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ABSTRACT: Blueshifted absorption lines in the UV and X-ray spectra of active galaxies 

reveal the presence of massive outflows of ionized gas from their nuclei. The “intrinsic” UV 

and X-ray absorbers show large global covering factors of the central continuum source, and 

the inferred mass loss rates are comparable to the mass accretion rates. Many absorbers show 
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variable ionic column densities] which are attributed to a combination of variable ionizing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux 

and motion of gas into and out of the line of sight . Detailed studies of the intrinsic absorbers. 

with the assistance of monitoring observations and photoionization models. provide constraints 

on their kinematics] physical conditions. and locations relative to the central continuum source. 

which range from the inner nucleus (-0.01 pc) to the galactic disk or halo (-10 kpc) . Dynamical 

models that make use of thermal winds. radiation pressure. and/or hydromagnetic flows have 

reached a level of sophistication that permits comparisons with the observational constraints . 
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1 MASS OUTFLOW AND INTRINSIC ABSORPTION 

The basic picture of an active galactic nucleus includes a supermassive black 

hole (SMBH) in the central gravitational well of the host galaxy, a surrounding 

accretion disk responsible for most of the continuum radiation from the infrared 

to “soft” ( 5 1 keV) X-rays, a hot corona that produces “hard” ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 keV) X- 

rays near the SMBH, and rapidly moving clouds of ionized gas that produce 

emission lines. These components are found in the spectra of most classes of 

active galactic nuclei (AGN) over a huge range in bolometric luminosity, from 

dwarf Seyfert galaxies to high-redshift quasars zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Lbol = 1040 - ergs s-l). 

Additional components detected in subsets of AGN have also been known for 

decades; these are interesting in that they reveal mass outflow from the nucleus. 

“Radio-loud” AGN show collimated jets of relativistic plasma and/or associated 

lobes that are detected primarily by their radio synchrotron radiation; roughly 5 

- 10% of quasars are radio-loud (see Peterson 1997). In addition, -10% of radio- 

quiet quasars show broad absorption lines (BALs) in their rest-frame ultraviolet 

(UV; 912 - 3200 A) with blueshifted velocities as large as - 0 . 1 ~  with respect to 

the emission lines (Weymann et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1981). Given these percentages, one might 

wonder if mass loss is an important component in the overall structure of most 

AGN. However, recent UV and X-ray (-0.3 - 12 keV; 1 - 40 A) observations have 

detected outflowing clouds of ionized gas in a majority of the moderate luminosity 

Seyfert galaxies, emphasizing the importance of mass loss. The outflowing clouds 

are revealed through “intrinsic” absorption lines that are blueshifted with respect 
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to the systemic (redshifted) velocity of the AGN. This article is a review of the 

intrinsic absorption phenomenon in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAGN, with particular emphasis on Seyfert 

galaxies (Seyfert 1943). Recent results on other forms of mass loss (including 

evidence for outflow in the emission-line regions) can be found in Crenshaw et al. 

(2002a); these results will be mentioned when appropriate. 

1.1 Intrinsic UV and X-ray Absorption 

Here the term Seyfert galaxy refers to AGN with moderate luminosities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Lbol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 

ergs s-l) that are relatively nearby zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(z  < 0.1). Seyfert galaxies are 

the brightest AGN in the sky and hence ideal candidates for studies of intrin- 

sic absorption at moderate or high spectral resolution. The optical and UV 

spectra of Seyfert 1 galaxies show broad permitted emission lines (full width at 

half-maximum [FWHM] > 1000 km s-l) and narrow permitted and forbidden 

emission lines (FWHM 5 500 km s-'), whereas Seyfert 2 galaxies only show the 

narrow lines (Khachikian & Weedman 1971). The optical, UV, and X-ray spec- 

tra of Seyfert 1 galaxies are dominated by nonstellar continua that are typically 

characterized by power laws, whereas this emission is much weaker in Seyfert 

2 galaxies. Within the current unification paradigm (see Antonucci 1993), the 

intrinsic nonstellar continua and broad emission lines are similar for both classes, 

but obscuring material along the line of sight greatly attenuates this emission from 

the inner nucleus in Seyfert 2 galaxies from the optical to medium (-few keV) X- 

ray bands. Thus, studies of intrinsic absorption concentrate on Seyfert 1 galaxies 

and broad-lined quasars for the practical reason that it is much easier to detect 

the absorption against strong nuclear continua and/or broad emission lines. 

- 

Approximately 60% of Seyfert 1 galaxies show intrinsic UV absorption in the 
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1200 - 3200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA band (Crenshaw et al. 1999; hereafter C99). These lines can be 

detected at moderate spectral resolving power (R  = X/AX = 1000, where X is 

the observed wavelength and AX is the FWHM of an unresolved line), as shown 

by the UV spectrum of the Seyfert 1 galaxy NGC 5548 in the top panel of Figure 

1, which was obtained with the Faint Object Spectrograph (FOS; Harms & Fitch 

1991) on the Hubble Space zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATelescope (HST). This is a typical UV spectrum of a 

Seyfert 1 galaxy, in that it shows a strong nonstellar continuum, broad emission 

lines, narrow components to the emission lines, and absorption lines from the 

interstellar medium (ISM) of our Galaxy (identified in the middle panel of Figure 

1). The intrinsic UV absorption lines seen in NGC 5548 are also typical.' The 

most common of these are due to electric dipole transitions from the ground-state 

(ls22s 2So) of Li-like ions of C, N and 0 to the ls22p 2P0 state. Observations at 

high spectral resolution are required to fully characterize these absorption lines, as 

demonstrated by the HST spectrum of NGC 5548 in the bottom panel of Figure 

1; this spectrum was obtained by the Goddard High-Resolution Spectrograph 

(GHRS; Brandt et al. 1994) at R = 20,000 in the region around the broad CIV 

emission line. At this resolution, the doublet nature of the line (XX1548.2, 1550.8 

respectively, corresponding to the 2Pg,2 and 2P$, terms in the final state) is 

resolved, and it is clear that the intrinsic absorption actually consists of multiple 

kinematic components. 

Regarding the ionic species detected via intrinsic UV absorption lines in Seyfert 

1 galaxies, the CIV XX1548.2, 1550.8, N v  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAX 1238.8, 1242.8, and OVI AX 1031.9, 

1037.6 doublets are always present, in addition to the 1s - 2p transition in HI  Lycr 

X1215.7. (C99; Kriss 2002). The ionization potentials ( IPS)  required to create 

CIV N V  and OVI are 47.9, 77.5 and 113.9 eV (respectively), which indicates the 
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gas is in a relatively high state of ionization (although there is still a sufficient 

column density of H I  in the gas to produce a measurable Lycv absorption line). 

Absorption lines from ions with lower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIPS occur less frequently: Si IV XX1393.8, 

1402.8 ( I P  = 34.8 eV) and Mg 11 XX2796.3, 2803.5 ( I P  = 7.6 eV) are seen in -40% 

and -10% of Seyfert 1 galaxies with intrinsic absorption, respectively (C99). 

A general characteristic of intrinsic UV absorption in Seyfert 1s is that almost 

a11 the kinematic components are blueshifted with respect to the systemic veloc- 

ities of the host galaxies (see Figure 1). Thus the absorbing gas is outflowing 

with radial velocities ranging from -zero to about -2100 km s-' (C99). At a 

resoving power R = 20,000 (corresponding to a velocity resolution of 15 km s-') 

the absorption components are almost always resolved, with widths ranging from 

20 to 400 km s-' (FWHM). These widths are much broader than the expected 

thermal widths (e.g., FWHM M 9 km s-l for carbon at a temperature T = 20,000 

K), indicating macroscopic motions within a component. In nearly all Seyfert 1 

galaxies with absorption, the depth of at least one kinematic component is suf- 

ficiently large to indicate that the gas absorbs both the continuum and broad 

emission-line fluxes (e.g. Component 4 in NGC 5548, Figure l) ,  and therefore 

lies outside of the broad emission-line region (BELR). 

Given column densities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANH (= NHI+NHI I )  of at least lo2' cm-2, photoelectric 

absorption by the ISM in both our Galaxy and the AGN host galaxy makes 

the observation of extragalactic objects extremely difficult at energies between 

13.6 eV (912 A; the H I  bound/free absorption edge) and - 300 eV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(w 40 A). 

This prevents the study of absorption using the ls22s - ls22p doublets of Li-like 

ions with atomic number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 > 8 (e.g. Ne VI11 XX770.4, 780.3) in low-redshift 

AGN, as well as the higher-order lines in the ls22s - ls2np (n = 3,4,5..) series of 
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C IV, N V, and 0 VI. Thus, there are only a limited number of absorption lines in 

the UV to provide diagnostics of high-ionization gas, although many more lines 

are available for lower ionization gas (see Kraemer et al. 2001b). 

X-ray photons are sufficiently energetic to excite or ionize inner-shell electrons 

of all the cosmically abundant elements from C to Ni (primarily K-shell electrons 

[n = 11 and transitions from higher shells in the case of the high-2 elements 

such as Fe. As discussed further in Section 1.2.2, studies of the photoelectric 

bound/free absorption edges (most noteably those of 0 VII and 0 VIII) over the 

last decade have suggested a large fraction of Seyfert 1 galaxies show evidence for 

intrinsic absorption by highly ionized gas. However, the ability to determine the 

kinematics and detailed characteristics from X-ray spectroscopy has only been 

possible for the last few years following the launch of the Chandru X-ray Obser- 

vatory (CXO; Weisskopf et al. 1996) and the XMM-Newton Space Observatory 

(Jansen et al. 2001). These missions provided grating spectrometers behind mir- 

rors with sufficient collecting area to enable detailed spectroscopic studies with 

R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 100 at 1 keV. 

The first observations of Seyfert galaxies employing the CXO and XMM- 

Newton gratings have confirmed that indeed large quantities of highly ionized 

gas lie within the circumnuclear regions of a large fraction of Seyfert galaxies. 

Figure 2 shows two sections of the CXO grating spectrum of the Seyfert 1 galaxy 

NGC 3783 (adapted from Kaspi et al. 2002). The strong nonstellar continuum 

is imprinted with a large number of absorption lines. In the upper panel of Fig- 

ure 2, the location of the first nine K-shell lines (n = 1 -+ 2, 3, .. 10) for the 

He- and H-like ions Si XIII and Si XIV are indicated, along with the location of 

the corresponding bound/free edges. It can be seen that many of these lines are 



~~ ~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 Crenshaw, Kraemer, George 

detected. In addition, a number of lines due to less-ionized Si are detected, along 

with several lines of Mg, A1 and S. The lower panel of Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 illustrates both 

the richness of the data now available, and highlights the analysis challenge. Sev- 

eral He- and H-like lines of Ne are detected, but they are surrounded by a forest 

of Fe lines from a wide range of ionization states (see Kaspi et al. 2002 for the 

full zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACXO spectrum). In the observations of Seyfert 1 galaxies reported to date, 

the detected K-shell lines range in wavelength from C v X40.268 (ls2 -+ ls2p) to 

Caxx X2.5494 (1s -+ 3p) with creation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIPS in the range 64.5 eV to 5.13 keV. 

From close inspection of Figure 2 it can be seen that the lines are blueshifted 

relative to the systemic velocity of NGC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3783. As in the UV, this is a common 

trait of intrinsic absorption lines observed in the X-ray band. The lines observed 

in several sources, including NGC 3783 (e.g., Kaspi et al. 2000, 2001), NGC 5548 

(e.g. Kaastra et al. 2001, 2002), and NGC 4051 (Collinge et al. 2001), indicate 

the absorbing material is outflowing from the nucleus with radial velocities up 

to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN -2400 km s-’. In addition there is clear evidence that in at least some 

sources many of the lines are broader than the instrumental resolution, with 

FWHM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 800 km s-’. The total column densities (summed over all kinematic 

components) implied by these early results are broadly consistent with the re- 

sults from the “edge fitting” of data from non-dispersive instruments (see Section 

2.2.1). However, photoionization modeling has already shown that a single zone 

of absorbing material is unable to reproduce the EWs of all the lines observed in 

several sources, which suggests several zones with different ionization states and 

possibly different kinematics, as in the UV. 
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The first nonstellar absorption lines detected in a Seyfert galaxy were seen in 

optical spectra of NGC 4151 (Oke zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Sargent 1968), and found to be due to He1 

and H I  (Balmer) lines that were blueshifted by up to -970 km s-l with respect 

to the emission lines (Anderson & Kraft 1969), suggesting ejection of matter from 

the nucleus (see C99 for more of this early history). Until observations in the UV 

and X-rays from space, NGC 4151 provided the only known case of absorption 

“intrinsic” to a Seyfert galaxy, although intrinsic broad (Weymann et al. 1981) 

and narrow (Foltz et al. 1986) absorption lines were known to exist in quasars 

from ground-based observations, 

1.2.1 History of UV Absorption 

Early observations of NGC 4151 in the UV, beginning in 1978 with the Inter- 

national Ultraviolet Explorer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(IUE), revealed a rich assortment of intrinsic ab- 

sorption lines spanning a wide range in ionization, from 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI to N V, as well zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 

absorption lines arising from excited (i.e., fine-structure and metastable) levels 

(Davidsen & Hartig 1978; Boksenberg et al. 1978; Penston et al. 1981; Bro- 

mage et al. 1985). Bromage et al. found that the absorption-line variations in 

NGC 4151 are due to changes in the column densities rather than the velocity 

spread of the clouds. In addition, they suggested that the absorbing region is 

likely composed of optically thin gas located outside of the BELR. Ulrich (1988) 

described other Seyfert galaxies that show obvious intrinsic absorption in IUE 

spectra; most of these showed only Lya, Nv, and CIV absorption, indicating 

typically higher ionization than that found in NGC 4151. 

