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ABSTRACT

We investigate trends between the recent star formatigarfiand black hole growth in
galaxy bulges in the Sloan Digital Sky Survey (SDSS). Thexgas lie at0.01 < z < 0.07
where the fibre aperture covers only the central 0.6-4.0 kpmeter of the galaxy. We find
strong trends between black hole growth, as measured byattestuation-corrected [01]
luminosity, and the recent star formation history of theglesl 56% of the bulges are quies-
cent with no signs of recent or ongoing star formation andlenddmost half of all AGN lie
within these bulges, they contribute ory10% to the total black hole growth in the local
Universe. At the other extreme, the AGN contained withint#&46 of galaxy bulges that are
undergoing or have recently undergone the strongest stasbaontribute at least 10-20% of
the total black hole growth. Much of this growth occurs in A@Mh high amounts of dust
extinction and thus the precise numbers remain uncertdia.rémainder of the black hole
growth (>60%) is contributed by bulges with more moderate recent goomy star forma-
tion. The strongest accreting black holes reside in bulg#s avwide range in recent SFH.
We conclude that our results support the popular hypotliestdack hole growth occurring
through gas inflow into the central regions of galaxiesoiwld by a starburst and triggering
of the AGN. However, while this is a significant pathway foe tirowth of black holes, it is not
the dominant one in the present-day Universe. More unspealetaprocesses are apparently
responsible for the majority of this growth.

In order to arrive at these conclusions we have developeddisew high signal-to-noise
ratio (SNR) optical spectral indicators, designed to abadetailed study of stellar populations
which have undergone recent enhanced star formation. V\@rklthe rest-frame wavelength
range 3750- 415h, ideally suited to many recent and ongoing spectroscapieeys at low
and high redshift, the first two indices are equwalent topgheviously well studied 4000
break strength anddequivalent width. The primary advantage of this new metkadgreatly
improved SNR for the latter index, allowing the present gttaluse spectra with SNR-per-
pixel as low as 8. The third index measures the excess strarigta 1l (H&K), which is
particularly sensitive to the transition of a post-stagbigpectrum from A to F stars, and
allows the degeneracy between time of burst and strengthrst to be broken.

Key words: galaxies:bulges, active, stellar content; methodsssitsi

1 INTRODUCTION

Galaxy spectra contain a wealth of information on the presen
and past star formation of galaxies, in the form of stellamtizn
uum shape, stellar and interstellar absorption, and nebaigsion

* vwild@mpa-garching.mpg.de lines. In particular, the region around the 4800reak provides us
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with powerful diagnostics of the luminosity-weighted mestsl-
lar age and the fraction of stars formed in recefl Gyr) bursts,
from the height of the break and the relative strength of the h
drogen Balmer absorption lines respectively. While comsitile
progress has been made in extracting the global star faymhis-
tory (SFH) of galaxies from their present day integratedoabt
spectral(Kauffmann et al. 2003b; Panter et al. 2003; Ocvigk e
2006;| Cid Fernandes etlal. 2006), the potential for recogedie-

truncation of star formation, starbursts or starburstiofatd by
truncation, will allow such theoretical scenarios to berthughly
tested.

Our ability to measure recent fluctuations in the star forma-
tion rate of galaxies has in part been restricted by the higes
to-noise ratio (SNR) required of spectra in order to meathadt)
Balmer line with accuracy. TheHine is important as the strongest
Balmer absorption line not to suffer irreparably from eritadine

tailedrecentSFHs from spectra in these large datasets has remainedinfilling in all but the galaxies with the highest star fornaeat rates.

relatively unexplored.

Determining the recentJ 1Gyr) star formation history of
galaxies has considerable importance for understandiageth
fects of external and internal physical processes on thkigmo
of galaxies, since this timescale corresponds to only a feaxy
dynamical times. As a result of such processes, galaxiegxare
pected to undergo strong fluctuations in their star forrmateer
short timescales, which may in turn be linked to other aspett
galaxy evolution, such as the build-up of stellar bulges.

Sharp transitions in the star formation rate of galaxiesdea
clear imprints on the integrated light of the stellar pogiola, as the
balance of light contributed by stars of different masseangkes.
Spectroscopic research in this area has focussed in particn
so-called E+A (or K+A) galaxies — an early type galaxy spettr
and superposed A-type stellar spectrum, resulting in gtBaimer
absorption lines. An excess population of A stars resultsmthe
corresponding O and B star population, which dominatesigj |
during ongoing star formation, has died out or is not visibleere-
fore, the relative fraction of A to O stars provides inforinaton
changes in the star formation rate of galaxies over theAdst
2Gyr.

Studied spectroscopically since the early 1980’s, these ob
jects have been suggested to be caused by either a shorbburst
star formation in the last Gyr (Sparke etlal. 1980; Dress|€& i
1983;| Dressler et al. 2004; Nolan et al. 2006), recent trimca
of star formation caused by stripping of gas in cluster envi-
ronments |(Poggianti et ial. 1999, 2004), or simply obsconatf
younger, hotter stars by dust (Smail etial. 1999; Miller & @we
2001;| Poggianti & Wi 2000). All these scenarios may contabu
to the E+A galaxy population (see also Hogg et al. 2006)palgih
itis generally believed that the objects with very strondnizr ab-
sorption lines are incompatible with pure truncation of stama-
tion and are likely to be true “post-starburst” objects (e et al.
2005).

The E+A phenomena is also often observationally linked
with the presence of an AGN/| (Kauffmann etal. 2003a;
Cid Fernandes et al. 2004; Tadhunter etlal. 2005; Bender et al
2005; | Gotbl 2006;_Yip et al. 2004; Yan et al. 2006), with direct
implications for the starburst-AGN connection; it is thigegtion
which we primarily aim to address in this paper. Recent nigaker
simulations have suggested a scenario in which major n®rger
between galaxies provide the fuel and a disrupted grawitati
potential conducive to both the build up of the galaxy bulge
through star formation and the fuelling of the central blacke.

Di Matteo et al. |(2005) and Hopkins et al. (2006) suggest that
triggering by such major mergers can account for the pragseof

the entire QSO population. Direct observational confiroratbf
this scenario remains elusive however, and the causal cbane
between starburst and AGN activity is still unconstrairfearther-
more, alternative theories for the build up of black hole snasa
less spectacular fashion do exist (e.9. King & Pringle 2003 )oe
able to accurately describe the recent SFH of galaxiesrinstef

the age and strength of recent starbursts, and to distimgeisveen

However, this traditional diagnostic is no longer adeqdateour
purposes, being unsuitable for detecting all but the seshpost-
starburst galaxies in current high redshift spectroscepigeys, or
for detecting small and/or relatively old bursts withoutmaying
the stacking spectra to obtain mean results (Dressler([208H).
The intrinsic dependence of thejHine strength on luminosity
weighted mean stellar age also causes populations defirmdyth

a simple cut on equivalent width (EW) to be biased towards the
youngest or the very strongest post-starburst system¢h&se rea-
sons we develop in this paper a new set of spectral indicapensif-
ically designed to quantify the recent star formation ofagés.
These new indicators are based on a Principal Componenygisal
(PCA) of the spectral region 3750-4156®f a set of model galax-
ies created from the Bruzual & Charlot (2003, hereafter BC03
GALAXEV spectral synthesis code, a proportion of which have
undergone stochastic starbursts. PCA is traditionallyl teéden-
tify correlations and variance in datasets and has often &pglied

to galaxy spectral (Connolly etlal. 1995; Glazebrook et aB&19
Madgwick et all 2002, 2003; Yip et al. 2004; Ferreras &t 630
By applying PCA to spectral data, collections of correlated-
tures, such as the Balmer absorption lines, are easilyatattand
guantified as a single parameter. Allowing all Balmer absonp
lines to contribute to measuring the Balmer absorptionngtie
greatly improves over the SNR obtained from measuring dssing
line alone.

As we shall show, the first three principal components output
from our analysis are easily interpreted as: 1) 40beeak strength
(correlated with Balmer absorption line strength)efges8almer
absorption; 3)excesLCall (H&K) absorption. Previous work has
made extensive use of [M4000) and H line strength to recover
underlying physical parameters of galaxies in the Sloaiit&li§ky
Survey (SDSS) such as stellar mass and age! (e.g. Kauffmauhin et
2003b), and the first two principal components simply meatue
two features already known to vary most in this spectralargi
The third component, Ca (H&K) strength, is used less often as a
SFH indicator. However, it has been identified previouslg asw-
erful diagnostic of A to F star fractions in galaxies (Ros88)8%and
for breaking the degeneracy between age and strength okatrec
starbursti(Leonardi & Rose 1996, 2003).

In this paper we focus on the method and the qualitative rend
of AGN properties with recent star formation history of thieost
bulges. In future papers we will use the new method to detixag
titative parameters such as starburst strengths and agesuiline
of the paper is as follows. In Sectibh 2 we introduce the SDSS
galaxy sample to which we will be applying our new method.dRea
ers with no further interest in the method may skip to Se¢floim
Sectior 8 the new method is presented in detail, includirgilde
of the input models, the PCA method and the physical intéapre
tion of the resulting eigenspectra. The new indices areiegpb
the SDSS dataset in Sectigh 4 and related to traditionaté@sdio
allow an easy reference point for interpretation. Dupéaathserva-
tions of SDSS galaxies are used to show the improvement of our
new indices over the old ones. In Sectidn 5 we compare BC03 ste
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lar population model tracks to our sample of SDSS galaxies an
provide a simple toy model with which to visualise the evialat

of the galaxies in the principal component planes. In Saithe
BCO03 models are used to investigate potential biases aneheeg
eracies involved in the interpretation of the new indicesSkc-
tion[7 we investigate trends of recent star formation historthe
bulges of high surface mass density galaxies with globabgal
morphology, dust content and AGN strength. The contriloutd
AGN hosted by each class of bulge to the overall present dagkbl
hole accretion rate is presented. Our results are discusSattion

gl

Bursty stellar populations and AGN in bulges3

This results in 33913 galaxies. A further 399 galaxies with e
tended regions of bad pixels in the region of interest areoveh
from the sample leaving 33514 galaxies. Photometric ptimzer
used in this paper are taken directly from the SDSS cata|epee-
troscopic continuum parameters used, such @&s &hd D, (4000),
are available through the SDSS-MPA value added catalogle we
page@ and described in Tremonti etlgl. (2004).

Because we are interested in the average properties afaiffe
types of galaxies within our sample, it is important to allimwthe
fact that the sample is magnitude- and not volume-limited. d&/
this by weighting each galaxy contributing to a mean or tqtein-

Where necessary we assume the standard cosmology withtity by 1/Vmax, Where Vimax is the maximum volume in which

Qv = 0.3, Q2 = 0.7 andh = 0.7. Vacuum wavelengths are
quoted throughout

2 THE SDSS GALAXY SAMPLE

The Sloan Digital Sky Survey (SDSS) spectroscopic galaty ca
alogue, with more than 500 000 spectra in its fourth dateasele
(DR4, Adelman-McCarthy et al. 2006), provides the ideahtase
for a first application and full testing of any new spectraalgn
sis method. We concentrate on the bulges of low redshiftxgala
ies. With 3” diameter fibres, the SDSS spectra probe only ¢me ¢
tral few kpc of low redshift galaxies: 0.6 - 4kpc diameters fo
0.01 < z < 0.07. We use this “fibre aperture effect” to our ad-
vantage to allow us to study the recent star formation histdr
galaxy bulges close to the central active galactic nucl&@N)
that is present in many of these systems.

Our sample is selected to be spectroscopically confirmed
galaxies in the redshift range01 < z < 0.07. The upper red-
shift limit of 0.07 fits well with the characteristic radiu$ loulge—
dominated galaxies in the SDSS-ofl.4 kpc (Bernardi et al. 2003).
We further restrict the galaxies to have stellar surfacesndassi-
ties (i = 0.5M.. . /7 x Rso,,>) greater thar3 x 10° Mg kpc™2,
where M is stellar mass measured by Kauffmann etlal. (2003c)
and Ry, . is z-band half-light Petrosian radius. Below this surface
density, the disk dominates the light and the measured itgltis-
persion within the fibre aperture does not relate to the abwnétoc-
ity dispersion of the stars around the black hole and thusatare
used to determine black hole mass (Kauffmann et al. 2003e). W
expect this cut to have minimal impact on our final analysitotsHl
[O m] luminosities of AGN hosted by each type of stellar popu-
lation, as low surface density systems contribute verlelith the
volume-averaged integrals of black hole mass and accregims
(Heckman et al. 2004). A lower limit on velocity dispersiarset at

the galaxy may be observed in the spectroscopic survey (fithm
1968).

