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ABSTRACT

A major amendment in recent models of hierarchical galaxyédion is the inclusion of so-
called AGN feedback. The energy input from an active cemiadsive black hole is invoked
to suppress star formation in early-type galaxies at lgtecks. A major problem is that this
process is poorly understood, and compelling observdteuidence for its mere existence is
still missing. In search for signatures of AGN feedback, weehcompiled a sample of 16,000
early-type galaxies in the redshift rang®5 < z < 0.1 from the SDSS database (MOSES,
Morphologically Selected Ellipticals in SDSS). Key in oyspoach is the use of a purely
morphological selection criterion through visual insp&ttwhich produces a sample that is
not biased against recent star formation and nuclear gctiéased on the nebular emission
line characteristics we separate between star formatitritgcblack hole activity, the com-
posite of the two, and quiescence. We find that emission iglynoNER-like in high-mass
galaxies ¢ > 200 km/s) and roughly evenly distributed between star formma¢ind AGN at
intermediate and lowo( < 100 km/s) masses. The objects with emissien20 per cent) are
offset from the red sequence and form a well-defined pattettmei colour-mass diagram. Star
forming early-types inhabit the blue cloud, while earlyp#g with AGN are located consider-
ably closer to and almost on the red sequence. Star formAtix composites are found right
between these two extremes. We further derive galaxy stardton histories using a novel
method that combines multiwavelength photometry from #éérto near-IR and stellar ab-
sorption indices. We find that in those objects deviatingfitbe red sequence star formation
occurred several00 Myr in the past involvingl — 10 per cent of the total stellar mass. We
identify an evolutionary sequence from star formation vialaar activity to quiescence. This
transition process lasts abauGyr, and the peak AGN phase occurs roughly half a Gyr after
the starburst. The most likely interpretation is that stanfation is suppressed by nuclear
activity in these objects before they settle on the red secpi€eThis is empirical evidence for
the occurrence of AGN feedback in early-type galaxies ameepochs.

Key words: galaxies: active, galaxies: elliptical and lenticulardagées: evolution, galaxies:
formation, galaxies: active

1 INTRODUCTION to do so. The vast majority of early-type galaxies appearateh
formed most of their stars at high redshift on very short toades
as suggested by the stellar population properties of nesaby
ples (e.g. Trager et al. 2000; Thomas et al. 2005; Nelan [208b;
Bernardi et all 2006; Jimenez ef al. 2006) as well as the ifédsh
evolution of luminosity and mass functions of massive galax
ies (e.g.. Wake et al. 2006; Cimatti et al. 2006; Rodighierallet
2007a).

The formation of early-type galaxies is one of the major lresh
problems of astrophysics. Despite their apparent siniplithey
have time and again refused to fit into the bigger picture aod,t
they have been the most difficult and illuminating test folagg
and structure formation theory. In every generation of tego
cal models, early-type galaxies have helped provide thighis
into what physics was still missing from them and they cargin
Until very recently, the predictions from semi-analytic dets
of hierarchical galaxy formation were in severe conflictwfe ob-
* E-mail: kevins@astro.ox.ac.uk (KS) servationally derived formation ages and timescales di¢gpe
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galaxies. These models take the merger trees of dark maiftezsh

in a ACDM universe either by following them in a cosmological N-
body simulation|(Kauffmann et &l. 1999)) or generating thesimg
the extended Press-Schechter formalism (White & Frenk 11991
They then calculate the more complex fate of baryonic matter
side them with prescriptions for star formation (Kennic1898),
radiative cooling of gas (Sutherland & Dopita 1993; Sprireteal.

2001) and feedback from supernovae (Kauffmannletal. |11999).

Early semi-analytic models such as thal of Kauffmann & Gitarl
(1998) predicted that the most massive galaxies in the tsevear-
bour the youngest stellar populations and assemble thectast
trary to what has been deduced from observations. For @alriti
example, these models struggle to match the observed chlemic
abundance ratios and their trends with galaxy mass (Tho8g; 1
Nagashima et al. 2005).

The reason for this failure in the early models is that star
formation continues unchecked in massive haloes wherersupe
nova feedback is insufficient (Dekel & Silk 1986). Bensonlet a
(2003) showed that in massive galaxies, an additional, pove
erful heating source than SNe is needed to heat the cold gas th
fuels star formation and therefore stop it. This additiomahting
source is now generally identified as feedback from activacga
nuclei (AGN) where jets and outflows from the central superma
sive black hole are presumed to heat and expel most residsai@

a wind thus preventing further star formation. TGN feedback
has been discussed by a number of authors (Ciotti & Ostri@y 1
Silk & Rees 1998;; Binney 2004; Springel etlal. 2005a;!Silk5200
and is now part of many galaxy formation models (Granato.et al
2001, 2004; Springel et al. 2005b; Kaviraj ell al. 2005; Oncbal.
2006; | Bower et &l.| 2006, De Lucia et &l.
2006,/ 2007; Cavaliere & Menci 2007; Kawata & Gibson 2005).
The phenomenological model of Schawinski et al. (2006b) is
specifically motivated bfsALEXobservations of early-type galax-
ies.| Di Matteo et gl.| (2005) and Springel et al. (2005a) hdse a
investigated the effect of AGN feedback in hydro simulasion
of mergers and have now placed them in large-scale simaokatio
probing cosmological volumes (Di Matteo etlal. 2007; Sijatlal.
2007). Note that alternatives have been suggested baskd prot
cesses of cooling and shock-heating of baryonic matter ik da
matter haloes| (Birnboim etlal. 2007; Khochfar & Ostriker 200
Hopkins et al. 2007).

AGN feedback may come in two different modes at different
epochs during cosmic time. In an early phase at high redsthié
AGN may truncate and quench star formation leading to the for
mation of the dominant old population in massive galaxidssT
so-called 'quasar mode’ (Croton et lal. 2006) is most likelgaan-

2006; Cattaneolet al.
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Figure 1. Optical colour-magnitude relation for the early-type tagae of
Bernardi et al.|(2003a) and this work. Early-type galaxiesdivided into
‘quiescent’ and 'active’ depending on whether emissioadiare detected.
Our purely morphologically selected sample contains aifsgmtly larger
fraction of active early-type galaxies.

for this purpose is the compilation of a sample of early-tgpkx-
ies with a selection method that does not bias against AGXband
star formation. The sample further needs to be large, bectes
potentially short duration of the AGN feedback phase makeb s
objects relatively rare. To this end we have constructednapka
of nearly 16,000 early-type galaxies from the Sloan DigBaly
Survey (SDSS) in the redshift ran@e)5 < z < 0.1. These early-
types are part of a sample comprising 50,000 early- andtygie-
galaxies in that redshift range compiled in a project cdlexipho-
logically Selected Ellipticals in SDSS (MOSES, Schawirestial.,
in preparation). The major novelty is the purely morphotagjise-
lection mechanism through visual inspectionatif 50,000 galax-
ies. Through emission line diagnostics we identify actieelye
type galaxies with star formation activity and/or AGN. Frahe
stellar populations we derive star formation historiestfase ob-
jects, which allows us to explore the possible interactietwieen
the formation histories of the galaxies and their curreat &irma-
tion/AGN activities.

The paper is organised as follows. In Sectidns Zand 3, we out-
line the sample selection, present the emission line d&tgrs) and
the stellar population analysis. We place the sample gedasib-

panied by vigourous black hole growth and leads to very gtron divided in quiescent, AGN, and star forming objects on tHewe
kinetic feedback that quenches strong starbursts. The other faceo relation and discuss first tentative conclusions in SedfloA
ofAGN feedback can be thought of as a 'maintenance’ mode. It More quantitative discussion is provided in Secfibn 5 basethe
turns on at more recent epochs such that furthersignifigasoees two-component star formation histories derived. Condusiin the
of star formation are preventéd (Best ef al. 2005, 2006 &faéia). ~ Ccontext of AGN feedback in galaxy formation are discussesiio-
2005,[2006). The coupling between the black hole accretiah a  tions6 andl.
the gas heating is poorly constrained by the observatioe.|dier Throughout this paper, we assume a standa®{)M cosmol-
mechanism has only recently been included in semi-anajgtxy ogy consistent with the WMAP results_(Bennett et al. 2003hwi
formation models. While such prescriptions are successfalr- Qm =03, Q4 = 0.7 andHo = 70 hro km™" s~". All magni-
ing some key issues, their major problem is that the phyditsi® tudes are in the AB system.
process is still poorly understood and essentially uncaimsd by
observations. Compelling observational evidence fomtiege ex-
istenceof AGN feedback in early-type galaxies is still missing.
The aim of this paper is to tackle the key question of the role
of AGN feedback observationally by looking for its signagsiin
early-type galaxies at recent epochs in the nearby univErseial

2 DATA SAMPLE

The sample utilised here is part of a project called MOSES:
MO rphologically SelectedEllipticals in SDSS. Key is that all
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48,023 galaxies in this sample have been visually inspeated
classified into early- and late-type morphology by eye,diied a
sample of 15,729 early-type galaxies. A detailed desaniptif the
catalogue can be found in a companion paper (Schawinski, &t al
preparation), and we refer the reader to this paper for atgilsle
In the following, we provide a brief summary with focus on the
aspects that are most relevant for the present work.

