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by humans. Because the sex and age struc-
ture of the Soay sheep population fluctu-
ates over time, independently of population
density, Coulson and colleagues had to take
into account changes in both the sex and
age structure and the population density to
explain the cyclical variations in sheep
abundance (6).

The overwhelming importance of age
structure in determining the fluctuations in
the Soay sheep population is also likely to
be true for other large mammals. Like the
Soay sheep, many populations of large
mammals have a relatively low growth rate
with wide overlap between generations, re-
sulting in a slow turnover of reproducing
individuals (9). In populations that are not
hunted, reproducing females typically be-
long to 10 or more cohorts (all animals
born in the same year belong to the same
cohort), that is, they span 10 years or more
in age. Each cohort may be permanently
affected by weather patterns and popula-
tion density during its first year of exis-
tence (/0). One of the most obvious (and
quantifiable) sources of heterogeneity
among cohorts is age (11).

The life cycle of long-lived mammals is
composed of three distinct age classes that
differ greatly in average fitness (survival
and reproduction) and in variations of fit-
ness with ecological stresses (/2) (see the
figure). From birth to 1 year of age is the
time when large mammals are the most sus-
ceptible to ecological changes. Consequent-
ly, the number of new adults added to a pop-
ulation can vary substantially from year to
year, but is usually a small proportion of the
total number of breeders. Prime-aged adults,
especially females, are buffered against
most ecological changes and, with few ex-
ceptions, show remarkably constant fecundi-
ty and survival over time. As they grow old,
however, individuals once again become
susceptible to ecological fluctuations.

If the relative proportions of these three age
classes vary with time—as Coulson et al. re-
port for Soay sheep (6)—then populations of
the same overall size may show different re-
sponses to ecological stresses. For example,
the proportion of aged females should increase
as the population density increases. The reason
for this is that a high population density re-
duces fecundity and boosts juvenile mortality
resulting in a decrease in recruitment of young
breeders (/2, 13), whereas the survival of
prime-aged adults is independent of popula-
tion density (7, 12). The average age of the fe-
male population affects survival and reproduc-
tion. Consequently, counting all adult females
together (regardless of age) will bias estimates
of the effects of ecological stresses on popula-
tion fluctuations. The few studies of large
mammals claiming that adult survival de-
creased at high population densities (/3) failed
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to account for density-dependent changes in
age structure. It is now clear that increased
adult mortality may appear to correlate with
population density because of changes in the
proportions of the three age classes.

Counting the total numbers of animals
in a population, even when very accurate,
is of limited use for interpreting or pre-
dicting variations in the size of popula-
tions of large mammals. Information on
the sex and age structure of the population
is essential for planning appropriate con-
servation or harvesting measures. For ex-
ample, populations of large mammals that
are harvested (such as herds of deer dur-
ing the hunting season) include a higher
proportion of juveniles and young adults
than do populations that are not harvested
and so may be more adversely affected by
ecological changes.

Besides age and sex, there are many
other factors that contribute to demograph-
ic heterogeneity. Future research should as-
sess the impact of additional sources of
heterogeneity on the population dynamics
of long-lived mammals. Tagging individual
large mammals and monitoring them over
the long-term should contribute much to
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our understanding of variations in popula-
tion size. The next step is to determine the
extent to which the findings for the island
population of Soay sheep (6) apply to other
long-lived mammals that face changes in
predation, dispersal, and harvesting.
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Mass Outflow in
Active Galactic Nuclei

D. Michael Crenshaw

ctive galactic nuclei are found in the
Acentral gravitational wells of galax-

ies and are powered by accretion
onto supermassive black holes with mass-
es 10° to 10° times that of the Sun. The
most luminous active nuclei produce more
radiation than their surrounding galaxies
and are found in only 1% of nearby galax-
ies called Seyfert galaxies (/). Distant and
even more luminous active galactic nuclei
are called quasars. Inactive supermassive
black holes are now known to exist in
nearly all nearby galaxies (2), and research
on Seyfert galaxies and quasars gives as-
tronomers the opportunity to explore what
happens when accreting matter is supplied
to these enigmatic objects.

Recently, astronomers have discovered
that many active galactic nuclei eject clouds
of ionized gas with velocities of up to 10%
of the speed of light over a wide range of
angles, in contrast to the previously known
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collimated jets (3). These mass outflows are
intriguing because they provide information
about the dynamical forces (such as radia-
tion and wind pressure) near an active su-
permassive black hole.

The discovery of mass outflow in active
galactic nuclei was made possible by a new
generation of space-based telescopes—the
Chandra X-ray Observatory (Chandra), the
X-ray Multi-Mirror Satellite (XMM-New-
ton), the Far Ultraviolet Spectroscopic Ex-
plorer (FUSE), and the Hubble Space Tele-
scope/Space Telescope Imaging Spectro-
graph (HST/STIS). These new tools have
enabled astronomers to characterize the
spectral features of the ejected gas with un-
precedented sensitivity and spectral/spatial
resolution over a broad energy range. The
new observations and their implications
were explored in a recent workshop (4).

