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ABSTRACT 

This work explores how certain properties of galactic nuclei can be understood on 

the basis of the available data. Current evidence for the presence of large central 

masses in these regions, believed to be supermassive black holes, is first reviewed. 

Methods for estimating the mass are discussed, and a new algorithm is presented 

for implementing reverberation techniques with time-variable broad line data from 

active nuclei. The effectiveness of this new algorithm is first tested on sample data 

sets; it is then applied to actual data. Ne.xt, a model is presented for the formation 

of the cool, dense clouds responsible for the broad line emission, involving the 

rapid cooling of shocked gas embedded in a quasi-spherical, turbulent accretion 

flow. .-Vs an illustrative example, fitting of the model (with simnlify assumptions) 

is performed on data pertaining to the Seyfert nucleus NGC 5548. 

Accretion flows in two specific objects are then discussed. First, a cool, 

spherical accretion flow is argued for the non-active nucleus of M31 on the basis of 

the observed broad-band spectrum. In addition to comparisons of the model with 

the currently available data, we provide detailed predictions of the UV and optical 

line spectra, correcting for extinction due to intervening dust and cold gas. Then, a 

turbulent disk structure is argued for the weakly-active nucleus in the radio galaxy 

NGC 4261. This structure is capable of producing both the observed broad line 

spectrum and radio absorption, and may have application to the nuclei of other 

radio galaxies. 
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Finally, the iron Ka emission from Sgr B2, a giant molecular cloud located 

in the Galactic Center region, is reviewed. While many argue that this suggests 

recent activity associated with the radio source Sgr A*, our modeling indicates that 

the data are also consistent with a time-variable illuminator embedded within the 

cloud. 

The observations and modeling suggest that turbulence may be a key com

ponent to accretion in active nuclei, facilitating the transfer of angular momentum 

and allowing the greater accretion rates needed to fuel the central engines. Future 

3D-hydrodynamical simulations are required to test this assertion. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation to Study Active Galactic Nuclei 

There are many remarkable phenomena in our universe, but perhaps none rival 

active galactic nuclei (AGN's) in terms of both persistence and total energetic out

put. The designation "active galactic nucleus" refers to highly energetic processes 

occurring in, or originating from, the central core of a galaxy which are not directly 

attributable to stars (Peterson 1997). Due mainly to observational limitations, 

much of the underlying AGN physics remains poorly understood despite decades 

of study. Indeed, the fact that modem telescopes are unable to spatially resolve 

these regions presents us with a fundamental challenge: how can a luminosity 100 

or more times brighter than the stars of an entire galaxy originate from a volume 

smaller than a cubic parsec (1 pc = 3.2616 ly = 3.0857 x 10^® cm)? 

The environment of an AGN is characterized by extremes in temperature 

and density, intense radiation, strong gravitational and magnetic fields, and turbu

lence. AGNs therefore provide a unique opportunity to explore physics at conditions 

unattainable in the laboratory. By studying these objects, we can test the central 

engine paradigm — the hypothesis that the energy generated by an AGN ultimately 

comes from the kinetic and rest-mass energy of gas accreted onto a supermassive 
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black hole (SMBH) — and thereby improve our understanding of accretion pro

cesses, black hole physics, and general relativity. 

Because AGNs are the most distant discrete objects that can be observed, 

they provide a link to the universe's early history. They can tell us about primor

dial galaxy formation and early metal production in the universe. There is even 

evidence to suggest that the nucleus of nearly every galaxy contains one or more 

SMBHs, each of which may have undergone "active" phases at some time in the 

past. By investigating the luminosity function of AGNs (a measure of luminosity as 

a function of redshift. i.e., cosmological time), we can increase our understanding 

of the evolution of AGNs and galaxies in general. 

We may in turn learn about AGNs by studying their inactive relatives. 

Perhaps the best opportunity lies in the Galactic Center of our own Milky Way 

galaxy, which is more than 1000 times closer to us than the nearest AGN. There 

is now almost irrefutable evidence for the presence of a SMBH in the Galactic 

Center, coincident with the point-like radio source Sagittarius (Sgr) A*. Because 

gas is plentiful near Sgr A*, we are faced with additional questions: if the basic 

ingredients of an AGN are gas and a SMBH, why is Sgr A* relatively quiescent? 

Wzis Sgr A* active in the past? And how might we look for e\'idence of past activity? 

The remainder of this chapter is a brief overview of the properties and 

classification of AGNs. Chapter 2 discusses the the reverberation method for deter

mining the central mass in AGNs, while Chapter 3 applies this technique to actual 

broad-emission line data. Chapter 4 discusses a particular model for the origin and 

nature of the broad line emission region inspired by observations eind modeling of 

the Galactic Center. Chapters 5 and 6 describe modeled accretion flows for the 
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nuclei of M31 and NGC 4261. Chapter 7 discusses the nebular environment in the 

Galactic Center and evidence for past activity in Sgr A*. Finally, .Appendices A 

and B describe the nebular physics and extinction mechanisms relevant to this work. 

1.2 AGN Properties 

1.2.1 Luminosity and Lifespan 

Typical .A.GNs have a core luminosity in the range 10^°"^^ L©, where LQ = 3.826 x 

10^^ erg s~^ is the luminosity of the sun. The lifespan of AGNs can be estimated as 

first proposed by Woltjer (1959) — at one extreme, if AGNs are a distinct species 

(i.e., normal galaxies that never pass through an active phase), then they must have 

a minimum lifespan on the order of the age of the universe, roughly I0^° years. If, 

on the other hand, all galaxies pass through an active phase, then the minimum 

lifespan of an AGN corresponds to the fraction of galaxies currently showing activity 

(~ 1%) times the age of the universe: i.e., roughly 10® years. 

By comparison, the brightest main sequence stars (type O) have a luminos

ity on the order of 10® £,0 with a lifespan of only ~ 10® years. Supernovae, on the 

other hand, have a peak luminosity of ~ 10^ ' £© (mainly in the form of radiated 

neutrinos; the optical luminosity is roughly 10~° times this figure), with a peak 

outburst period on the order of days. 

1.2.2 Continuum Spectrum 

The spectral energy distribution (SED) of AGNs is remarkably flat, meaning that 

the power radiated per logarithmic frequency interval is roughly equal over a wide 
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range in energy ranging from infrared (IR) through soft X-rays, and in some cases 

even to hard X-rays and gamma-rays. 

Astronomers usually measure spectra as the specific flux (or flux density) 

Fu, defined as the flux per unit frequency interval and having dimensions of energy 

per unit area per unit time per unit frequency (typically erg cm~- s~^ Hz~^). With 

this definition of F„, the power radiated by a source in the frequency interval dv is 

proportional to the quantity F^dz/ = u Fud{\ni>). So a flat SED implies that the 

quantity u F^ is constant for equal logarithmic frequency intervals (i(lnt'). 

Figure 1.1 shows the broad-band SED of the Seyfert 1 galaxy Fairall 9. as 

compiled by Recondo-Gonzalez et al. (1997). The data shown are four different 

brightness levels chosen over a total observing time of 13 years; the considerable 

long-term variability displayed by Fairall 9 is remarkable even in AGNs. It is ap

parent that the spectrum is relatively flat over six orders of magnitude in frequency. 

Also note the rise in energ\* output near u ~ 10^^ Hz, particularly evident in the 

brighter phases. This is the so-called "big blue bump" (BBB), which is thought 

to arise in the hot plasma orbiting the central black hole and has important impli

cations for the ionization state, line emission, and equilibrium temperature of the 

AGN gas. 

In the central engine paradigm, the ultimate source of energj' in AGNs 

is an accreting SMBH. As gas from the surrounding environment falls into the 

deep gravitational potential of the SMBH, it liberates much of its kinetic energy in 

the form of radiation. Theoretical studies suggest that this process can be highly 

efficient. Expressed as Lboi = eM(?, where Lboi is the bolometric (total) luminosity, 

M is the mass accretion rate, and e is the accretion efficiency (the fraction of kinetic 
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Figure 1.1: Broad-band spectral energy distribution (SED) of the Seyfert 1 galaxy 
Fairall 9 at four different LTV' brightness levels (Recondo-Gonzalez et al. 1997). 
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energy converted to radiation), modeling suggests that values as high as e ~ 0.4 are 

attainable (Frank et al. 1992). Thus, the energy per baryon generated by accretion 

has the potential to be much greater than that liberated by, e.g., nuclear fission or 

fusion processes. 

In addition to the gravitational force, accreting matter experiences radiation 

pressure from the inner radii. For matter to accrete, the gravitational force must 

overcome the outward force due to radiation pressure, which can be expressed as: 

G M m  ^  CTTL 
r 2  -  4 x r 2 c '  ^  

where M is the central mass, m is the mass of the accreting particle, and r is the 

distance from the central mass. In a plasma, the gravitational force is greater for 

the heavy nuclei. However, since the ions and electrons are strongly coupled via the 

Coulomb force, we can take m ~ nip in Eq. (1.1). With this approximation, we can 

determine the so-called Eddington luminosity: 

r  _ 4 7 r c G i V / m p  
^Edd — , 

<Jx 

for which L < Z^Edd? and which therefore provides a characteristic upper limit to 

the radiant energy generated by an accreting mass M. 

Most of the work in this field assumes that the bulk of the continuum 

radiation originates from an accretion disk around the central black hole. However, 

the exact physical processes by which such a disk produces the radiation are not well 

determined (Koratkar and Blaes 1999, and references therein). The most simplified 

view is that the dominant optical/TJV' radiation (the BBB) is produced at the 

inner radii of an optically-thick thermal disk. X-ray photons are believed to be the 

result of inverse-Compton scattering of optical/UV' disk photons by a hot corona 
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which sits above the disk (e.g., Reynolds 2001). Magnetic flares arising from the 

disk surface, similar to those seen on the Sun, may also contribute to the X-ray 

emission (Nayakshin and Melia 1997). The IR spectrum, on the other hand, is 

probably due to thermal emission from radiatively-heated dust situated far from 

the SMBH (Clavel et al. 1989). 

A major difficulty facing AGN researchers is that the bulk of the ionizing 

continuum spectrum, in the range 13.6 eV < hu ^ 1 keV, is unobservable due to 

extinction by intervening gas (see Appendix B). From the strength of the AGN 

emission lines and the ionization state of the line-emitting gas, it is believed that 

the BBB extends to extreme ultraviolet (EUV) energies (cf., Kriss 2001). But if we 

are to, e.g., distinguish between possible accretion mechanisms in AGNs, determine 

the extent to which AGNs contribute to the photoionization of the intergalactic 

medium (IGM), or model the line-emitting regions with greater accuracy, a more 

complete understanding of the SED is needed (see Alexander et al. 2001 and refer

ences therein). 

1.2.3 Line Spectrum 

Many AGNs are sources of strong emission lines. These typically show significant 

Doppler broadening due to the bulk motions of the emitting gas. Described in terms 

of upwHM, the full-width velocity at half-maximum intensity, and ufwzit the full-

width velocity at zero-intensity, it is seen that the AGN lines fit into two distinct 

categories: narrow lines, having ufwhm ~ 500 km s~^ and upwzi ~ 2,000 km s~\ 

and broad lines, having ufwhm ~ 5,000 km s~^ and uftatzi ~ 20,000 km s~^ From 

the characteristics of the narrow and broad lines, it is clear that they are generated 



24 

in separate environments — called the narrow line region (NLR) and the broad line 

region (BLR), respectively — which are different both spatially and in terms of 

their physical properties. 

It seems prudent at this juncture to discuss the line nomenclature used by 

astrophysicists. Lines are denoted by the element name and transition series, which 

corresponds to the ionization state of the element (the first series refers to elec

tronic transitions of the neutral species, etc.). These are followed by the transition 

wavelength, in Angstroms unless otherwise specified. For example, the notation 

Crv A1549 refers to an electronic transition of the C"*"^ ion having a wavelength of 

1549 A. Multiplets are designated by a AA: e.g., the doublet O VI AA1032, 1038 

having wavelengths 1032 A and 1038 A. 

Lines are classified as permitted, forbidden, or semi-forbidden. Permit

ted transitions are those which have non-zero probability in the first order ex

pansion (the electric dipole approximation) of the cross-section derived from the 

time-dependent perturbation theory of quantum mechanics. There is no special 

notation for permitted transitions. Forbidden transitions are those which have non

zero probability only in the second order expansion (magnetic dipole or electric 

quadrupole), and are denoted by closed brackets: e.g., [Om], [Fell], etc. Possessing 

much smaller cross-sections due to their second order nature, forbidden transitions 

occur at a much slower rate than permitted transitions. Semi-forbidden (also called 

inter-combinational) transitions involve a change in electron spin, and are denoted 

by a single bracket, e.g., Cm]. Semi-forbidden transitions typically occur at an 

intermediate rate relative to the other transition types. 
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The presence of forbidden and semi-forbidden lines can be a powerful diag

nostic for the density n of the line-emitting gas (see Sec. A.4.1 of the Appendix). We 

expect the emission of a given line to be suppressed if ra 2> n*. the critical density 

at which collisional and radiative transitions from an excited state balance. For

bidden lines typically have critical densities in the range 10''"' cm~^, while those of 

semi-forbidden lines are somewhat higher. Because we see no broad forbidden lines, 

we know that the BLR gas must have n Z, 10' cm"^. Likewise, because a strong, 

broad C III] A1909 line is present in most AGN spectra, a significant fraction of the 

BLR gas must have n ^ 10'° cm"^. Similarly, the narrow line spectrum contains 

strong forbidden lines, many with critical densities as low as ~ 10"' cm~^, so much 

of the emitting gas in the NLR must have a density at or below this limit. 

Figures 1.2 and 1.3 show the ultraviolet and optical spectra of the Seyfert 1 

galaxies NGC 5548 and Fairall 9. respectively. The strongest lines have been la

beled in each spectrum. Note that the spectra have been uncorrected for cosmo-

logical redshift. From the figures, it can be seen that the principal broad lines are 

Lya A1216, Nv AA1239, 1243 (often abbreviated as Nv A1240), SilV AA1394, 1403 

(abbr. Si IV A1400), CIV AA1548, 1551 (abbr. CIV A1549), He H A1640, O m] A1663, 

Cin] A1909, Mgn AA2796, 2803 (abbr. Mgll A2798; not shown), H7 A4340, 

H/3 A4861, and Hq A6563. The principal narrow lines are [Ne V] A3426 (not shown), 

[On] A3727 (not shown), [Nein] A3869, [Om] A4363, [OOl] AA4959, 5007, and 

[N11] AA6548, 6583, as well as narrow components of the broad emission lines. 

Because the NLR has been spatially resolved in some AGNs, while the 

BLR remcuns unresolved, it is clear that the BLR lies at smaller radii than the 

NLR. This suggests that the larger line widths (and corresponding gas velocities) 
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Figure 1.2: HST-FOS UV spectrum of the Seyfert I galaxy NGC 5548 (Korista, et 
al. 1995). 
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Figure 1.3: 1.5 m ESO optical spectrum of the Seyfert 1 galaxy Fairail 9 (San-
tos-Lleo, et al. 1997) 
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of the BLR are due to the strong gravitational potential of the centrzd SMBH, and 

that the higher density of the BLR may be due to compression of gas as it accretes 

to smaller radii (some authors have proposed instead that the lower density of the 

NLR results from the outward expansion of expelled gas). Evidence to support this 

accretion picture will be discussed in later chapters. 

1.2.4 Variability and Size 

AGNs display rapid, large-amplitude variability in many observable quantities, in

cluding line emission and the continuum ranging from radio to 7-ray energies. De

tailed studies of this variability can provide important clues for determining the 

nature of AGNs, allowing us to, e.g., constrain the size of the emission region, esti

mate the value of the central mass, and to test different accretion models (Peterson 

2001 and references therein). 

For a spatially-extended luminosity source of size I to undergo substantial 

variability, different parts of the system must be able to communicate with each 

other over the duration of the fluctuations. The communication cannot occur faster 

than the light-crossing time, so an upper limit to the size of a system with variability 

timescale r is roughly I = cr. Because AGNs typically have L^'-continuum vari

ability timescales on the order of days, it is believed that the core emission region 

is therefore no larger than a few light-days. 

The central engine paradigm suggests that the continuum variability in 

different energy bands should be highly correlated. In this picture, radiation is 



generated as matter falls onto the black hole via a geometrically-thin, optically-

thick (blackbody) accretion disk. The temperature of this disk is radially stratified, 

1/21 
T { r )  =  T i ,  

• 

where Tin is the last stable radius of the accretion disk and Tin is the temperature 

at Hn. For r :§> Hn, 
/ r \ -3/-1 

T{r)^TiJ — ) . (1.4) 
vn.i/ 

Because the energy output of most AGNs is dominated by the BBB, we expect the 

innermost (hottest) radii of the disk to correspond to UV-temperatures. 

If the mass accretion rate M is not constant, we expect the largest-

amplitude continuum variability to occur nearest the black hole. This is due to 

a combination of factors: (i) the peak energy output occurs at small radii, so the 

largest absolute variation should also occur here, and (ii) the inner accretion disk 

is a relatively compact emission region (i.e., it has a small dynamical timescale), so 

this region should respond more effectively to short-term changes in M. Figure 1.4 

is a plot of the continuum light curves of the Seyfert 1 galaxy NGC 7469 (Wanders 

et al. 1997; Collier et al. 1998). In agreement w^ith our understanding, we see that 

the amplitude of the UV variability is indeed greater than the corresponding optical 

variability. 

It is further observed (although difficult to discern from this figure) that 

the longer wavelength continuum variations lag behind the 1315 A continuum with 

a characteristic timescale of several hours, with the delay being proportional to 

the wavelength (Collier et al. 1998: Peterson 2001). This phenomenon can also be 

explained by the central engine paradigm. Recedl that optical/UV photons from the 

inner disk serve as seed photons for inverse-Compton scattering in the hot corona. 
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Figure 1.4: Continuum light curves of the Sey-fert 1 galaxy NGC 7469 (Wanders 
et al. 1997; Collier et al. 1998). The curves have been normalized and off-set for 
clarity. 
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A change in the optical/UV flux will therefore produce a similar change in the X-

ray flux. Due to light-travel effiects in the spatially-extended corona, the response 

should be delayed by a few hours and "smeared out" to some extent (not all parts 

of the corona respond to the variability at the same time). Just such a correlation 

between the UV and X-ray fluxes has been observed in, e.g., NGC 5548 (Reynolds 

2001). 

Of course, some fraction of these coronal X-ray photons will be scattered 

back onto the accretion disk. In the cold disk, they are further reprocessed, this 

time into lower energ\' optical photons (N'andra 2001). There is again a delay and 

smearing out due to light-travel effects. Since the temperature of the blackbody disk 

decreases with increasing radius, we should see longer delays and smaller-amplitude 

variability at longer wavelengths. This wavelength-dependent delay and smearing 

out is precisely what is seen in NGC 7469. 

It should be stated that some variability cannot be explained by the central 

engine paradigm, however. The X-ray continuum, for instance, often contains high 

frequency, large-amplitude variability that is completely uncorrelated with the UV. 

This variability is probably due to structural changes in the X-ray producing region 

(Nandra 2001) or the reconnection of magnetic flares produced by the accretion disk 

(Nayakshin and Melia 1997). 

As a final note, it is observed that broad line variability is highly correlated 

with chzinges in the ionizing flux. Figure 1.5 shows the 1337 A continuum and two 

line light curves of the Seyfert 1 galcixy NGC 5548 (Clavel et al. 1989). It is very 

apparent from the figure that the line variability follows the continuum variability 

with a characteristic lag on the order of days or tens of days. Reverberation mapping 
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Figure 1.5: Continuum and line light curves of the Seyfert 1 galaxy NGC 5549 
(Clavel et ai. 1989). The curves have been normalized and ofF-set for clarity. 

uses the characteristic delay (again due to light-travel effects) to estimate the size of 

the line emitting region. This can be coupled to the observed broad line widths to 

allow an estimate for the value of the central mass. These techniques are discussed 

fully in later chapters. 

1.2.5 Jets 

Many AGNs possess powerful jet structures. These act to carry matter away from 

the central object, with the out-flowing particles being accelerated to relativistic 

velocities in many cases. The jets are highly collimated, with a tjrpical opening 

angle of only a few degrees, and are responsible for much of the radio and 7-ray 

emission. 
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The exact physical processes for the formation of these jets remains uncer

tain (see Livio 2001 and references therein). They are seen in many other astrophys-

ical objects (e.g., young stellar objects and x-ray binaries), and may be ubiquitous 

(though undetectable in most cases) in the AGN population (Falcke et al. 2001). 

1.3 Classes of AGN 

The demarcation between active and non-active galactic nuclei is very tenuous, 

being based on arbitrarj- classification schemes which in turn depend upon rather 

limited observable properties. It is further complicated by the fact that all galaxies 

possess some form of enhanced activity at their centers, though the vast majority 

of these are not considered AGNs. 

VVith these difficulties in mind, Table 1.1 lists objects which are considered 

to be AGNs, as well as a few related (non-AGN) phenomena. The following is a 

brief description of each object class (Blandford et al. 1990): 

• Radio Galaxies. These objects display strong radio emission and are usually 

iissociated with luminous elliptical galaxies. They often show extended jet 

structures, which generate much of the radio emission. The spectra of broad 

line radio galaxies (BLRGs) contain both broad and narrow emission lines, 

while those of narrow line radio galaxies (NLRG) contain only narrow lines. 

• Seyfert Galaxies. These objects are the spiral-galaxy counterparts to radio 

galaxies. Their radio emission is considerably weaker than the radio galzixies, 

and they generally lack the extended jet structures of the latter. 

By definition, Seyfert 1 galaxies (Syls) show both broad and narrow emission 
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Table 1.1: AGN Classes and Related Phenomena 

Object Class 

Radio Galaxies 
Broad Line (BLRGs) 
Narrow Line (NLRGs) 

Seyfert Galaxies 
Type 1 (Syls) 
Type 2 (Sy2s) 

Quasars 
Radio Loud (RQs) 
Radio Quiet (QSOs) 

Low Ionization Nuclear Emission Line Regions (LINERs) 

Blazars 
BL Lac Objects (BL Lacs) 
Optically Violent Variables (OWs) 

Related (non-AGN) Phenomena 
Star Burst Galaxies 
Nuclear Hn Regions 
Ultraluminous Far-Infrared Galaxies 
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lines, while the spectra of Seyfert 2 galaxies (Sy2s) show only narrow lines. 

There is evidence, however, that this apparent distinction between Syl and 

Sy2 galaxies may be due to an orientation effect. A view of the polarized 

spectrum of many Sy2s reveals the presence of broad lines (e.g., .A.ntonucci 

and Miller 1985; Tran, Miller, and Kay 1992), suggesting that Sy2s may harbor 

BLFls obscured from direct sight by, e.g., thick, dusty tori. 

• Quasars. .-Vlthough the host galaxies of these highly luminous and distant 

AGNs were for a long time unresolvable, recent observations by Hubble Space 

Telescope (HST) suggest that these objects are closely related to the nearby 

radio and Seyfert galaxies (Bahcall et al. 1996). As their name suggests, radio 

quasars (RQs) are strong radio sources, while quasi-stellar objects (QSOs) are 

weak radio emitters. Most quasars typically display both broad and narrow 

emission lines, while some 10% of QSOs also display broad absorption lines. 

• LINERs. The spectra of these objects is characterized by strong, narrow 

emission lines of low-ionization (O I, SII, etc.) species. Collisional ionization 

(due to shocks), rather than photoionization, is believed to be the dominant 

mechanism in these objects. 

• Blazars. These objects display extremely rapid variability and unusually high 

levels of polarization. A blazar spectrum is dominated by a single power-law 

component; emission lines are either very weak (0\'Vs) or completely absent 

(BL Lacs). It is speculated that the unusual properties of these objects may 

be an orientation effect — the result of viewing an AGN directly along its jet. 

• Star Burst Galaxies. The centers of these galaxies possess an extraordinar

ily high rate of stzir formation. Because they contain large populations of 
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bright, young stars, the spectra of these galaxies is dominated by integrated 

blackbody emission in the optical/UV. 

• Nuclear H11 Regions. The spectra of these objects contains narrow lines char

acteristic of Hn regions or planetary nebulae. Unlike LINERs, the principal 

ionization mechanism is believed to be photoionization due to the presence of 

hot stars. 

• Ultraluminous Far-Infrared Galaxies. These objects are extremely luminous 

emitters in the far-infrared, probably due to the reprocessing of high-energy 

radiation by dust. 
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CHAPTER 2 

TESTING REVERBERATION METHODS 

Abstract 

In this chapter, we use simple models of the broad line region (BLR) to 

test reverberation methods of determining the central mass in active galactic nuclei 

(AGNs). We also compare the relative merits of different techniques for estimating 

the size and velocity dispersion of the BLRs. Our approach consists of constructing 

cloud populations via Monte Carlo simulations from spatial and velocity distribution 

functions. Time-dependent line emission profiles are calculated from the response 

of these clouds to simulated continuum light curves. Based upon our results, we 

conclude that reverberation methods are indeed effective at estimating the central 

mass in AGNs, with a correction factor of order unity. VVe also find that the "direct 

method" is a more stable estimator of the velocity dispersion in most cases, while 

the size of the line-emitting region can be determined successfully from either the 

peeik or centroid of the cross-correlation function. 

2.1 Introduction 

Time studies of AGN spectra indicate that both the continuum and line fluxes 

are highly variable. The fact that the emission line fluxes follow the continuum 
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variability with a delay on the order of days or tens of days is further evidence that 

the line-emitting gas is photoionized (see Sec. A.3 of the Appendix) by a central 

continuum (e.g., Clavel et al. 1991). Interpreting the delay as the light-travel time 

between the central source and an extended BLR, a rough size can be estimated for 

the latter as tblr ~ cr, where r is the characteristic delay between continuum and 

line variability. Because Doppler-broadening due to thermal flows is insignificant at 

BLR temperatures (e.g., Osterbrock 1989), bulk motions of the line-emitting gas in 

the presence of a large central mass are believed to be responsible for the observed 

line-broadening. 

Indirect measurement of the central mass in our own Galactic Center (GC), 

corresponding to the Sgr A* radio source, has recently been made by measuring the 

radial and projected velocities of stellar populations in the central parsecs (Genzel 

et al. 1997; Ghez et al. 1998). The mass was estimated using the first moment of 

the collisionless Boltzmann (Jeans) equation, 

dlnn.(r) d \ n { a ^ { r ) )  ^•^^enc(^) 2 f \ , 2 /  \  
=  K o t i r )  +  a ; { r )  - 2 5  (2.1) 

din r d Inr 

where Menc{r) is the mass enclosed within radius r, Vrot{r) is the bulk rotational 

velocity of the stellar population, <Tr(r) the radial velocity dispersion, n,(r) is the 
2 /  \  

stellar number density, and 5  = 1 — is an anisotropy parameter of the azimuthal 

and radial velocity dispersions (where <t| = £r| has been assumed). The stellar 

velocity fields were observed to be isotropic and a compact central dark mass of 

M = (2.6 ± 0.2) x 10® MQ was found to exist within a radius of < 0.1 pc. Based 

on the stellar-motion data alone, the nature of this mass is perhaps most easily 

explained by a SMBH, though a highly condensed cluster of small mass black holes 

cannot be completely ruled out (Maoz 1998). Recent Chandra observations of rapid 
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X-ray flaring in Sgr A* (Baganoflf et al. 2001; Melia 2001), however, may remove all 

doubt that the central meiss is indeed a SMBH. 

