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Abstract. We review the basic observed and inferred properties of the broad
emission-line region in AGNs, as well as the basics of the reverberation-mapping
technique that can be used to determine the size and structure of the region. We
argue that the current best evidence points to a multi-component line-emitting re-
gion, with a disk-like structure, possibly an extension of the accretion disk itself,
and a disk wind being strong candidates for the origin of the broad-line emission.

1 Introduction

Some 40 years after the discovery of quasars and 60 years after the publication
of C.K. Seyfert’s initial observations of high central surface brightness galax-
ies, we are finally quite certain that active galactic nuclei (AGNs) are powered
by accretion onto supermassive collapsed objects. While many important de-
tails remain poorly understood, the black-hole/accretion-disk paradigm is
now reasonably secure. In contrast, however, we still have no self-consistent
models of the nuclear regions that produce (a) the broad emission lines that
are so prominent in the UV /optical spectra of AGNs and (b) the strong ab-
sorption features seen in the X-ray/UV spectra. Given the proximity of these
regions to the central engine, it seems likely that these are some manifes-
tation of the accretion process and related outflow; there is a good deal of
empirical evidence that connects these spectral features to disk-related out-
flows. Unfortunately, solid information about the broad-line region (BLR) is
hard to come by: the BLR is spatially unresolved in even the nearest AGNs
and the information in line profiles, sampling only one of six dimensions in
phase space, is highly ambiguous.

In this review, we will concentrate on a few things that we can infer
about the nature of the BLR, and reverberation mapping, arguably the most
promising technique for exploring the nature of the BLR. The scope of this
review is limited to a few basic topics and represents, of course, the author’s
own highly biased personal view.
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2 Basic Inferences about the Line-Emitting Gas

The relative strengths of the various emission lines in AGN spectra are very
similar to those emitted by a wide variety of astrophysical plasmas: to some
low order of approximation, the emission lines of planetary nebulae, H1I
regions, supernova remnants, and AGN emission-line regions are all quite
similar. The reason is simple: photoionization equilibrium of all these gases
is achieved at the same temperature, 7' ~ 10* K, e.g., [20, 21, 23, 28].

Photoionization equilibrium is attained when the rate of photoionization
is balanced by the rate of recombination. The conditions where this occurs
can be expressed in terms of an “ionization parameter”

Qion(H)
U=—"—77— 1
drrien, (1)
where Qjon(H) is the number of H-ionizing photons produced per second by
the central source, i.e.,

Qion(H) :/%dy7 (2)

and the integral is over ionizing photon energies and L, is the specific lumi-
nosity of the ionizing source. The ionization parameter is thus the ratio of
the density of ionizing photons Q;on /4772¢c, reflecting ionization rate, divided
by the electron density n., reflecting recombination rate, at the face of a
cloud exposed to the radiation. Over a rather broad range in U, photoioniza-
tion equilibrium is realized at electron temperatures in the range 10,000 to
20,000 K. As a result, the line spectra emitted by such gases are very similar,
since variations in elemental abundances are also relatively minor. There are,
of course, more subtle spectral differences among these various 10* K gases
which are attributable to differences in gas density n., the input ionizing
spectrum, the gas dynamics, and elemental abundances (which appear to be
approximately solar or slightly enhanced in AGN emission-line regions) [14].

Since at least the work of Khachikian and Weedman in the mid-1970s,
it has been recognized that AGN emission-line spectra are kinematically
composite. The “narrow components” have Doppler widths usually less
than around 500kms~!; these emission lines arise in relatively low-density
(ne ~ 103 ecm™3) gas that is spatially extended — indeed, the narrow-line re-
gion (NLR) is at least partially resolved in some of the nearest AGNs. In
contrast, the “broad components” have Doppler widths in the range ~1000
to 25,000 kms~—! and arise in gas of fairly high density by nebular standards
(i.e., ne > 109 cm™3), as determined from the weakness of certain metastable
and forbidden lines that are relatively more prominent in lower-density gases.

Indeed, the gas density leads us to an important distinction that is not
obvious based on line widths alone: the widest narrow lines and the narrowest
broad lines have similar Doppler widths, around 1000km ~! (though not in
the same object: in general, there is a correlation between the widths of the
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narrow and broad lines in AGN spectra). However, even the subclass of broad-
line objects known as narrow-line Seyfert 1 (NLS1) galaxies still have distinct
“broader” and “narrower” features, with the difference between them being
the absence of the “broader” component in the forbidden or semiforbidden
lines, i.e., from the high-density gas in which these transitions are collisionally
suppressed.

Temperatures of order 102 K correspond to thermal line widths of order
10kms™1!, so it is clear that in both the NLR and the BLR, the gas moves
supersonically. This in turn suggests some kind of organized flow, or a sys-
tem of discrete “clouds.” The especially large Doppler widths of the broad
lines immediately suggest that they may arise in a deep gravitational poten-
tial, which makes the broad lines especially valuable as probes of the central
source.

