to account for calibration differences between the four
spectral data sets (pn, MOS, RGS1, and RGS2). The differences are
smaller than 10 per cent in all cases.

EPIC pn and MOS data were initially ignored below 0.3 keV and
above 10 keV following standard guidelines. RGS data were used
in the range between 7.5 (1.7 keV) and 28 Å (0.44 keV), limited
by strong background on both ends of this interval. We found a
10–15 per cent discrepancy between EPIC and RGS data in the 0.3–
1.0 keV range that could be caused by poor spectral resolution of the
EPIC instruments in this range or by calibration differences. At these
energies, EPIC lacks the resolution to resolve the fine structure of
absorption lines but would drive the spectral fits due to much higher
count rates than RGS (resulting in much smaller errorbars compared
to RGS data). To avoid confusion between different unresolved
spectral components, we ignored EPIC pn and MOS data below
1.7 keV altogether in the main part of our analysis.

We followed the same steps to reduce and prepare the second
observation (0152660101) for analysis. The statistics were naturally
much worse compared to the main data set, albeit the AGN was
brighter in 2003. The average EPIC pn count rate was 4 ct s−1, and
the average MOS 1/2 count rate was 0.9 ct s−1. Since EPIC pn was
operated in Large Window mode (with a pile-up limit of 3 ct s−1),
it is possible that the pn data are affected by pile-up. MOS was
operated in Large Window mode (pile-up limit of 1.5 ct s−1) and its
data should not be affected. Nevertheless, we do not observe any
significant differences between pn and MOS spectra. We ignored
EPIC data below 1.7 keV, only using RGS data in the soft X-ray
band, following the same procedure as with the main data set.

Fig. 2 contains the 1.7–10 keV EPIC pn spectra from both
observations and shows the long-term variation of the source and
the data set quality. Especially striking is the difference in the iron
K region (5–8 keV). We first focus on the analysis of the higher
quality observation (0781430101) that also shows more intriguing
spectral features. The second observation is analysed separately in
Section 4. It would not be appropriate to stack the two data sets
given the long period of time and strong variability between the two
observations.

3 R ESULTS FROM THE MAIN XMM–NEWTON
OB SERVATION

3.1 Broad-band X-ray continuum

First we fit the broad-band 0.3–10 keV spectrum with a phenomeno-
logical X-ray AGN spectral model. We fit the RGS, EPIC pn, and
MOS data simultaneously with the same spectral model except

Figure 2. 1.7–10 keV EPIC pn spectra of PG 1448+273 during the two
observations. Data from the main observation (0781430101) are in black
colour, and data from the shorter archival observation (0152660101) are
shown in red.

for the cross-calibration constant. The model consists of a power-
law (POW in SPEX) model describing the inverse Compton coronal
emission, a blackbody (BB) model describing the soft excess below
2 keV, and a relativistically blurred iron K emission line. Blurred
reflection is described with a LAOR model applied to a Gaussian
line (GA) with the energy fixed to 6.4 keV to avoid too much model
freedom with the available data quality. All of these models are
subject to any interstellar absorption in the host galaxy of the AGN
described by a HOT model within SPEX. The model is then redshifted
by z = 0.0645 of the host galaxy (found on the NED data base) using
the REDS model. Finally, Galactic interstellar absorption is applied
with a second HOT spectral model with a fixed value of NH =
2.5 × 1020 cm−2 (Kalberla et al. 2005). The final spectral model
has the following form: HOT(REDS(HOT(POW+BB+LAOR×GA))).

We find that PG 1448+273 shows properties very similar to
other narrow-line Seyfert 1 AGNs (for a summary of the continuum
parameters, see Table A1). The power-law slope is measured to be
2.07 ± 0.03, and the soft excess can be described with a blackbody
of temperature 0.097 ± 0.003 keV. The black hole appears to have
a high spin value with a minimum disc radius of just 1.52+0.19

−0.29

RG, but we draw no firm conclusions since the relativistic iron
K reflection is described only with a simple phenomenological
model. The emissivity slope is q = 4.6 ± 0.5 and the measured
disc inclination is 44+2

−3 deg. We also find a significant non-zero
interstellar absorption in the host galaxy of PG 1448+273 with a
column density of (9.8 ± 2.1) × 1020 cm−2. The fit statistics are
C-stat = 1594.43 for 1278 degrees of freedom.

Upon visual inspection of the spectrum, strong residuals in
EPIC pn and MOS data within the iron K band are obviously
evident (Fig. 3), as are residuals in the RGS band (Fig. 4). The
iron K-band residuals suggest the presence of a highly ionized,
high-velocity outflow; the flux drop above 7 keV is very similar
to that of another NLS1 1H 0707−495 with a known high-
velocity outflow (Boller et al. 2002; Kosec et al. 2018c). The
RGS data point to a more complex situation. There is a prominent
absorption residual at 18–19 Å (observed wavelength), which could
correspond to O VIII absorption, blueshifted by ∼0.1c. Further
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Figure 3. EPIC pn (black) and MOS (red, MOS 1 and MOS 2 stacked)
data (4.5–10 keV) of PG 1448+273 fitted with the phenomenological
AGN continuum model from Section 3.1. Apparent is the strong absorption
residual observed at ∼7 keV. Black (pn) and red (MOS) solid lines show
the best-fitting continuum models, and the dashed lines show the subtracted
background spectra.

structures are also seen around 12 and 24 Å in observed wave-
length.

