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ABSTRACT

Although AGN feedback through ionised winds is of great importance in models of AGN/galaxy coevolution, the mass and energy
output via these winds, even in the nearby universe, is poorly understood. The issue is complicated by the wide range of ionisation in
the winds, which means that multiwavelength observational campaigns are required to obtain the complete picture. In this paper, we
use a ∼160 ks XMM-Newton RGS spectrum to get the most accurate view yet of the ionised outflow (warm absorber) in NGC 7469
as seen in X-rays, finding that there is a wide range of ionisation, with log ξ in the range ∼0.5−3.5 erg cm s−1 , and two main velocity
regimes, at 580−720 and 2300 km s−1 , with the highest velocity gas being the least ionised. The total absorbing column density in the
X-rays is of order 3 × 1021 cm−2 . We find that the lowest ionisation phase of the absorber is probably identical with one of the phases
of the UV absorber discovered in previous studies. We show that both X-ray and UV absorbers are consistent with an origin near the
base of a torus wind, where matter is being launched and accelerated. Calculating the mass outflow rate and kinetic luminosity of all
the absorber phases, we demonstrate that the X-ray absorbing gas carries respectively ∼90% and 95% of the mass and kinetic energy
output of the ionised outflow.
Key words. galaxies: active – galaxies: evolution – galaxies: Seyfert – galaxies: individual: NGC 7469 – quasars: absorption lines –
X-rays: galaxies

1. Introduction
Ionised winds from AGN are an important and somewhat enigmatic factor in the feedback process controlling black hole
and galaxy evolution. Although they have an important role in
a number of popular evolutionary schemes (e.g. Silk & Rees
1998; Fabian 1999; Granato et al. 2004; Page et al. 2004), their
physical properties – such as mass outflow rate and kinetic luminosity – are not observationally well established. The situation is complicated by the fact that the winds contain gas at
a wide range of ionisation levels, and so astronomers working in
a single wavelength range, on either X-ray “warm absorbers” or
UV “intrinsic absorbers”, will receive an incomplete picture of
the phenomenon.
Combined X-ray and UV spectroscopic studies of bright
nearby AGN have become increasingly popular (e.g. Mathur
et al. 1994, 1995; Collinge et al. 2001; Crenshaw et al. 2003;
Yaqoob et al. 2003; Kraemer et al. 2003), especially in the
last five years since high-resolution soft X-ray spectra from
Chandra and XMM-Newton have become available. Although
most of these analyses have been concerned with the lowvelocity outflows in nearby Seyfert galaxies, due to the need to
get good signal-to-noise in the X-rays, multiwavelength studies of high-velocity quasar outflows, like that in PDS 456

(O’Brien et al. 2005) have begun to appear. Most attention to
date has focused on whether the UV and X-ray absorption lines
come from the same gas, with the current conclusion being that
in some cases they do, and in some cases they don’t (e.g. Blustin
et al. 2005). It has been clear for a while, however, that probably
all AGN winds produce spectral signatures in both bands.
NGC 7469 is a nearby (z = 0.0164, de Vaucouleurs et al.
1991) Seyfert galaxy that has been the target of a number of observing campaigns by X-ray and UV observatory satellites. In
recent years attention has focused on the outflow of ionised gas
from its nucleus which leaves spectral traces across the X-ray
and UV bands. The relationship of the diﬀerent velocity and
ionisation phases of the gas seen in the two wavebands, and
the place of the outflow within the nuclear region, have been
of particular interest. Our previous combined study of the X-ray
and UV properties of the warm absorber in this source (using
a 40 ks XMM-Newton observation in 2000 and a FUSE spectrum obtained a year earlier; Blustin et al. 2003, Kriss et al.
2003) indicated that the X-ray absorber had a wide range of
ionisation, and that the principal phase of X-ray absorption was
identical with one of the two velocity/ionisation phases in the
UV absorber. A study of simultaneous Chandra, FUSE and HST
STIS spectra of NGC 7469 (Scott et al. 2005), obtained in 2002
(with some extra STIS observations from 2004), was broadly in
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Table 1. Observation identifiers, start and end dates and times, instrument modes and total exposure times.
Obs-ID
0207090101

Observation start (UT)
2004-11-30T20:48:52

Observation end (UT)
2004-12-01T20:43:52

0207090201

2004-12-03T01:04:39

2004-12-03T23:21:19

Instrument
EPIC-MOS 1
EPIC-MOS 2
EPIC-PN
RGS 1
RGS 2
OM
OM
OM
OM
OM
EPIC-MOS 1
EPIC-MOS 2
EPIC-PN
RGS 1
RGS 2
OM
OM
OM
OM
OM

agreement with our earlier conclusions, but neither the Chandra
HETG spectrum of Scott et al. (2005) nor the XMM-Newton
RGS spectrum of Blustin et al. (2003) had high enough signalto-noise to satisfactorily constrain the properties of the X-ray
absorber.
At the end of 2004, the deepest ever X-ray spectroscopic observational campaign on this source was performed using the
XMM-Newton RGS. In this paper we use the resulting high
signal-to-noise soft X-ray spectrum, together with results from
the Scott et al. (2005) UV spectroscopic campaign, to estimate the relative contributions of the X-ray and UV absorbers
to the overall mass outflow rate and kinetic luminosity of the
AGN wind in NGC 7469. We also investigate what the new data
tell us about the origin of the ionised outflow in this object.

