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What kind of  models we need to study the stellar content in an 
integrated spectrum?



Stellar population models

!

• The most important tool for deriving information on the stellar content of galaxies 

• dates back to Tinsley (1968) 

• citations to Bruzual & Charlot ’03 as of nov/12:  > 3200



Why do we care to study the stellar content of  a spectrum?

• Science from stellar population modeling 

• Age distributions => Star formation history 

• Metallicity distribution function, chemical abundances => Chemical evolution 

• Stellar masses and M/L ratios 

• Ionising population 

• Dust contribution 

!

• But what is a stellar population model? 

• What is their role in measuring ages and abundances in galaxies?



Revisão de diagrama HR e CMD



Diagrama HR

“Scatter plot” da posição as estrelas 
no plano: 

• Tipo Espectral vs. Magnitude 
Absoluta (original) 

• Cor versus Magnitude (CMD ou 
diagrama observacional) 

• Teff vs. Luminosidade (diagrama 
HR teórico) 

!
• Invariavelmente, a luminosidade 

cresce com y e a temperatura 
diminui com x Hertzsprung-Russell (M_V, B-V) diagram for the 

41704 single stars from the Hipparcos Catalogue 
with relative distance precision sigma_pi/pi < 0.2 
and sigma_(B-V) less than or equal to 0.05 mag. 
Colours indicate number of stars in a cell of 0.01 
mag in (B-V) and 0.05 mag in V magnitude (M_V).





CMD
Aglomerados de diferentes idades



CMDs
Enxergando as fases de evolução estelar



Algumas definições úteis



Trajetórias estelares 
evolutivas

[…] the evolution of the surface (bolometric) luminosity L and Teff 
of a star is described by the so-called stellar evolutionary track, 
i.e. the path described in the log(L/L) vs log(Teff) diagram […] 
(HRD).



Isócronas e populações 
estelares simples

• The most elementary population of stars 
is the so-called Simple Stellar Population 
(SSP) consisting of objects born at the 
same time in a burst of star formation 
activity of negligible duration, with the 
same initial chemical composition.  

• The theoretical CMD for an SSP is called 
an isochrone. A generic point along an 
isochrone of age t is determined by 
three quantities: bolometric luminosity, 
effective temperature and the value of 
the evolving mass.  

• Once an isochrone of a given age and 
initial chemical composition is computed 
from stellar evolution tracks, it can be 
transferred to an observational CMD by 
applying to each point a set of 
appropriate bolometric corrections.

• Consider a set of evolutionary tracks of stars with the 
same initial chemical composition and various initial 
masses; different points along an individual track 
correspond to different values of the time t and the 
same initial mass. An isochrone of age t is simply the 
line in the HRD that connects the points belonging to 
the various tracks (one point per track) where t=t. This 
means that when we move along an isochrone, time is 
constant whereas the value of the initial mass of the star 
populating the isochrone at each point is changing.

"Although this may seem just a theoretical toy 
model, there are very good observational 
counterparts of SSPs, namely globular and open 
clusters, elliptical galaxies and some dwarf 
galaxies” ????



População estelar 
composta

• A Composite Stellar Population (CSP) 
is a collection of stars formed at 
different times and with different initial 
chemical compositions. The 
observational counterparts of this 
theoretical concept are galaxies, that in 
many cases are made of multiple 
generations of stars, and often show 
clear signs of current star formation 
activity.  

• The fundamental information that 
characterizes a CSP is its Star 
Formation History (SFH), that is the 
evolution with time of the amount (i.e. 
total mass) of stars formed (Star 
Formation Rate – SFR) and their initial 
chemical composition (Age Metallicity 
Relation – AMR). 

• Figure 10.1 displays the CMD of the solar 
neighbourhood, that appears clearly to be a 
CSP, due to the coexistence of a bright MS and 
well-populated SGB and RGB, that reveal the 
presence of both young (the bright MS objects) 
and old (the SGB and RGB objects) stars.



CMDs simulados
Os efeitos de erros instrumentais



Caldwell 2006



Monachesi et al. 2011



      De volta aos modelos de população estelar… 
!
Como é construído um modelo de população estelar?
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stellar evolution 
models

stellar flux library
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Fluxos integrados
Integrando fluxos de estrelas para construir SSPs 
Integrando fluxos de SSPs para construir CSPs



Fluxos integrados
Contribuição de cada fase evolutiva estelar





stellar evolution 
models

stellar flux library

IMFSFH

simulated data:  
stellar population 

model

evolutionary 
synthesis code

it links what is 
predicted with 

what is observed

Theoretical 
stellar flux library

Fully theoretical SP models

e.g. BC03 (03, low-res), 
Coelho et al. (2007), Leitherer 
et al. (99, STARBURT99 and 
cia).