Individual stars are unresolvable in the distant AGNs, so the method de

scribed above cannot be used to estimate their central masses. One promising alter

native uses data from radio-band water megamasers, whose location and Doppler 

shifts are consistent with disk-like, keplerian motion about a central mass. In the 

seminal case of NGC 4258 (Nakai et al. 1993), for instance, the data suggest the 

presence of a central mass of M « 4 x 10" MQ enclosed within a radius of ~ 0.1 pc. 

Unfortunately, spatially-resolved water megamasers are seen in only a few 

AGNs, so this technique is not very general. Instead, reverberation methods (e.g., 

Blandford and McKee 1982; Clavel et al. 1991), which attempt to measure the 

BLR size and geometry by observing continuum and line variability, are used to 

provide such an estimate. In reverberation mapping, the value of the central mass 

corresponds to 

M = s , (2.2) 

where / is a corrective factor representing our uncertainty in the geometry and 

degree of isotropy of the BLR, is the velocity dispersion measured from the line 

profile, and M^ev the reverberation mass. In this chapter, we test the validity of Eq. 

(2.2); i.e., whether / is indeed of order unity, or whether large biases occur in even 

the simplest BLR models. We also discuss methods used to assign values to r and 

cr^, and compare their relative merits. 

Equation (2.2) assumes that the gas motions are virialized and dominated 

by the large central mass. This assumption has been verified in the well-studied 

Seyfert 1 galaxy NGC 5548, where a ufwhm oc relation has been measured in 
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a set of broad emission lines (Peterson and Wandel 1999). Note that reverberation 

studies map gas at radii ~ 0.001 pc, so that we are able to confine central masses 

in these AGNs to much smaller radii than is apparently possible using the water 

megamaser data or for the Galactic Center using only the stellar kinematics data. 

Unlike AGNs, the Galactic Center has not yet e.xhibited BLR behavior, other than 

the observed He lines which are associated with stellar wind sources not directly 

coupled to the central mass. Thus, the reverberation method has important im

plications for the existence of SMBHs beyond what we can currently do with the 

Galactic Center. 

2.2 Estimating the Central Mass using Reverberation Data 

2.2.1 Characteristic Delay and the Cross-Correlation Function 

The cross-correlation function CCF(r) provides a measure of the strength of the 

c o r r e l a t i o n  a t  a  p a r t i c u l a r  l a g  r  f o r  t h e  v a r i a b i l i t y  b e t w e e n  t h e  c o n t i n u u m ,  C [ t ) ,  

and line, L{t), light curves. It is defined as 

with the largest values of CCF(r) occurring at values of r for which the correlation 

is strongest. To obtain the characteristic delay for a given line, we can look either 

at the lag at which CCF(r) is maximized (i.e., the peak), Tp, or the centroid TC of 

CCF(r). In practice, the centroid is typically calculated using only values of r for 

which CCF(r) is at least 80% of the maximum value of CCF. This 80% cut-off is 

rather arbitrary, however, and may result in bias (Welsh 1999). 

The relative merits of using Tp versus TC have been debated in the literature. 

CCF(r) = r  L { t ) C { t - T ) d t  
J — OO 

(2.3) 
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It has been suggested that TC corresponds to the responsivity-weighted radius, and 

therefore provides the better estimate of the BLR size (Koratkar and Gaskell 1991b). 

Welsh (1999), however, argued that both Tp and are biased for any finite duration 

light-curves. To assess the biases, he assigned a line response function (r) for the 

BLR and created line light curves by convolving ^(r) with sample continuum light 

curves. The CCFs were calculated for a large sample of these modeled data sets. 

Based upon his results, he argued that Tp is generally a more accurate measure of 

the BLR size than TC. Here, we test this conclusion in the context of a wider sample 

of BLR models. 

Equation (2.3) is defined for the continuously-sampled, infinite-duration 

limit, so a discretized analogue must be used for real or simulated AGN data. In 

our modeling, we assume that a sample of N data points taken at evenly-spaced 

intervals of Ai have been acquired. The local CCF is then calculated for lags which 

are integer multiples k of the time interval (r^ = k^t). The discretized analogue 

used in this paper is the "local CCF" described by White and Peterson (1994): 

CCF(.., = ^ E . (2.4) 

where 

is the mean and 
r 1 .V 1 

(2.6) 

is the standard deviation of time series -4(t), each computed using only the data 

values which contribute the calculation of the CCF at any particular Tfc. These 

equations are only valid for A: > 0. For values of A: < 0, —k is substituted for k in 

all three equations, and L and C are switched on the right-hand side of Eq. (2.4). 



41 

Equations (2.4) - (2.6) describe the local CCF because only the {N — k) 

points used in the numerator of Eq. (2.4) are actually used in determining the mean 

and standard de\iations of the light curves. The local CCF therefore corresponds 

to the standard linear correlation coefficient or Pearson's r-statistic for the subset 

of points that calculate CCF(rfc). As in the case of Pearson's r-statistic, the value 

of CCF(rp) is a measure of the strength of the correlation (Press et al. 1992). 

2.2.2 Velocity Dispersion 

We compare two different methods of estimating the velocity dispersion of the BLR 

gas. Traditionally, it has been determined from the full-width at half-maximum 

velocity. 

of the line profile (Blandford et al. 1990). This method, however, can give spurious 

results in cases where the line profile is highly irregular (e.g., in double-peaked lines 

or those containing a very narrow central spike). 

An alternative is the "direct method" described by Fromerth and Melia 

(2000). Broad line profiles are produced by the composite emissivity of a BLR 

comprised of discrete clouds, which constitute a distribution in velocity around 

the central mass concentration. Along any given line-of-sight, say the z-axis, the 

velocity dispersion of these emitters is defined as 

al = {vD - , (2.8) 

where angle brackets indicate the expectation value and denotes the 2-component 

of velocity v. Then, assuming that [v] c, we can approximate the Doppler-shift 



42 

formula as (A/Aq) ~ 1 + u./c, where AO is the wavelength in the emitter's frame. 

Thus, as long as the velocity field is isotropic (i.e., cr^ = Scr^), this relation can be 

used to replace v. in Equation (2.8), and thereby to obtain an expression for cr- in 

terms of observable quantities: 

CT-' ~ «A»> - <A)^) . (2.9) 

The mean values of A- and A appearing on the right hand side of this 

expression have typically been calculated from the data assuming that the line 

profiles are Gaussian, for which a determination of the FWHM is then sufficient. 

A more general technique, however, is to calculate the expectation (or mean) value 

(.4) of function -4(A) using a flux-weighted sum: 

, (2.10) 

where F£,(A) is the (continuum-subtracted) line flux at wavelength A and the summa

tion is taken over the appropriate wavelength bins A^. Using Eq. (2.10) in Eq. (2.9) 

to determine the velocity dispersion is here called the direct method, and the result 

is denoted a^. 

2.3 Modeling the Broad Line Emission 

We assume that the physical properties and structure of the BLR are time-

independent; i.e., that the line variability is due to changes in the continuum only. 

This is true if the dynamical timescale of the BLR is much longer than the observa

tion time of the reverberation study, typically on the order of a few hundred days. 

The dynzunical timescale is approximated by 

^dyn « 600 ( \ days , (2-11) 
UFWHM Vl'5000/ 
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where u5000 = ufwrm/CoOOO km s"^) and tiq = 7-/(10 days). Because t^yn estimated 

in Eq. (2.11) is only slightly longer than most monitoring campaigns, some of the 

line profile variations seen in these studies may in fact be due to changes in the 

BLR structure. 

The actual BLR structure (flat or spherical; continuous medium or discrete 

clouds) and velocity fields (isotropic or dominance of radial/rotational motions) 

are unknown, despite many attempts at modeling. Indeed, the success of many 

fundamentally-different pictures of the BLR suggests a degeneracy in solution space. 

VVe simply do not yet possess sufficient information to select the correct model. 

Without any such clear indication, we choose to model the BLR as a popula

tion of iV discrete clouds, with the understanding that we approach the continuous 

limit for ver>' high N. The composite emission line flux from the population of 

clouds, as a function of wavelength and time, is: 

Fl(A , i) oc j d^r cFv dt' f{r,v,t') e(r, v, f') T(r, i, i') A(r. v. A )  (2.12) 

where /(r, v, f') is the phase space density of clouds (or other line emitting gas), 

e(r, V, t') is the line emissivity including relativistic and anisotropic emission effects, 

T(rt, t, t') accounts for the geometrical delay between the cloud emission and obser

vation time, and A(rj,Vj,A) is a convolution term relating a cloud's location and 

velocity to the observed line wavelength. 

2.3.1 Phase Space Density 

In our procedure, we will simulate the BLR using a finite, discrete set of clouds whose 

positions and velocities are determined via Monte Carlo sampling from the phase 
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space density function. IVe make the simplifying assumption here that all clouds 

emit equally, modified only for relativistic effects and the time-retarded continuum 

intensity. Any radial dependence to the ionization parameter, cloud density, column 

d e p t h ,  e t c . ,  i s  t h e r e f o r e  i n c l u d e d  i n  f { T , v , t ' ) d ^ T d ^ - v d t ' .  

Without any clear indication for the actual BLR geometry, we assume 

spherical-symmetry and express the spatial distribution function (s.d.f.) as 

with the appropriate spherical metric factor. In our simulations, different functional 

forms of g{r) are tested. We choose the velocity at a given radius to be the \irial 

value: 

with the orientation selected randomly. 

2.3.2 Line Emission 

Cloud emission is assumed to depend only on relativistic effects and the time-

retarded continuum luminosity; i.e., anisotropic emission is here neglected. Taking 

the line-of-sight to be along the 2-axis, the effect of Doppler boosting is given by 

(Corbin 1997): 

g { r )  r ' s i n  9  d r  d O  d c f )  ,  (2.13) 

(2.15) 

where eo(r, t') is the rest-frame emissivity and 

V ,  =  V ;  c  (yi^^2GM/7^- l) (2.16) 

is the line-of-sight velocity including general-relativistic corrections. 
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•J: 
C u 
s 
u > 

V "  

0.1 
Ionization Parameter U 

Figure 2.1: Relative intensity of C rV' A1549 as a function of ionization parameter 
U = n^/n with Nfj = lO""* cm"' and n = 10® cm~^ (dot-dashed), 10^ cm~^ (dashed), 
and 10'° cm"^ (solid). The data was calculated using Cloudy (Ferland 1996; Cloudy 
94.00) with the table agn spectrum. 

We approximate eoir.t') by the relation 

£„(r,C) oc [Cll'-r/c)]", (2.1T) 

with /3 ~ 0.8, valid for C rv A1549 (the line modeled here) over a fairly wide range 

in BLR conditions (see Kinney et al. 1990; Fig. 2.1). In fact, this line has been 

selected because it is fairly "well-behaved" in the range of interest. 

2.3.3 Geometrical Time Delay and Observed Wavelength 

Radiation emitted at time f hy a. cloud located at (r, 9) will be observed at a delayed 

time t = + (1 + cos0)r/c due to light-travel effects (Peterson 1997). Therefore, 
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T(r, t ,  t ' )  can be expressed as a delta-function: 

T(r, t ,  t ' )  =  6  t '  - \ t -
c  I (2.18) 

The observed wavelength A of line emission from a given cloud is related to 

the rest-frame line wavelength Aq by 

where the correction terms on the right are the gravitational, Doppler, and cos-

mological redshifts, respectively. This relation, appearing as a delta-function 

A(ri,Vi,A) in Eq. (2.12), is used to map each cloud's emission into predetermined 

wavelength bins. 

2.4 Simulations 

The main questions we wish to address are: (i) how good are reverberation methods 

at estimating the central mass of AGNs?; and (ii) which techniques (rp vs. TC, a/ 

vs. CTd) provide the most reliable results? 

To provide some answer to these questions, we estimate the value of / 

appearing in Eq. (2.2) for a variety of BLR geometries emd properties. This is 

accomplished by simulating the time-varying continuum and line fluxes over a large 

number of trials to obtain a set of values for A/rev For purposes of setting a scale 

for our modeling, we choose a central mass of M = 5 x 10^ A/©. 

(1 + z )  (2.19) 
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2.4.1 Methodology 

We create sample continuum light curves from a power-law power density spectrum 

(PDS), P{fk) oc where P{fk) is the Fourier power at discrete frequency fk (Press 

et al. 1992). The sample light curves are constructed according to the recipe 

;V/2 + I 

C { t ) =  Y i  -4fcCos(27^^^ + 0;fc) (2.20) 
fc=i 

where .4^, the amplitude of Fourier component fc, is proportional to the square root 

of P(/fc). The phases Ok are randomized in each light curve so that we are capable 

of producing a large set of unique sample light curves. For the best-studied AGN 

NGC 5548, the observed UV light curve is well approximated at low frequencies by 

a power-law with a ~ —2.5 (Krolik et al. 1991), so we use this value except where 

stated otherwise. After the continuum intensity C(i,) at discrete times t, has been 

calculated, each light curve is normalized such that its mean flux 

c = ^ s C((i) (2.21) 
t=l 

is equal to unity, and scaled so that its rms-variability 

— 

1 .V 1/2 

L(rrT) 
(2.22) 

relative to the mean flux is equal to 0.187, the value observed for the NGC 5548 

continuum at 1350 A over the combined International Ultraviolet Explorer (lUE) 

and HST Faint Object Spectrograph (FOS) monitoring period (Koristaet al. 1995). 

A distribution of 10,000 clouds is constructed via a Monte Carlo sampling 

from the phase space density (see Sec. 2.3.1). The line profiles Fi{Xj,ti) are then 

calculated from Eq. (2.12). The spectral resolution of F£,(Aj,ii) is set at 1.675 A, 

appropriate for lUE data. Noise, present in all real data, is simulated by adding 
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Gaussian-distributed random deviates to each C(ti) and with a mean 

relative error of 3.5% in each wavelength bin. 

2.4.2 Results and Discussion 

Histograms and line profiles of sample cloud populations generated for a thin shell 

of r = 20 It.-days. a Gaussian s.d.f. centered at r = 20 It.-days with a dispersion of 

10 It.-days. an s.d.f. of the form g(r) = 4r-exp(—2r/ro)/rQ with ro = 20 It.-days . 

and a power-law s.d.f. with index -1 are shown in Figs. 2.2-2.5, respectively. 

The line light curve L(ti} is determined for each run by summing the flux 

over the entire line profile, and the local CCF is calculated. The values of Tp 

and centroid TC are then determined from the CCF. Sample continuum and line 

light curves, and their resulting cross-correlation functions, are also displayed in 

Figs. 2.2-2.6. To obtain meaningful CCF statistics, we have calculated 120 time-

series samples, each of which is used to find the lags and velocity dispersions. Each 

r u n  c o n s i s t s  o f  6 0  s p e c t r a  e v e n l y  s a m p l e d  a t  4  d a y  i n t e r v a l s ,  t y p i c a l  f o r  a n  / [ / E  

observational campaign. A histogram of results is constructed, from which we obtain 

median values and 90% confidence intervals. 

The results of our modeling for a set of different spatial distribution func

tions are listed in Tables 2.1 and 2.2. In Table 2.1, the values of crj and aj were 

computed using the mean line profile, defined as: 

while those in Table 2.2 were computed from the root mean square (rms) spectrum: 

i=l 
(2.23) 

1/2 

(2.24) 
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Figure 2.2: Thin shell geometry with tq = 20 It.-days. Upper left — histogram of 
sample cloud population. Upper right — sjimple mean (dark curve) and rms (light 
curve) line profiles. Lower left — sample continuum (open circles) and line (solid 
circles) light curves. Lower right — cross-correlation function calculated from these 
light curves. 
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Figure 2.3: S.d.f. of the form g { r )  = 4r-exp(—2r/ro)/ro with tq = 20 It.-days. 
Upper left — histogram of sample cloud population. Upper right — sample mean 
(dark curve) and rms (light curve) line profiles. Lower left — sample continuum 
(open circles) and line (solid circles) light curves. Lower right — cross-correlation 
function calculated from these light curves. 
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Figure 2.4: Power law s.d.f. with index a = —4, NN = 10 It.-days. and 
''OUT = 100 It.-days. Upper left — histogram of sample cloud population. Up
per right — sample mean (dark curve) and rms (light curve) line profiles. Lower 
left — sample continuum (open circles) and line (solid circles) light curves. Lower 
right — cross-correlation function calculated from these light curves. 
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Figiire 2.5: Power law s.d.f. with index a = —3, = 1 It.-day, and 
Tout = 100 It.-days. Upper left — histogram of sample cloud population. Up>-
per right — sample mean (dark curve) and rms (light curve) line profiles. Lower 
left — sample continuum (open circles) and line (solid circles) light curves. Lower 
right — cross-correlation function calculated from these light curves. 
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Figure 2.6: Power law s.d.f. with index a = —2, r-m = 10 It.-days, and 
'"out = 1000 It.-days. Upper left — histogram of sample cloud population. Up
per right — sample mean (dark curve) and rms (light curve) line profiles. Note 
that the rms spectrum has been scaled by a factor of 10 for clarity. Lower left — 
sample continuum (open circles) and line (solid circles) light curves. Lower right — 
cross-correlation function calculated from these light curves. 
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The rms spectrum is believed to represent the profiles of the emission lines that 

are actually varying in response to the continuum fluctuations, and therefore better 

corresponds to the CCF measurements (see Chapter 3 for further discussion). 

The first column of each table describes the form of g{r). Subsequent 

columns list the values of = A/rev/-V/ obtained for different combinations of 

measurement techniques: aj and r^; crj and TC, aj and Vp-, and 

aj and TC. The final column in the table lists the values of CCF(rp), which 

again corresponds to Pearson's r-statistic. All values listed include 90% confidence 

intervals. Note that in most cases, the value of (and therefore /) is of order 

unity, indicating that reverberation techniques can in fact provide useful estimates 

for the central mass in AGNs, even for extended BLR geometries. 

In Table 2.1, we see that although aj generally provides decent results. 

is a much better estimate of the velocity dispersion in most cases. .-Vs expected, this 

is mainly due to the non-Gaussian shape of the generated line profiles. In the case 

of the power-law s.d.f. with g{r) oc r""*, for example, a thick central peak in the line 

profile (see Fig. 2.4) causes the FVVHM to give an erroneously large estimate for 

the velocity dispersion. 

The case of the lags, however, is not so clear clear-cut. In most instances, 

we see that Tp and TC give results which are very comparable. What is important 

here is that either value can generally pro\'ide a good estimate of the central mass 

when combined with cr^. The assertion by Welsh (1999) that the peaJc of the CCF 

better determines the BLR size is not clearly demonstrated by our simulations. 

It is also not clear from our simulations that the rms spectrum is a better 

tracer of the line-emitting gas for purposes of mass estimation (compare Tables 2.1 
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Table 2.2: Simulation Results Using RMS Spectrum to Estimate 

9{r) SDC 22: II CCF(rp) 
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o.~9lg:g? 
0.98!8;?i 
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and 2.2). One exception is when the emission is dominated by gas at larger radii. 

In this case, the gas which is primarily responsible for the variability lies closer to 

the central object than the gas dominating the overall line profile, and therefore has 

a considerably larger velocity dispersion. 

Note that the value of CCF(rp) decreases as the BLR becomes more ex

tended (see, e.g., Fig. 2.6). This is presumably because the BLR responds most 

effectively to variability which has a characteristic period roughly equal to the re

gion's light-crossing time (e.g., Robinson 1995). Because the continuum variability 

in AGNs has a timescale on the order of days or a few tens of days, the line emit

ting gas which is situated ^ 30 light-days from the central object will have the 

largest amplitude variability. Line variability from gas at larger radii is effectively 

"smeared"' out due to the light-travel time across the finite volume. 

Models with low values of CCF(rp) also tend to be the ones for which the 

reverberation mapping fails miserably to predict the value of M. A low value of 

CCF(rp) can therefore serve as a signal that an estimated mass may be highly 

inaccurate. Unfortunately, the reverse cannot be said — a single value of CCF(rp) 

close to unity does not guarantee a good mass estimate. The fact that CCF(rp) > 0.9 

for most observational campaigns may suggest, however, that the mass estimates 

are fairly good as a set. 

2.5 Conclusions 

We find that reverberation techniques can indeed provide useful central mass esti

mates in AGNs, except in cases with a low CCF(rp) value. Either the peak Tp or 

centroid Tc of the cross-correlation function can be used to estimate the size of the 
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broad line region, as they consistently provide similar results. The velocity disper

sion, on the other hand, is much better determined by the direct method, especially 

in cases where the line profile is dominated by a large central peak or is highly 

irregular. 

Our simulations can be extended in several ways. Other spatial and velocity 

distribution functions (i.e., infall, outflow, and disk models) can be tested. In 

addition, our simple line emission picture can be improved by incorporating results 

from photoionization calculations. Finally, we can attempt to fit actual data in 

the context of specific models of the BLR (e.g., Kaspi and Netzer 1999). These 

complexities lie outside the goals of this chapter, however, and are not discussed 

here. 

Earlier work on this subject was published in Fromerth and Melia (2000) 

and Fromerth and Melia (2001b). 
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CHAPTER 3 

AGN MASS DETERMINATION 

Abstract 

We here estimate the mass M of the central object in five active galactic 

nuclei (AGNs) using the most recent reverberation data obtained by the AGN Watch 

consortium. The cross-correlation function (CCF) centroids of the broad Lya A1216 

and C rv A1549 lines are used to estimate the size of the broad line region (BLR) 

in these sources. We calculate the velocity dispersions of these lines in the root 

mean square (rms) spectra, and then use our results to estimate M. We argue 

that our technique of calculating the velocity dispersion should work in the general 

case of an arbitrary line profile, unlike methods that depend on the measurement 

of the full-width at half-maximum (FWHM) of the broad line. We also show that 

our results agree with the FWHM method in the limit of a normal (Gaussian) line 

profile. The masses calculated here are considerably smaller than those calculated 

with the previous generation of reverberation data. 

3.1 Introduction 

With our rapidly expanding knowledge of the Galactic Center (see, e.g., Melia 1999; 

Mella and Falcke 2001), we now have a real hope of unraveling how the BLRs in 
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AGNs are produced, and how they evolve spatially and temporally. An understand

ing of the structure of the BLR in turn is important in determining how the gaseous 

environment behaves near the central engine, presumably a supermassive black hole 

(SMBH), in these sources. Unlike the Galactic Center, however, where we know the 

mass very accurately (e.g., Genzel et al. 1997; Ghez et al. 1998), we do not yet have 

a reliable estimate of \I for these objects. But since all of the relevant length scales 

depend on the central mass, one may reasonably expect that a careful modeling 

of these environments with temporally resolved line profiles can provide us with a 

tightly constrained range of values for M. 

As discussed in Chapter 2, reverberation methods (e.g., Blandford and 

McKee 1982; Clavel et al. 1991) have become popular tools for estimating the BLR 

size in .A.GNs. The cross-correlation function (CCF) centroid TC for a given line, 

typically measured in days, represents a delay between a change in the continuum 

flux and a corresponding (presumably causal) change in the line flux. From it. we 

can infer the responsivity-weighted mean radius, r js cTc, of the line-emitting gas. 

assuming the delay is due to light-travel time effects (Koratkar and Gaskell 1991a). 

If we make the very reasonable assumption that the central mass dominates the 

motion of the BLR gas, the velocity dispersion a' of this line can then be used to 

estimate the central mass, M » fcTccr^/G, where / is a corrective factor of order 

unity representing our uncertainty in the geometry and isotropy of the BLR. 

An example of how this works in a simplified case, where the velocity dis

tribution of the gas is such that the line profile in the root mean square (rms) 

spectrum assumes a roughly Gaussian shape, has been studied recently by Peterson 
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and Wandel (1999). Using the UV and optical data for NGC 5548 from the ex

tensive monitoring campaigns conducted by the AGN Watch consortium (see, e.g., 

Korista et al. 1995; Peterson et al. 1999), they computed the rms spectrum from 

the set of individual spectra i: 

where Fi{X) = i^£,(A, ii)/iV is the mean line flux at wavelength A. The line 

profiles in the rms spectrum represent those portions of the emission lines that are 

actually varying in response to the continuum fluctuations, and therefore correspond 

to the CCF measurements. Using this method, the FWHM of each line is measured 

directly from the line profile, and a velocity dispersion is calculated according to the 

relation cr- = 3 Using the reported values of TC, they obtained a central 

mass in this source of (6.8 ± 2.1) x 10"A/©. 

However, although estimating the velocity dispersion from the FWHM is 

valid in the case of a Gaussian line profile, this method cannot be used in the 

general case where the line profile is irregular. In this chapter, we use a more 

generally applicable method to calculate the velocity dispersion directly, and show 

that our results agree with the FWHM procedure in the limit of a Gaussian profile. 

We avoid the simplifying assumptions concerning the line shape, which allows us 

to significantly broaden the class of objects for which the central mass may be 

estimated using reverberation methods. 

1/2 
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3.2 Methodology 

We have assembled and analyzed the UV data obtained with AGN Watch observa

tions of five AGNs: 3C 390.3 (O'Brien et al. 1998), Fairall 9 (Rodriguez-Pascual 

et al. 1997), NGC 3783 (Reichert et al. 1994). NGC 5548 during the HST FOS 

campaign (Korista et al. 1995), and NGC 7469 (Wanders et al. 1997). The first 

object in this list is classified as a broad-line radio galaxy, whereas the others are 

Seyfert 1 galaxies. The mean and rms spectra corresponding to each data set have 

been determined according to the procedure described in Rodriguez-Pascual, et 

al. (1997), and are shown for each of the five sources individually in Figs. 3.1 and 

3.2. These spectra have already appeared in the references cited above, but we re

produce them here as a class to demonstrate the range of line profiles one typically 

encounters with this process, and also to show the wavelength band used for each 

of the lines in our analysis (see below). 

We have selected the Lya A1216 and ClV A1549 lines for this study be

cause they typically have the strongest signal-to-noise ratios. In those cases where 

the (redshifted) Lya line has been contaminated by geocoronal emission, we have 

attempted to set the lower bound of the wavelength bins beyond the contamination 

region. However, the Lya lines in NGC 5548 and NGC 7469 still show significant 

contamination (see Fig. 3.2). In all these objects, the Lya line is further contami

nated by N V A1240, but no attempt to deblend these two lines has been made here. 

The net effect of this is to increase our estimate of the Lya velocity dispersion. 

These contaminants make the Lya measurements much less reliable than the CIV 

measurements, which are only slightly affected by, e.g., Hell A1640. 
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Figure 3.1: AGN UV spectra. Mean (light plot) and rms spectra (dark plot) of 
3C 390.3, Fairall 9, and NGC 3783. The line flux wavelength ranges for Lya + Ny 
and Crv are indicated. Note that, in general, the lines are not well described by 
Gaussian. 
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Figure 3.2: AGN UV spectra. Mean (light plot) and rms spectra (dark plot) of 
NGC 5548 and NGC 7469. The line flux wavelength ranges for Lya + Nv and Crv 
are indicated. Note that the Lya line is show significant gcdactic contamination in 
both cases. 
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The velocity dispersion was estimated using Eqs. (2.9)-(2.10) of the direct 

method described in Sec. 2.2.2. The uncertainty in the calculated value of a is 

estimated by assigning the highest and lowest plausible values for the underlying 

continuum, which was fitted by a linear interpolation. In our calculation of M, we 

have used the values of TC published in the references cited above for the five sources 

considered here. The uncertainty in the value of TC is estimated using the Monte 

Carlo techniques described in White and Peterson (1994); however, rather than 

using a thin shell model for the BLR, we have instead assumed an extended BLR 

consistent with the observations and the general inferences drawn from modeling 

(see, e.g., Baldwin 1997). We chose the line response function to be ^(r, 0) = 

(1 + .4 cos d) sin 6 over the range of radii Tin < r < rout, where A is the cloud emission 

anisotropy and Hn and rgm are the inner and outer radial extents, respectively, of the 

BLR. For example, a ^'(r, 0) that is fairly constant over all BLR radii is consistent 

with the density and velocity fields required to model the CiV A1549 line in Fairall 

9 (Fromerth and Melia 2001a). The inner extent of the BLR is set to correspond 

with the He II A1640 cross-correlation lag (typically having the shortest lag of any of 

the broad emission lines), and the outer extent is optimized such that a histogram 

of modeled line delays peaks at the observed line lag (see White and Peterson 1994). 