2. Data analysis
NGC 7469 was observed by XMM-Newton for a total of 164 ks
during two long observations in November/December 2004.
During these observations, EPIC-pn was operated in Small
Window mode, the EPIC-MOS cameras were in Timing
Uncompressed mode and the RGS was in Spectroscopy mode.
The OM took long sequences of 1000 s exposures in Image
mode, starting in both cases with a cycle through the V, U,
UVW1, UVM2 and UVW2 filters and continuing in UVW2 until the end of the respective observations. The full observation
details are listed in Table 1.
This paper deals only with the RGS, EPIC-pn and OM data.
The RGS and EPIC-pn data were reduced under SAS V6.1; the
RGS data were processed using rgsproc, which extracts spectra
and background-subtracts them using regions adjacent in crossdispersion space to that containing the source. Since the response
matrices generated by rgsproc take into account the diﬀerences
in eﬀective area between the two RGS units, it is possible to
combine both the RGS1 and RGS2 spectra and response matrices (see Page et al. 2003); both first and second order spectra were included. Remaining instrumental eﬀects, not yet included in the calibration, were removed with the aid of residuals
to power-law fits to the pure continuum source Markarian 421.
The EPIC-pn data were processed first using epproc, and then
source and background spectra and lightcurves were extracted

Mode
Timing Uncompressed (medium filter)
Timing Uncompressed (medium filter)
Small Window (medium filter)
Spectroscopy
Spectroscopy
Image (V filter)
Image (U filter)
Image (UVW1 filter)
Image (UVM2 filter)
Image (UVW2 filter)
Timing Uncompressed (medium filter)
Timing Uncompressed (medium filter)
Small Window (medium filter)
Spectroscopy
Spectroscopy
Image (V filter)
Image (U filter)
Image (UVW1 filter)
Image (UVM2 filter)
Image (UVW2 filter)

Exposure (s)
84 502
84 507
84 564
84 985
84 980
1000
1000
1000
1229
57 860
78 602
78 607
78 664
79 085
79 080
1000
1000
1000
1220
53 000

from circular extraction regions of 40 radius. For both the RGS
and EPIC-pn data, the event lists were screened to remove intervals of high proton background before spectral extraction took
place. The total good time intervals for the RGS and pn were,
respectively, 157 ks (a 4.4% data loss) and 163 ks (a 0.2% data
loss).
The OM image mode photometry was done using the
omichain pipeline running under SAS V7. The resulting source
lists contain count rates for each source detected, with corrections applied for various systematic eﬀects including detector
deadtime and coincidence loss. We also corrected for Galactic
reddening using an E(B − V) of 0.069 obtained from the NASA
Extragalactic Database (NED), and calculated monochromatic
fluxes using the AB magnitude system (Oke 1974) flux conversion factors provided in the merged source list.
Errors quoted for fitted or calculated quantities are for ∆χ2 =
2 (the rms of the ∆χ2 distribution) throughout this paper.

3. EPIC-pn spectroscopy and UV/X-ray lightcurves
The EPIC-pn spectra were used to help define the soft X-ray
continuum to aid in modelling the RGS spectrum. The general shape of the pn spectrum is similar to that observed in
previous XMM-Newton and Chandra observations of this object (Blustin et al. 2003; Scott et al. 2005); there is a highenergy power-law with a soft excess. Firstly, the lightcurves
were examined for signs of spectral variability that could aﬀect
the apparent form of the spectrum. Figure 1 shows the 2120 Å
(OM UVW2), 0.2−2 and 2−10 keV pn lightcurves alongside the
2−10 keV/0.2−2 keV hardness ratio. The spectrum hardens over
the course of the observation; a comparison of pn spectra from
the first and second halves of the observation (Fig. 2) reveals
that although the total flux in the soft excess decreases between
the two observations, the basic shape of the soft excess remained
the same. Detailed analysis of the variability is presented elsewhere (Blustin et al. 2006), but for our purposes here, the soft
X-ray continuum shape does not seem to be seriously aﬀected
by spectral variability.
In all X-ray spectral fits reported in this paper, we have incorporated neutral absorption due to our Galaxy at a column of
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Fig. 1. 2120 Å (OM UVW2 filter), 0.2–2 keV and 2–10 keV band pn
lightcurves, with hardness ratio (2–10 keV/0.2–2 keV).

Fig. 3. Top: EPIC-pn spectrum (black) with fitted model (red) comprising a Galactic-absorbed power-law, Fe Kα and Fe xxvi lines, and
a blackbody soft excess. Bottom: the residuals of the fit above; the
model cannot explain the spectral complexity in the soft excess.

4. RGS spectroscopy
Fig. 2. EPIC-pn spectra from the whole observation (black dataset;
750 counts per bin), the first (top dataset; 375 counts per bin) and second (bottom dataset; 370 counts per bin) halves of the observation with
best fit power-law to the ranges 3−5.5 keV and 7–10 keV superimposed
(continuous line). The bottom panel shows the ratio of these datasets to
the model.

NH = 4.82 × 1020 cm−2 (Elvis et al. 1989). Fitting a power-law
to the 3−10 keV range, excluding 5.5−7 keV, we find a slope Γ
of 1.81 ± 0.01. In the 2000 observations, the spectral index
was 1.75 (Blustin et al. 2002), and in 2002 it had increased
to 1.79 (Scott et al. 2005). There is a Fe Kα line, well-fitted with
a Gaussian profile, with a FWHM of 6900 ± 1400 km s−1 , consistent with that observed with the Chandra HETGS two years
earlier (Scott et al. 2005) and with the first XMM-Newton observation four years earlier (Blustin et al. 2003). A second weaker
emission line, at a rest-frame energy of 6.97 ± 0.03 keV, is most
consistent with Fe xxvi. After fixing the parameters of the hard
power-law and the Fe Kα and Fe xxvi lines, we added a blackbody component to represent the soft excess. The 0.3−10 keV
flux was 5.7 × 10−11 erg s−1 ; in the previous XMM-Newton observation in 2000 the flux was 4.4 × 10−11 erg s−1 in this range.
The resulting 0.3−10 keV fit is very poor, with a reduced χ2
of 14.35 (622 degrees of freedom). Figure 3 shows the model superimposed on the pn data, along with the residuals to the fit. The
main cause of the bad fit is the inability of the model to replicate
the form or spectral complexity of the soft excess, which clearly
includes spectral features unresolved by the EPIC-pn. The next
section describes detailed spectroscopy of these features with
the RGS.