Compared to the NLR, the actual amount of emission-line gas required
to produce the broad emission lines can be quite modest as line emission is
very efficient in high-density gases (the emissivity per unit volume is pro-
portional to n?). We also observe that the emission-line fluxes vary with the
continuum flux, but with a short time delay. From this we infer that the
broad-line emitting gas is photoionized and optically thick to ionizing con-
tinuum radiation. Moreover, we conclude that the BLR must be fairly small
from light-travel time arguments. Conversely, the narrow lines do not vary
on short time scales; the region is spatially extended, geometrically diluting
the variable continuum signal over a large volume, and the recombination
timescale is very long, further smearing out any temporal variations.

The kinematics of the line-emitting gas remains problematic. In the case
of the NLR, the narrow-emission line widths are correlated with the stellar
bulge velocity dispersions, albeit with considerable scatter in the correlation.
Nevertheless, this suggests that gravitation provides an important compo-
nent. However, there is also considerable evidence for interaction between
the narrow lines and radio-emitting plasma that is being ejected from the
nucleus.

How the BLR gas is moving, whether in infall, outflow, or orbital mo-
tion, remains unknown. Emission-line profiles alone only weakly constrain
the possibilities because there are a wide variety of profoundly different kine-
matic models that yield similar line profiles. Broad-line profiles are distinctly
non-Gaussian, and have sometimes been described as “logarithmic,” i.e., the
flux at some displacement AM from line center is proportional to —In A\,
for AX not too close to line center. In many cases, however, the line pro-
files have some structure, variously described as “bumps” or “humps” or,
in other cases as “asymmetric wings” or “shelves.” Such features can be ei-
ther prominent or subtle, and they can change over long time scales. Indeed,
the persistence of features in profiles over longer than dynamical time scales
Tdayn = R/AV, where R is the size of the region and AV represents a typical
velocity, strongly suggests that the BLR has some kind of regular structure
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Fig. 1. Composite spectra from the Sloan Digital Sky Survey, binned by luminosity
(M;). Note the similarity of the spectra, with the exception of the “Baldwin Effect”
in C1v A1549; i.e., relative to the continuum and the other lines, C1v is stronger
in lower-luminosity objects. From Vanden Berk et al., 2004, in “AGN Physics with
the Sloan Digital Sky Survey” ed. G.T. Richards and P.B. Hall (San Francisco:
Astronomical Society of the Pacific)

or symmetry, though variability studies, as discussed below, show that the
gas is not in simple spherical outflow (like a supernovae explosion) or infall
(i-e., Bondi accretion).

The average line spectra of AGNs are very similar over a wide range
of luminosity, as shown in Fig. 1. This suggests that in addition to tem-
perature, particle densities and ionization parameters are quite similar. An
important exception to this statement is the behavior of the C1v A1549 emis-
sion line; relative to the continuum, C1v is weaker in more luminous objects
(i.e., its equivalent width decreases with luminosity), a well-known anticor-
relation known as the Baldwin Effect. There are other obvious differences
among AGNs, and many of the more subtle differences are correlated with
one another; these correlated properties stand out prominently in “principal
component analysis.” The strongest set of correlations, known as “Eigen-
vector 1,” reveals that strong optical Fell emission is negatively correlated
with the width of the HS broad component and the strength of the narrow
[O 111) A5007 line, e.g., [5]. It has been speculated by many investigators that
Eigenvector 1 measures the Eddington ratio M / MEdd, i.e., the accretion rate
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relative to the rate required to produce the Eddington luminosity; in terms
of the observables, this is essentially the luminosity to mass ratio.

3 Broad Emission-Line Variability
and Theory of Reverberation Mapping

As noted above, the broad emission-line fluxes are observed to vary in re-
sponse to continuum variations, with a short (usually days to weeks for typi-
cal Seyfert 1 galaxies) time delay that is attributable to the light travel time
across the BLR, i.e., 71y = R/c. This affords a potentially powerful tool; by
closely examining the velocity-resolved response of the broad lines to contin-
uum variations, the kinematics and geometry of the BLR can be determined,
or at least highly constrained. Moreover, while the observations have to be
done with great attention to quality and homogeneity, they are not otherwise
a serious observational challenge since they involve prominent emission lines
in the UV /optical spectra of relatively bright AGNs.

3.1 Basic Assumptions

The reverberation method as it is currently applied to AGNs rests on some
simple assumptions, e.g., [4, 22, 24], which to some extent can be justified ez
post facto:

1. The continuum originates in a single central source. The continuum source
in typical Seyfert galaxies (10'3 — 10* c¢m) is much smaller than the BLR,
which reverberation reveals to be ~10'6 cm in these objects. Note in par-
ticular that it is not necessary to assume that the radiation from the
central source is emitted isotropically.

2. The light travel time across the BLR is the most important time scale.
Specifically, we assume that that cloud response time is instantaneous,
which is a good assumption given the high densities of the BLR gas. The
response time is given by the recombination time scale Troc = (neap) ™! ~
0.1(10*° ¢cm~3/n.) hours, where ap is the hydrogen case B recombina-
tion coefficient and n. is the particle density. It is also assumed that the
BLR structure is stable over the duration of the reverberation experiment,
which is typically no longer than several months for Seyfert galaxies, but
can be much longer for high-luminosity quasars. For typical low-luminosity
reverberation-mapped AGNs (i.e., Seyfert galaxies), Tayn =~ 3-5 years.

