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ABSTRACT

Two-dimensional stellar kinematics of 48 representativaril SO galaxies obtained with
the SAURON integral-field spectrograph reveal that early-type g&svéppear in two broad
flavours, depending on whether they exhibit clear largéesodation or not. We define a new
parameteir = (R |V|)/{RVV? + ¢2), which involves luminosity weighted averages over
the full two-dimensional kinematic field, as a proxy to quiyrthe observed projected stellar
angular momentum per unit mass. We use it as a basis for a manktic classification:
early-type galaxies are separated into slow and fast matadepending on whether they have
Ar values within their effective radiuB, below or above 0.1, respectively. Slow and fast ro-
tators are shown to be physically distinct classes of gatad result which cannot simply be
the consequence of a biased viewing angle. Fast rotatatdadre relatively low luminosity
galaxies withMp > —20.5. Slow rotators tend to be brighter and more massive galaxies
but are still spread over a wide range of absolute magnitlicieze slow rotators of our sam-
ple, among the most massive ones, are consistent with z&atiorm Remarkably, all other
slow rotators (besides the atypical case of NGC 4550) coatirge kpc-scale kinematically
decoupled core (KDC). All fast rotators (except one galaithwell-known irregular shells)
show well aligned photometric and kinemetric axes, and lkve&dcity twists, in contrast with
most slow rotators which exhibit significant misalignmesutsl velocity twists. These results
are supported by a supplement of 18 additional early-tyfse@gss observed witSAURON. In

a companion paper (Paper X), we also show that fast and skatore are distinct classes in
terms of their orbital distribution. We suggest that gaskeyingredient in the formation and
evolution of fast rotators, and that the slowest rotatoeglae extreme evolutionary end point
reached deep in gravitational potential wells where d&ginless mergers had a major role in
the evolution, and for which most of the baryonic angular reatam was expelled outwards.
Detailed numerical simulations in a cosmological contegtraquired to understand how to
form large-scale kinematically decoupled cores withimstotators, and more generally to
explain the distribution ofr values within early-type galaxies and the distinction hesw
fast and slow rotators.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evaot— galaxies: forma-
tion — galaxies: kinematics and dynamics — galaxies: sirect

1 INTRODUCTION

The origin of the classification fork for galaxies can be fdun
* Hubble Fellow an early paper by Jeans (1929), with the SOs as a class being in
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troduced by Hubble (1936) to account for the important pafoih
of flattened objects in nearby clusters (Spitzer & Baade 1965
recent debate on galaxy classification, Sandage (2004)ionent
that the simplest definition of an SO galaxy remains “a didaxga
more flattened than an E6 elliptical but with no trace of dgirens
or recent star formation”. Elliptical (E) and lenticular))Syalaxies
are usually gathered into the so-called early-type cajegod are
recognised to share a number of global properties (de Véewsu
etal. 1991) such as their relatively low dust and interategjas con-
tent and their overall red colours. The Hubble sequencevieher
seen as a continuous one between ellipticals and spirais,thx
SO0s occupying the transition region with typical bulge tecdiatios

dimensional kinematic information. A companion paper (@dp
lari et al. 2007, hereafter Paper X) examines in more détaibt-
bital anisotropy of elliptical and lenticular galaxies ngithe same
data set. After a brief presentation of the data set and rdstho
(Sect. 2), we define a new parameter as a proxy to robustlytifjuan
the angular momentum of galaxies (Sect. 3). In Section 4,xwe e
amine how this parameter relates both to more standard ipletto
ric classification schemes including de Vaucouleurs mdogical
classification of Es and SOs (de Vaucouleurs et al. 1991eord-
vision of the Hubble sequence by KB96, and kinemetric pribger
of early-type galaxies (Sect. 4.4). We then briefly dischesim-
plications of our results on the potential scenarios fofthmation

of ~ 0.6. SOs are thus considered disc-dominated galaxies, while and evolution of these galaxies (Sect. 5), and concludedtic3es.

Es are spheroid-dominated.

Such contrived galaxy types may be misleading, most evi-
dently because “the sequence EO-E6 is one of apparent ftagten
(Kormendy & Bender 1996, hereafter KB96). A modern clasaific
tion scheme should go beyond a purely descriptive tool, Andld
therefore encompass part of our knowledge of the physiag-pr
erties of these objectsThis was advocated by KB96 who wished
to update the Hubble sequence by sorting ellipticals in $eshthe
importance of rotation for their stellar dynamical statbey used
the disciness or boxiness of the isophotes to quantify tmeispand
to define refined types: E(d) galaxies (for discy elliptizatmking
the link between S0s and E(b) galaxies (for boxy ellipticaltie
disciness (or boxiness) was then provided by a measure ofthie
classical normaliseds/a term (see Bender et al. 1988, for details):
positive and negative,/a terms correspond to discy and boxy de-
viations from ellipses, respectively.

This extension of the Hubble types has the merit of upgrad-
ing our view of Es and SOs via some easily accessible obdervab
parameter, and it follows the philosophy that a mature iflaas
tion scheme should include some physics into the sortirtgréai
It does, however, use a photometric indicator as an attesptdn-
tify the dynamical state of the galaxy, which may be unrééab
More importantly, it conserves the dichotomy between S@sEs)
relying on the old (and ambiguous) definition of an SO.

We have recently conducted a survey of 72 early-type (E,
S0, Sa) galaxies using the integral-field spectrogr&atuRON
mounted on the William Herschel Telescope in La Palma (Bacon
et al. 2001, hereafter Paper I; de Zeeuw et al. 2002, herddte
per Il). This allowed us to map the stellar and gas kinemas
well as a number of stellar absorption line indices up to dooe
effective radiusR. for most of the galaxies in the sample. The
two-dimensional stellar kinematics for the 48 E and SO gakax
(Emsellem et al. 2004, hereafter Paper Ill) show a wide taoé
features such as kinematically decoupled or counteringtabres,
central discs and velocity twists. More importantly, theeem to be
two broad classes of observed stellar velocity fields, witlagjes
in one class exhibiting a clear large-scale rotation pated those
in the other showing no significant rotation (Fig. 1). Theseance
of these two classes must be linked to the formation and evolu
tion of early-type galaxies, and is in any case a key to utaeds
their dynamical state (see also Cappellari et al. 2006 afierePa-
per 1V).

Using the unique data set obtained in the course of the
SAURON project, we here revisit the early-type galaxy classi-
fication issues mentioned above, using the available fub-tw

L For the written transcript of a debate on this issue, see &mn(2004)
and the panel discussion in the same Proceedings.

2 DATA AND METHODS
2.1 TheSAURONsample of E and SOs

The SAURON sample has been designed apresentativesam-

ple of 72 nearby dz < 3000km s™!) early-type galaxies in the
plane of ellipticitye versus absolutd3 band magnitudé//s. We
restricted the sample to 24 objects for each of the E, SO and Sa
classes, with 12 ‘cluster’ and 12 ‘field’ targets in each groal-
though this sample is itself not a complete one, it has beawrdr

in a homogeneous way from a complete sample of more than 300
galaxies (see Paper Il for more details about theSAIURON sam-

ple). We will therefore solely focus on tIf#AURON E+SO sample
(which thus contains 48 galaxies) for conducting our anslys
Sections 2 to 4. An additional set of 18450 galaxies has been in-
dependently observed with a simiBAURON setup in the course of
various other projects. These objects will be treated asciss”,
most having features which motivated a specific observatod

will be only briefly mentioned in Sect. 5 to confront the obtd
results.

2.2 Photometry

Ground-based photometric MDM data (Falcon-Barroso eimal.
preparation) were obtained for all galaxies of B&URON sam-

ple. We also made use of additional HST/WPFC2 data which are
available for 42 galaxies out of the 48 E/SAURONreconstructed
images were used as well to directly derive a global elligtic via
moments of the surface brightness images as:

?)
(x2)”
wherex andy are the sky coordinates along the photometric major

and minor axes respectively (see Paper X for details). Taekets
() correspond to a flux weighted sky average as in:

e=1-—

@)

N.
i1 Fi Gi

<G> = Z N,
Zizpl F;
where the sums extends over a predefined region on the sky, wit
N, the number of pixels, anfl; the flux value within the" pixel.

In the following Sections, we denoteande, /, as the global ellip-
ticity computed from theSAURON data within 1R. and R. /2 or
restricted to the equivalent effective aperture of 8#JRON field

of view, whichever is smaller. These will be used in Sect. Bexe

we examine kinematic quantities derived frd@AURON data as a
function of the flux weighted global ellipticity.

; @)
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We also obtained radial profiles for the ellipticity and/a
(with a the ellipse semi major-axis) parameters from the MDM and

TheSAURON project—IX 3

have presented the corresponding maps, which include tla@ me
velocity V, the velocity dispersioa and the Gauss-Hermite mo-

HST/WPFC2 photometric data sets using the GALPHOT package mentshs andhy, for the 48 E and SGAURON galaxies.

(Franx et al. 1989). We then derived and (a4 /a)., the mean el-
lipticity and a4 /a values within 1R., by taking the flux weighted
average of the GALPHOT profiles taking into account the corre
sponding sky area. More specifically, the mean of a quantity
G(R) within 1 R, derived from its radial profile, wherg is the
semi major-axis radius, is defined as (see e.g. Ryden et@9) 19

[ ¢(R)F(R)G(R) RdR
(R g(R)F(R)RAR

0

Ge =

©)

whereq(R) andX(R) are respectively the best-fit ellipse axis ratio
and surface brightness profiles. Using the sampled radidilgs;,
we approximate this with

~ >t 4(Re)F(Re)G(Re) (Ruts — Bin )
Sier a(Bi) F(Re) (R, — R

|n,k)

where Rj, ,. and Royt, correspond to the inner and outer radii
of the k" annulus. The values faf, ¢. and (a4/a). are provided
in Table 1. Observed differences betweeand¢. values are al-
most always smaller than 0.1, and due to their respectivinhsn
ity weighting. e is measured directly from th8AURON data, and
will therefore be confronted with other quantities meaduirem
the same data set, while being derived from one-dimensional
radial profiles can serve in comparison with previous woHRd.
bothe. and(a4/a)., the overall agreement between our values and
published ones (Bender et al. 1994) is excellent (see Paparx
detailed comparison).

