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Abstract. Reverberation-mapping campaigns have revolutionized our un-
derstanding of AGN. They have allowed the direct determination of the
broad-line region size, enabled mapping of the gas distribution around the
central black hole, and are starting to resolve the continuum source struc-
ture. This review describes the recent and successful campaigns of the In-
ternational AGN Watch consortium, outlines the theoretical background of
reverberation mapping and the calculation of transfer functions, and ad-
dresses the fundamental difficulties of such experiments. It shows that such
large-scale experiments have resulted in a “new BLR” which is consider-
ably different from the one we knew just ten years ago. We discuss in some
detail the more important new results, including the luminosity—size—mass
relationship for AGN, and suggest ways to proceed in the near future.

1. Introduction

Continuum variability was one of the earliest recognized characteristics of
quasars, the highest-luminosity active galactic nuclei (AGN). In contrast,
continuum variations were not confirmed in their lower-luminosity cousins,
Seyfert galaxies, until a quarter century after they had been identified as a
separate class of object. Ultimately the shared characteristic of continuum
variability helped establish the link between quasars and Seyfert galaxies,
and in both classes of object it led immediately to recognition that large-
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amplitude, short time-scale variations place strong constraints on the size
of the continuum-emitting region. This is a cornerstone of the black-hole
model of active nuclei. While it has been realized subsequently that the
most violent variability seen in AGN arises in a relativistically beamed
component (which dominates the spectra of the subset of AGN known
as “blazars”), the conclusion that the continuum-emitting region is small
is still valid, and indeed the physical scales inferred from variability are
consistent with thermal emission from accretion disks. The origin of the
variations remains unknown.

Some fifteen years ago was it becoming apparent that the broad emis-
sion lines seen in AGN spectra also vary, both in flux and in profile. It was
established fairly quickly that the emission-line fluxes vary in response to
continuum changes, but the exact time scales for response remained con-
troversial on account of the relatively few, poorly spaced observations that
had been obtained in even the best-studied cases. Line-profile variations
had been clearly detected in a few cases, and it was suggested by several
authors that these might be attributable to “excitation inhomogeneities”
resulting from non-uniform illumination of the broad-line region (BLR)
due to light travel-time effects. It was widely appreciated that this afforded
an opportunity to map out the spatial and kinematic distribution of the
line-emitting clouds: by carefully following continuum variations and their
subsequent effect on the emission-line fluxes and profiles, one can highly
constrain the phase-space distribution of the line-emitting gas. Blandford
& McKee (1982) were the first to articulate the mathematical formalism
for this process, which they called “reverberation mapping”.

The potential importance of the reverberation-mapping technique to
AGN astrophysics is profound: if we can determine the structure and kine-
matics of the BLR, it is possible to determine the effects of various forces
in the immediate vicinity of the central engine (gravity and radiation pres-
sure) and under some conditions, to determine the mass of the central en-
gine itself, thus possibly testing the black-hole paradigm directly. The BLR
itself is thought to be comprised of a large number (at least ~ 103, and by
some arguments more than 10%) of individual clouds that have, by nebular
standards, quite high densities (ne 2 10% cm~3). These clouds move highly
supersonically, at thousands of kilometers per second, and cover only about
10% of the sky as seen from central source. The BLR is much too small to
be resolvable spatially, with an angular extent of only ~ 10 parcsec even in
nearby (cz/Hy =~ 50 Mpc) Seyfert galaxies.
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2. Reverberation-Mapping Techniques
2.1. FUNDAMENTALS

The basic idea of reverberation mapping is similar to that which underlies,
for example, Doppler-weather mapping: the time-delayed, Doppler-shifted
response of a system to a known input signal is used to infer the structure
and kinematics of the responding system. In the case of reverberation map-
ping, we passively observe the input signal, which is generated by the AGN
continuum source. In the absence of reasons to assume otherwise, we make
the following simplifying assumptions:

1. The continuum is supposed to originate in a single, central source
whose UV /optical radiation producing size is thought to have a spatial
extent of 10-100 gravitational radii, Ry ~ 1.5 x 10'3 (M/10® M) cm.
This estimate is based on accretion-disk models that are generally con-
sistent with the observable parameters. We note in particular that
isotropic emission from the central source does not have to be assumed.

2. The light-travel times across the BLR are found to be in the range of
days to weeks. The time scale for response of individual BLR clouds
to changes in the ionizing flux is given by the recombination time
Trec & (neaB)_l, where ap is the case B hydrogen recombination co-
efficient. For BLR densities, Tyec & 1hr, so the cloud response time
is virtually instantaneous and can be neglected. We must also assume
that the BLR structure and kinematics are constant over the duration
of the monitoring experiment. This places practical time limits on the
duration of single experiments, as we discuss further below.

3. There is a simple, although not necessarily linear, relationship between
the observed UV or optical continuum and the ionizing continuum that
is driving the line variations. In this context, “simple” means that the
continuum variations in these different continuum bands appear to
be generally similar, without pronounced differences in the relative
structure of the light curves.

