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ABSTRACT

We describe a simple step-by-step guide to qualitative interpretation of galaxy spectra (Fig. [ITl).
Rather than an alternative to existing automated tools, it is put forward as an instrument for quick-
look analysis, and for gaining physical insight when interpreting the outputs provided by automated
tools. Though the recipe is of general application, it was developed for understanding the nature
of the Automatic Spectroscopic K-means based (ASK) template spectra. They resulted from the
classification of all the galaxy spectra in the Sloan Digital Sky Survey data release 7 (SDSS-DRT),
thus being a comprehensive representation of the galaxy spectra in the local universe. Using the recipe,
we give a description of the properties of the gas and the stars that characterize the ASK classes,
from those corresponding to passively evolving galaxies, to HII galaxies undergoing a galaxy-wide
starburst. The qualitative analysis is found to be in excellent agreement with quantitative analyses of
the same spectra. We compare the mean ages of the stellar populations with those inferred using the
code STARLIGHT.We also examine the estimated gas-phase metallicity with the metallicities obtained
using electron-temperature based methods. A number of byproducts follow from the analysis. There
is a tight correlation between the age of the stellar population and the metallicity of the gas, which
is stronger than the correlations between galaxy mass and stellar age, and galaxy mass and gas
metallicity. The galaxy spectra are known to follow a 1-dimensional sequence, and we identify the
luminosity-weighted mean stellar age as the affine parameter that describes the sequence. All ASK
classes happen to have a significant fraction of old stars, although spectrum-wise they are outshined
by the youngest populations. Old stars are metal rich or metal poor depending on whether they reside

in passive galaxies or in star-forming galaxies.
Subject headings:

1. INTRODUCTION

There are several automated tools for inferring the
properties of the stellar populations contributing to the
integrated galaxy spectra. The list includes MOPED

2004), STARLIGHT
STECKMAP  (Ocvirk et all [2006), VESPA
Q]QII‘Q et all 2007), or uLyss (Koleva et all [2009),

as well as the use of line indices like the Lick in-

dices (Worthey et all [1994). Similarly, there are

semi-automatic procedures to deduce the properties
of the gas (e.g., [Shaw & Dufour [1995; [Johnson et al!
[2006; [Luridiana et all 2011), including the so-called
strong-line ratio methods (e.g., [Pagelet all [1979;
Diaz & Pérez-Monterd [2000; [Denicolé et al! [2002;
[Shi et all 2005). These tools are (and will be) fun-
damental for understanding the galaxy formation and
evolution, but the blind use of the codes results quite
unsatisfactory from a physical stand point. One ob-
tains a precise quantitative description of the stellar
populations contributing to the integrated spectra,
but ignores the reason why the code has chosen them
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rather than other potential alternatives. The educated
eye of an astronomer is often far more telling from a
physical point of view. Unfortunately, the know-how
of qualitatively interpreting a spectrum is learned
after a long experience of working in the field. The
information on which particular spectral feature informs
of which particular physical property is scattered among
a large number of technical publications, difficult to
identify and to deal with for a newcomer. This paper
aims at providing a step-by-step guide to qualitative
interpretation of galaxy spectra. Moreover, it will be
compared with up-to-date numerical techniques to show
that both qualitative and quantitative results are in
excellent agreement.

The work was originally planned as a mere academic
exercise to understand the nature of the classes result-
ing from the k-means classification of all the galaxy
spectra in the Sloan Digital Sky Survey data release 7
(SDSS-DR7, [Sanchez Almeida et all2010). We wanted
to translate the spectral shapes into physical units
like stellar ages and metallicities, so that this infor-
matlon can be used to tailor class based searches (e.g.,

37 [2012),or when interpreting spectra (e g.,
MMUDQH) However, the exercise is of
interest beyond the original scope. The simple decision
tree we use is suitable to characterize any galaxy spec-
trum. We know of its generality because it allows to sep-
arate and characterize the 28 Automated Spectroscopic
K-means-based (ASK) classes (Sanchez Almeida et all
2010) which, by construction, are proxies that condense
the propertles of the some one-million SDSS spectra

[2002; |Abazajian et alll2009). The ASK
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class characterization represents a significant part of the
paper, that are discussed in detail as an illustration of
the procedure. As we stress above, our qualitative anal-
ysis may have several other applications, e.g., (1) to gain
physical insight when interpreting quantitative Star For-
mation Histories (SFHs) derived from modern automated
tools, (2) for quick-look galaxy classification (not only in
the local universe, but also at moderate-high redshifts,
since the Hubble expansion shifts the UV-visible spec-
trum to the near IR), (3) for interpreting noisy spectra
where eyeball inspection is often better than detailed in-
version, (4) as reference for identifying unusual galaxies,
or (5) for educational purposes to develop physical intu-
ition.

The paper is organized as follows. Section 2lintroduces
the ASK spectral classification of galaxy spectra whose
templates serve as reference point. Section [3.]] lists and
discusses spectral features commonly used when inter-
preting galaxy spectra. They are employed to set up
the recipe introduced in Sect. [3.2] which is abridged in a
schematic shown in Fig.[[1l The recipe (or algorithm) is
used in Sect. M to disclose the physical properties of all
the ASK classes. The results of such qualitative analysis
are compared with state-of-the-art quantitative analyses
in Sects. B and [6] — Sect. Bl deals with the comparison
of stellar components, whereas Sect. [0] refers to the gas
components. Section [l discusses several additional prop-
erties of the ASK templates, whereas Sect. 8 summarizes
the proposed qualitative analysis.

2. ASK CLASSIFICATION

Sanchez Almeida et all (2010) classified all the galax-
ies with spectra in SDSS-DR7 into only 28 ASK classes.
The original SDSS covers one-fourth of the sky and
contains the spectra of all the galaxies above an appar-
ent magnitude threshold (SDSS r < 17.8). Therefore,
the some one million SDSS spectra can be regarded
as representative of the galaxies of the local universe,
and so do the ASK classes inferred from them. The
ASK classification is detailed in [Sdnchez Almeida et al.
(2010), with additional properties of the classes
discussed elsewhere (Sdnchez Almeida et al! 2011
Ascasibar & Sédnchez Almeida  2011; [Aguerri et all
2012). For the sake of comprehensiveness, however, we
summarize here the main properties. All galaxies with
redshift smaller than 0.25 were transformed to a common
rest-frame wavelength scale, and then re-normalized to
the integrated flux in the SDSS g-filter. These two are
the only manipulations the spectra underwent before
classification. We wanted the classification to be driven
only by the shape of the visible spectrum (from 400
to 770 nm), and these two corrections remove obvious
undesired dependencies of the observed spectra on red-
shift and galaxy apparent magnitude. We deliberately
avoided correcting for other effects requiring modeling
and assumptions (e.g., dust extinction, seeing, or
aperture effects). The employed classification algorithm,
k-means, is a robust workhorse that allows the simulta-
neous classification of the full data set (~12GB). It is
commonly employed in data mining, machine learning,
and artificial intelligence (e.g., [Everitt [1995; Bishop
2006), and it guarantees that similar rest-frame spectra
belong to the same class. Most galaxies (99%) were
assigned to only 17 major classes, with 11 additional

minor classes including the remaining 1%. It is unclear
whether the ASK classes represent genuine clusters in
the 1637-dimensional classification space, or if they
slice a continuous distribution — probably the two kinds
of classes are present (see [Sdnchez Almeida et al! 2010;
Ascasibar & Sanchez Almeida 2011).

