arXiv:astro-ph/0609452v1 15 Sep 2006

Mon. Not. R. Astron. Sod)00, [IH58 () Printed 24 July 2007  (MMTEX style le v2.2)

The SAURON project - VIII. OASIS/CFHT integral- eld
spectroscopy of elliptical and lenticular galaxy centre$

Richard M. McDermidy, Eric Emsellem, Kristen L. Shapird, Roland Bacofy
Martin Buread, Michele Cappellati Roger L. Davie§ Tim de Zeeuw,

Jesis Fal®n-Barrosé®, Davor Krajnove?, Harald Kuntschnér Reynier F. Peletiér
and Marc SarZi

1 Leiden Observatory, Postbus 9513, 2300 RA Leiden, The Nagils

2 Universit de Lyon 1, CRAL, Observatoire de Lyon, 9 av. Clsafladr, F-69230 Saint-Genis Laval; CNRS, UMR 5574 ; ENS da,lF@nce
3 UC Berkeley Department of Astronomy, Berkeley, CA 94728, US

4 Denys Wilkinson Building, University of Oxford, Keble Rp@tford, United Kingdom

5 European Space and Technology Centre (ESTEC), KeplerlaRastbus 299, 2200 AG Noordwijk, The Netherlands

6 Space Telescope European Coordinating Facility, Europauthern Observatory, Karl-Schwarzschild-Str 2, 8574&#iag, Germany

7 Kapteyn Astronomical Institute, Postbus 800, 9700 AV Gigen, The Netherlands

8 Centre for Astrophysics Research, Science & TechnologgaRatsInstitute, University of Hertfordshire, Hat eld, lited Kingdom

Accepted by MNRAS, 13th September, 2006

ABSTRACT

We present high spatial resolution integral- eld speataysy of 28 elliptical (E) and lenticular
(S0) galaxies from th8& AURONMepresentative survey obtained with BASIS spectrograph
during its operation at the CFHT. These seeing-limited olzs®ns explore the central
8% 10typically one kiloparsec diameter) regions of these gakamsing a spatial sampling
four times higher thaSAURONO?27 vs. 894 spatial elements), resulting in almost a factor
of two improvement in the median PSF. These data allow atestady of the central regions
to complement the large-scale view provided ®URONHere we present the stellar and
gas kinematics, stellar absorption-line strengths andlaelemission-line strengths for this
sample. We also characterise the stellar velocity mapguhkia “kinemetry' technique, and
derive maps of the luminosity-weighted stellar age, mieifland abundance ratio via stellar
population models. We give a brief review of the structumsfd in our maps, linking also
to larger-scale structures measured WBAURONWe present two previously unreported
kinematically-decoupled components (KDCs) in the cerafé¢GC 3032 and NGC 4382. We
compare the intrinsic size and luminosity-weighted stedige of all the visible KDCs in the
full SAUROMample, and nd two types of components: kiloparsec-scd)CK, which are
older than 8 Gyr, and are found in galaxies with little neatmin; and compact KDCs, which
have intrinsic diameters of less than a few hundred parb®gy a range of stellar ages from
0.5 - 15 Gyr (with 5/6 younger than 5 Gyr), are found exclulsive fast-rotating galaxies,
and are close to counter-rotating around the same axis mshthgt. Of the 7 galaxies in the
SAURONample with integrated luminosity-weighted ages less &&yr, 5 show such com-
pact KDCs, suggesting a link between counter-rotation aeemnt star-formation. We show
that this may be due to a combination of small sample sizewtgages, and an observational
bias, since young KDCs are easier to detect than their oltifpaco-rotating counterparts.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evant— galaxies: formation
— galaxies: kinematics and dynamics — galaxies: structgaaxies: ISM
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1 INTRODUCTION

In the era of theHubble Space TelescofST), early-type galaxy
nuclei (central 10-50 pc) have become a key component in tte m
ern picture of galaxy evolution. Empirical relationshipstleen
the central luminosity prole and numerous large-scaleaggl
properties, such as isophotal shape, rotational suppodt,stel-
lar populations, strongly suggest that the formation andluev
tion of the central regions is inextricably linked to that thie
galaxy as a whole (e.¢._Faber etlal. 1997). The ubiquitous- pre
ence of super-massive black holes (SMBHSs) at the centres of
galaxies (e.gl_Ferrarese & Meirltt 2000; Gebhardt et al.0208
thought to be an important aspect of this relationship, robnt
ling global star-formation and dictating the central dgnsiistri-
bution (e.gLSilk & Reés 1998; Granato etlal. 2004; Bihney4200
Di Matteo, Springel & Hernquist 2005).

Most observational studies of early-type galaxy nucleiehav
so far been based only diSTimaging, with a small number of
objects also observed spectroscopically from space,reitfib a
single aperture or a long slit. The limitations of these daga
come apparent when considering the complexity of strustianend
in the centres of these otherwise “boring' objects. Spectpy
is required to establish dynamical black hole mass estsnated
it has been shown that a single long slit is grossly insuitie
to constrain fully general dynamical models_(Verolme eP8I02;
Cappellari & McDermidl 2005). To understand the stellar w@ibi
structure of galaxy nuclei therefore requires informatimoss a
sizeable two-dimensional eld, obtained with the highessgible
spatial resolution. AdditionallyHSTimaging reveals highly com-
plex gas and dust distributions (elg. van Dokkum & FrAnx 11995
Tomita et all 2000;_Lauer etldl. 2005), which are sensitivicir
tors of dynamical torques that are not detectable from takast
distribution alone. Understanding the kinematic and cloahgrop-
erties of such irregular gas distributions requires twoatisional
spectroscopy-HSTimaging studies also nd broad-band colour gra-
dients, indicative of distinct star-formation historiesvards the
very central regions (e.3. Carollo & Danziger 1994b; Carell al.
1997a] Lauer et al. 2005; Cotée erlal. 2006). However, toicately
quantify the populations requires spectroscopy on contyespa-
tial scales, of which there are rather few studies of eamhet
galaxy samples, due to the high signal-to-noise ratio reduie.g.
Krajnovi¢ & Jaffé|2004; Sarzi et Al. 2005). Moreover, thesal
comparable ground-based studies looking at central ptiepde.g.
Carollo & Danzige 1994h; Trager etial. 2000; Thomas =t 20530
are restricted to either aperture measurements or longrslies,
making the association between population changes andsithe-
tural variations dif cult to determine.

In response to these issues, we have initiated a programgtof hi
spatial resolution integral- eld spectroscopy of eayp¢ galaxy
nuclei. We select our sample from galaxies observed as part o
the SAURONurvey: a study of 72 representative nearby early-type
galaxies and spiral bulges observed vB#URONour custom-built
panoramic integral- eld spectrograph mounted at the \AfiliHer-
schel Telescope (WHT) on La Palma (Bacon ¢t al. 2001, Paper 1)

The aims of this survey and the observed galaxy sample are de-

scribed in_de Zeeuw etlal. (2002, Paper I1). For the sub-saropl
48 E/SOs we present the stellar kinematic maps_in Emselle et
(2004, Paper 1l1); the two-dimensional ionised gas prapsrin
Sarzi et al.|[(2006, Paper V); and maps of the stellar absor{itie
strengths in_Kuntschner etial. (2006, Paper VI). We referelaeer
to these papers (and references therein) for discussidre gfiobal
properties of our sample galaxies.

To maximise the eld of view, the spatial sampling®AURON
was set to 94 094 (per lenslet) for the survey, therefore of-
ten undersampling the typical seeing at La Palni8)0This does
not affect the results for the main body of early-type gataxias
they generally exhibit smoothly-varying structure on esdharger
than the seeing. However, the central regions are poorbjves in
the SAURONata, preventing accurate measurements of the central
properties.

For this reason we have observed the centres of a subset of
the SAURONMNample using th©ASIS integral- eld spectrograph,
mounted on the 3.6-m Canada-France-Hawaii Telescope (GFHT
Hawaii. This instrument allows optimal sampling of the matisee-
ing on Mauna Kea, resulting in a signi cant improvement imsal
resolution. To ensure a high degree of complementarity &etw
the OASIS data presented here and &hURONMDbservations, we
con gured OASIS to have an almost identical wavelength domain
and spectral resolution. THBASIS data can therefore be easily
combined with SAURONdata, e.g. for constraining dynamical
models (e.g._Shapiro etlal. 2006). All data presented inghjger
will be made available through tt@AURONveb pagé-

The OASIS observations themselves reveal a number of pre-
viously unresolved features in the centres of our samplexgzs. In
particular, we nd several galaxies which exhibit very yaguoen-
tral stellar populations that can be directly associateti peculiar
(misaligned) components in the stellar rotation elds. Wgplere
this further by considering all objects in B AUROMNample with
clear kinematically decoupled components, and nd a linknsen
the size of these components and their stellar populations.

The layout of the paper is as follows: Sectigh 2 describes
the instrument, the observations and the basic data redy&ec-
tion @ describes the application of our analysis tools usedet
rive the stellar kinematics, gas properties and line-gtifermea-
surements (including the application of stellar populatimod-
els), and presents detailed comparisons with equivalesntgies
from SAURONSectior presents the two-dimensional maps of all
measured quantities, and discusses their main featuretpSg
presents a discussion of young stellar populations in oonpss
and the connection with KDCs; and Sectidn 6 concludes.

2 OBSERVATIONS AND DATA REDUCTION
2.1 TheOASIS Spectrograph

OASIS is an integral- eld spectrograph based on tH&ER con-
cept (Bacon et al. 1995) and is designed for high spatialuen
observations. It is a multi-mode instrument, with both imnggand
spectroscopic capabilities, and can be assisted by anieelayp:-
tics (AO) systemOASIS operated at the Cassegrain focus of the
CFHT between 1997 and 2002 (optionally with fRBEQAO sys-
tem), and was transferred to the Nasmyth focus of the WHTrakhi
the NAOMIAO system in March 2003. All observations presented
here were obtained at the CFHT, hence in the following welgole
refer to theOASIS CFHT con gurations.

Since most of the objects in tRAUROMNample do not have
a bright, nearby guiding sourcen(, < 16 within  30°9, thef=8
(non-AO) mode oDASIS was used. A spatial scale %07 *27
per lenslet was selected for the observations to propenhpkathe
generally excellent seeing at Mauna Kea, providing 100&iddal
spectra in a 1% 8% eld-of-view. OASIS was con gured to give

1 http://www.strw.leidenuniv.nl/sauron
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Figure 1. SAURONurvey sample of ellipticals and lenticulars. Objects are
separated as " eld' (circular symbols) and “cluster' (tgalar symbols) as

de ned in Paper Il. Filled symbols indicate the subset ofeat§ observed
with OASIS at the CFHT.
Table 1. Summary of the thre®ASIS observing runs.
Run Dates Clear
1 24-27/03/2001 3/3
2 8-13/01/2002  2.5/3.5
3 6-10/04/2002 4.5/5

Note: The dates indicate the duration of the run, althoughesof the nights
were shared with other programs. The last column indicdteseffective
number of clear nights from the total number of nights deeitao this
program.

similar spectral coverage and resolutionS$8URONresulting in a
wavelength range af760-5558 A, with a resolution of 5.4A full-
width half-maximum (FWHM), sampled dt95 A pix 1. Given
the generally large velocity broadening in the central orgiof
early-type galaxies, this con guration is suitable for reeang
stellar kinematics in these objects, and also covers keprpbs
tion/emission features such as Mga number of Fe lines, H
[Om] 4959,5007,and [N 5198,5200.

2.2 Observed Sample

Inthe chosen con guratioASIS has a spectral resolution around
20% larger than that ocBAURONeffectively increasing the min-
imum velocity dispersion that can be reliably measured. tRizr
reason, we restricted our sample to only the E/SO galaxies fhe
SAUROurvey (which tend to have higher dispersions than the Sa
bulges), and gave priority to objects with a central velpdisper-
sion (as measured from Paper Ill) larger than the instruahees-
olution of OASIS ( oas = 135 km's ). We observed a total of
28 galaxies from the parent sample of 48 during three rungdet
March 2001 and April 2002 (Tablé 1). Talble 2 lists the galaxird
gives a summary of the observations. [iy. 1 shows how these ob
jects populate the plane of ellipticity versus absoBtenagnitude
(used to select thEAUROISurvey galaxies, see Paper II).

A number of spectroscopic standard stars were observed to
allow calibration of the stellar absorption line strengtiosthe
Lick/IDS system (see Sectidn_B.6). Several photometriadsteds
were also observed, giving an estimate of the absolute gimut
and total spectroscopic response of the instrument andctabe
over the three runs.

¢ RAS, MNRAS000 H:8

Table 2. Summary of observations and PSF estimates.

NGC Type Run Txp Source Seeing
@ @ ®) 4) ®) (6)

1023  SBO (rs) 2 2 3600 F555wW 141
2549  SO(nsp 1 1800; 3600 F702wW 0.91
2695 SABO(s) 2 2 3600 Acq. 0.91
2699 E: 2 2 3600 F702wW 1.67
2768 EG6: 3 2 3600 F555wW 0.89
2974 E4 2,3 2 3600 F555W 0.99
3032 SABAO() 2 2 3600 F606W 0.92
3379 E1 1 2 3600 F555W 0.91
3384  SBO (s): 1 1 2700 F555wW 0.72
3414 SO pec 3 2 3600 F814W 0.86
3489  SABUO (rs) 3 2 3600 F814W 0.69
3608 E2 1 1800;2 2700 F555W 1.13
4150 sS@()? 2 3 3600 F814W 2.15
4262  SBO (s) 3 2 3600 F475W 0.60
4382 SO (s)pec 2 3 3600 F555wW 111
4459 SO () 3 2 3600 F814W 1.53
4473 ES5 3 2 3600 F555wW 0.80
4486  EO-1 pec 1 3 2700 F555W 0.57
4526  SABQ(s) 1 1800; 3600 F555wW 0.94
4552  EO-1 1 2 2700 F555W 0.67
4564 E 3 2 3600 F702wW 0.70
4621 ES5 3 2 3600 F555W 0.86
5198 E1-2: 3 2 3600 F702wW 0.84
5813 E1-2 1 3 2700 F555W 0.87
5831 E3 3 3600; 1200 F702wW 0.95
5845 E: 3 2 3600 F555W 0.91
5846  EO-1 3 2 3600 F555W 0.58
5982 E3 3 2 3600 F555W 0.77

Notes: (1) NGC number. (2) Hubble type (RC3: de Vaucouletie|4991).
(3) Run number corresponding to Table 1. (4) Exposure timseconds.
(5) Source for the seeing determination: eitH&T Iter used or acquisition
image (Acq.). (6) Seeing, full width at half maximum in arcseds.

