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ABSTRACT

We analyse the orbital distribution of elliptical (E) andtieular (SO) galaxies usinGAURON
integral-field stellar kinematics within about one effeetihalf light) radius. We construct
the anisotropy diagram, which relates the ratio of the eedand random motion in a galaxy
(V/o), to its observed ellipticityd), for the 48 E/SO galaxies from tH&AURON survey. For

a subsample of 24 galaxies consistent with axisymmetry, seethree-integral axisymmetric
Schwarzschild dynamical models to recover the detailedadrtistribution and we find good
agreement with the anisotropy derived from (g o, ) diagram. In the companion Paper IX
we show that the early-type galaxies can be subdivided imtodasses of systems with or
without a significant amount of specific stellar angular motae. Here we show that the
two classes have different distributions on th&' o, ) diagram. The slow rotators are more
common among the most massive systems and are generaflifielhas E from photometry
alone. Those in our sample tend to be fairly round-(0.3), but can have significant kinemat-
ical misalignments, indicating that as a class they are madely triaxial, and span a range of
anisotropiesq < 0.3). The fast rotators are generally fainter and are classé#igner E or SO.
They can appear quite flattened< 0.7), do not show significant kinematical misalignments
(unless barred or interacting), indicating they are neaxlgymmetric, and span an even larger
range of anisotropies) (< 0.5). These results are confirmed when we extend our analysis to
18 additional E/SO galaxies observed wBAURON. The dynamical models indicate that the
anisotropy inferred from théV//o, ) diagram is due to a flattening of the velocity ellipsoid
in the meridional planes(r > o), which we quantify with thes anisotropy parameter. We
find a trend of increasing for intrinsically flatter galaxies. A number of the fast rimtes show
evidence for containing a flattened, kinematically didtioemponent, which in some cases
counter rotates relative to the main galaxy body. These om@pts are generally more metal
rich than the galaxy body. All these results support the ttaafast rotators are nearly oblate
and contain disk-like components. The role of gas must haea important for their forma-
tion. The slow rotators are weakly triaxial. Current catlidess merger models seem unable
to explain their detailed observed properties.
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— galaxies: kinematics and dynamics — galaxies: structure

© 2007 RAS

* E-mail: mxc@astro.ox.ac.uk


http://arxiv.org/abs/astro-ph/0703533v1

2 Cappellari et al.

1 INTRODUCTION

Early-type galaxies are traditionally classified intogilial (E) and
lenticular (SO) galaxies. More than thirty years ago, befobser-
vations of the stellar kinematics were available, E gakxiere
thought to constitute a homogeneous class of simple oblaterss,

with an isotropic velocity distribution, and in which thetflning
provided a measure of the galaxy angular momentum (e._ gl Gott
1975). Lenticular galaxies were considered similar toadgalax-

ies, containing an isotropic bulge and a disk, but withogmiicant
evidence for gas and dust.

The revolution came in the late 70’s, when it became possible
to extract the stellar kinematics of bright galaxies. Torakterise
the degree of ordered rotation in galaxies the anisotropgrdim
was introduced, which relates the ratio between the ordaned
random motion{/o) in a galaxy to its observed flattening) (The
small observed values &f/c, for a sample of 13 bright E galax-
ies, was interpreted as evidence that these systems aresisigmt
with being oblate systems, close to isotropic and suppdiyadta-
tion (Bertola & Capacciacli 1975; lllingworth 1977; Binne®18).
As rotation was not needed to flatten the systems, the olismrsa
could also be explained by assuming that E galaxies wenrgdtia
and supported by orbital anisotropy (Binrniey 1976, 1978 &h-
servations were later extended to a sample of 11 fainter &g
(Davies et al. 1983) and bulges of 9 barred (Kormendy 19824) a
8 unbarred|(Kormendy & lllingworth 1982) spiral galaxiesofm
the resulting compilation of a sample of 50 Es and bulges, ve
orders of magnitude in luminosity, it was found that, contita the
brighter systems, the fainter galaxies and the spiral lsulggre ro-
tating fast and their location on tfi /o, €) diagram was consistent
with oblate isotropic rotators (Davies eflal. 1983).

It was later discovered that the fast rotating galaxies t&lad
to have disky isophotes, while the slow rotating ones havey bo
isophotes|(Bender 1988; Bender el al. 1989). One posgitoliéx-
plain this connection between photometry and kinematics toa
assume the fast rotating galaxies all contained disks seeara
ious inclinations on top of a spheroidal stellar componentg
Rix & Whitel 11990;| Rix, Carollo, & Freeman 1999). Observaton
at different scale heights on edge-on disk galaxies howsvawred
that bulges themselves are rotating fast (Kormendy & limgh
1982). The slow rotation of the brighter Es could be equallg d
to either radial or tangential anisotropy. To address thomitp
van der Marel|(1991) used two-integral Jeans dynamical ftioge
to analyse a compilation of long slit kinematics of 37 brigist He
concluded that Es as a class eadially anisotropic. This appeared
consistent with what had been observed in the outer parf§-of
body simulations of collisionless collapse (van AlbadaZ)98 he
difference between the different types of spheroidal systeould
be explained in the context of galaxy formation as due to éte r
ative importance of gaseous dissipation (Bender, Bursgefaber
1992).

The whole picture was summarised |by Kormendy & Bender
(1996) who proposed a revision of the standard photomeagsi
fication (Hubblg 1936) of early-type galaxies into E and SReyl
suggested that there was a dichotomy between two classedpf e
type galaxies: (i) on one side the bright, boxy, slow rotiand
radially anisotropic E galaxies, with a break between apsteger
surface brightness profile and a more shallow nuclear cusps;, ¢
and (ii) on the other side the generally fainter, disky, fastt-
ing and isotropic disky-E and SO, without clear breaks betwthe
outer and nuclear profiles.

More recently a systematic investigation of the anisotropy

of a sample of 21 luminous, nearly round and slowly rotat-
ing elliptical galaxies was performed using spherical niedsy
Kronawitter et al.[(2000) and Gerhard et al. (2001). Theyntbthat
ellipticals are only moderately radially anisotropic. Gatdt et al.
(2003) constructed more general axisymmetric models anrd ex
plored the anisotropy of a sample of 12 early-type galaxidsch
included flattened objects. They found a range of anisotamgyno
obvious trend (except near the nuclear supermassive blaek)h
but they also found the roundest galaxies to be generally onl
weakly anisotropic. However the models in these studieg\gen-
erally fitted to the kinematics extracted along a few loriggssi-
tions.

The introduction of panoramic integral-field spectrogmph
large telescopes, combined with the advances in the dyaamic
modelling techniques, has opened the possibility for aalyais of
the orbital distribution in early-type galaxies. The gofthis paper
is to useSAURON (Bacon et dl. 2001, hereafter Paper 1) integral-
field stellar kinematics to derive thé//o, ) anisotropy diagram
for the SAURON sample|(de Zeeuw etlal. 2002, hereafter Paper II)
in a new way that can be rigorously interpreted with the fdrma
ism of |Binney (2005). The results are analysed making use of a
new classification scheme that we introduce in a companien pa
per (Emsellem et al. 2007, hereafter Paper IX). The anipgtde-
rived from the(V'/o, €) diagram is interpreted and tested using gen-
eral axisymmetric dynamical models for a subsample of tineesu
galaxies.

The galaxy sample is described in Section 2. In Section 3 we
describe the dynamical modelling technique and in Sectiore4
present our modelling results. In Section 5 we presen{ihe, ¢)
diagram obtained from th8AURON data, while in Section 6 we
compare our results with previous works. Finally in Secflfowe
draw some conclusions.

2 SAMPLE AND DATA

Two different subsamples are used in this paper. (i) The gelixy
sample (Tabl€]l) is composed of the 48 E and SO galaxies of the
SAURON survey (Paper Il). ThéV /o, ¢) diagram of this sample is
presented in Sectign5.2. (ii) For half of the survey galaxie con-
structed axisymmetric dynamical models to interpret $a¢€JRON
(V/o,e) diagram. This modelling subsample of 24 galaxies (Ta-
ble [@) is the same used in_Cappellari €t al. (2006, hereafier P
per 1V).

All the galaxies used ha®AURONintegral-field spectroscopy
out to about one effective (half light) radiu{). The SAURON
data were reduced as described_in Emsellem et al. (2004; here
after Paper IIl). However there are some differences beivike
kinematics presented in Paper Il and the one used for thi&:wo
(i) To provide a tight constraint to the dynamical models we e
tracted the Gauss-Hermite (G-H) moments (van der Marel &¥-ra
1993;| Gerhard 1993) of the line-of-sight stellar velocitgtdbu-
tion (LOSVD) up tohs—hse, using the penalised pixel-fitting method
(pPXF/Cappellari & Emselleim 2004); (ii) To measure the mean
locity V' and the velocity dispersioa to be used in th¢V /o, <)
diagram we did not fit the higher order G-H moments. We verified
using pPXF on semianalitic dynamical models that this gaher
provides a better approximation to the first and second itglom-
ment of the LOSVD, which appear in the tensor-virial equagio
from which the(V /o, €) diagram is constructed; (iii) To reduce the
influence of template mismatch we updated the library of tatep
which is fitted together with the kinematics by pPXF. In parti
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Table 1.Measured parameters for the 48 E/SO of ##JRON sample.

Galaxy Name Type T Re Rmax/Re € /(V2) /(02) (V/o)e PAphot PAkin APAuiy AR, Rotator
(arcsec) kms! kms! (deg) (deg) (deg)
1) 2 e @ (5) (6) ) (8) %) (100 (1) (12 (13 (14
NGC 474 S@(S) -2.0 29 0.71 0.11 31 146 0.21 14.0 152.0 4.5 0.20 F
NGC 524 SO (rs) -1.2 51 0.61 0.05 64 222 0.29 48.4 40.0 1.0 0.28 F
NGC 821 E6? -4.8 39 0.62 0.40 48 182 0.26 32.2 31.0 1.5 0.26 F
NGC 1023 SBO (rs) -2.7 48 0.56 0.33 62 176 0.35 87.0 89.0 1.0 0.38 F
NGC 2549 S@(r)sp -2.0 20 1.16 0.49 66 119 0.56 1.2 1.0 0.5 0.54 F
NGC 2685 (R)SB@ pec -1.1 20 1.34 0.62 62 71 0.88 36.6 37.0 1.5 0.72 F
NGC 2695 SABH(s) -2.1 21 0.96 0.29 87 162 0.54 169.3 175.0 1.0 0.56 F
NGC 2699 E: -5.0 14 1.41 0.15 48 112 0.43 50.2 50.0 3.0 0.45 F
NGC 2768 EG6: -4.3 71 0.39 0.38 51 209 0.24 94.7 95.0 1.5 0.27 F
NGC 2974 E4 -4.7 24 1.04 0.37 127 180 0.70 43.5 43.0 0.5 0.60 F
NGC 3032 SABO() -1.8 17 1.19 0.11 23 87 0.27 94.6 91.0 10. 0.42 F
NGC 3156 SO: -2.4 25 0.80 0.47 42 48 0.88 49.4 50.0 3.5 0.71 F
NGC 3377 E5-6 -4.8 38 0.53 0.46 57 117 0.49 41.3 46.0 1.0 0.47 F
NGC 3379 El -4.8 42 0.67 0.08 28 198 0.14 67.9 72.0 2.0 0.14 F
NGC 3384 SBO (s): -2.7 27 0.75 0.20 57 131 0.44 53.0 48.0 1.5 0.41 F
NGC 3414 SO0 pec 2.1 33 0.60 0.21 19 206 0.09 179.9 1.0 9.5 0.06 S
NGC 3489 SABOG (rs) -1.3 19 1.05 0.29 52 78 0.67 71.2 73.0 1.0 0.60 F
NGC 3608 E2 -4.8 41 0.49 0.18 8 179 0.05 79.3 85.0 8.5 0.04 S
NGC 4150 SG(r)? -2.1 15 1.39 0.30 37 64 0.58 147.0 147.0 4.5 0.58 F
NGC 4262 SBO (s) -2.7 10 2.06 0.22 40 166 0.24 154.0 150.0 1.5 0.25 F
NGC 4270 SO -1.9 18 1.09 0.50 46 114 0.40 107.5 102.0 3.0 0.45 F
NGC 4278 E1-2 -4.8 32 0.82 0.12 44 228 0.19 16.7 12.0 0.5 0.15 F
NGC 4374 El -4.2 71 0.43 0.15 7 282 0.03 128.2 141.0 1.5 0.02 S
NGC 4382 SO (s)pec -1.3 67 0.38 0.19 31 192 0.16 29.4 23.0 1.5 0.16 F
NGC 4387 E -4.8 17 1.16 0.40 34 89 0.39 1415 151.0 6.0 0.41 F
NGC 4458 EO-1 -4.8 27 0.74 0.12 10 84 0.12 4.5 24.0 17 0.05 S
NGC 4459 SO (r) -1.4 38 0.71 0.17 66 146 0.45 102.7 100.0 0.5 0.44 F
NGC 4473 E5 -4.7 27 0.92 0.41 41 188 0.22 93.7 92.0 1.0 0.19 F
NGC 4477 SBO(s):? -1.9 47 0.43 o024 33 158 0.21 64.0 70.0 2.5 0.22 F
NGC 4486 EO-1 pec -4.3 105 0.29 0.04 7 306 0.02 158.2 113.2 45. 0.02 S
NGC 4526 SABA(s) -1.9 40 0.66 0.37 103 189 0.54 112.8 111.0 0.5 0.47 F
NGC 4546 SBO (s): -2.7 22 0.94 0.45 97 161 0.60 75.0 79.0 0.5 0.60 F
NGC 4550 SBO:sp -2.0 14 1.45 0.61 12 116 0.10 178.3 178.0 1.0 0.09* S
NGC 4552 EO-1 -4.6 32 0.63 0.04 13 257 0.05 125.3 113.0 5.0 0.0%
NGC 4564 E -4.8 21 1.02 0.52 76 131 0.58 48.6 49.0 2.0 0.59 F
NGC 4570 SO sp -2.0 14 1.43 0.60 81 152 0.53 159.3 159.0 0.5 0.56
NGC 4621 E5 -4.8 46 0.56 0.34 52 207 0.25 163.3 165.0 0.5 0.27 F
NGC 4660 E -4.7 11 1.83 0.44 79 163 0.49 96.8 98.0 0.5 0.47 F
NGC 5198 E1-2: -4.7 25 0.80 0.12 12 185 0.07 15.3 58.0 21. 0.06 S
NGC 5308 SO sp -2.0 10 2.04 0.60 86 192 0.45 58.5 59.0 1.0 0.48 F
NGC 5813 E1-2 -4.8 52 0.53 0.15 32 223 0.14 1345 151.0 2.5 0.0
NGC 5831 E3 -4.8 35 0.67 0.15 11 151 0.08 122.8 101.0 10. 0.05 S
NGC 5838 SO -2.7 23 0.87 0.34 110 216 0.51 41.7 39.0 0.5 0.52 F
NGC 5845 E: -4.8 4.6 4.45 0.35 81 226 0.36 143.2 141.0 2.0 0.36 F
NGC 5846 EO-1 -4.7 81 0.29 0.07 7 240 0.03 75.2 126.0 5.0 0.02 S
NGC 5982 E3 -4.8 27 0.94 0.30 19 234 0.08 108.9 114.0 4.0 0.09 S
NGC 7332 SO pec sp -2.0 11 1.91 0.42 38 116 0.32 159.8 152.0 1539 0 F
NGC 7457 SO (rs)? -2.6 65 0.39 0.44 38 62 0.62 125.5 124.0 4.0 0.57 F

Notes: (1) NGC number. (2) Morphological type from de Vadeats et al.|(1991, hereafter RC3). (3) Numerical morphicligl-type (LEDA. E:T' < —3.0,
S0:—-3.0 < T' < —0.5). (4) Effective (half-light) radius?. measured in thé-band from HST/WFPC2- MDM images as described in Paper IV. Comparison
with the RC3 values, for the 46 galaxies in common, shows anseatter of 20%. (5) Ratio between the maximum radius.x sampled by the kinematical
observations an®.. We definedRmax = /S/m, whereS is the area on the sky sampled by ®&URON observations. (6) Luminosity-weighted average
ellipticity. This was computed from the ellipse of inertifitoe galaxy surface brightness inside an isophote engamiraread = 7 R..2, or within the largest
isophote fully contained within th8AURON field, whichever is smaller. (7) Luminosity-weighted sqeewvelocity within an ellipse of ared, ellipticity ¢,
and PA given in column [10], or within the largest similarigdle fully contained within th&AURON field, whichever is smaller. (8) Luminosity-weighted
squared velocity dispersion inside the same ellipse aslimoo[7]. (9) Luminosity-weighted//o ratio within 1R.. This is the ratio of columns [7] and [8].
See equatior 0] for a definition of these quantities. (18)ge scale global luminosity-weighted PA of the photoroetnijor axis. (11) PA of the global
kinematic major axis within th&AURON field (direction whergV’| is maximum, see text for details). (12) Error in the kinematiajor axis of column [11].
(13) Ar (see Paper IX) measured within the same ellipse as in colidi(atjout 1R.). (14) Galaxy classification from Paper |X=fast-rotator ’?‘Re > 0.1),
S=slow-rotator Q‘RC <0.1).