Empirical 
stellar flux library

Semi-empirical SP models

e.g. BC03 (high-res), Le 
Borgne et al. ’04 (PEGASE-
HR),  Maraston & Stromback 
’11, Vazdekis et al. ‘99, ’10

vs



stellar evolution 
models

stellar flux library

IMF
SFH

simulated data:  
stellar population 

model

evolutionary 
synthesis code

stellar 
atmosphere 

model for a given 
Teff, log g, etc 

radiative 
transfer (line 
formation) 

code

atomic and 
molecular opacity 

data

"A model cannot be better than its 
ingredients" (G. Bruzual)



E como os modelos são usados para extrair informações de 
observações?



Comparação estatística 
entre os observáveis

• Walcher et al. (2011) 

• Observáveis: cores (entenda 
fluxos), índices espectrais (índices 
de Lick, D4000 break… ver por 
exemplo método de R. Proctor) 
ou espectros 

• Principal Component Analysis 

• Ajuste espectral por inversão 
(“Full Spectral Fitting”, ajuste 
pixel a pixel do espectro). O mais 
usado recentemente para obter a 
história de formação estelar. Pode 
ser paramétrico ou não-
paramétrico (Starlight, ULySS, etc) 

• Inferência Bayesiana

http://www.sedfitting.org/SED08/Fitting.html 

http://ned.ipac.caltech.edu/level5/March10/
Walcher/Walcher_contents.html

http://www.sedfitting.org/SED08/Fitting.html


How well do we measure age and metallicity in 
stellar clusters?



Cezario et al.: Spectral fitting of globular clusters

Figure 5. Comparison between our derived metallicities [Fe/H]
and those published in literature for GCs in M31. The colour and
symbol codes are the same as in Fig. 4. This plot is best seen in
colour (online version).

Figure 6. Age-metallicity relation obtained for M31 (filled
circles) and Galactic GCs (open squares). Refer to the text of
the paper for more details.

we recover from our own analysis for both systems. To our
knowledge, this is the first direct comparison of [Fe/H] distri-
butions in both Galactic and M31 GC systems employing the
same methods and techniques, regardless of the GC’s position
in the galaxy. In the top panel, we see that the MDF obtained
from our integrated metallicities for the Galactic GCs is clearly
bimodal, a result that goes back to the seminal paper by Zinn
(1985), who was the first to propose the existence of two sub-
populations in the Galactic GC system (see also Bica et al. 2006,
for a recent discussion). The KMMmixture modelling algorithm
(Ashman et al. 1994) suggests statistically convincing evidence

of bimodality in the Galactic GC system (at better than the 99%
confidence level).

For M31, however, the shape and distribution of the MDF is
still controversial. While some authors propose that the MDF of
M31 GCs presents two sub-populations – one with a metallicity
peak at [Fe/H] = –1.57 that is associated to the galaxy’s halo,
and other one peaking at [Fe/H] = –0.61, which is structurally
associated to the galaxy’s bulge (see, e.g., Ashman & Bird 1993;
Barmby et al. 2000; Fan et al. 2008) – other authors suggest that
the bimodality is not present at all or it is weakly detected (e.g.
Caldwell et al. 2011).

From our own analysis for both Galactic andM31 GCs using
the same methods and techniques, we obtain that both systems,
regardless the age differences, cover approximately the same
[Fe/H] range. Within our limited sample, the old M31 GCs ex-
tend from [Fe/H] = –2.2 up to [Fe/H] = –0.3, while the younger
population goes from [Fe/H] = –2.2 up to 0.1 dex4. Furthermore,
the KMM algorithm applied to the old GCs in M31 does not sup-
port bimodality (the probability is less than 77%), with the num-
ber of metal-poor and metal-rich objects being almost the same
in the galaxy. We note, however, that M31’s GC system is more
than a factor of 2 larger than the Milky Way’s. In addition, our
sample is biased not only by the number of objects studied but
also by their position in the galaxy. While our sample is biased
towards disk/bulge objects, more GCs in the halo of M31 need to
be targeted to better understand M31’s MDF shape and properly
compare it with that of the Galaxy.

5. Summary and Conclusions
Spectroscopic ages and metallicities were derived for a sample
of 38 GCs in M31, drawn from the observations of Beasley et al.
(2004) and Alves-Brito et al. (2009). These parameters were ob-
tained by fitting the observed integrated spectra to SSP models
by Vazdekis et al. (2010) using the spectral fitting code ULySS
(Koleva et al. 2009). To our knowledge, this is the first time that
full spectrum fitting is used in deriving stellar population para-
meters in M31 GCs.

