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Abstract. We present here a self-consistent, tridimensional In the past, in front of the success achieved in studying
model of a disc galaxy composed by a number of ellipsoidtle gas kinematics of disk galaxies, much less attention has
distributions of matter having different flattening and densityeen paid to the modeling of theitellar kinematics from the
profile. The model is self-consistent and takes into account thieservations. A reason of this was the lower extension of the
observed luminosity distribution, the flattening profile and thevailable stellar rotation curves, based on absorption lines, with
stellar rotation- and velocity dispersion- curves. In this paper wespect to that obtained with emission lines (optical or 21cm).
considered the particular case of a disc galaxy composed by td@vever, the inner part of the galaxies is often poor of cold
spheroidal bodies: an exponential disc and a bulge following thas, and can be studied with data from the stellar component
r1/4 law. only. In addition, the progresses in detectors and data analysis
We studied the behavior of the stellar rotation- and velocitgchniques (Sargent et al. 1977, Bertola et al. 1984, Kuijken &
dispersion- profiles along the sequence of SOs and Spirals, ideerrifield 1993) extended the range explored with stellar data
tified by an increasing disc-to-bulge ratio. Inside every clasmnd produced a large quantity of stellar rotation- and velocity
kinematic curves were produced by changing the relative cadispersion- curves, making compulsory the creation of realistic
centration of the two components and the inclination of thheoretical models for their interpretation.
galaxy with respect to the line of sight. The comparison with However, the modeling of stellar components in disk galax-
observational data requires only two scaling factors: the totak must overcome several difficulties. First, the non-negligible
mass of the galaxy, and the effective radius. thickness of stellar disks, compared to the gas ones, that requires
The model allows also to detect the presence of anisotropyaitridimensional approach. Second, the fact that the observed ro-
the velocity distribution. In the special case of SOs, we exploréation curve does not represent the circular rotation defined by
the sensitivity of the kinematics of the model by changing thhe potential, because of the partial transparency of the stellar
anisotropy and the flattening of the bulge. For intermediate fliedy and of the presence of the velocity dispersion. The stel-
tening 0.4 < b/a < 0.85) itis possible to distinguish a changdar rotation curves are integrated along the line-of-sight across
of anisotropy of 15% regions of different kinematics and are influenced by the gradi-
To show areal case, the model has been applied to the phatat of mass of these regions. As consequence, the line-of-sight
metric and kinematic data of NGC 5866. We plan to apply thesgelocity distribution present deviation from the classical, Gaus-
models to a larger database of SO galaxies in a future papersian shape. The influence of the velocity dispersion and its even-
tual anisotropy are particularly important in early-type galaxies,
Key words: galaxies: fundamental parameters — galaxies: gamhere the velocity dispersion is of the same order of magnitude
eral — galaxies: individual: NGC 5866 — galaxies: kinematia¥ the rotational velocity. This last effect is known with the name
and dynamics — galaxies: structure of asymmetric drifiand the first attempt to evaluate it from ob-
servations date back to 1961, with the van der Hulst’s work on
the observations of NGC 4111 made by Humason and Oort (Van
1. Introduction der Hulst 1961). More recently, the influence of the asymmetric
drift on the stellar rotation curves has been taken into account
The study of the Iight distribution and tlsgellar kinematics in by some author$ (Bertola & Capaccioli 1975, Kormendy 1984,
_disk galaxiesis animportanttool to underst_andtheirstructureﬂﬁngworth & Schechter 1982, Fillmore et al. 1986, Zeilinger
is the only way to study stellar systems which are gas poor sugty| 1990). These theoretical models and interpretations of stel-
as the SOs, and may be crucial to distinguish between differgsft iinematics were assuming an isotropic velocity dispersion
scenarios of galaxy formation. It allows to discuss if a bulge & were limited to edge-on galaxies. Most part of models were
flattened py rotation or by anisotropic residual veIpcmes a@‘%ulating the galaxy by means of the disk component only,
how the different components of a galaxy mutually interact. yith the only exceptions of the Fillmore et al. (1986) model and
Send offprint requests 16. Galletta the Zeilinger et al. (1990) work. Both papers were based on non
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[ ] 06 L - | Fig. 1. Left: Isophotes of a model composed by a spherical
- - L . 1 bulgefollowing theR'/* law, and an exponential disc with
: H g b/a = 0.1. Right: The global axial ratio of the model
N o N i P, b shown in[d as function of the radius. Note the peak of
S R e TS isophotes flattening at intermediate radii, obtained with

Radius two components of constant flattening.

self-consistent models and the first one made use of photometricThe structure of the disk galaxies can be modeled by the
data only. mixing of different components: a bulge, a disk and eventu-