3. There is a simple, though not necessarily linear, relationship between the
observed continuum and the ionizing continuum. The key element is that
the ionizing continuum and observable (either satellite UV or optical)
continuum vary in phase. In only two well-studied cases, NGC 7469 and
Akn 564, has this assumption been critically tested. In both cases, time
lags between the continuum variations at the shortest UV wavelengths
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and those at the longest optical wavelengths are of order ~1 day. In terms
of amplitude of variation, the variations in the UV are generally much
stronger, even after taking dilution of the optical continuum into account.

Under these simple assumptions, a simple linearized model to describe
the emission-line light curve as a function of line-of-sight (LOS) velocity V
can be written as

AL(t, V) = /O T W VY AC( - 7Y dr | (3)

where AC(t) and AL(t, V) are the differences from the mean continuum and
mean LOS velocity-resolved emission-line light curves, respectively, 7 is the
time delay, and ¥ (7, V) is the “transfer function” or, more descriptively, the
“velocity-delay map.” The velocity-delay map is thus the response of an emis-
sion line to an instantaneous or J-function continuum outburst at some time
to, i.e., C(t) = §(t — to). The goal of reverberation mapping is to recover the
velocity-delay map from the observables, AC(t) and AL(t, V'), and thus in-
fer the structure and geometry of the line-emitting region. This represents a
classical inversion problem in physics, and solution by Fourier methods imme-
diately suggests itself. However, solution by Fourier transforms is successful
only in the case of large amounts of data and low noise, neither condition
which can be easily realized in astronomical observations of faint sources. A
less ambitious goal is to determine the “delay map” ¥(r) = [¥(r,V)dV
by using the integrated emission-line light curve. In practice, unambiguous
determination of delay maps has also been illusive. In most cases, we have to
settle for an estimate of the mean time scale for response, which we obtain
by cross-correlating the continuum and emission-line light curves; the mean
delay time, or “lag,” is usually a good estimate of the centroid of the delay
map.

3.2 Isodelay Surfaces

As noted above, the velocity-delay map represents the response of the BLR
to a d-function outburst, as seen by a distant observer. At the moment the
observer detects the outburst, he will also detect the response of the emission-
line gas along his line of sight to the continuum source; the total path fol-
lowed by the ionizing photons that leave the central source and are replaced
by emission-line photons when they encounter the BLR gas is the same path
followed by the unabsorbed photons that are eventually detected by the ob-
server. There is thus no time delay for the response of gas along the line of
sight to the continuum source. For all other points, however, there will be
a time delay 7 between detection of the continuum outburst and the line
response because of the increased path length.

Suppose for simplicity that the BLR clouds are all in a circular Keplerian
orbit of radius r around the central black-hole/accretion-disk structure. At
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Fig. 2. For illustrative purposes, BLR clouds are supposed to be on circular Ke-
plerian orbits of radius r and the continuum source is a point at the center of the
ring. Following a continuum outburst, at any given time the observer far to the
left sees the response of clouds along a surface of constant time delay, or isodelay
surface. Here we show five isodelay surfaces, each one labeled with the time delay
(in units of the shell radius r) we would observe relative to the continuum source.
Points along the line of sight to the observer are seen to respond with zero time
delay. The farthest point on the shell responds with a time delay 2r/c

any given delay 7 we observe the response of all points on a surface of constant
delay, or “isodelay surface,” which must be a paraboloid of revolution around
the line of sight. This is illustrated in Fig. 2. which shows that, compared to
the signal from the central source, the signal from anywhere else on the ring
is delayed by light-travel time effects.

In the upper panel of Fig. 3, we define a system of polar coordinates mea-
sured from our line of sight to the continuum source. For clouds at position
(r,0), we see that the observer detects a time delay

T = (14 cosf)r/c. (4)

Thus, at any time delay 7 relative to the detection of the outburst, the distant
observer sees the response of all gas clouds that intersect with the isodelay
surface defined by (4).

3.3 Velocity-Delay Maps

We are now prepared to construct a simple velocity-delay map from first
principles. We adopt as a toy model the edge-on (inclination ¢ = 90°) ring
system shown in the upper panel of Fig. 3 and consider now how the points
on the ring translate from (r,0) measured in configuration space to (V,7)
measured in velocity-delay space. This is illustrated in the lower panel of
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Fig. 3. The upper diagram shows a ring-like BLR with the observer to the left.
The upper diagram shows a ring (or cross-section of a thin shell) that contains line-
emitting clouds, as in Fig. 2. An isodelay surface for an arbitrary time is given; the
intersection of this surface and the ring shows the clouds that are observed to be
responding at this particular time. The dotted line shows the additional light-travel
time, relative to light from the continuum source, that signals reprocessed by the
cloud into emission-line photons will incur (4). In the lower diagram, we project
the ring of clouds onto the LOS velocity/time-delay (V, 7) plane, assuming that the
emission-line clouds in the upper diagram are orbiting in a clockwise direction (so
that the cloud upper part of the orbit in the upper diagram is blueshifted and is
represented on the left side of the lower diagram)

