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ABSTRACT
We examine the H� Lick index in a sample of� 24 000 massive (log(M/ M� ) > 10.75) and
passive early-type galaxies extracted from the Sloan Digital Sky Survey atz <
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Table 1. Redshift range, mass range, median mass and median velocity dispersion of the passive galaxies in different mass subsamples.

Redshift Mass Median Median No. of galaxies
z range mass velocity dispersion

log (M/ M� ) log (M/ M� ) � (km sŠ1)

BinI 0.05–0.18 10.75–11.0 10.87± 0.001 207.3± 0.3 11 631
BinII 0.05–0.22 11.0–11.25 11.10± 0.001 234.5± 0.4 7990
BinIII 0.08–0.25 11.25–11.5 11.34± 0.001 259.9± 0.6 3314
BinIV 0.1–0.3 > 11.5 11.58± 0.002 286.1± 1.1 979

Total 0.05–0.3 > 10.75 11.01± 0.001 226.7± 0.2 23 914

Figure 3. Median stacked spectra of the four passive galaxies’ mass subsamples (from top to bottom, respectively, for BinI, BinII, BinIII and BinIV, left-hand
panel). In the range between 3500 and 6800 Å, there are not signi�cant emission lines ([OII], [O III ], H� and [NII] � 6584). The H� line shows a typical
absorption feature (right-hand panel) in all the mass bins (from black to light grey for BinI, BinII, BinIII and BinIV, respectively). The spectra arenormalized
between 5000 and 5500 Å rest frame.

of 0.033 Å, which is comparable with the average measured error.
Therefore, we �nd that the two independent methods are consistent,
and without any signi�cant biases.

3 TRENDS OF H�

We derive the median H� –redshift relations in each mass subsam-
ple; we use narrow redshift bins (� z� 0.02–0.03) for the three most
populated mass subsamples, while in the more massive subsample
we use� z � 0.04 because of the lower statistic with respect to the
other samples.

The results are shown in Fig.4. From this �gure, we note two
main trends.

(i) A clear H� –redshift relation for each subsample, with an
increase in the index strength of� 10 per cent along the redshift
range.

(ii) A clear trend with mass, i.e. at each redshift more massive
galaxies present a lower H� index with respect to less massive ones
(� 9 per cent).

It is interesting to note that both effects can easily be seen even
by direct inspection of the median spectra. As an example, we
show the stacked spectra at different redshifts for the sample with
11 < log (M/ M� ) < 11.25 (BinII, see Fig.5, left-hand panel),
from which a deeper absorption line with redshift is evident. The
trend with the mass is also visible in the stacked spectra of galaxies
at �xed redshift, with most massive galaxies showing a smaller
absorption line than lower mass ones (see Fig.5, right-hand panel).

Figure 4. Median H� –redshift relation for passive galaxies in different
mass subsamples (circles, squares, triangles and diamonds for BinI, BinII,
BinIII and BinIV, respectively).

Both these trends are qualitatively consistent with a general age-
ing of the stellar population and a mass–age relation (‘mass down-
sizing’), also found by Thomas et al. (2010). Our results also concur
with a recent work of Choi et al. (2014). By modelling the full opti-
cal spectrum of a quiescent galaxy sample at low and intermediate
redshift (0.07< z < 0.09 from the SDSS and 0.1< z < 0.7 from
AGN and Galaxy Evolution Survey), Choi et al. (2014) found that
the best-�tting single stellar population (SSP) equivalent age is
higher for the most massive galaxies and it increases with decreas-
ing redshift at �xed stellar mass. This correspondence between two
different methods highlights the potential of our H� line as a tracer
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H� Lick index in passive early-type galaxies1751

Figure 5. Median stacked spectra in the H� line region. Left-hand panel: stacked spectra with the same mass (11< log (M/ M� ) < 11.25, BinII) and different
mean redshiftz = 0.08, 0.10 and 0.1875 (from light grey to black, respectively). Right-hand panel: stacked spectra with the same redshift,z = 0.125, for
different mass subsamples (black, grey and light grey for BinI, BinII and BinIV, respectively). For illustrative purposes, the BinI and BinII spectra are smoothed
to the common velocity dispersion of BinIV.

of ageing in the stellar population. We test this interpretation in
Section 3.1.

3.1 Sensitivity to metallicity and velocity dispersion

The H� index is not totally immune to metallicity (Z/ Z� ) effects
for the integrated stellar population (Worthey et al.1994). Further-
more, this index is sensitive to the galaxy velocity dispersion (� ).
To exclude the possibility that the trends found are due to a� or
Z/ Z� variation, we study the impact of these parameters using
SPS models. We consider Bruzual & Charlot (2003) and Maraston
& Strömb̈ack (2011) models (hereafterBC03andMaStro, respec-
tively). BC03 models are available at a resolution of 3 Å FWHM
in the wavelength range between 3200 and 9500 Å;MaStromodels
are available with a resolution of� 2.3 Å FWHM7 between 3525
and 7500 Å. Both models share a resolution very similar to the one
of SDSS spectra (� 1800–2000 between 3800 and 9200 Å). This is
particularly useful since it allows a direct comparison between the
observed spectra with the theoretical SED without having to modify
the spectral resolution.