2.1 Emission line analysis of SDSS spectra

We use the Baldwin et al. (1981, BPT) method to discriminae b
tween narrow emission lines that are primarily caused byimgg
star formation or a central AGN, using the flux ratios [WHc«
and [O m}/HB. The sample is divided into four primary sub-
samples: ‘pure AGN’ (3165), AGN including composite obgect
(AGN+composite, 11751), star forming (SF, 6357) and urstias
fied objects (unclass, 15406). The emission line ratios -GN
place them above the stringent theoretical criterion of iégwvet al.
(2001):

log([OIII]/HB) > 0.61/log([NII]/Ha) — 0.47 4+ 1.19 (1)

with all 4 lines detected at 3o or, if H3 is too weak to reach
the requisite SNR, the [NI]/Ha flux ratio is greater thar.2.
The ‘AGN+composite’ sample has emission lines that lie atibe
observationally determined demarcation line_of Kauffmanal.
(2003a):

log([O II1]/HB) > 0.61/log([NII]/Ha) — 0.05 4+ 1.3 (2)

or have [Nil]/Ha flux ratio greater than-0.2. Non-AGN have lines
that are dominated by star formation. The remainder arelasnc
sified’, primarily because of non-existent or very weak esiois
lines.

The emission line measurements are provided on the SDSS-
MPA webpages and details are given in Brinchmann let al. (2004
errors have been rescaled according to the informationigedv
on the website. Briefly, spectral synthesis models are usdi t
the stellar continuum, including absorption features, amission
lines are measured from the residual of the data and modiufg,

70kms !, because the spectral resolution of the SDSS means thatcontamination of the nebular emission lines by stellar gitgm is

reliable velocity dispersions cannot be obtained for lowedues.
70kms™! corresponds to a black hole masslof-* M, using the
observed correlation between bulge velocity dispersiah ldack
hole mass of Tremaine et/al. (2002).

To summarise, our sample contains SDSS DR4 main sample

galaxies that match the following criteria:

Spectroscopically classified as a galaxy
With matches in the photometric catalogue
Zwarning flag= 0
Redshift0.01 < z < 0.07
Stellar surface density. > 3 x 10 Mg kpc™2 (M. from
Kauffmann et al. 2003b)
e \elocity dispersiorn> 70 km s~ *and velocity dispersion mea-
sured at> 30 significance
e Spectral SNR in thg-band SNR > 8

(© 0000 RAS, MNRASD0Q, 000—-000

accounted for.

2.1.1 Correction for dust attenuation

Dust attenuation of the emission lines is corrected for wherand
Hg3 are measured with SNR of 30 and the flux in the i line is
greater thar x 10~ *®ergs™! cm™2, using the Balmer decrement
method. The latter cut onHflux was placed after investigation of
objects with very high balmer decrements, which were oftemé
to have apparently underestimated errors gh M/e assume an
intrinsic Case B ratio of 2.87_(Osterbrock 1989). We note tha
slightly higher ratio of~ 3 is generally accepted to apply in AGN,

L http://iwww.mpa-garching.mpg.de/SDSS/
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and this will cause a small systematic overestimate of ost dt:
tenuations where emission lines are dominated by AGN(a6%

at [O111]). However, separating the relative contributions of &tar
mation and AGN to the lines is a difficult topic and we use alging
ratio for simplicity.

The form of the dust attenuation in star forming regionstibir
clouds) and narrow line regions around AGN is not well known,
but has a significant impact on our results. We therefore s#o0
to present our results using two different attenuation estions.
The first is a single power-law of the form o A~%7 which
provides a good fit to the UV to IR continua of starburst galax-
ies (Charlot & Fall 2000). However, the attenuation causgthke
birth clouds from which the emission lines originate will ivere
screen like (less grey) in form and this is not accountedridhée
simple single-power law prescription. This results in éemtrected
[O 1] emission line luminosities in average starforming gadaxi
that are a factor of several higher than those derived usstgra
dard Milky-Way like absorption curve. We therefore intregdua
second prescription, designegecifically for the purposes of cor-
recting emission lines

wherery is the total effective optical depth in thé-band and. is

the fraction of totalr, caused by the ambient ISM. We get= 0.3
based on observed relations between UV continuum slope and H
to HB emission line ratios. Although the exponent in the first term
is not well constrained by observations of external ga@xiel.3

lies between that observed in line-of-sight observationstars in
the Milky Way, LMC and SMC|(Charlot & Fall 2000). This new
dust prescription thus accounts for the attenuation of thisgon
lines within the birth clouds (first term) and the attenuatis the
light passes though the ISM [second term, see da Cunha é al. (
preparation) for further details].

Due primarily to insufficient SNR of the weakerdemission
line, it is only possible to correct 26% of our galaxies fosdat-
tenuation of the emission lines. The majority of the objedtiout
dust attenuation corrections are quiescent systems withdngo-
ing star formation and thus very weak emission lines; thi®ants
for 73% of the galaxies we are unable to calculate correstfon
using the classification of Sectibnl7.1. These old stellaufations
are known to contain very low quantities of dust: we find thayeh
meanz-band attenuations consistent with zero (derived from rhode
fits to the stellar continuum by Kauffmann et al. (2003b)).tAs
star formation rate of systems increases, the percentage¢hcan
correct for dust attenuation rises, as does their mean daseiat.
For the galaxy-bulges with normal levels of ongoing stanfar
tion (mean log specific star formation within the fibre of 2®.
see Sectioh 711), 68% are corrected for dust attenuatiofoaride
starbursting galaxies 98% are corrected. We therefore\methat
the primary results of this paper are not biased by the abject
which dust attenuation correction of the emission linesoispos-
sible. However, as will be discussed later, there is a pojoulaf
objects for which it is likely that we are unable to measuygifla
large fraction due to extreme dust attenuation. While tkas bas
been included in our discussions where appropriate, we thate
these systems account for onhl.5% of those for which a Balmer
decrement is not obtained.

2.2 Stellar populations of broad line AGN

Our galaxy sample has been specifically selected to omitiinoa
(Type 1) AGN. This is achieved by an automated spectroscopic
classification algorithm within the standard SDSS pipelihecov-
ering the true stellar populations of broad line AGN is a sahisal
topic in its own right, due to the contamination of the stdliight by
continuum light from the AGN. We have made no attempt in this
paper to study broad line AGN, and refer the interested rede
Kauffmann et al.[(20083a), Hao et al. (2005), and Yip etlal0¢)0
for studies of their stellar populations and contributiottte [O111]
luminosity density in the SDSS. Within the unified model of G
Type 1 (broad line, unobscured) and Type 2 (narrow line, ezt
AGN are expected to differ only in the sightline by which theey
viewed. In this scenario the stellar populations of Type 2\A&Ge
expected to be representative of those of Type 1 AGN with the
same [O111] luminosities. This was the conclusion arrived at by
Kauffmann et al.[(2003a) and, while the precise balanceedfast
population classes as derived in this paper of Type 1 AGNivela

to Type 2 AGN is obviously of great interest, it is beyond theyse

of the present paper.

3 METHOD: BUILDING THE NEW INDICES

Our primary goal is to improve upon the traditional methoéleh-
tifying post-starburst galaxies through the strength éfatysorp-
tion and [O11] emission. We therefore concentrate on the Balmer
line region of the galaxy continuum, which, in the opticantains
the greatest amount of information on the relative fractiohO to

A stars. By selecting a small wavelength region, we also mmige

the effects of internal dust attenuation in the galaxied,@n eas-

ily uncover and isolate discrepancies between models aad da

In Figure[1 a selection of stellar spectra are plotted in the
wavelength range 3750-4280 The defining wavelength regions
of two indices traditionally applied in this region are iodied and
prominent absorption lines marked. With decreasing stédm-
perature the 4000 break strength [as measured by, @000)] in-
creases and the #\4102.9 absorption line first strengthens and
then weakens. A strong UV continuum is evident in the hottest
stars. Each stellar type has a characteristic main sequiéstome,
~0.5Gyr and 3 Gyr for A and F stars respectively; it is these dif
ferent lifetimes that allow us to study the star formatiostbiies of
stellar populations. Ca (H&K) strength increases rapidly through
A stars to F stars, the ratio of Ga(H)+He to Call (K) thus pro-
vides the decisive fine age indicator for yousgl(Gyr) stellar pop-
ulations (Leonardi & Rose 1996).

The main principle behind our method is to use all the spec-
tral features in the wavelength region around the 40beeak, to
quantify the young stellar content of the galaxy based otilwonm
shape and absorption line strengths. We achieve this bgteagr
for patterns of pixels which vary most within a set of modedsp
tra and, from these patterns, defining three new spectratesd
From previous work on galaxy spectra we expect the main varia
tion in this wavelength range to be the strength of the A00@ak
which is well known to be a powerful stellar age indicatore Bec-
ond variation is expected to be related té dbsorption strength,
which gives an additional constraint on the relative amadratny
additional young stellar component. Although our origiaah was
simply to create a high SNR replacement fa, ldur procedure also
identified Call as a clearly interpretable third axis of variation.

The method is based on a principal component analysis
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Figure 1. Example main sequence stellar spectra in the wavelengibrreg
of the 400@ break selected from the Pickles stellar librdry (Pidklesd).
Grey shaded areas indicate the blue and red wavelengtmssigam which
D, (4000) is calculated as defined by Balogh étlal. (1999); hsineas
indicate regions from which the # index is calculated (Worthey etlal.
1994). The stars are ordered by temperature, from hot to (€eldshort-
est to longest main sequence lifetime). The 40@0eak strength increases
monotonically with decreasing temperature, whilké étjuivalent width de-
creases for the cooler stars, thus both provide powerfuliradjeators for
young to intermediate age stellar populations. This papmksvwith the
wavelength region 3750-4180

(PCA), a standard multivariate analysis technique used anym
guantitative science fields, and a mathematical introdads in-
cluded in AppendiCA. It is however important for the reader t
have a basic visualisation of the process. A spectrum thdboe

M pixels of flux values is normally thought of in terms of a 1-

dimensional array; it can alternatively be imagined amgle point

in an M dimensional space. A collection of spectra then becomes
a cloud of points in this space, rather than a 2D array of flux va

ues. PCA searches for the lines of greatest variance in thelcl
of points representing the spectra, with each line destriiyea
vector that is called a “Principal Component” or “eigenspan”.
The principal components are constrained to be orthogenahé
another and placed in order of the amount of variance withén t
dataset that they account for. The principal componenta fonew
basis, rotated from the original, upon which the galaxy speare
projected to obtain the amplitude of the principal compaseon-
tained within eadf

2 The constraint of orthogonality means that PCA must be agpliith
great care when analysing galaxy spectra, where the vahiggiqs involved

(© 0000 RAS, MNRASD0Q, 000—-000
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3.1 Input spectral dataset

There are several options for creating an input datasetpfectsal
PCA analyses. Arguably one of the more favourable is to use th
data themselves, thus avoiding any bias in the final resalised
by the limited physics contained within models. However,levh
one of the oft quoted ‘benefits’ of PCA is its ability to idefgti
correlations and variations in datasets without the needdtibra-
tion with models and theory, any interpretation of obseovetl re-
sults ultimately depends upon some link between theory atal d
Although spectral synthesis models contain some limitatithat
must be kept in mind by observers and modellers alike, they cu
rently provide the framework upon which much of our underdta
ing of galaxy evolution is based.

We must therefore choose at what stage the models and data
are to be compared. For our specific purpose of deriving ngtv hi
SNR indices to describe the stellar continuum and absarfities
of galaxies, there are several disadvantages to preforthinBCA
on real galaxy spectra. First and foremost is the contaimimaitf
the data by emission line infilling of the Balmer series. Abuler
emission varies greatly between galaxies, any PCA on agep+e
tative population of galaxy spectra primarily describesemission
line strengthl(Madgwick et &l. 2003; Yip et al. 2004), whiakag-
tifies current star formation rate and/or AGN strength al@hee to
potential AGN contamination, we are particularly inteeesin de-
riving star formation indices that are independant of eioisbnes
and it was found not to be possible to satisfactorily remaveask
the Balmer emission lines that occur in the center of the rgtism
features in which we are interested. Secondly, we intencheur
method to be applicable to many datasets, allowing a dim@tkc
parison between datasets just as with traditional indidése the
PCA to be performed on each dataset individually, diffemnt-
cipal components would be found and a comparison between the
datasets becomes non-trivial.

