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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&svdappear in two broad
flavours, depending on whether they exhibit clear largéescaation or not. We define a new
parameterr = (R |V|)/(R VvV?2 + ¢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 mamnkiic classification:
early-type galaxies are separated into slow and fast mstadepending 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 gatd result which cannot simply be
the consequence of a biased viewing angle. Fast rotata¥sadre 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 magniflicieze slow rotators of our sam-
ple, among the most massive ones, are consistent with ztatiorn Remarkably, all other
slow rotators (besides the atypical case of NGC 4550) coatiirge kpc-scale kinematically
decoupled core (KDC). All fast rotators (except one galaihwell-known irregular shells)
show well aligned photometric and kinemetric axes, and levedcity twists, in contrast with
most slow rotators which exhibit significant misalignmeautsl velocity twists. These results
are supported by a supplement of 18 additional early-tyfsex@gs 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 gaskeingredient in the formation and
evolution of fast rotators, and that the slowest rotatoestlae extreme evolutionary end point
reached deep in gravitational potential wells where d&fipless mergers had a major role in
the evolution, and for which most of the baryonic angular reatnm 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 hesdw
fast and slow rotators.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evant— 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? to account for the important population of flattened
objects in nearby cluster®)( In a recent debate on galaxy classi-
fication, ? mentioned that the simplest definition of an SO galaxy
remains “a disc galaxy more flattened than an EG6 elliptical bu
with no trace of spiral arms or recent star formation”. Eitpl (E)
and lenticular (S0) galaxies are usually gathered into theadled
early-type category, and are recognised to share a numigéshmil
properties ) such as their relatively low dust and interstellar gas
content and their overall red colours. The Hubble sequenhew-
ever seen as a continuous one between ellipticals andsspivith

the S0Os occupying the transition region with typical bulgealisc
ratios of~ 0.6. SOs are thus considered disc-dominated galaxies,
while Es are spheroid-dominated.

Such contrived galaxy types may be misleading, most evi-
dently because “the sequence EO-E6 is one of apparent figften
(?, hereafter KB96). A modern classification scheme should go
beyond a purely descriptive tool, and should therefore epess
part of our knowledge of the physical properties of these«:ﬂE].
This was advocated by KB96 who wished to update the Hubble
sequence by sorting ellipticals in terms of the importanteoe
tation for their stellar dynamical state. They used theidess or
boxiness of the isophotes to quantify anisotropy and to defn
fined types: E(d) galaxies (for discy ellipticals) making thnk be-
tween SO0s and E(b) galaxies (for boxy ellipticals). The idisss
(or boxiness) was then provided by a measure of the now elassi
cal normalised:4 /a term (see?, for details): positive and negative
aa/a terms correspond to discy and boxy deviations 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 ifiaas
tion scheme should include some physics into the sortirtgréi
It does, however, use a photometric indicator as an atteotptdn-
tify the dynamical state of the galaxy, which may be unrdéab
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 Palfhdére-
after Paper I?, hereafter Paper II). This allowed us to map the stel-
lar and gas kinematics as well as a number of stellar absaorfitie
indices up to about one effective radilts for most of the galaxies
in the sample. The two-dimensional stellar kinematics far 48
E and SO galaxies?( hereafter Paper Ill) show a wide variety of
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, witlages
in one class exhibiting a clear large-scale rotation pated those
in the other showing no significant rotation (Aig. 1). Thesesmnce
of these two classes must be linked to the formation and gwalu
of early-type galaxies, and is in any case a key to understaeid
dynamical state (see al®phereafter Paper IV).

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
dimensional kinematic information. A companion pap®rliere-
after Paper X) examines in more detail the orbital anisgtifiel-
liptical and lenticular galaxies using the same data seéer/Af brief

1 For the written transcript of a debate on this issue, Zaad the panel
discussion in the same Proceedings.

presentation of the data set and methods (8kct. 2), we defige a
parameter as a proxy to robustly quantify the angular moument
of galaxies (Seckl]3). In Sectigh 4, we examine how this patem
relates both to more standard photometric classificatitierses
including de Vaucouleurs morphological classification af &hd
SO0s @), or the revision of the Hubble sequence by KB96, and kine-
metric properties of early-type galaxies (SEct] 4.4). Vémthriefly
discuss the implications of our results on the potentiahades for
the formation and evolution of these galaxies (Sect. 5), cod
clude in Sectiofil6.

2 DATA AND METHODS
2.1 TheSAURONsample of E and SOs

The SAURON sample has been designed apresentativesam-

ple of 72 nearby €z < 3000km s~') early-type galaxies in the
plane of ellipticitye versus absolutd band magnitude\/z. 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 beawrr

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

ple). We will therefore solely focus on tHBAURON E+S0 sample
(which thus contains 48 galaxies) for conducting our anslirs
Section§ P t614. An additional set of 18450 galaxies has been in-
dependently observed with a similBAURON setup in the course of
various other projects. These objects will be treated ascisfs”,
most having features which motivated a specific observatod

will be only briefly mentioned in Sedt] 5 to confront the obid
results.

2.2 Photometry

Ground-based photometric MDM Observatory data (Falcon-
Barroso et al. in preparation) were obtained for all galsxiethe
SAURON sample. We also made use of additional Hubble Space
Telescope WFPC2 data which are available for 42 galaxiesfout
the 48 E/SOSAURONreconstructed images were used as well to di-
rectly derive a global ellipticity via moments of the surface bright-
ness images as:

(v?)

(x2)’
wherez 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:

ce=1-—
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where the sums extends over a predefined region on the sky, wit

N, the number of pixels, andl; 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 SEkt. Bere
we examine kinematic quantities derived fr@AURON data as a
function of the flux weighted global ellipticity.

We also obtained radial profiles for the ellipticity and/a
(with a the ellipse semi major-axis) parameters from the MDM and
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HST/WFPC2 photometric data sets using the GALPHOT pack-
age ). We then derived. and(a4/a)., the mean ellipticity and
as/a values within 1R., by taking the flux weighted average of
the GALPHOT profiles taking into account the correspondikg s
area. More specifically, the mear. of a quantityG(R) within

1 R. derived from its radial profile, wherR is the semi major-axis
radius, is defined as (see €?).

¥ q(R)F(R) G(R) RdR
(R (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 radidillgs,
we approximate this with

S a(Ri) F(Ri)G(Ry) (R, — B2, )
Sonly a(Ri)F(Ry) (R3y, — R?

|n,k)

where R, ;, and Royt. correspond to the inner and outer radii
of the k™ annulus. The values far, e. and (a4/a). are provided
in Table[1. Observed differences betweeande. values are al-
most always smaller than 0.1, and due to their respectivinhsn
ity weighting. e is measured directly from thBAURON data, and
will therefore be confronted with other quantities meaduirem
the same data set, whide being derived from one-dimensional ra-
dial profiles can serve in comparison with previous works.lth
€. and(as/a)., the overall agreement between our values and pub-
lished ones?) is excellent (see Paper X for a detailed comparison).

Results from fitting Sersic and Sersic-core laW8)(to the
radial luminosity profiles will be presented in detail in dsaquent
paper of this series (Falcon-Barroso et al., in prepamatim the
present paper, we will only mention trends (SEci] 4.3), icleming
the Sersic indexa (wheren = 1 corresponds to an exponential
luminosity profile, and: = 4 to a de Vaucouleur®'/* law), as
well as the classification of the central photometric prefiteth
either shallow or steep inner cusps, labelled respectagligores”
and “power-laws” ?2?7).