The duration of a monitoring campaign 7(campaign) is never optimal
because of the very nature of the gas distribution and velocity field of the
BLR. As emphasized below, one of the most important new results of the
AGN Watch campaigns is the evidence for a “thick” BLR geometry in
several objects. This means that the outer edge of the cloud system is tens,
and perhaps hundreds, of light days away from the continuum source, while
the inner boundary is only a few light days away. Assuming a BLR which
extends from Rj, to Ry, the observed line response reflects continuum
variations that occurred at times up to Ryt /c before the beginning of the
observation. The first Ry /c days of the campaign thus can be of limited
use. On the other hand, the dynamical time of the system at R;, determines
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the maximum useful monitoring period since the gas distribution is likely
to change on this time scale. This time is given by

Tdyn = JERout/Vvin (1)

where Vi, is the typical velocity at Ri,, and * = Rj,/Rout. Using (i, =
Vin/c, we find

7(campaign) ~ Fout (i - 1) : (2)

c Bin
Assuming Keplerian orbits, the velocity in the innermost part is obtained
from the full width at zero intensity (FWZI) of the emission lines. Typically,
this is By & 0.03. Since x is of order 0.1 or smaller, the useful campaign
time is of the order of 2R, /c or less, i.e., a few months for typical Seyfert
1 luminosities. Obviously, the gas distribution (and the transfer function,
see below) may be stable over many dynamical times, but this has not yet
been established. Thus, multiple-year campaigns are not necessarily more
useful than few-month campaigns in determining the BLR gas distribution
and velocity field.

2.2. THE TRANSFER FUNCTION

Under the assumptions outlined above, the emission-line response as a func-
tion of time and line-of-sight velocity (i.e., Doppler shift) can be written
as -
Lwt) = [ wonC( - rdr, (3)
—0o0
where C(t) is the continuum light curve, and ¥ (v, 7) is the “transfer func-
tion” which depends on the BLR geometry, kinematics, and reprocessing
physics. The goal of reverberation-mapping experiments is to provide light
curves C(t) and L(v,t) that can be used to solve for the transfer function,
and infer the characteristic of the emission-line cloud system. A stable and
unique solution to an integral equation of this form requires a large amount
of high-quality data, and this is the practical difficulty in reverberation
mapping. In practice, high-quality spectra of faint objects are not easy to
come by, and as a result most experiments to date have focused on the some-
what simpler problem of solving for the one-dimensional transfer function
U(7), which gives the response of the entire emission line integrated over
line-of-sight velocity, i.e.,

L(t) = /_ O:o U(r)C(t — 7)dr. (4)

Even more often, the actual data are so sparse that all we can determine is
the first moment of W(7); it is easily shown (Penston 1991; Peterson 1993)
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that convolving eq. (4) with C(¢) yields
CCF(r) = [ W(r)ACF(r — )it (5)

where CCF(t) and ACF(¢) are the line—continuum cross-correlation func-
tion and continuum autocorrelation function, respectively. Cross-correla-
tion of C'(t) and L(t) thus yields a first moment of ¥(7), a time scale for
emission-line response that is often referred to as the emission-line “lag”.

Equations (3) and (4) are linear equations, which seems to introduce
another hidden assumption that is contrary to our previous statement that
linearity does not need to be assumed for the line response. However, in
practice, the transfer equation is solved by replacing L(t) and C(t) with
their difference from the mean values, e.g., AL(t) = L(t) — (L), which
removes the effects of non-variable components and is equivalent to a first-
order expansion of the transfer equation. Thus, mild nonlinearity does not
pose a problem.

2.3. AN EXAMPLE

The transfer function introduced earlier gives the observed response of an
emission line as a function of time delay and line-of-sight velocity to a delta-
function continuum outburst, as is obvious from eq. (3). For illustrative
purposes, we will consider the response of a simple and specific, but easily
generalizable and even possibly relevant, BLR model, namely clouds on
randomly inclined, circular Keplerian orbits. Consider first clouds in orbits
at inclination ¢ = 90°, i.e., with the line of sight in the orbital plane.
Positions along the orbital path are specified by the polar coordinates r
and 0 as defined in Fig. 1a. Each position on the orbit projects to a unique
position in velocity—time-delay space, as shown in Fig. 1b. An isotropically
emitted continuum outburst will be followed by an emission-line response
that is time delayed by the additional path length to the observer that
must be traversed by (a) the ionizing photons that travel outward from
the central source and are intercepted by BLR clouds and (b) the resulting
emission-line photons that are emitted in the direction of the observer;
such a time-delayed path is shown as a dotted line in Fig. la. At some
time delay 7, the emission-line response recorded by the observer will be
due to all clouds that lie on a surface of constant time delay (an “isodelay
surface”) given by the length of the dotted path in Fig. 1a,

7= (1+cosf)r/ec, (6)

which is the equation of a parabola in polar coordinates. The intersection
of the isodelay surface and the cloud orbit identifies the clouds that are re-
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sponding at time delay 7. If both clouds shown in Fig. 1a are moving coun-
terclockwise at orbital speed Voy, = (GM /)2, where M is the mass of the
central source, their observed Doppler-shifted velocities are v = £V, sin 8,
and thus the locations of the two clouds project to the two different points
in velocity—time-delay space, as shown in Fig. 1b. The entire circular orbit
is seen to project to an ellipse in the velocity—time-delay diagram; the zero
time-delay point represents the BLR clouds that lie along the line of sight
(at # = 180° and line-of-sight velocity v = 0), and the largest line-of-sight
velocities are measured at § = +90°, where 7 = r/c. The range of time de-
lays extends up to 2r/c, corresponding to the response from the far side of
the BLR (i.e., 8 = 0°). If we consider identical orbits at lower inclinations,
it is easy to see that the range of time delays decreases from [0,2r/c| to
[(1 —sind)r/c, (1 +sini)r/c], and line-of-sight velocities similarly decrease
by a factor of sini. The projection of such an orbit into velocity—time-delay
space is thus an ellipse that has the same center (at v = 0, 7 = r/c) and
ellipticity, but axes that are smaller by a factor of sini. For i = 0°, the el-
lipse contracts to a single point at time delay r/c and line-of-sight velocity
v = 0. For a system of clouds in circular orbits of radius r and random
inclinations, the ellipse shown in Fig. 1b becomes completely filled in, as
shown in Fig. 1c, and this is the transfer function for a system of clouds in
circular Keplerian orbits of radius r» and random inclinations.

