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Summary. In the last decade. our understanding of earlv-type galaxies has greatly
changed: from rather uninteresting oblate spheroids flattened by rotation to muliicom-
ponent stellar systems whose structure. formation mechanisms, and evolution. are far
from being understood. This new scenaric is mainly the consequence of the huge
growth. in quantity and ir quality, of kinematical data obtained from high signai to
noise spectral data. Rotation curves and velocity dispersion profifes extending out to
almost 2 effective radii are now available, together with line asymmetry measure-
ments, for the steilar components of a fairly large sample of galaxies. For a few
galaxies, outer halo tracers such as giobular clusters and/or planetary nebulae allow
to explore the kinematics out at 4 ~ 6r. In this article we focus on these data giving
particular emphasis on the most recent results. Reference is given to other review
articles complementing the approach presented here.
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Preamble

It is commen practice to name early-types a heterogeneous collection of galaxy—-tvpes
comprising ellipticals, lenticulars. and, by an un-written rule, alsc bulges of spirzls.
Such a convention, inspired by morphological analogies and by similarities in the
shapes of the surface brightness profiles, is now shaking under new photometric and
kinematical evidence at al} wavelengths. For this reason. and unless explicitly noted,
all results presented here refer to ellipticals and are not necessarily applicable to
bulges toc.
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Albeit this review is committed tc kinematical observations, neither photomet-
ric properties nor dynamical models can be completely ignored. The existence of a
synergic relationship between kinematics and dynamics makes the borderline between
these two branches of the extragalactic research necessarily fuzzy: all the observational
quantities are of kinematica! nature and most, if not all, of the interesting conclusions
are dynamical. Furthermore, the modeling of spheroidal and, even worse, of triaxial
systems is a highly undetermined problem, and both kinematical and photometric data
must be combined to constrain the models.

Exhaustive reviews of the properties of early-type systems have recently appeared
{Nieto 1988; Kormendy and Djorgovski 1989; Bender 1990a: Franx 1990, 1992;
de Zeeuw and Franx 1991, Capaccioli and Caon 1992, Bertin and Stiavelli 1993,
Djorgovski 1993, 1994), and meetings have been in part or fully devoted to the topic:
de Zeeuw (1987), Wielen (1990}, Longo et al. {1992), Merritt (1992}, Danziger et al.
{1993a).

The paper is organized as follows. Section | retraces the key perceptions which
combined to shape our present understanding of early-type galaxies, and Sect. 2
itlustrates which quantities can be derived from spectroscopic observations. Sect. 3 is
a quick presentation of the state-of-the-art kinematical data and Sect. 4 of the principal
reduction techniques. In Sects. 5, 6, and 7. the kinematical measurements are regarded
as tools for probing the intrinsic structure of galaxies, while the kinematics of the
outer regions s analysed in Sect. 8. The correlations between kinematical and global
properties are discussed in Sect. 9.

1 Introduction

Still in the early Seventies, the kinematical properties of early-type galaxies were
virtaally unknown, even though many later discoveries had been anticipated in a few
seminal papers {e.g. van Houter 1961}. A few central velocity dispersions had been
measured by Minkowski {1961) and others, but not much work was going on in the
field, the dominant factor preventing any real progress being the endemic lack of
strong and/or extended emission lines in the spectra of early-type galaxies. In fact,
differently from most late-type galaxies, these systems are on average gas poor. As a
consequence, their kinematics must be inferred from steilar absorption features, which
are difficult to detect and to measure, and which provide reselts difficult to model.
A second factor was more of a psychological nature. The existence of scale-free
formulae, such as the so-called r!/* law (de Vaucouleurs 1948a-b, 1953}, matching
the surface brightness profiles of almost all ellipticals and bulges of lenticulars and
spirals {Capaccicli 1989, but see also Caon et al. 1993}, had nourished the feeling
that these objects form a homogeneous and rather uninteresting family of oblate
spheroids flattened by rotation about their polar axis, which could be described in
terms of a fiuid~dynamical approximation {(Freeman 1975, Gott 1975, Larson 1975,
Wilson 1975}, This widespread belief came suddenly to an end when Bertola and
Capaccioli {1975) showed that NGC 4697, & galaxy classified as ES at the time (but
see Capaccioli 1987), rotates far too slowly to account for its observed flattening.
Soon after, Illingworth (1977} confirmed this finding in a larger sample of objects.
Binney {1976 considered the anisotropy of the velocity dispersion tensor as a possible
flattening mechanism: gravitational forces being compensated by gradients in the
velocity dispersion tensor. By relaxing the hypothesis of oblateness, Binney opened
the way to the triaxial models, strongly invoked also by the re-discovered isophotal
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‘twisting” (Barbon et al. 1976; King 1978, Williams and Schwarzschild 1979, Leach
1981}, already seen by Liller (1960, 1966). Binney also introduced the so-called
anisotropy parameter (V/o}* as a tool to probe the intrinsic structure of ellipticals;
this is the ratio between the maximum rotational veiocity Vi, 4, and the central velocity
dispersion o, measured in units of the value expected for an isotropic rotator of the
same apparent flattening. Davies et al. (1983} found that {(V/c}* correlates with the
absolute magnitude of ellipticals, thus showing, for the first time on cbiective grounds,
that the E class encompasses at least two famlies — low and high luminosity —, having
distinct kinematical properties.

Another breakthrough took place in the field when it was realised that interactions
and secondary evolution play an important role in fixing the present observed structure
of ellipticals (Toomre 1977). The discovery of faint shell-like structares (Malin 1979},
of kinematically decoupled cores (Franx and Iilingworth 1988}, of anomalous blue
colors {Zepf et al. 1991), of counter-rotating dust lanes and gaseous disks (Bertola
et al. 1985}, and of narrow polar rings {Whitmore et al. 1990}, clearly indicate that
cannibalism and merging are recent history for at least some ellipticals.

The third milestone was laid when de Vaucouleurs and Capaccioli {1979}, in
stating that the light profile of the standard elliptical NGC 3379 1s well matched by
the r!/4 formula over a range of more than 10 magnitudes. noticed the existence of
faint systematic deviations frem the smooth interpoiation {‘ripples’), and suggested
that they could be the photometric signature of a faint underlying structure {cf. Ca-
paccioli et al. 1990a for a photometric re-classification of this classical E galaxy).
Detailed photometric studies identified these subcomponents as weak disks {Capac-
cioli 1987, Carter 1987, Jedrzejewski 1987). A powerful tool to study these weak
structures is the isophotal shape analvsis {e.g. Lauer 1985, Capaccioli et al. 1990b),
parncularty through the parameter a:/e (Bender and Molenhoff 1987), where a4
is the 4-th cosine coefficient :n the Fourier expansion of the radial residuals of an
isophote from its best fitting ellipse with semimajor axis length ¢. Ellipticals having
as/a > O are named ‘disky’ for their resemblance to weak-disk galaxies. and those
with a4 /a < 0 'boxy’. The parameter ag/a was soon discovered to correlate with the
internal kinematics, disky ellipticals being mostly rotationally flattened and boxy E's
being predominantly supported by the anisotropy of the velocity dispersion (Bender
1988a, Bender et al. 198G, Nieto et ai. 1988},

The fourth and last discovery was that. in spite of a great variety in the detailed
structure and non-optical properties, spheroidal systems have a quite regular overalt
behaviour and populate a two dimensional marifeld in the space defined by their
central velocity dispersion. central surface brightness, and effective radius (Brosche
1973, Faber et al. 1987, Djorgovski and Davis 1987). The existence of & ‘fundamentai
plane’, even though not vet fully understood, has been interpreted as the signature
of similar formation histories (Burstein et al. 1993, and references therein}). On the
other hand, the presumed ‘universality’ of the 1 faw seems new more an artifact
of the small radia} interval over which the fit of the luminosity profile is performed:
over larger ranges. stil} unexplained systematic deviations are present which appear to
correlate with the total luminosity (Caon et al. 1993). The few cases of fine matching
of the »'** law over the full surface brightness interval covered by deep observaticns
{e.g. NGC 3379) are interpreted as due to the filling of the ‘concave’ (in 7'/* units)
light profiie of a bulge with the exponertial profile of a disk {Capaccioli 1987}

It is now clear that the apparent simplicity of early-tvpe galaxies is highly de-
ceptive; they are instead complex, multicomponent systerns whose present structure,
formation mechanisms. and evolution are not vet fully understood. Rather than the
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properties of distinct galaxian types, this new scenario leads us to analyse those of the
{close to) spheroidal, mainly pressure supported stellar systems (alsc known as ‘hot’
stellar systems), which are harbored in most galaxies {except the irregular galaxies
and possibly the extreme disk-sysiems).

2 The kinematical observables

The twe body relaxation time for a dynamically ‘hot” stellar system is given by:

it

G?m?nlog A

where o is the stellar velocity dispersion {see below), n is the star density number, m
is the average star mass, and A is the Coulomb Logarithm, A ~ Rc*/Gm (Binney
and Tremaine 1987, p. 190), R is the galaxy characteristic radius and G is the constant
of gravity. Since a typical elliptical has 7.e; ~ 10" yr, it can be fairly modeled as
a collisionless system. By neglecting the interactions between individual stars, the
forces acting on stars are functions of the galaxian potential $(x,t) only. It follows
that:

(i) gravitational accelerations are independent of the mass and stars can be assumed
to be equal mass particles (Bertin and Stiavellt 1993);

(it} given the large number of particles involved, the dynamical state of a galaxy is
compietely specified by the phase space density of the stars, also known as distribution
function f = f{x,v,t). which gives the relative number of stars having, at the time ¢,
position x and velocity v.

(D

Trel =2

The lowest order moments of f obey the well known Jeans equation (for a detailed
exposition see Chapter IV in Binney and Tremaine 1987):
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where p = [ f d’v is the spatial density, 7; =

¢

L [ f v, &V the mean stellar velocity,
and ¢, = 7;0; —7; U; the velocity dispersion tensor. @ and f are unknown functions of
the quantities ¥, o and p, which, under some restricting hypotheses, can be constrained
by abservations.