We used the values of .4 « 1 for Lya and A % 0.7 for CrV' A1549 calculated by 

Ferland, et al. (1992). 

Table 3.1 summarizes the results of these calculations. Our estimates of 

the errors associated with TC are much higher than those obtained using a thin-shell 

BLR model. This is intuitively correct, since we would expect an extended BLR to 

show a much broader, flatter CCF. In most cases, our extended BLR model also 

yields larger error estimates for TC than the model-independent method described 
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Table 3.1: Velocity Dispersions and Mass Estimates of AGNs. 

Tc £7^ Mass'' Mvv 
AGN Line (days) (km s~^) (lO'iV/e) (IO^MQ) 

3C 390.3 Lya A1216 ^7+19 O' - U  7290l:lig 70115 39111 
Civ A1549 4lli^ 81101552 53l?i 

Fairall 9 Lya A1216 618011^8 iiii 8.714^1 
Cfv A1549 32t}2^ 438011™ i--10 

NGC 3783 Lya A1216 4.7ff 4140l|ig i-O_0..| i.ill:i 
Civ A1549 3.91? 4060l?^g i o-rO.8 

NGC 5548 Lya A1216 6.9t2 65201^12 ^ T 7+3.1 0.1 _2..| 6.811:^ 
Civ A1549 7.01? 6320lf|g 

= :+3.3 
0.0_2.9 

NGC 7469 Lya A1216 2.3:1 54601 {301 1 q+0.6 
^•"5-0.6 0.76lg;?^ 

Civ A1549 2.7l[ 3970r:15g 0.83lS;il 

a: The errors in a are probably underestimated due to wavelength bin assignment and 
line contamination. 
b: Mass estimates are subject to systematic error due to our assumption of isotropy. 
c: The mass estimates reported in Wandel et al. (1999) based on H/3 reverberation data, 
f: Rodriguez-Pascual et al. (1997) attach no significance to this value. 

The Lya profile in this source is badly contaminated by geocoronal emission. 

in Peterson, et al. (1998), which estimates errors based on uncertainties due to the 

observational sampling and the flux measurements only. This suggests that the 

latter method underestimates the actual uncertainty if the BLR is indeed spatially 

extended. The additional sources of error in o include the uncertain fitting of the 

continuum level, the blending of the broad line wings with the continuum, and line 

contamination (as discussed above). Since only the former is included in our error 

estimates, the a errors we quote here are probably underestimated. We also restate 

that the values of M listed in Table 3.1 are subject to corrective factors of order 

unity, stemming from our assumption of an isotropic velocity field. 

The last column in Table 3.1 lists the masses estimated by Wandel, et 

al. (1999) for the same objects using H/? reverberation data. Their results assimie 
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a Gaussian line profile (usually a good approximation for the H/3 lines) and use 

the F\VHM to estimate the velocity dispersion. They use the model-independent 

method of Peterson, et al. (1998) to estimate the uncertainty in TC, so their reported 

mass errors may be underestimated (as discussed above). 

3.3 Analysis and Conclusions 

Perhaps the most striking inference we can draw from an inspection of Table 3.1 is 

that the masses calculated here (and by VVandel et al. 1999) are considerably lower 

than those estimated using older reverberation data. For example, Koratkar and 

Gaskell (1991b) predicted masses of 7.3l3;6 ^ 10'A/©, 2.2ioJ x 10®A/©, and 4.7l};9 x 

10® A/© for NGC 3783, NGC 5548, and Fairall 9, respectively. The main discrepancy 

seems to be that the higher (and regularly-spaced) sampling rate adopted by the 

AGN Watch has facilitated the detection of shorter time scale variations and cross-

correlation lags for these objects. An additional effect stems from our use of the rms 

spectrum rather than the mean spectrum to estimate Wfwhm or A cursory glance 

at Figures 3.1 and 3.2 suggests that the velocity dispersions of the rms spectral lines 

are smaller than those of the mean spectra. The physical interpretation of this effect 

is not yet clear, though it may be signaling that the emission from the innermost 

BLR gas does not vary strongly in response to continuum changes. 

Our mass estimates agree with the Wandel, et al. (1999) results within error 

bars in all cases except the Lyo: results of 3C 390.3 and NGC 3783. The NGC 5548 

mass estimate is also consistent with the result obtained by Peterson and Wandel 

(1999) using the same spectral data, though with the assumption that the lines are 

Gaussian. Collier et al. (1998) estimated the mass of NGC 7469 using the spectral 
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variability in the optical regime combined with a measurement of ufwhm for the 

Ha and H/3 lines to obtain a mass for this object of 8.3 ± 2.4 x 10®A/Q, which is 

again consistent with our result. These cases provide some support for the validity 

of our method, since they show a consistent mass determination for sources that 

have "normal" (i.e., Gaussian) line profiles. Our method is clearly more general, 

since it appears to be applicable also to sources in which the velocity distribution 

of the BLR does not naturally produce a Gaussian line shape. 

A caveat one must consider with this procedure is that the error associated 

with the Lya fit can be significant. The mass estimates made using the Lya data 

are higher than those based on the C rv line in all cases except Fairall 9. As we 

discussed above, this is probably due to a contamination of the line, which suggests 

that the C rv results may be more reliable. It is possible that this problem may be 

alleviated by line deblending techniques, which we have not incorporated into our 

analysis here. 

Our results support the argument made by Peterson and Wandel (1999) 

that a very large mass must be present within a distance of a few light-days from 

the centers of many AGNs. For the class of five objects in our sample, this mass 

is at least 8 x 10® MQ, which is rather compelling evidence for the presence of a 

point-like object. This mass density is even higher than that in the Galactic Center, 

where we are reasonably sure that the enclosed mass within 0.015 pc of the nucleus 

is close to 2.6 x 10® MQ. Alternative models for the latter that invoke a distribution 

of dark objects, such as neutron stars, white dwarfs, or ~ 10 Mq black holes, are 

now severely constrained on the basis that in equilibrium, such a distribution would 

have a core reidius significantly larger than the inferred limiting size of 0.015 pc. 
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In the sample of AGNs considered here, this exclusion of a distributed dark matter 

contribution to the enclosed mass appears to be even stronger (e.g., Maoz 1998). 

One of the most important results presented here is the relatively accurate 

determination of the central point mass in these objects. With the exclusion of 

3C 390.3, which appears to belong to a different mass class, the masses of the other 

four AGNs (all Seyfert I's) are ver\' close to each other and are near the low end 

of the mass scale for AGNs. This characteristic, and the fact that the SMBH at 

the Galactic Center has a mass within a factor of 4 or so of this range, hints at a 

possibly similar formation and evolutionary historj' for these nuclei. In the Galactic 

Center, the power generated by the supermassive black hole seems to be the quasi-

steady accretion of plasma ejected by wind-producing stars in the circumnuclear 

environment, with a rate A/gc ~ 2 x 10~' A/© yr"^ (Coker and Melia 1997). Thus, 

given a central mass A/gc ^ 2.6 x 10® A/q, the characteristic time A/gc/A/gc ^ 13 

billion years suggests that the black hole Sgr A* may have growTi to its current size 

gradually over a Hubble time via the steady accretion of g£is from its environment. 

We speculate that the nuclei in the four Seyfert Ts we have considered here may 

themselves have formed and evolved in a similar fashion, and that the range in 

masses may therefore be due principally to a variation of the nuclear gas density 

from which the black holes accrete. 

The work presented in this chapter was published in Fromerth and Melia 

(2000). 
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CHAPTER 4 

SHOCK FORMATION OF BROAD LINE CLOUDS 

Abstract 

Recent work on the gas dynamics in the Galactic Center has improved 

our understanding of the accretion processes in galactic nuclei, particularly with 

regard to properties such as the specific angular momentum distribution, density, 

and temperature of the inflowing plasma. With the appropriate extrapolation of 

the physical conditions, this information can be valuable in trying to determine 

the origin of the broad line region (BLR) in active galactic nuclei (AGNs). In 

this chapter, we explore various scenarios for the cloud formation based on the 

underlying principle that the source of plasma is ultimately that portion of the gas 

trapped by the central black hole from the interstellar medium. Based on what we 

know about the Galactic Center, it is likely that in highly dynamic environments 

such as this, the supply of matter is due mostly to stellar winds from the central 

cluster. 

Winds accreting onto a central black hole are subjected to several distur

bances capable of producing shocks, including a Bondi-Hoyle flow, stellar wind-wind 

collisions, and turbulence. Shocked gas is initially compressed and heated out of 

thermal equilibrium with the ambient radiation field; a cooling instability sets in as 

the gas is cooled via inverse-Compton and bremsstrahlung processes. If the cooling 
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time is less than the dynamical flow time through the shock region, the gas may 

clump to form the clouds responsible for broad line emission seen in many AGN 

spectra. Clouds produced by this process display the correct range of densities and 

velocity fields seen in broad emission lines. Very importantly, the cloud distribution 

agrees with the results of reverberation studies, in which it is seen that the central 

line peak (due to infalling gas at large radii) responds more slowly to continuum 

changes than the line wings, which originate in the faster moving, circularized clouds 

at smaller radii. Finally, we provide an example of fitting an observed line profile 

using the parameters specified by our model. 

4.1 Introduction 

The spectra of many AGNs, including Seyfert galaxies and quasars, are distin

guished by strong, broad emission lines. Evidence that the BLR gas is photoionized 

by the continuum is provided by reverberation studies, which show a direct response 

of emission-line strengths to continuum variability (e.g., Clavel et al. 1991). The 

International AGN Watch consortium has carried out long-term optical and ultra

violet monitoring on a set of four Seyfert 1 galaxies: NGC 5548 (e.g., Korista et 

al. 1995; Peterson et al. 1999), NGC 3783 (Reichert et al. 1994; Stirpe et al. 1994), 

Fairall 9 (Rodriguez-Pascual et al. 1997; Santos-Lleo et al. 1997), and NGC 7469 

(Wanders et al. 1997; Collier et al. 1998); and the broad line radio galaxy 3C 390.3 

(Dietrich et al. 1998; O'Brien et al. 1998). In all sources, it was observed that higher 

ionization lines respond faster than lower ionization lines. This would indicate that 

the former are found at smaller radii using a simple r ~ cr argument. The response 

time for the same line varies by source, even when the luminosities are very similar. 
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indicating that a straight-forward tblr oc rule alone does not determine the 

size of the BLR. Indeed, other factors, such as geometry, viewing angle, and spec

tral energy distribution (SED) may play equally important roles in determining its 

volume (e.g., Robinson 1995: VVandel 1997). 

What the reverberation studies do tell us, however, is that the size of the 

BLR ranges from a few to several hundred light days, with a radial dependence 

on ionization state and possibly other physical properties. It is also seen that the 

response delay within a given source tends to increase with increasing luminosity 

(Peterson et al. 1999), consistent with the tblr oc rule, and the optical contin

uum displays a small lag (r ^ 2 days) in variability with respect to the ultraviolet 

continuum, with the amplitude of variations being weaker at longer wavelengths 

(Collier et al. 1998). 

The ionization parameter, U = n^/n, which is the ratio of the number den

sity of hydrogen ionizing photons to the number density of hydrogen nuclei n, 

largely determines the physical state of the BLR plasma. In modeling the BLR with 

photoionization simulations, it is observed that a value of 10"^ < U < I (e.g., Bland-

ford et al. 1990) is required to reproduce the correct line strength and ionization 

state of the gas. Because of the radial structure of the BLR, it is likely that the den

sity of emitting gas varies with radius, within the range 10® cm~^ n ^ 10^^ cm~^ 

(e.g., Peterson 1997). However, Marziani et al. (1996) find that the BLR may ex

tend to even higher densities (n ~ 10^^ ® cm~^). In addition, the BLR may contain 

a mixtiure of optically thick and thin gases. Optically thick gas must be present to 

account for the variability of the low ionization Mgll, Lya, cind Balmer lines (e.g., 

Ferland et al. 1992). Optically thin gas, on the other hand, may account for the 
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Baldwin effect, a negative correlation between the ultraviolet emission-line equiva

lent width and continuum luminosity; and the Wamsteker-Colina effect, a negative 

correlation between CIV A1549/Lya ratio and continuum luminosity (Shields et al. 

1995). Green (1995), however, suggests that these effects are due to changes in the 

SED with luminosity. The set of other important observational constraints include 

(i) that the absence of a deep Lya absorption edge in AGN spectra indicates that 

the BLR gas must cover only a small fraction (5 - 25%) of the continuum source 

(e.g., Bottorff et al. 1997), and (ii) that the observed line strength to continuum 

ratio requires a small volume filling factor (~ 10"^; Blandford et al. 1990). 

The recent work in modeling (and observations of) the BLR suggests that 

the clouds are spread over a wide range of radii and may display a wide range in den

sity, n, and column depth, Nf[, at each radius. An important result of the "locally 

optimally emitting cloud" (LOG) models is that the predicted integrated spectrum 

from all clouds in such a mixed population depends only weakly on the properties 

of individual clouds (Baldwin et al. 1995; Baldwin 1997; Korista et al. 1998). The 

observed spectrum instead depends on the global properties of the BLR, such as the 

SED, elemental abundances, and the spatial distribution of clouds. A consequence 

of the weak dependence on many of the input parameters is that several different 

models may be able to account for at least some of the observed spectra. 

4.1.1 A Sample of Current Models 

There Jire several models in the literature that account for the origin and nature of 

the BLR. For example, Emmering, Blandford, and Shlosman (1992) propose that 

the BLR is associated with magnetohydrodynamic winds originating in a dusty 
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molecular accretion disk. Dense molecular clouds are loaded onto magnetic lines 

threading the disk and are centrifugally accelerated outward. Being exposed to the 

central continuum, these clouds are quickly photoionized and produce the observed 

emission lines. This model correctly accounts for both the observed shape and 

differential response time of the CrV' A1549 line, with its mid-red wing portion 

responding fastest to continuum variations (Bottorff et al. 1997). 

In a different model, Murray et al. (1995) propose that the broad absorption 

lines (BALs) seen in ~ 10% of radio quiet QSOs are produced in outwardly flowing 

radiation- and gas-pressure driven winds rising from an accretion disk. These winds 

would also be partially responsible for the broad line emission. .\s this model 

requires shielding of the absorbing gas from soft X-rays, the absence of BALs in 

radio-loud quasars and Seyfert galaxies is explained by the fact that these objects 

are strong X-ray emitters (Murray and Chiang 1995). Cassidy and Raine (1996) 

present a similar model in which BLR clouds form as the result of the interaction 

of an outflowing wind with the surface of an accretion disk. 

Alexander and Netzer (1994) propose that the AGN broad-line emission 

originates in the winds or envelopes of bloated stars in the nuclear environment. 

They obtain good agreement with the line ratios and response features seen in 

AGNs, but they encounter some difficulty in reproducing the broad line wings 

(Alexander and Netzer 1997). 

Finally, Perry and Dyson (1985) propose that the BLR clouds are formed 

as the result of a cooling instability that occurs when an outflowing wind from the 

black hole encounters an "astrophysical obstacle" and is shocked. Rapid cooling 

in the shocked gas causes the plasma to clump into clouds, and the observed line 
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widths are then due to cloud acceleration along the shocks. 

4.1.2 The Analogy with the Galactic Center 

In this chapter, we will take the approach that it may be worthwhile in formulating 

a model for the BLR to seek guidance from the galactic nucleus we know best — 

that of our own Galaxy. The evidence for the presence of a supermassive black 

hole, coincident with the radio source Sgr A* at the Galactic Center, is now the 

most compelling of any such systems (for a recent review dealing mostly with the 

observational characteristics of this region, see Mezger, Duschl and Zylka 1996: for a 

summary of the theoretical status concerning Sgr A*, see Melia 1998, and Melia and 

Falcke 2001). The motions of stars within 1 pc of Sgr A* seem to require a central 

dark mass of (2.6 ± 0.2) x 10® A/^ (Genzel et al. 1997; Ghez et al. 1998), in good 

agreement with earlier ionized gas kinematics and velocity dispersion measurements. 

Our proximity to the Galactic Center provides us with the rather unique 

opportunity of examining the gas dynamics surrounding such a massive point-like 

object with unprecedented detail. Combined with multi-dimensional hydrodynam-

ical simulations, this extensive body of multi-wavelength data is opening our view 

into the complex patterns of plasma-plasma and plasma-stelljir interactions. It is 

likely that many of Sgr A*'s characteristics are associated with the liberation of 

gravitational energy as gas from the ambient medium falls into a central potential 

well (Melia 1994; Ruffert and Melia 1994). There is ample observational evidence 

in this region for the existence of rather strong winds in and around Sgr A* itself 

(from which the latter is accreting), e.g., the cluster of mass-losing, blue, luminous 

stars comprising the IRS 16 assemblage located within several arcseconds from the 
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nucleus. Measurements of high outflow velocities associated with IR sources in Sgr 

A West (Krabbe et al. 1991) and in IRS 16 (Geballe et al. 1991), the Ho emission in 

the circumnuclear disk (CND) from molecular gas being shocked by a nuclear mass 

outflow (Genzel et al. 1996; but see Jackson et al. 1993 for the potential importance 

of UV photodissociation in promoting this H2 emission), broad Bra, Br7 and He I 

emission lines from the vicinity of IRS 16 (Hall et al. 1982; Allen et al. 1990), and 

radio continuum observations of IRS 7 (Yusef-Zadeh and Melia 1992), provide clear 

evidence of a hypersonic wind, with a velocity v^i 500 — 1000 km s~^ a number 

density n-u, lO^""* cm"', and a total mass loss rate ~ 3 — 4 x 10"^ MQ yr"S 

pervading the inner parsec of the Galaxy. 

In recent years, several studies have addressed the question of what the 

physical state of this gas is likely to be as it descends into the deepening gravitational 

potential well of the massive black hole. In the classical Bondi-Hoyle (BH) scenario 

(Bondi and Hoyle 1944), the meiss accretion rate for a uniform hypersonic flow 

is M = 7RR,.\^mnnwVui, in terms of the accretion radius = 2GM/v^-. With 

the conditions at the Galactic Center (see above), we would therefore expect an 

accretion rate M ~ lO^^g s~^ onto the black hole, with a capture radius ~ 

0.02 pc. 

In reality the flow past the supermassive black hole is not likely to be 

uniform, so this value of M may be very uncertain. For example, one might expect 

many shocks to form as a result of wind-wind collisions within the cluster of wind 

producing stars, even before the plasma reaches RA- With this consequent loss of 

bulk kinetic energy, it would not be surprising to see the black hole accrete at an 

even larger rate than in the uniform case. In addition, M may vary with radius 
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if some of the infalling gas is expelled close to the accretor. The implications for 

the gas dynamics in the region surrounding the black hole are significant. Coker 

and Melia (1997) have undertaken the task of simulating the BH accretion from the 

spherical winds of a distribution of 10 individual point sources located at ?in average 

distance of a few from the central object. The results of these simulations show 

that the accretion rate depends not only on the distance of the mass-losing star 

cluster from the accretor but also on the relative spatial distribution of the sources. 

These calculations indicate that to fully appreciate the morphology of the 

gaseous environment surrounding the accretor, one must pay particular attention to 

the spatial distribution of specific angular momentum I in the accreting gas. Written 

as / = ijcRs, where Rs = '2GMfcr is the Schwarzschild radius, the (modeled) 

accreted a; can vary by 50% over ^ 200 years with an average equilibrium value 

of 10 — 50 for the conditions in the Galactic Center. This is interesting in view of 

the fact that earlier simulations beised on a uniform flow — the "classic" Bondi-

Hoyle accretion, producing a bow shock — resulted in (u) ~ 3 — 20. It appears 

that even with a large amount of angular momentum present in the wind, relatively 

little specific angular momentum is actually accreted. This is understandable since 

clumps of gas with a high specific angular momentum do not penetrate to within 

one /2.4. The variability in the sign of the components of u suggests that if an 

accretion disk forms at all, it dissolves and reforms (perhaps) with a different sense 

of spin on a time scale of ~ 100 years (Coker and Melia 1997). 

The fact that AGNs are significantly more gas rich and display a more 

powerful array of phenomena than the Galactic Center could mean that these ideas 

derived from the latter may not be valid in the case of the former. But one area 
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where this type of gas morphology would certainly have a significant impact is in 

the structure and nature of the BLR. Our intention in this chapter is therefore to 

frame our investigation of the BLR in AGNs with the conditions (i.e., clumping, 

distribution in specific angular momentum u, density and temperature) we now 

believe to be prevalent in the Galactic nucleus, though scaled accordingly. 

In Sec. 4.2, we present a description of the model, in Sec. 4.3 we discuss 

general results, in Sec. 4.4 we test the plausibility of forming BLR clouds in specific 

shocks, and in Sec. 4.5 we use the density and velocity distributions predicted by 

our model to fit an observed broad emission line. 

4.2 Overview of the Model 

4.2.1 An Accretion Shock Scenario for the Production of BLR Clouds 

We suggest that many of the observed properties of the BLR can be explained by 

a simple picture of cloud production within the accretion shocks surrounding the 

central black hole. For this, we shall adopt several of the ideas introduced in Perry 

and Dyson (1985, hereafter PD85) for the formation of clouds from cooling insta

bilities in these regions. In their model, a hypersonic, outflowing wind is incident 

upon a supernova remnant or other astrophysical obstacles, causing bow shocks to 

form around them. The shocked gas is compressed and heated, and is brought out 

of thermal equilibrium with the radiation field. 

The equilibrium temperature Teq of a gas whose heating/cooling is domi

nated by radiative processes is determined by another ionization parameter (Krolik 
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et al. 1981): 

where Fjon is the ionizing flux between 1 and 10^ ryd; then, ^eq — 7'eq(—). Note 

that S = U EjfE^as, where E-, is the average energy of the ionizing photons and 

^'gas the thermal energy of the gas* Because the shock temperature .i ^ Teq, the 

shocked gas will rapidly cool via inverse-Compton and bremsstrahlung processes. 

If the cooling time is shorter than the dynamical time for the gas to flow along the 

shock, the cooled gas will clump and form clouds, which then stream along and 

behind the shock. 

An important parameter in determining Teq is the Compton tempera

ture Tc, at which Compton heating and cooling processes balance (e.g., Krolik et 

al. 1981: Guilbert 1986). The Compton temperature is highly sensitive to the shape 

of the continuum, particularly at high (X-ray and gamma-ray) energies: typical AGN 

spectra have TV s: 0.01 — 5 (Mathews and Ferland 1987), where TV = Tc/{10^ K). 

For these high values of Tc, we can state a couple of generalities about Teqi if 

E ^ 1, Compton and bremsstrahlung processes dominate, and Teq ~ Tc; if = 1, 

recombination-line cooling dominates, and Teq ~ 1 — 3 x 10*^ K. This is illustrated 

in Fig. 4.1, where we show the equilibrium temperature of a purely-radiatively 

heated/cooled g£is ionized by a "standard" AGN continuum. Note that the value 

of Teq is roughly independent of the density for a given value of E, and that the 

trjmsition to the hot branch occurs at E ~ 50. 

In our picture, we assume that gravitation dominates over the outward 

radiation pressure within the BLR (either because the outward radiation field is sub-

Eddington, or because the radiative emission is anisotropic), allowing a hypersonic, 
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Figure 4.1: Equilibrium temperature of a purely-radiatively heated/cooled gas eis a 
function of ionization paramter E. Plotted are functions for constant gas densities 
n = 10® cm~^ (solid curve), n = 10® cm~^ (dashed curve), and n = 10^° cm~^ 
(dot-dashed curve). 
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accreting wind to feed the central black hole. In the AGN context, we re-examine 

the PD85 result for stellar wind bow shocks, and extend the idea of "astrophysieal 

obstacles" to include Bondi-Hoyle accretion shocks and density perturbations due 

to wind-wind collisions and turbulence in the accretion flow. As discussed above, 

this is motivated by the recent simulations of the highly variable gas flows at the 

Galactic Center. 

4.2.2 Model Parameters 

Our model requires the specification of several parameters, including the density, 

velocity, and temperature profiles of the accreting wind as functions of radius, as 

well as the intensity and Compton temperature of the continuum. In order to keep 

our arguments general, we choose to model the wind flow using simple dimensional 

requirements. We adopt the view that the accreting gas circularizes before it reaches 

the event horizon, thereby forming a disk at small radii. The existence of an accre

tion disk in AGNs is inferred from, e.g., the axisymmetry observed in many sources 

(Brotherton 1996; Glenn et al. 1994). Again writing the specific angular momentum 

as I = uicRs, it is easy to show that the circularization radius is 

Tcirc = 2u)^ Rs . (4.2) 

We estimate properties of the flow at large radii by considering steady, 

spherical accretion. Equations (A.9) - (A.11) of the Appendix describe the dynam

ics of a steady flow. For a radial flow, v = Uu, n^, where the w subscript denotes a 

property of the accreting wind and Ur is the radied direction vector. If the flow is 

also spherically symmetric, all derivatives with respect to angular variables vanish 
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and the dynamical equations become: 

^{r-p^v^) = 0 , (4.3) 
ar 

d v ^  _ d P  
Pw Vw J  — J  J '  ('^• '^)  

dr dr 

)'""Uu, = frVw + riF - n-\ , (4.5) 

where all partial derivatives have been replaced by full derivatives. 

From Eq. (4.3), we immediately obtain the result: 

,v , o -iirr-n mff ti^ v^ M = - 47r r-pu^ fu, = , (4.6) 
Xh 

where M is the constant mass accretion rate, riu, is the number density of hydrogen 

(all species) in the wind, and is the number fraction of hydrogen. For a fully 

ionized plasma of solar abundances, xh ~ 0.43, while for neutral gas, Xff ~ 0.91. In 

the discussion that follows, we make the simplifying cissumption that p./xn = 1: for 

a fully ionized plasma, the actual value is approximately 1.4. This simplification is 

equivalent to setting n^. 