How does the transfer function change if the continuum emission is not
isotropic? To illustrate, we now consider the case where the continuum
radiation is confined to biconical beams of semi-opening angle w at incli-
nation ipeam to the line of sight, as shown in Fig. 2a. On spatially resolved
scales, AGN show such biconical structure, although it is not at all obvi-
ous that this geometry applies on scales as small as the BLR. A biconical
beam illuminates the BLR clouds during only parts of their orbits, and as
shown in Fig. 2b, emission-line response is observed only in certain loci in
the velocity—time-delay plane. Again, extending this to a system of BLR
clouds in circular orbits of random inclination, the ellipses in the velocity—
time-delay plane become partially filled in, as shown in Fig. 2c. The effects
of varying both w and ipeam are shown by Goad & Wanders (1996).

It is straightforward to consider more complex models, especially if the
response can be assumed to be approximately linear, in which case transfer
functions for complex BLR geometries and continuum anisotropies can be
constructed by addition of properly weighted simple transfer functions. For
example, partial continuum anisotropy can be modeled as a sum of isotropic
and anisotropic geometries. Similarly, the response of a disk can be modeled
by a summation of transfer functions for circular Keplerian orbits of various
r and fixed i. The transfer function for a thick spherical shell (as in Figs. 1c
and 2c¢) can be constructed by adding together transfer functions for thin



REVERBERATION MAPPING OF AGN 7

Isodelay surface

r

<Observer (1 W I -r/c

JR I
orb _Vorb \Y%
(c)

orb

(@) by

Figure 1. (a) In this illustrative model, the BLR clouds are distributed along a circular
orbit centered on the central continuum source at inclination ¢ = 90°, with the clouds
orbiting counterclockwise. Emission-line clouds respond to a continuum outburst with
time delay 7 = (1 + cos 0)r/c, which compared with the photons from the central source
that travel directly to the observer, is the additional path length this signal must travel
to the distant observer to the left, as shown by the dotted line. At the time delay shown,
two clouds are responding, the upper one approaching the observer and the lower one
receding. (b) The points on the circular orbit in (a) project to an ellipse in the veloc-
ity—time-delay plane. The locations of the two clouds in (a) are shown. (c) For circular
orbits at inclinations less than 90°, the axes of both of the ellipses are decreased by a
factor sin4 and the center remains at v = 0,7 = r/c. Thus, for a random distribution of
inclinations, the response of the BLR occurs over the full range of radial velocities and
time delays limited by the i = 90° case.

T T
T2rle 2rlc
w=30
<Observer [ S i | rle
iheam = 4§
Vv Y, V., V
(a) (b) orb orb (C) orb orb

Figure 2. (a) The BLR clouds are distributed along a circle as in Fig. 1, but are
now illuminated by an anisotropic continuum (shaded) of opening half-angle w = 30°
and inclined to the line of sight by ibeam = 45°. (b) Since only part of the orbit in
(a) is illuminated, only certain loci in the velocity—time-delay plane show emission-line
response. (¢) For a random distribution of orbital inclinations, the response of the BLR
is similarly localized in time delay. There is no response in this case (7) near time delay
r/c because the continuum does not illuminate any material in orbits with ¢ ~ 0° or (i)
near 7 = 0 or 7 = 2r/c since the material along the light of sight is out of the beam.
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spherical shells of varying radius; note that as r increases, the velocity—time-
delay ellipses become taller and narrower, as the major axis is proportional
to r and the minor axis decreases like r—1/2,

In Fig. 3, we show as an example a thick-shell model that is an extension
of the thin-shell model in Fig. 2, and uses the same continuum beaming
parameters. We chose this particular model for two reasons: first, both the
one-dimensional transfer function and the variable part of the line profile
are double peaked. This makes the important point that such structures
are not unambiguous signatures of rotating disks or biconical flows (e.g.,
Welsh & Horne 1991; Pérez, Robinson, & de la Fuente 1992). Second, this
particular model seems to be grossly consistent with the observed transfer
function in one of the best-studied cases, the C1v line in NGC 5548, as we
will discuss below.

We close this part of the discussion by reminding the reader that the
transfer function does not give a model-independent six-dimensional map
of the BLR in phase space; the velocity-dependent response of an emission
line localizes the gas only to an isodelay surface. The transfer function
does, however, provide a strong constraint on the phase-space distribution
of the BLR gas, and one must test BLR models by computing transfer
functions for various lines and comparing these with the observations. It
is also important to remember that the transfer function maps out the
responsivity of the emission-line gas. We shall come back to this point in
84.