2.1 Sample Selection

We use the Sloan Digital Sky Survey DR4 as our main sample
(York et alll 2000;_Stoughton etlal. 2002; Adelman-McCarthgl=
2006). TheSDSSis a survey of the Northern Sky providing us
with photometry in the five filterai,g,ri and z (Fukugita et al.
1996; Gunn et al. 1998). We selected objects from the redstdé
0.05 < z < 0.10 with the magnitude limit- < 16.8. These cuts
are mostly motivated by the limit out to which a visual insji@t

of galaxy morphology is reliable (see Schawinski et al. 2006

2.2 Morphological Classification

The selection criteria used to identify early-type galaxaee cru-
cial. Selection criteria based on galaxy properties sucbossur,
spectral features or concentration index rather than nobogly are
atrisk to be biased against early-type galaxies with redishar for-
mation or AGN activity. As these are the objects most relef@n
the present study, we decided for a radical, purely mormicéd
selection.

The first catalogues of early-type galaxies in tB®SS
used for extensive study are those of Eisensteinlet al. {j2a0d
Bernardi et al.| (20032 |b.¢,d). The Bernardi etlal. (2003sglogue
is based primarily in the likelihood of the surface-brigéga profile
resembling a de Vaucouleurs law and a high concentratioexind
This is a very efficient way of selecting large numbers of spiaks,
but can fail to reject spiral galaxies with prominent bulgespar-
ticular, spirals with face-on faint disks and edge-on disks pass
these criteria. Furthermore, Bernardi et al. (2003a) tejataxies
with a PCA classification number atypical of red, passivdyear
types (Connolly & Szalay 1999). This means that early-typitk
strong emission lines or that are dominated by young stedipula-
tions are rejected despite having early-type morphologyah ex-
ample, the early-type galaxies discussed by Fukugita ¢2@04)
would not be included. Recently, Fukugita et al. (2007) hawe-
piled an catalogue of morphological early-type galaxievisyal
inspection of 2,658 objects from tIBDSS

For the MOSES sample we carried out manual inspection of
multi-colour images from SDSS by eyer all 48,023 galaxiesin
order to avoid any potential bias introduced by selectingdigurs
or spectral features. We define as early-type galaxies gdictsh
earlier than and including SO galaxies and reject galaxas bur
sample if they show distinct spiral arms or a disk. Mé&udein this
selection objects with clear tidal features or other signmarpho-
logical disturbance. In the paper presenting the MOSESazaia
(Schawinski et al., in preparation) we present a number afngte
images fromSDSSo illustrate the effectiveness of our visual in-
spection. Out of the 48,023 galaxies in our volume limitem gke,
we identify 15,729 early-type galaxies. Figlte 1 illust®s the dif-
ference between our selection and that of Bernardilet ad3&pin
the coloure diagram. It can be seen clearly that our morphological
selection yields a significantly higher fraction of eayyp¢ galax-
ies with emission lines and/or blue colours. Less than 5%hef t

early-type galaxies in the catalogue of Bernardi el al. 8()&how
emission lines, while over 18% of ours do.

2.3 Photometry

We retrievedSDSSmodel magnitudesnpdel Mag) for all five fil-
tersu,g,riandzfrom theSDSDRA4 database. In order to improve
the wavelength coverage of the galaxies in our sample, wehmat
them to a number of other surveys, nam&pLEX 2MASS and
SWIRE

2.3.1 Matching to GALEX

The Galaxy Evolution Explorer (GALEX IMartin et al.l 2005) is
conducting several surveys of the ultraviolet sky in tweef#t far-
UV (FUV; 1344-178@) and near-UV NUV; 1771-283R). The
Medium Imaging Survelyom the General Release 3 (MIS/GR3) is
covering a portion of the sky coinciding with i s SSo a limit of
23 AB in NUV andFUV. We match our galaxies to MIS withiti’

to find counterparts. GR3 only covers a fractiorS®#SR4 and
so this matching gives us detections for 13.4% of galaxies.

2.3.2 Matching to 2MASS

The Two Micron All Sky Survey (2MASS; |Skrutskie et al.
(2006)) provides us witll, H and K, band imaging for our galax-
ies selected iISDSSWe match our galaxies to tfiextended Source
Catalogug(XSC) within4”, giving us counterparts for 87.1%. The
2MASSphotometry is done in the Vega system, so in order to
keep consistency with the rest of the MOSES sample, we conver
the magnitudes from Vega to AB followinig Blanton et al. (2603
2005).

2.3.3 Matching to Spitzer-SWIRE

The Spitzer Wide Area Extra-galactic Survey (SWIRE;
Lonsdale et al.. 2003) is one of the Spitzer Legacy Surveys
and imaged nearly 50 square degrees using both the IRAC
(3.6,4.5,5.8,8.0um) and MIPS ¢4, 70, 160um) instruments. We
cross-match the MOSES sample to the public source catadgue
ELAIS N1, N2 and Lockman Hole fields. Only a small fraction of
our sample (0.3%) has counterpart$ #um.

2.4 Spectroscopy

SDSShas performed follow-up spectroscopy usiigfibres yield-
ing a reasonably complete samplerto< 17.77 (Blanton et al.
2003Db). The spectra cover the range of 3800 to goamm resolving
power of 1800 and for the MOSES sample have a typical sigral-t
noise of about 30. We retrieve ti8DSSoptical spectra for all our
galaxies.

2.4.1 Gas and stellar kinematics

We measure the kinematics of the stars and the emissiofitixes
of our galaxies from their SDSS spectra following the method
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Figure 2. The BPT line diagnostic diagrams for the early-type gakxitthe MOSES sample. Each galaxy is coloured by its optigatalour (see colour
bar in left-hand panel). Point sizes scale with the galaXgoity dispersion as an indicator of mass (see legend irhigdfid panel). In each diagram, we
indicate the demarcation lines used in our classificatitrese. The dashed line in the [NllJ#Hdiagram (left-hand panel) is the empirical star formatioe |
of [Kauffmann et al.|(2003) (labelled Ka03), while the solighee (in all three panels) is the theoretical maximum steatonodel from Kewley et all (2001)
(labelled Ke01). The galaxies in between these two lineS&&GN composites or 'transition region objects’. Galaxelow the Ka03 line are dominated
by star formation. The division line between Seyferts andERs is shown as the straight line following Kewley et al.dgpfor the middle and right-hand

lagf[=1] % 8717 6731 /Hn)

panel and our own definition (see text) for the left-hand pane

of ICappellari & Emsellem| (2004) and Sarzi et al. (2006), eesp
tivel. We separate the contribution of the stellar continuum dnd o
the ionised-gas emission to the observed galaxy spectritiiby
simultaneouslystellar population templates (from_Tremonti et al.
2004) and Gaussian emission-line templates to the datiaese fits
we account also for the impact of diffuse dust in the galaxgiut

in the emission-line regions, which allows to obtain a dewst
on the strength of the Balmer lines that is at least what erpec
by recombination theory. From the fit to the stellar contimuand
absorption features, we measure the line-of-sight velddigper-
sions. From subtraction of the emission-line spectrum filoeob-
served one, we get the clean absorption line spectrum foea fr
emission line contamination. We then use this cleaned spadb
measure the stellar absorption indices. The physical @int on
the emission from high-order Balmer lines ensures the gtheof
the corresponding absorption features is correctly estidhavhich

is crucial for constraining the ages of stellar populations

2.4.2 Lick absorption line indices

On each spectrum we measure the 25 standard Lick absoript&on |
indices (Worthey et al. 1994; Worthey & Ottaviani 1997) éol
ing the most recent index definitions |of Trager etlal. (19%®)y.
this purpose the spectral resolution is reduced to the wagth-
dependent Lick resolution (Worthey & Ottaviani 1997). Thean
surements are then corrected for velocity dispersion leoiad.
The correction factor is evaluated using the best fittinfjesstéeem-
plate and velocity dispersion obtained previously. Erevesdeter-
mined by Monte Carlo simulations on each spectrum indiiglua
based on the signal-to-noise ratios provided by $IESS Possi-
ble discrepancies between the flux-calibreés&5 Spectral system

1 We made use of the correspondipgxf and Gandal f IDL codes
adapted for dealing with SDSS data. Both softwares can biewved at
http://www.strw.leidenuniv.nl/sauron/

and the Lick system are negligible, as shown in a detailetysisa
of Lick standard stars observed wibSSCarson 2007).

2.5 Emission line diagnostics

Emission line diagnostic diagrams are a powerful way to
probe the nature of the dominant ionising source in galaxies
(Baldwin, Phillips, & Terlevich 1981, hereafter BPT). Thajjow

the separation of galaxies into those dominated by ongdiag s
formation and non-stellar processes; and with sufficiefdrina-

tion can further split those into Seyfert AGN and LINERThe
diagrams also contain a transition region, where the earidsies
indicate a blend of star formation and AGN activity.