These models are used to create libraries of synthetic spectra with
different velocity dispersions (� = 0, 200, 250 and 300 km sŠ1)
and different metallicity (Z/ Z� = 1, 1.4, 1.5 obtained by inter-
polating quadratically betweenZ/ Z� = 0.4, 1, 2.5 available in
BC03 andZ/ Z� = 0.5, 1, 2 inMaStro). The grid has been cre-
ated with age 0.5� t � 15 Gyr, with delayed exponential SFH,
SFR(t, 	 ) � (t/	 2)exp (Št/	 ), where	 is chosen in the range 0.05
� 	 � 1 Gyr.

3.1.1 Effects of the velocity dispersion

To check the effect of the velocity dispersion in our H� Lick mea-
sures, we perform several tests. By using the theoretical spectra
described in the previous section, we verify that an increase of ve-

7 More precisely, in Bei�ori et al. (2011) it is shown that the spectral reso-
lution of theMaStromodels, based on the stellar library MILES, is about
2.54 Å FWHM, instead of the nominal 2.3 Å.

locity dispersion causes an apparent decrease of the observed H�
index strength only due to a broadening effect. We further estimate
the maximum percentage difference in H� between our mass bins
that can be attributed to� from the analysis of SPS models; we �nd
that the percentage difference in H� between an SSP with� = 200
and 250 km sŠ1 is< 1.5 per cent, and is< 3 per cent between� = 200
and 300 km sŠ1, for both models. We underline that given the range
of � of our data, these two estimates represent the maximum dif-
ference in H� that can be attributed to a� effect between our mass
subsamples, and they are always lower than the mean percentage
difference in our subsamples with similar� differences. Indeed, the
mean percentage difference in H� median values between BinI and
BinIII is � 6 per cent, and� 9 per cent between BinI and BinIV
(similarly, we get a difference of� 4 per cent between BinII and
BinIII, and � 6 per cent between BinII and BinIV). Moreover, we
note that all SPS models analysed show that SEDs with different
velocity dispersions have a difference in �ux in the red pseudo-
continuum region (4876.625–4891.625), but the stacked spectra of
the same mass subsample do not show this trend (see Fig.5).

For this reason, we exclude that the velocity dispersion by itself
can cause the observed mass segregation between the H� –zrelation
in different mass subsamples.

Finally, we veri�ed that in our data the median velocity dispersion
(see Table1 for median values of BinI, BinII, BinIII and BinIV)
shows almost no redshift evolution in each mass bin (see Fig.2).
For this reason, we exclude that the observed H� index increase
with redshift can be due to a velocity dispersion effect.

3.1.2 Effects of the metallicity

The models are also used to establish the effect in the H� index due
to the stellar metallicity. While there is no signi�cant difference in
the median metallicity of the different mass subsamples, each mass
bin instead shows a slight decrease of the median metallicity with
redshift.

We create a library of H� indices as a function of age using stellar
population models with different metallicity: 1, 1.4 and 1.5Z/ Z� .
The study of these H� synthetic indices shows that even an extreme
variation of metallicity, betweenZ/ Z� = 1 andZ/ Z� = 1.4, 1.5,
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1752 A. Concas et al.

Figure 6. Comparison between the observed H� –z relations (circles, squares, triangles and diamonds for BinI, BinII, BinIII and BinIV, respectively) and
different models. The black solid lines are theBC03models with� = 230 km sŠ1, Z/ Z� = 1.2 and different formation redshifts (zF = 1, 2, 3, 4 and� ). For
zF = � , we also show the models with� = 200 and 300 km sŠ1, gray top and bottom regions. The MaStro STELIB and TMJ MILES models are shown for
zF = � (dashed and dash dot cyan lines, respectively). The MaStro models are showed at� = 230 km sŠ1 andZ/ Z� = 1.2. The TMJ models are rescaled
at � = 230 km sŠ1 using the velocity dispersion corrections proposed by Carson & Nichol (2010). (A colour version of this �gure is available in the online
version.)

implies an H� variation of only� 4–5 per cent on average, always
lower than H� trend observed. Moreover, to further check the metal-
licity effect, not only in the models but also on our data, we create
a control sample of galaxies with a narrow metallicity range (e.g.
� (Z/ Z� ) = 0.5 for BinI).

Even in this subsample, we �nd a steady trend of growth in the
H� –z relations.

From these analyses, we �nd that the increase of the H� EW with
redshift (at �xed mass) and decrease with mass (at �xed redshift)
of passive galaxies cannot be only due to� or Z/ Z� variation,
and hence can mostly be explained by an age-evolution effect, in
particular with the age of the stellar population decreasing with
increasing redshift, and increasing with increasing mass.

3.2 H� age: comparison with SPS models

To interpret the evolution of H� with redshift and its dependence
on mass in the context of passive galaxies evolution, we proceed
with a direct comparison between the observed data and the index
values calculated on the SED provided by SPS models, hereafter
theoretical H� . Both the observed and theoretical measurements
are obtained by the same method, described in Section 2.2. The
theoretical H� curves as a function of age are transformed into H� –
zrelations assuming a� cold dark matter cosmology (see Section 1
for the parameters used), and a formation redshift.