3. Reverberation-Mapping Experiments

Equations (3) and (4) are examples of one of the most common types of
problems encountered in physics, a convolution integral with an unknown
Green’s function, which we here call the transfer function. The observa-
tional goal of reverberation-mapping experiments is to use the light curves
C(t) and L(v,t) to solve for the transfer function and then use this to test
directly various models of the BLR. What makes the reverberation problem
different from other applications is that the sampling of C(¢) and L(v,t) is
nearly always irregular, limited in both temporal resolution and duration,
and the data are often quite noisy and sometimes plagued by systematic
errors. These limitations have led to development of specialized method-
ologies for time-series analysis. The obvious method of Fourier inversion
(which was what was originally suggested by Blandford & McKee 1982)
performs poorly on account of the limitations listed above. Better methods
include the maximum entropy method (MEM; Horne 1994, and this vol-
ume), the SOLA method (Pijpers & Wanders 1994), and regularized linear
inversion (Krolik & Done 1995). Even cross-correlation techniques (eq. 5)
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Figure 3. A model two-dimensional (i.e., response as a function of both line-of-sight
velocity and time delay) transfer function. This model is consistent with the C1v A1549
response in NGC 5548 (Wanders et al. 1995), based on HST and IUE data from Korista
et al. (1995).

have been specially adapted to these programs (see White & Peterson 1994
for a critical comparison of widely used methods, and Alexander’s paper in
this volume for discussion of a new method).

As mentioned earlier, UV and optical spectroscopic monitoring of a few
Seyfert galaxies during the 1980s constituted “proof-of-concept” for rever-
beration mapping; it was clear that the lines did indeed respond to contin-
uum variations, on surprisingly short time scales (see Peterson 1988 for a
summary of these early programs). The next step was to acquire suitable
time series to measure the response time scales accurately, i.e., determine
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the lags for various emission lines (eq. 5). As a practical matter, moni-
toring programs to achieve limited goals can be carried out at individual
observatories. This has been demonstrated convincingly by ground-based
results obtained at the Wise Observatory (e.g., Maoz et al. 1990, 1991;
Netzer et al. 1990) at Ohio State University (e.g., Peterson et al. 1993;
Kassebaum et al. 1997; Peterson et al. 1997), at CTIO (Winge et al. 1995,
1996), and at La Palma (by the “LAG” collaboration, whose work has
been well summarized by Robinson 1994). However, probably the great-
est success has been been achieved by the large consortium known as the
“International AGN Watch” (Alloin et al. 1994), which has carried out
several multi-wavelength monitoring programs that have been anchored by
UV spectroscopy with the International Ultraviolet Exzplorer (IUE) and
the Hubble Space Telescope (HST) and optical spectroscopy with a large
network of ground-based telescopes. The International AGN Watch efforts
have included two major UV campaigns on NGC 5548 (Clavel et al. 1991;
Korista et al. 1995) complemented by a continuing ground-based effort (Pe-
terson et al. 1991, 1992, 1994; Dietrich et al. 1993; Romanishin et al. 1995),
and similar campaigns on NGC 3783 (Reichert et al. 1994; Stirpe et al.
1994), Fairall 9 (Rodriguez-Pascual et al. 1997; Santos-Lle6 et al. 1997),
and 3C 390.3 (O’Brien et al. 1997; Dietrich et al. 1997). Other monitor-
ing programs have been built around these projects, including extreme UV
monitoring of NGC 5548 with the Eztreme Ultraviolet Explorer (EUVE)
(Marshall et al. 1997), a multi-wavelength snapshot of NGC 3783 (Alloin
et al. 1995), and long-term X-ray monitoring of 3C 390.3 with ROSAT
(Leighly et al. 1997). A purely ground-based campaign was also carried out
on Mrk 509 (Carone et al. 1996). This group also undertook an intensive
multi-wavelength program on NGC 4151 (Crenshaw et al. 1996; Kaspi et
al. 1996a; Warwick et al. 1996; Edelson et al. 1996), although the limited
duration of this experiment (about 10 days) precluded learning much about
the emission-line response in this object.

The results on NGC 5548 (Korista et al. 1995) and NGC 4151 (Ulrich
& Horne 1996) represent the state of the art in reverberation mapping.
The transfer functions are not well-determined, as they are based on < 50
data points that are not noise-free. However, these two results are not
likely to remain the last word on reverberation mapping for long: at the
time of writing, the International AGN Watch is completing preliminary
analysis of 49 days of nearly continuous observations of NGC 7469 with
IUE, one of the high-priority “lasting value” projects undertaken during
its nineteenth and final year of operations, which produced somewhat more
than 200 independent spectra (Wanders et al. 1997). Intensive observations
were made simultaneously with ground-based telescopes (Collier et al. 1997)
and with the Rossi X-Ray Timing Ezxplorer (RXTE) (Nandra et al. 1997).
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Light curves for the UV continuum bands and emission lines are shown in
Fig. 4, along with the cross-correlation functions.

4. Evaluation of Reverberation-Mapping Results

4.1. THE GAS DISTRIBUTION IN THE BLR

In this section, we attempt to answer the fundamental questions of rever-
beration mapping by evaluating the results of the more successful Inter-
national AGN Watch campaigns. We address, in more detail, several of
the uncertainties, and proceed to evaluate the significance of the available
lag determinations. We then discuss the gas distribution in the BLR, as
obtained by direct and indirect (inversion) methods.

4.1.1. Limatations

Obtaining well-sampled line and continuum light curves that are relatively
noise free is only the first step towards the goal of a complete mapping
of the gas distribution in the BLR. The interpretation of the data is not
straightforward and there are various ambiguities and uncertainties. Three
of the more critical problems are explained below.

