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Outflows, Feedback and SMBH/Galaxy Co-Evolution 



AGN Outflows 



…known/seen in AGNs since >3 decades 

M87 - Jet 
Jets in radio-loud AGNs 

The “classic” view of outflows: Fast winds/outflows/ejecta in AGNs  

Tadhunter & Tsvetanov, 
Nature, ‘89;  
Wilson & Tsvetanov, ‘94 
Cappi et al. ’95 
Morse et al. ‘98 

Wide-angle winds in Sey gal. and QSOs 
Sey2 NGC5252 
OIII cones 

Fast (v up to ~ 50000 km/s) 
winds in (B/N)AL QSOs   

(~ 40-50% of all QSOs) 

Weymann et al., ’91; Goodrich ‘97; Reichards et al., ’03; Ganguly & Brotherton ‘08; Hamann+’12 

 + Fischer+ ’10, ‘13, ‘15 

Taking into account the Cf, 
àLikely ubiquitous 

Jet feedback relevant in LSSs 



Fabian, et al. ’94 
Otani, ’95, PhD 
Reynolds et al. '97 
Georges et al. '97 

ASCA… Many details from Chandra/XMM gratings 
NGC3783 Exp=900 ks 

Kaspi et al. '01; 
Netzer et al. '02;  
Georges et al. '03; 
Krongold et al. ‘03 

⇒  à Clear now that ~50% of all Seyferts and QSOs present multiple ionization & kinetic 

components (from Optical, UV and soft X) of outflows/winds with v~100-1000 km/s  

⇒  à Typically energetically unimportant for feedback  i.e. Blustin et al. 2005, but see Crenshaw & Kraemer, 2012 

The “classic” X-ray view: Warm Absorbers in nearby Seyferts and QSOs  

Seyfert galaxies: 

QSOs: XMM… R. G. Detmers et al.: Multiwavelength campaign on Mrk 509

Fig. 1. Fluxed stacked RGS spectrum in the 7–38 Å range. The strongest
lines are indicated and the O  ISM edge can be clearly seen around
23 Å.

SPEX 2.03.001 spectral fitting package to fit the spectrum. We
updated the wavelengths of some important transitions for our
study (see Appendix A).

We constructed the spectral energy distribution (SED) for
Mrk 509, using the EPIC-pn and OM data to obtain the neces-
sary flux points for the XMM-Newton observations and extend-
ing it with other data. This SED is an average of the Mrk 509
SED during the time of observations (roughly two months time).
The full procedure on how the SED was derived can be found
in Kaastra et al. (2011b). The ionization balance calculations
needed for our spectral modeling (the xabs components, see
Sect. 3.2) were based on this SED and performed using version
C08.00 of Cloudy2 (Ferland et al. 1998) with Lodders & Palme
(2009) abundances.

2.3. Spectral models

The unprecedented quality of the spectrum requires a rather
complex spectral model to be described accurately. We describe
each component in more detail in separate sections, but we give
a short overview of the total model here.

We model the continuum with a spline (see Fig. 2). The main
reason for doing so is that a spline can accurately describe the
(complex) continuum shape without having to make any physi-
cal assumptions about the origin of the shape of the continuum
(powerlaw, blackbody, Comptonization, or reflection, for exam-
ple). We use a redshift z = 0.03450, which combines the cos-
mological redshift (Huchra et al. 1993) with the orbital veloc-
ity of the Earth around the Sun, which is not corrected for in
the standard XMM-Newton analysis (see Kaastra et al. 2011b).
Galactic absorption (NH = 4.44× 1024 m−2, Murphy et al. 1996)
is also taken into account. We use three distinct phases for the
Galactic ISM absorption, a neutral (kT = 0.5 eV) phase, a warm
(kT = 4.5 eV) slightly ionized phase, and a hot (kT = 140 eV)
highly ionized phase (Pinto et al. 2010). Additionally we model
the neutral oxygen and iron edges of the ISM by including a
dusty component. Details about the Galactic foreground absorp-
tion are given by Pinto et al. (in prep.).

1 See http://www.sron.nl/spex
2 http://www.nublado.org/

Fig. 2. Unabsorbed spline continuum model used for the Mrk 509 ob-
servations.

Table 1. Spline continuum parameters.

Wavelength Flux
(Å) (photons m−2 s−1 Å−1)
5.00 0
5.95 0.7 ± 0.6
7.07 13.95 ± 0.09
8.41 14.28 ± 0.06
10.00 15.10 ± 0.04
11.89 15.92 ± 0.09
14.14 17.27 ± 0.09
16.82 19.36 ± 0.16
20.00 21.31 ± 0.11
23.78 25.15 ± 0.08
28.28 27.83 ± 0.11
33.64 33.62 ± 0.19
40.00 9.80 ± 0.18

The ionized outflow is modeled with three different mod-
els, each with multiple (two or three) velocity components to
account for the separate outflow velocities observed. All mod-
els take a wide range of ionization states into account. These
models are described in more detail in Sect. 3.2. We also in-
cluded eleven broad and narrow emission lines, which are mod-
eled with a Gaussian line profile. Radiative recombination con-
tinua (RRCs) are also included using an ad-hoc model that takes
the characteristic shape of these features into account.

3. Spectral analysis

3.1. Continuum, local absorption, and emission features

The continuum is modeled with a spline with a logarithmic spac-
ing of 0.075 between 5 and 40 Å. We show the spline model in
Fig. 2 and in Table 1. The continuum is smooth, so the spline
does not mimic any broad line emission features. The softening
of the spectrum at longer wavelengths can be seen clearly.

The neutral Galactic absorption is responsible for the narrow
O  (23.5 Å) and N  (31.3 Å) absorption lines. To fit the Galactic
O  absorption line we add a slightly ionized component with a
temperature of 4.5 eV and with a column density that is 4% of
the cold, neutral gas (Pinto et al., in prep.). To properly model the
O  edge, we take the effects of depletion into dust into account.

A38, page 3 of 17

Porquet et al. 2004; Piconcelli et al. 2005 

Kaastra et al. 2011, Detmers et al. 2011 

Mrk 509  RGS:  600 ks 



Absorbers variability on timescales 1000-10000s, and v up to ~0.2c  

Risaliti et al. 2005 
 

NGC1365 

N.B: Variability allows to place 
robust limits on location, mass, etc. 

(See also Krongold et al. 2007 on NGC4051; Behar et al. 
2010 on PDS456, Braito et al. 2007 on MCG5-23-16;  
MC et al. 2009 on Mrk509 etc.) 

The “new” X-ray view:  Not (only) a static WA but also variable Ultra Fast Outflows (UFOs) 

X-ray spectral variability of PDS 456!
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Long term spectral variability of PDS 456. Changes can be explained by 
variable absorption in a putative disk wind.!Reeves et al. ’10, ’13, ‘15 



The “new” (unifying) X-ray view of UFOs and non-UFOs (WAs) 

Several Press releases  
in ‘10, ‘12 and ‘13 
(also NASA  
and ESA in 2012) 

à UFOs kinetic energy >1% of Lbol  
à Feedback (potentially) effective! 

Tombesi, MC et al., ‘12b, ‘13 
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Sample: 15 UV *AL QSOs with 32 XMM exposures 

Giustini, MC, et al. 2012 

on time scales of years 

Δt=4 yrs Δt=6 months 

Δt=3 days 

on time scales of months 

on time scales of days 

Δt=10 ks 

on time scales of hours 

The “new” X-ray view: Variability and complex absorption in (nearby) PG QSOs  



Sim et al., ’08, ’10ab 

622 S. A. Sim et al.

Figure 12. Sample spectra computed for different viewing angle bins (left- to right-hand side) for models with differing mass-loss rates (top to bottom). Except
for Ṁ , all model parameters are fixed at those of the example model. The plotted spectra are all normalized to the input primary power-law spectrum.

for these phenomena in non-spherical outflows require multidimen-
sional radiative transfer and thus our methods are particularly well
suited to describing them.

To illustrate the types of line profile, Fig. 12 shows a montage of
spectra from models with relatively high mass-loss rates. There is a
wide range of Kα profile types in these models and their emission
EWs, measured relative to a power-law continuum fit, can be in
excess of 200 eV; this is comparable to the typical broad Kα EWs
measured in a sample of AGN by Nandra et al. (2007).

At low inclination angles, our model Fe Kα profiles have a near-
P-Cygni character: they shows some blueshifted absorption and
broad, redshifted emission, the strength of which grows with Ṁ .
Such profiles are qualitatively similar to those observed in some
Seyfert 1 galaxies (Done et al. 2007).

At intermediate angles, when the line of sight is close to looking
down the wind cone, the narrow absorption lines are strongest but
are accompanied by moderately strong, emission lines with fairly
extended red wings. We note that the narrow absorption lines be-
come less prominent at very high Ṁ , a consequence of the increased
contribution of scattered radiation in the spectra.

For the highest inclinations and Ṁ values, the Fe Kα line is
almost pure emission, peaking at the rest energy of the line and
having a long red tail. The redward extension of the line emission is
not a consequence of gravitational redshift but arises from electron
scattering in the outflow.

Although somewhat more diverse, our red-skewed emission-line
profile shapes are qualitatively similar to those obtained via the
same physical mechanism in spherical outflow models (Laurent &
Titarchuk 2007; see also Laming & Titarchuk 2004) while they are
significantly broader than those computed by Różańska & Madej
(2008) for Compton scattering in irradiated accretion discs. The
largest Fe Kα emission EWs found by Laming & Titarchuk (2004)
(!4 keV) substantially exceed those found in any of our models
but we note that the large EWs in their models mostly arise from
significantly lower ionization stages than are present in our models.

These emission-line properties show that highly ionized outflows
may affect the Fe K region beyond imprinting narrow, blueshifted
absorption lines. This may have consequences for study of the Fe
K fluorescent emission which originates in AGN accretion discs
(e.g. Fabian et al. 1989; Nandra et al. 1997; Fabian et al. 2000;
Miller 2007; Nandra et al. 2007), since it may contaminate the disc
emission and/or lead to an apparently multicomponent emission
line (see e.g. O’Neill et al. 2007). In this context, the red wings
predicted for the emission lines may be of particular relevance in
view of the potential for confusion with the effects of gravitational
redshift – however, more sophisticated 3D models going beyond
the smooth-flow assumption of our parametrized wind models must
be examined before such a possibility can be considered in much
greater detail.

7.3 Spectral curvature

Absorption by outflowing material has been discussed as a possible
explanation for the so-called soft excess in X-ray spectra (Gierliński
& Done 2004, 2006; Middleton, Done & Gierliński 2007; Schurch
& Done 2007, 2008). In this picture, the decrease in flux above
∼1 keV is attributed to absorption by light or intermediate-mass
elements.

Such absorption does occur in our models, particularly for high
Ṁ values (see Fig. 12) however the scale of the effect is too small in
the models presented here: the typical observed soft excess requires
a drop in flux of nearly a factor of two between about 1 and 2
keV (Middleton et al. 2007). Furthermore, Schurch & Done (2008)
have argued that very large, relativistic velocities are required for the
absorption model to work since the observed soft-excess spectra are
very smooth. Our current models support their conclusions since all
cases in which significant spectral curvature arises are accompanied
by discreet features.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 388, 611–624

Open issues (1/2): Astrophysics of outflows in AGN/QSO: Acceleration models?  

Fukumura, et al. 2010 
Kazanas et al. 2012 

Murray et al. ‘95,  

Radiatively driven accretion disc winds 

…and/or… 
Magnetically driven winds from accretion disk 

Emmering, Blandford & 
Shlosman, ’92; 
 Kato et al. ‘03 

Proga et al. ’00; ‘10 



Open issues (2/2): AGN outflows and Feedback, i.e. SMBH/Gal co-evolution 

Madau et al. ’96;  Wall et al. ‘05  

QSO space density SFR space density 

AGN Feedback ! 

Mbh-σ relation, AGN-gal coevolution, 
L-Tx relations, Heating cooling flow, 
Galaxies colors & sizes  

BUT HOW?  
(Jet, Winds/UFOs, LAGN, mix?) 



The Astrophysics 
of AGN winds  



Long and multiwavelength campaigns (e.g. Mrk509, NGC5548, NGC7469, ToOs, etc.) 

Kaastra, Kriss, MC, et al., 2014, Science 
+8 papers 

The 2013/14 Campaign

SWIFT

Chandra

INTEGRAL

NuSTAR

HST/COS

XMM

Why NGC 5548?
For a successful program several requirements need to be
met, and NGC 5548 is the only AGN that fulfils all re-
quirements:
1. Different from Mrk 509: MBH, L/LEDD and L are
smaller compared to Mrk 509 by factors of 2, 5 and
10, respectively. It has a much weaker UV bump but
a much stronger soft X-ray excess.

2. X-ray bright : in the 2–10 keV band, NGC5548 is one
of the ten brightest Seyfert 1 galaxies and on average
only 20% dimmer than Mrk 509. Its RGS spectrum
will fully characterise the absorber components.

3. The continuum variability time scale is about 1–2
days (Fig. 3), with little power at shorter time scales,
giving excellent spectra in 50 ks exposures. NLS1s,
extensively studied by XMM-Newton, vary too fast
for time-resolved high-resolution spectroscopy.