On the observational side, information on the dynamical state of unresoived steliar
systems is derived from projected quantities, that is by quantities which are integrated
aiong the line of sight: the surface brightness profile u(rp) = —2.5 logI{ry) at
the projected galactocentric radius 7, picturing the radial run of the luminous mass
distribution, and the spectral line profile b,{X, r,}. Therefore it does not take us by
surprise that, even in an ideal case, the problem of constraining the dynamical state
of a stellar system on the basis of observed quantities is strongly underdetermined
(see the outstanding review by Merritt 1993).

A most effective example of the indetermination of dynamical models has been
given by Binney and Mamon (1982} for the simple case of a spherical, non-rotating
galaxy In steady state. By rewriting Eq. 2 in spherical coordinates and by considering
that 7, = § (steady-state), and vé: = "d2> {null rotation), we obtain:

tdlovly , vi 4P
g dr " dr

o~
a3
e’
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Fig. 1. Geometry assumed in the computations

where (ry =1 — ( gf 3} is the so-called anisotropy parameter and cg and o, are
the tangential and radial velocity dispersion, respectively.

In the absence of independent constraints or J. Eq. 3 can be solved in both the
isotropic { = 0} and the anisotropic (5 # 0} cases, leading to completely different
results. In other words. the same surface brxghmess and velocity dispersion profiies
can be modeled either by making assumptions on the degree of anisotropy and then
deriving the potential, or by making assumptions on the potental and deriving the
degree of anisotropy {cf. Binney and Tremaine 1987, pag. 203}

A different type of uncertainty arises from the non-trivial link existing between
the observed spectral line profiles and the derived quantities. Line profiles are usually
affected by:

{1} geometrical factors: inclination of the rotation axis and non-trivial integration of
the spatial information along the line of sight:

(i1} instrumental factors: finite spectral resolution and spectral window of the data;
(111} notse: especially present in the wings of absorption features,

All the above factors order moments of the distribution funcuon from by(X, v} (Bin-
ney and Mamon 1982).

Lacking clearly identifiable symmetry pianes, the inclination of the rotation axis
with respect to the line of sight must be inferred or constrained by indirect evidence
such as, for instance, the onentation of dust lanes and gaseous disks. or the detailed
study of the velocity field (Tenjes et al. 1993). Unfortunately — owing to the scarcity
of observing time associated to the need of prompt results — in most cases the ve-
locity field is sampled at one or two position angles only, and specifically tailored
instruments such as TIGER (Courtes et al. 1988) are still in their infancy.

Integration along the line of sight can be partially corrected by making some
assumptions on the properties cf the system {Capacciol: 1973, Busarello et al. 1992
This is. however, a tricky procedure; even in the simple case of a spherical, non-
rotating, isotropic galaxy {see Fig. I}, it is:
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. O Lryr dr
Hrpy=2 / i@,i—f:,—; (4)
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These Abel integral equations can be inverted zmalyticaliy, obtaining:

Ca,
6\
/ drp Syt 12 ©)

2 1 [®dd oY) dr
£ryd(r) = 7/ dry, Jrgf 12

(7}

but the presence of deri vatives makes the above formulae very seasitive tc the level
of noise in J and ¢ (Merritt 1993}

A new observational tool to probe the dynamical structure of ‘hot’ galaxies has
been secured by Dejonghe {(1987a} and others {Sect. 4) who, by studying the line pro-
files resulting from amsozroplc Plummer’s models, have shown that radial variations

of 7 result in an appreciable distortion of the line profile.

3 State-of-the-art of the kinematical information

The current revolution in our undersianding of ‘hot’ stellar systems has been trig-
gered alse by the improved technology of optical observations and of their reduction:
digital detectors and modern image processing facilities have fostered an impressive
growth in the amount and quality of the data. A recent compendium by Busarelio
et al. (1994b) reports 1692 central velocity dispersions, 986 rotation curves, and 561
velocity dispersion profiles, to be compared to fewer than 30 central velocity disper-
stons quoted by Capaccioli in 1979, Other valuable kinematical tools besides optical
lines — usuvally in absorption — are HI and CO emission lines: a type of observa-
tion which, despite the small amount of both atomic and molecular gas present in
early-type systems, is steadily increasing in quality and number of positive detections
{Roberts et al. 1991}, X-ray observations, which were thought tc be a powerful probe
of the kinematics of the cuter halo, have been shown tc be practically useless for this
purpose (Bertin 1993).

We shall first concentrate on the kinematical data obtained from stellar absorption
features measured along the projected major axis. Lenticular galaxies have rotation
curves similar to those of later morphaclogical type objects; they are characterized by a
sharp rise up to a first maximum, folicwed by a dip and then by a shallower rise (Ca-
paccicli 1979). This dip is the signature of the transition between disk-dominated and
bulgﬂ-dominated regions of the galaxy (Fig. 2a}. In the case of ‘bong fide’ ellipticals,
it can help discriminating on a kinematical basis between truly di skiess systems and
misclassified lenticulars. On the average, eliipticals have shallower and featureiess
rotation curves {Fig. 2b). Most objects have symmetric rotation curves, even though
noticeable exceptions are known (Fig. 2c). In some cases the distortions are explained
by the presence of strongly interacting nearby companions (Fig. 24).

Most of the rotation curves available in the literature do not extend far enough i
ensure that the maximum rotational velocity has been reached, and, in the majority
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Fig. 2. Velocity dispersion profiles and rotation curves along the major axis for some earty-tyg
a NGC 1553, an SO seen under a favourable inclination (from Kormendy 1984z) b NGC2974. ¢
E4 with mildly pointed 1sophotes {from: Cinzanc and van der Mare} 1993 ¢ NGC 1399 an E galaxy with
a high degree of anisotropy (from Bickneli et af 19893 & The interacting parr of ellipticals NGC 7173 and
7176 in the compact group Hickson 99 (from Longo et 2l 1993}
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Fig. 3. Extended rotation curve {left} and velocity dispersion profile (right} for the edge-on lenticulas
NGC 2115 (from Capaccioli et al. 1993a; re ~ 507}

of the cases, the measurements are confined within one effective radius 7., i.e. inside
the isophote encircling half of the total hight of the galaxy. Only very recently, better
detectors and improved reduction procedures have allowed to reach galaciocentric
distances as large as 2.0 ~ 2.57, (Sect. § and references therein, and Fig. 3), showing
that the rotation curves remain flat out to the last measured point. The restrictions
to the radial range apply in particuiar to the vejocity dispersion measurements which
require values of the signal-to-noise ratio (/N'} typicaily ~ 6 times higher than for
the rotaticnal velocities (Franx et al, 19893,

On average, the velocity dispersion profiles of lenticulars reach a central value
simifar tc that of normal ellipticals: the sample of Busarelio et al. (1994b} gives
{op)(S0) = 205 £ 15 km s™1, to be compared with 217 & 12 for the ellipticals.

Even though quite recent and successfully applied to a handfsl of objects only,
the analysis of the shapes of the line profiles has already led to exciting results, such
as the detection of dynamical subcomponents (Franx and IHiingworth 1988) and of
velocity anisotropies. Unfortunately, the effects of anisotropy on line profiles, whick
demand S/N > 10 to be measurable (Rix and White 1992}, are better disentangied
at relatively large radit (ie. » > 1 ~ 1.5r,), due to the smearing in the inner and
denser galaxian regions. Now, the required signal-to-noise ratic is not easily achieved
in early-type galaxies, where the sharp decrease of the surface brightness with the
radius makes the absorption features — and especially their wings — very noisy.

In conclusion, so far the kinematics of early-type galaxies derived from high S/N
long-slit spectra is capable of providing the radial run of the rotational velocity and
velocity dispersion of the stellar component integrated along the line of sight out to
o2 2 ~ 3 1. The asymmetry of the line profiles can be measured out to ~ 1.5 ~ 2 7.

Because so little gas is present in early-type galaxies, emission lines {both in the
optical and radio ranges) are not of much help in pushing kinematical sampling out
to large galactocentric distances. Atomic gas emission {(as detected from the HI line}
comes usually from a disk or ring hidden in the inner galaxy regions, while molecular
gas {from the CO line) is centrally peaked (van Gorkom 1992, and references therein).
The decoupling of the gaseous from the stellar component (see Sect. 7.3} requires
additional hypotheses which render the gas a useful too} te probe the intrinsic structure
of early-type galaxies, but undermines its use as kinematical probe.
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4 Data reduction techniques for absorption line data

Let us put x = log A, and let 5(z) indicate the broadening function' (hereafter =BF),
i.e. the intrinsic profile of the spectral line which would be observed under ideal
conditions (infinitely thin slit and cutside of the atmospherel. g.u(x} the observed
galaxy spectrum, and #{x) the spectrum of a tempiate star assumed to mimic that of
the galaxy. Then,

Gobs{T) = ¥ X [Hz) * bz — 2.} +elz) (8

where x, represents the contribution from the rotation of the galaxy, e{z} is the error
intrinsic to the model, and ~ is a scaling factor, also called ‘line sirength’. In the
presence of noise, the inversion of the above equation poses a non-trivial problem.

All methods assume that b{z) can be represented by means of parameterized
functions. Older ones usually postulate that it is a Gaussian,

1
b(‘;’) = ==

O\ LT

)

and differ mainly in the strategies adopted to retrieve the three parameters ., V4, and
.

Actually, isotropic models lead to substantially Gaussian line profiles and this
turns out to be a good approximation for many - but not all — objects. For instance,
Dressler (1984) has shown that the line of sight velocity distribution of NGC 221
1s Gaussian within [%. Similar results have been reached bv Winsall and Freeman
(1993} for the outer regions of four luminous ellipticals (NGC 1399, 1404, 4472,
4486).