We use the four optical line ratios [OIIIN\5007/H3, [NII]
A6583/Hy, [SII] A6583/Hx and [OI] A6583/Hx. We follow the
signal-to-noise criterion of Kauffmann et al. (2003) anaksify all
galaxies that have a S/N 3 detection of Ky, H3, [Olll] A5007
and [NII] A6583. The two low ionisation species [SII] and [Ol] are
used when detected, as they are usually weaker than thefotier

2.5.1 Diagnostic diagrams

The corresponding three diagnostic diagrams are showrgifi2Fi
Each galaxy is coloured by its optical — r colour. Point sizes
scale with the galaxy velocity dispersion as an indicatanass. In
each diagram, we indicate the demarcation lines used inlasf ¢
sification scheme. In the left-hand column, we show the NI
diagram used to separate star forming objects (blue) by snefan
the demarkation line by Kauffmann et al. (2003, dashed .l
verified that the somewhat more restrictive separation éetvstar
forming and AGN suggested hy Stasihska etlal. (2006) doés no
alter the results of this work. The remaining objects aredeig
in composite Transition Region objects (purple) and AGNhgsi

2 LINER: low ionisation nuclear emission line region
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Figure 3. A sample of morphological early-typegalaxies from the M@3ample sorted by their emission line classification. Theuts are 48— kpc by

40n~1 kpc in size.

the theoretical maximum starburst model fiom Kewley e1200(.,
solid lines).

The AGN are then further sub-classified into Seyferts (green
and LINERs (red) by the straight solid lines. The more indica
tive low ionisation species (middle and right-hand paned) esed
where possible. The best separation of Seyferts and LINERS i
achieved using [OI] (right-hand panel of F[g. 2), which ieds
wherever [Ol] is detected with S/ 3. The [Ol] line is gener-
ally weaker then any of the other emission lines used, soenihesr
not available, we use [Sll]. To separate the two types of AGHI,
use the lines defined by Kewley et al. (2006). If both thesesliare
not detected we adopt the original [NII] diagram for AGN dias
fication. Based on the location of those galaxies classifiefDi]
or [SlI] on the [NII] diagram, we define a new empirical Seyfer
LINER separation:

log([OI11]/HB) = 1.05 log([N1I}/Ha) + 0.45 1)

2.5.2 Classification results

Following the emission line classification we divide ourlgdype
galaxy sample into five classes.

(i) Quiescent (orange)

(ii) Starforming (blue)

(iif) Transition Region (purple)
(iv) Seyfert (green)

(v) LINER (red)

Most objects in the quiescent early-type galaxy class are vi
tually free of emission lines. A small sub-fraction exhibiweak
[Olll] emission, but lack the other emission lines neceg$ar the
BPT classification. We verified that a further separatiorhisf sub-
class does not affect the results of this work. The quiesugjetcts
make up the bulk of the early-type population (82 per certe T
early-type galaxies with significant emission lines (S/\8 in the
four main BPT lines) represent the remaining fifth of theegype
sample. We call these active early-type galaxies, and atptirem
into star forming, transition objects, Seyferts and LINERise re-
sults of this classification are summarised in TdBle 1. Fahés
details we refer the reader to the paper describing the MGBES
alogue (Schawinski et al, in preparation). We show some plam
images of morphological early-type galaxies in Fiddre 3.

Table 1.Emission Line Classification Results

Classification Number  Fraction  Colour
Galaxies
Early-type galaxies 15729 100%
Quiescent 12828 81.5% orange
Starforming 671 4.3%  blue
Transition Region 1087 6.9% purple
Seyfert 242 1.5% green
LINER 901 57% red

2.5.3 Star formation rates

For those galaxies classified as starforming, we derivefetara-
tion rates from the extinction-correctedwHine luminosity accord-
ing to the conversion of Kenniclift (1998). All star formaticates
for our galaxies quoted in this paper are based aruHless other-
wise noted. We cannot derive reliable star formation radesfy
of the other emission line classes, as an unknown fracticthef
Ha emission line is of non-stellar origin.

3 STELLAR POPULATION ANALYSIS

The spectrum of a galaxy contains a record of its star fonati
history over the age of the universe. Its stellar populatiare the
combination of all the episodes of star formation that axgatnd
its progenitors underwent. Reconstructing this star faionahis-
tory or at least recovering it partially is a challengingkifisat re-
quires excellent observational data, stellar populatiadets for
the interpretation and a statistically sound method foréuevery.

For the problem at hand in this paper, we turn to the paramet-
ric approach. It has been used with great success by Fe&e3ils
(2000) and by Kaviraj et al. (2006) to use the immense didoam
ing power of restframe near- and far-UV photometry to testtibr
individual early-type galaxies have undergone episodesaént
residual star formation or not.

3.1 Two-Component star formation histories

The aim of this work is the mapping of current star formathdaN
activities in galaxies with their star formation histori€¥ particu-
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lar relevance for us is the epoch and the strength (hencefraass
tion) of the last significant starburst that occurred in aggl Since
the most recent episode of star formation dominates thetrsipec
at all wavelengths, it is the easiest to recover (see FighurEal-
lowing the approach of Kaviraj etal. (2006), we thereforeviio-
component star formation histories to the galaxy data.

The old component is modelled as an instantaneous starburs

of variable age and metallicity, and represents the fownatf the
bulk stellar population of the galaxy before the most reegigode
of star formation. We allow this old component to vary betwae,
of 1 and 15 Gyrs. By marginalising over this parameter lateme
are summing all possible linear combinations of singlebstests
and so take into account all possible star formation hissdoiefore
the most recent starburst.

On top of this, we add a young component of a certain age
t, and mass fractiotfy . It turns out that this young burst is poorly
modelled by an instantaneous starburst, so that we choaspto
resent it by an exponentially declining star formation natth an
e-folding time of 100 Myr. The choice of 100 Myr is motivated b
a test on a small sub-sample, where we left the e-folding time
as an additional free parameter. In this test, we recoverygia
cal T of ~100 Myr for early-type galaxies with young components,
so we setr to 100 Myr a posteriori The parametet, stands for
the look-back time to the beginning of the starbuystjs the total
mass fraction formed in the recent burst extrapolating G@&Nyr
e-folding star formation history to infinity. Since virtiyakll ages
we recover for the starburst population are at leasd0 Myr, the
difference between the mass actually formed by today antbtak
mass that will form is small.

This parametric quantification of the age and mass fraction o
the secondary population allows us to derive@entstar formation
history against the background of any possible star foonatis-
tories in the distant past, represented by a simple stedjaulption
(SSP), whose effect we can account for by marginalisatidris T
approach is different from purely non-parametric appreadh the
literature that make na priori assumptions on the star formation
history to be recovered (e!g. Panter et al. 2003, |2006).

3.2 Internal metallicity distribution

Besides assigning an average metallicity to each model,dve a
ditionally consider the internal distribution of metaities nec-
essarily present in each galaxy. This is important, as aofail
low metallicity stars can have a significant effect in parac on
the ultraviolet part of the spectrum_(Maraston & Thomas 2000
We construct an analytic form of the typical metallicity teiisu-
tion from observations of the bulge of M31 and the closedyear
type galaxy NGC 5128 where individual stars can be resolved
(Sarajedini & Jablonka 2005%; Harris et al. 1999; Harris & tkar
2000, 2002). This metallicity distribution is modelled kitwo
Gaussians. The bulk metallicity is a Gaussian with a meaalfitet

ity 1z and a spread af = 0.22 dex, while the tail is parametrised as
a Gaussian shifted by 0.75 dex to lower metallicity with thecm
larger spread of = 1.5 dex. Both components are such metallic-
ity composites, and we varyz to cover a mean mass-weighted
metallicity Z () ranging betweer- 1/200Z¢ to ~ 3.5Z.

3.3 Dust extinction

Internal dust extinction causes a degeneracy with age asd that
needs to be taken into account. To describe dust attenuaton
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Figure 4. The pace of stellar evolution: we show the SED of a solar metal
licity MO5 SSP from 0.01 Myr to 15 Gyr. The different ages amdoar-
coded and we indicate the filters we use by their filter trassion curves
of the data we use in this paper at the bottom. The broadbdodrsof a
galaxy will always be dominated by the youngest stellar patpn formed
in the most recent episode of star formation. Any older pagah will be
small by comparison even with respect to a relatively smailng mass-
fraction. This feature of stellar evolution allows us toeefively split the
star formation history into two components until about 2.6yr when the
pace of stellar evolution slows down and populations okdéht ages up to
15 Gyr become similar and the differences are on the ordérecéffects of
dust and metallicity.

adopt the extinction law by Calzetti et al. (2000). This daois
mainly motivated by the fact that the active early-type gaa in

our sample are undergoing significant episodes of star filsmao
that an extinction law derived from a sample of starformiatpg-

ies seems reasonable. In separate runs we have tested arrmimbe
other extinction laws (Milky Way (Allen 1976), LMC (Fitzpétk
1986), SMC|(Prevot et al. 1984; Bouchet et al. 1985) and eeifi
that in general, the Calzetti et/al. (2000) law provides tbst ffits.
The dust parameter E(B-V) is varied between 0.0 and 0.8.