4. Luminosity variations are large enough (typically
60% max/min) that the resulting spectral changes can
be measured by XMM-Newton/pn (see Fig. 4).

5. The column density of the outflow is 5× that of
Mrk 509, making detection of variability easier, but
no strong saturation, like in NGC 3783, occurs.

6. Long-term spectral variability (3–6 years) of the out-
flow has been observed both in UV (Crenshaw et al.
2009) and X-ray lines (Detmers et al. 2008).

7. Poorly observed by XMM-Newton due to low visi-
bility over the past several years, but increasing to
> 75 ks per orbit in early 2013.
Observational strategy
NGC 5548 will be observed during 40 days using

12×50 ks XMM-Newton exposures with 2–8 days spac-
ing (Fig. 1), and 2×50 ks exposures half a year be-
fore or after. These observations are simultaneous with
HST/COS (this proposal, 12 orbits), Suzaku & IN-
TEGRAL (hard X-ray spectrum, to be proposed) and
ground-based optical observations. We request 41×1.5 ks
Swift observations (this proposal) allowing daily sam-
pling in X-ray and UV during the core 40 days, and addi-
tional monitoring starting 5 weeks before this core period.
Our observations are timely, because now simultaneous

XMM-Newton and HST/COS observations can be done,
flux monitoring on longer time scales is available (Swift),
and hard X-ray facilities are operational. We have already
an INTEGRAL proposal accepted on NGC 5548 for this
period. Finally, we developed methods (paper II & VIII)
showing that both RGS and pn can be used to trace even
very small variations in the outflow.
The outflow: structure and location

We follow the same strategy as for our successful Mrk 509
campaign. The first step is to determine accurately the ve-

−40 −20 0 20 40
time relative to first XMM−Newton observation (days)

Swift XMM−Newton HST/COS

Fig. 1: Proposed observing schedule. At time zero the core campaign
starts (40 days), with 12×50 ks XMM-Newton observations at days 0,
8, 16, 20, 24, 28, 30, 32, 34, 36, 38, 40 and 29×1.5 ks Swift obser-
vations on days that XMM-Newton does not observe. Two-orbit HST
visits are planned at days 0, 20, 32, 38 and 40. 12×1.5 ks Swift obser-
vations with 2 d spacing down to day -18 and 6 d spacing down to day
-36 precede the core of the campaign. Not shown but also requested:
2×50 ks XMM-Newton visits, one at the start and one at the end of
either the previous or following visibility window half a year before or
after the core, one of them simultaneous with a 2-orbit HST visit.

locity structure of the outflow using COS, and the AMD
using the time-averaged 600 ks RGS spectrum of the 12
core orbits, taken in the Multi-Pointing Mode to fill in
CCD gaps and to mitigate the effects of bad pixels (Pa-
per II). Such a spectral quality allows us to distinguish
between a continuous and discrete AMD, to determine
the number of components and to characterise accurately
their properties (ξ, NH, v and σv; paper III).
The contemporaneous OM photometry as well as

HST/COS are needed to get the SED for time-dependent
photoionisation modeling. Because the different contin-
uum components vary differently over time, we use dif-
ferent SEDs for each epoch. Using these SEDs, the cor-
responding ionising luminosities and the AMD shape de-
rived from RGS, we predict the expected spectral changes
in the pn band for a range of recombination time scales
(Fig. 4). From trec the density n and r =

√

L/nξ are
obtained directly (Fig. 5).
The Swift monitoring (UV, X-ray) starting five weeks

before yields the ionisation history to constrain trec on
time scales of a few months. Daily monitoring during the
core 40 d is needed to reconstruct the flux history accu-
rately (Fig. 3). The two isolated XMM-Newton obser-
vations ∼0.5 yr from the intense monitoring allow us to
measure the year-time scale. Variability on the longest
scales (up to 12 yr) is sampled by comparing with the
130 ks XMM-Newton observation of 2001 and the deep
(340 ks) Chandra/LETGS observation in 2002. Finally,
long archival X-ray lightcurves show we can expect in
20% of all 50 ks observations >20% flux differences be-
tween the 1st and 2nd half, enough to obtain some con-
straints on the ∼0.3 d time scale.
In the past, some attempts have been made to estimate

distances of the outflow in NGC 5548. Crenshaw et al.
(2009), from HST/STIS data, argue that most of the low-ξ
UV components have r>70 pc, but that part of the dom-
inant component (4a and 4b at −430 and −399 km s−1)
that is likely responsible for most of the X-ray absorption,
is at r<7 pc. We will use more sensitive (HST/COS) data
with a broad range of timescales (including archival data,

2

NGC5548 (2013/2014) Mrk509 (2009) 

Kaastra, et al., 2011, paper I,  
+14 papers 

Key: XMM LP 10x60ks + 10 HST COS orbits 

Key: XMM LP 10x50ks + 10 HST COS orbits 

Behar, et al., 2016, in preparation 
Key: XMM LP 7x90ks simultaneous HST/COS + Nustar 
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Figure 1: O VIII Ly α and O VII Heβ lines simulated for
7x80=560 ks with RGS 1& 2 based on the absorption model of Blustin
et al. (2007), demonstrating the high S/N expected.

B) Immediate Objective:
We propose a deep multiwavelength campaign on
NGC 7469, led by XMM-Newton, with three main goals:
to determine the dynamical, ionisation, and chemical
structure of the outflow, to constrain its distance, and to
understand the nature of the continuum emission.
Why NGC7469?

For a successful outflow investigation several require-
ments need to be met, and NGC 7469 fulfills them all:
1. Different from Mrk 509: NGC 7469 is as luminous

(Lbol ≈ 1045erg s−1) as Mrk 509, but hosts a black
hole that is 10 times smaller (MBH = 107M"), result-
ing in an unusually high L/LEdd ≈ 0.3. This com-
pactness implies 10 times faster variability, and may
suggest the outflow responds on shorter time scales if
it is related to the gravitational, BLR, or dust subli-
mation radii, which scale with MBH. NGC 7469 has
a weaker UV bump but a stronger soft X-ray excess
making it ideal for an RGS analysis.

2. X-ray bright : in the 0.3–10 keV band, NGC 7469 is
one of the ten brightest Seyfert 1 galaxies (4 − 5 ×
10−11erg s−1cm−2). Its RGS spectrum will fully
characterise the absorber components (Fig. 1).

3. Continuum variability on time scales of ∼ 1 − 2 days
(Fig. 2), with power also at shorter time scales, giving
excellent spectra in 80 ks exposures, and allowing
measurement of rapid absorption variability that was
not observed in Mrk 509, nor in NGC 5548.

4. Luminosity variations of up to a factor of 2 are ex-
pected based on RXTE monitoring, so that the result-
ing spectral changes can be easily measured by XMM-
Newton/pn (see Figs. 2, 5).

5. Column density of the outflow is 5×1021cm−2, which
is ∼ 5× that of Mrk 509, making detection of variabil-
ity easier, but with no line saturation as in NGC 3783.

6. Poorly observed by XMM-Newton until now, but visi-
bility > 100 ks/orbit during proposed period of 2015.
Proposed observation strategy
We ask to observe NGC 7469 with XMM-Newton during

one of its two 18-orbit (36 day) visibility windows using
6×80 ks exposures with 1-10 orbit spacing (Fig. 3), and a
80 ks exposure in the other observing window, roughly 6
months before (or after). These 7 observations are simul-

Figure 2: RXTE X-ray light curve of NGC 7469. The 1 day
smoothed curve (solid line) is plotted over the data to give a sense
of the variability expected for 1-day sampling. Bottom panel shows a
more densely sampled campaign (0 time corresponds to MJD 50244),
again demonstrating the significant variability anticipated within a 20
day monitoring period.
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Time relative to first XMM-Newton observation (days)

XMM-NewtonSwift HST/COS NuSTAR

Figure 3: Proposed observing schedule. On day zero the core cam-
paign of 18 orbits (=36 days) starts with 6×80 ks XMM-Newton ob-
servations on days 0, 20, 28, 30, 32, 34. Two-orbit HST and 20 ks
NuSTAR visits are planned simultaneously. Starting 35 days earlier,
1.5 ks Swift observations are scheduled 5, 2, and then 1 day apart, con-
tinuing until the conclusion of the XMM-Newton observations. Not
shown but also requested are the XMM/HST/NuSTAR single visits ∼ 6
months earlier (or later).

taneous with HST/COS (this proposal 14 orbits), NuSTAR
(this proposal 140 ks), and ground-based optical observa-
tions. We also request 53× 1.5 ks Swift observations (this
proposal), starting 35 days before the XMM-Newton ob-
servations for proper photoionisation modeling of the ab-
sorber. Fig. 1 shows the high S/N expected from a stacked
560 ks exposure, to which we will add the archival 160 ks.
Our observations are timely, because now joint XMM-

Newton, HST/COS, NuSTAR, and Swift observations can be
done. Finally, we developed methods (Mrk 509 papers II
& VIII) showing that both RGS and pn can be used to
trace even very small variations in the outflow.
The outflow: structure and location
Previous high-resolution campaigns placed the out-

flows mostly at fairly large distances of ∼ 10 pc: in NGC
3783 - Behar et al. 2003, Gabel et al. 2005, in Mrk 509
- papers IX, X, in NGC 5548 - Arav et al. 2015. In
NGC 7469, Blustin et al. (2007) used XMM-Newton and
HST spectra to estimate the distance of the outflow and
obtained a huge range from 0.01 - 6 pc. We will use much
deeper XMM-Newton and HST/COS data with a broad
range of timescales. By exploiting the high-frequency
variability of NGC 7469, we will nail down the location

2

Key: Swift monitoring of 8 brigth Sey1s 
Trgger if obscuration àXMM+HST+Nustar 

PI: Kaastra 



Kaastra, Kriss, MC, et al., 2014, Science 
+ 8 papers published 
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Best-fit emission model to the region surrounding the C IV emission line in the average 
spectrum of NGC 5548 from summer 2013. The data (black) have been binned by four 
pixels, as in Fig. 2A. The best-fit model (red) includes broad absorption (but excludes 
narrow absorption and Galactic features). The dark blue solid line is the continuum. The 
solid green line shows the emission model with the broad absorption removed. The 
emission components comprising the emission lines are plotted separately below the data. 
  

BAL! 

NAL 

XMM-Newton Large Program (+ Nustar + Chandra) Simultaneous HST/COS 

Unexpected discovery in NGC5548: Absorber variability measured simultaneously in X-rays and UV! 

à Simultaneous appearance and best detailed measurements of  
obscurer and (shadowed) warm absorber,  

possible only with a massive multi-ni campaign! 



Detailed IMAGING at multi-ni: How WAs/UFOs compare/relate to colder molecular/gas outflows? 

Wang et al. 2012a,b,c 

NGC4151 

The Astrophysical Journal, 742:23 (18pp), 2011 November 20 Wang et al.

Figure 18. Schematic drawing of the complex circumnuclear environment of
NGC 4151. (a) The inner few hundred parsec radius region; (b) The 3 kpc across
region. The features are not drawn to exact spatial scale. The cyan wiggly lines
represent possible leakage/scattering of ionizing photons, whereas the orange
wedges denote the lower ionization sectors perpendicular to the bicone (yellow
wedges).
(A color version of this figure is available in the online journal.)

Nevertheless, even with such a high Ṁx in NGC 4151, the
kinematic power Loutflow suggests that only 0.3% of the available
accretion power is extracted to drive the outflow, similar to the
findings of Storchi-Bergmann et al. (2010) and Holt et al. (2006,
2011). For a sample of Seyfert NLR outflows (NGC 4151 not
included) studied in the [S iii] λ9069 emission, Barbosa et al.
(2009) reported a lower Loutflow/Lbol = 10−5 to 10−4. As
pointed out in Mathur et al. (2009), this poses a problem for
the majority of quasar feedback models which require a higher
fraction of the accretion power of the black hole (∼5% of Lbol to
unity) to be thermally coupled to the host ISM. Our Loutflow/Lbol
is in rough agreement with a two-stage feedback model recently
proposed by Hopkins & Elvis (2010), which requires only 0.5%
of the radiated energy to drive the initial hot outflow to efficiently
shut down star formation in the host.

4. CONCLUSIONS

In this paper we present spectral analysis and emission line
images from deep Chandra observation of NGC 4151, aiming

to resolve and characterize the X-ray emission in the NLR. The
findings are summarized as follows.

1. The soft X-ray emission line images of NGC 4151 (O vii,
O viii, and Ne ix) are clearly extended and show remarkable
morphological coincidence with the biconical NLR mapped
by the [O iii] emission, which supports a common emission
mechanism for the hot and cool phases of the NLR gas.

2. Extended emission in the X-ray image is detected along
the NW–SE sectors, which is the direction of a putative
torus. This may explain the faint rogue clouds identified
in previous HST studies that require ionization in this
direction, indicating leakage of nuclear ionization instead
of full blocking by a continuous obscuring torus.

3. Spectral models involving smooth continua (a
bremsstrahlung plus a power law) with emission lines pro-
vide good descriptions of the spectra. The emission lines
cannot be uniquely identified with the present spectral res-
olution, but are consistent with the brighter lines seen in
the Chandra HETGS and XMM-Newton RGS spectra be-
low 2 keV. The absorption-corrected X-ray luminosity of
the extended emission between r = 130 pc and r = 2 kpc
is L0.3–2 keV = (1.1 ± 0.2) × 1040 erg s−1.

