arxXiv:1211.4615v1 [astro-ph.CO] 19 Nov 2012

Mon. Not. R. Astron. Sod00, [THI9 (2012) Printed 21 November 2012 (VREKX style file v2.2)

The ATLAS® Project - XX1. Correlations between gradients of local
escape velocity and stellar populationsin early-type galaxies

Nicholas Scott?*, Michele Cappellafi Roger L. Davie% Gijs Verdoes KleijA,
Maxime Bois, Katherine Alatal®, Leo Blitz’, Fréderic Bournau#, Martin Buread,
Alison Crockef, Timothy A. Davig®, P. T. de Zeeui’, Pierre-Alain Dué,

Eric Emsellent'?, Sadegh Khochfat, Davor Krajnove®, Harald Kuntschnéy
Richard M. McDermid'?, Raffaella Morganti'?, Thorsten Naaly, Tom Oosterlod'?,
Marc Sarzi®, Paolo Serrg, Anne-Marie Weijman$+ and Lisa M. Young’

LCentre for Astrophysics & Supercomputing, Swinburne Usitseof Technology, PO Box 218, Hawthorn, VIC 3122, Augdral
2Sub-Dept. of Astrophysics, Dept. of Physics, Universi@xdbrd, Denys Wilkinson Building, Keble Road, Oxford, ORH3UK
3Kapteyn Astronomical Institute, University of GroningBostbus 800, 9700 AV Groningen, The Netherlands
4Observatoire de Paris, LERMA and CNRS, 61 Av. de IObsereatei75014 Paris, France
5Department of Astronomy, Campbell Hall, University of @atiia, Berkeley, CA 94720, USA
6_aboratoire AIM Paris-Saclay, CEA/IRFU/SAp CNRS Univér§laris Diderot, 91191 Gif-sur-Yvette Cedex, France
“Department of Astronomy, University of Massachusetts,eksbhiVIA 01003, USA
8European Southern Observatory, Karl-Schwarzschild 5185748 Garching, Germany
9Sterrewacht Leiden, Leiden University, Postbus 9513, Z@Qeiden, the Netherlands
1O0Université Lyon 1, Observatoire de Lyon, Centre de RetteeAstrophysique de Lyon and
Ecole Normale Supérieure de Lyon, 9 avenue Charles ARd69230 Saint-Genis Laval, France
I Max Planck Institut fir extraterrestrische Physik, PO B®12, D-85478 Garching, Germany
12Gemini Observatory, Northern Operations Centre, 670 Nhaku Place, Hilo, HI 96720, USA
13Netherlands Institute for Radio Astronomy (ASTRON), Rss# 7990 AA Dwingeloo, The Netherlands
4 Max-Planck-Institut fur Astrophysik, Karl-Schwarzdde$tr. 1, 85741 Garching, Germany
15Centre for Astrophysics Research, University of Hertfbids Hatfield, Herts AL1 9AB, UK
16Dunlap Institute for Astronomy & Astrophysics, UniversifyToronto, 50 St. George Street, Toronto, ON M5S 3H4, Canada
17Physics Department, New Mexico Institute of Mining and fetbgy, Socorro, NM 87801, USA

August 2012

© 2012 RAS


http://arxiv.org/abs/1211.4615v1

2 N. Scottet al.

ABSTRACT

We explore the connection between the local escape veldtity, and the stellar population
properties in the ATLASP survey, a complete, volume-limited sample of nearby ety
galaxies. We make use afjriz photometry to construct Multi-Gaussian Expansion models
of the surface brightnesses of our galaxies. We are abletteefitull range of surface bright-
ness profiles found in our sample, and in addition we repredhe results of state-of-the-art
photometry in the literature with residuals of 0.04 mags.\uése these photometric models
and SAURON integral-field spectroscopy, combined with $eaiymamical modelling, to de-
termine the local V. derived from the surface brightness. We find that the logal I tightly
correlated with the M@ and Fe5015 linestrengths and optical colours, and antetzded with
the H3 linestrength. In the case of the Migind Colour - \,. relations we find that the relation
within individual galaxies follows the global relation eten different galaxies. We intention-
ally ignored any uncertain contribution due to dark matiece we are seeking an empirical
description of stellar population gradients in early-tyfadaxies that is ideal for quantitative
comparison with model predictions. We also make use of sistglllar population (SSP) mod-
elling to transform our linestrength index measuremerits the SSP-equivalent parameters
age (t), metallicity ([Z/H]) andv-enhancementj/Fe]. The residuals from the relation are cor-

related with age,d/Fe], molecular gas mass and local environmental densigyid&htify a
population of galaxies that occur only at lowgV that exhibit negative gradients in the Mg
and Colour - \is relations. These galaxies typically have young centrébsteopulations and
contain significant amounts of molecular gas and dust. Coimgpithese results with N-body
simulations of binary mergers we use the My .. relation to constrain the possible number
of dry mergers experienced by the local early-type galaxpupettion — a typical massive ETG
can have experienced only 1.5 major mergers before becoming a significant outlier in the

Mg b-V o relation.

Key words: galaxies: elliptical and lenticular, cD - galaxies: abumckss - galaxies: formation

- galaxies: evolution.

1 INTRODUCTION

Early-type galaxies (ETGs including both ellipticals; Eddantic-
ulars; S0) in the nearby universe represent an advanced sfag
galaxy evolution. They likely result from the interplay ofwade
range of phyS|caI processes. In the context of the ATEASur-
vey a, hereafter Paper 1) we fountBi&s
are well separated in terms of their stellar angular monrmentu
(Krajnovic et all 2011; Emsellem etlal. 2011, hereafterdpipand
Paper Ill respectively). Slow rotator ETGs can be explametav-
ing accreted a major part of their mass due to hierarchicagme
ing (Khochfar et al. 2011, hereafter Paper VIII), while festiators
likely experienced cold gas accretion (Davis ét al. 201 tr5et al.

formed in a single event. The morphology of their centraiorg
is relatively featureless, allowing us to study how projesrivary
within these objects without the complication of substiuetsuch
as spiral arms or clumps of star formation.

Galactic archaeology is the study of the ‘fossil’ recordhivit
local early-type galaxies. A detailed analysis of the atghopula-
tions of these objects can reveal much abelienthe stars that now
comprise these objects formed, but it reveals littlendifere they
formed. In contrast, dynamical studies can reveal someesofikiere
(in situ vs. accreted) but little of thehen By finding clear links be-
tween dynamical and stellar population quantities we cayinbi®
answer all of these questions, forming a picture of when antu

[2012, herafter Paper X and Paper XIIl) but then had their gas what conditions the stellar populations of early-type gigla were

stripped by the cluster environment (Cappellari ét al. 2Qtkere-

after Paper VII) or AGN and supernova feedback. Their predan
properties — their stellar populations, dynamics, gasemnand
environment — contain information about their entire etiohary
history. Through a detailed study of these properties wehcape
to disentangle some of this history and learn about the kggiph
cal mechanisms that have played a dominant role in shapesgth
objects.

formed and assembled.

There are several well-studied relations linking stellapp
ulation and dynamical quantities; the colour-magnitudiatien
(Visvanathan & Sandage 1977) and the Mgelation. Most early-
type galaxies lie on the tight 'red sequence’ of the coloagmitude
diagram (e. 98), though some lie in the gred-
ley’ transition region or even in the ‘blue clou.
[2001; Conseli¢e 2006: van den Betgh 2007; Bernardilet a0l

Early-type galaxies have a few advantages when it comes to The Mg relation has been studied by many authors (examples

studies of this nature. They are massive and bright, allgwigh

quality data on both their stellar content and dynamicaksta be
obtained with relative ease. Their light is typically dowrtied by
old, evolved stars (see e005) — the lovislede

star formation allow us to make the assumption that theis stere

* E-mail: nscott@astro.swin.edu.au
1 Dunlap Fellow

include| Bender et al. 1993: Jorgerisen 1997: Collesd et &9;19
Trager et al| 2000;_Bernardi etlal. 2003; Kuntschner ket aD620
with many hundreds of early-type galaxies and though theigee
zero points and slopes vary between studies the small scatte
pared to the range in velocity dispersion covered is unalers

The two above relations describe a connection betweendiffe
ent galaxies, however we can also study the variation witfdi

vidual galaxies. This was first done by Franx & lllingwortan)

(© 2012 RAS, MNRASD00, [TH19
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Figure 1. Comparison between totalband magnitudes derived from INT
and SDSS DR8 images for the 18 ATLAS galaxies included in the latest
SDSS data release. The solid line shows a fit to the data arthghed line
shows a 1:1 relation. The data are consistent with this latioa, with a
scatter of 0.17 magnitudes.

