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ABSTRACT

In the companion Paper XIX of this series we derive accuratal imass-to-light ratios
(M/L);am = [M/L](r = R.) within a sphere of radius= R, centred on the galaxy, as well
as stellan M/ L)stars (With the dark matter removed) for the volume-limited andmgmass
selected (stellar masd, > 6 x 109M) ATLAS3P sample of 260 early-type galaxies (ETGs,
ellipticals Es and lenticulars S0s). Here we use those patersito study the two orthogonal
projections Mjam, o.) and(Mjam, R2**) of the thin Virial Plane (VPYMjam, 0c, R2?)
which describes the distribution of the galaxy populatishereMjay = L x (M/L)jam =
M,. The distribution of galaxy properties on both projectiofithe VP is characterized by (i) a
boundary in the galaxy distribution, described by two poelaers, joined by a break at a char-
acteristic mas8/yanm ~ 3 x 10'° M), which corresponds to the minimuR), and maximum
stellar density, and (i) a characteristic maggay ~ 2 x 10! M, which separates a popula-
tion dominated by fast rotator with disks at lower massesnfone dominated by quite round
slow rotators at larger masses. The distribution of ETGg@rties on the two projections of
the VP tends to be constant along lines of constanor constant,/GM, /(5RP?*) = o,
respectively, and forms a continuous and parallel sequeitle¢he distribution of spiral galax-
ies. This applies to the dynamidal//L);anm and to other indicators of the\//L),.p, of the
stellar population, likeH 3 and colour, as well as to galaxy concentration, which we show
is tracing the bulge mass. A similar variation along congoofro, is also observed for the
mass normalization of the stellar Initial Mass Function AMwhich was recently shown to
vary systematically within the ETGs galaxy population. Queferred relation has the form
logyo[(M/L)stars/(M/L)salp] = a + b x logyy(c./130km s~!) with @ = —0.11 £ 0.01 and

b = 0.36 £ 0.06. This trend implies a transition of the mean IMF from Kroup&Salpeter in
the intervallog,(c./kms™) ~ 1.9 — 2.4 (or 0. ~ 80 — 260 km s~!), with a smooth vari-
ation in between, consistently with what was shown in Cdpgedt al. (2012). The observed
distribution of galaxy properties on the VP provides a claad novel view for a number of
previously reported trends, which constitute special tiraensional projections of the more
general four-dimensional parameters trends on the VP. W&epiret the distribution of galaxy
properties on the VP as due to a combination of two main effégtan increase of the bulge
fraction, with a corresponding increase of the concemnaind decrease iR., which seems
connected to the quenching of star formation, and (ii) drygimg, increasing galaxy mass
and R, by moving galaxies along lines of roughly constapt(or steeper), while leaving the

population unchanged.

Key words: galaxies: elliptical and lenticular, cD — galaxies: eviat— galaxies: formation
— galaxies: structure — galaxies: kinematics and dynamics

1 INTRODUCTION

Much of our understanding of galaxy formation and evolution
comes from the study of dynamical scaling relations re¢pdgjalaxy
luminosity or mass, size and kinematic (el.g. Faber & Jackson
1976; | Kormendy. 1977; Dressler el al. 1987; Faberletal. 11987;
Djorgovski & Davi$|1987) or regular trends in the distrilmurti

of galaxy properties as a function of their scaling paransete
(e.g. |Bender et al. _199Z; Burstein et al. 1997; Kauffmandlet a
2003b; Gallazzi et al. 2006), and from the study of their etioh

with redshift (e.g. van Dokkum & Frarix 1996; Kelson et al. 199
van Dokkum et al. 1998; Treu et/al. 2005; Franx et al. 2008).

The volume-limited ATLASP sample of nearby early-type
galaxies [(Cappellari et al. 2011a, hereafter Paper ) tatestan
ideal benchmark for studying scaling relations and theribist
tion of galaxy properties, given the availability of a higbality
multi-wavelength dataset. In particular 1 hereafter Paper XIX
we used the state-of-the-art integral-field kinematicsetove accu-
rate masses and global dynamical parameter. We found taxiem
lie, with very good accuracy, on a thin Virial Plane (VP) désiag

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

galaxies in the parameter space defined by mass, velogigrdisn
and projected half-light radiu§Mjam, o, Re*®*). The existence
of this plane is due to the virial equilibrium condition
Mjanm o o R 1)
and for this reason by itself it contains no useful inforroaton
galaxy formation. All the useful constraints on galaxy faition
models come from the inhomogeneous distribution of gataiie
non-edge-on views of the VP and from the distribution of ggla
properties along the VP.

This paper is devoted to a study of the non edge-on projection
of the VP to see what we learn from it on galaxy formation. Tibis
done in the spirit of the classic papers|by Bender ei al. (18828
Burstein et al.|(1997). However the fact that we have acenigit
namical masses implies that our VP is extremely thin andlivics
the virial equations quite accurately. For this reason weigaore
edge-on views of the plane and focus on non edge-on projectio
only. The thinness of the VP implies that any inclined progt
show essentially the same information, after a change ofdéoo
nates. We can use standard and easy-to-understand olissraab
our main coordinates, instead of trying to observe the pktna
precisely face-on view.
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In this paper, in Section 2 we summarize the sample and data,2.3 Measuring galaxy global parametersM /L, R. and o

in Section 3 we present our projections of the VP. We illustthe
distribution of a number of quantities on th#/, o.) and (M, R.)
projection. We show the variation of tHg///L);am, as well as
of population indicators of\/ /L. We show the variation of galaxy
concentration, intrinsic shape, morphology and stelltation. The
variations of the IMF are separately presented in Sectitogéther
with a review of previous results on the IMF variation. in &t 5
we discuss the implications of our findings for galaxy forioat
and briefly summarize our paper in Section 6.

2 SAMPLE AND DATA
2.1 Selection

The galaxies studied in this work are the 260 early-typegala
ies which constitute the volume-limited and nearly madsesed
ATLAS?3P sample (Paper 1). The object were morphologically se-
lected as early-type according to the standard criterionbfit
1936;/ de Vaucouleuls 1959; Sandage 1961) of not showinglspir
arms or a disk-scale dust lane (when seen edge-on). Thetgpdy
are extracted from a parent sample of 871 galaxies of all hwerp
logical types brighter than/x = —21.5 mag, using 2MASS pho-
tometry (Skrutskie et al. 2006), inside a loca! (< 42 Mpc) vol-
ume of1.16 x 10° Mpc? (see full details in Paper ).

In Paper XIX we compared our sample to previous samples

The dynamical masses used in this paper were obtained with
the dynamical models of the ATLAS sample presented in
Cappellari et al.[(2012) and described in more detail in PXe.

In brief the modelling approach starts by approximating the
served SDSS and IN#-band surface brightness distribution of the
ATLAS?P galaxies using the Multi-Gaussian Expansion (MGE)
parametrizatior (Emsellem et/al. 1994), with the fitting noet and
software of_Cappellari (ZOlﬁ.) Full details of the approach and
examples of the resulting MGE fits are given in Paper XXI. The
MGE models are used as input for the Jeans Anisotropic MGE
(JAM) modelling methodwhich calculates a prediction of the line-
of-sight second velocity moments?.) for a given set of model
parameters and fits this to the observéd,s (Cappellari 2008)
using a Bayesian approach (Gelman et al. 2004). The models in
clude a spherical dark halo, which is parametrised accgriirsix
different sets of assumptions (See Paper XIX for full dejailn
Cappellari et al.|(2012) we showed that the adopted assongpti
on the halo have insignificant influence on the measured toénd
M /L. For this reason in this paper we only use the two simplest
sets of models from that paper (using the same notation):

(A) Self-consistent axisymmetric JAM model, in which the dark
matter is assumed to be proportional to the stellar one. \W¢hea
total (luminous plus dark)}//L of this model(M/L)jam;

(B) Axisymmetric JAM model with spherical Navarro ef al.
(1996) (NFW) dark matter halo. Here ttdé/L of the stars alone

for which accurate dynamical masses have been determined ei (M/L)stars is measured directly.

ther via gravitational lensing (e.g. Bolton etlal. 2008bgauet al.
2010a) or dynamics (e.0. Magorrian etlal. 1998; Cappeltale
2006; Thomas et al. 2009) and conclude that it provides amajo
step forward in sample size and accuracy.

2.2 Stellar kinematics and imaging

Various multi-wavelengths datasets are available for tmapde
galaxies (see a summary in Paper I). In this work we make
use of theSAURON (Bacon et all. 2001) integral-field stellar kine-
matics within about one half-light radiu®., which was in-
troduced in_Emsellem etlal. (2004), for the subset of 48 early
types in theSAURON survey [(de Zeeuw et al. 2002). The kine-
matics of all galaxies in the ATLA® sample was homoge-
neously extracted as described in Paper I, using the pPXWwaef
(Cappellari & Emsellem 2004) and the full MILES stellar bloy
(Sanchez-Blazquez etlal. 2006; Falcon-Barrosolet 411 p8s tem-
plates.

Effective velocity dispersions. were measured by co-adding
all the spectra in th&AURON datacube contained within the half-
light isophote, or within the largest observed aperturee fdsult-
ing “effective spectrum” was still fitted with pPXF using tifell
MILES stellar library as templates, and assuming a Gaussian
of-sight velocity distribution. Gas emission around thegible H3
and[OI11] emission lines were systematically excluded from the
fits and the CLEAN keyword of pPXF was used to reject possible
remaining outliers from the spectra.

The photometry used in this work comes from the Sloan Dig-
ital Sky Survey (SDSS, York et al. 2000) data release eigfRgD
Aihara et all 2011) and was supplemented by our own photgmetr
taken at the 2.5-m Isaac Newton Telescope in the same set of fil
ters and with comparable signal to noise for the rest of thepta
galaxies|(Scott et &l. 2012, hereafter Paper XXI).

© 2012 RAS, MNRASD00,[TH25

Lablanche et al! (2012, hereafter Paper XIl) studied th&-acc
racy in theM /L obtained with the JAM method, usiny-body
simulations that resemble real galaxies, and concludet thiea
M/L of unbarred galaxies can be measured with negligible bias
< 1.5%, while the M /L of barred galaxies that resemble typical
bars found in the ATLASP sample can bias the determination by
up to 15% in our tests, depending on the position angle of éng. b

The M/L of the stellar populatior{}//L)sa1p in the SDSS
r-band was presented lin_ Cappellari et al. (2012). It was eteda
using the penalized pixel-fitting (pPXF) method and sofevaf
Cappellari & Emselleim (2004) for full spectrum fitting. Ingltase
the model templates consisted of a regular rectangularajrizb
ages and 6 metallicities\//H|, assuming a Salpeter (1955) IMF
for reference, from the MILES models bf Vazdekis €t al. (2010
We used the pPXF keyword REGUL to enforce linear regulariza-
tion (Press et al. 1992, eq. 18.5.10) in the recovered senhuflates
weights from the fit. The regularization parameter was chdse
every galaxy to obtain an increagey? = /2 x Npix in the x?,
with respect to a non-regularized fit. In this way the recedeso-
lution constitutes the smoothest one consistent with theecled
spectrum (see fig. 20 of Onodera et al. 2012 for an examplé3. Th
regularized approach helps reducing the noise in(th§ L)saip
determination, however the results are quite insensitvihe pre-
cise value of this parameter and remain essentially unauhfay
a range of plausible values. More details on our spectraiditf
the SAURON data and the resulting star formation histories will be
presented in McDermid et al. (in preparation).

Effective radii are defined as the projected half-light radi
the isophote containing half of the total analytic light b&tMGE
models from Paper XXI. Both circularized radil. and the more
robust major axe®."** were extracted as described in Paper XIX.