A second option, and the one chosen in this paper, is to
introduce the spectral synthesis models from the start bpter
ing a model galaxy population. The set of models, based on the
BCO03 stellar population synthesis code, is similar to thegduin
Kauffmann et al. [(2003b) and Salim et &l. (2005), althougkthwi
more restricted parameter ranges. 6629 stellar poputatioacre-
ated obeying the following criteria:

e Time of galaxy formation is distributed uniformly between 0
and 5.7 Gyr after the Big Bang, where the age of the Universe is
assumed to be 13.7 Gyr.

e The underlying star formation rate is characterised by an ex
ponential decay rate distributed uniformly betweeii < v =
1/7 < 1Gyr™*

o Metallicity is distributed linearly in solar units betweérs <
7 < 27¢p

No metallicity evolution is included in the model galaxié®p

hat bursts are then superposed “stochastically” on thederiying
SFHs with equal probability at all times. These are parariseté

in terms of fu.,st, the fraction of stellar mass formed in bursts in
the past 2 Gyr to that formed by the underlying SFH during the
total evolution of the galaxy, and the length of the buyst.,s:

in the integrated light of spectra leads to complicatedepast and correla-
tions in spectral features. The wavelength region chosehiinstudy is
exceptional in containing a few strong features which cawélédescribed
by an orthogonal basis set, thus allowing for simple inttigtion of the
resulting principal components.
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is distributed logarithmically between 0.0 and 0.1 and #wgth

of the burst is distributed uniformly between 0.03 and 0.8 Gy
nally, the fraction of galaxies witbngoingstarbursts is reduced to
25% of those initially created leaving 6473 model galax@88, of
which have experienced a burst in the past 2 Gyr. The number of
galaxies with ongoing starbursts was reduced becauseatimeisit
features were found to overly dominate the principal conepts

for our requirements.

It is important to be clear about the effect of the input sampl
on any PCA. PCA is a non-robust variance based techniquageha
ing the distribution of input galaxies greatly affects theput prin-
cipal components. Additionally, PCA is affected by outién the
dataset, and if principal components representative ofthjerity
of the dataset are required then such outliers must be ramé¥e
though we set out to recreate a population of early-typexgeda
with varying degrees of recent “bursty” SFHs, the detailthefin-
put sample were selected through trial and error, with the cfi
recovering principal components with good power to distish
the age and strength of recent bursts. Once the componentesar
ated, the precise details of the input set become irrelasanply
affecting the ability of the new indices to measure the ptaigpa-
rameters we are interested in. We note that a more elegantovay
achieve similar results may be through application of a wa#im-
ilar to the MOPED algorithm of Heavens et al. (2000), to taile
principal components from the outset to the parameters vgé wi
to extract from the data. This algorithm has already beed tse
derive global star formation histories and metallicitie=nfi SDSS
galaxy spectre. (Panter etlal. 2003). At this stage howevearefer
the more transparent approach of PCA, through which it is-rel
tivley straightforward to understand our results and isolmper-
fections in the theoretical models. A PCA on the SDSS data was
also performed and, with suitable masking of emission |ifemsd
to produce qualitatively similar first and second principaimpo-
nents.

3.2 Creating the “eigenspectra”

In this and the following sections we explicitly refer to tB®SS
dataset which is studied in this paper (Sec{ion 2), howeher t
procedure may be adapted to any other dataset. The 3756v4150
wavelength range is extracted from the BC03 model galaxgtspe
the spectra are shifted to vacuum wavelengths, rebinnedatohm
the logarithmic SDSS wavelength binning, and convolvedaeeh
velocity dispersions equal to 150 km’s the mean value of the
dataset to which the new indices will be applied in this papbe
effect of velocity dispersion on the derived components lvaldis-
cussed further in Sectidn 6, at this stage it suffices to e t
the Balmer series lines in which we are particularly intevdsare
strongly pressure broadened in main sequence dwarf starthas
in young and intermediate age stellar populations thesicpkar
line widths are relatively unaffected by the velocity dispen of
the galaxy.

Each model spectrum is normalised to have total flux of unity,

the mean spectrum of the input dataset is calculated and sub-

tracteffl, and the PCA is run to produce the principal components,

3 The subtraction of the mean spectrum from a dataset prioptineaipal
component analysis is an important detail, acting in exdab# same way as
removing the mean before calculating the scatter in a setiofoers. Fail-
ure to do so imposes an approximate mean spectrum as thefirpboent,
and thus an unnecessary constraint on the remaining painmpnponents

| He |HB | He

| CoK | CaH

| H6

| Hn | HE

Livy

T

1Y FYTTY FEYRTTRTNI Y5 e ¥TT INTTET] NN WA A

U LA LRS- L L R

Normalised flux

T

Espectrum 4

3800 3900 4000

Wavelength, /A

4100

Figure 2. The eigenspectra: our new indices describe the amount bf eac
eigenspectrum in a galaxy spectrum. The top spectrum istieaf\” spec-
trum of the input dataset and the eigenspectra are ordertielamount of
variance within the dataset that they account for. The miagoiption fea-
tures in this wavelength range, the Balmer and iGimes, are marked. The
first eigenspectrum measures the Aeveak strength and anti-correlated
Balmer absorption line strength. The second eigenspeatmeasures a de-
crease in Balmer absorption and corresponding increaseiattong blue
continuum of hot stars. The third eigenspectrum primarilgasures any
additional Cal (H&K) absorption.

termed eigenspectra from now on, which are to define our new
spectral indices.

3.3 The new indices

Figure[2 presents the mean spectrum and first four eigemapafct
our input model galaxies. The mean spectrum is typical fat ¢t

an quiescent galaxy (see Figliré 10); the first componentstusv
4000 break and corresponding inverse-correlation with Balmer
line strength; the second component shows the Balmer samigs
inverse-correlation with the blue continuum shape seen @

B type stars; the third component is primarily dominated hy t
Call (H&K) absorption lines, with Cai (H) decorrelated from the
broader H at the same wavelength; the fourth component contains
further metallicity information, however, by this stageb#comes
more difficult to find simple interpretations for the eigeaspa.

to lie orthogonal to the mean spectrum. Consequently, théynat prop-
erly describe the true lines of variance in the dataset. H@epurposeful
difference in terminology between theeanspectrum of the dataset and the
normalisationof individual spectra.
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Figure 3. A galaxy with a strong A/F star component (bottom, black) is
built up of the mean spectrum (second from bottom), plusrgamounts
(amplitudes) of the first three eigenspectra. Note thatettegs offset in
the figure by an arbitrary flux for clarity. The amplitudes #ne new in-
dices. The resulting spectrum reconstruction (additiothefmean and the
3 eigenspectra multiplied by the amplitudes) is overptbitered.

4 APPLICATION TO REAL DATA

The basic procedure for measuring the indices in real data is
straightforward: the galaxy spectrum is corrected for gooend
Galactic extinction, moved to the rest frame, the mean spect
of theinput (i.e. BCO3 model) sampig subtracted, and the resid-
ual spectrum is projected onto the eigenspectra (i.e. ther,iror
dot, product is calculated, see Apperidix A). The resultiriggipal
component amplitudes represent the amount of each eigensmpe
present in the galaxy spectrum; these are our new indices.
Often there are regions of a real spectrum which we do not
wish to include in the analysis, for example, regions witd biy
line subtraction or regions affected by nebular emissinadi We
mask these pixels with a process called Gappy-PCA, intreditc
spectral analysis in astronomy by Connolly & Szalay (199%)s
allows pixels to contribute zero weight during the caldglabf the
principal component amplitudes, although at the price thatin-
dependence of the individual components is degraded. IBE&S
dataset bad pixels are identified as those with error setrto 2el-
ditionally we mask B, either side of the NI A3870 line in spectra
in which this line is detected at greater thafo, and the centers
of the H9 through HLO lines in spectra with equivalent width oféH
in emission measured to be greater thénby Brinchmann et al.
(2004). The effect of emission line infilling is discussedtifier in
Sectior[ 6.P. Because the Balmer emission lines sit at thieiceh
absorption lines, the resulting flux normalisation is sysécally

(© 0000 RAS, MNRASD00, 000—-000
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Figure 4. The relation of the new spectral indices to traditional,l\s&id-
ied, indices for SDSS galaxies. The dataset, describeditio®El, contains
low redshift, high stellar surface mass density SDSS gedaxror these
plots only, due to the large errors on the measurementdf H noisy
spectra, galaxy spectra are required to have a per pixel 8Nifreig-band
greater than 20.

biased by the masking procedure. A new Gappy-PCA algorithm
has been developed by one of us (GL) which allows the flux nor-
malisation as an additional free parameter during the Gtion of

the principal componerﬁsThis new procedure was applied to all
spectra.

Figure[3 shows how a galaxy spectrum with a dominant A
star population may be constructed from the mean spectrum an
differing amounts (amplitudes) of the first three eigensipec.

It is very important to compare our new indices to the tra-
ditional indices we wish to replace in order to quickly deywekl
full understanding of the information they contain. Figdteom-
pares the amplitudes of the first two components, PC1 and PC2,
to D,,(4000) (400(5\ break strength) and & (Lick index primar-
ily describing H equivalent width) for the SDSS spectra presented
in Sectiof2. We can see that PC1 is equivalent t¢4D00) with a
slight curve in the relation in the sense that the PC1 axisésched

4 The IDL code and documentation for the NormGappy-PCA
procedure will be available on acceptance of the paper at
http://www.voservices.net/spectrum/.
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slightly for later type galaxies compared to early type gas.
—PC1+PC2 is equivalent todd for late type galaxies, but satu-
rates in the early type galaxies. Note that PC2 alone is navaq
lent to Hia, but toexcesdHda over that expected for the galaxy’s
D,.(4000) value.

4.1 Improvement over old indices

The simplest way to show the improvement of our new Balmer se-
ries index over the traditionald4 measure, and therefore the ben-
efit of developing this relatively complex technique, is tompare

the indices measured from duplicate observations of the sam
ject. Many such observations exist within the SDSS survueynf
entire plates which were re-observed and also objects wdxser
on two different plates, due to plate overlaps. A list of dicgte

smaller starburst more recently. This degeneracy is akssepit in
D,,(4000) vs. K. PC3 allows the degeneracy to be broken how-
ever, by making use of the rapidly changing ICéne strength be-
tween A and F stars.

As discussed in Sectidd 1, it remains unclear as to whether
galaxies with strong Balmer absorption lines have indegukix
enced a recent burst of star formation in the past (postustst), or
whether the star formation has simply been shut-off (trtioog
for example by interaction between the intracluster medard
the galaxy’s interstellar medium as it enters a clusterrenment
or by feedback associated with the rapid growth of a black.Hedr
a single galaxy, distinguishing these scenarios from aliastcon-
tinuum measures alone is difficult; shutting off the stanfation
in the continous star formation histories, causes galaxiesove
upwards in PC2. However, taking the population of galaxigési

galaxies in SDSS DR4 has been compiled and is available on the@S & whole provides additional constraints. In particafe trunca-
SDSS-MPA web pages. FigurBs 5 did 6 compare the scatter beiOn model does not explain the relatively large number dgési

tween duplicate observations of,#000) and PC1, andd and
—PC1+PC2, as a function of observed fragaband SNR per pixel
in both spectra. The improvement is clear, particularlyHéx , al-
though it should be recognised thaPC1+PC2 is not a measure of
absorption line strength alone: information containedantmuum
shape is also used.

5 COMPARING MODELS AND DATA

In the top-left panel of Figufe] 7 we plot the main diagnostat o

be used throughout the remainder of this paper, PC1 vs. PG2. T
is our new equivalent of E(4000) vs. K4, although should be
thought of as 4008 break strength vexces8almer line strength,
i.e. the inverse-correlation between (2000) and K has already
been accounted for in PC1. In the top-right panel of Fiuree7 w
plot PC1 vs. PC3, the index which measures excess @bsorp-
tion. For comparison with previous work, the bottom-lefirld plot

in Figure[T shows R(4000) vs. K4 for a high SNR subsample of
the galaxies. In all panels our SDSS galaxy-bulge samplieitep

in greyscale; in regions of low number density, individualax-
ies are plotted as points. The quiescent cloud (red sequeriite
large 4008\ break strength is clear in all plots, the star forming
sequence extends to lower values of PC1. The tail to the rootto
left of PC1/2, with small 4008 break and very weak Balmer lines,
is composed of galaxy bulges with stellar populations dateid
by O or B star spectra, i.e. experiencing a starburst. Theafiiun
PC1/2 over the starforming sequence are stellar poputatidth
stronger than average Balmer absorption lines, i.e. cateldfor
populations which experienced a strong burst of star fdonah
the past.

The overplotted tracks follow the evolution of a 0.03 Gyr
tophat model starburst, superimposed on a composite @uiesc
galaxy, created from galaxies in our quiescent class (Qsail).
This approach isolates the small discrepancies betweemaldel
and SDSS spectra for old populations (see Se€fign 6.1). Tits b
strength is characterised by the mass of stars formed dtiing
burst, compared to the mean mass of the galaxies wihtin timee co
posite spectrum; we plot four burst tracks of strengths 0.5%,
3% and 20%. The stars indicate times after the onset of trst bur
0.0001, 0.01, 0.2, 0.5, 1.0 and 1.5 Gyr.

