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ABSTRACT
We analyze the broad-band X-ray spectrum (0.3–50keV) of theluminous Seyfert 1 / quasar PG 1211+143

- the archetypal source for high-velocity X-ray outflows - using near-simultaneousXMM-NewtonandNuS-
TARobservations. We compare pure relativistic reflection models with a model including the strong imprint
of photoionized emission and absorption from a high-velocity wind (Pounds et al. 2016a,b), finding a spec-
tral fit that extrapolates well over the higher photon energies covered byNuSTAR. Inclusion of the highS/N
XMM-Newtonspectrum provides much tighter constraints on the model parameters, with a much harder photon
index / lower reflection fraction compared to that from theNuSTARdata alone. We show that pure relativistic
reflection models are not able to account for the spectral complexity of PG 1211+143 and that wind absorption
models are strongly required to match the data in both the soft X-ray and Fe K spectral regions. In confirming
the significance of previously reported ionized absorptionfeatures, the new analysis provides a further demon-
stration of the power of combining the high throughput and resolution of long-lookXMM-Newtonobservations
with the unprecedented spectral coverage ofNuSTAR.
Subject headings:galaxies: active — accretion disks — black hole physics — quasar: absorption lines —

galaxies: individual (PG 1211+143)

1. INTRODUCTION

The standard model of an active galactic nucleus (AGN) is
driven by accretion onto a supermassive black hole (SMBH;
MBH ∼ 106−9M⊙). AGN are powerful sources of X-
rays which most likely originate close to the SMBH it-
self. The X-ray spectra of unobscured AGN display an ar-
ray of spectral features. In particular, they are often dom-
inated by a hard power-law component, thought to be pro-
duced when ultraviolet photons, emitted from an optically
thick, geometrically thin accretion disc (Shakura & Sunyaev
1973), are inverse-Compton scattered by a ‘corona’ of
hot electrons (Haardt & Maraschi 1993). Additional spec-
tral features typically include a soft excess< 2 keV
(Scott, Stewart & Mateos 2012), a ‘Compton reflection’
component> 10 keV (Nandra & Pounds 1994) and emission
lines, the strongest of which is often Fe Kα fluorescence at
∼6.4 keV (George & Fabian 1991).

Through systematic spectral studies withASCA, XMM-
Newton, Chandra and Suzaku, a significant fraction
of AGN are now routinely observed to also exhibit
strong signatures of ionized absorption in their X-ray
spectra, with at least half of all AGN hosting pho-
toionized “warm” absorbers (e.g. Reynolds & Fabian
1995; Blustin et al. 2005). These absorbers produce
numerous narrow and blueshifted absorption features
(e.g. Kaspi et al. 2002; Crenshaw, Kraemer & George 2003;
McKernan, Yaqoob & Reynolds 2007), implying material
outflowing at a velocity from several hundred to several thou-
sand km s−1.

Through the study of blueshifted absorption lines of K-
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shell Fe, observations of higher-luminosity AGN have also
revealed the presence of much more highly ionized ab-
sorbers originating in high-velocity disc winds (vout ∼
0.1c; e.g. PG 1211+143; Pounds et al. 2003, PDS 456;
Reeves, O’Brien & Ward 2003). Subsequent studies of
archivalXMM-NewtonandSuzakudata have shown that sim-
ilar high-velocity, highly-ionized outflows may be relatively
common in nearby, luminous AGN (e.g. Tombesi et al. 2010,
2011; Gofford et al. 2013). In general, the derived outflow
rates are comparable to the AGN accretion rate (up to several
solar masses per year) and carry kinetic power on the order
of a few per cent of the bolometric luminosity. Such high-
velocity outflows are believed to play a key role in linking
growth of the SMBH and the host galaxy (King 2003, 2010)
and offer an appealing explanation for the observedM–σ re-
lation for galaxies (Ferrarese & Merritt 2000; Gebhardt et al.
2000).

The archetypal high-velocity-outflow source is
PG 1211+143, a luminous narrow-line Seyfert galaxy /
quasar at a redshift ofz = 0.0809 (Marziani et al. 1996),
which is both optically bright with a strong “Big Blue
Bump” and X-ray bright with a typical X-ray luminosity of
∼1044 erg s−1. The source is well-known for its spectral
complexity and, through anXMM-Newtonobservation in
2001, provided the first detection of a sub-relativistic outflow
(vout ∼ 0.14c) in a non-BAL (broad absorption line) AGN
(Pounds et al. 2003; Pounds & Page 2006).

SubsequentXMM-Newtonobservations of PG 1211+143
were combined to model the photoionized absorption and
emission spectra, quantifying the mass flux and energet-
ics of the outflow and confirming the potential importance
for galaxy feedback (Pounds & Reeves 2007, 2009; Pounds
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2014). An extendedXMM-Newtonobservation in 2014 has
since shown the highly-ionized wind to have several outflow
components, with primary velocities ofvout ∼ 0.066c and
∼0.129c (Pounds et al. 2016a).

Surprisingly, the analysis of a 2014NuSTARobservation of
PG 1211+143 (Zoghbi et al. 2015) found no evidence for the
high-velocity outflow, leading to the suggestion that it maybe
a variable, transient feature - a result which would have impor-
tant implications for the prevalence of high-velocity outflows
in high-luminosity AGN and their wider significance for feed-
back. Here, we report on a combined analysis of the same
NuSTARdata with the contemporaneous extended∼630 ks
XMM-Newtonobservation obtained in 2014.