In the following paragraphs we will briefly describe the miost relevant techniques
for reducing absorption—line spectral data.

4.1 Pre—histary

In the early methods V' and o were measured independently one from the other. The
rotation curve was obtained by setting visually the minima of the absorption lines
{cf. Bertoda and Capaccioli 1975). The measurement of the velocity dispersion was
based on the visual comparisor of the galaxy spectrum with an artificially broadened
template spectrum, a technique highly subjective and unreliable in the presence of
noise. The template spectra were broadened directly at the telescope by exposing the
star through semitransparent slit jaws, or in the darkroom (Minkowski 1954, 1961},
or by numerically convolving the observed spectra with Gaussians of different widihs
{Burbidge et al. 1961a.b.c; Richstone and Sargent 1972). The latest and most refined
implementations of a visual method were by Mortor and collaborators (1972, 1973,
£976). Faber and Jackson {1976) compared the spectra of the galaxy and of the
template in the Fourier transformed space. Due to their high degree of subjecuvity,
visual methods were rapidly superseded by other techniques.

} The change of variable implies dx = ¢/ X or. according to the Doppler formula, dr = du /¢ that
is. do iz proportionat to the velocity shift. This aliows tc represent & as s Gaussian of constant width,
independently of the wavelength
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4.2 The recent past
4.2.1 The Fourier Quotient Methods (FQ)

The first truly non-subjective method is the Fourier Quotient, originally suggested
by Brauit and White (1971} and by Simkin (1974), and implemented by Sargent et
al. (1977). Successive and slightly different implementations are those by Dressler
(1979), also known as Fourier Difference (= FD), by Davies (1981}, by Larsen et al.
(1983}, and by Franx et al. (1989, also known as Fourier Fitting ). These later versions
of the FQ differ mainly in the treatinent of the noise but, as shown by Larsen et al.
(1983), they give equivalent results and can be treated as a unigue family.

The retrieval of the BF in the FQ-based methods is founded on the ‘corvolution
theorem’: the Fourier transform of g{z) is divided by that of t{z) and the result
is back-transformed. Let us denote the Fourier~transformed quantities with capital
letters. The BF, modelled as a Gaussian:

B [ g/zvrka\} N [ 2mvik\
ky=~expl—o , P
®=rep| 2% )T UF ]
where N is the number of wavelength bins (in Ind), is fitted to the ratio Q(k) =
G(kY/T(k}, in order to determine the three free parameters v, o, and . The best fit
is usually obtained by minimizing the ratio:

(10

2 i Q) - B [* an
=) T et
S 800

The limits k; and k; exclude low and high frequency variations which are not expected
to be a property of the BF, and AQ(k)} is the expected uncertainty in (k). The
strength of the method rests on the fact that, by dividing G{k) by T{k}, the instrumental
effects are removed or, in practice, minimized.

Even though very effective in dealing with relatively noisy data, the FQ approach has
however several shortcomings. Extensive tests of the method lead to the foliowing
considerations {Ferraric 1990, and references therein):

(1} it cannot be applied to non-Gaussian BF's;

{ii} the errors in the FQ are strongly correlated and cannot be estimated in a reliable
way. It should also be noticed that, in the early implementations of the code, errors
were overestimated by a factor v/2 (Franx et al. 1989}

(iii} o is very sensitive to small differences in the metallicities of the galaxy and
of the template. In fact, the BF is derived through & fit in the Fourier space, where
absorption features from all parts of the spectrum interact with each other {Laird and
Levison 1985);

(iv) if the velocity dispersion is close to the instrumental resolution, the resuits are
unreliabie {Kormendy and Hlingworth 1982},

4.2.2 Cross Correlation Methods {CC)
First introduced by Simkin {1972, 1974}, the CC method was originaily tailored

for the radial velocity measurements only. It was then adapted to measure velocity
dispersions by Tonry and Davis {1879). Modified versions have been proposed by
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Larsen et al. (1983), also known as Autocorreiation Method , by Botierna (1988). by
Dalle Ore et al. (1991}, and by Franx et al. (1989}

In the CC method g{z) and t{x) are correlated as a function of the relative wave-
length shift. The position of the highest peak gives the mean {or bulk} velocity. The
velocity dispersion is then estimated by subtracting the width of the squared auto-
correlation function of the template from the width of the cross-correlation peak. Dalle
Ore et al. (1991) proposed a modified version of the CC method which, although never
tested, is potentially capable of dealing with asymmetric BF’s.

In comparison with the FQ, the CC method allows a more formal evaluation of
the errors. Moreover:

(1) it is less dependent on metallicity differences between the galaxy and the template
spectra, since the features used are only those in commor ta the galaxy and template
spectra:

(1i} it is reliable also for values of ¢ smaller than the instrumental resolution (Bottema
1988);

{iv) 1ts resuits are much less dependent on the S/ ratio of the template {Bottema
1988). for no quotient has to be performed.

The autocorrelation method correlates the two sides of the galaxy spectrum op-
posite to the center. It has the disadvantage of requiring the rotation curve to be
symmetric. Not much hterature is available on the method, but Davoust et al. (1983)
noticed that the velocity values provided by the autocorrelation method are system-
atically lower than those derived by other methods.

4.2.3 Fourier Correlation Method (FCM}

FCM was first introduced by Bender (1990b) to solve some of the problems encoun-
tered by the standard CC approach. Its main characteristics are.

{i) higher accuracy than other methods in estimating the errors;

(11} reliability of the velocity dispersion measuremenis even when ¢ is smaller than
the spectral resolution;

(it} little dependence of o on the difference in metallicity between the template and
the galaxy.

The FCM returns also an estimate of the asymmetry of the line profile {the gross
effect of the asymmetry is to put more power in the imaginary part of the Fourier
transform of the BF).

4.3 The present: line profile asymmetries

Let us now come back to the case of a spherical galaxy. If instrumental effects are
neglected, then the line profile observed at the projected galactocentric distance x
along the apparent major axis is:

A
/ Fryo(v™y dy 123
Elade &

o
-~
o
1l

-

where k is a constant, o is assumed to be isotrapic and independent of the radius, V

is the rotational velocity, v* = {v — ‘.f'{_r}%' y, and ¥ = > — 17,
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For a galaxy with a 7'/% photometric profile, the light—density profile can be ap-

: 1 s p _ 4 v ia
proximated by the Mellier and Mathez (1987) formula: I{r) = I.r™%exp & — bri/4 B
where g = (0.855, 5 =7.6692, and r is in units of the effective radius r..

For the sake of simplicity and in spite of its lack of physical meaning - the infinite
wings of a Gaussian imply an infinite mass for the stellar system —, let us assume
that o is Gaussian (the Gaussian model for b(x)} implying that the galaxy is assumed
to consist of one dynamical compoenent only). Then,

P00 ,
ba(vy = 2k / P10 exp { ~ br1/4) x
xT .

.
5 e {13
2o Vr? — x?

: y 5
[ — ["u - Viry{z/r)] 3 dr
X exXp & .
If the rotational velocity is constant with radius, V = V, (fair assumption for
r 2 r. /4), with simple arithmetic we obtain

2,72 ‘-_} h(“;m’Te:G(h\'/b) (14)
\ it}

i.e. the function k acts as a distortion on the Gaussian BF, here induced just by
the integration along the line of sight. If A ~ const., as it is in our oversimplified
model, then the center Vi (obs} of the BF gives directly the value of the rotational
velocity V at r = x (after subtraction of the systemic velocity}, and the standaré
deviation o, {obs) measures the amount of random motions. Should one of the above
assumptions be relaxed, then b (v} might differ significantly from a sunple Gaussian
function. This may have conseguences which are not just negative for us. In fact,
even if the asymmetry of the BF implies a (model dependent} correction to recover
the rotational velocity and the spatial velocity dispersion, on the other hand the study
of the shape of b,{v) may disclose the nature and strength of the phenomena driving
the distortion itself.

Since the early suggestion by Tonry (1984), the pioneering work by Deionghe
{1987a,b), and the first application by Franx and Hlingworth {1988}, much effort has
been put in understanding and extracting the information contained in the chserved
line profiles.

Some effects are trivial to understand, such as, for instance, the asymmetry of the
BF which is caused by a faint rapidly rotating coid component — a disk {Sect. 7.1} —
hidden within a much brighter slowly rotating bulge (cf. Franx and Hlingworth 1988,
Bender et al. 1993},

Much more compiex to model are the effects on the BF caused by the anisotropy
of the velocity dispersion tensor which can introduce errors as iarge as 10% in the
estimated rotational veiocities and up to 30% in the central velocity dispersions {van
der Marel and Franx 1993).

Gerhard (1993, but see also Winsall and Freeman 1993} has studied the effects
produced on the line profile by anisotropy, steepness of the light density gradient.
and shape of the potential weil (by taking into account a Keplerian and 2 dark matter
dominated — i.e. logarithmic — potential). His results can be summarized as follows:
{1y deviations from purely Gaussian shape are easier to detect at large galactocentric
distances where the smearing introduced by the line of sight integration is smaller;
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(ii} strongly tangentially anisotropic distribution functions lead to an artificial flatten-
ing of the line profile (the effect depends on the stellar density profiie, being larger
for steep density gradients);

(iii) radially anisotropic distribution functions result in narrow line profiles with
smaller velocity dispersions. The shape is close to Gaussian in Keplerian potentials
and has extended wings in logarithmic potentials:

(iv) for steep density profiles, the BF reflects more a jocal average of the distribution
function in the case of tangential anisotropy.

From the observational point of view. the retrieval of the true shape of the BF is
undermined by various instrumental effects and especially by the noise in the wings
of the absorption features, which makes 1t almost impossible to measure the higher
order moments of the BF, m, = [ ¢™b(v) dv.

It is therefore a common practice to analyze the BF in terms of the deviations of
the line profile from a purelv Gaussian shape. and the various methods presented in
the foliowing paragraphs differ mainly in the way these deviations are parameterized.
The physicai meaning of the adopted parameters is then tested against predictions
obtained from models.