Looking at the starburst tracks in PC1/2, we can see the fa-
miliar degeneracy between the age and the strength of the. bur
The “post-starburst” objects in the ‘hump’ could be galaxikat
have undergone a massive starburst a relatively long timeag

that are undergoing starbursts, while these are the ngitogéni-
tors of the post starbursts in our sample. We invoke OccamwsR
and will not discuss such truncation models further in tlaipqy.

6 POTENTIAL BIASES AND COMPLICATIONS

In Figure[8 we investigate the effect of several potentiatesyatic
effects on the starburst evolution tracks: a change inestiirary,
dust, changing the underlying old population, burst miefgfland
an overall change in velocity dispersion.

Stellar libraries: Figure [& compares the results us-
ing two different observational stellar libraries inputtanthe
GALAXEV code of BCO03, Stelib [(Le Borgne etlal. 2003) and
MILES (Sanchez-Blazguez etlal. 2006). Note that the impti-
tation of the MILES library in the GALAXEV code is prelimingr
Very little difference is observed except for a small offgethe
hottest stars.

Dust: Figure[® shows the effects of dust in the burst stel-
lar population. The dust prescription implimented is the phase
model of Charlot & Falll(2000) in which stars older thai' years
are extincted at a level of 30% that of the young stars. We com-
pare dust free models with dusty model galaxies in which goun
stars suffer one magnitude of attenuation in the V-batd & 1).
The presence of dust causes an apparent small reductiorrsn bu
strength.

Underlying old population: The biggest effect on PC3 is
caused by a change in mass of the underlying old stellar pepul
tion. As young stellar populations have only weak IChnes, the
old stellar population greatly affects their total strdngtn Fig-
ure[& a high and low stellar mass composite has been created
[log(M«/M3)<10.25 or>11.0]. The increase in PC3 with stel-
lar mass may be due to several effects: the high mass galaxies
have higher velocity dispersions (seg higher metallicities and
are more likely to bev-enhanced.

Metallicity: Figure[8/ compares starburst tracks of two dif-
ferent metallicities,Z = 0.4Zg andZ = 2.5 Z5. The same
quiescent composite has been used. In PC1/2 the lower roigyall
causes an apparent reduction in burst strength. In PC3 vagsée
that Call is effected by metallicity, but the effect only becomes
visible in intermediate age populations whereiCia stronger.

Velocity Dispersion: Figure[& compares models with veloc-
ity dispersions of 112 and 225 km. Recall that the eigenspec-
tra are created with velocity dispersions of 150 km.sTo isolate
the velocity dispersion effect, the same low stellar masssgent

(© 0000 RAS, MNRASDOG, 000-000
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Figure 5. Comparison of the scatter between measurements,¢4@0) (top) and PC1 (bottom) in SDSS galaxies which have loserved twice. The
sample is split according to per pixel SNR in thidand as indicated in the top left. Mediaa statistical errors on the quantities for each sample areateti

in the upper left.
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Figure 7.In greyscale: the joint distributions of PC1 vs. PC2 (top)lahd PC1 vs. PC3 (top right) and,[4000) vs. K o for the spectra of high stellar surface
mass density, low- SDSS galaxies. The greyscale indicates logarithmic numbebjects. In regions of low number density, individual misiare plotted in

black. The galaxies in the f4000)/H A plot are additionally constrained to

hayeband SNR/pixel greater than 20. PC1 is equivalent 1¢4D00), PC2

measures excess Balmer line strength and PC3 measures ©aebne strength. Overplotted as tracks are model Bruzual &16h&003) tophat starbursts
of 0.03 Gyr duration, superimposed on a composite early gabexy spectrum. Asterixes indicate times after the ingiarburst of 0.001,0.01,0.1,0.5,1.0 and
1.5 Gyr. With a mean stellar mass of 4.36l@, for the early type galaxies in the composite, burst massidmag are 0.5% (orange), 1% (red) and 3% (blue)

and 20% (purple).

population has been used for both, and convolved up to theehig
velocity dispersion for the dotted tracks. A small effecsé&en on
all components.

6.1 Offsetin indices between models and data

We note that there is an offset between the exponential aitanaf

tion history BC03 model galaxies and the SDSS data,j(4D00)

vs. Hia, where none was previously apparent (see Figure 3 in

[Kauffmann et &l 2003b). This mismatch results from spetios

tometric calibration differences between the SDSS datagkstars

in the Stelib stellar spectral library (Le Borgne ef al. 2)@ghich

underpins the BC03 models. The difference between earlek w

and the current analysis is primarily in the spectrophotoimeal-

ibration of the SDSS spectra between DR1 and DR2 (Abazajian

et al., 2004). A new version of models is under constructisn u

ing the new MILES stellar library (Sanchez-Blazquez ¢2806),

which solves this problem (G. Bruzual, private communimai

The magnitude of the effect is0.1 mag in B,(4000) and Ain

Hda (see also the comparisonlin Sanchez-BlazqueZlet all 2006)
The effect on the principal component amplitudes of a mis-

match in 4008 break strength between models and data is not

immediately intuitive. PC2 is in fact worst affected, besauhe
primary variance in the data is the shape of the continuumitand
is this that PCA concentrates on fitting first. Because of tiite a
correlation between 4080break and Balmer line strength, the best
fitting first component then has too strong Balmer lines an@ PC
must be used to counterbalance some of this. An additiofedtef
visible in the reconstructions of some starforming speésra sub-
sequent mismatch in the far blue continuum shape. An offide€3

is expected, due to the incorrect amount ofICheing introduced
by the other two components.

We expect the current problem with the spectral synthesis
models to be solved in the very near future, however, it isrcle
that systematic errors on derived parameters from speginéhesis
models may be significantly larger than the statisticalrsrasually
quoted. In this paper we are uneffected by such problemseaiow
not attempt to derive full quantitative solutions of buratameters
for our galaxies. In future papers it will be important to swter
comparison between different spectral synthesis modats) as

those based on synthetic stellar libraries (Gonzalez @ziget al.
2005).
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6.2 Emission line infilling inant that we must be particularly cautious of, as they affee
Balmer absorption lines in which we are particularly instegl.

One of the most difficult parts of fitting models to the stetlampo- We selected a subsample of objects with emission and
nent of a galaxy spectrum is the contamination of the datetspa compared the three principal component amplitudes oldairith
by non-stellar light. Nebular emission lines are one suditaro- and without masking the centers of thé ttirough H 0 absorption

(© 0000 RAS, MNRASD0Q, 000—-000
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lines. A clear emission line equivalent width limit was falinelow
which the amplitudes remained unbiased. Above this limite(y
in Section[#) we mask the centers of the absorption linesréefc
calculating the amplitudes. Additionally, the flux nornsaliion of
the spectra is crucial, as the emission lines sit prefaliyin the
centers of absorption lines, it is thus preferable to leawenali-
sation as a free parameter when calculating the componegit-am
tudes (Sectionl4).

We note that for strongly star-forming systems, the secol
principal component primarily fits the overall shape of toatin-
uum i.e. the strong blue emission from the hot stars, rattzr the
strength of the Balmer absorption features.

6.3 Contamination by AGN continuum light

There is a population of objects which scatter below the- star
forming branch of the PC1/2 plane, with weak Balmer absorp-
tion lines for their 4008 break strength. Further investigation of
these spectra show them to be objects with apparently old ste
lar populations, but some excess blue continua. A proponid
these are weak Type 1 AGN in which some broad line component
is visible in the stronger Balmer emission lines. Many athare
found to have radio (FIRST) and/or soft X-ray (RASS) counter
parts, and are most likely weak BL Lacs (e.9. Collinge &t @0%).

To the PCA analysis the featureless blue AGN continuum looks
very similar to the blue continuum of young O and B stars, weak
ening the Balmer series and 400@reak in a similar way (see
alsolHao et al. 2005). A stellar population study of thesects;
from their optical spectra alone is beyond the scope of this i
tial paper, and we simply treat them as a separate class eftsbj
Dust- or electron-scattered continuum light from the hidd&N

in Type 2 AGN (the AGN type that dominates our sample) has been
shown contribute neglibly to the blue continuum light inkalk the
most extreme AGN_(Schmitt etlal. 1999; Kauffmann et al. 2003a
Zakamska et al. 2006).

7 RESULTS: THE RECENT SFH OF LOCAL GALAXY
BULGES

We now turn to the application of our method presented iniSest
and4, to the SDSS dataset presented in Selction 2. We focus o
the AGN properties as a function of recent star formatiomonys

in the bulge, and in particular on the properties of the tailgéh

PC2

oo LG A R IR PR RS

PC1

Figure 9. Defining classes of stellar population for galaxy bulges joint
distribution of PC1 vs. PC2 with galaxy bulges classified@isspent (red),
green-valley (green), star-forming (cyan), starbursi€bbnd post-starburst
(brown) and other (black) according to their position in@1/2 plane. We
caution that there are no distinct breaks in the distriloytand each class
is a continuation of the others. To guide the eye in compangith subse-
quent figures, a single weak instantaneous burst track of ir%i fraction
is overplotted.

young stellar populations apparently varying with AGN tygoed
strength. Uncovering the stellar populations of Type | AGdéts
remains very technically challenging, with limited agresm
between different studies (Canalizo & Stockton 2000; Nabal.
2001; Canalizo et al. 2006; Yip etlial. 2004).

The majority of present day black hole growth is found to
occur during relatively high accretion rate phases on to resss
black holes|(Heckman etlal. 2004). We may expect to find that re
cent star formation correlates with accretion rate, withlgevail-
able gas resevoirs at the center of the galaxy either cosmtlyr
forming stars and feeding the black hole, or forming stargchvh
subsequently fuel the black hole. Large homogeneous sarapge
required for such an analysis, such as those available pébto-
scopic studies such as the SDSS. In these studies, lesiedelata
is compensated for by being able to study the average prepert
of hundreds of thousands of objects. Kauffmann et al. (2pf&a
Itect significant trends with AGN strength in the stellar pagions
of galaxies hosting obscured AGN, finding that AGN with highe
[O ] luminosity are contained in hosts with younger mean stella

excess Balmer absorption which have undergone a more unusuaages and with a higher likelihood to have undergone a red¢ent s

recent star formation history.

The tight correlation observed between supermassive
black hole mass and velocity dispersion in galactic bulges
(Ferrarese & Merrittl 2000; Gebhardt et al. 2000) is well ex-
plained by theoretical models in which black hole and sphero
growth are linked (e.g. Haehnelt & Kauffmann 2000; Adamsl.et a
2001; |Granato etal. 2004). Observationally there is much
evidence for the coincidence of recent or ongoing star ferma
tion activity with AGN activity in Seyfert 2s|(Heckman et al.
1997; |Gonzalez Delgado & Heckman|_1999|  Schmitt et al.
1999; | Gonzalez Delgado etlall  2001; Raimann et al. 12003;
Cid Fernandes et gl. 2004), type 2 QSOs (Zakamskd et all 2006)
LINERS (Cid Fernandes etlal. 2005) and powerful FRII radio
galaxies|(Tadhunter etlal. 2005). This strongly suggestssiiye
link between the accretion of matter onto the black hole amd a
increase in bulge size through starbursts. However, tlagioakhip
is clearly complicated, with the fraction of objects idéetl with

burst. In this section we follow on from this work using oumne
higher SNR stellar population indicators to quantify moregisely
the recent star formation of central galaxy bulges with aittiout
the presence of an AGN. We investigate trends withif@lumi-
nosity, dust content and irregularity of morphology.