From a large set of IUEobservations, Ulrich (1988) estimated that only 3 - 10% 
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of all Seyfert 1 galaxies show intrinsic UV absorption. However, only very strong 

absorption lines (with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 1 A) are detectable at the low resolving power 

( R  = 200 - 400) and low signal-to-noise ratio per resolution element ( S / N  < 10) 

of an IUE spectrum. With the launch of HST and its first generation spectro- 

graphs (FOS and GHRS) in 1990, the ability to detect intrinsic UV absorption 

in AGN increased dramatically, and led to the discovery that the true percentage 

of Seyfert 1 galaxies with intrinsic UV absorption is ~ 6 0 %  (C99). Furthermore, 

the high resolution and SIN of the UV observations allow a detailed study of 

the kinematics and physical conditions of the absorbers. In the UV, this pursuit 

has been greatly assisted with the installation of the Space Telescope Imaging 

Spectrograph (STIS, Kimble et al. 1998; Woodgate et al. 1998) on HST in 1997; 

STIS’s two dimensional detectors provide echelle spectroscopy at high spectral 

resolving power ( R  = 30,000 - 46,000) over a broad wavelength region, which 

enables simultaneous observations of absorption components in a number of dif- 

ferent ions in the UV (cf., Crenshaw & Kraemer 1999). In the far-UV, a lirnited 

number of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAGN were observed by the Hopkins Ultraviolet Telescope (HUT; Kruk 

et al. 1995) at R = 300 - 400 (Kriss 1997). Once again, a great step forward 

was made possible with the launch in 1999 of the Far Ultraviolet Spectroscopic 

Explorer (FUSE; Moos et al. 2000; Sahnow et al. 2000), which operates over the 

range 912 to 1187 A and has R = 20,000 (Kriss 2002). 

1.2.2 History of X-ray Absorption 

With the relatively poor spectral resolving power of X-ray detectors ( R  S 20 

at 1 keV) prior to the launch of the grating spectrometers on board CXO and 

XMM-Newton, the detection of resonance absorption lines was impossible, and 
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the study of intrinsic absorption was therefore limited to information gained 

from the broad spectral curvature due to the superposition of bound/free edges 

in the soft X-ray band zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0.3-3 keV). Nevertheless, it was clear that a large fraction 

of Seyfert galaxies contained substantial column densities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( N H  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1021 cm-2) of 

material (e.g., Lawrence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Elvis 1982). However it was equally clear that the soft 

X-ray spectra in many sources exhibited a complex spectral form and/or varied 

in a complex manner (e.g., Warwick et al. 1988; Yaqoob et al. 1989; Arnaud et 

al. 1985; Turner et al. 1991). 

The first observational evidence of X-ray absorption by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAionized material was 

provided by Halpern (1984) using observations by Einstein Observatory. Halpern 

suggested that the changing attenuation in the quasar MR2251-178 might be 

caused by a variable column density of material photoionized by the intense radia- 

tion field of the nucleus - a so-called “warm absorber”. Such an interpretation was 

supported by subsequent EXOSAT and Ginga observations of MR2251-178 (Pan 

et al. 1990; Mineo & Stewart 1993). Other notable EXOSAT and Ginga results 

include the suggestion of absorption by a warm absorber in the Seyfert 1 galaxies 

NGC 4151 (Yaqoob et al. 1989) and MCG-6-30-15 (Nandra et al. 1990). Further 

Ginga observations suggested that many Seyfert 1 galaxies (-50%) may contain 

a significant column density (NH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 of very highly ionized material 

detected via K-shell bound/fiee edges of Fe x~x-xxvr (Nandra & Pounds 1994). 

Unfortunately the low spectral resolution prevented these features from being 

separated unambiguously from the nearby (broad) Fe Ka fluorescence emission 

(Pounds et al. 1989, 1990; Matsuoka et al. 1990) and the “Compton reflection” 

continuum (e.g., George & Fabian 1991). However,recent observations with the 

latest generation of instruments have again revealed evidence for deep absorption 
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features in this region (e.g., Boller et al. 2002). Early pointed-phase observations 

by the PSPC on board zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAROSAT revealed a deficit of photons at -800 eV in MCG- 

6-30-15 (Nandra & Pounds 1992) and several other bright Seyfert 1 galaxies (e.g., 

Nandra et al. 1993; Turner et al. 1993a,b; Pounds et al. 1994) and a radio-quiet 

quasar (Fiore et al. 1993). This was interpreted as a blend of the OVII (739.3 

eV) and OVIII (871.4 eV) bound/free edges. (For a review of X-ray instrumen- 

tation prior to the launch of ASCA see Bradt et al. [1992], and for a review of 

the then-known temporal and spectral characteritics of AGN see Mushotzky et 

al. [1993].) 

With the launch of ASCA (Tanaka et al. 1994) in 1993, the study of intrinsic 

absorption in the X-ray band took a notable step forward. The Solid-state Imag- 

ing Spectrometers (SIS; Burke et al. 1993) had the resolution and sensitivity to 

both determine the redshift of the warm absorber to within wfew x lo3 km s-l, 

and separate the 0 VII and 0 VIII bound/free edges. Thus, this detector provided 

the first real constraints on the ionization state of the warm absorber via the ratio 

of the depths of these edges. Early observations of MCG-6-30-15 confirmed the 

warm absorber was indeed at the redshift of the host galaxy, but also revealed 

the absorber to exhibit changes in opacity on both medium (weeks) and short zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(N 104s) time scales. (Fabian et al. 1994; Reynolds et al. 1995; Otani et al. 

1996). Early observations of several other sources also suggested the presence of 

a warm absorber in some, but not all, sources ( e g ,  Mihara et al. 1994; Ptak et 

al. 1994; Weaver et al. 1994; Yaqoob et al. 1994; Guainazzi et al. 1994). By 

the late 1990s a sufficient number of objects had been observed by ASCA and 

BeppoSAX (launched in 1996) that it was clear that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 50% of Seyfert 1 galaxies 

exhibited soft X-ray spectral features consistent with ionized gas along the line 
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of sight (e.g., Reynolds 1997, George et al. 1998c, and references therein). The 

column densities derived using a variety of edge-fitting techniques (see Section 

2.2.1) for the absorbers covered almost the full accessible range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 1021 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

cm-2. Similarly the absorbers were seen to cover a range of ionization parameters 

(see Section 3.2). 

As discussed in Section 1.1, X-ray spectroscopy of AGN finally became possible 

with the launch of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7x0 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXMM-Newton at the turn of the millennium. This 

new generation of instruments is comprised of the High-, Medium- and Low- 

Energy Gratings (HEG, MEG & LEG; Markert et al. 1994; Brinkman et al. 

1997) on board CXO covering (in their lSt-order spectra) the 0.8-10, 0.4-5 and 

0.2-10 keV bands with a (FHWM) Ax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 12, 23 and 50 rnA (respectively), and 

the Reflection Grating Spectrometer (RGS; den Herder et al. 2001) on board 

XMM-Newton, which covers the 0.3-1.5 keV band and has Ax N 70mA. This 

new suite of instruments provides resolving powers in the range R 2: 200-1000 at 

1 keV. 

Table 1 gives a list of the Seyfert 1 galaxies with intrinsic absorption that have 

published spectra with R 2 1000 in the UV or R 2 100 in the X-ray. Those with 

nearly simultaneous (within a few weeks) UV and X-ray observations include 

NGC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3516, NGC 3783, NGC 4051, NGC 4151, NGC 5548, and Mrk 509 (see the 

table references). Seyfert 1 galaxies that do not show absorption in moderate- to 

high-resolution spectra can be found in C99, Gondoin et al. 2001b, Gondoin et 

al. 2002, and Marshall et al. 2002). 
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1.2.3 

Crensh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKraem er, George 

A Connection between UV and X-ray Absorption? 

A connection between the UV and X-ray absorbers was made by Mathur et 

al. (1994), based on ROSAT and HST observations of the quasar 3C 351. Using 

photoionization models, these authors claimed that a single component of ionized 

gas could produce both the observed strengths of the OVII and OVIII absorp- 

tion edges and the equivalent widths of the intrinsic UV absorption lines (OVI, 

Nv, and CIV). Similar claims were made for the quasar 3C 212 (Mathur 1994) 

and the Seyfert 1 galaxy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANGC 5548 (Mathur et al. 1995). However, in some 

objects, it became clear that multiple components characterized by a wide range 

in ionization parameter and hydrogen column density were needed to explain the 

wide range in ionization species and measured column densities; such was the 

case for NGC 4151 (Kriss et al. 1995) and NGC 3516 (Kriss et al. 1996a,b). 

Thus, for a number of years, there was a controversy as to whether the intrinsic 

UV and X-ray absorption features come from the same gas. The resolution of 

this controversy requires simultaneous UV and X-ray observations at the highest 

possible spectral resolution, and is described in Section 3.4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.3 The Origin of Intrinsic Absorption 

Perhaps the most important question to be addressed regarding the intrinsic ab- 

sorbers is: “What is their origin?”. In other words, how are the absorbers created 

and, in most cases, accelerated outward from the nucleus? What is their con- 

nection to the other components of AGN, and what does this tell us about the 

overall geometric and dynamical structure of AGN? A related question is: how 

does the mass outflow affect its environment, including the nuclear regions and 

host galaxy? There are no clear answers to these questions yet, but there are 
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many clues derived from recent observations and theoretical modeling that will 

be explored in this article. In order to evaluate the significance and reliability 

of the results in this article, a basic understanding of the techniques for detect- 

ing and measuring the absorption, and determining the physical conditions via 

photoionization models is needed (Section 2). To investigate the origin of the in- 

trinsic absorbers, their locations need to be known (Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3); current evidence 

indicates they are at a variety of positions relative to the central SMBH, includ- 

ing the host galaxy’s halo (-10 kpc), the inner galactic disk (100 - 1000 pc), 

the narrow emission-line region (NELR, 10 - 500 pc), and between the classic 

BELR and NELR (0.01 - 10 pc). The physical conditions and kinematics of the 

absorbers are also needed (Section 3) for comparison with the dynamical models, 

which invoke origins in the accretion disk, the BELR clouds, the putative torus 

(used to explain the nuclear obscuration in Seyfert 2 galaxies), or material in 

the NELR or host galaxy (Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). Finally, further improvements are needed 

in the observational constraints and models before a full understanding of the 

absorbers and their role in AGN can be achieved (Section 5). 

2 ABSORPTION ANALYSIS TECHNIQUES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.1 Detection 

The detection of the absorption lines is very sensitive to spectral resolution, as 

well as the SIN. In the UV, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIUE (R = 200 - 400) was only able to detect 

absorption lines with EW > 1 A, due to convolution of the unresolved lines with 

the surrounding continuum and emission lines. On the other hand, the FOS (R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 

1000) was a much more sensitive detector of absorption; for example, at a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 20, a typical 3 0  detection limit was EW M 0.1 A (C99). Most of the intrinsic 
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absorption lines are still unresolved in FOS spectra, however. Weaker lines can 

be detected at higher resolution, even at the expense of lower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIN. For example, 

the 30 detection limit for GHRS spectra ( R  M 20,000) at a S/N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 8 was EW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.03 A (C99). 

In the X-ray band, the CCD detectors on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAASCA had a resolution of R M 12 

in the region of the 0 VII and 0 VIII edges, and the study of intrinsic absorption 

was limited to edge-fitting techniques. The gratings on CXO and XMM-Newton 

provide over an order of magnitude increase in resolution. For example, at 33.7 A 

(- 370 eV, in the region of the CVI line [see Section 3.41) the CXOILEG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas 

a resolution of R M 700, and at 13.4 A (- 920 eV, in the region of the NeIx 

triplet), the CXO/HEG has a resolution of R = 1100. The equivalent velocity 

resolution of the absorption lines is FWHM 2 300 km s-I. However it is the 

S/N that is generally the limiting factor. This is clearly illustrated in Figure 3, 

obtained from a typical -90 ks observation of NGC 5548, one of the brightest 

Seyfert 1 galaxies. Given a S/N 5 3 in the overlying continuum, the EW of 

the CVI line can only be constrained to 90 f 30mA, and the radial velocity to 

-430 f 120 km s-' (Kaastra et al. 2002). The CXOILEG has more collecting 

area at higher energies, as does the XMM-Newton/RGS around the C VI line, and 

thus higher SIN can be achieved, at the cost of lower spectral resolution. 

Superior resolution is available using the CXO MEG and HEG gratings. The 

data illustrated in Figure 2 has SIN M 20 and 10 in the MEG and HEG (re- 

spectively), and the EWs of approximately one hundred lines can be measured 

at 2 3a confidence (Kaspi et al. 2002). However these data were obtained by 

co-adding 10 days of CXO observing time on NGC 3783. Thus the quality of 

the data obtained from this source is far superior to that from other Seyfert 1 
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galaxies observed to date. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs can be seen from Figs 4, 5 and 10 of Kaspi et al, 

while the lines are clearly broader than the instrumental response, they are far 

from being resolved. While yet better resolution is provided by the higher-order 

spectra, the SIN is at least an order of magnitude lower, limiting the usefulness 

of these data. 

