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Abstract. XMM-Newton and Chandra observations of quasars suggest the presence of high-
velocity outflows of ionized absorbing material with mass-outflow rates of up to a few M⊙ yr−1 that
are considerably higher than those based on the wind properties derived from UV BALs. Quasar
winds might be more powerful than what we previously thought. X-ray absorption lines produced
by outflowing material detected in several quasars is possibly probing a highly ionized and high ve-
locity component of the accretion disk wind that appears to be distinct from the absorbers detected
in the optical and UV wavebands. We present X-ray absorption line diagnostics that allow us to
constraint the properties of the outflowing wind in quasars.
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INTRODUCTION

Active Galactic Nuclei (AGNs) interact with their environments through outflowing
winds, collimated jets, radiation that spans almost the entire electromagnetic spectrum
and gravitation. It is now thought that AGNs, especially the most luminous quasars, may
be regulating the growth of their host galaxies by heating the IGM gas and quenching
star formation. Several recent discoveries that point to a possible feedback link between
the central black hole, AGNs nuclear activity and the host galaxy are :

(a) the relation between the mass of the black hole and the velocity dispersion of
the stars in the bulge of the host galaxy [e.g., 23, 16, 15, 25], (b) the very fast, and
high velocity outflows of X-ray absorbing material from quasars (see references listed
in Table 1), (c) the recent findings suggesting that the evolution of the space density of
AGNs is strongly dependent on X-ray luminosity (LX), with the peak space density of
AGNs moving to higher redshifts for more luminous AGNs [18, 38], and (d) the recent
evidence indicating a redshift-dependent correlation of the X-ray spectral slope of radio-
quiet AGNs with X-ray luminosity [14, 32]. The evolution of the X-ray spectral shape
of AGNs can be interpreted as an evolution of the accretion process in AGNs.

The fraction εk of the total bolometric energy released over a quasar’s lifetime into the
ISM and IGM in the form kinetic energy injection scales as v3, where v is the terminal
velocity of the wind. Typical outflow velocities of X-ray absorbers in Seyfert galaxies
range up to a few thousand km s−1, whereas, recent X-ray observations of quasars imply
outflow velocities of up to 0.7c. We therefore expect that outflows in quasars offer a
more efficient means of transporting kinetic energy to large scales. Estimating the mass
outflow rates and efficiency of quasar outflows is critical in determining their importance
in contributing to the feedback process.



The kinematic and ionization properties of nearby Seyfert 1 galaxies have been well
studied [e.g., 10, 20, 33, 21, 27, 11] and we will borough several of the absorption
diagnostics used in the analysis of Seyfert X-ray spectra to constrain the properties of
the more luminous and distant quasars.

We present several observational methods of constraining the properties of the out-
flowing winds in quasars. We apply these methods to several BAL quasars to constrain
the mass outflow rates and efficiencies of their outflows. We finally suggest improve-
ments that can be made to the X-ray spectral analysis that may lead to a better under-
standing of quasar winds.

Throughout this paper we adopt a Λ-dominated cosmology with H0 = 70 km s−1 Mpc−1,
ΩΛ = 0.7, and ΩM = 0.3.

DIAGNOSTICS OF QUASAR OUTFLOWS

X-rays of sufficient energy can be absorbed by C to Ni ions and excite or eject inner K
or L shell electrons resulting in the creation of K and L shell absorption lines or edges.
The most common X-ray absorption lines are produced by the absorption of X-rays by
H-like and He-like ions. When the absorbers are part of a quasar outflow the X-ray lines
are blueshifted relative to the systemic velocity of the quasar.

With the launch of the Chandra X-ray Observatory, the XMM-Newton Observatory
and the Suzaku X-ray satellite it has been possible to infer the kinematic and ionization
properties of highly ionized X-ray absorbers. These X-ray telescopes combine the col-
lecting area and energy resolution needed to resolve and detect the most significant ab-
sorption lines. Most current studies of X-ray absorption of AGNs have involved nearby
Seyfert galaxies that are bright enough to be observed with X-ray gratings. In this pa-
per we will mostly present studies of X-ray absorption in the most luminous and distant
quasars. Because of the poor-to-medium S/N of the X-ray spectra of most high redshift
quasars, current studies of absorption in these systems are made with bare CCDs that
provide poor spectral resolution. We list several properties of outflowing absorbers that
can be constrained from observed X-ray absorption lines in quasar spectra.