Results from fitting Sersic and Sersic-core laws (Trujilale
2004; Ferrarese et al. 2006) to the radial luminosity prefiél
be presented in detail in a subsequent paper of this serdsOf-
Barroso et al., in prep.). In the present paper, we will ongntion
trends (Sect. 4.3), considering the Sersic indefwheren = 1
corresponds to an exponential luminosity profile, and 4 to a de
VaucouleursR!/* law), as well as the classification of the central
photometric profiles with either shallow or steep inner sydp-
belled respectively as “cores” and “power-laws” (Fabel €1997;
Rest et al. 2001; Ravindranath et al. 2001; Lauer et al. 2005)

Ge

4)

2.3 TheSAURONdata

SAURON is an integral-field spectrograph built at Lyon Observa-
tory and mounted since February 1999 at the Cassegrain &dcus
the William Herschel Telescope. It is based onTh&ER concept
(Bacon et al. 1995), using a microlens array to sample the diel
view. Details of the instrument can be found in Paper | andlll.

48 E and SO galaxies were observed with the low resolutionemod
of SAURON which covers a field of view of about 3%41”with
0/94x 0’94 per square lens. Mosaicing was used to cover up to
a radius of 1R.. Only for the two galaxies with the large&i.
(NGC 4486 and NGC 5846), do we reach a radius-aR. /3 only.

All data reduction was performed using the dedicated
XSaur on software wrapped in a scripted pipeline (Paper Il). For
each target, individual datacubes were merged and anadgsed-
scribed in Paper lll, ensuring a minimum signal-to-noisioraf
60 per pixel using the binning scheme developed by Cappellar
& Copin (2003). TheéSAURON stellar kinematics were derived us-
ing a penalised pixel fitting routine (Cappellari & Emsell@604),
which provides parametric estimates of the line-of-sigilouity
distribution (hereafter LOSVD) for each spaxel. In Papérwle
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As mentioned in Paper lll, these quantities were measured fit
ting all V, o, hs and hy simultaneously: this ensures an optimal
representation of the corresponding LOSVD. In the presapep
we focus on the first two true velocity moments, anduz, which
are sometimes estimated by use of the Gauss-Hermite egpansi
of the LOSVD (van der Marel & Franx 1993). As emphasised in
Paper IV, the second order velocity moment is very senditithe
details of the high velocity wings, which can rarely be aately
measured. We therefore decided to rely on a simpler but nwere r
bust single gaussian fit (excluding higher order velocitymeats),
and used the gaussian mddrand standard deviationto approx-
imate the first and second velocity moments.

2.4 Kinemetry

Following Krajnovic et al. (2006) who recently advocatdte t
use of a method generalising the isophotal-shape toolsefLau
1985; Jedrzejewski 1987; Bender & Moellenhoff 1987), we em-
ploy kinemetry as a quantitative approach to analyseStigRON
stellar kinematic maps. Applying kinemetry on a velocitymo-
vides radial profiles for the kinematic position angle.RA axis
ratio qx.», and Fourier kinemetry terms, the dominant térnrep-
resenting the velocity amplitude. We define a kinematic camept
to have constant or slowly varying RA, andqx., radial profiles
(taking into account the derived error bars). We then idgmvo
separate components when we observe an abrupt changenéither
Agr > 0.1, or APAgi, > 10°, or a double-hump irk: with a
local minimum in between. The transition between the twaalad
ranges is often emphasised by a peak in the higher égdeourier
term, which thus serves as an additional signature for seblaiage
(Krajnovit et al. 2006). Velocity maps which exhibit theepence
of at least two stellar velocity components are tagget¥akliple
Componen{MC), as opposed t8ingle Componer(SC).

We use a number of terms to represent some basic proper-
ties of the individual kinematic components via quant&ttrite-
ria, following the definitions provided in Krajnovic et g2006)

o Low-level velocity(LV): defined when the maximum velocity
amplitudek; is lower than 15 kms'. Note that when the velocity
amplitude is constant over the field, BA andqy.,, are ill-defined.
When the central kinematical component is LV, we label tHexga
as a central low-level velocity (CLV) system.

e Kinematic misalignmer(KM): defined when the absolute dif-
ference between the photometric and kinemetric positiagyieasn
(PAL kot and PA;,,) is larger than 10.

e Kinematic twist(KT): defined by a smooth variation of the
kinematic position angle PA.. with an amplitude of at least 10
within the extent of the kinematic component.

A kinematically decoupled compondRIDC) is defined as an
MC having either an abrupt change in £A, with a difference
larger than 20 between two adjacent components, or an outer LV
kinematic component (which prevents that component to lzave
robust PA., measurement). This definition roughly corresponds
to the more standard appellation of KDC used in the past (Ben-
der 1988), although the two-dimensional coverage provided
integral-field spectrographs allows a more sensitive detepro-
cedure. These kinemetric groups will be examined in Sett. 4.
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Figure 1. SAURON Stellar velocity fields for our 48 E and SO galaxies (see PHpethe global outer photometric axis being horizontabl@ur cuts were

tuned for each individual galaxy as to properly emphasiseothserved velocity structures. A representative isopisot@erplotted in each thumbnail as a
black solid line, and the centre is marked with a cross. Gedaare ordered by increasing value)t, (from left to right, top to bottom; see Sect. 3). Slow
rotators are galaxies on the first two rows. NGC numbers arfiblditypes are provided in the lower-right and upper-rigithers of each panel, respectively.

i /(
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3 QUANTIFYING THE ANGULAR MOMENTUM

The velocity fields presented in Paper Il revealed a weafth o
structures such as decoupled cores, velocity twists, igisakents,
cylindrical or disc-like rotation (see also Section 4.4)sldifficult

to disentangle the relative contributions of a true vaoiatin the
internal dynamical state and the effect of projection. A fvsami-
nation of the stellar velocity maps for the 88URONE/SO galaxies
(Fig. 1, where velocity cuts have been adjusted as to prppent
phasise the observed velocity structures) suggests thgttgpe
galaxies come in two broad flavours: one which exhibits arclea
large-scale and rather regular rotation pattern, and anathich
shows perturbed velocity structures (e.g. strong veldwgitgts) or
central kinematically decoupled components with littleatmn in
the outer regions. One way to constrain the internal dynsufaic

a specific galaxy is to build a detailed model using all avdéda
observables. This was successfully achieved in Paper IVsuba
sample of 24 galaxies, for which accurate distances anddpigtial
resolution photometry are available, and where no stroggsiire

of non-axisymmetry is observed. From these models, a censid
able amount of detail on the orbital structure was derivee @&so
Paper X). We, however, also need a simple measurable pamamet
which quantifies the (apparerg)obal dynamical state of a galaxy,
and which is applicable to all galaxies in our representag@mple

of Es and SOs: this is the purpose of this section.

3.1 FromV/o to Ar : @ new kinematic parameter

The relation of V/o versus mean ellipticitye (hereafter the
anisotropy diagram) was often used in the past to confrantfh
parent flattening with the observed amount of rotationr@lizorth
1977; Binney 1978; Davies et al. 1983). In the now classiesltt
ment of the anisotropy diagram, the maximum observed ootati
velocity Vinax and the central dispersian are generally used as
surrogates for the mass-weighted mean of the square motxeed
and the random velocity. This was mostly constrained by #oe f
that stellar kinematics were available along at most a fess axa
long-slit spectroscopy. Binney (2005) has recently résikthis di-
agram to design a more robust diagnostic of the velocityoairdpy
in galaxies using two-dimensional kinematic informati&tarting
from the Tensor Virial Theorem, Binney reformulated theaatf
ordered versus random motions in terms of integrated diestib-
servable with integral-field spectrographs sucBAYRON, namely
(V?) and (c?), whereV and o denote respectively the observed
stellar velocity and velocity dispersion, and the bracketsespond
to a sky averaging weighted by the surface brightness (se2)Eq
The SAURON data provide us with a unique opportunity to de-
rive for the first time a robust measurementgfo for a sample of
local early-type galaxies. We have therefore derigéd) and(o?)
up to~ 1R., the resultingV’/o values for the 48AURON E and

TheSAURON project—IX 5

0.15, respectively), but their stellar velocity fields atmlitatively
and quantitatively very different: NGC 3379 displays a itlegand
large-scale rotation pattern with a maximum amplitude ajuab
60 km s7!, whereas NGC 5813 exhibits clear central KDC with a
peak velocity amplitude of 85 km s™! and a mean stellar veloc-
ity consistent with zero outside a radiusf12”. The derivation

of V/o includes a luminosity weighting that amplifies the presence
of the KDC in NGC5813. As a consequence, NGC 3379 with its
global rotation and NGC 5813 with its spatially confined rzame
velocities end up with a simildr/o.

We therefore need to design a new practical way to quantify
the global velocity structure of galaxies using the two-elirsional
spatial information provided by integral-field units. Thieal tool
would be a physical parameter which captures the spatiarird-
tion included in the kinematic maps. Since we wish to asdass t
level of rotation in galaxies, this parameter should follthe na-
ture of the classid’/o: ordered versus random motion. A measure
of the averaged angular momentum= (R A V), could play the
role of V', and should be able to discriminate between large-scale
rotation (NGC 3379) and little or no rotation (NGC 5813). Buc
guantity, however, depends on the determination of thelangwo-
mentum vector direction, which is not an easily measureadtifya
We therefore use a more robust and measurable qudity’|),
whereR is the observed distance to the galactic centre, as a surro-
gate forL, and the bracket§) correspond to a luminosity weighted
sky average (see Eg. 2). We can then naturally define a diorensi
less parameter, after normalising by e.g. mass, which leads
proxy for thebaryonprojected specific angular momentum as:

= (BIVD ©)
(RVVZ +02)’
and measured via two-dimensional spectroscopy as:
NP
)\R — Zz:l R |V| (6)

Y FiRi/VE 07

where F; is the flux inside thg!h bin, R; its distance to the cen-
tre, andV; ando; the corresponding mean stellar velocity and ve-
locity dispersion. The normalisation by the second vejoaiio-
mentV?2 + o2 implies that\ r goes to unity when the mean stellar
rotation (/) dominates, with/? 4+ o2 being a reasonable proxy
for mass (see Appendix A). The use of higher order moments of
either V' or the spatial weighting? would make this parameter
more strongly dependent on the aperture and presence & inois
the data.Ar obviously depends on the spatial extent over which
the sums in Eq. 6 are achieved. In practice, we measu(e.)
within regions defined by the photometric best fit ellipsebere

SO0 galaxies being given in Table 1. SOs and Es tend to have-on av R,, is the mean radius of that ellipse\(1 — ¢, with a its semi-

erage relatively high and low/o, respectively. A very significant
overlap of the two types still exists, SOs reaching valueg af as
low as 0.1, and Es as high as 0.7: as expected, the Hubbleaype c
obviously not serve as a proxy for the galaxy kinematics {kee
distribution of Hubble types in Fig. 1).