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 on Th&ER concept
(?), using a microlens array to sample the field of view. Details
the instrument can be found in Paper | and II. All 48 E and SO
galaxies were observed with the low resolution mod&AURON
which covers a field of view of about 3%41"with 0794x0’94
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representation of the corresponding LOSVD. In the presapep
we focus on the first two true velocity moments, and u2, which

are sometimes estimated by use of the Gauss-Hermite erpansi
of the LOSVD (). As emphasised in Paper 1V, the second order
velocity moment is very sensitive to the details of the higioe-

ity wings, which can rarely be accurately measured. We foeze
decided to rely on a simpler but more robust single gausstan fi
(excluding higher order velocity moments), and used thesgjan
meanV and standard deviation to approximate the first and sec-
ond velocity moments.

2.4 Kinemetry

Following ? who recently advocated the use of a method gener-
alising the isophotal-shape tool3X?), we employ kinemetry as
a quantitative approach to analyse B&URON stellar kinematic
maps. Applying kinemetry on a velocity map provides radia-p
files for the kinematic position angle R4, axis ratiogx;,, and
Fourier kinemetry terms, the dominant tefn representing the
velocity amplitude. We define a kinematic component to have c
stant or slowly varying PA,, andgx., radial profiles (taking into
account the derived error bars). We then identify two separam-
ponents when we observe an abrupt change eitherAwjth> 0.1,
or APA;,, > 10°, or a double-hump ift; with a local minimum
in between. The transition between the two radial rangestés o
emphasised by a peak in the higher orélef~ourier term, which
thus serves as an additional signature for such a chahgeeloc-
ity maps which exhibit the presence of at least two stelldworty
components are tagged Ehultiple Componen{MC), as opposed
to Single Componen(SC).

We use a number of terms to represent some basic proper-
ties of the individual kinematic components via quantttrite-
ria, following the definitions provided if:

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

e Kinematic misalignmer(KM): defined when the absolute dif-
ference between the photometric and kinemetric positiggiesn
(PAynhot 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

per square lens. Mosaicing was used to cover up to a radius of 1\MC having either an abrupt change in 24, with a difference

R.. Only for the two galaxies with the large&. (NGC 4486 and
NGC 5846), do we reach a radiusefR. /3 only.

All data reduction was performed using the dedicated
XSaur on software wrapped in a scripted pipeline (Paper IlI). For
each target, individual datacubes were merged and anadgsded-
scribed in Paper I, ensuring a minimum signal-to-noig@raf 60
per pixel using the binning scheme developed?byfhe SAURON
stellar kinematics were derived using a penalised pixéhdjttou-
tine (?), which provides parametric estimates of the line-of-sigh
velocity distribution (hereafter LOSVD) for each spaxai. Pa-
per lll, we have presented the corresponding maps, whidhdec
the mean velocityl’, the velocity dispersior and the Gauss-
Hermite momenté; andhy, for the 48 E and SBAURON galaxies.

As mentioned in Paper lll, these quantities were measured fit
ting all V, o, hs andhy simultaneously: this ensures an optimal

larger than 20 between two adjacent components, or an outer LV
kinematic component (which prevents that component to hawe
bust PA.;,, measurement). This definition roughly corresponds to
the more standard appellation of KDC used in the pgsg{though
the two-dimensional coverage provided by integral-fieldcsio-
graphs allows a more sensitive detection procedure. Thiese k
metric groups will be examined in Selct. 4.4.

3 QUANTIFYING THE ANGULAR MOMENTUM

The velocity fields presented in Paper Il revealed a weafth o
structures such as decoupled cores, velocity twists, igisaknts,
cylindrical or disc-like rotation (see also Section]4.4)sldifficult
to disentangle the relative contributions of a true vaoiatin the
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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 emphasiseotbserved velocity structures. A representative isopisoteerplotted in each thumbnail as a
black solid line, and the centre is marked with a cross. Gedaare ordered by increasing valueXf, (from left to right, top to bottom; see SeEt. 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.
Tickmarke correenond to 170



internal dynamical state and the effect of projection. A fissami-
nation of the stellar velocity maps for the 88URONE/SO galaxies
(Fig.[d, where velocity cuts have been adjusted as to prpeent
phasise the observed velocity structures) suggests thigttepe
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 velduitgts) 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 atdda
observables. This was successfully achieved in Paper IVsuba
sample of 24 galaxies, for which accurate distances anddpigtial
resolution photometry are available, and where no stragpsiire

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 paamet
which quantifies the (apparerg)obal dynamical state of a galaxy,
and which is applicable to all galaxies in our representag@mple

of Es and SO0s: this is the purpose of this section.

3.1 FromV/o to Ar : anew kinematic parameter

The relation of V/o versus mean ellipticitye (hereafter the
anisotropy diagram) was often used in the past to confrantafi
parent flattening with the observed amount of rotati®?. In the
now classical treatment of the anisotropy diagram, the mami
observed rotational velocify,.x and the central dispersiern are
generally used as surrogates for the mass-weighted medre of t
square rotation speed and the random velocity. This waslynost
constrained by the fact that stellar kinematics were alvkglalong

at most a few axes via long-slit spectroscaphas recently revis-
ited this diagram to design a more robust diagnostic of thecve
ity anisotropy in galaxies using two-dimensional kinemattifor-
mation. Starting from the Tensor Virial Theorem, Binneyorefiu-
lated the ratio of ordered versus random motions in termsatef i
grated quantities observable with integral-field spectpgs such
as SAURON, namely (V?) and (¢?), whereV and o denote re-
spectively the observed stellar velocity and velocity disgpon, and
the brackets correspond to a sky averaging weighted by tfeeceu
brightness (see EQ] 2).

The SAURON data provide us with a unique opportunity to de-
rive for the first time a robust measurementi§fo for a sample of
local early-type galaxies. We have therefore derigd) and(c?)
up to~ 1R., the resulting’/o values for the 48AURON E and
SO0 galaxies being given in Talilé 1. SOs and Es tend to have-on av
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 Fifl 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 withiay
to differentiate mean stellar velocity structures as défe as those
of NGC 3379 and NGC 5813 (see Hig. 1). These two galaxies both
haveV/o ~ 0.14, and ellipticitiese in the same range (0.08 and
0.15, respectively), but their stellar velocity fields atealbitatively
and quantitatively very different: NGC 3379 displays a tegand
large-scale rotation pattern with a maximum amplitude afuab
60 km s !, 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
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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 rmame
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-glirsional
spatial information provided by integral-field units. Thikeal tool
would be a physical parameter which captures the spatiadrivd-
tion included in the kinematic maps. Since we wish to asdsss t
level of rotation in galaxies, this parameter should follthe na-
ture of the classi¢’/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
quantity, however, depends on the determination of thelanguwo-
mentum vector direction, which is not an easily measureditifya
We therefore use a more robust and measurable qudmity|),
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 Hg. 2). We can then naturally define a diovensi
less parameter, after normalising by e.g. mass, which leads
proxy for thebaryonprojected specific angular momentum as:

(B |V])

Ap= —— 1Y 5
TRV ©)
and measured via two-dimensional spectroscopy as:
Ne mopov,
)\R — Zi:l FlRZ |‘/;~| (6)

St FiRin/VZ+ 07

whereF; 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 vejoait-
mentV? + o2 implies that\ g goes to unity when the mean stellar
rotation () dominates, withl’? + o 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 @& imois
the data.\r obviously depends on the spatial extent over which
the sums in Ed.16 are achieved. In practice, we measu(&.,)
within regions defined by the photometric best fit ellipsebere
R,, is the mean radius of that ellipse\(1 — ¢, with a its semi-
major axis and its ellipticity), the areadc;i;ps. Of the correspond-
ing aperture being thusR2,, the area of a circle with a radius of
R.,. When outrSAURON 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 V). For a specific galaxy, we measuxga(R,.) up to the ra-
dius for which we reach a maximum difference of 15% between
As and Acjiipse: this guarantees that tH&AURON kinematic data
still properly fill up the elliptic aperture defined by the pbimetry.