2. OBSERVATIONS & DATA REDUCTION

PG 1211+143 was observed byNuSTAR(Harrison et al.
2013) four times in 2014: 2014-02-18 (ID: 60001100002),
2014-04-08 (60001100004), 2014-04-09 (60001100005) and
2014-07-07 (60001100007; hereafterNu7), with exposure
times of 111, 48, 64 and 74 ks, respectively. We used the
NUPIPELINE andNUPRODUCTSscripts, as part ofHEASOFT

v6.171, to extract spectral products using the latest calibration
database (version 20151008). We extracted spectral products
from circular source regions with radii of 52 arc sec while
background products were extracted from two same-sized cir-
cular regions separate from the source and away from the
edges of the CCD. We analyzed spectra from both ofNuS-
TAR’s Focal Plane Modules (FPMA & FPMB) usingXSPEC
v12.9.0 (Arnaud 1996). We find that theNuSTARspectra
become heavily background-dominated> 30 keV, resulting
in the high-energy data becoming very noisy. As such, we
binned each individual spectrum in terms of signal-to-noise
(S/N ), ensuring that each spectral bin is detected at the≥ 3σ
level, which also allows us to useχ2 minimization. We
analyzed all FPMA and FPMB spectra simultaneously, al-
lowing for a floating cross-normalization parameter. Typi-
cally, the cross-calibration normalization of the FPMB rela-
tive to the FPMA is1.01 ± 0.03, consistent with the cross-
calibration results presented in Madsen et al. (2015). The
FPMA+FPMB background-subtracted 3–50 keV count rates
of the four NuSTARobservations are∼0.14,∼0.19,∼0.21
and∼0.14 ct s−1, respectively. This corresponds to respec-
tive 3–50 keV observed fluxes of∼6.4,∼8.4,∼9.2 and∼6.6
×10−12 erg cm−2 s−1.

PG 1211+143 was also observed withXMM-Newton
(Jansen et al. 2001) on seven occasions in 2014 from 2014-
06-02 to 2014-07-07, with a total exposure of∼630 ks. The
details of the observations and their subsequent data reduc-
tion is described in Lobban et al. (2016). We note that the
XMM-Newtonspectra are binned up such that there are>
100 ct bin−1. Here, we primarily focus on the fourthNuSTAR
observation (referred to asNu7), as this overlapped with the
XMM-Newtoncampaign and was directly simultaneous with
the finalXMM-Newtonobservation (rev2670). The four sepa-
rateNuSTARlightcurves are shown in Zoghbi et al. (2015).
The upper panel of Figure 1 shows theNu7 lightcurve2,
while the lower panel shows the rev2670XMM-NewtonEu-
ropean Photon Imaging Camera (EPIC)-pn lightcurve in the
3–10 keV energy band, demonstrating how the hard X-ray

1 https://heasarc.gsfc.nasa.gov/lheasoft/
2 Note that theNuSTARcount rate has been adjusted via various correc-

tions as part of theNULCCORR task. These include corrections for the ‘live
time’, point-spread function, vignetting, etc.

FIG. 1.— Upper panel: theNu7 FPMA+FPMBNuSTARlightcurve from 3–
10 keV in 2 ks bins. The plotted count rate has been corrected using theNUL-
CCORRtask. Lower panel: the simultaneous rev2670XMM-NewtonEPIC-pn
lightcurve from 3–10 keV in 1 ks bins.

variability matches up. However, given the lack of signifi-
cant within-observation spectral variability at high energies,
we proceed to analyze the time-averaged spectra.

3. SPECTRAL ANALYSIS

In Pounds et al. (2016a,b), we reported the analysis of an
extendedXMM-Newtonobservation of PG 1211+143, mod-
elling both hard (2–10 keV) spectra from the EPIC-pn cam-
era (Strüder et al. 2001) and higher-resolution soft (< 2 keV)
spectra from the Reflection Grating Spectrometer (RGS;
den Herder et al. 2001) withXSTAR (Kallman et al. 1996).
We generated a set of self-consistent custom-builtXSTAR
grids with the correct ionizing continuum for PG 1211+143,
based on a spectral energy distribution model described in
Lobban et al. (2016). The grids were based on the abun-
dances of Grevesse & Sauval (1998). We identified several
components of ionized outflowing material, both confirming
the presence of the high-velocity, sub-relativistic component
(∼0.14c) first detected in Pounds et al. (2003) and detecting
additional lower velocity components. The continuum was
modelled by a hard power law (Γ ∼ 1.7–1.8) with a black-
body component and softer ‘unabsorbed’ power law (Γ ∼ 3)
dominating< 1 keV. The softer power-law component is
largely responsible for the long-term spectral variability ob-

https://heasarc.gsfc.nasa.gov/lheasoft/
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served on timescales of∼days (see Lobban et al. 2016). We
return to this model in Section 3.3.

Through the acquisition of contemporaneousNuSTARob-
servations, Zoghbi et al. (2015) independently modelled the
hard 3–50 keV spectrum of PG 1211+143. They combined
the data from both the FPMA and FPMB from all four obser-
vations in 2014. Their best-fitting model comprised a single,
steep power law (Γ = 2.5 ± 0.2) plus strong emission from
relativistic reflection, which accounts for the component of
Fe K emission at∼6–7 keV and an excess of hard emission
> 10 keV, modelled usingRELXILL 3 (Dauser et al. 2013).
The reflection emission is strong, withR =2.5–4.54, but the
Fe abundance is sub-solar (AFe = 0.7 ± 0.1) to compensate
for the weak Fe K line (relative to the reflection continuum).
And, highly relevant to our current study, they found no re-
quirement for any signatures of high-velocity absorption.In
Figure 2, we show theNuSTARandXMM-NewtonEPIC-pn
residuals to a simple power-law fit. The middle/lower panels
highlight the structure in the Fe K band in the EPIC-pn spec-
trum, which spectral modelling finds to be consistent with
contributions from narrow near-neutral Fe Kα, FeXXV 1s–
2p resonance and FeXXVI Lyα emission lines at 6.4, 6.7 and
6.97 keV, respectively. Additionally, absorption structure is
visible at∼7.5 keV. In contrast, theNuSTARspectra do not
resolve this contribution from narrower absorption/emission
lines with a smoother profile being observed. This may be
due to the difference in resolution betweenXMM-Newtonand
NuSTARat Fe K, although the apparent lack of FeXXVI emis-
sion at∼6.97 keV in theNuSTARspectra may also arise from
the effects of variability, given that the co-addedNuSTARob-
servations span a time period of approximately five months.

