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Chapter 6
On the interpretation of age and
chemical composition of composite
stellar populations determined with
line-strength indices

Based on Serra P. & Trager, S. C. 2007, MNRAS, 374, 769

In this chapter we investigate the effect introduced by the presence of a young stellar
sub-component on top of an old one when employing the stellar-population analysis

technique of Chapters 3 and 4. To do so, we study the single-burst-stellar-population-
equivalent (SSP-equivalent) age and chemical composition measured from the Lick/IDS
line-strength indices of composite stellar populations (CSP). We build two sets of ∼3×104

CSP models using stellar populations synthesis models, combining an old population
and a young population with a range of ages and chemical compositions representative
of early-type galaxies. We investigate how the SSP-equivalent stellar parameters of the
CSP’s depend on the stellar parameters of the two input populations; how they depend
on V -band luminosity-weighted stellar parameters; and how SSP-equivalent parameters
derived from using different Balmer-line indices can be used to reveal the presence of a
young population on top of an old one. We find that the SSP-equivalent age depends
primarily on the age of the young population and on the mass fraction of the two popula-
tions, and that the SSP-equivalent chemical composition depends mainly on the chemical
composition of the old population. Furthermore, the SSP-equivalent chemical composi-
tion tracks quite closely the V -band luminosity weighted one, while the SSP-equivalent
age is strongly biased towards the age of the young population. In this bias the age
of the young population and the mass fraction between old and young population are
degenerate. Finally, assuming typical error bars, we find that a discrepancy between the
SSP-equivalent parameters determined with different Balmer-line indices can reveal the
presence of a young stellar population on top of an old one as long as the age of the
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young population is less than ∼2.5 Gyr and the mass fraction of young to old population
is between 1% and 10%.

6.1 Introduction
As discussed in Chapter 1, the study of early-type galaxy (ETG) stellar populations
has long been hampered by the age-metallicity degeneracy in the spectra of old stellar
populations (e.g., Faber 1973; O’Connell 1986; Worthey 1994). After early suggestions
by Gunn et al. (1981) and Rabin (1982), a possible way to deal with this problem was
provided by Worthey (1994) evolutionary synthesis models. These show that age and
metallicity can be disentangled by the joint use of pairs of line-strength indices, one
metal-line and one Balmer-line index, measured from the optical spectra of galaxies. A
system of line-strength indices was defined (the Lick/IDS system, see Burstein et al.
1984; Worthey et al. 1994 and references therein; Worthey & Ottaviani 1997) and is now
widely used in order to determine the age t, metallicity [Z/H] and abundance ratio [E/Fe]
of stars in galaxies ([E/Fe] is defined in Trager et al. 2000b as a way of parameterising
deviations from the solar abundance pattern).

In practice, as done in Chapters 3 and 4, one compares the indices measured from
the optical spectrum of a galaxy to their values predicted by stellar populations models
(provided for example by Worthey 1994; Vazdekis 1999; Bruzual & Charlot 2003; Thomas
et al. 2003). The stellar t, [Z/H] and [E/Fe] of the galaxy are the ones of the model whose
indices best agree with the measured ones. Because each model consists of a single-burst
stellar population (SSP) whose stars, unlike in real galaxies, all have the same t, [Z/H]
and [E/Fe], the derived stellar parameters are labelled as SSP-equivalent. We will refer
to them as tSSP, [Z/H]SSP and [E/Fe]SSP.

Early-type galaxies are the most massive stellar systems for which the SSP approxi-
mation seems to hold. Therefore, many authors have measured their line-strength indices
in order to determine their stellar content (see for example Trager et al. 2000a; Cald-
well et al. 2003; Denicoló et al. 2005; Nelan et al. 2005; Thomas et al. 2005; Bernardi
et al. 2006; Clemens et al. 2006; Graves et al. 2007). However, many results suggest
that recent star formation occurred in these galaxies (e.g., Trager et al. 2000a; Yi et al.
2005; Kaviraj et al. 2007), so that a small fraction of their current stellar mass formed
few Gyr ago. It is natural to wonder about the meaning of the line-strength indices
analysis under such circumstances (i.e., in the presence of more than one SSP in the
same galaxy). How do the SSP-equivalent parameters relate to the average properties
of a galaxy and to the ones of the many SSP’s that it hosts? And what do we actually
learn from SSP-equivalent parameters?

Previous authors have already looked into this problem. Using a limited number of
models of composite stellar populations (CSP), Trager et al. (2000a) found that the SSP-
equivalent age is heavily biased towards the age of the young stars present in a galaxy. In
this paper we address the same questions in a more systematic and extensive way from
the point of view of the stellar population models.

We build two sets of CSP’s by using the models of Bruzual & Charlot (2003; hereafter
BC03)) and (Worthey 1994; herafter W94). Each dataset contains ∼3×104 CSP models
composed of one old and one young SSP. Different CSP’s correspond to different stellar
parameters of the parent SSP’s. The old SSP (SSP1) is always chosen to be more massive
than the young one (SSP2), as inferred in many early-type galaxies (e.g., Trager et al.
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Table 6.1: Input parameters for the composite stellar populations

parameter values

t1 (Gyr) 10.0,13.0
[Z/H]1 −0.15,0.0,0.15,0.3
[E/Fe]1 0.0,0.15,0.3,0.45
t2 (Gyr) 1,1.4,1.8,2.5,3.4,4.7
[Z/H]2 0.0,0.15,0.3,0.45
[E/Fe]2 −0.15,0,0.15,0.3
µ=M2/M1 0.0,0.001,0.005,0.01,0.025,0.05,0.1,0.2,0.35,0.5

Stellar parameters are labelled as “1” and “2” corresponding to the old population (SSP1)
and the young population (SSP2) respectively. The last row lists the values adopted for
the mass fraction between the two populations.