* This galaxy is a special slow-rotators. It appears axisytrimand disk-like as a fast-rotator, but contains two ceunttating disks (Sectidn 4.5).

T These two galaxies show nearly face-on bars. The elliptisithe one of the outer disk, which also defines the photames.

© 2007 RAS, MNRASD00, [IH27
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Table 2. Anisotropy parameters for the 24 modelled galaxies.

Galaxy Name ¢ Br Jé] o é 5(\/’/0)
(deg)

@ @ 6 @4 6 6 ]
NGC 524 19 0.06 0.17 -0.04 0.19 0.19
NGC 821 90 0.16 0.21 0.04 0.20 0.30
NGC 2974 57 -0.20 0.13 -0.30 0.24 0.20
NGC 3156 68 0.17 039 0.19 033 0.19
NGC 3377 90 0.07 0.28 0.08 0.25 0.23
NGC 3379 90 0.11 0.06 0.06 0.03 0.04
NGC 3414 90 -0.12 0.06 -0.12 0.11 0.17
NGC 3608 90 0.04 0.10 -0.06 0.13 0.15
NGC 4150 52 -0.01 032 -0.12 0.36 0.22
NGC 4278 90 -0.02 0.11 -0.17 0.8 0.06
NGC 4374 90 0.11 0.10 0.05 0.08 0.12
NGC 4458 90 -0.26 -0.01 -0.23 0.09 0.08
NGC 4459 47 0.10 0.05 0.11 0.00 0.02
NGC 4473 73 -021 0.18 -0.50 0.34 0.37
NGC 4486 90 024 011 0.22 0.00 0.03
NGC 4526 79 0.11 0.11 0.09 0.06 0.09
NGC 4550 84 -0.37 043 -0.87 0.60 0.56
NGC 4552 90 -0.06 0.01 -0.03 0.02 0.03
NGC 4621 90 -0.04 011 -0.17 0.8 0.24
NGC 4660 70 0.02 0.27 -0.11 0.30 0.30
NGC 5813 90 0.17 0.18 0.21 0.08 0.10
NGC 5845 90 024 023 0.18 0.15 0.19
NGC 5846 90 0.17 0.09 0.17 o0.01 0.06
NGC 7457 64 0.03 0.38 0.04 037 0.31

Notes: (1) NGC number. (2) Inclination from paper IV. (3) sotropy
parametep3, measured in spherical coordinates from the solution of the
dynamical models as defined in equatibh [8]. (4)—(6) anigytparam-
eterss, v andé determined in cylindrical coordinates from the solution
of the dynamical models. The parameters are defined in eqsddl5]
and equation[]R2] respectively. (7) Anisotropy paramétes measured
using the(V/o, €) diagram.

lar we constructed the optimal template using the 985 sfatiseo
MILES library (Sanchez-Blazquez et al. 2006), from whieh15
stars are selected by the program to provide a detailed fia¢b e
galaxy spectrum. The use of this new library can reduce the rm
scatter in the residuals of the pPXF fit by up to a factoB, when
the spectra have negligible Poissonian noise. One can eapee
duction of the systematic errors in the G-H moments by up ¢o th
same factor (see Fig. B3 of Paper lll). In practice our resate
very similar to the ones presented in Paper lll, but for sofrbe
most massive galaxies the values are here significantly lower
(see also Shapiro etlal. 2006).

Together with the HST/WFPC2 photometry in ttieband,
wide-field ground-based MDM photometry (Falcon-Barrosailet
in preparation) is also available for all the modelled geaxWe
used this set of photometric data to parameterise the istigltssity
distribution in our models according to the multi-Gausséapan-
sion (MGE) method (Emsellem etlal. 1994; Cappellari 2002e T
parameters of the MGE models are given in Paper IV. The MDM
photometry was also used to determine keof the sample galax-
ies.

either E or SO from the LEDA morphological typ& (< —0.5;
Paturel et al. 2003). The kinematics of these galaxies wetrene-
sented in Paper lll, and will be presented elsewhere.

3 THREE-INTEGRAL DYNAMICAL MODELLING

The models we study in this paper were presented in Paper IV.
The stationary and axisymmetric dynamical modelling témphe
that we use is based on the Schwarzschild (1979) numerical
orbit-superposition method, which was extended to fit kiaem
ical observables| (Richstone & Tremaine 1988; Rix etal. 1997
van der Marel et al. 1998). The implementation of the mettnead t
we adopt in this paper was optimised for use with integratifilata
and is described in Paper IV. Similar axisymmetric impletagans
were developed by other groups (Gebhardt 2t al.|2003; Vaitwil
2004 Thomas et &l. 2004).

For a given stationary gravitational potential, the stetlg-
namics of a galaxy is uniquely defined by the orbital distidou
function (DF), which describes the velocities of the starewery
position in the galaxy. As the stellar orbits in a stationpogen-
tial conserve at most three isolating integrals of motidére DF
can be written as a function of the three integrals, or angroth
equivalent parameterization of them. From dimensionaditgu-
ments this implies that the three-dimensional DF cannotede r
covered without at least the knowledge of the LOSVD at every
spatial position(z’,y’) on the galaxy image on the sky, which
also constitutes a three-dimensional quantity. For anyaxiset-
ric edge-on galaxy, with given potential, this knowledge of the
LOSVD seems likely sufficient for a unique recovery of the DF,
which may not be positive everywhere if the assumed potentia
is wrong (see Section 3 of Valluri etial. 2004). An example of
the need for two-dimensional kinematics to constrain thei®F
given in Cappellari & McDermid (2005). In Krajnovic et/eRF0%)
and van de Ven, de Zeeuw, & van den Bosch (2007) we verified the
ability of our implementation of the Schwarzschild method¢-
cover the DF and the internal velocity moments for both twd an
three-integral realistic galaxy model, even from inconmledial
coverage.

An implicit assumption of the dynamical models is that the
luminosity density, as can be obtained by deprojecting tilexy
surface brightness, provides a good description of theesbthe
total density. This is also a key assumption of {ié&/o, <) dia-
gram. It implies that either dark matter provides a smalltgbuo-
tion to the total matter in the regions we study (inside.}, or that
its shape is similar to that of the luminous matter. Evideftoen
dynamical modelling (e.g._Gerhard et al. 2001; Cappeltaaile
2006) and gravitational lensing (e.g. Treu & Koopmans 2004;
Rusin & Kochanek 200%; Koopmans|ial. 2006) suggest that kwth a
sumptions are reasonably well justified in real galaxies.

In [Krajnovic et al. [(2005) and in Paper IV we showed that
there is evidence for the inclination to be possibly degategieven
with the knowledge of the LOSVD at all spatial positions. As-d
cussed in Paper IV, we adopted for our models the assumption-
dependent inclination derived by fitting two-integral Jeamodels.
This inclination appears to provide values in agreemenh Wit

An additional set of 18 E/SO galaxies has been independently geometry of dust/gas disks when they are present. Howewd¢fo
observed with a similar SAURON setup in the course of various of the 24 modelled galaxies the inclination is already camsed

other projects. These objects will be treated as “spegciafsst
having features which motivated a specific observation, \aitid
be only mentioned in Sectién 5.4 to strengthen the resuttsimdd
from the main survey. As in Paper Il the galaxies are classidie

by arguments independent from the dynamics. In fact ninexgal
ies (NGC 821, NGC 3156, NGC 3377, NGC 4473, NGC 4550,
NGC 5845, NGC 4621, NGC 4660, NGC 5845), show significantly
disky isophotes and require Gaussians flatter giaf0.4 in their

(© 2007 RAS, MNRASDOO, [TH21
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MGE models (see Paper IV). Under the assumption of axisym- which was based on the galaxy isophotal shape, our clas&ifida

metry, this implies they cannot be too far from edge-or (0; quite robust against projection effects.

see|_Cappellaii 200% 2.2.2). The inclination of five of the re- In Fig.[1 we plot the internal moments in the meridional plane
maining galaxies can be derived from the geometry of a gas or of our subsample of 24 modelled galaxies. The ellipses septe
dust disk, assuming it is in equilibrium in the equatorizmne of the cross section of the velocity ellipsoids at various fimss in

an oblate galaxy (NGC 524, NGC 2974, NGC 4150, NGC 4459, the galaxy body, while the colours visualise the ratig)/ be-
NGC 4526), and it agrees with the dynamically determinetiriae tween the mean velocity around the symmetry axis and the lo-
tion (Paper V). cal mean velocity dispersioa® = (o7 + of + 03)/3, where

o5 = (v3) — (vg)?. Here(r, 0, ¢) are the standard spherical co-

ordinates ¢ is the azimuthal angle around the galaxy symmetry
axis). The quantityv,) /& is a local analogue, inside the galaxy

body, of the global quantity’/o which measures the importance of

4.1 Internal velocity moments rotation with respect to the random motions. In the plot thiaxjes

) o were sorted according to thez parameter. The first nine galax-
!—Iere we present the orbital distribution (?f the 24 equyetgalax- ies are classified as slow-rotators, while the remainingdiftare
ies of our modelling subsample (Sectibh 2), derived from our fast-rotators

Schwarzschild models, at the inclination determined inePdy.
The models provide a full description of the DF in terms of ieéh
dimensional set of weights, which could in principle be sfanmed
into a distribution of stellar mass as a function of the thintegrals
of motion (£, L., and a nonclassical third integral). In this pa-
per we will mainly focus on a more concise description of them
characteristics of the internal kinematics which can baiokd by
computing the first and second moments of the velocity tigtri
tion. Given the assumed axial symmetry, it is sufficient tagtthe
moments in the galaxy meridional plagg, z).

The results of this section are based on a sample of galaxies
which was selected to be consistent with the axisymmetsorap-
tion. The sample contains both fast-rotating and nearlynotating
galaxies, but it does not include strongly triaxial onesisTias to
be considered when drawing statistical conclusions freemtiod-
els. The results of this section are important to interpret gest
the more general results we will obtain using thé&/ o, ) diagram
in Section[®, for the whol&SSAURON sample which also includes
significantly triaxial galaxies.

A large number of studies, in the past twenty years, has shown
that elliptical galaxies display a dichotomy between thesnmoas-
sive galaxies, which tend to rotate slowly, are metal-richive a
flat central luminosity profile and show evidence of triaitjaland
the less massive objects, which rotate faster, are metal-pave a
cuspy luminosity profile, and may all be axisymmetric andtaon
disks (Davies et al. 1933; Bender 1988; Kormendy & Behde£199
Faber et al. 1997; Lauer et/al. 2005).

In the companion Paper IX we show that a clean separation of
the two classes of early-type galaxies is obtained by inicody a
newquantitativeclassification parameterz which is related to the
specific angular momentum of galaxies (e.9. Bertola & Caipéicc
1978;|Bender & Nieto 1990) and which can be measured from
integral-field stellar kinematics as

4 MODELLING RESULTS

The slow rotators in this modelling subsample are all intrin
sically quite round, with an axial ratio of the density> 0.8. This
result depends on the correctness of the assumed inchinatfoch
in all cases is best fitted as edge-0r=90°). This inclination can-
not be correct in all cases, however these objects are glireend
in projection, which statistically implies they are insinally not
far from spherical. The flattest slow-rotator of this subpbarhas
an apparent axial ratio @f ~ 0.8 and assuming it has the mean
inclination of a randomly oriented sample=£ 60°), it would still
have an intrinsic axial ratig ~ 0.7. As we verified numerically
with our models, for nearly round models the results for the o
bital distribution change little with inclination, as cae bnderstood
from the obvious fact that a spherical model appears idairftiom
any inclination. In particular we constructed models for@GI&379,
NGC 4486 and NGC 4552 at an inclinationiof= 45° and found
virtually unchanged anisotropy results. The slow rotawmfrshis
subsample are generally characterized by a nearly rouratitsel
ellipsoid in the meridional plane and do not show any sigaiftc
rotation. A clear exception is NGC 4550, which shows interoa
tation and a strongly flattened velocity ellipsoid.

Our anisotropy results could be significantly in error if the
slow rotators of our modelling subsample were intrinsicdliat-
tened and nearly face-on objecis~ 0). However the small ap-
parent ellipticity of the slow-rotators is also generaliye for the
whole SAURON sample. That sample includes some flatter and
clearly triaxial slow-rotators, however the smallest appa axial
ratio of any slow-rotator is stillf’ ~ 0.7. Statistically this implies
the ratio of the shortest and longest axis of the intrinsicsdy is
¢/a 2 0.7. In Paper IX we show that the slow rotators are truly dif-
ferent from the fast-rotators and do not simpppeardifferent due
to projection. All this makes it very unlikely that any of tstow-
rotators we modelled is a flat system seen nearly face-onrand i
plies our anisotropy results for the subsample are reliable

- (R|V]) ZnNzl F,, R, V3| " The f:;st rotators appear to s?]anﬂa Iargbe rangehof intringic fla
R= e T 2\ N o tening withg ~ 0.3 — 0.9. For the flat objects, the maximum
(RVVE+02) 3y Fn BV Vi £ 00 contribution to rotation generally occurs on the galaxy aqu
whereF,, is the flux contained inside theth Voronoi bin andV;, rial plane, as expected, but an important exception is NGI344
ando,, the corresponding measured mean velocity and velocity dis- which has a minimum of the velocity contribution on the major
persion (see Paper IX). The numerical valuea gffor our sample, axis (as NGC 4550). The orbital structure of the two spec@aks
measured with &., are given in Tablg]1. In this work we adoptthat NGC 4473 and NGC 4550 will be explained in Section 4.5. The
classification to define the galaxies in our sample with $icgmt fast-rotators are generally significantly anisotropichwarge vari-
angular momentum per unit masdg > 0.1, which we call “fast- ations in the ratiar,. /o9. As a first approximation the velocity el-
rotators” and the ones with negligible amount of specificugag lipsoid tends to be aligned in polar coordinates and appeaos

momentumAr < 0.1, which we define as “slow-rotators” (Ta- flattened in the same direction as the density distributiorthe
ble[). Our kinematic classification has a similar spirithe bne sense that, < oy along the galaxy rotation axis, white. > oy
proposed by Kormendy & Bender (1996), but contrary to thetat on the equatorial plane. Using cylindrical coordinateshiminerid-
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Figure 1. Internal moments of the modelling subsample. The colowssalise the ratiqV') /& of the first and second internal moment of the velocity, in the
positive quadrant of the meridional platg, z), for the 24 galaxies of the modelling subsample. The costotithe intrinsic density are overlaid. The ellipses
are cross sections of the velocity ellipsoid with the;, v ) plane at different locations (one of the principal axes eféHipsoid is orthogonal to the plane).
The objects are sorted, from left to right and from top todmitaccording to the paramete; (Table[d) which is related to the specific angular momentum
per unit mass. The first nine galaxies are classified as sitaters Q‘Re < 0.1) and the remaining fifteen as fast-rotatok:R(e > 0.1). All panels have the
same size, which roughly corresponds to the area fully eavby the observeBAURON kinematics.

ional plang(R, =), one may broadly describe the observed shape of
the velocity ellipsoid as being generally flattened alorey:tlirec-
tion. There seems to be a tendency for the anisotropy to begstr
near the equatorial plane, especially in disk-dominatéakges like
NGC 3156, NGC 4150 and NGC 7457.