All the galaxies in a class have very similar spectra,
which are also similar to the class template spectrum
formed as the average of all the spectra of the galax-
ies in the class. These template spectra are the ones
analyzed in the paper. The averaging is slightly differ-
ent from the one in [Sdnchez Almeida et all (2010), and
the novelty allows us to reach the near UV of the spec-
trum. The SDSS spectrograph detects from 3800 A to
9200 A (e.g., [Stoughton et all [2002), however, the tem-
plates cover from 3000 A to 9200 A. The UV extension
is recovered because the classified galaxies have redshifts
up to 0.25, which moves the rest-frame X 3000 A within
the observed range. Rather than averaging the spectral
range common to all galaxies, the new templates con-
sider the full range of available rest-frame wavelengths.
Given a wavelength bin, it includes the spectra of all the
galaxies in the class that have been observed at that par-
ticular rest-frame wavelength. Consequently, the tem-
plate spectra (i.e., the average spectra) include wave-

lengths down to 3000 A. The templates thus obtained
vary smoothly and continuously. They are labeled ac-
cording to the u — g color, from the reddest, ASK 0, to
the bluest, ASK 27. The use of numbers to label the
classes does not implicitly assumes the spectra to follow
a one dimensional family. The numbers only name the
classes. The sorting (and, so, the naming) would have
been slightly different using other bandpasses to define
colors. In general, however, the smaller the ASK class
number the redder the spectrum. The ASK classification
of all galaxies with spectra in SDSS-DRY is publicly avail-
able, templates includedd. Wavelengths of SDSS spectra
(and of ASK templates) are vacuum wavelengths. How-
ever, all the spectra shown in this paper are transformed
to air wavelengths according to the equations by [Ciddor
(1996). The SDSS spectra used for classification, and
so the templates shown along the paper, are given as flux
per unit wavelength.

3. RECIPE FOR QUALITATIVE
INTERPRETATION OF GALAXY SPECTRA

Galaxies have composite spectra. They integrate con-
tributions from different stars of different stellar popu-
lations, from HII regions, from Active Galactic Nuclei
(AGNs), as well as from other possible components (e.g.,
hydrogen ionized by old high temperature stars, or by
the intergalactic UV background — |Cid Fernandes et al.
2004, 2010). Our qualitative analysis builds on this fact,
and tries to separate each spectrum into a minimum
number of components. We consider the (ionized) gas
and the stars separately, that is to say, the emission and
absorption lines separately. Each one of these two com-
ponents is assumed to have one or two sub-components.
The details on the characterization are summarized as

6 ftp://ask:galaxy@ftp.iac.es/
http://sdc.cab.inta-csic.es/ask/index. jsp in the Spanish Vir-
tual Observatory.
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Fic. 1.— Effect of dust in the continuum. ASK 0 is the proto-
type of galaxy with red stellar populations. Since ASK 1 is even
redder (i.e., the continuum has larger slope), its continuum must
be affected by significant extinction. The presence of strong emis-
sion lines in ASK 1 reinforces the conclusion.  The spectra are
given as flux per unit wavelength, here and throughout the paper.

a decision tree in Sect. It is based on the analysis
of a set of general spectral features, listed in the next
sub-section.

3.1. Spectral features to be considered in a qualitative
analysis

The main spectral features that can be considered are
listed in the section, ordered from the more obvious to the
subtle details. Each item names the particular feature,
and then outlines its main properties and interest. The
actual features are illustrated using the appropriate ASK
templates.

1. The shape of the continuum and the presence or
not of emission and absorption lines must be con-
sidered. The emission lines trace the ionized gas
and its excitation mechanism. The absorption lines
trace the stellar populations, their ages and metal-
licities. The overall continuum shape is modu-
lated by the gas, the stars, as well as by the pres-
ence of dust. Figure [I] shows the prototype red
galaxy with passively evolving stellar populations
(ASK 0). Although red, the continuum is rather
flat from 6000 A on. Spectra even redder must be
shaped by dust extinction (see ASK 1 in Fig. []).

2. The so-called 4000A break is produced by the
absorption of metallic lines of a variety of el-
ements in various states of ionization, includ-
ing Call H and K (A\3969A and 3934 A) and
high-order lines of the Balmer series (He\ 3970 A,

HCA3889 A, HyA3835 A, ...) (see [Hamilton 1985,
and also Fig. 2). The opacity suddenly increases
for photons bluer than this wavelength, which pro-
duces an intensity drop. It is enhanced in old stellar
populations (ASK 0), which tend to be metal rich,
but it is also present in younger galaxies (ASK 19
in Fig. ). The Balmer lines become deeper and
broader with time from the starburst, with a char-
acteristic time-scale of the order of one Gyr (e.g.,
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FIG. 2.— Spectra showing the 4000 A break , as well as the break
produced by the Balmer limit at 3650 A.

Gonzalez Delgado et all[1999).

3. The limit of the Balmer series and the blending of
the high-order Balmer lines also produces a notable
discontinuity of the spectrum blueward of 3650 A.
It is the Balmer break — see Fig. 2l (Photons bluer
than this limit ionize the excited hydrogen, thus H
becomes an important source of continuum opac-
ity.) It is present in young and old stellar popula-
tions, but it is more important in the young popu-
lations where H is a major constituent of the opac-
ity (especially in the Balmer continuum beyond the
discontinuity). The break amplitude and position
is a proxy for the age of the stellar population (e.g.,
Aretxaga et _all|2001).

4. The Call H and K lines (A\ 3969 A and 3934 A,
respectively) are typical of old metal-rich stars.
Call H is blended with He which, as the rest of the
Balmer series, appears in absorption in young stars
(say, A stars). In case of mixed populations of old
and young stars, the relative intensities of Call H
and Call K (actually, of Call K and Call H+He)
is a proxy for the relative importance of the young
and old populations. When Call K is larger than
Call H, then the old population dominates the
spectrum (ASK 2 in Fig. B). As the young pop-
ulation becomes more important then Call H be-
comes stronger than Call K (ASK 9 in Fig[B]). The
relative growth reverts when the HII regions ac-
companying the young stellar populations produce
enough He emission, which fills the Ca Il H+He ab-
sorption profile (ASK 14 in Fig B).

5. The UV continuum flux is also an age indicator for
very young stellar populations. It increases with
decreasing age when the ages are only a few Myr
— see Fig. @l and, e.g., Mas-Hesse & Kunth (1999).
A symptom of extreme youth is the Balmer con-
tinuum showing up in emission (A < 3650A), as it
happens with ASK 25 in Fig. [

6. The ratio between the fluxes of Ha and [NII]J\6583
is an indicator of whether the nebula is ionized by



14 ASK 2 —
[ ASK 14 Call K Call H ]
[ ———— ASK 9 ]
1.2 I I —
1.0 . He, R -
L ‘ . N AT
g E P I //\/ V IR \\V, YN
=] o [FE AN - v
%‘ 0'8‘_1/ ,‘/»/ OO \
) |
& r !
0.6

0.4

0.2

0.0 P S T S T [ S S S A T S E S SO S
3800 3850 3900 3950 4000 4050 4100
Wavelength [A]

FiG. 3.— Spectra in the range of the Call H and K lines. Call H
is blended with He. In case of mixed young and old stellar popula-
tions, the relative importance of Call K and the blended Call H
informs on the relative importance of the two populations. Call K
dominates in old populations (ASK 2), and CalIl H dominates when
the young stars are more important (ASK 9), but the relationship
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the blue of 3650 A as the stellar populations become younger (from
ASK 19 to ASK 25).

a starburst (Ha > [NIIJA6853), or by a source of
harder UV flux like an AGN or low mass evolved
stars (Ha/2.5 < [NII]A6853). Figure [ shows ex-
amples of the two possibilities: a starburst (ASK 9)
and a LINER-like excitation] (ASK 0). Once the
ratio [NII]A6583 to Ha is observed to be outside the
starburst regime, Seyferts and LINERs can be dis-
tinguished according to the ratio of fluxes between
[OIIT]A5007 and HS (Fig. [ — the high ionization
source is a Seyfert if [OIII]A5007 > HS (ASK 6) or

7 We use the term LINER-like to refer to real Low-ionization
nuclear emission-line regions (Heckman [1980), or evolved stars in
retired galaxies (Elores-Fajardo et all[2011), or X-ray emitting gas
(e.g., Yan & Blanton [2012), or any other source with an ionizing
UV spectrum harder than that of newborn stars, but not as hard
as in a Seyfert galaxy or a quasar. Shock heated gas may also
produce lines in this part of the diagram (e.g., Baldwin et all[1981;
Allen et all[2008).
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Fic. 6.— After establishing that the galaxy is not a starburst, the
ratio between Hf and [OIII]A5007 indicates whether the ionization
is powered by a strong AGN ([OIII]A5007 > HSB — ASK 6) or by a
LINER-like source ([OIII]A5007 < HB — ASK 5).