The availability of two-dimensional stellar kinematics kea
V/o a useful tool to examine the dynamical status of early-type
galaxies (see Paper X). It fails, however, to provide us a&ithiay
to differentiate mean stellar velocity structures as défe as those

major axis and its ellipticity), the aread;;;»s. Of the correspond-
ing aperture being thusR?,, the area of a circle with a radius of
R,,. When ourSAURON kinematic measurements do not fully sam-
ple the defined ellipse, we instead set the raddys = /As /7

as that of a circular aperture with the same afgaon the sky
actually covered by th8AURON data inside that aperture (see Pa-
per IV). For a specific galaxy, we measuxa(R.,.) up to the ra-
dius for which we reach a maximum difference of 15% between
As and Acjiipse: this guarantees that tF&AURON kinematic data

of NGC 3379 and NGC 5813 (see Fig. 1). These two galaxies both still properly fill up the elliptic aperture defined by the pbimetry.

haveV/o ~ 0.14, and ellipticitiese in the same range (0.08 and

(© 0000 RAS, MNRASD00, 000—-000
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Figure 2. Radial A profiles for the 48 E and SO galaxies of tBAURON
sample. Profiles of slow and fast rotators are coloured iraretiblue, re-
spectively. NGC numbers are indicated for all fast rotatord most slow
rotators (a few were removed for legibility).

3.2 Rotators and\gr

Values ofAr,, Ar Within 1 R, or the largest radius allowed by our

SAURON data, whichever is smaller, are provided in Table 1 for the

Figure 3. Histogram ofA\ r: bars with plain colours correspond X, =
Ar(Re) and the dashed bars ¥z (R /2). Red bars indicate th&g bin
for slow rotators: the number of slow rotators does not chahge were
to measuré\g at Re /2.

48 E/SO galaxies. As expected, NGC 3379 and NGC 5813 which large-scale and relatively regular rotation patterns, @hath we

have similarV’/o values (see Fig. 1 and Sect. 3.1) Quglitatively
different velocity structures, are noguantitativelydistinguished

with Ar, values of 0.14 and 0.06, respectively. This difference is

significant because the formal uncertainty in the derivetbAr,
due to the presence of noise in the data is almost alwayitdeli

label, by opposition, as “fast rotators”: the fact that tbliass in-
cludes both mild and very fast rotators is discussed in Sett.

As mentioned, Table 1 includesz, values derived using the
SAURON two-dimensional kinematic maps available and a default
equivalent aperture of R.. This aperture is in fact covered by the

and anyway smaller than 0.02 for galaxies such as NGC 3379 andSAURON datacubes for 17 galaxies out of the 48 in S&URON

NGC 5813 (Appendix B): this can be understood becausgein-
cludes averages over a large area. There is, however, angtgte
(positive) bias which obviously increases as the the vla@npli-
tudes in the galaxy decrease, and can reach up to &8b@suin the
measurement ofr,. This bias is therefore dominant for the three
galaxies with very low\g, (< 0.03), the mean stellar velocities
being in fact consistent with zero values everywhere in tele f
view.

As we go from galaxies with low to highr, values, the
overall velocity amplitude naturally tends to increase rélimnpor-
tantly, there seems to begaalitativechange in the observed stellar
velocity structures. This is already illustrated in Figwhere the 48
SAURON stellar velocity fields are ordered, from left to right, tap t
bottom, by increasing value ofz, . Rotators with\g, < 0.1 ex-
hibit low stellar mean velocities at large radii, with vergrfurbed
stellar kinematics and large-scale kinematically decedijgiompo-
nents (this point will be further examined in Sect. 4.4).

This qualitative change is nicely illustrated in Fig. 2 where
show the radial\r profiles. Galaxies with\r_, below and above
0.1 exhibit qualitatively very differemt  profiles: the former have
either decreasing or nearly flat (and small amplitullg)profiles,
while the latter preferentially exhibit significantly ireasingh r ra-
dial profiles. Observed r gradients are therefore negative or rather
small within 1 R, for galaxies withAr, < 0.1, and we will label
them as “slow rotators”. This contrasts with the signifitansing
Ar profiles for galaxies witt\r, > 0.1, which all exhibit clear

E/SO sample (see Paper V), with two galaxies being mapphd on
to ~ 0.3 R. (NGC 4486 and NGC 5846). Galaxies with the nar-
rowest relative spatial coverage (with the larg&st NGC 4486,
NGC 5846) are among the slowest rotators of our sample: these
two galaxies are in fact known not to exhibit any significanation
within 1 R, (see Sembach & Tonry 1996), even though NGC 4486
(M87) is in fact flattened at very large radii (see KissletigP&
Gebhardt 1998, and references therein). This implies thist @
few galaxies near ther, = 0.1 threshold (NGC 5982, NGC 4550,
NGC 4278) could cross that threshold if we were to have a cetapl
coverage up to R..

This is also illustrated in Fig. 3 which shows that histogsam
of Agr, for radii of 1 R. and R./2 (or restricted to the equiva-
lent effective aperture of thBAURON field of view, whichever is
smaller) have the same fraction of slow and fast rotators.oMer-
all distribution of Ar values is similar forR. and R. /2, although
AR tends to increase significantly froR. /2 to R. for fast rotators
(see also the solid straight lines in Fig. 5), an obvious icapion
of the observed rising r profiles in Fig. 2. There are 36 fast rota-
tors and 12 slow rotators (75% and 25% of the total sample); th
medianAr, values being~ 0.44 and 0.05 respectively. Within
the class of slow rotators, three galaxies hawe significantly be-
low 0.03 (their mean stellar velocity maps being consisteitia
zero rotation everywhere, as mentioned above). These asagam
the brightest galaxies of our sample, namely NGC 4486, NG@43
and NGC 5846.
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Figure 4. Ar, versus the kinematic misalignmeit between the global
photometric major-axis and the kinematic axis within 8®URON field.
Slow rotators are represented by red circles, fast rotdtprspecial blue
symbols (horizontal ellipse plus a vertical line). The ieatt dashed line
corresponds tol = 5°. Nearly all fast rotators have smalf values
(< 10°), the only exception being NGC 474, the photometry of whigh i
perturbed by the presence of irregular shells. This contéh slow rota-
tors which show significantly non-zem values.

3.3 Misalignments and twists

The fact that slow and fast rotators exhibit distinct kindogacan
be demonstrated by considering the global alignment (oaligis-
ment) between photometry and kinemetry. Fig. 4 illustrétesby
showing the kinematic misalignmett = |PA,not — PA;r | for

all 48 E and SO galaxies in tf®AURON sample. Note that the pho-
tometric PA is derived using the large-scale MDM data, bet th
kinematic PA via a global measurement on 8&URON velocity
maps as described in Appendix C of Krajnovic et al. (200@))fasst
rotators, except one, have misalignmewtdelow 10. The only
exception is NGC 474 which is an interacting galaxy with well
know irregular shells (Turnbull et al. 1999). In fact, thevfgalax-
ies which havé® < ¥ < 10° (NGC 3377, NGC 3384, NGC 4382,
NGC 4477, NGC 7332) are almost certainly barred. Even the two
relatively face-on galaxies NGC 4262 and NGC 4477, the pheto
try of which shows the signature of a strong bar within ##&JRON
field of view, have theiputerphotometric PA well aligned with the
measured kinematic PA. In contrast, more than half of awsio
tators havell > 10°, and none of these exhibit any hint of a bar.
This difference in the misalignment values of slow and fadtors
cannot be entirely due to the effect of inclination, not ooécause
of the argument mentioned in Sect. 4.2, but also becausetegen
roundest fast rotators do not exhibit large misalignmehtes(see
Sect. 5.1 in Paper X).

Another remarkable feature comes from the observed veloc-
ity twists in the SAURON kinematic maps: only 6 galaxies out of
48 exhibit strong velocity twists larger than 36utside the inner
3", namely NGC 3414, 3608, 4550, 4552, 5198, and 5982, with
3 out of these 6 having large-scale counter-rotating stetienpo-
nents (NGC 3414, 3608, and 4550). All these galaxies arecin fa
slow rotators. This implies that only fast rotators havelatieely
well defined (apparent) kinematic major-axis, which in &ddiis
roughly aligned with the photometric major-axis.
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There is a close link betweexr and the (apparent) specific
angular momentum (see Appendix A)z is therefore a continuous
parameter which providesqaantitativeassessment of the apparent
mean stellar rotation. As emphasised in this Section, sluhvfast
rotators exhibit quantitatively but also qualitativelyfdrent stellar
kinematics. This strongly suggests that slow rotators dass can-
not simply be scaled-down versions of galaxies wii) > 0.1.

3.4 Inclination effects

Obviously, \r is derived from projected quantities and therefore
also significantly depends on the viewing angles. Can sloatocs
be face-on versions of fast rotators? Assumingroughly follows
the behaviour ol//o with the inclination angle (Appendix B), a
galaxy with ameasured\r, = 0.05, typical of observed slow rota-
tors, would require to be at a nearly face-on inclination ef 20°
to reach arintrinsic (edge-on) value oAr, ~ 0.15, the smallest
value for all observed fast rotators in our sample. The it
that slow rotators are truly fast rotators seen face-oneésefiore
small, and cannot explain the 25% population of slow rotatdr-
served in the\g, histogram (Fig. 3).