4.2 Global velocity dispersion tensor

In the previous section we described the variations of thecity
ellipsoid as a function of position inside the galaxies His section
we consider global integrated quantities for each galaxgladsic
way to quantify the global anisotropy in galaxies is by usihg

anisotropy parameter (Binney & Trema ne 1984,3)

HZZ

where z coincides with the symmetry axis of an axisymmetric
galaxy,z is any fixed direction orthogonal to it and

N
M = /po’l% d3X7: ZMR U%,nv

n=1

=1

@)

with o the velocity dispersion along the directidnat a given
location inside the galaxy. The summation defines how we com-
puted this quantity from our Schwarzschild modéls, is the mass
contained in each of th& polar bins in the meridional plane of
the model, and,,, is the corresponding mean velocity dispersion
along the directiork. At any location in the galaxy, the velocity el-
lipsoid is defined by having the principal axes along thedlioms

which diagonalize the tenser We define two additional anisotropy
parameters:

HZZ
_ 7 4
Tan (4)

describes the global shape of the velocity dispersion teinsthe
(vr,v) plane.s = 0 if the intersection of the velocity ellipsoid in
the (vr,v.) plane (as shown in Figl 1) is everywhere a circle. This
is the case e. g. if the DF depends only on the two classicagiiats

of motion f = f(E,L.), whereE is the energy and.. is the
angular momentum parallel to theaxis. If the shape of the velocity
ellipsoid is constant inside the galaxy body thiee: 1— (0. /or)>.
The second parameter

=1

Mg
Thn ®)
describes the global shape of the velocity dispersion teimsa
plane orthogonal to... v = 0 when the intersection of the velocity
ellipsoid with a plane orthogonal te. axis is a circle everywhere.
B =~ = § = 0foranisotropic system (spherical velocity ellipsoid
everywhere). Integrating over the azimuthal angle one finds

_ Hrr + Ty

y=1-

v = 02, (6)

so that the three anisotropy parameters are related by

s=2P=7 @)
2=7

In the casey = 0 the anisotropy can be measured directly in the
meridional plane and the simple relatin~ § applies.
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We evaluated these anisotropy parameters from the solotion
the Schwarzschild models, restricting the volume integfaqua-
tion (3) only within the radius & < 25”) fully constrained by the
kinematics which is shown in Fif] 1. The results are showrhén t
top two panels of Fid.]2. In general we find tidat- 3 (similar to
the non-classic two-integral models lof Dehnen & Gerhard3)99
while there is no obvious trend of with increasing anisotropy.
This means that the observed anisotropy is mainly due totarflat
ing of the velocity dispersion tensor in thedirection. However
most of galaxies have > 0, indicating mild radial anisotropy. Just
a few galaxies have instead tangential anisotrep¥. (), and in
particular NGC 4473 and NGC 4550 stand out (see Secfign 4.5).

The near isotropy of the roundest galaxies is not surpriging
this plot, in fact the anisotropy parameters are computexylin-
drical coordinateg R, z), as best suited for oblate bodies. By con-
struction all the anisotropy parameters are zero by symnirethe
spherical limit. This is a known feature of tli& /o, ¢) diagram as
well, where spherical objects necessarily have zero anigpb. To
measure the anisotropy of nearly spherical galaxies oneletine
a complementary anisotropy parameter, in spherical coates:

Htt

ﬂ’f“ =1- Hr’r7 (8)
with

11 11
Iy = W’ %)

and (r, 0, ¢) the standard spherical coordinates. In the spherical
limit, assuming the galaxy is non rotatinbgy = Ilye = Il

by symmetry. The parameter /s = 0 for an isotropic galaxy and

is positive (negative) when the luminosity-weighted agerdisper-
sion along the radial direction is larger (smaller) than akerage
dispersion along any direction orthogonal to it. The ploBpiver-
susd is shown in the third panel of Fii] 2. It confirms that the small
anisotropy of the slow-rotators in the top two panels is moa#i-
fact of the adopted coordinate system. This can also be sedi q
tatively in Fig.[d, which shows that the intersection of tiedoeity
ellipsoids of the slow-rotators with th@r,v.) plane is nearly a
circle (o9 = o). None of the roundish slow-rotators appear to be
dominated by radial anisotropy in the regions that we olesand
the inferred values df3,| < 0.2 imply that the average shape of the
velocity ellipsoid for the roundish galaxies does not diffg more
than~ 10% from a spherical shape.

The results in this section quantify what we discussed qual-
itatively in Section 411, namely the fact that the slow-tota in
the modelling subsample of 24 galaxies tend to be nearlyopiat,
while the fast-rotators span a large range of anisotropiss con-
sistency test, in Appendix]A we use two-integral Jeans nmtiel
show that the slow-rotators are well reproduced by isotropbd-
els in their central regions, while the flat fast-rotators aot. The
same considerations on the bias of the selection of this Hirgle
subsample against strongly triaxial galaxies, that weudised in
Sectiori 4.1, also apply to the results of this section.

The anisotropy we measured was derived by fitting kine-
matical data which have limited spatial coverage, so theesl
are not necessarily representative of the galaxy as a wihole.
Krajnovic et al. [(2005) we showed that the orbital disttibo in-
ferred from our orbital-superposition models, in the cdsptegral-
field data with limited spatial coverage, is accurate in #gian of
the galaxy for which we have kinematical data, which in owseca
generally corresponds taRL. For most of the slow-rotators how-
ever, we generally do not reactlR with our SAURON data. This

© 2007 RAS, MNRASD00, [TH27
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Figure 2. Global anisotropy from the dynamical models. Comparison be
tween the anisotropy determined from the 24 Schwarzschild models of
Fig.[D and the anisotropy parametgrTop Pane), v (Second Pangland

Br (Third Pane). Bottom Panel:Comparison betweef from the models
andé(v/o) from the (V/o, €) diagram of Fig[B, after correction for the
inclination. The red and blue labels refer to the slow and fasators re-
spectively.
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has to be kept in mind when comparing our results to the esult
obtained e.g. from numerical simulations.

4.3 Comparison with previous modelling results

The modelling results discussed in this paper are the fisstdan
integral-field stellar kinematics, which is critical forettrecovery
of the orbital distribution of flattened galaxies. No prawsaesults
are available using a comparable technique. In the splhdiriua
however observations along a single slit position are ingipie
sufficient to uniquely recover the DE_(Dejonghe & Merritt 299
The anisotropy we derive for the roundest galaxies can bgaoed
with previous results obtained using spherical models.

The largest set of spherical models of galaxies in common
with our sample is the one presented_in _Kronawitter et al0Q20
and analysed in_Gerhard ef &l. (2001). The five galaxies in-com
mon with our modelling subsample of 24 galaxies are NGC 3379,
NGC 4278, NGC 4374, NGC 4486 and NGC 5846. The galaxy with
the largest apparent ellipticity is NGC 4374, which has 0.15, so
our models, which take the small nonzero ellipticity inteaant,
do not differ too much from spherical models, and we can com-
pare the results obtained with different kinematical dad differ-
ent methods. For four of the galaxies we find that the smalarad
anisotropys, ~ 0.1 — 0.2 that we measure does not differ by more
thanA S, < 0.1 from theBmean (kindly provided by O. Gerhard) of
Gerhard et al! (2001), which is the unweighted mean of tlaeiiad
anisotropy within R, (their Fig. 5). This error corresponds to a dif-
ference of just 5% on the mean flattening of the velocity stid
in these galaxies. This value likely represents the réakststem-
atic error one can expect from this type of measurementsauith
rent data and techniques. For one galaxy, NGC 4278, theyureeas
a strong anisotropy¥mean =~ 0.3, while we derive near isotropy
Br =~ 0. The difference could be explained by the fact that the data
of IKronawitter et al.|(2000) for this galaxy are not very eéxden
radiusR < R./3 and possess the lowest quality of the considered
test sample.

Another systematic study of the anisotropy of a sample of 12
early-type galaxies, using an axisymmetric Schwarzsahiihod
similar to the one adopted for the present paper was perfbrme
by|Gebhardt et al. (2003). We can compare the results for ¥be fi
galaxies in common that we both modelled as edge-on NGC 821,
NGC 3377, NGC 3379, NGC 3608 and NGC 5845. For this we
computed from our models an approximation to their mearo rati
(or/o¢) Re/4 (their Table 1 and 3). Contrary to our anisotropy pa-
rameters,., their ratio isnot directly related to the shape of the ve-
locity ellipsoid, as it includes both random and orderedraghal
streaming (see their Section 4.7). In particular accordmtheir
definition, unless the galaxy is spherical, an isotropic ehauill
have(o, /o) < 1, while a ratio of unity indicates radial anisotropy
(B~ > 0). Trying to closely reproduce their measurements on our
models we obtain a rati(zrr/crt)Re/4 ~ 1.0 for all five galaxies,
with maximum differences of 10% between ours and their tesul
This consistency test is not as useful as the previous onedass
not allow us to test our derivation of the shape of the vejoelt
lipsoid in flattened galaxies. However for the two nearlymdwb-

4.4 Comparison with the(V/o, ) diagram

In the previous sections we studied the anisotropy in getakly
direct inversion of the observed kinematics and photomeing
axisymmetric dynamical models. In this section we revisd pre-
vious findings with the classi@//o, €) diagram|(Binney 1978), as
was done for the last thirty years. This will provide a linkween
our results and the classic ones, and in addition it willvalics to
test the robustness of the derived values.

In Fig.[3 we visualise the location of the slow and fast rota-
tors samples in th¢V/o,e) diagram. Traditionally the observed
V' /o quantity is computed from the central velocity dispersiod a
the maximum rotational velocity (but see Bacon 1985). Régen
Binney (2005) updated the formalism to compute the quaimity
more robust way, from integral-field data. Here the avalitybof
SAURON integral-field kinematics allow us to apply this new for-
malism for the first time to real galaxies. We use the updabed f
mulae and define

(V)2 U BN 2
0 /e <U2> Z,f:;l F.o%
as a luminosity-weighted quantity, which we estimate frdm t
binned SAURON kinematics. HereF, is the flux contained inside
the n-th Voronoi bin andV,, ando,, the corresponding measured
mean velocity and velocity dispersion. Similarly we defihe &l-
lipticity as

(10

n Yn
Yoy P
where the(z, y) coordinates are centred on the galaxy nucleus and
thex axis is aligned with the galaxy photometric major axis. We es
timatee from the individualSAURON pixels, inside a given galaxy
isophote, within the same region used for the computatiori/af.

This way of measuring: by diagonalizing the inertia tensor of
the galaxy surface brightness is the standard techniquegie
body modellers (e.g. Carter & Metcalfe 1980) and for the anattic
determination ot in large galaxy surveys (e.g. Bertin & Arnouts
1996). When the ellipticity varies little with radius the mea-
sured with this technique is very similar to the intensitgighteds
(Ryden et al. 1999) from the standard photometry profiles &so
Fig.[14). In general however thedeterminations from the moments
are biased towards larger radii thaeterminations from the pro-
files.

For a rigorous application of the//c, ¢) diagram, the sum-
mation [10) should extend to infinite radii and thehould be con-
stant with radius. In AppendiXIB we show that reliable restitr
the(V /o, €) values (at least in the limited isotropic case considered)
can still be obtained when the summation is spatially lichéad the
ellipticity is slowly varying. To make the measurement camgble
between different galaxies, we limit the summation #®.1or to
the largest observed radius, whichever is smaller. We alow shat
better results are obtained when the summation is perfomsadke
ellipses instead of circles. For this reason the quotedegaddil’ /o
are measured inside ellipses of area- 7R, and semi-major axis
a = Re/+/1 — ¢, where the mean ellipticity is measured inside

N
Zn:l F

(1-e)?=q¢= W) (11)

jects NGC 3379 and NGC 3608 both sets of models show that thesean isophote of the same arda When the isophote/ellipse are not

galaxies are very nearly isotropic.

In summary, the comparison between our anisotropy determi-
nations and those of previous authors, on two limited sasnpl&
models each, indicates a general agreement and suggestaitha
systematics errors are on the order of 5% on the shape of kbe-ve
ity ellipsoid.

fully contained within the observe®AURON field of view, we limit
the summation to the largest isophote/ellipse containghlinvthe
field. The(V/o, ¢) values are given in Tablé 1.

The(V/o, ) diagram for the 24 galaxies of the modelling sub-
sample is shown in Fid. 3. The solid curves in ié/c, ¢) dia-
gram represent the location of oblate edge-on models witardi

(© 2007 RAS, MNRASDOO, [TH21
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Figure 3. (V/o,¢) diagram for our modelling subsample of 24 galaxies.
The red and blue labels refer to the NGC number of the slow asitr6ta-
tors respectively, and show the measured values of the asitynweighted
ellipticity e andV/o. The solid lines, starting from each object show the
effect of correcting the observed values of each galaxy tedme-on view
(diamonds). For the fast rotators we adopted the inclinatierived from
the models of Paper IV. For the slow-rotators we show theection for
inclination assuming the average inclination of a randoorignted sam-
ple: = 60°. Even under this assumption the corrections are small fr th
slow-rotators. The grid of solid curves shows the locationtlis diagram

of edge-on oblate galaxies with different anisotrapy= 0,0.1,...,0.6
(edge-on isotropic models= 0 are shown with the thick green line).
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and « is a dimensionless number, which does not depend on the
galaxy amount of rotation, but only on how the stellar dgngit
and streaming velocity,, are distributed in th€R, z) plane. In
Appendix(B we use Jeans models to show that a value 0.15
places isotropic models, with a realistic surface brigbsmgistribu-
tion, close to the isotropic line on ti{& /o, €) diagram. Althoughy
may in principle vary for different galaxies, tests suggestations

to be small and we will use this value for all th&/o, ) diagrams

in this paper. As the inclination correction requires thewledge

of both the known inclination and the unknown anisotropy,
one has to proceed in an iterative manner. However this psoce
converges very rapidly, as the correction depends vetg lih §.
The effect of correcting the observed values of our galagiethe
(V/o,€) diagram is shown in FidLl 3.

The comparison between the anisotropy derived from the
inclination-corrected(V/o,¢) diagram and from the dynamical
models is shown in the bottom panel of Hiy. 2. The generalydgo
agreement confirms the reliability of the two approaches taed
significant anisotropy of most of the fast rotators in the pildg
subsample.

As pointed out by Kormendy (1982a), in the formalism of
Binney (1978) the isotropic line in th@’/c, €) diagram is approx-
imated to good accuracy by the expressi@iio)? ~ /(1 — ¢).
Similarly, in the revised formalism for integral-field kimatics of
Binney (2005), which we adopt in this paper, the minimaxorai
approximation of order (1,1) to the isotropy line (equaf[dd with
0 = 0 anda = 0) is given by

(K) ~ 0.890, | ——,

e 1—¢

(16)

7

which has a maximum relative error of just 0.3% over the whole
intervale = [0.01, 0.99]. For the adopted value of = 0.15 (Ap-

ent anisotropys. Real galaxies are generally not seen edge-on, so PeNdiXE) the corresponding approximation to the isotrdipie be-

a correction for the effect of inclination is in principle eded to
correctly interpret the diagram. This usually cannot beej@s the
inclination of early-type galaxies is not easy to determimeour
case however, we have an estimate for the inclination of alaxg
ies (Sectior ), so we can correct the position of our objents
the diagram to the edge-on case. Although the inclinatiorusee
is assumption-dependent, we showed in Paper IV that it géper
provides a big improvement from a complete lack of knowledfye
the inclination.

For a galaxy observed at an inclinatibfedge-on correspond-
ing toi = 90°), with an ellipticitye and a given rati¢V /o) o1s, the
values corrected to an edge-on view are (Binney & Treniaids’ 19
§4.3):

(K) _ (Z) V1 —08cos?i (12)
/e N0 /obs sin 4 ’
Cintr = 1 — \/1 +e(e — 2)/sin2 1, (13)

Starting from a given set of edge-on parameters the anjsotim-
der the oblate assumption is obtained as (Binney|2005)

14 (V/o)?

P T a(V/e) o) ()
where
€ =/ 1-— (1 - Eintr)27 (15)
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comes

Vv €
(?)e ~ 0.831 \/ 1-0896¢’

which has a maximum fractional error of just 0.2% in the same
interval.

(18)

4.5 Understanding the anisotropy

We saw in Sectioh 412 that the anisotropy of early-type datax
tends to be due to a flattening of the velocity ellipsoid aldimg

z direction, parallel to the symmetry axis. However two gatax
NGC 4473 and NGC 4550, stand out for being dominated by tan-
gential dispersion. Understanding what makes some ohjecia

is key to understand the normal galaxies.