For our studies, we chose to probe different redshifts of for-
mation for our galaxies, namelyzF = 1, 2, 3, 4 and� . For this
comparison, we use two different SPS models,BC03 andMaStro
and the theoretical models of H� Lick indices of Thomas et al.
(2011, hereafterTMJ), calculated by theoretically manipulating the

index response functions. ForBC03andMaStromodels, we adopt a
Chabrier initial mass function (IMF) instead theTMJ models have
a Salpeter IMF. However, usingBC03 models, we verify that an
IMF variation does not affect signi�cantly the H� value. In partic-
ular, in the case of solar metallicity, the choice of a Salpeter IMF
instead of a Chabrier causes an index decrease of< 1 per cent.
Furthermore, in theBC03 andMaStromodels, we use a delayed
exponential SFH, in particular we use models with	 = 0.2 Gyr that
correspond to the	 median value estimate for the our sample (see
Section 2.1). We also investigate the possible variation of H� value
with different	 values. We compare SPS models with	 = 0.05 and
0.2 Gyr, and we �nd that for SPS older than 6 Gyr the H� Lick
index decreases by� 1 per cent in the SPS with	 = 0.05 Gyr to
respect at SPS with	 = 0.2 Gyr. Since the median metallicity of
the sample isZ/ Z� � 1.2, for the comparison with the data we
interpolated quadratically the H� values of all models in the three
metallicities provided, in order to have an estimate of the index at
Z/ Z� = 1.2. TheBC03 andMaStromodels are convolved with
a velocity dispersion� = 230 km sŠ1, comparable to the median
value of our sample. In Fig.6, we show as an example the observed
H� –z relations and the theoretical curves (BC03 models) for dif-
ferent formation redshifts. ForMaStroandTMJ models, we �nd
similar results, as shown in the case of formation redshiftzF = � .

From the comparison with theoretical models, as can be clearly
seen from Fig.6, we �nd that they do not reproduce the observed
H� median relations, since the models predict higher H� values
than the median H� measured on our samples, so that in most cases
the observed values would require an age greater than the age of the
Universe. For the most massive sample, the minimum shift between
data and models is of the order of� H� = 0.1.
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H� Lick index in passive early-type galaxies1753

Since the models are built with the same metallicity and velocity
dispersion found in the data, we exclude that this inconsistency is
due to one of these two parameters. We verify that also by imposing
an extreme velocity dispersion for our sample (� = 300 km sŠ1), the
models do not reproduce the observations. Regarding the metallic-
ity, we instead �nd that the H� –z relations can be reproduced only
by considering models with metallicity approximatelyZ/ Z� = 2,
which are inconsistent with the metallicity estimated for this sam-
ple.

Furthermore, comparing the metallicity estimated by Thomas
et al. (2010) for a morphological selected sample of ETGs at 0.05
� z � 0.06, we notice that for a subsample with velocity dispersion
similar to our values they estimate a slightly higher metallicity than
those considered in this work (Gallazzi et al.2005). In particular,
for � = 207 km sŠ1 (median value of the less massive sample,
BinI), Thomas et al. (2010) �nd a metallicity Z/ Z� � 1.5, and
for the median value of the total sample,� = 230 km sŠ1, they
estimate a metallicity of the order ofZ/ Z� � 1.6 (for more details,
refer to Thomas et al.2010). These higher metallicity values are also
con�rmed in a more recent work by Citro et al. (2015). In this study,
the authors �nd a medianZ/ Z� � 1.450± 0.075. Even these higher
values are not enough to completely reconcile models with data.

4 INVESTIGATING THE ORIGIN
OF THE OFFSET

In this section, we further investigate possible causes of the offset
between the model predictions and the measures of the H� Lick
index shown in Section 3.2. In particular, we explore the possibil-
ity that our sample, despite the selection criteria (see Section 2.1),
is still contaminated by an emission line component. This potential
emission component would contaminate the measurement of the H�
index by �lling the line and producing a less intense absorption fea-
ture, consistent with the recent results shown by Serven & Worthey
(2010) for an SDSS low-redshift (0.06< z < 0.08) galaxy sample.

4.1 Improving sample selection: the [NII ] emission line
contamination

As discussed in Section 2, we select only the galaxies that do not
show signi�cant emission lines in H� and [OII] (EW < Š5 Å).
We check that also cutting the sample by adopting a more stringent
H� limit (S/N < 3), the offset between the H� Lick index in our
data and models is not removed. However, a more detailed analysis
of the stacked spectra shows the presence of a weak [NII] emis-
sion at 6584 Å (see Fig.3). Since the �rst ionization potential of
the nitrogen is very similar to that of hydrogen, the presence of an
emission line in [NII] � 6584 may indicate the presence of an emis-
sion component also in the H lines. In order to study the possible
emission line contamination in our sample, we use the EW([NII]
� 6584) values provided by the MPA-JHU group. From this analy-
sis, about 43 per cent of the total sample have an equivalent width
EW([N II] � 6584) with S/N> 3, consistent with the clearly visible
[N II] � 6584 emission line in the median spectra (see Fig.3, left-
hand panel). The median and dispersion8 EW of the total sample
are EW([NII] � 6584) = Š 0.56 ± 0.58 Å, in agreement with the
EW measured on the median stacked spectrum (EW([NII] � 6584)
= Š 0.68 Å).

8 The dispersion is evaluated with the median absolute deviation, MAD.

Moreover, by analysing separately each mass subsample, we
identify a relationship of the [NII] � 6584 emission line as a func-
tion of stellar mass. In Fig.7, bottom-right panel, we show the
stacked spectra of the four mass subsamples, from which it is evi-
dent that the [NII] � 6584 emission line increases with decreasing of
the median mass. This evidence is con�rmed also by analysing the
EW([N II] � 6584)–z relations: we note that the EW([NII] � 6584)
median values are almost constant with redshift, and they decrease
with increasing mass (see Fig.8).