Fig. 3, where we have identified two of the emission-line clouds that lie
on a particular isodelay surface. These points obviously project to 7 =
(14 cosB)r/c and LOS velocities V' = V,,,, sin 6, where V,,;, is the circular
orbit speed. It is thus easy to see that an edge-on ring in configuration space
projects to an ellipse in velocity-delay space, with semi-axes Vo1, and r/c. It
is also trivial to see that decreasing the inclination of the ring from 90° will
decrease both axes by a factor of siné; as ¢ approaches 0, the velocity-delay
ellipse contracts towards a single point at V' = 0 (since the orbital motion
is now in the plane of the sky) and 7 = r/c¢ (since all points on the ring are
now equidistant from the observer).
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Fig. 4. Same information as in Fig. 3, except that here, the response is given for
a multiple-ring system for clouds in circular Keplerian orbits. Each orbit projects
to an ellipse in velocity—delay space. Larger orbits project to larger ranges in time
delay (2r/c) and smaller LOS velocities (V oc r~/2)

Once we have a velocity-delay map for a ring at arbitrary inclination, it
is simple to take the next step to a Keplerian disk, which is essentially a
sequence of rings with orbital velocities decreasing like Vo, o 7~ /2. Such a
sequence of rings is shown in Fig. 4.

Generalization to a disk (a series of rings), a thin shell (a series of rings of
fixed r and varying i), or a thick shell (a series of thin shells of varying ) is
trivial because of the linear nature of (3). All simple geometries dominated by
Keplerian motion will show in the velocity-delay map the same characteristic
“taper” with increasing time delay as seen in Fig. 4.

The ultimate goal of reverberation mapping is to recover the velocity-
delay map from the observations. Unfortunately, in no case to date has this
been possible, though in fairness it must be noted that recovery of a velocity-
delay map has not been the principal goal of any experiment that has been
carried out as designed; virtually all previous reverberation mapping pro-
grams have been designed to measure only the mean response time of emis-
sion lines to continuum variations. Even this comparatively modest goal has
led to a number of important results, as described below.
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4 Reverberation Results

4.1 Size of the BLR and Scaling with Luminosity

Emission-line time delays, or lags, have been measured for 35 AGNs, in some
cases for multiple emission lines. The highest ionization emission lines are
found to respond most rapidly to continuum variations, demonstrating clearly
that there is ionization stratification within the BLR. Moreover, the highest
ionization lines tend to be broader than the lower ionization lines, and indeed
a plot of line width versus time delay shows that the lag 7 varies with line
width AV as 7 oc AV =2, the virial relationship expected if the dynamics of
the BLR is dominated by the gravitational potential of the central source.
We show the results for the well-studied case of NGC 5548 in Fig. 5, [26].

As noted earlier, AGN spectra are remarkably similar over a broad range
of luminosity. We might thus infer that, to some low order of approximation,
their BLRs have similar physical conditions. Specifically, referring back to (1)
and (2), we might conclude that U and n, are about the same in all AGNs,
and from that we could easily reach the conclusion that there should be a
very simple relationship between the size of the BLR and the AGN continuum
luminosity [16], (since L < Q) of the simple form

T | T T T T T TTT | T T
10000 —
NGC 5548
T, :
£
3 i .
5 .
o
1000 | | | | | 111 11 | | |
1 10
Tcent(days)

Fig. 5. Line width, as characterized by the line dispersion (second moment of the
profile), versus time delay, as measured by the cross-correlation function centroid
Teent, fOr multiple lines and multiple epochs for NGC 5548. The line measurements
are for the variable part of the line only, as isolated by forming a root-mean-square
(rms) spectrum from the many spectra obtained in the variability monitoring pro-
gram. The solid line is the best fit to the data, and the dotted line is a forced fit
to slope —1/2, the virial slope; in this particular case, the two lines are indistin-
guishable. The open circles are measurements of HJ for 14 different years. The filled
circles represent all of the other lines. From [25]
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Fig. 6. Measured time delays for Hf versus optical luminosity for over 30
reverberation-mapped AGNs, including multiple measurements of some sources.
The relationship between BLR size and luminosity can be fitted with r(H3) o
L%6%0-1 Based on data from [25]

roc LV2 (5)

In Fig. 6, we plot the size of the broad HB-emitting region as a function of the
optical luminosity at 5100 A for over 30 AGNs, some represented by multiple
measurements at different epochs. The observed slope of this correlation,
7(HB) oc LO-6F01 is surprisingly consistent with the very naive prediction of
(5) over four orders of magnitude in luminosity and time delays ranging from
a few days to hundreds of days.