3.4 Combining photometry and spectroscopy

A crucial novelty of our approach is the combination of pimo&t-
ric and spectroscopic data, which increases the power akhbrg
the degeneracies between age, mass, metallicity and dusnto
The reason why this helps is that the degeneracies aredtiffbe-
cause of the dissimilaron-linearresponses of broadband colours
and stellar absorption indices to these parameters. Likmot-
gists who combine the very degenerate contours of one empati
with another to find a well-constrained set of parameteriénir-
tersection, we harness two very different observablescthatle to
the fundamental physical parameters in very differentiéash

It should be noted that, absorption line indices are notifsign
cantly affected by dust (MacArthur 2005). A further cortiere in
our fitting algorithm for the identification of intermediadge pop-
ulations is the inclusion of near-IR photometry and stgdiapula-
tion models|(Maraston 2005) that adequately describe dredlly
pulsing asymptotic giant branch (TP-AGB) phase. This isialas
the TP-AGB provides most of the near-IR light of a stellar yplap
tion between 0.5 to 2 Gyr (Marasion 1998).

In a nutshell, we perform a comparison of the observed photo-
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Figure 5. An example of a galaxy where we can resolve and guantify thtesignificant episode of star formation. This object is afStening early-type

galaxy. For a detailed description, see sedfioh 3.5.

metric SED (of as many as are availabld=afV, NUV, u, g, 1,1, z, J,
H, K) to a library of SEDs of over five million two-component star
formation histories from Marastoh (2005) and compute the@p
priate model SED parameterised by the five parameters tescri
above ¢y, fy, to, - and E(B — V)) compute the associated
statistic to obtain a probability distribution functionrfthose five
parameters. An intrinsic error for our photometry acros$diltdrs

of 0.015 mag is adopted to deal with the uncertainties in bs®a
lute photometric calibration 8DSS

Simultaneously, we compute the associated luminosity-
weighted SSP ages and metallicities for each model. We eleriv
luminosity-weighted SSP ages and metallicitiesdyfitting the
Thomas et al.| (2003, 2004) models to the 25 Lick absorptioa i
indices and compute a second probability distributionuffothe
comparison of these quantities with théluminosity weighted
ages and metallicities of the photometric comparison. &he®
probability distributions from the SED and absorption lfiténg
are then convolved to the final one.

In order to estimate the parameters of interest, we maigaal
the resulting 5-dimensional probability distribution @ion to ob-
tain the two-dimensional distribution in the recent stasbage vs.
mass-fraction planet- f,). We integrate over this surface to ob-
tain confidence levels constraining the age and massdracfithe
last significant episode of star formation in the galaxy.Sehprob-
ability distributions are stacked to get typical values tloe sub-
populations.

3.5 Example galaxies

In this section we present two example fits to galaxies witty ve
different properties and star formation histories. Thet fyaaxy

is an active early-type in the transition region of the eiissine
classification which suggest that the object is dominateti by
ongoing star formation and an AGN. Itsabstar formation rate is
2.1 Moyr~! and its UV-optical colours place it squarely into the
blue cloud ¢ — r = 2.3, NUV — r = 3.2). The second galaxy
is a typical passive quiescent early-type galaxy with neded
emission lines. Its UV-optical colours place it on the requsce
(u—7r=28,NUV — r =6.1). The availability ofGALEX NUV
andFUV photometry generally improves the confidence contours,
but does not shift the best fit.

The fit results are summarised in Figs. 5 Bhd 6. In panel (a) we
show the fit to the photometry: in black are the observed tivaad
colours with the errors magnified by a factor of 3 to make them
visible. To guide the eye, we show the filter transmissiorvesir
of the various filters used fro@ALEXfar-UV to 2MASSK-band.

The best-fit model is shown in green and the separate old amdyyo
components are red and blue respectively. We also shoBH&S
colour images.

In panels (b) and (c) we show the probability distributioos f
the luminosity-weighted age and metallicity derived frdme &ab-
sorption line indices. The final result in theg- f, plane is shown
in panel (d). This plot quantifies strength and epoch of mestmt
episode of star formation. In panels (e) and (f), we show tiee p
jected, projected probability distributions for the pasterst, and
fy- Inthe main analysis we will stack these distributions fareus
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Figure 6. An example of a galaxy where we cannot quantify the first §icgmt episode of star formation, but can place strong limitshe

formation history. For a detailed description, see se@idh

classes of galaxies. In panels (g) and (h), we show dustatitin
E(B — V) and the age of the old component.

The two example galaxies show very different star formation
histories. The active galaxy has a very young luminositygived
age, which is well consistent with the increased UV flux. The-t
component SED fit yields an old component of 3 Gyr and places
the most recent starburst at an age of 400 Myr with a massdract
of 7 per cent. Its dust content is relatively high(B — V) =
0.1) in agreement with the current star formation activity. Toe
luminosity-weighted age of the 'old’ component impliesttitizis
object had several rejuvenation events in the past.

The emission line free galaxy, instead, has an old lumipesit
weighted age derived from the spectroscopic data. The two-
component fit yields basically two old components with ages
around 10 Gyr. We can conclude that this galaxy clearly has no
undergone a significant starburst in the recent past, whdede-
tails of its star formation history in the more distant pas aot
resolved. The 99% confidence intervals exclude any sortgoii-si
ficat star formation activity in the recent past. The very ldust
attenuation value fits well into this picture.

We also note that while only a fraction of the galaxies in our
sample hav&ALEX their fitted star formation histories do not dif-
fer significantly from those without.

4 RED SEQUENCE AND BLUE CLOUD

In this Section, we discuss the position of the various gatéasses
defined through the emission line diagnostics in the colnass
relation. This simple comparison allows us to draw first aéae

recent star

conclusions that are independent of our stellar populatitalysis
method. Quantitative results of the detailed analysis lgllpre-
sented in the subsequent section.

4.1 Active galaxies in the colour-mass relationship

In Fig.[d we showu-r colour as a function of galaxy velocity dis-
persiono for the galaxies in our sample. The morphological late-
type galaxies are shown as grey points, the early-type gslaxe
coloured points subdivided in the various emission linessdas:
quiescent (i.e. no emission lines, orange), LINER (redyf&e
(green), Transition (purple), and star forming (blue). Thees-
cent early-type galaxies (see most right-hand panel) foewtell-
known red sequence, while the late-type galaxies in the kadep
fine the so-called blue cloud (grey points).

The first key result of this work is that the active galaxies
are offset from the red sequence and exhibit well-definetkpet
across the colous- diagram. Starforming objects inhabit the blue
cloud. While this may seem like an obvious result, note that t
broadband SED and the emission lines probe very diffiereyg-ph
ical components of a galaxy. While the former traces thdastel
populations and therefore the past, fossil record, thestaridines
provide information on theurrent state of theonised gasn the
galaxy. It is very reassuring that objects with ongoing &bama-
tion show significant rejuvenation also in their stellar piagpions.

More importantly, those objects not dominated by star ferma
tion but by AGN activity, Seyferts and LINERSs, are locatech-co
siderably closer to and almost on the red sequence. Tramsib-
jects, instead, which are composites of star formation aGiNA
activity are found right between these two extremes. Thera i
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Figure 7. The colour-sigma relation for our sample. In each panelpimaiogical late-types are grey, quiescent early-type®earge and the various active
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Specific Star Formation Rate [yrq]

Figure 8. Histogram of the star formation rate and specific star foionat
rate of the Starforming early-type galaxies. The star fdionerate is based
on the luminosity of the | line and is converted to a rate using the relation
of|Kennicutt (1998).

the pure morphological selection strategy. Still, thisuless not

150F ] surprising. TheGALEX UV satellite has found evidence for mi-
? 100E E nor recent star formation in early-type galaxies (Yi et 80%), and
g F ] the SAURONSsurvey of 48 nearby elliptical and lenticular galaxies
o 5S0F m g has shown that many of them have (often extended) emissies i
- oLt ] and signs of recent star formation as well as CO emissioms fro

0.1 1.0 10.0 molecular gas and atomic hydrogen indicating sometimes sub
Ho Star Formation Rate [Meyr '] stantial reservoirs of gas (Sarzi etlal. 2006; Morganti £2806;
Combes et al. 2007).

150" ; In general, low-mass early-type galaxies are well-known to
> r ] show young stellar ages, emission lines and even ongoing sta
g 100F 3 formation. This downsizing of galaxy formation, whereineth
% s0F E most massive galaxies harbour the oldest stellar popuoktis
= ok _%ﬂ‘ ] now generally accepted. Today’s early-type galaxies itiqdar

1013 1012 P 10-10 10-9 108 show a clear correlation between mass and age (Caldwell et al

2003; Thomas et al. 2005; Nelan etlal. 2005; Bernardilét &620
Jimenez et al. 2006).

Fig.[d shows that our sample comprises a large, statistibal s
sample of active early-type galaxies in the intermediatessrand
low-mass regimess( < 200 kms ™) allowing us to study the in-
terplay between star formation, nuclear activity, and sggace in
early-type galaxies. We note that many of the high-massitian
region objects are most likely misclassified LINERs. Theyndd

sequence between the blue cloud and the red sequence from stahave any starforming or Seyfert counterparts at the same.mas
forming via transition region and AGN to quiescence. In more
general terms, the presence of AGN ingeen valleybetween

the blue cloud and the red sequence has been discussed in othe#.3 AGN feedback in action?
recent work in the literature (Faber et al. 2005; Kauffmanalle

2006; | Martin et al! 2007;_Nandra et al. 2007; Salim et al. 2007
Wild et alll2007| Graves et al. 2007).