2.2 Absorption Measurements 

2.2.1 Edge Fitting 

With X-ray data from detectors with low or medium spectral resolution, the study 

of absorption relies on bound/free electron transitions. However the combination 

of limited SIN and spectral resolution of most instruments flown to date, the 

relevant atomic cross-sections, and Galactic absorption usually limits this tech- 

nique to column densities in excess of NH - lo2’ cm-2. Fortunately, in many 

Seyfert 1 galaxies substantially higher columns are present, most noteably in H- 

and He-like ions of the abundant elements. This results in deep energy-dependent 

“edges” in the observed spectrum at the thresholds for photoelectric absorption 

(Eth) followed by a relatively slow ([E/Et$”, with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn M 3) decrease in opacity 

(e.g., Verner & Yakovlev 1995; Verner et al. 1996). Generally one of two tech- 

niques have been employed (eg., see Reynolds 1997; George et al. 1998c, and 

references therein). The first is the addition of a series of photoelectric absorption 

edges to some broad continuum until an acceptable model is obtained. One can 

then attempt to derive the ionization parameter (Sect 2.3.1) from the best-fitting 

values of N(ion) and continuum shape. The second is by computing synthetic 

spectra from a grid of photoionization models and fitting the observed spectra to 

simultaneously derive the ionization parameter, N H ,  and the continuum. 
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When the instrumental resolution is similar to or exceeds the intrinsic widths of 

the lines, one must resort to the curve of growth (COG) method, which describes 

the saturation in EW of an absorption line as the column increases (Spitzer 

1978), or a line-fitting routine in which the instrumental profile is convolved with 

an assumed intrinsic profile and fit to the observed absorption. The two methods 

are similar in that they assume an underlying distribution of velocities or intrinsic 

profile (e.g., Gaussian or Voigt). Since one does not know the intrinsic profile a 

priori, this assumption can be dangerous, although it has been used with success 

for ISM lines. For both techniques, the intrinsic width is used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a free parameter, 

and is often characterized by the velocity spread parameter “b” (Spitzer 1978); 

for a Gaussian, the dispersion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb/& and FWHM = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.67 b. 

If there are enough lines from the same ion, the COG method can be used to 

estimate the ionic column density directly. For example, the EWs of the OVII 

lines from the CXO spectrum of NGC 5548 (Kaastra et al. 2002) are plotted 

along the y-axis in Figure 4 (left panel). The points were shifted along the x-axis 

until they matched a COG with a particular b value, and their final positions 

give the column density of OVII. The parameters derived from the COG are 

N(OVII) = 4.0(51.5) x 1017 cm-* and b = 200 (550) km s-l; the column is 

essentially the same as that derived by Kaastra et al. (2002) from directly fitting 

the spectrum 

If there are only a few absorption lines available, which is typical in the UV, 

then the COG method can be used to see if the EWs are consistent with the 

column densities produced from a model (e.g., Kriss et al. 1996a). For example, 

Figure 4 (right panel) shows this method for the measured EWs of lines from 
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different ions in a low-resolution STIS spectrum of NGC 3227 (Crenshaw et al. 

2001), plotted against the ionic column densities from a previous photoionization 

model (derived independently from the X-ray data, see Kraemer et al. 2000b). 

The plot shows that the measured EWs are consistent with the model columns 

at a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb value of 100f50 km s-'. 

2.2.3 Resolved Profiles 

The most reliable measurements are those from fully resolved profiles, which per- 

mit the direct determination of ionic column densities, radial velocity centroids, 

and FWHMs of the components. Resolved profiles are only currently available 

in UV spectra at R 2 20,000. The standard method of analysis is to produce 

a normalized absorption profile by dividing the spectrum by the continuum plus 

emission-line fit. In contrast with studies of interstellar absorption lines, an al- 

lowance is made for partial covering. The covering factor in the line of sight (Cf) 

is the fraction of light that is occulted by the absorber, and can in principle be a 

function of In the case where Cj = 1 (e.g., for ISM lines), the optical depth 

at each radial velocity is given by r = -ln(Ir) (Spitzer 1978), where 1, is the 

normalized residual zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux at that radial velocity. 

For Cf < 1, the optical depth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat a particular v,. is given by: 

r = l n (  Cf ) 
Ir + Cf - 1 

(Hamann et al. 1997~). The ionic column density is then obtained by integrating 

the optical depth across the profile: 

(Savage & Sembach 1991), where X is the wavelength and f is the oscillator 
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strength (Morton et al. 1988). Blending of lines from different kinematic com- 

ponents can cause problems (see Figure l), but can be compensated for by using 

optical depth templates derived from unblended lines (Kraemer et al. 2001a), or 

by fitting the components (e.g., with Gaussians) in optical depth (Espey et al. 

1998). 

2.2.4 Covering Factors and Saturation 

For intrinsic absorption, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACj zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 1 could be the result of sources of unocculted 

emission that lie inside the projected aperture but outside of the absorption 

region, or true partial covering of the background emission by the absorbers. 

Potential sources of unocculted emission in the aperture include 1) a scattering 

region outside of the absorber that reflects continuum and BELR emission into 

the line of sight (Kraemer et al. 2001b), 2) NELR gas outside of the absorbers 

(Kraemer et al. 2002), or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) UV and/or X-ray sources in the host galaxy (such 

as a starburst). True partial covering of the background emission can due to 

small clouds, for example, or a flow which only partially occults the background 

emission. 

Partial covering zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas a strong impact on the absorption-line measurments, in 

that it can make a saturated line appear unsaturated. For example, the broad 

absorption lines of BAL quasars seldom reach zero intensity, and it is now clear 

that this is due to uncovered light in their troughs (Arav 1997; Hamann & Ferland 

1999). Prior to this realization, BAL column densities were severely underesti- 

mated, which resulted in, for example, peculiar (and incorrect) values for the 

abundances in these regions (see Hamann & Ferland 1999). Spectropolarimetry 

indicates that in many cases, the light in the BAL troughs is polarized, and there- 
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fore comes from a scattering region (e.g., electrons or dust) that lies outside of 

the absorption region as projected onto the sky (Goodrich & Miller 1995). 

Fortunately, there are techniques for deriving covering factors in the cores of 

absorption lines from high-resolution spectra, and for spectra with a high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS / N ,  

they can be determined zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a function of v,.. For any absorption line, a lower limit 

to Cf is simply Cf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 - I,.. If a line is known to be completely saturated, then 

the above limit becomes an equality over the range of saturation. In the extreme 

case where the line is completely saturated over all radial velocities, then Cf(v,.) 

is just specified by the profile I,.(vr) (Arav et al. 1999, Gabel et al. 2003), but 

only a lower limit can be derived for the ionic column density. 

Usually the degree of saturation cannot be estimated a priori. Fortunately, Cf 

can be determined from a multiplet, if the ratios of optical depths for the lines 

are fixed by their oscillator strengths. For a resonance doublet, if the true ratio 

of the optical depths is 2 (e.g., the OVI, N v ,  CIV, and SiIv doublets), then 

I? - 211 + 1 
12 - 211 + 1 ’ Cf = (3) 

where 11 and 12 are the residual normalized fluxes in the weaker line (e.g., 

CIV X1550.8) and stronger line (e.g., CIV X1548.2), respectively (Hamann et 

al. 1997~). Although the doublet technique is very useful, there is a hidden 

assumption that the uncovered emission is a constant fraction of the continuum 

plus emission-line fit, which is not always the case. For example, if the red mem- 

ber of an absorption doublet is sitting on top of substantial emission from the 

NELR, and the blue member is not, then one could obtain an erroneous value 

for Cf unless this effect is properly accounted for (Kraemer et al. 2002; Arav 

et al. 2002b; Crenshaw et al. 2003). As another example, the spectrum of re- 

flected radiation can be different from that of the continuum plus emission-line 
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fit, since it depends on which emission and absorption components are inside of 

the scattering region (Kraemer et al. 2001b). 

In the case of true partial covering of the background emission, it is possible 

to have different covering factors for the continuum source zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA((77) and BELR (Cfr), 

due to the different projected sizes of these regions. Assume that the same column 

of gas is in front of both emission sources (i.e., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA71 = T~). Following Gabel et 

al. (2003, see also Ganguly et al. 1999), the normalized flux in the absorption 

line is given by 

where Rl and R, are the fractional contributions of line and continuum emission 

to the total emission. The effective covering factor in the line of sight is then 

given by Cf = RlC$ + R,C;, which can be used in equation 1 for determining 

the optical depth as a function of vr. This technique has been applied to high 

S/N spectra of NGC 3783 obtained with STIS and FUSE to obtain separate 

continuum and BELR covering factors across the profiles of several components; 

the results are discussed in Section 3.1.3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.3 Photoionization Models 

2.3.1 Basics 

There is general agreement that the outflowing gas observed in absorption in AGN 

is photoionized by the centra1 source, hence the physical conditions within the 

absorbers are typically constrained using photoionization models. It is usually 

assumed that the absorber is far enough from the central source that it can be 

modeled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas an infinite (in the transverse plane) slab of gas. The models generally 
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assume constant density through the slab, with the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas in a state of thermal 

equilibrium. The ionization and thermal structure is determined at each point 

within the gas along a radial direction from the illuminated face of the slab 

(hence, from the central source). This will produce a depth-dependent opacity at 

each frequency, as well as the emission coefficients for different lines and continua. 

Several photoionization codes exist and have been used in the analysis of intrinsic 

absorption including CLOUDY (Ferland et al. 1998), ION (Netzer 1990), and 

XSTAR (Kallman and Bautista 2001). 

Although the actual calculations performed within the code while generating 

a model can be quite complex (for some of the details, see Rees et al. 1989), 

the result is contained in two physical quantities: the total column density of the 

slab and its state of ionization. The former is given as the total hydrogen column 

density, NH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= "1 + "11, and the latter is parameterized in the form of the 

ionization parameter. Two equivalent definitions of the ionization parameter are 

used: 1) the number of ionizing photons per nucleon at the ionized face of the 

slab, 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL, is the ionizing luminosity per frequency interval above the Lyman limit, 

T is the distance to the central source, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn is the number density of the gas at the 

ionized face of the slab (either the number density of hydrogen nuclei or free 

electrons), and huo = 13.6 eV and 2) t = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5, where L is the total ionizing 

luminosity. One can easily convert between U and t for a given spectral energy 

distribution (SED) of the ionizing continuum. Alternatively, another form of 

the ionization parameter is the ratio of photon pressure to the gas pressure (or 

"pressure ionization parameter") Z = L/(4m2cp), where p is the gas pressure. To 
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convert between the standard ionization parameters and the pressure ionization 

parameter requires calculating the mean electron temperature within the gas, 

which strongly depends on the SED and the gas density. 

For absorption studies, the modeling methodology consists of varying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NH until the predicted ionic column densities match those determined through 

the measurements of the depths of absorption lines and/or bound-free edges. 

Amongst the model inputs are the SED, the elemental abundances, and the 

fraction of cosmic dust. The density of the gas is also an input, however the 

predicted ionic column densities are relatively insensitive to density for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn H  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 1O1O 

cmb3. Codes permit the specification of the turbulent velocity within the gas, 

which may affect the predicted ionization structure in cases of optically thick, 

highly turbulent gas (which is not typically the case for UV absorbers). 

The exact nature of the SED in AGN is not well-known, particularly in the 

EUV at the ionization energies of many of the ions detected in UV absorption. 

The veracity of the prediction that the UV and X-ray absorption arises in the 

same component (e.g., Mathur et al. 1995, 1997; Crenshaw & Kraemer 1999; 

Kriss et al. 2000) may depend strongly on the choice of SED, since the fraction 

of Li-like ions such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas CIV and N V  in an X-ray absorber with large OVII and 

OVIII columns depends on the ratio of the flux at energies above and below -100 

eV. Given the ratio of UV to X-ray flux and hardness of the non-ionizing UV 

continuum, it is certain that the continuum must turn-down at energies above 

the Lyman limit in order to meet the X-ray continuum. A typical approach has 

been to fit power laws to the observed UV and X-ray continua, and join the 

two in the unobservable EUV with a single power-law, with a typical spectral 

index of a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 1.5. Although this approach generally provides a good match to 



the observed ionic columns, the reality may be more complicated. For example, 

in order to overcome an apparent deficit in photons above the He11 Lyman limit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(54.4 eV) Mathews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Ferland (1987) proposed an SED that peaks in the UV, i.e., 

the “big blue bump”. However subsequent observations of intermediate redshift 

quasars (Zheng et al. 1997; Laor et al. 1997) indicated a turn-over much closer to 

the Lyman limit. To complicate matters, observations of narrow-line Seyfert 1s 

(NLSls, characterized by FWHM[HP] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 2000 km s-l) indicate a steep rise in the 

soft-X-ray band (Boller et al. 1996), which may be thermal in origin (e.g., Turner 

et al. 2001). Further work is needed to determine if photoionization models of 

the absorbers can actually be used to constrain the SEDs of different types of 

AGN. 

The physical conditions in the absorbers, and the photoionization modeling, 

can be complicated if an absorber is screened from the continuum source by 

intervening gas (e.g., Kraemer et al. 2002), particularly if the intervening gas 

is optically thick to the ionizing radiation; hence the SED must be modified to 

account for the intervening absorption. Furthermore, when modeling the physical 

state of the gas in higher flux states, one must modify the SED to account zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 

both the increase in the source luminosity and accompanying drop in the opacity 

of the screen. In extreme cases, the screened gas may become so highly ionized 

as to be undetectable during high flux states (Kraemer et al. 2001b, 2002). 

Solar abundances (e.g., Grevesse & Anders 1989) are generally assumed as a 

starting point, although there are indications of super-solar abundances in quasars 

(Section 2.3.2). Even modestly supersolar abundances of particular elements (e.g. 

nitrogen) will affect the model predictions. Although dusty X-ray absorbers have 

been considered (e.g., Brandt et al. 1996), it is only recently that the possibility 
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of dust within the UV absorbers has been discussed (Crenshaw et al. 2001, 

2002b; de Kool et al. 2001). The main affect of the dust is the depletion of the 

constituents of the dust grains (principally C, Mg, Si, and Fe) from the gas-phase, 

although the screening of the continuum and photo-electric heating by dust grains 

can be an important effect in optically thick gas (see Ferland et al. 1998). It is 

hard to constrain the dust/gas ratio within the absorbers with column densities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NH < lo2', since the amount of extinction will be quite small. 

As noted by Netzer (1993), the photoionization codes may be incomplete, since 

not all physical processes are included. It is critical that the most accurate atomic 

data, including recombination rates, ionization cross-sections, charge exchange 

rates, and Auger yields, be included. For example, there have been no calculations 

of dielectronic recombination rates for third row elements beyond silicon, although 

there have been attempts to approximate these rates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Ali et al. 1991). The 

absence of these data casts some doubt on the predicted ionization balance of 

abundant elements, such as iron. 