4.1. Line identification

The RGS spectrum contains a number of narrow absorption and
emission line features. To assess the significance of these, we
used a routine which fits a Gaussian profile to spectral features
deviating from a smoothed continuum. We can use the resulting plot of ∆χ2 of the Gaussian fit against wavelength (Fig. 4)
to estimate the statistical significance of the features; Table 2
lists the strongest absorption and emission features, significant at
>99.99% confidence (here a |∆χ2 | of 16 is equivalent to 4σ significance for one interesting parameter).
We identify the most prominent feature, significant at ∼16σ,
with an absorption line blend of Fe xix and Ne ix Heα at
a blueshift of 690 ± 160 km s−1 (with the rest wavelength appropriately weighted for the relative abundances of iron and
neon as listed by Anders & Grevesse 1989). Several of the other
lines correspond to transitions of H-like and He-like oxygen,
nitrogen and carbon, and various states of sulphur, silicon and
L-shell iron. The strongest lines (Table 2), for which we can
obtain the most reliable wavelength measurements, are mostly
blueshifted by a few hundred km s−1 . The blueshift of O viii Lyα
is much higher than this, probably as a result of the bias introduced by the presence of the emission part of the P-Cygni profile. There is also evidence for a higher velocity component, over
2000 km s−1 , in the O vii Heα and C vi Lyα lines (see Fig. 10).
Four of the lines listed in Table 2 were also detected
by Scott et al. (2005): O vii f and O viii Lyα emission and
Ne ix Heα and Fe xx λ12.832 absorption. The properties of
these lines are broadly consistent between our analysis and
theirs. The principal diﬀerence is that our FWHMs are less wellconstrained due to the lower wavelength resolution of the RGS.
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Fig. 4. Plot of ∆χ2 associated with fitting
a Gaussian profile to features deviating from
a smoothed continuum across the RGS spectrum of NGC 7469, in the rest frame of the
AGN. Here a positive deviation is an emission
feature, and a negative deviation implies a feature seen in absorption. ∆χ2 is equivalent in
this case to the square of the number of sigma
significance (here a ∆χ2 of 16 is equivalent to
4σ significance for one interesting parameter;
this significance level is marked in each plot
with dotted lines). Possible identifications of
features are labelled.

The O viii Lyα emission line was found to have a velocity
shift consistent with zero by Scott et al. (2005), whereas it is
−1
blueshifted by 1370+320
in our spectrum. The apparent
−360 km s
velocity shift of this line is strongly influenced by the presence
of O viii Lyα absorption, so a change in the depth or outflow
speed of the absorber could account for the discrepancy. The
velocity shift of the O vii f line, which is less aﬀected by superimposed absorption, is more similar between the two analyses
(−550 ± 160 in this analysis versus −200 ± 90 km s−1 , which
are probably consistent within the wavelength uncertainty of the
RGS), so it seems most probable that the changing apparent velocity shift of O viii Lyα is due to changing absorption properties. Our Fe xix/Ne ix Heα absorption line has an equivalent
width roughly equal to the combined equivalent widths of the
two Ne ix Heα components observed by Scott et al. (2005). Of
these two components, one is blueshifted by 670 ± 180 km s−1
and one is redshifted by 860 ± 100 km s−1 ; the velocity shift and
FWHM of the blueshifted component are consistent with those
for our Fe xix/Ne ix Heα line.
4.2. Ion–by–ion spectral modelling

Taking the ions already identified as a starting point, we then
used the slab model in SPEX 2.00.11 (Kaastra et al. 1996,

http://www.sron.nl/divisions/hea/spex/) to fit the absorbing columns of individual ions. We model the continuum
underlying the RGS spectrum with a hard power-law and a soft
black-body component, as seen in the pn spectrum; the parameters of this model are given in Table 3. We consider this to be
a convenient parameterisation rather than a physical model; the
nature of the soft excess in AGN is still under debate (see e.g.
Brocksopp et al. 2006; Crummy et al. 2006; Gierlinski & Done
2006). The velocity shift and turbulent velocity associated with
the absorption lines were allowed to vary during the fit, and were
assumed to be the same for all states. Since the deepest absorption lines for some of the most important species form part of
P-Cygni profiles, it was also necessary to include the set of emission lines corresponding to these transitions; the parameters of
these lines were fitted simultaneously with those of the corresponding absorption features. The parameters of the slab best-fit
model are listed in Table 3, and the fitted parameters of the emission lines are given in Table 4. The model is shown overplotted
on the RGS spectrum in Fig. 5. The P-Cygni line profiles and
very high fluxes of the narrow emission lines may already imply an extended flow and a significant mass outflow rate, as also
suggested by Behar et al. (2003) for NGC 3783.
In Fig. 6, the absorbing columns of the ions in this model are
plotted against the ionisation parameter of greatest abundance
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Table 2. Parameters of the strongest narrow absorption and emission lines in the RGS spectrum of NGC 7469 (significant at >99.99% confidence
in Fig. 4). Columns 1 to 6: λrest, meas , the measured wavelength in the (cosmological) rest frame in Å (O iGal is measured in the rest frame of our
Galaxy); the line identification; λrest, lab , the theoretical rest frame wavelength of the line; EW, the equivalent width of the line in mÅ (negative
values correspond to emission lines); FWHM, the line FWHM in km s−1 ; vshift , the redshift or blueshift of the line in km s−1 .
λrest, meas

Line

λrest, lab

EW

FWHM

vshift

+0.02
24.73−0.01
23.51 ± 0.02
22.06 ± 0.01
21.72 ± 0.03
18.88 ± 0.02
17.55 ± 0.03
15.97 ± 0.01
14.17 ± 0.01
13.431 ± 0.007
12.83 ± 0.01

N vii Lyα
O iGal
O vii f
O vii i+ra
O viii Lyα
Fe xviii
O viii Lyβ
Fe xviii
Fe xix/Ne ix Heα
Fe xx

24.781
23.521
22.101

25+5
−8
29+10
−8
–67 ± 15
–68+16
−18
24 ± 7
–9 ± 5
30+6
−5
23+8
−4
61 ± 6
35 ± 8

0+600
−0
0+940
−0
980+1070
−980
2710+1270
−790
1240 ± 910
20+1440
−20
960 ± 770
0+2400
−0
1710 ± 330
1680+930
−1240

–570+240
−120
–180+240
−230
–550 ± 160
−
–1370+320
−360
–770+340
−460
–610 ± 230
–760+170
−210
–690 ± 160
–160 ± 310

18.969
17.591
16.006
14.210
13.462b
12.832

a

No laboratory wavelength or blueshift are listed for this feature, since it is a blend of lines whose apparent average wavelength is heavily
dependent upon the physical conditions and geometry of the emitting region.
b
Appropriately weighted by the relative abundances of iron and neon as listed by Anders & Grevesse (1989).