If the central object dominates the gravitational potential, fr = —GMpy,/r^ 

and Eq. (4.4) can be integrated to give Bernoulli's equation: 

1 2 P GM 
-v^ H = constant , (4. /) 
2 Pu, r 

where the value of the constant can be found by considering the properties of the 

flow very far from the black hole. For the conditions we consider, the gravitational 

term dominates the pressure term in Eq. (4.7), resulting in the wind velocity being 

approximately equal to the free-fall velocity: v^{r) a; = —YJ2GM[r. Assuming 

that the bolometric luminosity is related to the mass accretion rate by 

^boi = e-Wc-, (4.8) 
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where e < 1 is the accretion efficiency, the wind mass density can now be expressed 

as 

"iu(r) = . — . (4.9) 
AT: \/'2GM e rriHC^ 

Equation (4.5) can be re-expressed as: 

P w V w 4 - ( — ]  =  - P w U w P - ^ ( — ]  +  n T  -  n - A ,  ( 4 . 1 0 )  
dr \p^J dr \p^J 

by using Eqs. (4.3), (4.4), and (A.3). Substituting Eq. (A.2) into this expression, 

and simplifying, we obtain: 

dTu, 2 ' Tw dn^ 1 ( V ~ 
Tiyj dr n^Vuik / 

(4.11) 
dr 3 

In Equation (4.11), the first term represents compressional heating and the second 

term is due to radiative cooling, for which f and .V are the heating and cooling 

functions of the gas (see Sec. .\.2.2 of the Appendix). As we are mainly concerned 

with establishing a minimum temperature of the flow, we have neglected the effects 

of viscosity, shocks, and the dissipation of magnetic energy, all of which may raise 

the value of Tu,. 

In a recent study, Wandel, Peterson, and Malkan (1999; WPM99 here

after) used reverberation data to infer central masses of iV/g a; 0.02 — 4 (where 

Mg = A//(10® Mq)) for a sample of 17 Seyfert 1 galaxies and 2 quasars. They 

also determined a mass - monochromatic luminosity relation of A£,a(5100 A) ~ 

lO"*"* erg s~^ for these objects. Setting Lboi = /boi ALa(5100 A) for the 

monochromatic - bolometric luminosity relation, with /boi = 10 consistent with 

the findings of Bechtold et al. (1987), we obtain 

^boi = lO**® erg s~^ . (4.12) 
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For the ionizing luminosity, we set Lioa = /ion >^^a(5100 A), where /ion = 5 has 

been chosen as a fiducial value (N.B.: VVPM99 estimate /on — 10). Under these 

assumptions, the only free parameters in the model are M, e, Tc, and u. 

The ionization parameter of the accretion flow can now be written: 

_ _ F\ON 
riu, kTu; c 

t) ^ • 
where Eq. (4.9) has been used. The condition for the accreting gas to lie on the hot 

branch (Eu, ^ 50) of Fig. 4.1 is then: 

r < (4 X lO'^^ cm) . (4.14) 
7 

which certainly includes the broad line region (tblr — 10^®"'® cm) for reasonable 

values of c. Ms, and Tr. 

4.2.3 Optical Depth of the Flow 

The observed absence of the Fe K-shell edge in most AGN spectra indicates that 

the inter-cloud medium must be optically thin to X-radiation (e.g., Mathews and 

Ferland 1987). This limit is written as r/c < 1, where 

TK= c^Fe (^KN^{R) dr (4.15) 
J rare 

is the Fe K-shell optical depth, = 2.3 x 10~^° cm^ is the total K-shell cross 

section (e.g., Morrison and McCammon 1983), and is the elemental abundance 

of iron. Assuming that Jpe = 3.3 x 10~® (corresponding to the local ISM value; 

Dfdgamo and Layzer 1987) and that all Fe ions in the flow retain at least two 
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electrons (a conservative estimate given the likely high temperature of the gas), 

then the condition for the flow to remain optically thin to X-radiation is 

. ̂ 0.03M°-25 
••jj ^ — . (4.16) 

e 

This follows from the use of Equations (4.8), (4.9), (4.12) and (4.15), with the 

appropriate definition of fcirc in Equation (4.2). It is clear that this condition is met 

for reasonable values of e and ui (see Sec. 4.1.2). Because ~ ctt, the flow will 

then also be optically thin to electron scattering. 

4.2.4 Cloud Formation 

In order for clouds to form, the cooling time, icooh of the shocked gas must be less 

than the dynamical time, ^dyn, for the gas to be transported through the shock 

region; i.e.. icooi < ^dyn- .Assuming that the shock converts the ordered velocity of 

the flow into random (thermal) motions, the initial temperature should be Tj « 

mf{A{u^)/3k, where A{v~) is the change in the square of the velocity across the 

shock. Once the initial temperature of the shocked gas is known, the cooling time 

can be calculated numerically (see Sec. A.2 of the Appendix). 

For gas which is cooled radiatively under isobaric conditions, 

fiT' 
Cp— = nP — n^A , (4.17) 

where Cp = | Uik is the specific heat capacity at constant pressure of an ideal 

monatomic gas, with the summation carried out over all species. From this expres

sion, we can derive the cooling time scale for a shocked gas to cool from an initial 

temperature Tj, to the equilibrium temperature, Tf. 

5 k dT 
^cool 

a f '  k d T  

~  2  Av  Xff  ( nA- r )  •  ^  ^  
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As described in Sec. A.2.2, bremsstrahlung and Compton processes dominate the 

cooling for T ^ 10^ K, while collisional and radiative transitions in the plasma cause 

ver\' rapid cooling at lower temperatures. 

We assume that the pre-shock conditions are those of the wind; i.e., n-u, and 

Vxu are used as the pre-shock density and velocity, respectively. .A.t a strong shock, 

we have 

= '-•L" , , (4.19) 

where the superscripts (n) and { t )  refer to the normal and tangential velocity com

ponents. respectively, relative to the shock front and v, is the velocity of the shocked 

gas. In bow shocks, most of the kinetic energy of the incident flow is dissipated, so 

A(y-) ~ t;^. For shocks between obliquely incident gas flows, it is the component 

of the wind velocity normal to the shock that is converted into thermal energy, so 

A(u-) ~ 

4.2.5 Physical Properties of the Cooled Gas 

As the shocked gas cools, it clumps to form clouds. Their physical characteristics, 

such as the number density Uc, the ionization parameter U, and the column depth 

Nh through each clump, all contribute to a determination of the line emissivity 

using photoionization codes such as Cloudy (Ferland 1996). Assuming isobaric 

cooling occurs, the density of the cooled gas is 

The ionization parameter, U. is then determined directly from the luminous ionizing 

flux, the SED, and ric- Finally, the column density of a cloud is given by ~ Uc Ic, 

where Ic is the cloud size. 
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In the PD85 model, the maximum cloud size is set by the coherence length, 

'coh < icooi Cj, where c, is the sound speed in the shocked gas. If the cooling 

is isobaric and steady, Ic = (Teq/Tj)^''^ ^coh- It seems that this model is overly 

optimistic, however, as turbulent mixing is likely to be very important in any shock. 

Random motions of the turbulent fluid will disrupt coherence within the cooling gas; 

the maximum cloud size is then dictated by the smallest scale at which turbulence 

persis ts .  Unfortunately,  this  scale  is  not  specif ied by our  s imple model ,  so  Nh 

remains relatively undetermined. 

4.2.6 Cloud Confinement 

Krolik, McKee, and Tarter (1981) first proposed the co-existence of cool, dense 

clouds (the source of the broad emission lines) confined by a hot, rarefied medium. 

They showed that it was possible, under the right spectral conditions, to have the 

two phases in pressure equilibrium (i.e., to have the same value of E) and yet have 

vastly different temperatures. Unfortunately, two stable states can only co-exist in 

ver\* hard AGN spectra, with Tc ~ 10® K. Most AGN spectra are much softer than 

this, effectively ruling out the two-phase pressure equilibrium condition (Fabian 

et al. 1986). 

Dense clouds emerging from the high-pressure shock environment will 

rapidly expand into the ambient flow at their sound speed (e.g., Reynolds 1995). 

Therefore, unless some other confinement mechanism is introduced, such as a mag

netic field (e.g., Emmering et al. 1992), the clouds produced within a shock are 

likely to survive only within the immediate post-shock region. As a result, the 

cloud motions are dictated by the shock motions, which are in turn dictated by the 
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wind flow. In our picture (see below), the clouds are therefore not confined, but 

arise (and eventually disperse) throughout the accreting medium as shocks form 

and dissipate. 

4.3 Results 

The condition for cooling, i.e., tcooi < ^dyn. sets a minimum length scale for the 

shock region. Shocked gas in regions smaller than this size will simply flow out of 

the region before it has time to cool. From the discussion in Sec. 4.2.4, we note that 

the dynamical time can be expressed as ^dyn === where t/j is the size of the 

shock region. Our requirement for the minimum shock size is therefore 

ds > icooi - (4.21) 

In Figures 4.2-4.4, we plot the minimum value of for a range of values in 

the parameters A/, e, and Tc- VVe have here set = UaV-i, an upper limit that 

occurs when the colliding winds are incident normally. Our estimates are 

therefore rather conservative; for obliquely incident winds, smaller shock regions 

may suffice. It is reasonable to assume that shocks are possible sites for cloud 

formation only if < r. 

Figures 4.2 and 4.3 illustrate the effects of varying the central mass M and 

accretion efficiency e, respectively. Increasing M has the effect of decreasing at 

any given radius, thereby extending the plausible cloud production region to larger 

radii. This is because both the luminosity (via Eq. 4.12) £ind wind density (via Eq. 

4.8) increase with M. With Compton cooling being proportional to the product 

of the luminosity and density, and bremsstrahlung cooling being proportional to 
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Figure 4.2: The minimum shock length scale required to allow clumping due to 
radiative cooling with e = 0.1: Tj = 1; and Mg = 0.1 (dashed), 1.0 (dot-dashed), 
10.0 (solid). 

the square of the density (see Sec. A.2 of the Appendix), the value of icooi becomes 

smaller. Decreasing the value of e also decreases icooi; smaller values of e mean 

higher values of for any given luminosity (Eq. 4.8), thereby enhancing the 

bremsstrahlung cooling rate. 

Figure 4.4 shows the effect of varying the Compton equilibrium temperature 

Tc- Plotted are the curves for TV = 0.1 and 1 with fixed M and e. There is no 

great difference between the cooling times, with the cooling occurring slightly faster 

in the case of the softer continuimi spectrum. Note that cooling to T ~ lO"* K does 

not occur for Tr = 10. When the temperature of the cooling gas drops below Tc, 

the Compton heating/cooling term in Eq. (A. 19) changes sign; in order for cooling 

to continue, the bremsstrahlung term must dominate at T ̂  Tc- In the high Tc 
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Figure 4.3: The minimum shock length scale required to allow clumping due to 
radiative cooling with Ms = I; Tj = 1; and e = 0.001 (dashed), 0.01 (dot-dashed), 
0.1 (solid). 

case, the gas has not cooled sufficiently for the (density-dependent) bremsstrahlung 

term to dominate, so the gas simply equilibrates at Teq Tc-

In Figure 4.5, we plot the density of the cooled (cloud) gas for a range 

of parameter values. Note that the gas displays the range in densities over radii 

inferred for the BLR. We find that the density at any given radius increases with 

M, but is insensitive to the values of e and Tc- Note also that the density increases 

with decreasing r; this is consistent with the results of modeling the BLR using 

photoionization codes (e.g., Kaspi and Netzer 1999). 
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Figure 4.4: The minimum shock length scale required to allow clumping due to 
radiative cooling with a dependence on Tc- A/g = 1; e = 0.1: and Tj = 0.1 (dashed) 
and 1 (solid). 
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Figure 4.5: Density of shock-produced clouds. Solid: A/g = 1; e = 0.1 and 0.01; 
T7 = 1. Dashed: A/g = 0.1; e = 0.1 and 0.01: TV = 1. 
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4.4 Models of Shock-Formed Clouds 

4.4.1 Stellar Wind Bow Shock Model 

We next study a sample of shock producing mechanisms with the goal of determining 

plausible shock sites for cloud production. Let us begin by first considering the 

PD85 model, but now with an inflow (due to the accretion of ambient gas onto 

the central engine) to act as the agent of interaction with the winds from stars 

embedded within (although not co-moving with) this plasma; this is in contrast 

with the outflow assumed by these authors. In this picture, broad line clouds are 

produced within the bow shocks surrounding the stellar wind sources. 

In this case, the size of the shock is deterrained by the stand-off distance 

(Perr>' and Dyson 1985), which gives 

( P \ 
~ 3.1 X 10^^ , [cm] , (4.22) 

\ / 

where Eze is the kinetic energy outflow rate in the stellar wind in units of 10^® erg s~' 

and Vo is the outflow velocity. 

In Figure 4.6, we plot using the fiducial values Vo ss 

2,000 km s~^ and ^ 100, typical for VVolf-Rayet stars (these are certainly 

upper limits for a typical stellar population). It can be seen that the size of these 

shocks is probably too small for these to be viable sites for cloud production via 

radiative cooling, thus confirming the PD85 result. 



93 

1 

0.1 

•a 

0.01 
0.1 100 1000 

r (It.-days) 

Figure 4.6: Ratio of stellar wind shock size to minimum shock length scale required 
for radiative cooling to form clouds. Solid; Ms = 1, c = 0.1, Tj = 1. Dashed; 
Ms = 1, e = 0.01, Tj = 1. Dot-dashed: Ms = 10, e = 0.1, TV = 1. 
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4.4.2 Bondi-Hoyle Accretion Shock Model 

In the Bondi-Hoyle accretion process, a bow shock forms around the black hole 

when it accretes from a rather uniform, laminar flow. The length scale of the shock 

is roughly the accretion radius itself, i.e., (0.1 — 1) Ra — (0.1 — l) r (see 

Sec. 4.1.2). We have already seen in Figs. 4.2-4.4 that the requirement < r can 

be met for a wide variety of parameters over the range of relevant radii. Therefore, 

Bondi-Hoyle shocks around the central mass concentration are plausible sites for 

cloud production. 

However, it should be noted that is unlikely to remain the only relevant 

scale as a Bondi-Hoyle shock is likely to break up into smaller scale shocks in a 

realistic (unsteady) flow. This would have the effect of reducing fdyn- Production of 

BLR clouds by this mechanism is therefore dependent on the stability of the large 

scale shock structure. 

An important signature of the highly ordered flow around a Bondi-Hoyle 

shock would be a rather narrow line emission profile whose overall redshift is de

pendent on viewing angle. This is because the clouds flowing along a shock have 

roughly parallel velocities. In addition, the Bondi-Hoyle shock does not provide a 

sufficiently broad distribution of cloud properties inferred for an extended BLR. It 

is therefore unlikely that a single Bondi-Hoyle accretion shock could produce the 

broad line profiles seen in AGN spectra. 
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4.4.3 Wind Collision and Turbulent Accretion Shock Model 

The final source of BLR clouds we consider here is shocks produced by large-scale 

wind collisions and turbulence within the overall flow. The motivation for this is that 

realistic 3D simulations of the accretion onto a massive nucleus from a distribution of 

wind sources (Coker and Melia 1997) indicate that a single Bondi-Hoyle bow shock 

is difficult to form or maintain. Instead, the stellar wind-wind collisions produce an 

array of shock segments and a consequent turbulent inflow towards the black hole. 

In this picture, clouds are produced continually throughout the extended BLR. so 

we avoid the problem of having to confine long-lived clouds: instead clouds that 

evaporate upon leaving the shock region are continually replaced by newly formed 

clouds at other locations within the inflow. 

The shock region must be large to allow cooling to occur (see Figs. 4.2-

4.4), but this is readily obtainable for a realistic flow. Because the shocks, and 

therefore the clouds themselves, are embedded within the overall accretion pattern, 

the velocity of the clouds is roughly equal to that of the captured w^ind: i.e., Vc == 

Vui- Clouds that move at nontrivial velocities relative to the surrounding medium 

are subjected to disruption via Rayleigh-Taylor instabilities (Mathews and Ferland 

1987). The winds, and therefore the clouds, display a v{r) oc r~^l- velocity field 

fully consistent with, e.g., the Peterson and Wandel (1999) conclusion that the BLR 

velocity fields in NGC 5548 mimic Keplerian motions about a single central mass. 

Assuming that a large number of shocks exist at different locations within the flow, 

it should be possible to reproduce the observed line profiles. 



96 

4.5 Emission Line Modeling 

The most important diagnostic for any dynamical model of the BLR is the emission 

line shape. As an illustrative example, we use the cloud density and velocity distri

butions predicted by our model to fit an observed line profile. In our procedure, we 

assume that the physical properties and structure of the BLR are time-independent; 

i.e.. the line variability is due to changes in the continuum only (see Sec. 2.3). 

To model an emission line profile, we begin by assigning values to the 

parameters A/, e. Tc. and Z\ .\ cloud population is then constructed from the 

spatial distribution function, f {r. 9. o)r'-sin 9 drd9 do, via Monte Carlo sampling 

techniques. With our assumption of spherical symmetry outside of the circulariza-

tion radius, the number of clouds located between radii r and r + dr is proportional 

to f{r)r-dr. As the prediction of /(r) is beyond the scope of our simple model, we 

assign a power law form, f{r)r'-dr oc r^'^-dr, with the exponent ^ a free parameter. 

The density of a given cloud is calculated from Eq. (4.20), and its velocity 

corresponds to the local accretion flow velocity. By analogy with the Galactic 

Center, we assume the flow carries non-zero angtilar momentum w-ith a; ~ 10 — 50. 

The velocity components are then identified as 

V t { r )  =  .  V r { r )  =  - y j v l  -  v f  , (4.23) 

where Vt and Vr are the tangential (angular) and radial velocities, respectively. In 

keeping with the picture of a turbulent accretion process, we assign Vt a random 

orientation perpendicular to the radial vector. 

The cloud size as a function of radius is not predicted by our model. As a 

simple approximation, we assume that the cloud size scales with the radius at which 
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it forms, i.e., Ic oc r. This assumption determines how the cloud cross-sectional area 

and column density scale with distance from the central mass in this picture. 

The composite emission line flux from a population of N clouds as a function 

of wavelength and time is (cf., Eq. 2.12): 

N  
Ft (A, i) « --lc(r.) e(ri, Vj, t') T(ri, t, t') A(rj, v^, A) (4.24) 

i=l 
where Ac{ri) is the average cross-sectional cloud area as a function of radius, 

c(rj,Vi,f') is the line emissivity including relativistic and anisotropic emission ef

fects, T(ri, t, t') accounts for the geometrical delay between the cloud emission time 

(i') and observation time (i), and A(ri, v^, A) is a convolution term relating a cloud's 

location and velocity to the observed line wavelength. These last two terms are de

scribed by Eqs. (2.18) and (2.19), respectively. 

Cloud emission is dependent on relativistic and anisotropic emission effects, 

as well as the time-retarded continuum luminosity. Taking the line-of-sight to be 

along the ^-axis, the effects of anisotropic line emission (Ferland et al. 1992; O'Brien 

et al. 1994) and Doppler boosting (Corbin 1997) are given by: 

e(r, V, t') = {1 _ [2a(r, t') - 1] cos 6} ' (^-25) 

where eo(r, i') is the rest-frame emission, a(r, i') = €inw/^tot is the emission fraction 

which escapes the illuminated cloud face, and 

U; = U; + c ^^1 — Rs/r — 1^ (^1-26) 

is the line-of-sight velocity including general-relativistic corrections. 

The photoionization code Cloudy (Ferland 1996; Cloudy 90.04) was used 

to calculate both eo(r, i') and a{r,f). Cloudy calculates line intensities based on 
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the SED, Tic, U, and Nf{. To calculate U  from a real, varying continuum source, we 

assume that the continuum is radiated isotropically and that the ionizing luminosity 

Lion{t') seen by the cloud is proportional to che continuum light curve C{t') at 

retarded time t': 

= C{t')Lio„ , (4.27) 

where L\on is the mean ionizing luminosity and C, the mean value of the continuum 

light curve, has been normalized to unity. 

4.5.1 An Illustrative Example: NGC 5548 

As an illustrative example, we model the well-studied Seyfert 1 galaxy NGC 5548. 

We attempt to fit both the mean line profile and line light curve data from the 

1989 lUE campaign carried out by the AGN Watch Consortium (Clavel et al. 

1991). The observational data consist of 60 spectra taken over a period of ~ 240 

days. We extract the C rV'A1549 line profile from each spectrum by subtracting the 

underlying continuum using a least-squares linear fit to the surrounding continuum. 

An integrated line flux is then computed from each line profile, and a mean line 

profile is constructed as the unweighted average of all observations. 

Our modeled data consist of line profiles (calculated as described above) at 

times corresponding to the real observation times. Note that the time-varying profile 

is dependent on the continuum flux at earlier times. For purposes of modeling, we 

assimie that the ionizing luminosity is linearly proportioned to the observed A1337 

continuum flux (determined from the continuum light curve) as a fimction of time, 

and is constant for all times prior to the first observation. As in the case of the 

observed data, an integrated line flux is computed from each line profile, and a 
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mean line profile is constructed from the entire set of modeled profiles. These are 

then compared to the observed data using ^--analysis. 

We set A/g = 0.68, consistent with the findings of Peterson and Wandel 

(1999), who used reverberation data from a set of emission lines to estimate the 

central mass in NGC 5548, and assume e = 0.1. For the SED, we use the table agn 

spectrum of Cloudy, similar to the "typical AGN" spectrum deduced by Mathews 

and Ferland (1987), but having a sub-millimeter break at 10 fim. This spectrum 

has a Compton temperature of Tr ~ 1. We allow u to var>* in the range 10 — 50, 

and ^ is a free parameter. A Gaussian profile (fpvvH.M = 1000 km/s) centered at 

A1580 is added to the modeled broad line to represent emission from the narrow line 

region. The relative fluxes of the broad and narrow line components are additional 

free parameters. 

In Figs. 4.7 and 4.8. we show xl contour plots for fits to the line profile 

and line light curve, respectively. Both plots suggest better fits at the lower allowed 

values of u;. However, the line profile data point to a value ^ ~ —.3, whereas the xZ 

from the light curve data decreases monotonically with smaller values of Because 

of this divergence in a search for better fits at smaller values of u! is unwarranted. 

Figures 4.9 and 4.10 show fits to the mean line profile and line light curve, 

respectively, using u; = 15 and ^ = —3. For the line profile, observational data are 

indicated by filled circles with error bars. The modeled broad line component is 

indicated by a thin solid curve and the narrow line component by a dotted line: the 

heavy solid curve represents their sum. We obtain xl = 0-86 (60 d.o.f.) for this fit. 

In the second plot, the observed continuum and line light curves are indicated by 

open and closed circles, respectively, and the modeled line light curve is indicated 



-2.5 

-3.5 
10 30 50 20 40 

a 

Figure 4.7: xl contour plots for model fits to the line profile. 
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Figure 4.8: xl contour plots for model fits to the line light curve. 
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Figure 4.9: Model fit to the line profile using u; = 15 and ^ = —3. See text for 
details. 

by the solid curve. The mean of each light curve has been normalized to unity, and 

the line light curves have been offset from the continuum light curve for clarity. We 

obtain xl = 1.32 (56 d.o.f.) for this fit. 

It is perhaps not surprising that a good fit to the observed data can be 

obtained from our model by choosing appropriate values for the free parameters, 

particular!}' in light of the LOC model results. However, of the three cases consid

ered in our study, only the constant angular momentum works in terms of fitting the 

observed data. A real test of our model will require full 3D hydrodynamical simu

lations to determine the size and distribution of shock-formed clouds as a function 

of radius. 

1500 1550 1600 
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Figure 4.10: Model fit to the light curve using w = 15 and ^ = —3. See text for 
details. 
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4.6 Conclusions 

In this chapter, we have considered a broad range of possible gas configurations 

in a wind accreting onto the central black hole, with physical conditions that may 

produce BLR clouds via cooling instabilities within shocks. We note that in order 

to reproduce the observed line shape in actual sources, the BLR clouds cannot all be 

produced within a single outer region such as a Bondi-Hoyle shock, since this does 

not account for the required range in cloud properties at smaller radii. Instead, 

we have found that the best scenario involves local cloud production throughout 

the overall accretion flow. We conclude that a viable model for the formation of 

the BLR is one in which ambient gas surrounding the black hole (e.g.. from stellar 

winds) is captured gravitationally and begins its infall with a (specific angular 

momentum) Zj representative of a flow produced by many wind-wind collisions and 

turbulence rather than a smooth Bondi-Hoyle bow shock. In this process, the gas 

eventually circularizes at rcirc '2uj^Rs, but by that time all of the BLR clouds 

have been produced, since at that radius the gas presumably settles onto a planar 

disk. As such, this picture is distinctly different from models in which the clouds 

are produced within a disk and are then accelerated outwards by such means as 

radiation pressure or magnetic stresses. 

We note that these results are consistent with current reverberation studies. 

In our model, the inner radius of the BLR is determined by the circularization 

radius, rcirc ^ 2u}\qM% It.-days, where ^lo = ij/lO. This is consistent with the 

inferred inner BLR radius of a few light days. This scenario is also consistent with 

the differential line response seen in most sources (e.g., Korista et al. 1995), with 

the blue and red wings responding fastest to continuum changes before the central 
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peak. Our picture of the BLR has the broad wings formed by rapidly moving gas 

at small radii and the central peak formed by slower moving gas at larger radii. 

Finally, we consider the argument that broad line emission cannot be pro

duced by discrete clouds (Arav et al. 1998). This reasoning is based on the as

sumption that each cloud has a fixed set of parameters, such as density, thickness, 

velocity, etc. In our model, with the clouds continually forming in regions of high 

turbulence, each cloud region can display a wide range of properties. Therefore, we 

suggest that the cross-correlations that appear with fixed cloud properties would 

vanish. Given the viability of this picture, it now remains to be seen whether the 

vast array of BLR phenomena observed in sources ranging from Seyferts to high 

redshift quasars can be self-consistently accounted for with this single description. 

The work presented in this chapter was published in Fromerth and Melia 

(2001a) and Fromerth and Melia (2001c). 
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CHAPTER 5 

LINE EMISSION FROM THE NUCLEUS OF M31 

Abstract 

In this Chapter, an accretion model for the non-active nucleus of M31 

(Andromeda), our nearest large neighbor galaxy, is discussed, along with predictions 

for the optical and UV line emission. The observations of this source are consistent 

with a picture in which the accretion onto the central supermassive black hole (called 

M31* hereafter) is characterized by a relatively low temperature (T ~ 10' K), 

spherical flow. This is a very different picture from the accretion disk models of 

AGNs, or even the hot spherical accretion models used to describe other non-active 

nuclei, including Sgr A* in the Galactic center. An important prediction of this 

model is the appearance of a prominent UV spike from line emission, which for 

simplicity was handled only crudely in earlier work. We here model the line emission 

with significantly greater accuracy and correctly take into account attenuation along 

the line of sight. We show that this level of sophistication agrees well with the 

currently available multi-wavelength observations. Very importantly, we predict a 

spectrum with several prominent emission lines that can be used to verify the model 

with future high-resolution observations; a failure to detect such lines in M31* would 

axgue in favor of a Sgr A*-type, hot accretion flow. 
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5.1 Introduction 

Based on early radio (Crane et al. 1992) and X-ray (Trinchieri and Fabbiano 1991) 

observations of M31*, it was proposed that its nature may be similar to Sgr A*, the 

supermassive black hole at the Galactic center (Melia 1992). Subsequent observa

tions (Lauer et al. 1993) revealed two bright components, Pi and P2, with a spatial 

separation of ~ 1.9 pc, and respectively dominating the optical and UV emission 

(King et al. 1995). Stellar kinematics in the central region suggest that PI and P2 

may be identified £is the turning points of an elliptical distribution of stars orbiting a 

central black hole of mass 3.0 x 10" Mq in a slightly eccentric orbit (Tremaine 1995). 

Recent high-resolution Hubble Space Telescope (HST) observations have partially 

resolved P2 (Lauer et al. 1998; Brown et al. 1998), showing that it has a half-power 

radius of 0.2 pc. Lauer et al. (1998) argued that these new observations point to 

the UV upturn as being produced by a tightly bound cluster of early-type stars. 