who studied the correlation of thecal colour with thelocal o
and escape velocity, M. They found that the global relation be-
tween different galaxies is the same as the local relatichimvi

individual galaxies. This was followed up t @)

and| Carollo & Danziger| (1994), who studied the connection be

tween the Mg line strength and the localsV. These works were

all based on small samples of galaxies and relied upon ldhg sl

data, both in the measurement of line-strengths and as the in
for the dynamical modelling necessary to derive..V Two di-
mensional spectroscopy was first used_by Emsellem et al£§199
who used IFU data to study the MeéV.s. relation in a single
galaxy, M104L Scott et &l. (2009, hereafter S09) investigjée line
strength - \{,. relations for the SAURON early-type galaxy sam-
ple (de Zeeuw et al. 2002), significantly increasing the darsge
(to 48 objects) compared to previous studies and also filig-u
ing IFU spectroscopy, which allows us to study how kinematid
stellar population properties vary in two dimensions.
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Figure 2. Upper panelg-i colour map of NGC4753. Dust filaments show
prominently in the upper left quadrant of the figure. Lowenglag-i vs.
semi-major axis distance for individual pixels form the @baolour map.
The red line shows a fit to the underlying colour profile. PiXging signif-

The SAURON survey was biased towards high mass galaxies icantly above this line are corrected for dust extinctiordascribed in the

by the survey selection criteria, which uniformly sampledagies
in absolute magnitude. In this paper we extend our studyeofdte
of the local Vs to the complete, volume-limited ATLAS survey
of early-type galaxies (Paper 1). In Sectldn 2 we presensémeple
selection and observations. In Secfidn 3 we present ouradeth
determining the local M. from the photometric and spectroscopic
data. In Sectiof]l4 we present the results of our analysisyiso
the correlation of various properties of early-type gataxivith the

text. At large radii the colour of individual pixels is donaired by noise and
any uncertainty in the sky subtraction.

2 SAMPLE AND DATA

The ATLAS®P project (Paper 1) is a volume limited complete sur-

local Vesc. In the same section we extend this analysis to the study vey of all nearby early-type galaxies (those not showingaspi

of the stellar populations of our sample. Finally, in Secfibwe
discuss our results in the context of cosmological and Nytsiiah-
ulations of early-type galaxy formation and state our cosicins in
Sectior 6.

© 2012 RAS, MNRAS0O00, [THI9

structure in the visible photometry) brighter thankM= —21.5
(M ~ 6 x 10° Mg) and within 42 Mpc. The sample consists of
260 galaxies spanning a broad range in central velocityedsspn,
oe, environment and absolute magnitude. In this work we camsid
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Table 1. WFC INT filters used for ATLASP photometry

Serial Number Name Centralo Wavelength °FWHM
(A) (A)
204 WFCRGOU 3581 638
220 WFCSloanG 4846 1285
214  WFCSloanR 6240 1347
215 WFCSloanl 7743 1519
195 WFCRGOZ 8763 -

a sample of 256 objects, excluding 4 galaxies for which poatity
or missing data (see below for details) prevented a fullyesis

All 260 galaxies in the sample were observed with the
SAURON integral-field unit (IFU) on the William Herschel Eel

scope at the Roque de los Muchachos observatory in La Palma.

The SAURON data consists of integral-field spectroscopy the
wavelength range- 4800 — 5300 Aoutto typically 1 effective ra-
dius (R.). This wavelength range includes the three Lick stellar ab-
sorption line strength indices; Mg Fe5015 and K. Maps of the
stellar kinematics (parameterized by the mean velocignd ve-
locity dispersions) and line strengths were produced as described
in Paper | and McDermid et al., (in preparation) respecfivEéhe
velocity maps are presented in Paper II.

2.1 Photometry

We have obtainedigriz photometry for 258 galaxies from the
ATLAS?P sample, taken from the Sloan Digital Sky Survey (SDSS)
DR7 (Abazajian et al. 2009) where available, supplemenyeolio
own observations with the Wide Field Camera (WFC) on the 2.5m
Isaac Newton Telescope (INT), again at the Roque de los Mucha
chos observatory. Observing conditions prevented theisitiqn

of photometry for the remaining two galaxies. We also nogg th
two other galaxies suffered from low signal-to-noise ratigheir
SAURON observations (see McDermid et al, in preparationdé
tails) and we exclude these.

Observations with the INT WFC were carried out to obtain
ugri-band imaging for galaxies not covered by SDSS DR7. The ob-
servations were obtained in 3 runs: 7-9 May 2007, 3 & 4 Novambe
2007 and 13-17 May 2008. Part of the observations were aatain
under non-photometric conditions. Images were taken tirdhe
5 filters for 55 galaxies from the ATLA® sample. The filters that
were used are listed in Tadlé 1. Integration times were &lfyic
60 to 160 seconds, reaching sensitivities comparable teepeat
than the SDSS. Fifteen galaxies were already observed bysSDS
DR5 and were used to perform cross-checks in general anéhigp br
the INT imaging onto the same photometric system as SDSS in
particular. A further eight galaxies were made availabl&SDSS
DR?7 - these were not used for the photometric calibrationréut
placed the corresponding INT observations. The images veere
duced and calibrated using the Astro-WISE sys.
[2007).L McFarland et all (2011) give a detailed descriptibrihe
Astro-WISE pipeline.

The observations were debiased and flatfielded using nightly
biases and twilight flatfields. Hot and cold pixels are identi
fied and indicated in the weight maps of the science images.
Photometric calibration was derived in the Sloagriz sys-
tem from nightly standard star field observations using SDSS

DR5 (Adelman-McCarthy et al. 2007) photometry in those srea

where the INT imaging overlapped the SDSS survey coverage.

lo

arcsec

AR =]

arcsec

Figure 3. Photometry of NGC2685, the Helix Galaxy, with MGE models
overplotted before (upper panel) and after (lower paned) darrection, as
described in the text. The effect of dust is visible as thedbéw® structure

in the upper left of the galaxy; this structure is absent endhbst-corrected
image.

For the g- and i-bands we used a linear colour transformation
(Verdoes Kleijn et gll_2007) to convert from the WFC instrume
tal photometric system to the Sloan standard photometstesy
. They found no evidence for a transformation in other bakids.
verified the photometric calibration by using galaxies vitith INT
and SDSS DRY7 coverage by comparing magnitudes of stars found
in both images. Astrometric calibration was performed gsime
USNO catalog as astrometric reference sys)2

In the SDSS DR8 data relea: 011) imaging for
18 further ATLAS’P galaxies was made available. We used this
new SDSS photometry to assess the absolute photometricazali
tion of our INT photometry. We derived totatband magnitudes

(© 2012 RAS, MNRASD00, [TH19
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Figure 4. Example MGE models of barred galaxies. Contours of the fittisg MGE models (red) for NGC3941, NGC4267 and NGC4643tptbover the
photometric contours (black). The region shown was salettt@pproximately cover out to double the extent of the bhe MIGE matches the contours both
inside and outside the region where the bar dominates. Thedels were produced automatically using the method destiin the text to avoid fitting the
bar. For galaxies with very strong bars (such as NGC4643jttlrey method is unable to match the photometry in detaiyéwer the overall shape and surface

brightness of the object are well reproduced.

from the two sets of images using the Multi Gaussian Expansio
(MGE|Emsellem et al. 1994) models described in Sedfich %hé. T
comparison is shown in Fi§l 1. The data are consistent witli a 1
relationship between the INT and SDSS derived magnitudigis aw
scatter of 0.17 magnitudes, indicating our INT photometrwell-
calibrated.

3 MASSMODELLING

In order to determine the localc\. we must first construct a dy-
namical model of each of our galaxies from our photometrid an
kinematic data. This involves several steps, summariseel dued
where necessary described in more detail below.

i) Ther-band image is corrected for internal extinction due to dust
ii) Nearby stars and galaxies are masked, as are region®wheer
dust correction failed.

iii) A calibrated Multi Gaussian Expansion (MGE) model ofth
photometry is constructed from the masked and extinctiorected
image using the method and softwaré of Cappellarilet al. P00

iv) A series of Jeans Anisotropic MGE (JAM) modlla
M) are constructed using the photometric model withecbffit
values of inclinationj, mass to light ratio, M/L and anisotropy,
The models do not explicitly include a dark matter halo arg th
measured M/L represents the total one, including both loosn
matter and any possible contribution from dark matter.

v) The best fitting JAM model is selected by minimising tfredif-
ference between the predicted second moments of the wefi@dit,
vv? + 02 and the SAURON observations (s

[2012b, hereafter Paper XIX, for details of the fitting pr&es
vi) This JAM model constrains the M/L normalisation and igdis

to transform the photometric model into a mass model. The JAM
model also specifies the gravitational potential. In pesctive make
use of the models presented in Cappellari et al. (2012a).

vii) For each bin in the SAURON maps the local, line-of-sight
luminosity-weighted V.. is calculated from the gravitational po-
tential of the best fitting JAM model.

t al.