In the last few years, a number of self-consistent, multly other components (lens, nuclear disk, halo). Every single
components dynamical models for early-type disk galagemponent may be reproduced by an ellipsoidal density distri-
ies have been presented (e.g. Cretton & van den Bosch 199&jon whose projection on the sky generates elliptical shapes.
Emsellem et al. 1999; see also Merritt 1999 for a reviewlf.the axial ratio of each one of these components is constant
Some of them are based on the Multi-Gaussian Expanmith radius, but different for every component, we can apply a
sion approach[ (Emsellem et al. 1994, Loyer et al. 1998) fgeneralization of the Newton'’s theorems for spherical bodies,
inferring the mass distribution from the observed lumihat makes simpler the calculation of the kinematic properties.
nosity; most of them adopt the orbit-superposition methdchis approximation allows anyhow to generate projected light
(Schwarzschild 1979, Emsellem et al. 1994, Rix et al. 199distributions with variable ellipticity, as observed. This is due
van der Marel et al. 1998, Cretton & van den Bosch 1998 the predominance of the different components at different
Emsellem et al. 1999) in order to derive a velocity distributiodistances from the nucleus. An example of a composite light
able to reproduce the observed kinematics (including the highdistribution - which is rounder in the center and in the outer
order moments). These works have established the importaregions, while flattens at intermediate radii - is given in Fig. 1.
of taking into account the effects of the asymmetric drift, thBpindle isophotes may also be reproduced in this way.
projection along the line-of-sight and the deviation from the Another choice concerns the shape of the different compo-
pure Gaussian shape of the line-of-sight velocity distributiorents. Differently from the studies on the elliptical galaxies, the
due to the superposition of the different components with difrorks made on the shape of the disks reveals slightly or absent
ferent kinematic behaviors. deviations from the oblateness (Sandage et al. 1970, Glrosb

While this last approach remains the most general and flekB85, Binney & de Vaucouleurs 1981, Magrelli et al. 1992).
ble way of deducing the dynamical properties of a single galaXjpe mean deviation suggested should<be5%. A different
from the observed photometry and stellar kinematics, its apgituation is found in some bulges, whose structure may range
cation to a large database of galaxies - in order to derive gendraim slight triaxial (Bertola et al. 1991) to strongly triaxial in
relations between physical parameters - is not straightforwardre cases (Stark 1977).
due to the large number of parameters involved. A model with Taking into account all these facts, we decided to assume
few parameters to be constrained by the observations couldabeylindric symmetry for the galaxy’s components. This seems
a better choice when dealing with a large number of objectsto be a good compromise between a “realistic” description of a

We present here a self-consistent, multi-component modgigle galaxy, yet with a large number of free parameters, and a
of disk galaxies based on an analytic approach to the probleyeneral deduction of the galaxy dynamics and structure with the
We also try to derive the relations between the observed propainimum number of constraint obtained from the observations.
ties and the model parameters that can be useful to the observersiven the previous hypotheses, the density profile of each
in interpreting the data of a single galaxy. The real case of admponent can be described in terms of the radial coordinate
S0 galaxy (NGC 5866) is also presented and modeled. only, with the values of their parameters constrained by obser-
vations.

As shown by Young (1976), thé/* luminosity profile fol-
lowed by the elliptical galaxies and the bulges can be depro-
2.1. The density profiles jected obtaining an intrinsic density law. In the last years, ev-

] o idence has been presented that the Young law can indeed be
We wa_nt to descnb_e a stellar syst.em S|m|I§1r toa rgal one, ‘?Q%oor fit, and the &sic law,1/", was presented as a better-
in particular to a disk galaxy. A first step is to define a suikjteq function (Caon etal. 1993). By analogy, the case of spiral-

able distribution functiOIf(x,'v) contgining the tridimensional galaxy bulges has been revisited and new trends have emerged,
structure of the galaxy and its velocity field.

2. The hypothesis of the model
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showing a large spread inm peaking atn ~ 1 (exponential (see,e.g., Dehnen & Gerhard 1993). The simplest way to do that
bulges), but ranging up ta ~ 15). (Andredakis & Sanders is to assume rr = 044 €verywhere in the galaxy and ttthe
1994; Andredakis et al. 1995; Broeils & Courteau 1997; Prugatio between the vertical and the radial velocity dispersions
niel & Simien 1997). The deprojection of the generdl” law is constant in the galaxy (thus including the special case of
can then approximated by the analytical formula (Ciotti 1991isotropic models).
We point out that with this choice we are presenting just

1 a special set of anisotropic models involving a third integral.

Nevertheless, it is likely that the models can be used to derive
where x#/R.g andb ~ 1.99865n — 0.326968, as given by a “mean” vertical anisotropy for every observed galaxy, useful
Caon et al. (1993), which is valid for every value of the flatterio derive general relations in large set of galaxies. For a deeper
ing of the galaxyR.g is the bulge effective radius, correspondisight of the kinematic structure of a single anisotropic galaxy,
ing to the distance from center in which half of the total bulg@ more complex model is needed.
luminosity is contained. More in detail, for every different component, we assume

For the disk component, the observed exponential proftfee following constraints:

can be deprojected generating the law:

_phel/n
e bx

pB(r) 2(2n—1)/2n

— The velocity distribution is locally Gaussian. This do not
p(r) = popakKo(ar) (2 imply a Gaussiatotal velocity distribution;
— The velocity ellipsoid’s principal axes remain aligned with
the cylindric coordinate systerfR, ¢, z), so thator, =
ORre = 04- = 0; this assumption describes a situation sim-
d ilar to that of the solar neighborhood, where the deviation

where K, is the incomplete Bessel function of order zero,
and 1/« is the disk scale length. The disk effective radius is
R.p=1.67844. Itis important here to note that the “disk” com-

ponentwe adopted is notareal, infinitely flat disk, but a spheroi X o T )
of finite thickness and exponential profile of the velocity ellipsoids from the cylindric coordinate axes
' is low.

The above laws may be cut at a radRs... for computation i
Y y P —fThe ratios of the components of the teneﬁjrare constant

purposes, and put together to produce a very wide range o e th | h .
complex global density distributions. The introduction of an Inside the galaxy, so that we can write

(usually dark) halo among the galaxy components is needed ;2 _ s(z)o(0) 3)
when kinematics at large galactocentric radii are considered.