3.2 Ionized wind search

3.2.1 Wind search set-up and results

To determine the blueshift and physical parameters of any ionized
outflow component as well as its significance in the present data,
we systematically scan the X-ray spectrum of PG 1448+273 with
an automated ionized absorber search. In principle, we use a routine
to scan a large parameter space of a photoionization absorber
grid, to locate the best-fitting ionized outflow properties. Similar
methods were recently successfully used to detect and study UFOs
in ultraluminous X-ray sources (ULX; Kosec et al. 2018a, b; Pinto
et al. 2020).

The photoionization model we use here to describe the spectral
features (absorption lines) of an ionized outflow is called XABS in the
SPEX fitting package. The model calculates the ionizing balance and
absorption line strengths based on the spectral energy distribution
(SED) shape of the AGN NGC 5548 (Steenbrugge et al. 2003, 2005).
The SED of NGC 5548 should be a reasonable approximation for
the PG 1448+273 SED, although the former is likely more massive
at (9 ± 3) × 107 M�, and has a smaller Eddington ratio (Lu et al.
2016). The coronal power-law slope of NGC 5548 is � ≈ 1.8 versus
� = 2.07 ± 0.03 in PG 1448+273, so PG 1448+273 has a softer
spectrum but not as soft as the more extreme NLS1 AGNs like
IRAS 13224−3809 where � varies between 2.2 and 2.9 (Pinto et al.
2018). At each step, we also check our results for consistency with
the PION model in the SPEX fitting package. PION is a similar model
of photoionized plasma as XABS but it takes into account the actual
continuum SED of the currently used spectral model, albeit at a
much higher computational cost, which is the limiting factor in our
analysis.

The main parameters of the XABS model are the column density
NH, ionization parameter log ξ , systematic velocity z, and turbu-
lent velocity (or simply velocity broadening) vturb of the ionized

absorber. An outflow in the X-ray spectrum of the AGN can in
principle have any blueshift, ionization parameter, column density,
and turbulent velocity. This is a large parameter range that has to
be searched in an automated way to avoid missing the parameter
space with the best-fitting solution. As an added bonus, performing a
systematic search in this way will allow us to constrain the statistical
significance of any outflow detection in the AGN spectrum.

We therefore create a grid of photoionization models that spans
ionization parameters between log (ξ /erg cm s−1) = −1.0 and 4.8
with a grid spacing of �log ξ = 0.2 (in line with the recommenda-
tion of Reynolds et al. 2012), with three fixed turbulent velocities of
vturb = 100, 1000, and 10 000 km s−1. The turbulent velocity space
grid is chosen to be coarse to decrease the computational cost of the
automated search.

Afterwards a range of realistic systematic absorber velocities
(blueshifts) is chosen. We choose to search for an absorber with
a systematic velocity between +20 000 km s−1 (to account for
possible infalling gas) and −100 000 km s−1 (blueshift of roughly
0.4c, after relativistic correction). The step size is 150 km s−1

for turbulent broadening of 100 and 300 km s−1 for turbulent
broadening of 1000 km s−1. This is chosen so that in each case
the step size is not much larger than the broadening and at the
same time is not much larger than the spectral resolution of our
detectors, RGS being the best of our instruments with a spectral
resolution of roughly ∼300 km s−1 in velocity units. In the case of
turbulent velocity equal to 10 000 km s−1, the features are so broad
that such detailed sampling is not necessary, instead we sample by
1000 km s−1.

We generate an absorption grid for every possible systematic
velocity, ionization parameter, and broadening within the selected
range, add this model to the baseline continuum from Section 3.1,
and fit for the column density of the absorber (with the remaining
absorber parameters fixed), leaving the continuum parameters free
to vary. If an absorber of such parameters is disfavoured by the
data, the resulting column density will be 0, i.e. the best-fitting
solution is the null (baseline continuum) model. Otherwise, we
recover the best-fitting absorber column density as well as the �C-
stat fit improvement obtained by adding the photoionization grid
to the (null) baseline continuum model. Any improvement in the
�C-stat fit statistics compared to the null model is recorded for
every point in the multidimensional search grid, and determines
how strongly the spectral model including the wind absorption is
preferred to the baseline continuum model.

We search the large parameter space for signatures of an ionized
outflow as described above, using the full data set (RGS + pn
+ MOS) on PG 1448+273. The results of the search are shown
in Fig. 5. The wind search achieves a strong detection of ionized
plasma with a systematic outflow velocity of ∼30 000 km s−1, with
a fit improvement of �C-stat > 70. The plasma is highly ionized
with log ξ of 4.0–4.2 and the fit improvement is much higher in the
scans with a 1000 or 10 000 km s−1 turbulent velocity compared
to the one with 100 km s−1 velocity width. All the other �C-stat
peaks in the systematic scans are much smaller, reaching at most
�C-stat ∼30–35; hence, the ‘primary’ (strongest) solution is highly
preferred.