LINER-like if [OIII]A5007 < HS (ASK 5). This
recipe is a qualitative rendering of the so-called
BPT diagram (Baldwin et all [1981) and its up-
dates (Kauffmann et all [2003; [Kewley et al! 2006
Cid Fernandes et. all[2010).

7. The ratio between the fluxes of [NII]\6583 and Ho
also provides an estimate of gas metallicity in star-
forming galaxies (Denicold et all [2002). The sen-
sitivity is high: the ratio goes from 1/3 to 1/300
when the metallicity ranges from solar to one tenth
solar (Pettini & Pagel 2004). This high contrast
makes it simple to distinguish between solar and
sub-solar metallicities. The ratio is not suitable to
diagnose super-solar metallicities. In this case one
can use supplementary line ratios like the so-called
R23 or 03N2 (e.g., |Alloin et all [1979; [Pagel et al.
1979; IShi et all2005).
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FIG. 7.— The TiO bands at approximately 7150 A, 7600 A, and
8500 A are characteristic of M stars, and they appear in all ASK
classes except for the bluest ones (ASK 25 in the plot). Note also
the presence of the IR Call triplet in the middle of the third TiO
band (AA\8498, 8542, and 8662 A).

8. The presence of [OIIT]A\4363 is also an indicator of
low metallicity. The line is used to compute elec-
tron temperatures in HII regions, and it weakens

with increasing metallicity to disappear at around
12 4+ log(O/H) = 8.2 (e.g., McGaugh [1991).

9. TiO bands at approximately 7150 A, 7600 A, and
8500 A are characteristic of M stars (dwarf, giant
and super-giants; e.g., |Allard et all 2000), and re-
veal the presence of evolved stellar populations.
When the stellar population is young, massive
stars outshine the contribution of M stars, mak-
ing these spectral features invisible. (Red
super-giants are young massive stars showing TiO
bands, but they are outnumbered by the associ-
ated blue super-giants that overshadow their con-
tribution to the integrated galaxy spectrum — e.g.,
Maeder et all [1980; [Massey [2002.) Figure [0
shows how the TiO bands appear in almost all ASK
classes, except for the bluest ones, and how the
strength of the bands decrease as the spectrum be-
comes bluer. As we mention in Sect. [4] the bands
are hardly noticeable at ASK 16, and they are ab-
sent at ASK 20 and bluer types.

10. The IR Call triplet at AA8498, 8542, and 8662 A
is an indicator of metallicity and gravity. In stars,
its equivalent width (EW) increases with increas-
ing metallicity until 2/3 of the solar metallicity
(Diaz et all [1989).  Above this metallicity it de-
pends only on gravity, with the EW increasing
with decreasing gravity from dwarfs to super-giants
(Diaz et alll1989; [Cenarro et all2002). The com-
bined effect on galaxy spectra must be modeled,
but the existence of a Call absorption with signif-
icant strength is always a sign of high metallicity
and of the presence of giant stars. Contrarily, ab-
sence of the triplet indicates low metallicity. We
find it in all ASK spectra except for the bluest
classes (see Fig. [[). As we mention in Sect. []
the lines are almost absent in ASK 20 and bluer
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classes.

11. The so-called Mgy and Hf Lick indices are in the
same spectral region (HS from 4848 to 4877 A, and
Mgy from 5154 to 5197 A; see Fig. B), and they
were designed (and are used) to determine simul-
taneously age and metallicity in galaxies with old
stellar populations (Worthey et all [1994).  One
can generally say that HG mostly depends on age,
and to less extent on metallicity, and the oppo-
site happens with Mgy (e.g., [Vazdekis et all [1996;
Jorgensen [1999). However, their quantitative ap-
plication require modeling (e.g., they may depend
on the relative abundance of the metals, rather
than on a single global metallicity).

12. The interstellar medium (ISM) that reddens the
spectra also produces absorption in the NaI D line
(AN5891,5896 A, e.g., [Asari et all 2007; [Chen et all
2010).  Therefore, one would expect that the
strength of the ISM Nal D line sorts galaxies ac-
cording to extinction (Asari et all2007). The ex-
ample in Fig. [ corresponds to the two spectra in
Fig.[I where ASK 1 is known to present a substan-
tial dust extinction. Its NaID is stronger than that
for the class without extinction, ASK 0, being the
rest of the spectrum similar.

13. The mere presence of high excitation lines
like [NeV]A3426, [Fe VII|]A6087, or [FeX]A6375,
tells us that the galaxy hosts an AGN (e.g.,
Reunanen et al!l2003;|/Goulding & Alexander2009;
Rodriguez-Ardila et all 2011). The example in
Fig. [0l shows spectra in the range of [Fe VII|]A6087,
whose emission is clear in Seyferts (ASK 7 and 8),
but is non-existing in starbursts (ASK 20) as well
as in passively evolving red galaxies with LINER-
like emission (ASK 0; see Sect. dl). [HeII]\4686
is also indicative of AGN, though it is sometimes
found in star forming galaxies (e.g.,|Schaerer et al
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1999; [Shirazi & Brinchmann 2012).

3.2. Decision tree for qualitative analysis of galazxy
spectra

Considering the spectral features described in the pre-
vious section, we have set up a simple decision tree (a
questionary) that leads to classifying a galaxy spectrum
by replying to a few questions (Fig. [[I]). Emission and
absorption lines are analyzed separately, therefore, the
natural outcome would be galaxy types with two com-
ponents, one for the stars and other for the gas. One
should begin the questionary from top to bottom, to end
up with the characteristics of both the gas and the stars.

The decision tree in Fig. [[] is self-explanatory, al-
though a few clarifications on the terminology are re-
quired. The symbol G stands for galaxy. Broad spec-
tral lines means lines in excess of 2000 kms~!, and they
separate Seyfert 1 and quasars from the other kinds of
AGNs. Such broad lines are not illustrated in Sect. B.1]
since the ASK classes lack Seyfert 1 and quasars, that
were excluded from the list of galaxy targets directly at

the SDSS distribution (see [Schneider et all2007). When
we mention young, old and a mixture of old-and-young
stellar po?ulations, we loosely speaking refer to stellar
ages < 107 yr (young), > 10°yr (old), and the intermedi-
ate range in between, 107-10° yr. When metal poor gas
is mentioned, we mean clearly sub-solar (say, less than
1/3 solar). BL Lac objects are also included to com-
plete the questionary, so that it considers the possibility
that neither emission nor absorption lines are present
in the spectrum (Stein et all[1976; Massaro et all[2012).
Several criteria in Fig. [[1] compare emission lines — such
comparison refers to the fluxes of the lines.

4. QUALITATIVE ANALYSIS OF THE ASK
CLASSES

One may think of this section as analogous to the sec-
tion on individual objects, common in many papers, ex-
cept that the targets are ASK templates representing
objects too numerous to be described one by one. We
use the criteria put forward in the previous section to
determine the properties of all ASK classes individually.
The thread of the argumentation follows the decision tree
in Fig. [0l A summary with the properties of all classes
is also given in Table[[l At the end of the section, we
define a stellar age index that sorts the ASK classes ac-
cording to their mean stellar age. Similarly, we define
an index to sort the emission line spectra by metallic-
ity. Both are relative quantities, devised to compare our
qualitative analysis with quantitative estimates of ages
and metallicities.

e ASK 0 has an absorption line spectrum with very
weak emission lines (Fig. [I)). It is not a starburst since
[NIT]A6853 > Ha, but [OIIIJA5007 and Hf are too
weak to decide whether the excitation is Seyfert-like or
LINER-like. Note, however, that the EW of Ha is very
small (Fig. B, which according to [Cid Fernandes et al!
(2011) indicates that the ionization is produced by hot-
low mass stars. The absorption line spectrum does not
show the Balmer break (Fig. B) but the 4000 A break
is conspicuous, consequently, the absorption spectrum is
produced by an old metal-rich stellar population.

e ASK 1 also has an absorption line spectrum with
weak emission lines (Fig. [[). [NIIJA6853 ~ He, and
therefore it is not a starburst. Hp is smaller than
[OIIT)A5007, which may naively indicate AGN excitation.
However, the lines are so weak that the underlying HfS
absorption is important and, therefore the corrected HS
emission is similar to that of [OIIT]A5007. Consequently,
the emission line spectrum is probably in the LINER
region of the BPT diagram. The absorption line spec-
trum is also very similar to ASK 0, which was assigned
to an old metal-rich stellar population. The main dif-
ference with respect to ASK 0 is the continuum, which
steepens redward of 6000 A (Fig. ), and is a signature of
dust reddening. Additional independent arguments also
corroborate that ASK 1 owes much of its red colors to
reddening. ASK 1 galaxies tend to have very elongated
morphologies, a fact difficult to interpret unless they are
edge-on disks (Sdanchez Almeida et all 2011), which are
known to be significantly dust reddened with respect
to their face-on counterparts (e.g.,|Giovanelli et. all[1994;
Masters et _all[2010).

e ASK 2 is very similar to ASK 0, so does our assig-



Does G have emission lines?