In this paper, we shall explore structures composed by bright where s(x) is a scalar function of the coordinates. The
components only, omitting the introduction of a dark halo. This choice produces velocity ellipsoids with same shape in every
choice follows the fact that in the most part of stellar rotation point of the galaxy.

curves presented inthe literature the regions explored are limited A final requirement is the adoption af;,, = orr, in every

to the luminous component inside= 2R.. region of the galaxy.

Under these limits, needed to simplify the equations and
to reduce the number of free parameters, we can describe the
When the spatial dependence of the distribution functianv) ~ Velocity dispersion field by means of;z (12, z) and the homo-
is determined by the combination of the above density laws, th@neousnisotropy parametef, where

2.2. The velocity distribution

velocity distribution can be obtained by integrating the colli- 2

sionless Boltzmann equation producing the moments equatiofss 1 — —~ (4)
This will make the galaxy model self-consistent, warranting its 9RR

dynamical equilibrium, such as in real systems. Note that we do allow different components of the galaxy

In order to close the system of the moment equations, sotoehave different3 values. For instance, we can assume the

additional assumptions are needed on the model, that maydisk to have a velocity distribution more isotropic of the
obtained by imposing some restrictions on the shape of the s&ige, as well as the contrary, and calculate the global line-
locity ellipsoid. The most widely used assumption in literaturef-sight velocity distribution. Such differences are not only
atthisregard is to assummg r = o, everywhere in the galaxy, expected, but also at least hinted by the applications of mod-
and then to choose some easy-to-handle functional form of &l using only one single value of anisotropy in a galaxy
dependence of the azimuthal velocity dispersigg from the (Cretton & van den Bosch 1999).
radius and the radial velocity dispersion (see, e.g., Satoh 1980).
However, this hypothesis implicitly describes a system with t\/\g)
integrals of motion orf (E, Lz) (Binney et al. 1990) that has
been shown (Merritt 1999; Emsellem et al. 1999; Cretton & vak second step is to derive the main galaxy parameters to be
den Bosch 1999) to fail in correctly reproducing the observelirectly compared with the observed photometric and kinematic
behavior of many objects. data.

In order to explore the three-integrals distribution functions Independently from the chosen density distribution, the
f(E,L,, I3) oneis forced to relax therr = 0., assumption Jeans equations in cylindrical coordinates for a steady-state,

The equations
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axisymmetric system having a velocity ellipsoid described lilge position(R,..;, z) on the plane of the sky. The values of

the above equations produce: {V,0,hs, hy} cannot be obtained by a straightforward inte-
1 = 5 gration along the line of sight, because of their intrinsic non-
oqn(R2) = ———r / p—dz (5) linearity; instead, we can integrate the velocity moments, which
p(1—5) . 0z are linear. Also note that we do not restrict our investigation to
01 R 0P ior- ' i i
V2.(R,2) = o%p HP{;TIJZR]g ) n R@ 6) the case of major-or minor axis profiles.

Then we make use of the projected values of such mo-
The partial derivatives of the potential in these equations cBi¢nta to calculate the skewnegsand of the kurtosig, of

be calculated by making use of the relations for a single elliptidie LOSVD at any given radius. TH&, o, i3, ha} values can

component and of the additive property of the potential: now be obtained with the help of the approximated formulas
(van der Marel & Franx 1993):

00 > [~ pi(m?)
op = Swmeryi-a [ B0y s
: o (rHIrrl-& — he= (s 3)/(8V6)

[e%e] i 2
87(1) — ZQﬂGZ /1_622/ pi(m?) . 32d7(8) —o=(<V? >p—<V>12))/(1+h4\/6)
0z - o (T+L(t+1-—¢€2)3/ V=<V, 0-hs\3

We defined, following the notation of Binney & Tremaine
(1987),

2 2
2 R + z (9) Themodeldescribed inthe previous sections is then determined
1+7  74+1-¢ by 4n+1 free parameters, wherds the number of components

wheree — \/m is the eccentricity of the component. of the model: the total mas¥, the scale lengti®,, the eccen-
In the regions where the bulge and disk luminosities affdcity ¢ and the parametgr defined above, plus the inclination

comparable, the superposition of the rapid rotation of the di€R9!€ of the galaxy. In the simple case of a bulge+disk model,

to the slower rotation of the other components produces in &S éad to 9 free parameters. ,

eral a non-Gaussian, 2-peak line-of-sight velocity distribution TWO ©Of these parameters can be considered scale factors
(LOSVD). To obtain the projecteff, V, o} for this distribution respectively for the mass (and so, the kinematic quantl_tles) and
to be compared with the data is not an easy task, since we mtngt lengths. We want to choosg thesg scale factors '_n away
integrate the whole LOSVD along the line-of-sight. Howevepf'at makes simpler the comparison with the observations, so

the observed line-of-sight velocity distribution is often paramd/€ Select thglobal massi/,. of the model and thglobal R,

terized in terms of V, 0, hy, h4} Of @ Gauss-Hermite series(a§deﬁ”ed as the.majgr axis isophotal radius inside which lies half
described by van der Marel & Franx, 1993; see Appendix AJf the total luminosity) as the scale factors.
We chose to evaluate the value of these parameters, instead Ofl'he models are then presented in a dimensionless form, hav-

deriving the full LOSVD from the unprojected velocity distri-N9: in the bulge+disk case, seven (dimensionless) parameters:
bution.

the two axial ratios, the ratios= My /Mp andé = Rep/Rep,
First, we have to correct tiié o unprojected values by prop-