We tested the reliability of our analysis by fitting the in-
tegrated spectra of Galactic GCs presented in Schiavon et al.
(2005). In six cases, out of 34 objects for which we obtained
CMD ages from the literature, the spectroscopic ages do not
match the ages drawn from CMD analysis. In the case of
NGC 5286 (and possibly NGC 6752), we suspect that contam-
ination from foreground stars hampered the observations. This
is unlikely to be an issue for extra-galactic clusters. NGC 2808
is a striking case of a cluster with triple main sequences and
complex HB morphology, and would deserve a more detailed
modelling than SSP fitting. For the remaining four clusters, ages
are underestimated by ∼2–3 Gyr and we cannot provide a robust
explanation for these differences. We did not find evidence of a
correlation with either contamination from CNONa abundance
variations or a specific HB morphology.

The spectroscopic integrated metallicities derived with spec-
tral fitting were compared to the compilations by Schiavon et al.
(2005) and Carretta et al. (2009). Our results agree well with the
higher resolution stellar analysis.

As for M31, we obtain a large range of ages (from ∼150Myr
to the age of the Universe) and metallicities (–2.2 ≤ [Fe/H] ≤
+0.1). We confirm previous results in the literature that find
4 Note that the lowest metallicity in the SSP models grid is [Fe/H] =

–2.3. Therefore, if there is tail in the MDF extending to lower metalli-
cities, we would not be able to see it in this analysis.

8

Stellar population in 
M31 globular clusters

Cezario et al. ’13.

!
Ages and metallicities derived for 
38 clusters in M31 and 41 in 
Milky Way, via spectral fitting. 
Models by Vazdekis et al. 10.

Fig 6 in Cezario et al. 12: age-metallicity 
relation obtained for M31 (filled circles) and 
Galactic GCs (open squares).



Cezario et al.: Spectral fitting of globular clusters

horizontal branch. In such striking cases, it is not disquieting that
comparing the observations to SSP models would fail.

Except for NGC 2808, the other clusters with deviating
spectroscopic ages are all younger than the CMD ages by
at least 2–3 Gyr. Our initial interpretation was the poten-
tial presence of HB morphologies which are not well rep-
resented in the SSP models. Extended HB morphologies are
long known in literature to bias spectroscopic ages towards
lower values (e.g. de Freitas Pacheco & Barbuy 1995; Lee et al.
2000; Schiavon et al. 2004; Mendel et al. 2007; Ocvirk 2010).
Koleva et al. (2008) manages to reconcile some of the spectro-
scopic ages of galactic clusters with CMD measurements when
a hot star component is added to the fitting, to mimic the pres-
ence of blue horizontal branch stars or blue stragglers. It is not
straightforward, however, to predict how the HB morphology
will impact the spectroscopic ages. The effective impact of the
HBmorphology on spectroscopic age is likely a non-trivial inter-
play between the wavelength range fitted (in the sense that bluer
regions will be more sensitive to hotter HB stars) and the exact
morphology (or lack of) predicted by the underlying isochrone
of the stellar population model, this morphology also being de-
pendent on the age and metallicity of the modelled population.

Using the study by Gratton et al. (2010) on the galactic
clusters HB morphologies, we searched for patterns of the HB
morphologies that could correlate with the clusters with deviant
ages, but could not find any. The only note of interest is that four
of these clusters (NGC2808, NGC6388, NGC6441, NGC7078)
have high values of R’3 (larger than 0.8). Nevertheless, cluster
NGC 5927 (GC #9) also has a very high R’ and its spectroscopic
age matches the CMD range.

Regarding the metallicities derived via spectral fitting, in
Fig. 2 we compare our [Fe/H] values with those compiled by
Carretta et al. (2009) (black triangles) and Schiavon et al. (2005)
(blue squares). The overall difference (this work − Schiavon et
al.) is of –0.05 ± 0.16 dex, while (this work − Carretta et al.) is –
0.15 ± 0.17 dex. Even though the agreement with Schiavon et al.
scale is better on average, it was pointed out by the referee that
there seems to be a slope between our results and Schiavon et
al. scale (the relation crossing the line of equality). On the other
hand, the offset between our results and Carretta et al. scale is
nearly constant, thus the differences between our results and this
scale might be explained by a zero-point offset.

The scatter we obtain between our metallicities and the stel-
lar analysis is compatible with the difference between Schiavon
et al. and Carretta et al. scales (0.10 ± 0.20 dex), which are both
based on high resolution stellar spectroscopy. It is a remarkable
agreement between metallicities from integrated light at medium
spectral resolutions and high-resolution stellar analysis.

From the analysis of the galactic sample we conclude that re-
garding the age determination, the method returned accurate res-
ults except for six clusters: NGC 2808, NGC 5286, NGC 6121,
NGC 6388, NGC 6441, NGC 7078. In the case of NGC 5286
(and possibly NGC 6752, whose spectroscopic age marginally
matches the CMD range), we suspect that contamination from
foreground stars hampered the observations. NGC 2808 is a
striking case of a cluster with triple main sequences, and a failure
when comparing to SSP models is not disquieting. For the re-
maining four clusters, or ∼12% of our galactic sample, ages are
underestimated by ∼2–3 Gyr and we cannot provide a robust ex-
planation for these differences. We confirmed that the presence
of populations with CNONa anti-correlated abundances cannot

3 R’ = NHB/N’RGB, where NHB is the number of stars in the HB and
N’RGB is the number of stars on the RGB brighter than V(HB)+1.