of that ion. The plot displays the usual trend (cf. Blustin et al.
2005) of higher absorbing columns at higher levels of ionisation: this is due to an observational bias in that highly ionised
gas needs to have a higher column in order to leave a visible
trace in the spectrum. The lower-ionised states of iron fit the
apparent Unresolved Transition Array (UTA) feature between
16−17 Å. Unusually, there is no evidence of the lowly ionised
oxygen states that generally accompany iron UTAs (e.g. Blustin
et al. 2002). If these UTA ions are indeed present − the slab
fit improves by a ∆χ2 of 82 when the UTA ions are added to
it − then this may be an indication of a high relative abundance
of iron in the lowest ionisation levels visible to us. The fitting of
the UTA ions is also dependent upon the assumed outflow velocity, as the spectral resolution does not allow the identification of
individual ions within it. The fitted rms velocity of the gas, 97 ±
9 km s−1 , corresponds to a Doppler width of b = 137 ± 13 km s−1 .
This is close to the value inferred as most probable by Scott et al.
(2005), who estimated b ∼ 100 km s−1 for the soft X-ray absorption lines on the basis of the widths of nine-velocity-component
UV absorption features measured in FUSE spectra.
4.3. Absorption measure distribution

Figure 6 shows that there is a broad range of ionisation present
in the absorber, which spans about four orders of magnitude
in ξ. Following the method of Holczer et al. (2007), we express
the total hydrogen column density NH along the line of sight as
an integral over its distribution in log ξ. We term this distribution
the Absorption Measure Distribution (AMD = ∂NH /∂(log ξ)).
The column density of each ion Nion can be expressed in terms
of NH as:

Nion = Az AMD fion (log ξ)d(log ξ)
(1)
where Az is the elemental abundance with respect to hydrogen,
assumed to be constant throughout the absorber, and fion is the
fractional ion abundance with respect to the total abundance of
its element, which we obtain from XSTAR (Kallman & McCray
1982) using the SED described in Sect. 4.4.
We find the AMD that best reproduces the whole set of
Fe ionic column densities simultaneously. This distribution is
presented in Fig. 7; we get a total equivalent hydrogen column

density of NH = (3.3 ± 0.8) × 1021 cm−2 . More details on the
AMD reconstruction method and the associated error computations can be found in Holczer et al. (2007). In Fig. 7, there is
a minimum at 1.0 < log ξ < 2 corresponding to 4.5 < log T <
5 (K), and a much higher column density in the high−ionisation
component than in the low-ionisation component. The AMD
minimum at 4.5 < log T < 5 (K) is seen in other AGN outflows as well (Holczer et al. 2007) and we speculate that it is
due to a ubiquitous thermal instability in these winds. The abundances are obtained by rescaling the AMD (Fig. 7) to reproduce
the measured non-Fe ionic column densities. The resulting values are listed in Table 5 and are broadly consistent with Solar.
4.4. Multi-phase warm absorber model

Taking the ionisation distribution revealed by the AMD as
a starting point, we constructed a multi-phase spectral model of
the warm absorber using the xabs model in SPEX. Xabs is based
on a grid of XSTAR output, and generates absorption features
due to photoionised gas at a given ionisation parameter and column density. The ionisation parameter ξ is defined as
ξ=

Lion
,
nr2

(2)

in which Lion is the 1−1000 Rydberg ionising source luminosity
(in erg s−1 ), n the gas density (in cm−3 ) and r the source distance
in cm, so ξ has the units erg cm s−1 (Tarter et al. 1969).
The Spectral Energy Distribution (SED) that we used in calculating the xabs models is based on that used by Scott et al.
(2005) to represent the ionising continuum of NGC 7469 as
it was in 2002, but adjusted for the broadband spectrum of
the source as observed with XMM-Newton two years later.
The hard power-law, above 2 keV, has Γ = 1.86 to match the
slope fitted to the EPIC-pn spectrum between 2−10 keV (with
6−7 keV ignored), and is normalised to the unabsorbed flux
of the XMM-Newton spectrum at 2 keV. The soft excess begins to rise from ∼2 keV, so we take this energy to define the
high-energy end of a power-law joining the UV and soft X-rays,
and, following Scott et al. (2005), we set the low-energy end
at 50 eV. Below this energy, we use the same spectral form as
Scott et al. (2005), with Γ = 2 below 2500 Å and Γ = 1.92
between 2500 Å and 50 eV. The lowest-energy section was
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Table 3. Parameters of the best-fit slab model for the RGS spectrum
of NGC 7469: the slope Γ and normalisation NormPL (in 1051 photons s−1 keV−1 ) of the hard power-law; the temperature t (keV) and
normalisation NormBB (1016 m2 ) of the soft blackbody; the average velocity shift vshift and rms turbulent velocity vturb of the absorber (both
in km s−1 ); the log of the column densities of ionic species in the spectrum in cm−2 .
Γ
NormPL
t
NormBB

1.81 ± 0.04
5.9 ± 0.1
+0.007
0.144−0.005
84+30
−20

vshift
vturb

–690 ± 40
97 ± 9

C vi
N vi
N vii
O vii
O viii
Ne ix
Ne x
Mg xi
Mg xii
Si x
Si xi
Si xii
Sx
S xii
S xiii
Fe ix
Fe x
Fe xi
Fe xii
Fe xiii
Fe xiv
Fe xv
Fe xvi
Fe xvii
Fe xviii
Fe xix
Fe xx
Fe xxi
Fe xxii
Fe xxiii