7.1 Stellar population classes

Our sample of galaxies is described in detail in Sedfion Eiduire
we have split the sample into six different classes acogrtth
their position in the PC1/2 plane: quiescent, “green-yajlstar-
forming, starburst and post-starb@:sExcept for the post-starburst

5 The sixth class contains objects that appear to be contedimey scat-
tered AGN light (see Sectidn_6.3). As the line parametersveigrirom
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Table 1. The number of objects in each class, classified by narrowséonidine ratios as AGN/composite, star-forming or undfédsle (due to non-existent
or weak emission lines). The values in brackets are afteecting the numbers for survey volume effects using the, L method (Sectiof]2). The final
column gives the mean of the logarithmic specific star foromatate (SSFR) derived by Brinchmann et al. (2004) for edatsc

Class AGN+comp SF unclass Total (log(SSFR))
Quiescent 5226 (6128.) 54 (63.) 13178 (15330.) 18458 (2}523 -11.77
Green Valley 2297 (2601.) 180 ( 209.) 953 (11088.) 3430 (3900. -11.15
Starforming 3611 (4090.) 5056 (5729.) 1027 (1191.) 96940(L01) -10.26
Starburst 58 (66.) 694 (770.) 6(7.) 758 (844.) -9.68
Post-starburst 364 (415.) 178 (215.) 92 (104.) 634 (735.) 0.41
Other 195 (233.) 195 (235.) 150 ( 190.) 540 ( 659.) -10.67
total 11751 (13537.) 6357 (7222.) 15406 (17913.) 33514 386 -11.19

and quiescent populations, the exact positioning of thesattvi-
sions is fairly arbitrary as there are no well defined miniasaseen,
for example, in the bimodality of the galaxy population astele.
Table[1 presents the numbers of galaxies within each clals, s
according to their emission line ratios as AGN or star-faiora
dominated. To give some physical meaning to each class,rak fi
column gives the mean logarithmic specific star formatide td
each class, as derived by Brinchmann ét al. (2004), see @.@%Fi
of that paper for a comparison with all star-forming galaxié/e
note that for AGN, these values are derived from(4D00) rather
than the emission lines. Figurel10 presents compositerspecll
galaxies in each class. Note the strong emission lines mirgsthe
post-starburst class: selection of such objects basedeolatk of
[O 1] or Ha emission lines will select only a very small subsample
of those galaxies found to have excess A star populationkisn t
paper. We will return to this point in Sectibn 8.3. Brinchmaeat al.
(2004) showed that [X4000) correlates well with specific SFR
within the fibre aperture derived from emission line strésgand
Figure[4 shows that PC1 is equivalent tq(@000), therefore, ex-
cept for the post-starburst population, our different stessimply
describe a sequence in specific SFR.

In our simple instantaneous burst model, the galaxy bulge
leaves the quiescent (red sequence) or green-valley pamdas
soon as a central starburst occurs and, if the starburstdagst
enough, almost instantaneously appears in the bottom figfteo
diagram. This stellar population ages, without new staisagoe
formed, and moves along a track similar to the ones indicated
Figure[T with the precise track depending primarily on trecfr
tion of stars formed in the burst. Before a starburst of mbhent
~1% mass fraction returns into the green valley, or red sezpjen
it passes through the “post-starburst” phase where excaisseB
absorption is evident. Within this model, some of the buigassi-
fied as “star-forming” may simply be undergoing smaller, @ren
extended bursts of star formation and are not necessarilyagnt
to the star-forming branch of the general galaxy populatitich
are believed to have experienced almost constant star fiomfar
most of their lives.

In the following subsections we will look in detail at the
morphological, dust and AGN properties of each of theseselas
As discussed in Sectidd 2, because our sample is magnitwde li
ited, throughout the paper we weight each galaxy contrilgutd
a mean or total quantity by the inverse of the maximum volume
in which it may be observed in the survey. This correctiomis i

model fits to these spectra are unlikely to be robust, we dalisotiss this
class further here.
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cluded in all our figures where appropriate. In the followsup-
sections, 2-dimensional histograms weighted by physioaer-
ties were created using an adapted version of the adaptigh me
algorithm of Cappellari & Copin (2003), in order to avoid bicon-
taining a small number of objects biasing our perceptionvefall
trends. Bin boundaries are set such that each bin has roaghty
stant signal-to-noise ratio equal to the square root of tmeler of
galaxies contributing to that bin.

7.2 Morphology

The merger of, or interaction between, two galaxies is kntwvn
induce starbursts and recent major mergers are often degges
be the cause of galaxies with strong global post-starbuesias
populations (e.d. Liu & Kennicutt 1995). Numerical simidais of
gas rich mergers also produce starbursts (Di Matteo et &5;20
Cattaneo et al. 2005) and indicate that dynamical signsitomethe
merger remnants can remain for as much as several Gyr aéter th
original merger/(Cox et al. 2006). Even minor mergers mayseau
the triggering of nuclear starbursts, as small disrupttortke grav-
itational potential of a galaxy allow gas to lose angular reatam
and flow towards the center (el.g. Mihos & Hernguist 1994)hla t
section we investigate trends of global galaxy morpholdgyng
SDSS photometry) with the stellar populations in the cégaaxy
bulges.

To give a visual impression of the type of galaxies that host
bulges residing in the different regions of the PC1/PC2 rdiayg
Figureg B1 t¢ Bb show montages of 1 arcmin square SDSS postage
stamp images of samples of objects from each main region: the
quiescent, green-valley (younger mean stellar age thagutes-
cent), star-forming sequence, starbursts (spectra doecirtay O
and B stars), post-starbursts (stronger Balmer absorjities). In
the top left of each montage, the size of an SDSS fibre is itgtica
our spectral analysis relates only to the central populatfcstars.
Only objects withz < 0.05 have been selected for these montages,
where details such as disturbed morpology and disks are meade
ily visible.

A few obvious trends are worth noting. FigurelB1: Bulges
with quiescent stellar populations are in general hostellptical
and SO galaxies. Figute B2: Galaxies with bulges which litha
“green-valley” show a greater preponderance of outer digics
tures and irregular morphologies than those with quiesoeptla-
tions. Figurd BB: A few distrubed morphologies are also apma
in hosts with star-forming bulges and the galaxies are nikedyl
to have disks, particularly as their specific SFR increaB€xl(de-
creases). Figuie B4: About half of the galaxies with bulgslat
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Figure 10. Composite spectra of galaxy-bulges within each PCA-deffiotass”. The inset shows the composite in the wavelengtionregsed during our
analysis of the recent SFH of the galaxies, normalised tsdnee flux scale for each class.

populations that are dominated by very young O and B staangt ever evidence of recent dynamical disturbance, such adahes,

starbursts) are globally morphologically disturbed, hesveit is tidal tails or close companions are visible in more than.haié
clearly not a necessary requirement and few Toomre & Tdomre will return to the last Figure in the series in Secfion 8.3.

@) mergers are found in our high stellar surface massityen
sample. Finally, in FigurEB5, bulges with excess Balmeogbs
tion lines reside in on average slightly more compact systémw-

A quantitative analysis of the global structure of the galax
ies is possible via the “concentration index” which distirghes
ellipticals from spirals based on their radially averagigthtl dis-
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Figure 11. Galaxy morphology as a function of stellar population of tidge. Each 2D histogram bin has been weighted by the meamesWeighted
concentration indexIéft) or mean volume-weighted lopsidednesglit) of the galaxies within that bin. Concentration index is defi to be the ratio of
Petrosian radii R90/R50 in the-band; elliptical galaxies in general have-€.6. Lopsidedness quantifies any large scale overabundsright on one
side and corresponding underabundance on the oppositefdite galaxy and is measured in theand (Reichard et al. 2007). It thus provides information
additional to the radially averaged concentration inded isnsensitive to morphological disturbance. Note that fegaaxies have measured lopsidedness
values than concentration indices (see text). A single virestlintaneous burst track of 1% burst fraction is overptbtt
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Figure 12. Left: The volume-weighted meastband dust attenuation of galaxies in each joint PC1/2 gisto bin (A. from|Kauffmann et l. 2003bRight:
The volume-weighted mean Balmer decrement of galaxiesdh bim, defined agn. /(fug) where fua (fug) is the emission flux of i (Hg) corrected
for underlying stellar absorption_(Brinchmann et al. 20049te that fewer galaxies have measured Balmer decrenmfemis’t measurements, because the
former require significant emission line fluxes. A single Wweestantaneous burst track of 1% burst fraction is ovetptbt

tributions. We define the concentration index to be the ratithe is evidence in favour of our suggested toy model, i.e. thaistar-
radii containing 90% and 50% of the Petrosian flux in thieand burst class is formed by otherwise quiescent bulges expzng
(C, =R90/R50). This parameter has been shown to be correlatedbursts of star formation, rather than being a more extrermEsabf
with galaxy morphology!(Strateva et al. 2001): ellipticallaxies the ordinary star forming branch of galaxies.

have values around 3 and disk-dominated galaxies have svalue

around 2 to 2.5. The classes are often divided at 2.6. In Effilir A statistical measure of galaxy ‘lopsidedness’ (Reichamlle
we weight each joint PC1/PC2 histogram bin by the mean con- 2007), allows us to investigate the second order distidbutf light
centration of galaxies contained within that bin. Theretare no- in a galaxy, beyond the radially averaged concentratioexné
ticeable trends. Firstly, as suggested by the image maositage galaxy’s lopsidedness is quantified through a fourier dgmmsition
galaxies hosting bulges with progressively larger spestfic for- of its light, such that the first component quantifies anydasgale
mation rates (more negative PC1) have lower mean.€ more overabundance of light on one side and corresponding ubdera
exponential profiles. Secondly, the post-starburst buégest in, dance on the opposite side of the galaxy. Lopsidedness Hgs on

on average, more centrally concentrated (highergalaxies than been reliably measured for galaxies with< 0.06 or Petrosian
galaxies with similar mean stellar ages. Finally, it is oegible that ~ 7-band magnitudec 16.8; very inclined galaxies, with bka 0.4,

the stongest starburst bulges to the far right of the figued@umnd are also excluded. Our sample contains 16722 galaxiesopbkelt
to have slightly higher concentrations than the galaxiet wiore edness values used in this paper are derived fron-tand light,

ordinary recent star formation histories and less neg®@#. This ~ Which best represents the older stellar population anettbes true
perturbations in the gravitational potential of the galeather than

(© 0000 RAS, MNRASD00, 000—-000
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uneven ongoing star formation. In FiglirebMe weight each joint formation rates and evolve into the post-starburst objé€uts plots
PC1/PC2 histogram bin by the me&band lopsidedness of galax-  suggest that this occurs as the first generation of starstfierstar-
ies contained within that bin. We see the same trend of iserea burst begin to produce dust. While the spread in observesh&al
ing lopsidedness with decreasing mean stellar age as auosarv decrements in this class is larglee post-starburst bulges appear to
D,.(4000)/H A by Reichard et al. We also see that the most lop- have on average considerably more dust surrounding theslinie-

sided galaxies are those that lie along the left edge of airidi ting sources, compared to diffuse interstellar dust, theensin any
bution i.e. galaxies hosting bulges with the strongest ongsetar other class of galaxy bulge$Ve will return to this point in more
formation through into the post-starburst bulge class.eExdop- detail in the discussion.

sidedness exists right into the post-starburst bulge cldssre their
concentration indexes have already shown that they aretbago
more elliptical. However, it is clear that these are a mixegyta- 7.4 The stellar populations of AGN host bulges
tion in terms of lopsidedness and investigation of objenta more
individual basis is warranted.

The image montages alone present a strong case for a phys
ical link between the recent SFH of the bulge and global galax
structure, although any relationship is clearly far frone-4a-one.
The trends we find of galaxy concentration and lopsidednéts
recent SFH of the bulge strongly suggest tateast some of the
central starbursts and post-starbursts are caused by mgrgéth
galaxies becoming more centrally concentrated after thegere
but with excess lopsidedness existing up to a Gyr after Hrbuitst
has occurred in the bulge.

One of the key aims of this project was to quantify the verergc
star formation history of bulge stellar populations withoelying
on nebular emission lines which, in a large fraction of ounsa
ple, are contaminated by AGN emission. In this subsectioexve
W ploit our success by examining the stellar populations énihiges
hosting the AGN. We use the attenuation-corrected[Plumi-
nosity as an indicator of AGN luminosity becausei[Q is gener-
ally the strongest optical emission line of Type 2 AGN, anffess
significantly less than the other strong lines from contaatiim
by emission excited by star formation. Heckman et al. (26w
that>90% of [O111] luminosity arises from the AGN when objects
lie above the theoretical Kewley et &l. (2001) demarcatine bn
7.3 Dust the BPT diagram, although this can drop to as low as 50% as ob-
jects approach the empirically determined, less stringasigion
of [Kauffmann et al.|(2003a).

We first ask the question: where do the bulges that host AGN
live in PC1/2 space? In Figurell3 we show the joint number toun
distributions in PC1 and PC2 for our dataset split into famples
according to their narrow emission line ratios: pure-AGIGMin-
cluding composite objects, pure-star-forming and undiasis(see
Sectior[ Z.11). As with all figures and quoted numbers, gataaie
weighted by 1/\hax SO that these figures reflect the true comoving
number density of each class. Galaxies which lie in the [bdes-
sity regions of the plots are included as individual pointeicate
"~ the distribution of outliers. As usual, to guide the eye imparison
' between different panels, a single, weak instantaneoust track
is overplotted with a burst fraction of 1% (see caption touréfid).

Figure[I® shows that the host galaxies of “pure” AGN
have predominantly quiescent stellar populations, ajhosome
are found in star-forming galaxies and a large fraction oftpo
starbursts fall into this category. If the composites auided,
however, AGN span a much wider range in star formation his-
tory (Figure IB). AGN are less likely to be found in bulges with
very young mean stellar ages (Figliréclt3t is likely, however,
that some strongly star-forming galaxies do contain AGN,tha
emission lines from the narrow-line region are weaker thenrse
produced by the Hi regions in the galaxy, and are thus not de-
tectable. As expected, the unclassified objects (Figui# li8pre-
dominantly in the quiescent cloud, i.e. they have little@ng star
formation. Some unclassified objects are also found extgrdto
the star-forming and post-starburst region; as we will shogec-
tion[Z.4.2, particularly in the case of the post-starbutdgiés this
is caused by strong dust obscuration of the shorter-watretsmis-
sion lines.