All our subsequent fits include a Galactic column of
NGal

H = 3.06×1020 cm−2 (Willingale et al. 2013), modelled
with the TBABS code within XSPEC, using the abundances
of Wilms, Allen & McCray (2000) and the absorption cross-
sections of Verner et al. (1996). In our broad-band EPIC-pn
fits we ignore the 1.7–2.35keV band (observed frame; rest-
frame∼ 1.8–2.5keV) due to calibration uncertainties around
the Si and Au detector edges at∼1.8 and∼2.2 keV, respec-
tively. All errors are quoted at the 90 per cent level for one
parameter of interest (i.e.∆χ2 = 2.71), unless stated other-
wise.

3.1. Fitting the hard X-ray spectrum with a relativistic
reflection model

In this section, we detail the results of fitting the hard X-ray
spectrum withRELXILL , a relativistic reflection model. We
use an up-to-date version ofRELXILL , namely v0.4a (dated 18
January 2016), with the newly implemented reflection frac-
tion parameter,R. Previous versions ofRELXILL used an al-
ternative definition ofR, as discussed in Dauser et al. (2016).
The interesting parameters in theRELXILL model are the pho-
ton index,Γ, reflection scaling fraction,R (defined above),
abundance of Fe relative to solar values,AFe (assuming the
abundances of Grevesse & Sauval 1998), emissivity index,q,
dimensionless black hole spin,a∗, inclination angle of the in-
ner disc,θ, inner and outer radii of emission,rin androut, re-

3 http://www.sternwarte.uni-erlangen.de/ ˜ dauser/research/relxill/
4 The reflection fraction,R, is typically thought of as a proxy for the

strength of the reflection component, where a valueR = 1 corresponds
to ‘standard’ reflection from a semi-infinite disc covering2π sr, assuming
a static corona.
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FIG. 2.— The residuals of the co-addedNuSTAR(upper panel) andXMM-
NewtonEPIC-pn (middle panel) spectra as a ratio to an absorbed power law
fitted from 3–5 + 7.5–10 keV. The lower panel shows a zoom-in ofthe Fe K
region in both the EPIC-pn (black) and combinedNuSTAR(red) spectra.

spectively, ionization parameter5, ξ, and high-energy cutoff,
Ecut, in units of keV. Note thatrin androut can be computed
in units ofrg (whererg = GM/c2) or in units of the inner-
most stable circular orbit (ISCO; which is dependent ona∗).
In all fits, we fixedrout at the default value 400rg, as the
fits are insensitive to the parameter, and, as per Zoghbi et al.
(2015), we assume thatq takes the form of a single power law.

We firstly fitted the co-added6 FPMA and FPMBNuS-
TAR spectra withRELXILL (where RELXILL models both
an absorbed power law and the relativistic reflection com-
ponent), and obtained parameters consistent with those of
Zoghbi et al. (2015) and a fit statistic ofχ2

d.o.f. = 563/520
(d.o.f.= degrees of freedom). We also find consistent results
by fitting all four NuSTARspectra simultaneously, allowing
for a floating cross-normalization parameter to account for
flux variability between observations (χ2

d.o.f. = 2 089/2 162).
As per Zoghbi et al. (2015), we find thatq is degenerate with
rin. Additionally, we find no significant change in the fit be-
tween fixinga∗ at 0 (stationary) or 0.998 (maximal spin).
TheNuSTARspectra begin to become background-dominated
> 30 keV and the spectrum becomes very noisy - however,
we fit up to 50 keV here for comparison with Zoghbi et al.
(2015).

We investigated the co-dependence of the parameters in
this reflection model using a Markov Chain Monte Carlo

5 The ionization parameter is defined asξ = Lion/nr
2, whereLion is

the ionizing luminosity from 1–1 000 Rydberg,n is the gas density in units
of cm−3 and r is the distance in units of cm. The parameter has units of
erg cm s−1.

6 The co-added spectra were created with theADDSPECcode, as part of
theHEASOFTsuite, and were grouped in terms ofS/N , such that each bin is
detected at the≥ 5σ level.

http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
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Dataset (3–50 keV) Γ R AFe q θ logξ rin a∗ Ecut χ2
d.o.f.(◦) (rg) (keV)

Co-addedNuSTAR 2.35+0.16
−0.15 2.79+1.37

−0.91 0.86+0.83
−0.24 2.1+4.8

−1.3 36
+13
−6 1.12+0.38

−0.98 < 20 — 130
+130
−36 563/520

rev2670+Nu7 2.01+0.18
−0.08 1.16+1.11

−0.40 2.04+1.98
−1.05 1.9+6.1

−1.1 36
+12
−6 1.95+0.31

−1.85 < 90 — > 110 673/662
2014-mean-pn +NuSTAR 1.95+0.07

−0.05 1.05+0.47
−0.49 1.70+0.77

−0.77 1.6+0.4
−0.7 40

+7
−7 1.10+1.39

−0.76 < 29 — 75
+45
−24 1 510/1 237

TABLE 1
THE BEST-FITTING VALUES FROM OUR3–50KEV FITS WITH RELXILL . A DASH (‘—’) MEANS THAT WE ARE UNABLE TO OBTAIN USEFUL CONSTRAINTS