© 2012 RAS, MNRAS0O00, [THI9

3.1 Dust correction

The presence of dust in a galaxy can significantly affect toei-a
racy of our MGE models, both through the dimming due to extinc
tion and by altering the observed morphology of the galaxg. W
attempt to remove this effect by correcting for this extioictand
fitting the MGE model to the underlying surface brightnessfife.
This correction was applied to 25 of our galaxies, approxétyal0
per cent of the sample.

We use the technique bf Carollo et al. (1997) (who assumed
the dust is a screen in front of the stellar emission), furtevel-
oped by Cappellari et al. (2002) to correct for the extintiie to
dust. We first construct g-i colour map of each galaxy. This is
converted to a colour profile by plotting thgei colour against the
logarithm of semi-major axis distance along ellipses fixedhe
global PA ance (from Paper Il)Jog m, of each pixel in the image.
We use a robust linear fit to this data, which minimises thesinfl
ence of dusty regions, in order to determine the underlyoigur
gradient of the galaxy. We subtract this best fitting colowdient
from all pixels in theg-i colour map to determine the colour excess,
E(g-i). Using a cut in Eg-i) (typically as a function ofog m) we
select pixels which have been significantly affected by éutnc-
tion and correct for this using the standard galactic ektinclaw
of[Schlegel et all (1998). The r-band extinctioh,, is related to the
E(g-i) colour excess by the equatiaf; = 1.15 E(g—1). This pro-
cess is illustrated in Fi§l 2, where in the upper panel we sthaw
g-i colour map for NGC 4753 (with the dust filaments prominently
visible) and in the lower panel we show the robust linear fith®
colour profile.

While the extinction correction determined by this methed i
not perfect, it improves the MGE fit to the photometry in the-ma
jority of galaxies with significant amounts of dust. An exdenpf
this improvement is shown in Figl 3, for NGC2685. The uppemgpa
shows the r-band image and MGE model fit without dust commacti
the lower panel shows the MGE model fit to the dust-correated i
age. In the two most extreme cases of the galaxies whoserphoto
etry was significantly affected by dust, NGC4710 and NGC5866
this procedure failed to provide a reasonable correctiorite r-
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band photometry. For these galaxies we masked the dustiaosc
areas from the MGE fitting procedure.

3.2 Multi Gaussian Expansion modelling

Using the MGE modelling technique lof Emsellem ét(al. (1994,

constructed models of the surface brightness of each gatake

sample. We used the proceduré of Cappeéllari (2002) as tiefoas
our technique but embedded it into our photometric pipeiinta-
cilitate dealing with a much larger sample of galaxies. Tinslved

automating the process as much as possible. The positide ang

(PA) and centre of each galaxy was determined from the weight
second-moments of the surface brightness above a giveruksag
the find_galaxy IDL routindll. The level was chosen to reflect the
global behaviour of the galaxy and to avoid the effects of lzard
other non-axisymmetric features in the inner regions. giaend
stars and nearby galaxies were masked by hand where ngcessar
The MGE fits to the r-band photometry were performed by
keeping the PA of the Gaussians constant in order to produeg-a
isymmetric MGE model to be used with the JAM modelling tech-

nique described below. Each MGE model was convolved with a

Gaussian point spread function with = 1.0 (consistent to the
typical seeing of the SDSS observations), before compatisthe
observations and selection of the best-fitting MGE pararaeide
resulting MGE models are all corrected for galactic exiorcfol-

lowing[Schlegel et 4l (1998), as given by the NASA/IPAC Bxtr

The MGE models described in this work are used as input for the
JAM modelling method, which calculates a prediction of time{
of-sight second velocity moments? ) for a given set of model
parameters and fits this to the obseniéd, s 8).
We make use of the simplest set of models flom Cappellari et al
(2012h), modelA). These are self-consistent axisymmetric JAM
models, in which the dark matter is assumed to be propolitiona
the stellar mass.

The potentia® is calculated as in Emsellem ef al. (1994) and
Vesc is simply related to this by M. = +/2|®(R,z)|. In or-
der to deproject our 3-dimensional potential to comparéd wiir
SAURON index maps we assume that.Vis related to the indices
by a power law relation of the form: Index V... With this as-
sumption we can extract the luminosity-weighted average yof
the local \i.s. along the line-of-sight and produce. maps across
the entire SAURON field (see S09 for details). We emphasiae th
the quantity we derive here and describe as the local ¥ es-
sentially derived from the stellar surface brightness witglobal
scaling determined by the dynamical modelling. OugMs likely
close to the true V. in our galaxies, given that stars likely dom-
inate the centre of ETGs (Paper XIX). However the quantity we
compute does not intend to represent the trug Mvhich is em-
pirically uncertain due to the possible contribution ofldaratter.
Our aim is to find a purely empirical relation between quéaetit
that can be robustly measured on real galaxies from photgmet
and integral-field spectroscopy. What matters is that oocquture

galactic Database (NED). The MGE models were converted to a ¢an be replicated on simulated galaxies, to test whethgihtbieave

surface density in solar units in the SDSS magnitude system u
ing anr-band solar magnitude, M, = 4.64 (Blanton & Row

2007).

Bars and other non-axisymmetric features

The MGEs were fitted in such a way as to avoid following bars or
other non-axisymmetric features in order to reflect the gt
mass distribution of each galaxy. In our fully automatedcpdure
this was achieved by constraining the maximum{.) and mini-
mum (gmi» ) axial ratios of the individual Gaussians contributing to
the fit. Successive fits were carried out, using a narrowegeraf
axial ratios in each each subsequent fit until the mean atiesdéwi-
ation of the model at a givephin , gmax iNnCreased by- 10 per cent
over the previous step. This simple prescription proveelagiffe in
reproducing the surface brightness of the majority of gakaat all
radii while avoiding the effects of bars and other non-axisyetric
features. Only in a small number of cases of very strong bass w
this prescription ineffective. In these cases the MGE fit eaxsied
out by hand. Examples of the MGE models of several barreckgala
ies are shown in Fi@ll 4. A detailed analysis of the recovenyikf,

8. andi for barred objects is presented|in Lablanche =t al. (2012,

hereafter Paper Xll), based on N-body simulations of axistnic
and barred galaxies. There we find that the M/L recovered flem
JAM modelling is typically accurate to within a few per cebtit
for face-on objects can differ from the true value by up to &6 p
cent.

3.3 JeansAnisotropic MGE (JAM) Modelling

The dynamical models used in this paper were presented in

|Cappellari et gl/(2012a) and described in more detail irePXjX.

1 Available as part of the MGE package of Cappellari (2002)

like real galaxies. When comparing ougsV to simulated galaxies
one should determine the localy from the stellar particles alone.

3.4 Testsof MGE Photometry

While MGE models of galaxy photometry have generally onlgrbe
used as input to dynamical models, we would like to emphaisate
these models provide a robust and flexible description adgal
surface brightness profiles. This is true across a wide rahgeor-
phological types and is not based on any assumption aboaxygal
structure. In this section we compare photometric quastifboth
total magnitudes and surface brightness profiles) derik@d the
MGE models described in Sectibh 3 to studies in the liteeatis
ing standard techniques to derive their photometric gtiestiTotal
magnitudes were derived from the MGE models using the faligw
expression:

r 2
3954

N
LTot == Z 27 (1)
=1

where the sum is over th& component Gaussians adgl, oj
andg; are the peak intensity, dispersion and axial ratio of ite
Gaussian component. The primes denote quantities as redasur
the sky plane (see Cappellari eflal. 2002, for details). TUntase

brightness at a given position on the sky is given by:

N
N2, y') = ZIJ' exp {—% (le + y—Z)} .
= 20j q"

)

J

The only previous data set in the literature that contaires ph
tometry for the entire ATLASP sample is the 2MASS Extended
Source Catalod_(Jarrett et al. 2D00). This allows us to testt-
curacy and detect possible outliers over the full sampleitn[E
we compare the absoluteband magnitude derived from our MGE
models (and distance-corrected using the distances inr Pape

(© 2012 RAS, MNRASD00, [TH19



Figure 5. 2MASS absolut&k-band magnitude vs. r-K colour derived from
ourr-band MGE models. The solid black line shows the best-fittéigtion,
with the dashed and dotted lines indicating the 1 and=6unds. The blue
points indicate> 2.60 outliers from the relation which were not included
in the fit.

the absoluteK-band magnitude from 2MASS. Overplotted is the
best-fitting relation derived from an linear fit to the datiayt® that
minimises the absolute residuals after rejectingp outliers (en-
closing 99% of values for a Gaussian distribution). We mezian
observed rms scatter of 0.11 magnitudes. This is a firm ujpér |
to the true error and intrinsic colour differences must gaiicant.