* if lines are not broad then apply BPT
- if [NIIJA6583 < Ha/2.5 then

- if [NIT]A6583 > Ha/2.5 then

if YES then

* if the lines are broad then ................... .. ... QSO or Seyfert 1

. if [NII]A6583 << Ha then ......
celse o

........ low-metal starburst
....... high-metal starburst

................ LINER-like'
.................... Seyfert 2

. if [OIIT]A5007 < H/3 then .......
selse o

* if G does not have metal absorption lines then

SifHB>30A L young starburst / HII G
S el starburst
Does G has absorption lines? if YES then
x Does G show the Balmer break at 3650 A ?
- if YES then Does G show the 4000 A break?
. if YES then ........ mixed young-old stellar populations?
SAfNO then .ol young stellar populations?
- if NO then Does G show the 4000 A break?
. if YES then ........... old metal-rich stellar populations?
JIENO then oo odd
Neither emission nor absorption? if YES then.................. BL Lac

Does the continuum rise beyond 6000 A? if YES then .................

........... dust reddened G

I'LINER, or retired G, or X-ray emitting gas or ...
2 Age and metallicity can be determined through calibrated indexes

F1G. 11.— Decision tree for qualitative classification of galaxy spectra. The questions to be replied are written in italic fonts. The galaxy
types resulting from the analysis are written in bold fonts on the right hand side of the panel. The symbol G stands for galaxy. See Sect.

for further details.

nation — emission consistent with AGN or LINER-like
excitation plus absorption corresponding to old metal-
poor stars. The difference is in the continuum, which is
somewhat redder in ASK 0, and also in the emission line
[STIT]A9069, which shows up in ASK 2 but not in ASK 0.

e ASK 3 also shows an absorption line spectrum with
weak emission. Emissions and absorptions are similar to
those of ASK 0, therefore, the associated stellar popu-
lation is old. As it happens with ASK 0, [OIII]A5007
and HfB are too weak to decipher whether the emission
is Seyfert or LINER-like. The difference with ASK 0,
1 and 2 is the continuum, which is bluest in ASK 3
(see Fig. [2). Except for ASK 1, such variation reflects
differences in the stellar populations, ASK 3 being the

youngest. ASK 0, 2, and 3 were used to select a clean
sample of red ellipticals by [Aguerri et all (2012).

e ASK 4 spectrum has absorption lines and signifi-
cant emission lines. The continuum is fairly red, similar
to that of ASK 0 in Fig. [l Ha ~ 2 x [NII]A6853 and
Hp Z [OIIA5007, therefore, according to the decision
tree (Fig. [[dl), it should be a LINER-like galaxy. How-
ever, it is in the region of the BPT diagram where AGN
activity and star-formation are difficult to disentangle
(see Fig. 13 in [Sdnchez Almeida et all [2010). The ab-
sorption line spectrum shows both the Balmer break and
the 4000 A break, which correspond to a mixture of old
and young stellar populations. The region around the



TABLE 1
QUALITATIVE PHYSICAL PROPERTIES OF THE ASK TEMPLATE SPECTRA
ASK emission absorption comment SAI° GMIY  O/H°® Age [Gyr]f A fok
class (gas) (stars) (gas) (stars) (stars)

0 AGN or LINER-like old metal-rich Hao EW~0.9A2 0 — — 11.2+1.2  1.30£0.34
1 LINER-like old metal-rich dust reddened, edge on disks?? 0 — — 10.0£1.4  0.91£0.34
2 AGN or LINER-like old metal-rich [SIII]A9069 emission 1 — — 11.1+1.2  1.31+£0.34
3 LINER-like old metal-rich continuum bluer than ASK 0 and 2 2 — — 6.71+1.2 1.5740.38
4 LINER-like? old & young edge-on disks?P 3 — — 7.4+1.5 0.6910.36
5 LINER-like? old & young  green valley galaxies® 3 — — 6.0+1.4 1.2140.43
6 Seyfert 2 old & young  [FeVII]A6087 emission 3 — — 5.3+1.3 1.3540.44
7 Seyfert 2 old & young younger than 6, [FeVII]\6087 emission 4 — — 5.2+1.2 1.2340.44
8 Seyfert 2 old & young younger than 7, [FeVII|\6087 emission 5 — — 2.304£0.71  1.0540.44
9 LINER-like old & young metal-rich starburst? 3 — — 3.6+1.2 1.014+0.44
10 metal-rich starburst old & young LINER-like? 3 -0.35 — 4.14+1.3 0.614+0.34
11 metal-rich starburst old & young LINER-like?, stars younger than 9 and 10 4 -0.36 — 4.8+¢1.4 0.43£0.24
12 metal-rich starburst old & young starburst prototype, stars younger than 11 6 -0.43 8.46+0.18 2.7+1.1 0.68£0.35
13 metal-rich starburst old & young stars similar to 12 6 -0.46 — 2.304+0.93  0.90+0.41
14 metal-rich starburst old & young starburst prototype, stars younger than 12 7 -0.46 8.504+0.11 1.7140.92 0.60+0.30
15 metal-poor starburst no absorption HII G, youngest ASK - -1.67 7.85+0.05 — —

16 metal-poor starburst old & young —— 7 -0.63 8.77+0.10 1.1840.72 0.58+0.30
17 metal-poor starburst young HII G, stars older than 15 13 -1.58 8.06+0.02 0.0048-+0.0008 1.2940.43
18 metal-poor starburst young stars younger than 16 8 -0.54 8.61+0.04 0.090£0.038 0.52£0.24
19 metal-poor starburst young stars as in 18 8 -0.75 8.72+0.05 0.24940.077 0.51+£0.25
20 metal-poor starburst young HII G, stars younger than 18, older than 17 13 -1.42 8.19+0.01 0.0045+0.0007 0.6040.33
21 metal-poor starburst young HII G, like 20, gas slightly metal-poorer 13 -1.45 8.07+£0.01 0.007340.0019 0.72£0.34
22 metal-poor starburst young like 19, stars younger, gas metal-richer 8 -0.93 8.59+0.04 0.1384+0.057 0.39£0.17
23 metal-poor starburst young like 19 and 22, stars younger 9 -0.79 8.60+0.02 0.056+0.031 0.45+0.24
24 metal-poor starburst young like 23, stars younger 10 -1.07 8.48+0.02 0.062+0.035 0.4440.22
25 metal-poor starburst young like 20 and 21, stars older, gas metal-richer 12 -1.27 8.2940.01 0.0083+0.0018 0.7240.36
26 metal-poor starburst young like 25, stars older, gas metal-richer 11 -1.09 8.384+0.02 0.0090-+0.0020 0.4940.28
27 metal-poor starburst young like 25 12 -1.18 8.23+0.02 0.0098-+0.0033 0.714+0.34

# From [Sdnchez Almeida et all (2010), Table 2.

b [SZnchez Almeida et all (2011).

¢ Stellar Age Inex, which orders stellar ages staring from the oldest (SAI=0)

d Gas Metallicity Index (= log([NII]A6853/Hca)), which orders galaxies according to gas metallicity.