ON THAT PARAMETER. THE 90PER CENT UNCERTAINTIES ON THE PARAMETERS ARE ESTIMATED FROMOUR MCMC OUTPUT.
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FIG. 3.— 2D density plots comparingΓ andR for the co-addedNuSTAR
spectrum (upper-left; black), the rev2670 EPIC-pn +Nu7 spectrum (upper-
right; red) and the mean 2014 EPIC-pn + co-addedNuSTARspectrum (lower-
left; blue) from a fit withRELXILL in the 3–50 keV energy band. The bottom-
right panel shows the three contour plots superimposed on one another. The
projections were computed from a106-length MCMC run. The inner to outer
shaded contours contain 68.3, 95.5 and 99.7 per cent of the total sample mass,
respectively, and the stars represent the best-fitting values from the spectral
fits.

(MCMC) method to explore the multi-dimensional parame-
ter space. Specifically, we used theCHAIN command within
XSPEC, using the Goodman-Weare algorithm and 200 walk-
ers, where each chain contains a total of106 samples. The
output allows us to plot the regions of high likelihood for
each parameter7. Specifically, we used theCORNER8 routine
within thePYTHON9 programming language to create 1D his-
tograms and 2D density plots, comparing all free parameters,
and ensuring that our fits are not stuck in any local minima.

In Figure 3, we show a 2D density plot comparingΓ andR
for the co-addedNuSTARspectrum (upper-left panel; black).
The three contour levels, from inner to outer, contain 68.3
(solid line), 95.5 (dashed line) and 99.7 per cent (dotted line)
of the total mass (i.e. the 1σ, 2σ and 3σ levels for a Gaussian
distribution). A steepΓ / high R solution is preferred:Γ =

2.35+0.16
−0.15; R = 2.79+1.37

−0.91, where the MCMC output is used
to estimate the 90 per cent uncertainties on our fit parameters.
Meanwhile, the fit prefers a sub-solar Fe abundance:AFe =

7 If interpreted in Bayesian terms, we map the posterior density, implicitly
assuming uniform priors on each fitted parameter.

8 https://zenodo.org/record/11020#.Vs75hYyLR0t
9 https://www.python.org/

0.86+0.83
−0.24. The best-fitting values are summarized in Table 1.

The upper-right and lower-left panels of Figure 3 (red, blue)
show the MCMC output whenRELXILL is applied to: (i) the
simultaneous rev2670XMM-NewtonEPIC-pn +Nu7 NuSTAR
spectrum, and (ii) the total co-added 2014 EPIC-pn +NuSTAR
spectrum from 3–50 keV. The advantage of this approach is
that the high resolution / throughput afforded by the EPIC-
pn < 10 keV allow for better constraints on the continuum
and Fe K emission complex. While case (i) provides us with
a spectrum totally free from the uncertainties arising from
long-term spectral variability, case (ii) affords us the highest
S/N in a PG 1211+143 spectrum to date, with a combined
∼930 ks of contemporaneous data. Fitting the co-added spec-
trum is justified on the basis of the long-term X-ray variabil-
ity being relatively weak> 3 keV (see Zoghbi et al. 2015;
Lobban et al. 2016). All parameters were tied together be-
tween spectra except for the relative normalizations. In the
simultaneous fit [i.e. case (i)], theXMM-Newtonand NuS-
TARnormalizations are found to be within±2per cent of each
other.

The inclusion of the EPIC-pn data places much tighter con-
straints onΓ and R, with a harderΓ / lower R solution
now preferred. If we fix the photon index atΓ = 2.51,
as per the value reported by Zoghbi et al. (2015) from a fit
to theNuSTARdata alone, we find that this is now rejected
(∆χ2 = 35), despiteR increasing to∼5 andAFe dropping
to ∼0.4 to compensate for the photon index being forced to
a steeper value. These tighter constraints help to demonstrate
the power of combining the high throughput of the EPIC-pn
camera with the broad-band coverage and unprecedented sen-
sitivity > 10 keV of NuSTAR.

Finally, untyingΓ between datasets improves the fit in case
(ii) (∆χ2 ∼ 60 with the value steepening in theNuSTARspec-
trum by∆Γ = 0.1), most likely due to between-observation
spectral variability, but not in case (i), withΓ = 2.00± 0.07
for theXMM-NewtonEPIC-pn andΓ = 2.02±0.11 for the si-
multaneousNuSTARspectrum. This difference of∆Γ = 0.02
lies within the cross-calibration uncertainties presented in
Madsen et al. (2015). AllowingΓ to vary between datasets
does not have any significant impact onR in case (i). In case
(ii), R is found to increase slightly (∆R = 0.07, with AFe

dropping to∼1 so as not to over-predict the Fe line), although
this is still within the statistical uncertainties of the param-
eter and does not alter our conclusions. None of the other
parameters is significantly affected. All free parameters and
fit statistics are summarized in Table 1.

3.2. Fitting the broad-band spectrum with relativistic
reflection

While a relativistic reflection model provides a reasonable
fit to the 3–50 keV X-ray spectrum, in Figure 4 we show the
effect of extrapolating this model down to 0.3 keV [panel (a)].
It is clear that the fit to the hard X-ray spectrum dramatically
under-predicts the flux at low energies. Here, we initially fo-

https://zenodo.org/record/11020#.Vs75hYyLR0t
https://www.python.org/
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cus on the simultaneous rev2670 EPIC-pn +Nu7 spectrum.
Re-fitting the reflection model to the 0.3–50keV spectrum,
the highS/N soft X-ray spectral region drives the fit, return-
ing Γ andR to higher values of∼2.4 and∼5, respectively,
and pushing the emissivity up toq ∼ 5 and a∗ to maxi-
mal spin with most of the emission arising from the ISCO.
This produces a strong, relatively smooth soft excess< 2 keV,
but such strong relativistic blurring blends the Fe K emission
complex into the continuum. This leaves significant residu-
als and results in a relatively poor fit:χ2

d.o.f. = 1 174/1 003
[panel (b)] andχ2

d.o.f. = 239/127 in the Fe K band (5.5–
7.5 keV).