4. Photoionization models successfully reproduce the soft
X-ray emission, supporting the dominant role of nuclear
photoionization. There are considerable variations in ion-
ization states across the circumnuclear region. A high-
ionization (log U ∼ 1) component is present in most re-
gions. A low-ionization (log U ∼ −0.25) component is
present along the bicone direction (NE–SW), whereas a
lower ionization (log U ∼ −1) component is found in the
NW–SE direction, which is consistent with filtered nuclear
emission by warm absorbers instead of a continuous absorb-
ing torus. The lowest ionization component (log U ∼ −2)
appears to be associated with the dense gas in the host
plane. A thermal component may still be present at !12%
of the total soft emission, perhaps related to hot ISM in the
galactic disk or shocks associated with the outflow.

5. The measured ratios of [O iii]/soft X-ray flux are consistent
with a constant ratio of ∼15 for the 1.5 kpc radius spanned
by these measurements. This suggests a similar relative
contribution from the low- and high-ionization gas phases
at different radii. If the [O iii] and X-ray emission arise
from a single photoionized medium, this further implies an
outflow with a wind-like density profile (ne ∝ r−2).

6. The estimated mass outflow rate in NGC 4151 is
∼2 M% yr−1 at 130 pc and the kinematic power
of the ionized outflow is 1.7×1041 erg s−1, 0.3% Lbol. This
value is significantly lower than the expected efficiency in
the majority of quasar feedback models, but comparable to
the two-stage model described in Hopkins & Elvis (2010).

Placing all our findings in the context of previous studies, we
obtain a comprehensive view of the NGC 4151 circumnuclear
region at various spatial scales, from the innermost r ∼ 50 pc
(as illustrated in the schematic drawing in Figure 18(a)) to as far
as r ∼ 2 kpc (Figure 18(b)). The key points are recapped here.

Photoionization by the nucleus is important at all scales. In
the nuclear region, except for a few clouds that show interaction
with the radio jet (Wang et al. 2009, 2011a), most of the X-ray
NLR clouds are consistent with being part of a photoionized
biconical outflow, with an n ∝ r−2 density profile expected for
a nuclear wind.

In the ENLR of NGC 4151, photoionization is still the dom-
inant ionization mechanism for the observed X-ray emission
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Figure 17. (a) Superposition of a continuum-subtracted Hα image (contours;
from Knapen et al. 2004) on the central 1′ × 1′ of the smoothed 0.3–1 keV
ACIS image. The box region is enlarged in panel b. (b) A composite image
showing the relative distribution of H i emission in red and Hα emission in
green. Overlaid white contours are the soft X-ray emission, and blue contours
the 12CO emission.
(A color version of this figure is available in the online journal.)

The scenario where part of the CO gas lane is photoionized by
the AGN and produces the Hα arc seems plausible with a mod-
est covering factor of fc ∼ 0.1%, implying that the arc has a
filamentary structure with a thickness of a few parsecs.

On the other hand, we consider the possibility that the arc
could be a bow shock feature from interaction between the bi-
conical outflow and dense gas in the host disk piled in the CO
gas lanes by the large-scale stellar bar. Assuming that the X-ray
emission is due to shock heating as the outflow encounters the
dense CO lane, and that the shock is strong and adiabatic, we es-
timate the shock velocity vs , adopting a postshock temperature
Tps = (3/16)(µv2

s /kB) (Lehnert et al. 1999), where µ is the mass
per particle (CO and HI) and kB the Boltzmann constant. For
the kT ∼ 0.3 keV X-ray temperature measured at the arc, the
required vs is ∼150 km s−1, which is much higher than the local
sound speed cs = 10 km s−1 in the ∼104 K Hα-emitting gas.
Although there is no direct measurement at the exact position of
the Hα arc, the measured outflow velocity in [O iii] at r = 8′′ NE

of the nucleus is fully consistent with this value of vs , e.g., cloud
28, which has v = 190 ± 32 km s−1 (Kaiser et al. 2000).

3.5. Mass Outflow and Kinematic Power

For two of the brighter, spatially resolved [O iii]-emitting
clouds seen in the HST images (clouds 1 and 2 in Figure 14; see
also Figure 4 in Kaiser et al. 2000), we were able to constrain
the number density for the X-ray-emitting gas with Cloudy
modeling of their X-ray spectra when an inner radius r = 100 pc
to the nucleus and an ionizing photon rate Q = 1053 are set. The
best-fit density is log nH = 2.9 ± 0.5 cm−3. We use this number
density to estimate the mass-loss rate and the kinematic power
of the hot phase outflow, which are key quantities that gauge the
impact of AGN outflow on the host galaxy ISM.

Following Barbosa et al. (2009) and Storchi-Bergmann
et al. (2010), we calculate the mass-loss rate using Ṁx =
nHmHvrCgA, where vr is the radial velocity (taken as the ap-
proximate outflow velocity), mH the proton mass, Cg the gas
filling factor, and A the area in the cross section of the out-
flow. For a radial distance of r = 4 × 1020 cm (130 pc) and
the hollow cone geometry of Das et al. (2005), we obtain A =
πr2(sin2 θout − sin2 θin) = 1.2 × 1040 cm2. Adopting Cg = 0.11
(Storchi-Bergmann et al. 2010) and vr ∼ 750 km s−1 (Crenshaw
et al. 2000; Storchi-Bergmann et al. 2010), we obtain a mass
outflow rate Ṁx = 2.1 M% yr−1 and a kinetic luminosity for the
outflow Loutflow = 1/2Ṁxv

2 ∼ 1.7 × 1041 erg s−1, or ∼0.3% of
the bolometric luminosity of the AGN (Lbol = 7.3×1043 erg s−1;
Kaspi et al. 2005).

The Ṁx derived from the hot phase outflow is comparable
to the value derived from near-IR studies of ionized gas in
NGC 4151 (Storchi-Bergmann et al. 2010), which estimated a
mass outflow rate at ≈1.2 M% yr−1 along each cone. The Ṁx

value is over 10 times higher than the outflow rate derived from
UV and optical spectra (0.16 M% yr−1; Crenshaw & Kraemer
2007), but the latter is measured much closer to the nucleus (at
0.1 pc). The optical-emitting gas likely has a much smaller filling
factor than the X-ray-emitting gas, which explains the difference
in the measurements. If our study measured an outer part of the
same outflow, it could have accelerated to a higher velocity
or have loaded ISM between 0.1 pc and 100 pc, and hence a
higher Ṁx .

How does Ṁx compare to the accretion rate of the supermas-
sive black hole in NGC 4151? The bolometric luminosity of
NGC 4151, Lbol = 7.3 × 1043 erg s−1 (Kaspi et al. 2005), is
about 1.2% of its Eddington luminosity, which is LEdd ∼ 6 ×
1045 erg s−1 for the black hole mass MBH = 4.57+0.57

−0.47 ×107 M%
of NGC 4151 (Bentz et al. 2006). Adopting Lbol = ηṀaccrc

2

and η = 0.1 for the efficiency of the accretion disk (Shakura &
Sunyaev 1973), this implies that the central engine of NGC
4151 is accreting at Ṁaccr = 0.013 M% yr−1. Since the mea-
sured outflow rate is 160 times the accretion rate necessary
to feed the active nucleus, there must be either significant en-
trainment of the host galaxy’s ISM while the nuclear outflow
is expanding, or part of the gas fueling the nucleus is ejected
before radiating, or a high fraction (over 99%) of the X-ray gas
does not take part in the outflow and is illuminated by the AGN
“in situ.” However, the latter seems unlikely as the grating spec-
tra strongly indicate that the emission lines have outflow veloc-
ities of 200–300 km s−1 (e.g., Armentrout et al. 2007). Signifi-
cant mass loading of the outflow by the host ISM may be most
plausible and common, since previous estimated NLR outflow
rates in Seyfert galaxies (∼0.1–10 M% yr−1) generally exceed
the accretion rate by tenfold (Veilleux et al. 2005).
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C. Feruglio et al.: Extended CO in NGC 6240

Fig. 6. The Chandra X-ray map of NGC 6240 in the energy range
0.3–4 keV. The circles indicate the regions where we extracted the X-ray
spectra. The region for the background extraction is outside the limits
of this map, at 2–5 arcmin from the nuclei.
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Fig. 7. Top panel: the top curve represents the background corrected
Chandra spectrum (uncorrected for the response of the instrument;
crosses denote spectral widths and amplitude uncertainties) extracted
at the position of Hα filaments (see Fig. 6), and fitted with a two-
temperature thermal equilibrium model (solid line). The lower curve
represents the background spectrum. Data, represented by crosses, have
been binned to give a signal-to-noise ratio >5 in each bin (for plotting
purposes only). Bottom panel: the data-to-model ratio (the green solid
line representing a ratio of unity), showing the residuals at about 1 keV,
1.4 keV, 1.8 keV, 2.2 keV, and 5 keV.

Based on this geometry, we can derive a mass loss rate by using
the relation:

Ṁ(H2) ∼ v Ω R2
of 〈ρof〉 = 3 v

Mof

Rof

where v is the terminal velocity of the outflow (∼400 km s−1).
This relation yields a mass loss rate of Ṁ ∼ 120 M%/yr. The Hα,
H2, and CO(1–0) maps suggest that the outflow is most likely
conical. In this geometry, since the mass loss rate is independent
of Ω, the mass outflow rate would be equal to the spherical case
if there are no significant losses through the lateral sides of the
cone. As it is observed in other local massive outflows (Cicone
et al. 2012; Aalto et al. 2012), the outflowing gas is likely char-
acterized by a wide range of densities, ranging from low density
gas to dense clumps, which would increase the mass flow rate. In
addition, the mass flow rate would obviously be larger than our
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Thermal equilibrium plus shock model
NGC6240 extended X−ray emission

Fig. 8. The background-corrected Chandra spectrum (also corrected
for the response matrix of the instrument) extracted at the position
of the Hα filaments (see Fig. 6). Symbols are as in Fig. 7. Red dot-
ted histogram: thermal equilibrium model component; blue dashed his-
togram: shock model component.

previous estimates if α is significantly higher than 0.5. To date,
this is the lowest conversion factor measured in an extragalac-
tic object. This said, it is unlikely that the mass loss rate is less
than several tens M% yr−1, and it is likely as big as a few hun-
dred M% yr−1. The kinetic power of the outflowing gas is given
by the relation Pk = 0.5 v2 Ṁ = 6 × 1042 erg s−1. The age of the
outflow is >2× 107 years, since it is observed at about 7 kpc dis-
tance from the southern nucleus. The star formation rate at the
position of the eastern filament can be evaluated through both
the Hα luminosity and the X-ray luminosity (e.g. Kennicut 1998;
Ranalli et al. 2003). The 0.5–2 keV X-ray luminosity at the posi-
tion of the eastern filament is 0.5−1×1041 erg s−1, which accord-
ing to Ranalli et al. (2003) would imply a star formation rate of
10–20 M% yr−1. This estimate is derived by assuming that all the
X-ray luminosity is due to star formation. In Sect. 4.2 we showed
that at least a fraction of the X-luminosity is due to a shock,
therefore the SFR derived from the X-ray is an upper limit.
This would suggest that the outflow is not pushed by SN winds.
Indeed, the power transferred to the ISM by a star formation-
driven wind is given by PSF = η×7×1041×S FR = 1042 erg s−1,
where η ∼ 0.1 is the standard mass-energy conversion (see e.g.
Lapi et al. 2005). We conclude that it is unlikely that the molec-
ular flow is powered by star formation. Instead, star formation in
this region is likely to be in the process of being quenched by the
outflow. However, we cannot exclude that star formation in this
area is induced by the compression caused by the propagating
shock.

We detected a redshifted component with velocity 400 to
800 km s−1 with respect to the systemic velocity (Fig. 2), cen-
tered on the two AGN nuclei. Interestingly this emitting region
is elongated in the same east-west direction as the blueshifted
emission discussed above, although on smaller scales (∼1.7 kpc
in diameter). We derive a CO luminosity for this component of
L′(CO)= 3.0× 108 K km s−1 pc2, which converts into a gas mass
of M(H2) = 1.5 × 108 M%, under the same assumptions as given
above for the CO-to-H2 conversion factor. The high velocity of
this component suggests that the AGN might contribute to the
dynamics of this gas (Sturm et al. 2011).
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Fig. 5. Hα map of NGC 6240 (color image). CO(1–0) emission at different velocities: −350 km s−1 (green contours), −100 km s−1 (magenta
contours), with respect to the system velocity. Contours are calculated by merging D and A configuration data. Chandra 1.6–2 keV emission is
shown by white contours.

in this streamer. The physical size of the southwestern tidal tail
is however at least 15′′, i.e. 7 kpc, four to seven times larger than
the streamers in M 82 (Walter et al. 2002). The CO extended
emission to the north (see Fig. 2, left panel) coincides with a
dust lane seen in HST images (Gerssen et al. 2004) and might
be associated with another streamer. The detection of molecu-
lar streamer(s) in NGC 6240 confirms that the molecular gas is
severely affected by galaxy interaction and that the redistribution
of molecular gas is very likely the trigger for the strong starburst
activity in the central region of NGC 6240.