In Fig.[4 we show the data versus model comparison for the
galaxy NGC 4550, while the same comparison for NGC 4473 was
shown in Fig. 2 of Cappellari & McDermid (2005). Along the ma-
jor axis both galaxies show a peculiar decrease inithgeld and
a corresponding increase in thefield. As already pointed out
by|Rubin, Graham, & Kenney (1992) and Rix et al. (1992), fer th
case of NGC 4550, a natural explanation for this behaviotings
presence of two counterrotating stellar components, asdtet by
the observed double-peaked line profiles. In Elg. 5 thisanation
is confirmed from the solution of the Schwarzschild modelsiciv
shows two major kinematically distinct stellar componentsating
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Figure 4. Data-model comparison. Each column from left to right shokes kinematical moments: mean velocity, velocity dispersions, and higher
Gauss-Hermite moments-hhs. Top row: Voronoi binned|(Cappellari & Copin 2003) and bi-symmetliSAURON observationsBottom row:Three-integral
Schwarzschild best fitting model. The two fits correspond ®&N4550 (top) and NGC 4660 (bottom) respectively.

in opposite directions. In all the fits we adopted a modestlezg
ization (A = 10; see van der Marel etal. (1998) for a definition).
In addition theSAURON data allow us to find that the two disks
have very different scale-heights. Integrating the sofutiver the
whole model we find that in NGC 4450 the counterrotating compo
nent constitutes about 50% of the total mass, while in the cés
NGC 4473 the counterrotating component is about 30% of tiaé to
mass. A more detailed analysis of the incidence of kinerabyic
distinct components in early-type galaxies goes beyonddtope

of the present paper.

NGC4473

For comparison with the two peculiar cases, in Elg. 4 we also 10 05 F?,-gc 0.5 w0 Rl
show the best fit model for the prototypical fast rotatinddisllip-
tical NGC 4660|(Bender et al. 1994) and the correspondingeinod Figure 5. Integral space at a given energy for the solution of the
solution in Fig[%. We also show the model solution for thetpro ~ Schwarzschild models for the galaxies NGC 4473, NGC 4550CM660
typical slow rotating giant elliptical NGC 4486 (M87; thedbit and NGC 4486. Each panel plots the meridional plaRigz) with the loca-
model was shown in Fig. 3 of Cappellari & McDerfriid 2D05). It tion (white dots) where orbits are started with = v. = 0 at the given
appears that the fast rotators tend to be characterized tstéla energy. For nearly edge-on galaxies, the white dots alsegponds to the

| bital . diti | h ial position of the orbital cusps, where every orbit gives itersgest contribu-
ar components (orbital starting conditions close to theatoria tion to the observables on the sky plane. The energy was classiat of a

plane) with angular momentum significantly smaller thandineu- circular orbit with radiusk. = 32, which is about the size of the observed
lar orbit (starting conditions far from the bottom lefthigcorners of SAURON field (red rectangle). The coloured contours show the fractif
the plot). The relatively low angular momentum of these ftane mass assigned to different orbits at that energy, wherénbdalours cor-
ponents produces a significant radial dispersion, whichdstain responds to high mass fractions. Orbits at negative andiyesgt starting
reason of the observed anisotropy. The dominant radiabdigm conditions correspond to prograde and retrograde respbctOrbits with
in these flat disk-like stellar components is reminiscerthefone high angular momentum are found in the bottom right and boteft cor-
observed in disk galaxies, and generally attributed to Hiskting ner respectively on the plots. Orbits near the symmetry @yisen line)

have low angular momentum. Orbits near the equatorial plane 0) are
intrinsically flat. See Fig. 6 of Paper IV for a detailed exgton of this
diagram.

processes (e.g. Shapiro, Gerssen, & van der Marel 2003pne s
cases the disk-like components may happen to counteryrotatgo
disks may be present, in which case tangential anisotropyrades
the observed anisotropy.

Interestingly the disk-like components, which tend to elear tators are characterized by an Mgb line-strength distidbuthich
terise the fast rotators, not only seem to be distinct irgirstespace, is flatter than the isophotes. The fact that a flat Mgb is seailin
but also differ in terms of their stellar population. As st the flat galaxies suggests that perhafishe fast rotators contain
Fig. 11 of Kuntschner et al. (2006, Paper VI), all the flat fiast this metallicity-enhanced disk-like component, which rdyovis-
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Figure 6. Anisotropy paramete3 in the meridional plane versus the
luminosity-weighted second momesit of the stellar velocity (from Pa-

per 1V). The red and blue labels refer to the slow and fastocgarespec-

tively.

ible in the flattest objects because they are closer to edgéhis
result is reminiscent of the finding by Lauer et al. (2005} tikflat
cuspy galaxies show a disk. This metallicity enhancematitates
that additional star formation activity happened in th&disd, not
surprisingly, implies that gas dissipation was involvethia forma-
tion of these flat structures. The radial anisotropy howebews
that heating was significant after the disk formation, awtise
the stars in the flat components would still move on orbits éne
closer to circular.

4.6 Relation of anisotropy with other global observables

In Fig.[@ we show the correlation between the anisotropy &aed t
galaxy velocity dispersioa. within the effective radius, taken from
Paper IV. There is a trend for the most massive galaxies te hav
smalleranisotropy within oneR., with the exception of the special
case NGC 4458 (see also Paperd\g.1). In this diagram we use
the parametepf; to characterise the anisotropy. This parameter is
measured in the galaxy meridional plane so it describesrbitab
distribution in a way that is not affected by the directionrofa-
tion of the stars in the galaxy. Th&parameter measures the same
anisotropy e.g. in two galaxies that formed with the samesjalay
process, but in which one galaxy experienced a merger ingaqule
direction and the other in a retrograde direction.

A general trend is found between anisotropy and the intrin-
sic galaxy ellipticity (Fig[¥). The best-fitting relation this rather
scattered distribution of points, using a robust bisectgorithm,
has the form:

B=(0.6%0.1) €intr. (19)

Given that the errors on both ande;nt, are model dependent and
difficult to estimate, we adopted constant errors on botfakées.
The quoted error on the slope was determined by enforcingahe
dition x? = v, wherev is the number of degrees of freedom of the
fit.

A better understanding of the meaning of the observed trend 5

comes by considering the region in tf8, eint:) plane that is al-
lowed by the tensor virial equations. Equatibnl(14) defindact a
relation between the three variablgs:., V/o andd. This equation
is usually visualised in the observational pldh& o, &int: ), for dif-
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Figure 7. Anisotropy parametes in the meridional plane versus the average
intrinsic ellipticity &;,¢, Of the galaxies. The observed anisotropy is related
to the intrinsic ellipticity of the galaxies. The thick blasolid line is the
best fitting relation. The dashed lines show the predictiohthe tensor
virial equations, in the form of equatioh {|14), for diffetevalues of the
V/o = 0,0.25,...,1 (see text for details). The red and blue labels refer
to the slow and fast rotators respectively. The magentasimey the same
relation3 = 0.7¢in¢, as the one in Fid.]9.

ferent values of as in Fig[B. The same equation can be plotted in
the theoretical planéd, eint.), for different values off’/o. As we
saw that in real galaxies we have in genesak § (Fig.[d), we
will use the relation to understand the location of galaxiethe

(B, €intr) plane (FigLY). As expected, within the numerical approx-
imations and the limited spatial coverage, the galaxiegggly lie
within the region allowed by the tensor virial equationseTdb-
served trend implies a specific form of the increase ofiffie with
increasingtint.-

A possible caveat is that a trend of tieerageanisotropy with
increasingeint: Should be expected even if the galaxies were uni-
formly distributed in3 at everyeintr, due to the limits o imposed
by the virial equilibrium. However the 24 galaxies in the mod
elling subsample do not appear uniformly distributed?irMore-
over we show in the Append[x]C that a uniform distributiondn
is not able to reproduce the observed distribution of allghlaxies
of the SAURON sample on th€V /o, €) diagram: a general trend,
and an upper limit of anisotropy as a function of ellipticigyre-
quired to explain the data. As this trend is not implied by tire-
sor virial equations alone (nothing prevents all galaxgesdatter
aroundg ~ 0), the observed distribution must hold a fossil record
of the process that led to the galaxy formation.

One explanation of the correlation may be that flatter gakaxi
were more strongly affected by dissipation before star &diom
was completed. Dissipation naturally makes a galaxy flaebyic-
ing the kinetic energy in the direction parallel to the gliodagular
momentum. Dissipation is also required to produce the soizll
served kinematical misalignments for the fast rotatorhefwhole

sample (FigB).

(V/o,e) DIAGRAM OF THE SAURON SAMPLE

In Sectiori 4 we used dynamical modelling to recover the artipyp

of a sample of 24 galaxies extracted from 8&URON representa-
tive sample. The galaxies in our sample were separated wuo t
groups of fast and slow rotators (Paper 1X). The slow rotatdf
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Figure 8. Kinematical misalignmen® between the global photometric PA
and the mean kinematic PA on tiB2\URON field. The red and blue labels
refer to the slow and fast rotators respectively. We find (hadll galaxies
flatter thane ~ 0.2 haveW ~ 0, and (ii) all the fast rotators haw& ~ 0,

for any e (exception is the recent merger galaxy NGC 474). Assumirg th
SAURON survey constitutes a representative sample, this impiadtiaxial
galaxies havéc/a) > 0.8. Strongly prolate galaxies are also excluded from
this sample.

appear to have small anisotropy, while the anisotropy ofdkero-
tators seem to be related to the intrinsic ellipticity of eaalaxy.
One limitation of the analysis is due to the fact that the darfgr
which dynamical models were constructed is not necessafilse-
sentative of the whole galaxy population. To address thodlpm

we show here that the findings of Sectidn 4 can be extendecto th
whole SAURON sample of 48 E/SO galaxies. The results still holds
even when we include in the analysis 18 additional E/SO gedax
that are not part of the survey, but for whi8AURON data also
exist.

5.1 Intrinsic shape distribution

A first point to address, to be able to simulate the observsttiloli-
tion of galaxies in th¢V /o, ) diagram, is to understand what is the
shape distribution of the galaxies in tBAURON sample. This is in
principle a very difficult and intrinsically degeneratekaas even
the full knowledge of the observed distribution of galaxyapsés
and of their projected kinematical misalignments are néftcsent
to recover the corresponding intrinsic quantities, unktssng as-
sumptions are made (Franx, lllingworth, & de Zeguw 1991)wHo
ever the availability of integral field stellar kinematidiows us to
realise that the situation is simpler for real galaxies dvad $trong
conclusions can be reached without any statistical arslysi

In Fig.[8 we plot the kinematical misalignment for the
whole sample of 48 E/SO galaxie$. is defined as the angle be-
tween the projected minor axis of the surface brightnessthad
direction of the projected kinematical rotation axis, whigorre-
sponds to the projected direction of the intrinsic angulanrantum
(Eranx, lllingworth, & de Zeeuw 1991):

sin U = | sin(PAkin — PAphot)| (20)

The PAyi, is defined as the PA at which the obsen®&a8URON
velocity field is best approximated by a bi-antisymmetricsi@n of
it and was measured as described in Appendix|C of Krajndwati e
(2006).

0° < <90°.

The position angle (PA) of the photometric major axis
is obtained using the moments of the surface-brightness
(Carter & Metcalfg 1980) from the large scale MDM photometry
(Falcon-Barroso et al. in preparation). It generally agneell with
the global PA quoted by catalogues like RC3 and the 2MASS Ex-
tended Source Catalag (Jarrett €t al. 2000) when availkligeim-
portant to consider a global large-scale PA because: (iy égve
galaxies tend to be rounder in their central regions tharhe t
outer parts (Ryden, Forbes, & Terlevich 2001). Thus theqhet-
ric axes are generally more accurately determined at ladje (ii)

The central regions can be easily affected by bar pertunimstiin

the case of a disk galaxy with a bar we are not interested iPghe

of the bar, but we want to measure the PA of the main disk, which
is better measured at large radii (e.g. Erwin et al. 2003)nbst
cases however, a constant-PA surface brightness distribde-
scribes well the whole galaxy and no distinction needs to Adem

It turns out that nearly all the fast rotators in Hig. 8 have a
misalignment¥ ~ 0° within the measurement errors. In the few
cases where the misalignment reaces 5° (e. g. NGC 3377,
NGC 3384, NGC 4382, NGC 7332) the nonzero value can be as-
cribed to the presence of a bar. The only exception is thexgala
NGC 474 for which¥ ~ 40°. This galaxy appears distorted by a
recent merger, as evidenced by prominent stellar shebsgd Fadii
(Turnbull, Bridges, & Cartér 1999). Interestingly, also fbe obvi-
ous nearly face-on bars NGC 4477 and NGC 4262, characterized
by the typical oval shape of the isophotes (see Paper I8)kihe-
matical PA appears not affected by the bar and is still wédineld
with the outer disk, which defines the photometric PA.

In a stationary triaxial system kinematical misalignmemts
common due to two reasons: (i) the intrinsic angular monmantu
can lie anywhere in the plane containing the long and shast ag
the kinematical axis are not necessarily aligned with thecgal
axes of the density; and (ii) projection effects can prochlzserved
misalignments even when the angular momentum is alignddawit
principal axis. The fact tha¥ ~ 0 for all the fast rotators can then
only be interpreted as strong evidence that these systenmearly
oblate systems. In some cases the fast rotators containvitach
provide further evidence for their disk-like nature.

The situation is completely different for the slow rotatohd
these objects appear quite round in projection, the flatiesthav-
ing e <0.3 (excluding the special case NGC 4550). Some of these
galaxies show significant kinematical misalignments,@lgh in
general the rotation is confined only to the central regianjts
is not representative of the whole galaxy. But some galaxes
NGC 5198 can only be genuine triaxial systems (see Paper lll)
However the maximum observed ellipticity sets a limitg# > 0.7
on the ratio between the shortest and longest axis of thetgefs
complete larger sample of slow rotating galaxies or deddifi@xial
dynamical modelling would be needed to investigate the el
tribution of these objects in more detail. The observecediffice in
shape between the fast rotating galaxies and the generajlytér
slow rotating ones is consistent with the bimodality in theyse
distribution between the fainter and brighter galaxieseoled by
Tremblay & Merritt (1996). The availability of the stellamemat-
ics however shows that the shape distribution, not surgigi is
more closely related to the kinematics than to the lumigcaidne.

5.2 Projection effects on thgV /o, ) diagram

We established in Paper IX and further verified in Sedfiohtbat
the whole SAURON sample of E/SO galaxies can be broadly sub-
divided into a class of fast rotating and nearly oblate systand
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another class of weakly triaxial slowly rotating galaxi&s.Sec- \ | 3156 '/ 3685
tion[4.8 we saw that the anisotrogly measured in the meridional

plane of the 24 galaxies in the modelling subsample, is rigudgs 0.8
scribed by the relatio ~ 0.6 €int.. Moreover in Section’ 412 we
found that with a few notable exceptios ~ §, where/ is the
anisotropy as can be inferred from tt¥/o, £) diagram. This im-
plies that in most cases, one should also have0.6 insr. If these
relations that we found for a small sample are valid in gdnera
should be able to model in a statistical way the distributbthe
whole sample of fast rotators in tti& /o, €) diagram, as a random
sample of oblate galaxies, with anisotropy defined by thmgfirisic
ellipticity eint:. The slow rotators should be inconsistent with this
distribution, as they are not expected to be well descrilyeabtate
systems. A rigorous test of this idea is not possible dueg@tim-
plex nature of our sample selection effects (Sedtioh 6.@uever

an attempt is still performed in AppendiX C via Monte Carlmsi
lation. There we show that the observed distribution of gjakon
the(V/o, ) diagram is indeed consistent with a nearly linear trend
of anisotropy with ellipticity.