In the case of the particularly well-observed Seyfert 1 galaxy NGC 5548,
the HS response time has been measured for 14 individual observing seasons,
yielding measured lags ranging from as short as 6 days to as long as 26 days,
depending on the mean continuum luminosity. The relationship between Hg3
lag and continuum luminosity is shown in Fig. 7. The best-fit slope to this
correlation is 7(HB3) oc L9, significantly steeper than the result obtained by
comparing different objects. The explanation for this, however, seems to be
simple: the shape of the continuum changes as AGNs vary. As the continuum
source gets brighter, it also gets harder, i.e., the amplitude of variability is
larger at shorter wavelengths. Comparison of the ultraviolet (1350 A) and
optical (5100 A) continuum fluxes in NGC 5548 shows that Loy, o< LYY,
and since the size of the line-emitting region is controlled by the H-ionizing
continuum (A < 912 A), the UV flux should be a much better measure of the
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Fig. 7. Measured time delays for HG in NGC 5548 versus optical continuum flux
for 14 independent experiments. The vertical line shows the constant stellar con-
tribution to the measured continuum flux. The best-fit slope to this relationship is
shown as a solid line 7(HB) o FY-° and the dotted line shows the naive prediction
T(HB) F;/Q. From [27]

ionizing flux than the optical flux. Thus, we find that
T(HB) oc Lapy o< (LYy)™” oc Ly (6)

again, consistent with the naive prediction.

These results lead us immediately to some uncomfortable questions. What
fine-tunes the size of the BLR? How does the BLR know precisely where to
be? Why are the ionization parameter and electron density the same for all
AGNs?

At least a partial answer is provided by considering the result shown in
Fig. 7. What is obvious from this diagram is that the HfB-emitting gas of
the BLR is not changing its location from year to year as the continuum
changes; it is obviously not moving fast enough to do this. What we are
forced to conclude is that gas is everywhere in the line-emitting region (in
this case, at least between ~6 and ~26 light days of the central source) and
that what is actually changing with time, or more properly with luminosity,
is the distance from the continuum source at which the physical conditions
are optimal for emission in the HZ line. This is often referred to as the
“locally optimally-emitting cloud (LOC)” model, e.g., [3]. The basic idea is
that line-emitting clouds of gas of various density are distributed throughout
the nuclear region. Emission in a particular line comes predominantly from
clouds with optimal conditions for that line, and this location can vary as
the continuum flux changes. An example of a grid of emission line strengths
in an LOC photoionization equilibrium model is shown in Fig. 8.
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Fig. 8. Contours of constant equivalent width for a grid of photoionization equilib-
rium models, as a function of input ionizing flux (#(H) = Qion/4nr?) and particle
density n(H) for strong emission lines in AGN spectra. Dotted contours are sepa-
rated by 0.2 dex and solid contours by 1 dex. The solid star is a reference point to
“standard BLR parameters,” i.e., the best single-zone model. The triangle shows
the location of the peak equivalent width for each line. From [17]

4.2 Reverberation and AGN Black Hole Masses

As shown in Fig. 5, for AGNs with multiple reverberation measurements,
there is virial relationship between line width and lag. This is strong evidence
that the broad lines can be used to measure the mass of the central black
hole via the virial theorem,

Mpy = ———, (7)
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Fig. 9. The mass—luminosity relationship for reverberation-mapped AGNs. The
luminosity scale on the lower x-axis is log ALy in units of ergs s~'. The upper
x-axis shows the bolometric luminosity assuming that Lyor & 9ALA (5100 A). The
diagonal lines show the Eddington limit Lg4q, 0.1Lg44, and 0.01Lgqqa. The open
circles represent NLS1s. From [25]

where f is a factor of order unity that depends on the unknown geometry
and kinematics of the BLR. That these virial masses are valid at some level is
demonstrated by the fact that a plot of the reverberation-based masses versus
the stellar bulge velocity dispersion o, is consistent with the same Mpy — o4
relationship seen in quiescent galaxies based on masses measured primarily
by stellar or gas dynamics, e.g., [12, 13]. Indeed, a mean value for the scaling
factor f in (7) can be obtained by scaling the AGN Mpy — o, relationship to
that for quiescent galaxies. Unfortunately, however, most dynamical models
of the BLR give similar values of f, so this affords no useful constraint on
the BLR structure and kinematics.

Figure 9 shows the relationship between black hole mass and luminosity
for the 35 reverberation-mapped AGNs. All of the AGNs are sub-Eddington,
contrary to some earlier estimates, and based on an admittedly nominal bolo-
metric correction, the accretion rates are typically about 10% of the Edding-
ton rate, but with considerable scatter about this value. The scatter in this
mass-luminosity relationship is apparently real; the NLS1s occupy the right-
hand edge of the envelope, as expected, and the one reverberation-mapped
AGN with very broad double-peaked emission lines (see below), 3C 390.3, is
on the left-hand side of the envelope, again as expected. Of course, the scatter
in the relationship is not attributable only to differences in accretion rate,
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but other effects such as inclination and obscuration (e.g., the luminosity of
NGC 3227 is probably underestimated as it appears to have heavy internal
absorption).