2000a; Leonardi & Worthey 2000; Jeong et al. 2007). We analyse the line-strength indices
of the CSP’s and derive the corresponding tSSP, [Z/H]SSP and [E/Fe]SSP as is usually done
for observed galaxies. We then analyse how the result depends on the input parameters
(t1, [Z/H]1, [E/Fe]1, t2, [Z/H]2,[E/Fe]2 and µ=M2/M1 whereM is the stellar mass) and
on the luminosity-weighted properties of the CSP’s. We restrict our study to systems
composed of only two SSP’s because this case is still relatively easy to treat and might
be a reasonable first-order approximation for early-type galaxies. In Sec.6.2 we explain
in some details the construction of the two datasets, we present the results in Sec.6.3,
and finally draw some conclusions.

6.2 Models of composite stellar populations
We define a set of old and young SSP’s in Table 6.1. All the possible combinations of
one old and one young SSP for each of the values of the mass fraction µ give the 30720
CSP models that form each of the datasets. A dataset consists of a 7-dimensional grid in
the parameters (t1, [Z/H]1, [E/Fe]1, t2, [Z/H]2,[E/Fe]2, µ). At each position in the grid
we store a vector that contains the line-strength indices of the two input SSP’s and of
the resulting CSP, the luminosity-weighted stellar parameters (tLW, [Z/H]LW, [E/Fe]LW)
and the SSP-equivalent stellar parameters (tSSP, [Z/H]SSP,[E/Fe]SSP).

The luminosity-weighted stellar parameters are defined in terms of the V -luminosity
of the parent populations at the respective ages (i.e., taking into account the change in
mass-to-light ratio as a population ages).

The SSP-equivalent parameters are determined by comparing the Lick/IDS line-
strength indices Mgb, Fe5270 and Fe5335 and a Balmer-line index of the CSP to their
values according to models (BC03 or W94 depending on the dataset). As Balmer-line
index we use alternatively Hβ, HγA, HγF , HδA or HδF , obtaining SSP-equivalent parame-
ters for each of them separately. These will then be labelled according to the Balmer-line
index used in deriving them (e.g., tHβ is the SSP-equivalent age derived using Mgb,
Fe5270 and Fe5335 and Hβ). The use of different Balmer lines is important because they
respond differently to the presence of a young stellar component on top of the old one
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Figure 6.1: Top panel: BC03 parent SSP’s of solar [E/Fe] plotted on top of BC03
model grid; filled triangles represent the young SSP’s (SSP2); open circles represent the
old SSP’s (SSP1) which dominate the mass of the CSP’s (see Table 6.1). Bottom panel:
distribution of the BC03 CSP’s built from the solar-[E/Fe] SSP’s.
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(Schiavon et al. 2004).
Although W94 and BC03 models are available only with [E/Fe]=0, Table 6.1 contains

also parent SSP’s of non-solar [E/Fe]. In these cases we correct the line-strength indices
given by the models according to the [E/Fe] variations. We then use the corrected values
when both building the CSP models and measuring their SSP-equivalent parameters.
The correction scheme is the one described in Trager et al. (2000b) but improved by the
use of new response functions computed and kindly provided by G. Worthey. For details
see Trager, Faber & Dressler (2008, submitted).

Fig.6.1 shows the distribution of the solar-[E/Fe] parent SSP’s drawn from the BC03
models and of the resulting CSP’s on the plane [[MgFe],Hβ], where age and metallicity are
efficiently decoupled. The points are plotted on top of the BC03 solar-[E/Fe] model grid.
The CSP models cover most of the area where early-type galaxies have been observed to
lie (e.g., Trager et al. 2000b; Denicoló et al. 2005; Thomas et al. 2005).

6.3 Results
We calculate the covariance coefficients between the SSP-equivalent stellar parameters
and the input parameters in order to understand which input parameters are mostly
driving the variations in tSSP, [Z/H]SSP and [E/Fe]SSP. Table 6.2 shows the result of this
calculation performed on the BC03 dataset. The covariance coefficients do not change
much when changing Balmer-line index. In the table we give the range within which
each coefficient varies when changing Balmer-line index. Furthermore, we have verified
that the W94 dataset gives the same result. The following comments apply therefore to
all Balmer-line indices and to both datasets.

• The variations in tSSP are mostly driven by variations in t2, the age of the young
population, and µ, the mass fraction, while other parameters play a secondary role.
The sign and absolute value of these two covariance coefficients clearly show the
strong degeneracy between t2 and µ: the same tSSP can result from a small mass
of young stars or a sufficiently large mass of older stars.