4.3.1 Modified Fourier Quotient (MFQ)

Proposed by Winsall and Freeman (1993}, the MFQ deals very effectively with non-
Gaussian BF’s by analyzing higher-order normalized moments (m% = m,, /mip) of the
BF. The velocity dispersion is given by m2 and the deviations from purely Gaussian
profiles are estimated by means of the kurrosis, which, for symmetric functions, is
defined as k = m$/o%. For a Gaussian BF & = 3, for a more peaked BF k > 3 and
for a less peaked one k < 3.

The need for deriving BF moments of higher order than the second makes this
method very sensitive to the S/N ratio {which must be > 25}.

4.3.2 Direct Fitting Method

Proposed by Rix and White (1992) it consists in parameterizing the galaxy and tem:-
plate spectra into separate components {continuum. absorption line, and noise) and
then searching in the parameter space for the combination which minimizes the resid-
uals between galaxy and template. The method does not use the Fourier approach and
requires good S/ ratios (> 25).

4.3.3 Van der Marel and Franx (1993) method

The observed line profile is expanded as a sum of orthogonal functions in a Gauss—
Hermite series (van der Marel and Franx 1993) which offers several advantages:

(i) the zero-th order functions are Gaussians and higher order terms measure deviations
from normality;

(i) the functions carry information on the entire line profile and are less sensitive
than higher moments of the velocity to the S/N value in the line—profile wings.
Two parameters are given: ki, which describes asvmmetric deviations, and hy to
describe the symmetric part.
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4.3.4 General remarks

At this point one comment is in order. In spite of all the progress made so far, the
measurement of stellar velocity dispersions is still a tricky business and data ob-
tained for the same object in different observing conditions or with different data
reduction techniques may led to quite different results. The better agreement is, how-
ever. between the FQ and the CC methods, while the FD turns out to provide values
systematically lower than the F(Q (see also Davoust et al. 1985).

§ Kinematics versus luminosity

In his 1977 paper, lilingworth suggested that low luminosity ellipticais and bulges
could be separated from the giant ellipticals in the (¢, V/o) plane. Davies et al. (1983)
confirmed that, on average, the velocity anisotropy is correlated to the total luminosity
of the system, bright ellipticals having higher anisotropy than faint ones. It needs to
be stressed, however, that this correlation is affected by several factors which are
impossibie to be corrected (such as, for instance, the inclination with respect to the
line of sight) and should be used with some caution {(cf. Busarello et al. 1992).

Extreme cases, such as NGC 1600 (Jedrzejewski and Schechter 1989), have
anisotropy parameter (Sect. 1) (V/o)* = (.013 and, in the mean, luminous ellipti-
cals have (V/o)* ~ 0.4. Bender et al. (1989} found that the degree of anisotropy
is also correlated with the isophotal shape parameter, boxy galaxies being, on the
average, more anisotropic than disky ones.

A more complex trend is observed at the low mass end of the luminosity function
of ellipticals (—17.5 < Mp < 14}, where two families of objects coexist: compact
ellipticals, which seem to be the natural extension of the elliptical sequence, and low
surface brightness — alse known as diffuse - dwarfs, which have much lower central
surface brightness (Kormendy 1985, Djorgovski 1993). Even though firm conclusions
are prevented by an endemic dearth of data, induced by the intrinsic faintness of the
objects, it seems by now well established that compact dwarf ellipticals are more
anisotropic than diffuse ones (Wyse and Jones 1984; Bender and Niete 1990, Ben-
der et al. 1991). Diffuse dwarf ellipticals have often strange kinematical properties:
NGC 205, for instance, has a velocity dispersion decreasing in the inner nuclear re-
gions {Held et al. 1990, Carter and Sadler 1990), a phenomenon which seems to be
common also to other dE’s (Peterson and Caldwell 1993). Data for dwarf spheroidal
galaxies (such as the newly discovered Sextans dwarf) are toc scarce ta draw any
conclusion, and we will ignore them in what follows (see Djorgovski 1993 for an
interesting review}.

With one known exception, :.e. NGC 4550, which has a non-rotating bulge (Rix et
al. 1992), ali bulges of spirals and lenticulars observed so far are fast rotators, with an
average (/o) ~ (.5. Even though the unequal behaviour of bulges and ellipticals
can be partly understood as an artifact caused by the lack of truly luminous bulges,
more likely it reflects an intrinsic and still unexplained difference between bulges
and ellipticals. In order to shed light on this matter, detailed studies of the BF's in
ellipticals and bulges of comparable luminosity are needed.
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6 Kinematics as a probe of the intrinsic shape

The intrinsic shape of ‘hot’ stellar systems has received much attenzion in the last
decade. One reason among many others is that. if the shape of ellipticals is represen-
tative of all collisionless systems. it may also provide information on the shape of
dark haloes. The anisotropy of the velocity tensor impiies that E galaxies need not
necessarily be oblate spheroids (Binney 1978). they can be prolate and even triaxial.
This conclusion is supported by the discovery that the position angle of the isopho-
tal major axis changes with the radius (see the references given in Sect. 1} In fact,
aside from a few interacting galaxies, where the twisting may be induced by tidal
torques, and therefore be intrinsic (Kormendy 1977). twisted isophetes find a natural
explanation if the isodensity surfaces (i.e. surfaces of constant volume emissivity} are
triaxial: the principal axes need not be misaligned. it being sufficient that the axis
ratios change with the radius (Stark 1977). Oblate configurations form a subset of the
triaxial family; they may display a variable ellipticity but no twisting. However. N~
body simulations {Gerhard 1982} have indicated that it is possible to construct chjects
having intrinsic misalignment of the major axis of the isodensity contours. This fact
should be kept in mind and coupled to the consideration that the only manageable
models of triaxial systems available so far, 1.e. those based on Stackel potentials, do
not show any isophotal twisting.
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Fig. 5. Rotation along the minor axis for the galaxy NGC42671 (from Wagner ¢t al. 1988}

A variety of statistical tests aimed at establishing the intrinsic shape of ellipticals
have been applied to photometric (Binggeli 1980) and kinematicai (Binney 1985) data,
and to a combinations of the two (Merritt 1982, Capaccioli et al. 1984). For instance,
Binney (1978} introduced the (e, (%)*) diagram as a test for triaxiality. This test has
been applied many times with discordant resuits (e.g. Davies et al. (1983), Franx et
al. (1989), Busarello et al. 1992}, related, among other things, to the impossibility of
correcting for the various observational effects and chiefly for the inclinations of the
objects with respect to the line of sight.

But the failure of ail tests has also deeper roots:

(1) the existence of correlations between the various intrinsic properties (Terlevich et
al. 1981)

(it} the inhomogeneity of the sample {Capaccioli 1987, and references therein);

(iii} the existence of a large spread in central surface brightnesses (Aup < 2 mag) for
the same total luminosity (Capaccioli and Caon 1991; Capacciolt et al. 1992, 1993a).

In a few individual cases, the existence of a dust lane or of a gaseous disk can be
used to constrain the orientation and the shape of the objects (e.g. NGC 1052: Davies
and IHiingworth 1986, Tenjes et ai. 1993; NGC 5077 Bertcla et al. 199%; NGC 5989,
NGC 1947: Tenjes et al. 1993).

6.1 Rotation around the minor axis

The discovery of hot gaiaxies with appreciabie rotation along the projecied minor
axis (Bertola et ai. 1983, Davies and Birkinshaw 1988) was the first clear signature
of either triaxiality {Contopoulos 1956, Kondrat'ev and Ozernoy 1979} or occurrence
of decoupled/misaligned components (e.g. the case of NGC 3998; Capaccioli 1979,
Blackman et al. 1983). In fact, at almost all viewing angles, a triaxial galaxy has an
apparent minor axis which does not coincide with the shortest axis of the galaxy.
Binney (1985} was first to use the staustics of the rotation along the minor axis to
constrain the intrinsic structure. However, he did not take into account that, in a
triaxial potential with stationarv figure, stellar streaming is allowed ajong both the
mgjor and the minor axis {e.g. Binney and Tremaine 1987). Within each tube orbit
all stars can rotate in one direction, or in the opposite one, or in a mixture of the two,
thus implying that the angular momentum of the family of orbits may assume any
value between zero and the two opposite extremes. Hence the angular momentum of
the system may point in any direcuon within the plane containing the shor: and the
fong axis.

Systematic studies of kinematical misalignements have been performed by Wagner
et al. (1988}, Jedrzejewski and Schechter (1989) and Franx et al. (1991).



2577
20+
NCY) 157 |

Fig. 6. Histogram of the kinematical misalignments {from Franx et al. 1991} The shaded region refers to
galaxies for which the error on ¢ is smaller than 25

Following the same convention adepted by Franx et al. (19891, let ¢ be the
observed misalignment between the angular momentum and the projected short axis
of the galaxy, defined as v = Vi, /Vina;. where Vi and 1, are the rotational
velocities along the minor and major axes. respectively. The histogram of v for a
sample of 22 galaxies 1s peaked around ¢ = (} (Franx et al. 1989), then it declines
graduaily, with a possible second peak at large values (v > 707}

Franx et al. {1991) used the observed distribution of v+ and of the apparent ellip-
ticity € to constrain the three intrinsic (and unknown) parameters: the two axis ratios
b/a and c/a. and the intrinsic misalignment ¥,»,. Let T be the so-calied ‘tricxialiny
parameter’

T=(l -t /a1 —e/ja)

_\
)
2

which is = 0 for oblate systems and = 1 for prolate galaxies. Franx et al. {1991)
found that, with very good approximation, v* has a strong dependence on 7 and
%4nt- While € depends mainly on the distribution of c¢/a. According to Franx et al.
(1991). the inversion of the e distribution shows a peak near ¢/a = 0.6 ~ 0.7, and
1s almost zero for round galaxies. Franx et al. {19921} also find that (7 < 0.4 and
{¥ine) < 20°. Small kinematical twists can be explained in terms of projection effects
alone, but large misalignements {such as those observed in NGC 4365 and NGC 4406;
Bender 1988b, Wagner et al. 1988) require large intrinsic misalignments of the angular
momentum, which are possible only in a triaxial potential. The generalization of these
results. however, should be reviewed ir the light of the conclusion that minor axis
rotation has been found, so far, only in boxy ellipticals.