Since the absorbers respond to changes in the ionizing continuum, it is clear 

that time dependent effects must be important. Nicastro et a1.(1999b) attempted 

to study the changes in the ionization state of gas exposed to a time-varying 

continuum source by generating a set of models for different ionization equilibria 

using the formulation for equilibration times suggested by Krolik & Kriss (1995). 

However, there have been no detailed calculations of the time evolution of the 

gas in response to continuum changes, particularly in cases where the gas may 

not have had time to equilibrate. 

As discussed by Krolik et al. (1981), photoionized zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas can exist in two regimes 

of thermal equilibrium (the exact conditions are quite sensitive to the SED): 1) 
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when the ionization state of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas is low enough that there is a balance between 

heating by ionization and cooling by collisionally-excited emission lines and 2) at 

very high ionization, when thermal equlilibrium is established between Compton 

and Inverse Compton processes. At intermediate values of U and T, the gas will 

undergo large temperature fluctuations in response to changes in the ionizing flux 

and may be unstable to such perturbations. Figure 5 shows a schematic represen- 

tation of an unstable (to isobaric perturbations) portion of a so-called zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS curve (a 

plot of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT vs. U/T; the latter is equivalent to E the pressure ionization parameter). 

Intrinsic absorbers span a large range in ionization parameter and temperature, 

even in the same galaxy (see, for example, the case of NGC 3783; Kraemer et 

al. 2001a; Kaspi et al. 2001). Also, individual components of absorption may 

undergo dramatic changes in response to changes in the ionizing flux (Kraemer 

et al. 2001b, 2002; Netzer et al. 2002). Hence, some of the absorbing gas may be 

unstable (or semi-stable; see Krolik zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Kriss 2001) to thermal perturbations. In 

fact, it is possible that fluctuations can produce a two-component gas, in which 

a Compton-heated medium can give rise to low ionization knots (Kriss & Krolik 

1995, 2001). 

2.3.2 Modeling the Absorbers 

In high-resolution UV spectra, the ionic column densities of individual kinematic 

components can be measured. The basic approach is to vary U and NH until 

the model predictions for the column densities match those observed to within 

the measurement errors. Fitting the ratios of two ions of sufficiently different 

ionization potentials will provide a unique solution; the ratio of NV/CIV is is 

particularly sensitive to U and N H ,  since the ionization potential to create N V  
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is above the He11 Lyman limit and CIV is below it, and the relative amounts 

of N v and C IV depend on the fraction of the slab that is optically thin at the 

Herr Lyman limit. Since there is always some neutral hydrogen, comparison of 

an ionic column density from a relatively high ionization species (e.g., C IV, N V, 

or 0 VI) to that of H I can yield two solutions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) a high ionization solution, with 

a large column of gas containing a trace of H I  and 2) a low ionization solution, 

with a relatively small column of gas, truncated to keep the H I column low (see 

Brotherton et al. 2002). The presence or absence of lower ionization states, such 

as C 11 and 0 I, and those from elements with lower abundance, typically Si IV and 

Mg11 but occasionally rarer species such as P V (Kraemer et al. 2001b; Gabel 

et al. 2003), can be used to constrain the models, particularly in cases where 

the lines from the more commonly detected ions are saturated (Kraemer et al. 

2001b; Arav et al. 2002b). 

Even with the vast improvements provided by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACXO and XMM-Newton, X-ray 

spectra generally lack the resolution to identify the individual kinematic compo- 

nents detected in the UV spectra. Hence the X-ray models are limited by the 

fact that the absorption features may arise in several zones with a large range 

in physical conditions. Nevertheless, the approach for photoionization modeling 

is essentially the same as that used for the UV absorbers. The standard defini- 

tion of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU includes the integral photon flux per unit density above 13.6 eV. The 

large drop in the number of photons emitted per unit frequency interval between 

13.6 eV and the X-ray band for the SED of all AGN (excluding certain classes 

of blazar) results in the standard U (or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< etc) being dominated by low energy 

photons. However these photons have insufficient energy to participate in K-shell 

processes within ions detectable in the X-ray band and hence are of little con- 
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sequence to X-ray observations. Thus a number of other definitions have been 

used within the X-ray community. These include zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUx, defined as the 0.1-10 keV 

photon flux per unit density (Netzer 1996) and Uoxygen which further restricts 

the energy range of the photon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux to between 538 eV (the 0 I K-shell edge) and 

10 keV (George et al. 2000). 

As with the UV analysis, U and NH can in principle be obtained from two ions 

of the same element (OVII and OVIII are often used - see Sect 2.2.1). How- 

ever some complications have arisen in the modeling of X-ray absorption. Sev- 

eral sources observed with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAASCA and BeppoSAX exhibited a deficit of observed 

photons at -1 keV compared to the otherwise seemingly acceptable photoioniza- 

tion models. This was interpreted as evidence for at least one more absorbing 

“cloud/system” (sometimes referred to as “zone”), with a higher ionization pa- 

rameter, along the line of sight (e.g., George et al. 1998b), and/or a blend of 

resonant absorption lines involving the excitation of L-shell electrons in Fe (e.g., 

Nicastro et al. 1999a). In addition XMM-NewtonlRGS and CXO spectra of 

several objects contain an unresolved transition array (UTA) due to 2p + 3d 

transitions in FevII-xII. As noted by Sako et al. (2001), this feature occurs in 

the 730-780 eV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A N- 16-17 A) band, hence could be misidentified as an OVII 

bound/free edge (739 eV). Clearly the theoretical and observational ambiguities 

are greatly reduced the larger the number of species considered. 

3 CONSTRAINTS ON THE OUTFLOWING ABSORBERS 

Valuable constraints on the outflowing absorbers in AGN have been obtained 

from the spectra and photoionization models described in the previous sections. 

These constraints are crucial for understanding the structure of the absorbing 
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regions and the dynamical forces at work, and eventually discriminating between 

the various dynamical models described in Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.1 Geometric and Kinematic Constraints 

3.1.1 Frequency of Occurrence 

The fraction of AGN that show intrinsic absorption ( F )  is important for under- 

standing the overall geometry of the absorption regions. For Seyfert 1 galaxies, 

surveys in the UV (C99), FUV (Kriss 2002), and X-rays (Reynolds 1997; George 

et al. 1998c) all find that F is in the range 0.5 - 0.7 for both UV and X-ray 

absorbers; a naive average of these values gives F = 0.6f0.1. For quasars, the 

fraction of occurrence has been found to be similar or slightly lower. Ganguly et 

al. (2001) find F = 0.25 for “associated” CIV absorption lines (within 5000 km 

s-l of the emission-line redshift) in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz < 1.0 quasars, and George et al. (2000) 

find F = 0.27 for X-ray (0 VII and 0 VIII) absorption in mostly low-z quasars (al- 

though bandpass limitations and low SIN have prevented definitive statements on 

the latter; George et al. 2000; Reeves & Turner 2000). However, Laor & Brandt 

(2002) obtain F = 0.50 for CIV absorption in z < 0.5 quasars and Vestergaard 

(2003) obtains F = 0.55 for CIV in quasars over the range 1.5 < z < 3.5, where 

the latter study shows nearly equal fractions of occurrence for radio-loud and 

radio-quiet quasars. Thus, intrinsic UV and X-ray absorption is prevalent over a 

wide range in luminosity, occuring in about half of these AGN, and while there 

is some evidence that the fraction of occurrence may be lower for low-redshift 

quasars, further study is needed to characterize any trends. An important note 

of caution is that in quasars, a portion of the detected absorbers could be inter- 

vening rather than intrinsic; for example, Ganguly et al. (2001) estimate that 



lvlcwJ u~~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIIUIII zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA I I C L I V ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbaiaxies 31 

of the 15 absorption-line systems they detect, -5 are statistically expected to be 

intervening. 

At the low end of the AGN luminosity scale, Low-Ionization Nuclear Emission- 

Line Regions (LINE%) often show absorption lines in the UV, but these likely 

arise from the host galaxy ISM, and there is no strong evidence for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoutfEowing gas 

(Shields et al. 2002). This may be due to insufficient power to drive the outflows 

or to a different accretion structure from which the outflows may arise (Shields et 

al. 2002). The only strong case for intrinsic absorption in a low-luminosity AGN is 

for NGC 4395, which is a dwarf Seyfert galaxy with Lbol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1041 ergs s-l, but with 

emission-line ionization parameters similar to those of normal Seyferts (Kraemer 

et al. 1999). NGC 4395 shows both blueshifted CIV absorption (Filippenko et 

al. 1993) and ionized X-ray absorption (Moran et al. 1999; Iwasawa et al. 2000) 

that are intrinsic to its nucleus. Further observations of low-luminosity AGN are 

needed to understand the parameters that determine the occurrence of intrinsic 

absorption. 

3.1.2 Global Covering Factor 

The global covering factor (C,) is the fraction of emission intercepted by the 

absorber averaged over all lines of sight, and can be determined in one of two 

ways. It can be determined statisically from a sample of AGN of the same type, 

such that 

c, =< c, > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF, (6) 

where < Cf > is the average over all objects of the covering factor in the line 

of sight from the deepest component in each object. For the UV absorbers in 

Seyfert 1 galaxies, C99 find that F = 0.59 and <Cf>  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.86, which leads to C, 
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2 0.51. There are two extreme possibilities: 1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 0.5 in all Seyfert 1 galaxies, 

or 2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 1.0 in half the objects, the remaining half having no absorbing gas. 

The actual situation is likely to be somewhere in between. X-ray absorbers also 

have large covering factors in the line of sight which indicate a similar C, of 

-0.5. Thus, the absorbing regions subtend a very large solid angle, regardless of 

whether they consist of large contiguous sheets or flows, or ensembles of small 

clouds. It should be noted that if Seyfert 1 galaxies are seen at preferred viewing 

angles (e.g., inside the bicone of ionized gas postulated by unified models, see 

Antonucci 1993), then the derived values of C, are with respect to the solid angle 

over which they are observed. 

The other way to determine C, is to identify emission lines associated with 

the absorption regions and compare their strengths to those predicted from pho- 

tionization models assuming full coverage of the continuum source. The ratio of 

observed to predicted strengths then gives C, directly for a given source. CXO 

spectra of several objects show emission lines (mostly from 0 and Ne - see Sec- 

tion 1) that likeIy arise in the X-ray absorber, and yield C, = 0.5 - 1.0 for each 

source, in agreement with the statistical approach. 

3.1.3 Covering Factor in the Line of Sight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cj gives important information on the clumpiness of the absorbing region and/or 

the nature of any unocculted emission. Values for the deepest component in a 

Seyfert 1 galaxy range from 0.5 to 1.0 (C99), and the full range of values extends 

from (the typical detection limit of) 0.2 to 1.0 for Seyfert 1 galaxies and quasars 

(e.g., Hamann et al. 1997b,c, 2001; Ganguly et al. 1999). In Mrk 509 (Kraemer 

et al. 2003) and NGC 3783 (Gabel et al. 2003), the covering factors reveal 
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evidence for at least two subcomponents with different ionization parameters 

within a single kinematic component. In both objects, the Sirv doublet yields zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C,f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 0.3, whereas it should be -1.0 and -0.7 for Mrk 509 and NGC 3783 

respectively, based on covering factors derived from the C IV and N v doublets. If 

these subcomponents are at the same location, which is a reasonable assumption 

given their shared kinematics, then the S i ~ v  absorption comes from compact 

clouds with higher densities (from the lower ionization parameters, see equation 5) 

than the surrounding high-ionization gas. Additional evidence for “clumpiness” 

comes from evidence that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACf can vary across the absorption profile in a way 

that cannot be explained by scattered light. For NGC 3783, Gabel et al. (2003) 

have determined separate covering factors for the continuum (CF) and BELR 

(C;) as a function of vr for three kinematic components of absorption; they find 

that C; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 C; at each zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv,, and that both decrease from the core to the wings of 

each component. This suggests a clump of clouds traveling outward at the same 

approximate velocity but with some dispersion, so that the number of clouds 

decreases from the core to the wings. One of the most surprising observations 

to date are those of the narrow absorption lines in the quasar 3C 191, which 

show evidence for partial covering at a large distance (28 kpc) from the nucleus 

(Hamann et al. 2001); it is difficult to understand how the small clouds have 

maintained their integrity over the outflow time scale of -3 x lo7 yr. Finally, in 

the Seyfert 1 galaxy NGC 4151, partial covering is more likely due to unabsorbed 

scattered light, similar to the situation for BAL quasars; this will be discussed in 

more detail in Section 3.3. 
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3.1.4 Transverse Size and Velocity 

Crenshaw, Kraemer, George zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A lower limit to the transverse (across the line of sight) size of an absorption 

component is simply zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACi, where dl is the diameter of the source of back- 

ground light. In the UV, this is the BELR, whose size has been determined for 

many Seyfert galaxies and some quasars by the process of reverberation mapping 

(Peterson & Wandel 2000). In the X-ray, the background emission is from the 

X-ray continuum, which is typically assumed to be ctVar, where t,,, is some con- 

tinuum variability timescale. As a typical example, the size of the N v  emitting 

region in NGC 5548 is dl -4 light days (Korista et al. 1995; Clavel et al. 1991) 

and the covering factor for component 3 (Figure 1) is Cj zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 0.7 (Crenshaw et 

al. 2003), so dT 2 3.4 light days (8.8 x lOI5 cm). Crenshaw & Kraemer (1999) 

found that the hydrogen column density of this component varied substantially 

over -19 months, indicating bulk motion of gas across the line of sight. This is 

an upper limit to the crossing time At, so a lower limit to the transverse velocity 

for this component is VT 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdT/At 2 1700 km s-l, which is somewhat larger than 

its radial velocity of V, = 540 km s-'. A few other measurements of VT have 

yielded similar lower limits, comparable to the radial velocities (Maran et al. 