As emphasised above, the measureg, values are most
probably lower limits because we observe galaxies away from
edge-on. An illustrative example is provided by the case of
NGC 524. According to Paper IV, NGC 524 is viewed with an in-
clination of 19 still, NGC 524 exhibits a regular velocity pattern,
and is a fast rotator withhp, ~ 0.28. There is also some evi-
dence that the three fast rotators with the lowest values in our
sample, namely NGC 3379, NGC 4278 and NGC 4382, are signif-
icantly inclined galaxies (Statler (2001); Papers lll, INdaSarzi
et al. (2006), hereafter Paper V, Fisher (1997)). Thistitates the
fact that the apparent distribution df, within the fast rotator class
may not fully reflect the intrinsic distribution with galaed viewed
edge-on. It is, however, impossible to estimate the “edge>q;,
distribution for fast rotators as this would requa@ minimaan ac-
curate measurement of their inclination. Although the fagator
class may probably include truly mild as well as very fasatots
(as expected from the continuous nature\gf ), all galaxies with
Ar. > 0.1 exhibit a global and regular rotation pattern, with
clear sense of rotation and a significant amount of spec#itast
angular momentum. This, to us, justifies the use of the lafask “
rotators” for these galaxies. Further discussions of theature of
fast rotators as a class has to wait for a larger and competpls.

4 OTHER CLASSIFICATIONS

In this Section, we examine in more detail other galaxy prigps
including photometry and kinemetry, to determine if thesald
help in defining kinematic classes, and their potential Virith \ .

4.1 Hubble Classification

There is a clear overlap of Es and SOs in the fast rotator,clats
most of the corresponding galaxies having ellipticitieghtar than
0.2. This illustrates the fact that many Es have kinematarat:
teristics similar to SOs (Bender 1988; Rix & White 1990). Som
galaxies classified as ellipticals also show photometgoatiures
of embedded discs, quantified as a positiy¢a, and were classi-
fied as “discy” ellipticals or E(d) by KB96. It seems difficulttow-
ever, to distinguish between a so-called E(d) and an SO géiem
the photometric properties or the anisotropy diagram al&B96
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Table 1. Characteristics of the E and SO galaxies in the represem®AURON sample. All galaxies witthr, > 0.1 are classified as fast rotators.

Galaxy  Type T (m —M) Mp Re ol €1/2 € €e (as/a)e V/o Agr, Group Rotator
(NGC) (mag) (mag) (arcsec) (kml/s)
@ @ ©) 4 () (6) ) ® O @0 (11) (12) (13 (14) (19
474 SO(s) -2.0 32.56 -20.42 29 150 0.11 0.1 0.13 -0.14 0.21  0.200 MC F
524 SO-(rs) -1.2 31.84 -21.40 51 235 0.05 0.05 0.04 -0.16 029 0278 C S F
821 E6? -4.8 31.85 -20.44 39 189 0.40 0.40 0.35 1.43 0.26 0.258 SC F
1023 SBO(rs) -2.7 30.23 -20.42 48 182 0.33 0.33 0.36 0.54 0.35 0.385 SCF
2549 SO sp -2.0 30.44 -19.36 20 145 0.47 049 0.49 2.86 056 0539 C M F
2685 (R)SBOpec -1.1 31.15 -19.05 20 96 0.56 0.62 0.59 2.93 0.88 0.716 SC
2695 SABGO(s) 2.1 32.49 -19.38 21 188 0.27 029 0.21 0.36 0.54 0.561 MC
2699 E: -5.0 32.09 -18.85 14 124 0.16 0.15 0.19 1.04 0.43 0.450MC F
2768 E®6: -4.3 31.69 -21.15 71 216 0.38 0.38 0.46 0.12 0.24 80.26 SC F
2974 E4 4.7 31.60 -20.32 24 233 0.38 0.37 0.37 0.64 0.70 0.602MC F
3032 SABO(r) -1.8 31.65 -18.77 17 90 0.15 0.11 0.17 0.44 0.27 0.416 CLv F
3156  SO: -2.4 31.69 -18.08 25 65 0.49 0.47 047 -0.04 0.88 30.71 SC F
3377 E5-6 -4.8 30.19 -19.24 38 138 0.46 0.46 0.50 0.94 0.49 7504 SC F
3379 E1 -4.8 30.06 -20.16 42 201 0.08 0.08 0.11 0.16 0.14 0.145MC F
3384 SBO(s): -2.7 30.27 -19.56 27 145 0.20 0.20 0.20 1.13 0.44 0414 MC F
3414 SO pec 2.1 31.95 -19.78 33 205 021 021 0.23 1.80 0.09620. KDC S
3489 SABO-(rs) -1.3 30.35 -19.32 19 98 0.28 0.29 0.29 -0.61 0.67 0.602 MC F
3608 E2 -4.8 31.74 -19.54 41 178 0.18 0.18 0.20 -0.21 0.05 80.03KDC S
4150 SO(n)? -2.1 30.64 -18.48 15 77 0.25 0.30 0.28 -0.32 058 0584 VCL F
4262 SBO(s) 2.7 31.23 -18.88 10 172 0.08 0.22 0.11 1.28 0.24 0.245 MC F
4270 SO -1.9 32.83 -18.28 18 122 041 050 044 -0.64 0.40 60.44 SC F
4278 E1-2 -4.8 30.97 -19.93 32 231 0.12 0.12 0.13 -0.15 0.1814%0. MC F
4374 E1 -4.2 31.27 -21.23 71 278 0.15 0.15 0.13 -0.40 0.03 30.02 sC S
4382 SO (s)pec -1.3 31.27 -21.28 67 196 0.19 019 0.22 0.59 0.16 0.15%LV F
4387 E -4.8 31.59 -18.34 17 98 035 040 0.32 -0.76 039 0408 C S F
4458 EO-1 -4.8 31.12 -18.42 27 85 0.12 0.12 0.14 0.41 0.12 60.04KDC S
4459  SO() -1.4 30.98 -19.99 38 168 0.18 0.17 0.17 0.22 0.45 0.436 MC F
4473 E5 -4.7 30.92 -20.26 27 192 0.39 041 043 1.03 0.22 0.195MC F
4477  SBO(s):? -1.9 31.07 -19.96 47 162 0.24 0.24 0.23 2.04 1 0.D.215 MC F
4486 EO-1pec  -4.3 30.97 -21.79 105 298 0.04 0.04 0.07 -0.07 002 0019 C S S
4526  SAB®(s): -1.9 31.08 -20.68 40 222 036 037 041 -1.92 054 0476 C M F
4546  SBO (s): 2.7 30.69 -19.98 22 194 0.39 045 0.36 0.69 0.60 0.604 MC F
4550 SBO:sp -2.0 30.94 -18.83 14 110 0.58 0.61 0.62 2.36 0.10 0.091 mMC F
4552  EO-1 -4.6 30.86 -20.58 32 252 0.04 0.04 0.06 0.00 0.05 490.0 KDC S
4564 E -4.8 30.82 -19.39 21 155 0.47 052 043 1.33 058 058 C S F
4570 SOsp -2.0 31.23 -19.54 14 173 041 0.60 0.44 1.90 0.53 610.5 MC F
4621 ES5 -4.8 31.25 -20.64 46 211 0.34 034 0.35 1.66 0.25 0.268DC F
4660 E -4.7 30.48 -19.22 11 185 0.33 044 041 0.66 049 0472 C M F
5198 E1-2: -4.7 33.06 -20.38 25 179 0.14 0.12 0.14 -0.17 0.07.0600 KDC S
5308 SO sp -2.0 32.65 -20.27 10 208 0.32 0.60 0.53 4.74 0.45 0.483 MC F
5813 E1-2 -4.8 32.38 -20.99 52 230 0.15 0.15 0.17 -0.03 0.140630. KDC S
5831 E3 -4.8 32.11 -19.73 35 151 0.15 0.15 0.20 0.46 0.08 0.048DC S
5838 SO -2.7 32.37 -19.87 23 240 0.27 0.34 0.28 0.34 0.51 0.518 MC F
5845 E: -4.8 32.01 -18.58 4 239 035 035 031 0.63 036 0357 C M F
5846 EO-1 -4.7 31.92 -21.24 81 238 0.07 0.07 0.07 -0.38 0.030240. SC S
5982 E3 -4.8 33.15 -21.46 27 229 0.30 0.30 0.28 -0.92 0.08 30.09KDC S
7332 SO pecsp -2.0 31.40 -19.93 11 125 0.40 0.42 0.39 1.35 0.83890 KDC F
7457 SO (rs)? -2.6 30.55 -18.81 65 78 0.44 044 0.43 0.20 0.62 0570 VCL F

Notes: (1) Galaxy identifier (NGC number). (2) Hubble typeE(. (3) Numerical morphological type (LEDA Paturel et aQ03). (4) Galaxy distance
modulus from Tonry et al. (2001); Tully (1988), (corrected subtracting 0.06 mag, see Mei et al. 2005), or from the LEB#adase assuming a Hubble
flow with H = 75 kms~! Mpc—!. (5) AbsoluteB magnitude (Paper I1). (6) Effective radius, in arcsec. (@)o¥ity dispersion derived using the luminosity-
weighted spectrum withidk. or within the SAURON field, whichever is smaller. (8) and (9) Global ellipticityithin R. /2 and R. (from SAURON), or within
the SAURON field, whichever is smaller. (10) Mean ellipticity within R., derived from the GALPHOT radial profile. (11) Mean isophstape parameter
a4 /a (in %) within 1 Re. (12) and (13)V/o (see Paper X) andlg within 1 R.. (14) Kinemetry group (see Sect. 2.4). (15) Rotator classabt, S=slow.

argued that E(d)s are objects intermediate between SOsayd b difficult quantity to measure in early-type galaxies, agjpends on

ellipticals or E(b)s (ellipticals with boxy isophotes, .ieegative

the adopted model for the surface brightness distributidhendisc

as/a). In principle, the Ed-S0-Sa sequence is one of decreasing and bulge components. As emphasised by de Jong et al. (2084),

bulge-to-total light ratio B/T"), with SOs havingB/T ~ 0.6 in
the B band (Fritze v. Alvensleben 2004 /T is, however, a fairly

kinematic information is critical in assessing the rotatibsupport
of both components.