Panel (c) of Figure 4 shows theσ-residuals of a dual-
reflector fit, incorporating additional emission from a non-
relativistic distant reflector using theXILLVER model of
Garcı́a et al. (2014), tyingΓ, AFe, θ andEcut to the corre-
spondingRELXILL parameters. The ionization parameter of
theXILLVER component is consistent with zero as it matches
fluorescent emission from Fe Kα while modelling additional
Compton reflection from optically-thick material. The addi-
tion of this component improves the fit by∆χ2 = 55, al-
though the fit in the soft band is still poor. As such, we also in-
clude an additional steep power law component (∆χ2 = 97),
accounting for a component of soft excess, as was required by
the RGS analysis of Pounds et al. (2016b). The steep compo-
nent is the dominant source of long-term spectral variability
(e.g. see the difference spectrum in Lobban et al. 2016).

Meanwhile, panel (d) of Figure 4 shows theσ-residuals to
a broad-band fit with no relativistic reflection (i.e. with the
hard and soft power laws plus the distant, near-neutral reflec-
tor). This helps to visualize which spectral components the
relativistic reflector is modelling. It appears that the residu-
als are very similar in the two cases, with an exception at the
Fe K complex, whereRELXILL models some excess emission
from ∼5.5–7 keV. Some of this excess emission may arise
from a broadened component of emission, although some of
the residuals, particularly in the EPIC-pn spectrum, may be
accounted for with additional narrow emission lines [i.e. see
Pounds et al. 2016a where the stacked EPIC-pn spectrum re-
solves the Fe K emission complex consisting of Fe Kα fluo-
rescence plus resonance lines from He-like (∼6.7 keV) and
H-like (∼6.97 keV) Fe (see Figure 2; lower panel), which are
well modelled with photoionized absorption and may repre-
sent scattering of the wind]. Overall, the dual-reflector model
gives an acceptable fit to the simultaneous broad-band spec-
trum: χ2

d.o.f. = 1 022/999. The best-fitting parameters are
detailed in Table 2.

We also apply the same model to the mean EPIC-pn+

NuSTARspectrum, including all fourNuSTARobservations
separately, accounting for changes in flux over time with a
floating cross-normalization parameter. The final fit statis-
tic is χ2

d.o.f. = 3 573/3 302, where we have also allowed
Γ to vary betweenNuSTARobservations. The best-fitting
parameters are detailed in Table 2. Figure 5 shows the ef-
fect of fitting the dual-reflector model to the mean EPIC-
pn spectrum. With the increasedS/N afforded by∼630 ks
of data, strong residuals are now apparent in the spectrum
(χ2

d.o.f. = 1 454/1 120). In particular, there is clear evidence
of ionized absorption from∼0.5–0.9keV plus an excess of
positive residuals just blue-ward of the peak of the Fe K emis-
sion complex (i.e.> 6.4 keV). This is most likely the sig-
nature of the narrow He-like / H-like resonance lines from
Fe reported in Pounds et al. (2016a). Additionally, there are

Model Component rev2670 2014-mean-pn
(Statistic) +Nu7 + NuSTAR

RELXILL

Γ 2.21+0.05
−0.06 2.20+0.02

−0.02

R 4.48+0.54
−1.88 4.33+0.55

−0.40

AFe 2.11+0.38
−0.42 1.35+0.22

−0.24

q 3.6+0.5
−0.7 4.0+0.5

−0.3

θ (◦) 44
+4
−6 44

+2
−2

logξ 1.00+0.07
−0.13 1.17+0.08

−0.06
rin (rg) < 3.3 < 2.0

a∗ > 0.69 > 0.97
Ecut (keV) 130

+80
−60 > 150

log (N ) −4.81+0.04
−0.05 −4.73+0.03

−0.02

XILLVER

Γ 2.21† 2.26†

AFe 2.11† 1.35†

θ (◦) 44† 44†

logξ < 0.13 < 0.03
Ecut (keV) 130† > 150†

log (N ) −5.42+0.15
−0.26 −5.36+0.14

−0.11

∆χ2 55 99

PLsoft

Γ 3.56+0.24
−0.08 3.66+0.12

−0.11

log (N ) −3.41+0.10
−0.11 −3.59+0.11

−0.05

∆χ2 97 413

Fit statistic χ2
d.o.f.