1 Available from http://purl.org/cappellari/idl


http://purl.org/cappellari/idl

4 M. Cappellari et al.
M-o M-size
R B L] R AL
Vi L 4
10.0 >
o
a
=3
g,
[
1'0:' A E
o/ /s 7 7 ]
g 0.5 T/ R // //‘,// e
- - . R4 - C ./ /L7 7
il A 3l A1 1 il VAR VAIT, | AT
1010 10” 1012 1010 10" 1012
My M) My [Mg)
M—-phase space density
o
a
3 x
3 (O]
] =
3 Ve
E [ 4
.\: 3
w 3
3 ¥
R 8
N [A]
1010 10'1 1012 1010 10" 1012
My [Mg) 1og(M/L) My [Mg)
0.35 0.48 0.61 0.74 0.87

Figure 1. The Virial Plane and it projections. The top two panels shesvo main projections of the VP in thi@/;ang, oe) and(Mjan, R22*) coordinates.
Overlaid are lines of constant. = 50, 100, 200, 300, 400, 500 km s~1 (dashed blue), constafR™2* = 0.1, 1, 10, 100 kpc (dot-dashed red) and constant
e = 108,10°,101°, 10" Mg kpc—2 (dotted blackpredictedby the virial relation. The observed/y g, oe, R22¥) points follow the relation so closely
that the coordinates provide a unique mapping on theseatitagnd one can reliably infer all characteristics of thexgatafrom any individual projection. In
each panel the galaxies are coloured according to the (L@E®8thed)og(M /L) anm, as shown in the colour bar at the bottom. Moreover in all fsaife
thick red line shows the ZOE relation given by equatioh (8pia projected according to the virial relatidd;anr = 5.0 x 02 R®2* /G. While the top two
panels contain different observable quantities, the botiwo panels merely apply a coordinate transformation tajtrentities in the top two panels, to show
the effective phase space densfityy = 1/(cR.2) and effective mass surface density = My /(27 Re2). Two galaxies stand out for being significantly
above the ZOE in théMjan, oe) and (Mjanm, Xe) projections. The top one is NGC 5845 and the bottom one is N&R2 4

3 PROJECTIONS OF THE VIRIAL PLANE
3.1 Total M/L variations

We have shown in Paper XIX that the existence of the FP is dlmos
entirely due, with good accuracy, to a virial equilibriunndition
combined with a smooth variation ié/ /L. Once this is clarified,
the edge-on projection of the Virial Plane becomes unistare
from the point of view of the study of galaxy formation, as iraly
states an equilibrium condition satisfied by galaxies anddés not
encode any memory of the formation process itself. This égjiee-
ment with previous findings with simulations (Nipoti et aD(3;
Boylan-Kolchin et al! 2006). All information provided by &g
relations on galaxy formation is how encoded in the non emye-
projections of the Virial Plane, and first of all in the dibtition
of M/L on that plane. In Paper XIX we also confirmed tAdy L
correlates remarkably tightly with. (Cappellari et al. 2006). This
is especially true (i) for slow rotators, (ii) for galaxias ¢lusters
and (iii) at the high-end of the. range. Here we look at the entire

Virial Plane and try to clarify the reason for these and otieaxy
correlations.

In a classic paper Bender et al. (1992) studied the distabut
of hot stellar systems in a three-dimensional space, thibgdca
space, defined in such a way that one of the axes was empijriieall
fined to lie nearly orthogonal to the plane. This made it eadgak
at both the edge-on and face-on versions of the plane. Ipépsr,
thanks to the availability of state-of-the-art integraltdi kinemat-
ics and the construction of detailed dynamical models, weusse
mass as one of the three varialb@$;an, oe, Re). We have shown
that in these variables the plane is extremely thin and dlthe
scalar virial equatiodyan = 5.0 x ¢2R™** /G within our tight
errors. This implies that any projection of the plane cargahe
same amount of information, except for a change of coordmat
Instead of looking at the plane precisely face-on, we detideon-
struct special projections that correspond to physicalganingful
and easy-to-interpret quantities.

(© 2012 RAS, MNRASD00,[TH25
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Our selection of meaningful projections of the VP is shown in R ( Mian )7 [1 1 ( M;am )T (B=)/ 3)
e = Ile,b —

Fig.[. We use as horizontal axis in all plots our main maskbée Miaris 9 + 2\ Miamin
Miyam = L x (M/L)sam = 2 X M s % Mstars, @ with Rey, = 0.7kpc,a = 8, 8 = 0.75, 7 = —0.30. The re-
0.75

lation has an asymptotic trenB. o< Mjiy above Miamp =

where (M /L is the total (luminous plus dark) dynamical
(M/L)spm ( P ) & 2.8 x 10'° M, and a sharp transition intB. oc M;" below

M/L obtained using self-consistent JAM models,is the total ‘ . >
galaxy luminosity and\, ,, is the total mass within a sphere of this break. The values were determined by simultaneoustghna

radiusr, ,, enclosing half of the total galaxy light, where,, ~ ?ng _the observed boundary in the galaxy distribution in & p_fo—
1.33R. (Hernquist 1990; Ciolti 1991; Wolf et 4l 2010, Paper XIx). €ctions. These values are close to those already reporfeaier |
Although the self-consistency assumption, where the toggs is (€0 4 there), using’-band luminosity in place of mass and 2MASS
proportional to the stellar mass, is not justified at larggiiyét is R. instead of MGE ones. The maximum in the galaxy density at
accurate within the region where we have stellar kinemgtibsut Mjam,p that we infer from our sample is also clearly visible in
1R.). It was shown iff Williams et &l (20110) and in Paper XIX that e much larger SDSS sample of (van Dokkum €t al. 2008, fig. 2).
(M/L)sam closely reproduces the total/L)(r = R.) inside This shpws that the relation is ropust. The ZOE_reIz_itlon cmpdm-

a sphere (actually an iso-surface) with mean radius thepteg ~ Verted into a(Mjaw, o) one, or into other projections using the
half-light radiusR., derived using models which explicitly include ~ SCa/ar virial relationMyan = 5.0 x o¢ R /G. The location of

dark matter. Different assumptions on the dark halo prodicer the break we find agrees with the value at which scaling mati
differences in(M/L)(r = R.). Given that(M/L)(r = R.) is of large sample of SDSS galaxies show a subtle deviation from

nearly insensitive to the choice of the halo assumptions;veese straight line (_H¥de & Bernardi 2009a)_. Ir_]terest_ingly in batases
the self-consistent one, being the simplest. the characteristic mass at the cusp coincides with the_v_etmrted
As illustrated in Paper XIX (see also Williams et al. 2009), by Kaufimann e,t a,'l' (2003,@’ as the fyndamental d'V'd,m@ l.he'
most of the galaxies in our sample are consistent with having tween the two distinct families of passive and star-fomgggmes.
small fractions of dark matter within a sphere of radius= R., (i) The contours of constan(M/szAM closely follow lines of
with a median value of just 12% of DM within that radius for ~constantre aboveo. =100 kms™". A comparable agreement is

our standard models (B). This implies thif; ,, is dominated by ~ reached using lines parallel to the ZGE"™ o M3 ;. Neither
the stellar mass. For this reasdi;ay; is a quantity that very ~ MassMjawm, nor sizeR. or surface mass densiy. provide a
closely represents and is directly comparable to the tdtilas comparably good approximation to ti{@//L);an contours, al-
galaxy mass used in numerous previous studies. Stellarseasss thoughX. provides a better approximation than the other two. This
to relate well with galaxy properties and is often used talgtu IS consistent and explains the finding by Cappellari =t 803 that
galaxy formation (e.d. Kauffmann etlal. 2003a.b; Hyde & Bedh oe and not mass or luminosity, is the best tracer(®f/L)jam.
2009b). The difference of our mass parameter is that it does Atlowero. <100 km s the(M/L)sanm contours start deviating

not suffer from the uncertainties related to the stellar usop from the lines of constart and tend to lie closer to lines of con-
lation models (e.g._Maraston ef al. 2006; Gallazzi & Bell 200  stantMjam. Given that thel//L describes the deviations between

Conroy et all 2009; Longhetti & Saratto 2009; Wuyts et al.300 the FP and the VP, this twist in the contours demonstrateditea

moreover it automatically includes the effects of a nonversal FP is warped with respect to the VP, and explains the seityitif
IMF (Van Dokkum & Conroy 2010: Cappe”ari etlal. 2()12) Being the FP parameters to the region included in the fit (D'Oncrﬁtlal

a measure of the total enclosed mass within a sphericalmegiml 2008 Gargiulo et al. 2009; Hyde & Bernardi 2009b).

thus being directly related the dynamidd; an represents the ideal

parameter which one would like to use in scaling relationsteN Two galaxies stand out for being significantly above the ZOE

that M;aw, unlike mass determinations obtained via strong lens- N the (Mjam, oc) and (Myam, ) projections. The top one is
ing, does not include the possible contribution of dark evaitong NGC 5845 and the bottom one is NGC 4342. The two objects have

the cylinder parallel to the line-of-sight (Dutton et|al14@), which very high surface brightness and consequently excellemnkatic
provides an useful additional constraint on dark matteargel radii, ~ and photometric data. They are genuine examples of dense ob-
but complicates the interpretation of scaling relationthigalaxy jects in the nearby Universe. These two outliers were ajrqame-
centres. sented in_Cappellari (2011a) and their compactness wasdate

In the top-left and top-right panels of F[g. 1 we show the pro- cussed by Jiang etloa. (2012). How.eve.r they haye smallerenass
jections of the VP along theMsan, o) axes. The colour in these  (Miam ~ 3 x 1077 Mo) than their high-redshift counterparts
diagrams represent the dynamiddl/L inside a sphere of radius (Cimatti et all 200€; van Dokkum etlal. 2008). In all panel&igf.[1

R.. Three important results are clear from these plots: the measured)/ L) am have been adaptively smoothed using the
Locally Weighted Regression robust technique (dubbed LE)ES

(i) Both projections are equivalent and provide basicaltlg same Cleveland[(1979), straightforwardly generalized to twmelnsion

picture, apart from a coordinate transformation. This ipeeted as in Cleveland & Devlin| (1988). In all plots we adopt a regula
from the tightness of the VP. Moreover, given that the VP lyear ization factorf = 0.3, and a linear local approximation, which
follows the virial relation, one can plot virial coordinateefined implies that a fraction 30% of the points are adopted evaneti
by Myam = 5.0 x 02R./G, to construct a consistent and accu- for the tricube-weighted robust fit of a local plane. To dedthw
rate system of coordinates in both panels to infer other whyce the different scales of the axes, and the elongated retatimfore
quantities; applying LOESS we re-normalize the coordinates so that étigi-
(i) Galaxies define a clear zone-of-exclusion (ZOE), asaly dis- soid of inertia reduces to a circle. We do not show here thgrai
covered by Bender et al. (1992) and Burstein et al, (1997yeker data, as the scatter {{\//L)sam is already analysed in detail in

we find a clear break at a mas$ ~ 3 x 10'° M and two nearly Paper XIX. Given that most of the variation in the smooth acef
power-law regimes above or below this value. The ZOE is appro  happens orthogonally to the constantlines, the scatter from the
mated by the equation smooth surface of 27% is nearly unchanged from the value %f 29

© 2012 RAS, MNRASD00,[TH25
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in the global(M/L) — o relation, further confirming that all the
variation happens orthogonally Q.

In the bottom left and right panels of Fid. 1 we show the effec-
tive phase-space density, defined following Hernquist!gt1£93)
as fer = 1/(0.R.?) and the mass surface density, defined as
Y. = Mjam/(27R.?). Note that, while we useR2** for the
mass-size plane, one has to ugefor .. The two bottom pan-
els do not plot new data, but are obtained by rearranginghttee t
variables shown in the top panels, however they illustrates h
the above trends relate to other physical quantities. Itiqodar
the phase-space density is interesting because it can entgake
during collisionless galaxy mergers, due to Liouville'ssdhem
(Carlberg 1986[ Hernquist etlal. 1993). Interestingly tt@EZwe
find is nearly flat inf.g below Mjan,p = 3 x 10'° My, (a value
~v = 1/3 gives feg = const in the virial case) and starts decreas-
ing at larger masses, as one would expect when dry mergets sta
becoming more important.

3.2 Stellar population indicators of (M /L)pop

We have shown in Paper XIX that the stellar matter dominates i
the regions we study. If this is indeed the case we would éxpec
stellar population indicators of tHél/ /L), of the stellar popula-
tion to closely follow the behaviour of the dynamidal/ /L) ;awm-
Before addressing this question with our own data, the reede
strongly encouraged to compare Fih. 1 to the right panel oféid5
of|Gallazzi et al.|(2006), which shows the luminosity-wegghage
versus the stellar mass in the, M,) projection. Even though
Fig.[ uses dynamical quantities, which are measured viardyn
ical models, while_Gallazzi et al. (2006) derives populatfcom

line strengths, the two plots resemble each other very lglose
cluding the change of orientation of the contours aroang 100

km s~t. This comparison already indicates a close link between
M /L and stellar population (mainly age), in broad agreemertt wit
Cappellari et al.. (2006). Importantly, given that our saenisl 100
times smaller than the one lof Gallazzi et al. (2006), this garA
son also confirms the ability of the LOESS technique to recthe
underlying distribution from our smaller galaxy sample.

We now address the relation between dynamical and popu-
lation M /L using our own dataset and a different approach. Two
main simple tracers ofM/L).p have been proposed in the past:
(i) the B — R colour, which was shown by (Bell & de Johg 2001)
to trace(M/L)pop alone, for a wide range of metallicities, and (ii)
the line-strength index 3, which was shown to satisfy a simi-
lar property in_Cappellari et al. (2006) for a wide range oftahe
licities (see also Worthey 1994). Here we adopt #hg determi-
nation for our ATLASP galaxies, as derived from the very high
S/N effective SAURON spectra. The parameters for tSAURON
survey ((de Zeeuw et Al. 2002) subset of 48 galaxies was glread
given inlKuntschner et al. (2006). The homogeneous extnadtir
the ATLAS®P sample will be given in McDermid et al. (in prepa-
ration). As choice of colour we use the SD§S- i one, which is
available for 223 ATLASP galaxies in SDSS DR8 and was shown
bylGallazzi & Bell (2009) to provide on average the smallestar-
tainties and the most stable results, among the SDSS bands.