7 Dynamical subcomponents

In what follows we will adopt the widespread attitude of considering steliar systems as
the superposition of different subcomponents only mildly interacting with each other.
This approach is not fully justified by observaticnal evidence and can very often fead
to misleading interpretations (see Balcells 1992). However, it seems s¢ far the only
way to order the available wealth of data (cf. Djorgovski 1994}. Each subsystem
is characterized by its density distribution, dvnamics, and composition (stars, dark
matter, etc.), and by the geometrical (location inside the galaxy, mntrinsic shape. etc.)
and physical parameters of the various components.
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7.1 Faint stellar disks

The search for faint stellar disks hidden within ellipticals was stimulated by the
substantial continuity of properties existing between E’s and SO’s for vanishingly
small disk-to-bulge ratios (Simien and de Vaucouleurs 1986, Capaccioli 1987, Ca-
paccioli et al. 1990b, Capaccioli and Longo 1990, van den Bergh 1990, Michard and
Marchal 1993). Earlier investigations of the luminosity profiles (where disks appear
as weak signatures: Capaccioli and de Vaucouleurs 1983, Lauer 1985, Carter 1987)
and of the geometrical properties (Michard 1984) lead to conflicting results. A more
poewerful tool is the isophotal shape analysis already mentioned in Sect. 1.

The most straightforward explanation of disky ellipticals (Capacciolt 1987; Carter
1987) is that ‘pointed’ isophotes originate from a weak stellar disk embedded into a
much larger spheroid . It needs to be stressed, however, that aliernative explanations
have been proposed (cf. Stiavelli et al. 1991).

Capaccioli (1983), Capacciol: et al. {1990b), and Rix and White {1990) have
shown that even relatively strong steliar disks (bulge-to-disk ratio B/D ~ 5} can
escape detection unless their orientation is close to edge-on. Therefore, many eliip-
ticals might contain disks which are not detected by photometric means, but which
nonetheless affect with their presence the rotational velocity and the centrai velocity
dispersion, which tend to be overestimated and underestimated, respectively. Ca-
paccioli et al. (1990b, 1992) find that most, if not all, low/intermediate luminosity
ellipticals contain disks, the only objects which are very likely to be devoid of disks
being some luminous eilipticals and the brightest cluster members.

The presence of a disk produces an asymmetry in the high velocity wing of the
BF, which lowers the ‘true’ value of oy by as much as 20%, thus leading also o
overestimating of the degree of anisotropy of the object (Fig. 7). Good examples are
NGC 3585 {Bender et al. 1993) and NGC 2974 (Cinzano and van der Marel 1993)
where, once the disk contribution has been removed, the spheroids turn out to be
pressure supported. The accuracy of these results is confirmed by the fact that in
the above cases, the B/ ratios obtained from the kinematical data and from the
decomposition of the light profile agree, on average, within 5%.

One striking feature of many disky ellipticals is that there seems to be at work the
same sort of ‘conspiracy’ observed in lenticulars and spirals: the rotational velocity
of the outer bulge is equal to the mean rotational velocity in the inner parts, where
the dominant contribution comes from the disk. Several exceptions to this behaviour
are however known.

One of the most conspicuous example of how buige and disk car: combine to
produce pecuiiar kinematical behaviours is that of the eliiptical NGC 3585, a galaxy
with a high rotational velocity (Bender et al. 1993}. Its velocity dispersion decreases
outwards in the inner 12 arc seconds to rise again in the outer regions; the rotation
curve shows instead the opposite trend, raising in the inner 12 arcsec and then dropping
outwards {Fig. 7). The BF is clearly asymmetric and a simple double-Gaussian fit
allows to separate the contribution of the disk and bulge. The disk — which is detected
also by photometric means — is conspicuous and contributes up tc 80% of the light in
the intermediate regions. Once the disk contribution has been removed, the bulge turns

377

out to rotate very siowly and to have a high degree of anisotropy ((V/o}* =~ 0.25).
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Fig. 7. Taken from Bender et al. (1993). Upper panel: rotation curve and velocity dispersion profile along
the major axis for the disky elliptical NGC 3585. Larger symbols correspond to the profiles whick would
be derived by using standard single-Gaussian fitting technigues {e.g. FCM1 Smaller svmbois are obtained

by using a

two-Gaussian fitting algorithm and give the rotation curve and the velocity dispersion profiies

of the bulge (x-shaped) only and of the disk {crosses} only. Lower panel: fit of the BF at four different
positions obtained with the two-Gaussians modet
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7.2 Kinematically decoupled cores (KDC's)

Related to the previous topic is the nature of the kinematicaliy decoupled subcompo-
nents observed in the central regions of some galaxies. In the case of bulges {Dressler
1984, Kormendy 1988b} and of a few ellipticals {e.g. NGC 5813, Efsthatiou et al.
1982), the peculiarity consists in a sharp increase of the rotational velocity in the
inner parts {(see also Capaccioli 1979), In other cases the angtlar momenta of the
inner and of the outer regions appear nusaligned (e.g. IC 1459; Franx and Hlingworth
1988},

Far from being rare, KDC galaxies comprise a large fraction of all ellipticals.
Owing to selection effects, the estimated frequency, > 20 — 25% (Franx et al. 1989j,
must be regarded as a lower himit. In fact, firm statistical conclusions are hampered
by:

(i) the widespread habit of taking spectra along the major and minor axes only {Wagner
1990), which biases the findings towards large effects only and yet prevents the
measuremeni of the exact amount of the misalignments;

(ii} the usually fow spatial resolution of most data available in the literazure;

{1i1} observational bias associated with the fast decrease in surface brightness (Franx
19903, which seems to favor the detection of KDC’s of smalt apparent sizes (typically
~ 587 to 107; see the list in Bender’s, 1990a).

The large fraction of E’s with kinematically decoupled cores implies that, whatever
the mechanism leading to the formation of KDC’s is — either genetic or evolutionary —,
it must be & common one.

Cuarrent interpretations of KDC phenomenoiogy can be divided intc two groups:
the ‘core—within—a—core’ (hereafter CWC), which assumes the decoupled component
to be spheroidal in shape, and the *buige/disk’ which instead imagines it to be a weak
stellar disk. Kinematically decoupled CWC’s are expected to form from the merger
of a small-sized high-density galaxy with a large-sized low-density one {Kormendy
1984b, Balcells and Quinn 1990), the counter-rotation being tnduced by the tranfer
of orbital angular momentum. The ‘bulge/disk’ interpretation encompasses instead
a large variety of possibilities: tidal disruption of a small gas-poor sateilite galaxy,
the debris of which sinks nto the potential well forming a disk shaped remnant
(Iilingworth and Franx 1989). the merger of two spirals (see for instance the case of
NGC 520: Stanford and Balcells 1990}, and the accretion of & small gas-rich galaxy
into a normal elliptical (NGC 3656, Balcells and Stanford 1990). In the last two
cases the accreted gas wouid settle ontc one of the principal planes of the remnant
galaxy {see Sect. 7.3), eventuaily leading to steliar formation and to a kinematically
decoupled steliar disk (for a thorough discussion see Balcells 1992).

Most of the observed properties of KDC’s can be explained either by the CWC
or by the ‘bulge/disk’ models.

(i) In a fairly large sample of galaxies (but not ail; see, for instance, NGC 2663
in Carolio and Danziger’s, 1993}, a sharp increase in metallicity is observed at the
transition between the kinematically decoupied region and the main body of the galaxy
(Bender and Surma 1992). This trend is predicted both by the CWC models - on
average low luminosity ellipticals are bluer (Sandage and Visvanathan i978) —, and
by the ‘bulge/disk’ models — stars formed from the remnant of a gas-rich galaxy are
expected to have higher metallicity,

{(i1) In the few well studied cases (e.g. IC 1459 and NGC 5322; Rix and White 1992),
the line profile is strongly asymmetric, with the asymmetry changing sign while
crossing the nucleus. In the case of IC 1459, the anisotropy parameter of the KDC
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has a guite high value (=~ 2}. These facts can be easily understood ir: both the CWC
(see discussion in Balcells 1992) and the ‘hulge/disk’ scenarios (Franx and Hlingworth
1991).

(111} The existence of a very disturbed kinematics in the KDC of NGC 7626 can be
explained only by a recent accretion event (age < 10 yr; Balcells and Carter 1993).
The absence of any starburst signature in the spectrum is supportive of the CWC
scenario.

(iv) The CWC hypothesis seems favored by the fact that most, if not all, ellipticals
harboring KDC's have ‘boxy’ isophotes (Balcells 19923

{v} In spite of several systematic searches, so far no misaligned KDC's have been
observed in bulges of spirals (Fisher et al. 1993} and lenticulars {Rubin et al. 1992,
Franx 1993): a result which is compatible with the ‘bulge/disk’ model, due to the
fact that pre-existing gas favers co-rotation of the accreted material through shock
heating. The only possible exception, NGC 4594 (Kormendy and Westphal 1989, Hes
and Peletier 1992}, has however an abnormally large bulge, comparable in size to a
giant elliptical.

A possible alternative explanation of KDC’s is that the figure rotation velocity is
backward with respect to the streaming velocity of stars. This, however. is contradicted
by the unlikeliness of counter-streaming (Vietri 1986} and by the impossibility of
explaining kinematically decoupled systems other than those with antiparalle! spins.