1996; Kraemer et al. 2001a, b). Many other absorption components monitored 

on a yearly basis have not shown significant column changes, which indicates that 

the transverse velocities could be much lower for these components (e.g., several 

components in NGC 5548, Crenshaw et al. 2003). 

d 

3.1.5 Radial Velocity and FWHM 

In the UV, the radial velocity centroids(v,) of absorption components in Seyfert 

1s range from +200 to -2100 km s-l (C99; Kraemer et al. 2003). The few 
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positive values detected are probably not cases of infall, but rather a result of 1) 

measuring the velocities with respect to the narrow emission lines, which tend 

to be slightly blueshifted with respect to the galaxy’s H I 21-cm emission (C99), 

and/or 2) an origin in the host galaxy’s halo. Radial velocities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas high as -2400 

km s-l have been detected in X-ray absorbers (Collinge et al. 2001). Quasar 

narrow absorption lines (NALs) also show a broad range of v, extending up to 

much higher velocities than in Seyferts (Ganguly et al. 2001; Vestergaard 2003). 

Hamann et al. (1997a) describe an intrinsic absorption system in PG 0935+417 

at an ejection velocity of -51,000 km s-l, which is similar to the maximum radial 

velocities seen in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABAL quasars (Weymann et al. 1981). Further discussion on 

correlations between velocity and luminosity can be found in Section 3.6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ad 

The UV absorbers also show a broad range in widths, from 20 to 500 km s-l 

(FWHM) in Seyfert Is, indicating turbulence, a strong outflow velocity gradi- 

ent, or superposition of subcomponents. High-resolution spectra of quasars show 

similar systems in the form of NALs, but also the BALs with widths that extend 

up to ~ 1 0 , 0 0 0  km s-l (Weymann et al. 1981). Notably, BALs are not found 

in Seyfert 1 galaxies, which suggests a dependence of velocity dispersion (or at 

least the maximum possible value) on luminosity. As discussed in Section 3.4, 

X-ray absorption lines zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare often slightly broader than the instrumental resolu- 

tion in CXO spectra, but it is not clear if these are truly broad or just blends of 

unresolved components. 
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3.2 Physical Constraints zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.2.1 Ionization Parameter and Column Density 

Crenshaw, Kraemer, George 

The ionization parameters derived from photoionization modeling of the ionic 

columns in UV absorbers span a large range, log(U) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM -4.0 to 0.0, reflecting a 

wide range of ionic species, even within an individual AGN (e.g., 01 to OVI in 

NGC 4151, Kraemer et al. 2001b; Kriss et al. 1992, 1995). Not surprisingly, 

the X-ray absorbers extend this range to higher values: log(U) M -1.4 to 1.0 

(e.g., NGC 5548, Kaastra et al. 2002). On average, the, UV and particularly 

the X-ray, absorbers are more highly ionized than the BELR and NELR, which 

typically have values in the range log(U) M -3.0 to -1.0 (Osterbrock 1989). 

The hydrogen column densities also span large ranges: log(NH/cm-2) M 18.0 

to 21.5 for the UV absorbers and 21 to 23 for the X-ray absorbers. The low ends 

of these ranges are likely determined by limits in telescope/detector sensitivities, 

and the high ends could be affected by saturation of the absorption lines or edges, 

particularly in the lower resolution X-ray data. BAL quasars show evidence for 

even higher UV column densities, and the X-ray columns in particular can reach 

log(") M 24 (e.g., Green et al. 2001; Gallagher et al. 2002, and references 

therein); at greater values the column of gas starts to become Compton thick 

(given the Thomson cross-section, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOT = 6.65 x cm-2), which makes a 

quasar difficult to detect. 

3.2.2 Number Density 

The densities and radial locations of the absorbers are crucial for understanding 

their nature and origin. These two properties are tied together: determination 

of one yields the other via the ionization parameter (equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ) .  There are 
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several ways to estimate the electron density ( n e ) ,  equivalent to determining the 

hydrogen density ( n H ) .  The first relies on absorption lines from excited states 

that are populated by collisional excitation, since the populations relative to the 

ground state depend on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAne and temperature (Osterbrock 1989). In the UV and 

far-UV, there are a number of fine-structure lines arising from just above ground 

level (e.g., SiII* X1265, CII* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX1336, NIII* X992, see Morton 1991), as well as 

lines that arise from higher metastable levels in Fe11 (Verner et al. 1999) and 

CIII (Le., the A1175 multiplet, see Bromage et al. 1985, Kriss et al. 1992). 

Together, these lines probe a wide range of densities, ne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10 - lo9 ~ m - ~ ,  in 

low- to moderate-ionization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas. Densities have been determined in this way for 

NGC 4151, as described in Section 3.4, as well as several quasars (Hamann et al. 

2001). 

Another method for determining ne is to make use of the absorption variabil- 

ity that is commonly observed. If it can be shown that the ionic columns have 

changed in response to a drop in the ionizing continuum, for example, then the 

time delay can be equated to the recombination time, which is inversely propor- 

tional to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAne. A proper evaluation of the recombination time for an ion Xi takes 

into account the recombinations of Xi+1 to Xi and Xi to Xi-1 (e.g., Krolik & 

Kriss 1995; Bottorff et al. 2000): 

where a ( X i )  is the recombination coefficient for ion Xi and ’(Xi) is the fraction 

of element X in ionization state i. Nearly all of the absorption variations that 

have been detected have resulted from “snapshots” at two or more epochs, rather 

than intensive monitoring. These have resulted in upper limits on t ( X i ) ,  lower 

limits on ne, and hence upper limits on the radial location (see Section 3.2.3). 
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NGC 3516 currently provides the tightest constraints on the high-column X- 

ray absorber. Netzer et al. (2002) interpreted variations in the X-ray absorber 

at low energies over -60 ksec as primarily changes in the OVI  opacity. Using 

this as an upper limit to the OVI recombination time gives zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx lo6 ~ m - ~ .  

By identifying the high-column, low-velocity UV absorbers in NGC 3516 with 

the X-ray absorber, Kraemer et al. (2002) find that the absence of CIII* A1175 

absorption yields ne < lo9 ~ m - ~ .  

For the emission lines that presumably originate within the X-ray absorbers, 

the He-like triplets of OVII, NeIx, and M ~ X I  provide density diagnostics. In 

particular, the ratio of the intercombination to forbidden line flux in the triplet 

provides ne (Porquet & Dubau 2000) if the gas is photoionized (Le., collisional 

ionization is not important). Thus far, only (rather large) upper limits have been 

obtained in this manner: Kaastra et al. (2002) find ne < 7 x lo1' cm-3 for NGC 

5548 and Kaspi et al. (2002) find ne < 10" cm-3 for NGC 3783. 

3.2.3 Radial Location 

Clues on the relative location of an absorber can be obtained in several ways. 

Absorbers that cover the entire BELR, for example, must obviously lie at a greater 

distance r from the continuum source. In some cases, the absorber covers the 

entire NELR as well, indicating an origin in the host galaxy (Section 3.5). Rapid 

variability of the absorption columns and/or partial covering of the BELR would 

suggest a close proximity to the continuum source (although see the discussion 

regarding 3C 191 in Section 3.1.3). One method to determine r directly is to again 

make use of the absorption variability. If, for example, an absorption feature 

responds to an increase in the ionizing flux, the time lag can be associated with 
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where h q  is the threshold ionization energy, < uion > is the frequency-weighted 

photoionization cross section, and Fion is the new ionizing flux at the face of 

the cloud, such that Fion = LiO,/(47rr2). A limit on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT has been determined in 

this way for the component that is responsible for the C III* A1175 absorption in 

NGC 4151: T < 25 pc (Espey et al. 1998); however, an actual value has been 

derived from ne and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU ,  and is much smaller (Section 3.4). 

Another method to determine T is from ne, U, and the ionizing luminosity 

(equation 5). For example the limits on ne mentioned above in the case of 

NGC 3516, give a distance of the UV/X-ray absorbers from the continuum source 

in the range -0.02-0.4 pc. Note that the relative thickness of an absorber in the 

radial direction is given by Ar/r  where AT = N H / n H .  Given a typical column 

density of N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 2 x 1021 cm-2 for a single low-velocity component in NGC 3516 

(Kraemer et al. 2002), the relative thickness of a typical absorber is in the range 

4 ~ 1 0 - ~  to 8 ~ 1 0 - ~ ,  which indicates very “thin” absorbers in the radial direction, 

rather than a continuous wind. 

3.2.4 Mass and Mass-Loss Rate 

The mass of an absorber is given by Mabs = 4.1rT2”m,Cg, and the mass loss 

rate is Mabs = Mabs/tc, where t, = r/w, is the radial travel time. For NGC 3516, 

taking the total column density of NH = 7.7 x lo2’ ~ r n - ~  from the photoionization 

models (summed over all components), and assuming C, = 1 gives Mabs = 118 

Ma. This is significantly larger than the mass of the ionized zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas in the BELR, 

which based on the HP luminosity of NGC 3516 is -1 Ma (Peterson 1997, but 
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see Baldwin et al. 2002). Adopting an average radial velocity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZI, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 200 

km s-l for the UV absorbers, the lower limit to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAne, and assuming purely radial 

motion, the crossing time is -1900 years and the mass outflow rate is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM a b s  = 

0.06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMa yr-l. Adopting the upper limit to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAne yields zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt ,  = 85 yr and Maas = 0.003 

Ma yr-l. Thus, the mass outflow rate from the inner regions of NGC 3516 is in 

the range 0.003 - 0.06 Ma yr-', which is comparable to the mass accretion rate 

of 0.01 Ma yr-' based on the bolometric luminosity of NGC 3516 ergs 

s-l) and an expected efficiency of -0.1 in the conversion of mass infall to energy 

(Peterson 1997). 

3.3 The Importance of Variability 

Variability may hold the key to understanding the intrinsic absorbers in AGN, 

since it is the only way in many cases to determine the parameters described 

above. Variable absorption was first detected in optical spectra of NGC 4151 

(Section 1.2), and subsequent IUE studies found that a number of AGN show 

absorption lines that vary in equivalent width (C99, and references therein). 

Variability has also been detected in a number of X-ray warm absorbers (George 

et al. 1998c, and references therein), dating back to their discovery (Section 

1.2.2). To date, all of the variations are consistent with changes in the ionic col- 

umn densities; there has been no convincing evidence for variations in the radial 

velocities. In the past, variations in the columns have been attributed to: 1) 

changes in the ionization of the gas, due to variations in the ionizing continuum, 

or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) changes in the total column density (i.e., N H ) ,  due, for example, to bulk 

motion of gas across the line of sight. It is clear now that both sources of vari- 

ability are at work, sometimes in a single object (e.g., NGC 4151, Kraemer et al. 
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2001b), and that multiple observations at high spectral resolution are required to 

distinguish between these sources and identify the time scales over which they op- 

erate. In the UV, only four Seyfert 1 galaxies (NGC 3516, NGC 3783, NGC 4151, 

and NGC 5548) have been observed more than once at high spectral resolution, 

and each has shown variable ionic columns in one or more kinematic component 

(Kraemer et al. 2001a, b; Kraemer et al. 2002; Crenshaw et al. 2003). 

The most dramatic case of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvariable ionization of the UV absorbers is provided 

by NGC 4151 (Crenshaw et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 2000b; Kraemer et al. 2001b), in which a decrease 

in the UV continuum flux by a factor of -4 over two years coincided with a huge 

increase in the strengths of the low-ionization absorption lines. This is demon- 

strated in Figure 6, which shows the region around the peak of the C IV emission 

line. The low-state spectrum shows broad Si zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 (resonance and fine-structure) and 

metastable Fe 11 absorption lines, which are clearly not present in the high-state 

spectrum. The broad variable absorption is from component “D+E” in Wey- 

mann et al. (1997) at a radial velocity of -490 km s-l (relative to systemic); the 

metastable C 111 absorption also comes from this component, indicating a density 

of nH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 3 x lo9 ~ m - ~ ,  consistent with a rapid response of the absorption to 

the ionizing continuum (Kraemer et al. 2001b). Most of the absorption lines in 

component D+E are completely saturated, and yet they do not reach zero flux 

in their troughs, due to scattered light from the nucleus, which arises in a region 

that extends outside of D+E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas projected onto the sky. The comparitively high 

column density of this component (NH = 2.75 x 1021 cm-2) and the scattered 

light (-15% of the high state) in the troughs is reminiscent of low-ionization 

BAL quasars (Sprayberry & Foltz 1992), although the velocities and columns are 

not as high in NGC 4151. Given NH and U from a photoionization model, the 
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distance of D+E from the continuum source is only - 0.03 pc (Kraemer et al. 

2001 b). 

The absorption variability (or lack thereof) of the other components of absorp- 

tion in NGC 4151 permits tight constraints on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN H ,  given the requirement 

that photoionization models must match the ionic columns at both low and high 

states. Furthermore, the densities of these components are constrained by the 

low-ionization fine-structure lines. Thus, the absorbers in NGC 4151 have been 

mapped in unprecedented detail, revealing a huge range in distances ( r  = 0.03 

- 2150 pc), densities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( n ~  = 10 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 x lo9 ~ m - ~ ) ,  and columns (NH = 1.0 x 1OI8 

- 2.75 x 1021 cm-2). Both density and column density decrease uniformly with 

distance, but there are no other obvious correlations (such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas radial velocity with 

distance, see Kraemer et al. 2001b). However, none of the UV absorbers have 

been linked to the high ionization, high column X-ray absorber (U = 0.9, NH = 

4 x cm-2; see George et al. 1998c and references therein). 