1. A very severe limitation is the non-linear response of many emission
lines. All lines are produced in a restricted zone inside the cloud and
the line emissivity is a sensitive function of the incident ionizing flux,
i.e., of the ionization parameter

Q
U= AnR2npc’ (™)
where @) is the rate at which the source produces ionizing photons (i.e.,
photons per second). Consider as an example C1v A1549, whose emis-
sion reflects both the size of the C™3 zone and the gas temperature over
this region. This line flux increases linearly with the continuum flux
only if most carbon is C*? or C*3. Further increase in the continuum
level makes C™* the dominant species and results in a large decrease in
the emissivity of the line. The transfer function of C1v A1549 reflects
the non-linear nature of the ionization process and the correspond-
ing change in temperature. Most metal lines behave in a similar way,
but over a different ionization-parameter range. The only exception is
Lya, whose response is close to linear under most conditions, since the
line intensity directly reflects the number of ionizing photons absorbed
by the gas. The Ly« line reacts non-linearly to the incident ionizing
flux in two extreme cases; in low column-density clouds, the increased
continuum level can make the gas fully transparent, thus reducing the
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NGC 7469 Light Curves Cross—Correlation Functions
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Figure 4. The left-hand columns show the light curves of NGC 7469 obtained with IUE
during an intensive AGN Watch monitoring campaign during the summer of 1996. The
right-hand column shows the result of cross-correlating the light curve immediately to
the left with the 1315 A light curve at the top of the left column; the panel at the top of
the right column thus shows the 1315 A continuum autocorrelation function. Data from
Wanders et al. (1997).
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Figure 5. Line luminosity, per unit solid angle, as a function of distance from the center
of NGC 5548 for an assumed gas distribution of ni R~ and N R™2/3,

line production considerably. In high column-density clouds, contin-
uum variation can cause a significant change in the line optical depth
7(Lya) which will reduce the line emissivity due to line trapping and
collisional suppression. Thus, non-linear effects are of great significance
and affect the shape of the transfer function. Figure 5 illustrates the
result of a particular set of photoionization calculations applied to the
case of NGC 5548, the best observed Seyfert 1 galaxy. The model as-
sumes a specific gas distribution given by ny oc R~!, which results in
a radial dependence of the ionization parameter, U o< R~'. The col-
umn density is obtained by assuming spherical clouds that retain their
identity as they move in or out at their virial speed (for more details
see Netzer 1990). The continuum luminosity is scaled to the luminosity
of NGC 5548 during the 1989 campaign. With the measured Ly« lag
of about 9 days, and the required, radius-averaged ionization param-
eter obtained from observed line ratios, this leaves little freedom for
the choice of density at R;,. The diagram illustrates the constancy of
some lines (Lya and C1v A1549) and the dependence of other lines on
the radius and ionization parameter (O viA1035 and Mg11A2798) and
the density (C111] A1909).
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2. A second major source of uncertainty is the unknown shape and vari-
ability amplitude of the ionizing continuum. Multi-wavelength spec-
troscopy suggests that the shape of the optical-UV continuum changes
with luminosity. It is thus reasonable to assume that the Lyman con-
tinuum, which drives the line luminosity, is changing its shape too.
Present techniques assume that the variability of the ionizing flux is
similar to the observed variability at much longer wavelengths, thus
introducing an uncertainty into the transfer function. In principle, the
shape of the ionizing continuum can be deduced from various line ra-
tios; in practice, this is a difficult task.

3. Line emission from the BLR is not necessarily isotropic. The most no-
table example is Lya, whose emission pattern is likely to be beamed
towards the central source because of the large column of neutral gas
at the back of BLR clouds. A known beaming pattern can, in principle,
be taken into account when calculating the transfer function (see Fer-
land et al. 1992), but present photoionization models cannot reliably
calculate this pattern.

4.1.2. Lag determination

Even the simplest of all reverberation-mapping aims, the lag determination,
is not a simple task since, in many cases, the line-to-continuum lag is only
a small fraction of the typical variability time scale. Medium-luminosity
Seyfert 1s are characterized by variability time scales of 30-100 days and
lags of 2-6 days for the high-ionization lines. Since the lag is determined
from the peak (or the center of gravity) of the CCF, which is the convolution
of the ACF with the transfer function (eq. 5), the required accuracy is a
small fraction of the CCF width. As noted earlier, there are several methods
of determining the CCF, but none with a rigorous way of estimating the
associated uncertainty. Thus, a slight misjudgment of the center of the
asymmetric CCF gives a large uncertainty on the lag.

A simple, yet powerful method to determine the uncertainty associated
with the lag is via Monte-Carlo simulations. This is done by guessing a
plausible BLR model, computing its response to a given input signal, and
then sampling the input and response light curves in a fashion similar to
what was achieved in the actual experiment, including the effects of ran-
dom and, in some cases, systematic errors. The assumed known parameters
are the overall gas distribution (or, more precisely, the emissivity distri-
bution of a particular line) and the driving continuum light curve. The
observed continuum light curve is interpolated, in a predetermined way, to
obtain the “known” continuum behavior. This smooth light curve is then
fed through a pre-determined geometry, e.g., a thick shell with known R;,
and Ryt and emissivity as a function of radius, to obtain a predicted “line
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Figure 6. 'The CCPD histogram for the quasar PG 0804+762 (for the light curve see
Kaspi et al. 1996b) assuming a thick spherical shell, extending from 20 to 200 light days,
with line emission proportional to dR. The 68% and 90% intervals deduced from the
simulations are shown.

light curve”. This line light curve is sampled in a pattern similar to the
actual observations. A noise model is added to the “observations”, and the
cross-correlation is performed, just as if these were real data, to obtain a
CCF and its peak or centroid location. Many repetitions of this process pro-
duce a cross-correlation peak distribution (CCPD; Maoz & Netzer 1989)
which gives, for the chosen geometry and observing pattern, the probabil-
ity of finding the peak of the CCF inside a certain interval, say 3-5 days.
This is probably the best way of assessing the reality of a particular lag
determination and its associated uncertainty, for a given geometry. Figure
6 shows a specific example for a geometrically thick BLR in a luminous
(L =2 x 10% ergs s71) quasar. The principal weakness of this method is
that the results are only valid to the extent that the model is a reason-
able representation of reality. Monte-Carlo methods require a complete set
of pre-determined assumptions and are very useful in those cases where
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the number of assumptions is small and the line response to continuum
variability can be reliably simulated.