+0.2
16.7 −0.3
+0.4
15.4 −1.4
16.5 ± 0.2
+0.2
16.3 −0.3
+0.07
17.96 −0.08
+0.2
17.2 −0.3
+0.3
17.3 −0.4
+0.6
16.4 −0.7
+0.5
16.5 −1.9
+0.2
16.8 −0.4
+0.4
15.9 −1.1
16.7 ± 0.2
+0.3
16.2 −0.5
15.9 ± 0.3
+0.3
15.7 −0.6
+0.2
15.7 −0.3
+0.1
15.8 −0.2
+0.3
15.5 −0.7
+0.5
15.0 −29
15.7 ± 0.2
+0.3
15.4 −0.6
+0.4
15.3 −1.2
+0.3
15.3 −1.0
+0.2
16.0 −0.3
16.3 ± 0.1
16.4 ± 0.1
16.3 ± 0.1
16.6 ± 0.2
+0.6
15.5 −30
+0.3
16.5 −0.4

normalised to the V-band (5430 Å) flux from the OM, and the
resulting 50 eV−2 keV slope was calculated to be Γ = 2.78. The
spectrum cuts oﬀ below 0.1 eV and above 100 keV. Figure 8 is
a plot of the resulting SED over the spectral range of interest,
with monochromatic fluxes for the OM photometry points and
the pn at 2 keV overplotted. The SED of Scott et al. (2005) is
also plotted for comparison.
The AMD shows (Fig. 7) that the absorber contains two principal ionisation ranges: a low ionisation phase with log ξ ∼ 0.5
and a higher ionisation phase with an ionisation range of log ξ ∼
2.5−3.5. We constructed a spectral model with three xabs components to reproduce this, with one component for the low ionisation gas and two components to represent the high ionisation
range. The value for the turbulent velocity obtained in the slab
fit, 97 km s−1 , was used for all phases, and the abundances were
fixed at Solar (Anders & Grevesse 1989). The emission lines
were included with parameters fixed at those previously fitted
alongside the slab model (see Table 4). The absorbing columns,

Table 4. Parameters of the emission lines included with the slab and
xabs model fits to the RGS spectrum of NGC 7469: line identification, FWHM in km s−1 , velocity shift vshift in km s−1 and line flux F
in 10−6 photons cm−2 s−1 .
Line

FWHM

vshift

F

C vi Lyα
N vii Lyα
O vii f
O vii i
O vii r
O viii Lyα
Ne x Lyα
Fe xviii λ17.56 Å
Fe xvii λ17.14 Å

0+2000
−0
0+11000
−0
1200+1000
−700
2500+1500
−2500
970+1800
−970
640+630
−640
0+1000
−0
0+1900
−0
0+5400
−0

–70+240
−470
1100+540
−270

30 ± 10
9±7
70 ± 10
60 ± 20
40 ± 10
80+60
−30
18 ± 6
15 ± 6
22 ± 5

–520 ± 200
–760+980
−720
–110+1300
−670
–520+430
−230
300+440
−230
–770 ± 310
1700+740
−300

ionisation parameters and outflow speeds of the three phases obtained from the xabs fits are listed in Table 6. A plot of the spectrum with the model overlaid is given in Fig. 9.
We found that whilst the higher ionisation phases have fitted
outflow velocities of 720 and 580 km s−1 , the lowest ionisation
material was consistent with a higher velocity outflow phase at
2300 km s−1 . Figure 10 contains plots of the two velocity components associated with the O vii Heα, N vii and C vi Lyα lines
with the model overlaid.
The low ionisation component 1 should give rise to absorption by states of M-shell iron forming an Unresolved Transition
Array. With Solar elemental abundances, our model does not
reproduce the full depth of this absorption; this is probably
due to uncertainties in the ionisation balance of the UTA.
A recent re-calculation of the dielectronic recombination rates
for Fe8+ −Fe12+ with a modern atomic physics code (Badnell
2006) has indeed shown that the total recombination rates for
these ions, radiative plus dielectronic, are an order of magnitude higher than those currently used in XSTAR and other photoionised plasma codes.

5. Discussion
5.1. The mass-energy budget of the outflow

When we want to quantify the mass transfer involved in
AGN feedback in the context of galaxy evolution, how important is it to take the whole ionisation range of the outflow into
account? To answer this, we need to know how much mass is
coming out in all of the ionisation phases that we observe. We
can estimate the mass outflow rates Ṁ of the UV and soft X-ray
absorbing outflow phases in NGC 7469 using Eq. (18) in Blustin
et al. (2005):
Ṁ ∼

1.23mp Lion Cv vΩ
,
ξ

(3)

where mp is the proton mass, Lion is the ionising (1−1000 Ryd;
13.6 eV−13.6 keV) luminosity, Cv is the volume filling factor of
a given ionisation phase, v is the outflow speed, Ω is the solid
angle subtended by the outflow and ξ is the ionisation parameter (Eq. (1)). As in Blustin et al. (2005), we take Ω = 1.6,
which is estimated from the observed fraction of type-1 AGN
in the nearby universe, ∼25% (Maiolino et al. 1995), and the
observation that the covering factor of warm absorber outflows
in type-1 AGN is at least 50% (Reynolds 1997). Note however
that Ω could be a lot smaller than this in an outflow consisting of,
for example, narrow streamers of gas (Steenbrugge et al. 2005).
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Fig. 5. The best-fit slab model overplotted on
the RGS spectrum of NGC 7469, in the rest
frame of the galaxy, with ionic species labelled.

scatters, Pscatt . The resulting expression for Cv is given by
Eq. (23) in Blustin et al. (2005):
Cv ∼

(Ṗabs + Ṗscatt )ξ
1.23mp Lion v2 Ω

(4)

(note that the factor of c in the denominator of this equation as
originally printed was a typo). We can write
Ṗabs =

Fig. 6. Plot of the absorbing columns of ions in the slab model against
the log ionisation parameter ξ for which the ion is most abundant.

(5)

in which c is the speed of light, and Labs is the luminosity absorbed by the outflow over the whole 1−1000 Ryd range; the
absorbed luminosity is obtained using the xabs warm absorber
model in SPEX, taking the non-unity covering factors of the
UV phases into account. Also
Ṗscatt =

We can obtain a simple estimate of the volume filling factor Cv if we assume that the outflow is radiatively accelerated. In
such an outflow, the momentum of an outflowing phase (dependent upon Cv ) must be of the order of the momentum of the
radiation that it absorbs, Pabs , plus that of the radiation that it

Labs
,
c

Lion
(1 − e−τT ),
c

(6)

where τT (the optical depth for Thomson scattering) is given by
τT = σT NH ,

(7)

σT is the Thomson cross-section and NH is the absorbing
column.
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Fig. 8. The NGC 7469 spectral energy distribution at the time of the
XMM-Newton observation in late 2004 (solid line), as inferred from
the OM and pn monochromatic fluxes (stars). The SED used by Scott
et al. (2005) to represent data taken two years earlier is also plotted for
comparison (dashed line).