€ 12 + log(O/H) obtained via electron temperature and density. The error bars account for uncertainties inherited from errors in line fluxes.
Luminosity-weighted average values using STARLIGHT. The error bars represent the dispersion among the SSP that contribute to the integrated light.
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F1a. 12.— Full spectral range for ASK 0,1, 2, and 3 as indicated.
The absorption features are similar but the continua become redder
as the ASK number increases. This change is due to the aging of
the stellar populations, except for ASK 1, which reflects enhanced
extinction.

break is shown in Fig.

e ASK 5 has absorption and emission lines. The
continuum is significantly bluer than that for ASK 4.
Ha ~ 2 x [NII]A6853 and HS 2 [OIII]A5007, therefore,
according to the decision tree (Fig. []), it should be a
LINER-like galaxy (with the caveat issued for ASK 4 still
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F1G. 13.— Gradual variation of the breaks at 3650 A and 4000 A
that show the evolution from ASK 4 to ASK 22. ASK 4 has the
oldest stellar population in the series. The 4000 A break of ASK 4
is more intense than the Balmer break. Both are similar in ASK 10,

and the 4000 A break has disappeared in the case of ASK 22.

applying). The absorption line spectrum shows both the
Balmer break at 3650 A and the 4000 A break, which cor-
respond to a mixture of old and young stellar populations
(like ASK 4 in Fig. d3)).

e ASK 6 has intense emission lines on top of an absorp-
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Fic. 14.— Line width differences between Seyfert galaxies with
broad lines (ASK 6 and ASK 7), and starburst galaxies with narrow
lines (ASK 12). Even if broad, the lines of ASK 6 and ASK 7 are
not broad enough to be regarded as Seyfert 1.

tion spectrum. Emission lines are broad (Fig. [4]), but
not broad enough to be a Seyfert 1 galaxy (larger than
2000 kms~1). It appears in the Seyfert region of the BPT
diagram, therefore it is a Seyfert 2. [FeVII]A6087 and
[NeV]A3426 show up in emission confirming the AGN
nature of the emission. It shows the Balmer break at
3650 A and the 4000 A break, which correspond to a mix-
ture of old and young stellar populations. The breaks are
extremely similar to that of ASK 4 in Fig. [[3l

o ASK 7 is similar to ASK 6. The emission lines are
broad (Fig. 4, and it is also classified as Seyfert 2 ac-
cording to the decision tree. [FeVIIJA6087 is detected,
confirming the AGN nature of the emission (Fig. [0).
The absorption spectrum has a clear 4000 A break, and
the Balmer break is present but less pronounced than in
the case of ASK 6 because the Balmer continuum rises
blueward of the Balmer break. The absorption spectrum
is also produced by a mixture of old and young stars, but
probably younger than for ASK 6.

e ASK 8 is similar to ASK 6 and 7, but the emission
lines are even broader. It is also a Seyfert 2. [FeVII]\6087
is detected, confirming the AGN nature of the emission
(Fig.[D0). Following the trend from ASK 6 to ASK 7, the
absorption spectrum shows the two breaks (Balmer and
4000 A), but the Balmer continuum (blueward of 3650 A)
is more intense. The spectrum is also produced by a
mixture of old and young stars, but probably younger
than for ASK 7.

e ASK 9 has absorption and emission lines. The
lines are narrow, and Ha ~ 2 x [NII]\6853 with HS >
[OIII]A5007. According with the decision tree it has
LINER-like emission, although it is close to being classi-
fied as a metal-rich starburst. The absorption spectrum
presents well defined Balmer and 4000 A breaks, there-
fore, it is produced by a mixture of old and young stellar
populations. The region of the breaks is similar to that
of ASK 5.

e ASK 10 has absorption and emission lines. The con-
tinuum is similar to that of ASK 9 except that it be-
comes redder beyond 7000 A. Ha ~ 2.5 x [NTI]A6853 with
Hp ~ 2 x [OIIT]A5007. According with the decision tree

9

it corresponds to a metal-rich starburst, although it is
close to the divide with LINER-like emission. The ab-
sorption spectrum is almost identical to the spectrum of
ASK 9 in the region of the Balmer and 4000 A breaks,
and it is produced by a mixture of old and young stellar
populations.

e ASK 11 has both absorption and emission, but the
emission lines are very intense. The red continuum is
redder than in ASK 9 and 10, but the emission lines of
ASK 11 are stronger. Ha ~ 3 x [NITJA6853 with HS ~ 2x
[OIITJA5007. Tt corresponds to a metal-rich starburst,
although it is close to the border to present LINER-like
emission. The absorption spectrum is almost identical
to the spectrum of ASK 9 in the region of the Balmer
and 4000 A breaks, except that the contribution of the
Balmer lines is more important. It is produced by a
mixture of old and young stellar populations, but the
young population is more important than in the case of
ASK 9 and 10.

e ASK 12 spectrum has both absorption and emis-
sion lines. The continuum is bluer than that of ASK 10
and 11, but the emission lines are weaker. Ha ~ 2.5 x
[NII|A6853 with HS ~ 1.5 x [OIIIJA5007. It represents a
typical metal-rich starburst — it is right on the head of the
seagull of the local BPT diagram corresponding to proto-
typical starbursts. The absorption line spectrum has the
Balmer and 4000 A breaks, but the 4000 A break is less
pronounced than that in ASK 10 and 11, and the Balmer
series more intense. The spectrum corresponds to mixed
old and young stellar populations, but the young popu-
lation is more important than in the case of ASK 9, 10,
and 11.

e ASK 13 spectrum has both absorption and emis-
sion lines. The continuum is bluer than that of ASK 11
and 12, but the emission lines are weaker. Ha ~
3 x [NIIJA6853 with HS ~ 2x [OIIIJA5007. Tt is a star-
burst. The absorption line spectrum has the Balmer and
4000 A breaks, and they are almost identical to those for
ASK 12. The spectrum corresponds to mixed old and
young stellar populations similar to ASK 12.

e ASK 14 spectrum has both absorption and emis-
sion lines. The continuum is bluer than that of ASK 12
and 13, and the emission lines more pronounced. Ha ~
3 x [NII]A6853 with HS ~ 1.5 x [OIIIJA5007. It corre-
sponds to a typical metal-rich starburst. The absorption
line spectrum has the Balmer and 4000 A breaks, but the
4000 A break is barely noticeable. The spectrum corre-
sponds to mixed old and young stellar populations, but
the young population is more important than in the case
of ASK 12, and 13.

e ASK 15 is a pure emission line spectrum. The EW
of HB is of the order 200A therefore, according the
decision tree, it is an HII galaxy. Ha > [NIIJA6853
with HB < [OIII]A5007, which corresponds to a low-
metallicty starburst. The spectrum shows neither the
Balmer break nor the 4000 A break (even more extreme
than ASK 17 in Fig. [[H). There are no metallic lines,
and even the Balmer series shows no trace of absorption.
This spectrum corresponds to the youngest stellar popu-
lations of the ASK series. ASK 15 has only 68 members
(Sanchez Almeida et all|2010), most of which look com-
pact galaxies, like those described by I(Cardamone et al.
(2009) and |Amorin et all (2010), but a few of them are
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FIG. 15.— Spectra of HII galaxies. ASK 25 presents no 4000 A
break, but the Balmer break is clear, and the Balmer continuum
appears in emission. The Balmer series shows both emission and
absorption. ASK 17 represents a more extreme case where absorp-
tions are almost absent, even those of the Balmer series. Note that
the emission lines are well out-of-scale, with peaks of the order of
15 times the continuum.