(1) Kinematic Properties
The energy of a blueshifted absorption line provides an estimate of the projected ve-

locity of the outflowing absorber along the observed line of sight. One of the difficulties
in estimating the absorber outflow velocity is the identification of the element and ion-
ization level of the ion responsible for the absorption. This identification becomes even
more difficult with low resolution spectroscopy. To illustrate X-ray absorption lines that
can arise in a quasar we show in Figure 1 the absorption spectrum of a z = 1.72 quasar in
the 1 – 10 Å rest-frame range as derived with the photoionization code XSTAR assum-
ing a slab-like stationary absorber with NH = 9 × 1022 cm−2, logξ = 2, and logξ = 3.5.
At ionization levels of logξ ∼ 3.5 and rest-frame wavelengths in the range 1.5–2 Å
(see panel a of Figure 1) the Fe lines are quite isolated and are therefore apparent even
with low-resolution spectroscopy. At rest-frame wavelengths in the range of 6.2–10 Å
and at ionization parameters of logξ ∼ 2 the spectra contain a larger density of strong
absorption lines that are difficult to resolve and identify (see panel b of Figure 1).

For high velocity flows a special-relativistic correction has to be applied and an angle
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FIGURE 1. XSTAR simulations of absorbed spectra with the continuum level normalized to that of
PG 1115+080. In panels a and b we show the absorbed spectra for ionization parameters of logξ = 3.5 and
logξ =2.0, respectively

between the wind velocity and our line of sight needs to be assumed. This angle is not
constrained with the present data; however, hydrodynamical simulations indicate that
the BAL wind divergence angle may range between 10◦–30◦ depending on the location
of the inner radius of the disk.

For most outflows we expect the absorption line to be significantly broadened if there
is a significant velocity gradient along the outflow. In this case a useful parameter that
can be constrained is the maximum outflow velocity. This maximum velocity is likely
produced by gas that has reached its terminal velocity. This terminal velocity is often
approximated with the escape velocity from the region from which the wind is launched,
resulting in the approximation Rlaunch ∼ Rs(c/vobs)

2, where vobs is the observed outflow
velocity and Rs is the Schwarzschild radius.

(2) Ionization Parameter
It is commonly thought that the outflowing gas observed in absorption is photoionized

by a central source. The degree of ionization of the absorber is characterized by the
ionization parameter. Two commonly used definitions of the ionization parameter are:
(a) The ionization parameter U defined as the number of ionizing photons at the ionizing



face of the absorbing gas divided by the number density of the gas (number density of
H nuclei or free electron density) and is given by the expression :

U =
∫ ∞

ν0

Lν hν

4πr2nc
dν (1)

(b) The ionization parameter ξ , defined as the ionizing flux at the face of the gas
divided by the number density of free electrons and is given by the expression:

ξ =
4πF

n
(2)

The ionization parameter U for outflowing absorbers in Seyfert 1s is found to span
a large range (even within an individual AGN). Specifically, the observed ranges of U

for UV and X-ray absorbers are log(U) ∼ -4 to 0 and log(U) ∼ -1.4 to 1.0, respectively.
Available computer programs for calculating the physical conditions and emission spec-
tra of photoionized gases are Cloudy1 and XSTAR2.

(3) Structure of Outflows
The commonly accepted wind geometry is the unified BAL model [e.g., 40, 26, 30]

In this model the AGN outflow originates in the accretion disk. This wind rises initially
almost perpendicular to the accretion disk and becomes more radial and equatorial at
larger radii to form a bi-cone. The unified BAL model proposes that most of the observed
range of absorption line-widths can be explained with orientation and with a velocity
gradient in the outflowing stream. It has also been proposed that BALs are quasars at an
early stage in their evolution [e.g., 3, 39, 1, 22] It is expected that the accretion-rate may
be higher during the early life of a quasar and thus one would expect to detect steeper
X-ray slopes in BAL vs. non-BAL quasars if the “youth hypothesis” is correct. In the
"youth" model the opening angle of the outflow is very large and only a fraction (∼
10–20%) of quasars have these flows.