(© 0000 RAS, MNRASDOG, 000-000
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Figure 5. Ar_ versus the global ellipticity for the 48 E and SO galaxies
of the SAURON sample. The solid lines indicate where the points would
move for a smaller equivalent effective apertureRf/2. Slow rotators
(which haveAr, < 0.1) are red circles, and fast rotatorsg, > 0.1)

are represented by special blue symbols (horizontal ellggss a vertical
line). The black dashed line corresponds to the curve eggdot isotropic
oblate rotators viewed edge-on (see Appendix B and Binn®pR0rhe
galaxy NGC 4550 is labelled.

Consider two galaxies of our sample, NGC 3377 and
NGC 2549, which both have similaxr_, the former being clas-
sified as a discy elliptical, the latter as a lenticular. Badive very
similar total luminosity,lV — I colour (Tonry et al. 2001) and gas
content (Paper V). ThelBAURON stellar kinematic maps are also
quite similar (Paper IIl), with large-scale disc-like rtite, a cen-
trally peaked stellar velocity dispersion and a significesnterm,
anti-correlated with the mean velocity. Finally, there \sdence
that NGC 3377 contains a bar, with its velocity map exhilgitan
stellar kinematical misalignment and a spiral-like iodigms dis-
tribution (Paper V). This therefore strongly argues for NG&77
to be a misclassified barred SO (SABO). Many authors (e.gdean
Bergh 1990; Michard 1994; Jorgensen & Franx 1994, and KB96)
indeed suggested that many Es are in fact misclassified S@slym
on the basis of photometry alone. Considering the kinenpeitip-
erties of the observeBAURON early-type galaxies, we suspect that
most and possibly all of the 13 Es which are fast rotators rare i
fact misclassified SO galaxies, a conclusion also suppdyeithe
results of Paper X via the use of state-of-the-art dynanmizadels.

4.2 Isophote shapes

Figure 5 shows\r, versus the global ellipticitye for the 48
SAURON E and S0s, measured using an aperture &.1(or in-
cluding the fullSAURON field of view for galaxies with largeR.,
see Sect. 3.2). All galaxies in Fig. 5 lie close to or below the
curve expected for isotropic oblate rotators viewed edydsee
Appendix B and Binney 2005). Fast rotators, which have vgloc
maps with significant large-scale rotation, have ellipis ranging

up to about 0.6. Apart from the atypical case of NGC 4550, slow
rotators show little or spatially confined rotation and al& ellip-
ticitiese < 0.3. NGC 4550 is in fact a nearly edge-on galaxy with
two co-spatial counter-rotating stellar discs, each d¢outing for
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Figure 6. Mean ellipticity e. (top) andAr_ (bottom) versus meafus /a)e
(in %) within 1 R.. Symbols for slow and fast rotators are as in Fig. 5. The
vertical dashed lines correspond(io;/a)e = £1%

about 50% of the total luminosity, and should therefore barged
as an atypical case where a high ellipticity is accompanyeal fel-
atively low mean stellar velocity in the equatorial planéx(Bt al.
1992; Rubin et al. 1992, and see Paper X for a detailed digg)ss
KB96 mention thatas/a can be used as a reasonably reli-
able way to measure velocity anisotropy. They first obseuge,
ing (V/o)* (V/o normalised to the value expected for an isotropic
edge-on oblate system), that discy galaxies/¢ > 0) seem con-
sistent with near isotropy, whereas boxy galaxies/¢ < 0)
spread over a large range @f /o)* values. However, as empha-
sised by Binney (2005) and in Paper(/o)* is not a good indi-
cator of anisotropy: the relation betwe@r/o)* and the anisotropy
of a galaxy strongly depends on its flattening, as well as ®mit
clination (Burkert & Naab 2005). More flattened galaxied ¥ilis
tend to lie closer to théV/o)* = 1 curve, which explains in part
why galaxies with discy and boxy isophotes seem to extend ove
different ranges ofV/o)*, the former being then incorrectly in-
terpreted as near-isotropic systems. This suggests wédstnenid
using(V/o)* at all, and leads us to examine more directly the or-
bital anisotropy of galaxies (see Binney 2005). This is ewid
in Paper X, in which a trend between the anisotropy paranieter
the meridional plane and the average intrinsic elliptityevealed
(see their Fig. 7), intrinsically morféattenedgalaxies tending to be
moreanisotropic This contradicts the view that discy galaxies are
nearly isotropic, and we should therefore reexamine tlaioel be-
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Figure 7. Ar_ versus absolute magnitudd g (left panel) and virial mass M. (right panel) for the 48 E and SO of tfBAURON sample. In the left panel,
symbols correspond to the cusp slope classification (Fabérkd97; Rest et al. 2001; Ravindranath et al. 2001; Laiedr 2005) with power-laws as triangles,
cores as squares, NGC 821 which is an “intermediate” obgetarcle, and crosses indicating galaxies for which ther@ipublished classification. In the

right panel, symbols for slow and fast rotators are as in &ignd NGC numbers for a few galaxies are indicated.

tween the isophotal shape as measureddyy. and the kinematic
status of early-type galaxies.

KB96 presented a fairly significant correlation between the
mean ellipticitye anda4 /a for their sample of early-type galaxies
(their Fig. 3). They mentioned that galaxies ia@ersusa4 /a dia-
gram exhibit a V-shaped distribution. The authors theeefainted
out that this remarkable correlation implies that earlyetgalaxies
with nearly elliptical isophotes are also nearly round, gathx-
ies with the most extreme, /a values are also the most flattened
(see also Hao et al. 2006). We confirm this result using our pho
tometric data on th&AURON sample as shown in Fig. 6 (upper
panel). As mentioned above, all slow rotators with the etioapf
NGC 4550 have ellipticities. lower than 0.3, and our expectation
that these galaxies should have isophotes close to pupsedlis
verified: 10 out of 11 hav§(as/a).| < 1% (with 9 out of 11 hav-
ing |(as/a)e| < 0.5%), the exception being NGC 3414, for which
the relatively large positivéas/a). value comes from the remark-
able polar-ring structure (van Driel et al. 2000).

In fact, most fast rotators havensaximumabsolute|(a4/a)|
value within 1R, larger than 2%, whereas most slow rotators (with
the exceptions again of NGC 3414 and NGC 4550) hmagimum
absolute|(as/a)| values less than 2%. This means that most fast
rotators in theSAURON sample of E and SO galaxies exhibit sig-
nificantly non-elliptical isophotes, but most slow rotat@o not.
However, we do not detect any significant correlation betwbe
boxiness and the angular momentum per unit mass as quaryfied
Ar. in the galaxies of our sample. Although there is a tendency
for the fast rotators to have positiug /a (discy isophotes) and the
slow rotators to have negative /a (boxy isophotes)|(as/a)| is
clearly not a good proxy for rotation or angular momentumisTh
seems partly in contradiction with the claim by KB96 thatarot
tion is dynamically less important in boxy than in discy gdsipe
galaxies. The latter result probably originated from thenbima-

tion of two observed facts: firstly boxy galaxies are on agerass
flattened (extremely flattened galaxies are very discy) sagdndly
the use of V/o)* as a proxy for the amount of organised rotation in
the stellar component, which tends to underestimate tlaioogl
support for less flattened galaxies.

4.3 Luminosity and mass

In the left panel of Fig. 7, we show the distribution ofz,
as a function of absolute magnitudes for the 48 SAURON
E/SO galaxies. The three slowest rotators (NGC 4486, NG@,437
NGC 5846) are among the brightest galaxies in our sample with
Mp < —21 mag. Other slow rotators tend to be bright but are
spread over a wide range of absolute magnitude going from the
relatively faint NGC 4458, to brighter objects such as NGCHZ8
The bright and faint end of slow rotators can be distinguishg
the shapes of their isophotes: slow rotators brighter thgn <
—20 mag all exhibit mildly boxy isophotes (negativa /a with
amplitude less than 1%) while the four discy slow rotatoes alt
fainter thanM s > —20 mag, following the known correlation be-
tween the isophote shapes and the total luminosity of egplg-
galaxies (Bender et al. 1992). Most fast rotators are faititan
Mp > —20.5 mag.

Going from total luminosity to mass, we have estimated the
latter by approximating it with the virial mass. M derived from
the best-fitting relation obtained in Paper IV, namely,;M ~
5.0 Reo? /G, whereo. is the luminosity weighted second veloc-
ity moment within 1 R. (see Paper IV for details). The calcu-
lation of M,;. from observables depends on the distance of the
object, which we obtained from different sources for theagal
ies in our sample (in order of priority, from Tonry et al. 2001
Tully 1988, and from the LEDA database assuming a Hubble flow
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with H = 75 kms ! Mpc™!). A trend of Az, tending to be
lower for more massive galaxies clearly emerges if we now use
this estimate of the virial mass V- (right panel of Fig. 7), as ex-
pected from the one observed with absolute magnitutie (left
panel of Fig. 7). The three slowest rotators are in the higiyea
of M, with values abovel0'!*® M. There is a clear overlap
in mass between fast and slow rotators foy;Mbetween10'!
and10''-5 M. However, all slow rotators, besides NGC 4458 and
NGC 4550, have M. > 10'! M, whereas most fast rotators have
M. < 1011 Mg, lower masses being reached as the valuesof
increases. It is worth pointing out that the absolute mageitin
the K band, Mk, very nicely correlates with M, (significantly
better than with\/g), so that the trend observed between and
M. if we were to examine the relation betwespn and Mk .