4.1.3. Gas distribution using inversion methods

Attempts to recover the one-dimensional transfer function (eq. 4) have been
made for several sources, including NGC 4151 (Maoz et al. 1991), NGC 5548
(Horne, Welsh, & Peterson 1991; Krolik et al. 1991; Peterson et al. 1994;
Wanders & Peterson 1996), Mrk 590 (Peterson et al. 1993), NGC 3516
(Wanders & Horne 1994), and NGC 3227 (Winge et al. 1995). In general,
the data are insufficient to show any clear structure in ¥(7), although in
many cases there is some evidence for very weak line response at 7 = 0, i.e.,
due to material along our line of sight to the continuum source. It has been
suggested (Ferland et al. 1992; O’Brien, Goad, & Gondhalekar 1994) that
this might be due to emission-line anisotropy, as explained earlier. There
are still doubts, however, about whether or not the lack of line response at
zero lag is in fact real (see Maoz 1997).

MEM methods are somewhat limited and, as shown by Horne (1994),
can produce several different-looking transfer functions that fit the data
equally well. The uncertainty in the width of such transfer function is large,
due to the broad intrinsic ACF. In some cases the differences between ac-
ceptable solutions are large enough to prevent us from reaching even the
simplest conclusions regarding the response at zero lag. The requirements
on the amount and quality of the light-curve data are sufficiently demanding
that we doubt that anyone would claim that today a unique and unambigu-
ous solution has been found using inversion methods.

In only two cases have attempts been made at full recovery of ¥(v, 1),
in both cases for the C1v A1549 emission line, (1) using HST spectra of
NGC 5548 (Wanders et al. 1995; Done & Krolik 1996), and (2) using IUE
spectra of NGC 4151 (Ulrich & Horne 1996; see also Horne’s paper in this
volume). In both cases, predominantly radial gas motions seem to be ruled
out by the similarity of the response of the redshifted and blueshifted sides
of the emission line. However, in both cases, there is quite a bit of ambigu-
ity about the results, and the transfer-function structure is actually poorly
determined. In the case of NGC 5548, the structure seems broadly consis-
tent with the model shown in Fig. 3, as mentioned above (see Wanders et
al. 1995). However, the details are not matched well by the model. Indeed
there is a possible indication of an infalling component (Done & Krolik
1996) based on more rapid response of the red side of the line profile com-
pared to the blue side, but which Wanders et al. (1995) dismiss as probably
stochastic (i.e., the apparent “direction of flow” varies with time). Ulrich
& Horne (1996) also suggest that there is a weak infall component present
in the NGC 4151 data, but again, the signature is not unambiguous.
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4.1.4. Gas distribution using direct (forward) methods

Inversion methods are designed to produce emissivity maps for specific lines
while the physical picture we are after involves the run of density, column
density, and cloud properties across the BLR. Unfortunately, there are large
uncertainties in converting from emissivity maps to the desired physical
maps, all associated with our limited understanding of the line production
mechanism. The result is that, so far, there is not a single published model
that can explain the light curves of all observed emission lines even in the
best-studied AGN. It is therefore important to search for a simpler way of
obtaining reliable information on some of the important parameters. This
is provided by direct methods.

Direct methods make assumptions about the gas distribution and other
properties and calculate, under these assumptions, the line intensity at ev-
ery point and for every continuum flux level. The integrated line fluxes, as a
function of time, are then compared with the observations. The procedure is
easily followed in the particular case where all important properties, such as
the gas density and column density, are given by smooth simple functions of
the distance from the center (Netzer 1990). In such cases, the dependence
of line emissivity on distance can be calculated by photoionization mod-
els and the procedure repeated a number of times with various assumed
geometries. Final decision on the best chosen dependence is based on the
model which best reproduces all of the emission lines.

Figure 7 illustrates two results of direct calculations applied to the Ly«
light curve in the specific case of NGC 5548 discussed earlier (Fig. 5). In
this case, all parameters are fixed by the assumed run of ng with distance
and the only missing assumptions are the values of R;, and Rgy;. The di-
agram compares the observed light curve with the model predictions for
Ry, =4 light days and two choices of Ry, 30 light days and 100 light days.
For both of these we note the predicted lag and the quality of the fit (x?).
Note that the assumed observational uncertainties are artificially increased,
beyond those observed, for earlier times, to allow for the large uncertainty
in the beginning of the campaign (see §2.1). Thus, at day 1, they are three
times larger than the actual observed uncertainties (8% in this case). The
diagram illustrates that the assumed density dependence is close, but not
in perfect agreement with the observations. Better modeling requires some-
what different radial density dependence. The reality of such models should
be assessed by checking the prediction for other emission-line light curves.