The presence of dust (cold gas) is intimately connected stih
formation. In mergers large quantities of gas can be corateut
near the nucleus and the resulting high dust column dessitéel to
very large attenuations: extreme examples are the Ultraihauns
Infra Red Galaxies (ULIRGS). Dust is also produced in sigaifit
guantities by Asymptotic Giant Branch (AGB) stars, whichktfap-
pear around 0% years after a starburst. This is similar to the prob-
able ages for our post-starbursts. It has been known for y@ans

that dust is also present in many galaxies that are morpiualibg
classified as early-type, in contradiction to the standéd wf the
Hubble sequence (Sadler & Gerhard 1985). The presence of dus
and an AGN may also be closely linked (Kauffmann et al. 2006
Lopes et al. 2007, and references therein).

In Figure[12: each histogram bin is weighted by mean dust
content of galaxies in that bin, as measured by the attemuati
in the z- band (A.) derived from the colour of the stellar con-
tinuum by| Kauffmann et al. (2003b). In Figufelthe bins are
weighted by the observed ddto HB emission line flux ratio
(Balmer decrement), after correcting for underlying stedibsorp-
tion (Brinchmann et al. 2004). Only those galaxies with: Eind
HG flux measured at greater thaa confidence and flux in the
H3 line is greater thar x 10 '%erg s~ em ™2 are included in the
latter figure. To first order Acan be thought of as attenuation of
light from the older stellar population, and the Balmer @ecent
measures the dust attenuation suffered by light from thexgeu
stellar population. In general they are well correlatechie $DSS
galaxies, albeit with significant scatter, suggesting skeatforming
regions and older stellar populations are on average watdani

The expected overall trend of increasing dust content waith i
creasing specific SFR is seen in both panels of the figure. How-
ever, two very interesting trends are seen along the striamgusst
track, particularly in panel. Firstly, the starburst galaxies dess
dusty on average than galaxies at slightly lower PC1 (lowper s

. . . . ; 7.4.1 Contribution to AGN luminosity and black hol Waiher
cific SFR). Secondly, a shaipcreasein dust content is observed in ontribution to uminosity and black ho'e gro

the strong Balmer absorption line objects. Qualitativiiis trend The AGN in our sample span a broad range in power (broad range
fits with our toy model, in which the objects along the strotay-s in [O 1] luminosity), so Figuré 13 paints a potentially misleading
burst track have experienced a recent sharp increase instaei picture of the link between the star formation history ofgad and
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Figure 13. Joint number distribution (volume-weighted) of PC1 and R@5DSS galaxies classified as pure AGN, AGN (including cosife objects), pure
star-forming, or unclassified. In regions of low number dgndividual points are plotted. Objects are classifiedading to their narrow emission line flux
ratios [N11]/Ha and [O11]/H3. Unclassified objects are those without all emission lirssa the requisite SNR. As can be seen, this is in generalibeca
their stellar populations are old. A single weak instantarseburst track of 1% burst fraction is overplotted.

the growth of black holes. Thus, in Figurel 14 we use thel[D
luminosity of AGN to illustrate the distribution of the grakwvof
black holes as a function of the star formation history ofrthest
bulge. In this figure, we include all AGN and composite olgebtit
exclude objects with lines dominated by star formation dnjeéas
for which an accuratex{ 30 confidence) Balmer decrement, or
[O m] line flux, could not be determined. The double power-law
dust correction (Equatidd 3) is applied in these figures.

We now ask the question: given the broad range in star for-
mation rate and star formation history, in which bulges & -
jority of current black hole growth occuring? The result iwn
in Figure[14:, where each histogram bin in the plot represents the
volume-integrated dust-corrected @] luminosity of the bulges
contained within each.1 x 0.1 PC1xPC2 pixel, smoothed to the
same binning as in the other panels of the figure. Despiteatige |
range in the number density of bulges per pixel across thigrdm
(see Figur&IB), the total AGN luminosity is distributed fairly uni-
formly across bulges with all types of star-forming stepapula-
tion. A decrease is seen in the quiescent bulges, despitdatge
numbers, and also in the strongly starbursting objects. Weexy
turn to a more quantitative analysis of the total and meami[O
luminosities of each population shortly.

Next, we ask the question: what type of star formation hystor
is associated with the highest mean rate of black hole growity-
urel1d indicates the mean AGN [ ] luminosity divided by black
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hole mass in each bin (usingd as a proxy for black hole mass and
applying a volume weighting as usual). Thus the coloursoaditng
represents the mean growth rate of black holes (in Eddingtds).

It is clear thaton average AGN grow most strongly, i.e. have high
accretion rates, in host bulges which follow the stronglstast tra-
jectory, from starburst to post-starburgis we saw in the last sec-
tion, objects lieing in this region of PC space are also mibeyl

to show evidence of morphological disturbance, certaitriyngly
suggestive of a connection between black hole growth, tbetyr
of the stellar bulge and perturbation of the gravitationatieptial
by external forces.

While the bulges lying along the starburst/post-starbtrest
jectory have the highest mean black hole growth rates, they a
relatively few in number. Overplotted in Figurellds red points
are the 207 bulges with the highest ratios of[Q luminosity to
black hole mass. Using the more conservative double pcaver-I|
dust attenuation correction, these systems taken togaethéibute
half of the total volume-integrated black hole accretice i@ our
entire sample of over 33,000 bulges! It can be seen that Hresa
fact distributed fairly evenly across the whole populatidryoung
bulges, with 75% lying in the star-forming class, 8% in tharst
bursts and 9% in the post-starbursts. In numbers they atéoun
7% of the bulges star-forming bulges, 15% of the post-statbu
and 29% of the starbursts. In summargtrong recent or ongoing
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Figure 14. Top: The volumef#felghted total dust-attenuation-corrected

[O 1117 luminosity of the AGN in each join®.1 x 0.1 PC1xPC2 histogram
pixel, smoothed onto the same adaptive bins as figuesslc. The colour
scale indicates the logarithm of the total luminosity. Alhinosities are
measured in solar unitsliddle: The volume-weighted mean dust-corrected
[O 1] luminosity normalised by¢ in each bin. The black points indicate
the positions of the galaxy bulges with the highest acanetates, which
taken together account for 50% of the total accretion rataioentire sam-
ple. Bottom: The distance of each system away from the star formation
locus in the BPT diagram. LINERs and Seyferts are found gel&, com-
posite objects at smaller D. A single weak instantaneoust iwack of 1%
burst fraction is overplotted. In both the top and centerefsarthe double
power-law dust correction has been used (Equéiion 3).

starburst within a bulge is a helpful, but not necessary,ditbon to
feed a strongly accreting AGN.

Putting the results of Figurésli4ndb together we can see a
new aspect of the fact that the growth of black holes in thegre
day Universe is spread broadly over alli[d luminosities i.e. there
are many weak [Q11] systems and fewer strong [@ ] systems,
but all contribute significantly to the overall growth of bkaholes
today (Heckman et &l. 2004; Hao etlal. 2005). We add to thidtres
by showing thathe growth of black holes today is spread widely
over bulges with all types of recent star formation histowth the
few strong [O111] systems existing in the rarer strong starburst and
post-starburst bulges, and the weak1jQ systems arising in the
more common bulges with weaker star formation. In the foiltgyv
subsection we will present these results quantitatively.

Finally, Figure[I%# shows the mean distance of objects
away from the star-forming locus on the BPT diagram (D, see
Kauffmann et al. 2003a), where composite objects have lomd a
Seyferts and LINERs have larger D; the transition from cositeo
objects into pure-AGN dominated objects occurs at around.D=
Again, strong trends with stellar population of the bulge evident
in the sense that the AGN hosted by quiescent and post-ssarbu
bulges have emission line ratios which place them furthter tine
LINER and Seyfert class, and bulges with even moderatelygou
stellar populations host AGN predominantly classified anpos-
ite objects. For a recent study of the host galaxy propeufes
AGN in the SDSS as a function of emission line classificatiea s
Kewley et al.|(2006). While it is clear that the post-stadbinulges
are on average more “AGN-like” in their emission lines thaleg-
ies with the same 40@0 break strength, it is not currently clear
whether this can be explained entirely by the reduced darttdn
of ongoing star formation.

7.4.2 AGN luminosity and the importance of dust correction

We now look more quantitatively at the total [@] luminosity
contributed by AGN in bulges with different recent star fation
histories, splitting the bulge sample into the stellar pafion sub-
classes defined in Sectibh.

In the top panels of Figulel5 the total [@] luminosity of
AGN contained in each class of galaxy bulge is plotted, lzeford
after correcting the [Qi1] flux for dust attenuation; the results are
also given in Tabl€]2. All results are shown for the two dustsia
givenin Sectiofi 2.1]1 and in the following text results dveq first
for the single power-law dust attenuation correction, andrack-
ets for the double power-law correction. We note that algiotine
general trends in our results are not changed by which dwsivia
use, the absolute values of the meani{i luminosities are con-
siderably different. Objects without the requisite lineistvwhich

6 At this point it is necessary to discuss the contaminatiothef[O 111]
emission by star formation. Can our results be taken asteliadicators
of the relative amount of AGN activity occuring in galaxiesafunction of
recent bulge star formation history? Our worst affected<lat bulges will
clearly be the starbursts, however even in this class, thenrf@ 111] lu-
minosity in those objects classified as having emissiors lpredominantly
originating from star formation is more than a factor of thtewer than in
those objects classified as composite objects or pure AGdlcdhtribution
by star formation to the [@1] luminosities of objects classified as AGN can
thus be expected to be small on average. On the other haativebl weak
AGN in bulges with very high star formation rates may not beognised
as such. In this case the contribution to the overall grovithiark holes in
the starburst class may be an underestimate.
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Figure 15.The total (volume-integratedp) and meantfotton) [O 111] luminosity of AGN hosted by different classes of bulgespbe (eft) and after ¢enter
andright) correction of the [Q11] flux for attenuation by dust. The dust corrected resultssamvn for the two different attenuation laws discussed ictiSe
2. The classes are labelled Qa1 quiescentGr green-valley;SF star-forming;SB starburstPSB post-starburst. The results are also presented in [Table 2.

Table 2. The fraction F) of the total volume-integrated, and mean I[d luminosity of AGN hosted by each class of bulge, befaragor) and after ¢or)
correction of the [Q11] line flux for attenuation by dust. Luminosities are givensilar units. The final column gives the fraction of objecteath class
for which Balmer decrements are measured, and therefoire[@he!1 ] luminosities can be corrected for dust attenuation. Aluga have been corrected for
survey volume effects using the 1Ax method (see Sectidg 2).

class F(Lkincor) 1Og((l-lmcor>) F(Lcor)® 10g<(|-cor>)a F(Lcor)b 10g<('—cor>)b fraction
Quiescent 0.28 5.98 0.06 6.31 0.12 6.15 0.08
Green Valley 0.14 6.05 0.07 6.75 0.10 6.45 0.20
Star forming 0.47 6.36 0.65 7.47 0.62 7.02 0.61
Starburst 0.03 6.91 0.05 8.11 0.04 7.65 0.96
Post-starburst 0.03 6.23 0.14 7.81 0.07 7.10 0.35

a Using a singlex =97 power-law dust attenuation correction.
b Using a double power-law dust attenuation correction t@actfor differing attenuations in the birth clouds and |SEtj¢atior ).

to calculate the dust attenuation are included in the iategithout we find that more than 30% (almost 20% for the double power-
any dust correction; this will cause a small underestinmatibthe law dust correction) of the final dust corrected [[] luminosity
total dust corrected [@1] luminosity in most classes as discussed contributed by AGN in post-starburst bulges arises fromtjgas

in Sectio 2.1 (the fraction of objects with dust correcsi are with observed K to HG flux ratio greater than-8.6, correspond-
given in TabldR2). There are two main results. Firstly we ce® s  ing to an optical depth in the V-bandy) of > 5.3 (= 3.3 for

that all classes of galaxy bulges are important contrilsuterthe the double power-law dust correction). At these attenaatimall
volume-integrated AGN [ ] luminosity of our sample, although  errors on the Balmer decrements can lead to significant atiesol
clearly the ordinary star-forming class dominates the kudgec- errors on the total luminosities, and the form of the dust lese&d
ondly, due to the trend of increasing dust content with iasireg becomes crucial. Additionally, more than 50% of the poatisirst
star formationour perception of the relative importance of AGN bulges are not corrected for dust attenuation before beirigded
hosted by each class of bulge is greatly affected by thesmariwf in the calculation of total [Q11] luminosity, primarily due to in-
the dust correction sufficient SNR or flux in the B emission line to accurately de-

termine their Balmer decrements. It is entirely plausiblat these
would also contribute significantly were we able to measheért
dust contents. Ideally, follow-up IR observation is reqdito iden-
tify the true dust contents of these objects, and therefai true

contribution to the global volume-integrated [@] luminosity of

type 2 AGN (see Sectidn §.3).