Figure 2. Top panel: Comparison of metallicities obtained with
the spectral fitting (this work) versus the values compiled in liter-
ature by Schiavon et al. (2005) (blue squares) and Carretta et al.
(2009) (black triangles) for the Galactic GCs. The error bar in
the top left corner indicates the mean error values. Bottom panel:
[Fe/H] residuals (ours minus literature values).

explain the age differences. If this age difference is related to
HB morphologies, as usually claimed in literature, its exact ef-
fect remains to be better understood, given that not all GC with
extended HB were affected. We reproduced the CMD ages of
other GCs known to have blue components (such as NGC 5946
and NGC 6284), without invoking additional parameters in the
fitting (such as a free amount of hot stars in Koleva et al. 2008).
The mean difference (this work - literature) is of –0.8 Gyr with
an r.m.s. of 1.7 Gyr, for the sub-sample with fitted ages inside
the observational uncertainties; and –1.8 Gyr with a r.m.s. of 2.8
Gyr for the whole sample.

As for the metallicities, the method gives results in accord-
ance with determinations from high resolution stellar spectro-
scopy (R 30,000), with a r.m.s. of the same order of the r.m.s.
between two different sets of high-resolution results as presen-
ted in the previous paragraph.

4.2. Stellar populations in M31 GCs

We analysed theM31 sample with the same set up and procedure
as in the galactic sample, and our derived ages and metallicities
are presented in Table 3. We show in Fig. 3 the fitting of two
spectra in our M31 sample, for illustration purposes. We obtain
a large range of ages, from ∼150 Myr (B322) to very old ages.
In fact, three of the objects (B163, B393, and B398) were given
“older than the Universe” ages (13.75 ± 0.11 Gyr; Jarosik et al.
2011). In these cases, χ2 maps of age distributions show a val-
ley of low values starting around ∼ 6Gyr and almost flat with
metallicity, indicating that the results are degenerate in age. The
metallicities in our sample range from –2.2 dex to +0.1 dex.

Many of our GCs have been studied in literature, some by
isochrones fitting to CMDs, or via spectral indices. A non-
exhaustive list of results from literature is presented in Table 4.
We compare our ages with those in the literature in Fig. 4. From
this figure, we conclude there is, on average, general agreement

5

How accurately can we 
derive metallicities?

• Mean [Fe/H] differences (in dex):


Cezario − Schiavon = –0.05 ± 0.16


Cezario − Carretta = –0.15 ± 0.17


Schiavon − Carretta = 0.10 ± 0.20


!

• It is a remarkable agreement 
between metallicities from 
integrated light at medium 
spectral resolutions and higher-
resolution stellar analysis.

Fig 2 in Cezario et al. 12: metallicities from 
integrated spectral fitting vs. stellar analysis 
(blue squares from Schiavon et al. 05 and 
black triangles from Carretta et al. 09).



What about ages?

• Does it depend on wavelength 
range?


• No (Koleva et al. ’09)


• Yes (Walcher et al. ’09, 
Cezario et al. ’12)


!

• What is the origin of the false 
intermediate age results?

68
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Figura A.7: O mesmo que a Figura A.1, para o intervalo 4000–5400Å, usado neste
trabalho para os aglomerados de M31.

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
[Fe/H] ours

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

[F
e/

H
] 

L
it

.

Figura A.8: O mesmo que a Figura A.2, para o intervalo 4000–5400Å, usado neste
trabalho para os aglomerados de M31.
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Figura A.3: O mesmo que a Figura A.1, para o intervalo 4000 –5700Å (Koleva et al.,
2008).
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Figura A.4: O mesmo que a Figura A.2, para o intervalo 4000 –5700Å (Koleva et al.,
2008).
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Figura A.5: O mesmo que a Figura A.1, para o intervalo 4828 –5364Å (Walcher et al.,
2009).
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Figura A.6: O mesmo que a Figura A.2, para o intervalo 4828 –5364Å (Walcher et al.,
2009).
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Figura A.1: Resultados de idade para os aglomerados galácticos, fazendo o ajsute es-
pectral no intervalo 3650–6150Å (Beasley et al., 2004). As idades obtidas pelo ULySS
são mostradas pelos círculos pretos e as idades de CMD pela área cinza. Os números
no eixo-x correspondem aos aglomerados: 1: NGC104; 2: NGC1851; 3: NGC1904; 4:
NGC2298; 5: NGC2808; 6: NGC3201; 7: NGC5286; 8: NGC5904; 9: NGC5927;
10: NGC5946; 11: NGC5986; 12: NGC6121; 13: NGC6171; 14: NGC6218;
15: NGC6235; 16: NGC6254; 17: NGC6266; 18: NGC6284; 19: NGC6304;
20: NGC6342; 21: NGC6352; 22: NGC6362; 23: NGC6388; 24: NGC6441;
25: NGC6528; 26: NGC6544; 27: NGC6553; 28: NGC6624; 29: NGC6637; 30:
NGC6652; 31: NGC6723; 32: NGC6752; 33: NGC7078; 34: NGC7089.