4. The parameters

m

the two values ofiz andgp and the ratio of théA/ /L) values.

erly taking into account the effect of anisotropy and inclinatioh'® Parameter represents the ‘physical’ bulge-to-disk ratio
of the galaxy. The rotational velocity along the line of sight i&nd the the concentration of the bulge with respect to the disk.
< V >= Vsinicos®, wheres is the azimuthal coordinate N the generalp—component model, we would facg — 3
andi is the angle of inclination of the galaxy & 90° corre- Parameters.. n _
sponds to an edge-on galaxy); the component of the velocity NOt €very region of the parameters space is interesting; on
dispersion in the direction of the line of sight can be expressilf °ne hand, as will be shown in next section, for some com-

aso? (1 — Bcos? i) so that the second order projected momehination of the parameters wide regions of the galaxy model

is < V2 >= V2sin? i cos? ¢ + o2 (1 _ Beos? Z) cannot reach dynamical equilibrium. On the other hand, some

We now integrate along the line of sight the 5 projectet(I&IC;T:feWpeark‘zmte;s:darebneverfbgzr‘\’/?;u'g r\?vili(?r?lggfriislgpar-
momenta{p, < V >, < VZ > < V3 > < V% >}, This can ; P adb/a)p = 0. '

be done easily as long as we assume that every componentrﬁ §onable value for the observed disks, and we restricted our-

a Gaussian local velocity distribution, by making use of the V&S to the case where thé/ L ratio of the bulge component

. IS greater of the corresponding disk value.
eneral formula: . .
9 Inthe simplest case of a bulge+disk model, we do expect that

9 [R,/Rglax—z2 (R, 2)Q(R, 2)RdR Fhefourremalmr?gf.ree parameters W|_II covertwo different phys-
< Q> (Rproj, 2) = ——eed (10) ical characteristics: the couple, &) will somehow reproduce
9 fR\/ R?nax*ZQ p(R,z)RdR the morphological behavior of galaxies along the Hubble dia-

gram, while the coupléeg, ) will give us informations about
where the notationrk @ > (Rp.j,#) is used to indicate the dynamic of the bulge (rotation- or pressure- supported) of
the generic quantity) integrated along the line of sight atthe galaxy.
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5. The results 7 values has been made trying to reproduce the main Hubble

Th del off | ibl licati f the stel tages, from SO to Sd, in agreement with the values deduced by

€ mo et Of Zr.s sevcl—:‘ra. potSSIth N ag)p ica éor&sto We she [mien & de Vaucouleurs (1986). The whole grid of calculation

component of iS¢ galaxies 1o the of ser.ve ata. We chops&vailable on request in electronic form. We are able to repro-

here to illustrate two general applications: the deduction of the . . .

. . . -Alce the whole sequence assuming different slopes or different

mass ratio between the disk and the bulge and the possibi ﬂ%inosity laws for the bulge and the disk but of course this
to detect the presence of anisotropies in the velocity diSperS'or%fusion of data cannot be presented here

Eﬁ?\/‘wl]nstgzaelgi;/V\ﬁGVgllsg'ggufS; ah?c?rt]agottrr]]epzii'gr:étﬁcWaerLE In Fig.[2 we show the kinematic curves for the case of Sa
Kinematic data ar,e available ' alaxies (here simply defined as galaxies having an0.68).
' They are arranged with the curves having diffegshown in
the same panel.
5.1. The models and the Hubble diagram The relation between the observed curves with that pre-

The classification of galaxies in a single unificating scheme h%%nted in the figures is then:

been one of the earlier results in the study of stellar systems. Mior/[101 M)]

The details of this classification are, however, still under discuésbs = m * Viig
sion. Along the sequence of disk galaxies, the classification of '

galaxies may be expressed in terms of photometric properties, Mo /[101 M 5]

such as the relative weights of the bulge and disk component &rtls — m " Ofig

their relative concentration. Our model allow a dynamical de- _ _ .
duction of these properties. We can compare observed veloch{th masses computed in solar mass units and radii in Kpc.
and velocity dispersion- curves with that of a model galaxy, 1his procedure allows, within some limits, to consider the
projected at the same viewing angle of the real galaxy and ing@laxy as a unique structure, with a typical bulge/disk ratio and
grated along the line-of-sight. In such a way, one can deduce Bydge concentration. However, it fits also into the idea that it is
disk-to-bulge ratio of the galaxy in terms of mass ratio and rdloSsible to distinguish dynamically the galaxy type. This ap-
ative concentration of the two components. We expect that tRi9ach has been faced by Persic et al. (1996) on the basis of a
dynamical description may give different results with respect & MPle of galaxies taken from the literature. Working on the su-
the disk/bulge ratio photometrically deduced, and allow to cd?€"POSition of nearly 1000 observed gas rotation curves grouped
rect theM /L ratio assumed and eventually detect the preseri& Hubble type, the authors derived a circular rotation curve for
of dark matter contained in the inner/intermediate portion of ti§¥€ry given Hubble type. However, since this work was mainly
galaxy. aimed at the detection of dark matter, more care is devoted to
To make this comparison easy, the dimensionless quar‘i‘ﬁe outer part of the rotation curves; in addition, a poor statistic
ties Vinod, mod, Produced by the model should be correlate§ available on the early-type disk galaxies SO and Sa.
with the physical parameters. Since the model quantities are
produced in the dimensionless system havif;. = 1 and 5.2, The anisotropy in bulges