To verify if the presence of a [NII] � 6584 emission is related
to the presence of H� emission line, we analyse the galaxies most
affected by this contamination. We select the galaxies with a [NII]
� 6584 clearly detected, i.e. with S/N([NII] � 6584) > 10; in this
way, we select 1145 galaxies9 (5 per cent of the total sample).
Fig. 7 shows the median spectrum relative to this subsample. It can
be seen that, differently from the stacked spectrum of the global
sample (see Fig.3), in this spectrum, together with a strong [NII]
� 6584, there are clearly detectable several emission lines, i.e. [OII],
[O III ] � 5007, [NII] � 6548, H� and [SII] �� 6717, 6731 (Fig.7).
Nevertheless, also in this case, in the H� region, there is not a clear
emission component (Fig.7, bottom-left panel). The H� absorption
line only shows a particular shape, different from that expected for a
simple absorption, probably caused by an overlapping with a weak
emission line contamination.

Following this result, we decide to apply a further cut to our
sample, by selecting only the galaxies with a [NII] � 6584 line
detected with S/N([NII] � 6584)< 3; this sample is composed of
13 626 galaxies (� 57 per cent of the total sample). We �nd that,
even for this sample there is a residual [NII] � 6584 line, with a
median and dispersion (see footnote 8) EW([NII] � 6584)� Š 0.26
± 0.27 Å. The residual emission can be seen from the comparison
between the stacked spectrum of this sample and a pure absorption
SPS model (see Fig.7, bottom panels).

On this new subsample with S/N([NII] � 6584)< 3, we calculate
also the median H� –z relations at different masses; the results are
shown in Fig.9. We note that the cut in [NII] � 6584 produces a
general increase in median values of the median H� index (on aver-
age to� 0.05 Å for BinI and BinII,� 0.02 for BinIII and� 0.01 for
BinIV). The offset found between data and observations of the total
sample is reduced. However, there is still a signi�cant disagree-
ment between data and theoretical H� –z curves, especially for the
more massive sample (BinIV). However, despite this discrepancy,
we �nd similar H� –z and H� –mass relationships as seen in the
total sample, but with slightly different slopes and normalizations.
These variations make impossible to use the median H� values for
an accurate estimate of the absolute and differential age evolution
of the stellar populations with the redshift. Consequently, it is not
possible to place constraints on the redshift of formation of the
galaxies and even the use of the H� –z relation in the method of the
cosmic chronometers appears inadequate.

4.2 Methods to remove nebular emission

The SDSS galaxy spectra are extensively used for many purposes,
such as stellar mass and SFH estimates (Kauffmann et al.2003), age
and metallicity estimates in the local universe (Gallazzi et al.2005),

9 In this work, we decide to cut the sample above this limit (S/N([NII]
� 6584)> 10) because this enables us to select only those objects in which
the [NII] line is detected effectively while maintaining a good statistic (1145
galaxies).
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1754 A. Concas et al.

Figure 7. Top panel: stacked spectrum of the sample with [NII] � 6584 S/N> 10 (1145 galaxies). It shows some evident emission lines: [OII], [O III ], H� and
[N II] � 6584. Bottom panels: comparison between the [NII] � 6584 S/N> 10 stacked spectrum (red dash–dotted lines), [NII] � 6584 S/N< 3 stacked spectra
(black dashed lines) and the stacked spectra of the original sample in different mass subsamples (from black to light grey for BinI, BinII, BinIII and BinIV,
respectively). In the H� region (left-hand panel), emission lines are not evident; instead, in the H� region there are evident emissions ([NII] �� 6548, 6584,
H� , [SII] �� 6717, 6731). The grey area is the SSP solar model with age= 10 Gyr,� = 250 km sŠ1 calculated byBC03model.

Figure 8. [N II] � 6584–redshift relations for the four mass subsamples (cir-
cles, squares, triangles and diamonds for BinI, BinII, BinIII and BinIV,
respectively).

environment effects in the galaxy formation (Thomas et al.2010)
and many others. In these previous works, before interpreting the
observed spectra, and therefore before using the stellar absorption
line indices, standard procedures are followed to remove the con-
tamination by nebular emission lines. In this section, we try to apply
these cleaning methods both in the individual and in the stacked
galaxy spectra.

The method proposed by Tremonti et al. (2004), for example,
makes a non-negative least-squares �t of the emission line free
observed regions of the spectrum, using a spectral library built
usingBC03 models. Then, the �tted spectrum is subtracted from

the observed spectrum, and the residuals can be �tted to Gaussian
broadened emission line templates. Finally, the �tted emission lines
are subtracted from the original observed spectrum to produce a
‘pure’ absorption line spectrum (for further details, we refer to
Tremonti et al.2004). To verify if this method of decontamination is
actually able to produce a clean sample in the H� region, we use H�
values measured by the MPA-JHU DR7 group, which are available
both for the original observed spectra and for the ‘pure’ absorption
line spectra. We select a sample consisting of galaxies without
emission lines, i.e. with no correction for emission lines based on
the method of Tremonti et al. (2004), which contains 19 904 objects.
We measure the median H� –zrelations also for this subsample, with
the same procedure as described in Section 3. The H� –z relations
obtained are consistent with those found for the subsample with
S/N([NII] � 6584) < 3. This suggests that, using objects with no
emission lines detected by standard correction method, the offset
between the observed H� values and the predicted ones is not totally
removed.