• The variations in [Z/H]SSP are by far dominated by variations in [Z/H]1, the metal-
licity of the old population. The mass fraction µ and the age of the young popula-
tion t2 also play a relevant role with the usual degeneracy. The latter correlations
must be (at least partially) due to the fact that in the dataset [Z/H]2 is on aver-
age larger than [Z/H]1. However, we have verified that the covariance coefficients
between [Z/H]SSP and µ and between [Z/H]SSP and t2 remain significantly larger
than zero when considering a subset of models with [Z/H]1 and [Z/H]2 sampled in
identical ways (in particular, the covariance coefficients drop by a factor of ∼2 and
∼1.3 respectively).

• [E/Fe]SSP seems to be varying mostly because of variations in the abundance ratios
of the two parent populations, with the old, massive population being dominant.
As for [Z/H]SSP, the correlation with µ and t2 is only in part due to the different
sampling of [E/Fe]1 and [E/Fe]2. Using a subset of models with identical sampling
of [E/Fe]1 and [E/Fe]2 reduces the covariance coefficient with µ and increases the
one with t2 by a factor of ∼3.
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Figure 6.2: Hβ-based tSSP, [Z/H]SSP and [E/Fe]SSP plotted versus the respective V -
band luminosity-weighted quantities using BC03 dataset. The dashed line of each plot
is the identity line. The colour codes t2.
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Figure 6.3: Difference between Hβ- and HγA-based SSP-equivalent parameters as a
function of µ. The plots are obtained using the BC03 dataset and solar [Z/H] and [E/Fe]
for both SSP1 and SSP2. The age of SSP1 is fixed at 13 Gyr.
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Covariance coefficients highlight which of the input parameters play the dominant role
in determining the variation of the SSP-equivalent ones. It is also interesting to see how
the latter relate to the average properties of the model CSP’s. Fig.6.2 shows the com-
parison between the Hβ-based SSP-equivalent parameters and the V -band luminosity-
weighted ones. The behaviour is substantially the same when using different Balmer-line
indices.

[Z/H]SSP and [E/Fe]SSP seem to track quite closely [Z/H]LW and [E/Fe]LW respec-
tively; strong deviations are observed only for the youngest t2. On the other hand tSSP
is always much smaller than tLW and lies somewhere between the latter and t2. This
effect was already known (Trager et al. 2000a). Its explanation is that the determination
of tSSP relies primarily on Balmer-line indices (see the model grid in Fig.6.1). These are
dominated by young stars and therefore tSSP is strongly biased towards the age of the
young stellar component. As Fig.6.2 illustrates, the younger SSP2 the stronger this bias
is.

Fig.6.2 demonstrates that it is not correct to use tSSP as an estimate of when a galaxy
formed its stars (yet, this is often done; see for example Clemens et al. 2006). A fair
statement would be that tSSP is a Balmer-line-weighted age and it should always be kept
in mind that such age is strongly biased towards the age of young stellar components.
Furthermore, as highlighted by the covariance coefficient and confirmed by Fig.6.2, the
effect of t2 and µ on tSSP is degenerate. An increasingly older SSP2 can produce the
same tSSP as long as µ is properly increased (in Fig.6.2 µ increases towards decreasing
tSSP and tLW).

As mentioned, SSP-equivalent parameters derived from different Balmer-line indices
behave substantially in the same way (i.e., Fig.6.2 looks roughly the same for all of them).
However, different Balmer-line indices are sensitive to the presence of young stars at
different levels (Schiavon et al. 2004). Because of this tSSP, [Z/H]SSP and [E/Fe]SSP (of
a CSP) computed with different Balmer-line indices will not be in agreement. Fig.6.3
illustrates this concept for a subset of the CSP models chosen to have solar chemical
composition and t1=13 Gyr. It can also be seen that the difference between Hβ- and
HγA-based SSP-equivalent parameters goes to zero for µ approaching 0 and 1 and peaks
between these two extremes at a position dependent on t2. Furthermore, Fig.6.3 shows
once more the degeneracy between t2 and µ. The same difference between, for example,
tHβ and tHγA can be caused by increasingly older SSP2’s as long as the mass fraction µ
is sufficiently increased.

For clarity Fig.6.3 shows only a subset of the CSP models. A similar trend is anyway
observed in the whole sample (and in W94 dataset), showing that it is possible to detect
the presence of a young stellar component on the basis of the disagreement between SSP-
equivalent parameters obtained with different Balmer-line indices. We actually expect
that more dramatic disagreements in, for example, tSSP are accompanied by larger differ-
ences in [Z/H]SSP and [E/Fe]SSP. This is indeed observed and showed in Fig.6.4, where
the difference between Hβ- and HγA-based [Z/H]SSP and [E/Fe]SSP is plotted versus the
difference in tSSP. In particular the age-metallicity plot shows a very tight relation. This
could be used in order to test the correctness of one’s results.

Different Balmer lines can be used as a diagnostic for the presence of a young stellar
component only as long as the differences in the SSP-equivalent parameters are larger
than the observational errors. These are typically of 0.1 on the logarithm of tSSP and on
[Z/H]SSP and of 0.05 on [E/Fe]SSP (see for example Trager et al. 2000b; Thomas et al.
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2005). Fig.6.4 shows that with these errors tSSP measurements are the most efficient in
revealing a young component, allowing the detection of SSP2’s younger than ∼2.5 Gyr.
As suggested by Fig.6.3, this is however possible only within a certain range of µ. The
actual range depends on t2 but we find it to be roughly between 1% and 10%. [Z/H]SSP
and [E/Fe]SSP are only sensitive to SSP2’s younger than ∼1.5 Gyr with µ between 2% and
10%. It is important to stress that for µ ≥10% there is no detectable difference between
the SSP-equivalent parameters derived from different Balmer-line indices. At these values
of µ the Balmer-line indices are so heavily dominated by the younger populations that
they all “see” the same age, which is very close to the age of the young population.