The comparison with 2MASS magnitudes is between two
datasets utilising different imaging data in very differbands. We
also compared our derived appareftiand magnitudes to appar-
entr-bandModelMagstaken from the SDSS DR8 photometric ob-
ject cataloguell). We restrict the congoerito
galaxies which have no warning flags in their SDSS photometry
yielding a comparison of 214 galaxies. The comparison isveho
in Fig.[8. For total magnitudes derived from the same images t
scatter is significant, after rejecting 2s6outliers the rms scatter
is 0.17 magnitudes. There is a systematic trend for the rhadmi
of the largest galaxies (R> 30”) to be underestimated by the
SDSSModelMags with respect to our MGE basaeband magni-
tudes. The offset is- 0.5 magnitudes. This trend was partially (but
not completely) addressed in the SDSS DR8 photometric ipipel
(Aihara et al| 2011)._Blanton etlal. (2011) introduce an ioved
sky subtraction method that solves this issue, howeversitdmy
been applied to SDSS mosaic images and not the photometric ca
alogue. A detailed inspection of the SDSS DR8 photometrie ca
alogueModelMagsfor ATLAS®P galaxies reveals several further
problems. Some galaxies are significantly affected by =iafy
where multiple PhotoObjects are identified for a single gal@.g.
NGC4710). Other ATLASP galaxies are entirely missing from the
photometric catalogue, despite lying within the surveyaafe.g.
NGC4486). Finally, a number of magnitudes in individual dsn
show significant errors (for example thg-ij colour of -5.8 for
NGC3384). These issues appear most significant fovibaelMag
values, however thBetrosianMagvalues also exhibit similar prob-
lems.

To place the observed rms scatters of 0.11 and 0.17 magni-
tudes (from the comparison to 2MASS—band and SDS8—band
magnitudes respectively) in context, we compare it to thefggho-
tometric comparisons made tOlO). Among wvario
comparisons they present from the literature, the mostrateus
the one between their determination of total magnitugeand the

© 2012 RAS, MNRAS000, [THI9
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Figure 6. Comparison between totatband magnitudes derived from our
MGE models and from the SDSS DR8 photometric object cataloBoth
magnitudes were derived from the same imaging data. The lfodi shows
the best-fitting relation, with the dashed and dotted linegating the 1 and
2.60 levels. Blue points were excluded from the fit.

one by Janz & Lisker (2008), based on the saptEnd SDSS im-

ages and basically the same curve-of-growth method. Theyafin
rms scatter in the two determinations of 0.09 mag (0.036.dex}s
scatter is likely to represent the best of what can be actijevieen
only minimal differences in the methods play a role. When pam

ing their g values to those from the state-of-the-art ACSVCS sur-

vey (Ferrarese et Al. 2006) in the same band, they find thattte
ter increases to 0.19 mag (0.076 dex), and the same appligeio

comparison against the VCgband magnitudes aI.

). Contrary to those comparison, we are using two véry d
ferent photometric bands énd K), where intrinsic colour differ-
ences must be significant. This is confirmed by the fact teaj thr
colour-magnitude relation, for 43 objects in common, bemveur
r-band MGE anmlg))band curve-of-growth deter-
minations (theirg4 values) has an rms scatter of 0.062 dex, which
would indicate an error of 11% in each of the two determimetio
We conclude that our MGE photometry is as accurate as that of
other state-of-the-art surveys. Moreover we only detect passi-
ble outliers, while there is no evidence for possible caliion is-
sues for the entire sample. We therefore assign an error%fit0
our M,

Finally, to demonstrate that we are able to not only derive to
tal magnitudes from our MGE models but full surface brigkte
profiles we compare the major-axis surface brightness psofie-
rived from our MGE models to the major-axis surface photoyet
of [Kormendy et al.[(2009). There are 23 galaxies in common be-
tween their morphologically selected sample of Virgo dugialax-
ies and the ATLASP sample. Surface brightness profiles for all
23 galaxies are shown in Appendix B. We restrict the compari-
son to the region over which our MGE models are reliable; 1.5”
< r < 2max(omcr), Where maxgmae) is the o (in arcsec-
onds) of the largest Gaussian in the MGE model for each galaxy
To account for the difference between the bands we shift our s
face brightness profiles by a constant value such that thexmea
surface brightness over the region of comparison matclasoth
the[Kormendy et al.[ (2009) profiles. The agreement between th
profiles is excellent, with mean residuals (after applying ton-
stant shift) of £0.04 magnitudes. We accurately reproduce the
surface brightness profiles for the full range of elliptastin the
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Figure 7. The Index-\4s. relations for the whole sample. Blue line is a fit tg Elrcular aperture values for all galaxies. Red line is a fihi® same aperture
but for only those galaxies with M. re > 400 kms™!. With all three indices the relation is much tighter abovg/> 400 kms™! (Iog Vesc > 2.6). Below
this value the scatter is significantly increased, largely t a population of galaxies with unusually low KMgalues in their central regions.
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Table 2. MGE parameters for the deconvolveeband surface brightness
for NGC4570, as an example of the ascii MGE parameter filedahla to
download from our website.

log I]’- log o q;.
(Lo pc2)  (arcsec)

45198.69 0.318 0.72
9747.41 1.142 0.80
3741.94 2.743 0.65
1947.36 3.796 0.72
935.15 9.019 0.54
45.97 13.037 0.80
495.96 19.671 0.20
255.63 36.549 0.23
37.80 60.620 0.28
6.07 60.620 0.80

Notes: Column (1): Total intensity of thah Gaussian component. Column
(2): Dispersion of theth Gaussian component. Column (3): Axial ratio of
the jth Gaussian component.

[Kormendy et al.(2009) sample. In summary, our photometrang

tities, both total magnitudes and surface brightness pmfilerived
from the MGE modelling are of excellent quality. The full st
calibrated MGE models will be made available from our weBsit
at the conclusion of our project. An example MGE model is give
in Table[2 — the columns (described in the table caption) laee t
same as those available from our website. The MGE model&éor t
full sample (overplotted as contours on theband imaging) are
shown in Appendix A.

4 RESULTS

Using the SAURON line-strength maps and the..Vmaps de-
scribed above we constructed profiles by taking the averatipénw
elliptical annuli. The ellipticity chosen was a global pticity mea-
sured using the weighted second moments of the surfacetiegg
and was taken from Paper Il. S09 found that this choice qgftedh

ity minimised the errors on each point within a galaxy’s gegfand
that their results did not depend on the choice of apertureu(ar,
fixed or varyinge or major axis). We find a stronger trend of in-
creased errors for non-optimal choices of aperture (likely to the
lower signal-to-noise (S/N) of the ATLA® IFU data compared to
the SAURON survey), however in general we confirm this lack of
dependence on aperture. We also find that the relationsntegse
in this work are robust against the choice of aperture. Tha @n
each point for the line-strengths is the rms sum of the measemt
errors and the rms scatter within each annulus. Foregrotard s
and bad bins due to low S/N were masked in the line-strengfisma
before extracting the profiles.

4.1 Thelndex-Vqs relations

The Index-\s. relations are shown in Fig@l 7, with the profile for
each galaxy shown as a black line. The blue line shows a fiteto th
central R circular aperture values for the whole sample. The red
line shows a fit only to the galaxies witheM re > 400 kms™*

(log Vesc > 2.6). All three indices show a tight correlation with

2 http://purl.org/atlas3d
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Figure 8. Each histogram shows the IndexzV gradients of the individual
galaxies determined from a robust linear fit to each galaxfilpr(black
histogram). The red and blue histograms show the same datalaxies
with Vesc re greater and less than 400 kmisrespectively. The solid verti-
cal line shows the global gradient determined from a lingdo fihe central
R. aperture values for the whole sample, with the dashed linesiag the
30 errors on this global gradient. For the Mgradient histogram, the peak
of the distribution for individual galaxy gradients coides exactly with the
global gradient, though there is significant scatter in tidhvidual galaxy
gradients. For the Fe5015 andigradient histograms there is a significant
offset between the peak of the distribution of individualagg gradients
and the global gradient.

Vese, though the scatter increases at lowet.V This is particu-
larly evident in the Mg@-V .. relation, where a clear break occurs
at Vese ~ 400 kms™*, though the effect is present with all three
indices. This increase in scatter is primarily due to a pagoh
of galaxies having negative Mg and Fe5015-V,. gradients. In
the H3-V.s. diagram these galaxies are seen to have steeply posi-
tive gradients, compared to the typically flat profiles of Ik of
galaxies in the sample.