Diagrams like Fig. 7 suffer from the well-known non-linear response
which is a problem in all lines, especially metal lines. There is, however, one
measured quantity that is almost independent of this, the total line emission
(Netzer 1990). Simple energy conservations arguments suggest that the
total intensity of all emission lines equals the ionizing energy absorbed by
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Figure 7. The observed Lya light curve, from the 1989 NGC 5548 campaign, is compared
with two predicted geometries involving ng o< R™1. In both cases Rin = 4 light days and
two different values of Rous, 30 and 100 light days. The value of x? for 55 degrees of
freedom is 75 for the small geometry and 54 for the large geometry. This x? has been
calculated with the shown error bars that have been artificially increased, for days 1-80,
to allow for the unknown continuum behavior before the beginning of the campaign.

the cloud. Summing up the line intensities gives the almost-perfect and
easiest-to-model light curve. This is “almost perfect” since the above sum
involves some lines that are outside the observable range and some emission
(mostly bound—free) that is difficult to measure. However, it is superior to
all other methods and enables us, with some simple assumptions, to obtain
a reliable estimate on the gas distribution. Robust direct methods are those
that screen, out of all possible geometries, only those that are consistent
with the “total line emission” light curve. The only major unknown in this
procedure is the one associated with anisotropic line emission.

4.2. THE “NEW” BLR

Ten years of monitoring campaigns have resulted in a clearer view of AGN
physics and in better understanding of the BLR. Inversion methods have
provided some insight into the gas distribution and dynamics, but fall short
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of resolving the more fundamental issues. Direct methods and lag determi-
nations have resulted in some very meaningful new results and we feel it is
time to compare the state of the field today to what it was ten years ago:

1. The size of the “old” BLR was determined indirectly from the best-
estimated ionization parameter by making assumptions about the in-
cident ionizing flux and the gas density. The 1997 BLR size is directly
measured and is much smaller, by almost an order of magnitude.

2. The 1987 BLR was assumed to be “thin”, with R;, ~ Rou. The 1997
BLR is very thick, with Ri,/Rout < 0.1. This is clearly demonstrated
by the variable measured lags, in a single source, as a function of the
continuum event duration (Netzer & Maoz 1990). It is verified by the
shape of the derived transfer functions and by direct modeling.

3. When many lines have been observed in a single source, there is clear
evidence for radial ionization stratification of the BLR, as the highest-
ionization lines respond more rapidly than the lower-ionization lines.
In NGC 5548, for example, N v A1240 and He 11 A\1640 show lags of 1-2
days, Lya and C1v have lags of 7-12 days, and HS responds even more
slowly.

4. There is some evidence that the lag changes with time, at least in NGC
5548 (Peterson et al. 1994); Hf lags ranging from 7 days (Netzer et
al. 1990) to 22 days (Peterson et al. 1994) have been reported for this
source, and indeed, the quantity we call the lag can vary on surprisingly
short time scales.

5. The gross similarity of AGN spectra over a wide range in luminosity
led, more than ten years ago, to a naive prediction that the ioniza-
tion parameter is almost independent of luminosity and thus Rgrr o<
L'2. Today we are seeing the first proof of this theoretical prediction
through direct measurements of Rgrr in high-luminosity sources.

4.3. BLACK-HOLE MASS AND THE NATURE OF THE POWERHOUSE

Determining the black-hole mass was the most important motivation for
all of the various AGN Watch monitoring campaigns. Such a determina-
tion must assume some kind of virial motion that is experimentally not yet
proven. A key issue is the best combination of the BLR size and the gas
velocity. The CCF peak, or the transfer function, provides an emissivity-
weighted radius and, without a full dynamical model, it is not simple to
choose the corresponding velocity. So far, the full-width at half maximum
(FWHM) has been used in combination with this peak, but there are rea-
sons to prefer the minimum inferred size R;, combined with the maximum
observed velocity as obtained from the emission-line FWZI. Sharply peaked
transfer functions, like those obtained for high-excitation lines, give the best
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estimate for R;,. The uncertainty associated with the mass determination,
due to the ambiguous size—velocity combination, is around a factor of two.
Needless to say, the relative mass of different objects must be based on
the same size determination, i.e., the transfer function or the CCF peak as
determined for the same emission lines.

It is only recently that serious attempts to probe the nature of the
powerhouse itself have been made. The common wisdom is that the AGN
continuum is produced in close proximity to the central black hole, in a
thin or slim disk. The X-ray continuum is produced in the innermost part
of this structure while the optical-UV radiation is produced farther out. The
two main ideas about the UV radiation involve the release of gravitational
energy in the disk or the reprocessing of the central X-ray radiation (which,
in itself, must be driven by accretion). A main problem is the energy budget
since it is not obvious that the available X-ray energy can provide the energy
observed in the UV flares.

Interestingly, the above two possibilities are associated with very differ-
ent time scales. The viscous time determines the disk reaction to a change
in accretion rate while the light-travel time gives the typical scale associ-
ated with X-ray reprocessing. Measuring the lag (if any) between X-ray and
UV events could solve this issue. Using the standard thin disk assumptions
we note that for such systems

3GMM R\ /2
4 (==

where Ry is the radius of marginal stability (6 Ry for Schwarzschild black
hole and 1.22R, for a maximally rotating Kerr hole) and we have neglected
relativistic corrections. Assuming for simplicity that the frequency of the
peak blackbody emissivity, hvmax = 2.8kT', represents the emission at every
frequency, and adopting the simple R o< T~*?3 dependence, we get R

1/;131,/(3, or, using r = R/ R,
ra 1.8 x 102 w03 M NP, (9)

where Mg = M/10® M and M, is the accretion rate in solar masses per
year. This couples the size and the location corresponding to a given max-
imum frequency of a given luminosity AGN. For example, the best val-
ues obtained for NGC 5548 (Mg ~ 0.5, My ~ 0.07) combined with a
Schwarzschild black hole, gives a separation between the optical (5000 A)
and the UV (1400 A) peak emission locations that corresponds to about
0.6 light days. This spacing suggests a short light-travel time and a very
long viscous time for the correlated UV and optical continuum variability
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in this source. The light-travel time is consistent with the measured upper
limit (less than two days; see Korista et al. 1995).