In addition, we test the presence of weak H� emission line di-
rectly in the stacked spectra. We split our sample in terms of stellar
mass and redshift as we have done in Section 3 for the H� values,
and then we built the median spectra for each mass and redshift bin.
In order to separate the stellar continuum from the nebular emis-
sion component, we decide to use a combination of the publicly
availableIDL codes: Penalized Pixel-Fitting (PPXF), developed by
Cappellari & Emsellem (2004) and gas and absorption line �tting
(GANDALF) written by Sarzi et al. (2006). We measure the line-of-
sight velocity distribution by usingPPXFcode. Then, we perform the
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H� Lick index in passive early-type galaxies1755

Figure 9. Comparison between H� –z relations (circles, squares, triangles and diamonds for BinI, BinII, BinIII and BinIV, respectively) of the total sample
(dotted curves) and the sample with EW([NII] � 6584) S/N< 3 (continuous curves).

GANDALF analysis to convolve a set of input synthetic spectra with
the previous kinematic and to �t the observed stacked spectrum
simultaneously with the models and a Gaussian emission line tem-
plate. The result is a superposition of an optimal combination of the
SSP templates with a set of Gaussians that represent the emission
lines. Through the subtraction of the emission line spectrum from
the observed one, we get the clean absorption line spectrum free
from emission line contamination. First, we analyse the obtained
H� emission lines and then we explore the impact of this cleaning
method on the observed spectra. In order to test the robustness of
the emission line extraction, we repeat the methodology by using
three different spectral libraries: two based on theBC03SSP10 with
different age 0.01� t � 14 Gyr (hereafter BC0314 Gyr) and a
more extended age 0.01� t � 20 Gyr (hereafter BC0320 Gyr);
and the third library built withMaStromodels with age 0.01� t
� 14 Gyr. We �nd that the recovered H� emission lines are model
dependent: the EW is systematically higher for the BC0320 Gyr
library than the BC0314 Gyr (� EW� 0.02 Å) and the differences
increase if we compareBC03with MaStromodels,� EW � 0.2 Å.
The median EWs are: EW� Š 0.09± 0.005,�Š 0.07± 0.01 and
�Š 0.27± 0.01 Å for BC0314 Gyr, BC0320 Gyr andMaStroli-
brary, respectively. This result is consistent with the study shown in
Singh et al. (2013); their �g. 4 shows that at low H� �uxes there are
differences in the �ux extraction by usingGANDALF code with SSP
instead of the stellar templates. Therefore, the correction for very
low emission in the absorption H� line depends on the templates
library used in the continuum �t. Furthermore, we �nd that, in all
the three libraries, the H� emission lines are detected with a very
low con�dence level, and the amplitude over noise is always A/N
� 3 (the noise is de�ned as the dispersion of �uctuations in the �t
residuals).

10 TheBC03andMaStrostellar population templates have a Chabrier IMF
and metallicityZ/ Z� = 0.2, 0.4, 1, 2.5 andZ/ Z� = 0.5, 1, 2, respectively.

Finally, we test the more recent emission correction for the hy-
drogen features proposed by Serven & Worthey (2010). Serven &
Worthey (2010) derived emission corrections of the Balmer series
Lick indices for an SDSS quiescent galaxy spectral sample (Graves
et al.2007) by comparing the H� –Mg b diagram from the SDSS
stacked spectra with the measurements obtained for 13 Virgo galax-
ies. By using the same prescriptions shown in Serven & Worthey
(2010), we re-calibrate the H� –Mg b diagram and then the H�
emission correction in our stacked spectra. We �nd that for the more
massive sample (BinIV), the mean Mgb value is 4.23± 0.15 Å and
the mean H� emission correction factor is of the order ofŠ0.17
± 0.08 Å, that it is in good agreement with the emission values
obtained with theGANDALF method mentioned before. However, we
stress that, also in this case, the method is model dependent, since
the continuum correction was determined by using the Worthey et al.
(1994) and Trager et al. (1998) models (see section 2 of Serven &
Worthey2010). Moreover, rescaling the H� –Mg b relation from the
SDSS values to the Virgo data could be age dependent if the two
samples have different mean ages. We conclude that for our sample,
also in the stacked spectra, it is very dif�cult to measure a well de-
tected and model-age-indipendent H� emission line and than correct
our observed spectra in order to obtain a ‘pure’ absorption H� line.

4.3 H� self-diluted emission line

In order to have a qualitative estimate of the hidden EW(H� ) emis-
sion related to the observed [NII] � 6584 emission line, we study the
emission line ratios of our spectra in the diagnostic diagrams. We
adopt the classical (Baldwin, Phillips & Terlevich1981) diagram,
hereafter BPT diagram. The EW measurements for [OIII ], H� , H�
and [NII] � 6584 are taken by the MPA-JHU group analysis. In
Fig.10, we show the BPT diagrams for the subsample with all EWs
detected with S/N> 3, the subsample with EW([NII] � 6584) with
S/N > 10 and the subsample with EW([NII] � 6584) with S/N< 3.
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1756 A. Concas et al.

Figure 10. Distribution of the galaxies in the BPT diagram for the sample
with all EW S/N > 3, EW([NII] � 6584) S/N> 10 and EW([NII] � 6584)
S/N < 3, respectively, from the top downwards. The grey cloud is the total
sample. The dashed curve is the theoretical demarcation of Kewley et al.
(2001), which separates star-forming galaxies and composites from AGN.
The solid curve indicates the empirical division between pure star-forming
galaxies from composite and AGN of Kauffmann et al. (2003). The median
value and dispersion of the distribution are shown with the black symbols,
in each subsample.