If radiation pressure is driving the clouds outward, one might expect that com- 

ponent D+E would show a significant radial acceleration, due to its proximity 

to the continuum source. However, no change in radial velocity has been de- 

tected for any component over seven years of monitoring (Weymann et al. 1997, 

Kraemer et al. 2001b). One possible explanation is that component D+E is too 

optically thick for efficient radiative acceleration. Another possibility is that the 

gas has a significant component of transverse motion (for example accelerating 

in a “flow tube” at some angle to the line of sight, see Section 4), but the portion 

that is seen in absorption against the background emission is always at the same 

radial vel0 ci t y. 

Perhaps the strongest case for buZk motion as a source of absorption variabil- 
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ity is given by NGC 3783, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas demonstrated by HST spectra of the CIV region 

in Figure 7 (Kraemer et al. 2001a). Only Galactic absorption features were 

present in 1993 February, but a C IV doublet (component 2) appeared 11 months 

later at a radial velocity of -550 km s-'. Another component (1) appeared af- 

ter a subsequent 15 months at -1370 km s-'. In the final spectrum, obtained 

-5 years later, component 1 was much stronger, and component 2 was weaker; 

meanwhile, a new broad component (3) appeared at a radial velocity of -720 

km s-'. Clearly, the absorption variations are undersampled, but it is interesting 

that the continuum levels are all nearly the same, except for the lower level in 

1995. The appearance and disappearance of absorption components appears to 

be independent of continuum zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflux (see Kraemer et al. 2001a for more details), 

which indicates transverse motion across the BELR on a time scale of a year. 

It is important to note that monitoring observations such as these are the only 

way to obtain transverse velocities. Recent evidence, from the only intensive UV 

monitoring campaign on a Seyfert 1 galaxy at high spectral resolution (Gabel et 

al. 2003), indicates that variable ionization is also important in NGC 3783, on 

shorter time scales of days to weeks. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.4 The Connection Between UV and X-ray Absorbers 

The notion that the UV and X-ray absorbers originate in the same gas, charac- 

terized by a single ionization parameter (Section 1.2.3), is now clearly obsolete. 

As discussed in previous sections, the individual kinematic components in the 

UV show a wide range in ionization, and most produce negligible OVII or OVIII 

absorption in the X-ray region. Furthermore, the X-ray absorber itself is often 

complex and composed of at least two zones with different ionization parameters 
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(e.g., Morales et al. 2000; Krolik zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Kriss 2001, and references therein). Nev- 

ertheless, most X-ray absorbers have sufficiently high total columns to produce 

observable ( 2 1013 cmV2) ionic columns for UV absorption lines like N V  and 

CIV, even though these represent trace ions in the gas. If a connection can be 

made, the UV component provides valuable kinematic information on the X-ray 

absorber that cannot be obtained with the current generation of X-ray telescopes. 

Since the absorbers can be extremely variable, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsimultaneous UV, far-UV, and X- 
.- 

ray observations at high spectral resolution are important for investigating this 

connection; these have recently become available. 

NGC 3516 and NGC 3783 provide the strongest cases to date for UV compo- 

nents of absorption that arise in an X-ray absorber. In NGC 3516 (Section 3.2) 

photoionization models indicate that the low-velocity, high-column UV absorbers 

can provide all of the observed X-ray absorption (Netzer et al. 2002; Kraemer 

et al. 2002). In NGC 3783, several UV components provide the observed OVII 

column, but only a small fraction of the OVIII column (Kraemer et al. 2001b), 

confirming evidence for at least two components of X-ray absorption (George 

et al. 199813). However, most of the UV counterparts to X-ray absorbers have 

yet to be clearly identified; in most cases, this is probably due to blending with 

absorption lines from lower-ionization components (cf., Kraemer et al. 2003). 

Although most UV and X-ray absorbers do not arise from the same gas, there 

is a statistical connection, indicating a physical and/or geometric relationship 

between the two. C99 found that there is a one-to-one correspondence between 

Seyfert 1 galaxies that show intrinsic UV absorption and those that show intrinsic 

X-ray absorption. Kriss (2002) found the same connection between far-UV (0 VI) 

and X-ray absorbers. Finally, Brandt et al. (2000) find that in a sample of quasars 
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at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 0.5, the equivalent width of the C IV absorption increases as the ratio of the 

optical to X-ray luminosities increases. Since the latter may be due to increasing 

absorption at -2 keV, this relation suggests a direct correlation between the 

strengths of the UV and X-ray absorption. The BAL quasars are at the extreme 

end of this relationship, at large EW (C IV) and weak X-ray flux. Several studies 

have concluded that the weak X-ray fluxes (including X-ray nondetections) of 

BAL quasars in general are due to X-ray absorption, rather than intrinsically 

weak fluxes (Gallagher et al. 2002; Green et al. 2002, and references therein). 

Recent simultaneous observations have provided an intruiging clue to the con- 

nection between UV and X-ray absorbers. For AGN with the highest quality 

observations, the velocity coverage of the UV and X-ray absorbers is strikingly 

similar. Figure 8 shows a comparison of profiles (as a function of radial velocity, 

relative to the host galaxy) from the UV and X-ray observations of NGC 5548 

(C99; Kaastra et al. 2002) and NGC 3783 (Kaspi et al. 2002; Gabel et al. 2003). 

Despite the relatively low resolution of the CXO X-ray spectra, it can be seen 

that there are clearly two components of X-ray absorption that appear to match 

the UV components 1 and 2 - 5 in NGC 5548, and 1 - 4 and 2 - 3 in NGC 3783. 

These observations suggest that the UV and X-ray absorbers share the same ve- 

locity field, and are therefore possibly located in the same vicinity. One possible 

interpretation is that the UV components arise from high-density knots in an 

outflowing X-ray wind (Krolik & Kriss 1995, 2001). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.5 Dust in the Absorbers 

Determining if there is dust in the absorbers is important because it 1) provides 

clues to their origins, 2) affects the elemental abundances in the gas phase, and 
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therefore the ionic columns used for photoionization models, and 3) is; impor- 

reddened Seyfert 1 galaxy NGC 3227 (Crenshaw et al. 2001) and the 

Seyfert 1 galaxy Akn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA564 (Crenshaw et al. 2002b). In both cases, 

tant for radiative acceleration models (Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). X-ray observations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAofi several 

narrow-line 

photoioniza- 

reddened Seyfert 1 galaxies have shown that is much smaller than the total 
I 

200 km s-l of the systemic velocities, and 3) the depths of the UV lines 

that the absorbers cover their NELR. A subsequent study of a large 

Seyfert 1 galaxies confirmed this suggestion (Crenshaw & Kraemer 2001). 

column zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( N H )  derived from the reddening (Komossa 1999, and references therein). 

Thus, it has been suggested that the reddening comes from a “dusty warm ab- 
I 

sorber” (Brandt et al. 1996; Reynolds 1997; Komossa & Bade 1998). d 
jowever, 

confirm 

sample of 

There 

Kraemer et al. (2000b) found that dusty “lukewarm absorbers”, charatterized 

by strong, and in some cases saturated, UV absorption lines (CIV, 

and Mg11) could be a better alternative, because they can be placed 
I 

radial distances ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 100 pc) to explain the observed reddening of the NELRS in 
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ing inclination angle of the host galaxy, and all of the reddened, inclined Seyfert 

1 galaxies observed at R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1000 show evidence for dusty lukewarm absorbers. 

Thus, these dusty absorbers lie (and possibly originate) in the disks of the host 

galaxies. 

For the UV and X-ray absorbers that are thought to be intrinsic to the nucleus, 

there is evidence that some contain dust and some do not. Most of the detected 

X-ray absorbers do not contain significant amounts of dust, since their columns zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(NH = 1021 - cm-2) imply reddening values of E(B-V) = 0.2 - 20, which in 

most cases are much larger than observed. This would suggest that these X-ray 

absorbers are inside, or orginated inside, the dust sublimation radius, which is 

-0.13 pc for a typical Seyfert 1 galaxy with a UV to X-ray continuum luminosity 

of ergs s-l (see section 4.2). However, the possibility remains that a small 

fraction of warm absorbers are dusty (e.g., MCG-5-30-15, Lee et al. 2001). Such 

a suggestion remains both controversial and crucial in the interpretation of the 

soft X-ray spectra of AGN (Lee et al. 2001; Sako et al. 2002). 

The column densities of most outflowing UV absorbers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare too small for direct 

detection of dust by reddening. The two Seyfert 1 galaxies with sufficiently 

high UV columns (NH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 3 x 1021 cm-2), NGC 4151 and NGC 3516, do not show 

associated reddening, which is consistent with other evidence that these absorbers 

are located inside the dust sublimation radius (Kraemer et al. 2001b; Kraemer 

et al. 2002). On the other hand, there is significant indirect evidence that 

the outflowing absorbers in NGC 5548 do contain dust (Crenshaw et al. 2003). 

Photoionization models of these absorbers are unable to match the observed 

ionic column densities of OVI, N v ,  and CIV unless non-solar abundances are 

assumed, which can be achieved via a standard depletion of elements onto dust 
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grains. Since carbon is heavily depleted, the models indicate substantially lower 

ionization parameters and column densities than previous models based solely on 

the C IV and N v column densities. In quasars, there is statistical evidence for dust 

in the UV absorbers; quasars with narrow absorption lines have systematically 

redder continua (Baker et al. 2002; Vestergaard 2003), and BAL quasars tend 

to be redder than normal quasars (Brotherton et al. 2002). Further studies of 

dust in the absorbers are needed to probe their origins. Dust-free absorbers likely 

reside or originate within the dust sublimation radius, whereas absorbers with 

dust either originated outside of this radius or have picked up dust along the way 

(e.g., from the putative torus, Krolik zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8z Kriss 1995). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.6 Correlation Analyses 

Statistical correlations between the properties of absorbers and other AGN prop- 

erties (e.g., luminosity, radio power, mass, relative accretion rate, orientation with 

respect to the line of sight) have the potential to provide important constraints 

on dynamical models. Most of the work in this area has concentrated on UV 

absorption, since high-quality X-ray observations of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAGN are rather limited at 

present, and on quasars (in some cases combined with Seyferts), since the Seyfert 

1 sample alone is limited to a relatively small range in redshift and luminosity. 

As discussed in Section 3.1.5, narrow (FWHM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 500 km s-l) UV absorption is 

probably equally common in both low-redshift , moderate-luminosity Seyferts and 

high-redshift, high-luminosity quasars. However, BALs and high-velocity narrow 

lines only occur in the higher luminosity quasars. Intrinsic absorption may be 

rare in low-luminosity AGN, but more observations are needed to confirm this 

and to determine if luminosity or some other property is the controlling factor. 
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Statistical studies using well-defined samples have recently become available. 

Laor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Brandt (2002) find that in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz < 0.5 quasars and Seyferts, the CIV EW 

and maximum radial velocity both increase with increasing ultraviolet luminosity, 

which is expected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor outflow driven by radiation pressure. Vestergaard (2003) 

finds a similar correlation between EW (C IV) and luminosity in a higher redshift 

(1.5 < z < 3.5) sample. In terms of radio power, Vestergaard finds that roughly 

equal percentages (-50%) of radio-loud and radio-quiet quasars show narrow UV 

absorption lines. However, lobe-dominated quasars (viewed with the jets near 

the plane of the sky) appear to have more frequent and stronger absorption than 

core-dominated radio quasars, which may indicate higher column densities in the 

equatorial regions (defined by the accretion disk), consistent with predictions of 

disk-wind models (Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). Vestergaard suggests that the strong equatorial 

flows in radio-loud quasars may be an analog to BALs found in radio-loud and 

radio moderate quasars. For radio-quiet AGN , including Seyferts, reliable indi- 

cators of orientation (i.e., inclination of accretion disk) with respect to the line 

of sight are needed; possible indicators are HzO masers (Gallimore et al. 1996; 

Greenhill et al. 1996), Fe K a  profiles (Nandra et al. 1997; Turner et al. 1998), 

and kinematic models of the NELR (Crenshaw et al. 2000a; Ruiz et al. 2001). 

Obviously, more studies are needed to test the above correlations and to explore 

their significance. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 DYNAMICAL MODELS 

Models which attempt to explain the origin and means of acceleration of mass 

outflow in AGN must address the following properties: the effects of the lumi- 

nosity of the central engine, the circumnuclear distribution of the gas, the lack of 
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evidence for radial acceler 
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ion, the evidence for transverse motion, and the range 

density?) among subcomponents at the same radial 

a model for the structure of quasars that unifies 

reflection phenomenology of AGN in the form 

disk. Although this geometric approach 

between AGN components, it does 

phenomenon. In the following 

'sub-sections, the most po&lar physical models of the dynamics of mass ouflod zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
, 
I 

are reviewed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACompton Heated 

in the form of a thermal wind arising from the 

putative accretion disk an et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1983). In this scenario, the EUV and 

X-ray radiation emitted the region near the central black hole irradiates the 

surface of the accretion arge radii. Since the disk itself is optically thick 

to the radiation, in orde outer parts of the disk to be irradiated either the 

height of the disk must faster than 1/R (see Shakura & Sunyaev 1973)j 
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source. Also, there is a region of intermediate temperature over which the gas is 

thermally unstable or, more probably, marginally stable (Krolik & Kriss 2001), 

although the exact nature of a multi-phased photoionized gas depends on the 

SED of the ionizing continuum (see Section 2.3.1). An accretion disk is thin at 

a particular radius if the local sound speed is very much less than the Keplerian 

speed (Shakura & Sunyaev 1973), and the vertical scale height of the disk is 

related to its radial distance through the ratio of these two parameters. At large 

vertical distances, the pressure and density of the disk drop, and the gas can reach 

the Compton heated phase. If the isothermal sound speed in the gas is less than 

the escape velocity, which is a function of black hole mass ( M ) ,  and radial distance 

(&), the hot phase will form a hydrostatic corona above the disk’s photosphere. 