Out of the 48 SAURON galaxies, 33 have published cusp
slope classification, distinguishing “core” and “powewiagalax-
ies (Faber et al. 1997; Rest et al. 2001; Ravindranath eDall;2
Lauer et al. 2005). As illustrated in the left panel of Figwg find
that most slow rotators are core galaxies, and most fastorsta
are power-law galaxies (note that NGC 821 has\an ~ 0.25
and is specified as an “intermediate” object between a code an
power-law in Lauer et al. 2005). There are yet no core gasaxith
Ar, > 0.3, although the inclined galaxy NGC 524 (see Paper IV)
would have a very high\r, value if seen edge-on. These results
are expected as there is a known trend between the centrialdsim
ity gradient and the total luminosity of early-type galaxiéright
members tending to be core galaxies, and lower luminosigson
to have power-law profiles (Faber et al. 1997). All galaxiéthw
Ar, > 0.3 have indeedV/p > —20.7 and conversely none have
Myi > 1011° M. This is, however, not a one-to-one correspon-
dence since we find both power-law in slow rotators (NGC 3414
and NGC 5813), and core-like fast rotator (e.g., NGC 524pr&h
is also a domain in mass and luminosity where both cusp ara$cor
are found, namely foh/,; between10'' and10'*®* M, or cor-
respondingly forMp from —19.5 to —20.5. Another interesting
result is found when examining the larger-scale luminggsityfiles
of galaxies in our sample via the representation by a Seasic |
Besides the atypical case of NGC 4550, all slow rotators sz&re
sic indexn > 4: again, this is expected since galaxies with larger
Sersic shape index tend to be brighter (Graham & Guzman)2003
Finally, galaxies with the lowest Sersicvalues are also among the
fastest rotators. A more detailed account regarding tresses will
be provided in Falcon-Barroso et al. (in preparation).

4.4  Kinemetry groups

We now turn to the kinemetric profiles (see Sect. 2.4) of the 48
SAURON galaxies, which allow us to determine the number of ob-
served kinematic components and their individual charesties.
We thus make use of the average photometric and kinematie pos
tion angles and axis ratio (RA.: and PAu;r, ¢ andgxir), and the
average and maximum of the velocity amplitude

The kinemetric groups of the observed 88URON velocity
maps, defined in Sect. 2.4, are provided in Table 1. Out of #ga
ies in this sample, 34 (70%) exhibit multiple components MG
cluding 11 kinematically decoupled components (KDCs; 23%g)
4 objects with central low-level velocity (CLVs; namely NGG32,
NGC 4150, NGC 4382, and NGC 7457). Two more galaxies with
KDCs are in fact at the limit of being CLVs (NGC 4621 and
NGC 7332) with a maximum velocity for their inner component
around 20 km s at theSAURON resolution. The latter two galax-
ies as well as the CLVs have in fact all been shown to harboatism
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Figure 8. Agr, versus mean ellipticity, with indications of the velocity
structures identified in Sect. 2.4. Galaxies with MCs arewshas dia-
monds, SCs as circles, and CLVs as right triangles. Colaursléw and
fast rotators are as in Fig. 5. KDC stand for kinematicallgaigled com-
ponents, KM and KT for kinematic misalignment and twist,pestively,

LV for Low Velocity component.

counter-rotating stellar systems (Wernli et al. 2002; &aiBarroso

et al. 2004; McDermid et al. 2006, hereafter Paper VliI)sithe
lower spatial resolution of th8AURON data which produces the
low central velocity gradient. If we therefore count CLVsgadax-

ies with KDCs, this would result in a total of 15 KDC (31%) sarl
type objects. Among the KDCs, 5 galaxies (NGC 3414, NGC 3608,
NGC 4458, NGC 5813, NGC5831) have outer LV components.
Kinematic misalignments are observed in 12 galaxies (2%#d,

6 galaxies have individual kinematic components which hare-
matical twists (KTs, 2 of them also having kinematical nigpad
ments - KM). Considering the difficulty of detecting theseust
tures at certain viewing angles or low spatial resolutiba,iumber

of such detected velocity structures is a lower limit.

In Fig. 8 we show thg g, , €) diagram (as in Fig. 5), now
with the characteristic velocity structures detected \vigeknetry.
The three slowest rotators are obviously tagged as loweitglo
(LV) systems. As mentioned above, these three galaxiesiare g
ant (bright and massive) roundish ellipticals witip < —21.
Apart from these three and the atypical case of NGC 4550, all
other slow rotators harbour KDCs, the central kinematic pom
nent having a typical size of 1 kpc or larger (see Paper VIII).
This contrasts with KDCs and CLVs in fast rotators (NGC 3032,
NGC 4150, NGC 7332, NGC 7457), where the size of the central
(counter-rotating) stellar component is only a few arcgeelsdn ra-
dius, corresponding to significantly less tha® pc (Paper VIII).

A number of fast rotators show kinematic misalignments
(KM) and twists (KT), most of these being relatively smallcion-
trast with the ones found in slow rotators (see Sect. 3.3 4h
fastest rotators with a velocity twist or misalignment (K1), or
KDC, namely NGC 1023, NGC 3377, NGC 7332 and NGC 7457,
are all barred galaxies. Most of the galaxies with multi-poments
but no specific velocity structures are among the fasteatows.
This result may be partly understood if these objects tendeto
close to edge-on, which renders the detection of such \glsiciic-
tures harder, but the detection of multiple componentseasi
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Figure 9. Left panel:\ g, versus the ellipticity including the additional 18
E and SO galaxies observed wlAURON (labelled with NGC numbers).
Symbols and the dashed line are as in Fig. 5. Right panetigrastn ofA
values including the 18 “specials”.

5 DISCUSSION

The fast rotators are mostly discy galaxies exhibiting ipldtcom-
ponents in their stellar velocity fields. Contrarily to slootators,
the main stellar kinematic axis in fast rotators is reldyivevell
aligned with the photometric major-axis, except for oneaggl
(NGC 474) known to harbour irregular shells. This resultetbgr
with the fact that the\r profiles are qualitatively different for slow
and fast rotators clearly show that slow rotators are naboisi
scaled-down versions of fast rotators. The small numbeatzhg
ies in our sample, as well as our biased representation gfatiaey
luminosity function, reminds us that a larger and complerae
is required to reveal the truez, distribution in early-type galaxies.

We therefore first briefly discuss here the results obtaimed s
far, this time including 18 additional early-type galaxi¢spe-
cials”) observed witfSAURON within the course of other specific
projects. For these additional targets, we had to retriéivednain
photometric parameters (e.d?., ¢, a4) from the literature (e.g.
Bender et al. 1988; Faber et al. 1997), the kinematic measure
ments 6., Ar.) being derived from the availablBAURON data
as for the 48 E/SO galaxies of the main sample (only 12 gaaxie
out of the 18 specials have availalkle measurements). Adding
these 18 galaxies does not change the overall distribufidaso
and slow rotators in &g, versuse diagram, as shown in Fig. 9.
The fraction of slow rotators (17 out of 66) is still 25%. We
also confirm that most slow rotators have relatively smaitbtat-
ities (€ < 0.3), in contrast with fast rotators which span a wide
range of flattening. The most remarkable fact lies in the confi
mation that within these 18 extra targets, there are 5 slda+ ro
tors (NGC 4168, NGC 4406, NGC 4472, NGC 4261, NGC 4365),
and theyall contain large (kpc) scale KDCs. Similarly, in Fig. 10
we confirm the lack of an overall correlation betwekn, and
as/a as shown in Fig. 6. About two thirds of the slow rotators are
boxy (6 out of 17 are discy), and very discy galaxies tend to be
fast rotators with high\r, values, butas/a is clearly not a good
proxy for angular momentum. We then show in Fig. 11 the rela-
tion betweenm\r, and M,;, with an additional 17 “specials” (ex-
cluding the compact galaxy NGC 221, M 32 which would stretch
the plot unnecessarily). Most slow rotators are massivaxgszsd
with M. > 10*! M, with only two exceptions (NGC 4550 and
NGC 3414), reinforcing the results from Fig. 11. The trenthiore
massive galaxies to have lowgr, values is still observed, with an
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Figure 10. Ag_ versusa4 for the 48 E/SO of th&sAURON sample and an
additional 12 galaxies for which we have availablevalues. Symbols for
slow and fast rotators are as in Fig. 6.
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Figure 11.Ar,_ versus the virial mass ), for the 48 E/SO of th&AURON
sample plus an additional 17 "specials” (we do not includeftist rotator
NGC 221 - M 32 - in this plot considering its very low mass). Top panel
shows histograms of M, (in log, with steps of 0.5) for both slow (red) and
fast rotators (blue). Colours in both panels for slow and fastors are as
in Fig. 6. NGC numbers are indicated for all specials. Symlmi galaxies
with cores and cusps are as in the left panel of Fig. 7.

overlap of fast and slow rotators in the rarigé! — 10'> M. The
fast rotator NGC 2320 seems to have a rather largefor its virial
mass (being in fact the most massive galaxy out of the 66t,Fire
virial mass M,;,- of NGC 2320 may be overestimated by more than
50%: a simple calculation using the data of (Young 2005) @oul
provide a dynamical mass of onfy10*! My (as compared with
1.6 10*2 M, for our estimate). More importantly, NGC 2320 is the
most distant galaxy of this set (with ~ 83 Mpc), and has a rather
unusual molecular gas content for an early-type galaxyhtists
an asymmetric molecular gas disc with a mass of atdgf My,
interpreted as a sign of recent accretion or dynamical geation
(Young 2005).
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In Fig. 11, we also show the “cusp / core” classification as in

Sect. 4.3. Most fast rotators are still galaxies with cugps, most
slow rotators are core galaxies. Conversely, massive igala&nd
to have cores, and smaller ones tend to exhibit cuspy cdotral
minosity profiles: in fact all galaxies with M, > 10** Mg have
cores. There is a transition region, in the raig&' — 105 Mg

where we find both cusp and core galaxies. More interestingly

all core galaxies still have\r, < 0.3. However, a galaxy like
NGC 524 is almost certainly very inclined (see Paper IV)cits
responding “edge-onXr, value being then much larger than 0.75.
It would thus be interesting to understand if an edge-onioersf
NGC 524 would still have a core-like central luminosity plefiwe
also observe a few galaxies with cusps and ratherlaw values
(NGC5831) which cannot be reconciled with inclined fastarot
tors. We may therefore only discriminate cusp and core gedax
combining both their masandtheir Az, values: massive galaxies
(Myir > 10M° Mg) with Ag, < 0.3 are indeed all core galaxies,
while smaller galaxies (M, < 10** Mg) with Az, > 0.3 seem
to all be galaxies with cusps. The fact that we observe veny fe
massive (M, > 10'! M) galaxies with high\r, values implies
that either our sample is biased against them (e.g. we osigrebd
close to face-on massive galaxies), or these galaxies l@eSiace

it is difficult to understand how such a bias could affect ample,
we need to conclude that indeed massive galaxies tend tditteeve
or no baryonic angular momentum within one effective radiunsl
that the trend observed in Fig. 11 is real (see e.qg., the ypgoezl
with the histogram of M;,.).