Fig. 7. The Absorption Measure Distribution (AMD) of NGC 7469 reconstructed from the ionic column densities of iron listed in Table 3.
The AMD has a minimum at 4.5 K < log T < 5 K, demonstrating that
the absorber is divided into two main phases. The integrated column
density up to ξ is plotted in the lower panel. The corresponding temperature scale is shown at the top of the figure.

Table 6. Parameters of an xabs model fit to the RGS spectrum of
NGC 7469, using three phases of gas at diﬀerent levels of ionisation.
For each phase, the following parameters are listed: log ionisation parameter ξ (erg cm s−1 ), equivalent hydrogen column density NH (cm−2 ),
and average velocity shift vshift in km s−1 .

Table 5. Abundances with respect to Solar (Anders & Grevesse 1989)
derived from the Absorption Measure Distribution (AMD).

a

Element

Abundance

C
N
O
Ne
Mg
Si
S
Fe

+0.9
0.7−0.7
+0.6
0.6−0.4
1.3 ± 0.5
3+2
−1
1.0+2
−0.7
11+9
−8
6+10
−5
1a

Value

Component 1

Log ξ
NH
vshift
Log ξ
NH
vshift

+0.4
0.8−0.3
3+2
×
1019
−1
–2300 ± 200
2.73 ± 0.03
(2.0 ± 0.2) × 1021
–720 ± 50

Log ξ
NH
vshift

+0.08
3.56−0.07
+0.9
2.9−0.7 × 1021
–580+80
−50

Component 2

a

Having obtained the mass outflow rates, we can also calculate the kinetic luminosities of the outflow phases, using
1 2
Ṁv .
2

Parameter

Component 3

Fixed.

LKE =

Phase

(8)

To get an accurate figure for the total mass outflow rate, we also
need to know whether any of the UV absorption is due to the
same phases of gas that are absorbing in the X-rays. We can
test whether this is the case by comparing low-ionisation ion
columns predicted by our xabs models with the columns actually measured using transitions in the UV spectra. In Table 7, we
list C iv, N v and H i column densities predicted by our models alongside values obtained from the June 2004 STIS spectra
(Scott et al. 2005), which are the measurements closest in time
to our December 2004 X-ray spectra. We also list the ionisation parameters and velocities of the two UV and three X-ray
phases; the UV phase ionisation parameters were derived using
spectra taken in 2002, so we have rescaled them to take account
of the greater ionising luminosity at the later epoch (2.19 × 1044

Fixed.

in 2004 versus 1.45 × 1044 erg s−1 in 2002). The velocities of
the UV phases did not change significantly between the 2002
and 2004 observations; using the components of the Lyα absorption line as an example, the column-weighted average
high-velocity component was −1896 ± 3 km s−1 in 2002 and
−1893 ± 4 km s−1 in 2004, whilst the low-velocity component
was −560 ± 10 km s−1 and −580 ± 10 km s−1 in 2002 and 2004
respectively.
The high-speed, low ionisation X-ray component 1 has
an ionisation parameter consistent with that of UV component 2.
Its outflow velocity is similar, especially taking the systematic
wavelength uncertainty of the RGS (at 100−200 km s−1 ) into account. The columns of C iv, N v and H i predicted to be present
in this phase are very close to the actual values measured in
UV spectra. We therefore identify UV component 2 with X-ray
component 1. Of the other ionisation phases, the outflow speeds
of X-ray components 2 and 3 may be consistent with that of
UV component 1, but the ionisation levels of the phases, and
predicted columns, are not consistent. This is the opposite conclusion to that reached by Blustin et al. (2003) and Kriss et al.
(2003), namely that the high-ionisation phase was identical with
UV component 1, but UV component 2 lacked an X-ray analogue. We note, however, that our new X-ray spectra are vastly
superior to the original observations of Blustin et al. (2003).
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Fig. 9. RGS spectrum composed of data from
the whole observation with the three-phase
spectral model superimposed: the model parameters are listed in Table 6.
Table 7. A comparison of some properties of the X-ray and UV absorbing outflow phases in NGC 7469: absorber phase, log ionisation parameter
(log ξ; erg cm s−1 ), outflow speed (v; km s−1 ), C iv column density (1014 cm−2 ), N v column density (1014 cm−2 ), H i column density (1014 cm−2 ).
Phase

Log ξ

v

NC iv

NN v

X-ray component 1
X-ray component 2
X-ray component 3
UV component 1
UV component 2

+0.4
0.8−0.3
2.73 ± 0.03
+0.08
3.56−0.07
1.61a
0.51a

–2300 ± 200
–720 ± 50
–580+80
−50
–562b ± 6
–1901b ± 6

1.6
Negligible
Negligible
0.98 ± 0.09
2.0 ± 0.1

3.4
0.00091
Negligible
2.9 ± 0.8
2.5 ± 0.2

NH i
6.2
Negligible
Negligible
7±2
2.4 ± 0.5

a
Converted from U to ξ using the Scott et al. (2005) SED, and rescaled to take into account the change in ionising luminosity between the 2002
and 2004 observations.
b
As measured from 2002 FUSE and STIS data (Scott et al. 2005).

Table 8. Physical properties for each warm absorber phase in NGC 7469: absorber phase, log ionisation parameter (log ξ; erg cm s−1 ), log column
density (log NH ; cm−2 ), outflow speed (v; km s−1 ), covering factor ( f ), percentage volume filling factor (% Cv ), mass outflow rate per phase ( Ṁout ;
M yr−1 ), log kinetic luminosity of outflow (log LKE ; erg s−1 ).
Phase
X-ray component 1
X-ray component 2
X-ray component 3
UV component 1
UV component 2

Log ξ
0.8
2.73
3.56
1.61a
0.51a

Log NH
19.5
21.3
21.5
20.0
18.6

v
2300
720
580
562
1901

f
1
1
1
0.53
0.93

% Cv
0.0005
2
12
0.04
0.00007

Ṁout
0.002
0.03
0.02
0.006
0.0004

Log LKE
39.6
39.7
39.4
38.7
38.7

a
Converted from U to ξ using the Scott et al. (2005) SED, and rescaled to take into account the change in ionising luminosity between the 2002
and 2004 observations.