However, this picture may be incomplete. The apparent identification of an 

X-ray source with M31* (Garcia et al. 2000) suggests that the accretion processes 

in M31* and Sgr A* must be quite different (Liu and Melia 2001). If neither of the 

two sources detected within the central arcsecond of M31 is associated with M31*, 

then a strict upper limit exists on its X-ray flux and hence the temperature of the 

emitting gas. If this is the case, the UV emission would be an extension of the 

(non-stellar) radio component, and must turn over below ~ 1 keV. 

Instead of the Sgr A*-type model in which the accreting plasma reaches 

temperatures of 10^° K or higher (e.g., Shapiro 1973a; Melia 1992, 1994), M31* 

apparently corresponds to a second branch of solutions in which cooling dominates 
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heating and the gas settles down to a much lower temperature during its infall. At 

the typical capture radius Rc of a supermassive black hole accreting from stellar 

winds (Coker and Melia 2000), an optically thin plasma with temperature 10® K 

^ T" ^ 10^ K lies on the unstable portion of the cooling curve (Gehrels and Williams 

1993; see Sec. A.2.2 of the Appendix). Liu and Melia (2001) showed that in this case 

two branches of solutions exist, distinguished by the relative importance of cooling 

versus compressional heating at RC- Depending on the initial temperature T{RC) 

and the meiss accretion rate M, the plasma settles onto either a hot branch or a 

cool branch, characterized by temperatures of ~ 10'° K and ~ lO"* K, respectively. 

Comparing these two solutions to the observations, Liu and Melia (2001) 

argued that M31* must lie on the cool branch, and that we should therefore see 

a spectral signature of its cooling flow, particularly a prominent UV spike due to 

hydrogen line emission and soft X-ray line recombination. The purpose of this 

Chapter is to present a significantly more detailed calculation of the broadband 

emission spectrum, correcting also for attenuation along the line of sight. In Sec

tion 5.2, we discuss the standard Bondi-Hoyle model for supermassive black holes 

accreting from the ambient medium. In Sections 5.3 and 5.4, we discuss the specific 

details of our line emission calculations and identify several emission lines that may 

be used to verify our model. Section 5.5 presents our conclusions. 

5.2 Low Angular Momentum Accretion Flow 

In this section, we briefly summarize the Bondi-Hoyle accretion model for a low-

luminosity supermassive black hole embedded within a gaseous environment, pro

duced by, e.g., the winds of nearby stars. Gas flowing past the black hole is captured 
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at a rate determined by its velocity and specific angular momentum relative to the 

compact object, which begins to dominate the gas dynamics at the capture radius 

RC = 2 GM/V1^, where is the velocity of the ambient gas flowing past the central 

black hole. Because winds far from the stars are always highly supersonic, many 

shocks can form where the winds collide. These shocks dissipate most of the kinetic 

energy, thereby heating the plasma. 

During infall, the plasma accelerates under the influence of gravity and 

again goes transonic. We base our analysis on the global structure inferred for 

these flows from existing 3D hydrodynamical simulations of the infalling gas (e.g., 

Coker and Melia 1997), taking as our starting point a radius where the plasma 

has regained supersonic velocity. Our analysis assumes a purely radial flow, which 

requires negligibly small specific angular momentum in the accreting gas. 

Due to their low luminosity, supermassive black holes accreting in this 

fashion can be treated with significant simplification. For example, the energy loss 

due to radiation can be treated as a cooling term in the energy equation, and the 

related effect on the dynamics of the flow is negligible. In this sense, the structure 

of the accretion flow and the radiation may be handled separately. 

5.2.1 Dynamical Equations 

The equations describing the radial dependence of the density, temperature, and 

velocity in a spherical accretion flow with a frozen-in magnetic field are (Liu et al. 

2002): 
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where rtb is the baryon number density, M is the accretion rate (a constant), P = 

TiitkTis the gas pressure, £ is the energy density, nF is the heating term due to 

the annihilation of the magnetic field, is the radiative cooling term, n is the 

mean weight per particle in terms oi run, and a is a corrective term of order unity 

relating the temperature to the energy density (Chandrasekhar 1939). In Eqs. (5.1) 

- (5.3), the effect of self-gravity within the gas is neglected due the dominance of 

the supermassive black hole. These equations can be solved numerically once the 

boundary conditions and magnetic field have been specified. 

5.2.2 Boundary Conditions and Magnetic Field 

In principle, a complete knowledge of the wind sources surrounding the accretor 

would provide the necessary boundary conditions to solve Eqs. (5.1) - (5.3). How

ever, only a few global properties of the ambient medium are known adequately 

well. For example, at the Galactic center, the average density and flow velocity 

have been determined from emission line measurements, but projection effects pre

vent us from positioning the wind sources with certainty. The ambient conditions 

in distant M31* are even more diflScult to quantify. Our approach will therefore be 

to use the accurately known spectrum produced by the accreting gas to select the 

boundary conditions, which in turn become free parameters in our fit. 

Taking our cue from the conditions prevalent at the Galactic center, we 

adopt a wind velocity Voo — 500 km/s, which then also determines the downstream 
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plasma temperature for a strong shock: 

(5.4) 
Id k 

For our wind velocity, T ^ 3 x 10® K. Three-dimensional hydrodynamic simulations 

show that the region between the shocks and the transonic point is more or less 

isothermal. So we expect the temperature at the outer boundary of our modeled 

region to be on the order of several million degrees Kelvin. 

HST observations (Lauer et al. 1998) show that the extended UV source 

in P2 has a radius of ~ 0.2 pc. The outer boundary of our accretion flow should 

be of roughly the same size. To ensure that this outer boundary is located below 

the transonic point (since we are limiting our domain of solution to this region), 

the radial velocity of the flow at the boundar\- must be greater than its thermal 

velocity. At the same time, the flow must be bounded, so its radial velocity cannot 

exceed the free fall value at this radius. These two requirements constrain the range 

in values of Vr at the outer boundary. 

With M and Vr specified, the accretion rate then only depends on the 

ambient gas density. Although Ciardullo et al. (1998) have argued that the ionized 

gas density in the nucleus of M31 changes dramatically, dropping from > 10"* cm"^ 

at a radius of 23 pc to 10^ cm~^ at 200 pc, the actual density near the capture 

radius remains undetermined due to the difference in length scales. As such, the 

accretion rate remains a free parameter. 

The structure and intensity of the magnetic field are also poorly known 

in this context, given the uncertain nature of magnetic field dissipation within a 

converging flow. Following the assessment of Kowalenko and Melia (1999), and 

application to the outer region of the accretion flow in Sgr A* (Coker and Melia 
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1997), we invoke a sub-equipartition field compared to the thermal energy density. 

That is, we take = Pb oc'n-kT/2fi, where ,3b is a dimensionless parameter 

smaller than unity. 

5.2.3 Dichotomy of the Accretion Profiles 

From the cooling curve of a collisionally-dominated gas (Fig. A.l of the Appendix), 

it is evident that the plasma is located in an unstable portion of this curve when 

its temperature lies between 10^ and 10^ K. As we have seen above, the temper

ature downstream of the capture radius is typically several million Kelvin. Thus, 

depending on the gas density in this region, which determines the cooling rate at 

the outer boundarv- and the accretion rate for a given radial velocity, the plasma 

may either heat up to ~ 10'° K or cool down to ~ lO"* K. 

Figure 5.1 illustrates this dichotomy. The thick solid curve corresponds to 

our best fit model for the multi-wavelength observations of M31*, which has an 

outer boundary of 10^ Rs, a radial velocity of one-half of the free fall velocity, an 

accretion rate of 1.5 x 10^® g s~^ and a magnetic parameter of 0b = 0.003. The 

outer boundary temperature is given by the ratio of the thermal-to-gravitational 

energy density, which is 0.068 for the best fit model. To emphasize the accretion 

rate dependence of the solutions, we also show in this figure the temperature profiles 

for two configurations with different accretion rates, which are 1.5 x lO""* g s"*^ and 

1.5 X 10^^ g s"^ for the dashed and thin solid curves, respectively. Clearly, the 

solutions depend rather sensitively on the accretion rate. It appears that in order 

for M31* to simultaneously account for both the radio and UV spectral components, 

the post-shock gas initiating its infall toward the central accretor must be highly 



112 

9 

8 

7 
3C 

5 

4 

0 2x10* 4x10* 6x10* 8x10' 10' 

Figure 5.1: Temperature profile for the accreting gas, for three values of accretion 
rate. The initial temperature in all cases is 1.24 x 10® K. The accretion rates are 
1.0 X 10^^ g s"^ (thin, solid curve — the hot branch solution), 1.0 x 10^'' g s~^ 
(dotted curve) and 1.0 x 10^® g s"^ (thick, solid curve — the best fit model for 
M31*). .\lso shown here is the run of proton density n of the best fit model (dashed 
curve), whose scale appears on the right hand side. 

unstable to cooling. For this reason, the temperature of the plasma in the best-fit 

model drops quickly from ~ 10® K in the post-shock/capture region to ~ 10"* K for 

the remainder of its inflow. 

In the hot branch, the cooling is dominated by thermal bremsstrahlung ra

diation. We therefore expect a flat spectrum which cuts off at UC ^ KT/H. Figure 5.2 

shows the spectra corresponding to the three configurations in Figure 5.1. In this 

figure, the two more constraining optical upper limits are from Lauer et al. (1998) 
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and the three near-IR upper limits are from Corbin et al (2001). The other data 

are discussed in Liu and Melia (2001). Note that these spectra do not include the 

contribution from cyclo-synchrotron emission, which is absent in the cool branch 

solutions, but would produce an additional peak at radio frequencies for the hot 

branch profiles. The magnitude and location of this cyclo-synchrotron peak would 

depend on the strength of the magnetic field. Clearly, the Chandra X-ray upper 

limit (or detection, depending on whether one of the sources near M31* is its coun

terpart) already rules out the hot branch solution for M31*, under the assumption 

that the radio component extends into the UV region, even without the additional 

problems introduced at radio wavelengths by this additional component. 

The best-fit cool branch solution, on the other hand, accounts very well 

for both the radio and UV emission, and also features strong line emission due to 

the dominant line cooling mechanism. Note that the low A/, cool branch solution 

cannot produce the observed radio and UV flux, so a lower limit exists for the 

accretion rate. 

5.3 Calculating the Emission Spectrum 

The emission spectrum of a cooling gas is a function of the density n and tem

perature T, which in turn are both functions of radius. With the assumption of 

spherical symmetry, the mean emissivity (in units of energy per unit time per unit 

volume per unit frequency interval) is 

4irj„(r,9) = 4jr/(r,9) [ i;»"-(n(r),r(r)) 

+ Z T(r)) SW - »)) ] , (5.5) 
lines 
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Figure 5.2: A comparison of the overall spectrum arising from each of the three 
cases depicted in the previous figure. The line types have the same definitions as 
those in the figure. The X-ray upper limits correspond to the so-called "southern" 
source detected near VI31* by Chandra, whereas the butterfly shows the measured 
spectrum for the "northern" source. 
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where 
3 

f { r , d )  =  
1 — V{tY/C?^ 

(5.6) 
+  v { r )  C Q s d / c \  

is the special relativistic correction to the monochromatic flux of moving emitters 

(Corbin 1997); the term 

A-k~ (6.8 X 10 ergs ' cm^ Hz ^ K'''") n~A^T (5.7) 

is the mean emissivity due to thermal bremsstrahlung (Frank et al. 1992), with 

the ionization fraction A = (1.0 4- 0.445 obtained following the pre

scription given in Rossi et al. (1997); j''"'^(n, T) is the mean emissivity (in units of 

energy- per unit time per unit volume) due to line emission; and 

is the Doppler-corrected line frequency, with being the rest-frame line frequency. 

General relativistic effects have been ignored as the vast majority of emission occurs 

at radii r '3> Rs-

Computationally, we view the inflow as a series of concentric spherical shells, 

each of which is characterized by a single set of physical parameters. The velocity, 

density, and temperature are specified by Eqs. (5.1) - (5.3). The central mass 

is assumed to be M = 3 x 10' Mq and the mass accretion rate is set at M = 

1.5 X 10^® g s~', corresponding to the best fit model temperature profile shown in 

Figure 5.1. Each shell is modeled as a coronal equilibrium zone (appropriate for gas 

which is mainly coUisionally ionized), and the photoionization code Cloudy (Ferland 

1996; Cloudy 94.00) is used to compute the line emissivities. Cosmic abundances 

are assumed throughout, with no grains present due to the high temperatures. 

'^ine(r' ^) — ^Hne 
I — y(r)cos0 

(5.8) 
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Radiative transfer effects between the zones are neglected, as gas is optically thin 

above 0.1 GHz. 

To obtain a spectrum of the flux density, the emissivity is integrated over 

the entire flow volume: 

where Dm3i = 784 kpc is the distance to M31 (Stanek and Garnavich 1998). The 

flux density is then corrected for extinction along the line of sight due to absorption 

(Cruddance et al. 1974: Morrison and McCammon 1983) and reddening (Cardelli 

et al. 1989), assuming a column depth of = 2.8 x 10^^ cm~- based on Chandra 

obser\'ations (Garcia et al. 2000), cosmic elemental abundances (Dalgamo and 

Layzer 1987), Ay = 0.24 (Lauer et al. 1993). and E{B — V) = 0.11 (King et al. 

1995). 

5.4 Results of the Line Modeling 

Figure 5.3 shows the intrinsic flux spectrum calculated with our model. The spec

trum (and cooling) is dominated by the UV' recombination lines of warm Fe, O, Si, 

and S species present in the outer flow region. 

Figure 5.4 shows the model spectrum corrected for extinction. It is evident 

that the strongest emission lines are effectively extinguished by the intervening 

column of gas. The surviving optical-UV and soft X-ray components both show 

very strong line emission superimposed on a bremsstrahlung continuum, and should 

be easy to distinguish from, e.g., the composite spectrum of a stellar population. 

For comparison, the spectra of T = 10,000 K and T = 30,000 K stars computed 

(5.9) 
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Figure 5.3: Modeled intrinsic bremsstrahlung (dashed curve) and bremsstrahlung 
plus line (solid curve) spectra. 
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Figure 5.4: Modeled line plus bremsstrahlung spectrum corrected for extinction and 
reddening (solid curve). Shown for comparison are stellar atmosphere spectra for 
T = 10,000 K (dashed curve) and T = 30,000 K stars (dot-dashed curve), each 
arbitrarily scaled. See text for description. 

from Atlas stellar atmosphere modeling (Kurucz 1991) are also presented in the 

figure. 

An expanded view of the modeled UV and X-ray spectra are shown in Fig

ures 5.5 and 5.6. High spatial resolution observations of M31* at these wavelengths 

may provide a very straight-forward test of this cooling accretion flow picture. In 

particular, the UV spectrum is characterized by very strong line emission: Table 5.1 

lists the intensities of the strongest emission lines relative to Lya. 
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Figure 5.6: Modeled X-ray spectrum, rebinned in equal logarithmic intervals. 



Table 5.1: Attenuated Emission Line Intensities. 

Line Intensity (Rel. to Lya) 

Lya A1216 LOO 
dvi AA1032,1038 0.59 
Mgll AA2796.2804 0.47 
CIV A A 1548.1551 0.16 
NV AA1239,1242 0.13 
OIV A1399 0.13 
S VI AA933,945 0.07 
CII A2326 0.06 
C III A977 0.06 
Ne VI A999 0.06 
OV A1215 0.03 
Si ni A1207 0.03 
Sim A1891 0.03 
Ly/? A1026 0.02 
Ly7 A973 0.02 
Cl A1657 0.02 
Nin A991 0.02 
Oni AA1661,1666 0.02 
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5.5 Discussion 

As mentioned in section 5.2.3, these solutions are rather sensitive to the outer 

boundary conditions, particularly the accretion rate. For these simulations, we have 

used a simplified scheme in which compressional and magnetic heating balance line 

cooling in the outer region. In reality, turbulent heating may also play an important 

role in determining the temperature. Additional heating may also be provided 

by the disturbance generated by the stellar population around P2. In any event, 

however, the essential feature of this model is that regardless of what happens at 

large radii, line cooling can dominate over the heating processes at small radii when 

the accretion rate is large enough. 

This inner cool region is important because radio observations rule out the 

existence of a hot plasma at small radii. The two radio measurements of M31* give 

a flux density of 28 — 39 fj.Jy at 3.6 cm (Crane et al. 1992, 1993). The 3.6 cm radio 

flux from an optically thick spherical emitter can be estimated using the following 

equation: 

where R is the radius of the source. Thus, a source with radius 10 Rs and a 

temperature of several times 10^° K would produce far too much flux at 3.6 cm. 

On the other hand, a hot optically thin source cannot produce the strong 

UV emission via self-Comptonization of the radio photons. If the UV component 

is in fact associated with M31*, this argimient also rules out many other models 

developed in recent years to account for the emissivity of supermassive black holes 

F(3.6 cm) 

(5.10) 
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in the cores of nearby galaxies, including Sgr A* at the Galactic center (the ADAF 

model of Narayan, Yi, and Mahadevan 1995; the ADIOS model of Blanford and 

Begelman 1999; and the jet model of Falcke and Markoff 2000). If, however, the 

UV emission is not associated with M31*, a hot optically thin plasma may still 

account for the radio emission, as it does for Sgr A*. Distinguishing between these 

two scenarios via the possible detection of UV lines in the spectrum of M31* makes 

our proposed measurements highly desirable. 

In calculating the spectrum for the hot branch solution of Figure 5.2. we 

have not included the effects of a magnetic dynamo should the gas circularize before 

it reaches the event horizon. In the case of Sgr A*, the dominant contribution to the 

mm and sub-mm spectrum is made by a Keplerian structure within ~ 5 of the 

central mass (Melia, Liu, and Coker 2000). In the case of M31*, this region may 

or may not exist, depending on how much specific angular momentum is carried 

inward. For the same conditions as in Sgr A*, M31* would not have a Keplerian 

region since RS{^L3L*) « 10 RS{Sgr A*); i.e.. the gas would not circularize before 

crossing the event horizon. So the dynamo model of Sgr A* may not work for M31*. 

Finally, the much larger accretion rate implied by our model also rules out 

the possibility of a standard, optically thick disk being present in M31*. As shown 

in Figure 5.7, even with an accretion rate more than 6 orders of magnitude smaller 

than the accretion rate we infer for the best fit case, a small optically thick disk 

still produces too much optical radiation compared to the observations. Such an 

optically thick disk would not be able to account for the UV upturn either, making 

it unlikely that such a structure is present in the nucleus of M31-

The work presented in this chapter was published in Liu, Fromerth, and 



124 

IT IRAS 3.0x10* U 
0 

I^XCMO: ^ HST 
VLA 

-5 

Chandra 

-10 

10 15 20 
lo«io / Hx) 

Figure 5.7: Spectra of optically thick disks. The disks have an inclination angle 
of 60°, an inner boundary of 3 Rs and the accretion rate is 5.0 x 10^® g s~^ The 
thick solid line corresponds to a small disk with an outer boundary of 10 Rs, while 
the dotted line corresponds to a disk with an outer boundary of 1000 Rs- The 
thin solid line corresponds to the best fit radial accretion model, though here only 
the hydrogen line emission is included. As in Figure 5.2, the X-ray upper limits 
correspond to the so-called ''southern" source detected near M31*, whereas the 
butterfly shows the measured spectrum for the "northern" source. 
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Melia (2002). SL and FM carried out the majority of the work appearing in Sees. 5.1 

and 5.2, while Sees. 5.3 and 5.4 are primarily the work of the author. 
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CHAPTER 6 

A TURBULENT ACCRETION DISK MODEL FOR NGC 4261 

Abstract 

NGC 4261 (3C 270) is a low-luminosity radio galaxy with two symmet

ric kiloparsec-scale jets. Early Hubble Space Telescope observations indicated the 

presence of a hundred-parsec scale disk of cool dust and gas around a central, super-

massive black hole. The recent detection of free-free radio absorption by a small, 

geometrically-thin disk, combined with the early studies of the disk's large scale 

properties, provide the strictest constraints to date on the nature of the accretion 

process in this object. We show here that a turbulence-dominated disk, illuminated 

by the central AGN, can not only account for the observed radio shadowing, but ca.n 

also produce the optical broad lines emitted from the region. Because the turbulent 

ram pressure is much greater that the thermal pressure of the gas at large radii, 

the disk is optically-thin and there is a critical radius TC in the disk's structure. 

Beyond this radius, line cooling dominates the gravitational dissipation and the gas 

is effectively cooled down to temperatures ^ lO"* K. Within TC, however, heating 

due to the gravitational dissipation overcomes the line cooling and the gas falls onto 

the unstable portion of the cooling curve. Cooling is quite inefficient under these 

conditions, so the plasma is heated up very quickly in this region. As a result, 

the thermal pressure overtakes the turbulent ram pressure at ~ (2/3) Tc, below 
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which the flow may make a transition to an advection-dominated accretion disk. 

Because the disk is optically-thin to UV and X-ray radiation within Tc, the ionizing 

flux from the AGN encounters the disk unattenuated at Tc. To include the effect 

of this radiation, we use the algorithm Cloudy with extra heating introduced by 

the gravitational dissipation to calculate the temperature profile and line emission 

from the disk in a self-consistent manner. Our results indicate that this level of 

sophistication is necessary to account for the multiwavelength observations of the 

disk. 

6.1 Introduction 

The development of supermassive black hole accretion theories has always been 

limited by observations. This has been changing quickly during the past few years, 

with increasingly higher resolution observations being made over a wide frequency 

range. For example, the Chandra X-ray Observatory (Chandra) and the Hubble 

Space Telescope {HST) both have sub-arcsec scale resolutions, while the Very Large 

Baseline Interferometer (VLBI) can resolve structures on sub-milliarcsec scale. By 

combining multiwavelength observations from these different instruments, we can 

obtain very strict constraints on the nature of accretion around supermassive black 

holes. 

Despite the impressive capabilities of these instruments, the innermost 

structure of AGNs remain unresolved. However, the current data are good enough 

to constrain the properties of the large-scale accretion disks that are presumably 

feeding the central engines. A better understanding of these large-scale disks is 

not only tenable, but will also provide significant implications on the nature of the 
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AGNs. Most of the relevant theoretical work to date is based on the standard q-disk 

model (Shakura and Sunyaev 1973), in which the accretion disk is supported by the 

thermal pressure of the gas at large radii (e.g., Hubeny 1990; Hure et al. 1994). 

However, observations suggest that turbulence is prominent in the disks of some 

radio galaxies (Ferrarese et al. 1996; Ferrarese and Ford 1999; van Langevelde et 

al. 2000). In addition, the inner disk is irradiated (Maloney et al. 1996), which 

should affect, e.g., its physical properties and line emission characteristics. At a 

distance of only 30 Mpc, the radio galaxy NGC 4261 provides us an exceptional 

opportunity to investigate these new effects (Ferrarese et al. 1996). 

NGC 4261 is well known for its kiloparsec-scale jets (Birkinshaw and Davies 

1985) and ~ 100 pc scale dust disk imaged with HST (Jaffe et al. 1993). The recent 

HST spectra and images indicate the presence of a 4.9 x 10® supermassive black 

hole in its center (Ferrarese et al. 1996), making it a good candidate to study 

the accretion processes in these objects. Jaffe et al. (1996) showed that the large-

scale dust disk has an optical depth near unity. Assuming a Galactic dust/gas 

ratio, the authors inferred an atomic surface density of ~ 5 x 10^° cm"^, while 

the width of the narrow lines from the disk suggests a turbulent velocity of ~ 70 

km/s. The studies of the radio line absorption from the center, on the other hand, 

reveal a small (~ 6 pc in radius), thin circumnuclear disk with an Hi column 

density of ~ 2.5 x 10^^ Tsp cm~^, where ^sp ~ 100 K is the spin temperature of 

the gas. The corresponding turbulent velocity is about 130 km/s (van Langevelde 

et al. 2000). The recent confirmation of free-free absorption of the radio emission 

by a geometrically-thin accretion disk adds new content to the accretion picture 

because the disk has a radius of only ~ 0.3 pc. which is about 6400 Rs, where the 

Schwarzschild radius Rs ^ 1.45 x 10cm for the supermassive black hole in the 
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center of NGC 4261 (Jones et al. 2001, and references therein). 

Current observations of the accretion disk range from sub-pc to hundred-pc 

scales. The large scale disk has been well explored by Jaffe et al. (1996). On small 

scales (below ~ 10 pc), however, where the central supermassive black hole begins 

to gradually dominate the gravitational field, a self-consistent accretion model does 

not yet exist, especially for the small free-free absorption disk. It has been shown 

that simple accretion models cannot explain the observed radio absorption (Sudou 

et al. 2000). The model proposed by Jones et al. (2000), on the other hand, requires 

a viscous parameter of q ~ 2400, and thus is physically unacceptable. 

Previous studies have shown that turbulent motion is prominent in the disk 

from 100 pc to about 6 pc, with the inner boundary set by observational limitations. 

The turbulence dominated structure may therefore extend to much smaller radii. 

However, in a turbulence-dominated disk (Pringle 1981), the disk is optically-thin 

and gravitational energy dissipation will overcome the line cooling at a critical 

radius Tc, within which the gas is effectively heated up. The thermal pressure of 

the gas will dominate the turbulent ram pressure at r ~ (2/3)rc, vvith the turbulent 

structure inferred from observations on large scale. So the turbulence-dominated 

flow is terminated and the gas may transfer to an advection dominated accretion 

flow hereafter (Narayan and Yi 1994). With a viscous parameter a ~ 1, Tc is about 

0.3 pc, where the free-free absorption disk is detected. Thus the observed shadowing 

of the nascent radio jet may be produced by the ionized gas near r^. 

However, the newly released Chandra data also hints that the nucleus of 

NGC 4261 may be weakly-active (Peter et al. 2001), consistent with earlier Ad

vanced Satellite for Cosmology and Astrophysics (ASCA) and Roentgen Satellite 
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{ROSAT) observations (Matsumoto et al. 2001; Worrall and Birkinshaw 1994). 

The corresponding ionization parameter at 0.3 pc (assuming that the radiation 

is isotropic) is E % 5, where H = Fjon / c, Fjon is the ionizing flux between 1 

and 10^ Ryd (Krolik et al. 1981). Note that H roughly corresponds to the ionizing-

photon-to-gas pressure ratio. .A. value of H ^ 1 indicates that the gas may be effec

tively photoionized. This photoionization will significantly affect the line emission 

from the turbulent disk. High-resolution HST imaging of the central ionized gas 

detected broad emission lines from a region less than 7 pc in radius (Ferrarese et al. 

1996). In this paper, we show that a turbulence-dominated disk, irradiated by the 

AGN, can not only account for the observed radio absorption feature, but also re

produce these broad emission lines. We also show that its large-scale extension is 

consistent with the radio line absorption studies. 

The physical conditions present in the broad line regions (BLRs) of this class 

of radio galaxy are likely to be very different than those present in the more-luminous 

Seyfert galaxies and quasars. In both scenarios, the line emission is produced by gas 

having temperature on the order of a few times 10"* K, with line broadening caused 

by bulk motions of the emitting plasma. However, while the BLR in Seyferts and 

quasars is primarily photoionized, our model predicts that heating due to gravita

tional dissipation plays a significant role in the low-luminosity radio galaxies. 