The behaviour of the individual galaxy gradients can begbett
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seen in FigB. The histogram shows the individual galaxgigras
determined from robust linear fits to each galaxy profile. bl
vertical line shows the global gradient, determined fronolust
linear fit to the line-strengths and.\ as measured within a circu-
lar R. aperture. In the case of Mgthe individual galaxy gradients
are consistent with the global gradient, though there isifit@nt
scatter in the distribution about the global value. Thisas thue

for Fe5015 and K, where the peak of the distribution of individ-
ual galaxy gradients is significantly offset from the glogeddient.
When we divide the sample into high (¢ > 400 kms~') and

low V.s. samples we find that the low.\. sample is biased to neg-
ative gradients. In the high. sample we find only 2.7 per cent of
galaxies have negative gradients, however this rises Sopss.cent

in the low Vesc sample. If we remove these negative gradient galax-
ies from the sample we no longer observe an increase in seatte
low V... For the remainder of this section we exclude the negative
gradient galaxies from our analysis, however they will lszdssed
further in Sectiof 5]1. The Index -\ relations determined from
galaxies with \s.(Re) > 400 kms ™" (red lines in Figllr) are given
below:

log Mgb = (0.40 & 0.02) log Vese + (—0.53 £ 0.04); 0 = 0.04
log Fe5015 = (0.16 £ 0.02) log Vese + (0.23 = 0.03); o = 0.03
log HB = (—0.29 £ 0.04) log Vesc + (1.02 £ 0.06); o = 0.06

Here,o indicates the robust rms deviation orthogonal to the fitted
linear relation. The Mg and Fe5015 relations are 3o steeper
than those found in S09, with improved formal uncertaintigse
relation for H3 is consistent with the S09 result within the un-
certainties. This is because the ATLASsample contains a large
number of lower mass ETGs, a population not well sampled by th
SAURON survey.

4.2 TheColour-Vs. relations

[Franx & lllingworth (1990) originally studied the Colour:\ re-

lations, but recent work has focused exclusively on theetation
with line-strengths. With the ATLA% sample we have complete
ugriz coverage of the sample, allowing us to re-examine theirorig
inal relation. Colour profiles were extracted in the samaitasas

the line-strength and )\ profiles; median colours were measured
within elliptical annuli on the sky-subtracted, dust-emted and
masked SDSS and INT images. In Higl. 9 we showgheandu-r

- Vesc relations. We selected these colours asghandr- bands
have the highest S/N and hence show the tightest relatioite wh
the u-band is more sensitive to young populations. We find the
same behaviour as in the Nig V... relation; a tight correlation
with increasing scatter appearing below.~ 400kms~*. This
increase in scatter is more evident with tire colour than with
g-r. We also find the same local and global behaviour described
above (see lower panel of Fid. 9), in that individual galaxsdir
ents are consistent with the global relation determinedhfoen-
tral values. Fitting to the Raperture values for those galaxies with
Vese,Re > 400 kms ™! we find that the colours are given by:

g — 1 =(0.26 £+ 0.03) log Vesc + (0.08 £+ 0.05); o = 0.04
w— 1 = (0.80 £ 0.08) log Vese + (0.47 +0.14); 0 = 0.12

®3)
4
Below Vesc ~ 400 kms™' we again find a significant increase in

the fraction of negative gradient galaxies; 3.9 per cenigit ..
increasing to 22.0 per cent below400 kms™*.

Table 3. Principle components analysis

Vese'  Age’ [ZH] [ o/Fe] Eigen- % of
value  variance
PC1 0.680 0.187 -0.137 -0.696 1.87 47
PC2 0.350 -0.609 -0.644 0.304 1.38 34
PC3 0.522 0.554 0.065 0.646 0.59 15
PC4 0.379 -0.537 0.750 0.078 0.16 4

Notes: The primed variables are standardised versioneafdiresponding
variables with zero mean and unit variance. The coefficiehtise principal

components are scaled to the variance and sensitive to tige i&f each
variable, in the sense that variables that only vary by alsmabunt tend to
have a large coefficient.

4.3 Vs and theglobally averaged SSP parameters

Line strengths and colours can be indicative of trends irstebar
populations of our target galaxies but the information weeraally
interested in is the star formation histories of these gefax hese
histories will typically be quite complex, involving mytie peri-
ods of star formation over the course of a galaxy’s lifetimehw
different durations, contributions to the total stellarsmand chem-
ical compositions. As an initial test we can simplify thiesario

by treating all our galaxies as single stellar populati@®SRs), i.e.

all the stars were formed in a single, instantaneous bunstwae
can characterise these SSPs by three parameters, the agk, me
licity and enhancement of alpha elements. While the SSPasicen
is a simple one it can provide a useful starting point for gigl
early-type galaxies, where a significant fraction of théwrs were
typically formed at high redshift (see eom
these cases the approximation of a single star-formatimoée is
areasonable one. In particular it is important not to placenhuch
emphasis on the precise values of the SSP parameters aflinaliv
objects, but the SSP models can be used to study the difiesenc
between objects and any trends arising from this.

We adopt the single stellar population models._of Schiavon
) to interpret our global line-strength measuremenidg b,
Fe5015 and K in terms of the SSP parameters, age (t), metallicity
([Z/H]) and alpha enhancementoffFe]). We follow the approach
previously described by Kuntschner et al. (2010), wherentle-
els of n@?) were found to provide physically iseal
tic SSP-equivalent ages, metallicities and alpha enhasctnfor
the full range of line strength index measurements founchat t
work. In particular, thé Schiavbh (2007) models were fountita
saturate in age at high values of thes khdex.|Kuntschner et al.
) conducted a detailed comparison between the pi@uict
of themn@‘ﬁ) models and other competing SSP models
finding their derived parameters did not depend signifigamtlthe
choice of SSP model. Further details of our global stellautation
modelling are given in McDermid et al. (in preparation). \lélthe
determination of each of the three parameters depends thred
indices, some parameters depend more heavily on one inggx ov
another. H can be broadly thought of as an age indicator whereas
Fe5015 and Mg are more strongly influenced by [Z/H] and/Fe].

Rather than examining the individual SSRsVrelations (for
a discussion of the SSP:\ relations see S09) we consider the
four-dimensional parameter space defined hy. Vage, [Z/H] and
[a/Fe]. To analyse these data we use the technique of Principal
Component Analysis (PCA). A description of the PCA techeiqu
and the interpretation of its output can be found_in Fabe7$)9
and Francis & Wills/(1999).

(© 2012 RAS, MNRASD00, [TH19
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Figure 9. Upper panels: The-r andg-r - Vesc relations. As before individual galaxy profiles are showrthesblack solid lines with the global relation,
again determined from Raperture values, plotted in red. Both relations show theedagal and global behaviour as the WY s relation. We again see an
increase in scatter belowoy. ~ 400kms~! due to a population of negative gradient, ‘blue core’ galaxLower panels: Histogram of the individual galaxy
gradients for thg-r - andu-r - Vs relation, determined by robust linear fits to each galaxyilerdr he global relation is shown as the solid vertical linigw
the 3o errors shown as vertical dashed lines. The peak of theldlisivn of individual galaxy gradients coincides with thelggl gradient, and the width of
the distribution is consistent with the error on the globaldient. Theu-r-Ves. relation also exhibits the same local and global connection

Applying PCA to our data we find that 81 per cent of
the scatter is confined to the first two principal componenable
[3), indicating that in this four-dimensional space local\etype
galaxies are effectively confined to a plane. While this insie
tent with the findings in S09 and the weights associated vetihe
physical variable in the corresponding PCs are very simiardo
find a significantly increased scatter associated with tse degnif-
icant third and fourth principal components — we find a ‘tieick
plane than in S09. Part of this effect can likely be attridute the
somewhat poorer quality of the IFU data in the ATLASsurvey

a robust, linear plane fit to our data we find that local earpet
galaxies can be described by the relation:

VCSC Z t
1 — | =0.62 | =|+0.261 — | —0.17 (5
8 (500kmsfl) {H] * o8 (Gyrs) ®)

with & = 0.07. This relation is shown in Fi§. 10. This SSP sV

compared to the SAURON survey due to i) 1 hour instead of 2 hour relation is much tighter than any of the individual age, [F41

exposures and ii) a higher proportion of faint galaxiesgearalues
of PC3 and PC4 are typically associated with extreme valtiage

[a/Fe] - Vesc relations. However, this relation shows an offset be-
tween the global gradien6 63 + 0.03) and the distribution of the

or [a/Fe], lying on the boundaries of our SSP model grid. Interest local gradients@.75 + 0.51, see the lower panel of Fig.110). If we

ingly, the negative gradient galaxies do not occupy anyiappart
of the parameter space and, in this respect, are indisshghle
from typical early-types.

use the relation previously found by S09 we find a somewhat in-
creased scatter of = 0.11 (though still significantly tighter than
the individual SSP-V.. relations) but we find a better match be-
tween the local{.97 + 0.04 ) and global (.95 + 0.71) gradients.

We take this idea further by attempting to fit a single plane to We also find that this SSP -.\. relation displays the same local
the local V.., age and [Z/H] data points for our full sample. Using and global behaviour as the Nigand Colour-\4s. relations.