3.2 Rotators and\r

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
48 E/SO galaxies. As expected, NGC 3379 and NGC 5813 which
have similai’/o values (see Fidll1 and Sdct13.1) Qualitatively
different velocity structures, are noguantitativelydistinguished
with A, values of 0.14 and 0.06, respectively. This difference is
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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 irargtiblue, re-
spectively. NGC numbers are indicated for all fast rotatord most slow
rotators (a few were removed for legibility).

significant because the formal uncertainty in the derivetibA z,
due to the presence of noise in the data is almost alwaysitegli

Figure 3. Histogram of)A g: bars with plain colours correspond ig;, =
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\r at Re /2.

to ~ 0.3 R. (NGC 4486 and NGC 5846). Galaxies with the nar-
rowest relative spatial coverage (with the larg&st NGC 4486,

and anyway smaller than 0.02 for galaxies such as NGC 3379 and\NGC 5846) are among the slowest rotators of our sample: these

NGC 5813 (AppendikB): this can be understood becausein-
cludes averages over a large area. There is, however, anstste
(positive) bias which obviously increases as the the valasipli-
tudes in the galaxy decrease, and can reach up to ab@suin the
measurement o, . This bias is therefore dominant for the three
galaxies with very lowAg, (< 0.03), the mean stellar velocities
being in fact consistent with zero values everywhere in thiel f
view.

As we go from galaxies with low to highr, values, the
overall velocity amplitude naturally tends to increase ré&limpor-
tantly, there seems to begaalitativechange in the observed stellar
velocity structures. This is already illustrated in Elgpwhere the 48
SAURON stellar velocity fields are ordered, from left to right, tap t
bottom, by increasing value ofz, . Rotators withA\r, < 0.1 ex-
hibit low stellar mean velocities at large radii, with vergrfurbed
stellar kinematics and large-scale kinematically decedijgompo-
nents (this point will be further examined in Sé¢ct4.4).

This qualitative change is nicely illustrated in Hig). 2 wiere
show the radial\r profiles. Galaxies with\r_, below and above
0.1 exhibit qualitatively very differentr profiles: the former have
either decreasing or nearly flat (and small amplitudlg)profiles,
while the latter preferentially exhibit significantly ireasing\ r ra-

dial profiles. Observed r gradients are therefore negative or rather

small within 1 R, for galaxies withA\r, < 0.1, and we will label
them as “slow rotators”. This contrasts with the signifitarising
Ar profiles for galaxies witth\r, > 0.1, which all exhibit clear
large-scale and relatively regular rotation patterns, whith we
label, by opposition, as “fast rotators”: the fact that tbliass in-
cludes both mild and very fast rotators is discussed in Segt.

As mentioned, Tablgl 1 includesz, values derived using the

two galaxies are in fact known not to exhibit any significastar
tion within 1 R. (see?), even though NGC 4486 (M 87) is in fact
flattened at very large radii (s€& and references therein). This
implies that only a few galaxies near thg;, = 0.1 threshold
(NGC 5982, NGC 4550, NGC 4278) could cross that threshold if
we were to have a complete coverage up #®.1

This is also illustrated in Fid.]3 which shows that histogsam
of A\gr, 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.over-
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 Hig. 5), an obvious icapilon
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
medianAg, 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 avsagam
the brightest galaxies of our sample, namely NGC 4486, NG@43
and NGC 5846.

3.3 Misalignments and twists

The fact that slow and fast rotators exhibit distinct kinéogcan

be demonstrated by considering the global alignment (oaligis-
ment) between photometry and kinemetry. Eig. 4 illustrétesby
showing the kinematic misalignmefit = |PAy;ot — PAkin| for

all 48 E and SO galaxies in thBAURON sample. Note that the
photometric PA is derived using the large-scale MDM data, bu

SAURON two-dimensional kinematic maps available and a default the kinematic PA via a global measurement on 8/&JRON ve-

equivalent aperture of B.. This aperture is in fact covered by the
SAURON datacubes for 17 galaxies out of the 48 in 8&URON

locity maps as described in Appendix CfAll fast rotators, ex-
cept one, have misalignmenisbelow 10 . The only exception is

E/SO sample (see Paper 1V), with two galaxies being mappd on NGC 474 which is an interacting galaxy with well-know irrégu



ol
| |
»
0.6 [ ‘
Y

047r

= hd
| |
| |
0.3 1o
. *
|
I
02l Wt 74
| |
|
01l 48505982
: 414 ", 813 5198
\V : 5831 448603840
0.0 {3608 ‘ ‘ ‘ ‘
’ 0 20 40 60 80
U [degree]

Figure 4. Ar_ versus the kinematic misalignmeit between the global
photometric major-axis and the kinematic axis within ®®&URON field.
Slow rotators are represented by red circles, fast rotdtgrspecial blue
symbols (horizontal ellipse plus a vertical line). The igait dashed line
corresponds tol = 5°. Nearly all fast rotators have small values
(< 10°), the only exception being NGC 474, the photometry of whigh i
perturbed by the presence of irregular shells. This contvéhk slow rota-
tors which show significantly non-zem values.

shells @). In fact, the few galaxies which hav® < ¥ < 10°
(NGC 3377, NGC 3384, NGC 4382, NGC 4477, NGC 7332) are al-
most certainly barred. Even the two relatively face-on xjek
NGC 4262 and NGC 4477, the photometry of which shows the sig-
nature of a strong bar within tf@AURON field of view, have their
outer photometric PA well aligned with the measured kinematic
PA. In contrast, more than half of all slow rotators hawve> 10°,

and none of these exhibit any hint of a bar. This differencthén
misalignment values of slow and fast rotators cannot begntiue

to the effect of inclination, not only because of the argutmean-
tioned in Sec{ 412, but also because even the roundesbfasbrs

do not exhibit large misalignment values (see Sect. 5.1 ieP4).

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 stelenpo-
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.

There is a close link betweexr and the (apparent) specific
angular momentum (see Appenflik A)z is therefore a continuous
parameter which providesqaantitativeassessment of the apparent
mean stellar rotation. As emphasised in this Section, stmhfast
rotators exhibit quantitatively but also qualitativelyfdient stellar
kinematics. This strongly suggests that slow rotators dass can-
not simply be scaled-down versions of galaxies Wit > 0.1.

3.4 Inclination effects

Obviously, Ar is derived from projected quantities and therefore
also significantly depends on the viewing angles. Can sloatacs
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be face-on versions of fast rotators? Assumingroughly follows
the behaviour of//c with the inclination angleé (AppendixB), 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 arntrinsic (edge-on) value ohr, ~ 0.15, the smallest
value for all observed fast rotators in our sample. The it
that slow rotators are truly fast rotators seen face-onésefore
small, and cannot explain the 25% population of slow rotatty-
served in the\ g, histogram (FiglB).