1 022/999 3 573/3 302

TABLE 2
THE BEST-FITTING VALUES FROM OUR BROAD-BAND 0.3–50KEV FITS

WITH THE DUAL -REFLECTOR MODEL DESCRIBED INSECTION 3.2. NOTE
THAT Γ, AFe , θ AND Ecut ARE TIED BETWEEN THE RELXILL AND

XILLVER MODELS (DENOTED BY †), WHILE ‘ LOG (N )’ REFERS TO THE
NORMALIZATION OF THE MODEL COMPONENT, WHERE THE

NORMALIZATION IS IN UNITS OF PHOTON CM−2 S−1. THE QUOTED
VALUE OF Γ IN THE RIGHT-HAND COLUMN WAS OBTAINED FROM THE
EPIC-PN SPECTRUM; THE NuSTARVALUES ARE TYPICALLY AROUND
Γ ∼ 2.3. THE ∆χ2 VALUES REFER TO THE IMPROVEMENT IN THE FIT
STATISTIC UPON SEQUENTIALLY ADDING THE MODEL COMPONENTS
(I .E. RELXILL VS RELXILL + XILLVER AND RELXILL + XILLVER VS

RELXILL + XILLVER + PLsoft, RESPECTIVELY).

significant negative residuals at∼7.5 keV, which is a signa-
ture of the highest-velocity component of the fast outflow
(v ∼ 0.13c; see Pounds et al. 2016a). Indeed, the fit is
very poor in these bands: 0.5–0.9keV:χ2

d.o.f. = 181/68;
5.5-7.5keV:χ2

d.o.f. = 233/165. In summary of this section,
we find that combiningXMM-Newtonand NuSTARspectra
shows a model based on reflection alone cannot reproduce all
of the observed spectral features without including the now
well-established ionized emission and absorption in both the
Fe K and soft X-ray bands.

3.3. An alternative fit to the broad-band spectrum with an
ionized absorption model

In this section, we demonstrate an alternative approach
with a model incorporating the ionized wind parameters from
Pounds et al. (2016a,b) to form a broad-band model which
we now fit to the combinedXMM-Newton+NuSTARspec-
trum. As noted above, those two papers report on analy-
ses of the EPIC-pn hard X-ray band and the soft RGS band,
respectively. In the former case, the 2–10 keV baseline X-
ray continuum is dominated by a hard power law (Γ ∼
1.7) with multiple blue-shifted absorption lines correspond-
ing to two ionized outflow components, with parameters of
logξ = 4.0 and 3.4,NH = 3.7 and 2.0×1023 cm−2 and
vout = 0.129 and0.066c, respectively, when modelled with
XSTAR (Kallman et al. 1996). The near-neutral Fe Kα flu-
orescence line at 6.4 keV is modelled together with a mod-
est reflection continuum using a distant reflector (XILLVER ),
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FIG. 4.— Panel (a): an extrapolation of theRELXILL fit to low energies
(rev2670 EPIC-pn = black;Nu7 FPMA = red;Nu7 FPMB = blue). Panel
(b): fitting the broad-band spectrum withRELXILL . Panels (c) and (d) show
the RELXILL + XILLVER + PLsoft vs PLhard + XILLVER + PLsoft residuals,
respectively. TheNuSTARdata are only plotted> 10 keV in the lower panels.
This is for clarity as it allows the residuals of the two models to be better
visually compared from 3–10 keV where the FPMA and FPMB overlap with
the EPIC-pn.

whose photon index is tied to that of the hard power law. Ad-
ditional XSTAR emission grids model ionized emission lines
at∼6.7 and∼6.97 keV, identified with He-like and H-like Fe
1s–2p resonance transitions.

The baseline continuum for the RGS analysis (0.3–2keV)
is dominated by the well-known ‘soft excess’, with both ion-
ized emission and absorption features being imprinted on a
black-body component (kT ∼ 0.1 keV). An additional soft
power law (Γ ∼ 2.9), found in inter-orbit difference spec-
tra (Lobban et al. 2016), matches the variable component of
the soft excess and is included in the model. The analysis
by Pounds et al. (2016b) finds evidence for several outflow
components, ranging in logξ from 1.5–3.2 andNH from 1.5–
28×1020 cm−2, with lower-ionization/lower-column-density
counterparts apparently co-moving with the dual-velocityout-
flow components detected in the hard X-ray band. Finally,
two zones of emission are included to model narrow photoion-
ized emission lines, which indicate an average covering factor
of ∼50 per cent.

We now tie both hard- and soft-band models together to
generate a single broad-band model, which, inXSPEC, takes
the form: TBABS × [PLsoft + ({PLhard + BBODY} × XS-
TARabs.) + XSTARems. + XILLVER ]. We firstly focus on the
simultaneous rev2670 EPIC-pn +Nu7 spectrum to be sure
that we are free from any complications arising from spec-
tral variability between observations. Due to the more mod-

FIG. 5.— Upper panel: the two-reflector model fitted to the mean EPIC-pn
spectrum; the summed contribution is shown in black while the RELXILL ,
XILLVER and soft power-law components are shown in green, blue and ma-
genta, respectively. Middle panel: the mean EPIC-pn spectrum fitted with the
two-reflector model (red). Lower panel: the ratio of the residuals with strong
signatures of ionized absorption at∼0.5–0.9 keV and∼7.5 keV (red arrow)
and ionized emission at∼6.7–6.9 keV.

est spectral resolution< 2 keV of the EPIC-pn compared to
the RGS, we fix the best-fitting parameters of the ionized ab-
sorption/emission grids at the values quoted in Pounds et al.
(2016b), just allowing the column densities to vary. Fit-
ting to the 0.3–10 keV EPIC-pn data alone gives a good fit:
χ2
d.o.f. = 475/471, with Γhard ∼ 1.8 andΓsoft ∼ 3.0. We

then include the simultaneousNuSTARdata and extend the fit
to 50 keV (although, as mentioned in Section 3.1, the data be-
come background-dominated and noisy> 30 keV). Without
re-fitting or even re-normalizing, the change in the fit statistic
is∆χ2 = 583 for 523 d.o.f. (χ2

d.o.f. = 1 058/994), indicating
that our fit to the EPIC-pn data predicts the hard X-ray contin-
uum> 10 keV well. Allowing the model to re-fit (including a
floating cross-normalization factor for eachNuSTARdetector
and allowingΓ to vary slightly between theXMM-Newtonand
NuSTARspectra) improves the fit toχ2

d.o.f. = 1 003/990. The
parameters of the Fe K emission / absorption zones are largely
consistent with Pounds et al. (2016a), varying slightly inNH

and logξ, while the reflector (XILLVER ) has an emission peak
at∼6.45 keV (logξ ∼ 0.9; AFe ∼ 2.5). The individual com-
ponents of the broad-band model are shown in Figure 6 (upper
panel) along with the residuals to the best fit (middle panel).