4000 - 5400
4000 - 5700
4828 - 5264
3650 - 6150

Intervals: 



O papel de bibliotecas estelares teóricas



★ known atmospheric parameters

★ infinite S/N

★ large coverage in wavelength

★ high-resolution

★ time consuming, demands 
computing power

★ limited by the approximations and 
(in)accuracies of the models

★ The stars are real...

★ S/N & flux calibration issues

★ compromise between wavelength 
coverage and resolution

★ (in)accuracy of stellar parameters 
(Teff, log g, Z)

★ coverage of the parameter space 

in Teff, log g, metallicity and chemical 
pattern is limited

Empirical libraries Theoretical libraries

:-)

:-|

:-(



Theoretical vs. observed 
spectral indices

Martins & Coelho (2007)

Coelho (2009, AIPC)

Model : Coelho et al. (2005)

O
bs

er
va

tio
ns

 : 
Sa

nc
he

z-
Bl

az
qu

ez
 e

t a
l. 

(2
00

6)



Theoretical vs. observed 
stellar spectra

Observations in black.

Models in red.

Coelho et al. (2005)
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If theoretical stellar libraries have these deficiencies, 
why would we use them in stellar population 
models?

One of the main advantages of using  
theoretical libraries is the ability  

to explore the stellar parameter space at will. 



alpha-enhancement [α/Fe] in 2 slides

SN II: Core-collapse supernova 
Progenitors: massive stars 
Contribute with α (Ne, Mg, O, Si, S, Ar, Ca, 
Ti) and iron peak elements (V, Cr, Mn, Fe, 
Co, Ni)

SN Ia 
Explosion of white-dwarfs accreting matter 

Progenitors: intermediate-mass stars 
Contribute with Fe-peak elements ONLY



ABUNDANCE RATIO TRENDS 889

1998 PASP, 110:888–899

Fig. 1.—Index AFeS ! (Fe5270 " Fe5335)/2 is shown against Mg2 and Mg b indices for Lick/IDS (Worthey, Trager, & Faber 1996) and González (1993) data,

respectively. Galaxies are keyed to type, environment, and central velocity dispersion. M32 is weaker lined than M31. Lines are models that span [Fe/#0.25 !

H] . In the top left-hand panel, lines with small black dots are from Worthey (1994) for ages 2, 9, and 18 Gyr, running from weak to strong index strength.! 0.25

The line marked with crosses is an old version of the 1994 models that was used in WFG, shown for 18 Gyr. The line marked with circles is a version of the

1994 models with Padova evolution instead of VandenBerg, also an 18 Gyr sequence. In the top right-hand panel, models were interpolated from recent literature.

Models by Weiss et al. (1995, with new evolution and index fitting functions; 15 Gyr; circles), Borges et al. (1995, with Padova evolution, new fitting functions;

16 Gyr; crosses) (16 Gyr age), and Bressan et al. (1996, with Padova evolution, Worthey et al. 1994 fitting functions; 15 Gyr; small dots) are shown. The lower

panel shows gradient data from González (1993), where simulated apertures of and are shown as the symbols and arrowheads, respectively. The WortheyR /8 R /2
e e

(1994) 9 and 18 Gyr models are shown.

thought that “normal” element enrichment above the solar value

would probably produce the spectral changes seen. The issue

of variable abundance ratios was not discussed in the pro-

ceedings of the conference.

A substantial time gap intervened before Worthey, Faber, &

González (1992; hereafter WFG) discussed absorption-line

strengths again (this time Mg and Fe features) and came to the

same conclusion as O’Connell (1976) and Peterson (1976): Mg

abundance is enhanced compared to Fe in large ellipticals. See

also Peletier (1989) and Faber, Worthey & González (1992).

WFG’s argument was stronger because their modeling effort

included spectra from local stars of high metallicity, so that a

“normal” abundance increase was shown not to be a viable

option. By 1992 the pattern of variable abundance ratios in
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thought that “normal” element enrichment above the solar value

would probably produce the spectral changes seen. The issue

of variable abundance ratios was not discussed in the pro-

ceedings of the conference.

A substantial time gap intervened before Worthey, Faber, &

González (1992; hereafter WFG) discussed absorption-line

strengths again (this time Mg and Fe features) and came to the

same conclusion as O’Connell (1976) and Peterson (1976): Mg

abundance is enhanced compared to Fe in large ellipticals. See

also Peletier (1989) and Faber, Worthey & González (1992).