Here we just try to obtain a qualitative understanding ofghe
fect of the inclination on th¢V /o, ) diagram. For this we plot in
Fig.[d with a magenta liffka linear relatio% 0 = 0.7 int. for edge-
on galaxies. This relation approximately traces the lowsempe Figure 9. (V/o, ¢) diagram for the 48 galaxies in H&AURON representa-
described by the location of the observed fast-rotating>jgas on tive sample. The red and blue labels refer to the slow anddetors respec-
the (V' /o, €) diagram. It is steeper than the formally best-fitting re- tively (Table[d). The magenta line corresponds to the m@iati= 0.7 i,
lation (I9), but still within the large errors. It is usefd have a for edge-on galaxies. The dotted lines show the locationatgbges, origi-
qualitative understanding of the projection effects, asgaths fol- nally on the magenta line, when the inclination is variedfddént lines are
lowed by galaxies of different intrinsi@, ein:) are nearly parallel, separatgd by steps _of ‘i.(_m _the inclination. The dashed lines are equally
when the inclination is varied (e.g. F[d. 3). For a giveniimgic el- spaced in the intrinsic ellipticity.
lipticity eint- and anisotropyy, the corresponding’/o value, for
an edge-on view is computed with the inverse of equalioh (e
dotted lines in Figl19 show the location of the galaxies, ingty

edge-on on the magenta line, when the inclinatios decreased.  consistent with the result of Sectinb.1 that the fast and sb-
The projected)//o and ellipticity values at every inclination are  tating galaxies cannot be described by a single shapehdistn.

(V/0),

computed with the inverse of equatiops](12, 13). In Appendix[Q we also discover that a sharp truncation betmv t
It appears that indeed all the fast-rotators lie on thgo, <) magenta seems required to explain the observations. This ab
diagram to the left of the magenta line of the edge-on gatade avoidance in th€V/o, <) diagram may be related to the stability
expected if they were a family of oblate models following agel of axisymmetric bodies with high ellipticity and large asti®py,
trend of increasing for largeres. The upper envelope of the region  and needs to be confirmed with a larger and unbiased sample of
spanned by the lines of different inclinations is also galteicon- galaxies.
sistent with the location of the observed galaxies, witlsosable Remarkably, only two galaxies fall significantly below the
values of the maximum intrinsic ellipticity and anisotrofry gen- magenta line fore >0.3. These are the fast-rotator NGC 4473
eral, the fast-rotators for which the inclination was detiered in- (marginally) and the special slow-rotator NGC 4550. This &&-
dependently lie near a similar inclination on the diagraime Slow pected from the fact that these two galaxies are dominateerby
rotators on the other hand do not lie in the region allowedHigte gential anisotropy (Fid]2), due to the presence of two ceniotat-
models following the giverd —  relation. They may not follow  ing disks (Fig[®). Although they follow thé — « relation, they do
any such relation or, more likely, they may not be oblate sThi not satisfy they —  relation as they havé < 4.

Other significant exceptions are NGC 3156 and NGC 2685,
which lie well above the general envelope described by therot

1 A compact rational approximation of the magenta line whighears in galaxies, apparently next to the oblate isotropic line. Dese
the (V/o, €) diagram of Fig[P is given by: galaxies actually rotate as fast as an isotropic rotatoe® Hne al-
most completely disk-dominated, as evidenced by the nearty

(K) ~ ./ (0.09+0.1¢) e 1) stant velocity dispersion maps, without clear signatura loét cen-
/e 1-¢ ’ tral stellar component (Paper Ill). If this is the case thaystrbe

which has a 1% accuracy in the useful intervak [0.01,0.7]. intrinsically quite flat and rotate significantly less thamisotropic

2 Any relation between anisotropy and ellipticity for oblgelaxies has to ~ rotator. For NGC 3156 the inclination ~ 68° determined via
satisfy the necessary COnditiQV/O')2 2 0in equationm]’ or by Tay|0|' mode”ing in Paper v agrees with the inclination inferredr
expansion the shape of the outer isophotes, under the assumption aofia th
disk geometry. At that inclination the models show that théagy
indeed follows the general trend of anisotropy observedtlier

This implies that the steepest linear relatiord is= 0.8 ¢, independently of other galaxies (Fid.]7). A similar discussion is likely tophpto

a. The magenta line is less steep than this limit. NGC 2685. These two galaxies appear to be special cases of flat

§<1—1/9Q(e) = 0.8¢ + 0.15e% 4 0.04¢% + . .. (22)
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and disk-dominated galaxies which are poorly represemteulif [ A’ Y
sample of early-type galaxies.

The observed anisotropy of the fast-rotators is consistétht 0.8
the finding by Burkert & Naah (2005) who recently pointed dnatt
the observed distribution of disky ellipticals on thE/o, ¢) dia-
gram does not imply isotropy, but can be explained by prmact
effects on a family of anisotropic and nearly oblate mergen-+ 0.6
nants, as they obtained as a resulf\ébody simulations.

5.3 E and SO galaxies on théV /o, ¢) diagram

(V/0),

0.4

In Paper IX we showed that early-type galaxies can be sutwtivi

into two homogeneous classes of slow and fast-rotatorsecesp

tively. The first class is composed almost exclusively of Exa

ies, while the second class is composed both of E and SO galaxi 0.2
Now SO galaxies are defined by the presence of a disk component

and it is natural to ask whether all the fast rotators cordadtisk,

which is not always visible photometrically due to projectief-

fects (Rix & Whitel 1990). In fact the disk becomes more difficu 0.0
to detect when the galaxy is away from edge-on. To try to answe 0.
this question we can analyse the galaxies that, accordiogrtsim-
ple explanation of Sectidn 5.2 are supposed to be close #®-eqdg
If they are indeed edge-on and if they all contain a disk compo Figure 10.Galaxy morphology on théV /o, €) diagram. Same as Figl. 9 but

nent, this should be visible in the photometry. A detailedlgsis here filled triangles represent SO galaxies and open cikde$he envelope
of the photometric data will appear in a future paper in tieiges of the fast-rotators is populated mainly by SO in the uppet @ad by E in
(Falcon-Barroso et al. in preparation) but we present headita- the lower part.

tive discussion in relation to th@’/o, €) diagram.

We find a range of properties in galaxies near the edge-on
magenta line in Figl]9. At the lowedt/oc ~ 0.1 there is the
SO0 galaxy NGC 4382, which shows evidence of interactiotiaste
shells and distorted photometry at large radii from our MDMp
tometry. At higherV//o ~ 0.2 we have NGC 821, NGC 4473 and
NGC 4621, which are classified as E (Table 1), but show styongl|
disky isophotes and would be classified as disky elliptiEdth ac-
cording to Kormendy & Bender (1996). An exception is NGC 2768
which does not have evidence for a disk. At highgfo = 0.3 we
find only SO galaxies. NGC 4270 has a peanut-shaped bulge, in-
dicative of a nearly edge-on bar, NGC 3377 has strongly disky
isophotes, while NGC 4570 and NGC 5308 have a clear thin disk
component.

Although the current galaxy sample is too small to reach firm
conclusions, we speculate that the observed trend in ggleogy-
erties along the edge-on magenta line can be generalizety-u
stand the whole distribution of the fast-rotators on & dia-
gram. The magenta line seems to describe a sequence ofslagrea
bulge over total-light ratiad3 /7. The region of lowV /o is popu-
lated by galaxies wittB/T" ~ 1. At increasingV//o the edge-on
magenta line is dominated by SO galaxies, W&T" ~ 0.5 — 0.6
(Simien & de Vaucouleurs 1986). When inclination effects ar-
cluded on the magenta line one should expect the upper ptré of
envelope of the fast-rotators to be still dominated by S@xges,
where the disk can still be detected even for a non edge-am vie
while the lower part will be populated by non-disky E, where n
evidence of the faint disk can be detected unless the galaxie
edge-on. This is what one can qualitatively infer from E@wihere
we show the same sample as in [Eip. 9, but with the morpholbgica
classification included. The decrease BfT along the magenta
line may also be the reason for the finding of Paper IX (thegr F)
that the fast-rotators with the IargeSRc (and thus generally the  In addition to the 48 E/SO galaxies of tiIBAURON representative

diagram. The diagram in fact is rigorously valid only for ks
with a density stratified on similar oblate ellipsoids. Teidition
is clearly not satisfied for galaxies containing a rounddgéand
a flatter disk component. It would be interesting to undeita
detail the orbital distribution of the different photonietcompo-
nents in early-type galaxies, as this constitutes a powestord of
the formation history. This would also be in principle fddsiwith
the integral-field data and Schwarzschild models we havefewa
carefully chosen galaxies, as the models do not make anynassu
tion about the galaxy being made by a single stellar compdises
e.g. Fig[®). This goes beyond the scope of the present gdpee.
we notice that, from the dynamical models, there seems taée-a
dency for the anisotropy to be stronger near the equatddakyof
the few disk-dominated galaxies (Section 4.1). If this igtfor the
fast-rotators in general, one may speculate that the celattween
anisotropy and ellipticity is related to the increase otbquantities
with increasingB /T". However the anisotropy is in general not con-
fined to the disks alone, indicating the situation is more giem

In this paper we do not attempt a disk-bulge decomposition
as we focus on the statistical analysis of a large sample. We o
consider the global properties of the stellar orbital disttion in the
(possibly heterogeneous) region of the E and SO galaxidesatt
inside~ 1R.. Our goal is to study the ordered nature of early-type
galaxies as seen on tl{€ /o, ) diagram, in much the same way
as a similar set of simple measurements of integrated piepef
a heterogeneous set of E and SO galaxies allows the Fundament
Plane to be studied (elg. Jgrgensen, Franx, & Kjaergaarg) 199

5.4 SAURON(V/o,¢) diagram including 18 ‘specials’

largestl//o) tend to be the least massive. sample presented in Sectibnls.2, we observed 18 additiosal E
The fact that the fast-rotators contain disks constituteohp galaxies withlSAURQN, using the same setup as for the main survey.
lem for the characterization of their properties using (h&o, <) For these galaxies we extracted the stellar kinematics aasuned
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Table 3. Measured parameters for the 18 E/SO whichrargpart of theSAURON sample.

Galaxy Name Type T Re Rmax/Re € /(V2) \/(02) (V/o)e PAphot PAkin APAG, A R, Rotator
(arcsec) kms! kms! (deg) (deg) (deg)
«h) 2 3 @ (%) (6) (7) (8) 9) (100 (1) (12 13 @4
NGC 221 cE2 -4.7 30 0.87 0.24 23 49 0.47 161.1 163.0 2.2 0.38 F
NGC 720 E5 -4.8 36 0.75 0.43 24 234 0.10 142.3 1415 2.7 0.12 F
NGC 1700 E4 -4.7 18 1.14 0.27 46 226 0.20 89.6 88.0 1.0 0.22 F
NGC 2320 E -4.8 37 0.55 0.37 95 278 0.34 139.0 1415 1.2 0.34 F
NGC 2679 SBO: -2.0 28 0.77 019 41 929 0.42 165.0 140.0 10.0 0.33 F
NGC 4168 E2 -4.8 29 0.70 0.20 11 184 0.06 125.2 60.5 12.2 0.05 S
NGC 4261 E2-3 -4.8 36 0.56 0.26 28 302 0.09 158.0 56.0 2.7 0.09 S
NGC 4365 E3 -4.8 50 0.51 0.25 27 240 0.11 440 145.0 2.0 0.09 S
NGC 4379 S0-pec: -2.8 17 1.18 0.26 37 95 0.39 100.0 103.5 3240 0. F
NGC 4406 SO(3)/E3  -4.7 104 0.25 0.21 19 216 0.09 121.2 15.005 5.0.06 S
NGC 4472 E2/S0 -4.8 104 0.27 0.16 25 300 0.08 159.2 159.0 3.009 0. S
NGC 4478 E2 -4.8 13 1.56 0.24 49 157 0.32 152.0 1555 0.5 0.27 F
NGC 4551 E: -4.8 13 1.56 0.28 29 99 0.29 70.2 70.0 4.7 0.27 F
NGC 4649 E2 -4.6 69 0.39 0.15 38 318 0.12 100.5 97.0 0.5 0.13 F
NGC 5866 S -1.2 40 0.50 0.47 50 149 0.34 127.6 126.0 0.5 0.28 F
NGC 6547 SO -1.3 13 1.60 0.65 88 141 0.62 132.8 1325 1.7 0.60 F
NGC 6548 S? -1.9 29 0.81 012 47 136 0.35 64.0 66.0 2.2 0.36 F
NGC 7280 SAB(nNe- -1.2 19 1.07 0.40 54 84 0.64 76.9 77.0 4.2 0.60 F

Notes: The meaning of the various columns is the same as iie [Malere the effective radiR. are mostly taken from RC3. Exceptions are NGC 221 for
which Re was taken from Paper IV, and NGC 2679, NGC 6547 and NGC 6548yHich R. was determined from our MDM photometry.
T These two galaxies show nearly face-on bars. The elliptieipresents the one of the outer disk, which also defineshtbemetric PA.

the (V/o,e) and \r using the same procedures and definitions as
for the main sample (Sectidn_4.4) and give the numericaleslu
in Table[3. In FiglZITh we show an extension of Hiyj. 9, where, in
addition to the 48 galaxies of tH®AURON survey, we also include
the 18 specials. The new galaxies still populate the sanienggs
the galaxies from the main survey, confirming the result ftbat
smaller sample. In particular all the fast-rotators sidlwithin the
envelope defined by the— eiy relation (the magenta line) and its
variation with inclination, while the slow-rotators lie ihe bottom-
left part of the(V/o,¢) diagram. The five new slow-rotators are
on average flatter than the ones in the survey sample, blutadtil
within the same ranges of low ellipticity £ 0.3).

A notable exception is NGC 720 which is at the edge of be-
ing classified as a fast-rotator (see Tdlle 3), but is quitafid lies
well below the magenta line. This galaxy shows little raafibut
displays a clear and symmetric velocity pattern, with ncekiat-
ical misalignment and no sign of photometric twist (Peletieal.
1990). All this indeed supports the classification of thisagga
as a fast-rotator and would suggest that the slow rotatiop ma
be due to counterrotating stellar components, as in the ohse
NGC 4473 and NGC 4550 (Sectibnl4.5). However, contrary ® thi
hypothesis is the lack in NGC 720 of an elongation of éhéeld
along the galaxy major axis. Two-integral dynamical modsiisg
the Jeans equations_(Binney. Davies, & lllingworth 1990¢ady
showed that part of the slow rotation in this galaxy must bthe
form of a flattened velocity ellipsoid in the meridional pégi > 0
i.e. DF not of the forny (£, L. )]. This galaxy shows evidence from
X-ray observations of being embedded in a triaxial darktemat
halo (Romanowsky & Kochanek 1998; Buote et al. 2002) and the
stellar component may be triaxial as well. Detailed thrgegral
Schwarzschild’s dynamical modelling is needed to clarifg ha-
ture of the orbital distribution in this interesting galaxy

A key additional test provided by this extended sample con-
cerns the shape distribution that we discussed in SeCtiinIi.
Fig.[12 we present a plot of the kinematical misalignmenttier
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Figure 11. Same as Fidg]9 but for the 66 E/SO galaxies observed with
SAURON (48 galaxies from the main survey plus 18 specials). The ned a
blue labels refer to the slow and fast rotators respectividhe filled sym-
bols refer to the galaxies in tHRAURON survey, while the NGC numbers
indicate the 18 ‘special’ objects.

new sample of 18 galaxies, in addition to tB&URON sample. The
sample of specials contain four additional slow rotatorsNA3 68,
NGC 4261, NGC 4365 and NGC 4406, which display a very clear
rotation along the apparent minor axis and are certainlyobtite
bodies (see Davies etial. 2001; Statler et al. 2004 for alddtdis-
cussion about NGC 4365, but see van den Boschllet al. 200eThe
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Figure 12.Same as Fid]8 but for the whole sample of 66 galaxies with-exis
ing SAURON stellar kinematics. Blue and red symbols refer to the flast/s
rotators respectively. The filled symbols refer to the gaksin theSAURON
survey, while the NGC numbers indicate the 18 ‘special’ cisieThe mor-
phology of NGC 2679 is dominated by a strong face-on bar, lvhiglain
the observed large misalignment. All the other new fasitoos are consis-
tent with a family of nearly oblate bodies and show no sigaifidkinemati-
cal misalignment.

new objects confirm that some of the slow-rotators must be tri
axial. A previous indication that large kinematics twisthd to
appear only in the boxy slowly rotating galaxies was found by
Kormendy & Bender (1996). The additional fast-rotatorf stiow

no significant kinematical misalignmen¥® (< 5°), the only excep-
tion being NGC 2679 which has a morphology dominated by the
obvious oval shape of a nearly face-on bar. Even the faceamedb
galaxy NGC 6548 has a kinematical PA which well agrees wi¢h th
PA of the large scale stellar disk. In total, out of 49 fagators pre-
sented in this paper, the only two that show significant kiaral
misalignment, and are thus not consistent with axisymmetg-
sess strong bars or show signs of recent interaction. Thigdqes
strong evidence thatll the fast-rotators constitute a homogeneous
family of flattened and nearly oblate systems (sometimels erit-
bedded bars).