The fact that our detection is above �C-stat = 70 already strongly
suggests the significance of this outflow component, comparing with
previous similar analyses (e.g. Kosec et al. 2018b). However, due
to the look-elsewhere effect, since we are searching through a large
parameter space, it is not trivial to assign directly a ‘wind detection
significance’ to a specific value of �C-stat (Protassov et al. 2002).
Monte Carlo simulations must be employed to rigorously ‘map’ the
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Ultrafast outflow in PG 1448+273 4773

Figure 4. Background-subtracted RGS data (7.5–28 Å) of PG 1448+273, stacked and overbinned for plotting purposes only, fitted with the phenomenological
AGN continuum model from Section 3.1 (blue colour). The model particularly fails to reproduce the strong residuals around 18–19 Å; however, further
residuals are seen around 12, 15.5, and 24 Å. The edge at 24.5 Å and the strong absorption line at 25 Å suggest the presence of neutral absorption intrinsic to
the AGN. The subtracted background is shown in orange.

C-stat fit improvement to a specific false alarm probability for each
wind detection. The results of Monte Carlo simulations are shown
in Appendix B. They indicate that the significance of the primary
peak detection is well above 3σ–4σ and thus our UFO detection is
robust.

3.2.2 Secondary detections in the wind search

We also find a large number of secondary peaks with �C-stat
between 25 and 35 which by themselves could be considered
significant detections, if they were detected alone. Their presence
suggests that there could be further wind structure hiding in the
spectrum of PG 1448+273. However, at this point it is not certain
that the secondary peaks are independent of the primary peak. These
secondary solutions could in fact be fitting some of the same spectral
residuals to the baseline continuum as the primary peak, but with
a different set of atomic lines, resulting in a shallower �C-stat
improvement.

Finally, we also notice a �C-stat peak around the rest frame
of the AGN in the 100 km s−1 velocity width search. The peak
is not particularly strong with �C-stat ∼ 20 at the ionization
parameter of log (ξ /erg cm s−1) = −0.6, but it could mean
the presence of a weak warm absorber. Absorbers with similar
ionization parameters are very commonly observed in other AGNs
(e.g. Blustin et al. 2005); it is thus not unlikely that one could
also appear in the spectrum of PG 1448+273. If this is the
case, the same look-elsewhere effect as for the UFO detection
does not apply. Warm absorbers in particular only appear over a
very small systematic velocity parameter space (velocities from
hundreds of km s−1 to a few thousands of km s−1 at maximum).
The same �C-stat significance rules for UFO detections hence do
not apply as the available parameter space is much smaller, and a
significantly weaker warm absorber detection might still represent
real absorption features. For this reason, we fit both the features of

the UFO primary peak as well those of the warm absorber in the
next section.

3.3 UFO and warm absorption

To learn more about the properties of the ionized absorbers in PG
1448+273, we fit its spectrum directly with a model that includes
the original baseline continuum (with all the parameters freed), plus
two ionized absorbers described with the XABS model. The first
XABS model is supposed to fit the primary peak in the systematic
absorber search at around 30 000 km s−1, and the second one should
fit the possible features of a warm absorber in the rest frame of the
AGN.

The primary ultrafast component is found with an outflow veloc-
ity of 26 900 ± 600 km s−1 (including the relativistic correction).
Its column density is 0.28+0.12

−0.07 × 1024 cm−2, with an ionization
parameter of log(ξ/erg cm s−1) = 4.03+0.10

−0.08 and a velocity width
of 2100+600

−500 km s−1. The final fit improvement of adding this
component to the baseline model is very strong with �C-stat =
83.27, confirming the significance of the UFO features in the
spectrum of PG 1448+273. The strongest spectral features of the
UFO absorption are the Fe XXV and Fe XXVI lines at ∼7 keV (in
the EPIC band) and the O VIII line at 18.5 Å (∼0.7 keV, in the RGS
band).

The warm absorber has a column density of (3.8 ± 1.7) × 1020

cm−2 and an ionization parameter of log(ξ/erg cm s−1) = −0.4+0.3
−0.4.

Its systematic velocity is −100 ± 200 km s−1 in the rest frame of the
AGN, so it is consistent with being at rest, with a velocity width of
50+40

−30 km s−1. It is similar to warm absorbers found in other AGNs
(Kaspi et al. 2002; Steenbrugge et al. 2005; Detmers et al. 2011),
apart from the column density that is much lower in PG 1448+273,
resulting in rather weak spectral features, and a lower �C-stat fit
improvement of 15.19. The �C-stat is smaller than the original
value found in the automated wind search (∼20), suggesting that
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4774 P. Kosec et al.

Figure 5. Systematic scan for ionized outflow features in the spectrum of PG 1448+273. The spectrum is scanned with ionized absorption model grids with
systematic velocities between +20 000 and −100 000 km s−1 (on the X-axis), ionization parameters log ξ between −1.0 and +4.8 (on the Y-axis), with turbulent
velocities of 100 km s−1 (top subplot), 1000 km s−1 (middle subplot), and 10 000 km s−1 (bottom subplot). The colour shows the �C-stat fit improvement upon
adding the absorption grid to the baseline continuum model (according to the colour bar on the right), and the black contours show �C-stat fit improvement of
30, 50, and 70, respectively.

the ultrafast and warm absorber models are partly fitting the same
residuals to the original baseline continuum. The spectral features
of the warm absorber are located at around 24 Å in the RGS
band.