We then fit the model to the highS/N 2014 mean EPIC-
pn + NuSTARspectrum. We include all fourNuSTARob-
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FIG. 6.— Upper panel: the additive components contributing to the full
broad-band model (black):Γhard (red), Γsoft (blue), black body (green),
XILLVER (magenta), ionized emission (cyan). Middle panel: 1-σ residuals
of the rev2670 EPIC-pn (black) +Nu7 (red) 0.3–50 keV spectrum. Lower
panel: 1-σ residuals of the mean 2014 EPIC-pn (black) + Nu2 (red) + Nu4
(blue) + Nu5 (green) +Nu7 (magenta) spectrum.

servations separately with a floating cross-normalizationpa-
rameter to account for changes in flux over time. Extending
the fit to 50 keV results inχ2

d.o.f. = 3 490/3 377, where we
also allowΓhard to vary between observations (which typi-
cally falls within the rangeΓhard = 1.69–1.94). Meanwhile,
Γsoft remains at a value of∼3.1. We again find that the
best-fitting parameters of outflowing ionized absorption com-
ponents are consistent with those reported in Pounds et al.
(2016a,b). The residuals are shown in Figure 6 (lower panel).

Having accounted for the absorption due to both the high-
velocity wind apparent in the Fe K band and the lower-
velocity/ionization counterparts in the soft X-ray band, we
now measure the strength of any relativistic reflection compo-
nent allowed by the data. We use the model described above
but replace the primary power-law component (PLhard) with
RELXILL , tyingΓ, AFe, θ andEcut to the correspondingXIL -
LVER values, like in Section 3.2.

In the simultaneous rev2670 +Nu7 case, this results in a
slight improvement to the fit with∆χ2 = 25. The best-fitting
reflection fraction isR ∼ 1.1, while the Fe abundance and
photon index remain at values ofAFe ∼ 3 andΓ ∼ 1.8, re-
spectively. TheRELXILL component is moderately ionized
(logξ ∼ 1.3) and predominantly manifests itself by includ-
ing some degree of broadening on the red side of the Fe K
complex. Meanwhile, theXILLVER component models the
near-neutral component of Fe Kα emission (logξ = 0).

A very similar result is reached by performing the same
test on the 2014 mean EPIC-pn+ NuSTARspectrum (∆χ2 =

52), resulting in a modest reflection strength,R ∼ 0.6, while

the photon index and Fe abundance remain unchanged:Γ ∼
1.8; AFe ∼ 3. The remaining key parameters in theRELXILL
model are largely consistent with those reported in Table 2;
i.e. logξ ∼ 1.2, q ∼ 3, θ ∼ 40, rin < 6. The black hole
spin,a∗, is unconstrained although we find a lower-limit on
the high-energy cutoff ofEcut > 130 keV.

Finally, we return to check for the presence of highly-
ionized absorption in the contemporaneousNuSTARdata. In
terms of the EPIC-pn analysis, the two absorption grids mod-
elling the highly-ionized two-velocity outflow are highly sig-
nificant, with a combined contribution to the fit statistic of
∆χ2 = 42 (for six additional parameters; meanwhile, the
highly-ionized emission and soft-band absorption grids im-
prove the fit by∆χ2 = 39 and∆χ2 = 44, respectively).
Zoghbi et al. (2015) detected no significant discrete absorp-
tion features in theNuSTARspectrum. We now find, in direct
comparison withXMM-Newton, including the same twoXS-
TAR absorption zones to the same baseline model fitted to just
the contemporaneousNuSTARobservations offers a far less
significant improvement to the fit statistic, with∆χ2 = 9. As
such, even though the highly-ionized outflow is now well es-
tablished thanks toXMM-Newton, we also confirm the main
result from Zoghbi et al. (2015) that it was not detectable by
NuSTARalone. This demonstrates the importance of long-
look observations withXMM-Newtonin addition to the broad-
band coverage ofNuSTAR.

4. DISCUSSION & CONCLUSIONS

An extendedXMM-Newtonobservation of PG 1211+143
has revealed spectral structure in the Fe K band, unseen in
previous (shorter) observations. Utilizing the high throughput
of the EPIC-pn, Pounds et al. (2016a) showed that highly-
ionized outflow resolved two velocity components (vout =

0.129 and0.066c), while an analysis of the high-resolution
RGS data in Pounds et al. (2016b) found lower-ionization co-
moving counterparts of that dual-velocity flow. Here, we have
extended our modelling over a wider energy range, incorpo-
rating contemporaneousNuSTARdata. The power of this ap-
proach – i.e. combiningXMM-NewtonandNuSTARdata – has
previously been demonstrated in a precise measurement of the
higher-energy continuum and thereby helping to disentangle
absorption and reflection in a number of AGN - e.g. NGC
1365 (Risaliti et al. 2013; Walton et al. 2014; Rivers et al.
2015), NGC 5548 (Kaastra et al. 2014; Ursini et al. 2015;
Cappi et al. 2016) and PDS 456 (Nardini et al. 2015).