As emphasised above, the measurveg, values are most
probably lower limits because we observe galaxies away from
edge-on. An illustrative example is provided by the case of
NGC524. 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 withz, ~ 0.28. There is also some evidence
that the three fast rotators with the lowast, values in our sample,
namely NGC 3379, NGC 4278 and NGC 4382, are significantly in-
clined galaxies?; Papers lll, IV and?, hereafter Paper \%). This
illustrates the fact that the apparent distributiomaf, within the
fast rotator class may not fully reflect the intrinsic distiion with
galaxies viewed edge-on. It is, however, impossible torest the
“edge-on” A, distribution for fast rotators as this would require
ad minimaan accurate measurement of their inclination. Although
the fast rotator class may probably include truly mild aslasl
very fast rotators (as expected from the continuous natuke:9),
all galaxies withAr, > 0.1 exhibit a global and regular rotation
pattern, with a clear sense of rotation and a significant amof
specific stellar angular momentum. This, to us, justifiesube of
the label “fast rotators” for these galaxies. Further disoons of
the true nature of fast rotators as a class has to wait fogadand
complete sample.

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 A .

4.1 Hubble Classification

There is a clear overlap of Es and SOs in the fast rotator,chdss
most of the corresponding galaxies having ellipticitieghter than
0.2. This illustrates the fact that many Es have kinemataratr
teristics similar to S0sA?). Some galaxies classified as ellipticals
also show photometric signatures of embedded discs, djiealtis
a positiveas/a, and were classified as “discy” ellipticals or E(d)
by KB96. It seems difficult, however, to distinguish betweeso-
called E(d) and an SO galaxy from the photometric propedies
the anisotropy diagram alone. KB96 argued that E(d)s arectdj
intermediate between SO0s and boxy ellipticals or E(b)$ptethls
with boxy isophotes, i.e. negative,/a). In principle, the Ed-SO0-
Sa sequence is one of decreasing bulge-to-total light ¢(&jd"),
with SOs havingB/T ~ 0.6 in the B band ®). B/T is, however, a
fairly difficult quantity to measure in early-type galaxies it de-
pends on the adopted model for the surface brightnesshdistmn
of the disc and bulge components. As emphasised, ltlye kine-
matic information is critical in assessing the rotationgbort of
both components.

Consider two galaxies of our sample, NGC 3377 and
NGC 2549, which both have similarr_, the former being clas-
sified as a discy elliptical, the latter as a lenticular. Bladtve very
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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  Ag, Group Rotator
(NGC) (mag) (mag) (arcsec) (km/s)

v @ (3) 4 (5) (6) ] ® 9 (@0 (11) (12)  (13) (14) (19
474 SA(s) -2.0 32.56 -20.42 29 150 0.11 0.11 0.13 -0.14 0.21  0.200 MC F
524 SOF(rs) -1.2 31.84 -21.40 51 235 0.05 0.05 0.04 -0.16 029 0278 C S F
821 E67? -4.8 31.85 -20.44 39 189 0.40 040 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 0.47 049 049 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 0.29 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 0.602 SC 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 0.49 047 0.47 -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 0.145 SC F
3384 SBO(s): 2.7 30.27 -19.56 27 145 0.20 0.20 0.20 1.13 0.44 0.414 MC F
3414 SO pec -2.1 31.95 -19.78 33 205 0.21 021 0.23 1.80 0.090620. KDC S
3489 SABOf(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()? -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 0.22 011 1.28 0.24 0.245 MC F
4270 SO -1.9 32.83 -18.28 18 122 0.41 050 0.44 -0.64 0.40 60.44 MC F
4278 E1-2 -4.8 30.97 -19.93 32 231 0.12 0.12 0.13 -0.15 0.181490. 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 0.19 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(r) -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 0.24 024 0.23 2.04 1 0.D.215 SC F
4486  EO-1pec -4.3 30.97 -21.79 105 298 0.04 0.04 0.07 -0.07 0.02 0019 C S S
4526  SABO(s): -1.9 31.08 -20.68 40 222 0.36 0.37 041 -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 S
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 SO sp -2.0 31.23 -19.54 14 173 041 060 0.44 1.90 0.53610.5 MC F
4621 E5 -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 0.14 012 0.14 -0.17 0.070600 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 0.35 035 0.31 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 0.44 044 043 0.20 0.62 0570 VCL F

Notes: (1) Galaxy identifier (NGC number). (2) Hubble typeE(®). (3) Numerical morphological type (LEDA). (4) Galaxy distance modulus froR?,
(corrected by subtracting 0.06 mag, $@eor from the LEDA database assuming a Hubble flow with= 75 kms~! Mpc~1. (5) Absolute B magnitude
(Paper 11). (6) Effective radius, in arcsec. (7) Velocityspersion derived using the luminosity-weighted spectruthim R. or within the SAURON field,
whichever is smaller. (8) and (9) Global ellipticity withiR. /2 and R. (from SAURON), or within the SAURON field, whichever is smaller. (10) Mean
ellipticity within 1 R, derived from the GALPHOT radial profile. (11) Mean isopheteape parameters /a (in %) within 1 R.. (12) and (13)V//o (see
Paper X) and\ g within 1 R.. (14) Kinemetry group (see Set. P.4). (15) Rotator classabt, S=slow.

similar total luminosityV — I colour (?) and gas content (Paper V).
Their SAURON stellar kinematic maps are also quite similar (Pa-
per 1), with large-scale disc-like rotation, a centrgtigaked stellar
velocity dispersion and a significaht term, anti-correlated with
the mean velocity. Finally, there is evidence that NGC 333i7-c

tains a bar, with its velocity map exhibiting a stellar kiregtinal
misalignment and a spiral-like ionised gas distributioagé V).
This therefore strongly argues for NGC 3377 to be a misdlasisi
barred SO (SABO0). Many authors (e22? and KB96) indeed sug-
gested that many Es are in fact misclassified SOs, mostly @n th
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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 aperture/df/2. Slow rotators
(which havehr, < 0.1) are red circles, and fast rotatorsg, > 0.1) are
represented by special blue symbols (horizontal ellipge glvertical line).
The black dashed line corresponds to the curve expectesidimopic oblate
rotators viewed edge-on (see Apperidix B @dThe galaxy NGC 4550 is
labelled.

basis of photometry alone. Considering the kinematic ptagseof
the observedSAURON early-type galaxies, we suspect that most
and possibly all of the 13 Es which are fast rotators are inrfas-
classified SO galaxies, a conclusion also supported by sudtseof
Paper X via the use of state-of-the-art dynamical models.

4.2 Isophote shapes

Figure[® shows\gr, versus the global ellipticity for the 48
SAURON E and SOs, measured using an aperture &f.1(or in-
cluding the full SAURON field of view for galaxies with largeR.,
see Secf. 3]2). All galaxies in F[d. 5 lie close to or belowdhere
expected for isotropic oblate rotators viewed edge-on @&ge
pendixXB and?). Fast rotators, which have velocity maps with sig-
nificant large-scale rotation, have ellipticities ranging to about
0.6. Apart from the atypical case of NGC 4550, slow rotatbisis
little or spatially confined rotation and all have elliptiese < 0.3.
NGC 4550 is in fact a nearly edge-on galaxy with two co-spatia
counter-rotating stellar discs, each contributing for 0% of
the total luminosity, and should therefore be regarded astypi-
cal case where a high ellipticity is accompanied by a redatilow
mean stellar velocity in the equatorial plarg®,(and see Paper X
for a detailed discussion).