5.5 Caveats

A number of caveats and possible improvements apply to thdtse
we discussed in the previous sections:

Sample size and selectionThe sample of E/SO galaxies we con-
sider in this paper is still relatively small and is not futBpresenta-
tive of the whole galaxy population. The modest size of thepa
constitutes by far the largest limitation of the presentgtu

Field coverage: Although the available kinematics extends to
larger distances and has high®fN than what was used in pre-
vious studies of théV /o, <) diagram, it is still spatially limited

and does not sample the whole galaxy, as would be required for

a rigorous interpretation of th@’/o, ¢) diagram. The comparison
between the modelling results, which treat the limited ishabv-
erage in detail, and th@/ /o, ¢) results (Sectioh 4l4), and the test
with isotropic models (AppendixIB), all indicate howeverengral
agreement, suggesting the results are reliable. Anotfentés that
slow-rotators tend to have larg&. than the fast-rotators. For this
reason the former are not spatially as well sampled as ttez. [site

verified that the conclusions would not change if we restdatur
analysis to withinR. /2 for all galaxies.

Bars: The SAURON representative sample includes a number of
barred galaxies. Since their complex structure and dyraeiq.
Sellwood & Wilkinson| 1993) can not be represented in detgil b
oblate spheroids, and axisymmetric models likely providey @
very rough approximation, it is therefore unclear how bdfsca
correlations derived under the oblate assumption. Moshgtbars
must however have been rejected by the selection criterthé®4
galaxy in our modelling subsample, so they are unlikely tdHee
primary driver behind the observed trend betwgeandeint.-

Triaxiality: The slow rotating galaxies are likely weakly triaxial

(de Zeeuw & Franx 1991) and the assumption of axisymmetry in
our models certainly introduces a bias in the recoveredtigy.
As it appears that the triaxiality of these systems is natngfr at
least in their central regions, the inferred anisotropykisly to be
representative of what we would measure from a full triamiatdel
(van den Bosch et al. 2007). A more detailed investigatiothisf
issue will be presented in a future paper.

6 COMPARISON WITH PREVIOUS WORK

6.1 (V/o,e) diagram from long-slit kinematics

In this section we compare the results on th&o, ) diagram de-
rived from ourSAURON integral-field stellar kinematics to previous
results obtained from long-slit kinematics. THE /o, <) diagram
from long-slit data of E galaxies was first presented andudised
by llllingworth (1977) and Binneyl (1978). It was later exteddo
galaxy bulges by Kormendy & lllingworth (1982). A widely kwa
form of the diagram is the one presented in Davies et al. (1983
which is based on a compilation of long-slit kinematical swea-
ments for 50 elliptical galaxies and bulges. The compitatizas
extended by Bender, Burstein, & Faber (1992) and many new ob-
servations were added by Bender etlal. (1994). The largesbho
geneous set of long-slit /o and ellipticity values is currently con-
stituted by the 94 measurements for elliptical galaxies bB&n-
der (private communication). We will refer to this sampletteet of
Bender et &l.|(1994), although it was later extended with naw
published measurements.

To perform a comparison between long-slit and integratifiel
V /o measurements one has to take into account that the two tech-
nigues measure two different quantities and cannot be cadpa
arigorous way. From integral-field data one measures a lsiti
weighted quantity (equatiof [ILO]), which is closely rethte the
corresponding quantity appearing in the tensor virial &équa and
can be used directly in a quantitative way. From long-slieknat-
ics, one usually only measures the quantity.x /oo, whereVpax
is the maximum observed velocity (usually on the galaxy majo
axis), whileoy is an average value of the velocity dispersion in-
sideR. /2. This value cannot be linked to the expression appearing
in the tensor virial equations without some rather arbjtesssump-
tions or ‘calibration’ with models.

From theoretical considerations, Binney (2005) provides a
very rough connection between the tWg/c determinations. He
shows that the long sliVmax/00 measurements agree with the
isotropic line, in the old formalism, if the isotropic linki§ equa-
tion [9]) is scaled by a factorr/4 so that for an oblate isotropic
galaxyV/o = 0.99 ate = 0.5. In his new integral-field formalism
the isotropic line is a factot/2 lower (his equation [26]) than that
in the old one whemx = 0, so that for an oblate isotropic galaxy

(© 2007 RAS, MNRASD0O, [TH21
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Figure 13. Comparison between tH8AURON integral-field (V//o)e mea-
surements and the correspondivig.x /oo values by Bender et al. (1994),
corrected with equatiof (23) to make them comparable tgjiatdield ob-
servations.

V/o = 0.89 ate = 0.5. For our adopted value = 0.15 (Ap-
pendix[B) one had’/o = 0.79 ate = 0.5 so that the expected
combined decrease from long-slit data to integral-field woeld
be a factor(V/o)e ~ 0.8 (Vimax/00). However, as also pointed
out by[Binney 1(2005), the precise form of this equation dejgen
on the detailed velocity distribution in a galaxy, as wellaasthe
field coverage of the observations, and should not be expéctse
quantitatively accurate. This was in fact his motivatiornttooduce

a new formalism for integral-field data.

To avoid the approximations and assumptions in the above the
oretical derivation, and to be able to compare directly ®MIJRON
V/o values with those measured with long-slit observations by
Bender et al.|(1994), we selected the 28 galaxies in commen be
tween the two samples and we determined the best scaling fact
by least-squares fitting (Fig1.3). We found a best-fittingtien

(K) ‘/max
0/

~ 0.57——,
0o
which is~ 30% lower than the above rough theoretical estimation.
Although the differences in individual cases are not indigant,
there appears to be a general agreement betwee®AHRON and
(scaled) long-slif/o determinations. The main exception are the
galaxies withV/o < 0.1, where the long-slit data tend to measure
systematically smaller values. A comparison for the etipt val-

ues measured by us andby Bender &t al. (1994) is shown in&tig. 1
There is a very good agreement between the ellipticitiessored
with our different methods.

In Fig.[18 we plot the 94 long-slit’/o measurements by Ben-
der, rescaled as in equatidn{23), and his correspondiigicily
determinations, on top of the same lines as in Elg. 9. For the 2
galaxies in the Bender sample for which we h&AJRON obser-
vations, we also show with an arrow the location of the cques-
ing SAURON V/o and e values. This plot shows that the use of
integral-field data does not systematically change theiligion
of galaxies on th€V/o, ) diagram. The differences between the

(23)
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Figure 14. Comparison between the luminosity-weighted values gbtigh
ity ¢ derived for the present paper and the correspondifg, values by
Bender et &l (1994).

SAURON (V/a, ¢) diagram and the one in Fig.115 are discussed in
the following section.

The comparison of this section shows that the long-slit Bbse
vations already provided a reasonable approximation tartbee
rigorous V/o that can be obtained from integral-field kinemat-
ics. However integral-field kinematics provides many adsges
over long-slit measurements for the study of (hg o, ¢) diagram:

(i) The dynamical models can only be uniquely constrained by
integral-field kinematics; (ii)//o can be compared to the theoreti-
cal value in a rigorous way, without the need for an ad-hotiraga
allowing for a quantitative comparison with modelling ritsgin in-
dividual cases, as we did in Sect[onl4.4; (iii) the abilityatzurately
determine the kinematical misalignment allows us to resmthe
different shape distribution of the fast/slow-rotatorg) the possi-
bility to rigorously measure the specific angular momentutdsa
the crucial ability to distinguish between fast and slowators, in-
dependently from théV /o, €) diagram itself (Paper IX). A proper
kinematical classification of the galaxies is the key forititerpre-
tation of the(V/o, €) diagram.

6.2 Sample selection effects on th@’/o, ¢) diagram

The comparison between tIBAURON (V/a, ) diagram of Fig[D
and the corresponding one by Bender et al. (1994) inEig. é&sh
clear differences in the distribution of the observed gasxThe
reason for these differences are easily understood as dueryo
different selection criteria in the two samples.

The early-type galaxies of tH@AURON survey were selected
to have an absolute blue magnitudéz < — 18, and in this lu-
minosity range to include 24 objects in both the E and SO mor-
phological classes, to be uniformly sampled)ifis and in the ob-
served ellipticity (as given by de Vaucouleurs €t al. 19%kehfter
RC3). By construction, this sample provides a uniform cager
of the (V/o,¢) diagram, but does not give a representative sam-
ple of early-type galaxies in the given magnitude rangeatn the
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Figure 15. (V/o,¢) diagram from long-slit kinematics. Same as Hiy. 9
but for the 94Vinax /oo long-slit measurements arddeterminations by
Bender et &l (1994). Th&wax /00 values have been corrected with equa-
tion (23) to make them comparable to integral-field obséaat For the 28
galaxies for whichSAURON observations also exist, the arrows indicate the
location on the diagram of the corresponding value of [Ei§). Tt red and
blue lines refer to the slow and fast rotators respectivgsified according

to the SAURON kinematics (TablE]1).

true observed shape distribution of E/SO galaxies disptagkear
maximum at an ellipticity ~ 0.25 and lacks very round and very
flat galaxies (e.g. Lambas, Maddox, & Loveday 1992). Theiregqu
ment of a uniform sampling ia obviously produces an excess of
very round and very flat galaxies with respect to the genextaixy
population. An additional complication arises from thetfttzat
the SAURON selection was done according to the RC3 ellipticities,
which are measured at large radii. The ellipticity in gadedis gen-
erally not constant and its variation depends on galaxyrosity,

in the sense that luminous galaxies tend to become roundleeiin
central parts than in their outer parnts (Ryden, Forbes, 8eVih
2001). Thes used in the(V/o, ) diagram are those measured in
the central regions, where the kinematics is available nadhose
of RC3. As a result of this, thEAURON selection produces a distri-
bution ine which is difficult to quantify.

Although the SAURON sample selection, by construction,
erases any information given by thalistribution, one may naively
expect the distribution iV/o for any givene interval, to be rep-
resentative of the general E/SO population, as no expkdécsion
was performed ifi’/o. In practice, this is not the case because of
the morphological selection, which implicitly introducasselec-
tion onV/o. In particular Tabl€ll shows that out of the 24 galaxies
classified as E from RC3, 14 (58%) are classified as fastenstat
and 10 (42%) as slow-rotators. For the SO galaxies 23 (96&0) ar
fast-rotators and only 1 (4%) is a slow-rotator. [Eig. 9 shtves the
fast-rotators tend to lie above the magenta line, at anyngivevhile
the slow-rotators are in the bottom-left part of (hé/ o, €) diagram.
This implies that the selection of SO galaxies will guaranibjects
above the magenta line in th{& /o, ) diagram, while E galaxies
will provide an equal number of objects above the magenéadird

in the bottom-left part of the diagram. The morphologicdéston
thus defines the allowed rangesiofo of any galaxy. The require-
ment of an equal number of E and SO galaxies in every intefuval o
specifies a certain distribution of galaxies in tWé/o, ¢) diagram,
which is not representative of the early-type galaxies faijmn.
These selection biases are very difficult to estimate andm@ct
for from the present sample, as they depend on the unknowni+ dis
bution of fast/slow-rotators as a function of intrinsic @&l shape
and morphological classifications.

The morphological selection also affects the appearanttesof
(V/o,e) diagram as obtained from the long-slit measurements by
Bender et al.|(1994). That sample is in fact constituted duyhyE
galaxies. As originally pointed out by Davies el al. (1983garly
stated by Kormendy & Bender (1996) and strongly confirmed in
this paper and Paper IX, the E class constitutes a quiteduster
neous group, made by less than half of genuine non-rotatiipg e
ticals (the slow-rotators) and the rest by disk-like systerasem-
bling SO galaxies (the fast-rotators). The appearanceedfitiic, <)
diagram of E galaxies thus depends on the fraction of fastors
that are (mis)classified as E in differentntervals. A direct com-
parison with the(SAURON (V' /0, €) diagram for the E galaxies alone
(open circles) can be seen in Hig] 10. Although $#¢JRON sam-
ple has only 25% of the number of E lof Bender etlal. (1994), the
distribution of the galaxies appears qualitatively simila

The(V/o, ¢) values for the E galaxies bf Bender et al. (1994)
in Fig.[13 span the same region as thos8ARON of Fig.[9 ol 11.
However there are three main qualitative differences betvtbis
diagram and th&AURON one, which can be understood as due to
differences in the sample selection: (i) the E selectiorhalong-
slit sample poses an upper limit erk 0.5, as otherwise the galax-
ies would be classified as SO. (ii) The lack of SO in the lorig-sl
sample implies a smaller fraction of fast-rotating galaxjgbove
the magenta line), compared to tR&URON (V/a, ¢) diagram. (iii)
The fact that there was no explicit selection ©in the long-slit
sample gives a smaller fraction of very round galaxies, ameghto
the SAURON sample. Moreover older samples 6f o values tend
to prefer flatter E, as these were thought to be most likelyetsden
edge-on, and consequently better consistent with the getsumof
the (V/o,€) diagram.

It is important to obtain an unbiased view of tfé/o, ) dia-
gram, from a larger statistical sample, to be able to comtbeareb-
served distribution of fast-slow rotators, with the preidics from
different galaxy formation scenarios. For this, one needsa-
ple which is only selected in absolute magnitude and is net bi
ased by the morphological selection, as the currently alviglsam-
ples. Some selection in morphological type is still requiiras the
(V /o, e) diagram looses its meaning for spiral galaxies, which have
a clear bulge and a thin disk component with very differelipiit-
ity. However, contrary to the problematic classificatiotoi& or SO
galaxies, the separation between early-types galaxiesgirals is
robust and clearly bimodal (Strateva et al. 2001; Baldry.&GD4).
Only with this larger and unbiased sample of E/SO galaxidisne
be able to understand whether the fast-rotators all reallyvithin
the envelope indicated by the current study, and whethedigte-
bution of the slow/fast-rotators shows a bimodality in {h&o, €)
diagram, as the current data seem to suggest.

6.3 Spurious increase in anisotropy of slow-rotators?

In Section[6.2 we showed that ouUBAURON data on the
(V/o,e) diagram are generally consistent with previous long-slit
works. The current study however seems inconsistent wigh pr
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vious studies (e.d. Davies et al. 1983; Binney & Tremaine7198
Kormendy & Bender _1996) in its finding that the massive and
slowly rotating galaxies aneot more anisotropic than the generally
fainter and fast-rotating galaxies (e.g. K. 6).

Part of the difference between the current work and the pre-
vious ones may lie in the sample selection, which here irdud
SO galaxies, as they cannot be distinguished from the otstr f
rotators. The rest can be understood as due to (i) the useeof th
parameter(V/o)* as a measure of galaxy anisotropy and (i) the
neglect of inclination effects on tH@/o, €) diagram.

The anisotropy parameter was defined by Kormendy (1982b);
Davies et al.[(1983); Bender & Nieto (1990) as
V/o

(V/U)iso ’
i.e. the ratio between the observe&do value for a galaxy and the
predicted valugV/o)iso for an oblate galaxy with isotropic ve-
locity dispersion tensor (Binney 1978). As pointed out_bwrigy
(2005),(V/o)™ is not a reliable way of measuring anisotropy in a
galaxy and should be replaced by the real anisotropy v@lTde
problems of(V/o)* as a measure of anisotropyare the follow-
ing: (i) galaxies with the samé but with different intrinsic ellip-
ticity eint, Can appear to have dramatically differ¢imt/o)* when
seen edge-on, and even more diffedet(V'/o)*. In particular the
rounder galaxies will have a systematically low@f/c)* at any
given § (Fig.[18). (ii) A galaxy with a givery and ein¢, will ap-
pear to have a lowefV//o)* at lower inclinations{ = 90° being
edge-on) as shown e.g. in Fid. 9 (see also Burkert & Nlaab 2005)

The slow-rotators generally have observed ellipticiti€$0.3
(Fig.[@ andIb), which implies they are intrinsically not yeiat.
The fast rotators can be intrinsically flat. Given this diéfece in
the shape of the fast and slow-rotators, both the elligtiaiid in-
clination effects mentioned in the previous paragraph acys-
tematically decrease the observ&d/o)* of the slow-rotators with
respect to the fast-rotators, giving the misleading imgicesof a
strong increase of the anisotropy. We conclude (h&to)* should
not be used as a measure of anisotropy.