The results are presented in Fig. 2 and show a quite good
agreement between simple population estimatord/gf. and the
dynamical one. Bott# 3 and colour are nearly constant along lines
of constants as it was the case for Figl 1. This confirms the fact
that the key driver of the total//L is the stellar population. We
do notice some systematic differences at the townd, with the
contours of constan{)M/L),.p, not quite following the popula-

tion trends. As the effect is visible both in colour aft3 we be-
lieve it is significant. It may be due to the presence of extend
star formation episodes, which are expected to be more lprdva
at low massi(Heavens et/al. 2004; Thomas gt al. 12005) and eause
break in the relation between population observables\djd. The
study of the relation between our parameters and the achyal p
ical parameters of the population, like age, metallicitg @un-
dance ratios, is presented in McDermid et al. (in prepamatidnal-
ysis of the stellar population parameters for ®8&URON survey
(de Zeeuw et al. 2002) subset of 48 galaxies was alreadyrpezse
in (Kuntschner et al. 2010).

3.3 \Variations of galaxy concentration and morphology

In the previous sections we showed that galaxy propertibaifo
smooth trends in the projections of the VP. We have seen lieat t
dynamicalM /L near the galaxy centre &) is driven by a varia-
tion of the stellar population, with the dynamidal/ L constituting
an accurate tracer of the galaxy population! These trersistlite
galaxies in the VP along lines of nearly constant In Paper |
we showed that the luminosity-size relation changes gigdwéh
sizes decreasing as a function of the bulge ratio, indichtethe
morphological classification. We interpreted the appasézdg de-
crease as an actual increase of the bulge mass betweeremdiffer
morphological types. In Paper Il and Ill, we showed that thstv
majority of local ETGs is constituted by disk-like systertig fast
rotators, and in| (Cappellari etlal. 2011b, hereafter Papg8rwe
discussed how fast-rotators morphologically resembleakpivith

a variety of bulge fractions. We concluded that fast romsimply
constitute the end point of a smooth sequence of disks witte&s-
ing bulges, and this lead us to propose a fundamental change i
our view of galaxy morphology (Paper VII). If this picturedsr-
rect, we should be able to find an indication for a systeméiamnge

in the bulge fraction, in the fast rotators class, while mgvirom
the region of the VP populated by spiral galaxies toward<ZDg,
dominated by the oldest and reddest galaxies, with thedaid¢ L.

A detailed photometric bulge-disk decomposition of the un-
barred galaxies subset of the ATLAS sample is presented
Krajnovic et al. (2012, hereafter Paper XVII). Althougtpibvides
a well established definition of the bulge luminosity, it isamplex
technique which depends on the extraction details and nmigrsu
from degeneracies. Moreover it is unclear how it should hieg
to barred galaxies. For this reason here we look insteadeatih-
ple concentration parameter TGC (Trujillo etlal. 2001). #asures
the ratio between the flux withinA. and R. /3 which we extracted
from the MGE photometric models as described in Paper XIX. Fo
a given galaxy mass an increase of the bulge fraction pradige
definition a larger concentration. The distribution of gglaoncen-
trations on the VP is shown in the top panel of [Eig. 3. Even gihou
the values are noisier than the cleffy L trends, a systematic vari-
ation is evident, with galaxy concentration roughly foliog the
M/L, Hj andg — i colour trends, which all tend to be constant
along lines of constant. . This trend is consistent with the trends of
concentration againii. ando. reported by Graham etlal. (2001b),
and the corresponding correlation with supermassive bietks
(Graham et al. 2001a). It is also consistent with a simikandrbe-
tween M /L and_Sers|c (1968) index reported lby D’Onofrio €t al.
(2011). Here we interpret all these trends as due to theaseref
the bulge fraction, rather than a smooth change in the priidgpe
of a spheroidal system. It's important to stress that oun téulge”
refers to an increase of the mass fraction in the centre afdtaxy.

It does not necessarily imply a correspondence with the itiefin
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Figure 2. Indicators of(M/L)pop On the Virial PlaneTop PanelsSame as in Figll1, with colours showing the H 3 line-strength, from McDermid et al.
(in preparation), which is a good indicator @¥//L)p0p. The open circles represesatdetermination for galaxies at redshift > 1.4: blue symbols from
Cappellari et al(2009), green symbol from Cenarro & ThjR009), magenta symbol from Onodera etlal. (2012) andkidgmbol fromi(van de Sande et al.
2011). Not shown is the value from van Dokkum et al. (2009), which is off the vertisahle.Bottom PanelsSame as in Fidi]1, with colours indicating the
SDSS galaxy coloug — i. Note that boti{(M/L)pop andg — i show the same trends &4/ L) jan in Fig.[d.

of “bulge” that one infers via classic bulge-disk decompiosi(Pa- 3.4 \Variations of galaxy intrinsic flattening and rotation

per XVII), namely a light excess over an outer exponentiah-co . . ) ) )
ponent. There is some evidence that the concentration nfiayfo ~ OUr dynamical modelling effort provides the unique oppoity
population even more closely thad /L, possibly due to the con- of having the galaxy inclination for the entire ATLAR sample

tribution of extended star formation episodes as we comeaiior of galaxies. We verified that the JAM inclination agrees vitia
Fig.2. one inferred from the geometry of the dust, for 26 galaxieth wi

regular dusts disks (see also Cappellari 2008). We furtbsfied
that we can recover with JAM models the inclination of sinteda
galaxies that resemble typical objects in our sample (PAbgr

The concentration plot demonstrates that indeed, everinwith Although one should not expect the inclination to be regatar
the ETG class (excluding the few slow rotators), the vasiati ~ €VerY individual galaxy, it is expected to be accurate fostraf
of galaxy properties follows the bulge growth. Interestjnthe our sample. The inclination allows us to recover the intdistiape
plot also shows a slight decrease in the concentration at the ©f individual objects. The deprojection is done using tHeptt-
largest mass end/yan >2 x 10'' M. This value coincides ity of the outer isophote, _m(_aasured in Paper Il at radii tgihjc
with another characteristic scale in ETGs, above whichxigéa ~ @round 42, at the depth limit of the SDSS photometry. We then
start to be rounder (Tremblay & Mertitt 1996 van der Wel étal computed the intrinsic ellipticity assuming an oblate spfige-
2009b), to have flat central profiles in their surface brigst;n ~ ©OMetry asl(Binney & Tremaifie 2008)
(Faber et al. 1997; Graham 2004; Ferrareseléet al.| 2006) ate-to
viate from power-law colour-magnitude relations (Fersaret al.
20061 Bernardi et al, 2011). Einr = 1 — /1 + £(e — 2)/sin?4, 4)
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Figure 3. Concentration and shape on the Virial Plaf@p PanelsSame as in Fid.]1, with colours indicating the concentratiarameter TGC of Truijillo et al.
(2001). The trends are noisier thad/ L but there is a clear increase in the concentration along liieoughly constant. and a slight decrease above a
characteristic massfjan 2 2 X 10 M. Middle PanelsSame as in Fidi]1, with colours indicating the intrinsicpeitiity «;,,¢, of the galaxies outer regions,
computed by de-projecting the observed ellipticitat large radii (Paper 1) using the inclination inferredrfrethe JAM models. Except again for the special
region aboveMjan 2 2 X 10 M, all the rest of the ETGs have on average the flattening obdisk 0.65 consistently with the Monte Carlo approach of
Paper I, which suggests fast rotators have a typicalnsiti ellipticity ;¢ ~ 0.7 and the statistical inversion in Weijmans et al. (in prepar.
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Figure 4. Same as in Fid.]1, with colours indicating the specific angmamentum parameterz of (Emsellem et al. 2007), as given in Paper Top Panels:
all ATLAS3Pgalaxies are includeddottom PanelsOnly the slow rotators are shown. They seems to define a segjirethe VP, and they show a decrease in

the rotation aboveé//yan 2> 2 x 101 Mg,

The results of the deprojection is shown in the middle panéls
Fig.[3. Contrary to all previous diagrams the distributidrhe in-
trinsic ellipticity for ETGs on the VP shows a completelyfeif
ent trend. Few galaxies stand out in the top-right cornebéng
nearly round, with intrinsic ellipticityeintr =~ 0.2. These galax-
ies are all located above the same characteristic h&ass z 2 x

10" Mg, where the top panels showed a drop in the central den-
sity. This result confirms previous statistical studies B3 shapes
(Tremblay & Merritt 1996; van der Wel et lal. 2009b; Bernartak
2011). Below this characteristic mass, the mean elligtiditops
dramatically and sharply to abost.:, ~ 0.65, characteristics of
disks. This galaxy-by-galaxy shape deprojection confirrsisralar
result on their shape distribution inferred via Monte Casilmu-
lations from the distribution of fast rotators ETGs on thez, <)
diagram, suggesting fast rotators have a typical intrie$lipticity
eintr ~ 0.7 (fig. 15 in Paper Il1). It also agrees with a statistical in-
version of their shape (Weijmans et al. in preparation)sHuyree-
ment also seems to confirm the reliability of the inclinasiclerived
via the JAM models. The result strongly confirms our previoois-
clusions that fast rotators as a class are disk like (Papit, V/II).
The fact that the outer parts of fast rotators are as flat &s,dighile

© 2012 RAS, MNRASD00,[TH25

the central ones show an increase of concentration, canelys
demonstrates that the latter is due to an increase obulge (or
spheroid) mass, and not to the smooth variation of the priofite
spheroidal object which follows B*/™ profile. At the lowest mass
range, near the ZOE, there seems to be a marginal decrease of
The significance or reality of this feature is however unclea

The round and massive objects that stand out from the dis-
tribution are the prototypical slow rotators, which alsarst out
for their slow specific stellar angular momentum, as showRan
per Ill. Another view of that fact is shown in the bottom panel
of Fig.[3, which plots the angular momentum parametgr of
Emsellem et al! (2007) for the slow rotator ETGs only, as lted
for the galaxies of the ATLA% sample in Paper lIl. The slow ro-
tators are found to populate a rather narrow sequence onPRhe V
with a small range oE.. There is a clear trend of decreasing rota-
tion with increasing mass as noted in Paper lll, or possitsharp
transition aroundV/; s ~ 10'! M, which is similar to the char-
acteristic mass defined by concentration and intrinsiptaity. Al-
though we tend to cover a smaller field with our kinematicslier
largest galaxies, the qualitative difference in the kingeosdor the
most massive slow rotators is already clearly visible frém ve-
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locity fields (Paper Il) and it is not due to the differencetie field
coverage.

In summary the distribution of galaxy properties on the
(Mjam, o) and (Mjyam, RS ) projections of the Virial Plane
can be understood as due to a smooth variation in the bulge mas
as already suggested in figure 4 of Paper I. The connectiovekat
bulge mass and galaxy properties, and the close link bet&&&s
and spiral galaxies is further illustrated in Fig. 5, whicicludes
the location of the spiral galaxies of the ATLAS parent sample
(Paper I) together with the ETGs. The masses of spiral gedaxas
approximately estimated assuming a fixef Lx = 0.8 Mo/Leo,
which ensures agreement betwekfyan and theK-band lumi-
nosity at the lowest masses. The plot shows that ETGs piepert
vary smoothly with those of spiral galaxies. Galaxies widgligi-
ble bulges are almost invariably star forming and class#igthte
spirals. Galaxies with intermediate bulges can still fotarsand
be classified as early-spirals, or can be fast rotator ET@stH2
galaxies with the most massive bulges, as indicated by ldrgjest
concentration ofo. are invariably ETGs. They have the largest
M/ L (Fig.[, the reddest colours and smallest &Fig.[2, but are
still flat in their outer parts, indicating they have disksy(iB) and
generally still rotate fast (Fidl] 4). An exception are géaxwith
massesMyanm = 2 x 10" M, which stand out for being nearly
round, and non rotating.

4 SYSTEMATIC VARIATION OF THE IMF

Although the IMF variation could have been included amorg th
other galaxy observables described in Sedflon 3, we kedpitha

a separate section for a more detailed coverage than fottikeab-
servables. In recent months there has been a large amoutei@fst
on the IMF variation. Before describing our new ATLASresults,

in the following section we provide a summary of this rapielplv-
ing field. To clarify the significance and robustness of theoues
recent claims, including our own, we place particular ensghan
the modelling assumptions that went into the various studie

4.1 Summary of previous IMF results

4.1.1 IMF of the Milky Way

The stellar initial mass function (IMF) describes the dlisttion of
stellar masses when the population formed. Nearly evergcagy
galaxy formation studies requires a choice of the IMF to Wale
predictions for galaxy observables (Kennicutt 1998). R teason
the IMF has been subjected to numerous investigations sirce
first determination more than half a century ago finding it thes
form (Salpeter 1955)

¢(m) xm® =m™??,

Q)

for m > 0.4Mg, wherem is the stellar mass.

In the Milky Way the IMF can be measured via direct stel-
lar counts. Various determination in different environnselead to
the finding of a remarkable universality in the shape of thé-IM
(Kroupal 2002), with the IMF being well described by the Stdpe
power slopex —2.3 for m < 0.5Ms and a shallower one
at smaller masses = —1.3 for m > 0.5My (Kroupal2001).
The Milky Way IMF can also be described by a log-normal dis-
tribution (Chabrier 2003), which has some theoreticalifigstion.
However the Kroupa and Chabrier IMFs are essentially indist
guishable from an observational point of view (Kroupa 28l 2).