The location of the absorbers can be inferred from the variability time-scale of the
absorption features and the ionization parameter of the absorber. Based on a light-travel
time argument, an observed variability time-scale of tvar implies that the location of the
absorber is rabs ∼ ctvar/(1 + z). If the ionization parameter of the absorber is constrained
from observations then the radial location of the absorber can be estimated as :

rabs = [
L(H)

4πUnec
]0.5 (3)

where L(H) are the ionizing photons s−1 emitted from the central engine, and ne is the
number density of the absorber.

(4) Partial Covering
The fraction of quasars with intrinsic absorption lines can be used to infer the global

covering factor. In the case where an absorber partially covers a source the profiles of
the absorption lines can be used to infer the covering factor C(v), the fraction of the

1 http://www.nublado.org/
2 http://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html



emission intercepted by the absorber over the line of sight. This method is often applied
in the case of an absorption doublet and can provide the velocity dependent covering
factor and the optical depth of the absorber. Currently the covering factor method using
doublets has been applied successfully to the analysis of UV spectra of AGNs, however,
because of the poor S/N of available X-ray spectra of distant quasars it has not been
possible to apply the doublet method to these objects in the X-ray band. For the case
where there is partial covering, one expects the estimated hydrogen column density to
be even larger than the value estimated assuming a neutral absorber.

The X-ray spectra of BAL quasars typically show significant residuals below 1 keV
in the rest-frame band indicating the presence of possible absorption. The nature of this
absorption is unclear at present, however, models that include an ionized absorber or
partial covering provide better fits than models that assume a neutral absorber. A crude
estimate of the covering fraction of an X-ray absorber of a BAL quasar can be obtained
by fitting the X-ray spectrum with a partial covering model of the form,

I(E) = Ce−NHσ(E) +(1−C) (4)

where NH is the equivalent hydrogen column of the intrinsic absorber, σ(E) is the photo-
electric cross-section and C is the covering fraction.

(5) Effective Hydrogen Column Density
The observed equivalent widths of X-ray absorption lines can be used to estimate the

hydrogen column densities of the X-ray BALs by using a curve-of-growth analysis [36].
The ion species responsible for the X-ray absorption need to be known, however, this
can be difficult in the case of low resolution spectra. For a crude calculation we can
assume b parameters of the order of the observed widths of the lines (b =

√
2σu, where

σu is the velocity width of the line).
In Figure 2 we show the curve-of-growth for the two absorption lines at 8.05 and

9.79 keV detected in the 2002 February 24 Chandra observation of APM 08279+5255.
For no ionization correction and assuming solar abundances, the implied total hydrogen
column density of these absorbers is NH ∼ 1 × 1023 cm−2.

We emphasize that there are significant limitations with the present curve-of-growth
analysis; the absorption lines may contain multiple unresolved components implying
that the equivalent widths and b parameters used should be considered as upper limits. In
addition, the velocity widths estimated from fits of Gaussian lines to observed absorption
features can only be used to derive b parameters when the absorber is optically thin.

(6) Mass Outflow rates
Our constraints on the velocity, column density and location of the BAL material

allow us to estimate the mass outflow rate from the expression:

Ṁ = 4πr(r/∆r)NHmpvwind fc. (5)

(7) Efficiency of Quasar Outflow
Combining the constraints on the mass-outflow rate and the bolometric luminosity

one can estimate the efficiency of a quasar outflow. The efficiency of the quasar outflow
is one of the key and highly uncertain parameters used in recent theoretical models
that describe black-hole growth and structure formation. The efficiency is defined as the