The blueshifted eastern CO emitting region is not associated
with the dust lanes mentioned above, but follows an Hα filament,
and PAH emission observed at 8 µm (Bush et al. 2008). The
emission-line nebula seen in Hα images (Gerssen et al. 2004) is
interpreted as evidence of a superwind that is shock heating am-
bient ISM. The Hα emitting filaments are aligned east-westward,
perpendicular to the dust lanes and to the line connecting the
two nuclei. The X-ray emission is associated with the Hα fila-
ments (Lira et al. 2002). In particular, strong soft X-ray emis-
sion is coincident with the northeastern filament (N–E region
in Fig. 6). We re-analyzed the Chandra X-ray data and found
strong evidence of shocked gas at the position of the Hα fila-
ments. The presence of shocked gas in the NGC 6240 system is
confirmed by the detection of strong H2(1–0) S(1) emission at
2.12 µm. NGC 6240 has the strongest H2 line emission found in
any galaxy (Goldader et al. 1995). Shocks are usually identified
as the excitation mechanism for this line. Ohyama et al. (2000,
2003) suggest that such shocks are produced by a superwind

outflowing from the southern nucleus and colliding with the
surrounding molecular gas. Intriguingly, Max et al. (2005) find
that excited H2 emission closely follows the Hα filament ex-
tending eastward. The position of one of the peaks of the east-
ern blueshifted CO emission coincides with the position where
Bland-Hawthorne et al. (1991) and Gerssen et al. (2004) found a
large velocity gradient of the ionized gas (the velocity decreas-
ing, roughly, north to south). No significant radio continuum
emission is detected in this region in the VLA maps of Colbert
et al. (1994). The blueshifted molecular gas in this region might
be a tidal tail, left behind during the merger. However, its asso-
ciation with strongly shocked gas suggests that a shock is propa-
gating eastward and is also compressing the molecular gas, while
crossing it.

The integrated luminosity of CO in this region is L′(CO) =
1.3×109 K km s−1 pc2, corresponding to a gas mass M(H2) = 7×
108 M$ (assuming again α = 0.5). Hypothesizing that this out-
flow originates in the southern, luminous AGN (or from both
the AGN), we derive here a mass loss rate. We assume that the
molecular outflow is distributed in a spherical volume of radius
Rof = 7 kpc (i.e. the distance of the eastern blob from the AGN),
centered on the AGN. If the gas is uniformly distributed in this
volume, the volume-averaged density of molecular gas is given
by 〈ρof〉 = 3 Mof/Ω R3

of , whereΩ is the solid angle subtended by
the outflow, and Mof is the mass of gas in the outflow (Feruglio
et al. 2010; Maiolino et al. 2012). This assumption is an approx-
imation, and evidently cannot represent the complexity of the
system, but can provide a rough estimate of the mass loss rate.
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Fig. 5. Hα map of NGC 6240 (color image). CO(1–0) emission at different velocities: −350 km s−1 (green contours), −100 km s−1 (magenta
contours), with respect to the system velocity. Contours are calculated by merging D and A configuration data. Chandra 1.6–2 keV emission is
shown by white contours.

in this streamer. The physical size of the southwestern tidal tail
is however at least 15′′, i.e. 7 kpc, four to seven times larger than
the streamers in M 82 (Walter et al. 2002). The CO extended
emission to the north (see Fig. 2, left panel) coincides with a
dust lane seen in HST images (Gerssen et al. 2004) and might
be associated with another streamer. The detection of molecu-
lar streamer(s) in NGC 6240 confirms that the molecular gas is
severely affected by galaxy interaction and that the redistribution
of molecular gas is very likely the trigger for the strong starburst
activity in the central region of NGC 6240.

The blueshifted eastern CO emitting region is not associated
with the dust lanes mentioned above, but follows an Hα filament,
and PAH emission observed at 8 µm (Bush et al. 2008). The
emission-line nebula seen in Hα images (Gerssen et al. 2004) is
interpreted as evidence of a superwind that is shock heating am-
bient ISM. The Hα emitting filaments are aligned east-westward,
perpendicular to the dust lanes and to the line connecting the
two nuclei. The X-ray emission is associated with the Hα fila-
ments (Lira et al. 2002). In particular, strong soft X-ray emis-
sion is coincident with the northeastern filament (N–E region
in Fig. 6). We re-analyzed the Chandra X-ray data and found
strong evidence of shocked gas at the position of the Hα fila-
ments. The presence of shocked gas in the NGC 6240 system is
confirmed by the detection of strong H2(1–0) S(1) emission at
2.12 µm. NGC 6240 has the strongest H2 line emission found in
any galaxy (Goldader et al. 1995). Shocks are usually identified
as the excitation mechanism for this line. Ohyama et al. (2000,
2003) suggest that such shocks are produced by a superwind

outflowing from the southern nucleus and colliding with the
surrounding molecular gas. Intriguingly, Max et al. (2005) find
that excited H2 emission closely follows the Hα filament ex-
tending eastward. The position of one of the peaks of the east-
ern blueshifted CO emission coincides with the position where
Bland-Hawthorne et al. (1991) and Gerssen et al. (2004) found a
large velocity gradient of the ionized gas (the velocity decreas-
ing, roughly, north to south). No significant radio continuum
emission is detected in this region in the VLA maps of Colbert
et al. (1994). The blueshifted molecular gas in this region might
be a tidal tail, left behind during the merger. However, its asso-
ciation with strongly shocked gas suggests that a shock is propa-
gating eastward and is also compressing the molecular gas, while
crossing it.

The integrated luminosity of CO in this region is L′(CO) =
1.3×109 K km s−1 pc2, corresponding to a gas mass M(H2) = 7×
108 M$ (assuming again α = 0.5). Hypothesizing that this out-
flow originates in the southern, luminous AGN (or from both
the AGN), we derive here a mass loss rate. We assume that the
molecular outflow is distributed in a spherical volume of radius
Rof = 7 kpc (i.e. the distance of the eastern blob from the AGN),
centered on the AGN. If the gas is uniformly distributed in this
volume, the volume-averaged density of molecular gas is given
by 〈ρof〉 = 3 Mof/Ω R3

of , whereΩ is the solid angle subtended by
the outflow, and Mof is the mass of gas in the outflow (Feruglio
et al. 2010; Maiolino et al. 2012). This assumption is an approx-
imation, and evidently cannot represent the complexity of the
system, but can provide a rough estimate of the mass loss rate.
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OH doublet at 1000 km/s Veilleux et al. 2013 

UFO detection (v~0.3c) consistent with 
energy-conserving outflow from 
Inner X-rays to outer molecular outflow 

Tombesi et al. 2015, Nature 

ULIRG F11119+3257 (z=0.19):  

Multi-ni obs. of nearby QSO: How WAs/UFOs compare/relate to colder molecular/gas outflows?  



Detailed X-ray spectra: Geometry and covering factor of UFOs? 

Nardini, Reeves et al., Science ‘15 
 

Fig. 3. Adopting the same baseline continuum of Fig. 2 (red curve), we fitted the emission and 
absorption residuals characterizing the Fe-K band by means of a self-consistent P-Cygni profile from 
a spherically symmetric outflow (green curve). The results are shown for the merged Obs. 3 and Obs. 
4, which are separated by only 3 days and are virtually indistinguishable at 2 to 30 keV (Fig. 1). The 
two NuSTAR modules were combined into a single spectrum (plotted in blue; ±1 SD error bars) for 
display purposes only. The inset contains a graphical explanation of the key parameters of this model: 
the characteristic energy Ec, corresponding to the onset of the absorption component, and the wind 
terminal velocity v∞ = 0.35 ±0.02c, which can be regarded as a measure of the actual outflowing speed 
of the gas. The bottom panel shows the ratio between the data and the best-fit model. The residual 
structures above 10 keV are due to the Kβ and K edge absorption features from Fe XXVI. These are 
not included in the P-Cygni model but are detected with high significance (Table S2), and remove any 
ambiguity in the identification of the ionic species. 

 

 
However, the general validity of the disk wind picture is still disputed. It has been proposed 
that blueshifted absorption might also arise from co-rotating optically thick plasma 
blanketing the accretion flow, which would be seen in X-rays reflected off the disk surface 
(12). Depending on the exact geometry, the extreme velocities inherent to the inner disk 
could produce a Fe K-shell feature anywhere between 4 and 10 keV through relativistic 
Doppler shifts. Previously applied to PG 1211+143, another bright quasar where a similar 
line complex was revealed (13), this scenario calls for a reflection-dominated X-ray spectrum. 
In PDS 456, this model clearly under-predicts the depth of the 9-keV absorption trough, 
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Ubiquitous equatorial accretion disc winds L13

Figure 2. Left-hand panel: HLD of the high-inclination (dipping) LMXBs studied and of all the low-inclination (non-dipping) LMXBs. Right-hand panel:
high-inclination (dipping) sources show Fe XXVI absorption every time they are in the soft state and upper limits in the hard states. In low-inclination (non-
dipping) LMXBs, the Fe XXVI absorption line is never detected. We interpret these as due to a ubiquitous equatorial disc wind associated with soft states only.
We note that high-inclination sources tend to show a more triangular HLD, while the low-inclination sources exhibit a boxy one.

population of sources which are close to edge-on. Fig. 2 (left-hand
panel) shows the HLD of all the high-inclination LMXBs and
reports the measured Fe XXVI absorption-line EW. These sources
show clear evidence for a high-ionization disc wind (vout ∼
102.5−3.5 km s−1) during all 30 observations in the soft state.1

On the other hand, whenever these sources are observed in the
hard X-ray state, they show only upper limits. We, in fact, observe
stringent upper limits for 16 out of 17 observations and just one
detection of a weak wind quasi-contemporaneous with a weak jet
(Lee et al. 2002; Neilsen & Lee 2009). This demonstrates that for
this set of sources, the presence of the disc wind is deeply linked to
the source state. In particular, the wind is present during spectrally
soft states, when the jet emission is strongly quenched.

The right-hand panel of Fig. 2 shows the HLD for the non-
dipping LMXBs, GX 339-4, XTE J1817−330, 4U 1957+115, XTE
J1650−500 and GRS 1758−258, which have accretion discs which
are inclined more face-on to the observer. None of these source has
a detection of a highly ionized wind in any state. Several spectra
have a signal-to-noise ratio good enough to measure upper limits
as small as a few eV, even during the soft state. For this reason, we
confidently state that these sources do not present the signatures of
highly ionized Fe K winds.2

This difference in behaviour can be easily understood if both the
high- and low-inclination sources have the same wind present in
soft states and absent in the hard states, but the wind is concentrated
in the plane of the disc; thus, our line of sight intercepts the wind
only in high-inclination sources. If this idea is correct, we expect
that deeper observations of low-inclination sources may reveal the

1 One observation of GRS 1915+105 with lower luminosity and Compton
temperature does not show any Fe XXVI but only Fe XXV absorption, thus
suggesting the importance of ionization effects.
2 The majority of the low-energy absorption lines detected in these LMXBs
(Miller et al. 2004) are consistent with being produced by the interstellar
medium (Juett et al. 2004; 2006; Nowak et al. 2008). Most of the remaining
structures are consistent with being at rest, thus unlikely associated with the
Fe K wind (Juett et al. 2006).

presence of the wind through the detection of weak ionized emission
lines.

Is it theoretically plausible for the disc winds to have a strong
angular dependence? Indirect evidence for an angular dependence
of the wind in GBH was already inferred from the lack of emission
lines associated with the X-ray absorption lines (Lee et al. 2002;
Miller et al. 2006b). This suggests that the wind subtends a small
fraction of 4π sr. Moreover, disc wind models and magnetohydro-
dynamic simulations predict a strong angular dependence of the
wind (Begelman et al. 1983a,b; Melia et al. 1991; 1992; Woods
et al. 1996; Proga et al. 2002; Luketic et al. 2010). In fact, if the
disc wind is produced by X-ray irradiation (i.e. Compton heating,
line driving), it is expected to be stronger in edge-on sources simply
because once the material is lifted from the disc, it will experi-
ence an asymmetric push from the radiation field of the central
source. Flattened disc winds have also been assumed to explain the
winds of broad absorption-line QSO and other AGN outflows (e.g.
Emmering et al. 1992; Murray et al. 1995; Elvis 2000).