2.3 Basic Data Reduction

The data were reduced using the publicly availabkoASIS
software V6.2 [(Rousset 1992) developed at CRAL (Lyon). Pre-
processing of the images included bias and dark subtradiiark
frames were acquired for each exposure time used, including
calibrations and standard stars, to correct for non-lindent'
pixels on the CCD. The spectra were then extracted from the
two-dimensional CCD image into a three dimensional datzedy
means of an instrument model, or “‘mask’. This mask is essbnti
a map of the wavelengths falling on the different pixels faclke
lens, based on a numerical model of the instrument and tgdesc
The mask includes a model of the pupil for each lens, and sitas|
the curvature and chromatic variations of each spectrumhen t
CCD. Neighbouring spectra on the CCD are de-blended based
on this model, and the spectra apertures are summed in the
cross-dispersion direction, applying optimal weights ii{©1985).
Although the extraction process imparts rst-order wangfih
information on the spectra from the instrument model, a racoei-
rate wavelength calibration was performed in the conveatizvay
using neon arc-lamp exposures: this removes higher-oraiéa-v
tions in the dispersion solution or inaccuracies in the magSIS
was mounted at the Cassegrain focus of the CFHT, and so exure

2 hitp://www-obs.univ-lyon1.fr/ oasis/download
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were accounted for by obtaining arc-lamp exposures braxk#te
science exposures. Both neon exposures were used as ancefere
for the mask, giving the average position of the spectra erCtD
during the exposure. The dispersion solution itself is catag on

a single arc-lamp exposure, generally using around 15 lubes
with a second-order polynomial, with a mean dispersion otiad

a tenth of a pixel ( 0:2 A).

Flat- elding of the data-cube was performed simultanepusl
in the three dimension&;y; ). Exposures of a continuum source
were used for the spectral domain; exposures of the twilslyt
were used to provide an illumination correction, or spatitleld.
These two calibration exposures were combined to produiceykes
at- eld data-cube, which was divided through the scienedbes.

Cosmic ray hits affect neighbouring pixels on the CCD, which
are effectively well-separated within the extracted dathe, due
to the staggered layout of spectra on the detector. This snitsat
comparing spectra of neighbouring (on the sky) lenses (whic
should be rather similar due to PSF effects and the genexaienaf
these objects) gives high contrast to cosmic ray events fivem
spectral element. Pixels affected by cosmic rays were ceglay
the median value of the neighbouring lenses at the correspgpn
wavelength.
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Figure 2. Top left: mean velocity eld of a twilight sky exposure derived
using a solar reference spectrum and the pPXF method dedadnbSec-
tion[32). A periodic pattern can be seen in the velocity elgsulting from
a spatially-varying interference pattern in the spectmp right: mean ve-

No sky subtraction was performed on these data since in all ity of the same twilight frame, correcteafter extraction using a cor-

cases, the contribution from night sky lines was insignntat the
adopted wavelengths and within the small eld of view cedtom
the bright galaxy nucleus.

The spectral resolution can vary slightly within the eld of
view, which may introduce an irregular broadening of theedin
when separate exposures are combined. We therefore horsegen

the resolution to a common value. This was done by comparing

twilight exposures with a high-spectral resolution solkefierence

spectrum to measure the effective spectral resolution of each lens.

These values were then smoothed with a circular spatialdvokc

ter of @5 in radius to reduce noise. These “maps' of spectral reso-

lution were used to establish a representative instrurhiraaden-
ing, taken as 5.A (FWHM), the value for which 90% of the lenses
(averaged over all available twilight frames of differeights and
runs) were on or below that resolution. The twilight closagime

to the science exposure was used as a reference to smootitahe d
cube with the appropriate Gaussian to obtain the adoptetutes.

2.4 Fringe Pattern

The data obtained during the thr@ASIS runs suffered from an
interference pattern similar to fringing within the speattrange
of our data. This added a periodic pattern with amplitudebafua
10km s ! to the mean absorption-line velocity elds derived from

rection frame constructed from a twilight exposure from ffedént night.
This method was used to correct runs 1 an@@ttom left: mean velocity
of the same twilight frame, correctdaefore extraction, using a median-
combination of several dome- at exposures. This method wsesl to cor-
rect data from run 3Bottom right: histogram of velocities from each eld:
black line = uncorrected eld, blue line = dome- at corremti, magenta line
= twilight correction. After the correction, the periodiatfern is removed,
and the dispersion in the recovered velocities decreases frkms 1 in
the uncorrected case, to 4 km’sfor both correction methods. (See text for
details.)

each lens. Dividing the science data-cubes by this framevech
much of the fringe pattern, although some signature wasiledt

to exures between the twilight and science exposures. Borg,

we obtained the appropriate calibration frames to allowftimge
correction to be made before extraction. A median comhinabf

six dome ats was used to generate a correction frame. Thiadr
was obtained by dividing each column of the master dome at
image by a high-order spline, tted in such a way as to folldwe t
complex light distribution, but not t into the fringe patte itself.
Before extraction, we divided all data by the resulting eotion
frame to remove the fringe pattern. Small linear offsetsveen
the correction image and the data image (due to exure) were

the spectra. The pattern was found to vary between exposuresdccounted for by comparing the associated arc-lamp expesafr

due to instrument exure, and was therefore dif cult to remeo
accurately. In principle, one would prefer to correct fosteffect

in the pre-extracted images, rather than on the extractedadbes,

in which several adjacent pixels are combined at each wagtie
The interference pattern was not well understood during ruin
and 2, however, and so appropriate calibration frames {bigtity
dome ats) were not obtained. For these runs, we were thexefo
required to make a correction on the extracted data-cublgis. T

was done by removing the average twilight spectrum (in which corrected velocity elds, with an amplitude of 5km's

the effects of the fringing were largely randomised) frone th
twilight data-cube, leaving a residual fringe pattern,quei to

3 hitp://bass2000.obspm.fr/salapect.php

the two frames, and shifting the correction frame accoigling

Fig. @ demonstrates the effect of the fringing and fringe-
correction on the mean stellar velocity eld derived fromumr3
twilight sky exposure $=N > 100), which should show a at ve-
locity eld. Velocity elds of the same twilight exposure arshown
after correction with both methods. The standard deviatibwe-
locity values decreases from 7 km’sin the uncorrected case to
4 km s ! with either correction. A residual gradient remalns in the
1 across
the eld. This is within the fundamental uncertainties ofr avave-
length calibration, and below the typical measurementrafour
galaxy observations (see Sectlonl3.1). Although the ctiorecis-
ing dome ats is preferred, the solution using twilight espoes
yields comparable results.

¢ RAS, MNRAS000 H:8
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Table 3.0Observed photometric standard stars.

Name Run(#obs)  Calibration
HD093521 2(3),3(4) STIS+Oke
G191-B2B 1(2),2(2) Model

Feige 66 1(1),3(1) FOS+Oke
BD+33 2642 1(2) FOS+Oke
HZ 44 1(1) STIS

Notes: The second column indicates the run number, and enfisses,
the number of observations during that run. Only one star elmerved
per night. The third column indicates the source of the ezfee calibration
spectrum, as describedlin Bohlin, Dickinson & Calzetti (PDO

2.5 Flux Calibration

During each night of the three observing runs, photometaicdard
stars were observed, primarily in order to calibrate chrtixnaari-
ations in throughput and instrument response, but alsovi® g
absolute ux calibration for the data. The observed staesliated

in Table[3, and include several repeat measurements witiite-
tween runs. A single spectrum was extracted from each reldduce
data-cube by integrating all spectra within a circular ayrercen-
tred on the star. To ensure that the ux star spectrum waesenta-
tive of the total ux in our wavelength range without simplgding
noise, the PSF was measured from the reconstructed image of t
star, and a summation of the ux within an aperture three §me

larger than the PSF FWHM was made, weighted by the Gaussian

PSF model.

@

=

MNormalised Flux

Deviations from
Parabola (%)

—2E 3
4800 5000 5200 5400
Wavelength (A)

Figure 3. Top panel:The four normalisedASIS observations of the pho-
tometric standard star G191-B2B (thin lines: magenta = rgrden = run2)
overplotted with the (normalised) average best- t ofithehw (2000) theo-
retical model (thick black line) using penalised pixelintty (pPXF, see Sec-
tion[33). A multiplicative second-order polynomial tersincluded in the
t, as well as a varying shift and broadening of the model $peun. Bottom
panel:ratio of theOASIS observations and individual pPXF ts expressed
as percentage deviations around the parabolic polynoifti&.line colours
indicate different runs as in the upper panel. Dotted hotedines indicate
the (robust) standard deviation of the residuals with retsfezero, having
an amplitude 00:44%.

our spectra due to e.g., lter throughput, are well removgdbr
spectral at- elding process.

To evaluate whether there are global changes in the chromati
response of the observational setup, Elg. 4 compares thection

The observed photometric standard stars were chosen to havepolynomials derived from all observed standard stars. imegs,

as few spectral features as possible, thus making thermbkauftar
calibrating residual spectral response variations. Cheré¢latively
small spectral domain dDASIS, such variations are expected to
be low-order. However, imperfections in the calibratioroaf data
(e.g. due to the fringe pattern) may give rise to uctuationscales
of tens of Angstroms. Such residuals are dif cult to deteggten
the typically low spectral resolution of available speptrotometric
standard star reference tables (£.0./0ke 11990). One golistito
compare with higher-resolution theoretical models. Suchoalel

is available for the well-known star G191-B2B from Bohlird(®),
which provides ux measurements at varying wavelengthriraks,
from around 2QA at the red end of our wavelength domain (where
the spectrum is varying only slowly) t& 1 A inside absorption
features.

Fig.[d shows a comparison of this model with our f@ASIS
observationdeforeany ux calibration correction was applied. The
model is interpolated to have the same spectral samplinguas o
observations, and is tted to the observations using thealiesed
pixel- tting method described in Sectidn3.1. As well as bjipg a
Gaussian velocity broadening (analogous to spectralutien) and
Doppler shift, the tting process allows the inclusion ofipaomial
terms. The (average) t shown in the top panel of IElg. 3 is eckd
using a second-order multiplicative polynomial term. Tlogtdm
panel of Fig[B shows the residuals of the four individualtesthe
OASIS observations, showing that the second-order polynomial is
a good description of the relation between our observatogisthe
theoretical model of G191-B2B. Deviations from the parab-
lation, although systematic across the two runs, are smvéh, a
standard deviation of less than half a percent. This shoststhuc-
tures on intermediate wavelength scales which may be présen

¢ RAS, MNRAS000 0H:8

the curves agree well, with a maximum Ispread of 2% at
the spectra edges. Within a run, the scatter is signi cafghs

( 0:5%), however, and there appear to be some small systematic
effects between runs. We therefore employ a single ux catibn
curve per run, rather than a single correction for all data.

We perform the ux calibration of our data compar-
ing our observed stellar spectra with the calibrated speofr
Bohlin, Dickinson & Calzetti [(2001), available from the “CA
SPEC" databadeof standard ux calibration spectra used 168T.
Variations in theabsolute ux calibration are as large as 20%. How-
ever, to improve observing ef ciency, no effort was made lobain
an accurate absolute photometric calibration by obserstagdard
stars close (in time) to each galaxy pointing.

2.6 Merging and Spatial Binning

Two or more exposures were obtained for each galaxy (Tdhle 2)
each one offset by a small, non-integer number of lenslesde
vide oversampling and avoid systematic effects due to baf CC
regions. Multiple exposures were combined by rst trunegtto a
common wavelength region and centring the spatial cooreinan
the galaxy nucleus using images reconstructed from thealdttes
by summing ux in the spectral direction. Exposures werenthe
normalised to account for transparency variations, andmeted
from the original hexagonal spatial grid (set by the lenaygronto

a common spatial grid of’® 2. Co-spatial spectra were com-
bined via an optimal summing routine, taking into accoustefror

4 http://www.stsci.edu/hst/observatory/cdbs/calsgen.h
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Figure 4. Normalised ux correction curves determined from each obsg
photometric standard star for all three observing runs én&g= run 1,
green =run2, blue = run 3). From the stellar spectra, and frencompari-
son of G191-B2B shown in Fifl] 3, a second-order polynomia deemed
suf cient to describe the chromatic response of the obdemal setup.
Variations between the curves have a maximumspread of 2% (with a
range of 3%), although variationgthin a single run are smaller (0:5%).
The systematic differences lead us to apply a single uxextion within a
run, rather than a unique correction for all data.

spectra which are propagated through the reduction. Fospghe-
troscopic standard stars, single spectra were extractedryning
all the data-cube spectra within &2ircular aperture.

At the stage of merging multiple pointings, a correction was
made for differential refraction by the atmosphere, whiguses
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Figure 5. Comparison 0DASIS andSAURONPSF estimates for the galax-
ies in Tabl€R. The solid line indicates the 1:1 relationyghg that the PSFs
of the OASIS observations are generally signi cantly smaller than thof
SAURON

band are not available for all galaxies, in which case festsuch
as dust may introduce small inaccuracies in our recoverkgesa
For those galaxies with archivellSTimages, the resulting PSF esti-
mates, characterised by the FWHM of the best- tting singu&

the image to change position on the lens array as a function of Sian to our PSF model, are presented in column 6 of Tdble Z3Fig

wavelength. We applied the theoretical model of Filippe(ikeB?2),
which uses atmospheric parameters to estimate the shiieaft-
age as afunction of wavelength and zenith angle. We adofitbdlg
values of 620 mb and € for the air pressure and temperature, re-
spectively, for all runs. Most observations were taken anhass

< 1:3, ensuring that the typical relative shift due to atmospheri
dispersion across the short wavelength range of@A8IS obser-
vations is< 0°%2. No correction was made for atmospheric disper-
sion for the standard stars, as the ux is combined over divels
large aperture.

It is necessary to analyse the galaxy spectra with a minimum
signal-to-noise ratio§=N) to ensure accurate and unbiased mea-
surements. This was achieved using the binning method afexe!
bylCappellari & Copinl(2003), in which spectra are coaddedtst
ing from the highes8=N lenslet, and accreting additional lenslets
closest to the current bin centroid. When the taye\l is reached,

a new bin is begun. The resulting bin centroids are then used a
the starting points for a centroidal Voronoi tessellatiganerating
compact, non-overlapping bins with little scatter arouhd tm-
posed minimun8=N. We conservatively bin all data to a minimum
meanS=N of 60 per spectral resolution element for our analysis.

2.7 Point Spread Function

By comparing images constructed by integrating the ux iictea
spectrum with imaging fronHST (where available), an estimate
of the PSF can be made. We do this by parameterisin@h8IS
PSF with two concentric circular Gaussians, and minimizimg
difference between thelSTimage convolved with this PSF, and
the reconstructed image. In practietSTimages in the appropriate

compares these values with the equivalent PSF measurefoents
the SAURONbservations of these galaxies (Table 3 of Paper IIl).
Although the spatial resolution of thHeAUROMNnd OASIS
data sets are limited by atmospheric seeing condition<D&8IS
data has the advantage of fully sampling even the best ¢onslit
on Mauna Kea within this wavelength range. For this readom, t
OASIS data has generally better effective spatial resolutiod, an
in some cases is signi cantly better, with more than a quasfe
our sample having a PSE ?8. The median PSF of thBASIS
observations @1) is almost half that oSAURON1°%), with
up to a factor three improvement in some cases. For four galax
ies the measured PSF QFASIS is similar to that of SAURON
namely NGC 1023, NGC 2699, NGC 4459 and NGC 4150. We nev-
ertheless present the data in this paper, as the spectrainah
OASIS includes several Lick iron indices which are not obtained
with SAURON

3 DATA ANALYSIS
3.1 Stellar Kinematics

Stellar absorption-line kinematics were derived for eaalaxy by
directly tting the spectra in pixel-space, using the pésed pixel-
tting method (hereafter pPXF) of Cappellari & Emsellem (20,
as in Paper Ill. This method was chosen over Fourier-bas#uoue
due to its robustness to contamination by nebular emissis |
(emission lines are simply excluded from the tting progeseghich
can be strong in our spectral domain around the central megi®
early-type galaxies (e.g., Paper V).