Our modeling also indicates a very different BLR geometry for these galax

ies, with the line emission coming directly from the turbulent accretion disk. While 

accretion disks may play an important role in some BLR models of Sevierts and 

quasars, the line emission is not believed to originate in the disk itself, instead being 

associated with, e.g., magnetohydrodynamic flux tubes (Emmering, Blandford, and 
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Shlosman 1992) or radiation- and gas-pressure driven winds rising from the surface 

of the disk (Murray et al. 1995). The accretion disk does not even play a direct role 

in many successful BLR models for these objects, e.g., the bloated star (Alexander 

Netzer 1994) or accretion-shock cooling models (Fromerth & Melia 2001). 

It is also noted that the density of the BLR gas in these galaxies is much 

lower than in traditional AGNs. Because broad forbidden emission lines are ab

sent in Seyfert and quasar spectra, we know that the density of their line-emitting 

gas is n ^ 10^ cm"^. However, the spectra of many low-luminosity radio galaxies 

contain strong broad forbidden emission lines (e.g., [N II], [S II]), indicating gas den

sities n ^ 10^ cm~^ (see Table A.3 of the Appendix, and related discussion). The 

lower density BLR gas may be directly tied to their lower mass accretion rates and 

resulting luminosities. 

6.2 A Turbulence-Dominated Accretion Disk Model 

Because it is thought that the large-scale dust disk feeds the inner accretion of the 

AGN (Jaffe et al. 1996), the detection of a prominent gap in the radio core of 

N'GC 4261 prompted Jones et al. (2000, 2001) to introduce a free-free absorption 

disk to account for the observed features. To produce the radio absorption, the 

disk must have an emission measure of ~ 3 x 10® pc cm~®, where rig is 

the electron density, I is the path length through the absorbing gas, and T4 is the 

electron temperature in units of 10"* K. However, the simple optically-thin, gas-

pressure-dominated disk proposed by these researchers cannot account for the radio 

shadowing self-consistently. In particular, it is noted that the viscous parameter, 

a, is too large to be physically acceptable (see following discussion). 
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For a gas-pressure-dominated accretion disk, angular momentum conserva

t ion requires that u ~ —(2/3) Vr r at large radii, where u = a H{r) Cs(r) is the 

kinetic viscosity of the accreted gas, a is the viscous parameter (assumed to be 

radius-independent and less than one), Vr is the radial velocity of the flow, H(r) is 

the scale height of the disk, and Cs(r) is the local sound speed. From the expressions 

given by Jones et al. (2000), one can obtain: 

where Vk = {GM/rY^' is the Keplerian velocity, A/g is the black hole mass in units 

distance of the radio absorbing gas from the black hole in units of 10^® cm. In fact, 

it can be shown that the disk cannot be supported by the thermal pressure of the 

gas since the corresponding accretion rate is: 

where quantities with the subscript o denote values inferred from the radio absorp

tion features. Such aji accretion rate is so small that the implied emission coefficient 

for converting the accreted rest-mass energy to X-ray emission from the nucleus of 

NGC 4261 is about 20/a (Worrall &c Birkinshaw 1994; Matsumoto et al. 2001), 

which is unacceptable for any reasonable viscous parameter q. Sudou et al. (2000) 

further discussed the properties of an optically-thick standard disk and an optically-

thin disk cooled by free-free emission. Neither of these alternatives can account for 

the observed shadowing. 

Meanwhile, observations indicate that turbulence dominates the large scale 

of 10® A/0, A/_3 = A//(10 ^A/0/yr) gives the accretion rate, and rig ~ 1 is the 

M 

(6.2) 
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properties of the dust disk (Jaffe et ai. 1996; van Langevelde et al. 2000). One 

may therefore expect that the turbulent structure to remain important at smaller 

scales. In the following discussion, we assume that the energy associated with the 

turbulent motion is in equipartition with the gravitational energy of the gas. We 

therefore have 

v ;  = f v l ,  (6.3) 

where / is the turbulent parameter, which can be fixed by the observed disk prop

erties at large radii, and Vt is the turbulent velocity of the flow. The turbulent disk 

model then gives (Pringle 1981): 

u = aH Vt , (6.4) 

H = (6.5) 

, -
Vr = —1.0 -

r 

= -1.5 q/ L'k , (6.6) 

\I = a r" Vk n nip . (6.7) 

In Eq. (6.7), n(r) is the baryon number density averaged in the vertical direction of 

the accretion disk and nip is the proton mass. Because the H 1 absorption feature 

indicates Vt o; 0.21 at r ~ 6 pc from the nucleus, we obtain / ~ 0.045. The 

corresponding disk opening angle is 2 tan"^/^/^ ~ 24°. Then, from equations 

(6.5) and (6.7), we have: 

H = 0.21 r , (6.8) 

n = . (6.9) 

One should emphasize that only a small fraction (~ 4.5%) of the dissi

pated gravitational energy is required to drive the turbulent motion. Most of the 
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dissipated gravitational energy is effectively radiated away. Since we are mostly 

interested in the region where the gas is partially ionized, this cooling is dominated 

by line emission. We will see there is a critical radius Tc in the disk, where the 

gravitational energy dissipation rate equals the line cooling rate. The gravitational 

energy dissipation rate is given by: 

3 G M M  
nTa = 

Equation (6.7) can be rewritten as: 

M = 2.3 X lO-^^ Q 

Stt H 

) 
V0.045/ V3 X 10-' cm-V 

(6.10) 

(lO^® cm) 

\ 3/2 M 
1/2 

4.9 X 108 
g s -I (6.11) 

Using this equation to eliminate M in equation (6.10), we obtain: 

nFc = 8.5 X 10 Q -1-] ( ) 
0.045/ \3 X lO"* cm'^J VlO'® cm/ 

^ 
VlO'® cm/ \4.9 X ] 

ergs cm ^ s ^ (6.12) 
108 

The peak cooling rate of an optically-thin gas is given by (see Sec. A.2.2 of the 

Appendix): 

^ 9 X 10-" ergs cm"' s- , (6.13) 

at a temperature T sss 10® K. 

We can solve for the critical radius where nFc = 

Tc = 9.4 X 10^® a 
p X 10-* cm-^\ A0^8 

V Ho J \ 

3/2 

(  t L  ]  
V0.045y \A.9 X 108 MQ) 

3/2" 

cm . (6-14) 
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Note that this equation does not take into account the effect of the ionizing flux, 

which significantly increases the critical radius by increasing the heating rate. To 

account for the radio shadowing, the electron number density should be ~ 3 x 

lO"* cm~^ at r = 0.3 pc, where we have assumed an inclination angle i = 64° for the 

disk (Jones et al. 2001). For a viscous parameter q ~ 1, equation (6.14) shows that 

the critical radius is located in the radio shadowing region. Although it is natural to 

expect that the observed radio absorption be produced by the fully ionized gas near 

Tc, we will see below that ionizing photons from the central engine play a crucial 

role in determining the ionization state of the gas at ~ 0.3 pc. 

Earlier HST observations indicate that the gas close to the nucleus may be 

ionized by the radiation from the center (Ferrarese et al. 1996). Further evidence 

of this can be shown by estimating the ionization parameter at this radius. Recent 

high resolution Chandra observations indicate that there is an AGN at the center 

of NGC 4261 with a hard X-ray luminosity of ~ 7 x lO""^ ergs/s (Peter et al. 2001), 

consistent with earlier ASCA results (Matsumoto et al. 2001). In the soft X-

ray band, a luminosity of ~ 10''^ ergs/s was also detected (Worrall and Birkinshaw 

1994). So, assuming that the radiation is isotropic and a gas temperature of ~ 10"' K, 

we can estimate the value of the ionization parameter to be H ~ 5 for the radio-

absorbing gas at ~ 10^® cm. So the radio-absorbing gas is effectively photoionized. 

Although the radiation pressure dominates the thermal pressure of the gas 

in the radio absorbing region, the turbulent pressure there is 0.5 Uo nip vf ~ 7.4 x 

10"^ ergs cm~^, which is much larger than the radiation pressure. So the structure 

of the disk, including the scale height and number density, is still determined by the 

turbulent motion. However, the gas temperature profile depends on the interaction 
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between the disk and the radiation field. In the following section, we incorporate 

this photoionization effect using the algorithm Cloudy (Ferland 1996; Cloudy 96-

(33), and show that the observed broad line spectrum can be reproduced by our disk 

model. 

6.3 Line Emission from the Irradiated Turbulent Disk 

To model the line emission from the irradiated disk, the intensity and spectral 

energy distribution (SED) of the ionizing radiation from the central source must be 

known. These are highly uncertain due to a combination of factors. First, there 

are uncertainties associated with intrinsic absorption and galactic contamination 

which limit the precision to which we can quantify the spectrum in the optical 

and X-ray bands. Second, the spatial distribution of photons is unknown — it is 

unclear whether the central engine emits isotropically; the disk at Tc may "see" 

a different spectrum than what we observe. Third, and most importantly, we do 

not have observations (or even good estimates) of the continuum at UV energies. 

Generally, the shape and intensity of the UV continuum most strongly determine 

the properties of a photoionized gas. 

The correlations between the radio and optical spectra suggest that the 

nuclear sources may be non-thermal in PR I radio galaxies (Chiaberge et al. 1999). 

Further evidence for a power-law nuclear source in NGC 4261 come from the afore

mentioned ROSAT, ASCA and Chandra observations in the X-ray band. In the 

following discussion, we adopt a power-law spectrum for the UV-band, connecting 

the observed optical and X-ray data. The continuum is assumed to be emitted 
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isotropically from a central, point-like source, but the intensity of the ionizing lu

minosity remains a free parameter in our model to reflect our uncertainty. 

We are mostly interested in the region at ~ 0.3 pc. To accurately determine 

the spectrum of the incident radiation in this region, the gas distribution in the inner 

region must be known since radiation from the core may be reprocessed by some 

intermediaries. Fortunately, according to the turbulent disk model, the disk will be 

heated up very quickly within Tc, which makes the gas there optically-thin to UV 

and X-ray emission. One can show this by solving the energy conservation equation 

in the tr?insition region between Tc and the radius n, where the thermal pressure 

of the gas equals the turbulent pressure and the turbulence-dominated accretion 

flow is terminated. For a turbulence-dominated accretion disk, we have the energy 

conservation equation: 

The first term on the left-hand side corresponds to the gravitational energy dis

sipation including turbulent advection, while the second term is associated with 

the thermal energy of the gas. The right-hand side gives the cooling. Because 

A ~ 10"^^ ergs cm^ s~^ near the peak of the cooling function, independent of 

density, we can estimate the temperature profile in the transition zone: 

rrip 
- A T r H n - A  . (6.15) 

(6.16) 
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In the second expression above, we keep only the term proportional to [(rc — r)/r]^ 

and neglect the high order terms in (rc — r)/r. Setting 2 kT{rt) = f trip we 

obtain the termination radius rj of the turbulent flow: 

T 
" 1 + a/2 + (a + aV4)i/2 ' 

where 

a = ~ 0.15 I -^1 . (6.18) 
0.3(1-/) \omoj ^ ' 

So rt (2/3)rc, and T{rt) ~ 3 x 10" K. Then the error introduced by neglecting the 

high order terms in equation (6.16) is ~ 30%. In general, the termination radius r^ 

is determined by solving the equation: 

In (^) = 1 + • (6.19) 
Vtc/ 3(l-/)r£ 

So / must be smaller than 3/8 to make the thermal pressure of the gas dominate 

at small radii. A larger value of / will cause the turbulent advection to cancel most 

of the gravitational energj' dissipation and keep the disk turbulence-dominated. In 

addition, a more accurate expression for A in the transition zone will make the gas 

heat up faster because it is on the unstable portion of the cooling curve (Liu et al. 

2002). 

Within rt, the flow may transfer to an advection dominated accretion flow 

(Narayan and Yi 1994). So the disk is likely to be optically-thin to LTV £md X-ray 

emission within r^. And due to the sharp increase of the gas temperature within Tc, 

the free-free absorption produced by the free electrons is also negligible. However, 

with photoionization of the disk by the AGN, the gas may be fuUy ionized well be

yond Tc- To incorporate the photoionization effect self-consistently, we will need to 
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use the algorithm Cloudy with additional heating introduced by gravitational dissi

pation to calculate the temperature and the ionization state of the gas throughout 

the disk. 

Before calculating the line emission from the turbulent disk numerically, it 

may be illustrative to estimate the physical conditions of the broad line region. HST 

observations reveal ionized gas concentrated in a region having a spatial-resolution 

FVVHM of 17 pc, with the broad lines being associated with the central 0.1 arcsec = 

14 pc aperture position (Ferrarese et al. 1996). For the Ha line, the observed 

flux is 3.11 X 10"^® ergs cm"' s~^ with a FWHM width of 2500 km/s. Using 

the electron number density inferred above and an Ha volume emissivity of ~ 

2 X 10""^ ergs cm^ s"^ (Osterbrock 1989), we can estimate the size of the emission 

region: 

4.8x10^® f-—-^2 (̂ 1—y In(r/ro) = 3.3xlO^«, (6.20) 
V0.045y V3xl0«cm-3/ VlO'Scm/ ^ ' v / 

from which we obtain r ss 0.6 pc. We can test this estimate against our model. 

It is interesting to note that the Keplerian velocity at such a radius is 

1900 km/s, consistent with the FWHM of the Ha line if one takes into account 

the turbulent motion in the flow and the inclination of the disk. Because the 

contributions to Ha are comparable at different radii between ~ 0.3 pc and ~ 0.6 pc, 

the double peaks produced by the Keplerian motion will be filled in, consistent with 

the observed spectrum. So the turbulent accretion disk is expected to account for 

the broad emission lines naturally. 
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6.4 Modeling the Broad Emission Line Spectrum 

There are already several observational constraints on the model prior to fitting the 

broad emission lines. These constraints significantly limit the parameter space of 

our subsequent fitting. Images from HST show that the large-scale dust disk has 

an inclination angle of 64° (Jaffe et al. 1993). On the other hand, the narrow-line 

kinematic data from the central region suggests an inclination angle of 69° for the 

ten-parsec scale disk. Both of these values are consistent with the viewed angle of 

the radio jet, which is ~ 63° (Finer et al. 2001). VVe therefore adopt a value of 

i — 64° for the inclination angle of the turbulent disk. 

.\s stated in Section 6.2, the radio line absorption observations fix the 

turbulent parameter at / = 0.045. To account for the radio shadowing near 0.3 pc, 

the electron number density should be around 30,000 cm~^. Because we expect 

hydrogen to be fully ionized in this region, we will choose Uo = 30,000 cm~^ as the 

fiducial value for scale-height-averaged number density of the disk at Vg = 10'® cm 

away from the supermassive black hole. The only remaining free parameters in 

the model are the ionizing luminosity Lion, and the viscous parameter a. which 

determines the accretion rate and critical radius via Eqs. (6.11) and (6.14). 

6.4.1 Methodoiogy 

We use Cloudy to calculate the line emissivity as a function of radius for r > 

including the additional heating (Eq. 6.12) and varying the density with radius 
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(Eq. 6.9) as predicted by our model. The line profiles are then generated by inte

grating over the appropriate range in radius. We accomplish this task by partition

ing the disk into a large set of concentric tori, modeling the line emission from each 

torus as a set of N discreet clouds, with the understanding that we approach the 

continuous limit with very large N. The emission line flux from the population of 

.V clouds in torus i as a function of wavelength is: 

F.(r,A) oc 2tt riH{ri) Afi ^ X) , (6.21) 
j=i 

where the factor 27rr, //(r,) An is the volume of torus i ,  e(rj,Vj) is the line emis-

sivity including relativistic effects, and .\.(rj,Vj, A) is a convolution term relating a 

cloud's location and velocity to the observed line wavelength. The composite line 

flux from the entire disk is then obtained by summing the contributions from each 

torus. 

Taking the line-of-sight velocity to be t'los, the effect of Doppler boosting is 

given by (Corbin 1997): 

- i;Vc2\ 

( t tca )  • 

where eo(r) is the rest-frame emissivity (generated by Cloudy) and 

<os = "los + c  ̂- 1 j (6.23) 

is the line-of-sight velocity including general-relativistic corrections. 

The observed wavelength A of line emission from a given cloud is related to 

rest-frame line wavelength Aq by 

A = A. (1 + .) (6.24) 



142 

where the correction terms on the right are the gravitational, Doppler, and cos-

mological redshifts, respectively. This relation, appearing as a delta-function 

A(rj,Vj,A) in Eq. (6.21), is used to map each cloud's emission into predetermined 

wavelength bins. 

The axis of the disk is taken to lie along the 2-axis. Cloud positions and 

velocities are then determined via Monte Carlo sampling. Each cloud is given 

random azimuthal position 0 < o < 27r in the disk, and the velocity of each cloud 

is assigned as; 

\j = + Vt , (6.25) 

where Vk = {GM/r)^^- is the Keplerian velocity, is the azimuthal direction vector 

(note that this depends on the value of 0), and Vj = \/J in a randomly-oriented 

direction. The line-of-sight velocity is then equal to i-'ios = Vj -nios, where nios is the 

direction vector along the line of sight. 

6.4.2 Results of the Line Modeling 

We modeled the continuum-subtracted Ha A4861 -I- [N n] AA6548, 6583 and 

[Sll] AA6716, 6731 broad emission line spectrum of Ferrarese et al. (1996). The 

parameters Lion and a were varied to determine the best x' fit to their nuclear pixel 

data, corresponding to a spatial-resolution FWHM of 0.1 arcsec. Figure 6.1 shows 

the resulting best fit (x^ = 1-1; u = 250 degrees of freedom), having parameters 

^ion = 4 X 10*^° erg/s and a = 0.4. The model nicely reproduces the broad wings and 

steep core of the Ha + [NII] composite. There is an apparent excess in the modeled 

[S n] emission, which may be remedied by reducing the assumed abundance of sulfur 

in the model (we used solar abundances throughout). Allowing for this additional 
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Figure 6.1: Observed (points with error bars) and best-fit modeled (solid curve) 
broad optical line spectrum of NGC 4261. The best-fit free parameters are 
^ion = 4 X 10"'° erg/s and a = 0.4, resulting in = 1.1 (i/ = 250 degrees of 
freedom). The other parameters are fixed in the fit: Uo = 30000 cm~^, / = 0.045, 
and i = 64° (see text for details). 

free parameter is beyond the scope of this paper, however, as we are more interested 

in showing a consistency in the line profiles rather than their relative strengths. 

Figure 6.2 shows the radial dependence of the gas temperature and the 

ionization fraction of hydrogen in the best fit model. Thermal equilibrium occurs 

when the heating and cooling rates balance; stable equilibria occur only where the 

slope of the cooling function is positive (e.g., Shore 1992). Figure 6.3 illustrates the 

heating and cooling functions for the gas at radii r = 10^^ cm (top) and r = 10^° cm 

(bottom). The heating rate includes both gravitational dissipation and radiative 
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Figure 6.2: The electron temperature (left) and ionization fraction (right) profiles 
of the disk. 

effects, and the cooling rate must be determined including the dependency on the 

ionization state of the gas. Cloudy calculates both of these rates in a self-consistent 

manner. At r = 10^' cm, it is clear that only one stable solution exists, T ~ 10® K 

(compare with Fig. 6.2), so there is no ambiguity in determining the equilibrium 

temperature. At large radii, however, it is apparent that two valid physical solutions 

exist. Because our picture has the gas being heated from a low temperature as it 

accretes, we assign the smaller value in all such cases of uncertainty. 

We have shown that our model can reproduce the observed broad line spec

trum; we now turn the question of the observed absorption features. The free-free 

absorption optical depth at frequency u is given by (Osterbrock 1989): 

r'f = *  I f  
(9.8 X 10-3) nl I 

J3/2 
17.7 + In 

J3/2 

(6.26) 
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Figure 6.3: Cooling (solid curves) and heating (dashed curves) rates in the disk 
gas at r = 10^^ cm (top) and r = 10^° cm (bottom). Note that the equilibrium 
temperature occurs where the heating and cooling rates balance. Stable equilibria 
occur only where the slope of the cooling function is positive. See text for details. 
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where all the quantities are given in cgs units. The line-center H 1 A21 cm optical 

depth, corrected for stimulated emission, is given by (Rohlfs et al. 2000): 

is the Doppler line width (including both turbulent and thermal broadening). Note 

that for r > Tc, the turbulent velocity of the gas is always much greater than 

the thermal velocity. Figure 6.4 shows the radial dependence of both of these 

optical depths for our best-fit model, under the assumption that the line of sight is 

perpendicular to the disk. 

Figure 6.5 illustrates how the ionizing flux modifies the line spectrum. With 

the increase of Lion, the heating and ionization parameter of the gas increase. This 

has the effect of moving the emission zone to larger radii, particularly for the low 

ionization [NII] and [S II] species. As a result, the line profiles become narrower for 

increasing Lioa- A reduction of Lion from the best fit value does not have such a 

drastic impact, however. This is because the inner radius reaches an asymptotic 

limit in the low luminosity case, determined solely by balancing the gravitational 

heating and line cooling rates via Eq. (6.14). In this limit, the additional heating 

due to the radiation field is negligible. It is interesting to note that our best fit lies 

on the transition to this limit. 

The dependence of the line shape on the viscous parameter a is demon

strated in Fig. 6.6. A larger a increases the accretion rate, causing additional 

heating in the gas (via Eq. 6.12). This moves the emission zone to Izirger radii. 

(6.27) 

where .\'f{ is the neutral hydrogen column depth and 

(6.28) 
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Figure 6.4: The free-free optical depth at 5 GHz (solid curve) and the line-center 
optical depth of H 1 A21 cm (dashed curve), cdculated for the turbulent disk 
viewed face-on. 
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Figure 6.5: The dependence of the broad line spectra on the ionizating luminosity 
Lion- Shown in the figure are modeled spectra for Lion = 4 x 10^® erg/s (dot-dashed 
curve), Lion = 4 x lO"*" erg/s (solid curve), and Lion = 4 x 10'*^ erg/s (dashed curve). 
The other parameters are fixed at: a = 0.4, no = 30000 cm""^, / = 0.045, and 
i = 64°. 
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Figure 6.6: The dependence of the broad line spectra on the viscous parameter 
a. Shown in the figure are modeled spectra for a = 0.04 (dot-dashed curve), 
Q = 0.4 (solid curve), and q = 1 (dashed curve). The other parameters are fixed 
at: Lion = 4 X 10"'° erg/s, Uo = 30000 cm~^, / = 0.045, and i = 64°. 

resulting in narrower line profiles. Decreasing a has the opposite effect. 

We have used the observed radio free-free absorption to fix our value of Uo 

in the best fit model. Figure 6.7 illustrates the effect of varying tIo- The density of 

the gas is important in many aspects, including a determination of the ionization 

parameter, as well as the gravitational heating and line cooling rates. It also has a 

strong impact on the fluxes of the [S II] and [N n] forbidden lines. Their line fluxes 

are suppressed relative to Ho for densities greater than the critical density, at which 

radiative and coUisional transition rates balance. 
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Figure 6.7: The dependence of the broad line spectra on the number density of 
the disk rio at 10^® cm away from the black hole. Shown in the figure cire mod
eled spectra for Uo = 3000 cm~^ (dot-dashed curve), rio = 30,000 cm~^ (solid 
curve), and rio = 300,000 cm~^ (dashed curve). The other parameters are fixed at: 
^ion = 4 X 10"'° erg/s, a = 0.4, / = 0.045, and i = 64°. 
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Figure 6.8: The dependence of the broad line spectra on the inclination angle of the 
disk i. Shown in the figure are modeled spectra for i = 0° (dotted curve), i = 30° 
(dashed curve), i = 64° (solid curve), and i = 75° (dot-dashed curve). The other 
parameters are fixed at: Lion = 4 x lO"*" erg/s, q = 0.4, Uo = 30000 cm"^, and 
/ = 0.045. 

Because the line emission broadening is due mainly to the Keplerian motion 

of the gas, the line width is proportional to Vk sin 2, where Vk is the Keplerian velocity 

in the disk produced. The projection effect, characterized by the inclination angle 

i, is demonstrated in Fig. 6.8. As expected, model spectra from small inclination 

angles have verj' narrow line profiles. Note, however, that even when i = 0 the lines 

have non-zero width. This is the effect of broadening due to the turbulent velocity 

Vt = \/Tvk-

Finally, the turbulent pfirameter / has the similar effect as the viscous 
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Figure 6.9: The dependence of the broad line spectra on the turbulence parameter 
/. Shown in the figure are modeled spectra for / = 0.011 (dot-dashed curve), 
/ = 0.045 (solid curve), and / = 0.180 (dashed curve). The other parameters are 
fixed at: Lion = 4 x 10"'° erg/s, a = 0.4. Uo = 30000 cm~^, and i = 64°. 

parameter a in affecting the accretion rate. However, by increasing /, we not only 

shift the broad line emission region toward large radii, but also increase the total 

line flux, as the disk becomes thicker (thereby increasing the size of the emission 

region). Figure 6.9 shows how the line spectra changes with /. 

6.5 Discussion 

The observed broad line emission spectrum in NGC 4261 can been successfully 

reproduced by our irradiated, turbulent accretion disk model. While our best fit 
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was obtained allowing for only two free parameters, the apparent excess in the 

modeled [SII] emission can be remedied by allowing for an extra free parameter in 

the sulfur abundance. There is no a priori reason to expect the gas in the nucleus 

of NGC 4261 to contain solar abundances. 

The best fit model is also capable of producing the observed free-free radio 

absorption at r ~ 0.3 pc. From Fig. 6.4, it is clear that the optical depth at 

u = 0 GHz is of order unity at this radius. This result is not surprising, as we chose 

our fiducial density Uo on the basis of the strength of this absorption (see Sec. 6.4). 

The model does appear to be deficient at producing the observed HI A21 cm 

absorption feature at r ~ 6 pc. The thin circumnuclear disk is observed to have a 

line optical depth of ~ 0.1 at this radius (van Langevelde et al. 2000), whereas our 

model predicts a value two orders of magnitude smaller (see Fig. 6.4). It is unclear 

at this point how to increase the absorption in our model to fit the data. It should be 

noted, however, that the temperature of the gas changes dramatically in this region, 

which may affect the dust content, introduce clumping, etc., thereby altering the 

absorption properties of the gas. These idejis are currently being explored. 

There are other objects in this class to which we may be able to apply 

this picture. For instance, NGC 6251 is quite similar to NGC 4261 in that both 

of them possess a hundred-pc scale dust disk, large-scale symmetric radio jets, and 

inverted radio spectra at the cores (Ferrarese and Ford 1999). Compared with 

NGC 4261, NGC 6251 is about three times more distant, its X-ray luminosity is 

30 times stronger, and its broad Ha line flux is a factor 100 times greater. HST 

observations suggest that it contains a 6 x 10® M© central mass, very similar to 

NGC 4261. Application of the irradiated, turbulent disk accretion model to other 
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radio galaxies, including NGC 6251. will be invaluable to the development of a 

unification theory for supermassive black hole accretion in these objects. 

This project is currently underway by Siming Liu. Fulvio Melia, and the 

author. SL and FM carried out the majority of the work appearing in Sees. 6.1 and 

6.2, while Sees. 6.3 and 6.4 are primarily the work of the author. 
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CHAPTER 7 

PAST ACTIVITY IN Sgr A*? 

Abstract 

Continuing our investigation of the gaseous environment in the vicinity of 

supermassive black holes, we here turn our attention to the center of our Galaxy. 