Spirals and ETGs
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Figure 5. The Mass-size distribution for spiral galaxies and ETGse Th
ETGs of the ATLASP sample are coloured according to th@hf /L) am

as in Fig.[1. This plot however also includes the approxinatation

of spiral galaxies in the ATLAZP parent sample, where masses are ob-
tained fromK -band luminosities, scaled to mataiy A (a plot with both
ETGs and spirals luminosities was shown in Paper ). Earialsp(Sa-Sb:

T < 4) are indicated by the small black filled circles, while lafgrals
(Sc-lrr: T' > 4) are shown with the small filled red circles. Late spirals are
larger than ETGs, while early spirals overlap with the ETGhvow M /L.
There are essentially no spirals in the region of the oldedtreddest ETGs,
which have the largest// L. This illustrates the fact that the increase of the
spheroid is required to make a galaxy old and red and constigyeoduce
the largestV// L.

Recent IMF results were reviewed by Bastian et al. (2010) edme
cluded no clear evidence existed for a non-universal IMFun o
galaxy and among different galaxies.

4.1.2 IMF from ionized gas emission or redshift evolution

In external galaxies individual stars cannot yet be resbti@vn to
sufficiently small masses for IMF studies. Some indirectst@ints

on the slope of the IMF above 1M can be obtained by combin-
ing observations of the &l equivalent widths, which is related to
the number of ionizing photons, with the galaxy colour, vbhis

a function of the galaxy stellar population (Kennicutt 1998sing
this technigué Hoversten & Glazebrook (2008) inferred datian

of the IMF with more massive galaxies having a more top-heavy
IMF than Salpeter, a result confirmed under the same assomspti
(Gunawardhana etial. 2011) by the GAMA survey (Driver et al.
2011).

Constraints on the IMF can also be obtained by comparing the
local (z = 0) stellar mass density to the integral of the cosmic
star formation history. Wilkins et al. (2008) finds that tbedl stel-
lar mass density is lower than the value obtained from ity
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the cosmic star formation history (SFH), assuming thataistars
formed with a Salpeter IMF. They propose a time-variable tdF
reconcile the observations (see also [lavé 2008).

Alternative constraints on the IMF can be obtained by study-
ing the evolution of thel//L normalization in samples of galax-
ies as a function of redshift, for example from the evolutiafhn
the tilt and normalization of the Fundamental Plane withshe
(Renzini & Ciotti|1993). From these constraints and fromrtietal
abundance in the clusters interstellar medium Renzini§paon-
cluded that elliptical galaxies as a class must have an IMecto
Salpeter for stellar masses > 1M, while the IMF must flatten
at lower masses, similar to the Kroupa IMF.

A related approach was employed by van Dokkum (2008) who
used the ratio of luminosity evolution to colour evolutidmuassive
galaxies in clusters to constrain the IMF. He originally cloled
that the IMF must be top heavy at high redshift, but this rtesak
recently revised to conclude that the IMF abere> 11/ is actu-
ally not inconsistent with a Salpeter slope (van Dokkum & f&gn
2012).

4.1.3 Lensing or dynamics IMF constraints for external afsir

A more direct approach to constraining the variation of thi- |

in galaxies consists of measuring the mass of the stars, @nd c
paring this with the predictions of stellar population misdét is
important to stress however that this method does not medsar
shape of the IMF directly, but only its overall mass normtiian.
The method can only verify whether the stellar mass in a icerta
region within a galaxy is consistent with that due to a steilap-
ulation with a certain assumed IMF. Moreover these methads d
not measure the same IMF one can infer via direct stellartsann
star clusters. They measure instead the stellar masshdisor due

to the superposition of the IMFs from a large number of stas-<l
ters in the galaxy as well as the IMFs coming from the accnedfo
satellite galaxies during the galaxy hierarchical growth pointed
out bylKroupa & Weidner| (2003), even if the IMF was universal
in every cluster in a galaxy, the integrated galactic IMFIE)
would be different from the universal one, due to the norfarm
mass distribution of star clusters (see Kroupa 2t al. 2Gdr2ar in-
depth discussion). Hierarchical evolution complicates picture
even further. For these reason, when we state e. g. that &xygal
is consistent with the Salpeter IMF”, we simply imply, catsntly
with all previous similar studies, that “the galaxy has tame stel-
lar M/ L of a stellar population with the given age and metallicity
(and abundances), and the Salpeter IMF".

The first convincing constraint on the IMF of external gadesxi
was obtained for a sample of 21 spiral galaxies, using the-kin
matics of the gas. Bell & de Jang (2001) concluded thtite IMF
is universa) a sensible assumption at the time, it cannot have the
Salpeter form, but it must be lighter, consistently with Kpa-type.
The result was later confirmed, still using gas kinematmsafsam-
ple of 34 bright spiral galaxies by Kassin et al. (2006).

Th need for a light IMF was inferred for the Einstein Cross
spiral galaxy gravitational lens system (Huchra et al. ) @85both
van de Ven et al. (2010) and Ferreras etlal. (2010), and fahano
spiral lens galaxy by Suyu etlal. (2012). As part of the DiskMa
Survey (Bershady et &l. 2010), which obtained integratfigtkl-
lar kinematics of a sample of 30 spiral galaxies, a light IMF
was indirectly confirmed from the sub-maximality of the disk
(Bershady et al. 2011). As part of the SWELLS survey of spénad
galaxies|(Treu et al. 2011) the need for a light IMF for mostap
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galaxies was also found from the analysis of 20 strong grtioital
lens (Brewer et al. 2012).

An inconsistency of the Salpeter IMF normalization for low
mass galaxies was also inferred |by Dutton étlal. (2011bjgusi
simple galaxy models with a bulge and a disk, trying to repro-
duce global trends for a large sample of galaxies extractau f
the SDSS.

In summary there is a good agreement on the fact that spiral
galaxies as a class must have a normalization lighter thipe®a
and similar to Kroupa/Chabrier. This is a robust result du¢he
fact that a Salpeter IMF would over-predict the total masshi
galaxy centres. It is unclear whether some spiral galaxie® a
Salpeter IMFs, and of course whether the IMF varies withim th
galaxies themselves, as claimed by Dutton et al. (2012c).

4.1.4 Lensing or dynamics IMF constraints on early-types

An early attempt at constraining the IMF of 21 elliptical asiks,
using detailed spherical dynamical models including daekter,
found a general consistency between the stéléy L)s;ars and the
one of the populatioiM /L)op, using the Kroupa IMF, but could
not accurately constrain the IMF normalization due to lashser-
vational errors/(Gerhard etlal. 2001). A large study of SDHf-e
tical galaxies using fixed spherical Hernquist galaxy medeith
dark halos|(Padmanabhan et al. 2004) found a mass excedbever
predictions of stellar population models with a fixed IMF;ri@as-
ing with luminosity. This was interpreted as a increase efdark
matter fraction. A similar conclusion was reached by Zhyigst al.
(2006) while studying the fundamental manifold. A caveatafse
studies was the use of homologous stellar profiles or apmrabe
assumptions to study systematic variations in the hetemmes
galaxy population.

To overcome these limitations, as part of 8®URON project
(de Zeeuw et al. 2002), we constructed self-consistenyaxiset-
ric models reproducing in detail both the photometry andstage-
of-the-art integral-field stellar kinematics data (Emesellet al.
2004) for 25 early-type galaxies (Cappellari gt al. 2006)e Bs-
sumption that mass follows light is not accurate at largd,radt
it is a good assumption for the region where kinematics ifahle
(<1R.), and provides accurate measurements of the total (lumi-
nous plus dark)\//L within a sphere of radius ~ R. (see Pa-
per XIX). The resulting improvement in thef / L. accuracy and the
removal of systematic biases allowed us to strongly confhrat t
“the total and stellaiV// L clearly do not follow a one-to-one rela-
tion. Dark matter is needed to explain the difference34pnL (if
the IMF is not varying)” [(Cappellari et &l. 2006, see fig. 1@rt).
Although dark matter seemed, at the time, still a more nhéxla-
nation of our observations, if the measured trends aretezgreted
as an IMF variation, they would imply an IMF heavier than Sép
for some of the oldest objects. That study also concludetitha
the IMF is universalit must have a mass normalization as low as
Kroupa IMF, consistently with the results for spiral gaksiother-
wise the stellar mass would overpredict the total one forralver
of galaxies. A similar finding was obtained by Ferreras e(24108)
using gravitational lensing of 9 elliptical galaxies exted from
the SLACS survey (Bolton et al. 2006).

A number of subsequent studies used approximate models
reproducing the velocity dispersion of large galaxy sampke
study dark matter and IMF variations in galaxies. Tortoralet
(2009) used spherical isotropic models with Sersic (1968} p
files to reproduce the large velocity dispersion compitathy
Prugniel & Simien!(1996). Graves & Faper (2010) used the Bund
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mental Plane of early-type galaxies from SDSS oata. Schualk e
(2010) combined weak lensing measurements in the outes part
to SDSS velocity dispersion determination, using sphedeans
models with a Hernquist profile. All three studies confirmbd t
existence of a mass excess which increases with mass. Tipeg-al
ferred a dark matter trend to explain the observationspagh they
could not exclude the IMF variation alternative.

Grillo et al. (2009) compared stellar population masses, de
rived from multicolour photometry, to the total masses,idas
the Einstein radius of the lenses, published by the SLAC&tea
(Bolton et al.| 2008a). He assumed for all galaxies the aeerag
dark matter fraction determined for some of the galaxies by
Koopmans et al.| (2006) and Gavazzi et al. (2007), which were
based on spherical models assuming a single power-lawntatss
and a Hernquist (1990) (or Jaffe 1983) stellar profile. Fris t
comparisor|_Grillo et al.[ (2009) concluded that ellipticalaxies
prefer a Salpeter rather than Kroupa/Chabrier IMF. The sant
was found when comparing stellar dynamical masses for ggax
the Coma cluster by Thomas et al. (2009), which includes &k d
matter halo using fixed NFW profiles, to stellar populatiorsees
(Grillo & Gobat|2010). However, given that the dynamical ses
were determined assuming a fixed NFW profile, the conclusén d
pended on the correctness of that assumption. A recentlysana
of the 16 Coma galaxies hy Thomas et al. (2011), still assgmin
a NFW dark halo profile, interpreted the /L excess in massive
galaxies as more likely due to dark matter, although theiulte are
not inconsistent with a Salpeter IMF instead. A similar feaas
found byl Wegner et al. (2012) for 8 galaxies in Abell 262.

the data in order to draw definitive conclusions about the ofla
mass-dependent IMF relative to CDM halo contraction”.

Other independent studies of the same SLACS data did not
exclude an IMF variation, but did not confirm the need for a
Salpeter IMF to explain the observations. Tortora etlal.1(B0
reached this conclusion using spherical Hernquist isatropd-
els like| Treu et &l.[(2010) and Auger et al. (2010b), but cawtl
explain the reason for the disagreement. A similar study alss
performed by Deason etlal. (2012). They showed that the frend
the galaxies enclosed masses can be explained by a toy nioilel s
lar to the one adopted by Auger et al. (2010b), but with a unive
sal Kroupa IMF. Deason etlal. (2012) study however did not fit
the galaxies stellar velocity dispersion, which could besason
for the difference in the results. Barnabeé etial. (2011analysed
16 SLACS galaxies using axisymmetric, rather than sphieriya
namical models, and describing the galaxy images in degdiier
than assuming fixed Hernquist profiles. Their models aredfiite
integral-field stellar kinematics, instead of a single eélodisper-
sion. They find that the data are consistent with both a Krarpa
a Salpeter IMF, in agreement with the early study by Ferrerad
(2008).