Although robust to emission-line contamination, pixetiig

¢ RAS, MNRAS000 IH:8
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methods are sensitive to template mismatch effects, wtdohsig-

ni cantly bias the resulting kinematics (e.@.. Rix & Whit€92).
This problem was minimised by selecting an “optimal tenglat
at each iteration of the tting process. For each trial sekioie-
matic parameters, an optimal linear combination of appabgly
convolved absorption spectra were tted to the data. We tise t
same library of absorption spectra as in Paper Ill, which taksn
from the single-burst stellar population (SSP) models_ofdékis
(1999), with the addition of several individual stellar spa with
strong Mgb from thelJones! (1997) library (from which the SSP
models are built) to compensate for the near-solar abuedatio
inherent in the SSP models. It was found that this library aiae to
reproduce the galaxy spectra very well, minimizing biasassed
by template mismatch.

After rebinning the wavelength axis of the data-cube to a log
arithmic scale (equivalent to pixels of constant velocitgle), we
used the pPXF method to determine the line-of-sight vejais-
tribution (hereafter LOSVD) parameterised by the trund&@auss-
Hermite series (van der Marel & Frahx 1993; Gerard 1993)yOn
the rstfour terms (mean velocity ; velocity dispersion ; and the
higher-order term&; andha, related to the skewness and kurtosis
respectively) were measured, as these are generally suf @b
describe the signi cant features in early-type galaxy La®VOur
data are generally of adequate quality to also meassir@nd he,
which may be useful for some speci ¢ purposes (for examptéén
tting of dynamical models), however they are not reportexuieh

The penalty term of the pPXF method, quanti ed by the near-
unity parameter, ,, suppresses the large uncertainties inherent in
measuring the higher-order terrhs and h, when the LOSVD
is undersampled by biasing the solution towards a simplesGau
sian. In general, the objects in our sample have suf cietdtge
velocity dispersions such that this biasing is not impdrt&ev-
eral objects, however, have velocity dispersions closertbes
low the instrumental dispersion. Following the procedwrsatlibed
in [Canpellari & Emsellem|(2004), we therefore optimised via
Monte Carlo simulations to suppress the measurement statte
level at which the true value (known in the simulation) lieslw
within the standard deviation of the biased value. This veamd
to be , = 0:5 for our adoptedS=N of 60, differing slightly
from the value used for th€EAURONdata in Paper Ill due to
the different spectral resolution and wavelength coveraigthe
two instruments. From these same simulations, errors okittee
matic parameters(, , hs, hs) for S=N 60 were found to be
9kms !, 15 kms 1, 0.06, 0.06 respectively at a velocity disper-
sion of 110 km s*; and 12 km s, 12 km s !, 0.04, 0.04 respec-
tively at a velocity dispersion of 250 km S.

Final errors on the derived galaxy kinematic parametergwer
determined via 100 Monte-Carlo realisations of each gatpec-
trum, in which a representative spectrum of simulated whdise
was addean top ofthe noisy galaxy spectrum for each realisation.
This approach, in contrast to adding noise to a noise-freadamed
template spectrum, has the advantage that biases in themaed
ror due to template mismatch are included (although thegyastic
uncertainty caused by the mismatch is not). The dif cultygiman-
tifying systematic uncertainties due to template mismagcivell
known, and the reader is directed to Appendix B3 of Paperlil f
relevant discussion.

Spectral regions which could possibly be affected by iahise
gas emission were excluded from the t by imposing “windows'
around the main features (H[Olil] and [NI]). The half-width of
these windows was conservatively taken as 600 ki #n cases
where the velocity dispersion of the detected gas was very high

¢ RAS, MNRAS000 H:8
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Figure 6. Top: Comparison ofOASIS and SAURONelocity dispersions
measured on spectra integrated within equivalent circaertures of %
radius. Different coloured symbols indicate galaxies olesd on different
runs: magenta asterisk = Run 1, green diamonds = Run 2, liugles =
Run 3. The dotted line indicates the unity relation, and lfektsolid line is

a robust straight-line t to the data, with slope 0.90.02.Bottom: Differ-
ence between thBAURONNd OASIS velocity dispersion measurements,
with quadratically summed errors.

(taken as when gas > 400kms '), the windows were adjusted
such that the half-width was given %  gas, and the t was
repeated. In practice, only NGC 4486 (M87) exhibits suchrjr
emission, and on the second iteration of pPXF, the stellatirmoum

t was generally greatly improved.

3.2 Comparison with SAURONtellar kinematics

Due to the relatively small eld of view ofOASIS, the conven-
tional comparison with literature values of velocity disgen is not
straight-forward, since these values are often integnattin, e.g.,
half an effective radius: generally much larger than@#eSIS eld

of view. Rather than introducing large and uncertain apertwr-
rections, the most direct comparison can be made witS&KgRON
measurements themselves, which were already shown to biseon
tent with independent studies in Paper Ill.

To reduce the effects of atmospheric seeing on the dispersio
values, we integrate the spectra from both instrumentsinvih
4% circular aperture, and derive the velocity dispersion friiis
high S=N spectrum using pPXF, tting only for the mean velocity
and velocity dispersion. Fifll 6 shows the resulting consoariof
OASIS andSAURONelocity dispersion measurementsy pane)
and the resulting scatter around the unity relatibotfom pangl
The values are consistent between the two studies, with a nfea
set of 0.84 7.8 km's 1. The spectra used in this comparison are
also used to compare the gas properties and line-strengiths.bn
Appendi{Q, we present a comparison of DASIS and SAURON
spectra themselves.
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3.3 Kinemetry

To quantify the structures found in our stellar velocity ds| we
employ the so-called “kinemetry' method.of Krajnovic et(@D06).
This technique is an extension of the classic Fourier arsabfpho-
tometry (e.g. Jedrzejewski 19817; Franx, lllingworth & Hewdn
1989), which can be used to describe the radial behaviouwaf t
dimensional kinematic maps. Annuli with increasing radass
considered, and for each annulus, a Fourier expansionfisrperd
to tthe changing amplitude as a function of polar angle.

By determining the attened (elliptical) annulus along ehi
the higher moments of the expansion are minimized, one can me
sure the characteristic " attening' of the rotation eldgeivalent
to approximating the rotation to that of a thin disk. The aimple
of the rstterm, ki, gives a robust estimate of the peak rotation as
a function of radius, equivalent to the circular velocitytfe limit
of a true thin disk. By also tting the phase of the rst moment
of the expansion, a robust measurement of the kinematiti@osi
angle, PA , is obtained, de ned here as the angular position of
the peak rotation. This parameter traces the rotation aris,is an
important diagnostic of the kinematic structure of the objsince
changes in the rotation axis are a sensitive indicator ofatiens
from axisymmetry Krajnovic et all (2005).

Proles of PAw, and k are presented for all galaxies in
Appendix[B, and are used to support out interpretation of the
structures found in our velocity maps. For example, an gbrup
change of PR, combined with a minimum in K indicates the
presence of a kinematically decoupled component in théastel
velocity eld that is counter-rotating to the outer parts, lmas a
different rotation axis. Detailed analysis of the full sekmematic
moments of the completSAURONample of E and SO galaxies,
using bothSAURONand OASIS data where available, will be
given in a future paper of this series.

3.4 Gas Properties

The spectral region covered by our data includes a numbeosf p
sible nebular emission lines, namely HOIII ], and [N]. It is nec-
essary to separate these emission lines, where presentiHeoun-
derlying stellar absorption continuum in order to obtaicuaate
line-strength indices, as well as to study the emissioa-tistri-
bution and kinematics themselves. We do this using the mdetho
of Paper V, which includes a model of the emission-line spect
as part of an optimal template t. The stellar kinematics aexl
at the values determined by excluding the emission regimm f
pPXF as above. With the stellar kinematics xed, the emisdine
spectrum, modelled as a series of independent single Gasdsir
each emission line, is included in the template library. Vakec-
ity shift and broadening of the Gaussians are determinedoa
linear optimisation, and the best- tting non-negativeelam combi-
nation of stellar spectra and emission-line models is foatnelach
iteration. This method has the advantage that both absorfitie
templates and emission-line model are tted simultanegasioid-
ing the need for "'windowing' possible emission line regiofkis
makes optimal use of the information in the spectrum, resuin
accurate absorption and emission line measurements. Papers
a full discussion of this method.

We adopt the approach of rst tting the [[D] lines alone, and
then repeating the tincluding the Hand [N] lines in the emission
spectrum, but with their kinematics xed to the values meadu
from [OlIl]. This approach was chosen since measuring thg][O
lines is less sensitive to template mismatch, and furthespadl the

objects with detected Hemission show signs of [i@®] emission,
which is usually stronger. For this reason, we usgl|J@s a robust
indicator of emission, before considering that other linesy be
present. In Paper V we discuss the merits and pitfalls ofigtH

and [Qll] independently. Here we adopt the conservative approach
of always assigning the kinematics derived fromi[Dto the H

line. Although this may differ slightly from the true Hkinematics,

in practice these differences are small compared to our uneas
ment errors, and in any case do not signi cantly bias the sixe
measure.

The detection or non-detection of gas is based on the ratio
of the amplitude of the tted gas line and the scatter of the
residual spectrum after subtraction of the best- ttindlateand gas
templates. By using the residuals of the template t, thiapétude-
to-noise' ratio (hereafteA=N) includes both random noise and
systematic errors (e.g. due to template mismatch) in theenesti-
mate. The limiting values oA=N below which our measurements
become strongly biased or uncertain were determined fromlar
tions in Paper V. For the unconstrained t of [, emission lines
with A=N > 4 are considered reliable. For Kthe tting process
has less freedom, being constrained by thalJ&kinematics. In
this case, emission lines witkeN > 3 are considered reliable.

The detection of [N emission is complicated by the fact that
the library of templates used to describe the stellar cantim are
of near-solar abundance ratio. The effects of template atidmare
therefore particularly acute around the blfpature ( = 5177 A),
slightly blueward of the [N doublet. To incorporate this into our
detection threshold, when computing theN for tted [N 1] fea-
tures, we base the residual noise estinhatepeci cally on a wave-
length region extending across both the][dahd Mgbfeatures. Fol-
lowing Paper V, we impose th&t=N > 4 for this feature. In addi-
tion, [NI] is only considered if both H and (by proxy) [DiI] emis-
sion is also present. We further constrain the t of [Ny imposing
the same kinematics as Hand [Qll].

Based on these detection thresholds, we have shown in Paper V
that it is possible to derive typical sensitivity limits, tierms of the
equivalent widttEW of the (Gaussian) emission line. Speci cally,
from eq. (1) of Paper V:

p_—
_ A=N obs 2 |

EW = S=N ; 1)

where o5 is the effective dispersion of the tted emission

line including the instrumental broadening. For an emission line
with intrinsic velocity broadeningix = 50 kms !, o =

2 + %5 =144 kms ' 24 Afor[Om] (23AforH ).
For our imposed threshold &=N = 60 for the continuum, this
gives an estimate for the limitingW of [Oll11] of 0.40 A for the
chosen limit ofA=N =4 (0.29A for H ). For givenA=N thresh-
olds, the limitingeW for OASIS compared wittSAURONwithin
the same aperture) scales as the ratio of the instrumentdéning
andS=N, such that

EWoas _

- S=Nsau
EW sau

S=Noas

S=Nsau X
S=Noas -

oas

=1:25 2

sau
In the central few arcseconds of our galaxies 3R&JROMata
are generally not spatially binned, and have typ®aN far in ex-
cess of the binning threshold. TERASIS lenses are smaller on the
sky than those 0SAURONwith more than a factor 10 less col-
lecting area. For this reason, tASIS spectra are usually close
to or below the binning threshold in the same regions. Theisen
tivity in these regions is consequently less WiASIS than with
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SAURONalthough the effective spatial resolution is higher (dse a
AppendixD).

Errors on the emission line parameters are estimated via 100
Monte Carlo realisations of the full analysis process. Thkuy
spectra (including the emission) with added noise useddrsiim-
ulations to compute the kinematic errors (see Se€fidn 3elyised
as input to the gas- tting method. In this way, we propagaters
in the template- tting process, as well as the emission litiag
itself. The amplitude of the errors varies with theN of the emis-
sion line, which can vary signi cantly within and betweerlaédes.
ForA=N = 60, typical errors in the derived ux, velocity and dis-
persion are 3%, 2% and 10% respectively. BaiN = 10, these
values increase to 10%, 4% and 25% respectively.

3.5 Comparison with SAURONas measurements

Given the complexities of separating often faint emissioed from
the stellar continuum, and the high-quality data requicatiake re-
liable measurements, making a meaningful comparison ofneaar-
sured gas properties with literature values is a dif cuitkaln Pa-
per V we established that there is a satisfactory agreenatwelen

= =
B |

4

(O H g s (A

milio

z 3
(I} HPE

SAURONas measurements and those of the Palomar spectroscopic

survey [(Ho, Filippenko & Sargent 1995), given the differenén
techniques and data quality. We therefore again adofB#i¢RON
measurements as our reference, since the data qualitynatardo
our observations, and the apertures used can be accurattdien.
Fig.[d presents a comparison of thelllJH ratio measured
with SAURONInd OASIS. This demonstrates our ability to mea-
sure emission line uxes, independent of the absolute ulkixra-
tion of the two data sets, which are both approximate. Thispar-
ison shows reasonable agreement, with a mMeARONDASIS
ratio of 1:19  0:44. There is some evidence of a systematic trend,
with a tted slope of1:08 0:03 from the error-weighted line t.
Fig.[d compares the velocity dispersion of thel[{xoublet. Again,
there is reasonable agreement, with a mean raticdf 0:24, and
a tted slope 0f0:99  0:05 from the error-weighted line t.

3.6 Line Strengths

The spectral range of ouDASIS data contains a number of
absorption features which can be used as diagnostic tools to
determine the distribution of stellar populations withirgalaxy,

in terms of the luminosity-weighted population parametage,
metallicity and element abundance ratio. We quantify thetldef
these absorption features through the use of atomic lieegth
indices, taken from the Lick/IDS system_(Burstein etlal. 4:98
Worthey et al| 1994; Trager etlal. 1998), the bandpass demst

of which are given in TablEl4.

Three absorption features in our spectral range, namely H
Fe5015 and M@, can be signi cantly altered due to “in lling' by
possible H , [OI1l1] and [Ni] emission features, respectively. Before
measuring the absorption-line strengths, we therefor&actithe
emission spectrum as derived in Secfiod 3.4 from the origiata.
Finally, the absorption-line strengths are calibratechtndlassical
Lick/IDS system (e.g. Trager etlal. 1998). Errors are edthaia
100 Monte Carlo simulations of our complete line-strengthlg
sis, using the output “cleaned' spectrum from the Montesirh-
ulations of the emission line analysis (see Sectiods 3.83a#d In
this way, we include the uncertainty in our emission linerection
and stellar kinematics directly. F8=N 60, typical errors for the
indices H , Fe5015, Mdb, Fe5270, Fe5335 and Fe5406 are 0A15
0.3A,0.15A, 0.15A, 0.17A, and 0.13A respectively.