R. 1ot = 1, they can be related to the observables by the use _of ) - ) o ] )
the simple scaling law: The low rotational velocities found in elliptical galaxies with re-

spect to their flattening (Bertola & Capaccioli 1977, Kormendy

G My, & lllingworth 1982) can be interpreted in terms of anisotropy in
Vobs = [ 75— Vimou the stellar velocity distribution (Binney 1978). The same indi-
e,tot . . . . .
cations arose from the study of the velocity dispersion profiles
G Mot (Tonry 1983). For similarity with elliptical galaxies, we can ex-
Tobs = Retor Omod pect that some anisotropy could be present in bulge dynamics

also. On the contrary, the presence of anisotropy in the disk

We then produced a set of rotation- and velocity dispetomponent of the galaxies should be less relevant, due to the
sion curves for six type of galaxies having different bulge-tdewer value of the velocity dispersion of disks compared with
disk mass ratiorf) and concentrationst), and with a given bulges or elliptical galaxies.
Moy = 1011 M@, andR. 1o = 10kpc. In this simulation, all The study of velocity anisotropy in disk galaxies may give
the components have an isotropic velocity dispersion. In ordadications on the differences existing between bulges and ellip-
to limit the number of free parameters, we stick to the classidadals, contributing to understand the formation process of this
case of a'/* bulge embedded in an exponential disk. THEL  two classes of objects. However, due to the composite nature of
ratio of the bulge is assumed to be twice the corresponding vatlisk galaxies, to measure the anisotropy of the velocity distri-
of the disk. In the next paragraph we will show the relevandition from the observablé$’, o) is much more difficult than
of an anisotropic velocity dispersion in modifying the observead the case of elliptical galaxies. Working on the same set of
curves. data, concerning four SO and Sa galaxies, Kormendy & llling-

The curves were calculated for the galaxy seen edgewaorth (1982) deduced the isotropy of their bulges, while Whit-
(90°) and at an inclination 060° and30°. The choice of the more etal. (1985) reached the opposite conclusion. Both authors
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used thd//o test, first proposed by Binney (1976) for Elliptical  In the following, we shall discuss two points: first, how
galaxies. The fact that the same data may be interpreted in stighanisotropy is involved in the stability of a galaxy; second,
different ways clearly demonstrates the ambiguity of this tesipw much our model is able to distinguish between different
when applied to the bulges of disk galaxies. anisotropies by means of the rotation- and velocity dispersion-
Inamodel of galaxy, the shape of the potential defines, on thgrves.
galaxy plane, the shape of the rotation- and velocity dispersion-
profiles. However, the ratio of the central velocity dispersi : o
to the maximum rotational velocity is dependent both from t?\gléz'l' Anisotropy and stability
eccentricitye and from the anisotropy parametér one may An instability mechanism may be generated by the local excess
obtain in a model a highér/o ratio increasing the eccentricityof kinetic energy going in disordered motions with respect to
and/or decreasing the anisotropy parameter. As a reverse athgadocal gravitational potential. Its genesis is the following:
ment,we can deduce the galaxy potential by fitting the observed Under the hypothesis that the only ordered motion in a
rotation curve along the apparent major axis but we cannot @edaxy be the rotation around theaxis, thez component of
duce from this curve the values efor 3. To define the values the gravitation force can only be equilibred by theompo-
of these parameters, we need more observable constraints.nent of the velocity dispersios, ., which is univocally deter-
One of this may arose from the photometry; in particulamined by the distribution of matter ansl not dependent from
from the value of the axial ratio obtained by fitting the observetle anisotropy parametes. In such a galaxy, theadial com-
isophotes. In such a case, thparameter can be, in principle,ponent of the velocity dispersion is higher as the anisotropy
derived from the major axis kinematic curvés éndo) only. increases, enhancing the importance of the asymmetric drift.
Suchacase is however so rarely found in the literature, due to &g approaches unity, the value @k tends to infinity, and
great errors that can derive from the decomposition algorithnss, the asymmetric drift. Following this trend, the asymmetric
that the photometric methods cannot be considered of geneltifit correction to the dynamical equation may overcome the
application (Seyfert & Scorza 1996). gravitational term of EqL{6), pulling the galaxy outward and
A different approach may allow to deduce the ellipticitglestroying the dynamical equilibrium. As a consequence, once
and anisotropy with a simultaneous fit of several rotation curviiged in a galaxy the axial ratio of the two components, not every
taken at different position angles or with offsets parallel to thalues of are allowed. The “physical” range of this parame-
major axis. This kind of data is available in the literature for atier is restricted t@ < § < Byax(e), With Siax(e) derived by
increasing number of galaxies and may be used to derive thigosing:
anisotropy in their velocity distribution.The model presented
here can support this kind of approach to estimate the amoléhrlt’fsymdmct < VC2 (12)

of anisotropy present in an observed galaxy.
in every point of the galaxy.
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anisotropy parametgt, we produced several models in different
regions of the diagram of Figl 3. Looking at the literature, a
conservative estimate for the observational errors in kinematic
s I curves may be established assumixig = 20 km/sec and\o
* 1 =40Km/s.

Curves of a typical model with different anisotropy and
bulge flattening are shown in F[g. 4. Looking at this figure, one

06 - #* can see that the difference in velocities generated by a change of
L 4 anisotropy of 0.1 produces a negligible variation along the ap-
« ot 4 parent galaxy major axis. On the contrary, significant variations
are observable along offset axes, e.g. setting the slit parallel to
04 - the major axis but shifted by 0.8,, as shown in the same fig-

ure. The highest differences are visible in the rotation curve (as
great as 40 km's') while the velocity dispersion curves are less
sensitive € 10kms™1).