In particular the AGN hosted in post-starburst bulges are
most affected by the dust correction, changing their pmsith
the volume-integrated [@1] budget from relatively unimportant to
contributing at a similar level to the other minority classeéespite
their small numbers. Careful investigation of the speditmkhows
that this is not caused by a systematic problem with our eéamiss
line measures in objects with strong Balmer absorption,dvew The bottom panels of Figufe 15 show the meaniiQlumi-
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nosity arising from AGN in each class of bulge. Again, the éaug
difference in the post-starburst systems before and aftstr cbr-
rection is notable. It is also notable th&BEN contained within the
starburst and post-starburst bulges have the highest ni@ami |
luminosity, after dust correction, of the entire sampteas impor-
tant to note that the mean luminosity of the post-starbisistsild
be taken as lower limits, due to those objects we are unalderto
rect for dust attenuation, and the mean luminosity of thebatats
should be taken as upper limits, due to contamination byfetar
mation.

8 DISCUSSION

The distribution of stellar populations of galaxy bulgestle 2-
dimensional space of 408mreak strength and Balmer absorption
line strength is qualitatively well described by a burstregéo, with

a mixture of brief, strong bursts and longer lived or morefrent
weak bursts causing about half of the bulges to show signs-of o
going or recent star formation. In the future, a full compani with
model galaxy populations will allow us to understand morkyfu
the physical processes and timescales involved.

implying smallerz-band radii. This may be an indication of recent
major mergers in a proportion of this class: simulationsissiga-
tional (gas-rich) mergers suggest that remnants are monpact
than the originating galaxies.

Concentration and lopsidednessare both global properties
measured from SDSS photometry. The starforming and sttrbur
bulges live in galaxies with a similar distribution of measncen-
tration, although Figurle11 does show a trend of decreasingen-
tration with decreasing PC1 within the starforming clasgeal The
“lopsidedness” of the light distribution is an importandication of
recent gravitational disturbance. Although all the disttions are
broad, both the starbursts and post-starbursts show arhiggen
lopsidedness in their light distributions. Such effects expected
to be identifiable in merger remnants for of-order a gigayiedine
with the likely ages of our post-starburst stellar popolasi.

Attenuation by dust of stellar continuum light and nebu-
lar emission lines:It is already well known that both measures of
dust content in SDSS galaxies are well correlated, althaugin
large scatter, and there is a strong correlation betweenadurs
tent and star formation rate. We find strong trends in attioma
of continuum light with stellar population, best viewed ret2D
histogram of Figur€_I2 The post-starburst galaxy bulges have a

Here we have concentrated on the morphological, dust and much broader distribution of dust contents than the stanifag

AGN properties of galaxies in different regions of 4@0break
strength and Balmer absorption line strength space. Irsthition
we will firstly review and collate the main observational fimgs
presented in the preceeding sections, focussing on thdagyga
bulges with ongoing or recent star formation. We will themnsu
marise and discuss the main conclusions with respect touife b

up of black hole mass in the local Universe and the natureef th

post-starburst bulges. Finally, we will briefly discuss plossibility
of breaking the well known burst age - burst strength degayer

8.1 Summary of observational results

Figure[16 summarises the properties of our sample and auitses
comparing the distributions of physical properties of gada with
star-forming, starbursting and post-starburst stellgrupations in
their bulges.

The classical indices R (4000) and HjA: The post-starburst
class has a similar }]X4000) distribution to the star-forming class,
and therefore would be judged to have similar mean stellas ag

using D,(4000) alone. Our classification of objects as “post-

starburst” is very different to previous studies, as cangdemgrom
the distribution of Ha (only objects with Hx measured with

SNR>3 are included). Instead of applying a straight cut on Balmer

line equivalent width, we identify them as having excessnizal
absorption for a given B(4000), allowing us to identify weaker
and older bursts.

Ha luminosity and Specific SFR:The sequence in f{4000)

is simply a sequence in specific SFR of the galaxy. Those post-

starburst galaxies with measuredvi¢mission lines have specific
star formation rates covering the range of the starformiiagsc

However, only~40% of the total post-starburst sample are shown

in this figure: a large fraction of the remainder can not beemed
for dust attenuation due to very wealGHines.

Stellar mass and stellar surface mass densityThe post-
starburst and starforming classes are hosted by galaxtbssimi-
ilar stellar mass distributions, with the starburst classiig a
slightly lower mean stellar mass enclosed within the fibnar. €am-
ple was defined to haye. > 3 x 10® M kpc™2, and we can see a
tail to higher stellar surface mass densities for poshstat hosts,

and star-bursting classes, in particular, a large fraciioow very
large Balmer decrements which impacts greatly on theiriate
star formation rates and AGN accretion rates.

[O 111] emission luminosity: While the majority of type 2
AGN reside in quiescent galaxies, these are in general #¢ lie-
minous, with low accretion rates. Those with high accretates
are hosted by galaxies with younger stellar populationterAfor-
recting for attenuation by dust, we find that AGN hosted by the
post-starburst and starburst bulges have the highest ni@am] [
luminosities and, despite their smaller numbers (3.5% efeh-
tire AGN sample), contribute significantly to the total vuile-
integrated AGN [O111] luminosity of the local Universe~10—
20% depending on the dust correction used). On the other, hand
the strongest accreting black holes are hosted by bulgdsallit
types of recent star formation activity, not just those waHie on
the evolution tracks of strong starbursts.

8.2 Black hole accretion and build-up of the stellar bulge

Clearly, an outstanding question in astrophysics todagasgphys-
ical mechanisms responsible for the dvrelation for black holes
and bulges. Our main conclusions relating to the recenfatara-

tion histories of galaxy bulges and the properties of thelolmles
they contain are as follows:

e Due to the trend of increasing dust content with increasing
star formation rate, the effect of dust attenuation of thei[Dine
impacts significantly on our estimation of which galaxiesththe
most rapidly growing black holes.

e AGN reside in galaxy bulges which have experienced a wide
variety of recent star formation histories. The quiescest bulges
are the most numerous, containing 45% of all AGN. Howeves¢h
are AGN with the lowest mean [@ ] luminosities. The bulges ly-
ing on the strong starburst track (starbursts through stasbursts,
burst mass fractiong 1%) are the least numerous, but have highest
mean dust corrected AGN [@ ] luminosities (Fid1b).

e Putting these results together, and integrating the ratéack
hole growth over our sample, we find that most80%) of this
growth is occurring in bulges with substantial recent orgmmg
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Figure 16.The distribution of selected spectral parameters, globaigmetric parameters and derived physical propertiesuflges with star-forming (cyan),
starburst (blue) and post-starburst (brown) stellar patinris as classified through our spectral analysis of tHiustntinuum. ¢) 40008 break strength
(D, (4000)/mag); §) HS absorption line strength (J;},//f\); (c) dust attenuation correctedaHuminosity, for those objects with significantoHand H3 fluxes
(/Le); (d) dust attenuation correctedoHuminosity, normalised by the stellar mass of the galaxysfellar mass (M/M); (f) stellar surface mass density
(us M@ kpc=2); (g) r-band concentration (G; (h) i-band lopsidedness of global light distributionﬁ(}ﬁ(z‘) z-band attenuation measured from continuum
light (A./mag); () the Balmer decrement - flux ratio ofdHto H3; (k) dust attenuation corrected [@] luminosity for only those objects classified as AGN
(pure AGN or Composites) from their narrow emission linéosa(/L); (I) [O 111] luminosity normalised by stellar velocity dispersion ketpower four, a
proxy for black hole accretion rate relative to the Eddimglionit (/L o km*s—%). All emission line dust attenuation corrections in thistaise the double

power-law attenuation law in Equatigh 3.

star formation. However, the majority of this growth occums
the star-forming class, which show no evidence for recerjoma
changes in their star formation rate.

e At least half of the total volume-integrated AGN [O] lumi-
nosity is contributed by 207 bulges (0.5% of our total bulgms
ple). These are found in bulges that lie in the ordinary &iaming
region, as well as along the strong starburst track. Theguattdor
7% of the star-forming bulges, 15% of the post-starbursiésiand
29% of the starbursts.

e \We therefore conclude that a strong recent or ongoing dentra

starburst (possibly fuelled by a tidally-induced inflow @s) is a
helpful, but not necessary condition for the build up of klholes
in the present-day universe.

The coincidence along the strong starburst track of enltance

disturbance of the global morphologies of the galaxies and i
creased black hole accretion rates, provides strong cstantial
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evidence for a merger induced starburst—, or post-starUk&N
connection. A full analysis will be the subject of the futyaper.

8.3 The nature of bulges with excess Balmer line absorption

In this paper we have developed a specific methodology fargrec
nizing galaxies that are undergoing or have undergone ansat
episode of star formation. Our method differs from most afsth
used in the past. At the close of the paper, we will attemptitepr
method and its results into the framework of these previoug-s
ies. Some of these previous studies have emphasised thethtie
heavy dust attenuation can have on the interpretation aftttreor-
mation history of bursty galaxies. We will examine this isselow.
Finally, we will briefly comment on the possibility of brealg the
degeneracy between the time since the starburst and itg#ire
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8.3.1 The post-starburst galaxy zoo

As with many aspects of astronomy, the different classificat
of similar objects used by different authors can lead to esioh.
Here we summarise the different aspects of defining a padsist
sample, with respect to the results presented in this paper.

All the extant methods for recognizing post-starbursts enak
use of the unique signature provided by the stellar Balmsoigth
tion lines. The strength of these lines is not a monotoniction
of time following a burst of star formation: rather, thesaek are &
strongest in A-type stars which have main sequence lifetinfe
~0.1 to 1.0 gigayears. Traditionally, this “chronometershmseen
combined with a measure of the strength of the nebular eonissi
lines (typically Hx or [O 11]). These are excited by O stars, which
have a lifetime of only about seven million years. Thus, tiaglit
tional definition of a post-starburst (strong Balmer absorplines
and weak nebular emission-lines) is quite sensitive to een
tively young post-starbursts.

Our classification scheme deliberately selects objectdlift a
ferent way. First and foremost, we place no restriction oission-
line strengths, as this would remove all but the weakestsaris
line AGN from our samplel(Yan et al. 2006). This has paid big
dividends. We have shown that at least 56% of our post-ststrbu
galaxies host AGN, and that these are (on-average) the most |
minous AGN in our sample. Preferentially selecting agaihste
galaxies with strong AGN will lead to a much reduced sampk an
potentially different conclusions. Selection based on kvewais-
sion lines also prevents the possibility of selecting disjemder-
going multiple, relatively closely spaced starbursts. &mmple,
Brinchmann et al! (2004) found that low mass galaxies diasisas
post-starbursts based on D4000 v§HhadstrongerHa emission-
lines (indicating higher current star-formation rate)u3, whole
sub-classes of objects undergoing similar processes maydsed
by a cut based on weak emission-lines.

It is also important to point out that we do not select styictl
on the basis of the Balmer absorption-lines. Instead weirethat

post-starbursts hawa@ronger Balmer lines than expected based on

their 4000A break strengthThis latter monotonically and slowly
increases with time after a burst. This allows us to retailN4Bd

to select much older post-starbursts, up until the point laickv
they return to the green-valley/quiescent population atge of
~1-2 Gyr. In fact, FigurE Tshows that the post-starburst class ex-
hibits a broad range in 4. This figure also clearly shows that the
starburst class has a similar (though narrower) distiovith Ho A
as the post-starbursts. The difference in our selectiohaddtes in
the fact that a straight cut on Balmer absorption-line gftieipref-
erentially selects young starbursts, while our methodilisggtite
sensitive to older systems. This can be seen clearly in E[@ur
where a straight cut on & leads to a very different coverage of
the burst tracks than our method.

The disadvantage of our scheme of not selecting on emis-

sion lines is that it is relatively insensitive ypoungpost-starbursts.
These lie in the same region of P€4.PC2 and D) (4000)vsHda
as young star-forming galaxies. Thus, it is important t@gemise
that some of the bulges that we classify as starbursts maglict
be young post-starbursts.