4 IO N I Z ATI O N EF F E C T S

The strong connection between winds and source states requires
an explanation. Ueda et al. (2010), during oscillating X-ray states
of GRS 1915+105, observe the ionization parameter of the wind
to vary with the source luminosity, suggesting the importance of
ionization. Can an overionization effect explain the disappearance
of the wind during hard states? If the absorber is in the form of
‘static’ clouds with approximately constant density n and distance
R from the ionizing source and assuming that the spectral shape
changes have a minor impact on the ionization state of the wind,
then the absorber ionization parameter ξ will be directly related to
the source luminosity:3 ξ = L/nR2. The left-hand panel of Fig. 2
shows that at the same luminosity, the winds are present in the soft
but not in hard states (see also Lee et al. 2002; Miller et al. 2006b;

3 Where L has been computed as the integral of the disc emission (in the
0.001–100 keV band) plus the power law (1–100 keV) one.
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Blum et al. 2010; Neilsen et al. 2011b). Thus, the ‘static absorber’
interpretation may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev 1973)
already predicted the formation of winds from the outer disc.
Compton-heated winds (see Fig. 3) can be launched if the inner
disc is geometrically thin and thus the central source can illumi-
nate and heat the outer disc, creating a hot outflowing disc atmo-
sphere with temperature T ∼ TIC =

∫ ∞
0 hνLνdν/4kL ∼ 107–8 K

(Krolik et al. 1981; London et al. 1981; Begelman et al. 1983a,b;
Woods et al. 1996; Shields et al. 1986) whose ionization parameter
is expected to be primarily linked to the spectral energy distribution
(SED; characterized by T IC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are unsat-
urated and are on the linear part of the curve of growth, we can esti-
mate the Fe XXV and Fe XXVI ion abundances (see formula 1 of Lee
et al. 2002). Fig. 4 shows the Fe XXV-to-Fe XXVI ion abundance ratio
as a function of T IC for all the observations in which the two lines
are detected. For all sources, we systematically observe the lower
ionization states (Fe XXV) at low T IC, with the ratio Fe XXV/Fe XXVI

decreasing for harder spectral shapes (higher T IC), as expected if the
ionization parameter (ξ ) increases linearly with T IC (see solid lines
in Fig. 4). This result suggests that, during the soft states, ionization
effects might play an important role in determining the properties
of the wind. However, this conclusion is based on the ionization
balance for a low-density gas illuminated by a # = 2 power law;
in order to verify the disappearance of the wind in hard states as
due to overionization, a detailed study of the actual ionizing spectra
and wind densities would be required. Although important, this is
beyond the scope of this Letter. Alternatively, the wind disappear-
ance in the hard state might arise from the fact that illumination
of the outer disc is critical for the production of Compton-heated
winds or from some other phenomenon (e.g. organization of mag-
netic field) which is related to the accretion states. Irradiation only
occurs when the outer disc subtends a larger solid angle than the
inner flow. Thus, the formation of thermal winds might be prevented
if harder states are associated with thick discs that, even if optically

Figure 3. Several physical mechanisms can explain the properties of the
observed equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increasing
the thermal pressure that then drives away a wind, which is flattened above
the disc. Thus, only in high-inclination sources our line of sight to the
central source crosses the wind, allowing us to detect it. In hard states, a
geometrically thick and optically thin corona and the jet are present, while no
wind is observed. [Correction added after online publication 2012 April 4:
figure colours fixed]

Figure 4. The Fe XXV-to-Fe XXVI ion abundance ratio as a function of T IC.
For each source, the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
T IC (which is a tracer of the spectral hardness). This suggests that the wind
ionization increases with spectral hardness, thus suggesting that ionization
effects play an important role here. The solid lines show the expected relation
between ion ratios and T IC, assuming a linear relation between ξ and T IC
(ξ = $ × T IC/1.92 × 104, where $ = Fion/nkTc, Fion is the ionizing flux
between 1 and 103 Rydberg; Krolik et al. 1981) and the ion fraction versus ξ

as computed by Kallman & Bautista (2001; see their fig. 8) for an optically
thin low-density photoionized gas (# = 2).

thin at the centre, have an optically thick region with H/R ∼ 1 or
have a significant optical depth as seen from the outer disc (see also
Neilsen et al. 2011b). Alternatively, if the disc ionization instability
is at work in these transient sources, the Compton radius of the wind
might lie in a low-temperature, and thus unflared, part of the outer
disc (Dubus et al. 2001).

5 D ISCUSSION

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation

Ṁwind = 4πR2nmpvout
%

4π
= 4πmpvout

LX

ξ

%

4π
, (1)

where mp is the proton mass, vout the wind outflow velocity and % is
the solid angle subtended by the wind. Chandra observations pro-
vide reliable measurements of the outflow velocities; the detection
of the wind in each soft state spectrum suggests a high filling factor;
moreover, we measured a wind opening angle of ∼30◦. Thus, once
the ionization parameter is estimated, we can measure the mass
outflow rate and compare it to the mass inflow rate (assuming an
efficiency η = 0.1). We estimate the ionization parameter ξ from
the Fe XXV/Fe XXVI ion ratio and assume the ion versus ξ distribution
computed by Kallman & Bautista (2001) and obtain values between
log(ξ ) ∼ 3.5 and 4.2. However, we caution the reader that these val-
ues might change significantly once (instead of assuming the ion
abundances of Kallman & Bautista 2001) the ion abundances ver-
sus ξ are computed using the properly tailored ionization balances
from the self-consistent SED.4 Fig. 5 shows that the mass outflow

4 For example, under various assumptions about the gas density, different
authors studying the same data set found ionization parameters that vary by
∼2 orders of magnitude (Miller et al. 2006a, 2008; Netzer 2006; Kallman
et al. 2009). However, our estimated ionization parameters here are within
the typical range of measured values, and we believe they are useful for our
purposes here.
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Detailed spectra of X-ray binaries in soft state: How WAs/UFOs  
compare/relate to binaries winds and jets? 
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FIG. 1.— The figure above shows the line spectra from two Chan-
dra/HETGS observation of H 1743−322. The data have been divided by a
simple continuum and binned for visual clarity. The observation in black was
obtained in a disk–dominated phase; it is listed as “Observation 1” in Miller
et al. (2006a). A disk wind was detected through the blue-shifted Fe XXV
and Fe XXVI absorption lines in that specturm. The deep low/hard state ob-
servation considered in this paper is shown in red. No significant absorption
lines are evident, and restrictive upper limits are obtained through direct fits.

absence of the wind.

2. OBSERVATIONS AND DATA REDUCTION
During its 2003 outburst, H 1743−322 was observed simul-

taneously using theChandra/HETGS and RXTE on four occa-
sions (Miller et al. 2006a). All four of those observations cap-
tured relatively soft flux states. Three could be roughly classi-
fied as “high/soft” states. The remaining observation (second
in the sequence) likely captured a harder (but still luminous)
“very high” state.
H 1743−322was again observed with the Chandra/HETGS

and RXTE in 2010. The Chandra observation started on 2010
August 08 at 23:03:48 UT, and was 60.5 ksec in duration.
RXTE observed H 1743−322 simultaneously with Chandra,
starting on 2010 August 09 at 05:35:51 UT for a total du-
ration of 6.1 ksec. Rapid analysis of the RXTE observation
confirmed that H 1743−322 was in a “low/hard” state at the
time of these observations (Belloni et al. 2010).
The Chandra High Energy Transmission Gratings (HETG)

were used to disperse the incident flux onto the Advanced
CCD Imaging Spectrometer “spectroscopic array” (ACIS-S).
To prevent photon pile-up, the ACIS-S array was operated
in continuous clocking or “GRADED_CC” mode, which re-
duced the frame time to 2.85 msec. For a discussion of
this mode, please see Miller et al. (2006a). All Chandra
data reduction was accomplished using CIAO version 4.4.
Time-averaged first-order HEG and MEG spectra were ex-
tracted from the Level-2 event file. Redistribution matrix
files (rmfs) were generated using the tool “mkgrmf”; ancil-
lary response files (arfs) were generated using “mkgarf”. The
first-order HEG spectra and responses were combined using
“add_grating_orders”. The spectra were grouped to require a
minimum of 10 counts per bin.
The standard RXTE pipeline spectral files and responses for

the PCA and HEXTE were downloaded from the HEASARC
archive, and employed for spectral fitting. A systematic er-
ror of 0.6% was added to the PCA spectrum in quadrature.
All spectral analyses were conducted using XSPEC version
12.6.0. All errors quoted in this paper are 1σ errors.

3. ANALYSIS AND RESULTS
The central questions in this paper require estimates of the

ionizing flux and column density in each observation of H
1743−322. This can be done through photoionization model-
ing, but a simpler and more direct approach is to measure the
equivalent width of absorption lines since EW∝ N when the
absorbing gas is on the linear part of the curve of growth.

3.1. The Spectral Continuum in the 2010 Low/Hard State
We fit the combined first-order Chandra/HEG and

RXTE/PCA spectra of H 1743−322 jointly. The HEG spec-
trum was fit was limited to the 1.2–9.0 keV band, owing to
calibration uncertainties and poor signal on either side of this
range. The PCA spectrum was fit in the 3.0–30.0 keV band,
again owing to calibration uncertainties on either side. In the
joint fits, a simple constant was allowed to float between the
spectra to account for differences in the flux calibrations.
A fit with a simple absorbed power-law model with Γ =

1.77± 0.01 does not give a formally acceptable fit (χ2/ν =
1.56), but it does characterize the flux well. It is likely that the
poor fit is driven by uncertainties in the cross-calibration of
the instruments. When each spectrum is permitted to derive its
own power-law index in a joint fit, a value of Γ = 1.93± 0.01
is found for the HEG spectrum while Γ = 1.71±0.01 is found
for the RXTE/PCA spectrum, and a much better fit is derived
(χ2/ν = 1.13). If the steeper index is assumed to be the right
time-averaged value for the lengthy Chandra observation, it
leads to a low value for the 8.8–30 keV ionizing flux (see
below). To be conservative, then, we simply adopt the power-
law index derived in the joint fit (Γ = 1.77) as an approximate
value, and derive the unabsorbed 8.8–30 keV flux based on
that model.

3.2. Limits on Absorption Lines in the 2010 Hard State
To test for the presence of Fe XXV and Fe XXVI absorp-

tion lines in the low/hard state spectrum of H 1743−322, we
added Gaussians at 1.850 Å and 1.780 Å (6.700 keV and
6.970 keV, respectively; Verner, Verner, & Ferland 1996). The
range of line widths and velocity shifts measured in the line
detections reported in Miller et al. (2006a) were sampled in
order to ensure consistency and conservative limits. We mea-
sure 90% confidence upper limits of EW ≤ 0.58 mÅ and
EW ≤ 0.42 mÅ for Fe XXV and Fe XXVI, respectively.
These limits are a factor of several lower than the line de-
tections reported in Miller et al. (2006a). Figure 1 shows
data/model ratio spectra from a prior Chandra observation
and the low/hard state considered here.
Larger potential velocity shifts were also examined, since

one means of increasing the ionization of a gas is to accelerate
it. A potential feature is apparent at 1.834 Å (6.760 keV).
However, this feature is merely noise: first, the feature is not
significant at even the 2σ level; second, it is unlikely that Fe
XXVwould be observed in the absence of Fe XXVI (see, e.g.,
Kallman & McCray 1982), especially if the gas is potentially
more highly ionized than when both were detected. There is
no evidence for an Fe XXVI line at a velocity shift required if
the feature at 6.760 keV line is identified with Fe XXV.
Limits on the line equivalent widths obtained with Chandra

(again, 0.58 mÅ and 0.42 mÅ, for Fe XXV and Fe XXVI, re-
spectively), are tighter than those obtained in a prior Suzaku
observation in the low/hard state (0.97 mÅ and 0.64 mÅ ,
Blum et al. 2010). Importantly, whereas the ionizing flux de-

H1743-322 disk-wind detected in soft, disc-dominated state 
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Figure 12. Top: histograms of the overall emission-line velocity-width,
W80,Hα , for the 32 z ≈ 0.6–1.1, Hα detected KASHz targets (hatched) and
the z ≈ 0.6–1.1 comparison sample of star-forming galaxies from KROSS
(filled; see Section 3.4). The AGN preferentially have higher emission-line
velocities than the star-forming galaxies. This is further demonstrated in the
bottom panel which shows the cumulative distributions. We also show the
KROSS sample after applying two stellar mass cuts, where the M" > 3 ×
1010 M# sub-sample is more comparable to the X-ray AGN host galaxies
(Section 4.3.3). We also show the cumulative distribution of the luminosity-
matched comparison sample of z < 0.4 AGN (see Section 3.4) and find that
the velocity distribution is very similar to that of our high-redshift AGN.

of this emission line using these methods provides an informative
comparison to other studies.

In Fig. 12 we show the distribution of the Hα line-width values,
W80,Hα , for the 32 detected targets, using the same format as above
for the [O III] emission. We find that four of our KASHz targets (i.e.
13+9

−6 per cent) have W80,Hα > 600 km s−1, indicative of emission
that is dominated by outflowing material (see discussion at the start
of this section). We note that the range on this percentage is 12–
18 per cent if the two undetected targets are included, for which
we have no constraints on W80,Hα . In agreement with the [O III]
results (Section 4.3.1), we find no appreciable difference between
the distribution of line widths between the KASHz sample and our
low-redshift luminosity-matched comparison sample (see Section
3.4).