WFG’s argument was stronger because their modeling effort

included spectra from local stars of high metallicity, so that a

“normal” abundance increase was shown not to be a viable

option. By 1992 the pattern of variable abundance ratios in

Worthey (1998)

McWilliam (1997)

The need for theoretical stellar spectra

Coelho et al. 07



Empirical stellar libraries are 
perfectly suited for studying 
neighbourhood populations

Different populations 
are a different 
matter...



We must rely on theoretical stars if we want to 
model the spectra of galaxies different than 
our neighbourhood ... 
!

!

... but we can do that in different ways.



Response functions

• Trager et al. ’00 proposes how to correct model indices given the predictions 
of few synthetic stars from Tripicco & Bell ‘95. 


!

!

!

• Widely used in literature. 

20
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Models by Thomas et al. 03 at 
different α/Fe (solid lines). Gray 
points are galaxies from Trager et al. 
’98. Credit: Thomas et al. ’03



Fully theoretical models with α-enhancement

• First appears in Coelho et al. ‘07


!

• Advantages over response functions based methods:


• include a consistent treatment of the evolutionary effect


• provide models that could be used in spectral fitting


• all stars along the isochrone are corrected


!

• Disadvantages:


• carries through the uncertainties from theoretical stars


• cannot model individual abundance variations easily
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Figure 17. Differences between the α-enhanced predictions and the solar-
scaled ones, in units of the solar-scaled value, for several spectral indices
shown on x-axis. Each row corresponds to the prediction of a different [Fe/H]
of our models. Left- and right-hand columns show the predictions at the
ages of 4 and 12 Gyr, respectively. The green and red lines correspond to the
evolutionary effect and spectral effects, respectively. The black lines are the
predictions when both effects are considered together. To avoid division by
zero, the scales of the three Balmer indices and Ca 8498 (which can reach
negative values) were shifted arbitrarily upwards.

even larger than its sensitivity to Mg abundances [due to the C2(0,0)
band head of the Swan A3"– X3" system at 5165 Å]. In Fig. 21, the
models are poorly representing the elliptical galaxy measurements.
This is expected, because the present models do not take into account
variations in the elements that dominate these indices. A modelling
of C and N variations is required, considering both the CN mixing in
giants (cf. explained in Section 5.3), and also non-solar primordial
ratios.

Non-Lick indices: The indices that are not in Lick/IDS system are
presented in Fig. 22, versus Mg b (left-hand column) and Fe5270
(right-hand column). In the first two rows, we show for the first time
the sensitivity of the 4000 break indices with [α/Fe]. In the panels
showing the 4000 break indices versus Mg b, we clearly see that
the ellipticals concentrate over the α-enhanced models. Next in the
figure we show four Ca indices (the blue Ca H&K and the three
near-IR indices). The redder indices show less data points because
these indices could be measured only in low-redshift galaxies. It has
been claimed that ellipticals are under abundant in Ca (e.g. Thomas,
Maraston & Bender 2003a), although there is still room for debate
(e.g. Prochaska, Rose & Schiavon 2005). In our bulge, which is be-
lieved to be a reference population for ellipticals, high-resolution
stellar spectroscopy also suggests low values of [Ca/Fe] (e.g.
Zoccali et al. 2004; Alves-Brito et al. 2006), while in the metal-
poor population of our Galaxy the Ca is overabundant, following
the trend of the other light elements (e.g. Cayrel et al. 2004). In
the present models, the Ca abundance is locked to the other α el-
ements. The possibility of using the red Ca indices to measure the
[Ca/Fe] of ellipticals is worth to be investigated, specially given
the fact the blue Lick/IDS index sensitive to Ca, Ca4227, responds
in non-negligible ways to C variations (see also Prochaska et al.
2005). Among the four Ca indices, Ca8542 is the one that ap-
pears to be better reproduced by the models. Ca8662 shows a large
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Figure 18. Differences between the α-enhanced predictions and the solar-
scaled ones, in units of the solar-scaled value, for broad-band colours shown
on x-axis. Each row corresponds to the prediction of each [Fe/H] of our
models. Left- and right-hand columns show the predictions for 4 and 12
Gyr, respectively. The green and red lines correspond to the evolutionary
effect and spectral effects, respectively. The black line are the predictions
when both effects are considered together.

spread in the observational measurements, spreading around the
mean values of the models (Ca8662 versus Mg b panel), and span-
ning the locus between the solar-scaled and the α-enhanced models
(Ca8662 versus Fe5270 panel). Models for Ca8498 are too strong
when compared to observations. The models for Ca H&K, the only
blue alternative, are in better agreement than the Ca8498, but still
marginally too strong. The galaxy measurements for the last index,
Mg8807, show a large spread and no unambiguous conclusion can be
reached.