Fig.6.3 and Fig.6.4 show another interesting feature: the largest difference between
tHβ and tHγA in Fig.6.3 is small compared to the one in Fig.6.4. Recall that Fig.6.3
is relative to CSP’s where both SSP1 and SSP2 have solar chemical composition, while
Fig.6.4 represents the whole BC03 sample, with [Z/H] growing significantly above solar.
The two figures suggest that [Z/H] plays an important role with respect to the differ-
ence tHβ–tHγA . Fig.6.5 shows that indeed high (and therefore more easily detectable)
differences in tSSP occur only at high metallicities. Similar plots hold for the difference
in [Z/H] and [E/Fe]. We therefore find that the use of more than one Balmer-line index
can reveal the presence of a young stellar populations, but that this is possible only for
a small range of t2 and µ and depends also on the metallicity of the populations.

We would like to remind the reader that a disagreement between Balmer-line-based
SSP-equivalent parameters, in principle revealing the presence of a young stellar compo-
nent, could also result from the approach used when analysing the data. In particular, it
is important to remember that different Balmer-line indices respond differently to vari-
ations in [E/Fe]. Thomas et al. (2004) and Thomas & Davies (2006) pointed out that
this causes a discrepancy between SSP-equivalent parameters determined from different
Balmer-line indices when using as a comparison models with solar [E/Fe] only. This
effect could mimic the presence of a young stellar component. However, no such problem
should occur when using models that account properly for [E/Fe] variations, as was done
here.

Another delicate point when using Balmer-line indices is their increase caused by hot
star populations like blue horizontal branch stars or blue stragglers (Maraston & Thomas
2000; Trager et al. 2005). Although this is not an issue for the present study, where we
do not explore the metal-poor regime at which these stars are expected to be found, this
problem should always be kept into consideration when dealing with real data.

6.4 Conclusions
We have built two datasets of composite stellar populations (CSP) using Bruzual &
Charlot (2003) and Worthey (1994) models. Each CSP model in the datasets consists
of an old single-burst stellar population (SSP1) and a younger, less massive one (SSP2).
We have investigated how the SSP-equivalent parameters determined by measuring the
Lick/IDS line-strength indices of the CSP’s depend on the stellar parameters of SSP1 and
SSP2. By means of covariance coefficients we have found that, regardless of the particular
stellar population model used in building the CSP’s and of the Balmer-line index used
for the analysis: tSSP, the SSP-equivalent age, depends primarily on t2, the age of the
young population, and µ, the mass fraction between the two populations; variations in
[Z/H]SSP, the SSP-equivalent metallicity, are mostly driven by variations in [Z/H]1, the
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Figure 6.4: Difference between Hβ- and HγA-based [Z/H]SSP (top) and [E/Fe]SSP
(bottom) plotted versus the difference in tSSP. Each point corresponds to a BC03 CSP
model. The presence of a young stellar population on top of an old one causes SSP-
equivalent parameters based on different Balmer-line indices to disagree. This effect
must be and indeed is observable simultaneously in tSSP, [Z/H]SSP and [E/Fe]SSP. In
particular, points seem to be distributed along a very tight relation in the age-metallicity
plane.
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Figure 6.5: Difference between Hβ- and HγA-based tSSP plotted versus the HγA-based
[Z/H]. There is a clear trend that gives larger tSSP discrepancies at larger [Z/H]SSP.

metallicity of the old population; and [E/Fe]SSP the SSP-equivalent abundance ratio,
depends mainly on [E/Fe]1, the abundance ratio of the old population.

Furthermore, we have found that [Z/H]SSP and [E/Fe]SSP track quite closely the
V -band luminosity-weighted metallicity and abundance ratio ([Z/H]LW and [E/Fe]LW)
except in case of very young (and significantly massive) SSP2. On the other hand, tSSP
does not follow tLW, being strongly biased towards the the age t2 of the young population.
The SSP-equivalent age tSSP is simply a Balmer-line-weighted age and should not be
interpreted as the time passed since the formation of most of the stars in a galaxy.

Finally, as found by Schiavon et al. (2004), using more than one Balmer-line index
can reveal the presence of a young stellar component on top of an old one. In this case,
SSP-equivalent parameters derived from different Balmer-line indices give discrepant re-
sults. This is true, however, only for values of µ between 1% and 10% and for t2 ≤2.5
Gyr assuming typical errors on tSSP, [Z/H]SSP and [E/Fe]SSP. Furthermore, these dis-
crepancies are higher at supersolar [Z/H]SSP. Finally, this method does not appear to
break the degeneracy between the age and the mass fraction of the young population,
especially when considering the size of the typical error bars. In this respect, what is
really needed is an age-sensitive index dependent on the age of the old stellar population
(i.e., RGB stars), to be used in combination with Balmer-line indices.
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Table 6.2: Covariance coefficients between SSP-equivalent parameters and input parameters

log t1 log t2 [Z/H]1 [Z/H]2 [E/Fe]1 [E/Fe]2 µ

log tSSP 0.05 , 0.10 0.51 , 0.56 −0.14 , −0.07 0.09 , 0.12 −0.01 , 0.01 −0.01 , 0.00 −0.57 , −0.65
[Z/H]SSP 0.02 , 0.06 −0.19, −0.32 0.78 , 0.85 0.09 , 0.16 −0.01 , 0.01 0.00 , 0.01 0.25
[E/Fe]SSP 0.00 , 0.01 −0.11, −0.01 0.02 , 0.07 −0.06 , −0.04 0.85 , 0.87 0.23 −0.19 , −0.17