One fact to be always kept in mind is that the two-body relaxation time is so large
that the expected lifetimes of KDC’s are longer than several Hubble times. Therefore,
KDC’s might just be a consequence of the generic formation process of ellipticals
{Barnes and Efstathiou [987). It seems therefore realistic and safe to conclude that. at
the present state of knowledge. the KDC’s phenomenology is likely to be the result
of several different processes.

7.3 Kinematics of gaseous disks and dust ianes

Further evidence in support of the accretion of gas from the environment comes from
emission line measurements (both in the optical and in the radio ranges). In fact.
despite early beliefs, a large fraction (30 ~ 40%) of early-type galaxies contains
non-negligible amounts of dust (Hawarden et al. 1981, Sadler and Gerhard 198§,
Kormendy and Stauffer 1987). A significant fractior: {> 10%) contains also gas both
in the atomic (10% ~ 10% M..> and in the molecular (i0° ~ 10% Af.) form. Warm,
1onized gas {Demoulin-Ulrich et al. 1984, Trinchier: and D1 Serego 1991; Macchetto
and Sparks 1992) and hot X—ray gas have also been detected (see Sect. 8.4).

The various phases of the intersteliar medium are diswibuted differently: dust is
usually organized tn dust Janes or patches {Bertola 1987}, cold atomic gas is mainly
distributed in rings or disks {van Gorkom 1992}. and molecular gas is centrally peaked
(Lees 1991, Quillen et al. 1991). Warm ionized gas exhibits a complex morphology
{(Baum et al. 1989 The exact fraction of early-type galaxies containing gaseous
components is difficult to evaluate due to selection effects which faver the detection
of disks having large inclinations with respect to the line of sight {Amico et al. 1993},
It is however larger than 20%.

So far, the most useful dvnamical implications come from the atomic gas. Gaseous
disks are often highly inclined with respect to the principal plane of the galaxy
and have specific angular moments much larger than for the stellar component {e.¢.
NGC 7097, Caldwell et al. 1986}, In a few cases {e.g. 1T 2006, Schweizer et al. 1989,

g
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or NGC2768, NGC4379, and IC 4889, Bertola et al. 1992) gas is even counter-
rotating with respect to the stars. The decoupling of the cold gaseous component from
the stellar one is also confirmed by the form of the distribution function n { Mz /L B)‘
for the relative HI content (Knapp et al. 1978), which is compietely different from
that observed in later galaxy types.

All these arguments support the idea that in early-type galaxies gas has been
accreted from the environment. In some cases {e.g. NGC 1052; van Gorkom et al
1986, Davies and [llingworth 1986}, despite the patchy and chaotic distribution, the
velocity field of the ionized, atomic, and molecular gas tarns out to be guite regular,
thus suggesting that the gas has had at least the time to settle into an equilibrium
plane.

Theoretical studies of the settling process show that small amounts of gas or dust
infalling into a spheroidal axisymmetric potential can reach a stable configuration only
in the equatorial plane, while in triaxial, non-rotating potentials, there are two possible
equilibrium planes perpendicular to the shortest and the longest axes {(Schwarzschild
1979, Steiman—Cameron and Durisen 1982, Merritt and de Zeeuw 1983, Steiman—
Cameron et al. 1992}, known as the equatorial and meridiar pianes, respectively. If the
accreted material is massive enough, it can settie in a stable warped configuration away
from the principa} planes (Sparke 1986, Arnabeldi and Sparke 1994). The anguiar
momentum of the accreted gas can be either perpendicular, or parallei, or even anti-
paralle! to the steliar component. Thus the statistics of counter-rotating gas should be
different in gas rich and gas poor systems, although the available data are insufficient
to draw firm conclusions.

The time scale for the accreted gas to settle down onto one of the principal planes
can be a large fraction of the Hubble time (Steiman—Cameron and Durisen 1982,
1988). This is supportive of the suggestion by Schweizer et al. {i989) that, at least in
some cases, the gas can be a leftover of the merging process from which the elliptical
galaxy was formed.

In the case of lenticulars, the line—emission is wsually confined ic the bulge-
dominated regions. Bertola et al. (1992} find that ~ 20% of SO’s host gaseous com-
ponents which are decovpled from the stellar ones (they also give an up-to-date list
of objects}. In a few extreme cases (e.g. NGC 2768 and 4739, and IC 4889) the spins
of the two components are anti-parailel.

7.4 Narrow polar rings

Narrow polar rings are annuii almost perpendicular to the principal plane of the host
galaxy, most often a lenticular, and are confined inside its optical boundaries. Their
nature is not yet fuily understood. They are usually interpreted as transient phenomena
produced by recent accretion {Schweizer et al. 1983), ever though the kinematics of
AM 2020-504 s better reproduced by a stable warped structure {Arnaboidi et al.
1993a3. Recent accretion is supported by the detection of & KDC component and of
a strong UV continuum (Arnabeldi et al. 1993g, 1993b). and by the discovery of CO
emission (Combes et al. 1992, Arnaboldi et al. 1993¢).

Most polar rings are remarkably flat and are often tilted with respect to the polar
axis by as much as 35° {Whitmore i1991). This is not an obvious property for a
structure embedded in the axisymmetric potential of lenticular galaxies, where the
quadrupole component of the field would induce precessional torques capable of
destroying the flainess in much less thar an Hubble time (Schechter et al. 1984},
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Fig. 8. Photometric and kinematicai data for the polar ring galaxy AM2020-504 (from Arnaboldi et at.
1993a)

Two possible explanations have been proposed: either polar rings are recent tran-
sient structures, or there are some physical mechanisms which stabilize them against
tidal disruption. Two mechanisms have been proposed:

{1) the presence of a static triaxial potential with two principal planes, which wouid
explain an inclination A€ >~ 90° between the ring and the stelfar component, or a
tumbling triaxial potential. when A8 < 90° {van Albada et al. 1982; Tohline and
Durisen 1982}

{11} self gravitating polar rings in a flattened potential. where the mutual attraction
of the particles can stabilize the ring and force it to precess as & unit {Sparke 1986,
Arnaboldi and Sparke 1994).

One additional puzzling feature of polar rings, i.e. the existence of the central
hole, has been explained in terms of shock waves arising when the supersonic gas
forming the polar disk interacts with the gas in the galactic disk (Wakamatsu 19933,

7.5 Central black holes

The kinematical signature of a massive black hole in the nuclear region of a galaxy
is a very steep gradient in both v and ¢ (Carter and Jenkins 19931 The implied
measurements require very high spatial resolution and are therefore possible on‘v
for the nearest ohjects {see Kormendy 1987, and references therein). Besides th
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Fig. 9. The velocity dispersion profile (upper panel} and rotation curve {lower panel} of NGC4406 at
PA. = 120° {from Carter and Jenkins 1993}. Velocity dispersion has a peak in the inner 2. The core of
this galaxy rotates along the photometric minor axis while the outer parts rotate around the major axis.
This galaxy has long been a candidate to host a nuclear black hole. Carter and Jenkins {1993) howsver,
showed that the data car be explained aisc by a relatively bright stellar disk

classical example of M87 (Sargent et ai. 1978, Young et al. 1978), galaxies which
have been from time to time candidates to host a nuclear black hole are, for instance,
M 31 (Dressler and Richstone 1988, Kormendy 1988, Carter and Jenkins 1993}, M32
(Dressler and Richstone 1988; Richstone et al. 1990; Tonry 1984, 1987}, NGC 4594
(Yarvis and Dubath 1988, Kormendy 1988b}, NGC 3115 (Kormendy 1987, Kormendy
and Richstone 1992), NGC 5813 and NGC 4406 (Carter and Jenkins 1993; see alsc
Fig. 8). The interpretation of the kinematical observables, however, is ambiguous due
to projection effects as weil as to finite spectral and spatiai resolution {e.g. Carter and
Jenkins 1993}

It needs alsc be stressed that steep kinematicai gradients do not necessarily imply
a supermassive black hole: a moderate amount of anisotropy (Duncan and Wheeler
1980, Dressler and Richstone 1990}, or a small nuclear bar viewed down its major
axis {Gerhard 1989), can explain the observations while matntaining a constant mass-
to-light ratio.

Y

But even in the case of truly high values of (M/L), a likely alernative is a
dense cluster that, for instance, can be formed during a core collapse phase {Dressier
and Richstone 1988; Michard and Nieto 1991}, This hypothesis however, seems very
unlikely at leasi for M3}, where recent HST data have shown the existence of a
second cusp in the hight distribution at few arc seconds from the photometric nucleus
of the galaxy {Tod Lauer, HST News}.

Several authors (Normag et al. 1985, Gerhard 1987) investigated the effects of
a massive black hole on a triaxial potential, finding that scattering processes would
destroy triaxiality in the inner regions. Such an effect seems to be present in the data
of Franx et al. {1989}, but the sampile is toc small to draw definite conclusions.
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8 Outer kinematics

The outer (i.e. 7 > 7.} kinematics allows us to gauge the hale mass distribution
and to seek for the formation history. For instance, Hernquist (1993) carried out
numerical simulations showing that in a merger between two identical galaxies, the
inner regions are expected to rotate much slower than the outer ones. Also, even
though the existence of dark matter seems to be well established at al! scales, from
dwarf galaxies to the richest clusters, its presence in early-type galaxies is stilf a
matter of debate. This unfortunate situation is due to several concurrent factors. The
cold gas content is limited (see van Gorkom 1992, and references therein} and HI
usually is pot measured out to large galactocentric distances; the cold and warm
gas are usually of recent accretion {see Sect. 7} and may have not vet settied into
equilibrium configurations. The interpretation of the X~ray emission from the hot gas
coronae is too much dependent on the model parameters to allow rehiable conclusions
{Sect. 8.4). The only possible kinematical tracers are therefore either the rotaticn
curves derived from stellar absorption features, or the overall kinematical properties
of bright tracers of the potential — such as globular clusters or planetary nebulae —
which can be detected out te large distances and form a dyvnamically homogeneous
population.