FIGURE 2. Using a curve of growth analysis one can estimate the hydrogen column densities implied
by the observed equivalent widths of the two absorption lines at 8.05 and 9.79 keV detected in the 2002
Chandra observation of APM 08279+5255. We assumed that the ion species responsible for the X-ray
BALs is Fe XXV and b parameters of the order of the observed widths of the lines.

fraction of the total bolometric energy released over a quasar’s lifetime into the ISM and
IGM in the form of kinetic energy injection and can be expressed as:

εk,i =
1
2

Ṁiv
2
wind,i

LBol
= 2π fc,iRi(Ri/∆Ri)NH,imp

v3
wind,i

LBol
(6)

where Ṁi is the mass-outflow rate of component i, vwind,i is the outflow velocity of the
X-ray absorber of component i, fc,i is the global covering fraction of the absorber of
component i, ∆Ri is the thickness of the absorber at radius Ri of component i, NH,i is the
hydrogen column density of component i, and LBol is the bolometric photon luminosity
of the quasar.

OBSERVED HIGH VELOCITY QUASAR OUTFLOWS

In Table 1 we list AGNs with reported detections of blueshifted absorption lines that
have been interpreted as originating from fast outflows. We also note the few cases where
interpretations other than AGN outflows have been provided in the literature.

We employed the absorption diagnostic techniques described in this paper to
constraint the mass-outflow rates and outflow efficiencies for mini-BAL quasar
PG 1115+080 and BAL quasar APM 08279+5255. We find the mass-outflow rates
of PG 1115+080 and APM 08279+5255 to be about 5 M⊙ yr−1. We find the out-
flow efficiencies of PG 1115+080 and APM 08279+5255 to be εk = 0.64+0.52

−0.40(68%
confidence), and εk = 0.09+0.07

−0.05(68% confidence), respectively.



TABLE 1. Fast Outflows from AGNs (Table adapted from Cappi 2006)

Object redshift Erest logNH vabs Reference
(keV) (cm−2) (c)

MCG-5-23-16 0.0085 6.74 and 7 22.9 0.1 [2]
IC 4329a 0.0160 7.7 22.1 0.1 [24]
IRAS 13197-1627 0.0165 7.5 23.7 0.1 [12]
Mrk 509 0.034 8.2 23.1 0.1 – 0.2 [13]
PG 0844+349 0.064 8.7 23.6 0.2 [28, 4]
PG 1211+143 0.081 7.6 22.3 0.15 [29]
PDS 456 0.184 7.6–9.3 23.7 0.16 [31]
PG 1115+080 1.72 7.3, 9.8 22.6, 23.6 0.1, 0.4 [8, 7]
H 1413+117 2.56 9, 15 0.23, 0.67 [9]
APM 08279+5255 3.91 8.1, 9.8 23, 23 0.2, 0.4 [6, 19]

These estimates include only contributions from observed components and therefore
should be considered as lower limits. Our derived estimates of the efficiency of the
outflows in mini-BAL quasar PG 1115+080 and BAL quasar APM 08279+5255, when
compared to values predicted by recent models of structure formation [17, 34, 37], imply
that these winds will have a significant impact on shaping the evolution of their host
galaxies and in regulating the growth of the central black hole.

Modeling transmission and emission spectra of the ionized outflowing winds in AGNs
is a complicated problem and most current analyses assume simplistic absorbers with a
slab-like geometry, a uniform density, and a single bulk outflow velocity. A recent study
by Schurch & Done 2007 ([35]) provides a more realistic treatment of modeling the
X-ray spectra of AGNs viewed through absorbing outflowing winds by incorporating
radiative transfer calculations and including velocity and density gradients. The simu-
lated absorption features are very complex and depend strongly on the assumed velocity
and density distributions, the ionization parameter and the column density. One result
from Schurch & Done 2007 that differs significantly from previous studies is the sharp-
ness of the spectra absorption features and the sensitivity of the absorption trough near
the Fe Kα . In Figure 3 we show the Chandra spectra of mini-BAL quasar PG 1115+080
(left panel) and LoBAL quasar H 1413+117 (right panels). The notch-like absorption
structures detected near the Fe Kα line are very similar in shape to those produced in
simulations that incorporate radiative transfer.
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