Since the strongest absorption lines of the warm absorption lie in
the 24 Å range, they overlap with the N VII absorption of the 0.1c
ultrafast phase. It is therefore possible that these features instead
could originate in N VII absorption of the ultrafast phase. We attempt
to describe the features by freeing the abundance of N in our final
spectral model (with the warm absorber column density fixed to
0), and reach fit statistic improvements at a �C-stat ≈10 level
(compared to a continuum + UFO with solar abundances spectral
model), for a nitrogen overabundance of 7+3

−2. We consider this to be
a very high abundance value and prefer the warm absorption origin
for the 24 Å features as a far more likely explanation.

The baseline continuum parameters slightly shift (for a summary
of the continuum parameters, see Table A1), with the best-fitting
power-law slope being 1.97 ± 0.03 and the soft excess blackbody
temperature of 0.102 ± 0.003 keV; however, they still agree with

the original continuum fit values within ∼3σ errors. The inner
disc radius (from the iron K line) is 1.7 ± 0.5 RG, the emissivity
slope is 3.5+2.1

−0.5 and the disc inclination is found to be 38+16
−3 deg.

Most notably, the best-fitting neutral absorber (in the rest frame of
PG 1448+273) is now weaker with a column density of 6.5+2.0

−2.2 ×
1020 cm−2. This could be explained if the warm absorber (with a
low ionization parameter) is fitting similar spectral residuals as the
neutral absorption. The final fit statistics are C-stat = 1495.97 for
1270 degrees of freedom.

The best-fitting wind spectral model is shown in Fig. 6 (EPIC pn
and MOS data only) and in Fig. 7 (RGS data only).

3.4 Residual structure in the X-ray spectrum – a multiphase
outflow?

The large C-stat value of the best-fitting spectral model given the
number of degrees of freedom, and the secondary peaks in the
systematic wind search suggest the presence of further ionized
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Ultrafast outflow in PG 1448+273 4775

Figure 6. EPIC pn (left subplots) and MOS (right subplots) data (1.7–10 keV) of PG 1448+273 fitted with the phenomenological AGN continuum model
from Section 3.1, plus two wind components: one ultrafast, highly ionized component outflowing at ∼27 000 km s−1, and a warm absorber component in
the rest frame of the AGN. The top subplots show the spectra with the best-fitting baseline continuum (blue colour) and the continuum + wind models (red
colour), and the bottom subplots contain the residuals to the continuum model as well as the best-fitting wind solution (red). The orange dashed lines show the
subtracted background spectra. Green labels name the strongest absorption lines of the UFO absorption.

outflow components in the spectrum of PG 1448+273, assuming
that our baseline continuum model is accurate. However, the
secondary peaks might not be independent of the primary wind
detection, i.e. their spectral signatures could be shared. For this
reason, it does not make sense to directly fit the secondary peaks
based on the existing automated wind search (Fig. 5).

We therefore perform a new set of wind searches that includes
the two outflow components described above (in Section 3.3). We
choose the best-fitting baseline continuum with two additional XABS

components (UFO and warm absorber) to be the new baseline
model. We then run the same wind search as described in Sec-
tion 3.2, with all the baseline continuum parameters allowed to
vary freely. The results are shown in Fig. 8.

There are no strong wind detections in the search with a turbulent
velocity of 1000 km s−1. On the other hand, there are roughly five
peaks with fit improvements between �C-stat of 15 and 22 in
the search with 100 km s−1 turbulent velocity, suggesting tentative
evidence of further ionized outflow components. Furthermore, there
is a similarly strong peak (�C-stat ∼ 20) in the 10 000 km s−1 width
search.

If only a single peak with a similar fit improvement (�C-stat ∼
20) was detected, it would be trivial to assign a false alarm probabil-
ity to its detection based on our Monte Carlo simulation results from
Appendix B. However, the fact that there are six peaks with similar
�C-stat values means that we likely cannot statistically differentiate
which of these solutions are real and which are false detections as
they will all result in similar statistical significances/false alarm
probabilities. The situation is further complicated because these
peaks are probably not independent, i.e. multiple potential peaks
are fitting the same residuals to the baseline continuum, but with
different outflow models.

We individually fit each of the peaks with �C-stat >15 but find
no further fit improvement or any particularly strong outliers. The
tentative solutions mostly fit residuals in the RGS band, in particular
those at 12–13 Å, at 15–16 Å, and in the 20–22 Å range (Fig. 7).
At the current data quality, these residuals can be fitted equally well
with multiple wind models. Since multiple wind solutions fit the
RGS residuals similarly well, we cannot identify a unique solution
with the present data. We find that none of the tentative peaks fit the
remaining residuals seen in the iron K band, which could instead be
interpreted as our imperfect fitting of the relativistic reflection with
just the phenomenological LAOR model (omitting the reflection
continuum).