8.1 Extended rotation curves

So far only a few stellar rotation curves extending beyond 1.5r, have been measured
by adopting special observing (Cappeliaro et al. 1989; Capaccioii et al. 1993a: Bertola
et al. 1992; Amico et al. 1993} and data reduction (Richter et al. 1992} strategies,
The observational efforts have concentrated on both SO's and normal eilipticals.

The case of the close to edge-on lenticular NGC 3115 {Capaccioli et al. 1993a)
shows a rotation curve which increases steeply in the inner regions to reach 260
km s~!and then remains flat out to the last measured point i~ 2r.). The velocity
dispersion instead decreases smoothly in the inner regions te stabilize at abour 100
km s~ 'in the outer ones. A simple model predicts an increase of {1/ L} of a factor
~ 2 from the inner to the outer regions. Similar results have been obtained for other
edge-on lenticulars by Cappellaro et al. (1998}

The few data so far available for ellipticals show that most rotation curves remain
flat even at larpe galactocentric distances; the velocity dispersion profiles may have
instead very different trends. In most cases, velocity dispersions decrease outwards
but for a few, noticeable exceptions {e.g. NGC 3813, Efsthatiou et al, 1982, Davies
and Birkinshaw 1988; NGC 4472, NGC 7714, and 1C 4296, Saglia et al. 1993a), they
remain flat well beyond the effective radius.

Increasing velocity dispersions at large radii are common among ¢D's (Dressler
1979, Carter et al. 1981, 1985) and are possibly detected {but the data are doubtful)
in the normal, non-interacting ellipncal NGC 7144 (Sagha et al. 1993a). As clearly
stated by Saglia et al. (1993a), the interpretation of these results is ambiguous; the
data can be fitted either by assuming a two component self-consistent spherical and
non-rotating model, which leads to a {A{/L} increasing outward, or by assuming «
constant value of the mass—to—}ight ratio and then jooking for a physical justification:
of the phase space structure. We shall remark, however, that the values of (M/L;
obtained in the second case are too high to be realistic in the absence of dark matter,
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All attemipts to disentangle these two factors on the basis of theoretical assumptions
on the velocity distribution function are very much model dependent. The techniques
mentioned so far are bound to become obsclete due to the line profile asymmetries
method which allows the direct measurement of the velocity anisotropy.

However the relatively high S/N ratic required by the various line profile asym-
metry methods makes it almost impossible to obtain reliable data beyond 2.07 (Amico
et al. 1993} and, at larger galactocentric distances, other types of kinematical tracers
are required.

8.2 Cuter kinematical tracers. The case of NGC 5128.

The use of test—-particles such as globular clusters (GC) and/or planetary nebulae (PN}
to prabe the halo potential of early-type galaxies is still in its pioneering stage, and
many contradicting results are spread in the literature (compare for instance, Ciardulio
et al. 1993, to Merritt and Tremblay 1993).

Globular clusters are difficult to identify beyond 30 Mpc and, with the current
technology, their radial velocities cannot be measured at distances greater than ~
16 ~ 15 Mpe. In spite of their intrinsic faintness, planetary nebulae appear to be
better tracers: they can be eastily identified by means of interference filters centered
on the 5007 A [OIIl} emission line, and their radial velocities can be derived from
emission rather than absorption features (Ciardulio et al. 1993).

A good example of how both GC’s and PN’s can be used to constrain the outer
kinematics is provided by the well known peculiar elliptical NGC 5128 (but see also
the case of NGC 3379, Ciardullc et al. 1993}, where radial velocities have been
obtained for 62 GC's {Sharples 1988; Harris et al, 1988} and for 433 PN’s (Fig. 10).
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The kinematics in the inner regions of NGC 5128 has been obtained for both the stellar
component (Wiltkinson et al. 1986} and for the Ho (Bland et al. 1987, Nicholson et
al. 1992} and the H I gaseocus emissions (van Gorkom et al. 1990). The generalization
of the results obtained for this very peculiar galaxy 1s nat trivial, but some interesting
conclusions can be reached.

The PN-based velocity field extends out to 4. (i.e. ~ 20 ~ 25 kpc) along the
photometric major axis. It presents a clear misalignement {(~ 39%} of the kinematical
rotation axis with respect to the photometric minor axis, thus impliving that at least in
the outer halo, the potential is strongly triaxial. We note, however, that the rotation axis
and the direction of maximum rotational velocity are not orthogonal. The rotational
velocity reaches a maximum at about 7 kpc and remains flat out to ~ 28 kpc. The
velocity dispersion is ~ 143 km s™' at about 2.8 kpe, and declines to ~ 90 km s~ tat
~ 20 kpe (Hui et al. 1993).

The agreement between the PN data and the inner kinematics is quite good. On
the assumption that also the outer PN's have reached the equilibrium, the data point
toward a mass-to-light ratio strongly increasing outwards and 1o a decoupling between
the inner regions. which are more likely to be isotropic, and the outer ones, which
are strongly triaxial.

3
-1

The kinematics of the GC’s system, instead. seems to be decoupied from that of
both the stellar component and the PN’s. It must be noted, however, that due to the
large mass difference. the collision rate between globular clusters and stars within
a galaxy can be relatively large (Pesce et al. 1992} This implies that the globular
cluster halo can be a partly coilisional svstem and that some secular evolution may
result from the coupling of these two components {Bertin and Stiaveili 1993}

We siress that the interpretation of the results obtained hy means of test-particles
such as PN's or GC's, 1s strongly model-dependent. Merritt and Trembiay (1993} have
studied the kinematics of the outer hale of M 87 using the radial velocities obtained
for a sample of 43 GC’s by Mould et al. {1993}, reaching the following conclusions:
{i} assuming isotropy, the dynamics of the globular cluster systems around M 87 can
be constrained out to =~ 50 kpc, and the total mass der:ved within this radius is
60 x 1012 M., in agreement with the X-ray halo estimates. The dark matter density
in the outer halo decreases as gy, o v~ ¥, The error on the exponent is however
quite iarge. In order to reduce it to £0.5 we should measure the radial velocives of
~ 200 GC’s;

(i1} to relax the hypothesis of isotropv would require a number of radial velocities at
ieast one order of magnitude larger (i.e. ~ 10%)

&3 Wide annuius polar rings { WAPR)

This class of object has been formally introduced by Whitmore et al. (1990), even
though specific cases were known to exist long before {e.g. A0136-801, NGC 4650A;
Schweizer et al. 1983, Whitmore et al. [987). Thev are SO galaxies circied by a wide
annulus of dust, gas, and stars, aligned with the galaxy minor axis and extending out
to 4 times the galaxy optical size. Schweizer (1983} and Sackett and Sparke (1990}
have shown that WAPR’s can be used to map the tri-dimensional shape of the outer
halo, obtaining a rather flat distribution {E3-+E7} for the case of NGC 4650A.
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8.4 X—ray haloes

X-ray halos have been thought for a long time to be valuable probes of the outer
potential well (Forman et al. 1985; Thomas 1986, Lowenstein 1992; see also the
extensive review by Sarazin 1986). However, Bertin {1993} has recently shown that
complexities intrinsic to the physics of the hot coronae make it impossible to derive
the underlying potential well. In particular, in the standard steady-state cooling flow
model, the predicted emission and temperature profiles of the hot gas are very model
dependent, and even large variations in the expected overall {M /L) ratio do not
produce appreciabie effects.

This situation cannot be changed by increasing the resolution of the X-ray data
due te the difficulties in disentangling the relative contributions to the X-ray flux
coming from discrete sources and the surrounding cluster.

g Global properties

Global properties of ellipticals are not distributed at random. This statement has an
immediate theoretical justification in the fact that any dynamical model of a colli-
sionless stetlar system can be scaled in mass, radius, and central velocity dispersion,
with these three parameters counstrained by the Virial Theorem (Binney and Tremaine
1987).

8.1 The Virial Theorem

The following equation must hold for any galaxy bound by newtonian gravity
GM V2
/—].?)‘ = kETv (16}
where G is the gravitational constant, M the total galaxy mass, B a radius such
that the left-hand side of Eq. 16 is the potential energy, kp the virtalization constant
(kg > 1 for bound systems and = 2 for virialization), and (V?}/2 the mean kinetic
energy per unit mass. In order tc enable us to use Eq. 16, (R), (V?}, and M, must be
replaced with observables. By adopting the same notation of Djorgovski and Santiago
(1993}, we introduce:
(1) some kind of non-isophotal radius, e.g. from a light-profile model fit with an
isothermal (King 1966} or with a »'/% (de Vaucouleurs 1948) law

R=kr(R)

~
b
~1
N’

The constant kz refiects the density structure of the galaxy;
{2} some sort of velocity scale, e.g. the central velocity dispersion o, for ellipticals
(it would be the maximum rotational velocity V... for spirals)

Vi=ky (V2 (18}

Here ky reflects the kinematical structure of the galaxy;
(3} an average surface brightness 7 such that

L=M/(M/Ly=k IR /{M/L} (1%



Kinematical properties of early-type galaxies 321

where (M /L) is the global mass-to-light ratio. k7. refiects the luminosity structure of
the galaxy. in general different from the density structure.

Obviously kg, kv, and k1. depend on the adopted definitions, while k¢ does not:
it is an inrrinsic quality of the galaxy, which is set by the overall energy dissipaton
during galaxy formation.

By substituting the ‘observables’ as defined by Egs. 17. 18 and 19, into Eq. 16,
and by defining the combined structural parameters:

K, = kg /(2Gkpk k) (20}

Ky = k% (4G khk k) (21
we obtain two relations: o ‘

R=K VML (22)

L=FK, VML (23)

which can be used as distance indicators. The quanuties R and L are distance-
dependent, while those on the right-hand side are not.