021 ot 03 The sensitivity of the projected kinematic curves to varia-
# tions of 5 or e is different for galaxies lying in different regions
oz ot e of the (3, e) plane. We can distinguish three typical cases:
&
I I I | I I I | I I I | I I I | I I I
%0 0.2 04 y 0.6 0.8 1 1. Almost spherical bulgesUnder our assumption of homo-

geneous anisotropyan almost spherical model (with bulge
Fig. 3. Axial ratios and anisotropy of our models. Below the solid line  havingb/a > 0.85) does not allow stable solutions with
lies the physically allowed space of parameters, in the simple case of significant anisotropy.
a single homogeneous spheroid, and under our hypothesis of cons@anistrongly flattened bulgesThis is the opposite situation
ani_so_tropy. The maxi_m_urﬁ allowed for different values o_f the axial (b/a < 0.4). In this case, the diagnostic power of the model
ratio in the more realistic case of two-comp_onents galaxies are sh(_)wn in determining anisotropy is limited. The offset curves give
ia:]s':sit;a{z_rued points. The labels show the location of the models descrlbedOnly poor additional information with respect to that ob-
= tained from the major axis data. In real galaxies this mean
flattening is observed only in the late-type spirals, where the
Since the circular velocity is not dependent from the disc is preponderant with respect to the spheroidal compo-
anisotropy while the correction for asymmetric drift is related nent. As a consequence, the bulge gives a low contribution
to it only by means of a scale factor, Elg.{11) can be rewritten to the global kinematics.

as 3. Intermediate modelsThe higher efficiency of the modelsin
AV2 distinguishing the anisotropy of a real galaxy from observa-
fle)=—(B=0)<1-p (12) tions is found for galaxies with bulges having intermediate
v flattening 0.4 < b/a < 0.85). The offset rotation curve

so that the dependence from th@arameter is easy to handle. IS Very sensitive to thef parameter changes, as described
The f(e) can be computed analytically in the limit case ~above in the example of Fig. 4. The presence of an offset

of homogeneous spheroids only; the result is shown inFig. 3 SPectrum may delete, in this case, the uncertainties on the

with a solid line. In the realistic case, with two-components and Vvalue of/3 derived from observations along the major axis.

peaked density profileg(e) mustbe computed numerically. We

estimated the limiting3,,.« from a set of models with bulges .

of different ellipticities. The results are shown in Fify. 3 (starre%’ Atest case: NGC 5866

symbols), showing that the homogeneous spheroids curve ¥d& tested our model using a real case of a galaxy for which

be used as a starting point for the analysis of the realistic casesomplete set of photometric and kinematic data exists in the
Again, we must point out here that this limiting values dfterature. We chose NGC 5866, for which rotational velocity

3 are only valid under our hypothesis 6kr == o¢¢, and and velocity dispersion profiles are available along the major
should certainly be recalculated in different kinematic condaxis and at different offsets from the nucleus (Kormendy &
tions. lllingworth 1982). This galaxy is an SO seen almost edge-on,

showing a prominent dust lane on the major axis, clearly visible
in Fig.[H and in the photometric profiles (Fig. 6).

We took the recent kinematic data published by Fisher
An observer may estimate the anisotropy present in a galg®@97) as well as that published by Kormendy & lllingworth
only if the difference between models with different anisotrop§l 982).We adopted the photometry made by Peletier & Balcells
are greater than the observational errors. In order to give a ro|897). The full set of data to be reproduced by our model in-
estimate of the diagnostic power of the model in determining tbkide the profiles of velocity dispersion and rotational velocity

5.2.2. Inferring the anisotropy from observations
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Table 1. Parameters from the Dynamical Model for NGC 5866. The labealsdd refers to the bulge and disk components.

scale radius axial ratio Luminosity Mass [£01,]
Iy la (b/a), (b/a)d L Lg My My i
35" 15" 0.8 0.15 62% 38% 5.58 1.72 71°
4 s v [ISPC] 2 4 more heavily obscured by the dust from our photometric fit (see
I NGC 5866 ‘ ‘ "] Fig.[8), relaxing the fit along the major axis luminosity profile,
40r ] where the dust absorption is more effective.
I ] The best-fit we adopted arise from a two-component
zor ] (bulge+disk) model whose parameters are shown in Table 1.
£ i . With these values, we computed by means of our model the
g 0 Tqb. ] expected, self-consistent kinematics of this galaxy. According
= I ] to our expectations, the results reproduce most of the observed
—eop ] feature of the kinematics:
I N
a0l Ev\/‘ i — In general, the trend of the rotation curves and of the veloc-
L. ‘ ‘ ‘ ‘ ‘ ] ity dispersion profiles agrees everywhere with the model,
-60 —40 -20 0 20 40 60 except in the regions obscured by the dgste Fid.l7). The

r [arcsec]