© 2012 RAS, MNRAS0O00, [THI9
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Figure 10. Upper panel: The best-fitting SSP =¥ relation determined by
robustly fitting a plane to the local V., age and [Z/H] of our galaxies. As
before, the solid black lines show individual galaxy prafitend the red line
is a robust linear fit to the Raperture values for the whole sample. Lower
panel: The distribution of the individual galaxy gradientbe solid vertical
line shows the global gradient determined from the dpertures and the
dotted lines show the 3-sigma errors on this gradient.

4.4 Deviationsfrom the Mgb-Ves. relation

Because of the tightness as well as the global and local bmiranf
the Mgb-V .. relation we can look for correlations of the residuals
from the relation with other galaxy parameters as a furtber to
unraveling the processes involved in galaxy evolution. \ve that
there is no correlation of the individual galaxy gradienighvany
other dynamical, morphological or stellar population @y dis-
cussed in this study (excluding the previously mentioneghtiee
gradient galaxies), therefore we concern ourselves widméxing
only the offsets from the mean relation.

While the global residual is an interesting quantity it does
take full advantage of the real power of integral-field spEsttopy:
it's spatially resolved nature. The key result to take fréwa Mgb-
Vese relation is that galaxies show the same behaviour bothliocal
and globally. The M@-V .. relation holds whether it is measured
in a central aperture or in annuli. This scale-independehabiour
suggests that the MgV .. relation should hold at all points within
the central regions of ETGs. It is easy to test this with IFitaday
plotting the Mgh-V s relation for individual bins, completely ig-
noring any information as to which galaxies any given birohged
to. The result of this analysis is shown in the [Eig. 11. Beeaithe
sheer number of individual bins in the ATLAB data it is neces-
sary to display this in a different fashion to the elliptieainuli data,
with the contours reflecting the number of bins at any giveimtpo

0.0 L L L 1 L L L 1 L L L 1 n n n 1 n n n
2.2 2.4 2.6 2.8 3.0 3.2
log V.. [kms™']

Figure 11. Mg b-Vesc relation determined from individual bins as opposed
to averaging over elliptical annuli. The solid red line irogls the best-fitting
relation to the central aperture measurements. The cantdtine individual
bins follow the central relation, with the expected dewiatat low V.s. due

to negative gradient galaxies.

in the Mgb-V.es. plane. As usual the best-fitting global relation is
overplotted as a solid red line, which follows the contouecisely.
The bin data are fully consistent with that determined frdiipte
cal annuli. The overall behaviour of the relation is also shene,
with significantly increasing scatter below.y = 400kms~*. This
tight relation found even when considering individual ballews
us to go further than the globally-averaged mean residwsrieed
above and consider the residuals of individual bins fromMge)-
Vese relation. The individual bin residuals are defined follogvias
above but, instead of using global values, using values fraii
vidual IFU bins. We will make use of both the global residustsl
individual IFU bin residuals in the following analysis.

4.4.1 Deviations from axisymmetry

As a sanity check on the way our MGE modelling deals with bars
and other non-axisymmetric features we separate the santple

a ‘clean’ sample of axisymmetric, fast-rotating galaxieattare
well described by the MGE models and a ‘dirty’ sample of all
other galaxies where there are significant deviations batwke
observed photometry and the MGE model. We also include all
galaxies classified as slow rotators in Paper Il as thesdikalg

to be weakly triaxial, as well as galaxies with bars, ringsphotal
twists and shells or other merger signatures. When we exathen
Index-Ves. relations of these two subsamples separately we find
that they are consistent with following the same relatidnough
there is larger scatter in the dirty sample. We find= 0.037 for

the clean sample, whereas the dirty sampledas 0.042. The
increased scatter we find in the dirty sample can accountSqget
cent of the scatter in the relation for the complete sample.

4.4.2 Mgp structures within galaxies

While we use the same elliptical annuli to measure both the in
dex and . profiles, the index and M. maps often have some-
what different isocontour shapes. While some of this vamat

can be accounted for by measurement errors there are a num-
ber of cases where the isocontours of theiMimd Fe5015 maps
show a prominent disk-like structure. This effect is mosb-pr
nounced in the M@ maps. This issue was discussed briefly in

(© 2012 RAS, MNRASD00, [THI9
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Figure 13. Upper panel: The location of Mgdisk galaxies in the Mg-
Vesc relation. The Mg-disk galaxies, indicated by the red profiles, have
the same distribution as the normal galaxies. Lower panistribution of
individual galaxy gradients for Mg-disk (red) and non-disk galaxies (blue).
The Mgb-disk galaxies are offset to steeper gradients than ndogdilax-
ies, however the offset is only marginally significant in a-t€St.

© 2012 RAS, MNRAS000, [THI9

Kuntschner et al| (2006) and Krajnovic ef al. (2008), anderex-
tensively in Kuntschner et bl. (2010, see their fig. 9 and axpeoy-
ing discussion). Here we explore how these structures iimthex
maps affect the Mg-V ... relation.

We selected by eye all galaxies showing a prominent flattened
Mg b component in the Mg maps, yielding a sample of 27 ob-
jects. A few examples of galaxies with flattened Mgtructures
are shown in Fig_12. These galaxies do not occupy any particu
lar region of the Index-V;. diagrams, being indistinguishable from
early-types that do not exhibit a flattened ¥gomponent (upper
panel of Fig[IB). However, these galaxies have steepeiegitad
than the typical early-type (as well as being steeper thamgibbal
relation) as shown in the lower panel of Fig] 13. The shiftlops
is small, only 1.5 above the mean local gradient for the whole
sample. When we exclude the negative gradient galaxiefése t
are clearly a different population) a Kolmogorov-Smirnestt(KS-
test) returns the probability that the two sets of gradienesdrawn
from the same distribution is 0.17, which is inconclusivewéver,
these galaxies have residuals from the Mg.s. relation consis-
tent with the full sample of galaxies. This suggests thatahice
of elliptical apertures is robust against structure in the strength
maps.

4.4.3 Other influences

In McDermid et al., in preparation we will show that the eowir
ment and gas content of an early-type galaxy have a smaliget s
nificant influence on the global properties of its stellaryapon.
These effects persist independent of the size of apertecttogle-
termine the SSP properties. We briefly revisit these regulthis
paper, using our bin-by-bin analysis and examining thedtesds
from the Mgb-V.s. relation (rather than from the SSPrelations)
in the context of the local and global behaviour describexab
In the left panel of Fig—_14 we show the histogram/fMg b

for individual bins, divided into bins belonging to all (lsld), Virgo
(red) and non-Virgo (blue) galaxies. Bins belonging to igjuster
galaxies have more positive residuals, in the sense thatigiiong-
ing to Virgo cluster galaxies have higher Mgt fixed Vesc cOM-
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Figure 14. Left panel: Histogram ofA Mg b for individual bins, divided into all (black), Virgo (redhd non-Virgo (blue) samples. Bins belonging to galaxies
in the Virgo cluster have higher Mgat fixed Vesc. The Virgo sample does not exhibit the prominent tail of p®idue to negative gradient galaxies found
in the full and non-Virgo samples. Right panel: Histograniig b for individual bins, divided according to the presence o$tdiblue) or not (red) in the
associated galaxy (not in that specific bin). Dusty galatéesl to have lowA Mg b at a given \isc and also frequently exhibit negative gradients.

pared to bins belonging to galaxies in lower density envirents. enclosing 10, 30, 50, 70 and 90 per cent of bins with the giveR S
In the right panel of Fig_14 we show the histogram of the nesid  value.

als from the Mgh-Vs. of individual bins associated with galaxies For the relation at fixed t or/Fe] we find that, except for the
from the full (black), dusty (blue) and non-dusty (red) sésfas very youngest or most-deficient bins, all bins follow the Mg
classified in Paper Il). As can be seen these galaxies arey$rioi- Vesc relation within the 1o errors. Bins at fixed t ord/Fe] span
ased towards having negative residuals - at a givgn & bin from the full range in \4s. of the sample, again except for the youngest

a dusty galaxy will typically have a weaker Nidine-strength than bins. The youngest bins withd 1.2 Gyrs (not explicitly shown in
a dust-free galaxy. The same result is true of CO and HI dedect  Fig.[I3) all lie below the relation; they are also only fourtdoav

galaxies — bins belonging to galaxies with detectable caklgpm- Vesc (consistent with our discussion on negative-gradientaxies
ponents are generally found below the relation. in the following Section 511). Bins with4 2.4 Gyrs also typically
These results are consistent with our findings in McDermid et lie below the relation, though at higher.¥ this effect is less pro-
al., in preparation. However the use of spatially resolveantjties nounced. All bins with t> 2.4 Gyrs follow the Mgb-V . relation,
allows us to go one step further in our analysis. As previpsisited, even at .. < 400kms~'. When binning by §/Fe], only the most

the Mgb-V.sc gradient does not depend on any galaxy property, in- [a/Fe] deficient bins withd/Fe] < —0.06 show any significant de-
cluding environment and gas and dust content (with the eiarep  viations from the M@-V .. relation (again, not explicitly shown in

of the negative gradient galaxies). Here we have shownribatid- Fig.[I8), and only apparent at.¥ < 400kms™'. There is a smalll
ual bins within galaxies in high-density environments othwiigh but significant trend for the relation to be offset to highalues of
dust or gas contents are offset from the main relation (insitipe Mg b as [p/Fe] increasesA Mg b increases with increasing[Fe].
and negative sense respectively). These two observationsthat There is no clear trend @k Mg b with t.