Each entry is the range within which the covariance coefficient varies when changing Balmer-line index (or the value of the coefficient
if this does not vary). The largest coefficients for each SSP-equivalent parameter are given in italics.
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Summary and future prospects

The discovery that a large fraction of early-type galaxies (ETGs) contains a significant
amount of neutral hydrogen is relatively recent (Knapp et al. 1985a; Roberts et al.

1991; Huchtmeier 1994; Huchtmeier et al. 1995e.g., ). In particular, interferometric radio
observations aimed at determining the detailed spatial distribution and kinematics of the
H i around individual galaxies started in the 1970’s (see, for example, van Gorkom &
Schiminovich 1997 review). Since these studies, many of the questions regarding the H i
in ETGs have remained unanswered. For example, what is the dominant process (if any)
that brings H i around ETGs? What is the impact of this gas on the evolution of ETGs
as a class?

Observationally, the only way to answer these questions is to make use of 21-cm-
wavelength interferometry in order to get a handle on the distribution and kinematics
of the H i around the host galaxy; and then compare the result of this analysis to other
relevant galaxy properties. This is the spirit of the early works aimed at exploring the
connection between optical morphology and H i in ETGs (e.g., Bregman et al. 1992;
Schiminovich et al. 1994, 1995, 1997; van Gorkom & Schiminovich 1997; Dĳkstra 1999;
Sansom et al. 2000).

Along this line, this thesis represents the first attempt at comparing the H i properties
of ETGs to their stellar populations, stellar kinematics and ionised-gas properties over
a large sample designed specifically for this purpose. In Sec.7.1 we summarise the main
results of our observations with focus on original aspects of this investigation. In order to
give a complete picture of the current understanding of this subject, we also mention the
results of a similar project carried out at the same time as ours (although on a smaller
sample) by Morganti and collaborators. In Sec.7.2 we discuss briefly the limitations of
this work. We conclude with Sec.7.3, where we discuss on-going and future research in
this field.
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7.1 Results of this thesis

7.1.1 H i properties of ETGs
An important result of past interferometric observations is the definition of the range of
H i properties of ETGs (Schiminovich et al. 1994, 1995, 1997; Veron-Cetty et al. 1995;
Morganti et al. 1997, 2006; Balcells et al. 2001; Oosterloo et al. 2002, 2007b; Serra et al.
2006; Helmboldt 2007). The H i is typically very dilute, with column density ranging
between 1019 and a few times 1020 cm−2. This is reasonable, as the otherwise-large gas
density would trigger detectable star formation and the host galaxy would probably not
be classified as a regular ETG. The H i mass around ETGs ranges from a few times 106

to ∼1010 M�. The H i is observed in a strikingly-wide variety of configurations going
from massive discs tens of kpc in size to clumps of gas scattered in an apparently chaotic
way around the host galaxy. There are suggestions that the actual H i morphology might
be related to the amount of gas present (Oosterloo et al. 2007b; Chapter 2). Finally,
M(H i) does not correlate with galaxy luminosity. This lead to the conclusion that the
H i is not produced internally by stellar processes (Knapp et al. 1985a).

In works like this thesis, where we are limited to the study of a few tens of nearby
galaxies rather than all objects within a volume- or magnitude-limited survey, it is im-
portant to have a clear idea of the properties of the sample with respect to the whole
class of objects under scrutiny. For this reason, Chapter 2 is dedicated to present the
sample, describe the selection of the galaxies belonging to it, and discuss any systematic
that may be present and affect our results.

We are confident that the sample, although limited in size, is an appropriate basis
for an investigation of the role of H i with respect to stellar and ionised-gas properties of
ETGs. The sample covers the whole range of H i masses and properties described above.
The H i in low-M(H i) galaxies is distributed on small scattered clouds around the
stellar body, while in high-M(H i) systems it is spread over more extended and regular
structures with various levels of gas settling. The sample is not biased in the distribution
of M(H i) with respect to other relevant galaxy properties like colour, morphological
type and stellar velocity dispersion σ. The lack of correlation between M(H i) and σ is
particularly important since, in this thesis, we want to study the relation betweenM(H i)
and quantities that do correlate with σ (stellar population parameters and kinematics).
Finally, the sample is biased against high-density environments and, because of its size
and selection, is not necessarily representative of the local ETG population. This is a
significant limitation of this work which will be overcome by future surveys (see Sec.7.3).

7.1.2 Individual galaxies: the case of IC 4200
The observation of nearby galaxies offers the possibility of performing a detailed analysis
of individual objects. In this thesis, we investigated in some detail the nature of one of
the galaxies in the sample, IC 4200. This study is presented in Chapter 3 (Serra et al.
2006).