In Fig. 12 we compare the Hα emission-line velocity distributions
for our KASHz targets with our comparison sample of star-forming
galaxies that are at the same redshift from KROSS (see Section
3.4). It can clearly be seen that AGN preferentially have higher
emission-line widths than the star-forming galaxies. For example,

Figure 13. Emission-line velocity-width, W80,Hα , versus NLR Hα lumi-
nosity (LHα,NLR) for the KASHz AGN targets (circles) and the KROSS
star-forming galaxies at the same redshift (squares). The AGN show a sim-
ilar distribution of LHα,NLR, but preferentially have the higher velocities.
LHα,NLR is a tracer of the star formation rates for the galaxies and the AGN
(although this will be biased upwards for the AGN; see Section 4.3.3).
Therefore, the higher emission-line velocities in the AGN are not the result
of higher star formation rates.

only 3/378 (i.e. 0.8+0.8
−0.4 per cent) of the star-forming galaxy sam-

ple reach velocity-widths of W80,Hα > 600 km s−1, compared to
13+9

−6 per cent found for the AGN. This is also demonstrated in Fig.
11, where we show the stacked emission-line profiles for both sam-
ples. These results provide indirect evidence that the high-velocity
features we observe are not pre-dominantly driven by star forma-
tion. This is because X-ray AGN at these redshifts have average
star formation rates that are consistent with the global star-forming
galaxy population of the same redshift (e.g. Rosario et al. 2012;
Stanley et al. 2015), and are possibly even distributed to lower me-
dian star formation rates (Mullaney et al. 2015). We further test
this conclusion by plotting the velocity-width as a function of ob-
served NLR Hα luminosity (LHα,NLR) for both the KASHz sample
and star-forming comparison sample in Fig. 13. The observed NLR
Hα luminosity (i.e. excluding any BLR components) is a tracer of
the star formation rates in star-forming galaxies; however, for the
AGN-host galaxies these will, in general, be relative over-estimates
due to the additional contribution of photoionization by the central
AGN. We find that the KASHz AGN have a very similar distri-
bution of LHα,NLR to our star-forming galaxy comparison sample,
indicating that they have similar, or possibly lower, star formation
rates. Despite this, the AGN-host galaxies preferentially have larger
velocity-widths, and a higher fraction of sources indicative of host-
ing high-velocity ionized outflows (Fig. 13).

In addition to investigating the role of the star formation rates, it
is also important to consider the effect of host-galaxy masses on the
Hα emission-line widths. In the cases where the Hα emission-line
profiles are dominated by galaxy kinematics (which is the case for
the majority of the star-forming KROSS galaxies; e.g. Stott et al.,
in preparation; Swinbank et al., in preparation), the line widths will
be driven to higher values in galaxies with higher stellar masses due
to the increased velocity gradients across these galaxies. To demon-
strate this, in Fig. 12, we also show the cumulative distributions of
line widths for the star-forming galaxies when we apply increasing
mass cuts. As expected, the higher mass galaxies tend to have the
broader emission-line widths. We do not attempt to derive stellar
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Table 1
Log of Observations of APM 08279+5255

Observation Date Observatory Observation Timea Nsc
b f0.2−2

c f2−10
c

ID (ks) net counts (erg s−1 cm−2) (erg s−1 cm−2)

2002 Feb 24 (epoch 1) Chandra 2979 88.82 5,627 ± 75 1.8+0.1
−0.1 4.3+0.1

−0.1

2002 Apr 28 (epoch 2) XMM-Newton 0092800201 83.46 12,820 ± 139 1.9+0.1
−0.1 4.1+0.1

−0.1

2007 Oct 06 (epoch 3) XMM-Newton 0502220201 56.38 11,400 ± 114 2.5+0.1
−0.1 3.9+0.1

−0.1

2007 Oct 22 (epoch 4) XMM-Newton 0502220301 60.37 16,698 ± 133 3.5+0.1
−0.1 5.0+0.1

−0.1

2008 Jan 14 (epoch 5) Chandra 7684 88.06 6,938 ± 83 1.9+0.2
−0.2 4.5+0.2

−0.2

Notes.
a Time is the effective exposure time remaining after the application of good time-interval (GTI) tables and the removal of portions
of the observation that were severely contaminated by background flaring.
b Background-subtracted source counts including events with energies within the 0.2–10 keV band. The source counts and effective
exposure times for the XMM-Newton observations refer to those obtained with the EPIC PN instrument. See Section 2 for details on
source and background extraction regions used for measuring Nsc.
c The absorbed fluxes (in units of 10−13 ergs cm−2 s−1) in the 0.2–2 keV and 2–10 keV observed-frame band are obtained using the
model APL+2AL (model 6; Section 3). The errors are at the 68% confidence level.

Both approaches resulted in values for the fitted parameters
that were consistent within the errors, however, the fits to the
higher quality pn data alone provided higher quality fits as
indicated by the reduced χ2 values of these fits. We therefore
consider the results from the fits to the pn data alone more
reliable especially for characterizing the properties of the X-ray
absorption features.

For the reduction of the Chandra observations we used
standard CXC threads to screen the data for status, grade, and
time intervals of acceptable aspect solution and background
levels. The pointings placed APM 08279+5255 on the back-
illuminated S3 chip of ACIS. To improve the spatial resolution,
we removed a ± 0′′.25 randomization applied to the event
positions in the CXC processing and employed a sub-pixel
resolution technique developed by Tsunemi et al. (2001).

In both the XMM-Newton and Chandra analyses, we tested the
sensitivity of our results to the selected background and source-
extraction regions by varying the locations of the background
regions and varying the sizes of the source-extraction regions.
We did not find any significant change in the background-
subtracted spectra. For all models of APM 08279+5255, we
included Galactic absorption due to neutral gas with a column
density of NH = 3.9 × 1020 cm−2 (Stark et al. 1992). All
quoted errors are at the 90% confidence level unless mentioned
otherwise.

2.2. Chandra and XMM-Newton Spectral Analysis of
APM 08279+5255

We first fitted the Chandra and XMM-Newton spectra of APM
08279+5255 with a simple model consisting of a power law with
neutral intrinsic absorption at z = 3.91 (model 1 of Table 2).
These fits are not acceptable in a statistical sense as indicated
by the reduced χ2. The residuals between the fitted simple
absorbed power-law (APL) model and the data show significant
absorption for energies in the observed-frame band of <0.6 keV
(referred to henceforth as low-energy absorption) and 2–5 keV
(referred to henceforth as high-energy absorption).

To illustrate the presence of these low- and high-energy
absorption features, we fit the spectra from observed-frame
4.5–10 keV with a power-law model (modified by Galactic
absorption) and extrapolated this model to the energy ranges
not fit. The residuals of these fits are shown in Figures 1 and 2.
Significant low- and high-energy absorption are evident in all
observations.

0
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Figure 1. ∆χ residuals between the best-fit Galactic absorption and power-law
model and the Chandra ACIS spectra of APM 08279+5255. This model is fit
to events with energies lying within the ranges 4.5–10 keV. The arrows indicate
the best-fit energies of the absorption lines of the first and second outflow
components for epoch 1 (top panel) and epoch 5 (lower panel) obtained in fits
that used model 6 of Table 2.

We proceed by fitting the spectra of APM 08279+5255
with the following models: (1) APL; (2) APL with a notch
(APL+No); (3) ionized-APL with a notch (IAPL+No); (4)
APL with an absorption edge (APL+Ed); (5) ionized-APL with
an absorption edge (IAPL+Ed); (6) APL with two absorption
lines (APL+2AL); (7) ionized-APL with two absorption lines
(IAPL+2AL); (8) APL with two intrinsic ionized absorbers
(APL + 2IA); and 9) APL with two partially covered intrinsic
ionized absorbers (APL+PC*(2IA)). The XSPEC notations for
these models are given in the notes of Tables 2 and 3.

The results from fitting these models to the three XMM-
Newton and two Chandra spectra are presented in Tables 2
and 3. For spectral fits using models 3, 5, and 7, the low-energy
absorption is modeled using the photoionization model absori
contained in XSPEC (Done et al. 1992). We note that the absori
model is just a first approximation to what is likely a more
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Figure 1: (a) Observed 100 ks Chandra spectrum of combined images A+B of HS 0810+2554 fit
with Galactic absorption and a power-law model. Notice significant residuals and P-Cygni profile.
(b) shows the data shown in panel (a) overplotted with the unfolded best-fit model comprising
photoionizaton (XSTAR) and emission line components. The arrows indicate the best-fit energies
of the absorption and emission lines. (c) Observed 100 ks Chandra spectrum of image C fit as in
panel (a). (d) Shows the data shown in panel (c) overplotted with the unfolded best-fit model.
Notice that the energy of the emission line has shifted from 6.8 keV to 5.9 keV (rest-frame). Two
narrow emission lines are marginally detected at 1.8 keV and 8.5 keV (rest-frame).

Why Chandra and NuSTAR? The proposed 100 ks Chandra observation will provide the
spatially resolved and time-resolved spectra of images (A+B) and C with a large effective area
below ∼ 3 keV, where the P-Cygni profile was detected. The Chandra observation, however, can-
not constrain the reflection components originating from the accretion disk and/or the outflowing
wind. As we show in the feasibility analysis the proposed 120 ks NuSTAR observation is crucial
in constraining the reflection component. The shape of the reflection component depends on the
inclination angle and fits to the joint Chandra+NuSTAR observations will provide constraints on
both the opening angle of the outflow (P-Cygni profile modeling) and the inclination angle of the
disk. With a magnification factor of ∼120, HS 0810+2554 is one of the X-ray brightest distant
AGN with a detected relativistic outflow of X-ray absorbing material. The proposed observation
provides us with the rare opportunity to spectroscopically study in detail the relativistic outflow of
a low-luminosity NAL AGN (unlensed L2−10 keV ∼ 5 × 1043 erg s−1) near the peak of the galaxy
merger number density and cosmic AGN activity and address many important science questions
related to the nature of ultrafast AGN outflows and their importance for feedback.

A Magnified View of a Distant Borderline Seyfert/Quasar

To achieve our scientific goals listed in detail below we propose to re-observe HS 0810+2554 for
100 ks with the ACIS-S3 and near simultaneously for 120 ks with NuSTAR. With the proposed
observation we will reach the following goals:

(a) Study the kinematic and ionization properties of the outflow of HS 0810+2554
The proposed near simultaneous NuSTAR observation will provide tight constrains (please see fea-
sibility section) of the parameters of the accretion-disk reflection component. Fits to the 0.3–80 keV
spectrum of HS 0810+2554 from the joint Chandra and NuSTAR observations will provide impor-
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Vout~0.2-0.76 c  

Chartas et al. 2014, 2015 

à  Ubiquitous complex (i.e. ionized and/or partially covering) absorption? 
à Desperately need more and longer XMM observations on high-z QSOs  
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1:91þ0:10
"0:10; 1:88

þ0:10
"0:10, and 1:84þ0:11

"0:11. For the purpose of compar-
ing the absorption residuals between epochs, the photon indices
for epochs 1, 2, and 3 were set to ! ¼ 1:9. We proceed in fitting a
variety of models to the data, guided by the shape and location of
these identified absorption residuals. As our first refinement we
considered an absorbed power-law model with Gaussian absorp-
tion lines near the absorption features appearing between observed-
frame energies of 2 and 5 keV (seemodel 2 of Table 2). Hereafter,
we refer to these absorption features as abs1 and abs2. The fits to
the spectra of PG 1115+080 for epochs 1 and 2 contained two ab-
sorption lines, and the fits for epoch 3 contained one absorption
line. The inclusion of these absorption lines in model 2 resulted
in significant improvements of the fits compared to the previous

ones in model 1 at the >99.9%, 99.2%, and 93.6% confidence
levels (according to the F-test) for epochs 1, 2 and 3, respectively.
The remaining most significant contributions to the large val-

ues of !2 for model 2 arise from the residuals below 0.6 keV. To
model these residuals we replaced the neutral absorber in our
spectral model with an ionized intrinsic absorber (see model 3
of Table 2). These low-energy residuals are commonly detected
inmoderate-S/N spectra of BAL quasars and are thought to arise
from absorption bymultiple ions of O,Ne,Na,Mg, and Fe, and/or
partial covering. In particular, we used the absori model con-
tained in XSPEC (Done et al. 1992). We note that the absori
model is just a first approximation to what is likely a more com-
plex situation. The temperature of the ionized absorber is not

Fig. 1.—(a) Top plot : XMM-Newton pn spectrum of the combined images of PG 1115+080 for epoch 1, fit with Galactic absorption and a power-law model to events
with energies lying within the observed-frame ranges of 2Y2.5 and 5Y10 keV. The best-fit values of the power-law photon indices in these energy ranges for the three
epochs were almost identical with ! $ 1:9. Bottom plot : Residuals of the fit in units of 1 " deviations. Several absorption features within the observed-frame range of
1.5Y5.2 keVare noticeable in the residuals plot. (b) Same as (a), but for epoch 2. (c) Same as (a), but for epoch 3. For clarity we only show the higher S/N ratio pn data;
however, all fits were performed simultaneously using the pn andMOS1+2 data unless mentioned otherwise. The vertical dashed lines indicate the best-fit energies of the
high-energy absorption lines for epoch 1. (d )Y( f ) Top plots: Same data shown in (a), (b), and (c), overplotted with the best-fit models taken from model 3 of Table 2.
Bottom plots: Reduced residuals of these fits.
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RX J1131-1231 (z=0.6) 

Figure 2: Broad iron line, soft and hard excess in RX J1131-1231. The main panel shows the co-added Chandra
data over all epochs for all 4 images. The data was fit in a phenomenological manner with a model consisting of an
absorbed power-law with an index of Γ = 1.60± 0.04 for the continuum, a thermal disk component with a temperature
of 0.19 ± 0.02 keV to account for the soft-excess, and a broad relativistic line with energy constrained to lie between
6.4–6.97 keV (rest-frame; the Baseline-simple model). The ratio is shown after setting the normalisation of the disk,
relativistic line and narrow line component to zero in order to better highlights these features. The inset shows the
XMM-Newton data fit with a Γ = 1.83 powerlaw. The best fit, phenomenological model for the XMM-Newton data
requires the presence of a soft excess which can again be characterised by a thermal disk component with a temperature
of 0.22 ± 0.03 keV, a powerlaw with an index Γ = 1.83+0.07

−0.03 up to a break at Ebreak = 5.5+0.5
−2.2 keV, at which point it

hardens to Γ = 1.28+0.33
−0.19. This hardening is interpreted as the Compton reflection hump. Both co-added spectra shown

here probe the time-averaged behaviour of RX J1131-1231. Quoted errors refers to the 90% confidence limit and the
error bars are 1σ.
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à  Ubiquitous complex (i.e. ionized and/or partially covering) absorption? 
à Desperately need more and longer XMM observations on high-z QSOs  
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Relativistic outflow or absorption edge in the z=2.73 QSO HS 1700+6416?
G. Lanzuisi1 ; M. Giustini1; M. Cappi1; M. Dadina1; G. Malaguti1; C. Vignali2

1 INAF/IASF-BO; 2 Universit‡ di Bologna  

Abstract We present the detection of broad absorption features in the X-ray spectrum of the quasar HS 1700+6416, indicating either the presence of high 

velocity out-flowing gas or a huge absorption edge from Fe. HS 1700+6416 is a high-z (z=2.735), high luminosity quasar, classified as a Narrow Absorption 

Line (NAL) QSO. One broad absorption feature is clearly visible in the 50ks Chandra observation taken in 2000, while two similar features, at different 

energies, are visible when the 8 contiguous Chandra observations carried out in 2007 are merged together. The XMM-Newton observation taken in 2002, 

despite strong background flares, shows an hint of such a feature at lower energies.