KB96 mention thatas/a can be used as a reasonably reli-
able way to measure velocity anisotropy. They first obsenge,
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? and in Paper X(V/o)* is not a good indicator of
anisotropy: the relation betwedi¥’/o)* and the anisotropy of a
galaxy strongly depends on its flattening, as well as on itf-in
nation (?). More flattened galaxies will thus tend to lie closer to
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Figure 6. Mean ellipticity e. (top) and\r, (bottom) versus meafus /a)e
(in %) within 1 R.. Symbols for slow and fast rotators are as in Elg. 5. The
vertical dashed lines correspond(io; /a)e = +£1%

the (V/o)* = 1 curve, which explains in part why galaxies with
discy and boxy isophotes seem to extend over different mnge
of (V/o)*, the former being then incorrectly interpreted as near-
isotropic systems. This suggests we should avoid ugifg)* at

all, and leads us to examine more directly the orbital ariggt

of galaxies (se®). This is achieved in Paper X, in which a trend
between the anisotropy parameter in the meridional pladetfzn
average intrinsic ellipticity is revealed (see their Fig, intrinsi-
cally moreflattenedgalaxies tending to be moamnisotropic This
contradicts the view that discy galaxies are nearly isatrognd

we should therefore reexamine the relation between thénigap
shape as measured by/a 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@ersusas/a dia-
gram exhibit a V-shaped distribution. The authors theesfminted
out that this remarkable correlation implies that earlyetgalaxies
with nearly elliptical isophotes are also nearly round, gathxies
with the most extreme, /a values are also the most flattened (see
also?). We confirm this result using our photometric data on the
SAURON sample as shown in Fifj] 6 (upper panel). As mentioned
above, all slow rotators with the exception of NGC 4550 hdve e
lipticities . lower than 0.3, and our expectation that these galaxies
should have isophotes close to pure ellipses is verifiedul 0fal 1
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Figure 7. Ar_ versus absolute magnitudd i (left panel) and virial mass M,

(right panel) for the 48 E and SO of tIlBAURON sample. In the left panel,

symbols correspond to the cusp slope classificatR®?9 with power-laws as triangles, cores as squares, NGC 82&hwikian “intermediate” object as a
circle, and crosses indicating galaxies for which thereoigpublished classification. In the right panel, symbols fowsand fast rotators are as in Fid. 5, and

NGC numbers for a few galaxies are indicated.

have|(as/a).| < 1% (with 9 out of 11 havind(a4/a)| < 0.5%),

the exception being NGC 3414, for which the relatively Igogsi-
tive (as/a). value comes from the remarkable polar-ring structure
().

In fact, most fast rotators havensaximumabsolute|(as/a)|
value within 1R, larger than 2%, whereas most slow rotators (with
the exceptions again of NGC 3414 and NGC 4550) hmaagimum
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 rotatato not.
There is a tendency for the fast rotators to have positiye (discy
isophotes), and most slow rotators (7 out of 12) have negjaiiva
(boxy isophotes) We do not detect any global and significant ¢
relation between the boxiness and the angular momentumngter u
mass as quantified bz, in the galaxies of our sample, so that
|(aa/a)| is clearly not a good proxy for rotation or angular momen-
tum. This seems partly in contradiction with the claim by KBBat
rotation is dynamically less important in boxy than in disarly-
type galaxies. The latter result probably originated fréwa tom-
bination of two observed facts: firstly boxy galaxies are wara
age less flattened (extremely flattened galaxies are very)disnd
secondly the use dfV’/o)* as a proxy for the amount of organised
rotation in the stellar component, which tends to underest the
rotational support for less flattened galaxies.

4.3 Luminosity and mass

In the left panel of Fid.17, we show the distribution)af, as a func-

tion of absolute magnitud@/z for the 48 SAURON E/SO galax-

ies. The three slowest rotators (NGC 4486, NGC 4374, NGC)%846
are among the brightest galaxies in our sample withy <

—21 mag. Other slow rotators tend to be bright but are spread over

a wide range of absolute magnitude going from the relatifagtyt
NGC 4458, to brighter objects such as NGC 5813. The bright and
faint end of slow rotators can be distinguished by the shapbes
their isophotes: slow rotators brighter thafiz < —20 mag all
exhibit mildly boxy isophotes (negative, /a with amplitude less
than 1%) while the four discy slow rotators are all faintearth
Mp > —20 mag, following the known correlation between the
isophote shapes and the total luminosity of early-typexgesa(?).
Most fast rotators are fainter thddz > —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 1R, (see Paper IV for details). The calculation
of M, from observables depends on the distance of the object,
which we obtained from different sources for the galaxiesun
sample (in order of priority, from®?, and from the LEDA database
assuming a Hubble flow withl = 75 kms~! Mpc™!). A trend of
Ar, tending to be lower for more massive galaxies clearly enserge
if we now use this estimate of the virial mass,M (right panel of
Fig.[d), as expected from the one observed with absolute imagn
tude M (left panel of Fig[Y). The three slowest rotators are in the
high range of M, with values abova0'*-® M. There is a clear
overlap in mass between fast and slow rotators fog, Mbetween
10** and10*!® M. However, all slow rotators, besides NGC 4458
and NGC 4550, have M, > 10'* My, whereas most fast rotators
have M,;,» < 10*! M, lower masses being reached as the value of
AR, increases. It is worth pointing out that the absolute magleit
inthe K band,Mx, very nicely correlates with M. (significantly
better than with)M ), so that the trend observed between and
M.ir is also present if we were to examine the relation between
andMk.

Out of the 48 SAURON galaxies, 33 have published cusp
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Figure 8. Ag, versus mean ellipticity, with indications of the velocity
structures identified in Sedi._2.4. Galaxies with MCs arewshas dia-
monds, SCs as circles, and CLVs as right triangles. Colaursléw and
fast rotators are as in Figl 5. KDC stand for kinematicallgalgled com-
ponents, KM and KT for kinematic misalignment and twist,peively,

LV for Low Velocity component.

slope classification, distinguishing “core” and “powewtegalax-

ies (???79). As illustrated in the left panel of Figl 7, we find that most
slow rotators are core galaxies, and most fast rotators @asermp
law galaxies (note that NGC 821 has ap, ~ 0.25 and is spec-
ified as an “intermediate” object between a core and powerida

?). There are yet no core galaxies wikx, > 0.3, although the
inclined galaxy NGC 524 (see Paper IV) would have a very high

Ar, Value if seen edge-on. These results are expected as there is

a known trend between the central luminosity gradient aeddh

tal luminosity of early-type galaxies, bright members iegdo be
core galaxies, and lower luminosity ones to have power-lafilps

(?). All galaxies withAg, > 0.3 have indeedV/p > —20.7 and
conversely none have M. > 10'''5 M. This is, however, not

a one-to-one correspondence since we find both power-lalen s
rotators (NGC 3414 and NGC 5813), and core-like fast ro{@ar.,
NGC524). There is also a domain in mass and luminosity where
both cusp and cores are found, namely§6y;,- betweenl0'* and
105 Mg, or correspondingly fod/ from —19.5 to —20.5. An-
other interesting result is found when examining the lasgale
luminosity profiles of galaxies in our sample via the représe
tion by a Sersic law. Besides the atypical case of NGC 4530, al
slow rotators have Sersic index> 4: again, this is expected since
galaxies with larger Sersic shape index tend to be brigR®r Fi-
nally, galaxies with the lowest Sersicvalues are also among the
fastest rotators. A more detailed account regarding tissses will

be provided in Falcon-Barroso et al. (in preparation).