¢ RAS, MNRAS000 H:8

Figure 7. Top: Comparison ofOASIS and SAURONOIII}/H measure-
ments within a circular aperture oP%adius. The dotted line shows the
unity relation, and the thick black line shows a straightlit weighted by
the errors in both axeBottom: Ratio of theSAUROMNind OASIS mea-
surements, with quadratically summed errors. Differedowed symbols
indicate galaxies observed on different runs as in[Hig. 6.
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Figure 8. Top: Comparison ofOASIS andSAURONOIII] velocity disper-
sion measurements within a circular aperture $fddius. The overplotted
lines are as in Figd7Bottom: Ratio of theSAURONind OASIS measure-
ments, with quadratically combined errors. Different ecold symbols in-
dicate galaxies observed on different runs as in[Hig. 6.
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Table 4. Bandpass de nitions of Lick indices within oUASIS spectral
range.

Index Units Central bandpass Pseudo-continuum
H A 4847.875 - 4876.625  4827.875 - 4847.875
4876.625 - 4891.625
Fe5015 A 4977.750 - 5054.000  4946.500 - 4977.750
5054.000 - 5065.250
Mgb A 5160.125 -5192.625 5142.625-5161.375
5191.375 - 5206.375
Fe5270 A 5245.650 - 5285.650 5233.150 - 5248.150
5285.650 - 5318.150
Fe5335 A 5312.125-5352.125 5304.625 - 5315.875
5353.375 - 5363.375
Fe5406 A 5387.500 - 5415.000 5376.250 - 5387.500

5415.000 - 5425.000

Below we describe the steps taken to calibrate our linagxgthe
measurements to the Lick system. To account for the diferém
spectral resolution of our observations and the Lick/IDStemy,
and to facilitate comparison with other authors, we corwabur
spectra using a wavelength-dependent Gaussian kernal basa
linear interpolation of the resolution values given in thgpendix
of Worthey & Ottavianil(1997).

3.6.1 \Velocity Broadening Correction

The absorption lines of integrated galaxy spectra are lemeal
by the collective velocity distribution of the stars alorwetline
of sight, usually approximated by the velocity dispersion,The
effect of this broadening is generally to weaken an indexoyet-
ing the surrounding continuum bands, as well as contannigdiie
central pass-band with contributions from neighbouringoaption
features. The conventional correction for this effect lage
broadening a collection of observed stellar spectra andsunizgy
the Lick indices as a function of only. The size of this correction
can vary strongly as a function ofand, for some indices, with the
intrinsic strength of the absorption feature. In additidayiations
from a Gaussian velocity distribution can also introducerels
systematic error following this approach (Kuntschiner H004

We therefore re ne this method by using the optimal template
derived for the stellar kinematics to determine the velobitoad-
ening correction of each spectrum (as in Paper VI). The ctar
is given by comparing the index values of the unbroadeneichapt
template with those of the template broadened by the derived
velocity distribution, including higher-order momentseToptimal
templates derived by pPXF provide very good representatidn
the galaxy spectra in our sample, thus the method accouetslgi
for dependence on intrinsic line strength, as well as theildet
shape of the velocity distribution, without relying on cage
corrections determined from a range of stellar or model tatap.

3.6.2 Lick Offsets

The Lick system is based on non- ux-calibrated spectra, iansl
therefore necessary to account for offsets in the measimedn-
dices caused by small differences in the local continuunpesiud
our spectra when compared with those of the (non- ux catimta
Lick system. This is done by observing a number of stars in-com

Table 5. Estimate of Lick offsets derived from all stars.

Index Offset

H -0.10 0.03A
Fe5015 0.45 0.07A
Mgb -0.02 0.03A
Fe5270 -0.04 0.03A
Fe5335 -0.03 0.04A
Fe5406 0.05 0.04A

Note: For each index, the biweight mean and dispersion agimas used to
reduce the in uence of outlying values. The error on the et derived
from theN observations is given as the dispersion scaled=byN .

mon with the Lick library, and comparing the measured insliwéh
those in the appendix bf Worthey ef al. (1994).

During the OASIS observing campaign, a total of 31 Lick
standard stars were observed, including 8 repeat obsamsaltie-
tween one run or more, and 3 repeat observations within tans.
total, there were 45 observations of stars in common with_tble
library. Fig.[9 presents the differences between the raterd.ick
values and our observations, using all measured starsafrepea-
surements are included as separate points). Unforturtielg are
too few repeat observations to fully evaluate night-toah@nd run-
to-run variations. However, the maximum difference betweb-
servations of the same star are consistent with the scdttall o
measurements. From the distribution of points in Eig. 9 affieets
measured from each run individually are self-consistemggsst-
ing minimal run-to-run biases. The nal offsets are giveriTable
B, which have been added to the measured indices presented he
unless otherwise stated.

In general, the determined offsets are small, and consisten
within the 1 errors of those found in Paper VI, where many more
stars were used. The exception to this is Fe5015, which shows
offset larger than expected fro®AURONCconsistent only at the
2 level. For all indices, a number of stars are clear outlidrs o
the distribution. Often these are M-type stars, where seratirs
in the velocity measurement (required to place the bandgaas
the appropriate rest wavelengths) can give rise to largaggsin
the measured index. The mean offset is determined with aiditve
estimator [(Hoaglin, Mosteller & Tuki=y 1983), and so is rdbtas
these deviant points.

3.7 Comparison with SAURONnNe strengths

As for the comparisons witSAURONlata presented in Sections
B2 and3Fk, the line-strengths are best compared whenederiv
from spectra within the same circular aperture from botla dats.
Fig.[I0 presents a comparison@ASIS andSAURONne-strength
measurements within the sam& dperture used before. Due to
truncation of theSAURONwavelength range by the instrument
Iter, only three lines can be measured within this apertimeall
galaxies: H, Mgband Fe5015. The measurements are made after
the emission lines have been removed as described in SECflon
Given the sensitivity of line-strength measurements tdaesyatic
errors, as well as the inherent dif culty of separating tmeission
lines from the stellar absorption features, the agreemetvden
the two data sets is remarkably tight. For Hand Mgb, the
(biweight) mean difference and standard error on the mean ar
0:09 0:03Aand0:05 0:04 A respectively. For Fe5015, the
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agreement is less good, with a mean difference @36 0:05A,
and evidence for some systematic behaviour.

3.8 Age, Metallicity and Abundance Ratio

The purpose of measuring the line-strength indices is alily to
understand the distribution of stellar ages, metallisitiad element
abundances in these galaxies. Although certain featurelsecmore
sensitive to these quantities than others, there is alwayertain
degree of degeneracy between the population parametersirand
gle absorption features. By using a combination of linersith in-
dices, it is possible to constrain stellar population msgdehich in
turn allow us to interpret the distribution of line-strehgtas one of
age, metallicity and element abundance.

In order to determine these physical quantities,
we use the single-burst stellar population models of
Thomas, Maraston & Bendel (2003). We interpolate the origi-
nal grid of models to produce a cube4® 40 40 = 64000
individual models, spanning [Z/H}  0:33to +0:67 (in steps of
0.026 dex), age 0:1 to 15 Gyr (logarithmically, in steps of 0.056
dex), and [ /[Fe]= 0:2to 0.5 (in steps of 0.018 dex). We locate
the model which lies closest to our six measured Lick indices
simultaneously for each bin in our data using tRetechnique, sim-
ilar to the method described lin_Proctor, Forbes, & Beas|€042.
We estimate the con dence levels on the derived parametng u
the 2 values, which were checked to be consistent with those
found from our Monte-Carlo simulations. For measuremerthv
lie outside of the model population parameter-space, sabunethe
closest boundary are chosen.

Fig.[T1 shows an example of the ? contours obtained with
this method, indicating the minimum and con dence levelkisT
shows that the typical 1uncertainties we obtain on the parameters
of metallicity, abundance ratio and age are of the order &< the
effect of the age-metallicity degeneracy (e.g.. Worthesi©1994)
can clearly be seen as a tilt in the contours of the right-masel
of Fig.[T1.

We note here that the approach of using SSP models is intrin-
sically limited to providing only luminosity-weighted pperties.
Moreover, this weighting does not affect all indices equalor
example, H is strongly enhanced at younger ages (0.5 - 5 Gyr),
while other diagnostic features like Mg and Fe are less s@ #es
sult, it is not certain that the different SSP parametersveeif(i.e.
age, [Z/H], [ /Fe]) are weighted in the same way from the different
populations that may be present. One must therefore beocatiti
interpreting the maps of population parameters, since iffereht
maps may be sensitive to different populations.

4 RESULTS

Maps for all measured quantities (stellar kinematics,sedigas
uxes and kinematics, Lick indices and stellar populaticargm-
eters) are presented in FI[gJ12. To help give an impressiaunof
measurement errors, which can be dif cult to infer only frahe
scatter in the parameter maps themselves, we present aasiahul
major-axis slit' of NGC 3489 in AppendikJA, showing each of
the measured and derived quantities and their individual &ars.
There is a wealth of structure in the parameter maps, mucnighw
is unseen or poorly resolved in o8AURONlata. For a compre-
hensive description of the global properties and biblipbiarefer-
ences of the galaxies presented here, the reader is dited®agers
11, V and VI of this series. In this section, we present anroi@w of

the central structures found in the various parameter ntapsid-
ering the stellar kinematics, gas properties, and stebaulations
in turn.

4.1 Stellar Kinematics

The variety of stellar motions observed in tBAURONsample
can be broadly separated into two categories: objects iabie
rotation (and possible counter-rotation) aroundirgle axis; and
objects that haveaaryingaxis of rotation. Based on the large (kpc)
scales probed by tfeAURONbservations, Emsellem et al. (Paper
IX, in preparation) re ne this picture, and quantify the lagfour in
terms of the speci ¢ angular momentum of the galaxy, ndihgutt
fast-rotating galaxies exhibit a rotation axis which gefigrdoes
not vary; whereas slowly-rotating objects tend to show ligaad
components. The differentiation between fast and slowtinga
galaxies is visually apparent from the velocity maps in Pape
Ill. On the scales probed b@ASIS, we nd that a humber of
objects, while kinematically well-aligned on large-scalmay still
exhibit misaligned central components. For this reasongiviee
the following qualitative discussion between galaxiesileixing
misaligned and aligned rotation within tH@ASIS maps, rather
than between fast and slow rotating objects.

In addition to the maps, we present results from our kinemet-
ric analysis in AppendiXdB, giving for each galaxy the kindima
position angle and maximum absolute rotation as a function o
galactocentric radius. We use the kinemetric pro les ofekiratic
position angle (PA. ) to help determine the velocity elds which
show misaligned and aligned rotation. The kinemetric pge are a
useful tool to help quantify structures which can be apprately
inferred from the maps, although, as with photometric pes,lone
must also bear in mind the effects of seeing and spatial sagpl
when interpreting them. When the velocity gradient is |dw, érror
in PAqn is also larger. With these caveats in mind, we consider
galaxies as being aligned if the variations indRAare around 10
or less within theOASIS eld of view. For PA, > 10, the
velocity eld is considered misaligned, with strong migaliments
( PAwn > 30) indicating a decoupled component. A more
complete de nition of kinematic structures found in cBAURON
andOASIS maps will be given in a future paper of this series.

4.1.1 Misaligned Rotation

Several of the velocity maps presented in [Eig. 12 show cample
velocity elds, where the axis of rotation changes as a fiomct
of radius. This is illustrated by the variation in the g@Apro les

in Appendix[B, which range from smooth variations of a few de-
grees, to an abrupt change of many tens of degrees. In agditio
some galaxies rotate around an axis which shows little trarian
orientation, but which is misaligned with respect to thealgeho-
tometric axes. Such features may indicate the presenceistiaod
dynamical sub-component, such as a bar, or may be indicaftiae
triaxial potential (e.d. Statlér 1991).

Differentiating between these alternatives is not always
straightforward, especially when probing the limits of tglaand
spectral resolution. The orientation of the system alsgyslan
important role in determining the projected quantities Wserve.
With this in mind, we identify several manifestations of &matic
misalignment present in our data, varying from subtle ‘tsvig
the zero-velocity contour (ZVC), to spatially distinct cpanents
with an apparently different orbital composition from that
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Figure 11. Example of

2 space for nding the best- t model to the lines strengths 84564, as measured from th¥dperture spectrum described in

previous sections. The best- t model is found by minimizihg difference between the model predictions and the sik indices from our data, measured
using a 2 approach. The three panels show different projectionsefitree-dimensional solution space (age, metallicity [Z4#dundance ratio [/Fe]), with
one of the parameters xed at the best- t value. The thicktoomns indicate the 1, 2 and 3 con dence levels, based on 2 for two degrees of freedom.
We note that in the plane of age and metallicity (far rightgdgrthe effect of the age-metallicity degeneracy can ba ssehe tilt of the contours with respect

to the plot axes.

the rest of the galaxy. Moreover, some objects appear ndgula
rotating in theOASIS eld of view, but are misaligned at the larger
scales observed witSBAURONThese objects are included in this
discussion, as th@ASIS observations can provide a more detailed
perspective on the nature of the central component.

The following galaxies show mild twists (16< PAin
< 20) in their ZVC within theOASIS eld of view: NGC 1023,
NGC 3489, NGC 4459 and NGC 4552. In the case of NGC 1023,
the axis of rotation appears to change gradually as a funofica-
dius even to the edge of tI®RAURONeld (Paper lll). In the other
cases, the twist is more localised to the central regions stifongly
barred galaxies NGC 2699 and NGC 4262 show a single axis of ro-
tation that is constantlgnisalignedwith the local photometric prin-
ciple axes, though the central kinematic axes align quitié with
the large scale photometry.

More pronounced twisting of the ZVC is found in both
NGC2768 ( PAin 40) and NGC5982 (PA4n  30). The
central regions of these objects show a change in rotatio®m ax
from minor- to major-axis. This change is clearer in NGC 5982
where the central component is quite distinct from the outer
body, showing a peak in the pro le of maximum rotation YKn
Appendix[B. In NGC 2768, the rotation increases smoothly as
a function of radius, with no distinct rotation componenttime
centre. The velocity dispersion, however, shows a cleamndtipin
the region of the twisted ZVC, showing that the central kia&os
are different from the outer parts.

These two objects mark something of a transition between
twisted velocity elds and decoupled components. In theecak
mild twists, the point at which the galaxy exhibits a dynaalic
distinct component is almost impossible to identify witly aiegree
of certainty, at least from our data alone. In NGC 2768, thiettis
stronger and localised withirf%f the centre. The link with a sharp
dip in the velocity dispersion gives the strong impresstuat the
orbital distribution is indeed different from the rest okthalaxy.
In NGC 5982, the case for a distinct central component is\gen
given that there is a peak in the rotation curve, coincideith w
some lowering of the velocity dispersion, suggesting a iptess
dynamically cold component. For this specic galaxy, Statl
(1991) highlighted the important issue that a triaxial systvith a
smooth distribution function, when seen in projection, oaturally
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give rise to a velocity eld very similar to NGC 5982 (see also
Qosterloo, Balcells & Carter 1994). Whether or not compasien
are actually decoupled in phase-space requires the atptioaf
dynamical models (such as_Cappellari etal. 2002; Verolnad et
2003; Statler et al. 2004), which is beyond the scope of thpep

Galaxies which have clearly distinguished misaligned comp
nents (i.e. PAxn > 40 ), which we will term kinematically decou-
pled components (hereafter KDCs), include NGC 3032, NGQ438
NGC 4621, and NGC 5198. Of these, the misaligned components i
NGC 3032 and NGC 4382 were not resolved in 8&AURONlata
(Paper Ill) and are reported here for the rst time. Photaioatly,
NGC 4382 exhibits a peculiar core region, showing a centad th
surface brightness that is not explained by dust (Lauer 20815).
FigurdI2 shows this galaxy has a residual rectangularalesttuc-
ture in the unsharp-maskeétSTimage, which is slightly misaligned
with the outer isophotes (by 10 ). This boxy structure is spatially
coincident with the KDC and oriented in a similar directicug-
gesting that the two components are directly related.