An additional limitation all previous analyses of the full
SLACS sample was the assumption that all galaxies in their sa
ple could be described by homologous spherical Hernquastiloli-
tions. These models ignore possible systematic variatbgalaxy
morphology with mass (e.d. Caon et al. 1993; Kormendylet al.
2009). Moreover real early-type galaxies, even in the masge of
the SLACS survey, are dominated by fast rotating disks (Pkpe

The SLACS team analysed their data assuming all galaxies Paper 1), some of which are clearly visible in the SLACS pho

in their sample can be approximated by homologous spheziwhl
isotropic systems with la_ Hernguist (1990) (or Jaffe 198%ifa.
In[Treu et al.|(2010) they further assumed a spherical NFViilpro
for the dark matter, with fixed slope and only mass as freenpara
ter. Given that the enclosed total (luminous plus dark) nirasige
the Einstein radius is essentially fixed by the lens geomeiny
der these assumptions the central velocity dispersion isigua
function of the profile of the total mass distribution, whiichthis
case is defined by a single parameter: the ratio between ¢he st
lar and dark matter components. Comparing the stellar nmass f
the lens model to the one from population, based on multizolo
photometry [(Auger et al. 2009), they found that the datagoraf
Salpeter-like normalization of the IME._Auger et al. (20) Qised
the SLACS data and the same spherical Hernquist models but in
stead assumed that the halo mass for individual galaxiesoxs,
as given by the abundance matching techniques, assuming a un
versal IMF (Moster et al. 2010). They still assumed NFW halgis
explored both adiabatically contracted (Gnedin €t al. 2@04 not
contracted halos. They concluded that the data favour setaip
like normalization of the IMF over a lighter Kroupa/Chalvrierm.
Although ground-breaking, the analyses of the SLACS data
depended on some non-obvious assumptions. Grillo et aQ9{20

had assumed of a fixed dark matter fraction, as well as a power-

law form for the total mass. Treu etlal. (2010) result depdnole
the assumption of a fixed NFW halo slope, as the authors adknow
edged concluding that “the degeneracy between the two [IMF o
dark matter] interpretations cannot be broken without talakl
information, the data imply that massive early-type gaaxtan-
not have both a universal IMF and universal dark matter Haios
agreement with previous dynamical analyses. Auger|et @lLQf3)

tometry. Disk galaxies are not well described by spherigajle-
component models. It is unclear whether galaxy models that d
not reproduce neither the kinematics nor the photometrj@féal
galaxies under study can be trusted at thE0% level that is re-
quired for IMF studies. Possible systematic biases in thelteare
however difficult to estimate. A reanalysis of the excellBhACS
dataset using more realistic and flexible models would seerbest
way to clarify the situation and provide a consistent pieturhis
approach has already been demonstrated by Barnabe|e®2)(2
for a single galaxy using the JAM methad (Cappellari 200&)m-
bination with the lensing analysis. One should finally cdasithat
lensing studies measure the mass wihin cylinders alongrtbeof-
sight. The recovered stellar mass depends on both the agdslarie
matter profile in the center, as well as at large radii (Du#bal.
2011a).

An simple assumption on the dark matter content of early-
type galaxies was made by Dutton et al. (2012b). They sel¢hte
most dense galaxies from a large sample of SDSS galaxiesand ¢
structed spherical isotropic models to reproduce thellasteeloc-
ity dispersion. They assumed the total dynamitgl L of this set
of galaxies is the same as the stellar one. Comparing theédfe
mass to the one from stellar population they concluded trexigs
require on average a Salpeter IMF normalization. This sttily
depends on the spherical approximation. Moreover it isaardo
what accuracy the zero dark matter assumption is verified fore
the densest galaxies. Nonetheless this study confirmsuhbite
spiral galaxies, the densest early-type galaxies are sohgistent
with a Salpeter IMF.

In summary, the two result on which nearly all previously-dis
cussed studies agree are: (i) tiotal M/L in the central regions

result depended on assuming the halo mass from the abundancef galaxies ¢ < R.) does not follow the\//L inferred assuming a

matching techniques. This led the authors to conclude thetter
constraints on the star formation efficiency must be obthfnem

universal IMF; (ii) less massive galaxies, especiallyapinesye-
quire and IMF normalization lighter thank Salpeter and conststen
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with Kroupa-like, while more massive and dense ones allanafo
Salpeter IMF. Indications were found for the Salpeter IMBémac-
tually requiredfor massive ellipticals (Grillo et al. 2009; Treu et al.
2010; Auger et al. 2010b; Dutton etal. 2012b). However tloese
clusions depend on assuming the knowledge of either therdatrk
ter fraction or the slope, or the mass of the dark halo. An gtoe

is the recent work by Sonnenfeld et al. (2012), which modetie
rare elliptical with two concentric Einstein rings, and clhutded for

a Salpeter IMF. More similar objects would be needed to di@id s
conclusions. Not all studies agreed on the requirement$aipeter

IMF, even when analysing the same SLACS data (Ferreras et al.

2008; Tortora et al. 2010; Barnabe et al. 2011; Deason [204R).
It seems that this situation could be resolved by the use aEmo
realistic models.

4.1.5 Systematic IMF variation in galaxies

A breakthrough in IMF studies was provided by the work
by lvan Dokkum & Conrdy [(2010), further strengthened in
van Dokkum & Conray [(2011). Contrary to the previously de-
scribed set of dynamical and lensing works, they looked for
evidences of IMF variation in subtle IMF-sensitive spelcfem-
tures of the near-infrared region of galaxy spectra, inipalar the
Wing-Ford band. In this way their study did not suffer frone te-
pendency on the halo assumptions. Although the spectitahitgae
has been around for decades (e.g. Spinrad & Taylor 1971) thel
availability of reliable stellar population models has rdte ap-
proach sufficiently accurate for IMF studies (Schiavon £280D0;
Cenarro et al. 2003). van Dokkum & Conray (2010) analysed the
IMF of eight massive ellipticals, from stacked spectra. yrheed
new population models that allow for a variation of the dethi
abundance patterns of the stars (Conroy & van Dokkum 2012a) t
distinguish abundance from IMF variations. They conclutteat
the observed spectra required a bottom-heavy, dwarf-idR. |
Combining their finding with the previous results on the IMF
of spiral galaxies they tentatively concluded that “Takerfaze
value, our results imply that the form of the IMF is not unsar
but depends on the prevailing physical conditions: Kroliga-
in quiet, star-forming disks and dwarf-rich in the progerst of
massive elliptical galaxies”.

Our relatively large and well-selected ATLAS sample and
high-quality integral-field stellar kinematics appeareellveuited
to resolve the halo degeneracies of previous dynamicalersiig
analyses and test the claims from the spectral analysistr&gn
to previous large studies, we adopted an axisymmetric rtingel
method which describes in detail both the individual galemgiges
using the MGE technique (Emsellem etial. 1994; Cappell2d220
and the richness of our two-dimensional kinematics (Cdanel
2008), thus avoiding the possible biases of previous mopeoap
imate approaches. For the first time, thanks to the tighter co
straints to the models provided by the two-dimensional ,daia
study could leavédoth the halo slope and its mass as free param-
eters. The halo slope is allowed to vary in a range which ohesu
both the flat inner halos predicted by halo expansion modets (
Governato et al. 2010), and the steep ones predicted byaditiab
halo contraction (Gnedin etlal. 2004, e.g.). Our models exwdic-
itly include the galaxy inclination and anisotropy as freggme-
ters, although the latter is still assumed to be constarftarregion

The ATLA® project — XX. Mass-size 13

models required a variation of the IMF to reproduce the data
(Cappellari et al. 2012). We additionally tested a varigtgensi-

ble modelling assumptions on the halo, some of which hacdjre
been employed by previous studies. However this time our-mod
els accurately described the photometry and kinematickeofdal
galaxies. We confirmed that a non-universal IMF is requinedeu

all those halo assumption. The similarity is due to the faat in all
cases dark matter contributes just about 10-20% to the sk
within 1R., so that it cannot explain an observéd/L excess of

up to a factor 2-3.

Our ATLAS?P sample includes a larger range of masses than
previous lensing studies. Not only we could quantify the I¥¥-
malization of early-type galaxies as a class, but we showad t
the IMF normalization varies systematically within the lgdype
galaxy population, as a function of the stelfdf / L )stars. The IMF
was found consistent with Kroupa/Chabrier-like at IoW / L)stars
and heavier that Salpeter at large/ / L)sars. This finding bridges
the gap between the Kroupa-like IMF determinations in $paad
the evidence for a Salpeter-like or heavier in early-typkges.
This should be expected given the parallelism and conginuit
physical parameters between early-type and spiral galadeem-
phasized in our ‘comb’ morphological diagram (Paper VIrl-
type galaxies at low(M/L)stars in fact completely overlap with
the region populated by spiral galaxies on the mass-siZeqtion
of the Virial Plane (Figlb). Our result also reconciled tipparent
disagreement between studies claiming that early-typexgs in-
clude cases with Kroupa/Chabrier normalization and thizming
that Salpeter is required.

Although, unsurprisingly, the cleanest IMF trend in
Cappellari etal. [(2012) was obtained by simply comparing
the dynamical and populatiod /L, a trend with velocity dis-
persiono. was also presented. This is a natural consequence of
existence of theM /L — o correlation |(Cappellari et al. 2006;
van der Marel & van Dokkum 2007). In particular Cappellarakt
(2012) (their fig. 2) showed an IMF trend, with significanttsea
going from a Kroupa/Chabrier to a Salpeter IMF within thegan
log,o(oe/kms™) ~ 1.9 — 2.4, with a gradual variation in
between.

A flurry of papers have appeared in subsequent months from
independent groups, all in agreement on the existence ofa sy
tematic IMF variation in galaxies. Spiniello et al. (201Xed the
models ofl Conroy & van Dokkum_(2012a) in combination with
SDSS spectra and inferred a variation of the IMF from sodinoh a
titanium-oxide absorptions, which correlate with velgaiisper-
sion (also illustrated by Zhu etlal. 2010). A similar resulisain-
ferred by Ferreras etlal. (2012), also from SDSS spectrajing
the population models hy Vazdekis et al. (2012). Smith €Ral12)
studied the Wing-Ford absorption for galaxies in the Comsstet.
They find that their galaxy spectra are best reproduced byjpatea
IMF and detect a weak IMF trend with metallicity, but do not
find an IMF trend with velocity dispersion. Conroy & van Dokku
(2012b) detected a systematic trend of the IMF, versus reithar
metallicity, using both optical and near-infrared spddteatures.

A key difference from other spectral studies is that theyensdle
to rule out, in a Bayesian framework, a variation of elemdnira
dances as the origin of the empirical trends.

Dutton et al.|(2012a) showed that it is sufficient to assuree th
knowledge of the halo mass and fit galaxy scaling relatioasapr

where we have data. The parameters are estimated in a Bayesiaproximate spherical galaxy models, to infer a systemati@tian

framework with a maximum ignorance (flat) prior on the parame
ters.
We showed that even in this relatively general case the
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of the IMF. Similarly/ Tortora et al. (2012) tested a set ofefiént
assumption on the dark halo, using approximate sphericaicSe
(1968) galaxy models to fit the SDSS velocity dispersion afrge
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Figure 6. Testing the accuracy ¢f\//L)s.;, against the completely inde-
pendent determination bf Conroy & van Dokkum (2012b),whicle a dif-
ferent population code and different spectra with a longarelength range

than theSAURON ones. Assuming all measurements have comparable er-

rors, the observed scatter between the 35 values is cantsigith an error
of 6.5% iI’\(M/L)Salp.

galaxy sample. Some of the halo assumptions were also edlud
in |Cappellari et gl.| (2012) with more detailed dynamical eisd
producing consistent results. Although these resultsdgflend on
simple approximations and on assumption on the halo, thes- il
trate that many different halo assumptions, motivated byttétical
models, all lead to the same conclusion of a systematic IMva
tion.

In summary, after years of debate on whether the IMF or the

dark matter were responsible for the observed disagreelbrent
tween stellar population and dynamical or lensing indicata con-
sensus seems to have emerged, from dynamical, lensing aod sp
tral arguments, on a systematic IMF variation with the IMEdre-

ing heavier withM /L, mass or velocity dispersion. It is time to
investigate IMF trends against other observables, whicldavén
the following section.

4.2 IMF variation on the Virial Plane

In|Cappellari et al. (2012) we presented a systematic trehslden
the IMF and the stella(M/L)stars derived using axisymmetric
JAM models including a dark halo. The IMF was parametrised by
the IMF mismatch parameter = (M/L)stars/(M/L)sap (in the
notation of Treu et al. 2010), whe(é//L)s.1, was derived from
full spectral fitting as summarized in Sect[on]2.3. Diffarpopula-
tion approaches were also tested there, producing less tkyads
but consistent results. The\//L)s., normalization depends on
the adopted lower and upper mass cut-offs for the IMF in thmupo
lation models. The models we use (Vazdekis &t al. 2010) adapt
dard lower and upper mass cut-offs for the IMF of 0.1 and 09,
respectively.(M/L)sap further depends on whether the gas lost
by the stars during the early stages of their evolution igined in
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Figure 7. The systematic variation of the IMF. Thé\//L)stars Of the
stellar component, determined via dynamical models, ispaoed to the
(M/L)sa1p determined from spectral fitting using stellar populatioodn
els and assuming for reference a fixed Salpeter IMF. The molafithe sym-
bols show the galaxies., which was LOESS smoothed in two-dimension
to emphasize the trends. Diagonal lines illustrate the @®petrends if the
IMF was universal or either the Chabrier (red dash-dottad)]i Kroupa
(green dashed line) or Salpeté((n) o m~2-3, solid magenta line) forms.
Also shown is the expected trend for two IMFs heavier thap&at (blue
dotted line): a top-heavy one, dominated by stellar reman&fitm) o
m~1-%), and a bottom-heavy one, dominated by dwagfai{) oc m—2'8).
The black solid curve is a LOESS smoothed version of the datzear
systematic trend is evident, with the IMF being closer to ug@/Chabrier
at the lowestV// L, which also have the lowest., and closer to Salpeter or
heavier at the largest/ / L or largesto.. A different rendition of this figure
was presented in fig. 2b of Cappellari et al. (2012).

the central regions we observe or is recycled into stars jpeled

at large radii. Evidence suggests the gas is not retaineiif-s
icant quantities within R, neither in ionized or hot X-ray emis-
sion form (Sarzi et al. 2010), nor as a cold component (Yourad e
2011, hereafter Paper IV). If all the gas was retained it oot
creasdg M/ L)saip by up to 30—40% (Maraston 2005), making pop-
ulation M/ L overpredicting total dynamical// L even for a light
Kroupa/Chabrier IMF, for a number of galaxies.