IC 4200 is a very-H i-rich lenticular (M(H i)∼1010 M�) whose neutral hydrogen is
distributed on a fairly regular, strongly-warped disc extending out to 60 kpc from the
stellar body. The comparison of our H i observations to theoretical work teaches us
that both qualitatively and quantitatively the H i may come from the merger of two
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Milky-Way-like galaxies as well as accretion of cold gas from the intergalactic medium
(IGM).

We analyse optical spectra and imaging of IC 4200 to test whether they can help
distinguishing between these two formation mechanisms. The galaxy exhibits bright
ionised-gas emission lines kinematically decoupled from the stars and characterised by
LINER-like line-ratio at any distance from the centre. Furthermore, we find a 1.5-Gyr-
old central stellar population. From optical imaging, we find an inner stellar disc and
optical shells. In particular, we interpret the presence of a young stellar component
and of morphological disturbance as an indication that the galaxy formed via a merger.
As discussed in Chapter 3, our conclusion on the stellar population relies heavily on a
correct removal of the ionised-gas-emission contamination to the stellar spectrum. We
discuss how in galaxies where the emission is strong, like IC 4200, this correction may
be strongly dependent on the adopted emission-line subtraction method.

In principle, an analysis similar to that carried out on IC 4200 could be performed
over each galaxy of our sample. For example, we are currently studying in detail the
galaxy ESO 381-47, for which VLA interferometry has been obtained as a complement
to our ATCA data presented in Chapter 5. In this case, we will combine the H i data
not only to optical imaging and spectroscopy, but also to GALEX ultraviolet imaging
that has revealed the presence of a UV ring superimposed to the neutral-hydrogen one.
However, as discussed below, in this thesis we focused mostly on the study of the global
relation between H i, stellar and ionsed-gas properties within the galaxy sample as a
whole.

7.1.3 H i and stellar populations
The main goal of this project is to study the relation between stellar population and
H i properties of ETGs. This investigation is presented in Chapter 4 (Serra et al. 2008,
in press), where we analyse ETG stellar populations by comparing a set of Lick/IDS
line-strength indices measured from the optical long-slit spectra of galaxies to single-
burst-stellar-population (SSP) model prediction. Before summarising the results of this
analysis, let us remind that this technique provides SSP-equivalent parameters; i.e., age
and chemical composition of the SSP model whose line-strength indices are closest to
the ones of the observed galaxy. In Chapter 6 (Serra & Trager 2007) we discuss the
limitations of this approach. In particular, through a systematic model-based analysis,
we confirm earlier findings that the SSP-equivalent age is strongly biased towards the
age of a young stellar component; and that age and mass fraction of the young stars are
degenerate in determining this bias (e.g., Trager et al. 2000a). On the other hand, the
SSP-equivalent chemical composition is close to the V -band luminosity-weighted one.

Keeping these caveats in mind, in Chapter 4 we find that SSP-equivalent age, metal-
licity and α/Fe ratio of ETGs do not depend on H i mass. In particular, young stellar
ages are found at any M(H i), so that the presence of a large reservoir of neutral hy-
drogen (usually distributed out to large radii) is not linked to recent star formation in
the inner part of the stellar body. The same result was found by Morganti et al. (2006),
although within a sample of only 12 galaxies.

Along with this negative result, we find hints of a relation between the H i properties
and the stellar-population gradients in our sample. At σ ≤240 km/s, 60% of the 13 ETGs
with M(H i)≤108 M� exhibit a central stellar-age drop by a factor of at least 1.7 when
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moving from the inner Re/2 to the inner Re/16. This fraction is large, especially when
compared to the result that none of the 13 H i-rich galaxies (M(H i)≥108 M�) in the
same σ range show a significant age gradient (although they can be uniformly young).
Given the results of Chapter 6, we interpret this decrease in the stellar age when moving
towards the centre as due to the presence of a central, young stellar component on top
of the underlying population which dominates at larger radii. Finally, no ∆t-M(H i)
relation is found in more massive galaxies, as they exhibit a uniform stellar age across
the stellar body independent of M(H i).

In Chapter 4 we attempt an interpretation of this result under the hypothesis that a
large fraction of MB ≥ −21 spheroids are formed via disc-galaxy mergers from z∼1 to
now (e.g., Bell et al. 2004b; Faber et al. 2007). Namely, it is possible that during
a merger the large-scale gas survival, which may lead to the formation of extended
H i structures, is inversely proportional to the gas-infall efficiency and therefore to the
intensity and concentration of star formation in the centre of the remnant. Simulations
support this conjecture (e.g., di Matteo et al. 2007). Therefore, it is possible that
merger remnants surrounded by extended H i structures have hosted weaker and less
concentrated star formation, so that they exhibit a weaker stellar-age gradient, than the
H i-poor remnants. This is indeed what we observe. Furthermore, since the infalling gas
comes from a pre-existing disc and is therefore already metal-rich, central rejuvenation
should be accompanied by an increase in the stellar metallicity. This is also observed.
Within this picture, H i-rich ETGs do not need to be old. Instead, they should exhibit a
rather uniform stellar age throughout the stellar body. Indeed, we find some uniformly-
young, H i-rich ETGs. In these objects, the H i is found in fairly disturbed configurations
(warped disc/ring, tails), confirming that the host galaxy might have formed via a recent
high-angular-momentum merger.