The supermassive black hole in an ac-
tive galactic nucleus is likely surrounded
by an accretion disk and a hot x-ray coro-
na. Together, these are often referred to as
the “central engine,” a tiny region only
light hours in size that is responsible for a
rapidly time-variable continuum source ex-
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tending from the radio to the x-ray region
of the electromagnetic spectrum. This con-
tinuum source is the distinguishing charac-
teristic of active galactic nuclei. The con-
tinuum radiation yields few diagnostics,
and astronomers often rely on its effects on
surrounding regions for clues to the physi-
cal nature of the central engine. Much re-
search has focused on the high-velocity
(10° to 10* km s™!) clouds of gas that are
photoionized by extreme ultraviolet and x-
ray radiation from the central engine.
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ionized oxygen, nitrogen, and carbon species
and show outflow velocities of up to 2500
km s~'. Observations at high spectral resolu-
tion with HST/STIS and FUSE have shown
that the lines split into multiple components,
indicating discrete clouds at different outflow
velocities. HST/STIS spectra (7) of the
brightest Seyfert galaxy, NGC 4151, yield a
huge range in density (10'° to 10 cm™) and
distance of the UV absorbers from the central
engine (0.1 to 6000 light years). The connec-
tion between the UV and x-ray absorbers is
still a source of controversy, but it is
clear that they cannot arise from the
same clouds of gas in NGC 4151.
The high-luminosity quasars tend
to show higher outflow velocities
than than those in Seyfert galaxies.

outflow. This result comes from the ability
of HST to obtain radial velocities at much
higher resolution than ground-based tele-
scopes. Early results show that the narrow-
line-region clouds are accelerated outward
from the nucleus to a distance of a few
hundred light years and are subsequently
decelerated over the next few hundred light
years (10). The latter result was unexpected
and is presumably the result of collision
with an ambient medium. In the bright
Seyfert galaxy NGC 1068, the evidence for
collision includes enhanced heating and
high-velocity dispersions (~1000 km s7!) at
the velocity turnovers, presumably due to
shocks at the locations of impact.

A greater understanding of mass outflow
from active galactic nuclei will come

through comparison between observa-

NGC 5548

: L, CB*absorption
1560 1570 1580
Wavelength (A)

1590

tions and dynamical models, which have
grown in sophistication over the past
few years. In the most popular models,
radiation drives material from the accre-
tion disk to form a clumpy wind (/7).
The disk wind models can generate
streams of material with column densi-
ties, velocities, and covering factors sim-
ilar to those observed in broad absorp-
tion line quasars. Whether these models
are generally applicable to absorption
and emission line regions in Seyfert
galaxies remains to be established.
Competing models, such as those that

Signature of an active galactic nucleus. The HST optical image shows the bright, unresolved
continuum emission from the central engine in the Seyfert galaxy NGC 5548. The HST/STIS UV
spectrum for the same galaxy shows the wavelength region around the broad C3* emission line,
superposed on the UV continuum emission. The strongest absorption lines are labeled. The
blueshift of these lines, relative to the emission, indicates an outflow velocity of 340 km s~. Weak-

er absorption at other velocities is also evident.

One component of the ionized gas de-
tected in Seyfert galaxies is the x-ray
“warm absorber,” which was detected in
previous x-ray missions through absorption
edges from highly ionized oxygen at 739
and 831 eV. The warm absorber is charac-
terized by high temperatures (10° K) and
high column densities (10?! to 10?* hydro-
gen atoms per square centimeter in the line
of sight). Chandra and XMM-Newton have
discovered absorption lines from these and
many other highly ionized species and have
shown that they are blueshifted with re-
spect to the emission from the active nucle-
us, indicating outflow velocities of up to
1000 km s! (5, 6). Between 50 and 100%
of the continuum radiation is occulted by
the warm absorber, implying outflow rates
of more than 0.1 solar masses per year—at
least 10 times the mass accretion rates.

A related phenomenon is the appearance
of intrinsic ultraviolet (UV) absorption lines
in about half of all Seyfert galaxies (see fig-
ure). These lines are typically from highly

Ten percent of quasars show broad absorp-
tion lines that extend to velocities as high as
30,000 km s™!. About 25% of quasars show
narrow absorption lines, similar to those
seen in Seyfert galaxies but extending to
higher velocities. The correlation between
luminosity and velocity suggests that in both
types of objects, cloud acceleration is driven
by radiation (particularly bound-bound tran-
sitions in highly ionized species). Recent x-
ray, UV, and optical observations found un-
usually large column densities (10** cm™ hy-
drogen atoms per square centimeter) for
broad absorption line quasars (8, 9).

The emission spectra of active galactic
nuclei paint yet another picture. They re-
veal more compact clouds of ionized gas,
traditionally divided into a broad-line re-
gion (velocity = 10* km s™!, distance =
0.01 to 0.1 light years) and a narrow-line
region (10° km s7', 1 to 1000 light years).

The velocity flow patterns in the broad-
line region are still controversial, but recent
work on the narrow-line region supports

accelerate clouds along magnetic field
lines (/2), cannot yet be ruled out.

It also remains to be shown how
matter reaches the active nucleus in order
to fuel the central engine. The UV and x-
ray observations have found no evidence
for infalling matter (/3). If the infalling
matter is cold, then infrared or radio obser-
vations at high spatial and spectral resolu-
tions may be needed to detect it. Establish-
ing the geometry of both infall and out-
flow will provide a great step toward un-
derstanding the nature, origin, and evolu-
tion of active galactic nuclei.
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