HII regions in resolved galaxies.

e ASK 16 spectrum has both absorption and emission
lines. The continuum is bluer than that of ASK 13 and 14
including the upturn at the UV. Ha > [NII]A6853 with
Hp3 ~ [OIIA5007, which corresponds to a metal-poor
starburst. The absorption line spectrum does show the
Balmer break, but the 4000 A break is barely noticeable.
Consequently, the absorption line spectrum corresponds
to a young stellar population, with hints of an old com-
ponent. The TiO bands are hardly noticeable.

e ASK 17 spectrum has only emission lines. (One
can barely notice the absorption of some of the Balmer
lines; see Fig. [[0). Since the EW of HS ~ 150 A, ac-
cording to the decision tree ASK 17 is an HII galaxy.
The continuum is as blue as that of ASK 15 and in-
cludes the UV upturn (Fig. [5). Ha > [NII]A6853 with
Hp < [OII]A5007, which corresponds to a metal-poor
starburst. Even though absorption lines are not obvi-
ous, the spectrum shows the Balmer break (see Fig. [I3]).
This two features correspond to extremely young stellar
populations (although not as young as those involved in
ASK 15).

e ASK 18 spectrum has absorption and strong emission
lines. The continuum is similar to that of ASK 16 but the
upturn of the UV continuum is more pronounced. The
emission lines are also stronger than those of ASK 16.
Ha > [NI[JA6853 with HB ~ [OIIIJA5007, which corre-
sponds to a metal-poor starburst. The absorption line
spectrum does show the Balmer break, but it does not
have a 4000 A break (similar to ASK 22 in Fig. [3). The
absorption line spectrum corresponds to a young stellar
population.

e ASK 19 spectrum presents absorption and strong
emission lines. The continuum is bluer than that of
ASK 18 but the emission lines are weaker. Ha >
[NIT]A6853 with HS < [OIIIJA5007, which corresponds
to a metal-poor starburst. The absorption line spectrum
shows the Balmer break, but it does not have a 4000 A
break, and it is similar to ASK 18. It corresponds to a

young stellar population.

e ASK 20 spectrum is dominated by strong emission
lines but it also shows weak absorptions in the Balmer
lines. The weak continuum is as blue as that of ASK 15,
17 or 19, and includes an UV upturn. We identify
ASK 20 as an HII galaxy. Ha > [NIIJA6853 with
Hp < [OIII)A5007, which corresponds to a metal-poor
starburst. The absorption line spectrum does show the
Balmer break, but it does not have a 4000 A break. It
also contains metallic lines (Call Hand K). The absorp-
tion line spectrum corresponds to a young stellar popula-
tion. Stars are older than those in ASK 17, but younger
than those in ASK 19. The TiO bands are absent, and
the IR Ca triplet is almost gone with a hint of showing
up in emission.

e ASK 21 is very similar to ASK 20, except that
the lines are somewhat weaker. Probably the gas-phase
metallicity is a bit higher in ASK 21 as judged from the
ratio between Ha and [NII]A6853. In any case, the star-
burst is metal-poor.

e ASK 22 spectrum presents absorption and strong
emission lines. The continuum is similar to ASK 19,
but bluer. The emission lines are somewhat stronger
than those in ASK 19. Ha > [NIIJA6853 with HF <
[OIII]A5007, which corresponds to a metal-poor star-
burst. The gas metallicity is a bit higher in ASK 19,
as judged from the ratio between Ha and [NIIJA6853.
The absorption line spectrum shows the Balmer break,
but it does not have a 4000 A break, and it is similar to
ASK 19. The absorption line spectrum corresponds to a
young stellar population, probably younger than that in
ASK 19.

e ASK 23 spectrum is very similar to that of ASK 22
and ASK 19, except for having larger emission lines.
The continuum is also a bit bluer. It corresponds to
a metal-poor starburst with a young stellar population,
presumedly younger than that for ASK 19 and 22.

e ASK 24 has a spectrum similar to ASK 23 (and so
to ASK 22 and 19), with stronger emission lines. The
continuum is bluer than in ASK 23. As judged from the
ratio between Ha and [NIIJA6853, the gas metallicity of
ASK 23 is higher.

e ASK 25 spectrum is similar to ASK 20 and 21, with
the continuum a bit redder, and the lines weaker. As
judged from the ratio between Ha and [NIIJA6853, the
gas metallicity of ASK 20 and 21 are smaller. The Balmer
continuum shows up in emission (Fig. [[T)).

e ASK 26 spectrum is similar to ASK 25, with the
continuum a bit redder, and the lines weaker. As judged
from the ratio between Ha and [NII]A6853, the gas metal-
licity of ASK 25 is smaller.

e ASK 27 spectrum is very similar to that of ASK 25.

In order to carry out the comparison of this qualitative
analysis with the quantitative analysis in Sect. B we de-
fine a stellar age index that sorts the ASK classes accord-
ing to the age of their stellar populations. The stellar age
index (SAI) is defined as follows. Based on the absorp-
tion lines in the region containing the UV breaks and the
UV continuum, we order the ASK classes according to
their relative stellar ages. For instance, having stronger
broader Balmer lines implies being older. Since the or-
dering is rough, we allow for several classes to share the



same age bin. Once the order has been set, we assign
a sequential number to this order from the older stellar
population SAI=0 (ASK 0) to the youngest stellar pop-
ulation SAI=13 (ASK 20). The SAI thus defined quali-
tatively orders the stellar populations from the oldest to
the youngest, although it does not assign specific ages to
the ASK classes. SAIs are included in Table [1l

Similarly, a gas metallicity index (GMI) is defined
to sort the classes according to their gas-phase metal-
licities. In this case we use the N2 index, i.e.,
log([NIT]A6583/He), which is a well known proxy for gas
metallicity (see item # [[in Sect. BI)). Again, the index
(i.e., N2 renamed as GMI) is listed among the properties
of the classes in Table [l GMI is used for comparison
with the quantitative analysis described in Sect.

5. QUANTITATIVE ANALYSIS OF THE STELLAR
POPULATIONS USING STARLIGHT

We use the star formation histories (SFH) derived
using the code STARLIGHT (Cid Fernandes et all 2005;
Asari et all[2007) to cross-check the qualitative analysis
carried out in the previous sections. STARLIGHT decom-
poses the observed absorption spectrum in terms of a
sum of single stellar populations (SSP), i.e., coeval star-
bursts with an assumed initial mass function, a com-
mon metallicity (the metallicity), and observed with a
time-lag with respect to the burst (the age). Each SSP
produces a known spectrum, and a linear combination
of these spectra is fitted to the observed spectrum, be-
ing the amplitudes applied to each SSP the free param-
eters of the fit. Extinction is modeled as a foreground
dust screen, with its wavelength dependence given by the
extinction law of [Calzetti et all (1994), and then scaled
during the fitting process using a single degree of free-
dom. (Other extinction laws were tried and yield equiva-
lent results; seelAsari et all [2007.) The amplitudes of the
SSPs represent the measured SFH. STARLIGHT uses the
Metropolis scheme to carry out the y? minimization (for
a full description of the code, see |[Cid Fernandes et all
2005). The amplitudes thus derived are proportional to
the fraction of the galaxy mass produced by each in-
dividual SSP burst, and they are the parameters used
in our study (after suitable normalization to 100). In
our particular rendering, STARLIGHT employs 150 SSPs
from [Bruzual & Charlotl (2003), combined according to
the Padova 1994 evolutionary tracks (Girardi et all[1996,
and references therein). The SSPs cover a grid of 6 metal-
licities (from 0.005 to 2.5 times solar) and 25 ages (from
1 Myr to 18 Gyr). Further details are given in Sect.
2.1 of |Asari et all (2007). Under these assumptions, we
computed the SFH of each galaxy with a spectrum in
SDSS-DRY7.

Figure [16] shows mean SFHs for a number of represen-
tative ASK classes. The average considers all the SDSS-
DR7 galaxies in each ASK class. The classes have been
chosen so that they cover the full range of possibilities,
from the oldest reddest stellar populations (ASK 0) to
the youngest bluest ones (ASK 20). ASK 5, 14 and 18
illustrate intermediate cases. Figure [I7 is equivalent to
Fig. except that, rather than mass, it shows the per-
centage of present light (at 4020 A) produced by each
one of the SSPs. Note how light is strongly biased to-
wards young populations, as compared to mass which
is held by old populations. The dotted lines in the fig-
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ure represent + one standard deviation considering all
the galaxies in SDSS-DRY7 corresponding to a given ASK
class. These are the histograms used to compute the
luminosity-weighted averages and dispersions discussed
in the next paragraph.