The ∆t-M(H i) relation suggests that gas-rich disc mergers play an important role in
the formation and evolution of ETGs and in shaping their H i properties. As we discuss
in Chapter 4, other mechanisms might be relevant, going from accretion of (cold) gas
from the inter-galactic medium to secular evolution and environmental effects. However,
no strong evidence is found in this direction, and the simpler interpretation of our result
over the entire sample remains that involving galaxy mergers. Confirming this result
on the basis of a representative and complete sample of local ETGs may quantify the
relative importance of dry and wet mergers for the formation of ETGs as a function of
galaxy mass.

7.1.4 H i and stellar kinematics
The data gathered to study the stellar population of ETGs as a function of their H i
content allow us also to study the stellar kinematics (i.e., the line-of-sight velocity distri-
bution) along the adopted long-slit position angles. As discussed in Chapter 5, we find no
clear relation between stellar kinematics and H i. H i-rich as well as H i-poor galaxies are
found at any location on the classic v/σ-vs.-ε diagram, which quantifies the amount of
rotational support to a galaxy shape pending uncertain anisotropy and inclination effects
(e.g., Bertola & Capaccioli 1975; Illingworth 1977; Binney 1978). There is no relation
also with the morphology/kinematics of the H i distribution. Interestingly, we find ex-
amples of galaxies with regular, extended H i discs but very little stellar rotation despite
significant flattening. Furthermore, kinematical signatures of a disc sub-component (e.g.,
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vstar-h3 anti-correlation, σstar plateau or dips) are not associated in any way with the
mass or morphology of the H i. Overall, the H i seems to have little to do with the stellar
kinematics of (the inner region of) ETGs. The same conclusion was reached by Morganti
et al. (2006) on the basis of their sample of 12 galaxies. Marginally, it is possible that
among massive galaxies, larger M(H i) values correspond to larger v/σ. However, more
galaxies would be needed to confirm this conclusion.

If our interpretation of the stellar population results in Chapter 4 is correct, one might
expect to find kinematical evidence that (a fraction of the) H i-poor ETGs are retrograde-
merger remnants while H i-rich objects formed via prograde mergers. For example, being
characterised by a larger total angular momentum, prograde mergers may generate ETGs
with larger amounts of rotational support than those formed via retrograde encounters.
Our data do not support this view. However, many complications exist. For example, the
efficient gas inflow during retrograde mergers may increase the importance of minor-axis
tube orbits in the remnant making it more rotationally-supported, as shown by Naab et
al. (2006). Furthermore, during a merger, most of the angular momentum of the system
is distributed at large radii, where our long-slit data do not allow us to measure the stellar
kinematics. Therefore, it is not clear whether our kinematical results are at odds with
the stellar-populations ones. In this sense, the observation of large-radius kinematical
probes like globular clusters and planetary nebulae is an important complement to the
stellar kinematics in the inner ∼Re (e.g., Côté et al. 2003; Peng et al. 2004b,a; Richtler
et al. 2004; Bekki et al. 2005; Napolitano et al. 2007).

7.1.5 H i and ionised gas
In Chapters 4 and 5 we discuss the connection between neutral and ionised-gas phase in
ETGs. The ionised gas is studied through its emission lines, detectable in the optical
spectra of 60% of the galaxies in our sample. We find that the ionised-gas is always
extended and characterised by LINER-like emission-line ratios. This implies that ionisa-
tion mechanisms other than just star formation are at work (e.g., shocks; see Filippenko
2003).

Regarding the connection to the neutral-hydrogen phase, in Chapter 4 we find that
only H i-rich galaxies (M(H i)≥ 108M�) can host strong ionised-gas emission. Since the
H i is typically distributed out to many tens of kpc from the stellar body, such relation
to the amount of ionised gas detected within the inner few kpc is not a trivial result.
Indeed, a largeM(H i) appears to be a necessary but not sufficient condition for a galaxy
to host bright ionised-gas emission, as galaxies exist with a large H i mass but no or little
ionised gas.

In Chapter 5 we attempt to clarify this connection by comparing the kinematics of
the two gas phases. From our analysis, and keeping in mind the poor sampling of the
ionised-gas kinematics offered by our long-slit data, bright ionised-gas seems to be hosted
only by those H i-rich galaxies where the neutral hydrogen is distributed all the way down
to the stellar body of the galaxy. In almost all these cases, the kinematics of the ionised
gas is at least consistent with that of the H i. On the contrary, no or little ionised gas
is detected in H i-rich objects where the neutral hydrogen is confined to large distances
from the stellar body. This connection is in agreement with the finding of Morganti
et al. (2006) that galaxies with regular, rotating H i distributions host ionised-gas discs
kinematically connected to the H i.
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As mentioned above, H i-poor systems are characterised by fainter or undetected
emission lines within the stellar body. Yet, even in a few of these cases the kinematics
of the ionised gas is consistent with that of the H i, while often it does not appear to
be settled. Overall, ionised-gas and H i in ETGs seem strongly related and part of a
same gaseous structure. Such connection, together with the LINER-like line-ratios of the
ionised gas, suggests that the latter may be gas originally belonging to the H i system
and then ionised by shocks (and possibly ongoing star formation) in the inner part of the
stellar body.