Table 8 gives the observed parameters and calculated percentage volume filling factors, mass outflow rates, and kinetic
luminosities for the X-ray and UV absorbing phases. Taking all
of the X-ray and UV phases into account, but assuming that
UV component 2 is identified with X-ray component 1 (and using the mass outflow rate of the X-ray phase, which is higher),
we obtain a total mass outflow rate of 0.06 M yr−1 . Calculated
in the same way, the total kinetic luminosity of the outflow is
1.2 × 1040 erg s−1 . The X-ray absorbing gas is responsible for
∼90% of the mass outflow rate and 95% of the kinetic luminosity of the outflow.

In the case of UV component 2/X-ray component 1, the mass
outflow rate and kinetic luminosity calculated from the UV properties are respectively 21% and 14% those derived from the
X-ray properties. This is partly due to the slightly higher outflow
velocity measured from the X-ray spectrum (resulting from the
larger wavelength uncertainty of the X-ray measurements), but
also to the order of magnitude lower column density obtained
from the UV. What we have not yet tested is how much mass
and energy is transported by matter at much higher ionisation
levels, containing ionisation states that primarily absorb at energies above 6 keV. This will be easiest to do for high-column
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Table 9. Distance ranges of the ionised outflow phases from the central
engine (R, pc).
Phase
X-ray 1
X-ray 2
X-ray 3
UV component 1 (2004 epoch)
UV component 2 (2004 epoch)

R
0.012−1.7
0.13−1.3
0.20−0.81
0.21−6.1
0.018−3.6

observed outflowing Narrow Line Region (NLR) dynamics in
nearby Seyfert 2s using, respectively, thermally and radiatively
driven winds. Neither model could reproduce the acceleration
profile of the outflowing clouds, and it seems likely that interaction with the surrounding medium has a significant eﬀect on the
dynamics of AGN winds.
5.2. The ionised outflow in NGC 7469: a torus wind
being launched?

Fig. 10. Velocity spectra of the O vii Heα, N vii and C vi Lyα lines,
showing the two principal velocity phases in the outflow. The dotted
lines mark the fitted outflow speeds of the three xabs components,
at 2300, 720 and 580 km s−1 for components 1, 2 and 3 respectively
(see Table 6).

warm absorbers, like for instance NGC 3783, where there will be
more absorption features visible at the highest energies (see e.g.
Reeves et al. 2004).
We note here that although our estimates are based on the assumption of a radiatively-accelerated outflow, the nature of the
acceleration mechanism in AGN winds remains controversial.
Models of radiatively-driven winds in AGN have the diﬃculty
that the gas can become so highly ionised that the optical depth
is no longer great enough for radiative acceleration to take place.
This problem can be overcome where parts of the outflow are
shielded from the soft X-rays by either a highly ionised “blanket” layer, or so-called hitch-hiker gas which is caught up in the
accelerating outflow (see e.g. Murray et al. 1995), a rather more
complex scenario than the simplified analysis we present here.
Other models involve the gas being thermally driven (e.g. Krolik
& Kriss 2001) or flowing out from an accretion disc along (locally) open magnetic field lines (e.g. Bottorﬀ et al. 2000). In
some models this magnetically launched gas is then radiatively
accelerated (e.g. Konigl & Kartje 1994; Everett 2005). Everett
& Murray (2006) and Das et al. (2006) attempt to model the

We can use the measured properties of the warm absorber in
NGC 7469 to estimate the distances of the diﬀerent absorbing
phases from the central engine. Upper and lower limits for these
distances can be obtained following Eqs. (27) and (32) of Blustin
et al. (2005). The minimum distances are obtained on the assumption that the outflowing gas must have reached the escape
velocity, and the maximum distance from the criterion that the
gas must be close enough for it to be ionised. The minimum distance is likely to be the weaker constraint. We may be observing the gas before it has reached its final velocity, so it could be
closer to the central engine than we predict. Observations of outflowing gas in the NLRs of local Seyfert 2s shows that the wind
accelerates up to a distance of order 100 pc (Ruiz et al. 2005;
Das et al. 2005, 2006), so we can certainly say that it has eﬀectively escaped from the gravitational potential well of the black
hole. It does not escape from the galaxy’s potential well, however, as these same observations show that the gas decelerates
again by the time it reaches a distance of 300−400 pc. This deceleration is very likely, however, to be at least partly the result
of interactions with the surrounding medium.
Table 9 lists the calculated distance ranges, and Fig. 11
shows these distances plotted as ratios to the distance of the
torus. Using dust reverberation, Suganuma et al. (2006) show
that the inner radius of the torus in NGC 7469 is in the range
of 65−87 light-days from the nucleus. For our purposes, we take
the torus distance to be the average of these values, which corresponds to 0.064 pc. The location of the BLR is also plotted in
Fig. 11, where we used the reverberation mapping distance of
5 light-days measured by Wandel et al. (1999).
With the estimates we obtain here, we find that all of the
phases are further out than the BLR, and most are further
out than the torus. This contradicts the previous finding that
UV component 1, which was identified with the high ionisation X-ray absorber, is probably at or within the BLR (Kriss
et al. 2003; Blustin et al. 2003). This inconsistency was first noticed by Scott et al. (2005), who also applied the distance estimates presented by Blustin et al. (2005), and discussed a number of reasons for the disagreement. The main evidence for
the X-ray/UV component 1 absorber phases being located at or
within the BLR was that UV component 1 has a very low covering factor of ∼50%, consistent with a partial covering of both the
broad lines and continuum, or covering only the UV continuum
and not the broad lines. Its relatively high ionisation parameter
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Fig. 11. Locations of the X-ray (dashed lines) and UV (dotted lines)
absorbing phases with respect to the BLR and torus. Y-axis: upper and
lower bounds to the distances of the absorbing phases from the central
engine, expressed as ratios to the distance of the torus. The ratio of the
BLR to torus distances is also plotted (X-axis is arbitrary units).