One may define an “escape temperature”, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATg = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGMp/&k,  where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is the mass of 

a hydrogen atom. If the sound speed exceeds the escape velocity, or Tzc/T, > 1, a 

thermal wind will arise. Since the Compton temperature, hence the sound speed, 

is a function of the SED of the ionizing radiation rather than its intensity, while 

the escape velocity decreases with radius, winds are possible at radii greater 

than R = GMp/kTlc .  In the region where winds can form, the gas arising 

from the disk may not have had time to reach its Compton temperature before 

reaching a distance &. Hence one can define a “characteristic temperature”, 

kT,h = Ao(&/c,h), where A, is the optically thin heating rate evaluated at & 

and c,h is the sound speed at Tch. The condition where TIC, T,, and Tch are 

all equal defines a critical luminosity, L,, = 0.03 (TIcs)-~/~ LE, where TICS = 

T‘c/108K and LE is the Eddington luminosity. The ratio L/Lw characterizes 

the wind’s effectiveness in overcoming gravity. Notably, this depends only on the 

Compton heating, rather than radiation pressure. 
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The discovery of polarized nuclear continuum emission in Seyfert 2 galaxies 

(Miller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Antonucci 1983) and the suggestion that the continuum source and 

BELR in these galaxies were hidden by dense molecular tori led to a model linking 

the Compton heated winds and the warm reflecting gas (Krolik & Begelman 1986, 

1988). In this model, the source of the wind is the molecular torus, rather than 

the accretion disk. If the luminosity of the central source is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0 .08L~ ,  the flow 

can overcome the central gravitational potential, and a substantial wind will form 

(Balsara & Krolik 1993), reaching a temperature of -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx lo6 K and flow speed of 

several hundred km s-I. Following from this, Krolik & Kriss (1995) suggested the 

warm reflecting component was identical to the warm absorber detected in the 

X-ray. They argued that while the thermal wind may be the source of only some 

of the UV resonance line absorption from H I  and Li-like species, other UV lines 

could form in lower ionization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas co-existing with the warm reflector/absorber, 

either as part of the two-phase medium described by Krolik et al. (1981), or 

dense, low ionization knots swept-up by the outflowing wind. In either case, a 

broad range of temperature and ionization can exist in the flow (Krolik & Kriss 

1995, 2001) and the UV and X-ray absorbers would be dynamically linked. 

4.2 Radiatively Driven zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFlows 

Radiation pressure is an attractive means for accelerating gas from an AGN, if 

only for the reason that the central engine is a tremendous source of continuum 

radiation (most of the work on radiative acceleration has been done for BAL 

quasars, but it is applicable to the outflow in Seyfert galaxies). The radial equa- 

tion of motion for material under the influence of radiation pressure and gravity 
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rise to radial acceleration of MHD flows (Konigl & Kartje 

a means of elevating gas from the disk (Emmering, et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1994), or may provide 

1992) (these models 

at a distance r from a central point mass M can be written as: 

dv KL GM 
dr 4m2c r2 

v-=--- (9) 

where v is the velocity of the accelerated gas, K is a cross-section per unit mass 

(the exact nature of which depends on the source of opaciti to the radiation), L is 

the luminosity of the central source, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc is the speed of fight. As shown below, 

the ability to drive sub-Eddington flows depends on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK ,  which in turn depends on 

the velocity structure and the optical depth in the accelerated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas. Further, the 

I 

asymptotic terminal velocity can be expressed as: I 
1 

I 
1 where rg is the radial launch point of the gas. 

I 
The dynamics of dusty, radiation-driven gas in the context of mass flow from 

within the BELR of AGN has been discussed extensively. Scoville & Norman 

I 

(1995) suggested that quasar BALs originate in stellar contrails, formed when 
I 

dusty gas supplied by circumstellar mass loss from evolved stars is exposed to 
I 

the TJV continuum radiation from the central source. Another possible source 
I 

I 
effective opacity; e.g., depending on the spectral energy distribution of the con- 

tinuum radiation and the dust/gas ratio and grain-size dis 1 ribution (e.g., Mathis, 

et al. 1977), the ratio of the flux-weighted dust opacity t the Thomson opacity q 
is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 5 x lo2 - lo3. In regions were the dust is opticallyithin and dynamically 

well-coupled to the gas, the radiation pressure force on tfie dust+gas can easily 

. 
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exceed the gravitational force, even for highly sub-Eddington luminosities (e.g., 

Phinney 1989; Pier & Krolik 1992; Laor & Draine 1993). Requiring that the gas 

and dust are well-coupled is equivalent to assuming that the radiation pressure 

force on the grains is roughly equivalent to the gas-grain collisional drag force. In 

an intense radiation field, the grains are likely to become highly positively charged 

(see Scoville & Norman 1995). In this case, the grains will become coupled to 

the gas via the embedded magnetic field. 

Although radiative acceleration may be important for dusty gas, grains cannot 

exist in unshielded gas in close proximity to the central source, as the continuum 

radiation will heat the grains to their sublimation temperatures. The minimum 

distance where grains can exist is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA?-,in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 1.3Li{2TG2,f pc, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL46 is the 

UV luminosity of the central source in units of ergs s-l, and 2’1500 is the 

sublimation temperature of the grain in units of 1500 K (Barvainis 1987). Note 

that the dust can exist much closer to the central source if the UV radiation has 

been attenuated (e.g., Emmering et al. 1992). 

At distances < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ , i ~ ,  the gas will be dust-free, but may still be radiatively accel- 

erated, via bound-bound (i.e., “line driving”) and bound-free transitions within 

the irradiated gas (the cross section for Compton scattering is relatively quite 

small). In their models for line-driven winds in hot stars, Castor et al. (1975) 

demonstrated that the most efficient mechanism for extracting momentum from 

the radiation field and driving a powerful outflow is via line opacity. Following 

Castor et al., one can parameterize the efficiency of line-driving in terms of the 

ratio of line scattering to electron scattering: 

where, e and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm e  are, respectively, the charge and mass of the electron, g is the 
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statistical weight of the state, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf is the oscillator strength of the line, n L ,  nu and 

g~ and gu are, respectively, the number densities and degeneracies of the lower 

and upper states, ne is the electron density, UT is the Thomson cross-section, 

and A q o p  = qjneZ]Th/C is the Doppler width of the line, where vine and vTh 

are the frequency and thermal width of the line, respectively. For resonance 

lines, the upper level can be neglected. The equivalent electron optical depth 

scale is t = aTE'&vth(dv/d'r)-l, where vth/(dv/d'r) is the electron optical depth 

of a Sobolev length and the factor E depends on the volume filling factor of the 

accelerated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas (e is << 1 for small, dense clouds). Hence, the optical depth of 

a line at any point is simply qne = qt. Further, the ratio of the line acceleration 

to the acceleration due to Thomson scattering, or "force multiplier", is: 

where U is the ionization parameter (see section 2.3.1), F is the total flux, Fline 

is the continuum flux per unit frequency at the line, and the sum is over all of the 

resonance lines. The dependence on U arises implicity via 7, in that, since efficient 

line driving requires the presence of bound electrons, 71 will approach zero as the 

gas becomes highly ionized. Hence, the force multiplier is a decreasing function 

of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU as shown in Figure 9. The line contribution to the acceleration of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas 

is: 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is the mass density of the accelerated gas. 

Bound-free transitions are additional sources of opacity for radiative acceler- 

ation and, hence, one may also define a continuum force-multiplier (Arav et al. 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK,  is the continuum opacity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a function of frequency. A smoothly ac- 

celerated flow will start out at a low velocity, pass through a sonic point, then 

through a critical point (see Castor et al. 1975; Abbott 1982), and finally asymp- 

totically approach a terminal velocity. Mathematically, the critical point occurs 

where the sum of the ‘inertial, gravitational, and pressure forces equal the driving 

force. 

I 

I 
Arav & Li (1994) and Arav et al. (1994) modeled radiative acceleration of BAL 

clouds, based on models of winds from hot stars (Castor et al. 1975). Given the 

assumption of small filling factors of the absorbing gas (Arav et al. 1994), cloud 

confinement is necessky. However, confinement by a hot (-108K) medium would 

require densities so large that radiative acceleration would be negligible (as it is 

in the thermal wind models described by Krolik & Begelman 1986). Hence, Arav 

et al. (1994) supposed that the confinement is non-thermal, e.g, via magnetic 

fields (see Rees 1987)l. They found that they could achieve high radial velocities 

and realistic absorptibn line profiles, including the drop in opacity towards higher 

velocities, if the BAL gas originated within -0.1 pc of the central source and was 

dynamically coupled io a hot confining medium. If the clouds are indeed coupled 

to a more highly ionized medium, such as the Compton-heated wind, the friction 

between the clouds and the medium is so large that the system responds as a 

single fluid. In this c&e, the flow can be driven supersonically by resonance-line 

~ 

I 

I 

I 

l 

I 

I 
1 

I 

acceleration of the entrained clouds. The efficiency of this process is highest when 

the product of the line opacity and the ionization parameter is greatest, which 

in turn occurs when the clouds are irradiated by a soft ionizing continuum or 
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exists in dense clouds). Murray et al. calculated that this occurs when a wind 

exposed to an unattenuated soft X-ray flux achieves an ionization parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU 

60. However, gas flow along the innermost streamline creates pressure gradients 

that can accelerate neighboring gas. This so-called “hitch-hiker” gas can shield 

the wind from soft-X-rays, hence the wind can remain in a low enough state of 

ionization to absorb UV photons. Since the ionization parameter of the hitch- 

hiker gas increases’ with velocity and distance, line driving will cease when the 

gas is some height, z ,  above the disk, and the gas will spiral back towards the 

disk. If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz, is the height of the critical point on a wind streamline, the wind can 

be further accelerated if z, 5 z. The model predicts outflow velocities -0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

and a very narrow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5’) opening angle for the wind, in general agreement with the 

properties of BAL quasars. However, in order to achieve high velocities, the inner zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

edge of the wind must be at r M 10l6 cm for a lo8 Ma central mass, which is at 

least an order of magnitude smaller than a typical BELR. The hitch-hiker gas will 

have column densities crnv2, which will produce strong X-ray absorption 

along the line-of-sight through the wind. Also, the models predict that the higher 
I 

ionization UV lines, e.g. N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv and C IV, will form closer to the central source than 

low ionization lines, such as Mg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, implying that these lines can only be observed 
I 

when the source isiviewed close to the disk, and the line-of-sight passes through 
! 

many streamlines. i 

Proga et al. (2400) performed axisymmetric, time-dependent calculations of 

line-driven winds from accretion disks. An important result of these models is 
i 

that a line-driven wind from the disk can survive without an external screen. As 
! 

with the Murray et al. (1995) model, the winds are driven vertically by radiation 

from the disk and lradially by radiation from the central source. The predicted 

, 
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off the surface of the disk. Blandford zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Payne 

gas streamlines are perpendicular to the disk over a height which increases with 

radius, but then bend away and become nearly radial. In the upper envelope 

of the wind, there is a large velocity shear between the fast-moving radial and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(1982) illustrated the process 

lower density (hence highly ionized) gas moving inwards, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas shown in Figure 10, 

which will give rise to Kelvin-Helmholtz instabilities. As the flow from the inner 

part of the disk is accelerated by line-force, its density decreases until it becomes 

overionized and falls back towards the disk. Since this component shields the gas 

at larger radii from the soft-X-ray flux, there is no need to include a separate 

component such as the hitch-hiker gas suggestediby Murray et al. Due to the 

i 

1 

I 
i 

1 

instabilities in the wind, dense knots will be generated every few years. Hence, 

unlike the Murray et al. model, lower ionization lines can form within inner 

streamlines. I 

4.3 Hydromagnetic Flows 

One mechanism for accelerating gas off an accretiod disk is via an accretion-driven 

wind (see Rees 1987). The wind consists of ionized material in the disk corona 

that is frozen onto (locally) open, rotating rnagnedic field lines. As the field lines 

rotate, material is centrifugally accelerated above and away from the disk plane, 

akin to beads accelerated along a rotating wire. The field lines are anchored to 

the disk so mass ejected in the wind removes angular momentum from the disk 

I 

I 
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from a Keplerian disk. In Newtonian hydrodynamics, self-similar solutions occur 

when: (1) The spatial distribution physical quantities are functions of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz/Z(t), 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt are the spatial and time variables, and Z(t) is a time dependent 

scale function and (2) all dimensional constants entering the initial and boundary 

conditions vanish or become infinite (Barenblatt & Zel'dovich 1972). Self-similar 

solutions therefore do not model the structure and generation of the magnetic 

field within the disk nor the reconnection of magnetic field lines far from the disk 

surface. 

' In  steady state the flow velocity can be described in terms of the magnetic field 

strength B and angular velocity w by: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

v = k -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ w x r ,  
47rP 

where the second term on the right hand side is simply the rotational velocity 

(see Chandrasekhar 1965; Mestel 1961). The quantity k can be considered as 

the ratio of constant mass flux over constant magnetic flux along a field line, as 

can be demonstrated from the mass continuity equation V-(pv) = 0 (see Mestel 

1961). For a self-similar flow, one assumes that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc( T - ~  and B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0: T - ( ~ + ~ ) / ~ ;  note 
I 

I 

that the Alfven speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a Bp-l l2) scales as the Keplerian velocity (cx T - ~ / ~ ) ;  ~ 

I 
I 

Blandford & Payne (1982) assumed b = 1.5. Safier (1993a,b) noted that the 1 

I 
density distribution above the disk is highly stratified as a consequence of the I 

rapid acceleration of the gas as it is flung outwards, particularly at small angles ' 

with respect to the disk surface. In cylindrical coordinates (T ,$~z ) ,  with an origin 

, 
I 

I 

I 

I 

at the center of mass of the black hole/disk system, the magnetic field lines have 

the form 
, 

I 

R = [ r d x ) ,  Aroxl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 (16) 

where r, is the point where the field lines meet the surface of the accretion disk, 
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x is the coordinate along the field line, and <(x) is chosen to satisfy the MHD 

flow equations, subject to the scaling of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp, B, and ?J+, with ((0) = 0. Similarly, 

the flow velocity is of the form 

where prime denotes differentiation with respect to x, f and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg are chosen to 

satisfy the MHD flow equation (with f ( 0 )  = 0 and g(0) = l), and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM is the black 

hole mass. The function t' is of order unity at small x, dropping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 1/x1I2 at 

large x, hence the flow is distinctly non-radial at large distances. The solution 

must satisfy the centrifugal ejection condition, which requires that the magnetic 

field lines at the base of the flow are inclined by 8 _< 60' to the disk (Blandford 

& Payne 1982; Emmering et al. 1992). 