7.2 Limitations of this thesis
This work represents an important step in understanding the relation between the H i
phase of ETGs and other properties like stellar populations, stellar kinematics and
ionised-gas content. Sample selection, observations and analysis technique suffer a num-
ber of limitations which we discuss in this section.

The sample, although unbiased in the distribution of M(H i) with respect to other
relevant galaxy properties, is small and not necessarily representative of the local ETG
population. As explained in Chapter 2, this is caused by the fact that galaxies had
to be selected on the basis of available 21-cm-wavelength interferometric observations.
These are very heterogeneous in terms of detection limit, spatial and velocity resolution,
selection of the target. Therefore, our conclusions and suggestions (e.g., the connection
between stellar-age gradient and M(H i)) should be tested on more solid grounds. At
this moment, what is really lacking is 21-cm interferometry of a complete, volume-limited
sample of ETGs over which to perform an investigation like the one presented here. As
discussed below, a project aiming at providing such dataset is currently in progress.

Another important limitation comes from the observational technique adopted in
this thesis: long-slit spectroscopy. For nearby objects like the ones studied here, long-
slit spectra sample the stellar body quite poorly. Therefore, our view of the ionised-gas
content, stellar population and kinematics in galaxies is only partial. Given the recent
instrumentation developments, the use of integral-field spectroscopy is more appropriate
for this kind of work. For example, the SAURON project demonstrated how much more
can be learnt by applying this technique to the study of local galaxies (e.g., Emsellem
et al. 2004, 2007; Kuntschner et al. 2006; Sarzi et al. 2006). Again, we discuss below
on-going effort aimed at providing integral-field spectroscopic observations of a complete,
volume-limited sample of local ETGs.

With respect to our stellar population analysis, an important caveat comes from the
Balmer-vs.-metal-line scheme adopted to compare observed galaxies to models. This
technique is widely used because it allows us to disentangle age and metallicity of stars
(e.g., Worthey 1994). However, as discussed in Chapter 6, it provides a biased view of the
stellar population within a galaxy. The most evident problem is that the measured stellar
age is very sensitive to the presence of an even minor young stellar sub-component. This
makes the stellar populations result hard to interpret and subject to many uncertainties.
On the other hand, there is the advantage that Balmer-line-based ages allow us to detect
even minor amounts of recent star formation in galaxies dominated by old stars.

Finally, using Balmer lines as an age indicator means having to deal with contamina-
tion of the stellar absorption-line by ionised-gas emission. Although most of our galaxies
have only minor Hβ contamination, the case of IC 4200 (Chapter 2) shows vividly how
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important this effect can be. A possible improvement for the stellar-population analysis
may come from combining a number of line-strength indices and broad-band colours over
a large wavelength range in order to estimate a star-formation history (or the parame-
ters of a multi-burst model) rather than just assigning one age and chemical composition
to an observed spectrum (e.g., Schawinski et al. 2007). At the same time, this would
alleviate the problem of emission-line contamination.

7.3 Future work: Atlas3D and a WSRT H i survey
As a consequence of the relatively recent realisation that neutral hydrogen is a common
characteristic of ETGs, at least in the field, the available 21-cm observations are still
inadequate to try to answer some of the interesting questions related to the presence of
H i in these objects. For example:

• What do ETGs really look like when observed at 21 cm? In other words, what
is the distribution of H i mass, morphology and kinematics in a representative
sample of ETGs? And how does the H i appearance of a galaxy depend on its
other observable properties?

• Given such a sample, do we still see (and can we understand) the large scatter
observed so far in the H i configuration around ETGs? Is there a dominant process
that can explain the result of these observations? For example, has the gas been
accreted in discrete episodes (merging or accretion of small gas-rich galaxies) or has
it smoothly piled up over an extended period of time (as expected from accretion
of cold gas from the IGM)?

• Does the H i gas teach us anything about the formation of the observed systems?
Does/will it play any relevant role in the future evolution of the host galaxies?

To be able to answer these questions it is first crucial that a clear observational picture
is in place. In order to achieve this target, we have started a 21-cm survey of a large
volume-limited sample of ETGs with the WSRT.

An important aspect of this survey is that it is carried out within the broader Atlas3D

project. A major part of this is an integral-field spectroscopic survey with the SAURON
spectrograph. Atlas3D contains a total of 265 ETGs selected on the basis of their morpho-
logical type and 2MASSK-band absolute magnitude (MK ≤-21.5), and whose luminosity
function is representative of that over the entire sky within the same velocity range. The
H i survey within Atlas3D contains all 160 galaxies in the sample observable with the
WSRT. Of these, those (mostly in the Virgo cluster) with good M(H i) upper limits will
not be observed, so that the survey will provide new H i observations of ∼100 objects.

Atlas3D integral-field spectroscopy will establish the stellar populations, stellar kine-
matics and ionised-gas properties of local ETGs. The complementary H i survey will
provide the detailed distribution and kinematics of the H i around a large fraction of
these galaxies. It will therefore be possible to carry out an investigation along the same
line of what presented in this thesis (and in Morganti et al. 2006) without the obser-
vational limitations of our data (i.e., integral-field vs. long-slit spectroscopy), over a
representative, complete sample and with good statistics. Atlas3D and our H i survey
will set the reference in this field for many years to come.
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