Figure [[8h shows the relationship between the mean
luminosity-weighted age as derived from STARLIGHT and
the estimate of relative age carried out in Sect. [ (SAT).
The error bars give the rms fluctuations among the ages
of the SSPs that contribute to each class. The correla-
tion age-SAI is extremely good, implying that our quick
qualitative estimate is consistent with the detailed up-
to-date modeling. Moreover, the existence of an almost
one-to-one correlation provides specific timescales to our
qualitative dating. SAI between 0 and 2 correspond to a
single old metal rich population, with ages between 11.2
and 6.7 Gyr (see the SFH for ASK 0 in Fig[If). SAI be-
tween 3 and 7 has two stellar populations assigned, one
old and one young (Table[]). They have mean ages be-
tween 7.4 Gyr and 1.2 Gyr. Finally, from SAI 8 onwards,
we qualitatively find young populations, and their mean
STARLIGHT ages go from 250 Myr to 5 Myr.

Figure [I8b displays the mean stellar metallicity corre-
sponding to each SAI. The metallicity is high (slightly
super-solar) when SAT < 2, i.e., in the classes our qual-
itative analysis catalogued as having old stellar popula-
tions. In this case the scatter is fairly small (see the error
bars in the figure), meaning that all their old stars are
metal-rich. The scatter increases and the mean metallic-
ity decreases for younger populations. We interpret this
result as an increase of the number of stellar populations
that contribute to the galaxy spectra, which is corrobo-
rated by the SFHs of ASK 5, 14 and 18 in Fig. [[@ (with
SAI 3, 7 and 8, respectively). The stellar metallicity
grows slightly for spectra corresponding to even younger
stellar populations, and it becomes slightly sub-solar for
the youngest ASK classes. The scatter remains large,
also reflecting the significant number of stellar compo-
nents in these galaxies.

6. QUANTITATIVE ANALYSES OF THE EMISSION
LINE SPECTRA

One of the most sophisticated techniques of analysis of
ionized nebulae involves measuring emission-line fluxes
of many atomic species to derive their relative abun-
dances. Adding up all the ionization states of an element
provides its abundance. This approach is the so-called
direct method or temperature-based method.The fluxes
depend on atomic parameters as well as on the phys-
ical conditions of the plasma (e.g., [Pagel & Edmunds
1981; [Osterbrock [1989; [Shields [1990; [Stasiriskal [2004).
Once the atomic parameters are known (or assumed),
one can use the observed lines to retrieve, simultane-
ously, the elemental abundances and the physical con-
ditions of the nebula. For instance, using collisional
excited lines of the same species having different exci-
tation potentials, one can determine the electron tem-
perature (e.g., [OIII]A4363 and [OIII}A5007). Similarly,
lines of the same species with the same excitation po-
tential but different collisional de-excitation rates, pro-
vide diagnostics for the electron density (e.g., [SII|A6731
to [SIIJA6717). We have applied this technique to deter-
mine the oxygen abundance characteristic of the emission
lines of the ASK classes that are starbursts. The ac-
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the solid lines show the average of the SFHs along the metallicity axes.

each ASK class is also shown for reference in the fourth column.

(The figure must be rotated by 90°.) Each row corresponds to a particular ASK class as indicated. First column: SFHs derived from the application of
STARLIGHT to spectra of individual galaxies, which are then averaged according to their classes. The classes on display have been chosen so that they cover the full range of
possibilities, from the oldest reddest stellar populations (ASK 0) to the youngest bluest ones (ASK 20). ASK 5, 14 and 18 represent intermediate cases. The SFHs are two
dimensional functions with the abscissae representing look-back time, and the ordinates metallicity. The scale of grays goes from maximum to minimum. Second column:
The dotted lines correspond to + one standard deviation from the average
galaxies included in a given ASK class. Third column: same as the second column except that the average of the SFHs is carried out along the time axes. The spectrum of

considering all the
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13

(The figure must be rotated by 90°.) Percentage of light corresponding to each one of the SSPs (first column), and its

projection in the age axis (second column), and in the metallicity axis (third column). Same as Fig. [I6] except that the mass of each
component has been weighted by the corresponding light-to-mass ratio. The ASK classes have been chosen to represent the full range of
possibilities, and they are the same as those in Fig. See the caption of Fig. for further details.
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FiG. 18.— (a) Mean light-weighted age as derived from

STARLIGHT vs SAI (stellar age index). Note the tight correlation.
(b) Mean metallicity Z derived from STARLIGHT vs SAI. The error
bars give the rms fluctuations among the ages and metallicities of
the SSPs included in each class. The scatter of metallicities is large
except for SAI< 2. As usual, Z stands for the solar metallicity.

tual recipe is described by [Pérez-Montero & Diaz (2003)
and [Héagele et al! (2008), and it has been widely used
(e.g., [Amorin et all 2010, [2012).We refer to the origi-
nal references for details on the technique and atomic
parameters. Whenever possible, the electron tempera-
ture was inferred from [OIII]A4363. This line weakens
with increasing metallicity, therefore, it cannot be used
with the classes of large metallicities (see item # [ in
Sect. [B)). The problem was bypassed in these cases us-
ing [SIIT]A6312 and [SIIT]A9069 to derive the sulphur elec-
tron temperature, which was then used for oxygen after
scaling (Hagele et all[2006). ASK classes 17, 20, 21, 22
24, 25, 26, and 27 have [OIII]\4363 intense enough to de-
termine electron temperatures. The line is not detectable
in classes 12, 14, 16, 18, 19 and 23, however they show
[SIIT]A6312, which we used for deriving electron tempera-
tures. Finally, classes ASK 10, 11 and 13 do not allow us
to measure either [OITI]A4363 or [SIIT]A6312, and so we
could not assign an oxygen abundance using the direct
method. Classes 20, 21, 22, 24, 25, 26, and 27 allow to
determine electron temperatures from both [OIIT]A4363
and [SIITJA6312. The oxygen abundances obtained us-
ing the two ways of estimating temperature agree within
+0.02 dex. All the abundances thus obtained are listed
in Table[T]

As we explain in Sect. d] the metallicity of the gaseous
component of the template spectra was judged based
on the ratio between [NII]A6583 and Ha. This ra-
tio is therefore our qualitative metallicity index (Ta-
ble [I), which is compared with the direct oxygen abun-
dance in Fig. The correlation is extremely good, at
least from solar metallicity (log[O/H]s = 8.69 + 0.05;
Asplund et all [2009) to one tenth the solar value. The
fluctuations of the actual data with respect to a linear
fit are just 0.06 dex, which is significantly smaller than
the same correlation obtained from individual galaxies
— e.g., Pettini & Pagel (2004) claim 0.2dex. From the
very good correlation between oxygen abundance and
[NIT)A6583 /Ha we conclude that the qualitative analysis
of nebular metallicities is consistent with the quantitative
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log([NII]6584 /Ha)=GMI
Fic. 19.— Oxygen abundance of the emission-line component

of the templates. They have been computed as precisely as pos-
sible through estimation of electron temperatures. The oxygen
abundance is represented versus the ratio [NII]A6583 to Her, which
is the proxy used to estimate the metallicity in our qualitative
scheme. Error bars are computed in a Monte-Carlo simulation to
be consistent with the errors assigned to the observed fluxes. The
straight lines correspond to various estimates of the relationship
from individual galaxies and HII regions by [Denicol6 et all (2002,
the dotted-dashed line) and by [Pettini & Pagel (2004, the dashed
line), and from our ASK templates (the solid line). Our linear fit
excludes the three rightmost points, and it reads, 12 +log(O/H) =
(0.83 4 0.05) x log([NIIJA6583/Ha) + (9.31 &+ 0.07).

estimate using the best techniques available.