NGC 4621 is also visible as a KDC in our data. It was rstdis-
covered by Wernli et all (2002) using calcium Il triplet daa&en
with OASIS (CFHT) using adaptive optics. NGC 4150 shows evi-
dence of a KDC in th6AURONIata of Paper Ill, but the poor see-
ing conditions during oUDASIS observations preclude an accurate
measurement of this component in our data. With the exaejtio
NGC 5198, each of these apparently small KDCs reside in geax
with otherwise regular, aligned rotation at larger radheT attest
of these objects, NGC 4621, shows clear evidence that the iKDC
embedded in a dynamically cold disk, visible in the residudlthe
unsharp-maskelSTimage in FigIR (see also Krajnovic & Jaffe
2004).

NGC 3414, NGC 3608, NGC5813, and NGC5831 contain
large KDCs, clearly visible in th66AURONbbservations (Paper
111). These decoupled components |l tl@ASIS eld of view, and
generally show regular rotation, with some possible twistf the
ZVC as the eld encroaches on the outer component beyond the
OASIS eld of view. Both NGC 3414 and NGC 5813 exhibit strong
rotation and anti-correlatedas elds, as well as depressed velocity
dispersion where the rotation is highest, indicating thase KDCs
are disk-like.

The variety of objects with misaligned rotation emphasises
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the fact that such behaviour can result from a number of rdiffe
intrinsic orbital structures and possible sub-componemntsome
cases, a large-scale bar structure gives rise to the twstedity
eld; in others, the decoupled component takes the form oisk d
embedded in a slowly-rotating spheroid; and in some gadaxie
decoupled component cannot be resolved even at sub-anckeco
scales, making the intrinsic structure unclear. Groupihgse
objects together belies the different origins of the mggaient
(see als@ls), and also highlights the dif culty in separgtialaxies
containing distinct dynamically decoupled componentsifthose
having a complex, but smoothly varying orbital structureithV
the application of new dynamical modelling techniques talgt
galaxies with twists and KDCs, we hope to obtain a cleareeund
standing of these objects' orbital structure (e.q. van deéfeal.
2004, van den Bosch et al., in preparation).

4.1.2 Aligned Rotation

The remaining objects in our sample show little or no evideot
misaligned stellar rotation in th®ASIS eld of view. The two
giant elliptical galaxies, NGC 4486 and NGC 5846, are inetiid
here, as they show almost no rotation. The strongly barr&kga
NGC 3384, is also included here, as the rotation is very sytmime
around the local photometric minor axis. Due to the morpgyplof
the bar, the photometric PA shows some rapid changes as a func
tion of radius, but becomes aligned with the central PA agathe
outer parts/(Busarello etlal. 1996). Within dDASIS andSAURON
elds, the rotation axis remains quite constant. In ASIS data,
this galaxy exhibits evidence of a stellar disk, with stroatation
and anti-correlateti; elds, and a remarkable depressed velocity
dispersion along the major axis. This is consistent withdisk-like
residuals in the unsharp-maskd&Timage.

The remaining objects (NGC 2549, NGC 2695, NGC 2974,
NGC 3379, NGC 4473, NGC 4526, NGC 4564 and NGC 5845) ap-
pear consistent with rotation around a unique axiPAin < 10),
even on the larger scales probed ®URONThe galaxies which
show the most attened isophotes within tBASIS eld - namely
NGC 4473, NGC 4526 and NGC 5845 - show strong evidence of
harbouring central stellar disks. This evidence comes fiisklike
residuals in the unsharp-maskel&Timage, strong rotation elds
with “pinched' isovelocity contours, signi carit; amplitude anti-
correlated with the velocity, and lowered velocity dispensin the
region occupied by the disk. In this last characteristic ONG473
is peculiar, showing aising velocity dispersion along the major-
axis. Detailed dynamical modelling of this galaxy indicatbat it
is composed of two attened, almost equal-mass, components
tating in opposite directions_(Cappellari & McDerimid 2005he
central drop in the dispersion indicates where the cortinhifrom
the counter-rotating component becomes less signi cant.

4.2 lonised Gas

In Paper V we have shown that many of the galaxies in our
sample contain large quantities of ionised gas, spannirgnger

of distributions from rotating disks to irregular lamentsiere

we discuss the incidence of ionised gas within the centigibns

of our sample galaxies observed wi®ASIS, and describe the
various distributions and kinematics we nd.

Table 6. Summary of central dust and ionised gas properties obsevited
OASIS.

NGC [Olll] H [NI]  Dust

@ @ (©)] @

1023 trace no no trace (laments)
2549 yes trace no no

2695 no no no no image

2699 no no no no

2768 yes yes yes spiral

2974 yes yes yes spiral

3032 yes yes yes spiral

3379 yes yes no ring

3384 no no no no

3414 yes yes yes trace (laments/spiral)
3489 yes yes no spiral

3608 yes trace no no

4150 yes yes no spiral

4262 yes yes no trace (spiral)
4382 no no no no

4459 trace  trace no spiral

4473 no no no no

4486 yes yes yes  trace (laments)
4526 yes yes no edge-on dust lanes/spiral
4552 yes trace trace laments

4564 no no no no

4621 trace no no no

5198 yes yes no trace (laments)
5813 yes yes no laments

5831 no no no no

5845 no no no central disk
5846 yes yes yes laments

5982 yes trace no no

Notes: (1) NGC number. (2) Presence of [Olll] emission. (@sence of H
emission. (4) Presence of [NI] emission. (5) Presence dfleislust features
in the unsharp-maskedSTimage, with some qualitative description of the
dust morphology. The F555W Iter was used wherever avadalflor all
columns, the term “trace' implies that features were foundecto the limit
of detection.

4.2.1 Incidence of lonised Gas

The incidence of ionised gas in our sample is summarisedhfeTa
B. We nd that 14 of the 28 galaxies in our sample have clear evi
dence of both H and [QI1] emission in their central regions, and a
further four objects with only [@I] clearly detected. Three galaxies
exhibit faint [Qlll] close to the detection limit (marked as “trace' in
Table[®), with either undetected or similarly faint HSeven galax-
ies show evidence of [[Jlemission, which is generally con ned to
the central regions.

This incidence of gas is comparable to that found with
SAURON although there are a number of galaxies for which
SAURONMshows stronger detection of emission, or shows clearer
structures where th®ASIS data appear patchy or even show no
emission at all. This is simply a re ection of the sensityitm-
its of the two data sets, arising mainly from the generallydo
S=N of the OASIS spectra compared to tHRAURONpectra, as
discussed in Sectidn_3.4. Appenflik D quanti es this furtistow-
ing for the apparently discrepant cases the diffeBtl values of
the SAURONINdOASIS data sets as a function of circular radius,
and how this translates into equivalent width limits for the in-
struments. The [@ ] emission detected BBAURONAIIs below the

¢ RAS, MNRAS000 H:8
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NGCL023 S~

Figure 12.The following gures showOASIS maps of (from top to bottom, left to right)st column - reconstructed intensity, stellar velocity, stellar vétpc
dispersion, Gauss-Hermite coef ciertg andhg, second column {OlIl] emission-line equivalent width, [Olll] gas velogit [Olll] gas velocity dispersion,

H emission-line equivalent width, [Olll}/H emission line ratiothird column - unsharp-maske#STimage (when available), Fe5015, Fe5270, Fe5335,
Fe5406 Lick absorption-line indicefurth column -H , and Mgb Lick absorption-line indices, luminosity-weighted séelage, metallicity and abundance
ratio. An arrow beside the gure title indicates north-edgteHSTimages are given as the ratio of the original image and thgéncanvolved by a Gaussian
kernel of 10 pixels. The overplotted isophotes are in halfynitude steps. Grey bins in the emission-line maps irglicanh-detections.
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Figure 12. continued
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Figure 12. continued
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NGC2974 Sy

Figure 12. continued
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NGC3414 Sy

Figure 12. continued

¢ RAS, MNRAS000 H:8



The SAURON project VIII: OASIS/CFHT spectroscop@AURONE/SO galaxy centres 25

Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Figure 12. continued
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Shapiro et al. (2006), combining o@ASIS data withSTIS spec-
troscopy.

The gas disks in our sample are generally quite faint and
dif cult to detect, as well as being restricted to the veryntal
regions. By contrast, several galaxies show much highessan-
line ux distributed across the whol®ASIS eld. The velocity
eld morphology of these objects generally shows a twisted
structure, where the axis of rotation smoothly changes ritlius.
Galaxies showing this behaviour include: NGC 2768, NGC 2974
NGC 3032, NGC 3414, NGC 3489, NGC 4150, NGC 4486 (in the
outer regions), and NGC 5846. Several of these objects hlso s
an elongated structure in the gas, which tends to be almgsieal
with the rotation of the object, indicating either a closestige-on
disk (from the high observed attening) or perhaps a barcstme.

Galaxies exhibiting clearly detectable emission, but Whic
have gas that is irregularly distributed or does not showearcl

Figure 13. Central spectrum of NGC 4486, showing double-peaked emis- sense of rotation are NGC 2549, NGC 4262 and NGC5982. In

sion lines. This is indicative of unresolved gas rotatingidaly (
500km s 1) in a nuclear disk surrounding the central black hole.

equivalent-width limit of ourOASIS data, thus accounting for the
difference in detection.

4.2.2 lonised Gas Kinematics: Rotation

NGC 2549 and NGC 5982, the gas structure indicates the gresen
of streams of material. This explanation is supported by the
SAURONbbservations, which show these structures extending to
larger radii. In the case of NGC 4262, the physical explamafor

this lopsided structure is less clear. TRB@URONlata show ionised
gas across most of the eld of view, indicating a signi camhaunt

of gas, rather than a relatively small lament. The centegions,
however, show a large asymmetric feature, which connectiseto
same feature in th®ASIS data. The unsharp-maskétSTimage

The mean motion of the ionised gas is characterised by three 8IS0 shows a peculiar ring-like feature, with the signatfréaint

main morphologies: regular circular rotation, consisteith a disk;
warped or twisted rotation; and irregular motion. We disceach
of these in turn.

The following galaxies show gas kinematics consistent with

dust lanes across it, co-spatial with the strongest enmigsi@mtures.
This galaxy exhibits a strong stellar bar, the dynamicalience of
which may help explain these peculiar features.

Three objects have detectable emission lines, but haveya ver

disks: NGC3379, NGC 3608, NGC 4486 (centre), NGC4526, Ppatchy" distribution, generally exhibiting emission séoto our
NGC4552, NGC5198, and NGC5813 (centre). Of these, detection limit: NGC 1023, NGC 4459, NGC 4621. These gakxie

NGC 4486 is worth a special mention. Firstly, the PSF of these also show evidence for emission in tBAURONMata, albeit at lower

observations is the best of our sampl@5®). The effect of this
excellent PSF is most obvious in the central velocity eldtbé
ionised gas. The large-scale stream of gas extending toetfieec
from larger radii is clearly decoupled from a rapidly rotaticentral
disk component. This disk of gas is well known from narrowdan
imaging studies, also frofdST(e.g. Ford et al. 1994). A closer ex-
amination of Fig. 12 shows that the velocity dispersion & ¢fas
in this galaxy is also very high in the central parts, sugggsthe
unresolved superposition of two or more velocity compos.evian
der Marel (1994) also found a large central velocity disjper®f
the H emission line, although his value of 516 km'sis signi -
cantly lower than our central value based omi[Jg> 700km s 1).
This difference can be attributed to the higher spatiallteiem of
our data (8557 FWHM sampled with 827 lenses, compared with
0°%79 FWHM sampled with a®long-slit). Fig. 13 presents the cen-
tral spectrum of th®ASIS data, showing that the observed emis-
sion lines are mainly composed of two strong componentsnigel
ing to the approaching and receding sides of an unresohad di
where the absolute velocity amplitude is over 1000 krh.sThis

is in agreement with spectroscopic measurements W& (e.g.
Harms et al. 1994), and is thought to indicate emission fragas
disk orbiting in the Keplerian potential of2a 10° M black hole
(Macchetto et al. 1997).

Another interesting case is the central disk in NGC 3379s Thi
disk appears to be rather misaligned with the stellar kir@sa
although is very well aligned with the central dust ring bisiin
the unsharp-maskeH ST image (see also Gebhardt et al. 2000).
The nature of this central gas structure is explored in Hétai
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spatial resolution. Due to the patchy distribution in GDASIS
data, the rotation structure in these objects is dif cultieermine,
although in the case of NGC 4459, rotation follows the stars.

4.2.3 lonised Gas Kinematics: Dispersion

Even with our detailed technique for separating the emisaiad
absorption components of our spectra, measuring the teldis-
persion of the gas is much more sensitive to noise and teenpiist
match than the ux or velocity. Thus, in the case of weak efiss
there is a large scatter in the determined dispersion vawigs a
tendency to measure broad lines (Paper V). A more dif cutttpr
lem occurs with galaxies that have large stellar velocigpdisions,
in that small discrepancies between our template libradythe ac-
tual galaxy stellar population caused by differences imdaunce
ratios give rise to template mismatch effects, which can dra-c
pensated by including an arti cially broad emission comganin
the t. Where emission is strong enough, however, the widttne
emission lines can be measured reliably without strongekias

In general, the emission-line dispersion maps show valaes b
low that of the stars, but with a strong central peak, whiah loa
as large or larger than the central stellar dispersion asdinge po-
sition (e.g. NGC 2974, NGC 3414). For most objects, this raént
peak represents unresolved rotation around the galaxgusicT his
effect is most clear in NGC 4486, where the measured veldsty
persion becomes enormous f00km s 1). As mentioned above,
this comes from tting two lines, which are separated by abu
1000 km s !, with a single Gaussian. This is an extreme case: no
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other examples of clearly separate lines are found, and nsder
a single Gaussian to be a good representation of the emiasésn
in our data.

Where the gas rotation is regular and spatially well-res|v
the dispersion is generally low (e.g. NGC2768, NGC 3032,
NGC 3414, NGC 3489, NGC 4459, NGC 4526 and NGC 5198). In
this respect, NGC 2974 is peculiar, in that the rotation afipears
rather regular, but the dispersion is quite high within mafsthe
OASIS eld. At larger radii, Krajnovic et al. (2005) were able to
model the gas in this galaxy with near-circular motion unter
assumptions of asymmetric drift, treating the gas as dofiiess
“clumps' moving under the in uence of gravity. In the ceritra-
gions, this treatment was still unable to reproduce theiapat
extended high velocity dispersion of the gas there. FromERG
integral- eld spectroscopy, Emsellem, Goudfrooij & Fet@003)
also found an increase in the central emission line widthd,aec-
count for this as non-circular motions giving rise to a coexdine
pro le composed of multiple components, indicating thegaece
of a bar structure. Fitting this with a single Gaussian giiss to
the high broadening we observe. This structure is visibieer H
spectral region emission lines (spectral resolutio A), although
we do not detect statistically signi cant departures fromuSsian
pro les in the fainter blue emission lines in our lower-sgratres-
olution data.