explanation of this effect may be understood if the optical
Fig. 5. An image of the galaxy NGC 5866. The approximate position thickness is high. In such a case, we only observe the stars
and extension of the kinematic profiles (Fisher 1997, Kormendy & on the outer edge of the disk, whose line-of-sight velocity
lllingworth 1982) are shown superimposed on the multi-color image components are very low.
of the galaxy (Peletier & Balcell 1997). — On the other hand, the presence of the dust is only slightly
affecting the velocity dispersion, as expected in a dynami-
cally hot system such as an early-type galaxy. Our profiles
taken along 7 different axis across the galaxy. The position of agree with the observations even in the regions obscured
the axis where kinematic data are available are shown ifiFig. 5. by dust. Along the major axis the velocity dispersion pro-
The hs andh, parameters are also published but not for all the file is monotonically decreasing from a peak value of 140
positions of the slit. kms~! in the central region to- ~ 74 kms™! at40”. On
The effect of the dust is marked in the innermost 5 arcsec the major-axis offset positions, slightly higher velocity dis-
along the major axis. For this reason we neglected the regionspersion are observed. The minor-axis data indicate that the
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Fig. 6. Major and minor axis R-band pho-
tometric profiles, compared with the two
components best-fitmodel. The dashed lines
shown the contribution of the bulge and disk
to the total surface brightness profiles (solid
line). The crossed circle represent the points

velocity dispersion rises marginally with increasinigeight
(from ~ 150kms~1 to ~ 158 kms~! at6”) and decrease

which have been excluded from the auto-
matic fit due to the effect of the absorption
of the dust lane.

dust; but are poorer on the offset@t. However, having
considered the deviations from the pure Gaussian shape of

at larger radius. The same behavior is present in the minor- the line profile greatly improved the quality of thgo fit.

axis offset spectra. Fisher (1997) proposed that this is an

observational effect due to the dust obscuration: our model

seem to indicate that this is indeed a real effect, due to the

dominance of the cold disk componentat- 0.

Conclusions

] : ’ _ Our self-consistent, two-components model of disc galaxy may
Along the major axis, far from the region heavily obscuregbproduce the photometric and the kinematic properties of the

by the dust, the model rotation curves flattens accordiggsc galaxies of different morphological type. In particular:

to the observed data. Fitting the observed maximum rota-
tional velocity of 203 kms?, we find a total mass for the 1.
galaxy of (7.3 & 0.5) - 10'° M. Fairly rapid rotation is

The model is able to produce rotation curves, velocity dis-
persion profiles andsh hy curves for disc galaxies from SO

seen even at heights of several kpc above the disk plane. Atto Sd, describing the different models in terms of relative

z = 6”,r = 40" the offset spectrum has a speed of 184
kms~!. At z = 22", equivalent to an height of 2 kpc above
the disc plane, the rotation curve reachek00 kms!, a
value comparable with the mean dispersiors 150 km s~!
observed in the bulge. This is compatible with the isotropic
model we are proposing, while no model with significant
amount of anisotropy has been found to be able to impro
the fit of the data.

— No rotation is seen along the minor axig,(;, = 3 +
3 km/sec), so we can likely exclude misalignments between
the different components or a significant bulge triaxiality.

— The fit of thehs andh, parameters are marginally satisfac-
tory on the major axis, taking into account the effects of the

weight and the concentration of the bulge with respect to
the disc. A library of model curves, projected at different
angles of galaxy inclination with respect to the sky plane
has been generated. The comparison of these models with
observations of real galaxies needs only two scaling factors:
the total mass and the effective radius.

The anisotropy of the velocity field has been studied as in-
stability generator inside the galaxy. We showed that for
each given value of the bulge axial ratio a stable stellar
system cannot possess a value of anisotropy greater than
a fixed value. In the extreme case of spherical systems, only
isotropic distributions of velocities are allowed, under our
assumption of anisotropy homogeneous across the galaxy.
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Fig. 7. Rotational velocity profile of stars
and gas as compared to the model of the stel-
lar kinematics, for the axis parallel to the ma-
jor axis. The dashed line on the model cor-
respond to the region obscured by the dust
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—60 —40 —20 0 20 40 60 lane. In this plot we also show for compari-
son the best results for an anisotropic model
R(arcsec) with 8 = 0.1 (long-dashed line).

3. The models show a strong diagnostic power in detectidgppendix A: Gauss-Hermite expansion of the line shape
anisotropy in the bulges of the early-type disc galaxies wh . -
spectra outside of the apparent major axis are available. ﬁ}ée should address the question how the deviations from the

best results are obtainable in the case of bulges of inter

Ryre Gaussian profile are best quantified.
diate 0.4 < b/a < 0.85) flattening, close to the values Van der Marel & Franx (1993) represented the line profile
observed in real galaxies. In this case, an anisotropy chan

asasum of orthogonal functions iGauss-Hermitseries. The
of 15% may give variations even of 40-50% in the offs e?<pansion naturally leads to two parameters describing devia-
rotation cur¥/es as shown in Fig. 4 %IOHS from a Gaussian: a parametgrdescribing asymmetric
4. The application of the model to edge-on SO galagewatlons, and a parameterdescribing symmetric deviations.

. .. 7. The LOSVDsf (v) can then be described by a Gaussian plus
NGC 5866 has been presented. It suggests an isotropic distri- ) 7
bution of velocity and is able to reproduce the global galai(b'rd' and fourth-ordeGauss-Hermitéunctions:

kinematics ¢ ando profiles). flv) =1 exp(_yQ/z)u + haHs(y) + haHa(y)) (A1)

AcknowledgementsThis work has been partially supported by thavith y = (v — vyit)/0fit, and where
grant “Astrofisica e Fisica Cosmica” Fondi 40% of the Italian Ministr . 3

of University and Scientific and Technologic Research (MURST). T 3(y) = (2\/53/ N 3\/534)/\@
authorsthanks Dr. F. Simien for many useful suggestions and comments

on this work. Haly) = (4y* — 12y% + 3)/V24 (A3)

(A2)



E. Pignatelli & G. Galletta: Multi-component models for disk galaxies. | 379

[ [ [
200 ‘ ]