In the �rst two cases, we �nd that the majority of objects are lo-
cated in the LINER (low-ionization nuclear emission line regions;
Heckman1980). For the �rst and the second samples, the median
and dispersion for log(EW([NII])/ EW(H� )) areŠ0.014± 0.159
and 0.050± 0.177, and for log(EW([OIII ])/ EW(H� )) are 0.058±
0.139 and 0.162± 0.312, respectively. In the last subsample, the
dispersion in the data is larger because of the lower signal-to-noise
ratio (see Fig.10). In this last case, the median value of the sam-
ple is located in the composite region [log(EW([NII])/ EW(H� )) �
Š0.150± 0.341 and log(EW([OIII ])/ EW(H� )) � 0.103± 0.413].

By using the median EW([NII] � 6584)/EW(H� ) values and the
median EW([NII] � 6584), we estimate qualitatively the EW(H� )
contribution. Then, we estimate the EW(H� ) by assuming no ab-
sorption by dust, and hence an emission line ratio, H�/ H� � 2.86
(Osterbrock1989), for electron density ofn = 100 cmŠ3 and elec-
tron temperatureTe = 104 K.

In the sample with EW([NII] � 6584) with S/N< 3, the EW([NII]
� 6584) is  Š 0.26 ± 0.27 Å. For this sample, we expect an
EW(H� ) emission in the rangeŠ0.28 toŠ0.06 Å [by consider-
ing the EW([NII] � 6584)/EW(H� ) dispersion], or weaker in the
case of dust extinction.

The same conclusions can be drawn for the sample with the larger
[N II] � 6584 emission lines (S/N([NII] � 6584)> 10). In this case,
the median EW([NII] � 6584) isŠ1.99 ± 0.58 Å, and the inter-

val of variability of log(EW([NII])/ EW(H� ) is smaller,� 0.050±
0.177. Then, we expect an H� emission line EW betweenŠ0.9 and
Š0.4 Å in the case of no absorption by dust, or weaker otherwise.

In order to verify whether the H� emission line values, expected
in the two different samples, S/N([NII] � 6584)< 3 and> 10, can
be effectively detected in the observed spectra, we perform some
simulations, described in the following section.

4.4 H� emission line simulations

Starting from the theoretical SED (in which only the absorption
component is taken into account) of SPS models (BC03), we simu-
late the presence of an emission line by adding a Gaussian compo-
nent with variable amplitude and FWHM.

Since different physical processes can give rise to emission lines
with different FWHM, we perform two different simulations.

(i) Simul A, lines with FWHM = 5 Å, mainly due to star for-
mation. The analysis of a spectrum of a typical star-forming galaxy
from SDSS has shown a typical FWHM of the emission lines of
� 5 Å.

(ii) Simul B, lines with FWHM= 9 Å. In the case of emission
lines due to different processes than star formation, such as AGN
activity, the lines are broader than the ones found for star-forming
galaxies.

By changing the FWHM and the EW line in theoretical emis-
sion lines, we study the variation of the absorption line pro�le with
the contamination of these different emissions. The results of the
simulations (for the case of an SSP SED with age= 10 Gyr) are
shown in Fig.11. In both simulations (A and B), it is possible to
identify a threshold of emission below which it is not possible to
detect the H� emission component on the absorption line. We can
appreciate the distortion of the H� line due to the introduction of
an emission line, with increasing EW, only after EW�Š 0.2 Å or
EW �Š 0.9 Å for Simul A or B, respectively. Emissions smaller
than these values are not able to change the shape of the line, but,
however, they cause an intensity decrease in the absorption line,
producing a drastic variation in the H� Lick index measure, with
� (H� )max � 0.2 Å or � (H� )max � 0.9 Å in Simul A and B, re-
spectively. From this analysis, we can see that, for galaxy spectra
with a resolution of the order of 3 Å FWHM, there is a thresh-
old detection limit of the H� emission line. As seen in the previ-
ous section, the presence of [NII] � 6584 emission in our samples
may indicate the presence of a weak H� emission line with EW
�Š 0.28 Å for the sample with S/N([NII] � 6584) < 3 and EW
�Š 0.9 Å for the sample with S/N([NII] � 6584)> 10. These values
are near to the threshold limit identi�ed by simulations, therefore
consistent with not being detectable in emission in our spectra.
However, this potential hidden emission line can explain the de-
tected offset between observational data and theoretical models
discussed in Section 3.2.

Performing the same simulations for SSP models with different
ages (5 and 13 Gyr), we �nd that the detection limit for the H�
emission line does not change signi�cantly.

4.5 Ionization sources

We �nd that even the less contaminated passive galaxies (sam-
ple with EW([NII] � 6584) S/N< 3) may present an emission line
contamination in the H� absorption line. As discussed in Section 4.3
using the BPT diagrams, we found that by selecting samples with
higher S/N (sample with all lines S/N> 3 and sample with EW([NII]
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H� Lick index in passive early-type galaxies1757

Figure 11. H� emission line simulations. We show the emission line effect within the H� absorption line (Simul A in the lower panel and Simul B in the upper
panel). The different EW contaminations are plotted according with the labels. In both �gures, we can identify a threshold limit above which it is possible to
detect an emission contamination (thick curves). The absorption model is an SSP withZ/ Z� = 1, age= 10 Gyr and� = 200 km sŠ1.