424 [QN]/H Ratios

The two strongest emission lines in the wavelength regiad,us
namely H and the [@I] doublet, may originate from different
kinds of gas clouds along our line-of-sight, excited byefiént ioni-
sation mechanisms, and emitting different amounts ofiHd [Qll ]
photons. The ratio of the uxes of these two lineslf[(JH holds
information about the physical state of the gas, and in @agr
on its degree of ionisation. These two lines alone are natisut,
however, to understand the role of the various ionisinglmaaisms,
although very low values of [@]/H (< 0:33) are generally ob-
served only in the presence of star formation. Indeedghhission
generally dominates over J@] in star-forming regions, unless the
metallicity of the gas is suf ciently low. As in Paper V, wersider

it unlikely that the metallicity of the gas varies abruptlytin a
given galaxy, although it may vary between objects, shdutdyas
have a different origin or enrichment history.

The following discussion is restricted to the 14 objectsileith
ing clear evidence of both emission lines. Within this stib$ere
are a large variety of global ratio values and local strieguFrom
the maps in Fig. 12, the clearest connection between thg/@
ratio and other galaxy properties is with the dust. Simylad
Paper V, we nd that the galaxies with the lowestI[JH ratio
(NGC 3032, NGC 4459 and NGC 4526, which all havel[fH
signi cantly less than unity) also show extensive dust ia fbrm of
aregular and settled disk. The other objects which show sigas
of dust extinction in their unsharp-maske&Timage (NGC 2768,
NGC2974, NGC3379, NGC3489, NGC4150, NGC4262,
NGC 4486 and NGC 5813), however, havel[(JH values around
unity, and in some cases, signi cantly larger. In theseslatbjects,
the dust is either less signi cant, or has an irregular (fmgaently
planar) distribution. This suggests that star-formatioours more
readily where the dust indicates cold, relaxed disk-likacttres.

Although we do not have suf cient emission-line diagnostic
to interpret our line ratios directly, in some cases theealiitional
evidence that very low [@]/H values indicate star-formation. In
NGC 4526, the regions of strong dust extinction closelyespond

to regions of low [AQII]/H values, which in turn correspond to re-
gions of young stellar populations. The metallicity of thars in
these regions also appears to decrease, indicating the geshia-
bly not very metal-rich, thus supporting our interpretatibat star-
formation is the dominant ionisation mechanism in thoséoreg
The counter-example to this is NGC 3489, which also shows$ dus
and young stellar populations of moderate metallicity.STdalaxy,
however, exhibits the highest [[0O/H in our sample, illustrating
the limitations of interpreting [@M]/H on its own. Clearly addi-
tional diagnostics, such as Hand [NI], would be valuable in dis-
criminating between the true ionisation mechanisms in aleg
ies, and establishing the role of dust and gas dynamics isttire
formation process.

4.3 Line Strengths

Figure 12 includes maps of the six Lick indices within @ASIS
spectral range. We measure four separate iron indices, whwh
Fe5015 is affected by [@] emission. It is reassuring that, even
in galaxies with signi cant emission, the morphology of théer-

ent iron index maps is generally consistent (e.g. the clepgak in
NGC 3032, or the dusty region in NGC 4526). The two other mea-
sured indices, namely Hand Mgb, are often used as diagnostics
of stellar population age and metallicity (respectivelygually in
combination with additional iron features.

Applying the method described in Section 3.8, we also ptesen
maps of luminosity-weighted stellar age, metallicity aroua
dance ratios using the SSP models of Thomas, Maraston & Bende
(2003). Fig. 14 presents the age, metallicity [Z/H] and alaunte
ratio[ /Fe] derived from the®aperture spectrum described in pre-
vious sections, each plotted as a function of the stellaci#f dis-
persion measured inside the same aperture. The values ramsl er
(marginalised over the other two free parameters) of thasanpe-
ters are given in Table 7, as is the fraction of the galaxi#stéve
radii covered by the @ aperture. Given our limited eld of view
and the large range in effective radius of our targets, reovgit was
made to account for the different intrinsic aperture sixés.per-
form a robust straight-line t to the data, the parametersvbfch
are:

logt = 3:95+2:04l0g ; 3)
[Z=H]=0:02+0:14log ; 4
[=Fe]= 0:45+0:26log : (5)

As found by many authors (e.g. Carollo, Danziger, & Buson
1993; Trager et al. 2000; Kuntschner et al. 2001; Proctor 8s8m
2002; Bernardi et al. 2005; Thomas et al. 2005), we nd that th
stellar population parameters correlate with velocitypdrsion.
This is in addition to the empirical trends of individual ioes
and combinations of indices with velocity dispersion, suh
the well-known tight correlation with Mg absorption stréimg
(e.g. Bernardi et al. 1998; Colless et al. 1999; Worthey &l@mrt
2003, and others). We nd rather a strong trend with age, shah
lower-dispersion galaxies show younger luminosity-wesghages.
This is consistent with the “downsizing' scenario of galawo-
lution (Cowie et al. 1996), where the characteristic masstaf-
forming galaxies decreases with time. Our small magnitirdged
sample is biased by some degree at lower velocity dispersion
(masses) towards young objects, resulting in a steepet. tf&men
the small observed range in mass-to-light ratio (M/L) widtocity
dispersion (e.g. Bernardi et al. 2003), however, this ¢ffesmall,
and will not change the trend of decreasing age with dispersie
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do note, however, that we derive a signi cantly strongerdigat
than Thomas et al. (2005).

A correlation also exists with [/[Fe], such that higher-
dispersion galaxies have larger/Fe] values. This trend has been
inferred empirically from index ratios (e.g), and also measured
directly (as here) using population models with variableireb
dance ratios (e.g. Proctor & Sansom 2002; Thomas et al. 2005)
This trend implies a variation in star-formation timeseakuch that
higher-dispersion (higher-mass) systems have expedenuare
rapid star formation than lower-dispersion galaxies. irngkto the
trend with age, this rapid star-formation phase happenezhdy
epochs, leading to the existence of massive star-formistesys
at high redshift, perhaps explaining the existence of a |abion
of bright sub-mm sources (e.g. Smail et al. 2002). We nd oaly
weak relation between decreasing metallicity and velodisper-
sion, and there is a broad range of metallicity values forgiagn
velocity dispersion. Other authors (e.g. Thomas et al. patba
clearer relation, albeit in the same sense as ours.

The inhomogeneous aperture and small sample size strongly
limit the generality of trends we nd from these aperture s@&-
ments, although they are in broad agreement with other esitho
the following sections, we focus on the structure found mtthio-
dimensional maps of population parameters.

4.3.1 Luminosity-weighted age

Most objects in our sample show almost no signi cant vaoiasi
in age within theOASIS eld of view. There are a humber of
notable exceptions to this, however, which show sharp dminy
the spatial distribution of stellar ages. Three galaxiesuinsample
show a clear decrease in age towards the galaxy centre (N&C 30
NGC 3489 and NGC 4150). The most extreme case is NGC 3032,
which reaches a minimum age of 0.5 Gyr in the cer@alSIS bin.
These sharp drops in age derived from the models are driven by
sharp increases in the Hine-strength clearly visible in the maps.
Also, in both NGC 3032 and NGC 3489, the peak in &bsorption
is coincident with a decrease in the Ktmission equivalent width,
indicating that the observed strong Hbsorption is not an artifact
of overestimated emission subtraction.

Another interesting case is NGC 4526. The age map clearly
shows a young population associated with the dusty disk ddduk
in the central 18 of this galaxy. The foreground (northern) side of
the disk shows the age decrease most clearly, althoughrie st
ture can be traced also on the other side of the bulge. Thaxe is
sharp rise in stellar age at the northern edge of the eldctvizian
be associated with the corresponding edge of the dust-tatieei
unsharp-maskedSTimage.

4.3.2 Metallicity

All galaxies in our sample show constant or increasing rietal
ity towards the galaxy centre, although the variations areeglly
small within theOASIS eld. In Paper VI, we found that attened,
fast-rotating galaxies show an Niglistribution which is atter than
the apparent surface brightness in 8%&URONMata, suggesting the
presence of a metallicity- or abundance ratio-enhancek alis-
bedded in these objects. We do not expect to nd strong ecielen
of this effect in ourOASIS maps, since the disk component is not
expected to dominate over the spheroidal component in the ce
tral regions. For some of the fast-rotating, attened otgetiow-
ever, we do nd weak evidence of a metallicity distributidrat is

¢ RAS, MNRASO00Q, 1-56

Figure 14. Relations between stellar velocity dispersion and age,
metallicity and abundance of our galaxy sample, measuréulg uhe
Thomas, Maraston & Bender (2003) stellar population modésues and
errors are given in Table 7. The models are tted to the sixklifdices
in our spectral range, measured from tf€radius circular aperture inte-
grated spectrum described in previous sections. Symbdisate the RC3
classi cation: circles = ellipticals, triangles = lentiews. Filled symbols in-
dicate the cluster environment sample, open symbols itelield galaxies.
Overplotted are robust straight line ts to our data, withigraeters given in
egs.(3-5). Dotted horizontal lines indicate the limitstod 8SP model range.

atter than the surface brightness distribution (namelE@I3384,
NGC 4473 and NGC 5845). Of these, NGC 5845 is particularly in-
teresting. The stellar kinematics indicate the presene® @mbed-
ded disk (Section 4.1.2), which is clearly visible in the hsgp-
maskedHSTimage. In the map of metallicity, there is evidence for
a weak enhancement along the major axis within the cenffal 2
which may be associated with this thin disk component.

In the three galaxies with young nuclei mentioned above, the
young population is associated with an increase in the appar
metallicity, implying that the young stars (which are doating
the light in these regions) are more metal rich than thoserget
galactic radii. By contrast, within the young disk of stassaci-
ated with the dust structure in NGC 4526, the metallicityveha
distinct decrease compared to the metal-rich bulge rediba.ab-
solute metallicity of the newly formed stars in all case$@yever,
similar, and generally super-solar.



46 R.M. McDermid, et al.

Table 7.Central stellar population parameters, determined frorhisk in-
dices measured on a singdASIS spectrum integrated within @%circular
aperture.

NGC Re Age [ZIFe] [ IFe]

@ @ @O 4) ®) (6)

1023 0.08 210 6 4735 052 012 0.14 0.05
2549 020 142 5 25%2 037 011 009 0.04
2695 0.19 225 4 10.2%3% 0.22 008 0.09 0.05
2699 029 132 7 1592 067 004 021 0.05
2768 0.06 191 3 2597 060 011 0.16 0.04
2974 017 236 5 7.9%[ 015 004 0.07 0.05
3032 024 107 8 099%3 -008 0.38 -0.13 0.11
3379 010 224 6 115%3% 022 012 0.18 0.08
3384 015 162 5 325 044 011 0.16 0.04
3414 012 237 5 3.6° 044 022 0.09 0.05
3489 021 98 4 1792 022 008 0.03 0.04
3608 0.10 190 5 8.9%% 022 012 0.14 0.04
4150 027 91 6 1593 007 008 0.07 0.06
4262 0.40 174 5 10.2%3 0.22 008 0.12 0.05
4382 0.06 179 6 1793 052 015 0.12 0.06
4459 011 169 5 1991 0.67 004 0.14 0.04
4473 015 192 4 13.2%9 007 012 0.6 0.05
4486 0.04 361 9 1517 022 004 0.9 0.03
4526 010 247 6 2.8%32 067 004 025 0.05
4552 013 281 5 89%% 044 011 023 005
4564 019 156 4 3.6%3 052 015 0.12 0.05
4621 009 233 6 6.9%3 052 008 0.16 0.05
5198 0.6 201 8 15.1%% -0.08 0.04 030 0.04
5813 0.08 240 4 15.T%1 015 004 0.19 0.03
5831 0.11 158 4 3.2%% 044 022 014 0.06
5845 0.87 237 5 89%°5 030 011 009 0.07
5846 0.05 247 7 7.9%2%2 044 011 0.16 0.05
5982 0.5 257 6 13.2%% 0.00 008 0.12 0.04

Notes: (1) NGC number. (2) Fraction of effective radius cedeby 4°
aperture. (3) Velocity dispersion measured withfaperture, in km s®.
(4) Luminosity-weighted age measured withdperture, in Gyr. (5) [Z/H]
measured within @ aperture. (6) [/Fe] measured within®@aperture. Er-
rors are given as (one-dimensional),Imarginalised over the other two
parameters.

4.3.3 Abundance ratio

With the exception of two galaxies, the maps of abundance ra-
tio either show a weak increase towards the centre, or anerrat
at, showing little signi cant structure within our eld ofview.
NGC 4150 shows a weattecreasein [ /Fe] towards the centre.

In this case, the decrease is also coincident with younges and

a decoupled kinematic component. This is also true for thk df
young stars in NGC4526, where the abundance decreases thighi
dusty region. With the limitations of interpreting intetgrd popula-
tions with SSP models in mind (see 3.8), given the similatiapa

NGC 3032 shows a particularly low [Fe] in the outer parts of
our eld, giving the only sub-solar abundance ratio in oumgde.

In the central regions, however, the abundance becomessakear
coincident with the strong decrease in age. This relativearoce-
ment of -elements with respect to iron suggests that the young
stellar population is strongly enriched with material digufrom
short-lived massive stars via type |l supernovae. This iespthat
either the star-formation timescale within the central ponent is
markedly shorter than in the main body of the galaxy, or theii-

tial mass function (IMF) is skewed towards higher-massist#ris
region. A combination of these effects is also a possibléaegtion
(e.g. Matteucci 1994).

Several authors have reported that KDCs show enhanced
metallicity and/or abundance, inferred from changes ire-lin
strength gradients coincident with the kinematic struet(e.g.
Bender & Surma 1992; Carollo & Danziger 1994b; Morelli et al.
2004). We note that two of the objects mentioned above, NGD 41
and NGC 3032, contain stellar KDCs, but show contrastingigha
in abundance ratio within the KDC. These KDCs also show dis-
tinctly young ages (see following Section), unlike the cbgestud-
ied previously, and so may not be comparable. Full consiideraf
this phenomenon for our sample requires also the uSAGfRON
since most of the KDCs are larger than tDASIS eld. We there-
fore leave further discussion of this issue to future papérhis
series.

5 DISCUSSION
5.1 Stellar kinematics of young galaxy centers

From Paper VISAUROMbservations show that galaxies exhibit-
ing the strongest global Habsorption (measured within one effec-
tive radius) also tend to show an increasedlie strength towards
the central regions. Three of the four galaxies with global &b-
sorption around & or stronger are in oUDASIS sample, namely
NGC 3032, NGC 4150 and NGC 3489. As discussed above, these
objects show a sharp decrease in their central luminoséigtted
age in ourOASIS eld, indicating very young stellar components
that are in some cases not spatially well-resolved, evereatjatial
resolution of our data. Although these galaxies also shamgamr
intermediate aged stars across their main body, theiraleegions

(< few 100 pc) are signi cantly younger. These young centees ar
responsible for driving the spread in age covered bySA&/RON
sample galaxies to include relatively low agesZ Gyr).