100 F—

200

100

5
)
<
0
g !
k) 200 3
S ;
100
o R L
200 - 5 |
i . S SO Major axis
e [isher 1997 TR MR
L B //; i Py 03 . ~ g;\\\r N i
100 = . — '!/ -2 e~ [ ——
j‘i—”r‘ : . ]
o i L | L | L | L | L L | L L ]
—60 —40 —20 0 20 40 g0 Fig.8. Same as Figl7, but for the veloc-
ity dispersion profiles. Note the bad perfor-
R(arcsec) mance of the anisotropic model.
are the standardGauss-Hermite polynomials, u; = Cretton N., van den Bosch F.C., 1999, ApJ 514, 704

exp(—y2/2) X Hl(y) are the Gauss-Hermitebasis func- Dehnen W., Gerhard W.D., 1993, MNRAS 261, 311

tions, andhs andh, are their amplitudedy is a normalization Emsellem E., Monnet G., Bacon R., 1994, A&A 285, 723

constant. Emsellem E., Dejonghe H., Bacon R., 1999, MNRAS 303, 495
Fillmore J.A., Boroson T.A., Dressler A., 1986, ApJ 302, 208
Fisher D., 1997, AJ 113, 950

References Grostbl P.J., 1985, A&AS 60, 261

Andreakis Y.C., Sanders R.H., 1994, MNRAS 267, 283 Kormendy J., 1984, ApJ 286, 116
Andreakis Y.C., Peletier R.F., Balcells M., 1995, MNRAS 275, 874 Kormendy J., llingworth G., 1982, ApJ 256, 460
Bertola F., Bettoni D., Rusconi L., Sedmak G., 1984, AJ 89, 356  Kuijken K., Merrifield M.R., 1993, MNRAS 264, 712

Bertola F., Capaccioli M., 1975, ApJ 200, 439 lllingworth G., Schechter P.L., 1982, ApJ 256, 481
Bertola F., Capaccioli M., 1977, ApJ 211, 697 Loyer E., Simien F., Michard R., Prugniel P., 1998, A&A 334, 805
Bertola F., Vietri M., Zeilinger W.W., 1991, ApJ 374, L13 Magrelli G., Bettoni D., Galletta G., 1992, MNRAS 256, 500
Binney J.J., 1978, MNRAS 183, 501 Merritt D., 1999, PASP 111, 129
Binney J., De Vaucouleurs G., 1981, MNRAS 194, 679 Monnet G., Simien F., 1977, A&A 56, 173
Binney J.J., Davies R.L., lllingworth G., 1990, ApJ 361, 78 Peletier R.F., Balcells M., 1997, New Astronomy 1, 349
Broeils A.H., Courteau S., 1997, ASP Conf. Ser.Vol. 117, ed. M. Perskersic M., Salucci P., Stel F., 1996, MNRAS 283, 1102
P. Salucci, p. 74 Prugniel P., Simien F., 1997, A&A 321, 111

Caon N., Capaccioli M., D’Onofrio M., 1993, MNRAS 265, 1013  RixH.-W., de Zeeuw P.T., Cretton N., van der Marel R.P., Carollo C.M.
Ciotti L., 1991, A&A 249, 99 1997, ApJ 488, 702



380 E. Pignatelli & G. Galletta: Multi-component models for disk galaxies. |

40‘”””””HHHHHHHHHHHHHHHHHHHHHH e R
Flans | + Minor T 125" ]
i m | axis | |

20 | - -+ -
L " 1 + 1

| .
20 - -+ <+ [ |
_40 et L) Fig.9.Same as in Figl7, but for the perpen-

-150-75 0 75 150 —-150-75 0O 75 150 -150-75 0 75 150 dicular cut shown in Figl5. We avoided to

R(arcsec)

V (km/sec) display the anisotropic model here.
40
Foo14"5 +  Minor + 125" 1
I 1 axis 1 1
20 - - s
o F T T :
% M*"*m ted ) A
3] O [ o S E——— e ¢ B
kl L, " S
= L 1 1 i
,20 - — - —
—40 I T T o T T - T i —
0 75 150 0 75 150 0O 75 150 Fig. 10. Same as in Fifl8, but for the per-
o(km/sec) pendicular cut shown in Fig] 5.
Sandage A., Freeman K., Stokes N.R., 1970, ApJ 160, 831 van der Marel, Franx, 1993, ApJ 407, 525B
Sargent W.L.W., Schechter P.L., Boksenberg A., Shortridge K., 19%an der Hulst C.J., 1961, B.A.N. 509, 1
ApJ 212, 326 van der Marel R.P., Cretton N., de Zeeuw P.T., Rix H.-W., 1998, ApJ
Schwarzschild M., 1979, ApJ 232, 236 493, 613
Simien F., De Vaucouleurs G., 1986, ApJ 302, 564 Whitmore B.C., Rubin V.C., Ford W.K., 1985, ApJ 287, 66
Seifert W., Scorza C., 1996, A&A 310, 75 Young P.J., 1976, AJ 81, 807
Stark A.A., 1977, ApJ 213, 368 Zeilinger W.W., Galletta G., Madsen C., 1990, MNRAS 246, 324

Tonry J.L., 1983, ApJ 266, 58



	Introduction
	The hypothesis of the model
	The density profiles
	The velocity distribution

	The equations
	The parameters
	The results
	The models and the Hubble diagram
	The anisotropy in bulges
	Anisotropy and stability
	Inferring the anisotropy from observations


	A test case: NGC 5866
	Conclusions
	Gauss-Hermite expansion of the line shape