the offset is a systematic one — all bins within the central R. The picture is very different when binning by [Z/H]. Bins of
are offset from the mean relation by the same amount for angive fixed [Z/H] only span a narrow range in.\. The low-[Z/H] bins
galaxy. This does not apply to the negative gradient gasaxigch are concentrated at low\. and lie below the M@-V ... relation,
show a broad range of behaviours and no systematic offset. in the region occupied by the negative gradient galaxies.High-

[Z/H] bins are concentrated at high.¥ and lie above the main

Mg b-V s relation. When [Z/H] is restricted to even smaller ranged
4.5 SSPparameters than in the figure, each unique metallicity bin spans only raova
range in \.sc and falls as a clump along the relation. The dAg

In Sectior{4.B we explored the connection between the gl8B&l
I We exp ! W g V.sc relation disappears for fixed [Z/H]. This behaviour is natrse

parameters and ). In this section we go beyond globally aver- for t IFel f ‘i the bi
aged quantities and instead examine the dependence ofsilde re or tor [a/Fe]; Or EVen narrow ranges o q&fe] 1€ bins span
uals of the Mg-V.s. relation on thdocal SSP parameters. Using a broad range in Y. and the Mgb-\l.. relation is still observed.

the SSP models f Schia 07) we apply the SSP method of.'I'his i§ not surprising, given thgt the strength of the Mapsorption
McDermid et al. (in preparation) to the line-strength irdicof in- index is predominantly determined by [Z/H], and so Mgan vary

dividual IFU bins and construct maps of the three SSP ecgnival little at fixe_d [_Z/H]' The Mgb-_Vesc relatio_n is_predominantly df“(e“
parameters age, metallicity and alpha-enhancement. b.y the var!atlon of [Z/H] W.'th \ose, V.VhICh IS again unsurprising
In Fig.[T8 we show the M-V... relation for individual bins given the tight mass-metallicity relation of ETGs (McDednett al,

falling within a given range of each of the SSP parameterg Th in preparation).
coloured contours show the location of all IFU bins fallinghin
that range of t (upper panel), [Z/H] (middle panel) afffe] (lower
panel) in the M@-Ves. plane. The solid line of the same colour
shows the best fit to the bins with the associated SSP valles. T
contours for each SSP parameter subset are normalisedtimdhe  In the previous two sections we have presented many pieaas- of
number of bins falling within that SSP range — with the condou  servational evidence connected to the role gf.\in local early-

5 DISCUSSION

(© 2012 RAS, MNRASD00, [TH19
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Figure 15. The Mgb-Ves relation for all individual bins, divided into three rangefsage (upper panel), metallicity (middle panel) and enbament (lower
panel). The coloured contours indicate the region occupiethe points with a given range of t, [Z/H] oa[Fe]. The contours enclose a set fraction of the
bins with a given range of t, [Z/H] ord/Fe] — for example there are far fewer total points in the Eage bin than in intermediate age bins even though the
same number of contours are displayed. The solid black hiogvs the global relation for all galaxies while the coloufiegs are a fit to the SSP subsets.

The range of SSP values indicated by each colour is givereifetiend on each panel. The negative gradient galaxies startearly at young ages and low
metallicities. The relation shows the strongest deperelendZ/H].
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type galaxies. In this section we consider the above evilencon-
text of galaxy evolution theory and use it to discriminaténsen
the different potential formation histories of the nearlyle-type
galaxy population.

5.1 Theeffect of recent star formation on the V.. relation

The most striking aspect of the MgV ... relation is its tightness
above Vs ~ 400kms ™! and the sharp increase in scatter below
this value. This increase in scatter can largely be ateithudb a
population of galaxies showing negative gradients, withtrealy
depressed values of Mg(and to a lesser extent Fe5015) and en-
hanced values of Bl These negative gradient galaxies are found
almost exclusively at low values of ., apart from a single ex-
ception. As noted above high values of ldre usually indicative of

a young stellar population, with our SSP analysis confirmirag
these galaxies have, on average, lower central SSP agesegst
tive gradient galaxies have SSP equivalent ages less thgms3(&
Gyrs) within an R/8 (R.) aperture (Figl_16), or, in observational
terms, H3 > 2.5(2.3). In the case of NGC4150, a prominent nega-
tive gradient galaxy, Crockett etlal. (2011) confirm the pree of

a centrally concentrated 300 Myr population using HST UV and
visible photometry. These galaxies also tend to be dustganthin
significant amounts of molecular gas, again indicative oén¢ star
formation. 75 per cent of negative gradient galaxies areated

in CO, compared to 18 per cent of the normal galaxies. Sityijlar
71 per cent of negative gradient galaxies contain dustiitiethin

the ugriz photometry, compared to only 15 per cent of the normal
galaxies.

These young cores typically represent a small (by mass frac-
tion) perturbation on top of an underlying older populatiés the
galaxy ages and the younger population fades, reducingiisic
bution to the total luminosity of the galaxy, we might exptase
galaxies to return to the MgV ... relation as the older population
comes to dominate the light. We can test this idea by artiljcia
ageing these negative gradient galaxies using our SSP saddes
analysis is shown in Fif._17. As can be seen the negativeegradi
galaxies typically return to the relation after a few Gyrsegblu-
tion, assuming no further star formation takes place. Thedcales
for this are likely shorter than those predicted by the SSHets

as the assumptions made in the SSP modelling mean the SSP age

are strongly influenced by even a small fraction of very yostags.

In an upcoming paper in the series we will explore more corple
star formation histories for the sample, allowing us to aataly
constrain the mass fractions and ages of these young cstelalr
populations.

These negative gradients are predominantly found in galax-
ies with central s < 400kms . Not all galaxies below this
Vese threshold show negative gradients, the majority of gakxie
in this region still follow the relation. However, these geks
are much more common below this value. Galaxies with central
Vese = 400 kms™* have JAM dynamical masses ®fx 10*° M.
[Kauffmann et &ll.[(2003) identified this mass scale as marktieg
transition from young, low surface-density galaxies to, aftbre
concentrated objects. The same valugaM ~ 3 x 10'° M, was
found in Cappellari et all (2012c, hereafter Paper XX) tarabter-
ize the galaxy distribution on the\/, R.) and(}M, o) planes. This
mass defines a break in the “zone of exclusion” of the galagy di
tribution. Below this mass ETGs are found to define a sequefice
increasings, bulge fraction, M/ L and redder colours. Above this
mass bulges dominate and thé/L and colour are more homoge-
neous (see Paper XX for details).

-2 L L L L 1 L L L L 1 n n n n 1
10
Age (Gyrs)

o
o
I
o

Figure 16. Mg b-V s gradient vs. central age, measured within an aperture
with radius R/8. The solid line is a fit to the data. The dashed line divides
galaxies with negative and positive gradients. Negatieelignt galaxies all
have young central ages.
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Figure 17. The Mgb-Vesc relations for a selection of negative gradient
galaxies (dashed lines) and their artificially aged coyates (coloured
lines). The ‘aged’ galaxies are produced by keeping thelP 8&ermined
[Z/H] and [a/Fe] fixed while allowing their SSP age to vary. The colours of
tls1e ‘aged’ galaxies indicates the amount of ageing requoe@turn them

10 the Mgb-Vsc relation. Purple/blue corresponds4o2 Gyrs of passive
ageing, whereas red corresponds+td5 Gyrs.

5.2 Constraintson merging

It is perhaps surprising that we do not find any differenceeims

of the Mgb-V.s relation, between the fast and slow rotators in
the ATLAS®P sample, given the differing relative importance of
gaseous and dissipationless processes in their formedmrmlié-
cussed in Sectiopl 1). Taking an extreme example, if we were to
merge two completely gas free, equal mass fast rotatorshtithat
initially lie on the observed M@-V.s. relation, would we expect
the resulting merger remnant to lie on the My ... relation? A
naive initial answer would suggest no; by merging the twaxal

ies we are significantly altering the mass distribution aedde the
local Vesc, While the stellar population remains unchanged as there
is no gas to form new stars. If this simple analysis is valightfit

is possible to constrain the number of major, dry mergersa ty
cal early-type galaxy has experienced. However, the ganay be
considerably more complicated than this simple analy&isvalfor,
even in the case of a dry major merger. While the global piatkeoit

(© 2012 RAS, MNRASD00, [TH19



the galaxy must deepen as more mass is added, the mergesgproce
may redistribute the stars in such a way that the local V6 es-
sentially unchanged. In support of this idea it has long lsemwvn
that the rank order of binding energies of the stars is pvesein a

collisionless merger (White 1978; Barhes 1988).