� 6584) S/N> 10), our galaxies show typically LINER-like rather
than star formation emission line ratios. These results are consis-
tent with several imaging and spectroscopic observations (Phillips
et al.1986; Goudfrooij1999; Sarzi et al.2006; Annibali et al.2010;
Yan & Blanton2012), which show a strong indication of the pres-
ence of warm gas (typically withT � 104 K) in ETGs, with line
ratios typically classi�ed as LINERs. Despite the number of stud-
ies, two fundamental questions remain open: what is the origin of
this interstellar medium (ISM) in the ETGs and what is the physical
mechanism that determines its ionization?

Studies carried out on the kinematics of the gas, in most cases,
show a misalignment between gas and stellar component, sug-
gesting an external origin of the gas (Caon, Macchetto & Pastor-
iza 2000). This observational evidence is in agreement with recent
estimates of the gas emission metallicity, which seems to indicate
an external source (Annibali et al.2010).

However, as reported in Sarzi et al. (2006), the angular momenta
measured do not seem to be consistent with a purely external origin.

The nature of the mechanism of ionization in LINERs is still not
clear, but currently, the most accredited are photoionization by AGN
activity (e.g. Ho1999; Ho et al.2000; Kewley et al.2006), photoion-
ization by post-asymptotic giant branch (post-AGB) stars (Binette
et al.1994) and fast shocks (e.g. Dopita & Sutherland1995). The
AGN activity, in fact, produces a source of energetic photons (X-
rays and UV) able to ionize the ISM; this is con�rmed by some
observed bubbles in LINER galaxies (Baldi et al.2009). For some
objects, the presence of AGN activity was also con�rmed by obser-
vations of the radio core and X-rays point sources in their centres
and UV variability (e.g. Ho2008). Nevertheless, recent works have

shown that in many cases the gas emissions are not only neighbour-
ing to the centre, but an extended emission component also exists
(Sarzi et al.2006; Annibali et al.2010; Yan & Blanton2012; Singh
et al. 2013). For this reason, the AGNs are not considered as the
main cause of the LINER-like emission lines in ETGs in favour of
spatially extended ionizing sources, which in some cases follow the
pro�le of stellar density (Yan & Blanton2012). These properties
are found in another source proposed for the �rst time by Binette
et al. (1994): the post-AGB stars in the old stellar populations.
These stars, after the AGB phase, are often surrounded by mate-
rial ejected during their thermal pulses. After that, this material is
dispersed in the ISM, and the AGB stars, having very high temper-
atures (� 105 K), are capable of producing a diffuse radiation �eld.
Recent spatially resolved spectroscopy observations obtained with
a prototype of Mapping Nearby Galaxies at Apache Point Obser-
vatory (MaNGA) instrument con�rm the presence of an extended
LINER-like emission associated with spectral features of old and
metal-rich stars (see Bel�ore et al.2015). This scenario is also sup-
ported by the fact that post-AGBs are able to reproduce the variation
of the parameter of ionization (de�ned as the ratio of the ionizing
photon �ux density to the electron density) with the radius of the
galaxy (Yan & Blanton2012). As expected in Binette et al. (1994)
and Cid Fernandes et al. (2009), the post-AGBs are able to produce
weak emission lines: H� � Š 0.6,Š1.7 Å for a stellar population of
8 and 13 Gyr, respectively. This is very interesting because if this
emission is expressed in terms of H� emissions, similar to what
was seen in Section 4.3, we �nd a measure of EW(H� )�Š 0.2,
Š0.6 Å emission line perfectly consistent with what is expected for
our sample, especially with regard to the subsample with EW([NII]
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� 6584) S/N< 3 Å. However, as shown in Yan & Blanton (2012),
the post-AGB stars, while representing the ideal candidate for the
creation of a photoionizing source, according to the most recent
models, produce an ionization parameter too small compared to
what is required by the observations. It should be noted that the
current knowledge of the number density of post-AGB stars is still
very uncertain, and therefore the question if these stars may be the
main cause of emissions in older populations remains open. Finally,
the emission lines with LINER-like ratios can be produced by fast
shock. However, this mechanism cannot be mainly responsible for
the emission in ETGs, since, as suggested in Yan & Blanton (2012),
it provides emission lines with similar velocities between the dif-
ferent elements, contrary to what emerges from the recent estimates
of velocity in different lines.

The data analysed here do not give a direct indication of how
to disentangle the three possible photoionization source candidates.
However, the observed anti-correlation between the [NII] emission
and the mass (see Section 4.1, Fig.8) could disfavour the AGN
hypothesis as a photoionization source, since its presence should
instead be correlated with the galaxy mass (see Best et al.2005;
Brusa et al.2009).

Finally, it is particularly important that the detection of emission
lines in our sample seems to suggest a more frequent presence
of ionized gas in these galaxies. This observation has signi�cant
effects on knowledge of this particular class of galaxies. The ETGs
are not the simplest systems, but they are more complex in which
only knowledge of both the stellar contribution and of the ISM (and
of the link between the two components) can shed light on their
formation history and evolution.