A careful determination of the populatiah//L for a fixed
IMF was recently provided for 35 galaxies in our sample by
Conroy & van Dokkum [(2012b). They employed different mod-
els (Conroy & van Dokkuir 201Pa) from the ones we adopted
(Vazdekis et gl. 2010) and used them to fit an independentfset o
spectra, spanning a larger wavelength range thaSARURON ones.

In Fig.[8 we compare the two determinations\éf L (allowing for
an arbitrary offset in the absolute normalization, which differ
by up to 10% between different authors). Assuming all mesasur
ments have comparable errors, the observed scatter bethhae8b
values is consistent with an error of just 6.5%(/L)saip. This
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error is consistent with the error of 7% predicted by Gail&zBell
(2009) when optimal spectra information is available. Tdjiiges
confidence that our populatidd//L)s.i, are robust and any trend
we observe is not due to the details of our population mauglli
approach.

Cappellari et al..(2012) showed that consistent IMF tremds a
found for a variety of different assumptions on the dark hatovell
as for the most general one (with gNFW halo) that leaves bwth t
halo slope and mass as free parameters, with only an uppéohim
the halo slope, derived from model predictions of halo axtion
(Gnedin et al. 2011) (see Paper XIX). The similaritf ¥{ / L) stars
for the different models is due to the fact that in all casesdata
allow for a small fraction of dark matter within the region evh
the kinematics are available-(R.), with the most general model
implying a median dark matter fractions of just 10%. Giver th
similarity of the different approaches, here we adopt asregfce
the (M/L)stars Values obtained with a NFW halo, with halo mass
as free parameter (model (B)). This choice makes it easytpace
our results with others that make the same assumption.

In Fig. [ we show a different rendition of the similar
fig. 2b of/Cappellari et all (2012). Here we pla¥//L)sap versus
(M/L)stars- We still exclude galaxies with very young stellar pop-
ulations, selected as having stellar absorption line gtremdex
HA > 2.3 A. We found that those galaxies have strong gradient in
the stellar population and this breaks our approximateragsan
of a constan{(M/L)stars Within the region where we have kine-
matics, making boti{M/L)stars and (M/L)sap inaccurate and
ill-defined. Different diagonal lines illustrate the expext trends if
the IMF was universal or either the Chabrier, Kroupa or Salpe
(¢(m) oc m™23) forms. Also shown is the expected trend for two
IMFs heavier than Salpeter: a top-heavy one, dominateddiasst
remnants ((m) « m~?), and a bottom-heavy one, dominated
by dwarfs ¢(m) oc m~2%®). This figure clearly illustrates the fact
that the two indicators of\//L do not follow a one-to-one rela-
tion, but deviate systematically, with the IMF being cotesig on
average with Kroupa/Chabrier at the lowést /L)stars @and with
Salpeter or heavier at the largéat/ / L)stars, as already concluded
in|Cappellari et al.. (2012). Another way to interpret thistgk by
noting that galaxies with the large§t// L)sa1p, which are charac-
terized by the oldest populations, have a Salpeter or heblviE,
while those with the lowestM / L)s.1,, which have younger pop-
ulations, have on average a Kroupa/Chabrier IMF. Detailedds
of the IMF with other population indicators will be presemta
McDermid et al. (in preparation).

As in the[ Cappellari et all (2012) we also show with colours
the galaxies velocity dispersion. However, to emphasieetriénd,

here we apply the same two-dimensional LOESS smoothing ap-

proach|(Cleveland & Devlin 1988) introduced in Secfion 3téad
of showing the individuab. values. One can still see the trend for
the IMF to vary between Kroupa/Chabrier to Salpeter, altit
large scatter, within the intervabg,,(c./kms™') ~ 1.9 — 2.4,
with a smooth variation in between. This trend will be more-pr
cisely quantified in Sectidn4.3.

In Fig.[8 we show the variation of the IMF mismatch parameter
(M/L)stars/(M/L)sap on the(M, o.) and (M, R.) projections
of the Virial Plane. The trends in IMF are necessarily noithat
the ones in(M/L)stars, as here the errors in bofl /L. combine.
However the structure in this figure closely resembles the ian
the previous Fid 112 and the top panel of Fib. 3. The systemat
variation in the IMF follows on average the variations in toe
tal (M/L);am and its corresponding stellar population indicators
HB and galaxy colour. Like the other quantities, also the IMF ap

© 2012 RAS, MNRASD00,[TH25
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pears to roughly follow lines of constaat on the Virial Plane,
which we showed is tracing the bulge mass at given galaxyaside
mass. In both projections there is indication for some estria-
structure, with IMF variation at constast. Moreover the proxim-

ity to the ZOE (thick red line) seems to be an even better atdic

of IMF than o. (blue dashed lines). Th@\/, R.) projection also
makes clear why one should expect spirals to have on avdadde |
IMF: spirals populate the empty zone above our galaxies. [Big
and fig. 4 in Paper I) and overlap with the distribution of EV@th

the Kroupa/Chabrier IMF. However our plot suggests thafixatl
galaxy stellar (orMjam) mass, the bulge mass (as traceddy

is the main driver of the IMF variation, rather than morphytal
type alone, and one may expect IMF variations within theadpir
population as well. Our finding explains why Dutton et al. 120)
inferred a Salpeter or heavier IMF when selecting the srsia{le
densest) galaxies at fixed mass, and assuming no dark nixtér.
matter appears to provide a small contribution to AdéL for our
entire sample and not just the smallest ones, but the degalest

ies are precisely the ones with the heaviest IMF. A receningla
has been made for a Salpeter IMF in the bulge of 5 massivelspira
(Dutton et al! 2012c), which would go in the suggested dioact
However the IMF is currently already difficult to infer whehet

M /L can be assumed to be spatially constant and the stellar popu-
lation homogeneous. Relaxing these assumptions makesgbksr
more uncertain unless very good population data from gadpeg-
tra and accurate non-parametric models for the photometrgma-
ployed.

4.3 IMF versuso. correlation

In the previous section we illustrated the systematic IMIAdis al-
ready presented In Cappellari et al. (2012) and we additiopee-
sented the variation of the IMF on the projections of the aliri
Plane. We pointed out that, like the dynamidel/L, its pop-
ulation indicators, colour and # and the galaxy concentration
which traces to the bulge mass, also the IMF broadly follows
lines of nearly constant. on the (Mjawm, o) Virial Plane pro-
jection and consequently constagt GMjan/(5R&) Oe
on the (Mjam, Re® ) projection. Interestingly a ‘conspiracy’
between the IMF variation and other galaxies propertieseis r
quired for galaxy scaling relations to still have a smalltsra
(Renzini & Ciotti|1993).

In Fig.[d we present a direct correlation between the lolgarit
of the IMF mismatch paramet€\//L)stars /(M /L)salp, and the
logarithm ofo., using the robust linear fitting routingS_LINEFIT
presented in (Paper XIX), which explicitly allows and fits fo-
trinsic scatter and removes outliers. Like earlier we exelgalax-
ies with very young stellar populations, selected s haviedjes
absorption line strength indexH > 2.3 A leading to a sam-
ple of 223 out of 260 galaxies. In the fits we quadratically co-
added JAM modelling errors of 6% (Paper XIX) plus distancersr
for (M/L)stars, population models errors of 6.5% fOM /L)saip
(Fig.[8) and 10% for our photometry Paper XXI. We present fits
for (i) the full sample, (i) for the subsample of galaxiestwEBF
distances (mostly from Tonry etlal. 2001 end Mei et al. 20@& s
Paper 1) and (iii) for galaxies with. > 90 km s™!, to eliminate a
few objects with larger scatter. All three relations havemparable
observed scatteh ~ 0.10 dex (26%) in(M/L)stars/(M/L)saip
and imply a significant intrinsic scatter of about 20%. Whbka t
same outliers are removed, we verified that indistinguikhaal-
ues for the parameter, their errors and the infered intrigsatter
are obtained with the Bayesian approach_of Kelly (2007),nas i

~
~
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Figure 8. Variation of the IMF on the Virial Plane projections. Sameragig.[dl for the variation of the IMF mismatch paramet@t/L)stars /(M/L)salp.

which measure the ratio between the steldy L from dynamical models and

the one from population model#) wifixed Salpeter IMF for reference. The

trends follow lines of roughly constant., or perhaps depends on the distance from the ZOE (thickmey} lthough some extra structure is visible.

plemented in his IDL routineINMIX _ERR. Our three fits provide
consistent values for the best-fitting slopes, within thers; and
nearly consistent normalizations. The fitted relation hasform

(M/L)stars
(M/L)sarp

and our preferred values (bottom panel of Fiy. 9) have best fit
ting parameters and formal errois= —0.11 £+ 0.01 andb =
0.36 £+ 0.06 (parameters and errors for the other fits are given in-
side the figures). The observed trend of IMF witlappears to ac-
count for about half of the total trend in t{@//L) — o. relation
(M/L)jan o 02-%? (see Paper XIX), the remaining one being due
to stellar population variations.

Our trend implies a transition of the mean IMF from Kroupa
to Salpeter in the intervaog,,(c./kms™) ~ 1.9 — 2.4 (or
oe &~ 80 — 260 km s71), with a smooth variation in between, con-
sistently with what can be seenlin Cappellari etlal. (2012) ian
Fig.[4. The fact that this trend is slightly weaker than the an-
plied by Fig.[T seems to confirms the intrinsic differenceshia
IMF of individual galaxies. However, part of this differemcould
also be explained if the distance errors were underestin&ine
way to address this issue would be to repeat our analysisafaxg
ies in a clusters at intermediate distance like the Comaeagiu®r
which relative distance errors can be neglected.

Our slope is a factors 3.6 smaller than the “tentative” trend
reported ir_Treu et all (2010) for the same quantities, ankinga
the same assumption for the dark halo. A reason for this ldifge
ference must be due to the fact that their sample only indude
galaxies withr > 200 km s~ (log, (o /km s™*) > 2.3). Our sam-
ple is too small to reliably study trend in IMF for the galasie
above thatr., but their reported trend would exceed the slope of
the (M/L) — o relation (Paper XIX), making it difficult to ex-
plain. Their steep inferred trend may then be due to theiraise
spherical and homologous models for all the galaxies, whiely
introduce systematic trends. Moreover they used singlestop-
ulation M /L based on colours is expected to be less reliable than
our determinations based on spectra (Gallazzi & Bell 2089k-
analysis of the unique SLACS dataset seems required tdyclari
this issue. Our trend with. is also smaller than the one reported

g

= b x I S
@t 9810 Ta0kms 1’

(6)

log

by |Ferreras et all (2012) from spectral analysis, who findpédra
change from a Kroupa to a Salpeter IMF in the narrow interval
o =~ 150—200 km s™*. Our relation is not inconsistent with the val-
ues presented in Conroy & van Dokkum (2012b) also from spkctr
analysis, or with the result reported by Spiniello etlal.(20) with
the IMF becoming steeper than Salpeter aboye200 km s We
are also broadly consistent with the IMF variation impligdthe
non-contracted halo spherical dynamical models_of Tortoi.
(2012). Overall there is a qualitative agreement betwe#ardnt
approaches and the still significant systematic differsimcéhe var-
ious methods could account for the differences.

5 DISCUSSION
5.1 Previous relations as seen on the Virial Plane

We have shown in Paper XVII that galaxy scaling relation can b
accurately explained by simple virial equilibrium, withlgsies ly-
ing on a tight Virial Plan€ Myawm, o, Re®), for a large volume-
limited sample of ETGs (Paper I). Once this has been eshetuljs
the interesting information on galaxy formation is thercalhtained
in the distribution and the physical properties of galaxaesthis
plane, which we presented in this paper.

We find that on the VP: (i) galaxies sizes are delimited by
a lower-boundary, which has a minimum at a characteristissma
Mianm 3 x 10*°My: (i) A number of key galaxy proper-
ties: dynamicall/ /L, and its population indicatorsgand colour,
which are mainly related to age (Cappellari €t al. 2006), rthe
malization of the IMF and the prominence of the bulge, alldten
to be constant along lines of constant, on the Virial Plane;
(iii) Another characteristic mass for galaxy propertieshie value
Miam ~ 2 x 101 Mg which separates a region dominated by
the round or weakly triaxial slow rotators at large massesifone
dominated dominated by fast-rotators ETGs, flattened iin thuter
parts and with embedded exponential disks (Paper XVII),sgho
characteristics merge smoothly with the ones of spiralxjega
A transition at this galaxy mass appears required in our tsode
for the formation of fast and slow rotatois (Khochfar et #)12,
hereafter Paper VIII). Interestingly the approximate latemass

~
~
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Figure 9. IMF versus o. correlations. The plots show as blue filled
circles with error bars the logarithm of the IMF mismatch graeter
(M/L)stars/(M/L)sa1p Versus the effective velocity dispersien, for

the subsets of 223 ATLA® galaxies with H8 > 2.3 A. Green symbols
are outliers automatically removed from the fits. Dasheddwitid red lines
indicate the & and 2.6 (99%) observed scatter around the best-fitting re-
lation (black solid line). The top panel includes all 223xéés. The middle
panel shows galaxies with accurate SBF distances. Therbgizmel shows
galaxies withoe > 90 kms~1.
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M, ~ 1 x 10° My where normal early-type galaxies starts to
appear corresponds to the threshold for quenching of fidikiges
recently discovered hy Geha et al. (2012). Below that malsstbe
cluster or group environment can strip spirals of their gas.