Strong fluorescent Fe line emission at 6.4 keV has been observed from the Sgr B2 

giant molecular cloud located in the this region. The large equivalent width of 

this line and the lack of an apparent illuminating nearby object indicate that a 

time-dependent source, currently in a low-activity state, is causing the fluorescent 

emission. It has been suggested that this illuminator is the massive black hole 

candidate, Sgr A*, whose X-ray luminosity has declined by an unprecedented sLx 

orders of magnitude over the past 300 years. We here report the results of our Monte 

Carlo simulations for producing this line under a variety of source configurations 

and characteristics. These indicate that the source may in fact be embedded within 

Sgr B2, although external sources give a slightly better fit to the data. The weakened 

distinction between the internal and external illuminators is due in part to the 

instrument response function, which accounts for an enhanced equivalent width 

of the line by folding some of the continuum radiation in with the intrinsic line 

intensity. We also point out that although the spectrum may be largely produced 

by Ka emission in cold gas, there is some evidence in the data to suggest the 
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presence of warm (~ 10^ K) emitting material near the cold cloud. 

7.1 Introduction 

Despite being classified as non-active, the center of our Galaxy is highly interesting 

to the study of AGNs in that it is believed to share many features in common with 

its more active relatives. These include strong radio (Ekers et al. 1983; Pedlar et 

al. 1989) and high-energy (e.g., Baganoffet al. 2001; MarkofFet al. 1999) continuum 

emission, wind-wind collisions resulting in shocks (Roberts et al. 1996; Yusef-Zadeh 

et al. 2000), ionized plasma (VV^ade et al. 1987; Lacy et al. 1980), a peculiar popu

lation of hot stars (Tamblyn et al. 1996; Najarro et al. 1997), and evidence for the 

presence of a central, supermassive black hole (Genzel et al. 1996; Ghez et al. 1998). 

[For an overall review of the Galactic Center, the reader is referred to Melia and 

Falcke (2001)]. Most importantly, at a distance of only 8.5 kpc, the Galactic Center 

is much closer than our nearest active neighbor (NGC 1068 at a distance of 18 Mpc) 

or even our neeirest non-active neighbor (M31 at a distance of 784 kpc), thereby 

offering spatial resolution at scales impossible to obtain in other nuclei. 

Unfortunately, our line of sight to the Galactic Center is heavily obscured by 

dust (Rieke et al. 1989), making optical and UV observations quite impossible. To 

infer, e.g., the ionization state and density in the Galactic Center, observations in the 

radio, near-IR, and X-ray bands must be made. These observations suggest that the 

central parsec contains warm (T « lO"* K) plasma believed to be primarily ionized by 

a cluster of late O and early B type stars (Rieke et al. 1989; Shields and Ferland 1994; 

Najarro et al. 1997), with shock heating possibly playing a secondary role (Lutz et al. 

1996). From the observed hydrogen line and free-free continuum intensities, the 
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total ionizing flux in tliis region is estimated to be ^ 10®° photons s~^ (Lacy et al. 

1980), with an effective temperature T, ̂  35,000 K. The gas densities inferred from 

the relative strengths of line pairs in different ions (e.g., [Slll], [Olll], and [Ol]) are 

inconsistent, with values ranging from 10^ cm~^ ^ n ^ 10® cm"^ (Herter et al. 1984; 

Genzel et al. 1984). These discrepancies suggest that the line emitting plasma is 

highly inhomogeneous, with different regions dominating the emission of particular 

lines (Shields and Ferland 1994), similar to the "locally optimally emitting cloud" 

models developed for .\GNs (Baldwin et al. 1995; see Chap. 4). 

Outside the central parsec, the e.xtended region of the Galactic Center pos

sesses several constituents whose mutual interactions account for a broad range of 

complex phenomena (e.g.. Melia 1994). In this context, the strong iron fluores

cent emission detected at 6.4 keV near Sgr A*, particularly from the Sgr B2 giant 

molecular cloud located some 90 pc away, has raised some interesting questions re

garding its origin and its possible diagnostic value for understanding the high-energy 

behavior of the central engine. 

Several giant molecular clouds, having mean volume densities ~ 10' cm~^ 

and gas temperatures on the order of 60 K (Lis and Carlstrom 1994), are contained 

within the central few-hundred parsecs of the Galaxy. X-ray observations of this 

region by the Advanced Satellite for Cosmology and Astrophysics (ASCA) (Koyama 

et al. 1996; Murakami et al. 2000) and BeppoSAX {Satellite per Astronomia X, 

"Beppo" in honor of Giuseppe Occhialini: Sidoli 1999) have revealed a source of 

bright Fe fluorescent Ka line radiation within Sgr B2, whose radius and total en

closed mass are, respectively, ~ 20 pc and ~ 6 x 10® A/© (Lis and Carlstrom 1994). 

This fluorescent emission has a large equivalent width (EVV ss 2 — 3 keV) and a 
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peak around 6.4 keV. The surrounding continuum is quite flat, and shows strong 

absorption below 4.5 keV and a sharp iron Kq absorption feature at 7.1 keV. 

The large EW is key to understanding the nature of the fluorescent emission 

(Sunyaev and Churazov 1998). X-ray fluorescence is due to illumination of cloud 

material by an X-ray source. For a steady source embedded within a cloud, an 

upper limit to EW is ~ 1 keV (e.g., Fabian 1977; Vainshtein and Sj'unyaev 1980), 

rather insensitive to the parameters chosen. Therefore, in the case of Sgr B2, we 

are necessarily dealing with either an external source or a time-dependent internal 

source whose flux has diminished, allowing the continuum to fade away relative to 

the line intensity. Another argument in favor of a time-dependent illuminator is the 

current absence of any bright X-ray source in the vicinity of Sgr B2 with sufficient 

luminosity to produce the observed fluorescence (e.g., Koyama et al. 1996); it seems 

that the illuminating object, whether internal or external to the cloud, must have 

undergone a decrease in X-ray flux to its current quiescent state. Certainly, the 

SIGMA survey of this region (Vargas et al. 1996) has indicated that several sources 

may remain difficult to detect due to their overall faintness and variable behavior. 

It is tempting to invoke Sgr A* £is the external illuminator of Sgr B2, 

which would then provide some measure of its recent variability at X-ray energies. 

Motivated by the Sgr 82 spectral characteristics and the source morphology, which 

show that the emission is strongest on the side of the cloud closest to Sgr A*, 

Koyama et al. (1996) suggested that we may be witnessing evidence of the black 

hole's activity some 300 years ago (the light-travel time from the nucleus to Sgr B2). 

Murakami et al. (2000) followed up on this idea by modeling a reflection spectrum 

using approximations for the photon transfer equations and obtained a decent fit to 
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the observed spectrum. Their model neglects multiple Thomson scatterings (which 

somewhat isotropize the distribution of scattered photons, altering the appearance 

of the line as a function of angle) and assumes isotropic reflection, and is limited by 

the fact that it does not explore the possibility of internal or time-dependent X-ray 

sources, which would provide important comparative results for fully testing the 

idea that Sgr A* was the transient high-energy source illuminating the fluorescing 

region. 

There are several reasons for taking a skeptical view of Sgr A* as the X-

ray illuminator. First and foremost, this would require a change in its 2-10 keV 

X-ray luminosity by a factor of ~ 10® in 300 hundred years (from ~ 10^® erg 

s~'. Sunyaev and Churazov 1998), to the currently observed value of ^ 10^^ 

erg BaganofF et al. 2000). Second, we are reminded of the fact that no other 

molecular cloud in the region, with the exception of a cloud in the Radio Arc region, 

displays any significant Fe Kq emission (Koyama et al. 1996). In the case of the 

Radio Arc cloud, the Ka line has a much smaller equivalent width (< 1 keV), easily 

explained by, e.g., a steady X-ray source embedded within the cloud. It is therefore 

our intention in this chapter to explore alternative scenarios for the illumination 

of Sgr B2, using time-dependent X-ray sources both internal and external to the 

cloud, with Monte Carlo methods to accurately model the spectrum. Although 

Sunyaev and Churazov (1998) studied a time-dependent internal illuminator, they 

did not attempt to place constraints on the nature of the X-ray source by fitting 

the observed data. 
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7.2 Methodology 

To simulate the X-ray spectrum formed under a wide range of conditions, we use a 

modified version of Leahy and Creighton's (1993) monte.f code. We have rewritten 

this algorithm, originally designed to handle a time-steady photon transfer from 

internal sources, to allow for blackbody and thermal bremsstrahlung continua, a 

time-dependence due to non-steady illuminators, and the presence of both internal 

and external X-ray sources. A very important addition is that the escaping pho

tons are now convolved with the .45Ci4 Gas Imaging Spectrometer (GIS) response 

function and assigned to actual ASCA GIS energy bins (rather than arbitrary log

arithmic energy intervals), enabling a direct comparison with the actual data. 

The photon propagation within the cloud, including the effects of electron 

scattering, absorption, and fluorescence, is handled as in monte.f (see Leahy and 

Creighton 1993 for a full description). In particular, the bound-free absorption cross-

sections are taken from Morrison and McCammon (1983), the elemental abundances 

are from Dalgamo and Layzer (1987), and the fluorescence yields are those given 

by Bambynek et al. (1972). 

Power-law spectra are generated as in Leahy and Creighton (1993). For 

blackbody and thermal bremsstrahlung spectra the photon distribution function 

N{E) dE is too complex to allow direct Monte Carlo sampling. Instead, we use 

rejection methods described in Press et al. (1992) to generate photons. We choose 

a simpler function f{E) dE (called the comparison function) such that it lies above 

iV(£') dE everywhere within the relevant range of energies. The comparison function 

is sampled using standard Monte Carlo techniques to determine an energy E'. If 
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^min ^ E' < Emax, wherc Emin and Emax are pre-defined lower and upper energy 

bounds, we multiply /(£"') by a standard deviate When ^f{E') < N{E'), we 

accept the result and a photon is generated with energy E'. If not, we reject the 

result and repeat the process until these two conditions are satisfied. 

A blackbody spectrum of temperature T has a normalized photon distri

bution function 
lox^dx 

, (,.1) 

where x = E/kT. To generate this spectrum, we choose the piece-wise continuous 

comparison function 

/bb(x) = < 

0.15625x , for X < 2 

0.3125 , for 2 < X < 4 

20/x^ , for X > 4 

(7.2) 

Note that we have normalized /bb(^) such that 

r2 rA r<x 

2 /bb(-r)rfx = /bb(x)rfx = f i ,b{x)dx .  (7.3) 

We approximate the thermal bremsstrahlung photon distribution function 

with cut-off temperature T as 

iV(x) rfx ~ X ^dx ; 

our comparison function is then: 

x~^-^ , for Em\a/^T < X < 1 
f th{x) = 

e ^ .  for X > 1 

In this case, 

[  ftb{x)dx = 5e - l] / • 

(7.4) 

(7.5) 

(7.6) 
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To model time dependence, we assume that the source has undergone a 

period of intense emission that has diminished over a time interval much smaller 

than the light-crossing time of Sgr B2. In this limit,  we create all  photons at time t  = 

0 and track their travel time between interactions within the cloud. Upon the last 

interaction, an additional time (r—r-n)/c, where r is the location of the photon (the 

center of the cloud lies at the origin) and n is the directional vector of the escaping 

photon, is added to each photon. This factor represents the geometrical time lag for 

an escaping photon to reach the observer; similar lags appear in, e.g., reverberation 

mapping of active galactic nuclei (Blandford and McKee 1982). Escaping photons 

are then assigned to time bins of width At = /?/2c. where R is the cloud radius, 

with spectra being constructed for each of these time bins. 

For simplicity, we assume that Sgr B2 is a uniform spherical cloud; its 

optical depth and elemental abundances are allowed to vary, as well as the shape of 

the illuminating X-ray spectrum and the source location. The flux density is also 

kept as a free parameter, since fixing this would require further assumptions about 

the nature of the X-ray source, which is not necessarv* for the modeling we describe 

here. 

We consider both internal aiid external sources. The former lie at the center 

of the cloud and emit isotropically, therefore maintaining spherical sv-mmetry. The 

escaping photons are binned only in time; the isotropy obviates the need for angular 

binning. The external sources lie at a distance much greater than the radius of the 

cloud, so that the incoming photons are plane parallel and incident from +i-axis; 

all photons originate in the z = R plane at i = 0. They enter the sphere at 

polar angle 9 = sin~^(^), where ^ is a random deviate (the azimuthal angle <p is 
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chosen randomly), at t = (1 — cos6)R/c, representing the geometrical time lag for 

the photon to reach the sphere. .A.s spherical symmetry has been broken, escaping 

photons are binned in D; we typically use four 6 bins of width 7r/4 each. No 0 

binning is necessary as azimuthal s^nnmetry is preserved. 

The modeled spectra are compared to the background-subtracted data of 

Murakami et al. (2000). These observations were made using ASCA during October 

1993 and September 1994. Escaping photons are convolved with the ASCA GIS 

response function and binned according to the observed energy intervals. Each 

model run consists of several million photons, and the spectra are constructed for 

each time and 9 bin. 

The instrumental response function alters the shape of the source spectrum 

S{E) according to: 

where C{I) is the observed number of counts in channel I  of the instrument and 

R{I, E) is the instrumental response, which is proportional to the probability for 

an incident photon of energy E to be detected in channel I. Figures 7.1 and 7.2 are 

examples of the effect of the ASCA GIS response on sample input spectra. 

7.3 Results 

In this section, we describe illustrative (reasonable) fits to the data. Because there 

is a wide range of parameter values giving acceptable results and because the re

sults are sensitive to, e.g., our selection of time and angular bin boundaries, it 

is not yet worthwhile attempting to make a best fit, which is unlikely to be the 

(7.7) 
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Figure 7.1: Flat input spectrum (dastied) convolved with the ASCA GIS response 
function to produce the observed spectrum (solid). The spectra have been arbitrar
ily scaled for clarity. 

"unique" solution. In addition, our use of a cold emitting gas appears to be lacking 

a key ingredient of the observed emission (see Sec. 7.4), making a best-fit analysis 

premature. 

We find that an internal source must have a spectrum that drops off steeply 

at higher energies in order to explain the observed flat continuum. This is because 

the absorption cross-section decreases at energies approaching 10 keV (see Sec. B.l 

of the Appendix); we therefore have to limit the upper end of the spectrum in order 

to avoid an excess of escaping photons at these energies. We find that blackbody 

and thermal bremsstrahlung sources, with their exponential cut-offs, provide decent 

fits to the data. A very steep power-law source is also a possibility, although the 

physical origin of such a spectnim may be difficult to explain. 
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Figure 7.2: Monoenergetic 6.4 keV input spectrum (dashed) convolved with the 
ASCA GIS response function to produce the observed spectrum (solid). The spectra 
have been arbitrarily scaled for clarity. 

Figures 7.3 and 7.4 show reasonable fits for blackbody and thermal 

bremsstrahlung internal sources, respectively. In both cases, we used a cloud opti

cal depth (to electron scattering) of r = 0.2 and elemental abundances enhanced 

to three times the local ISM values. The blackbody and bremsstrahlung illumi

nating spectra have kT = 1 keV and 3 keV, respectively, and both have been 

allowed to evolve over time. The output spectra illustrated here are those that 

would be observed at time 3R/c < t < IRj lc (blackbody) and hRjlc <t< 3R/c 

(bremsstrahlung). Note that the first photons escape the sphere aXt = R/c. The fits 

lack an emission component at ~ 6.46 keV. For these models, we obtain = 1-16 

(35 d.o.f.) for the blackbody and = 1.10 (35 d.o.f.) for the bremsstrahlung 

illuminators. 
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Figure 7.3: Model fits (solid curve) to observed data (crosses) with time-dependent 
internal blackbody source. 
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Figure 7.4: Model fits (solid curve) to observed data (crosses) with time-dependent 
internal thermal bremsstrahlung source. 
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Figure 7.5: Model fits (solid curve) to observed data (crosses) with time-steady 
external power-law source. 
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Figure 7.6: Model fits (solid curve) to observed data (crosses) with time-dependent 
external power-law source. 



168 

Unlike the case of the internal sources, where the illuminator must be time-

dependent, we find that both time-steady and time-dependent external sources pro

vide good fits to the data. The best fits have incident spectra with a ss —1, 

where N{E)dE oc E°dE, although there is much leeway here. We note that for 

X = E/kT 1, thermal bremsstrahlung spectra have a = —1.2, so a hot, external 

bremsstrahlung source is certainly a possibility. Note that the incident spectra are 

flatter here than in the case of internal illuminators. This is due to the increased 

relative importance of Compton reflection (which is roughly energj' independent) 

relative to absorption. For internal sources, all of the photons must pass through 

a considerable absorption depth before escaping the cloud. For external sources, 

many photons are scattered out of the cloud from a relatively shallow depth. 

Figures 7.5 and 7.6 show reasonable fits for time-steady and time-dependent 

external sources, respectively. In both models, we used q = — 1, a cloud optical 

depth of r = 0.4, and elemental abundances enhanced to three times the local 

ISM values. The spectra plotted are for 7r/2 < 0 < Ztt/A, although the 7r/4 < 

9 < n/2 spectra are nearly as good. In the time-dependent model we are looking 

at the spectrum formed during the period R/c < t < 3R/2c, which is early in 

the time-evolution and therefore (not surprisingly) quite similar to the time-steady 

case. The fits appear to be slightly better than those of the internal models, with 

Xu = 0-99 (35 d.o.f.) for the steady source and = 1-00 (35 d.o.f.) for the 

time-dependent source. Although not as apparent here, these spectra also lack an 

emission component at ~ 6.46 keV. Our Monte Carlo spectra are quite similar to 

those of Murjikami et al. (2000), suggesting that the approximations of their model 

are reasonable. 
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7.4 Discussion 

We have shown that the bulk of the iron fluorescent emission can be explained by 

either internal or external X-ray sources, though internal sources must be time-

dependent; over time the line-emission becomes stronger relative to the continuum, 

giving an EW approaching the observed value. This agrees with the findings of 

Sunyaev and Churazov (1998), who showed that a large EW was possible for a 

time-dependent, internal power-law source. We have shown here that a large EW 

may be generated even by internal illuminators having exponential high energy cut

offs (i.e., fewer high energy photons to cause fluorescence), with the advantage of 

providing a decent fit to the observed continuum. 

External sources may be time-steady or time-dependent, as it is possible to 

obtain a large EW by angular selection effects. However, a time-steady illuminator 

may be unlikely due to the current lack of an obvious source near Sgr B2, with the 

possible exception of IE 1743.1-2843, which lies only 63 pc (in projection) away 

(e.g., Murakami et al. 2000). 

The fact that internal sources are viable illuminators for the fluorescence 

in Sgr B2 is due in part to the limited energy resolution of the ASCA GIS detector. 

Although the EW of the Fe 6.4 keV line is smaller for an internal source than for an 

external one, this situation changes when the calculated spectrum is convolved with 

the detector response fiinction. It is evident from Figs. 7.3-7.6 that both internal 

and external sources give reasonable fits to the data. Thus future observations, 

e.g., with XMM, can in principle distinguish between these two types of sources 

and help resolve the question of whether the fluorescent emission in Sgr B2 does 
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indeed indicate a past high-energy activity in Sgr A*. 

All the calculations reported here lack an emission component at ~6.46 keV. 

This spectral feature may simply be an artifact of incomplete background subtrac

tion (since the Sgr B2 background is very inhomogeneous). If it is real, however, 

it may indicate emission from "warm" iron species (e.g., Nagase 1989), in an ion

ization state Fe XVII or greater. Based on ionization calculations carried out with 

Cloudy (Ferland 1996; Cloudy 94.00), we find that these 'Svarm" species exist only 

at temperatures on the order of 10® K (the exact temperature is dependent on, 

e.g., the gas density and the shape and intensity of the ionizing continuum, but 

is certainly never as low as ~ 10^ K). Gas at these high temperatures is unlikely 

to coexist with the cold cloud material, so one possibility is that it constitutes a 

transition layer between Sgr B2 and the hot (T s: 10" K) plasma surrounding it. 

However, simple thermal conduction models seem to suggest that such a layer would 

be too thin to produce significant emission (Cowie and McKee 1977). We note that 

Lazio and Cordes (1998) also found evidence for 'Svarm" material in their study 

of hyperstrong radio-wave scattering in the GC; they attributed this to the inter

face region between molecular clouds and the hot plasma. Future observations may 

provide better clues to this puzzle. 

The work presented in this chapter was published in Fromerth et al. (2001). 
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CHAPTER 8 

CONCLUDING REMARKS 

8.1 Major Conclusions 

This work has explored how the properties of the central regions in galaxies can be 

inferred from observations, with special emphasis placed on the line emission data. 

The inferred properties range from such basic quantities as the density, temperature, 

and ionization state of the emitting plasma, to more complex issues, such as the 

nature of accretion flows and how time-variability studies can be used to estimate 

the central masses. 

Different accretion models were presented, along with predictions of the 

resulting line-emission spectra. .A. steady, cool, spherical accretion flow was used to 

model the broad-band spectrum of M31*. In the case of the weakly-active nucleus 

NGC 4261, arguments were presented that the observed disk must be turbulence-

dominated, and the modeled emission from such a disk was sho\vn to be consistent 

with the observed spectrum. For the more active nuclei, it Wcis shown how shocks 

contained within turbulent, quasi-spherical accretion flows are viable sites for the 

formation of BLR clouds. 

Observation of strong iron Ka emission from the molecular cloud Sgr B2 in 

the Galactic Center region has led some researchers to believe that Sgr A* recently 
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underwent a phase of greatly increased activity. The required X-ray luminosity was 

estimated to be roughly six orders of magnitude greater than the current value. Our 

modeling indicates that although an external illuminator is capable of producing 

the observed X-ray spectrum, it could instead be the signature of a time-variable, 

internal illuminator. 

8.2 Future Work 

Based upon observational and theoretical evidence, turbulence is likely to be a 

very important feature in realistic accretion flows. Unfortunately, turbulence is 

ver>- difficult to quantify analytically. .Although simple, back-of-the-envelope type 

calculations were used to model turbulence in this work, a more detailed study 

using 3D-hydrodynamic numerical simulations is required. These calculations would 

provide a strong indication of the role of turbulence in accretion flows, and how it 

relates to the formation of the broad emission line spectra. Some research has 

already been done with respect to turbulent cloud formation in different contexts 

— Ballesteros-Paredes et al. (1999), for example, studied the formation of diffuse 

HI and giant molecular clouds in the interstellar medium as the result of turbulent 

density fluctuations. 

An increased understanding of the role of turbulence from the simulations 

will allow a better estimation of the various free parameters in our model. For 

instance, should the cloud number in our shock model have a power law dependence 

in radius as we have assumed? What is the relative importance of line emission 

from the cooling shocked gas itself? And how valid is our assumption of a constant 

turbulence parameter / in our disk model for NGC 4261? This work is in planning. 
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APPENDIX A 

NEBULAR PHYSICS 

This appendix briefly describes some of the processes pertaining to astrophysical 

plasmas, including thermal equilibrium, ionization and excitation balance, and line 

emission. For a more complete discussion, please refer to, e.g., Osterbrock (1989). 

A.l Gas Dynamics 

The mass density p of a gas is related to the number densities of species by: 

i I 

where ^ is the mean mass per particle of gas measured in units of m//. For neutral 

gjis of solar abundances, /x ~ 1.3, while for a fully-ionized plasma, /j. ~ 0.61. For 

the conditions considered in this work, the gas can be treated as a monatomic ideal 

gas with equation of state: 

i  f irrif i  

and internal energj' density 

£ = J L ".kT = |p . (A.3) 

The dynamics of a non-relativistic gas are described by three conservation 
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equations (e.g., Frank et ai. 1992): 

+ V • (pv) = 0 , (A.4) 

+  p ( v - V ) v  =  - V P  +  f  ,  ( A . 5 )  

+ V - [ ( i p t - 2  +  e  +  p ) v ]  =  f - v - V - F , a d - V - q , ( A . 6 )  

which can be derived by taking moments of the distribution function (e.g., Shore 

1992, Battaner 1996). Equation (A.4) is the familiar continuity equation, which 

ensures mass conservation. Equation (.A..5) has the form {mass density) x {accel

eration), and is in fact the equation of motion for a fluid element. And finally, 

Eq. (A.6) is a statement of energ\- conservation. 

The first term on the right hand side of Eq. (A.6) represents work done on 

the gas by the net external force, while the second term represents heating or cooling 

due to radiative processes. The third term represents the conductive transport of 

energy, with q oc VT. Because the term V • q then depends on two orders of spatial 

derivatives, it can generally be neglected in astrophysical applications where spatial 

changes occur rather slowly. 

It is often convenient to re-express the radiative heating/cooling term as: 

- V  - F ^  =  n  r ,  -  A ,  ,  ( A . 7 )  
t  j  

= n r — ra" A , (A.8) 

where n without subscript is always taken to mean the total hydrogen density 

(neutral plus ionized), n is a simimation over the various heating processes 

with r, in units of erg s~^ and n- Y.j Aj is the corresponding summation over cooling 

processes with Aj in units of erg cm^ s~^ (see Sec. A.2). Note that the values of F,-
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and Aj are defined in terms of the heating and cooling rates per hydrogen content, 

and will therefore be functions of the elemental abundances. 

In the special case of steady flows, all time derivatives are set equal to zero, 

and the conservation equations become: 

V • (pv) = 0 , (A.9) 

p ( v V ) v  =  - V P  +  f ,  ( A . I O )  

V +  =  f - v - V - F r a d ,  ( A . l l )  

where we have neglected conductive transport in Eq. (A.ll). 

A.2 Thermal Equilibrium 

The equilibrium temperature of an astrophysical plasma is determined by the tem

perature at which heating and cooling processes balance: i.e., 

£  =  n  ̂  r . ( n ,r) - n- Yi -^(n.r) = 0 . (A.12) 
i  J 

Furthermore, the condition for thermal stability is 

( I) < 0  ( A  1)1 
/ ri 

If this condition is not met, then any perturbation in the heating rate will cause 

a dramatic change in the temperature (e.g., Shore 1992). This phenomenon is 

important, e.g., for gases heated primarily by photoionization from time-variable 

sources. 
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A.2.1 Heating and Cooling Processes 

Photoionization Heating and Recombination Cooling 

When an atom or ion is photoionized, the excess photon energy goes into the kinetic 

energy of the liberated electron; i.e., 

hu = Eton + \rneV- (A. 14) 

Because of the large Coulomb scattering cross-section, this kinetic energy is rapidly 

thermalized, in effect raising the temperature of the electron gas. The rate at which 

photoionization adds energ\* to the gas is 

roc JtT / 
nFp = Y. ^-(A")] ar(A' ')  du , (A.15) 

where is the photoionization cross-section and the summation is carried out 

over all species A''. Table A.l lists the ionization energies of outer shell electrons 

for selected elements. 

Similarly, an electron which undergoes recombination loses its kinetic en-

erg>', in effect cooling the gas. The rate of energy loss to recombination is 

= 53 n^niX'^')  f] ̂  H v / {ikT) dv (A.16) 
A"' n=l L=0 

where V )  is the velocity-dependent recombination cross-section to quantum 

state (n, I)  of species A'' and /(y, T) is the Maxwell-Boltzmann velocity distribution 

function of the free electrons. 