5 CONCLUSIONS

In this paper, we explore the properties of the H� Lick index of
massive and passive ETGs, to estimate its robustness as an age
indicator, being the Lick index more sensitive to the stellar pop-
ulation age and less affected by stellar metallicity, as suggested
since the pioneering work of Worthey et al. (1994). The aim of
this work is to establish its reliability as ‘cosmic chronometer’ to
trace the age evolution of the Universe as a function of redshift and
to provide new constraints on the age of formation and evolution
of galaxies’ stellar populations, eventually allowing measurement
of the Hubble parameterH(z) through the ‘cosmic chronometers’
approach (Jimenez & Loeb2002; Moresco et al.2012b, 2016a;
Moresco2015).

Using photometric and spectroscopic information, we select the
most massive, passive and red ETGs in the SDSS-DR6 survey.
The �nal sample consists of about 23 914 galaxies with stellar mass
log (M/ M� > 10.75) in the redshift range 0.05� z� 0.3. We divide
the sample into four mass subsamples (� log (M/ M� ) = 0.25) in
order to avoid possible biases due to mass-downsizing effect, and
obtained four homogeneous subsamples in redshift of formation.
All the samples are further divided into redshift bins and the spectra
analysed to measure the H� Lick index, obtaining a median H� –z
relation in each mass subsample.

The main results of this analysis may be summarized as follows.

(i) Despite the rather strict selection criteria, all the spectra
present characteristic features of a passive population, we �nd in the
median stacked spectra of each mass bin clear evidence of a weak
[N II] emission line, with EW of the order ofŠ0.6 Å, which can be
interpreted as a hint of the presence of ionized gas. This residual
emission line contamination may have a signi�cant impact on the

H� Lick index measures. To address this issue, we split our samples
on the base of the [NII] line, having a purer sample of 13 626 galax-
ies selected with SN([NII]) < 3, and a more contaminated sample
with SN([NII]) > 10. The analysis of these two subsamples con-
�rmed the �rst hypothesis of a possible hidden contamination, with
the sample with SN([NII]) > 10 presenting clear emission lines also
in H� , [O III ] and H� . We also �nd that the amplitude of the [NII]
emission line anti-correlates with stellar mass.

(ii) The analysis of all mass subsamples reveals a clear evolution
of the H� Lick index as a function of redshift, with the index de-
creasing with cosmic time. These trends are qualitatively consistent
with a passive evolution, and are proven to be independent of many
effects that can affect the analysis. These trends are also con�rmed
on both the original samples and on the ‘purest’ one obtained after
selecting only galaxies with SN([NII]) < 3.

(iii) At each redshift, more massive galaxies present a median H�
index lower than less massive ones, con�rming a mass-downsizing
scenario for which more massive systems have assembled their stars
earlier and faster. This result has been demonstrated not to depend
on a selection effect due to the different velocity dispersions and
metallicities of the samples; also in this case, this trend is found in
both the original and the ‘purest’ samples.

(iv) The comparison with SPS models highlights an inconsis-
tency with observable data, for which observed galaxies appear, in
most cases, to be older than the age of the Universe at the given
redshifts. These differences are greater than� H� � 0.1 Å and do
not seem to be reconcilable with any possible further re-selection of
the samples. Only a stellar metallicity systematically higher than the
one found in these samples (Z/ Z� � 2) may alleviate the tension
between the data and models.

(v) We tested the presence of a weak H� emission line in our
stacked spectra by usingGANDALF code and the emission corrections
for the hydrogen features proposed by Serven & Worthey (2010). We
�nd that the recovered emission lines are very uncertain, detected
with a very low con�dence level and are model dependent. The
median emission EW ranges from�Š 0.1 to�Š 0.27 Å.

(vi) We also �nd that in the stacked spectrum obtained from
the ‘purest’ sample with SN([NII]) < 3, there is a residual [NII]
emission line contamination, even if very weak (EW�Š 0.26).

(vii) Throughout simulations, we demonstrate that there exists
a threshold limit below which an emission line component within
the H� absorption features would not be detectable; this threshold
depends on the FWHM of the line, being EW(H� ) � Š 0.9 Å or
�Š 0.2 Å, respectively, for a broader and narrower FWHM (char-
acteristic of star formation or AGN activity). We note that this EW
is compatible with the observed offset between models and data.

In order to obtain a quantitative estimate of the age of formation
of the galaxies and to test the feasibility of using this index as a ‘cos-
mic chronometers’ indicator, the observed H� –zrelations should be
calibrated on SPS models. However, the dependence of the normal-
ization and of the slope of these relations on the different possible
selections, and the apparent inconsistency with theoretical models,
makes H� an index that is dif�cult to rely on to estimate both ab-
solute and relative ages, and this, as discussed, is due to a possible
contamination of the line by an undetectable emission component.
We discuss the possible candidates of ionization sources, �nding a
better agreement with post-AGB and slightly higher tension with
AGN.

Despite that this index has been historically identi�ed as the best
suited to constrain the age of a galaxy population, all the highlighted
issues do not allow us to use it for an accurate estimate of the
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absolute and differential age evolution of the stellar populations
with redshift. Therefore, it is not possible to place constraints on
the galaxies’ redshift of formation, and even the use of the H� –z
relation in the ‘cosmic chronometers’ approach appears inadequate.

Finally, higher SN and resolution spectra may help in mitigating
these problems during the selection phase, and to better disentangle
a narrow emission line component for a less biased measurement.
Another possible option is to study higher order Balmer lines (H� ,
H
 ), as e.g. suggested by the work of Vazdekis & Arimoto (1999),
since those lines should be less affected by an underlying emission
component. This analysis will be further exploited in a following
paper.
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