8.3.2 The stellar populations of dusty starbursts

An intriguing property of our sample of post-starburst géda is
their high average Balmer decrements, indicating very liigst
contents (see Figukel 2). FiglirelB6 presents images of sbthe o
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Figure 17. Joint number distribution of PC1 and PC2 for SDSS galax-
ies with 0.01 < 2z < 0.07 and counterparts in the IRAS Faint
Source Catalogue. In regions of low number density, indiaidpoints
are plotted. To guide the eye, the same single weak inseotanburst
track is overplotted as in Figufe]13. The filled circles arelRGS with
log Lrir /Lo > 11.26 (Ho = 70km s~ 1Mpc—1), the red points would
be classified as e(a) galaxies by (Poggianti & \Wu 2000).

dustiest post-starburst galaxies; a comparison with E[@& gives
the impression that they are certainly redder, some witharadest
lanes.

The apparently large amount of dust attenuation makes-it dif
ficult to obtain a clear and accurate picture of their trueireus-
ing optical data alone, especially given the large unaettan the
slope of the dust attenuation curve at high optical depttreng
Balmer absorption lines imply an excess of A stars visibla-re
tive to the slightly younger and hotter O and B stars. It doats n
necessarily imply no O or B stars are present, for example-hea
ily dust enshrouded starbursts have been suggested as k@ exp
nation for the strong high-order Balmer absorption-linesrsin
many galaxies that are luminous in the far-infrared (Sntzlle
1999; Poggianti & Wu 2000; Miller & Owen 2001). This explana-
tion may at first glance appear to fit well with the high dustteots
of our objects.

To test this possibility, we turn to a sample of SDSS galaxies
detected in the far-infrared (FIR) with the IRAS satellidate that
in this sample, no restriction has been placed on stellfastimass
density of the galaxies, so these results pertain to thismpu-
lations of the bulges of all FIR bright galaxies with opticaunter-
parts in the SDSS and in the redshift rafigél < z < 0.07.

We use the same matched sample as described in
Pasquali et al.[ (2005), but for SDSS DR4, which includes 3008
main DR4 galaxies with.01 < z < 0.07, SDSS spectral SNR>
8 and detected @dm flux. A further 56 galaxies are removed dur-
ing the PCA, due to poor quality spectra, leaving a final sampl
of 2952 galaxies. Figurie_17 presents the joint PC1/PC2ilolistr
tion of the galaxies; overplotted is the same weak starlask
as in previous figures. According to our classification salenwe
find that the central regions of IRAS bright galaxies havelpnrei-
nantly starforming and starbursting stellar populatid@#296). Only
5% of them are found in the post-starburst class and only 9% ha
quiescent or green-valley populations.

We focus in particular on the extreme IR bright objects in
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our sample, those classified as Very Luminous Infrared Galax
ies (VLIRGS) byl Wu et al.|(1998) and Poggianti & Wu (2000).
Converting their FIR luminosity cut to our cosmology sete2d
objects withlog (Lrir/Le) > 11.26 (Ho = 70kms™'Mpc™),
where Lrir is defined in_Pasquali etlal. (2005, Section 2.2). The
position of these objects are overplotted as filled ciraeBigure
[I7 and we note immediately that VLIRGS are found in galaxies
with all varieties of ongoing star formation.

Poggianti & Wu|(2000) find that 56% of VLIRGS show strong
Ho absorption (equivalent width- 4,5\), but also strong [O]
emission (equivalent widthr 5,5\). They classify these galaxies as
“e(a)”, and interpret them as dusty starbursts in which tetre
bution of OB stars to the optical spectra is greatly redugedust-
obscuration of the youngest stars. Repeating this andiysithe
21 VLIRGS in our sample, we find 10/21 e(a) galaxies, in agree-
ment with their results; these are plotted as red circlesigure
7. We note immediately that these lie in a very differeniorg
of the diagram to our post-starburst galaxies. With respethe
instantaneous burst track, they are considerably yourhgar our
post-starburst class; in our classification scheme theyldvactu-
ally lie in the starburst or starforming class, fitting nicelith the
results of Balogh et all (2005) that e(a) galaxies are préutomtly
disk galaxies and may indeed be dusty starbursts.

8.3.3 The IRAS properties of the post-starbursts

We have also used the IRAS Faint Source Catalog to charseteri
the FIR luminosities of our sample of post-starburst bulyekile
we find that the fraction of post-starbursts withy®0 IRAS de-
tections increases with increasing balmer decrement, #dian
value for the implied FIR luminosity is only0!°* L, and only
10195 L, for the~10% of FIR-detected post-starburst bulges with
the steepest Balmer decrements. This is significantly |ohger the
median value o10''-! for the VLIRGS.

We conclude that our dusty post-starbursts are signifizantl
different from the VLIRGs studied by Poggianti & YWu (200010
objects have an older mean age (less negative values of €iij),
nificantly greater excess in the strength of the Balmer gibeor-
lines relative to typical galaxies of this age (larger PG2)d sub-
stantially lower FIR luminosities (lower implied star foation
rates). We therefore believe that our objects are bona fide po
starbursts. The true cause of the high Balmer decrementgsawa
follow-up infra-red observations, combined with detailstbd-
elling of the dust distribution in galaxies, including inrpeular
AGB stars.

8.3.4 Strong and old, or weak and young bursts?

The first step required to really constrain the causal cdiorebe-
tween the central starbursts and the strong AGN signatsrés i
break the degeneracy between the age of the last burst dbstar
mation (strictly the time since the starburst switched affl the
mass of stars formed in the burst. In Figlite 7 we showed hav thi
may be achieved using our third index, excessIGa&K) ab-
sorption. These absorption lines have been introducedrédoddfyp
Leonardi & Rosel(1996) as a promising age diagnostic of burst
however due to the SNR required for their index, it is not aepl
ble generally to SDSS spectra. Taking Fiddre 7 at face vatuédv
suggest that there are a number of bulges with strong &lasorp-
tion which must be caused by very old, strong bursts. Trattieg
tracks back in PC1/2 would indicate that the progenitorsuahs
systems are not contained within the SDSS sample.
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However, it is premature to draw such a conclusion for sev-
eral reasons. Firstly, as discussed in Sedtioh 6.1, the B&0Gr
population models show a systematic offset from the SDS&idat
40004 break strength. As explained in Sectionl6.1 the first PCA
component contains the primary correlation between Adfi@ak
strength, Balmer line strength and @aabsorption line strength
(see Figur€RR2: all three spectral features are visible ifitsigeigen-
spectrum). Therefore, on fitting the correct 4B0break strength
the first component reproduces the wrong absorption lieagths,
forcing the second and third components to compensate cthid
cause a systematic offset in PC3 and lead to the mistakeriueonc
sion that the bursts are stronger than in reality.

Secondly, the instantaneous burst model is almost ceytainl
gross over simplification of the true recent star formatimstdny of
the bulges. We are now reaching the stage in galaxy specabl-a
sis where models with a physically motivated star formalitory
are required. By combining the next generation of accurzeetsal
synthesis models with numerical simulations of galaxy reesg
bar instabilities and the interaction of galaxies with theeiclus-
ter medium, and accurate number counts provided by simukati
within a cosmological framework, the analysis of galaxycme
to determine precise star formation histories will proviteong
constraints on the physical processes driving the inflonasfanto
black holes, and the relative importance of star formatimhtalack
hole feedback in the evolution of galaxies.

9 FINAL THOUGHTS

The huge number of high quality galaxy spectra now availédle
us with surveys such as the SDSS, allow unprecedentedtistatis
cal studies of the properties of galaxies. Until relativedgently,
both samples and the spectral regions observed were snaddl, m
ing difficult analyses which are now routine, such as measeng
of the Balmer decrement to correct emission lines for dushas-
tion. With such large quantities of high quality data, somerf of
data compression is necessary in order to cope. Howevesijrthie
ple extraction of small regions with which we are familiaruch
as the Lick indices - may be a poor way to make full use of all
the information now available to us. Now is the time in whitha-s
tistical techniques applied to spectra, such as the onemes in
this paper, can provide useful additional constraints erpthysical
processes underlying the galaxy spectra. Of course, as seore
sitive techniques are studied new problems will be foundh wie
models, but these are rarely a cause for halting such studies

We have developed a new set of indices specifically designed
for investigating the very recent star formation histoliégalax-
ies, and applied them to the bulges of low redshift galaxiethe
SDSS. The indices are general, however, and may easily be ap-
plied to other datasets. In this paper, we have focussed ali+ qu
tative trends of global morphology, dust and AGN propertigh
bulge stellar population in the low redshift Universe, shaphow
new trends can be uncovered by simply using more sensitive te
niques for measuring stellar populations from galaxy speat the
future we will be able to compare results such as these direxct
theoretical models, using spectra calculated during ldetaimu-
lations of galaxy mergers and semi-analytic simulationgafxy
populations within the cosmological framework. Such coriguas
will allow us to investigate, for example, the relative innfamce of
truncation of star formation and short starbursts in gaksia clus-
ters, of weak starbursts on the mass build up galaxy bulgesof
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the quenching of star formation in bulges due to AGN feedhpack
some of the key questions in galaxy evolution today.
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APPENDIX A: PRINCIPAL COMPONENT ANALYSIS

The standard formalism of PCA presented here is compilet fro
Kendall (1975), Efstathiou & Falll (1984) and Murtagh & Heck
(2987). In all that follows vectors are represented by alsing-
derscore, 2-dimensional matrices by a double underscore.

Firstly, the “mean spectrum” is subtracted from all inputsp
tra. This is not a necessary requirement for PCA, and oftén no
applied (e.d. Connolly et al. 1995), however it removes &ugiire-
ment for the first component to point in the direction of theame
spectrum which, due to the orthogonality constraint of P&ffects
subsequent components.

The N mean subtracted spectra eddhpixels long are placed
in a data arrayX with elementsX;;, wherel < i < N,1 < j <
M. The elements of the covariance matiiX) (of this data array are

given by:

1 N
Cjk = N ZXinik.

i=1

(A1)

The covariance matrix can be decomposed into an eigenfasis,
scribed by a set of eigenvector&{, principal components in the
language of this paper, also referred to as eigenspectch) da
pixels long :

Ce; = Aje; (A2)
where); are the eigenvalues arddentifies the eigenvector. Note
that these are orthogonal unit vectors:

g?gk = Zeﬁe;ﬂ- = 5jk (A3)

where” represents the transpose. It can be showrethistthe axis
along which the variance is maximal, is the axis with the second
greatest variance, and so on umtjl, has the least variance. The
principal

component amplitudes for each input spectrfiare given by

T
a; :f g]-.

(A4)
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Reconstruction of the spectrum is achieved by multiplymgt  APPENDIX B: EXAMPLE SDSS IMAGES

principal component amplitudes by their respective eigetors:
M

=) aje; (AS)
j=1

In general as the variance of the eigenvectors decreasegsdlte
useful information contained in the spectra, hence makigé B
useful form of data compression: in equatibn {A5) we woulthsu
from j = 1 tom wherem << M, hence reducing the dimension-
ality of each spectrum fronV to m. The exact number of eigen-
vectors required to reconstruct the input spectrum is ustcaimed,

and decided upon based on the dataset and purpose of analysis
The M or m eigenvectors can be used as a basis set upon which
to projectany spectrum () of the same dimensions. The recon-
structed spectrum only contains information present ineflgen-
vectors, which may not be a fair representation of the spectr

if the spectrum were not used during creation of the eigenvec
and/or fewer thar/ eigenvectors are used during reconstruction.

(© 0000 RAS, MNRASDOG, 000-000
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Figure B1. Quiescent:Example SDSS postage stamp images of galaxies whose bellge pppulations are old i.e. are part of the red sequendescgent
cloud in PC parameter space. Each image is 1 arcmin squafeGhdnd PC2 values are given at the bottom. The approxinm@san SDSS spectroscopic
fibre is indicated in the top left corner. Only galaxies witk< 0.05 have been selected.

Figure B2. Green-valleySame as Figurie B1 for galaxies with slightly younger bulgdiaat populations (smaller f(4000) or PC1) than those in the red
sequence — so-called “green-valley” objects.

Figure B3. Star-forming: Same as Figule B1 for galaxies with star forming bulges, mitrmediate B (4000) or PC1. They are ordered by increasing PC1.

Figure B4. Starburst:Same as Figule B1 for galaxies with bulges dominated by figimh young O and B stars. Both PC1 and PC2 are small, indigatin
very weak 4008 break and weak Balmer absorption lines.

Figure B5. Post-starburst: Same as Figule B1 for galaxies with excess Balmer absoriities over that expected for their 400Break strength.

Figure B6. Dusty objects:Same as Figule B1 for galaxies with excess Balmer absorfities over that expected for their 400®reak strength and & to
Hp flux ratios greater thap- 8.6. Galaxies at all redshifts are included (001 < z < 0.07).

(© 0000 RAS, MNRASD00Q, 000—-000
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