4.2 Mass dependence

This tentative sequence is convolved with a clear mass depee
of the emission line classification. The blue star formingeots
are found at the low-mass end, while the majority of earjyety
galaxies classified as LINERs lie at the high-mass end ondtie r
sequence. Transition objects and Seyferts reside betliesa two
extremes also in their galaxy mass distributions.
The presence of a significant fraction of low-mass earlyetyp

galaxies showing signs of ongoing star formation of a fefw per

year (see Fid.]8) is a striking result, which is mostly the itnefr

At low and intermediate masses we can identify a sequence at a
given mass from star formation via transition region and A&N
tivity to quiescence, which is echoed in a sequence from tdue
red stellar populations. Takingrr colour as a proxy for the stel-
lar age and hence using the stars as cosmic clock, this igyhigh
suggestive of an evolutionary sequence. We are observangdh
of galaxy transformation from the star forming blue cloud the
green valley to the passive red sequeimcaction

We interpret the deviation from the red sequence as rejuvena
tion due to a recent episode of star formation. On their wask ba
to the red sequence, galaxies appear to pass through a flsége o
nificant nuclear activity, as transition region objects &&ferts
have colours between the blue star forming and the red sequen
objects. This indicates that AGN may have a decisive roldag p
in this transformation process. Hig. 7 suggests that rabitar for-
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mation and nuclear activity are connected in early-typaxjak. It
is possible that the AGN actually suppress the star formadio
tivity, and we are witnessing AGN feedback in action. Our pkm
represents the ideal laboratory to probe these processes.

It should be noticed that the massive early-type galaxiesiin
sample do not appear to be part of such transformation psoées
the high-mass end only quiescent and LINER objects are found

What needs to be shown is twofold. First, solid evidence for
the presence of an evolutionary sequence for the low/irediate-
mass objects is required. To this end, we have derived ddtaibr
formation histories using the method presented in seElifmt3s-
ing on the epochs and mass fractions of the most recent ssarbu
This allows us to investigate whether the galaxies of théouar
sub-classes in our sample truly belong to the same objeetayp
different evolutionary stages. Second, the interactidwéen star
formation and nuclear activity along this sequence musnbesk
tigated, with the aim to understand whether and how the twe pr
cesses are related. These are addressed in the followithonsec

5 THE EVOLUTIONARY SEQUENCE

Following the discussion of the previous section we divide o
sample in three velocity dispersion bins (< 100, 100 <

o < 200 kms™!', ¢ > 200 kms™') representing low-mass,
intermediate-mass, and massive early-type galaxies.iWihach

o bin we maintain the 5 sub-classes: star forming, transition
ject, Seyfert, LINER, and quiescent. Within each of the Eailéing
sub-classes we stack the probability distributions fostheforma-
tion histories obtained in the analysis of Secfibn 3. We mailige
over all parameters except the mass-fractfgrand aget, of the
starburst component. The resulting contours of the prdibatis-
tributions in thet, - f, plane are shown in Fi§] 9. The panels are
analogues to panel (d) of Figs. 5 ddd 6. The five columns shew th
various emission line classes, the rows are the thigies. A bar in
each panel indicates the relative fraction of objects i plairticular
sub-class.

5.1 Evidence for the time sequence

The results shown in Fif] 9 allow one immediate conclusidre T
star formation histories derived for the low-mass and metiate-
mass objects in our sample galaxies reveal clear evidemabdo

The fraction of objects taking part in this transformatien i
strongly dependent on mass. In the lowest mass bin about one
third of the objects shows emission lines and is caught irptbe
cess of this transformation. This fraction drops to 13 pent ¢e
the intermediate mass bin containing galaxies with < o <
200 kms™*. In the highest bin for objects with velocity dispersion
above200 kms~*the evolutionary sequence is not detected. At the
high-mass end, the vast majority of galaxies is quiescent, @
recent starburst within the past few Gyrs has occurred. Tiredls
fraction of active galaxies is by far dominated by LINEReli&mis-
sion, with some transition region objects that are in faoset to
the properties of LINERs (see sect[on 615.3).

5.2 Timescales along the sequence

For the low- and intermediate-mass objeets< 200 kms™') we
can now determine the relative and absolute timing of thisstfor-
mation process. We marginalise over the mass-fraction and c
pute the stacked probability distributions of starburstsafpr the
various emission line classes. The result is shown in FigQrfor
the low- and intermediate-mass early-type galaxies ingftenland
and right-hand panels, while in Table 2, we give the figurédyrs.
In both mass bins, we can see the shift in the age of the |ashdgpi
of star formation in a sequence as could already be seen figm F
ure[9. The star forming objects are clearly the ones moshtigce
rejuvenated with starburst ages arouirid — 300 Myr, with the
latter increasing along the sequence from transition retiicough
Seyfert and LINER to quiescent.

A global interpretation yields the following picture: Theost
common starburst agg for the transition region objects is around
300 to500 Myr. Seyfert activity appears further 100 300 Myr
later with starburst ages peaking at ab600 Myr. This phase
is followed by LINER and quiescent with separations of a few
100 Myr, respectively. The widths of the distributions increas
along this sequence from abdd0 Myr for the star forming ob-
jects to400 — 600 Myr in the transition region and Seyfert objects.
The phases involving nuclear activity, transition and 8gyfap-
pear to be of comparable length in time and must be a factotdwo
three longer than the star forming one. Note that the widthsN-

occurrence of a starburst between 100 Myr and 1 Gyr in the past ERs and quiescent objects are much less well determinecegs th

involving a typical mass fraction of 1 to 10 per cent. Thisifeices

the interpretation of deviations from the red sequencesdrctiour-

o diagram (see Fid.]7) to be caused by recent rejuvenatiorteven
Key are the epochs and mass fractions of this rejuvenatiothé&
various emission line classes. While the starburst ageslygla-
crease from star forming via AGN dominated to quiescent in a
continuous sequence from 100 Myr to beyond 1 Gyr, the mass
fractions remain the same. This points to the various eoridgie
classes having undergone the equivalent rejuvenatiort aveine
past, and the only feature differentiating the varioussdass the
time elapsed since that star formation episode. Hence, lijeets

of the various emission classes in the panels along one rBigifi@

are identical in terms of mass, morphology and star formettie-
tory, except that the epoch of the last starburst variess frt@ans
we have resolved an evolutionary sequence, and what we a&re se
ing is the process of rejuvenation in early-type galaxiedifégrent
evolutionary stages. This time sequence includes a pha&&Nf
activity along the way.

extend into the regime of old ages beyonyr, in which the age
resolution is significantly reduced.

The transition region and the Seyfert phases seem to overlap
considerably, which suggests that objects at this poimcthe
time sequence may switch back and forth between Transiteen R
gion (a mixture of AGN and star formation) and Seyfert phased
AGN). If this is the case, the Seyfert phase represents eégssof
enhanced accretion onto the black hole between phasesowiéh |
levels of nuclear activity together with low residual starma-
tion. The star formation we see in the Transition Region dkje
may even bdanducedby the (potentially) recurrent Seyfert state
as the jets and outflows pile up gas before finally pushing it ou
(Silk & Rees 1998; Silk 2005).

Toward the end of the sequence, the transition from the high-
ionisation Seyfert phase to quiescence passes throughse pifia
nuclear activity characterised by low-ionisation (LINER) total,
the transformation process from blue cloud to red sequeassing
through nuclear activity takes aba&@0 Myr to 1 Gyr.
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Figure 9. The recent star formation histories of early-type galakigsnass and emission line class. In the horizontal directi@nsplit our sample into three
velocity dispersion bins. Vertically, we split the galaxi| eacho bin by their activity type from Starforming to quiescentf(&igure[7). The contours are
25% and 50% probability contours respectively. Note thatttea of these contours can be misleading; only a smalidrect early-type galaxies is in classes
other than the quiescent bin. In order to guide the eye, wieatel the fraction of galaxies in each mass bin (low, intefiate and high) that are in each
emission line class. For example, in the high-mass regimlg, atiny fraction of early-types are classified as Starfiogn(most likely misclassifications),

while the almost 90% are quiescent; nevertheless the cantmeupy similar areas on thg- f, plane.

0.25F ] 0.25F T — ]
F mStar—forming Low mass: o < 100 kms™' ] F mStar—forming Intermediate mass: 100 < ¢ < 200 kms™' J
0.20 - W Transition Region 3 0.20 - W Transition Region 4
7L mSeyfert ] 7L mSeyfert ]
N [ mLINER ] N [ mLINER ]
Z 0.15F = Quiescent 3 Z 0.15F = Quiescent 3
Qa [ | e} [ ]
5] r ] ] r 1
Q0 L u e} . u
§ or0p AR 1 Zoof N ;
0.00F . — ‘ —~ ] 0.00 ; ¥ >
0.1 1.0 10.0 0.1 1.0 10.0
Seyfert Seyfert
Quiescent Quiescent
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00

Age of starburst [Gyr]

Age of starburst [Gyr]

Figure 10. The time sequence in the low- and intermediate mass bin:drtdp of each panel, we show the stacked, normalised prdipatiistribution
functions for the time elapsed since the start of the statlyr In the bottom, we indicate where on the theaxis 50% of the probability lie. We give the
numbers for this in Tablg 2.