Collisionally-Excited Line Cooling 

Atoms and ions in coilisionally-excited electronic states can emit photons before 

they have a chance to be collisionally de-excited. This effectively cools the geis, as 
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Table A.l: Ionization Energies of Selected Elements (eV) (Ferland 1996) 

State iH 2He eC 7N sO loNe iiNa 12 Mg 13AI 
+1 13.6 24.6 11.3 14.5 13.6 21.6 5.14 7.64 5.98 
+2 54.4 24.4 29.6 35.1 40.9 47.3 15.0 18.8 
+3 47.9 47.4 54.9 63.4 71.6 80.1 28.4 
+4 64.5 77.4 77.4 97.1 98.9 109 120 
+5 392 97.9 114 126 138 141 154 
+6 490 552 138 158 172 186 190 
+7 667 739 207 208 225 241 
+8 871 239 264 266 285 
+9 1200 300 328 330 
+10 1360 1470 367 399 
4-11 1650 1760 442 
+12 1960 2090 
+ 13 2300 

State uSi leS 17CI isAr 20 Ca 24Cr 26 Fe 28Ni 
+ 1 8.15 10.4 13.0 15.7 6.11 6.76 7.90 7.63 
+2 16.3 23.3 23.8 27.6 11.9 16.5 16.2 18.2 
+3 33.5 34.8 39.6 40.7 50.9 30.9 30.6 35.3 
+4 45.1 47.3 53.4 59.8 67.2 49.1 54.8 54.9 
+5 167 72.7 67.8 75.0 84.5 69.4 75.0 76.1 
+6 205 88.0 97.0 91.0 109 90.6 99.0 108 
+7 246 281 114 124 127 160 125 133 
+8 303 328 348 143 147 185 151 162 
+9 351 379 400 422 188 209 234 193 
+ 10 401 447 455 478 211 244 262 225 
+11 476 505 529 539 592 271 290 321 
+ 12 523 564 592 618 657 298 331 352 
+13 2440 651 656 686 726 355 361 384 
+14 2670 707 749 755 817 384 392 430 
+15 3220 809 854 894 1010 457 463 
+16 3490 3660 918 974 1100 489 498 
+17 3940 4120 1090 1180 1260 571 
+18 4420 1160 1300 1360 607 
+19 5130 1400 1460 1540 
+20 5470 1500 1580 1650 
+21 1630 1690 1760 
+22 1720 1800 1890 
+23 7480 1950 2010 
+24 7890 2050 2130 
+25 8830 2290 
+26 9270 2400 
+27 10300 
+28 10800 
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it converts kinetic (thermal) energy into radiation. The cooling rate due to this 

process is 

nWi = E E "(-Vi E . (A ir) 
X' J K<J 

where Ajk is the Einstein coefficient for spontaneous emission from state J to K and 

hujk is the energy of the transition. 

Bremsstrahlung Cooling 

Thermal bremsstrahlung ("free-free") emission, due to Coulomb scatterings between 

free electrons and ions, will cool the gas according to the equation (Rybicki and 

Lightman 1979): 

2 _  ^  32 7RGA Z? NE UJ F 27: KT\ 
^  ^  ^  S h m g C ^  I s  m e /  

~  X e n l T " - .  ( A . 1 8 )  

where V is the volume of emitting g£is and Ag ~ 2 x 10~^" erg cm^ s~^ is the 

bremsstrahlung emission factor incorporating an abundance-averaged ionic charge 

and the frequency- and velocity-averaged Gaunt factor qb-

Compton Heating and Cooling 

Electrons in the presence of intense, high-energy radiation are subject to numerous 

Compton scatterings. Depending on the temperature of the gas relative to the 

mean energy of the radiation field, these scatterings will either heat or cool the gas. 

The Compton temperature Tc is defined as the gas temperature at which Compton 

heating and cooling processes balance (Krolik et al. 1981). For gases of arbitrary 

temperature and optical depth, a full non-linear computation of the radiation field 
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and Klein-Nishina cross section must be carried out in order to determine TC- If, 

however, the gas is thermally non-relativistic {KT -C mgC^) and optically thin to 

X-ray radiation, an asymptotic expansion of the heating and cooling terms may be 

used to approximate Tc (Guilbert 1986). In this limit, the heating due to Compton 

processes is given by (Krolik et al. 1981): 

r* _ ^ ̂  (T^ rig ^bol rj-i\ / \ 1 rk^ 
^ 477? 

Note that cooling (nFc < 0) will occur if T > TC-

Other Sources of Heating and Cooling 

Although Eqs. (A. 14) - (A. 19) describe heating and cooling processes which are 

almost always present in any astrophysical plasma, they should by no means be 

taken as all-inclusive list. Other important physical processes — gravitational en

ergy dissipation, shock heating, thermal conduction, etc. — may also be present, 

for which analogous heating/cooling terms will be derived as the need arises. 

A.2.2 The Cooling Curve 

Equations (A. 14) - (A. 19) must be solved in a self-consistent manner. Because 

of their inherent complexity, however, meaningful solutions can only be obtained 

numerically. One code that can perform this task is Cloudy (Ferland 1996), which 

has been used extensively in the computations presented here. 

It is often useful to view the cooling curve to understand thermal equilibria 

in astrophysical plasmas. The cooling curve displays the net cooling rate, for a 
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given set of physical conditions, as a function of temperature: 

A = 5; A; . (A.20) 
J  

Because most cooling rates scale as n-, the cooling function A is often fairly insen

sitive to the density over a wide range in physical conditions. 

Figure A.l shows cooling curves for low density, collisionally-ionized gas. 

The external radiation field is negligible here, so photoionization processes do not 

contribute to the heating/cooling of the gas. For T ^'2 X 10' K, bremsstrahlung 

is the predominate cooling mechanism. .\t all lower temperatures, collisionally-

excited line cooling is by far the dominant mechanism. The largest peak occurs 

around 10^ K, due to efficient line cooling from carbon and oxygen (Gehrels and 

Williams 1993). Smaller peaks occur near 2,000 K, caused by fine-structure line 

cooling; near 15,000 K, caused by H-line cooling; and around 5 x 10® K, 10® K, and 

10' K, caused by Si, S, and Fe line cooling, respectively. Note that the fine-structure 

cooling is suppressed at higher gas densities due to collisonal de-excitation. 

By comparing Eqs. (A.20) and (A.13), we see that the gas is thermally-

stable only at temperatures for which DA/DT > 0 (the heating rate is generally 

only weakly dependent on the gas temperature). Values which clearly meet this 

c r i t e r i o n  a r e  T  ̂  2  x  1 0 " *  K ,  T  %  3 - 8  x  1 0 " *  K ,  a n d  T  ̂  2  x  1 0 ^  K  ( s e e  F i g .  A . l ) .  

We can therefore expect the majority of collisionally-ionized gases to exist within 

these temperature ranges. 

Figure A.2 shows the cooling curve for a low density gas which is photoion-

ized by a "standard" AGN continuum. Note that T in this case is the electron 

temperature (see following discussion). The density was fixed at n = lO"* cm~^, 
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Figure A.l: Cooling curves for low density, collisionally-ionized gas. Shown are 
cooling rates for gas densities n = 1 cm~^ (solid curve), 10^ cm~^ (dashed curve), 
and 10"* cm~^ (dot-dashed curve). See text for details. 
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Figure A.2: Cooling curves for a low density (n = 10' cm"^), photoionized gas. 
Shown are cooling rates for ionization parameters logt/ = —3 (solid curve), —2 
(dashed curve), —1 (dot-dashed curve), and 0 (dotted curve). See text for details. 

and the ionization parameter U was varied. At high temperatures {T  ̂  10® K), the 

photoionization cooling curve is independent of U and is identical to the case of the 

collisionally-ionized gas. At lower temperatures, however, the cooling rate is vastly 

different. This is because the electron temperature in a photoionized gas is much 

more a reflection on the residual energy following photoionization (see Eq. A. 14) 

than a true measure of the statistical-populating of excited and ionized states in 

atoms. 

The excited/ionized states of atoms present in a photoionized gas are there

fore likely to be very different than those found in a collisional gas at the same 

temperature. This has the effect of changing the dominant cooling mechanisms. 
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Figure A.3: Left — Cooling due to Lvq in collisional (solid curve) and photoionized 
(dashed curve) gas. Right — Ionized fraction of hydrogen in collisional (solid curve) 
and photoionized (dashed curve) gas. See text for details. 

The greater cooling rate in higher U, low temperature {T < 10"' K) gas, for ex

ample, is due to highly-effective coolants (e.g.,  Orv", NeVI) not present in lower U 

gas at the same temperature (see Fig. A.2). As another example, the cooling peak 

near 15,000 K (compare Figs. A.l and A.2) in collsional gas is caused mainly by the 

thermal populating of excited states in neutral hydrogen. Because hydrogen is com

pletely ionized at this temperature in photoionized gas, there is no corresponding 

cooling peak. This effect is clearly illustrated in Fig. A.3. 

A.3 Ionization Balance 

The relative fractions of element X existing in successive ionization states i  and z-f-1 

is determined by balancing the recombination and ionization rates. Equilibrium 
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occurs when 

d n ( X ' )  ° °  r ° °  
= n.n(A--') E 2; / V AZ'IX'.V) F{V,T) DV 

n=l L=0 

roc A' jr  J 
- n(A") / ar(-V') du 

-  nen(X') r  V a'°^{X\ v) f{v,T) dv (A.21) 
^ton 

is equal to zero. In the right-hand side of Eq. (.\.21), the first term is the recombi

nation rate, the second term is the photoionization rate, and the third term is the 

collisional ionization rate. 

Eq. (A.21) is solved for each of the :V ionization states to determine the 

relative fraction of element .Y in each ionization state. The density of each species 

A' can then be determined if we know the abundance of the element. This is 

because the total density of all species of A' must satisfy 

n(.Y) = f; n(.Y') . (A.22) 
1=0 

In most AGN environments, the gas is believed to be photoionized, meaning 

that the last term in Eq. (A.21) is negligible and can be ignored. The most com

pelling (though certainly not the only) evidence for photoionization rather than 

collisional-ionization comes from the observed line ratios. In particular, lines of 

many highly-ionized species (e.g., Cni, [Om]) are seen AGN line spectra. To pro

duce these species via collisional ionization would require temperatures sufficient 

to abundantly populate the upper-bound energy levels of the ions \aa collisional 

excitations. Radiative transitions from these excited states would in turn enhance 

the strengths of many lines far in excess of their observed intensities; collisional 

ionization can therefore be ruled out for the bulk of the line-emitting gas in AGNs 

(see Frank et al. 1992 for a more complete discussion). 
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A.4 Excitation Balance and Line Emission 

Line emission is due to radiative transitions from excited states created by either re

combination (following ionization), stimulated absorption, or collisional excitation. 

In analogy to Eq. (A.21) for ionization balance, the excitation balance equation is: 

= n{X'* ')n.aj{T) -  n(X>) I3,{T) -

+ •£ "(-vy - n "(.vj) .-i,, 
k>j j>k 

+ Y: ^ „(.Yj) 
k>j ^ J>k ^ 

+ H n{Xl)n^qkj - "•{X])neqjk r (A.23) 

which equals zero in equilibrium. There exists an Eq. (A.23) for each state j  of ion 

X'; these are solved simultaneously with the additional constraint that the total 

density of species A'' must satisfy: 

n(.V') = Y. "(-V) • 
j  

In Eq. (A.23), the first term on the right-hand side represents direct recom

binations into state j from the continuum, with 

aj{T) = r  V v) f{v, T) dv (A.25) 
JQ 

being the temperature-dependent recombination coefficient. The second and third 

terms represent photo- aind collisional ionizations out of state j, with i3j(T) and 

7 j(T) being departure coefficients analogous to oij{T). 

Likewise, the next two terms represent spontzmeous emission processes into 

and out of state j, with the sixth and seventh terms representing the corresponding 
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stimulated processes. The final two terms represent collisional transitions, where 

Q k j = f  v ( J k j { v )  f { v , T ) d v  (A.26) 
JQ 

is the collision strength between states j  and k. 

If local thermodynamic equilibrium (LTE) is assumed, the fraction of ion X' 

in state j relative to the ground state (denoted by A'q) is determined by Boltzmann 

statistics: 

4# = , (A.27) 

where gj and are the degeneracies of the excited and ground states, respectively. 

In most cases of interest, however, the balance equations must be solved numer

ically. Good codes (including Cloudy) take non-equilibrium effects into account 

when determining the line-emission strengths. 

Once the excitation balance has been determined, the emissivity (the energy 

emitted per unit volume per unit time) of the line caused by the transition from 

quantum mechanical states j to k of ion A'' can be calculated; 

€jk = hujk n{Xj) Ajk .  (A.28) 

Table A.4 lists some of the relevant data, including Einstein .4 coefficients, for many 

important lines. 

A.4.1 The Critical Density of Forbidden and Semi-Forbidden Lines 

The presence or absence of forbidden and semi-forbidden lines can be a powerfiil 

diagnostic for the density n of the line-emitting gas. In denser gases, collisional tran

sitions compete with forbidden and semi-forbidden radiative transitions, effectively 

suppressing the emission of these lines. 
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Table A.2: Line Data for Some Important Nebular Lines (Martin et al. 1999). 

Line A Ej -> Et (eV) A,k is-') Terms 
Lya 1216 X 10.20 -»• 0 6.3 X 10" 'P2/2 ->• -5I/2 

1216 A 10.20 0 6.3 X 10« -Pl/2 -5i/o 
NV 1239 A 10.01 ^ 0 3.4 X 10« 2 po 

^3/2 -> -5I/2 
1243 A 9.98 0 3.4 X 10® 2 po 

'1 /2  -5I/2 
SilV 1394 A 8.90 -> 0 7.7 X 10® 2 po 

^Z/2 -> -Sir-
1403 A 8.84 0 7.6 X 10® 2 po 

^1/2 -Si/2 
CIV 1549 A 8.01 -» 0 2.7 X 10® 2 po 

^3/2 •Sir. 
1551 A 8.00 0 2.6 X 10® 2 po 

M/2 •Si/2 
oin] 1663 A 7.48 -> 0.04 2.2 X 10- -> 'Pi 
CIII] 1909 A 6.50 -> 0 1.1 X 10^ 3po 'So 
Mgll 2798 A 4.43 -• 0 2.6 X 10® 2 po 

'3 /2  -Sir-
2803 A 4.42 -> 0 2.6 X 10® 2 po 

^1/2 —> -Syr. 
[NeV] 3426 A 3.76 -»• 0.14 3.8 X 10-' 3Po 
[Oil] 3726 A 3.33 -* 0 1.8 X 10-« '-D° ^3/U -+ 4 CO 

^3/2 
3729 A 3.32 ->• 0 3.1 X 10-5 - D° ^5/2 -> 4 CO 

^3/2 
[Nelll] 3869 A 3.20 -> 0 1.7 X 10-' 'Do 3Po 
H7 4340 A 13.05 10.20 3.0 X 10" various 

4861 A 12.75 10.20 7.9 X 10" various 
[OIII] 4959 A 2.51 -> 0.01 6.2 X 10-^ 'Du 

5007 A 2.51 0.04 1.8 X 10"- 'Do 3Po 
[Nil] 6548 A 1.90 -> 0.01 9.2 X 10-« 'Do -> 'Pi 

6583 A 1.90 ->• 0.02 2.7 X 10-3 'Do -• 3Po 
[SO] 6716 A 1.85 -> 0.00 4.7 X 10-' - D° ^5/2 -• 

4 CO 
•^3/2 

6731 A 1.85 -> 0.00 4.3 X lO--* 2 no 
^3/2 -> 4 C® 

•^3/2 
Ha 6563 A 12.09 -> 10.20 2.4 X 10® various 
[Fen] 1.64 /im 0.99 -> 0.23 1.9 X 10-3 ^^7/2 -+ *p9/2 
Paa 1.87 fim 12-75 ->• 12.09 5.0 X 10' various 
[Aril] 6.99 /im 0.18 0 5.3 X 10-- 2 po 

'1 /2  
2 po 
^3/2 

[Arm] 8.99 0.14 0 3.1 X 10-2 -> 'P2 
[Si IV] 10.31 0.12 0 7.7 X 10-3 2 po 

^3/2 -> 2 po 
^1/2 

[Nell] 12.81 0.10 0 8.6 X 10-3 2 po 2 po 
M/2 

[ArV] 13.10 (iin 0.09 -> 0 8.1 X 10-3 'Pi 'Po 
[NelD] 15.55 0.08 0 6.0 X 10-3 'Pi -> 'P2 
[Fell] 17.93 0.30 ^ 0.23 6.1 X 10-3 'Fr,. *p9/2 
[sni] 18.71 ftm 0.10 0.04 2.1 X 10-3 3Po -* 'Pi 
[OW] 25.89 O.Oo —• 0 5.2 X 10-» 2 po 

^^3/2 —*• 
2 po 
M/2  

[Fen] 25.99 (im O.Oo —^ 0 2.1 X 10-3 ®^7/2 ®^9/2 
[sm] 33.40 fim 0.04 -)• 0 4-7 X lO-* 'Pi 'Po 
[Sin] 34.80 fim 0.04 -»• 0 2-1 X 10-* 2 po 

^^3/2 —» 
2 po 
M/2 

[Fen] 35.34 fim 0-08 —• O.Oo 1.6 X 10-3 ®^5/2 ^Dr/2 
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Table A.3: Critical Densities of Some Important Nebular Lines (Peterson 1997). 

Line n* (cm 
Cin] A1909 3.0 X 10^" 
[NeV] A3426 1.6 x 10^ 
[OII] A3727 4.5 x 10^ 
[NeUll A3869 9.7 x 10® 
[O III] AA4959,5007 7.0 x 10'^ 
[NII] AA6548,6583 8.7 x 10' 
[Sll]A6716 1.5 xlO^ 
[Sll] A6731 3.9 X 10^ 

From Eq. (A.23), the collisional transition rate from state j is equal to 

"e Qjk, while the radiative de-excitation rate is equal to Yik<j '^(-^j) 

We can define a critical density, "'(A'j) for quantum mechanical state j, at which 

these two competing processes are equal: 

= (A-29) 
k<j j^k 

At densities below n*, radiative emission dominates, while above n', collisional 

processes dominate. 

Table A.3 lists the critical densities of a few important nebular emission 

lines. Because the Einstein Ajk coefficients for forbidden transitions are small, the 

critical densities of forbidden lines are correspondingly low (see Eq. A.29). We 

therefore expect these emission lines to be absent from the spectra of denser gases. 

To see how this works, let us look at the idealized case of a two-state atom. 

The emissivity in the line corresponding the n = 2 —> 1 transition is (Eq. A.28): 

€21 = hu2i .421 I (A.30) 

where 712 represents the density of atoms in the n = 2 state. In the absence of an 
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external radiation field, the rate of collisional excitations into the n = 2 state must 

balance the combined rate of collisional plus radiative de-excitations: 

Tle Tliqi2 = Tie ^2 921 + ^^2-421 • (A.31) 

Combining Eqs. (A.30) and (A.31), we obtain: 

hl/oi Tie Til 9I2 -•I2I / . 
€21 — ; ; • 

.421 + Tie 921 

In the low density limit, defined here such that Tieq2i --121 > Eq- (A.32) 

simplifies to: 

€21 = hU2l Tie Tli • (A.33) 

Note that the emissivity in this case is proportional to the product of two density 

terras, so it scales roughly as n^. Because allowed transitions always fall into this 

regime in astrophysical nebulae, their line fluxes scale as the square of the density 

for fixed ionization fractions. 

In the high density limit, where ne92i ^ -•121t Eq. (.\.32) becomes: 

^21 — hU2l Til -'^21 ~— • (A.34) 
921 

The quantities 912 and 921 are related by the principle of detailed balance. This 

states that the rate of collisional excitations caused by electrons from velocity range 

V + dv into velocity range v' + dv', such that 

^TTleV^ = ^THeV'^ + hU2\. , (A.35) 

should equal the rate of collisional de-excitations over the same velocity ranges; i.e., 

neUivcruiv) f{v)dv = nen2v'a2i{v') f{v')dv' . (A.36) 
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Thermodynamic equilibrium requires that (Eq. A.27): 

^ (A.37) 
Qi 

The previous two equations can be combined and integrated over velocity; using 

the definition of qkj in Eq. (A.26), we obtain the relation: 

912 = . (A.38) 
9I 

Equation (A.34) can now be re-expressed as: 

€21 = '^l-•^21 ~ 921 hu-iilkT (A.39) 
91 

for the high density limit. Note that the emissivity in this case scales roughly as n 

for a fixed ionization fractions. It follows that for densities n':^ n', the line fluxes 

from forbidden transitions (emissivity scaling as n) are greatly reduced relative to 

the line fluxes from allowed transitions (emissivity scaling as tt). Forbidden line 

emission does occur in dense gas; it just gets overwhelmed by allowed line emission 

and the continuum, and thus goes undetected. 
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APPENDIX B 

SPECTRAL EXTINCTION 

Extinction due to gas and dust along the line of sight has a drastic impact on 

any observed spectrum. At a given frequency, this extinction is expressed as /j, = 

h.o C"" , where and are the source and attenuated radiant intensities, 

respectively, and r^, is the optical depth to absorption plus scattering. The optical 

depth is given by: 

where is the effective cross-section per particle i, rii is the number density of 

particle i, and the integral is carried out along the line of sight. If a^,i{x) is constant, 

Eq. B.l becomes: 

where Ni = f ni(x) dx is the column density of species i. 

B.l Photoelectric Absorption 

For photon energies 13.6 eV < hu 10 keV, the principle extinction mechanism is 

photoelectric absorption. Figure B.l shows the effective cross-section per hydrogen 

atom due to photoelectric absorption by cold (i.e., neutreil) gas, using the cosmic 

elemental abundances estimated by Dalgamo and Layzer (1987) [these are listed in 

(B.l) 

1̂/ — ' (B.2) 
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Figure B.l: Cross-section per hydrogen atom of neutral gas having cosmic elemental 
abundances. 

Table B.l]. Atomic cross-sections were calculated from the interpolated fits of Os-

terbrock (1989) in the range 13.6 EV < HV <30 eV, and those of Baluciriska-Church 

and McCammon (1992) for higher energies [see also Morrison and McCammon 

(1983)]. Note that for even relatively modest column density [Nn ^ 10^® cm~^), 

the intervening gas is optically thick (i.e., 1) to ionizing photons. For AGNs, 

the typical intervening column density is ~ IQ-^"^^ cm~^. 

Figure B.l was calculated assuming that the elements exist only in atomic 

form. At low temperatures, however, many of the elements readily combine to form 

molecules or larger-scale, rather inhomogeneous mixtures called dust grains. The 

chemical state of the matter is important because the absorption-edge energy, as 

well as the magnitude of the absorption cross-section, of valance electrons in bound 

atoms are considerably different than those of free atoms. Additionally, large dust 
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Table B.l: Cosmic Elemental Abundances Relative to Hydrogen (Dalgarno and 
Layzer 1987) 

Element Abundance 
H 1 
He 0.10 
C 4.6 x 10-* 
N 7.8 x 10-5 
0 8.1 x lO-* 
Ne 1.1 x lO-* 
Na 2.0 x 10"® 
Mg 4.2 x 10-5 
Al 3.2 x 10-® 
Si 4.4 x 10-5 
S 1.7 x 10-5 
CI 1.9 x 10-' 
Ar 3.7 x 10-® 
Ca 2.2 x 10-® 
Cr 4.9 x lO-'" 
Fe 3.9 x 10-5 
Ni 1.9 x 10-® 
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grains can shield their inner atoms from low energy ionizing photons (the grains are 

optically-thin to high energj' photons), thereby reducing the apparent abundance 

of these elements (Mathis 1990). 

Fortunately, though, the presence of bound atoms has only a relatively small 

effect on the absorption cross-section. .\t low energies, absorption is dominated by H 

and He, which do not readily form grains. At higher energies, absorption causes the 

liberation of inner shell electrons, so the chemical state of the matter is unimportant. 

The net effect of molecules and dust grains on the effective photoelectric absorption 

cross-section is ^ 10% at all energies (Morrison and McCammon 1983). 

B.2 Electron Scattering 

At photon energies HU ^ A keV, the contribution of electron scattering to the total 

cross-section becomes important. The electron scattering cross-section is given by 

the Klein-Nishina formula (Rybicki and Lightman 1979), 

where x = hv/Tn^(?. Except in cases of very high column density {Nh ~ 10^"* cm ^), 

the effects of electron scattering are negligible and can be ignored. 

B.3 Dust 

— In (1 + 2x) I 

for r 1 , (B.3) 

Scattering and absorption by interstellar dust, both in the local interstellar medium 

(ISM) and intrinsic to the AGN host galaxy, is the primary extinction mechanism 
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at photon energies below 13.6 eV. "Interstellar dust" refers to a wide variety of 

materizils with very different properties; dust grains typically range in size from 

a few angstroms to ~ 0.25 fim (O'Donnell and Mathis 1997). As the scattering 

cross-section depends on the size of the grains, with scattering being most effective 

at wavelengths on the order of the dust size or smaller, a composite mixture of dust 

will scatter higher energy photons more effectively than lower energy photons. This 

has the effect of making the transmitted spectrum appear redder than the intrinsic 

spectrum. 

Clayton et al. (1989) made a detailed studied of the extinction laws along 

various lines-of-sight. Surprisingly, they found that extinction is well characterized 

by only a single parameter. Their choice of parameter was the optical total-to-

selective extinction ratio Ry = Av/E{B — V), where E{B — V) = Ab — Ay, 

and .-Iv and Ab are the V'-band and B-band extinctions, respectively, measured in 

magnitudes. Note that the definition of a magnitude is such that the transmitted 

intensity is proportional to 

Figure B.2 shows the Clayton et al. (1989) fits to the extinction laws for 

Rv = 3.0 (solid curve), 4.0 (dotted curve), and 5.0 (dashed curve). Note that there 

is little variation in extinction at A ^ 1 fim for different values of Ry. It is observed 

that the value of Rv depends on the properties of the intervening gas, with larger 

values of Ry measured for lines-of-sight which cross denser regions of gas. This 

behavior is likely due to a correlation between the gas density and the mean dust 

size. The mean extinction law, obtained by averaging over many lines-of-sight, can 

be well reproduced by adopting Ry « 3.2 (Mathis 1990). 

In addition to scattering, dust can also absorb incident photons, re-emitting 
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Figure B.2: Extinction laws for Ry = 3 (solid curve), 4 (dotted curve), and 5 
(dashed curve). 
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the energy at infrared wavelengths. The strongest spectral feature, the broad bump 

evident at A as 2175 A(see Fig. B.2), is probably due to absorption by a mixture of 

carbon-containing compounds. Other prominent absorption bands, due to silicates, 

occur at 9.7 and 18 fim. 

B.3.1 X-Ray Scattering by Dust 

In regions with a high dust-to-gas ratio, small-angle scattering of X-rays by dust 

can be important (i.e., comparable to photoelectric absorption). .Not surprisingly, 

the optical depth to X-ray scattering by dust is found to be well correlated with the 

visual (dust) extinction (Predehl and Schmitt 1995), with a dependency 

at energies ^ 1 keV. 

B.3.2 Infrared Extinction Law at the Galactic Center 

Figure B.3 shows the infrared extinction due to dust along the line-of-sight to the 

Galactic Center (Rieke et al. 1989). The solid curve represents the best fit curve 

iXu = 0.88; 1/ = 9) using the absorption model of VVeingartner and Draine (2001) 

and Li and Draine (2001), with fixed Ry = 3.1 and a carbon abundance of 6.0 x 10~® 

relative to hydrogen. The modeled absorption is due to a mixture of carbonaceous 

grains and amorphous silicate grains. Note the strong silicate absorption peaks at 

at 9.7 and 18 fim. 

(B.4) 
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Figure B.3: Observed (Rieke et al. 1989) and modeled (Li and Draine 2001) extinc
tion laws for the Galactic Center. 
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