(Vo) = (24)

7 DISCUSSION
7.1 Early-type galaxies in the nearby universe

Observations at high redshift, combined with detailed meas
ments of the cosmic microwave background, have provideata sc
nario for galaxy formation in which the Universe is domirthtey
dark matter of unknown nature. The general picture for tisems
bly of the dark matter seems to be rather well understood snd i
described by a hierarchical process driven by the sole infei@f
gravity (e.g..Springel et al. 2005). Much however still hasbe
learned about the way the luminous matter, namely the stats a
galaxies that we actually observe, form from the accretibgas
within the dark matter potential. The complication comesfithe
fact that these processes are driven by the hydrodynamicteerd-
istry of the gas, combined with complex feedback procestdso
radiation on it.

One way to constrain the formation of the luminous matter
in galaxies is by trying to uncover the ‘fossil record’ of ti@o-
cess in nearby galaxies, which can be observed in great datai
to their vicinity. A key element to differentiate betweerffelient
galaxy-formation model is the degree of anisotropy and theuant
of rotation in early-type galaxies, in relation to otheragal prop-
erties like luminosity, surface brightness profiles or cleaincom-
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Figure 16.Top Panel(V'/c, €) diagram. The meaning of the solid lines is as
in Fig.[d. The blue diamonds and red squares represent thidoof edge-
on galaxies, with different intrinsic ellipticity;,,; but the same anisotropy
& = 0.1. The red ellipse indicates the region where the slow-rosasme
generally observed (Fif] 9 ahdl1Bottom Paneliocation of the galaxies
of the top panel in thélog(V/o)*, ) diagram. The diamonds and squares
represent galaxies with the same small anisotropy, so ooeldstexpect
log(V/o)* ~ 0. There is however a dramatic decreaséogf(V/o)* for
the objects which fall close to the region of the slow-ratsitred squares),
which is not associated to any variation in the anisotropy.

position (e.g. Binney 1978; Davies eflal. 1983). Observatshow
that early-type galaxies can be broadly separated into tet mas-
sive giant ellipticals on one side, which are red, metat;riowly-
rotating, and have shallow central photometric profiles] &me
fainter objects on the other side, which tend to be blueratysior,
are dominated by rotation, have cuspy profiles and may aontai
disks (Davies et al. 1983; Jaffe ef al. 1994; Kormendy & Bénde
1996; Faber et al. 1997; Lauer eilal. 2005)

A first factor determining these observed differences in the
structure of early-type galaxies appears to be the amoudissipa-
tion during the last galaxy merger. In particular more aimguc
and slowly rotating galaxies result from predominantly lieol
sionless major mergers, while faster rotating galaxies e
duced by more gas-rich mergers, where dissipation playsnan i
portant role |[(Kormendy 1939; Bender, Burstein, & Faber 1992
Faber et al. 1997). The prevalence of gas-poor mergers ini¢ne
archical formation of massive galaxies (Khochfar & Burk2@o%)
would help explain the fact that slowly rotating galaxies arore
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common in the high-mass galaxy range. A second factor driv- ingredient in these models is the cosmological contextcivipro-
ing the galaxy structure seems to be the mass fraction of the duces sequences of mergers. Also lacking is a detailedrtesaiof

merger components. Equal-mass galaxy mergers tend to ggodu
more slowly rotating galaxies than mergers of significadiffer-
ent mass ratia_(Naab, Burkert, & Herngllist 1999; Naab & Brrke

the gaseous component, which is likely to play an importaletin
the early universe. Major gas-rich mergers, regulated byfeled-
back of a powerful central AGN, have been suggested to extiei

2003). A third factor appears to be the feedback on the gas, scaling relations of early-type galaxies (Robertson £2@06) and
during a merger event, produced by the radiation emitted by a to reproduce the dichotomy (elg. Faber et al. 2007; Cattahab

central AGN or by supernovae winds (elg. Granato et al. |2004;

Springel, Di Matteo, & Hernquist 2005).

A complete understanding of the formation of early-type
galaxies, and the relative role of the different factorguiges the
treatment of the above phenomena in a cosmological comtiktn
the hierarchical merging process. This still has to be gitethin a
rigorous way as current computer simulations cannot restie
many orders of magnitude scales that are involved in these pr
cesses. This implies that instead of describing the gascadarate
hydrodynamical and radiative transfer equations, the fsade ap-
proximate and very simple relations, based on empiricaticis,
to describe the process. This paper and the companion Péper |
provide new observational constraints for the upcoming etodn
the next section we speculate on the formation scenaridbéarb-
served characteristics of early-type galaxies that weseéri

7.2 Nature of the fast and slow rotators

The fast rotators seem consistent with galaxies with a fsogmit
disk component, which experienced minor mergers and atret
a significant amount of gas (Naab, Burkert, & Hernquist 1999;
Naab & Burkeit 2003; Bournaud, Jog, & Combles 2005; Cox et al.
2006; | Jesseit et al. 2007; Novak etial. 2006). The accretsd ga
which settles in the galaxy equatorial plane and forms steosld
explain the metallicity enhancement in the plane of the @Rk
per VI) and the nearly perfect alignment of the angular momen
tum of the different, sometimes counterrotating, steltanctures
(Sectiorf4.5). The minor mergers may explain the fact thander
galaxies have a larger. dispersion orthogonal to the disk plane
(along thez-axis). The disk instabilities triggered by minor mergers
can in fact deviate stellar orbits out of the disk plane amtipce an
increase in the . dispersion and a corresponding thickening of the
disk. The trend may also be related to the two-componentgeat
of the fast-rotators. Disks may be more anisotropic thagdsiand
are more prominent in flat galaxies (Sectionl 5.3). Numesaak
ulations seem able to produce the observed level of anfgoiro
these systems (Burkert & Naab 2005), but it is unclear fortwba-
ditions they will reproduce the observed trend betweencartpy
and flattening.

Although we do not find any physical distinction between E
fast-rotators with disky isophotes and SO fast-rotatotts &n ob-
vious disk component, and this suggests a common formatien s
nario for the whole class of objects, the current obseruaatitn not
necessarily require a common origin.

Originally the slow rotators were thought to form at high-red
shift via equal mass mergers of disk galaxies (Barnes|1988).
N-body simulations were able to produce some slowly rogegiys-
tems that appeared like ellipticals, however it becamer thes this
simple picture could not explain the observed appearanstwofy
rotating ellipticals as a class _(Hernguist 1992; Naab & Burk
2003). In addition, current numerical simulations of geeefma-
jor mergers seem to generate large fractions of strongbx-ri
ial or prolate galaxies((2 <e<0.6) than we donot observe
(e.g!Boylan-Kolchin, Ma, & Quataért 2005; Burkert & Naal)s0
Gonzalez-Garcia & van Albada 2005; Cox €t al. 2006). A mgs

2006) in the colour distribution of galaxies as a functionttugir
luminosity (Strateva et &l. 2001; Baldry etlal. 2004).

It is unclear why the slow rotators in our sample possess the
low degree of anisotropy that we observe in their centraioregy
A process that could in principle explain both the relagvemall
anisotropy and the roundish shape of the slow rotators wbald
the global transition to chaos, as can be produced by cesutpair-
massive black holes (Merritt & Fridman 1996). Current esties
of black holes mass fractions (Haring & Rix 2004) seem hawev
too small to produce significant effects. The transitionttaas and
the symmetrisation of the major triaxial merger remnantid¢de
significantly enhanced by the gas inflow and its nuclear aonce
tration during the initial phase of the mergers, before the
expelled from the galaxies by the AGN activity (Barrnes 1988)
Another process that could explain the isotropy and shapbeof
slow-rotators, especially for the most massive galaxiesdonear
the centre of cluster potentials, is a sequence of radiagensr
(Cooray & Milosavljevic 2005).

7.3 Connection with higher redshift observations

The detailed observations of the structure of the small amp
nearby galaxies that we discuss can be related to much leskede
observations at higher redshift obtained with much largevey.
From the analysis of a large sample of galaxies in the neanby u
verse, observed by the Sloan Digital Sky Survey, it was fainadl
galaxies are well distinct in terms of their colour, in these that
they can be clearly separated in a so called ‘blue cloud’ anelda
sequence’ (Strateva et/al. 2001; Baldry et al. 2004). Ttuisaliery,
and the subsequent realisation that the bimodality can dmedr
back in time at higher and higher redshift (Bell et al. 20@dpwed

a dramatic improvement in the detailed testing of galaxyntor
tion scenarios. It is now believed that the gas-free and ,deat
sequence galaxies form by merging of gas-rich, star-fogptitue-
cloud galaxies, followed by a rapid ejection of the gas, duthe
feedback from a central supermassive black hole (e.g. Fedladr
2007). In a merger event between blue gas-rich galaxies dke g
tends to settle onto a plane and form a disk, so that the endt res
of the merger, after the gas has been expelled from the syatéim
be a red, purely stellar system dominated by rotation. Bugers
can still happen between red gas-poor galaxies, in which sias-
ulations show that the resulting red galaxy will show little no
rotation.

We speculate that the two classes of fast and slow-rotating
galaxies that we described may be the relics of the diffd@nta-
tion paths followed by early-type galaxies when loosingrtigas
content and moving from the ‘blue cloud’ to the ‘red sequénce
in the ‘quenching’ scenario of Faber et al. (2007). In thatyrie
the fast-rotators are naturally associated with the spjeddxies
whose disks were quenched by ram-pressure stripping or i@time
starvation processes, and subsequently experiencedynmainbr
mergers. The slow-rotators can be generated by a sequemer@f
ers involving little amount of gas along the red sequenceluerto
major violent gas rich mergers in which the gas component was
rapidly expelled by a starburst or a central AGN.

(© 2007 RAS, MNRASD0O, [TH21



8 CONCLUSIONS

We analysed the orbital distribution of elliptical (E) arehticu-
lar (S0) galaxies using observations of the stellar kin@satithin
one effective (half light) radius obtained with tBAURON integral-
field spectrograph. We constructed {1é/c, ¢) diagram for the 48

E/SO of theSAURON sample. For a subsample of 24 of the galaxies,

consistent with axisymmetry. we use three-integral axisatmic
Schwarzschild models to recover the detailed orbital iistion.

We used a new classification of early-type galaxies based on

the stellar kinematics (Paper IX), to divide the sample i
classes of objects with and without a significant amount gfuan
lar momentum per unit stellar mass. We refer to these twostgbe
object as “slow-rotators” and “fast-rotators” respedivéhe slow-

rotators are more common among the brightest systems, and ar

generally classified as E from photometry alone. The fatstiocs
are generally fainter and are classified either E or SO.

From the combined analysis of the dynamical models and

the (V/o, ) diagram we find that, in the central regions (within
~ 1R.) of the galaxies which we sample with our kinematics:

(i) The slow rotators can display misalignment between tie p
tometric and kinematic axes, indicating that as a classaheyriax-
ial. Those in our sample tend to be fairly rourd 0.3), and span a
range of moderate anisotropies (Binney 1978 anisotropgrpeter
§<0.3).

(i) The fast-rotators can appear flattenedJ0.7), do not show
significant kinematical misalignment (unless barred ceriatting),
which indicates they are all nearly axisymmetric, and sptarge
range of anisotropiess (< 0.5). The main physical difference be-
tween fast and slow-rotators is not their degree of anigotrdut
their intrinsic shape.

(iif) The measured anisotropy appears to be due to a flatienin

of the velocity ellipsoid in the meridional plane £ > o), which
we quantify with thes anisotropy parameter. While the velocity
dispersion tends to be similar along any direction orthadémthe
symmetry axisq¢r ~ og).

(iv) We find a general trend between the anisotropy in thedreri
ional plane3 and the galaxy intrinsic ellipticity;,... Flatter galax-
ies tend to be more anisotropic.

(v) The results from the models are consistent with the &lue
of the anisotropy inferred from th@’/o, ) diagram of the whole
SAURON sample of 48 E/SO, which we determined from our inte-
gral field kinematics. We find that the distribution of thetfestat-
ing galaxies is well described as a family of nearly oblatiexgas
following a trend between flattening and anisotropy. Thiguleis
confirmed when we include in the sample 18 additional E/S&gal
ies observed witiSAURON.

Although the sample of early-type galaxies consideredim th
work constitutes the first significant sample for which {h&'o, <)
diagram and the anisotropy could be investigated with nalefield
stellar kinematical data, the main limitation of our worke rel-
atively small number of galaxies and the complicated sarspte
lection effects. Even so, as we discussed in Se€iion 7, waldee
to reach some provisional conclusion on the formation df/egpe
galaxies. We reviewed the usefulness of(théo, ¢) diagram to test
galaxy-formation models. A similar analysis, performedaanuch
larger sample of galaxies could provide much stronger cainss
on the process by which galaxies form.
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APPENDIX A: TESTING ANISOTROPY WITH
TWO-INTEGRAL MODELS

The three-integral axisymmetric models of Secfiod 4.1 shuat,
in the central regions that we constrain with our integrelfkine-
matics, (i) the flatter fast-rotators are anisotropic, ia sense that
their velocity ellipsoid is flatter along the direction ofetsymme-
try axis than along the radial directioan. < og; (ii) the rounder
slow-rotators are nearly isotropic. In this section we daualitp-
tive test of the consistency and robustness of these stateméith
the results of two-integral Jeans models. This test usesyadie
ferent and simpler modeling method and a different kinecsagk-
traction. It allows us to verify the robustness of our resalgainst
implementation and observational details.

The Jeans models we use assume axisymmetry, corgtaht
ratio, and a stellar distribution function DF of the forfh =
f(E,L.), whereFE is the energy and.. is the angular momen-
tum along the symmetry axis. From the same MGE parameter-
ization of the surface brightness used in the Schwarzschdd-
els (Sectior 13) and an estimate of the central black-holesmas
we compute the unique predictions for the velocity second mo
ments iz, at the best-fitting inclination, using the formalism of
Emsellem et al! (1994). See Paper IV for more details. Therskc
velocity moments were extracted from tBAURON kinematics as
u2 = VV?2 + 02, whereV ando are the mean velocity and the
velocity dispersion used also in ti& /o, ¢) diagram (Sectiohl2).

Al Anisotropy of the flat fast-rotators

To test the anisotropy of the flat fast rotators we consideitliinee

galaxies NGC 821, NGC 3377 and NGC 4660, which are con-

strained by the observed photometry to be close to edgefun. T
choice reduces the non-uniquness in the mass deprojeBtdmcok
1987) and correspondingly the possible degeneracies idem-
jection of the higher velocity moments. These three gatakive
ao field well resolved by th6&AURON instrumental resolution. For
edge-on galaxies one does not have any direct measuremtat of
component of the velocity dispersian parallel to the symmetry
axis, however the flattening of the velocity ellipsoid ishtiy con-
strained if the galaxy is assumed to be axisymmetric and - eq
librium (same as in théV /o, £) diagram). Nearly edge-on galaxies
are thus ideal for our test.

The comparison with the Jeans model predictions is shown in

Fig.[AT. The models provide a reasonable first-order detsonipf
the observations, however significant systematic deviat&xists.
This indicates that, assuming the mass traces the lighttidelled
galaxies do not have a DF of the forfi{E, L.). In particular a
common characteristics of models is that for all three gatathey
predict too much motion (high. values) along the galaxies pro-
jected major axis with respect to the minor axis. Any twaegral
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Figure Al. Jeans models of flattened galaxies. Left panels: bi-synisedtr
and linearly interpolated maps of the observed second iglotoment
u2 = VV2 + 02, measured from th8AURON stellar kinematics of the
galaxies NGC 821, NGC 3377 and NGC 4660. The actual Voron@ bi
in which the kinematics was measured are shown in Paper lllithéee
galaxies are quite fattened and are constrained by thewagsphotometry
to be close to edge-on. Right panels: two-integral Jeansehiagl of the
unique projected second moments associated to the MGE reasgyddis-
tribution, at the best fitting inclination from Paper IV. I three cases the
models show a larger difference between themeasured along the major
and minor axes than is observed.

f(E, L.) model has a velocity-ellipsoid which appears circular in
cross section with the meridional plared{ = o. and(v.vr) = 0).
The observed difference between models and observatiditaites
that the real galaxies have a larger velocity dispersion the mod-
els, along theR direction, orthogonally to the symmetry axis.
This implies that the velocity ellipsoid must be on averagm-e
gated in theR direction. In this way, for nearly edge-on galaxies,
the observer sees a larger component of the dispersion #heng
minor axis, when the radial direction in the galaxy is padldib the
line-of-sight, than along the major axis. A similar findingsvin-
terpreted by van der Marel (1991) as evidence of radial &noigp
and the same reasoning applies in our case.