The large abundance of peaks with �C-stat of around 15–20,
however, still suggests a very likely presence of a multiphase outflow
in PG 1448+273 because such strong false detections should occur
rarely by chance. Based on our MC simulations, even accounting
for their limited parameter space, we can very roughly assign a
2σ statistical significance (including the look-elsewhere effect) to
a �C-stat = 16 outflow detection. Such strong fake detections
should therefore only occur in 5 per cent of observations, suggesting
that the secondary peaks are real. At this moment, unfortunately,
identification of these potential components is just beyond the
possibilities of the current data quality.

4 A R C H I VA L S H O RT XMM–NEWTON
OBSERVATI ON

We apply the same continuum model as used in Section 3.1 to
the second, archival data set. Due to lower data quality, we fix the
blurred iron K line parameters to the best-fitting parameters from the
final fit in Section 3.3, which included the broad-band continuum as
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Figure 7. RGS data between 7.5 Å (1.7 keV) and 28 Å (0.4 keV) of PG 1448+273, stacked and overbinned for plotting purposes only, fitted with the
phenomenological AGN continuum model from Section 3.1, plus two ionized components: one ultrafast, highly ionized component moving at ∼27 000 km s−1,
and a warm absorber component in the rest frame of the AGN. The top subplot contains the RGS spectrum fitted with the baseline continuum (blue colour)
and continuum + wind (red colour) models, and the bottom subplot shows the residuals to the continuum model and the best-fitting wind solution (red). The
subtracted background in orange colour. Green labels name the most notable absorption lines of the UFO absorption and the magenta label shows the spectral
features of the warm absorber.

well as the ultrafast and warm absorption. We find that the coronal
power-law slope is much higher with � = 2.38 ± 0.04, and the
average 2–10 keV luminosity is (2.16 ± 0.07) × 1043 erg s−1.

Since the statistics are much worse, the addition of neutral
absorption intrinsic to the AGN is not significant. The best-fitting
spectrum is shown in Fig. 9 (EPIC data) and Fig. 10 (RGS data).
The data are of lower quality than from the other observation, but
we do not notice any strong absorption features at 7 keV or at 18 Å
as seen in the previous data set, or any other absorption signature of
a UFO. Interestingly, it appears that an emission feature is present
at 18 Å instead (Fig. 10). If the feature is real, it could be due
to Fe XVII emission (rest-frame wavelength 17.1 Å) or blueshifted
O VIII emission (rest-frame wavelength 19.0 Å).

As a further check, we add the same UFO absorption as observed
in the long exposure data set to the baseline continuum of the
short observation. We use the best-fitting UFO parameters from
Section 3.3. The resulting spectral model is shown in Figs 9 and 10
(red colour), and is clearly rejected by the data. The 1σ upper limit
on the column density of such absorber is just 1.7 × 1022 cm−2,
more than 10 times lower than the column density observed in the
other XMM–Newton observation. We cannot exclude a possibility
that a UFO of the same column density is present, but with a
higher ionization parameter. However, the change in the ionization
parameter would have to be significant, with a lower limit on
the ionization parameter of about log (ξ /erg cm s−1) ≈ 5. Such
a large change in the ionization parameter (10× higher) would

require a non-linear response between the absorber and the ionizing
luminosity of PG 1448+273.

Finally, we apply the same systematic wind search from Sec-
tion 3.2 to locate any potential absorption with parameters different
to that of the UFO observed in the other observation. As the data
quality is much lower compared to the first exposure and there are no
strong spectral residuals, we do not find any significant detections
(�C-stat >15).

5 D ISCUSSION

We have performed a systematic search for an ionized outflow in the
X-ray spectrum of the narrow-line Seyfert 1 AGN PG 1448+273.
We significantly detect a highly ionized wind with a velocity of
(0.090 ± 0.002)c.

The absorption lines of the outflow are detected in both hard
X-rays (iron K band) and soft X-rays (0.3–2.0 keV, particularly the
O VIII line). This suggests that the wind is not as extremely ionized
as in other AGNs and X-ray binaries where often only Fe XXV/XXVI

features are observed (e.g. Tombesi et al. 2010a; Ponti et al. 2012a).
This fact simplifies the inference of the wind parameters as it reduces
the uncertainties in both the velocity and ionization state of the
outflow while simultaneously modelling the wind features as well
as the iron K reflection.

The velocity of the outflow of ∼0.1c is also not as high as seen
in many other AGNs (for a review of the recent UFO detections
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Ultrafast outflow in PG 1448+273 4777

Figure 8. Systematic scan for ionized outflow features in the spectrum of PG 1448+273, in addition to the primary ultrafast component outflowing at
27 000 km s−1 and a warm absorber component in the AGN rest frame. The spectrum is scanned with ionized absorption grids with systematic velocities
between +20 000 and −100 000 km s−1 (the X-axis), ionization parameters log ξ between −1.0 and +4.8 (the Y-axis), with a turbulent velocity of 100 km s−1

(top subplot), 1000 km s−1 (middle subplot), and 10 000 km s−1 (bottom subplot). The colour shows the fit improvement �C-stat upon adding the absorption
grid to the continuum model (according to the colour bar on the right), and the black contours show �C-stat fit improvement of 15 and 20, respectively.

and their velocities, see Parker et al. 2018a), where velocities as
high as 0.3c–0.5c were detected (e.g. Reeves et al. 2018b; Walton
et al. 2019, are the most extreme examples), although velocities in
the range of 0.05–0.1c have also been detected in some AGNs (e.g.
Pounds et al. 2016a). Similarly, the velocity width of the observed
features is not large at 2100+600

−500 km s−1. This suggests that the AGN
corona ionizing the atoms within the outflow cannot be either too
large or too close to where the wind absorption occurs as otherwise
the toroidal motion within the wind (imprinted to the wind by
the Keplerian rotation of the accretion disc) would broaden the
absorption features (Fukumura & Tombesi 2019).