12 Kevin Schawinski et al.

Table 2. The Time Sequence: The Age of the Last Episode of Star Fasmas a Function of Mass and Emission Line Class

Mass Regime Velocity Dispersion ~ Star Formation  TransifRmgion  Seyfert AGN  LINERs Quiescent
kms—?! Myr Myr Myr Myr Myr

Low mass 0-100 145-280 195 - 550 270-800 470-1800 550-2700

Intermediate mass  100-200 140-350 260 - 1200 350-1800 7000 4 950-4000

The time intervals given in this Table correspond to the 50&bability intervals from Figurg_10.

5.3 Lifetimes and number fractions

0.30 ]
An important consistency check is the comparison of thetrengf 0.25F Low mass bin Star—forming E
the various phases as derived from the stellar populaties aith 020k Transition geey%‘gr”t R
the number of objects found in each phase. If the transitgion 0.15 i CLINER =mmmes E
and Seyfert phases are equally long, the number of objeatslfo TR Quiescent ]
in these two classes must be the same. FromFig. 9 it can be seen XO'W Op E
that this is not the case. We observe three to four times muaresiF =0.051 3
tion Region objects than Seyferts. However, an unknowriitaof S0-00¢
the objects in the Seyfert phase must be Seyfert Type | rétlaer 50.25 - =
Type Il depending on the viewing angle from which the nuclisus 0.20E E
seen. Indeed, broad emission line objects like Type | Seyfre 015 & E
not classified as 'galaxies’ by tf&DSSspectroscopic pipeline and T E E
hence are not included in our sample. Thus, it is plausikdéttie 0.10F E
ostensible lack of Seyfert AGN in our sample stems from tleis g 0.05¢ E
ometric effect, which puts object numbers and phase lifesinn 0.00¢ - 1

0.0 0.2 0.4 0.6 0.8

very good agreement. It should also be noted that our samplet i
volume-limited. E(B-V)
Figure 11. This plot shows the stacked, normalised probability distion
functions for the dust parametél(B — V') for the low and medium mass
bin. Starforming early-types are the dustiest with the $ition Region and
Seyfert early-types being less dusty and the LINERs andsqeie early-
The comparison between the lifetimes of the star forming&@n types containing even less dust.
phases is more complex, as an additional mass dependenes com
into play. The fractions of the active early-type galaxy plap
tion in a given mass bin that are classified as transitiororeghd
Seyfert objects decrease by about a factor 2.5 from the laweto
intermediate-mass bin, while the number of star formingectsj
decreases by a factor 7. This results in a factor 3.5 morsitiam
region objects than star forming ones at intermediate rsaadele
their fractions are comparable at low masses. As the tiangi¢-
gion phase lasts about two to three times longer than théostar
ing one in both mass regimes this suggests that not all logsma
objects go through the time sequence. Hence star formatioati
followed by nuclear activity in all cases, and the true prtipas
between star forming and transition region objects for theA&N
sequence may be observed only at intermediate mass. THigsmp
the presence of a tail of young quiescent objects in the I@gsm
bin, which is indeed indicated by the probability distrilouts in
Fig.[10.

Still, the ratio transition region to star forming objeceems Fig.[11 shows the stacked, normalised probability distidoufunc-
slightly too high at intermediate masses. The reason farrtay tions for the dust parametéf(B — V') obtained through our SED
be that some fraction of transition objects are misclask#ied are fitting algorithm for the low- and intermediate-mass binkeTif-

5.4 Dependence on mass

bution within the quiescent early-types galaxies (leftdhpanel of
Fig.[10) is considerably weaker at intermediate masselst{hignd
panel), and disappears entirely at the high-mass end (gd@)Fi

Finally, it is interesting to note that, while the vast méjpr
of LINERs detected in the low-mass bin appears to take part in
the evolutionary sequence, the presence of a second indiapen
LINER population seems to emerge at intermediate masspELFi
reveals a clear dichotomy with a fair fraction of LINER-likbjects
that does not show signs of recent rejuvenation. This treadines
even more evident at the highest masses, where the largegofr
of LINERs is detected (8 per cent), which contain only oldlate
populations (see Fiff] 9).

5.5 Dust properties along the sequence

actually LINERs (seE6.5.3) This would also explain why sitian ferent line-styles are the various emission line classes l@bels).

objects and Seyfert appear less well separated at inteateadass. As ought to be expected, dust content decreases along thersmeg
Within these uncertainties, the fraction of galaxies thaeei- discussed above with highest dust attenuation in the stanirfig

ences residual star formation, and transitions from statta qui- objects (B — V) ~ 0.1) and the lowest in the quiescent ones

escence via nuclear activity drops by about a factor two to fo (E(B — V) < 0.05). This internal consistency further strength-
between the low-mass and the intermediate-mass bins. Tie hi  ens the conclusion that we are indeed observing a time sequen
est mass bing > 200 kms ™) concludes this trend, as no such and are witnessing the transformation of early-type gakkiom
sequence is detected for these masses. This is very welbbagp star formation via AGN to quiescence. In order to mimic a tgee

by the fact that the apparent dichotomy in the starburst &jd-d guence in the observed- r colours with a variation in the amount
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of dust rather than in age, the trendfi{ B — V') would have to be
the opposite of what we observe.

6 DISCUSSION

With Figure[T in Sectiofl4 we show that early-type galaxiedibf
ferent emission line classes occupy different loci in tHewoeo di-
agram. Star forming early-types are the bluest deviatingtritom

the red sequence. Once some AGN contribution appears irpthe o
tical emission lines, the colours dramatically redden. éct®n[3,

we demonstrate quantitatively that there is indeed stretdpace

for the existence of an evolutionary sequence of early-tyadax-

ies moving from the blue cloud to the red sequence. We shawv tha
on this path the galaxies go through a number of phasesngfatti
star formation followed by a transition region of star fotioa and
AGN, a Seyfert AGN phase and a LINER phase before finally set-
tling to total quiescence and passive evolution on the rgdesgce.
This process is currently building the low-mass end of tltege-
guence in the low redshift universe. In this section we disdhe
astrophysical implications of this finding, the role of LIRHike
early-type galaxies, possible trigger mechanisms of tigience,
and follow-up observational campaigns in the context oftiime
sequence we have derived.

6.1 The starburst-AGN sequence

A clear implication of our results is the existence of a lirdtweeen
residual starburst and nuclear activity at recent epockminand
intermediate-mass early-type galaxies. Whatever triggtfes star-
burst, it leads also to an AGN, and the star forming phasehesac
quiescence via an AGN phase. We see the starburst fading whil
the AGN rises. This leads to two possible scenarios depgratin
whether the two processes, star formation and AGN, are coshe

6.1.1 AGN feedback or black hole growth in action?

If the fading of star formation and nuclear activity are kil then
we are observing AGN feedback in action. The appearanceeof th
AGN in the transition region and Seyfert phases are conatwith
the end of star formation, so it is plausible that these twenpim-

ena are connected such that the rise of the AGN suppresses an

terminates star formation by heating and expulsion of theare-
ing gas.

Alternatively, it is possible that starburst and AGN aciyidb
not interact with each other, even though they may be trigjoy
the same global event. In this case star formation fadedgiomg
ing to supernova feedback and/or the exhaustion of cold\dast
interesting in the framework of this scenario is our findihgttthe
AGN rises while star formation declines. This shows thathis t
case AGN activity must be delayed substantially with respec
the starburst by several hundred Myr and may actually bgdried
by star formation. This implies that the early-type galakit®pro-
genitor hosting the starburst is just in the process of mgldp its
central super-massive black hole.

6.1.2 Gas depletion timescale: in favour of AGN feedback

In order to distinguish these two scenarios, we compare lhe o
served timescale for the fading of star formation with sientble-
oretical estimates based on the Schmidt-Kennicutt |aw rffiah
1959;| Kennicutt 1998). The latter relates the star fornmataie

with the ratio of gas mass surface density and the dynamical
timescale of the system scaled by an efficieacWe assume that
the dynamical timescale of star formation is on typical gala
timescales of~ 0.1 — 0.5 Gyr, as observed in gas discs in el-
liptical galaxies|(Young 2002). We can exclude shorter dyical
timescales caused by a concentration of the star bursttsdii/
small radii, as the mean petrosian half-light radii of thHeand light

in the starforming early-type25”) imply that star formation in
these objects is extended over several kpc. Then to depigtgas
reservoir would take on the order of many Gyrs.

This timescale is significantly longer than the fading ticede
deduced here for our sample galaxies. In our modelling araly
we find that the recent rejuvenation event is best modelled by
exponentially declining star burst with e-folding timekcaround
100 Myr. Thus, the gas reservoir cannot get deplestelélyvia self-
regulated star formation. An additional heating sourceduired.
The fact that we find an AGN phase subsequent to the starburst
strongly suggests that the AGN is (at least partly) resybagor
the suppression of star formation by depleting the gasveseac-
celerating the transition from the blue cloud to the red sega. A
more detailed investigation of this process is beyond tlpsof
this paper. It will be explored in more detail in a forthcomgiwork
(Kaviraj et al., in prep).