Prior to the recent NGC 7469 campaign, there was no real measurement
of optical-UV or UV—X-ray continuum lags. This is likely to change soon
and the results will definitely shed new light on this issue and may enable
us, for the very first time, to distinguish between the simple disk model and
the reprocessing idea.

4.4. LUMINOSITY-SIZE-MASS RELATIONSHIP FOR AGN

One of the exciting results reported in this meeting is the first meaningful
size-luminosity relationship for AGN (Kaspi et al. 1996b, and Kaspi’s con-
tribution to these proceedings). For the first time, we have a large enough
AGN sample covering almost two orders of magnitude in luminosity and
showing a clear trend of HG lag as a function of luminosity. The best-fitted
lag—luminosity slope is very close to the predicted R o L2 relationship,
and the resulting size is approximately

Rpir = 0.014[412 pc (10)

044

where Ly is the 0.1-1pm luminosity in units of 10* ergs s=! (we have

assumed Hy = 75kms~ ! Mpc™! and ¢y = 0.5).

The search for an L—M relationship involves yet another correlation of
L with the emission-line FWHM. Unfortunately, the sample used for de-
termining the L—size correlation is too small and the spread in line width
too weak to use it for this purpose. Reports in the literature involving
much larger samples suggest anything from FWHM independent of L to
FWHM o L4, Obviously, strong selection effects that are not well under-
stood are involved. It is also becoming apparent that the broad-line widths
depend on X-ray properties (Boller et al. 1996) and that different lines can
show different widths and dependences. Given all this, and the experimen-
tally verified Rgrr o< L'/2, it is probably safe to say that the black-hole
mass determination is consistent with anything from M o L to M o L'/2,
with a factor 2—4 uncertainty on the normalization of this relationship.

5. Future Reverberation-Mapping Experiments

The last 10 years were so full of surprises that we shall not risk predicting
the 10 coming ones. Instead, we comment on what can be done, and should
be tried, with present-day capabilities.
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5.1. IMPROVED SAMPLING AND MULTI-WAVELENGTH CAMPAIGNS

Improved sampling has already resulted in some spectacular results. The
recent dense sampling of NGC 4151 (Crenshaw et al. 1996, Kaspi et al.
1996a) has shown continuum variability on extremely short time scales,
and the soon-to-be-published results of the NGC 7469 monitoring (Fig. 4)
will no doubt raise some new questions about the origin of the UV and
X-ray continuum.

Unfortunately, there is not much hope for repeating the long-duration
(many months), dense-sampling campaigns like those that involved the late
IUE. HST observations can provide superior data that are extremely im-
portant for continuum measurements but of insufficient duration for dense
sampling of emission lines. Some X-ray satellites, like RXTE, are suitable
for dense, high-frequency sampling, but it seems unlikely that AXAF or
XMM will spend such long times on individual targets.

Multi-wavelength campaigns are likely to continue to be the most im-
portant way of probing the physics of the BLR, with important implications
for the continuum-emitting source. The combination of X-ray information
with data at lower photon energies is crucial. While ground-based tele-
scopes are likely to contribute a lot in this area, the weak link is the UV,
which now depends almost solely on HST. Long-term HST programs are
definitely necessary to proceed in this direction.

It is important to note that SRG (to be launched at the end of 1998)
will carry on board two X-ray telescopes (SODART and JET-X) and a UV
telescope (TAUVEX) that are capable of producing the required long-term
multi-wavelength continuum monitoring. No coordination is required in this
case since all telescopes on board this mission are looking at the same field.
It remains to be seen whether the observing program of the satellite will
allow the very long observations required for such projects.

5.2. LARGE-AREA, MULTI-OBJECT CAMPAIGNS

Most AGN campaigns, so far, have concentrated on detailed studies of indi-
vidual objects. The result is a small sample covering a limited range in lu-
minosity and redshift. Very high-luminosity, high-z quasars are completely
missing.

Future campaigns will be able to use multi-aperture fiber-fed spectro-
graphs to improve on this situation. Such a technique will allow repetitive
observations of several dozens of AGN, in the same field, for a long period of
time. Infrequent visits, e.g., every couple of weeks, are definitely adequate
to secure a large sample of high-z quasars and to measure their BLR sizes.
Given the predicted values of Rprr and the high redshifts, such a campaign
would probably require 5 to 10 years.
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5.3. FUTURE ROLE OF THE WISE OBSERVATORY AND OTHER SMALL
TELESCOPES

While future spectroscopy of large, high-z AGN samples is limited to large
telescopes, small telescopes are still very important. They can provide fre-
quent, broad-band imaging of the same fields thus adding many more points
to the continuum light curves. As shown in many previous campaigns, ad-
equate sampling of the continuum light curve is a critical issue. Emission
lines react slowly to continuum variations and their sampling, given a well-
constrained continuum, is less crucial. Small telescopes with large fields of
view, like the 1-m telescope at the Wise Observatory, can easily provide
high-frequency continuum observations of luminous AGN to supplement
the spectroscopic observations by the large telescopes.

BMP gratefully acknowledges support for reverberation-mapping stud-
ies at Ohio State University by the US National Science Foundation through
grant AST-9420080 and by NASA through Long-Term Space Astrophysics
Grant NAGbH-3233 and Astrophysics Data Program Grant NAG5-3497.
Monitoring of AGN at the Florence and George Wise Observatory is sup-
ported by the Israel Science Foundation and by the Raymond and Beverly
Sackler Institute of Astronomy.
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