We also note that the outflow velocity is lower than that of the
UFO observed in IRAS 13224−3809 (0.25c; Parker et al. 2017). At
the same time, the inclination of PG 1448+273 (∼40◦) is lower than
the inclination of IRAS 13224−3809 (about 70◦; Jiang et al. 2018).
A lower UFO velocity in PG 1448+273 would be expected in the
framework of a model where the UFO absorption is produced in an

atmosphere co-rotating with the accretion disc (Fabian et al. 2020)
because the projected disc velocities are lower in PG 1448+273.

Curiously, the UFO is not detected in the short (20 ks) 2003
XMM–Newton observation of PG 1448+273 (Appendix 4). The
data set is good enough to significantly reject a UFO of parameters
similar to that observed in the main data set. It is possible that the
UFO is still present but at much higher ionization or with a much
lower column density. A change in the outflow velocity alone cannot
explain the disappearance of absorption lines from both EPIC and
particularly RGS data. Interestingly, PG 1448+273 shows a higher
flux during the shorter observation when the UFO is not seen. This
is a similar behaviour to that of IRAS 13224−3809, which hosts a
time-variable UFO, which anticorrelates in absorption strength with
the AGN X-ray flux (Parker et al. 2017; Pinto et al. 2018). Further
long exposures with XMM–Newton will be required for a proper
flux-resolved analysis to confirm the existence of this important
trend in PG 1448+273.
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Figure 9. EPIC pn (left subplots) and MOS (right subplots) data (1.7–10 keV) of the second, short observation of PG 1448+273 fitted with the baseline
continuum model from Appendix 4 (blue colour). The model in red colour is the best-fitting baseline continuum plus one UFO component with the parameters
of the outflow detected in the long XMM–Newton observation (Section 3.3). The top subplots show the fitted spectra, and the bottom subplots contain the
residuals. Green labels name the strongest absorption lines of the UFO absorption.

Figure 10. RGS data between 7.5 Å (1.7 keV) and 28 Å (0.4 keV) of the second, short observation of PG 1448+273, stacked and overbinned for plotting
purposes only, fitted with the baseline continuum model from Appendix 4 (blue colour). The model in red colour is the best-fitting baseline continuum plus
one UFO component with the parameters of the outflow detected in the long XMM–Newton observation (Section 3.3). The top subplot shows the fitted spectra,
and the bottom subplot contains the residuals. Green labels name the strongest absorption lines of the UFO absorption.
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Ultrafast outflow in PG 1448+273 4779

We also detect a weak warm absorber in PG 1448+273. Warm
absorbers were detected in multiple AGNs with UFO detections,
including PG 1211+143 (Reeves et al. 2018a), PG 1114+445
(Serafinelli et al. 2019), IRAS 17020+4544 (Leighly et al. 1997;
Longinotti et al. 2015), and IRAS 13349+2438 (Sako et al. 2001;
Parker et al. 2018b). Comparing their energetics and mass outflow
rates can be helpful in explaining their (possibly common) origin
(Tombesi et al. 2013) and their interaction with the surrounding
environment. Unfortunately, the warm absorber in PG 1448+273
has a very small outflow velocity of 100 ± 200 km s−1, consistent
with being at rest. The limits placed on its energetics are therefore
not useful.

We search the X-ray spectrum of PG 1448+273 for further wind
structure as multiphase UFOs were previously detected in the X-
ray spectra of other similar systems such as PG 1211+143 (two
outflowing components at 0.06c and 0.13c; Pounds et al. 2016a,
b; Kriss et al. 2018), 1H 0707−495 (0.03c and 0.13c; Kosec et al.
2018c), and PDS 456 (∼0.25c and ∼0.5c; Boissay-Malaquin et al.
2019). Evidence for even more complex wind structure was found
in PG 1114+445 (Serafinelli et al. 2019) and in IRAS 17020+4544
(Longinotti et al. 2015). The energetics of the different outflow
phases can be used to infer the mode of interaction of the outflow
with the surroundings of the AGN. Kosec et al. (2018c) found that
three individual outflowing components (including one observed
in the UV band) likely have comparable kinetic powers in the
NLS1 galaxy 1H 0707−495, suggesting energy conservation at
these scales.