Interpreting the measured kinematic paramatemls a proxy
for the amount of stellar angular momentum per unit massen th
central region of early-type galaxies (see Appendix A), @@ c
then discuss the origin of this angular momentum. The standa
scenario for the formation of galaxy structures includesdrichi-
cal clustering of cold dark matter halos within which gasasle
ing (Peebles 1969; Doroshkevich 1970; White 1984). The langu
momentum of the dark matter halos is thought to originateost ¢
mological torques and major mergers (e.g. Vitvitska et @02,
this hypothesis providing a reasonable frame for the foionasf
disc galaxies. If major mergers produce a significant irexeéa the
specific angular momentum of the dark matter halos at largie ra
(Vitvitska et al. 2002), minor mergers seem to just presenanly
slightly increase it with time (D’Onghia & Burkert 2004). Blittle
is known on the expected distribution of the angular momaré

the baryons(van den Bosch et al. 2002; de Jong et al. 2004), and

even less if we focus on the central regions of galaxies (with
few effective radii). In fact, discs formed in numerical silations
are generally an order of magnitude too small (but see Dugttah
2006, for a possible solution).
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Figure 12. Average luminosity-weighted age of the stellar componemt v
sus the specific mass of ionised gas within B®&URON field of view
Mgas/Myir (i0nised gas mass normalised by the virial mass, see S8jt. 4.
Symbols for fast and slow rotators are as in Fig. 5. Numberstte
ionised gas specific mass are derived from values in PapeentVPa-
per V, and average luminosity-weighted ages are from Khniscet al.
(in preparation). The vertical and horizontal dashed lislesws the limits
of > 107 Myqs/M,,;- and 6.5 Gyr £ ~ 1), respectively.

requires either the absence of a major dry merger which wexid
pel most of the angular momentum outwards, or the rebuildfrey
disc-like system via gas accretion. At high redshift{ 2), gas was
abundant, and very gas-rich mergers should have theretme b
common. Robertson et al. (2006) in fact claim that progesitd
early-type galaxies must be gas-rich (gas fractioi30%) to pro-
duce the tilt of the fundamental plane (FP). Dry major mesgee
therefore expected to occur preferentially at lowewith fast ro-
tators not having suffered from such events. In the pictdrte
hierarchical formation of structures, minor mergers areenotmm-
mon than major mergers and we can thus expect galaxies (albw a
fast rotators) to have suffered from more than one of thesatsv
uptoz = 0.

The resulting specific angular momentum of fast rotators, as
quantified byAg, is therefore expected to result mostly from a
competition between (i) gas-rich minor mergers or otheroinfl
of external gas that causes a gradual increasgrofin the inner
parts), and (ii) dissipationless dry minor mergers trigggrdisc
instability and heating, and resulting in the transforimatdf disc

Numerical simulations, whether they include a dissipative material into a more spheroidal component, lowering(in the in-
component or not, have helped us to understand how mergers in ner parts). The scenario described here follows the ideagqusly
fluence the rotational support of the baryonic componentlexg sketched by many authors (e.g. Bender et al. 1992; Kormendy &
ies (see e.g. Barnes 1998; Somerville & Primack 1999; Cotd.et  Bender 1996; Faber et al. 1997; Naab et al. 2006) that dissipa

2000; Bournaud et al. 2005; Naab et al. 2006). Stellar dises a
cold and fragile systems, thus easily destroyed during nmagrg-
ers which often lead to elliptical-like remnants even inphesence

of a moderate amount of gas (Naab et al. 2006). Intermedate t

minor mergers preserve part of the disc better, but in mastsca
merger leads to a redistribution of the angular momentunhef t
central stellar component outwards (Bournaud et al. 2004).

In this context, fast rotators have either preserved orinega
their specific angular momentum in the central part. Sindé bo
very gas-rich major and minor mergers seem to produce fessi-(d
dominated) rotators (Robertson et al. 2006; Cox et al. 2006

(© 0000 RAS, MNRASD0Q, 000—-000

tion is important in the formation process of fast rotatiragly
type galaxies. The ‘heating’ of the disc via star formatieads to
an increase in the vertical dispersion, more isotropic anshder
galaxies, and therefore moving the galaxies along the ainjss-
ellipticity trend (Paper X) towards the slow rotators. A dad re-
moval of the gas (e.g., due to AGN feedback or ram pressupe str
ping) might have ‘quenched’ this process, and quickly moted
galaxy from the ‘blue cloud’ to the ‘red sequence’ (Faberlet a
2005). Some galaxies may still have recently accreted sase g
(e.g. via interaction with a companion, see Falcon-Barresal.
2004), and sometimes show the presence of a younger stefiar p
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lation (such as NGC 3032, NGC 3489, NGC 4150, see Kuntschner tial consequence of a merger. After a core is formed, a sulesgq

et al. 2006, Paper VI, and see also Paper VIII). In facBAIURON
E/SO galaxies which have luminosity weighted ages of theltas
component lower thaé.5 Gyr (z ~ 1) are fast rotators (Fig. 12; see
also Kuntschner et al. in preparation). Among the 11 gaaxieur
sample with a high ionised gas content(M/M.;. > 10~°), only
one is a slow rotator, namely the atypical disc galaxy NGO455
The slow rotator with the second highest gas content is ther-po
ring galaxy NGC 3414 (Mus/My;r ~ 0.6107%), NGC 4550 and
NGC 3414 being in fact the two galaxies having devignt/a).
values with respect to all other slow rotators (see Sec}. 4.2
Following the same line of argument, slow rotators need to
have expelled most of their angular momentum within oneceffe
tive radius outwards. This would require a significant fiactof
the mass to be accreted during mergers with relatively gas-p
content. As emphasised above, all slow rotators with > 0.03
(thus excluding the three slowest rotators which are ctergisvith
zero rotation) have stellar kpc-size KDCs. Opposite to thalker-
scale KDCs in fast rotators (Sect. 4.4), the latter have dasiold
stellar population as the rest of the galaxy (Paper VIIIY #mus

central accretion of gaseous material (from external oerivel
sources) followed by an episode of star formation couldvesjate

a cuspy luminosity profile, most probably in the form of anénn
disc. If this scenario is correct, there should be a reldbetwveen

the presence of a core ang, . The observation that massive slow
rotators, thought to have significantly suffered from giasionless
mergers, all exhibit cores, and that small galaxies witihbig, all
contain cusps does indeed fit into this scenario. Howeverfabt
that minor gas-free mergers may only remove part of the lmécyo
angular momentum, and that gas can be accreted from e.gr; ext
nal sources or stellar mass loss, implies that there shailbdena
one-to-one relation, as indeed observed. Intriguingly,tio slow
rotators with cusps (NGC 3414, NGC 5813) both show the pres-
ence of a decoupled stellar disc-like component in theitraéfew
hundreds of parsecs (as witnessed by the amplitude of tloeiass
atedhs parameter, see Paper IIl). Similarly the three "slowesit fa
rotators (NGC 3379, NGC 4278, NGC 4382) have cores, but show
remnant signs of external central gas accretion (i.e., aligred
inner gas disc, a large gaseous disc-like component, anellarst

were formed long ago when gas was more abundant than today.counter-rotating core, respectively). These illustrgiiathe com-

Indeed, numerical simulations of the formation of suchcttrres
seem to require the presence of some gas during the mergessgro
followed by subsequent star formation, either in equalsmasrg-
ers (Naab et al. 2006) or in multiple intermediate or minorgees
(Bournaud, PhD Thesis, Paris). Fig. 12 reveals that most gbe
tators have a relatively modest fraction of ionised gas aedra
fact older than~ 6.5 Gyr (z ~ 1). The only two exceptions are,
again, NGC 4550 which is very probably the result of the rare e
counter of two disc galaxies with nearly exactly oppositesygsee
Paper X), and NGC 3414 which shows the “rudiments of a disc”
(Sandage & Bedke 1994), and photometric structures recanis
of polar-ring galaxies (van Driel et al. 2000) presumablynfed
via a tidal gas accretion event (Bournaud & Combes 2003)s&@he
results are consistent with the suggestion that slow nstatiol not
suffer from significant (in mass) recent dry mergers whicly ahex
stroy or diffuse the large-scale KDCs. Minor mergers majfsive
recently occurred, and as above result in a competitionlighty)
lowering and increasingr.

The three slowest rotators (NGC4374, NGC 4486, and
NGC 5846) may then correspond to the extreme end point of-earl
type galaxy evolution where dry mergers had a major role én th
evolution, allowing\r to reach values consistent with zero in the
central region. These galaxies are found in rather densetiaén-
vironment and are expected to have experienced a significamt
ber of mergers with galaxies which were themselves gasetipl
(due to ram-pressure stripping, due to efficient AGN feekpac
due to earlier mergers), preferentially on radial orbitsngl the
cosmological filaments (Boylan-Kolchin et al. 2006). As tbe
other slow-rotators, the initial mergers will have been-gels to
place them on the fundamental plane, but later-on dry merger
expected to be frequent as galaxies fall into the clusteeriat
well. The insignificant role of star formation in the latetbiy of
these galaxies is reflected in both their low specific gaserdrand
old luminosity weighted ages (Fig. 12). Overall, the trenel ob-
serve for early-type galaxies to have lower with increasing mass
(Fig. 7) is consistent with the gradually more importanerof (gas-
poor) mergers when going from fast rotators, to slow rotator

Is this also consistent with the observed trend betwegn

petition between gas-poor mergers and gas accreting [zexas
the making of galaxy structures.