5 What is the BLR?

The fundamental question that we still have not yet addressed is what is
the nature of the BLR? What is the origin of the gas that gives rise to the
emission lines, and how is it related to the accretion flow, if at all? A number
of different scenarios have been proposed, and we discuss some of these briefly.

5.1 “Cloud” Models

Our first notions of what the BLR might look like was based on observations
of Galactic nebulae, especially the Crab Nebula system of “clouds” or “fila-
ments,” partly because of the obvious merits of such an interpretation (e.g.,
we noted earlier that supersonic motions of BLR gas argue for such a system
or some kind of large-scale flow), but probably also because the first astro-
physicists to work on the problem had previously worked on nebular physics
in Galactic sources.

If we suppose that the BLR is comprised of some large number N, of
identical line-emitting clouds of radius R., the BLR covering factor (i.e.,
fraction of the sky covered by BLR clouds, as seen by the central source) will
be proportional to N.R2. The covering factor is determined by estimating
the fraction of ionizing continuum photons absorbed by BLR clouds and re-
processed into emission lines, and is constrained to be of order ~10% by the
equivalent widths of the emission lines, notably Lya. An independent con-
straint is given by the total line luminosity, which is proportional to N.R3,
i.e., the total volume of line-emitting material. By combining these two inde-
pendent constraints on N.R? and N.R2, we can independently solve for N,
and R.. For a typical Seyfert galaxy like NGC 5548, we find N, ~ 107 and
R, ~ 10" cm. Furthermore, we can combine the size of the cloud with the
putative particle density of n, ~ 10'°cm™3, to get a cloud column density
of Ny =~ 10?2 cm~2. Interestingly and ultimately coincidentally, this is the
same order of magnitude as the first measurements of the column densities of
“warm absorbers” detected in the X-ray spectra of AGNs, and it was natural
to ascribe this absorption to BLR clouds along the line of sight to the very
small X-ray continuum source. Finally, given the number, size, and density
of the clouds, it is trivial to compute a mass for the entire BLR, which works
out to be ~1 M.

Early views on cloud dynamics were also influenced by observations of
supernova remnants, the only other astrophysical environment in which line-
emitting gas moves at velocities higher than 1000kms~!. Either ballastic
outflow (as in supernovae) or radiation pressure driven outflow can produce
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logarithmic line profiles. A preference for outflow models was at least in some
part driven by concerns that a gravitationally bound BLR seemed quite im-
plausible. Prior to the advent of reverberation mapping, there was no way to
determine the size of the BLR other than photoionization equilibrium mod-
eling. Sizes predicted by single-zone (i.e., all lines produced in approximately
the observed ratios by a single representative cloud) models were about an
order of magnitude too large, thus leading to mass estimates that were far
too large to be consistent with observed nuclear stellar kinematics.

The argument on the number of emission-line clouds is, however, flawed.
The fact that the emission lines vary in response to continuum variations
argues that the clouds are optically thick, in which case the emitting volume
of a cloud is proportional to R?Rs where Rg is the depth of the ionized layer
of the cloud (i.e., the Stromgren depth), rather than R2, which removes the
independent constraints on N, and R.. However, there is a second argument
that also argues for a large number of clouds, namely the smoothness of the
emission-line profiles, as shown in Fig. 10. Here the argument is that a collec-
tion of clouds with a velocity dispersion of a few thousand kms™!, but each
emitting lines of thermal widths of 10 kms™!, ought to produce a rather
“grainy” composite line profile on account of statistical fluctuations in the
number of clouds at different line-of-sight velocities. The lack of grainy struc-
ture at high spectral resolution and high signal-to-noise ratios argues either
that the number of clouds must be very large or the BLR gas is some kind of
continuous flow rather than in the form of discrete clouds. Even an extreme
case, NGC 4395, the least luminous known Seyfert 1, has characteristically
smooth line profiles. But the BLR in this source is expected to be so small
that the number of individual clouds could not exceed a few thousand. This
essentially leaves us only with models that involve some kind of supersonic
flow, unless there is another significant source of microturbulence within the
broad-line clouds.

Another interesting consequence of variability observations is the realiza-
tion that there must be a large reservoir of gas throughout the BLR, but at
any particular time we are detecting primarily the gas that is emitting most
efficiently [2]. Thus the total mass of gas in the BLR is much larger than
computed above. Estimates of the BLR mass run as high as 103-10* M.

5.2 “Bloated Stars” Model

An early suggestion for the origin of the broad emission lines was gas provided
by stars in the nucleus, e.g., [1]. This solves a number of problems, such as
fuel supply and cloud stability, but encounters other problems, notably that,
except in the case of giant stars, which are relatively rare, the stellar surface
gravity is too high to easily remove gas. Another problem is whether or not
one can fit an adequate number of stars into the BLR, i.e., a variation on the
“number of clouds” problem referred to above.
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Fig. 10. Keck high-resolution spectra of the Ha and Hf emission lines in NGC 4151.
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the line profiles on scales of hundreds of kms ™!, on thermal scales the profiles are
very smooth. From Arav et al., 1998, MNRAS, 297, 990

5.3 Double-Peaked Emission Lines

A relatively small subset of AGNs have very broad double-peaked Balmer
line profiles, as shown in Fig. 11. Double-peaked profiles are characteristic
of rotating disks; such profiles are commonly observed in accretion disks
in Galactic binaries. Sometimes double-peaked profiles appear in the vari-
able part of an AGN spectrum, i.e., the line profile that appears in differ-
ence spectra (i.e., high-state spectrum minus low-state spectrum) or in rms
spectra.