7. ADDITIONAL RESULTS AND DISCUSSIONS

Figure 20k shows the index used to determine the gas
metallicity, log [NII]A6583/Ha, vs the index used to char-
acterize the age of the stellar populations, SAI. It is clear
that the two indices are correlated, indicating that the
templates with the lowest oxygen content also have the
youngest stellar populations. This is explicitly shown in
Fig. BOb, which presents the same kind of relationship
but using quantitative determinations of ages and gas-
phase metallicities. (The two last points deviating from
the linear relationship will be ignored since the trend
they represent is not present in Fig. 20k, and they have
particularly weak [OIIT]\4363 lines, with the uncertain-
ties that this entails — see item #[] in Sect. 3.1l) The
correlation is similar to that found by [Fernandes et all
(2003). The physical origin of the relationship is un-
clear. It may be a side-effect of the galaxy mass (a
phenomenon often referred to as downsizing; see, e.g.,
Neistein et all 2006). First, the mass-metallicity rela-
tionship implies that low-mass galaxies are less metal-
lic (e.g., [Skillman et al!l1989). Second, the mass-age re-
lationship (e.g., [Heavens et all [2004) implies that low-
mass galaxies also have younger stellar populations. Fi-
nally, the bluest ASK classes contain more dwarf galaxies
(Sanchez Almeida et all 2010), therefore, they are less
metallic and with younger stars, giving as a side-effect
the observed correlation. Even though this explanation
is feasible, the relationship between gas-metallicity and
stellar-age shown in Figs. 201is so clean that it looks fun-
damental rather than derived from the combined effect of
two other relationships. This conjecture is supported by
the scatter plots in Fig. 21} that include the two variables
involved in Fig. BOb plus the galaxy mass. Assigning
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masses to the ASK templates is not without ambiguity,
since the spectra of the individual galaxies were normal-
ized before averaging (Sect. 2)). However, we computed
the mean and standard deviation among the masses of
all the galaxies in each ASK clasdfd, and those are the
masses assigned to the classes in Figs. 21l One can see
that the templates follow a mass-metallicity relationship
(Fig. 2Ib) and a mass-age relationship (Fig. RIh), but
both are less tight than the metallicity-age relationship
in Fig. 20b, which seems to be the primary relationship.

In short, the properties of the gas and the stars are

8 Stellar masses derived from integrated magnitudes using color-
dependent mass-to-light ratios from [Bell & de Jong (2001).
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not independent but tightly correlated in real galaxies.
Galaxy mass does not seem to be the only factor driving
such correlation.

Galaxy spectra seem to follow a 1D sequence,
with a secondary branch for AGNs (Connolly et al.
1995; [Yip et all 12004; [Vanderplas & Connolly [2009;
Ascasibar & Sanchez Almeida [2011). In other words, an
independent parameter (affine parameter) characterizes
most properties of galaxy spectra, from the red passive
ones to those actively forming stars. The actual nature
of the affine parameter is unknown, but the results in
this paper suggest it to be the mean age of the stellar
population. The ASK templates can be naturally or-
dered by mean stellar age (or by SAI, in our parlance),
and the order thus obtained turns out to be extremely
similar to the one obtained using minimal spanning trees
by |Ascasibar & Sanchez Almeida (2011). The latter rep-
resents a non-trivial exercise to find the location of the
templates in the 1637-dimensional space where the ASK
classification was carried out (i.e., a space where each
galaxy is a point, and the 1637 coordinates represent the
flux at particular wavelengths). They are organized in a
1D sequence with the same order given by the luminosity-
weighted mean stellar age. We take the agreement be-
tween the two orderings as a strong suggestion that stel-
lar age is the affine parameter. Note that the emission
line spectrum is prominent in blue galaxies and so it plays
a major role in shaping the galaxy spectra. That fact
that the spectrum of a galaxy is (mostly) dictated by
the age of the stellar population implies that the emis-
sion lines and the absorption lines are not independent.
This is indeed the conclusion reached in the previous
paragraph through a totally different argument.

We argued in Sect. [2 that the ASK classes are rep-
resentative of all local galaxies since they condense the
properties of some one million galaxies of the local uni-
verse. Even though we endorse the statement, it must be
clarified. ASK templates are representative of the most
common galaxies, however, some important but uncom-
mon galaxies are not included. In particular, the most
massive galaxies that dominate the centers of galaxy clus-
ters (brightest cluster galaxies and cD galaxies) are not
properly described. These massive red galaxies have old
stellar populations so they are classified as ASK 0 and
ASK 2 (Aguerri et all 2012).However, they represent a
small fraction of all the galaxies in these classes, so that
their contribution to the average (template) spectra of
ASK 0 and 2 is negligible. The same may happen with
other kinds of rare objects like BL Lac (e.g., [Stein et all
1976), objects with extreme star formation rates (e.g.,
Cardamone et _all 2009), extremely metal poor galaxies
(e.g., Morales-Luis et all [2011), and others. The fact
that some objects may escape the simplified schematic
in Sect. do not invalidate the analysis — it will be
useful to indicate that these objects are unusual.

The comparison between Figs. and [I7 evidences a
fact that is well documented in the literature, but which
still results somewhat surprising. Most galaxies formed
a significant fraction of their stellar mass long ago when
the universe was just a few Gyr old, even those forming
stars today (e.g., Heavens et all 2004; [Asari et all 2007;
Dunlop 2011)). This fact is obviously true for ASK classes
representing passively evolving red galaxies (see ASK 0 in
Fig.[I6), but it also holds true for young ASK classes — see
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the important contribution of old stellar populations to
the ASK 20 SFH in Fig.[I6] even though its luminosity-
weighted mean age is just 4.5 Myr (Table ). When the
mass contribution is transformed to light contribution
(Fig. [[7), it becomes clear how newborn stars outshine
the older populations, that are heavily underrepresented
in the composite galaxy spectrum. If a galaxy happens
to undergo a significant starburst, spectrum-wise it looks
young.

There is a conspicuous difference between the old stel-
lar populations present in passively evolving galaxies and
in star-forming galaxies. The metallicity of the old stars
is high in passive galaxies and very low in starbursts
(compare the SFHs of ASK 0 and ASK 20 in the first
column of Fig. [[6). The dominance of old metal rich
stellar populations in red galaxies is well known (e.g.,
Renzini 2006), so does the fact that the old stars in
dwarf galaxies of the local group have extremely low
metallicity (e.g., Miller et all 2001; Monelli et all [2010;
Hidalgo et all[2011).

8. CONCLUSIONS

As argued in the introduction, we have sophisticated
computer codes for inferring the properties of the stellar
populations contributing to the observed galaxy spectra.
Similarly, tools are available for qualitative diagnostics
of the physical properties of the galaxy gas. They have
been developed by specialist groups, and then kindly of-
fered to a much broader community. Technicalities often
complicate the interpretation of the results, therefore,
there is a natural tendency to apply these sophisticated
tools in black-box fashion, which turns out to be quite
unsatisfactory for a physical stand point. One obtains a
detailed description of the stars and gas producing the
observed galaxy spectra, but overlooks the reasons why
the computer code has preferred them rather than other
alternatives. We provide a simple step-by-step guide to
qualitative interpretation of galaxy spectra. It is not
precise, and has not been planed as an alternative to the
existing tools. However, it allows a quick-look that yields
the main properties of the spectra in a intuitive fashion.
This may be of interest in various applications, e.g., to
provide physical insight when using sophisticated tools,
or to interpret noisy spectra. Moreover, the results of
the qualitative analysis agree with those inferred using
up-to-date computer codes.

The step-by-step guide is described in Sect. 3.2, and it
has been summarized as a simple questionary in Fig. [Tl
Emission and absorption lines are analyzed separately,
which give rise to a classification with one entry for the
gas and another for the stars. (In real galaxies, however,

the properties of gas and stars are tightly correlated; see
Sect. [[l) The analysis has been systematically applied
to the set of ASK template spectra that resulted from
the classification of all galaxy spectra in SDSS-DR7 (see
Sect.[2]). Their physical properties are summarized in Ta~
ble[Il With the caveats pointed out in Sect. [l the ASK
classes represent a comprehensive set of galaxy spectra,
that go all the way from passively evolving red galax-
ies (e.g., ASK 0) to HII galaxies, dominated by massive
newborn stars having no absorption lines (e.g., ASK 15).
Since it works for this set, the analysis should work for
most galaxies.

The qualitative analysis is found to be in excellent
agreement with quantitative numerical codes. We show
how the index for stellar-age (SAI) follows an almost
one-to-one correlation with the mean stellar age assigned
by the code STARLIGHT (Fig. [[8). Similarly, we found
how the proxy for gas metallicity is in good agreement
with the (oxygen) metallicity inferred by applying the di-
rect method to the emission lines of the ASK templates
(Fig. 3.

The ASK templates are freely available (see footnote
#[0) and, together with their physical properties listed
in Table[D they can be used as benchmarks so that any
other galaxy spectrum can be analyzed by reference to
them.
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