7 S U M M A RY A N D C O N C L U S I O N S

We have presented a new set of fully synthetic models to com-
pute the spectral evolution of stellar populations with solar-scaled
or α-enhanced chemical compositions. These are the first models
allowing one to compute the full, high-resolution spectral evolution
of stellar populations with an abundance pattern different from that
of the solar neighbourhood.

We focused on consistency while computing and gathering the
ingredients for the models. As the first ingredient of a synthetic
spectral model are the stellar tracks, we produced completely new
stellar models (cf. Section 2) in a mass range of 0.6–10 M⊙ for six
different compositions. Three of them were for solar-scaled metal
ratios and three values of [Fe/H], from subsolar to supersolar. The
remaining three sets had mixtures of identical [Fe/H], but with α-
enhanced element ratios, such that total metallicity, helium and hy-
drogen abundances are different from the solar cases. The individual
chemical compositions were taken into account as consistently as
possible, most notably in the high- and low-temperature opacities,
for which new up-to-date data were calculated. The iron abundance
values and α elements ratio adopted are the same as in the synthetic
stellar library.

The stellar synthetic library (cf. Section 3) is based on the one
by C05, extended to cover very cool giants by computing new
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Figure 17. Differences between the α-enhanced predictions and the solar-
scaled ones, in units of the solar-scaled value, for several spectral indices
shown on x-axis. Each row corresponds to the prediction of a different [Fe/H]
of our models. Left- and right-hand columns show the predictions at the
ages of 4 and 12 Gyr, respectively. The green and red lines correspond to the
evolutionary effect and spectral effects, respectively. The black lines are the
predictions when both effects are considered together. To avoid division by
zero, the scales of the three Balmer indices and Ca 8498 (which can reach
negative values) were shifted arbitrarily upwards.

even larger than its sensitivity to Mg abundances [due to the C2(0,0)
band head of the Swan A3"– X3" system at 5165 Å]. In Fig. 21, the
models are poorly representing the elliptical galaxy measurements.
This is expected, because the present models do not take into account
variations in the elements that dominate these indices. A modelling
of C and N variations is required, considering both the CN mixing in
giants (cf. explained in Section 5.3), and also non-solar primordial
ratios.

Non-Lick indices: The indices that are not in Lick/IDS system are
presented in Fig. 22, versus Mg b (left-hand column) and Fe5270
(right-hand column). In the first two rows, we show for the first time
the sensitivity of the 4000 break indices with [α/Fe]. In the panels
showing the 4000 break indices versus Mg b, we clearly see that
the ellipticals concentrate over the α-enhanced models. Next in the
figure we show four Ca indices (the blue Ca H&K and the three
near-IR indices). The redder indices show less data points because
these indices could be measured only in low-redshift galaxies. It has
been claimed that ellipticals are under abundant in Ca (e.g. Thomas,
Maraston & Bender 2003a), although there is still room for debate
(e.g. Prochaska, Rose & Schiavon 2005). In our bulge, which is be-
lieved to be a reference population for ellipticals, high-resolution
stellar spectroscopy also suggests low values of [Ca/Fe] (e.g.
Zoccali et al. 2004; Alves-Brito et al. 2006), while in the metal-
poor population of our Galaxy the Ca is overabundant, following
the trend of the other light elements (e.g. Cayrel et al. 2004). In
the present models, the Ca abundance is locked to the other α el-
ements. The possibility of using the red Ca indices to measure the
[Ca/Fe] of ellipticals is worth to be investigated, specially given
the fact the blue Lick/IDS index sensitive to Ca, Ca4227, responds
in non-negligible ways to C variations (see also Prochaska et al.
2005). Among the four Ca indices, Ca8542 is the one that ap-
pears to be better reproduced by the models. Ca8662 shows a large
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Figure 18. Differences between the α-enhanced predictions and the solar-
scaled ones, in units of the solar-scaled value, for broad-band colours shown
on x-axis. Each row corresponds to the prediction of each [Fe/H] of our
models. Left- and right-hand columns show the predictions for 4 and 12
Gyr, respectively. The green and red lines correspond to the evolutionary
effect and spectral effects, respectively. The black line are the predictions
when both effects are considered together.

spread in the observational measurements, spreading around the
mean values of the models (Ca8662 versus Mg b panel), and span-
ning the locus between the solar-scaled and the α-enhanced models
(Ca8662 versus Fe5270 panel). Models for Ca8498 are too strong
when compared to observations. The models for Ca H&K, the only
blue alternative, are in better agreement than the Ca8498, but still
marginally too strong. The galaxy measurements for the last index,
Mg8807, show a large spread and no unambiguous conclusion can be
reached.

7 S U M M A RY A N D C O N C L U S I O N S

We have presented a new set of fully synthetic models to com-
pute the spectral evolution of stellar populations with solar-scaled
or α-enhanced chemical compositions. These are the first models
allowing one to compute the full, high-resolution spectral evolution
of stellar populations with an abundance pattern different from that
of the solar neighbourhood.