50 ks Chandra spectrum (2000)

Fig. 6 shows the spectrum of HS1700+6416 obtained from the 50 ks Chandra observation. The counts are binned to a minimum significant detection of 3, 

for plotting purpose (we applied the Cash statistic). The fit to a simple absorbed power-law model shows significant residuals around ~3 keV, suggesting the 

presence of a strong absorption feature. When adding an absorption Gaussian line, the C-stat is  20.3 for 3 additional parameters. 

The significance is >4 with F-test, confirmed with extensive Monte-Carlo simulations. The rest frame line energy is E_line=10.26±0.75 keV, the line width 

=1.6 ±0.5 keV and the equivalent width EW=-0.83 keV (rest frame).  Fig 7, 8 show the 68, 90, 99% confidence contours of E_line vs.  and E_line vs. 

Normalization, respectively. If the absorption feature is due Fe XXV or Fe XXVI K , the observed E_line translates in an outflowing velocity   v_out=0.38±0.10 

c. If modeled with the ionized absorber model XSTAR (Kallman & Bautista 2001), we have to add two ionized gas shells, with slightly different v_out, and 

both with high Nh and  

(Nh>4x1023 cm-2, Log >3.3 ) and 

turbulence velocity v_turb=5000 km/s, to 

reproduce the huge width of the feature. 

If modeled with an absorption edge, the rest 

frame edge energy  is E_edge=8.95±0.30 keV 

and the absorption depth is =1.85±0.83. 

E_edge is consistent with K shell ionization 

thresholds of Fe XVI-FeXXVI with 0 v_out 

(Hasinger et al. 2002).

For all the 3 models, the C-stat is similar,

i.e. the quality of the data do not allow to 

distinguish between the different scenarios.

 

XMM spectrum (2002)

The 30 ks XMM observation of 2002 is affected by strong background 

flares. The resulting net exposure is only ~10 ks for pn and MOS cameras 

(~300 counts).

Despite the bad data 

Quality, an hint of the 

presence of an absorption 

feature around  2 keV 

can be seen in the 

residuals (fig. 12). The 

C is 15.7 and the 

confidence level is

~2.5. The E_line=8.05

±0.30 KeV, implies 

v_out~0.14c.

Short and long term X-ray variability

Given the exposure times, and the flux level of the source, the study of short term variability is feasible only for the long, 50 ks Chandra observation.

Fig. 2 shows the 0.5-8 keV light-curve of HS 1700+6416 with a bin size of 3 ks (at least 20 net counts per bin). When fitted with a constant, the resulting 

count rate is 6.8x10-3. The source results to be marginally variable on time scales of few ks (P(2/)=0.25). We also studied the long term variability of the 

continuum parameters (F(2-10),  and NH, fig 3,4,5). A long term variability is clearly detected in the 2-10 keV flux, that varies of a factor 3, from  9x10-14 to  

3.5x10-14 erg s-1 cm-2, and in the 

amount of neutral absorption, that is <1022 

cm-2 in 2000 and 2002 data, and become 

consistent with 4-8x1022 cm-2 in 2007.

For the photon index the error bars are

 too large to draw any firm conclusion.

  In the 8 observations of 2007, the source 

spectral parameters remain almost 

constant, thus we added together these 

spectra to increase the statistics.

Merged Chandra Spectrum (2007)

The merged spectrum has ~1000 counts above 1 keV, and shows two features 

at ~2.2 and ~3.2 keV (fig. 9). The detection for two Gaussian lines, with EW1=-

0.14 and EW2=-0.50 keV, and v_out 0.25±0.05c and 0.55±0.08c, has 

significance of ~2 and >3, respectively. Fig 10, 11 show the confidence 

contours for the absorption lines parameters. From the XSTAR model results 

column densities Nh=3-5x1023 cm-2, and high ionization parameters (Log>3.2) 

in both cases. In the edge model the two edges have E_edge1=8.14±0.52 and 

E_edge2=11.20±0.60 keV, the latter consistent with a Fe XXVI edge with 

v_out of 0.18c.

Conclusions: We clearly detected 'at least'  2 strong absorption features, 

at variable energies, in different X-ray spectra of NAL QSO HS 

1700+6416. They can be due to highly ionized (Log >3.2) nearly Compton 

thick gas with nearly-relativistic outflowing velocities (v_out = ~0.4-0.5c), or 

to absorption edges at energies consistent with mildly ionized Fe at lower 

velocities. The source may be one of the few known X-ray BAL QSO with 

nearly-relativistic v_out. The quality of present data do not allow to draw 

stronger conclusions, and a long look observation is needed to better 

constrain the absorption features, and check for variability of their 

properties on short time scales (few ks).

X-ray Universe, Berlin, 27-30 June 2011
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HS 1700+6416 (z=2.735) is one of the most luminous quasar in the SDSS. It is classified as a NAL-QSO, 

showing narrow CII, CIV, SiIII and Si IV absorption lines in the SDSS spectrum (Fig. 1, from SDSS_DR3), 

blueshifted at mildly (~0.1c) relativistic velocities (Misawa et al. 2007).

X-ray coverage

The source lies in the same field of 2 clusters (Abell 2246 z=0.225;  V1701+6414, z =0.45) and a 

proto-cluster at z=2.3 (Digby-North et al 2010) and therefore have very good X-ray coverage available. In 

particular: One 50 ks Chandra observation in 2000;  one 30 ks XMM observation in 2002 and 

8 x 15-30 ks Chandra observations in 2007.
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(z=2.73) high-z RQ (NAL) QSO HS1700+6416 (z=1.6) PID352 

Vignali et al., ’15 

à  Ubiquitous complex (i.e. ionized and/or partially covering) absorption? 
à Desperately need more and longer XMM observations on high-z QSOs  
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(z=2) PG1247+268 

Another high-z UFO candidate? 
Or again strong reflection? 

6.6 6.8 7 7.2 7.4

ï6
×1

0ï6
ï4

×1
0ï6

ï2
×1

0ï6
0

Ab
so

rpt
ion

 L
ine

 In
ten

sit
y

Absorption Line (RestïFrame) Energy (keV)

+

10ï3

0.01

0.1

no
rm

ali
zed

 co
un

ts s
ï1

 ke
Vï

1

1 2 5

ï2

0

2

r

Energy (keV)

↓

↓

Simula(on+

7.2 7.4 7.6 7.8 8 8.2

ï8
×1

0ï6
ï6

×1
0ï6

ï4
×1

0ï6
ï2

×1
0ï6

0

Ab
sor

pti
on

 Li
ne

 In
ten

sit
y

Absorption Line (RestïFrame) Energy (keV)

+

10ï3

0.01

0.1

no
rm

ali
zed

 co
un

ts s
ï1

 ke
Vï

1

1 2 5
ï4

ï2

0

2

4

r

Energy (keV)

?
↓

↓

PG1247+258,
(XMM,archive),

Figure 1: (Left panel): Simulated (100 ks) pn spectrum for a source at z=2 with fX(0.5-10 keV)=5⇥10�13 erg s�1 cm�2, a narrow
(� = 10 eV) Gaussian absorption line at E=6.97 keV and EW=-50eV (rest-frame) on top of a (background-subtracted) power-law
spectrum with photon index of �=1.7. The line was deleted to show the residuals left. (Insert) Confidence contours (at the 68%,
90% and 99% confidence level) for the absorption line energy vs. intensity. (Right panel): XMM-Newton archival spectrum of
PG1247+268 (pn only, 21 ks of net exposure) which shows evidence for an absorption feature at E⇠2.6 keV (i.e. ⇠7.6 keV at the
source rest-frame) indicative of a possible massive and highly ionized absorber in this source. (Insert): Confidence contours for
the absorption line energy vs. intensity. N.B: Spectra were plotted using a S/N>3 per energy bin.
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Figure 2: (Left panel): Model (top) and simulated best-fit (pn+MOS) spectrum (bottom) using a WA plus a UFO absorber (see
text for additional details). Note that the WA contributes mostly to curve the continuum while most of the strong absorption
features at low and high energies are due to the UFO absorber. (Right panel): Same spectrum as in left panel but with WA
and UFO components sets to zero. N.B: These simulations were calculated assuming fX(0.5-10 keV)=5⇥10�13 erg s�1 cm�2 and
exposure=100 ks, therefore they apply to all targets proposed (all exposure times are scaled by flux).
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G. Lanzuisi et al.: Super-Eddington accretion in PG 1247+267 as observed by NuSTAR

Fig. 8: Left: Contour plot of the column density vs. covering fraction for model 3. Right: Rest-frame residuals in the Fe Kα line
region, after fitting with a simple power law. The gray dashed lines mark the expected neutral Fe, FeXXV, and FeXXVI Kα emission
line energies. Symbols as in Fig. 6.

like hard X-ray source (the corona) above the black hole that is
irradiating the accretion disk (e.g., Matt et al. 1991, Dauser et
al. 2013) and computes both the expected emissivity profile and
the strength of the reflection self-consistently (model 4, Fig. 5
bottom right).

The free parameters, in addition to the primary power-law
photon index, high-energy cutoff, and normalizations, are the
height of the primary source (h), the BH spin (a), the inclination
angle of the disk (i), and the ionization parameter (ξ), defined
as the ionization parameter of the accretion disk. The inner ra-
dius of the accretion disk is fixed to the innermost stable circular
orbit, which depends on the BH spin, while the outer radius is
frozen to 400 rG.

Interestingly the high-energy cutoff seems to be uncon-
strained for this model. This is not entirely due to the limited
spectral quality of PG1247 and the larger number of free pa-
rameters for this model, but also to the fact that – for a given
primary power-law cutoff – the reflection component computed
by RELXILL always has a sharper decline at high energies than
the value computed by PEXRAV (see, e.g., Dauser et al. 2016).
This means that the relativistic reflection model is able to repro-
duce the shape of the high-energy spectrum without the need of
a cutoff. Therefore, we fixed it to Ecut= 100 keV, in order to be
consistent with the measurements of the other parameters per-
formed from the models discussed above. The goodness of this
fit is comparable with the fits obtained for the previous three
models (χ2/d.o.f.= 333.8/365). The photon index is very soft
(Γ = 2.26 ± 0.04) also for this model.

The interesting aspect of this model is that the reflection frac-
tion in this configuration is not a free parameter, but instead the
reflection contribution is computed self-consistently as the re-
sult of the geometry, size, and ionization state of the emitting
corona. The height of the corona, the BH spin, and the reflection
fraction are indeed correlated in this model, in the sense that in
order to produce a strong reflection fraction, both a low value of
h (i.e., the corona is close to the BH and hence to the disk) and
a high value of the BH spin (i.e., the disk has a small inner ra-
dius) are required (see Dauser et al. 2014). Fig. 9 (left) shows the
inclination angle vs. BH spin parameter confidence contours: to
produce the strong reflection we see in the spectrum of PG1247,
a nearly maximally rotating BH is required (a > 0.68), observed
at a small inclination angle (cos(i) > 0.83). Fig. 9 (right) shows
the confidence contours between the coronal height h (in units of
rG) and the spin parameter. The height of the emitting region is

constrained to be h ≤ 3.5 rG. Finally, the ionization parameter is
constrained to be log(ξ) = 1.8±0.5 erg cm s−1; i.e., the disk must
be moderately ionized in order to produce the strong Compton
hump, while a more ionized reflecting medium would produce
a steeper reflection continuum. We note that a small height of
the corona (h < 10 rG) for a maximally rotating BH (a > 0.9),
observed at small inclination angles (i < 30◦), has also been es-
timated in a few local Seyferts through spectral-timing analysis
and reverberation techniques (e.g., Cackett et al. 2014; see Uttley
et al. 2014 for a review), while evidence is mounting that maxi-
mally rotating SMBHs may be common among AGN at low and
high redshift (Walton et al. 2013; Reis et al. 2014; Reynolds et
al. 2014), with the caveat that high spin means high accretion
efficiency (Vasudevan et al. 2015) so the brightest objects (for
which measuring the BH spin is feasible) in a population of ob-
jects with similar accretion properties will be those with high
spin.