Our second automated wind search locates a number of tentative
outflow phases with a broad range of physical parameters, which
would be difficult to identify with manual approach. However, the
current data quality prevents us from claiming a significant detection
of a multiphase outflow in the present spectra. Future dedicated
campaigns with XMM–Newton or with future X-ray observatories,
doubling or tripling the total count statistics on PG 1448+273,
would be able to constrain these features or rule them out as false
detections.

Assuming our measurement of the ionization parameter of the
outflowing material is accurate, we can calculate the kinetic power
of the detected fast wind. Following the standard derivations (e.g.
Gofford et al. 2015), the mass outflow rate of a disc wind can be
expressed as

Ṁout = ρAv = (CVμmpn)

(
�

4π
4πR2

)
v, (1)

where ρ is the gas density and A is the surface area into which the
outflow is launched, v is the outflow velocity, CV is the volume
filling factor, μ defines the mean atomic mass (∼1.2 assuming solar
abundances), mp is the proton mass, and n is the ion density in the
wind. �

4π is the solid angle into which the wind is launched as a
fraction of 4π and R is the distance of the outflow from the ionizing
source. The ionizing parameter of the wind can be used to get rid of
the R and n terms in the equation above since ξ = Lion

nR2 , where Lion

is the ionizing luminosity of the AGN. The mass outflow rate can
thus be expressed as

Ṁout = CV�μmpv
Lion

ξ
. (2)

The kinetic power of the outflow is then

ĖK = 1

2
Ṁoutv

2 = 1

2
CV�μmpv

3 Lion

ξ
. (3)

Using the results from the best-fitting two absorber models in Sec-
tion 3.3 [v = 26 900 ± 600 km s−1, log(ξ/erg cm s−1) = 4.03+0.10

−0.08],
we find

ĖK = (1.8 ± 0.5) CV�Lion. (4)

Even if the clumping factor and the outflow solid angle are relatively
small (unlikely as PG 1448+273 is not an edge-on AGN and yet
we observe the wind), the kinetic power of the outflow can be
comparable to its ionizing (13.6 eV–13.6 keV) luminosity. The wind
is thus likely more than capable to drive AGN feedback in the host
galaxy of PG 1448+273 (Di Matteo, Springel & Hernquist 2005;
King 2010; Costa, Sijacki & Haehnelt 2014). Its energy budget
is as large as the UFOs detected in similar NLS1s such as 1H
0707−495 (Kosec et al. 2018c) and IRAS 13224−3809 (Parker
et al. 2017).

6 C O N C L U S I O N S

Here we summarize our results:

(i) We systematically searched the X-ray spectrum of the narrow-
line Seyfert 1 galaxy PG 1448+273 for signatures of ionized
outflows. We unambiguously detect a UFO with a velocity of
26 900 ± 600 km s−1 (0.090+0.002

−0.002c). Our Monte Carlo simulations
of the systematic wind search on simulated data show that the UFO
detection is highly statistically significant.

(ii) The wind material has an ionization parameter of
log(ξ/erg cm s−1) = 4.03+0.10

−0.08 and a column density of 2.8+1.2
−0.7 ×

1023 cm−2. The ionization of the material is similar to that of
outflows found in other AGNs. The projected wind velocity is on
the lower end of the range of the extreme outflows observed in other
AGNs.

(iii) The spectral features of the ionized outflow are observed in
both hard X-rays (iron K band) with EPIC pn and MOS detectors,
and in the soft X-ray band with RGS gratings onboard the XMM–
Newton observatory.

(iv) Our results underline the importance of the soft X-ray band
in detecting high-velocity highly ionized outflows. Inferring the
outflow properties from just the iron K band (7–8 keV) is often
problematic due to the common presence of the blue wing of the
relativistically blurred iron K reflection at similar energies (Zoghbi
et al. 2015), as well as due to confusion between the Fe XXV and
Fe XXVI absorption lines of the ionized outflow.

(v) A UFO of similar parameters is not detected in a second,
shorter (20ks) observation of PG 1448+273 during which the AGN
was in a higher X-ray flux state. The outflow could still be present
in the X-ray spectrum, but at a much higher ionization or with
a significantly lower column density. The UFO disappearance at
higher fluxes suggests similarities between PG 1448+273 and IRAS
13224−3809, where the wind absorption anticorrelates with the X-
ray flux (Parker et al. 2017).

(vi) We also detect a low-ionization warm absorber in soft X-
rays. It is consistent with being at rest and has a column density
of (3.8 ± 1.7) × 1020 cm−2 and an ionization parameter of
log(ξ/erg cm s−1) = −0.4+0.3

−0.4.
(vii) We perform a systematic search for further ionization and

velocity phases of the outflow and tentatively detect one or more
phases with potential outflow velocities in the range between 20 000
and 90 000 km s−1. However, with the present data quality we
are unable to significantly confirm or reject their presence in the
spectrum of PG 1448+273.
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The best-fitting continuum spectral parameters of PG 1448+273
are listed in Table A1.
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Table A1. Best-fitting X-ray continuum parameters of PG 1448+273 during the main XMM–Newton observation. The first column lists the spectral model,
the second shows the PG 1448+273 host neutral absorption column density, and the third contains the coronal power-law slope �. The temperature of the
soft excess (described with a blackbody) is in the fourth column. The following four columns list the parameters of the blurred iron K line (modelled as a
Laor shape): the line energy, the inner disc radius, the emissivity index, and the disc inclination, respectively. The final column contains the luminosity in the
2–10 keV band.