Extensive efforts to model such disks indicate that they must be fairly
complex. Profile variations show that the disks are clearly not axisymmet-
ric, and they sometimes have large-scale structural or thermal irregularities.
Sources with double-peaked emission lines are certainly important to our un-
derstanding of AGNs, as these are the only sources where we can identify a
plausible disk structure. Whether or not such disk structures are present and
merely hidden or disguised in other AGNs remains an open question. Clearly,
however, disk-like structures cannot explain everything about the BLR.
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5.4 Disk Winds

There is increasing evidence for the existence of disk winds in AGNs, e.g.,
[6, 10, 19]. Disk winds are observed in both Galactic binaries and in young
stellar objects, and may be a feature common to accretion disks on all scales.
There has been much theoretical investigation in this area, but it is not clear
whether AGN disk winds ought to be driven radiatively or hydromagnetically,
or perhaps by some hybrid.

It may well be that what we think of as the BLR is itself a composite.
Photoionization equilibrium modeling has suggested that there must be two
distinct regions, one highly ionized and of moderate optical depth and another
of moderate ionization and greater optical depth, but of similar physical
scale and distance from the central source, e.g., [8]. The latter, which is
largely responsible for the Balmer-line emission, has been often identified with
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the disk itself; and indeed the double-peaked Balmer lines in some sources
support this. The higher ionization lines, however, may represent a disk wind
component. Observational evidence for this includes:

1. clear blueward asymmetries in the higher-ionization lines in narrow-line
Seyfert 1 galaxies, e.g., [18];

2. the peaks of high ionization lines tend to be blueshifted relative to sys-
temic, and the maximum observed blueshift increases with source lumi-
nosity, e.g., [11];

3. in radio-loud quasars, the width of the bases of the C1v lines are larger
in edge-on sources than in face-on sources, implying that the wind has a
strong radial component to it, e.g., [30].

The disk wind model also affords a possible connection to the outflows
detected in AGNs of all luminosity. Strong absorption features, generally
blueshifted relative the systemic velocities, are ubiquitous features of the
X-ray and UV spectra of AGNs, e.g., [9]. In high-luminosity quasars, the
outflows are manifest as “broad absorption-line (BAL)” quasars. In lower-
luminosity Seyfert galaxies, the features are weaker, but may still cover a
fairly large velocity range, but with multiple discrete components as opposed
to more-or-less continuous absorption troughs as in BAL quasars. In Seyfert
galaxies, the amount of kinetic energy in the absorbing region can easily be
of the same order as the radiative energy; in any given case, this calculation
is subject to uncertainties due to unknown covering factors, which are quite
reasonably assumed to be high because strong absorption features are so
common in these sources.

6 What will it Take to Map the Broad-Line Region?

The BLR has been studied extensively for over 30 years. Despite this long
history, new surprises seem to emerge regularly. An important recent step
has been the Sloan Digital Sky Survey, which is providing extremely large
samples of AGNs for statistical study.

Probably the most obvious area of untapped potential remains reverber-
ation mapping. Emission-line response times have been measured for only 35
AGNs; the response of the high-ionization UV lines has been measured in
only in a bare handful of these cases, and only in the case of NGC 5548 have
measurements been made on multiple occasions.

Most importantly, however, is that no reliable velocity-delay map has been
obtained for any source. There have been attempts to recover velocity-delay
maps from reverberation data, but in every case to date, the data have been
of insufficient quality or quantity for this analysis. However, as a result of
these pioneering observational studies, we understand the characteristics of
AGN continuum and emission-line variability well enough that we can carry
out fairly realistic simulations to determine what kind of data are necessary
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to recover a velocity-delay map. Extensive numerical simulations, e.g., [15],
have shown the typical data requirements for a bright Seyfert galaxy (with
specific numbers appropriate for the case of NGC 5548) are:

1. High time resolution (At =~ 0.2-1.0 day). The time sampling of the light
curves translates directly into the time resolution of the velocity-delay
maps. Sampling as crude as ~1day provides around 4-20 resolution ele-
ments through the line response for a typical Seyfert galaxy, depending
on the particular emission-line and on the luminosity of the source.

2. Long duration (several months). A rule of thumb in time series is that
the duration of the experiment should be at least three times as long
as the longest time scale phenomenon to be addressed. This suggests a
minimum duration of some 60-80 days, again depending on the emission
line and continuum luminosity. What simulations show is that the main
requirement for detecting a clear reverberation signal is a major “event”
in the driving light curve, i.e., an outburst, “drop-out,” or change in the
sign of the derivative. One needs to detect a strong signal and then follow
it as it propagates through the entire BLR. Simulations based on the
behavior of NGC 5548 suggest that a 200-day program is necessary for a
high probability of success, but success can occur with programs as short
as 75 days or so, if one is lucky.