Although our sample is limited to a minimum mass
Mjam 26 x 10° Mg, our picture extends smoothly to lower
masses. A comparison of the trends outlined in fig. 4 of Pa-
per | or Fig.[% here, with similar relations for lower massagal
ies (e.g. fig. 7 of Binggeli et al. 1984; fig. 38 lof Kormendy et al
2009; fig. 12 of Chen et &l. 2010; fig. 4lof Misgeld & Hilker 2011;
fig. 20 of Kormendy & Bendér 2012) clearly shows that our ETGs
trends continues with the dwarf spheroidal (Sph) sequeniogvar
masses, while the spirals sequence continues with a sesuenc
of low-mass late spirals or irregulars (Sc—Irr), as indejgenly
noted also by Kormendy & Bender (2012). The parallelism be-
tween ETGs and spiral galaxies in scaling relations was 6tteeo
driver for our proposed revision (Paper VII) to the tunirogkf di-
agram by Hubble (1936), in the spirit lof van den Bergh (19%6).
Fig.[I0. we combine our results on morphology, kinematicd an
scaling relations in a single diagram, using the same gahaxypols
as Paper VII. This picture allows us to provide a new perspect
and a clean empirical view of a number of classic scalingticeia
and known trends in galaxy properties.

The classi¢ Faber & Jackson (1976) relation between L
is well known to be a projection of the FP. We study it here gisin
mass instead of light, and find that it is tracing the enveldpe
fined by the ZOE. We find that the relation is not well describgd
an approximately linear trend. This is consistent with s@asdier
claims of a possible change in the slope ofdhelL relation of ellip-
tical galaxies at the low luminosity end (Tonry 1981; Davé¢sil.
1983;/ Tortora et al. 2009). However even recent obsernafimm
the large SDSS sample have subsequently failed to find eséden
for a clear curvature, likely due to the insufficient quabfythe data
(Bernardi et al. 2003; Gallazzi etlal. 2006). For this reaberrela-
tion is generally assumed to be a power-law, except in themef
dwarf ellipticals (de Rijcke et al. 2005; Matkovic & Guzma005;
Forbes et al. 2008; Cody et al. 2009). The reason for thisusborf
is that the( Myam, o) projection is not too far from an edge-on view
so that the bend in the ZOE is not well pronounced and the rea&le
for the bend can be robustly detected here for the first tinei@s.
Samples of morphologically selected elliptical galaxies,which
the relation is usually derived, tend to populate mainlyttpe(red)
region of the diagram, where the effect of the cusp is notemtid
Moreover most previous studies did not reliably sample theekt
o regime.

Another well known projection of the FP is the Kormendy
(1977) relation. When using mass instead of light it becoohesr
it represents the analogue of the Faber & Jackson (1976}hisut
time in the(M;am, R2*®*) projection of the VP. Also in this case,
when samples are morphologically selected to consist iptiekls,
they tend to populate mostly the region of the diagram near th
ZOE, defining a relatively narrow sequence (Kormendy etG0O92
Chen et al. 2010; Misgeld & Hilker 2011). Although the seqeen
is useful for a number of studies, it is important to realizatfit is
not a real sequence in galaxy space on the VP. Itis due tothglsa
selection and it represents essentially one of the conéwetd of a
continuous trend of galaxy properties, spanning from sgaéax-
ies, to ETGs, and only terminating on the well defined ZOE (Big
and figure 4 in Paper I).

The characteristic mas&/jan ~ 3 x 10'°M,, is the same
transition mass discovered by Kauffmann etlal. (2003a) wates
that “low-redshift galaxies divide into two distinct fanei at a stel-
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Figure 10. Schematic summary of the results presented in Sektion 3 ectib8[4. ETGs properties, dynamichl /L (Fig.[) or its population proxies, #

and galaxy colour (Fid]2), concentration (Fig. 3), whickces bulge mass, and IMF mass normalization [Fig. 8), alltewary along lines of nearly constant

v/ GM, /(BR™2x) = 0. This sequence of ETGs properties merges smoothly withribeobspiral galaxies, with little overlap between late alsi(Sc-Irr)

and ETGs, a significant overlap between early spirals (SaSbfast-rotator ETGs with low//L and no overlaps between spirals and fast-rotators with high
M/ L. Three characteristic masses are emphasized in this diagidabelow M, ~ 10° Mg there are no regular ETGs and the mass-size lower boundary
is increasing; (i)M.« ~ 3 x 1010 M, is the mass at which ETGs reach their minimum size (or maxirstattar density), before a sudden change in slope
R oc MO-75 at larger masses (see also fig. 4 in Paper I); (iii) Beloy ~ 2 x 10! M, ETGs are dominated by flat fast rotators, showing evidence fo
disks (Paper XVII), while slow rotators are rare. Above tiiass the population is dominated by round or weakly trissdialv rotators. These smooth trends

in scaling relations motivated our proposed parallelistwben spirals and ETGs. To emphasize this connection wethisasime morphology symbols as our
‘comb’ diagram in Paper VII.

lar mass of3 x 10'° M. Lower-mass galaxies have young stellar tween size and age”. The same age-size trend was pointed/out b

populations, low surface mass densities and the low corat@nis
typical of discs. Their star formation histories are morersgly cor-
related with surface mass density than with stellar massimi-
lar trend involving colours and also better correlated \gitinface
density (or with the velocity dispersion inferred from theakr
virial relation) than with mass, was found to extend to réftisip

to z = 3, with red galaxies being systematically small, and blue
galaxies being large at a given mass (Franx et al.|2008). Wass
recently confirmed, still using photometric data alone, ieyl Bt al.
(2012). The correctness of all these statements can nowdilg ea
and accurately verified for the ETGs subset in Ei¢] 1-3.

The novelty of our work, with respect to all previous stud-
ies, is that we have unprecedentedly accurate and unbiased d
namical masses, and stellar velocity dispersions, ingitaderred
value. This allow us to conclusively state that neither dyical
mass nor stellar surface density are actually the best igescr
of galaxy properties, the main trend being along #hedirection
(which includes rotation in the case of disk galaxies). Oeac

~
~

Shankar & Bernardi (2009), and in different terms_ by Gravesle
(2009) who state that “no stellar population property shang
dependence orR. at fixed o, suggesting thatb and not dy-
namical mass is the better predictor of past SFH". The agm-si
trend was also confirmed in different samples of galaxies by
Valentinuzzi et al. [(2010) and Napolitano et al. (2010). iese
findings are another way of saying that age variations must fo
low lines of constant- on the VP as we find here fav//L, Hj

and colour, and confirm using age for our sample in McDermid et
al. (in preparation) (see also figure 15 of Gallazzi et al.6d0The
only contrasting view is the one by Trujillo et/al. (2011), evfind

a lack of age-size trend both at low and high-redshift.

The same characteristics mak&an ~ 3 x 10*° My of
Kauffmann et al.[(2003a), which constitute the locatiorhefibreak
in our ZOE, was found by Hyde & Bernardi (2009a) in the mass-
size relation of5 x 10* SDSS galaxies, their trend is significant
but quite subtle. The reason for the curvature they find besom
clear from what we find: the average radius of the objects en th

ATLAS®P result was already presented in Cappellari (2011a) and VP at constant mass, bends upwards at low masses, due tcsthe cu

subsequently confirmed with SDSS data and using virial mstss e

in the ZOE, with the strength of the effect being dependenthen

mates by Wake et al. (2012). The trend we observed for the ETGs specific criterion adopted to select ETGs. The bend in thesmas

can be extended to spiral galaxies, which fill the region ajda
sizes above the ETGs in t@/;anm, R2**) projection, smoothly
overlapping with the ETGs for the largest spiral bulge fi@ts (fig-

ure 4 of Paper | and Fid]5). It has been known for long that in
spirals luminosity-weighted ages are lower, star fornmaisoarger
and colours bluer on average than the ETGs, essentially fioyi-de
tion (e.g/ Hubble 1936; van den Bergh 1976).

o however is essentially undetected in the SDSS data, liked/ d
to the insufficient quality of the kinematics, especiallylav o
(Hyde & Bernardi 2009a).

A curvature in the luminosity-size relation was presented i
Graham & Worley (2008) (see also Chen etlal. 2010). It appears
when joining dwarf spheroidal galaxies (Sph) and elligdcas
a continuous sequence, with smoothly varying Sersic (1968)

Similar trends between age and size (or surface brightness) dex. The observed continuity of the relation is interpreted

with older objects being smaller at given age, were foundeie p
sistin ETGs.van der Wel etlal. (2009a) state that “at a giteltas
velocity dispersion, SDSS data show that there is no reldi®

a physical connection between dwarf spheroidals and iehilst
The trend discussed by Graham & Worley (2008) can also be
seen in_Binggeli et al! (1984), Kormenoy (1985), Kormendglat
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(2009) and Misgeld & Hilker 2011, where the dwarf spherada-
qguence appears to sharply bend from the ellipticals segudhat
Kormendy (1985) interprets dwarf spheroidal as constitusi sep-
arate family, of gas-stripped dwarf spirals/irregularse($&raham
2011 and_Kormendy & Bender 2012 for two complementary re-
views of this subject).

Our results cannot not be compared to theirs in a statisti-
cal sense, as galaxies in their diagrams are, by design,epet r
resentative of the population in the nearby Universe, and ce
tain classes of objects (e.g. M32) are by design over-repted.
Our sample is volume-limited and for this reason gives asstat
tically representative view of the galaxy population abaveer-
tain mass. Still the fact that the sequence of dwarf sphai®id
and low-mass spirals/irregulars, lie on the continuatiénoor
trends for fast rotator ETGs and spiral galaxies respdgtivee-
low the M <6 x 10° M mass limit of our survey, suggests

The ATLA® project — XX. Mass-size 19

proposed it for SOs and spirals. Only the most massive slew ro
tators appear to form an empirically separated class Kiffematic
morphology-density relation (Paper VII), which appliesto kine-
matic classes the relation discovered by Dressler (198@)gest
that most spirals are being transformed into fast rotatoestd en-
vironmental effects (Khochfar & Ostriker 2008), with a maosm
that is sufficiently ‘gentle’ to preserve the near axisymmyef the
disk (Paper II).

One process which is often mentioned in the context of clus-
ter galaxy populations is stripping by the interstellar med
(Spitzer & Baade 1951; Abadi etlal. 1999), which may impaet th
global morphology of the galaxy by removing a significantfian
(or most) of its gas content but mostly preserving the stelisk
component. This may explain some of the most flattened gedani
the fast rotator class (e.g., NGC4762), as emphasised ier Rdb
This would work by removing some of the mass of the galaxy keep

a continuity between dwarf spheroidals and the low-mass end ing a relatively constant effective size (of the stellar pmment),

of our disk-dominated fast-rotator ETGs population, which
turns we showed are closely related to spiral galaxies. Fiar t
reason our results reconciles the apparent contrast bettiee
findings of a Sph-E dichotomy (Kormendy 1985; de Rijcke ét al.
2005; | Janz & Lisker 2008; Kormendy et al. 2009) and the ones
of a continuity (Graham & Guzman 2003; Gavazzi etlal. 2005;
Graham & Worley 2008;_Forbes et/al. 2011). Our finding in fact
agrees with the proposed common origin of dwarf spheroidal
and low-mass spiral galaxies and irregulars (Kormenhdy /1985
Dekel & Silk 11986), but also shows an empirical continuity- be
tween dwarf spheroidals and a subset of the ellipticalslfarfihe
missing link between Sph and E is constituted by disk-dotetha
fast rotator ETGs (Emsellem et/al. 2007; Cappellari &t &730In
fact the continuity is not between “true” ellipticals, ndsnéehe
slow rotator, and dwarf spheroidals, but between “misdiast
ellipticals with disks and SO, namely the fast rotators, dwnerf
spheroidals. After this text was written and the paralielibe-
tween spiral galaxies and early-type were presented (RApeo
interpret the trends we observed in galaxy scaling relatigre-
per | and| Cappellari 20111a), a confirmation of this picture, i
cluding its extension to low mass systems was also proviged b
Kormendy & Bender (2012).

In summary our view of the VP is consistent and provides a
confirmation and the cleanest empirical view of all theserieal
trends between galaxy properties, which we interpreteduastal
the variation of the bulge fraction in fig. 4 of Paper | and expéd
as due to an apparent conversion of spirals into fast rat&dGs
in Paper VII.