This argument strongly supports the AGN feedback interpre-
tation of the time sequence. This result has important cpreseces
for our understanding of galaxy formation. It is empiriced@f that
AGN feedback, the existence of which is now postulated intmos
recent models of hierarchical galaxy formation (see Iniabign
and references therein), occurs in early-type galaxiestatstages
of their evolution. Beyond this important conclusion, oangple
that is resolving the actual sequence of AGN feedback pesvid
further insight into this process. We find its overall timascto
be of the order of a Gyr. Moreover, we observe a substantiayde
between fading of star formation and rise of the AGN by a few-hu
dred Myr, which might reflect the timescale required for theck
hole to build up the accretion disc. This implies that AGNdieack
is not well approximated with an immediate truncation aslicap
itly assumed in current hydrodynamical simulations (Sgeiret al.
2005a).

((13.2 Obscured AGN?

A key result is that we see the AGN rising while star formation
fades. As absolute O[lll] luminosities increase along thguence,

it can be excluded that the AGN is simply out-shined by the sta
burst during the star forming phase. However, it is still gbke
that the AGN is not observed during the starburst, becauie it
highly obscured in the beginning. In this case, star foramatind
AGN would coexist from the beginning, and while star forroati
fades, the AGN remains active. This does not invalidate dtlrer
strengthen the interpretation of AGN feedback occurringoim
sample galaxies.

6.3 Progenitors and trigger mechanisms

The youngest early-type galaxies on the evolutionary ssmpie
we resolve are the star forming ones with starburst agesndrou
100 — 200 Myr. The progenitors of these objects within the se-
guence must have stellar populations younger g@nMyr. The
fact that we do not observe these objects implies that theyear
cluded through our selection criteria, hence they moshlidle not
have early-type morphology.
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6.3.1 Prodigious star formation in the recent past

As we model the starburst as composite stellar populatich wi
exponentially declining star formation histories, thesegenitors
must have had significantly higher star formation rates énpast.
The typical star forming early-type galaxy has a mass of abou
5 x 10'° M and has formed about 5% of its stellar mass in the
current burst (i.62.5 x 10°Mg,) over the lasti00 Myr. This corre-
sponds to amveragestar formation rate o5 Mo yr !, resulting

in an infrared luminosityLir of 1.25 x 10! L, well above the
threshold for so-called luminous infrared galaxies (LIRRGEhe
star formation rate was undoubtedly higher in the past abdise

fit decay timescale is around 100 Myr. Such an exponentially de-
caying star formation rate can easily boost the gast into the
category of ultra-luminous infrared galaxies (ULIRGS).

We find that the most luminous starforming early-type galaxy
detected by th&pitzer Space Telescojethe SDSSSWIRE over-
lap hasLrir = 5.7 — 7.4 x 10*° Lo (Sanders & Mirab&l 1996)
implying a star formation rate of3 Moyr ' based on the rela-
tionship of Gao & Solomon (2004). This galaxy is thus jusiistiy
below the cut defining a LIRG ofir = 10 L at the time it is
observed.

We conclude that the progenitors of the objects we observe
on the SF-AGN sequence were most likely ULIRGs. This fits well
with the evidence that the local ULIRG population most hkeiill
evolve into intermediate-mass early-type galaxies (Gestza.
2001). Dasyra et al. (2006a, 2006b) and Veilleux et al. (20@&e
analysed HST H-band imaging and VLT spectra of low redshift
ULRIGs and QSOs and concluded that while most of them are on-
going mergers, their kinematic, structural, and photoim@ioper-
ties are consistent with them becoming elliptical galasied set-
tling on the fundamental plane. Most relevant here is they tnd
their stellar velocity dispersions to have typical valuésmund
150 kms™! in overlap with the typical velocity dispersions of
our active galaxies that mark the transformation process fslue
cloud to red sequence.

The appearance of an AGN phase several hundreddfigr
the U/LIRG phase may explain why most local ULIRGs do not
appear to contain a luminous AGN (Genzel et al. 1998).

6.3.2 Merger as main trigger

The origin of ULIRG activity is thought to be a galaxy merger
(e.g.Genzel et al. 2001). This implies that we are possisyrey a
slightly more advanced stage of a gas-rich merger where tire m
phology has already settled into a spheroid, and the irdriani-
nosity has already decayed below the LIRG threshold.

Because of our sample selection, all objects discussedihere
morphologically early-type galaxies without spiral oradgtructure
as far as detectable in ti8DSSmages. Elliptically shaped galax-
ies with minor morphological perturbations such as tidatdees or
dust lanes areot excluded. This selection should in principle en-
able us to investigate the role of morphological disturleamence
merger and galaxy interaction activity, along the sequehiosv-
ever, the fraction of disturbed early-type galaxies in ample is
quite small. We have not found any compelling trend betweerr m
phological irregularities and star formation/nucleariatyt, most
likely because SDSS imaging does not provide the necessary s
sitivity in terms of depth and spatial resolution. Deepeagfimg,
preferably at higher spatial resolution, is clearly neetbeidentify
signatures of recent merger activity in our sample objesse €.9.,
van Dokkurr 2005 and Bell et ial. 2006).

6.4 Eddington ratios along the sequence

In the following we discuss the nature of accretion onto the s
permassive black hole along the AGN feedback sequencegh Fi
ure[12, we show the distributions of [Olll] luminosity andeth
quantity L[Oll)/o* for Seyfert, low-mass and high-mass LINERs.
L[ONI)/ o* has been introduced by Kewley et al. (2006) as a tracer
of the Eddington ratio assuming that [Olll] luminosity sealwith
the AGN bolometric luminosityl (Heckman et al. 2004), andttha
o* provides an estimate of the central super-massive bladk hol
mass |(Gebhardt etlal. 2000; Ferrarese & Merritt 2000). Based
this quantity_Kewley et all (2006) show that the fundamedi&l
ference between Seyferts and LINERs in 8i2SSlata base is the
accretion efficiency, with the LINERs being at lower Eddmgta-
tios than the Seyferts. Since the transition region objézit$] line
luminosities have some contribution from star formatiom, gan
treat them as upper limits on both the accretion rate andesffig.

We find that the Seyfert early-types in our sample are
high-luminosity AGN with high L[OIlIll] luminosities and hig
L[OIN}/ o* ratios, indicating that they are strongly accreting sys-
tems relatively close to the Eddington limit. The LINERsstead,
have lower L[Olll] luminosities and lower Eddington ratiGchere
is an interesting trend with mass, however. The massive R&E
exhibit the lowest accretion rates, while the low- and imediate-
mass objects are found between massive LINERs and Seyferts.
Hence our low-mass and high-mass LINER early-type galades
objects in different states of nuclear activity. The formepresent
probably the end stage of the SF-AGN sequence. If the Seyfert
phase is a high-accretion phase during which the AGN feddbac
process occurs, then the transition to the LINER phase ipdire
at which the supply of gas has been largely used up by star for-
mation and/or accretion onto the black hole. The massiveERA!
characterised by low Eddington ratios, instead, might kpaasi-
ble (or at least part of) the rigourous AGN feedback processas-
sive early-type galaxies that avoid rejuvenation in thet fitace.
Figure[12 illustrates the extended rise and decline in bathetion
rate and Eddington ratio over the time domain covered byithe t
sequence. While the transition region to Seyfert evolubdngs
with it an increase in accretion, so the progression to a IRNE
accompanied by a decline.

6.5 Therole of LINERs

Fig.[d shows that the fraction of LINERs observed increasigis w
increasing galaxy mass, while the fraction of galaxies wuiag

the SF-AGN sequence decreases. Hence, LINERs appear to come
in two flavours. Some are part of the evolutionary sequendt@nef

and intermediate-mass galaxies, but the majority is foumthe
massive, quiescent early-type galaxies of our sample.

It should be emphasised that the LINER-like emission ob-
served here is most likely caused by nuclear activity. The ex
tended LINER-like emission not associated with an AGN found
by|Sarzi et al.[(2006) in very nearby early-type galaxiedgsi&
icantly weaker (typically with total L[Olll]< 10°L¢; c.f. Figure
[12) and would remain undetected in our sample.

6.5.1 LINERsin low and intermediate masses

As discussed in the previous sections, the early-type gaxith
LINER emission appear on the evolutionary sequence of low- a
intermediate-mass objects between Seyfert-like nucletivity
and quiescence. This means that early-type galaxiestiangiom
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Figure 12.In the left-hand part of this Figure, we show the histograorstie L[OIII] A5007 luminosities of our AGN and transition region objects. [DII

is a tracer of the accretion rate (Heckman &t al. 2004) and aa upper limit on the accretion rate of the transition negibjects. In the left-hand part, we
show the histogram of the quantity L[OII4#, which is proportional to the Eddington ratio (Kewley eti2006). In each part, we go along the sequence
from early times to late. First, we show the transition regabjects, then the Seyferts and then the LINERs. We split tR&Rs into two; while the low-
and intermediate-mass LINERs and the high-mass LINERs siaviéar [OlIl] luminosities, their Eddington ratios areryedifferent. The low/intermediate-
mass LINERs form the low luminosity and high Eddington ratiw of the Seyfert distribution, as would be expected froair thlace in the time sequence.
The high-mass LINERs have Eddington ratios an order of ntadeibelow their lower-mass counterparts. Along the serpieimoth absolute L[OIll] and

Eddington ratio rise, peak and then decline over the timeailorcovered by the

a high-accretion regime characterised by Seyfert-entigsia low
accretion regime characterised by LINER-emission (Kevelegl.
2006) as they proceed to fade onto the red sequence. Thisecan b
interpreted as the AGN running out of fuel. This is well c@nsi
tent with the study of Yan et al. (2006), who find that many post
starburst galaxies show strong [Oll] emission, but ne, Hhdicat-

ing no further ongoing star formation, which they associati
LINERs.