3. Moderate spectral resolution (~600km s~1). Spectral resolution translates
directly into velocity-resolution in the velocity-delay map. Resolution of
R > 500 typical yields some 10 or so resolution elements across a typical
broad emission line. Given the lack of profile structure at high spectral res-
olution, resolution approaching the thermal line width (i.e., R & 30,000)
does not seem necessary.

4. High homogeneity and signal-to-noise ratio (S/N = 100). A high level
of homogeneity and high signal-to-noise ratios per datum are required in
order to detect the continuum variations, usually a few percent or less
between observations, and the responding signal in the emission lines. At
least high relative photometric accuracy is required; this is a major chal-
lenge to ground-based observations where one has little control over the
point-spread function, which ultimately limits the photometric accuracy.
For this reason and that some of the most responsive emission line are
in the UV, space-based observations are preferred for obtaining velocity-
delay maps.

Detailed simulations show that Hubble Space Telescope can carry out such
a project, but practically speaking, only for a limited number of emission
lines. To get a complete map of the BLR, it is desirable to use as many lines
as possible; this is especially important if the BLR is, as suggested earlier, a
composite structure such as a disk plus a disk wind. A space mission concept,
called Kronos, has been designed to obtain spectroscopic time series data on
accretion-driven sources, with the specific application of obtaining velocity-
delay maps of the BLR as a major goal. The key to Kronos science is long
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on-target times at high time resolution, enabled by long on-target times as a
consequence of its high-Earth orbit (P ~ 14 days).

Figure 12 shows an example of a reverberation-mapping simulation. The
BLR model in this case is an inclined (i = 45°) Keplerian disk with a some-
what arbitrary spiral-arm structure. The emission-line response for each of
four strong lines is calculated from a photoionization equilibrium model based
on NGC 5548. The recovered velocity-delay maps are based on the quality
and quantity of data expected from the Kronos spectrometers.

7 Some Obvious Questions to Keep in Mind

Any explanation for the origin of the BLR must provide answers to a number
of fairly obvious questions:

1. Stellar-mass black hole systems (microquasars) do not have (obvious)
BLRs. Why are they different from AGNs? While Galactic binaries have
accretion disks and jets, they do not have anything like the BLR. This
may, of course, be related to the fact that accretion disks around stellar-
mass black holes are considerably hotter than those around supermassive
black holes, as the highest disk temperature is inversely proportional to
the mass in simple thin-disk models.

2. Some AGNs may lack BLRs, i.e., they are true type 2 AGNs. Whereas
many type 2 AGNs have “hidden” BLRs that are detected at extremely
high signal-to-noise ratios or in polarized (scattered) light, there is ev-
idence suggesting that some Type 2 objects have no broad lines at all.
Why is this? What are the physical differences between AGNs with BLRs
and those without?

3. Broad lines widths are in the range 1000 to 25,000 kms~'. What imposes
these limits? And, a key question closely related to this, what does spec-
trum of an AGN at i = 0° look like? If not orbital motion, what causes
the line broadening in this extreme case?

4. Where does the energy to power the emission lines come from? The BLR
energy budget problem is still unsolved. The observed AGN continuum is
neither luminous enough nor hard enough to account for the broad lines.
Does the BLR see a different continuum than we do, or is there an energy
source we have not yet recognized?

8 Summary

Despite years of observational and theoretical effort, we cannot yet say much
about the BLR with any certainty. We know that it is dense by nebular
standards and hot (T ~ 10*K), and that it is probably some supersonic,
fairly continuous flow. The dynamics of the BLR are unknown, though it
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Fig. 12. Reverberation mapping simulations. From left to right, the three columns
show, for four emission lines, (a) a map of a BLR with a spiral arm structure in
configuration space, (b) a corresponding velocity-delay map, and (c) a velocity-
delay map recovered from simulated data. From top to bottom, the rows represent
results for Lya A1216, C1v A1550, He 11 A1640, and HB A4861. From [15]
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is clear that the gravitational acceleration caused by the central source is
sufficiently dominant that we can use the BLR size and velocity dispersion
to estimate the central black hole masses with an accuracy of about a factor
of three. We know that it has a stratified ionization structure, and may have
multiple kinematic components; currently strong candidates include both disk
winds and emission from the extended parts of the accretion disk itself, with
the strength of different components varying from object to object and from
emission line to emission line. We know that the size of the BLR scales simply
with luminosity, both globally from object-to-object and in a single source
as the mean luminosity varies with time. The latter in particular argues
that there is considerably more mass involved in the BLR than presumed by
naive models. We have argued that the best way to determine the structure
and kinematics of the BLR is by obtaining velocity-delay maps for multiple
emission lines by reverberation mapping, and that the data requirements,
while somewhat daunting, are realizable with existing technology.
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