and column, which associated it with the main body of the X-ray
absorber, supported this conclusion. Component 2 has a much
higher covering factor of ∼90%, which implies that it is further
away from the central engine. The faster outflow speed of this
more distant component indicates that the wind is accelerating.
The new information we can now add to this, with much better quality X-ray data, is that the low ionisation X-ray absorption
is likely to be identified with the high velocity UV component 2,
due to the similar outflow velocities and predicted column densities of low-ionisation ionic states observable in the UV. The
high ionisation phases of the X-ray absorber are unlikely to be
identified with UV component 1, principally because the ionic
columns measured earlier in 2004 using STIS are not predicted
by our xabs models for these phases, even though the velocities
of the phases are probably consistent (considering the 7 mÅ absolute wavelength uncertainty of the RGS, which is equivalent
to ∼100 km s−1 at 20 Å).
The low covering factor of UV component 1 could be consistent with our distance estimates (Table 9, Fig. 11) if it comprises a filamentary structure, perhaps near the base of a wind
where there is acceleration of clumpy, inhomogeneous matter
from the dusty torus. The very low volume filling factor we derive for this phase, at 0.04%, supports this interpretation. The
X-ray absorber, at a similar speed to component 1, would also
be located close to the base of the outflow, where one would expect gas at a range of ionisation levels to exist as matter is ionised
and driven outwards. UV component 2 probably represents gas
which has been accelerated away from the base of the outflow,
as it is moving faster, and its higher covering factor indicates
greater distance. The X-ray and UV properties of the NGC 7469
warm absorber may, therefore, be the signature of a torus wind
in the process of being launched.

6. Conclusions
We use our ∼160 ks soft X-ray spectrum of NGC 7469, the
highest quality soft X-ray data yet obtained for this source, to
obtain accurate measurements of the ionisation state, absorbing
column and outflow speed of its warm absorber. We show that
there is gas over a wide range of ionisation (log ξ ∼ 0.5−3.5), and
we find evidence for two separate velocity regimes at 580−720
and 2300 km s−1 . Contrary to expectations from previous
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observations, the properties of the high ionisation X-ray absorber
are not consistent with those of either of the components of the
UV absorber, but the lowest ionisation X-ray absorber is probably identical with the highest velocity UV phase. We estimate
the distances of the X-ray and UV absorbing phases from the
central engine, finding that they are most consistent with a location close to the torus or between the torus and BLR, and discuss
a scenario where the covering factors and velocities of these absorber phases signify the launch and acceleration of a wind from
the torus.
Using the observed properties of the X-ray absorbing phases,
along with the luminosity-scaled properties of the UV absorber
obtained from observations two years earlier (Scott et al. 2005),
we calculate the mass outflow rates and kinetic luminosities of
all of the soft X-ray and UV warm absorber phases, taking into
account the identification of an X-ray phase with a UV phase.
We estimate that ∼90% of the mass outflow rate and ∼95% of
the kinetic luminosity are associated with the X-ray absorbing
phases. A complete picture of the mass/energy budget of the
multi-ionisation-phase warm absorber also needs to include the
highest ionisation gas, which primarily absorbs above 6 keV. The
properties of this high-ionisation gas are most easily measured
in outflows with higher absorbing columns than NGC 7469.
For this nearby AGN, we have demonstrated that the mass
and energy outputs are probably dominated by the X-ray warm
absorber, although an appreciable fraction is only detectable in
the UV band. It will be interesting to see how far this conclusion
extends to AGN with cosmologically-interesting BAL-type outflows, but it is clear that any observational study of AGN feedback via ionised winds needs to take the whole ionisation range
of the outflow into account.

Acknowledgements. Based on observations obtained with XMM-Newton, an
ESA science mission with instruments and contributions directly funded by ESA
Member States and NASA. The UCL-MSSL authors acknowledge the support
of PPARC. The research at the Technion was supported by ISF grant 28/03 and
by a grant from the Asher Space Research Institute. The Netherlands Institute
for Space Research (SRON) is supported financially by NWO, the Netherlands
Organisation for Scientific Research. S.K. acknowledges financial support by the
Zeﬀ fellowship at the Technion. We thank the referee, E. Mediavilla, for useful
comments.

References
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Badnell, N. R. 2006, ApJ, 651, L73
Behar, E., Sako, M., & Kahn, S. M. 2001, ApJ, 563, 497
Behar, E., Rasmussen, A. P., Blustin, A. J., et al. 2003, ApJ, 598, 232
Blustin, A. J., Branduardi-Raymont, G., Behar, E., et al. 2002, A&A, 392, 453
Blustin, A. J., Branduardi-Raymont, G., Behar, E., et al. 2003, A&A, 403, 481
Blustin, A. J., Page, M. J., Fuerst, S. V., Branduardi-Raymont, G., & Ashton,
C. E. 2005, A&A, 431, 111
Blustin, A. J., Fuerst, S. V., Branduardi-Raymont, G., Behar, E., & Kaastra, J. S.
2006, in Proceedings of The X-ray Universe 2005, ESA SP-604, 597
Bottorﬀ, M. C., Korista, K. T., Shlosman, I., et al. 2000, ApJ, 537, 134
Brocksopp, C., Starling, R. L. C., Schady, P., et al. 2006, MNRAS, 366, 953
Collinge, M. J., Brandt, W. N., Kaspi, S., et al. 2001, ApJ, 557, 2
Crenshaw, D. M., Kraemer, S. B., Gabel, J. R., et al. 2003, ApJ, 594, 116
Crummy, J., Fabian, A. C., Gallo, L., & Ross, R. R. 2006, MNRAS, 365, 1067
Das, V., Crenshaw, D. M., Hutchings, J. B., et al. 2005, AJ, 130, 945
Das, V., Crenshaw, D. M., & Kraemer, S. B. 2006, ApJ, in press
[arXiv:astro-ph/0611183]
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, J. R., et al. 1991, Third
Reference Catalogue of Bright Galaxies (New York: Springer-Verlag)
Elvis, M., Lockman, F. J., & Wilkes, B. J. 1989, AJ, 97, 777

118

A. J. Blustin et al.: The mass-energy budget of the ionised outflow in NGC 7469

Everett, J. E. 2005, ApJ, 631, 689
Everett, J. E., & Murray, N. 2006, ApJ, in press [arXiv:astro-ph/0610757]
Fabian, A. C. 1999, MNRAS, 308, 39
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