From HST imaging studies, a number of early-type galax-
ies are found to contain point-like nuclei, unresolved ewn
HSTresolutions ( 5 pc; e.g. Carollo et al. 1997a; Rest et al. 2001;
Laine et al. 2003; Lauer et al. 2005; Coté et al. 2006). €hexlei
are generally blue in broad-band colours, and have beehuatd
to both non-thermal sources and nuclear star-clusters. iffég-d
entiate these nuclei from the young centers found in our, geta
we do not have suf cient spatial resolution to directly cenohthe
H -enhanced structures to such small components. Also, ttleinu
found with HST exist in early-type galaxies of a range of masses,
whereas the young centers found in our data are con ned to the
low-mass objects. A second important difference is thattrral
structures found with our data are found to be young speztipis
cally, thus largely avoiding the problems of the age-mieityl de-
generacy and dust absorption that often hamper the intatjme

structure in the maps of age and abundance for these two-galax of broadband colour gradients. We do not exclude, howelet, t

ies, it seems that the decrease in apparent abundance is thee t
presence of the young stars.

the young central structures we observe may corresponddeinu
at 5 pc scales.
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As well as the unresolved blue nuclei found wit$T, more that the two phenomena are directly linked. Fig. 15 illussahis,
extensive blue components are often seen in so-called "galax- showing the radial pro les of both the kinemetric analysied Sec-
ies: objects which are morphologically similar to earlpdygalax- tion 3.3) and the stellar population parameters. The citagso-
ies, but exhibit strong Balmer absorption typical of A-stge.g. ciation between the stellar kinematic structure and theulation
Dressler & Gunn 1983; Zabludoff et al. 1996). Moreover, caatp parameters is for NGC 3032. The 180mp of the kinematic PA at
blue components are found in these systems, unresolvedlas st a radius of 2°and the corresponding minimum in rotation be-

100 pc (Yang et al. 2004). These are thought to be star clusters tween the outer body and the central KDC coincide cloself ait
formed during a recent star-burst. Their locations wittia tmain downturn in the age, and upturns in the metallicity and abood
galaxy can vary, however, and they are not always con neg tmnl ratio. NGC 4150 shows less dramatic variations in the kirtema
the central parts. E+A galaxies are a somewhat mixed clagb-of  but is strongly affected by poor seeing. However,RPAchanges
jects, whose members often show disturbed morphologiemge | signi cantly within the central few arcseconds, and the meata-
scales, suggesting a recent major merger. The morpholofms tion is almost zero. This region corresponds to the KDC, dsd a
young-center galaxies do not show obvious signs of a recajurm  shows a decrease in age compared to the outer regions. Ehere i
merging event (e.g. tails, shells). However, the compatiraaof also weak evidence of an increase in metallicity and a deeraga
our young components in our galaxies suggests that they may h [ /Fe]. NGC 3489 does not exhibit a counter-rotating comptnen
experienced a similar mode of localised star-formation. Fig. 15 shows, however, that RA changes by 10 within the

Clusters of recently formed stars are often found in galaxy region where the age decreases from 2 to 1 Gyr. The metllicit
centers of later type than E/SO (e.g. spirals and late-typlesd also increases more steeply within this region. In all thrases, a
Carollo etal. 1997b; Carollo, Stiavelli, & Mack 1998; Cdool change in the stellar populations, and most notably a deerieahe
1999; Carollo et al. 2002, and references therein; eagg-hulges: luminosity-weighted age, is accompanied by a change intéikas
Maoz etal. 1996; M31: Laueretal. 1998; Brownetal. 1998; kinematics, suggesting a link between the two.

Seyfert galaxies: Heckman etal. 1997; Gonzéalez Delgadb et

1998). The best candidate in our sample for such a cluster is

the youngest object, NGC 3032, an SABO galaxy that shows a >-2 Stellarages of KDCs

bright central peak and possible circum-nuclear ring stnednthe  |n the above discussion, we highlighted that two of the three
unsharp-maske#STimage (see Fig. 12), which could be form-  youngest galaxies in our sample have a KDC associated with
ing stars. For the next-youngest objects, NGC 3489 (SAB@) an the young stars. Here we extend this discussion to examime th

NGC 4150 (S0), this explanation is less compelling for tiyeting stellar populations of all KDCs that have been found so fahi
centers, given the lack of bright central sources or staniog SAURONurvey, considering the combined information from both
rings, but this may be due to projection and dust. In any dast, the SAUROMNAOASIS data wherever possible.

objects exhibit recent circum-nuclear star-formatiord are clas- With integral- eld spectroscopy, we can obtain a complete
si ed as “transition’ objects by Ho, Filippenko, & Sargerit997), two-dimensional map of the KDC, allowing us to measure accu-
having emission-line properties between that those frtdclei rately the orientation and spatial extent of the structasewell
and LINERS (Ho, Filippenko, & Sargent 1993). as determining the stellar populations. TBRURONepresentative

It has long been suggested that some early-type galaxies sho sample contains numerous examples of KDCs (Paper I1I), roény
young apparent ages due to a small fraction (by mass) of youngwhich are also in our present subsample. To these, we adbrée t
stars within the galaxy (Worthey et al. 1994; Trager et aDQ0 KDCs which are visible in ouDASIS data, though not resolved
This “frosting' of young stars has a low mass-to-light ratious with SAURONNGC 3032, NGC 4382, and NGC 4621.
while the young stars do not contribute much in terms of mass, Table 8 lists the galaxies from the fJAURONsample that
their contribution to the integrated light is signi cantoever, it we consider to harbour a KDC. These objects are selectedegs th
was not clear where these stars were located in the galawhatr exhibit subcomponents that either rotate around a diffeais to
triggered their recent formation. In Paper V we have shovat th  the main galaxy, or that rotate around the same axis, butamitp-

many of our sample galaxies contain large quantities ofigg) posite sense of rotation. With this de nition, we do not cioles
gas that may exist in kiloparsec scale structures, suggeshtiat dynamically decoupled structures which co-rotate with riain
there are extended reservoirs of star-forming materialahla in galaxy, such as nuclear disks, even though there are sesteral
these galaxies. It would seem, however, that only in therakrg- structures in our sample. Misaligned and counter-rotatimgpo-
gions, deep in the galaxy potential, are the conditionsablétto nents offer the advantage, however, of being clearly disished
trigger ef cient conversion of this material into stars. from the rest of the galaxy, and may indeed have a distinchder
Investigating the stellar kinematics of the three youngest tion process from the co-rotating case.
galaxies in our sample, the two with the strongest &bsorption Considering both théASIS and SAURONlata, there is a
(NGC 3032, NGC 4150) harbour small KDCs, which are esséyitial  large range of apparent sizes for the KDCs in 8%2UROMNam-
aligned but counter-rotating with respect to the main bofithe ple. We estimate the size of the KDC by using the isolatingoreg
galaxy ( PAwn 180 and 190 respectively). The other galaxy in the velocity map which surrounds the KDC, where the superp
(NGC 3489) does not show evidence for counter-rotationgdbes sition of the two components gives a local minimum in the mean
exhibit a mild twist in its velocity eld ( PA«,  10) within velocity. Although approximate, this gives a straightfard esti-
a Pradius, as discussed in Section 4.1. Furthermore, the gas inmate of the projected extent of the central structure. Weiatdude
this galaxy shows an elongated structure with enhancenagmeis three galaxies which show evidence of a KDC in 8®URONe-
ther end, and open spiral features in the dust extinctiog. (R2), locity elds of Paper IlI, but for which ndDASIS observations were
suggesting the possible presence of a central bar (cf. NG&29 obtained (NGC 4458, NGC 7332 and NGC 7457). In addition, we
Emsellem, Goudfrooij & Ferruit 2003). include the well-known KDC in NGC 4365, which was observed
In all three galaxies, the region showing structure in tHeare with SAURONthough not as part of the main survey (Davies et al.
ity eld is coincident with the young stellar populationsnplying 2001). We re-measure the KDC diameter for this galaxy usirg o
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Figure 15. Radial pro les of relative kinematic position angle PAyi, ); maximum rotation velocity, as given by tlke term of the kinemetric analysis; and
stellar population parameters: age, metallicity (Z) anghalance ratio ([/Fe]). Small dots indicate the individual stellar popuwatparameters measured from
our index maps. Red diamonds indicate the biweight mearewafluhese individual measurements within a circular amyblotted against the geometric

radius of this annulus. The galaxy name is indicated in theedf each panel.

method, and take the age and Hne-strength from Davies et al.

two young KDCs (NGC 7332 and NGC 7457) are only observed

(2001). For each KDC, the data with the smallest PSF and with with SAURONand limited spatial information prevents a detailed

a large enough eld of view to encompass the isolating ZVC was
used to estimate the diameter. The apparent diametersrarerted

to intrinsic sizes using the surface brightness uctua(i®BF) dis-
tance measurements of Tonry et al. (2001). Distances, gatent
and intrinsic KDC diameters are listed in Table 8.

Table 8 also lists the central value of the Hbsorption-line in-
dex measured from a spectrum integrated withif%aifcular aper-
ture centred on the galaxy, usi@ASIS data where possible. This
index was combined with Migand available iron indices within the
same aperture to estimate the luminosity-weighted age) 8ed-
tion 4.3. ForSAURONMge estimates, only the Fe5015 and Fe5270
iron indices are available.

The values given in Table 8 cover a very broad range of pa-

rameter space, spanning more than an order of magnitudettin bo
size and luminosity-weighted age. Fig. 16 illustrates, thi®wing
that the largeX 1 kpc) KDCs have predominantly ola (10 Gyr)
populations. The group of smak (1 kpc) KDCs, by contrast, ex-
hibit populations spanning the full range of ages, froni Gyr to
15 Gyr, with ve of the six small KDCs younger than 5 Gyr. The
colours used in this gure indicate the class of rotatiors¢adjiven
in Table 8), being either a fast-rotating object, mainlysoned by
rotation (blue symbols); or a slow-rotating object, maisiypported
by dynamical pressure (red symbols). There are clearly amples
of slow-rotating objects with young, compact KDCs.

In addition, the small, young KDCs observed willASIS
are all very close (i.e. within 10-2Dto being counter-rotating
(i,e. PA4, 180), as far as our data can reveal. In the cases
of NGC4150 and NGC 4621, our measurements of;.P&or
the KDC are strongly affected by seeing effects. For NGC 3032

measurement of the KDC RA. By subtracting a model of the
large-scale rotation, Falcon-Barroso etal. (2004) estiimthe
PAin of the KDC in NGC 7332 as 15525 from the photometric
major-axis), consistent with our general nding of neaigakd
counter-rotation. The small misalignment of these KDCseasi
the question of the existence of co-rotating counterpe®tsch
components have a more subtle effect on the velocity eldjim
similar rotation amplitude to the background large-scakation.
For this reason, we limit the current analysis to the clegi$yble
KDCs, and note that the majority of young nuclei in our sangpke
in fact KDCs of this kind.

An indicator of how signi cant the KDC is in terms of the
global galaxy properties is the fraction of the galaxy's sxasich
is contained in the KDC. Accurately estimating this quanistdif-
cult. Perhaps the most accurate but complex way is via dyinam
modelling, where the KDC can be separated in phase-spaazlgir
(e.g. Cappellari et al. 2002). Such work is beyond the scoplei®
paper, but will be addressed in a future paper of this sefie®ry
simple way to quantify the signi cance of the KDC is to coresid
its size with respect to the effective radiRs. The young KDCs
generally extend to onlg 0:1 Re, whereas the older KDCs are
generally 0.2 - 0.R¢ in size. Moreover, the young KDCs have a
low mass-to-light ratio, thus contributing signi cantlg the light,
but relatively little in mass.

5.3 Age distribution of compact KDCs
Fig. 16 shows that the compact (i.e. smaller than 1 kpc diarpet

and NGC 4382, however, the measurements are robust. The othe counter-rotating KDCs occur only in the fast-rotating géa of
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Table 8. List of galaxies with KDCs fronSBAURONNAOASIS stellar kine-
matics.

NAME Dist. Diameter Diameter Age Rotation
(NGC)  (Mpc) ® (pc) (Gyn

3032 22.0(33.00 35 372(73) 0.50(0.1) F
3414 25.2(4.1) 23.0 2813(465)18.00(2.3) S
3608 22.9(1.5) 21.0 2332(164)17.00(1.0) S
4150 13.7(1.6) 4.0 266 (45) 1.00(0.1) F
4382 185(1.2) 3.5 313 (49) 3.00(0.3) F
4458 17.2(1.0) 10.0 834 (63) 17.00 (1.5) S
4621 18.3(1.8) 2.0 177 (47) 18.00 (2.1) F
5198 36.3(3.5) 6.0 1056 (134) 15.00 (2.5) S
5813 32.2(2.8) 20.0 3123(280) 17.00(2.5) S
5831 27.2(2.2) 18.0 2370 (203) 9.00(1.2) S
5982 41.9(4.0) 10.0 2030 (220) 8.00 (1.5) S
7332 23.0(2.2) 4.0 446 (70) 3.50(0.2) F
7457 13.2(1.3) 4.0 256 (41) 2.00(0.2) F
4365 20.4(1.7) 15.0 1484(130) 14.00(2.5) S

Notes: Each column gives (from left to right): galaxy namistahce from
surface brightness uctuations of Tonry et al. (2001); restied apparent
diameter fromSAUROMNr OASIS velocity eld; intrinsic diameter in pc;
luminosity-weighted age estimate from line-strengths sneed within
1% ysing the population models of Thomas, Maraston & Bended320
galaxy classi cation according to the measured value otspengular
momentum within one effective radius (Paper IX, in prepargt Errors
for each parameter are given in parentheses. Errors imdisteome from
Tonry et al. (2001), and the error in diameter combines tséadtce error
with an estimated accuracy of® for measuring the KDC diameter from
the velocity map.

our sample. Figure 17 shows that the distribution of fatttiog
galaxies with counter-rotation in our sample is skewed td&@b-
jects with younger global luminosity-weighted mean agese bf
the seven objects younger than5 Gyr show a counter-rotating
core (and one of these has still to be observed with highalpas-
olution, and so may yet reveal a KDC). Only one of the remajnin
thirteen objects older than 5 Gyr shows a detectable KDC.

The higher occurrence of counter-rotation in young gakaxie
may simply be the effect of luminosity weighting. These droain-
ponents contribute relatively little in mass to the galdot, are still
visible above the background of the main body because thaingy
age (and therefore low M/L) makes them very bright. We explor
this with the following “toy' model. Using the measured caht
line-strengths of NGC 4150, we constrain the amount of mass o
young stars within the central aperture that can be addedacle
ground “base' population (assumed to be that of the outds par
the galaxy). OUSAURONMata indicate an age of 5 Gyr for the
outer body of this galaxy. The central Halueis  3:6 A, allowing
a mass fraction of around 6% of a 0.5 Gyr population to be added
Note that this is only the contribution within th&%line-of-sight,
not to the entire system.