4.4 Kinemetry groups

We now turn to the kinemetric profiles (see Séct] 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 (PA.: and PAy;,, ¢ andgx»), and the
average and maximum of the velocity amplitude

The kinemetric groups of the observed 88URON velocity
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maps, defined in Se€f. 2.4, are provided in Téble 1. Out of #kga
ies in this sample, 33 (69%) exhibit multiple components M-
cluding 10 kinematically decoupled components (KDCs; 24%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 harboatlsm
counter-rotating stellar systen®X?, hereafter Paper VIII): itis the
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 14 KDC (29%) sarl
type objects. Among the KDCs, 5 galaxies (NGC 3414, NGC 3608,
NGC 4458, NGC5813, NGC5831) have outer LV components.
Kinematic misalignments are observed in 12 galaxies (25#),

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

of such detected velocity structures is a lower limit.

In Fig.[d we show thg g, ,€) diagram (as in Fig]5), now
with the characteristic velocity structures detected vigehetry.
The three slowest rotators are obviously tagged as loweitglo
(LV) systems. As mentioned above, these three galaxiesiare g
ant (bright and massive) roundish ellipticals witig < —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 arceelsdn 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 small in
contrast with the ones found in slow rotators (see $ect. 31%

four fastest rotators with a KT, KM, or KDC, namely NGC 1023,
NGC 3377, NGC 7332 and NGC 7457, are all barred galaxies. Most
of the galaxies with multi-components but no specific veloci
structures are among the fastest rotators. This result maatily
understood if these objects tend to be close to edge-onhwéic
ders the detection of such velocity structures harder,hlmitetec-
tion of multiple components easier.

5 DISCUSSION

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

We therefore first briefly discuss here the results obtailmed s
far, this time including 18 additional early-type galaxi€spe-
cials”) observed witFSAURON within the course of other specific
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Figure 9. Left panel:\ g, versus the ellipticity including the additional 18
E and SO galaxies observed wilAURON (labelled with NGC numbers).
Symbols and the dashed line are as in[Hg. 5. Right panetidram ofA z,
values including the 18 “specials”.

projects. For these additional targets, we had to retriegentain
photometric parameters (e.@e, €, a4/a) from the literature (e.g.
??), the kinematic measurements.( Ar,) being derived from the
availableSAURON data as for the 48 E/SO galaxies of the main sam-
ple (only 12 galaxies out of the 18 specials have availablmea-
surements). Adding these 18 galaxies does not change thallove
distribution of fast and slow rotators in)ez, versuse diagram, as
shown in Fig[®. The fraction of slow rotators (17 out of 663t

~ 25%. We also confirm that most slow rotators have relatively
small ellipticities € < 0.3), in contrast with fast rotators which
span a wide range of flattening. The most remarkable fadtliges
confirmation that within these 18 extra targets, there ate\ ©-
tators (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 a global significant correlation betwae,
andas/a as shown in Fig]6. Again, about two thirds of the slow
rotators are boxy (5 out of 17 are discy, and 1 hgés = 0), and
very discy galaxies tend to be fast rotators with high values.
However,a4/a is clearly not a good proxy for angular momentum.
We then show in Fig. 11 the relation between, and M, ;- with an
additional 17 “specials” (excluding the compact galaxy NZXT

[M 32] which would stretch the plot unnecessarily). Mosvsio-
tators are massive galaxies with,M > 10! Mg, with still only
two exceptions (NGC 4550 and NGC 4458), reinforcing theltesu
from Fig.[I1. The trend for more massive galaxies to have lowe
Ar, values is still observed, with an overlap of fast and slowa+sot
tors in the rang@0'* — 102 M,. The fast rotator NGC 2320 seems
to have a rather larger,, for its virial mass (being in fact the most
massive galaxy out of the 66). NGC 2320 is the most distamixgal
of this set (withD ~ 83 Mpc), and has a rather unusual molecu-
lar gas content for an early-type galaxy: it exhibits an asatric
molecular gas disc with a mass of abduk 10° M, interpreted

as a sign of recent accretion or dynamical perturbat®n (

In Fig.[11, we also show the “cusp / core” classification as in
Sect[4.B. Most fast rotators are still galaxies with cusps, most
slow rotators are core galaxies. Conversely, massive igalagnd
to have cores, and smaller ones tend to exhibit cuspy cdatré
nosity 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
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Figure 10. Ar, versusay for the 48 E/SO of thesAURON sample and an
additional 12 galaxies for which we have availahlgvalues. Symbols for
slow and fast rotators are as in Hig. 6.
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Figure 11.\r_ versus the virial mass M), for the 48 E/SO of th6&AURON
sample plus an additional 17 "specials” (we do not includeftst 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 antl fatators are as
in Fig.[d. NGC numbers are indicated for all specials. Syl galaxies
with cores and cusps are as in the left panel of[Hig. 7.

responding “edge-onX r, value being then much larger than 0.75.
It would thus be interesting to understand if an edge-onieersf
NGC 524 would still have a core-like central luminosity pi@fiWe
also observe a few galaxies with cusps and ratherlaw values
(NGC5831) which cannot be reconciled with inclined fastrot
tors. We may therefore only discriminate cusp and core gedax
combining both their masandtheir Az, values: massive galaxies
(Myir > 105 Mg) with A, < 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 osligrabd



close to face-on massive galaxies), or these galaxies i@eSimce
itis difficult to understand how such a bias could affect ample,
we need to conclude that indeed massive galaxies tend tditibve
or no baryonic angular momentum within one effective radiunsl
that the trend observed in Flg.J11 is real (see e.g., the ypaez|
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), ae then
discuss the origin of this angular momentum. The standands®
for the formation of galaxy structures includes hierarah@duster-
ing of cold dark matter halos within which gas is coolif®®. The
angular momentum of the dark matter halos is thought to reaigi
in cosmological torques and major mergers (8)gthis hypothe-
sis providing a reasonable frame for the formation of didaxjas.

If major mergers produce a significant increase in the sjpeaift
gular momentum of the dark matter halos at large ra®jii hinor
mergers seem to just preserve or only slightly increasetit tine
(?). But little is known on the expected distribution of the alay
momentum of theébaryons(??), and even less if we focus on the
central regions of galaxies (within a few effective radii).fact,
discs formed in numerical simulations are generally an oade
magnitude too small (but séefor a possible solution).