By assuming that Kps{M/L}™" is a power—law function of R, V', or [ alone,
Eg. 22 translates into the well known fundamental plane reiation R o V14[~0¢
{Djorgovski and Davis 1987), which is equivalent to the D, x o relation proposed
by the seven samural (Dressler et al. 1987).

Simitarly, BEq. 23 may read as the Faber-Jackson relation L x V', with a =~ 4, if
Kol 7V (AM/LY7 % is a power—law function of L or V.

Besides being useful, the fact that Egs. 22 and 23 work well for early-type galaxies
is extraordinarily important since it indicates that the structural conditions implied by
Egs. 17, 18 and 19, hold. In wrn, these conditions set constraints on the formation
processes and subsequent evolution of early-type galaxies.

9.2 More on global properties

Since the early sixties it has been known that the luminosity L correlates with the
linear effective radius R, (Fish 1964), central velocity dispersion (Faber and Jack-
son 1976), mean effective surface brightness (Binggeli et al. 1984), colors {Sandage
1972), and average metallicity (Terlevich et al. 1981). The rather large scatter of these
correlations led to the discovery that, in the 3-D space S{cyg, jze. Be). all ‘hot’ stel-
iar systems {including bulges) are confined within a quite narrow region known as
‘fundamental plane’ (hereafier FP; Djorgovski and Davis 1987, Dressler et al. 1987).
The FP is not uniformiy populated, but galaxies are located in a sort of ‘fundamental
ribbon’ (Guzman et al. 1993). Roughly speaking. the existence of the FP means that
the total mass (0g), the mean density (i}, and the scale length (R, ) of ‘hot’ galaxies
are tightly correlated. According to Djorgovski (1994}

log Re = 1.49 (log o + 0.23 {1} } — 6.6 {24}

The surprisingly low dimensionality of the FP implies that the processes involved in
the formation of ‘hot’ stellar systems are not too numerous, the main driving parameter
being very likely the total mass.

The fact that the FP does not depend on details of the shape of the ligh: distribution
such as, for instance. ellipticitv, isophotal twist rate, isophotal shape parameter, etc.,
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means that these details must result from some stochastic processes which operate
separately from the main formation mechanisms responsible for the global parameters.

While the existence of the FP cannot be doubted, its slope and zero point are still
controversial (e.g. Djorgovski and Santiago 1993). There is a weak but undeniable
dependence on the degree of anisotropy: more rotationally supported galaxies are
far away from virialized configurations, and show a stronger dependence of (M /L)
or: the mass (see also van der Marel 1991, and Sagiia et al. 1993b}. Even though
in principie ellipticals can span a large variety of dynamical models, in practice the
thinness of the FP implies that this is not the case and that only a small range of
velocity anisotropies is covered.

The behaviour of the FP at the low luminosity end can shed some fight on the prop-
erties of diffuse dwarfs. Even though data available in literature are mostly restricted
to diffuse E’s with bright nuclei (Peterson ang Caldwell 1993), it is well established,
that dwarf ellipticals are not located on the FP (Fig. 11; Djorgovski 1993} but rather
form a one-parameter family {(Peterson and Caldwell 1993),

One more fact which so far has not found any satisfactory explanation is the
segregation discovered by Capaccioli et al. (1992, 1993b) in the plane defined by the
effective parameters {1, log R.} (where R, is the linear effective radius expressed in
kpe). In this plane, ellipticals separate into two families: a “bright’ one, having Mp <
-19.3, and an ‘ordinary’ family. Bright ellipticals follow an Hamabe-Kormendy
(1987) relation (. depends iinearly on log R, only), whiie ordinary E’s are distributed
in a wide strip (the total luminosity depends on both 1, and R.), with a sharp cutoff
at B, <3 kpe.

As for the luminosity profiles, the wide appticability of the +!/* faw should not be
confused with universality. For most luminosity profiles, in fact, the fit is performed
over too narrow a radial range, and systematic deviations from an ideal 7'/% law
may be easily overiooked. Caon et al. (1993} have recentiy shown that if photometric
profiies extend over a large enough range in surface brightness, the generalized de
Vaucouleurs formula (or Sersic taw}:

" r l/n §
U(PY = i + Cpy (—) -1 ]‘ (25)

"
‘e

provides a much better fit to the data. This is not just an artifact of the one additional
fitting parameter. as is shown by the clear correlation existing betweern the exponent
7. and the effective radius or the absolute magnitude.

9.3 Masses and mass-to-light ratios

Many different approaches have been attempted to derive the total masses and the
average mass-to-light ratios of spheroidal systems from kinematical and photometric
data. Most methods are based on the Virial Theorem (Faber and Gallagher 1979,
Bacon et al. 1985). Virial masses have alsc been derived from X-ray haloes (Forman
et al. 1985). Another technigue is based on the hydrodynamical eguations (Binney
and Tremaine 1987}

The most effective methods, however, are the self-consistent ones, where photom-
etry and kinematics are used to constrain the degrees of freedom of detailed models:
Katz and Richstone (1983}, Bertin et al. {1988), Betton: et al. {1991), Capaccioli et
al. (1993a). Van der Marel et al. (1990) constructed axisymmetric dynamical models
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for galaxies having photometric and kinematical data along both the major and the
Minor axes.

All these methods provide estimates for M /L comprised in the range 5 ~ 15 in
a large range of masses: from dwarfs (Peterson and Caldwell 1993) to giants (Saglia
et al. 1992). These values are higher than those typical of stellar disks or globular
clusters but cannot be considered as a proof in favour of the existence of large amounts
of dark matter. Both disks and GCs, in fact, are expected to have relatively low A /L
due to the presence of young stars or to the evaporation of neutron stars (Hut et al.
1991) and of the lightest, high A/ L ratio, stars {Capaccioli et al. 1993b).

Dynamical modelis based on the assumption of constant Af/L ratios give in most
cases a reasonable description of the observed data. A detailed review of the various
techniques is given in Bertin and Stiavelli (1992} and we refer to this work for a
comprehensive summary.
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Here we want o stress that if kinematical data extend over a relatively large
in effective radi, contradicting resulis are obtained due to the interplaying roles of
anisotropy and variable M/ L ratios.

9.4 Specific angular momentum

The specific angular momentum 4 = J/M of spheroidai galaxies is usually estimated
by means of the maximum romt.onai velocity Vinge and of the effective radius R:
J/M = R X Vipar {e.g. Mineva 1988). An approach which, besides the usual intrin-
sic geometry arguments {(i.e. unknown intrinsic structure and viewing angle} is also
undermined by the fact that Vi, s not known for most elliptical galaxies. Following
a different approach. Busarellc et al. {19942) have derived 7 within r. for a sampie of
62 eliipticals. Their results confirm that also early-type systems follow the § oc M3
relation knows to hold over several magmiudes in mass {Brosche 1973) even though
4 is. on average, ~ |/6 of the average value for spiral galaxies {Capaccioli 1973,
Bertola and Capacczoh 1975, 1978, Fall 1983). Disky ellipticals and lenticulars tend
to filf the gap between spheroidal syctems and spirals (Busarellc et al. 1994a).

The lower value of 7 for sphercidal systems implies that some angular momentum
must have been dxs&pated etther at an early phase of formation — tidai stripping of
the external regions of protogalaxies, angular momentum transfer from the luminous
to dark matter (Fail 1983, Barnes and Efstathiou 1987, Curir et al. 1993} - or at later

stages by means of hierarchical merging (Hemquxsf 1993, and references therein}.

Another quamzty which is related to  is the so-called ‘spin parameter’ defined
as A = (jlEIZ “)(GM' } (Peebles 1971), where G is the gravitational constant, M is
the mass and E is the total energy per unit of mass. On average, disky ellipticals
and lenticalars have A > 0.05 (Busarello et al. 19944}, in good agreement with the
results of N-body simulations (Barncs and Efstathion 1987). The spin parameter also
correlates with the mass: X oc M ~C620.08 which compared to the resuits of N-body
simulations of dissipationless pollapse, Ao M09 confirms that some dissipative
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Fig. 13. Major axis rotation curve for the E4 galaxy NGC 7097 from gas {{Ol] = cross, {Ofi} = plus) and
stars {open circies), and the stellar velocity dispersion profile ifrom Caidwell et al. 1986% The decoupling
is striking ang is consistent with the gas forming a centrally concentrated disk inclined at 60% with respect
tc the line of sight

process must have occurred during the formation phase (Curir et al. 1993; Barnes and
Efstathiou [987).

9.5 Merallicity

Even though the study of the correlations between average metallicities, metallicity
gradients, and kinematical properties, is still in an embryvonic stage, some conclusions
can already be drawn.

Metal abundances, as measured in elliptical galaxies by the Mg2 index. increase
with both laminosity and central velocity dispersion (Gorgas et al. 1990, Bender 1992,
Danziger et al. {993b). There seems to be no correlation between the metallicity and
the velocity dispersion gradients (Danziger et al. 1993hb). The existence of a correla-
tion between mass (or luminosity)} and metallicity gradient is expected on the basis
of dissipative galaxy formation models {Larson 1974, Matteucei and Tornambé 1987,
and references therein). According to Danziger et al. {1993h) — even though their
conclusions should be regarded as preliminary due to insufficient statistics — the ex-
istence of correlations of metallicity gradient with total mass, as well as with V...
flattening, and anisotropy parameter, are strongly dependent on the sample selection:
ali correlations being strengthened (in the direction predicted by the dissipative for-
mation models) by restricting the sample to lenticulars or to low luminosity objects
only.

If only giant ellipticals are taken into account. no correlation is found, thus suggest-
ing that they have formed via different mechanisms. These findings are in agreement
with the above mentioned segregation observed in the {y.. log R.) piane and support
the suggeston that giant ellipticais are the result of mergers (White [980. Capaccioti
et al. 1992. 1993a). There is a quite tight correlation between the position of a galaxy

a6
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in the (Mg2, o¢) plane and the degree of morphological disturbance {Schweizer et al.
1990).
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