Spectral model Host NH � Tsoft Fe K line energy Rin q i L2−10

1020 cm−2 keV keV RG 1043 erg s−1

Continuum only 9.8 ± 2.1 2.07 ± 0.03 0.097 ± 0.003 6.4 (fixed) 1.52+0.19
−0.29 4.6 ± 0.5 44+2

−3 1.40 ± 0.03

Cont. + UFO + warm. abs. 6.5+2.0
−2.2 1.97 ± 0.03 0.102 ± 0.003 6.4 (fixed) 1.7 ± 0.5 3.5+2.1

−0.5 38+16
−3 1.81+0.17

−0.10

A P P E N D I X B: MO N T E C A R L O SI M U L AT I O N S

The �C-stat value of each point in the systematic multiparameter
wind search grid indicates how strongly the spectral model including
the wind absorption is preferred to the baseline continuum model.
However, due to the look-elsewhere effect, since we are searching
through a large parameter space, it is not trivial to assign directly
a ‘wind detection significance’ to a specific value of �C-stat
(Protassov et al. 2002) as their relationship depends on the data set
used and the size of the parameter space. Monte Carlo simulations
must be employed to rigorously ‘map’ the C-stat fit improvement
to a specific false alarm probability for each wind detection. Such
simulations, especially for non-trivial baseline continuum models
(as is the case here), can be very expensive if performed over the
full parameter space.

Multiple recent wind searches deployed for outflow detection in
other objects found with Monte Carlo simulations that 3σ detection
significance corresponded to roughly �C-stat ∼ 20 or �χ2 ∼ 20
(depending on the fitting method used). The exact values found
were �χ2 = 18.5 in the analysis of the IRAS 00521−7054 AGN
(Walton et al. 2019), �C-stat ∼ 20 when studying the UFO of the
ULX NGC 1313 X-1 (Pinto et al. 2020), and �C-stat ∼ 22 in a
ULX spectrum search (Kosec et al. 2018a). Similarly, �C-stat ∼
30 fit improvements corresponded to roughly 4σ significances in
ULX wind studies (Kosec et al. 2018b; Pinto et al. 2020). Since
our UFO detection is above �C-stat of 70, the significance of this
outflow component is likely very high (�3σ–4σ ), comparing with
all previous similar analyses.

Nevertheless, we employ Monte Carlo simulations to verify the
significance of the UFO detection. The simulations are performed
on simulated X-ray spectra with the same exposure and continuum
(but no outflow signatures) as the real observation, and should be
performed in the same manner as the wind search on real data. Then
the fraction of simulated searches with stronger (�C-stat) wind de-
tections than the one in the real data gives the wind detection p value.

However, it is prohibitively expensive to search the whole
parameter space many times over. Each MC simulation performed
in the same manner as the real wind search (Fig. 5) would take
several days on a single (quad-core) computer. We therefore slightly
modify the wind search for the MC simulations. We only choose the
parameter space between ionization parameters log (ξ /erg cm s−1) =
3.5 and 4.5, to cover exactly the properties of the UFO found in the
real data (this also covers roughly 1/6 of the full ionization parameter
space). This range of log ξ is also the region in which most UFOs
are detected. Choosing this limited parameter space, we can run a
single wind scan for each simulated data set where the ionization
parameter is allowed to vary in the permitted range, and the turbulent
velocity can vary in the 250 to 5000 km s−1 range, covering most
of the velocity width parameter space. The ranges are chosen to be

Figure B1. Histogram of �C-stat values from 1000 ionized outflow
searches on simulated X-ray spectra. All points from the multiparameter
search grids of each simulation are shown.

limited so that the routine avoids missing the best-fitting solution at
each systematic velocity. The systematic velocity range is the same
as in the previous search (20 000−100 000 km s −1) with a spacing
of 300 km s −1. With this set-up, each MC simulation takes about
7–8 h on a single computer.

To test this modified wind search, we first apply it on the real data,
finding the primary peak with a fit improvement of �C-stat ∼ 83.
We note that this is a stronger detection than that in the first wind
search (where the maximum was �C-stat ∼ 73) as the turbulent
velocity of the absorption grid is allowed to vary freely and is not
bound to either 100, 1000, or 10 000 km s−1. The search is therefore
able to find a slightly better fitting solution.

We performed 1000 Monte Carlo simulations in total, and found
no simulated searches with �C-stat>22. The histogram of �C-
stat values found in the simulated searches is shown in Fig. B1.
The strongest fake detection is �C-stat = 21.16, much lower
than our wind detection in the real data set. The 3σ detection
limit with the limited parameter space is at �C-stat ∼ 19.6.
Even though the simulated search only covers 1/6 of the full
ionization parameter space, the simulations prove the significance
of the UFO detected in the PG 1448+273 spectrum. Assuming
that the false alarm probability scales linearly with the parameter
space (we stress that this is only a very rough assumption), the
95 per cent (2σ ) detection limit is at �C-stat ∼ 16 from our MC
simulations.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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