Numerical simulations, whether they include a dissipative
component or not, have helped us to understand how merdkrs in
ence the rotational support of the baryonic component iexges
(see e.g????79. Stellar discs are cold and fragile systems, thus eas-
ily destroyed during major mergers which often lead to &tigd-
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Figure 12. Average luminosity-weighted age of the stellar componemnt v
sus the specific mass of ionised gas within 8®URON field of view
Mgas/M,ir (ionised gas mass normalised by the virial mass, see[S&gt. 4.
Symbols for fast and slow rotators are as in Hifj. 5. NumberstHe
ionised gas specific mass are derived from values in PapeentVPa-
per V, and average luminosity-weighted ages are from Khmiscet al.
(in preparation). The vertical and horizontal dashed lisiesws the limits
of > 1076 Mgqs/M,;- and 6.5 Gyr £ ~ 1), respectively.

like remnants even in the presence of a moderate amount of gasAGN feedback or ram pressure stripping) might have ‘quedche

(?). Intermediate to minor mergers preserve part of the digehe
but in most cases a merger leads to a redistribution of thelang
momentum of the central stellar component outwaf)s (

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 fast-(d
dominated) rotators?(?), this requires either the absence of a major
dry merger which would expel most of the angular momentur out
wards, or the rebuilding of a disc-like system via gas acmnetit
high redshift ¢ > 2), gas was abundant, and very gas-rich mergers
should have therefore been comme@rin fact claim that progeni-
tors of early-type galaxies must be gas-rich (gas fractidd0%) to
produce the tilt of the fundamental plane (FP). Dry majorgees
are therefore expected to occur preferentially at logyerith fast
rotators not having suffered from such events. In the péctirthe
hierarchical formation of structures, minor mergers areenomm-
mon than major mergers and we can thus expect galaxies (slbw a
fast rotators) to have suffered from more than one of thesatsv
uptoz = 0.

The resulting specific angular momentum of fast rotators, as
quantified byA g, is therefore expected to result mostly from a com-
petition between (i) gas-rich minor mergers or other infldvex-
ternal gas that causes a gradual increaserofin the inner parts),
and (i) dissipationless dry minor mergers triggering disstabil-
ity and heating, and resulting in the transformation of disterial
into a more spheroidal component, lowerikg (in the inner parts).
The scenario described here follows the idea previouslycbke
by many authors (e.@??7) that dissipation is important in the for-
mation process of fast rotating early-type galaxies. Tleatimg’ of
the disc via star formation leads to an increase in the \&rtiis-
persion, more isotropic and rounder galaxies, and thexefoyv-
ing the galaxies along the anisotropy—ellipticity trendBr X)
towards the slow rotators. A sudden removal of the gas @ug.fo

this process, and quickly moved the galaxy from the ‘bluaidio
to the ‘red sequence?]. Some galaxies may still have recently
accreted some gas (e.g. via interaction with a companian?)se
and sometimes show the presence of a younger stellar pipulat
(such as NGC 3032, NGC 3489, NGC 4150, 8e®aper VI, and
see also Paper VIII). In fact aBBAURON E/SO galaxies which have
luminosity weighted ages of their stellar component lowant
6.5 Gyr (z ~ 1) are fast rotators (Fid._12; see also Kuntschner
et al. in preparation). Among the 11 galaxies in our samplh wi
a high ionised gas content (M /M.;» > 107°), only one is a
slow rotator, namely the atypical disc galaxy NGC 4550. Tibevs
rotator with the second highest gas content is the polargalaxy
NGC 3414 (Myas/M i ~ 0.6 x 1075), NGC 4550 and NGC 3414
being in fact the two galaxies having devidat /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 ctergtisvith
zero rotation) have stellar kpc-size KDCs. Opposite to thalker-
scale KDCs in fast rotators (Sect. ¥.4), the latter have daimld
stellar population as the rest of the galaxy (Paper VIIIY &ms
were formed long ago when gas was more abundant than today.
Indeed, numerical simulations of the formation of suchctties
seem to require the presence of some gas during the merger pro
cess followed by subsequent star formation, either in emzes
mergers ?) or in multiple intermediate or minor mergers (Bour-
naud, PhD Thesis, Paris). F[g.]12 reveals that most slovtarsta
have a relatively modest fraction of ionised gas and are dh fa
older than~ 6.5 Gyr (z ~ 1). The only two exceptions are, again,
NGC 4550 which is very probably the result of the rare encaunt
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of two disc galaxies with nearly exactly opposite spins (Bae
per X), and NGC 3414 which shows the “rudiments of a dis9); (
and photometric structures reminiscent of polar-ring xjaka (?)
presumably formed via a tidal gas accretion evéit These re-
sults are consistent with the suggestion that slow rotatmtsiot
suffer from significant (in mass) recent dry mergers whicly ahe:
stroy or diffuse the large-scale KDCs. Minor mergers mdifsive
recently occurred, and as above result in a competitionlightty)
lowering and increasing r.

The three slowest rotators (NGC 4374, 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 é 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 feeklpac
due to earlier mergers), preferentially on radial orbitsalthe cos-
mological filaments¥). As for the other slow-rotators, the initial
mergers will have been gas-rich to place them on the fundamen
tal plane, but later-on dry mergers are expected to be frecase
galaxies fall into the cluster potential well. The insigcéit role
of star formation in the late history of these galaxies isecéd
in both their low specific gas content and old luminosity vireégl
ages (Figl_IR). Overall, the trend we observe for early-tyglex-
ies to have lowen\r with increasing mass (Fifl] 7) is consistent
with the gradually more important role of (gas-poor) mesgehen
going from fast rotators, to slow rotators.

Is this also consistent with the observed trend betwegn

M.:» and the cusp slope described above? Cores are thought to (V) More than7

be the result of the scouring via a binary supermassive iatdk
(??, and references therein), the potential consequence ofgeme
After a core is formed, a subsequent central accretion cd@es
material (from external or internal sources) followed byepisode
of star formation could rejuvenate a cuspy luminosity pegfihost
probably in the form of an inner disc. If this scenario is eotr
there should be a relation between the presence of a coreand
The observation that massive slow rotators, thought to biayef-
icantly suffered from dissipationless mergers, all exttébres, and
that small galaxies with highr_ all contain cusps does indeed fit
into this scenario. However, the fact that minor gas-freegeres
may only remove part of the baryonic angular momentum, aatd th
gas can be accreted from e.g., external sources or steltar loss,
implies that there should not be a one-to-one relation,@esdd ob-
served. Intriguingly, the two slow rotators with cusps (N&414,
NGC 5813) both show the presence of a decoupled stellafiédesc-
component in their central few hundreds of parsecs (as sstt
by the amplitude of the associatég parameter, see Paper llI).
These may illustrate again the competition between gas+pey-
ers and gas accreting processes in the making of galaxyatesc

6 CONCLUSIONS

Using two-dimensional stellar kinematics, we have argueat t
early-type galaxies can be divided into two broad dynamical
classes. We have devised a new paramegteto quantify the spe-
cific angular momentum in the stellar component of galaxiéss
parameter, as applied within one effective radius toithE and SO
galaxies of ouSAURON sample, allowed us to disentangle the two
classes of fast and slow rotators with a threshold valug bfAs
emphasised in Se€t._8.2, fast and slow rotators exhibiitqtiaély

and quantitatively different stellar kinematics (see dfaper X).
Galaxies with\r < 0.1 form a distinct class characterised by lit-
tle or no large-scale rotation, by the presence of kineralyicle-
coupled cores, and by significant kinematic misalignmentia
velocity twists. This contrasts with galaxies for whigly > 0.1,
which display global rotation along a well defined apparanek
matic major-axis that is nearly aligned with the photongetnajor-
axis. We have also shown that slow and fast rotators exhikilitgq-
tively different 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, 2566 ar
slow rotators. Most of the slow rotators are classified asnbde
fast rotators include a mix of Es and SOs.