6. Discussion
Several aspects of the X-ray broad-band spectrum of PG1247
are in agreement with the possibility that this high-redshift QSO
is accreting close to or above the Eddington limit, independent
of the model adopted to reproduce the overall spectral shape:

– The photon index is very soft: Γ ∼ 2.3 − 2.4 for all models.
These values are consistent with those expected for a nearly
Eddington accreting SMBH, given the relation observed in
individual, variable, local AGN (e.g., Perola et al. 1986,
Vaughan & Edelson 2001, Vignali et al. 2008, Puccetti et
al. 2014), and in samples of low- and high-redshift AGN
(Shemmer et al. 2008, Risaliti et al. 2009, Brightman et
al. 2013). The caveat is that the parameter space above
the Eddington limit is currently unexplored. Unfortunately,
owing to the limited data quality and the lack of simul-
taneity between the XMM–Newton and NuSTAR data, we
cannot test whether PG1247 shows the softer when brighter
behavior within the flux variation observed between the
XMM–Newton and NuSTAR data.

– The Fe emission line is most likely produced by ionized
gas in the accretion disk (the rest-frame energy of 6.4
keV is ruled out at 90% c.l.), as observed in the stacked
spectrum of large samples of AGN accreting close to the
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Fig. 8: Left: Contour plot of the column density vs. covering fraction for model 3. Right: Rest-frame residuals in the Fe Kα line
region, after fitting with a simple power law. The gray dashed lines mark the expected neutral Fe, FeXXV, and FeXXVI Kα emission
line energies. Symbols as in Fig. 6.

like hard X-ray source (the corona) above the black hole that is
irradiating the accretion disk (e.g., Matt et al. 1991, Dauser et
al. 2013) and computes both the expected emissivity profile and
the strength of the reflection self-consistently (model 4, Fig. 5
bottom right).

The free parameters, in addition to the primary power-law
photon index, high-energy cutoff, and normalizations, are the
height of the primary source (h), the BH spin (a), the inclination
angle of the disk (i), and the ionization parameter (ξ), defined
as the ionization parameter of the accretion disk. The inner ra-
dius of the accretion disk is fixed to the innermost stable circular
orbit, which depends on the BH spin, while the outer radius is
frozen to 400 rG.

Interestingly the high-energy cutoff seems to be uncon-
strained for this model. This is not entirely due to the limited
spectral quality of PG1247 and the larger number of free pa-
rameters for this model, but also to the fact that – for a given
primary power-law cutoff – the reflection component computed
by RELXILL always has a sharper decline at high energies than
the value computed by PEXRAV (see, e.g., Dauser et al. 2016).
This means that the relativistic reflection model is able to repro-
duce the shape of the high-energy spectrum without the need of
a cutoff. Therefore, we fixed it to Ecut= 100 keV, in order to be
consistent with the measurements of the other parameters per-
formed from the models discussed above. The goodness of this
fit is comparable with the fits obtained for the previous three
models (χ2/d.o.f.= 333.8/365). The photon index is very soft
(Γ = 2.26 ± 0.04) also for this model.

The interesting aspect of this model is that the reflection frac-
tion in this configuration is not a free parameter, but instead the
reflection contribution is computed self-consistently as the re-
sult of the geometry, size, and ionization state of the emitting
corona. The height of the corona, the BH spin, and the reflection
fraction are indeed correlated in this model, in the sense that in
order to produce a strong reflection fraction, both a low value of
h (i.e., the corona is close to the BH and hence to the disk) and
a high value of the BH spin (i.e., the disk has a small inner ra-
dius) are required (see Dauser et al. 2014). Fig. 9 (left) shows the
inclination angle vs. BH spin parameter confidence contours: to
produce the strong reflection we see in the spectrum of PG1247,
a nearly maximally rotating BH is required (a > 0.68), observed
at a small inclination angle (cos(i) > 0.83). Fig. 9 (right) shows
the confidence contours between the coronal height h (in units of
rG) and the spin parameter. The height of the emitting region is

constrained to be h ≤ 3.5 rG. Finally, the ionization parameter is
constrained to be log(ξ) = 1.8±0.5 erg cm s−1; i.e., the disk must
be moderately ionized in order to produce the strong Compton
hump, while a more ionized reflecting medium would produce
a steeper reflection continuum. We note that a small height of
the corona (h < 10 rG) for a maximally rotating BH (a > 0.9),
observed at small inclination angles (i < 30◦), has also been es-
timated in a few local Seyferts through spectral-timing analysis
and reverberation techniques (e.g., Cackett et al. 2014; see Uttley
et al. 2014 for a review), while evidence is mounting that maxi-
mally rotating SMBHs may be common among AGN at low and
high redshift (Walton et al. 2013; Reis et al. 2014; Reynolds et
al. 2014), with the caveat that high spin means high accretion
efficiency (Vasudevan et al. 2015) so the brightest objects (for
which measuring the BH spin is feasible) in a population of ob-
jects with similar accretion properties will be those with high
spin.

6. Discussion
Several aspects of the X-ray broad-band spectrum of PG1247
are in agreement with the possibility that this high-redshift QSO
is accreting close to or above the Eddington limit, independent
of the model adopted to reproduce the overall spectral shape:

– The photon index is very soft: Γ ∼ 2.3 − 2.4 for all models.
These values are consistent with those expected for a nearly
Eddington accreting SMBH, given the relation observed in
individual, variable, local AGN (e.g., Perola et al. 1986,
Vaughan & Edelson 2001, Vignali et al. 2008, Puccetti et
al. 2014), and in samples of low- and high-redshift AGN
(Shemmer et al. 2008, Risaliti et al. 2009, Brightman et
al. 2013). The caveat is that the parameter space above
the Eddington limit is currently unexplored. Unfortunately,
owing to the limited data quality and the lack of simul-
taneity between the XMM–Newton and NuSTAR data, we
cannot test whether PG1247 shows the softer when brighter
behavior within the flux variation observed between the
XMM–Newton and NuSTAR data.

– The Fe emission line is most likely produced by ionized
gas in the accretion disk (the rest-frame energy of 6.4
keV is ruled out at 90% c.l.), as observed in the stacked
spectrum of large samples of AGN accreting close to the

9

à  Ubiquitous complex (i.e. ionized and/or partially covering) absorption? 
à Desperately need more and longer XMM observations on high-z QSOs  
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Fig. 2 Top panel: covering fraction versus column density
in the neutral partial covering scenario. Bottom panel: ioni-
sation state versus column density in the ionised absorption
scenario. Errors at 90% confidence level.

tions scattered aroundCf = 0.5. The two different distribu-
tions ofCf correspond to very different spectral shapes, and
could reflect different physical scenarios for the sources: for
example, in the highCf scenarios the low fraction of emerg-
ing continuum could correspond to a secondary component
emerging only at soft energies, such as a scattered compo-
nent, or an underlying thermal emission due to collisionally
ionised gas. With the moderate CCD spectral resolution and
the generally low S/N ratio of these spectra, disentangling
between these different scenarios with a single-epoch spec-
trum is not possible. In the spectra where 0.3 < Cf < 0.6
the effect of the partial covering absorber is greatest around
2 − 3 keV and this can not be mimicked by a steep sec-
ondary soft component - anyway it could be equivalent, for
example, to the effect of a totally covering, ionised absorber
and the two would be again difficult to disentangle. The in-
trinsic photon indices are much steeper than in the simple
power law scenario, with 〈Γ〉 ∼ 2.3.

The presence of ionised absorption intrinsic to the
source was also tested by replacing the neutral partial cover-
ing absorber with a fully covering ionised one. It was found
that also this model can provide statistically acceptable fits
to the majority of the spectra. The inferred column densi-
ties for this scenario are quite large, with values 3− 5 times
higher than in the partial covering scenario; this model fits
well about a half of the spectra, for which column density

versus ionisation parameter are reported in the right panel
of Figure 2. Once corrected for the absorption, most of the
sources show photon indices typical of type 1 AGN, with an
average 〈Γ〉 ∼ 1.9.

All the sources with multiple X-ray exposures show
strong spectral variability, on different time scales of years,
months, days. Furthermore, a number of them also shows
variability over very short time scales (a few ks). Given the
low S/N ratio and the strong complexity of most of the spec-
tra, a thorough analysis of the timing properties of all the
sources of the sample is delicate, and is deserved to a future
work. We note however how in two of the best S/N spec-
tra it was possible to detect highly ionised outflowing X-ray
absorbers in the iron K band, namely PG 1115+080 (Char-
tas, Brandt & Gallagher 2003, Chartas et al. 2007) and PG
1126-041 (Giustini et al. 2011). These absorbers are found
to be variable over time scales of years (PG 1115+080) and
over very short time scales of hours (PG 1126-041).

4 Conclusions

The most notable result of the analysis is the extremely
complex spectral shape of the vast majority of the BAL and
mini-BAL QSOs studied here, coupled to a strong spectral
variability on different time scales: years, days, hours, de-
pending on the sources and on the available data. The 0.2−2
keV photon indices are generally very steep, as already re-
vealed by ROSAT. However, this is the result of a com-
plex spectral shape coupled with the limited ROSAT band-
pass: when the larger bandpass of EPIC-pn is considered,
the photon indices flattens considerably for all the sources.
Almost none of the spectra require the presence of intrin-
sic neutral absorption when modelled with a simple ab-
sorbed power law. On the other hand, high column densities
(NH ∼ 1022−24 cm−2) of X-ray absorbing gas are required
by the data of basically all the sources, when allowing the
absorber to be either partial covering or ionised. However,
only about a half of the spectra are statistically well repro-
duced by either a neutral partial covering or a ionised ab-
sorber model alone. The other half of the spectra resulted
to be more complex, and the limited S/N ratio makes test-
ing more complex models very difficult. Also for the sim-
ple partial covering and ionised absorber models there is a
substantial degeneracy and they provide similar fit statistics,
making it hard to discriminate among the two. A lot of the
sources show however the clear sign of high column den-
sities of ionised gas affecting their X-ray spectra, as deep
absorption troughs around 0.5−1.5 keV in their rest-frame,
an energy range where the opacity of warm absorber-like
gas is maximum. Much more highly ionised gas such as Fe
XXV and Fe XXVI could also be affecting the spectra of
several sources at high energies, given the residuals often
visible at E ! 6 keV. This possibility is also suggested by
the steep photon index Γ5−10 found for the vast majority of
the sources, and generally also with Γ5−10 > Γ2−5. Indeed,
highly ionised iron is surely present in the inner regions of
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In BAL and mini-BAL QSOs 
(a dozen with z~0.1-0.5-2) 

à  Ubiquitous complex (i.e. ionized and/or partially covering) absorption? 
à Desperately need more and longer XMM observations on high-z QSOs to 
characterize the outflows in a representative sample of high-z QSOs  

…the best sample available to date…. 



Super Winds & AGN Lbol

Molecular 
small=nucl 
large=gal. 

Ionized 

BAL 

X-ray

Remarkable correlation between wind mass outflow rate and AGN bolometric 
luminosity: Mout~Lbol0.5 for molecular winds Mout~Lbol for ionized winds

 Ekin(out)=0.1-10% Lbol (UFOs, BALs)Ekin(out) = 1-10% Lbol (molecular) 

Ekin(out) = 0.1-1% (ionized low Lbol)  = 1-10 % (ionized high Lbol)

Need X-ray and multi-ni coverage of a representative sample of high-z QSOs. 

Fiore et al., ’15 



Summary and personnel view: 

Ø  Science Case (outflows) 
Ø  Recognized importance, and “pathfinder” to future 

missions/observatories (from ground based Obs. 
ALMA, MUSE, SINFONI to Athena).  

Ø  Important implications for both astrophysics of 
winds/outflows formation and acceleration, and the 
cosmological impact/feedback of AGN winds. 

 
 
Ø Astrophysics of AGN winds 

Ø  Will need (to continue) massive campaigns of 
spectra/imaging/timing often/mostly using a multi-
ni approach on low-z AGN 

 
Ø  Cosmological impact/feedback: 

Ø  Desperate need to have representative samples of 
good quality X-ray spectra of high-z QSOs to 
characterize and measure the frequency of 
massive and energetic outflows in high-z QSOs. 
Need multi-ni coverage to obtain full outflow  
energetics. Multi-ni would also “guarantee” more 
publications per XMM-ks, like experience in low-z 
AGNs. 

N.B1: Few high-z QSOs spectra available ALL show features in their X-ray spectra 
N.B2: Reflection vs absorption uncertainties could be two facets of the same phenomenon 



Thank you very much  
for your attention 