We can estimate the effect of a major dry merger by calcu- £

lating the change in M. from simple analytic expressions. The
central Vs will be affected by changes in the final mass and ra-
dius and due to the redistribution of the stellar materia thuvio-
lent relaxation. Following a simple Virial estimate as$ indbaet al.
) (assuming Virialised initial systems formed dissiyely of
stars and conservation of energy in the following mergecait be
shown that:

ry_ (L+n)?
(1 +ne)

T

where the subscriptsand f denote initial and final quantities,
and M are the radius and mass of the objecis the mass ratio of
the mergerl 4+ n = My /M, ande is the ratio between the accreted
and initial mean square speed of the stars; (v ) / (v7). If the
two progenitors are identical (= 1, ¢ = 1) the radius and mass of
the remnant will double. This leads to a change ig.\of:

Vcsc,f

1/2
Vcsc,i * ( ) =L

For a 1:1 major merger this analytic estimate predicts Will re-
main unchanged, however this only applies to central vatues
under the assumptions outlined above. If energy is not ceede
or relaxation is not complete the change inVmay differ. In-

deed|, Hopkins et al. (2009, their fig. 1) find in their simwas that
r¢/ri ~ 1.8, as opposed to the value ®fpredicted by the above
analytic estimate. This would yieléﬁ ~ 1.05. Equally impor-
tantly, our analytic estimate is too sihwplistic to predicihVesc
varies with radius after a merger.

In order to better assess the effect of mergers on thé-Mg.
relation in real systems we make use of the N-body binary aterg
simulations oIl, hereafter Paper VI). Bggimg’
the stars in the merger progenitors with a given age and licétal
we were able to follow how the stellar population is redisited in
a dry major merger. Here we examine only the effect of majdr (1
mass ratio), dry { 3 per cent gas) binary mergers on the bAg
Vese relation. In a future work in this series we will fully dedoe
this approach including the extension to gas-rich and minerg-
ers. We consider two merger cases from Paper VI with eapg-ty
galaxies as progenittﬁsAIl models are projected at an inclination
of 60 degrees to the line of sight. We assign ages and méialic
to the progenitor galaxies such that they lie on the obseMgd-
Vese relation. In the model galaxies we use the MILES SSP library
(Sanchez-Blazquez etlal. 2006) to convert the projecteliicity
and age of the stars into a map of the Me strength. The model
galaxies are then 'observed’ exactly as the real galaxies aed
Mg b and V.. profiles are constructed as described in Se¢figh 4.1.

The results of this analysis are shown in [Eigl 18. The progen-
itors are shown in green, with the corresponding remnanivsho
in blue. The black lines show the observed ATLASsample and
the solid red line is the best fitting relation as describe8éction
[47. The dry merger simulations confirm our naive predictiuat
Mg b remains essentially unchanged while the merger remnamts ar

T Mf
rf Mi

3 their so-called ‘remerger 2x11 dd’ and 'remerger 2x11réeJaper VI
for details.

© 2012 RAS, MNRASO00, [THI9
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Figure 18. A zoom in on the high-Vs. end of the Mgh-Ves. relation with
the results of 1:1 mass-ratio, dry, binary merger simutetioverplotted.
The green lines show the MgV s profile for the two (similar) progenitor
galaxies and the blue line shows the profile for the mergenegi The
black lines indicate the observed galaxy profiles. The mesgeulations
are fully described in the text. The effect of the mergers imtrease Vs
without significantly changing the observed Mg

shifted to higher Vs by an amountA log Vesc = 0.08. We also
find that Mgb-V.s. gradients are largely preserved in the merger,
in that the gradient of the remnant is the average of the miege
tors’ gradients. It is clear that dry major mergers move xjaRto
the right of the relation, rather than along the relatiomnfthis re-
sult we can draw two conclusions. Firstly, massive earpetgalax-
ies are unlikely to have been formed purely by multiple drnjana
mergers of low-mass present-day early-type galaxies. Arease
in their log Vesc by ~ 0.4 due to major mergers (moving them from
the middle to the high end of the.\. range of our sample), with
no corresponding change in log Nigvould give these hypotheti-
cal galaxies values dbg Mg b > 30 below the relation. Secondly,
the observed scatter in the MgV s relation can be used to con-
strain the number of major dry mergers a typical early-tyakaxy
can have undergone. Given an observed scatter ef 0.04, and

a typical A log Vesc Of 0.08 per major merger, we find that a typ-
ical early-type galaxy can only have experieneed .5 major dry
mergers since joining the MgV .. relation.

6 CONCLUSIONS

In this work we have presented the IndexsVrelations for the
ATLAS®P survey, a complete sample of nearby early-type galaxies.
This survey is based on SAURON integral-field spectroscom/ a
is supported bygriz photometry. Using these data we accurately
modelled the mass distributions of 258 galaxies in the samgihg

a combination of MGE photometric models and JAM dynamical
modelling. We again emphasise that ouxVis derived from the
surface brightness, so may differ from the trug Mlue to the influ-
ence of dark matter, and that the results we present hereetterp-
inantly empirical rather than causal. An important, andigtrtfor-
ward, test of a potential causal relationship would be toréra the
stellar population - Vs relations are large radii, where dark mat-
ter is expected to dominate the gravitational potentiabniFthese
results we are able to draw the following conclusions:

i) The Mgb - Vs and relation is extremely tight (with a scatter
of 7 per cent) and displays a local and global connectionhat t
the relation is the samwithin individual galaxies as it is between
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different galaxies. The Colour - relations exhibit very similar
behaviour. These correlations provide a compact way toritesc
gradients in stellar populations in ETGs. They are an idmallfor
comparison with numerical simulations, to test whethey tiegro-
duce real galaxies.

ii) Below Ve ~ 400 kms™! the scatter in the Mf - V. rela-
tion increases significantly due to a population of negagiaglient
galaxies. These negative gradient galaxies typically ltaverally
concentrated young stellar populations and often contailecnlar
gas and dust. This strongly suggests that these negatideegta
are due to recent star formation. The SSP models suggesaghat
these galaxies age the majority will return to the MgV ... rela-
tion - negative gradients are largely a transient phenomena

iii) Excluding the negative gradient galaxies, the MgV .sc gradi-
ents do not correlate with any other galaxy property. Thalteds
from the V.. relation correlate with: environment, dust and molec-
ular gas content and enhancement.

iv) In the four dimensional space of.\, Age, [Z/H], [a/Fe]
the galaxies in our sample are approximately confined to mepla
This plane can be defined using just three variable€sVes. =
0.62[Z/H] 4 0.26 log t + 2.53. This SSP relation is tighter than any
of the individual SSP - V. relations and also exhibits the same
local and global behaviour as the MgV s relation.

v) At the high V... end of the M@ - V. relation a galaxy can
typically have experienced onty 1.5 dry mergers without shifting
the galaxy so far away from the relation that it is no longersis-
tent with the observed scatter.
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APPENDIX A: MGE MODELSFOR ALL 258 GALAXIES

Contour plots showing observations (black) and MGE models)(

for all 258 galaxies withr-band imaging available. We show only
the central 40" x 40", approximately the region covered bg th
SAURON observations. The MGE models are able to reproduce a
range of morphologies from round galaxies to edge-on, ddstly
objects. Bars, which our MGE modelling procedure is desigmat

to fit, stand out clearly. Contours are shown at 0.5 magnitoie-

vals down to the standard deviation of the sky backgrounel.lev

APPENDIX B: COMPARISON BETWEEN MGE AND
LITERATURE SURFACE BRIGHTNESS PROFILES

Comparison of surface brightness profiles derived from o@GBV
models with those of Kormendy etl&l. (2009), for all 23 gagaxin
common between the two samples. The agreement betweendhe tw
sets of profiles is excellent, with typical residuals of Or@dgni-
tudes.
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Figure A1l. MGE models (red) and observations (black) for all 258 galsxiithr-band imaging available, arranged by name.
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Fig.[AT continued.
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Fig.[AT continued.
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Figure B1. Comparison of surface brightness profiles from MGE modeadtiddine) and observations from_Kormendy el al. (2009) f6r28 galaxies in
common between the two samples. The comparison is shownawelythe region for which the MGE is valid, 1.52 r < 2max(oMmgr). The sky

background level in the SDSSband images is indicated by the horizontal dotted line.
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