A2 Near isotropy of the round slow-rotators

To test the near isotropy inferred using three-integral eetbr the
rounder slow-rotators of the modelling subsample, we setethe
three apparently quite round galaxies NGC 4374, NGC 4486 and
NGC 4552. These three galaxies have none or very little aciele
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Figure A2. Jeans models of nearly round galaxies. The open squares
with error bars represent the observed second velocity mbme
VV?2 + 02, measured from th&AURON stellar kinematics of the galax-
ies NGC 4374, NGC 4486 and NGC 4552. The values and errorsiiesre
computed as the biweight mean and standard deviation ofitiemlatics
extracted from the Voronoi bins within circular annuli. Té@lid line shows
the second velocity moment computed from two-integral Seandels. The
dashed vertical line shows the region where $#¢JRON field provides a
full spatial coverage of the galaxy. This is the region vigea in Fig.[d
and from which the mean anisotropy was estimated. The ttegyial mod-
els provide a very good description of the data within thetre¢megion.
Given the near spherical symmetry the models are almostifdtropic in
the central regions.

for rotation and the velocity dispersion field presents algercu-
lar symmetric distribution (Paper 1ll). We constructedsgmnmet-
ric f(E, L.) Jeans models as in the previous section, taking into
account the apparent flattening of the galaxies in the oatgons,
however, given the near-spherical shape in the centrabmegihe
models are almost fully isotropic with = f(F). It is sufficient to
compare data and models along circular iihgche SAURON data

3 The two-dimensional data versus model comparison for NGE2 4&as
presented in Fig. Al of Paper IV.

were averaged by computing a biweight mean and standard devi
ation (Hoaglin, Mosteller, & Tukey 1933) of the values extea
from the Voronoi bins within radial ranges. The use of ingdield
kinematics provides radial profiles pf, with very small scatter.

If the galaxies were nearly isotropic in their central regip
as the Schwarzschild models show, the simple Jeans mod#is, w
only M/L as free parameter, should provide a good representation
of the observed, profiles. The comparison between flagprofiles
of the data and the isotropic models (ffig] A2) shows thatéddbe
models generally reproduce the data within the small uaigies,
and confirms the consistency of the observed galaxies widagyn
isotropic orbital distribution. The galaxies are of courss per-
fectly isotropic: deviations between data and model dotgpéstic-
ularly in the outer regions of NGC 4486, and these small diewia
from isotropy are consistent with the location of the gaaxvelow
the isotropy line in théV /o, ) diagram (Fig[B).

APPENDIX B: TESTING THE (V/o,¢) DIAGRAM WITH
ISOTROPIC MODELS

For a quantitative use of tH@/o, €) diagram three questions have
to be answered: (i) can one measure reliable values of thetampy
using the(V' /o, €) diagram from integral-field kinematics with lim-
ited spatial coverage? (ii) Can one derive realistic anigies for
models with an ellipticity that varies as a function of rafiuiii)
what is the value for the parameter(equation [[I#]) appropriate
for realistic galaxy models?

We tried to address some of these questions in Sectibn 4.4, by
comparing the anisotropy derived from the Schwarzschildiets
with the one measured with tl{& /o, ) diagram. The good agree-
ment between the two determinations showed that the ansewiee t
first two questions is positive. These tests allowed us tdwtre
reliability of the (V /o, €) diagram for a wide range of anisotropies.
However the approximate nature of the orbit-superpositimalels
does not allow the test to be carried out very accurately.

An alternative would be to use analytic models. The limiati
of these tests is that they are easy to carry out only in tHeoigic
case. This was done hy Binney (2005) who also concluded with
a positive answer to the first two questions above. In additie
measured a value of < 0.2 for his test cases. However his adopted
models were not entirely realistic, so the results cannoigdoessar-
ily generalised to real galaxies.

In this section we revisit what was done by Binney (2005),
using the MGE models to approximate in detail the surfaoghibri
ness of actual galaxies. For this test we selected five galaxnich
represent some of the different types found in 8AURON sample
and for which we derived a nearly edge-on inclination in Paye
The galaxy NGC 4486 is a giant elliptical with the largestin our
sample. It shows no sign of rotation and has a nuclear cuggyico
the surface brightness profile. NGC 4552 and NGC 5831 are also
classified as slow rotators and have central cuspy cores. 383C
and NGC 4621 are classified as fast rotators, are coreledsaared
disky isophotes.

We computed the projectéd ando fields for the five galax-
ies under the assumption of axisymmetry and self-consigtére.
constantM /L). In this case, when the distribution function is as-
sumed to be a functiolfi(E, L) of the two classical integrals of
motion, the energ¥ and the angular momentui. with respect to
the symmetry axis, the non-centred second morperis uniquely
defined by the density, once the inclinatioand theM /L are cho-
sen (Lynden-Bell 1962; Hunier 1977). If in addition one ases
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isotropy of the velocity dispersion tensor, then the firstmaat 1.,

of the velocity is also uniquely specified. Both momemntsand -

can be computed by solving the Jeans and Poisson equatigns (e
Satoh 1980;_Binney, Davies, & lllingworth 1990). In the cdke
density is described by the MGE parameterization the moment
projected on the sky plane, can be evaluated as a doubleahtey

ing equation (59) af Emsellem etlzl. (1994). The projectedneiat

u2 is evaluated as a single integral via equation (61) of theesam
paper (corrected for a typo as in Paper IV). We made the stdnda
approximate identificatiof = ;1 ando? = p2 — pl.

To be able to measure the parameteghe MGE models need
to have constant ellipticity as a function of radius, as ttepaed
form of the(V /o, €) diagram precisely applies only in that case. For
this we took the MGE parameters as given in Paper IV but we set
all the ellipticitiese equal to a constant value= 0.2,0.4,...,0.8.

In this way the new MGE models have the same realistic majgr ax
profile of the original galaxy, but have constantTo evaluate the
Jeans equations in a computationally efficient and accwageup

to large radii, and even for very flat models, we computed thema
grid linear in the logarithm of the elliptical radius and heteccen-
tric anomaly. This was done by defining a logarithmicallycgd
radial gridr; and then computing the moments at the coordinate
positions(z; k, y;,k) = [rjcos Ok, r;(1 — £)sin O], for linearly
spaced;. values. The model was then re interpolated onto a fine
Cartesian grid for the estimation of thé/c as done on the real
integral-field data.

In Fig.[B1 we show the location of the five isotropic galaxy
models on th€V/o, £) diagram. In the top plot th&' /o was mea-
sured from the model by integrating it within an ellipse dfjic-
ity € having mean radiu®,. = av/1 — e = 3R., wherea is the
semi-major axis of the ellipse. For each differerthe five models
have similarV/o value and they lie along the theoretical isotropic
line if one adoptsy ~ 0.20 £ 0.03. In the second panel tHé/o
was measured within an ellipse of mean radids = R., which
closely resemble what we are doing on the I®AURON data. In
this case the models lie slightly below the isotropic linat the
inferred anisotropy is still negligiblé < 0.1. This shows that an el-
lipse of mean radius. is still sufficient for a reliable recovery of
theV /o value of realistic galaxy models. This is not the case when
theV /o is measured within an ellipse of mean radRis= R./2,
as in this case the values start being significantly underatd
(6 2 0.2, third panel). In the bottom panel th&/c was measured
within circles of radiusR.. TheV /o values are now significantly
below the isotropic line, particularly for very flattened dets, and
this shows that in the case of finite spatial coveragdthe should
be preferably evaluated along flattened ellipses than alivolgs.

To test the reliability of th€V /o, ¢) diagram in a more real-
istic case of variable ellipticity, we computed thE /o, ¢) values
inside 1R, from isotropic models of the five test galaxies computed
without changing the ellipticities of the Gaussians in th& mod-
els of Paper IV. The ellipticity used is the ellipticity measd on the
real galaxies. The result of this test is shown in the secamalpof
Fig.[BI. It shows that théV /o, ) values extracted from isotropic
models of realistic galaxies, extracted withiJ, do lie close to
the theoretical isotropic line for oblate galaxies (wher- 0.2).

APPENDIX C: MONTE CARLO SIMULATION

In Section[5.2 we showed that the location occupied by the fas
rotating galaxies in th&AURON representative sample is consis-
tent with the one expected according to equafion (19). lbisdver
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Figure B1. V/o of isotropic galaxy modelsTop plot: the V//o was mea-
sured from the model by integrating it within an ellipse dipgicity  and
mean radiusR. = ay/1 —e = 3R, Wherea is the semi-major axis of
the ellipse.Second panethe V/o was measured within an ellipse of mean
radiusR, = Re. The NGC numbers refer to th&'/o, ) values measured
on the isotropic models with variable ellipticityhird panel:V/o within an
ellipse of mean radiu®. = R./2. Bottom panelthe V/o was measured
within circles of radiusRe.. This plot shows thal’/o is better recovered
along ellipses than along circles of the same area. Mordbeér /o values
appear to be well recovered up to an ellipse of mean rallius
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Figure C1. Logarithmically spaced contours of the likelihoddms, o)
as a function of the assumed slope and spread aof the: correlation. The
maximum likelihood values ares = 0.61 andos = 0.11.
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Figure C2. Same as in Fid.]9, with overlaid with the magenta lines the

contour of the probability®’ [(V/o)obs, £; ms, o), for the best fitting pa-
rameters of Fig_Q1. The contours are meant to describe $fbdition of

the fast rotating galaxies (blue labels).

unlikely that galaxies will follow a correlation with zeraatter.
Moreover the previous discussion does not make use of the inf
mation contained in the whole distribution of observed gjalain
the(V/o, €) diagram. As we do not know the inclination for all the
galaxies in the sample, the only way to verify if the obsernezh-
surements imply a correlation between shape and anisotsajoy
resort to Monte Carlo simulations.

(V/o),

(V/o),

(V/o),

(V/o),

Figure C3. Monte Carlo simulations of thél//a, €) diagram.Top panel:
the galaxies follow a relatiod = 0.6 £;,¢, With added Gaussian intrinsic
scatterSecond Panekame as in top panel, but galaxies with> 0.8 £j,¢,
are removedThird Panel:at everye;,¢, galaxies are uniformly distributed
in the intervald = [0, 0.8 ¢int;]. Bottom Panel:galaxies are on average

We saw in Sectiofi 51 that the fast rotators are consistent jsotropics = 0, with some added Gaussian intrinsic scatter. Only the gecon

with being a population of nearly oblate galaxies. In pribej un-

panel resembles the observed distribution of the fastersta
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der the oblate hypothesis, it is possible to invert the oleskel-
lipticity distribution to derive the intrinsic shape di&tmtion, un-
der the assumption or random orientations. HowevelSItNeRON
sample was explicitly selected to cover a nearly uniformgean
of ellipticities (Paper IlI), and this means that: (i) one mainas-
sume random orientations and recover the intrinsic digtion, but
also that (ii) the observed distribution on tit¥/c,e) diagram
will be weakly dependent on the assumed ellipticity disttidn,
once the same selection criteria are applied. For this neagile
still assuming the fast rotators are oblate, we will adopt phara-
metric form for the distribution of intrinsic ellipticitederived by
Lambas, Maddox, & Loveday (1992) for a sample~of5, 000 SO
galaxies:

1 exp [_ (5intr;€0)2:| if 0 < einer < 0.65
¢(Eintr) = oe V2 202 - . -
0 otherwise

(C1)

with &g = 0.41 ando. = 0.24, and where we set an upper limit on
cintr Dased on the maximum ellipticity observed in our sample.

For any given ellipticity weassumea simple linear relation
with slopem to determine the anisotropy, as found in Sedfioh 4.6,
but we allow for an intrinsic (Gaussian) scatter around #tation.
The distribution of the anisotropy at any given ellipticity is then
assumed to be:

o~ { mow [ngps] wosis
= o T 0'6
0

2-1
¢ (C2
otherwise

where the upper limit fo§ comes from the conditiol//)? > 0
in equation[(I#) andms, o) are two free parameters.

Given ein: and § we use the inverse of equation [14) to
compute the edge-ofr /o value. Finally with equationd (AZ.113)
we project the(V/o,eintr) pair of values to get the observed
[(V/&)obs, €] and (V/o)ons Values, assuming a uniform distribu-
tion on the sphere of the viewing angles (i. e. a uniform pbiba
ity distribution insin ¢). This process, repeated for a large number
~ 10® of random realisations of the of the,. variable, is used to
compute an histogram. This constitute a numerical estivitiee
probability P[(V/o)obs, €; ms, 05] Of observing a galaxy within a
certain range of values on tt{&’ /o, ¢) diagram, for any given set
of our two model parametédin;, os).

One complication now arises because of$&JRON selection
criteria. We need to consider the fact that the valuesf ; was
specifically chosen for each sample galaxy, and does not rome
a random selection. For this reason we define a new prolyabilit

P'[(V/0)obs, €5 ms,05] =
P[(V/0)obs, €3 ms, 0]

T PIV/0)ovm 218,05 A(V 7)o (©3)
in such a way that
/ P'[(V/0)obs, €;ms,05] A(V/T)obs = 1, (C4)
0

or in other words the marginalised probability of obsendrgalaxy
with any givene is constant. What varies is only the probability of
observing a certaiV’/o)ons value at the chosen

To find the best fitting parameters of our simple model we then
define a likelihood function, which gives the probabilitgdtecting
the effect of measurements errors) of observing the giveofse/
independent measurememt¥ /o) obs,m, Eobs,m], fOr the assumed
model parametergn;, os):
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M
L(ms,05) = H P'[(V/0)obs,ms Eobs,m; Ms, 5] -

m=1

(CH)

We determine the likelihood only for the fast rotators of the
SAURON sample of 48 galaxies, and excluding the galaxies
NGC 2685, NGC 3156, as they lie in regions of low-number stati
tics and may not follow the general distribution of the otbatax-
ies, and NGC 4473, for the reasons explained in Seffidn ®i&. T
leads to a sample a¥/ = 36 galaxies. The contours of the like-
lihood function [CH) are presented in FIg.JC1 and show that th
maximum likelihood parameters afres = 0.6 andos = 0.1.
Given the very different approach adopted for their deteation,
the agreement with equatidn {19) provides a strong confiomatf
the observed trend of anisotropy versus ellipticity. Thetoars of
the probability P’ for the set of best fitting parameters are shown
in Fig.[C2. Although the contours follow the general distitibn of
the fast-rotators, they also display a tail with non-nebli prob-
ability at low values ofl//o, where we do not observe any galaxy.
This effect is also visualized in the top panel of Fig] C3, rehwe
plot the distribution of values on th@’/o, ) diagram, for a simu-
lated set of 300 galaxies. A number of galaxies are prediayetis
model to fall below the magenta line.

After some experimentation we found that the simplest way
to reproduce the observations consists of enforcing themnippit
on the anisotropy < 0.8 €intr in equation[(CR). The result of this
simulation is shown in the second panel of Hig] C3 and qualita
tively resembles the appearance of the obseBAIIRON (V/o, )
diagram. The distribution of the observed galaxies in(tfi¢o, €)
diagram suggests that the above condition constitutes aigaty
zone of avoidance for the existence of the fast-rotatorss Zdne
of avoidance may be related to the stability of axisymmedtai-
lar systems with varying degrees of anisotropy and wouleides
further investigations.

In Fig.[C3 we present two additional Monte Carlo simulation,
under simple assumptions for the galaxy anisotropy. In kil t
panel we assume, at evenyi:,, an uniform distribution for galaxies
inthe intervald = [0, 0.8 eint.]. This distribution is unable to repro-
duce the observed distribution of the fast-rotators on(#ig, <)
diagram. Finally, in the bottom panel we assume that gadaadie on
average isotropié = 0, but we allow for the same Gaussian intrin-
sic scatters = 0.1 as in the top panel. This distribution is strongly
excluded by the observations. A comparison with (hgo, ¢) dis-
tribution for a much larger and unbiased sample of galaxieslayv
be required to further confirm these results.
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