Blandford & Payne (1982) suggested that this mechanism is responsible for 

the formation of relativistic jets as a result of the generation of a well-collimated, 

super-Alfvgnic flow at large distances from the disk. The model was also applied 

to the formation and dynamics of BELR clouds by Emmering et al. (1992) and 

Bottorff et al. (1997). Emmering et al. suggested that dusty material is initially 

rudiutively driven off the surface of the disk. As the gas is further exposed to 

the UV radiation from the central source, it becomes ionized and the dust grains 

may zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe destroyed, either due to sublimation or sputtering due to internal shocks. 

Subsequently, the photoionized clouds flow along the magnetic field lines embed- 

I 

ded in the disk corona (see Figure 1 in Emmering et al. 1992). The clouds will 

expand at their sound speed (s 10 km s-l) until the gas pressure falls into 

rough equilibrium with that exerted by the ambient magnetic field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M B2/87rs2). 

The emission-lines are broadened by both bulk motion and by electron-scattering 

of the line photons in the corona or disk. 
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Following Blandford zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Payne (1982) and Emmering et al. (1992), Bottorff et 

al. (2000) applied the MHD flows to the dynamics of the intrinsic UV and X-ray 

absorbers detected in Seyfert 1 galaxies. Similar to the BELR models (Emmering 

et al. 1992), the more highly ionized gas, in which the X-ray absorption occurs, 

lies at smaller radii, while the UV absorption lines form at larger distances. The 

non-radial nature of the flow provides a natural explanation for the changes in 

total column density reported in several Seyferts and the absence of evidence for 

radial acceleration of individual kinematic components (see Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.3). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.4 Hybrid Models 

Konigl & Kartje (1994) adapted the approach of Blandford & Payne (1982), with 

additional refinements by Safier (1993a), in modeling MHD winds from accretion 

disks, with a set of solutions with b = 1.0 - 1.5. They required that, subsequent 

to the magnetic acceleration off the disk, the wind is radiatively driven via the 

opacity of dust grains embedded within and dynamically coupled to the gas (sim- 

ilar to the initial acceleration of the clouds in the Emmering et al. model). They 

argue that such a wind can better explain the obscuration of the central regions 

of Seyfert 2 galaxies than a molecular torus, and the absorption and scattering of 

the ionizing continuum radiation by the wind can create the ionization cones seen 

in many Seyferts (e.g., Evans et al. 1991; Pogge & de Robertis 1993; Wilson et 

al. 1993). Konigl & Kartje found that a value of b = 1 was necessary in order to 

confine the wind to the solid angle suggested by the fraction of Type 2 Seyferts 

(see Antonucci 1993). If the column density of the wind varied over time, as 

one might expect if the flow is not purely radial and the injection of mass into 

the flow is variable, this mechanism may help explain the variations in the X-ray 
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of Seyfert 2 galaxies (Risaliti et 

De Kool & Begelman and confinement of radiatively- 

driven clouds to explain quasars. Similar to the Emer- 

ring et al. (1992) accretion disk, threaded 

with magnetic of the magnetic field 

is quite possibly by magnetic 

the central source and 

field lines are 

dragged along with the elevated gas 

ing sideways. The clouds are 

prevent the heated clouds from expand- 

radially accelerated, via resonance-line 

volume is the gradient of the magnetic 

magnetic pressure itself divided by 

while the radiation force is proportional 

field is responsible for the cloud 

the gas pressure. Clouds emerging 

outwards, which compresses the 

up to a point where the magnetic 

force. Thus, when the radiation force 

row wedge along the disk. The opening 

force and, hence, the mass loss rate. 

accelerating luminosity are equal; a 

driving, in a manner similar to that 

al. (1994). The opening angle of the 

netic force and radiation force in th  

pressure, c 

the extent of tl 

to the ma 

confinement, the m: 

from the disk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAil' 

mag:ietic field lines 

f m e s  become 

is very strong, 

angle scales 

Assuming thal 

nass loss rate 

Iav & Li (1994) and Arav et 

pilibrium between the mag- 

rhe magnetic force per unit 

to order-of-magnitude, the 

2 outflow in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6' direction, 

s loss rate. If the magnetic 

petic pressure must balance 

? accelerated nearly radially 

on which the gas is moving, 

omparable to the radiation 

;he flow is confined to a nar- 

inversely with the radiation 

the ionizing luminosity and 

)f 1 Ma yr-' is required to 

I 



~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

64 Crenshaw, Kraemer, George 

provide a sufficient radiative force to compress the outflow to an opening angle 

of 0.1 rad. Such a mass loss rate is at the upper limit of that inferred from the 

UV absorption line profiles. A more acceptable mass loss rate of 0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMa yr-’ 

could be achieved if the magnetic pressure, hence the gas pressure, were a fac- 

tor of ten less. De Kool & Begelman suggested that a column of highly ionized 

gas lying between the BAL clouds and the ionizing source could absorb ionizing 

radiation, hence reducing the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgas pressure within the clouds, without absorbing 

or scattering the UV flux which does the line driving. They further suggested 

that the X-ray (warm) absorption may arise in the intervening gas. Note that 

the column density of the screening gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(NH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 10” - 10’’ cm-2) is at least an 

order of magnitude smaller than that required of the inner edge of the wind in 

the models of Murray et al. (1995), and thus is consistent with the fact that 

several BAL quasars have normal optical to X-ray flux ratios (e.g., Green et al. 

1995). 

Recently, Proga (2002) studied the two-dimensional, time-dependent magneto- 

hydrodynamics of radiation-driven disk winds. The radiation force is via reso- 

nance line driving. Although the initial conditions orient the magnetic field lines 

perpendicular to the disk, due to the magneto-rotational instability and disk 

rotation, the toroidal field dominates the poloidal field above the disk. The gra- 

dient of the toroidal field drives a slow, dense outflow. Depending on the relative 

strengths of the magetic field and the system (disk + central source) luminosity, 

the wind can be primarily radiation- or MHD- driven. The former predicts a 

slow, dense outflow, bounded on the polar side by a high-velocity stream, with 

most of the mass-loss from the fast stream as in the pure-radiative models (Proga 

et al. 2000). For stronger magnetic fields, first the slow part of the flow becomes 
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gal 

etry, and abundances of these regions. Since 

sight to the continuum source, the blueshifted 

evid Ice of outflow, whereas the kinematics of 

unce iain (Peterson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2003). In many cases, 

can e obtained for the absorbers, so they can be 

force I(e.g., thermal winds, radiation pressure, 

in A N . The absorption features also provide 

of th ionization state and hydrogen column density 

from photoionization models of the measured 

y, thereby serving zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a probe of the kinem:,tics, 1 
cons I raints on the physical conditions (density, 

and line-of-sight covering factors, radial 

of means. Further constraints on the 

of AGN at different orientations 

there are observational and theoretical 

physical conditions, geom- 

tne gas is directly in the line of 

a‘lsorption provides unambiguous 

the BELR, for example, are still 

both/radial and transverse velocities 

;used as tracers of the dynamical 

i 
ciagnetic forces, gravity) at work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 straightforward determination 

of the gas in the line of sight, 

io:iic column densities. Additional 

I 

1 

I 

I 

1 

I 

I 

I 

presence of dust) and geometry 

Idistances) can be obtained by a 

geometry are likely to come from 

with respect to the line of sight, 

indications that the properties of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

sin( 
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dial 

axis 

par: 

tatic 

act1 

I 
,bsorbers (e.g., velocities, densities, columns) 

!cations, but also on their polar angles 

However, the properties of mass outflow 

neters as well, such as luminosity, black holc 

i/of the active nucleus with respect to the 

,Uy evolve with time (Weymann 2002). 

I 

I 

depend not only on their ra- 

wLh respect to the accretioi disk 

a’.most certainly depend on other 

mass, accretion rate, and orien- 

h k t  galaxy, and furthermore may 

Disentangling these effects will be a 
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challenge, but will lead to a better understanding of each effect and its role in es- 

tablishing the structure and dynamics of AGN. Intrinsic absorption also provide 

clues to the relationship between AGN and their host galaxies. The absorption 

lines provide reliable abundances, which can be used to probe the star formation 

history of the nucleus, and trace the chemical evolution of the inner regions of 

galaxies by observing quasars out to high redshifts (Hamann & Ferland 1999). 

Conversely, mass loutflow deposits a significant amount of matter, momentum, 

and kinetic energy into the ISM, which may have a long-term impact on the 

dynamics of the ISM and star formation in the inner regions of the host galaxy 

(Weymann 2002).’ 

Significant progress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas been made in the determination of observational con- 

straints on the absorbers and the development of sophisticated dynamical models. 

However, the study of intrinsic absorption is still in its infancy, and a detailed 

comparison between the observations and models has just begun. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA “wish list” 

for future obervations includes intensive multiwavelength monitoring of a number 

of sources, to isolate the sources of variability, pin down the densities, locations, 

mass-loss rates, and other important parameters, and further determine the con- 

nection between (he UV and X-ray absorbers., Higher zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIN from future missions 

in the UV (e.g., !he Cosmic Origins Spectrograph on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHST) are crucial for de- 

termining the coiering factors and degree of saturation of the absorption lines. 

Higher S/N and spectral resolution are needed in the X-ray (e.g. from the X-ray 

Spectrometer on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAstro-E2, and the planned Constellation-X and XEUS missions) 

to resolve and mkasure the kinematic components of X-ray absorption. Clearly, 

observations of lakger and more varied samples of objects are needed to explore 

the dependence of absorption properties on luminosity, AGN type, orientation, 

i 

l 

~ I 

I 

I 

I 

I 
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etc. For photoionization models of the X-ray absorbers, improvements in the 

basic atomic data for inner-shell transitions of many ions are needed. Fortu- 

nately, there are growing efforts to compare theoretical calculations with labora- 

tory measurements, and to prioritize the atomic data most urgently required from 

an astrophysical perspective ( e g ,  Behar & Kahn 2002). Most of the dynamical 

models have concentrated on BAL quasars, and need fine-tuning to address the 

intrinsic UV and X-ray absorbers in Seyfert galaxies and quasars. Future efforts 

on hybrid models are likely to be fruitful, since it is almost certain that thermal 

winds, radiation pressure, magnetic fields, and gravity all play an important roles 

in controlling the motions of the intrinsic absorbers. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a For Seyferts with spectra at R 2 1000 in the UV (900 - 3200 A) and R 2 100 

at 1 keV in the X-ray. 

Sey 1 - Normal Seyfert 1 (FWHM[HP] > 2000 km s-'), NLSl - narrow-line 

Seyfert 1 (FWHM[HP] 5 2000 km s-l). 

UV and X-ray References: (1) Crenshaw et al. (1999) and references therein, 

(2) Kriss 2002, (3) Crenshaw et al. 2001, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) Kraemer et al. 2002, (5) Kraemer 

et al. 2001a, (6) Gabel et al. 2003, (7) Collinge et al. 2001, (8) Crenshaw et al. 

2000b, (9) Kraemer et al. 2001b, (10) Brotherton et al. 2002, (11) Crenshaw et 

al. 2003, (12) Kriss et al. 2000, (13) Kraemer et al. 2003, (14) Crenshaw et al. 

2002b, (15) Romano et al. 2002, (16) Turner et al. 2001, (17) Turner et al. 2002, 

(18) O'Brien et al. 2001, (19) Netzer et al. 2002,' (20) Kaspi et al. 2000, (21) 

Kaspi et al. 2001, (22) Kaspi et al. 2002, (23) Blustin et al. 2002, (24) Ogle et 

al. 2000, (25) Branduardi-Raymont 2001, (26) Mason et al. 2002, (27) Lee et al. 

2001, (28) Sako et al. 2002, (29) Gondoin et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 2001a, (30) Kaastra et al. 2000, 

(31) Kaastra et al. 2002, (32) Marshall et al. 2002, (33) Pounds et al. 2001, (34) 

Yaqoob et al. 2002. 

Intrinsic 0 VI absorption detected; no intrinsic'absorption detected in UV at 

1200 - 3200 A or in X-ray. 
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Figure 1: HST spectra of the Seyfert 1 galaxy NGC 5548. The top panel shows 

a spectrum from the FOS, and indicates the positions of intrinsic UV absorption 

by H I La,  and the C IV and N v doublets. The middle panel shows the locations 

of interstellar absorption lines in the top panel due to our Galaxy. The bottom 

panel shows a high-resolution spectrum in the CIV region from the GHRS, and 

identifies five kinematic components of absorption in the C IV doublet. 
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Figure 2: Two parts of the CXO/HEG+MEG spectrum of NGC 3783 (adapted 

from Kaspi et al. 2002). The upper panel shows the region containing lines due to 

K-shell transitions in Si. For each, the locations in the rest frame of the galaxy of 

the first nine lines in the He- and H-like K-shell series are marked (ie. n = 1 + 2, 

3 ... from right to left), along with the bound/free edges. Many of these lines are 

clearly detected, as are several lines from less-ionized Si, and various Mg, A1 and 

S ions. The lower panel shows several He- and H-like lines of Ne detected within 

a forest of lines due to various ionization states of Fe (see Kaspi et al. 2002 for 
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Figure 7: GHRS 

region in NGC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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