In Section 3.1, we fitted the hard X-ray spectrum
with relativistic reflection, following the recent analysis of
Zoghbi et al. (2015). Using theNuSTARdata alone, we con-
firm their solution, finding a steep photon index (Γ ∼ 2.4)
and high reflection fraction (R ∼ 2–3). However, by also
including the simultaneousXMM-Newtonspectrum, just in
the 3–10keV range (which overlaps with theNuSTARband-
pass), a harder-Γ / lower-R solution is strongly preferred.
Replacing the overlappingXMM-Newtondata with the high
S/N stacked 2014 EPIC-pn spectrum further tightens the
constraints, withΓ = 1.95+0.07

−0.05 andR = 1.05+0.47
−0.49. Such

continuum parameters are now fully consistent with those re-
ported by Pounds et al. (2016a,b), where a detailed analysis
of the long-lookXMM-Newtonobservation is performed, tak-
ing into account the spectral imprints of the outflowing wind.

In Section 3.2, we attempted to fit the broad-band (0.3–
50 keV) spectrum with relativistic reflection, finding that,
while RELXILL alone cannot simultaneously fit the excess of
emission in the soft band and the significant Fe K emission
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complex, a two-reflector model (comprising a distant reflec-
tor and a relativistically blurred reflector) provides a good fit
to the simultaneous rev2670+Nu7 spectrum. However, Fig-
ure 5 illustrates the inability of this model to match the spec-
tral features of the stacked 2014 EPIC-pn spectrum. Clearly, a
pure reflection model cannot match fine structure in the high
S/N spectrum without significant modification - in particu-
lar, strong signatures of ionized absorption at∼0.5–0.9keV
and∼7.5 keV remain in the residuals, along with an excess of
ionized emission at∼6.7–6.9keV - spectral features resolved
by the excellent statistics of theXMM-Newtondata and identi-
fied in Pounds et al. (2016a,b). This emphasises the value of
long-look observations, where the∼630 ks stacked EPIC-pn
spectrum reveals significant spectral structure, otherwise lost
in the statistical noise of shorter observations.

In Section 3.3 we explore an alternative broad-band 0.3–
50 keV XMM-Newton+ NuSTARfit, now including the ion-
ized absorption/emission components required by theXMM-
Newton spectrum. We find that the model presented in
Pounds et al. (2016a,b) extrapolates well to theNuSTARband
and, overall, provides an excellent fit to the broad-band X-ray
spectrum. Having thus accounted for the various components
of the high-velocity outflowing absorber, we note that a con-
tribution of relativistic reflection is allowed by the data,man-
ifesting itself in the form of excess emission just red-ward
of the Fe K complex, although its strength is rather modest
(R ∼ 0.6). Additionally, when fitted to the 0.3–50keV band,
the absorption-dominated model requires a best-fitting pho-
ton index ofΓ ∼ 1.8, which is significantly different from the
value ofΓ ∼ 2.4 arrived at by fitting theNuSTARdata alone.
This conclusion is, of course, supported by our MCMC analy-
sis which shows that a harder-Γ/lower-R solution is preferred
when including the simultaneousXMM-Newtondata, regard-
less of the assumed continuum model.

Finally, we comment on one of the headline results of the
Zoghbi et al. (2015) analysis, namely that theNuSTARspec-
trum exhibits no evidence of the high-velocity outflow origi-
nally reported in Pounds et al. (2003). This claim was based
on a line-detection search across the appropriate bandpass
with emphasis placed on the∼7.1 keV absorption line, first
detected in the 2001 observation. The non-detection of that
absorption line in theNuSTARspectrum led to the suggestion
that the ultra-fast outflow in PG 1211+143 may be transient,
or at least highly variable, implying that the contributionof
ultra-fast outflows to feedback could be substantially lower
than previously thought.

Pounds et al. (2016a) find that this absorption is indeed
variable, depending on both column density and ionization

parameter, and had a mean equivalent width∼3 times smaller
during the 2014XMM-Newtonobservation than it was when
first detected in 2001. As such, it is unsurprising that the fea-
ture was not significantly detected by a single line search in
the NuSTARspectrum. More generally, while a line search
has provided a useful method in the past for detecting in-
dividual strong resonance lines, a preferred approach is to
use self-consistent photoionization models (e.g. withXSTAR),
as we do here, which incorporate a physically realistic array
of common-velocity lines and absorption edges from various
ions (including additional higher-order lines) and imprint ap-
propriate related continuum curvature, for a givenNH, ξ and
vout. The improvement in the fit statistic is then computed
from the summed contributions of all of the absorption fea-
tures, where several individual weak features may have a sig-
nificant impact overall (although we do note that even this
approach would not have led to a significant detection of the
outflow using the contemporaneousNuSTARdata alone).

In summary, while Zoghbi et al. (2015) detected no dis-
crete absorption features in theNuSTARspectrum, the ex-
tendedXMM-Newtonobservations, also in 2014, confirm that,
not only is the outflow still present, but that it exhibits more
complex spectral structure than previously realized.

In studying the properties of powerful AGN winds, now
widely accepted as one of the most important outcomes of the
past decade of X-ray observations, we have noted the impor-
tance of self-consistent modelling with physically-motivated
absorption models which properly account for multiple ions
and continuum curvature, and emphasise that (i) finding a
common velocity for a line series can provide a highly sig-
nificant result, and (ii)XMM-Newtonremains a powerful ob-
servatory for detailed, high-resolution spectroscopy, particu-
larly when used in tandem with the broad-band coverage of
NuSTAR.
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cal Data System (ADS), the NASA Extragalactic Database
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and theNuSTARmission, a project led by the California Insti-
tute of Technology (Caltech), managed by the Jet Propulsion
Laboratory (JPL). APL and SV acknowledge support from
STFC consolidated grant ST/K001000/1 and JNR acknowl-
edges financial support via NASA grant NNX15AF12G. We
thank an anonymous referee for highly constructive com-
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