6 CONCLUSIONS

Using two-dimensional stellar kinematics, we have arguet t
early-type galaxies can be divided into two broad dynamical
classes. We have devised a new paramgteto quantify the spe-
cific angular momentum in the stellar component of galaxiéss
parameter, as applied within one effective radius toith& and SO
galaxies of ouSAURON sample, allowed us to disentangle the two
classes of fast and slow rotators with a threshold valu@ bfAs
emphasised in Sect. 3.2, fast and slow rotators exhibiitatiaély
and quantitatively different stellar kinematics (see dbsper X).
Galaxies withAr < 0.1 form a distinct class characterised by lit-
tle or no large-scale rotation, by the presence of kinerabyicle-
coupled cores, and by significant kinematic misalignmentSa
velocity twists. This contrasts with galaxies for whigkk > 0.1,
which display global rotation along a well defined apparének
matic major-axis that is nearly aligned with the photontetniajor-
axis. We have also shown that slow and fast rotators exhilaiite-
tively different A r radial profiles and that slow-rotators are unlikely
to be face-on versions of fast-rotators.

Beside the obvious difference in their angular momentum con
tent, the main properties of the fast and slow rotators afellasvs:

(i) 75% of the galaxies in our sample are fast rotators, 2586 ar
slow rotators. Most of the slow rotators are classified asnbile
fast rotators include a mix of Es and SOs.

(i) Within the slow rotators, three early-type galaxiev@dae-
locity fields consistent with near zero rotation. Thesedtobjects
(NGC4374=M 84, NGC 4486=M 87 and NGC5846) are bright
and massive, nearly round galaxies.

(i) Fast rotators have ellipticities up @~ 0.6, in contrast to
slow rotators which are relatively round systems witk 0.3.

(iv) Fast rotators tend to be relatively low-luminosity ebis
with Mg > —20.7. Slow rotators cover almost the full range of

M. and the cusp slope described above? Cores are thought toabsolute magnitude of our sample, from faint discy galagiesh

be the result of the scouring via a binary supermassive atk
(Faber et al. 1997; Merritt 2006, and references therdig)pbten-

as NGC 4458 to bright slightly boxy galaxies such as NGC 5813,
although they on average tend to be brighter than fast mstatdl
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slow rotators have Sersic indexlarger than 4, except the atypical
galaxy NGC 4550.

(v) More than 70% of the galaxies in our sample exhibit multi-
component kinematic systems. As mentioned above, fadbrsta
have nearly aligned photometric and kinematic componertept
for NGC 474 which exhibits obvious irregular shells. Thistrasts
with slow rotators which have significant kinematic misatigents
and/or velocity twists.

(vi) All slow rotators, besides the three slowest rotatdos (
which stellar velocities are consistent with zero everyrgheex-
hibit a kiloparcsec-scale stellar KDC (see also Paper VIII)

These results are confirmed when including 18 additional
galaxies observed witBAURON. Although our sample of 48 early-
type galaxies is not a good representation of the galaxyrlasity
distribution in the nearby Universe, it is the first to pravisuch a
constraint for numerical simulations of galaxy formatiordavo-
lution. It is clear that a significantly larger and unbiasathgle is
required to probe the true distribution af; in early-type galax-
ies and the fraction of slow and fast rotators. Even so, omnpsal
should serve as a reference point for detailed numericallaiions
of galactic systems in a cosmological context.
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APPENDIX A: THE ANGULAR MOMENTUM OF
GALAXIES AND Agr

The criterion we wish to define should clearly separate the sl
and fast rotators. The first guess is to take something deuivid
the total angular momentum, which should be expressed as-som
thing like (X|V]) where X is the distance to the spin axis. To
avoid having to determine that axis, we chdg&V|), where R
is the distance to the centre. The absolute valug ¢ used as we
are interested in the presence of local streaming motian éee
NGC 4550). This is then naturally normalised ¥ +/V2 + o2)
whereV? + o2 is the second order velocity moment.

Another route would be to get closer to some physical quan-
tity such as the angular momentum per unit mass. This cange re
resented via the spin parameter (e.g. Peebles 1969):

GM?25"
whereJ, E, and M are the total angular momentum, energy and
mass, and~ is Newton’s constant of gravity. The derivation bf
in principle requires an accurate distance for each galixge we
wish to stay close to o BAURON measurements we need to define
something which can be readily evaluated. This is possiypliérst
rewriting \ as:

(A1)
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For two-dimensional integral-field data, we can approxamite
spin parameter by using the scalar virial relations and sler-a
aging over the field-of-view, weighted with the surface btigess.
The scalar virial relations areEl = —2K = W, with the to-
tal kinetic and potential energy related to the mean-sqgepesd
of the system’s starbrus respectively a K /M = Viug and
W/M = —GM/r,. Here,r, is the gravitational radius, which can
be related to the half-mass radits given the mass model of the
stellar system. For e.g. a spherical symmetric Jaffe (1883)el,
we havery = 2ry,.

When relatingr, (or ;) to the observed effective radiug.,
we have to take into account the projection as a function ef th
viewing angle of the stellar system which in general is ndtesp
ical. Furthermore, while-;, and r;, are related to the mass dis-
tribution, R. depends on the light distribution. Therefore, given
rqy = Kr R. the conversion factokr is a function of the mass
model, viewing direction and mass-to-light ratio. In a daniway
a conversion factor is needed in the approximation of thel oi-
gular momentum by the observed radius times velocigd =
kJ R|V| (see Franx 1988). Furthermore, whilg,s is thetotal
mean-square speed, we only observe velocity moments pdjec
along the line-of-sight, e.dv” and . In order to retrieveViys,
we should therefore allow multiplying factors, andxs associ-
ated with the corresponding observiéd ando? (in the case of an
isothermal sphere;y = 1 andxg = 3).

We thus find the following expressions:

J/M = k5 (R|V]), (A3)
2E/M = — (kv V> + ks 7)), (Ad)
GM = kg (R(kv V2 + ks 0?)), (A5)
resulting in an approximate spin parameter
KJ <R|V|> </€V V2 + ks 02>
A~ A6
V3 (R(xv V24 rso?)) (A6)

For simplicity, we will use the observed second order véjoaio-
mentV? + o2, so that bothsy = 1 andks = 1, and thus define
Ay as:

_ (RIV)) (V2 +0?)

ME TR 107 (A7)
We finally approximate\  with Ar by writing
(RIV])
Af MAR = ———. A8
IR R o) o)

When deriving both the values of; and A for the 48 E and SO
SAURON galaxies, we indeed find a tight relation:

Ar = (0.95 4 0.04) x As. (A9)

This relation is in fact also valid for the two-integral méslas de-
rived in Appendix B, so that we expeeétr to be roughly equal
to (though slightly smaller than)s. For typical values of the
conversion factorsg; = 2, kg = 3, we therefore find that
A~ /2/3 \g.

An alternative toAr is the unboundedr = (R|V|)/{(Ro).
In the context of early-type galaxies we favous which includes a
mass-like normalisation by the second order velocity marien-
o2, For isotropic (two-integral) models, this impligs, ~ /€. For
slow rotatorsA\g ~ X g, since these galaxies have by definition
small mean stellar velocities.

(© 0000 RAS, MNRASD0GQ, 000—-000
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APPENDIX B: TWO-INTEGRAL MODELS

In order to examine the behaviour &f; in more detail, we con-
structed two-integral dynamical Jeans models fSBAURON galax-

ies using the MGE formalism, namely NGC 524, 3377, 4459, 4486
4552, 4621, and 5813. Details on the assumptions and mggulti
mass models for these galaxies can be found in Paper IV. [Ebr ea
galaxy, we assumed 8 different inclinations (5, 15, 25, 35,65,

80, and 90, the latter corresponding to an edge-on view), and de-
rived the first two line-of-sight velocity moments up tdzL.

These models were used to obtain measurements:pf ¢
andV/o, to determine whether these three quantities behave sim-
ilarly with respect to basic parameters such as the indtinat
or anisotropy parameter. We first obtain thet = (0.93 +
0.04) x Ay, a correlation very similar to what was found for the
observed 485AURON galaxies (see Appendix A). The variation
of Ar with inclination follows that ofV/o within better than
10% for two-integral models. These results do not depenchen t
global anisotropy, as long as the internal dynamics of theeho
is fixed before changing the viewing angle. A radial variatio
the anisotropy profile can, however, significantly changde sftu-
ation, asAr includes an additional explicit dependence on radius.
Assuming isotropy for all 7 MGE Jeans models, we observetu tig
correlation betweenr andV/o. A simple approximation for the
relation betweerkr andV'/o can then be obtained by introducing
a scaling factok:

RV o)
(RVV? + 02) 1+ k2 (V/o)?

AR = (B1)

Using our two-integral models we find a best fit relation witk=

1.2 4+ 0.1, slightly higher than but still consistent with the best fit
valuex = 1.1 £ 0.1 obtained using our 48AURON Es and SOs.
We can in fact directly solve for in Eq. (B1) in terms of the values
of Ar andV /o measured for individual two-integral models: there
is in fact a rather large spread in the values pivhich ranges from

1 and 1.4, depending on the galaxy. This shows that non-tagyol
is an important driver of changes A% at constant’/o.

Another important issue when derivingz and V/o comes
from the presence of noise in the measurements. Whés suf-
ficiently large, the random errors in the kinematic measearem
will affect both Ar and V/o randomly. AsV becomes small in
absolute value(V?) and(R |V'|) become increasingly biased (be-
ing artificially increased), which affects estimates\e¢f andV/o.

In Fig. B1, we show the effect of a random error of 10 kmt sn
bothV ando (typical in the outer part dBBAURON kinematic maps;
see Paper lll) on bothz andV/o, in terms of Ar. A is the dif-
ference between the measured value (with noise) and thetexpbe
one (noiseless) and is plotted with respect to the kw@alue. The
effect is in general relatively small, of the order of 7% bp and
almost 15% orV//a, for Agr ~ 0.1. WhenV is close to zero every-
where, as is the case for the th@8URON galaxies with the lowest
Ar values, the presence of noise yields an overestimate oft abou
0.02 inAr (depending on the velocity dispersion values), an effect
consistent with the observed values for these galaxiesHige®).

As expected, Fig. B1 also shows that is in general about a factor
of two less sensitive to errors in the kinematic measuresran
V/o.
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Figure B1. Effect of noise in the kinematics on the estimate\gf (filled
symbols) andV’/o (empty symbols)A, the difference between the mea-
sured value (with noise) and the expected one (noiselssslptted against
Ar. The input noise has been set to 10 km gor bothV ando.
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