5.2 Implications for galaxy formation

Galaxy formation is the superposition of a number of complex
events that happen in parallel. Here we sketch a tentatiterpi

of some of the phenomena that can play a role in explaining wha
we see. We refer the reader to Bois €etlal. (2011, hereaftarRdp
Paper VIl and Naab et al. (in preparation) for a more in-teajis-
cussion.

and may contribute to the scatter in the Mass-size planeafinb-
tator as well as to their overlap with the more gas-rich $jatax-
ies.

As to explain the intermediate to high mass end of the fast

rotator class, we would need a process which is able to iserea
the bulge size, while at the same time removing the gas or shut
ting off star formation (Paper VIII). The empirical signeta of
this phenomenon are visible in our data as an 'apparentedser
of the galaxy size, and increaseaf, which is actually due to the
bulge concentrating more light at smaller radii, accomgdriy a
increase inV// L, which is tracing a decrease of star formation or an
age increase. The process appears to generally presemgritigc
flatness of the stellar disks at large radii (middle panel igf [B).
A similar scenario was recently proposed|by Bell etlal. (30b2
interpret the relationship between rest-frame opticabanlstellar
mass, star formation activity, and galaxy structure fror: 2 to
the present day.

Intense gas-rich accretion events, mostly via cold streams
(Dekel et al. 2009), or major gas rich mergers (Paper VI w
increase both the mass ar¥l.. During the accretion the gas
may sink toward the centre (Mihos & Herngtiist 1994) until é b
comes self-gravitating and starts forming stars. It is myrihis
phase of rapid gas accretion that thé/L. — o (Cappellari et &l.
2006) andIMF — o (Section[4.B) relations, the tilt of the FP
(Dressler et al. 1987; Faber etlal. 1987; Djorgovski & Da@d8),
theMgb—o (Burstein et al. 1988; Bender etlal. 1993) or NMigb—

Vesc relation (Davies et al. 1993; Scott et al. 2009, Paper XXI),
will be imprinted in the ETGs population_(Robertson et al0&0
Hopkins et all 2009b) and then mostly preserved in the faligw
evolution.

The early progenitors of today’s fast rotator ETGs would
be high-redshift spirals, which are different from localesn
They are characterized by giant gas clumps (Elmegreen et al.
2007;. Genzel et al. 2011) have high gas fractions (Taccali et
2010; | Daddi et all 2010) and possess large velocity dispersi
(Forster Schreiber et al. 2006, 2009; Law et al. 2012). &t $itua-
tion bulges may form naturally as the clumps collide and nighee

The smoothness and regularity of the trends we observe andsink to the centre (Bournaud etial. 2007) or are efficientbtrabyed

the fact that they extend to spirals, appears to indicateseaton-
nection between the formation of the two classes of objdess (
per VIII). The same similarity between the fast rotator ETabsl
spirals in terms of their morphology and degree of rotatiead us
to propose a revision (Paper VII) of the classic morpholabitas-
sification (Hubble 1936) to emphasize the parallelism betwthe
fast rotators and spirals, in the same way that van den B&&it6]
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by stellar feedback (Genel et al. 2012; Hopkins ét al. 20%&Eu-
lar effects|(Kormendy & Kennicuitt 2004) will also contrileuio the
bulge growth and:. increase, while keeping the mass unchanged,
as will contribute the destabilizing effect of minor mergier

During the bulge growth some process must be able to turn
off star formation, without destroying the fast rotatingkdi that
still dominate the local ETGs population (Paper Il; Papdy Il
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Figure 11. Evolution scenario for ETGs. The symbols are the same as in
Fig.[d, while the large arrows indicate the proposed intggtion of the
observed distribution as due to a combination of two praeega) bulge

or spheroid growth, which seems associated to the quendiistar for-
mation, which moves galaxies to the right of towards thedoitdue to

the increased concentration (decreasig, and (b) dry merging, increas-
ing R by moving galaxies along lines of roughly constant(or steeper),
while leaving the population unchanged. A schematic ithtn of these
two processes is shown in Fig]12.

and that dominates the ETGs population already from~ 2
(van der Wel et al! 2011; see also van Dokkum 2011). The re-
duced efficiency of star formation by morphological quenghi
(Martig et al.l 2009) may be one of the processes explaining wh
on average bigger bulges correspond to older ages and lafgér
But bulge/spheroid growth seems also associated with A@N-fe
back, which would provide another bulge-related quenchiegh-
anism (Silk & Rees 1998). During the sequence of bulge/sptier
growth followed by quenching, the original gas rich spirall w
move from the left of the observedZ;anm, Re'®) plane towards
the right, or possibly the bottom right due to the increased-c
centration, while intersecting the constantines (blue arrow in
Fig.[11). At the end of the evens the galaxy will be a fast wotat
ETG, generally more massive and with a bigger bulge (sméller
largero. and concentration) than the precursor clumpy spiral.

At any stage during the bulge-growth phase the galaxy may ac-
crete purely stellar satellitels (Khochfar & Slilk 2006). hetcase of
these dry mergers the situation is quite different and onepocadict
the final configuration using energy conservation (Herricatial.
1993; | Cole et al! _2000;_Boylan-Kolchin et al. 2006; Ciottaét
2007). The predictions show that sizes will increase as thesm
grows. For major mergers (equal mass) and typical orbitafigo
urations, one can show that the mass and radius double, while
remains constant in agreement with simulations (Nipotl.€2G09)
(see Hilz et al. 2012b and Hilz etlal. 2012a for more accurate n
merical simulations and detailed physical explanationthisf pro-
cess). While in the limit in which the same mass doubling hap-
pens via small satellites, as mostly expected from the sbhfiee
Schechter (1976) mass function, the radius will increasa fagtor

Stellar bulge

Figure 12. Schematic representation of the two main processes rabpmns
for the formation of the observed distribution of galaxiegtee VP. (a) bulge
growth via cold accretion, secular evolution, or minor negsg followed by
quenching by AGN or other mechanisms, leaving the galaxyemmassive,
more compact, and consequently with a largerand gas poor (blue arrow
in Fig.[11); (b) major or minor dry mergers, increasing gglenass and sizes
at nearly constant., or with a possible decrease, leaving the population
mostly unchanged (red arrow in Fig.]11). (taken flom Camnef011Db).

of four and the dispersion will be twice smaller (Naab et 80%;
Bezanson et al. 2009; Hopkins etlal. 2009a; Hilz ¢t al. 201867
result the galaxy will move along lines that are parallelie ton-
stanto lines, or steeper. During these dry mergers, given thaether
is little gas involved, the stellar population, colour ahf)/ L will
remain unchanged (red arrow in Hig] 11).

The gas-rich mergers/accretion scenario is generallyistems
with the observed correlation between supermassive blatdsh
(BH) and galaxy velocity dispersion or bulge mass (Di Matéal.
2005). It is generally believed that the correlations iathkca
joint evolution of galaxies and BHs, with BH growth happen-
ing at the same time as the bulge growth, and providing a self-
regulation via feedback (Silk & Rees 1998; but see Reng 2607 a
Jahnke & Maccio 2011 for a non-causal origin of the coriefea).

We demonstrate that indeed thevariation directly traces the bulge
growth (Kormendy & Gebhardt 2001). In fasttraces the central
galaxy concentration and the bulge size as estimated orebptor-
phology, while the outer galaxy disks remain flat. This iraplthat,

if the BH indeed accretes from the same gas that grows thepulg
BH mass should correlate better wittthan with total mass as ob-
served|(Gebhardt etlal. 2000; Ferrarese & Mérritt 2000).

However, when ETGs experience dry mergers, their BH grows
in proportion to the mass, but galaxies move along lines aflye
constanto. For this reason, an expectation from this picture is
that BHs at the high mass end should start to appear too massiv
with respect to the predictions of thedgy — o relation (see also
Nipoti et al. 2003; Boylan-Kolchin et &l. 2006). The high-sseBH
end is still not sufficiently populated to reliably test thiediction,
but indirect evidence seems to support this possibllityéraet al.
2007), as well as the recent detection of two giant blackshate
the centre of two bright cluster galaxies, which are cleanlyre
massive than thé/sr — o prediction (McConnell et al. 2011).

In summary we propose that the distribution of galaxy prop-
erties on the VP, wherd//L and age follows lines of constant
o on the VP, could be explained by the combination of two pro-
cesses, which can happen multiple times during the evolufa
single galaxy: (i) They accrete gas, which grows the bulgeBis,
shrinks theirR., and increases. and concentration, while some
process which seems associated with the bulge growth (&H§ A
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feedback), quenches star formation; (i) They experienastiypmi-
nor dry mergers that move them along lines of roughly constan
(or steeper).

An open question in the scenario in which ETGs evolve rela-
tively quietly from spirals comes from the comparison of &od-
ings with the empirical scaling relations one observesrgelared-
shift. In fact atz > 1.5 galaxies are found to be smaller than local
ones with the same mass (Daddi €t al. 2005; Truijillo et al.6200
2007;[van Dokkum et al. 2008; Cimatti et al. 2008). They popu-
late the region below the ZOE of local galaxies. This may-indi
cate that the compact high-redshift ETGs follow a differand
more violent evolutionary path than the more quiet majooityo-
cal ETGs|(Barro et al. 2012). We show in the top panel of Eig. 2
that the 12 available determinationsco{Cenarro & Truijillo 2009;
Cappellari et al.| 2009; van Dokkum et &l. 2009; Onoderalet al.
2010;|van de Sande etal. 2011) are all consistent within the e
rors with the ATLAS® VP, with the only exception being the
object presented in_van Dokkum et al. (2009). A way to recon-
cile this very mild (or lack of)o evolution is by assuming that
the compact primordial ETGs grow mostly by accretion of $mal
satellites in their outer halos, while preserving the cnstruc-
ture (Naab et al. 2009; Hopkins etlal. 2010; Oser 2t al.|20002p
This seems consistent with the shape of the photometriclgsofi
of the early ETGs|(Hopkins etal. 2009a; Bezanson ket al. |2009;
van Dokkum et gl 2010; Hilz et al. 2012a). A caveat is that sig
nificant biases may still exist in the high-redshift photbrye
(Mancini et all 2010), considering that systematic differes of up
to a factor of two exists even on well observed ETGs in thelmear
Universe [(Kormendy et al. 2009, Chen et al. 2010, Paper IyeMo
over comparisons of photometric profiles tend to be madenagai
bona fide ellipticals, while the remnant of the high-redsBif Gs
are likely disk-like fast rotators ETG, which have systeally
different profiles. Finally the comparisons should idedly done
in mass density, instead of surface density, but kinemafaria-
tion is available for only a handful of galaxies. This imglithat
there is perhaps still some room for the compact higeTGs to
become more consistent with local ones, than currentlynasdu

6 SUMMARY

In the companion Paper XIX we describe in detail the dynami-
cal models for all the ATLAS® ETGs that were introduced in
Cappellari et al.[(2012). We found that galaxies lie on a Winal
Plane (VP) in the three-dimensional parameter space defiped
(M3yam, oc, RE™).

Here we studied the inclined projection of the VP and find
that: (i) the location galaxies define a clear boundary, weH
scribed by two power-laws, joined by a break at a charatieris
massMyan = L x (M/L). = 3 x 10'° M, which corresponds
to the regime where a number of global galaxy properties nere
ported to change; (ii) The distribution 6#//L)., as well as pop-
ulation indicators of M/ L).p like H3 and colour, together with
galaxy concentration that we show here is measuring bukge ail
tend to be constant along lines of constaunt

These findings explains why. (not L, M, R.or ¥.) has of-
ten been the most successful single descriptor of galaxyepties.
We discuss a number of previously found galaxy correlatrahwae
find that they are all consistent with what we find. In fact maist
served relations turn out to be just special projectioneidleaner
and more general view provided by the VP.

The stellar initial mass function was previously shown (e.g

© 2012 RAS, MNRASD00,[TH25
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Cappellari et al. 2012) to vary systematically W{th/ / L) stars and

as expected it also follows the other population indicatord also
tend to vary along lines of nearly constant on the VP. This is a
necessary expectation if one wants to preserve the tightfebe
Fundamental Plane or t{@d//L) — o. relation. The trend of IMF
with o appears to account for about half of the total trend in the
(M/L) — o. relation (see Paper XIX), the remaining one being due
to stellar population variations.

The distribution of galaxy properties on the VP can be gaalit
tively interpreted as due to a combination of two main preees(i)
bulge growth, changing the galaxy population and decrgaBin
while increasingr., and (ii) dry merging, increasing. by moving
galaxies along lines of approximately constant while leaving
the population unchanged. It is unclear where the reporéetsel
ETGs fit in this picture. They may simply follow a differentute,
which forms the most massive galaxies and is not affectindaht
rotator population, which dominates ETGs in the nearby Ehsig.
Or there may be some remaining biases in the photometriac\abse
tions, producing an underestimation of the radius. The failable
high-redshifto determinations are in fact all with one exception
consistent with what we observed on the VP. Stellar kineraaif
high-redshift ETGs is critically needed to address thisstjoa.
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