We simulate a two-component velocity eld using a kineme-
try Fourier expansion with ad hoc coef cient pro les, cosing of
a large-scale rotating component, with a compact couwntating
component. Both components have the same velocity digpersi
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Figure 16. Intrinsic size of KDCs versus their central luminosity-gleied
age. Closed symbols show objects observed by B&tHRONNdOASIS.
Open symbols show objects only observed v8URONRed points indi-
cate slow-rotators and blue points indicate fast rotatsse ned in Paper
IX (in preparation). Arrows indicate where the measuredndiger of the
KDC is less than four times the seeing FWHM, implying that KI2C is
not well-resolved and may be smaller than measured here.

Figure 17. Histogram of ages for the fast-rotating galaxies from the
SAUROMurvey. From the completSAURONample (black line), we in-
dicate those observed so far wihlASIS (blue), and those with a counter-
rotating KDC (red). Ages are derived from t8BAURONines-strengths of
Paper VI.

We assign the two velocity distribution elds to SSP modeésp
tra of Bruzual & Charlot (2003), assigning the young popalato
the compact counter-rotating component, and combine thetrsp
using the appropriate mass-weighting. Noise is added tsitha-
lated data cube, which is then spatially binned, and thenkaties
are extracted using pPXF, consistent with how we treat ogeeb
vational data. The result is a realistic-looking KDC vetgcield
(Fig. 18). This test demonstrates that our analysis tecienfeyhich
uses a different library of SSP models as kinematic temg)aten
reliably recover the velocity distribution, showing thiaetobserved
KDCs are not spurious artifacts of our kinematics analysis t
the presence of strong population gradients.
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Figure 18. Model velocity elds for an evolving counter-rotating (tapw) and co-rotating (middle row) young subcomponent. Tecsum of the young
decoupled component (blue) and older main component (redgtewn on the bottom row, indicating there luminositygieed contribution to the observed

spectrum (black).

We then hold the mass fraction xed, and “evolve' the pop-

the background eld after only 2 Gyr. For this reason, the in-

ulations in step by combining older SSP models with the same trinsic distribution of co- and counter-rotating centraypg com-

age difference. As the KDC population ages, its mass-ta-lig-

tio increases, resulting in a dimming of the KDC stars. The ef
fect is to “fade' the KDC into the background rotation elds a
the luminosity-weighted contribution becomes less sigant. Af-
ter 5 Gyr, the KDC is barely visible. This helps explain theagent
lack of intermediate and old aged small KDCs.

Assuming that young co- and counter-rotating components
trace the angular momentum vector of the “seed' materiathvhi
has recently entered the system from outside, both typesnopo-
nent are equally likely to form. It is therefore somewhafpsising
that ve of the seven youngest galaxies in our sample show evi
dence of counter-rotating components. These are, howawvet)-
number statistics, and considering errors in the age detation
and what maximum age limit one considers, the signi cancg th
counter-rotating components tend to be young can be dihedis
It is tempting, however, to conclude that counter-rotai®osome-
how connected to enhanced star-formation. Kapferer e2@D5)
explore this through combined N-body/hydrodynamic sirtiakes,
and nd that counter-rotating encounters show a slight égrg to
produce higher star-formation rates than their co-rogatiounter-
parts, although there are a large number of exceptionsgo thi

ponents could actually be rather similar, but since theatating
cases can only be clearly identi ed at very young ages, omnpéa
of young galaxies is currently too small to determine thigbdy.

5.4 Interpretation

The existence of KDCs has been known since the mid 1980's from
long-slit studies (e.g. Franx & lllingworth 1988; Bendei8B9, and
integral- eld studies have reinforced this (e.g. Davieglet2001,
Paper Ill), allowing their full kinematic structure to be pped.
Since the discovery of these structures, they have often bsed
as evidence that collisionless galaxy mergers have playsid-a
ni cant role in forming early-type galaxies, where the tifyh
bound core of one galaxy becomes embedded in the centre of the
remnant (e.g. Kormendy 1984; Holley-Bockelmann & Richston
2000). This scenario can naturally account for the ofteratigised
orientation of the KDC, as well as the dynamically hot nanfrthe
remnant galaxy.

An alternative explanation for the formation of KDCs is that
they “grow' via star-formation inside the host galaxy. To@ant for

We have focused our discussion on the counter-rotating case misalignment of the KDC, the star-forming material is asedrto

mainly because these components leave an obvious sigiiathe
observed velocity eld. The middle row of Figure 18 uses theme
kinematic components and populations as the top row, buhiis t
case the subcomponent is co-rotating. The impact of thetziing
component on the total observed velocity eld is clearly msub-
tle, visible only as an additional “pinched' central ism@ty con-
tour. The co-rotating component becomes dif cult to sepafeom

be accreted from outside the host galaxy (e.g. Hernquist &a&a
1991; Weil & Hernquist 1993).

In both of these scenarios, the KDC should show distinct stel
lar populations from the host galaxy. A KDC “grown' insideeth
main galaxy would be composed of younger stars than its host.
A KDC formed as the denser, more tightly-bound core of one of
the progenitor galaxies of a major merger should also exHibi
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tinct populations due to the different star-formation bis of
the two galaxies (which gives rise to the necessary dengfgr-d
ence). In general, however, little evidence has been fomeddggest
that KDCs have particularly distinct star-formation higts from
their host galaxy (e.g. Forbes etal. 1996; Carollo et al.7a99;

Davies et al. 2001; Brodie et al. 2005, but see Bender & Surma

1992; Brown et al. 2000). This apparent lack in contrast betw
the stellar populations of the KDC and its host galaxy sugtieg
either the assembly of these objects is rather carefullgnged,
or that they formed at early epochs, and the observablereliftes
between the populations have been diluted by time, maskieig t
distinct origins.

From our high spatial resolution observations, we nd a num-
ber of compact KDCs whiclilo show clear evidence of distinct,
young stellar populations. Extending this connection leewthe
stellar kinematics and populations for all KDCs in tS&URON
survey using botfOASIS and SAURONiJata, we nd two types
of KDC: large, kiloparsec-scale KDCs which have old stgtiepu-
lations, and are found in slowly-rotating systems; and wempact
KDCs on 100 pc scales, which are generally very young, anedfou
in aligned, fast-rotating objects, and are close to courtating
around the same axis as the outer parts..

This intuitively ts with the picture that fast-rotating -
ies (including possible sub-components) tend to form thhodis-
sipative processes, involving a signi cant amount of gaserE is
a sizeable supply of star-forming material for these objepto-
vided it can reach a high enough density to induce star-fioma
Such material will tend to fall to the centre of these objelkis-
ing angular momentum via hydrodynamical processes. Regchi
the critical density for star-formation is most likely aethentre of
the potential, where the material is collected and compresBhis
naturally results in compact central star formation. Howiehtly
gas can reach this region may be key to determining the dedree
star-formation that can occur. In this respect, dynamieatysba-
tions allow more ef cient transfer of angular momentum,uiéag
in a more rapid build-up of material at the galaxy centre amad-c
sequent star-formation. In the presence of such a pertarb@.g.

a bar), the orientation of the angular momentum of the gasheay
signi cantly altered, which may explain the presence of shellar
KDCs having formed from this material. The fact that the Kb
rather well-aligned with the host galaxy supports the jotetation
that dissipational processes play an important role indh@étion
of these components.

Slowly-rotating galaxies, on the other hand, are thought to
form through predominantly dissipationless processesn@j
1978; Davies et al. 1983; Bender, Burstein & Faber 1992)jlres
ing in near-spheroidal systems, often with some degreeiafitr
ality. Since these objects have little star-forming matethey are
less likely to contain young stellar populations. In additiin a dy-
namically hot collisionless system, kinematic subcompiséei-
ther acquired via interactions, or “grown' from accretedenal at
early epochs) can be dynamically stable over the lifetimtefob-
ject, provided they are massive enough to survive subséduten
actions. Given that there are no noticeable differencelsdrstellar
age of the large KDCs and their host galaxies, it is likelyt thase
components were formed early in these galaxies' lifetifidses as
to the formation scenario of these subcomponents may came fr
investigating their dynamical structure, using dynamioadels.
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6 CONCLUSIONS

We have presented high spatial resolution integral eldcspe
troscopy, using th®©ASIS spectrograph, of a subset of 28 ellipti-
cal and lenticular galaxy centres selected from3éJROINurvey.
From these observations, we derive the distribution andrkatics
of stars and gas, as well as stellar absorption-line indizepen-
dently calibrated to the Lick system. This data set has afdotr
higher spatial sampling and almost a factor two increaseddian
spatial resolution to that cBAURONWe compare the results of
our analysis to that dSAUROISpectra within equivalent integrated
aperture spectra. The measured parameters, includingityetts-
persion, emission line uxes and stellar line-strengthidced, are all
consistent within the uncertainties, verifying our anays

Within the central regions probed WYASIS, there is a rich
variety of structure in the observed parameters, compatakthat
observed on larger scales wiBAURONIn particular, we nd a
range of stellar dynamical substructure within the cetditaparsec
of these objects, including central disks and countertiraaores,
which we quantify using the technique of kinemetry. The $exdi
gas is similarly varied, being often dynamically decoupfeam
the stellar component, and varying ux ratios indicatingeage of
ionisation mechanisms, even within the same galaxy. Weyseal
the stellar populations by comparing the observed linensfth
maps to model predictions, giving maps of luminosity-wéégh
stellar age, metallicity and abundance ratio. These magsréhat
the galaxies with the youngest global populations in ourmam
also have even younger centrally concentrated populatiimsse
young nuclei may be explained by young nuclear star clusters
other recent circum-nuclear star formation as if Huclei.

The young nuclei show a propensity for harbouring compact
kinematically decoupled stellar components, which candsoa-
ated directly with the young stars. Considering all galsviiethe
SAURONMurvey that show a clear kinematically decoupled stellar
component, we explore the relationship between centritduspop-
ulation and the size of the component. We nd that, althouggn t
“classical' decoupled components show rather old stelquja-
tions, there also exists a population of compact (00 pc) de-
coupled components which show a range of ages, from 15 Gyr to
< 0:5 Gyr. Given the large difference in intrinsic size, we con-
clude that the two types of decoupled component are notttjinec
lated in the evolutionary sense, and that the compact yaretnot
necessarily an important featusg massalthough the young stars
within these decoupled components are largely responfiblie
signi cant spread in integrated luminosity-weighted ageserved
for these galaxies.

Our data suggest a link between counter-rotation and eeldanc
star-formation. By consideration of a simple model, we tode
that older KDCs of similar mass fractions are rather diftcia de-
tect, and so there may be a sizeable number of low-mass e¢eunte
rotating components that we are missing. Likewise, cotirda
components of the same mass fraction leave a more subtle-sign
ture on the observed stellar kinematics, and so can only teeteel
when the KDC population is rather young. Our sample is theeef
too small to reliably put constraints on the importance afrder-
rotation to recent star formation.

These are the rst observations in an ongoing follow-up of
SAURONurvey galaxies using high-spatial resolution integradl e
spectroscopy to study the central regions of these objectstail.
The empirical results presented in this paper are a rst&ieprds
understanding the intrinsic structure of the central fewdrad par-
secs of these objects, and already reveal new insightsteFajtyli-
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cation of dynamical models, using bo)BAURONNAOASIS data
will substantiate this further.
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APPENDIX A: MAJOR-AXIS LONG-SLIT PROFILE OF
NGC 3489

Figure Al presents pro les of the measured stellar kineosati
gas properties, line-strength indices and stellar pojmigtaram-
eters for NGC 3489, extracted along a major-axis “slit' aper
2 wide, collecting the value from each Voronoi bin whose cent
falls inside. This illustrates the typical measuremenbreassoci-
ated with each bin in the maps presented in Fig. 12.

APPENDIX B: KINEMETRIC PROFILES OF STELLAR
VELOCITY

Fig. B1 presents pro les of kinematic position angles andkpe
absolute rotation values for all 28 galaxies, measuredgugie
kinemetry method of Krajnovic et al. (2006). See Sectia® f8r
details.

APPENDIX C: COMPARISON OF OASIS AND SAURON
SPECTRA

Fig. C1 presents fully calibrate@ASIS spectra (black lines) inte-
grated within a £ circular aperture centred on the galaxy nucleus
for all the objects in our sample. Overplotted in red are ement
spectra fromBAURONhtegrated within the samé%perture. Both

sets of spectra are de-redshifted, and normalized aroudd A1

The SAUROISpectra have been broadened and resampled to match
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Figure Al. Simulated major-axis slit apertur@® wide for NGC 3489. Each of the parameters derived from thedimensional maps are shown, with
measurement errors, to illustrate the typical quality afdata and how the uncertainties relate to structures indhenpeters.
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Figure B1. Radial pro les of kinematic position angle (PA) and peak absolute rotatiom (k measured using the kinemetry method of Krajnovi¢ et24106).
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the OASIS spectral resolution and sampling. Both sets of spectra
have been “cleaned' of gas, by subtracting an emission lodem
as described in Section 3.4.

APPENDIX D: COMPARISON OF OASIS AND SAURON
EQUIVALENT WIDTH LIMITS

Fig. D1 illustrates the difference in equivalent width ltelbetween
the SAURONMNlata of Paper V and oWASIS data, for the cases
whereSAURONletects gas buDASIS does not, or where the gas
detection withSAURONE stronger. For each galaxy, the upper pan-
els show the estimate§=N determined from the error spectrum
propagated through the reduction process of both datacstkeé

= SAURONdiamonds =OASIS). This estimator is effectively an
upper limit, as correlation effects (e.g. seeing PSF) caditeult

to model accurately, resulting in slightly underestimateise esti-
mates, at the level of 5%.

The lower panels show how theSeN values (same symbols)
translate into equivalent width limits, using eq. (1), asgwg an in-
trinsic emission-line velocity dispersion of 50 km’s Overplotted
on these limits are the measured emission-line equivalédths/
of [On] from the SAURONata, where lled square symbols indi-
cate signi cant detections (i.e. above theN threshold), and open
square symbols are non-detections.

This clearly shows that the poor or non-detection of emissio
with OASIS which is observed wittSAURONMNirises simply from
the very differentS=N of the two data sets. The low&=N of
the OASIS data comes mainly from the much smaller spatial sam-
pling on the sky, as well as generally shorter total intégretimes,
smaller telescope aperture, and small difference in thrpugof
the two instruments.

This paper has been typeset fromgXMATEX le prepared by the
author.
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Figure C1. Comparison oDASIS (black) andSAURONred) spectra, plotted iim . The spectra from both instruments have been integratddniiie same
4%circular aperture centred on the galaxy. The spectra hame die-redshifted, and normalized around 54G6r the purpose of this comparison. TEBAURON
spectra have been broadened and resampled to mat€ABES system. Both data sets have been independently correatednission line contamination.
These spectra are used for the comparisons presented iorS&ctheSAURONpectra have been truncated to a wavelength range of 48520 ensure a
common wavelength coverage within the aperture for albges without encountering gaps in the eld coverage duééo lter cut-off (see Kuntschner et al.
2006).
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Figure D1. Top panels Comparison ofS=N as a function of circular radius fddASIS (diamonds) andSAURONcircles). Bottom panelsCorresponding
equivalent width detection limits derived using eq.(1)loth data sets (same symbols as top panels). Overplottedange lled (detections) and small open
symbols (non-detections) are the [Olll] equivalent wid#iues measured witSAURONfrom Paper V). This shows that the very hi§sN of the SAURON
data results in signi cantly lower detection limits thamathobtained withOASIS at higher spatial sampling. This explains why some objeats Itlearly

detected gas witBAURONut not withOASIS.
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