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

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

(iv) Fast rotators tend to be relatively low-luminosity ebis
with Mp > —20.7. Slow rotators cover almost the full range of
absolute magnitude of our sample, from faint discy galagigsh
as NGC 4458 to bright slightly boxy galaxies such as NGC 5813,
although they on average tend to be brighter than fast mstatdl
slow rotators have Sersic indexiarger than 4, except the atypical
galaxy NGC 4550.

0% of the galaxies in our sample exhibit multi-
component kinematic systems. As mentioned above, fasoreta
have nearly aligned photometric and kinematic componertspt
for NGC 474 which exhibits obvious irregular shells. Thisigasts
with slow rotators which have significant kinematic misahgents
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, onnpéa
should serve as a reference point for detailed numericallations
of galactic systems in a cosmological context.

ACKNOWLEDGEMENTS

EE warmly thank Frank van den Bosch for insightful discussio
The SAURON project is made possible through grants 614.13.003,
781.74.203, 614.000.301 and 614.031.015 from the Neder-
landse Organisatie voor WettenSchappelijk OnderzoeleMietinds
(NWO) and financial contributions from the Institut Natibna
des Sciences de I'Univers, the Université Lyon [, the Uni-
versities of Durham, Leiden, and Oxford, the Programme Na-
tional Galaxies, the British Council, PPARC grant ‘Obséioszal
Astrophysics at Oxford 2002—-2006’ and support from Christ



Church Oxford, and the Netherlands Research School for As-

tronomy NOVA. RLD is grateful for the award of a PPARC Se-
nior Fellowship (PPA/Y/S/1999/00854) and postdoctorgipsirt
through PPARC grant PPA/G/S/2000/00729. The PPARC Visitor
grant (PPA/V/S/2002/00553) to Oxford also supported thiskw
MC acknowledges support from a VENI award (639.041.203)
by NWO and a PPARC Advanced Fellowship (PP/D005574/1)
GvdV acknowledges support provided by NASA through grant
NNGO04GL47G and through Hubble Fellowship grant HST-HF-
01202.01-A awarded by the Space Telescope Science lsstitut
which is operated by the Association of Universities for &ash

in Astronomy, Inc., for NASA, under contract NAS 5-26555BJF
acknowledges support from the Euro3D Research Training Net
work, funded by the EC under contract HPRN-CT-2002-00305.
This paper is based on observations obtained at the Willi@m H
schel Telescope, operated by the Isaac Newton Group in the-Sp
ish Observatorio del Roque de los Muchachos of the Institeto
Astrofisica de Canarias. This project made use of the Hygua
(http://leda.univ-lyonl.fr), and NED databases. Parthi$ tvork

is based on data obtained from the ESO/ST-ECF Science Axrchiv
Facility. Photometric data were obtained (in part) using 1i3m
McGraw-Hill Telescope of the MDM Observatory.

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 eguivio
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 chdd®{V'|), where R
is the distance to the centre. The absolute valug &f used as we
are interested in the presence of local streaming motian éee
NGC 4550). This is then naturally normalised b¥ 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 cangbe re
resented via the spin parameter (€)g.

\_ IVIE

T GM25

whereJ, E, and M are the total angular momentum, energy and
mass, and= is Newton’s constant of gravity. The derivation &f

in principle requires an accurate distance for each galixge we
wish to stay close to oUBAURON measurements we need to define
something which can be readily evaluated. This is possijplfért
rewriting \ as:

\_ JMVIETM
GM '

(A1)

(A2)

For two-dimensional integral-field data, we can approxaridie
spin parameter by using the scalar virial relations and skr-a
aging over the field-of-view, weighted with the surface htigess.
The scalar virial relations areE = —2K = W, with the to-
tal kinetic and potential energy related to the mean-sqepesd
of the system’s starbrus respectively a@K/M = Viys and
W/M = —GM/ry. Here,rg is the gravitational radius, which
can be related to the half-mass radiysgiven the mass model of
the stellar system. For e.g. a spherical symmétrimodel, we have
Ty =271}.

When relating-, (or 1) to the observed effective radiug.,
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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
rq = Kkr Re the conversion factokr is a function of the mass
model, viewing direction and mass-to-light ratio. In a $amway
a conversion factor is needed in the approximation of thel #ot-
gular momentum by the observed radius times velocigdf =
kJ R|V| (se€?). Furthermore, whild/3,;s is thetotal mean-square
speed, we only observe velocity moments projected alontirtbe
of-sight, e.gV ando. In order to retrievéd/2,s, we should there-
fore allow multiplying factors:y andx s associated with the corre-
sponding observeti? ando? (in the case of an isothermal sphere,
kv = landks = 3).

We thus find the following expressions:

J/M = ks (R|V]), (A3)
2E/M = — (kv V? + ks o), (A4)
GM = kr (R(kv V? + ks %)), (A5)
resulting in an approximate spin parameter
kg (R|V|) /{kv V2?2 + ks 0?)
A~ A6
i (R(sv V2t s o?) (A8)

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

_ (RIV]) (V2 +0?)
Af = RV +o2)) (A7)
We finally approximate\  with Ar by writing
__ (BrV])
Af MARE ————. A8
T RV + 07 (A8)

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

Ar = (0.95 £ 0.04) x A (A9)

This relation is in fact also valid for the two-integral méslas de-
rived in AppendixB, so that we expedtr to be roughly equal
to (though slightly smaller than);. For typical values of the
conversion factorsgy = 2, kg = 3, we therefore find that
A~ V2/3AR.

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

APPENDIX B: TWO-INTEGRAL MODELS

In order to examine the behaviour & in more detail, we con-
structed two-integral dynamical Jeans models fSAURON galax-
ies using the MGE formalism, namely NGC 524, 3377, 4459, 4486
4552, 4621, and 5813. Details on the assumptions and megulti
mass models for these galaxies can be found in Paper IV. Ebr ea
galaxy, we assumed 8 different inclinations (5, 15, 25, 5,65,
80, and 90, the latter corresponding to an edge-on view), and de-
rived the first two line-of-sight velocity moments up tdRL.

These models were used to obtain measurements:pf
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andV/o, to determine whether these three quantities behave sim-

ilarly with respect to basic parameters such as the indétinat
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 Appendlx]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 thel@ho
is fixed before changing the viewing angle. A radial variatio
the anisotropy profile can, however, significantly chande $ftu-
ation, as\r includes an additional explicit dependence on radius.
Assuming isotropy for all 7 MGE Jeans models, we observeta tig
correlation betweenr andV/o. A simple approximation for the
relation betweerkz andV/o can then be obtained by introducing
a scaling factok:

(RV) r (V/o)

(RVVZ £ o7) \/m

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 pfvhich ranges from

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

Another important issue when derivingz andV/o comes
from the presence of noise in the measurements. Whés suf-
ficiently large, the random errors in the kinematic measers
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\ef andV/o.

In Fig.[B1, we show the effect of a random error of 10 kmrt $n
bothV ando (typical in the outer part BBAURON kinematic maps;
see Paper Ill) on bothr 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 k@alue. The
effect is in general relatively small, of the order of 7% »n and
almost 15% oY/ /o, for Ar ~ 0.1. WhenV is close to zero every-
where, as is the case for the th@&URON galaxies with the lowest
Ar values, the presence of noise yields an overestimate oft abou
0.02 in\r (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 measuresniran
V/o.

AR = (B1)
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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 (noiselesglptied against
Ar. The input noise has been set to 10 kmrt dor both V" ando.
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