6.5.2 LINERSs in massive galaxies

Already in the intermediate mass bin, most LINERs appeareto b
associated with stellar quiescence (Fiddre 9), and norteedfiN-
ERs in the highest mass bin are connected with rejuvenafiois.
might be AGN feedback in its most rigourous form and is con-
sistent with the fact that the efficiency of AGN feedback minst
crease with increasing galaxy mass in the models in ordepim#
duce observed UV colours_(Schawinski et.al. 2006b). White la
star formation seems to be terminated by nuclear activitypunr
mass early-type galaxies, the AGN in massive galaxies mey pr
vent star formation in the first place. These massive gataxiest
likely have experienced strong AGN feedback at high acanetiu-
clear activity at earlier epochs. Indeed, observationalesce for
the existence of this process has recently been fdund (I€tiak
2006; Rodighiero et al. 2007b; Daddi etlal. 2007).

This LINER-like activity may play the crucial role in main-
taining an atmosphere of hot X-ray emitting gas which caeldhi
the galaxy from gas accretion and cooling and so preventany f
ther star formation as suggested|by Binney (2004). Such &t g
may then triggeextended_INER-like emission via thermal con-
duction of self-irradiation as has been seen in massivebgeslr
liptical galaxies (see elg Sarzi etlal. 2007 and refererua®in),
although it is likely that the majority of the LINER emissianour
sample is associated with (more luminous) nuclear activity

time sequence.

6.5.3 Mis-classified LINERs

We note that some transition region early-types are founthén
highest mass bin, which show no evidence for a star formation
episode (see Fifl] 9). These transition region objects ghitie re-
sult of a combination of star formation and AGN activity, bavo
corresponding starforming or Seyferts at the same massandtd
seem to take partin the AGN-SF time sequence. Instead pirogir
erties are far more similar to those of high-mass LINERs. fibst
likely explanation for this apparent contradiction is ttiet extreme
starburst line of Kewley et al. (2001) led to the mis-classtfion of
some LINERs as transition region objects. An improved diass
tion scheme including the low-ionisation lines may helpehlaut is
beyond the scope of this paper.

6.6 Follow-up observations

The sample presented in this paper is the ideal laboratoméoe

detailed follow-up studies of the link between star formatand
nuclear activity in early-type galaxies. Multi-wavelehgtata will

tighten constraints on the formation histories, the stamédion

activities, dust contents, central black hole activitas] accretion
rates of our sample galaxies. This will provide deeper insigto

the physics involved.

By observing CO molecular transitions the fate of the molec-
ular gas can be explored. Such observations clarify whéttisr
really is the feedback from AGN that quenches star formation
whether this decline in star formation is caused by the fugl s
ply being exhausted by star formation itself. High-resolutra-
dio continuum observations at different frequencies mewnpor-
tant clues on the relative contributions of star formatiow ¢he
AGN along the sequence. The relative importance and irtierac
between AGN and star-formation in the galaxies along ouetim
line can be further addressed by the analysis of the full Stibe
mid-infrared wavelength regime. Mid-infrared imaginggeeto pin
down the relative amounts of cold, warm and hot dust, whitesp



16 Kevin Schawinski et al.

troscopy can disentangle contributions from PAH lines ty laot-
ter dust components due to an AGN. Finally, deep optical intag
would be very valuable and help to determine the role of nrerge
and interactions along the AGN feedback sequence.

Observations at the observatory of the Institut de Radioas-
tronomie Milimetrique (IRAM) and at the Very Large Array (\A)
to address part of these questions have been taken in Judelgnd
2007.

7 CONCLUSIONS

We study the relationship between star formation and nuelea
tivity in early-type galaxies at recent epochs. The prilecgm is
to test whether AGN feedback occurs in these objects, akéavo
in most recent models of hierarchical galaxy formation.

For this purpose, we analyse a magnitude-limited sample of
48,023 galaxies drawn from tf&DSDR4 in the redshift range of
0.05t0 0.1 limited to < 16.8. We visually inspected all galaxies in
this sample identifying 15,729 morphological early-tymdagies.
This paper is the first of a project called MOSEBSO rphologically
SelectedEllipticals in SDSS. A detailed description of the cata-
logue can be found in a companion paper (Schawinski et al., in
preparation). Most importantly, the MOSES sample is nosdii
against star formation and nuclear activity thanks to theelgumor-
phological selection criterion. The SDSS photometry isaiedl to
a number of other surveys, naméBALEX 2MASS and SWIRE
yielding a wavelength coverage from the far-UV to mid-IR.-Re
analysing theSDSSspectra, we measure emission line fluxes, stel-
lar absorption line indices and velocity dispersions. Theticbu-
tions of the stellar continuum and of the ionised-gas emist the
observed galaxy spectrum are separated by fiingultaneously
stellar population templates.

18.4 per cent of the early-type galaxies in our sample show
emission lines, and we employ emission line ratio (BPT) ciats
to classify them into starforming, AGN-SF composites, 8eyf
AGN and LINERs. The fraction of emission line galaxies in-

exponential with e-folding timescale around0 Myr. Most im-
portantly, this timescale and the mass fraction involvetiégssame
for all the emission line early-type galaxies whether they star-
forming, Transition Region, Seyferts or LINERs. They artseff
in time, however, with the starforming being the youngest| the
Seyfert/LINERs being the oldest. Quiescent galaxies @ibjeith-
out emission lines) have star burst ages larger tha&yr, which
sets the timescale for the transition process we obsene.dlih
ration of the various phases along this sequence agreengdzago
well with the number fractions observed, once geometriectsf
of Seyfert activity are taken into account. Dust contentrelases
along the sequence with highest dust attenuation in théfstar
ing objects £(B — V') ~ 0.1) and the lowest in the quiescent ones
(E(B—-V) <0.05).

These results lead to the conclusion that we are observing
an evolutionary sequence and are witnessing the transfiomna
early-type galaxies from star formation via AGN to quieszEn
Along this sequence, nuclear activity rises while star faion
fades. We discuss that gas exhaustion or self-regulatistaofor-
mation alone does not suffice to explain this fading, whictueto
the conclusion that we have detected a sequence in whickarucl
activity suppresses star formation. We are seeing AGN faedin
action, while low- and intermediate-mass early-type gakkran-
sition from the blue cloud through the green valley, chamased
by nuclear activity, onto the red sequence. The high-masxiga
in our sample, instead, did not go through this transitiothare-
cent past. These objects have only LINER-like emission aadat
associated with rejuvenation. This indicates that the AGNhas-
sive galaxies may prevent star formation in the first pladeiciv
would be AGN feedback in its most rigourous form.

To conclude, we have found empirical evidence for the oc-
currence of AGN feedback in early-type galaxies at receatleg.
The galaxy sample presented here is the ideal laboratotgsting
more detailed physics of this process. A first important fiom
this work is that there is a substantial delay between fadfrgjar
formation and rise of the AGN by a few hundred Myr. This implie
that AGN feedback is not well approximated with an immediate

creases with decreasing galaxy mass to 40 per cent at the low-truncation as implicitly assumed in current models.

mass endd < 100 kms~1). The emission line classes are roughly
evenly distributed between star formation and AGN at inttim
ate (100 < o < 200 km/s) and low § < 100 km/s) masses. At
high masseso( > 200 km/s), instead, only LINER-like emission
is detected. The H star formation rates of those objects classified
as currently star forming range frofal — 25 Mgyr ™.

We find that the objects with emission are offset from the red
sequence and form a well-defined pattern in the colodiagram.
Star forming early-types inhabit the blue cloud, while gayipes
with AGN (Seyfert and LINER) are located considerably ctase
and almost on the red sequence. Star formation-AGN congzosit
are found right between these two extremes. There is a seguen
between the blue cloud and the red sequence from star fowiang
transition region and Seyfert AGN and LINER to quiescence.

To analyse this transition in more detail, we have develaped
method for deriving star formation histories with parteufocus
on quantifying the epoch and mass fraction of the last sicpnifi
episode of star formation. Novel about our approach is toause
combination of UV-optical-NIR photometry and stellar atypgmn
indices as observational constraints.

We find that low- and intermediate-mass early-type galaxies
with emission lines have experienced an episode of stardiom
less than~ 1 Gyr ago involvingl — 10 per cent of their total stellar
mass. This recent star burst is best modelled by a steeplipidec
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