We focused on consistency while computing and gathering the
ingredients for the models. As the first ingredient of a synthetic
spectral model are the stellar tracks, we produced completely new
stellar models (cf. Section 2) in a mass range of 0.6–10 M⊙ for six
different compositions. Three of them were for solar-scaled metal
ratios and three values of [Fe/H], from subsolar to supersolar. The
remaining three sets had mixtures of identical [Fe/H], but with α-
enhanced element ratios, such that total metallicity, helium and hy-
drogen abundances are different from the solar cases. The individual
chemical compositions were taken into account as consistently as
possible, most notably in the high- and low-temperature opacities,
for which new up-to-date data were calculated. The iron abundance
values and α elements ratio adopted are the same as in the synthetic
stellar library.

The stellar synthetic library (cf. Section 3) is based on the one
by C05, extended to cover very cool giants by computing new
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Our version of a classical plot ABUNDANCE RATIO TRENDS 889

1998 PASP, 110:888–899

Fig. 1.—Index AFeS ! (Fe5270 " Fe5335)/2 is shown against Mg2 and Mg b indices for Lick/IDS (Worthey, Trager, & Faber 1996) and González (1993) data,

respectively. Galaxies are keyed to type, environment, and central velocity dispersion. M32 is weaker lined than M31. Lines are models that span [Fe/#0.25 !

H] . In the top left-hand panel, lines with small black dots are from Worthey (1994) for ages 2, 9, and 18 Gyr, running from weak to strong index strength.! 0.25

The line marked with crosses is an old version of the 1994 models that was used in WFG, shown for 18 Gyr. The line marked with circles is a version of the

1994 models with Padova evolution instead of VandenBerg, also an 18 Gyr sequence. In the top right-hand panel, models were interpolated from recent literature.

Models by Weiss et al. (1995, with new evolution and index fitting functions; 15 Gyr; circles), Borges et al. (1995, with Padova evolution, new fitting functions;

16 Gyr; crosses) (16 Gyr age), and Bressan et al. (1996, with Padova evolution, Worthey et al. 1994 fitting functions; 15 Gyr; small dots) are shown. The lower

panel shows gradient data from González (1993), where simulated apertures of and are shown as the symbols and arrowheads, respectively. The WortheyR /8 R /2
e e

(1994) 9 and 18 Gyr models are shown.

thought that “normal” element enrichment above the solar value

would probably produce the spectral changes seen. The issue

of variable abundance ratios was not discussed in the pro-

ceedings of the conference.

A substantial time gap intervened before Worthey, Faber, &

González (1992; hereafter WFG) discussed absorption-line

strengths again (this time Mg and Fe features) and came to the

same conclusion as O’Connell (1976) and Peterson (1976): Mg

abundance is enhanced compared to Fe in large ellipticals. See

also Peletier (1989) and Faber, Worthey & González (1992).

WFG’s argument was stronger because their modeling effort

included spectra from local stars of high metallicity, so that a

“normal” abundance increase was shown not to be a viable

option. By 1992 the pattern of variable abundance ratios in

Spectral models: solar and α enhanced 507

Figure 14. SSP models at constant age of 12 Gyr are plotted with the galaxy data from Trager et al. (1998). Left-hand panel: Solid lines show models by the
present work, where the solid squares indicate [Fe/H] = −0.5, 0.0 and 0.2 (the most metal-rich systems have higher index values). Short-dashed lines indicate
BC03 models, and long-dashed lines are CB07 Indo-US models. Right-hand panel: The solid line is the same as in the left-hand panel. Short-dashed lines are
models by Thomas et al. (2003b), also for [α/Fe] 0.0 and 0.4. Long-dashed lines indicate models by Schiavon (2007).

synthetic calculations (due to N-LTE effects) and uncertainties in
the empirical libraries (abundance pattern, atmospheric parameters
and flux-calibration issues).

6 M O D E L P R E D I C T I O N S

In this section we present the new spectral models, computed with
the ingredients described in Sections 2 and 3, the synthesis code
presented in Section 4 and adopting IMF by Chabrier (2003). The
space parameter covered by the models is summarized below:

(i) wavelength range: from 3000 Å to 1.34 µm;
(ii) [Fe/H]: −0.5, 0.0 and 0.2;
(iii) [α/Fe]: 0.0 and 0.4;
(iv) total metallicity Z: 0.005, 0.011, 0.017, 0.026, 0.032, 0.048;
(v) ages: 3–14 Gyr (1-Gyr step).

The original resolution of the models is FWHM = 1 Å with a sam-
pling of 0.2 Å pix−1, and we provide additionally models convolved
to the wavelength-dependent instrumental resolution of SDSS. Dif-
ferent resolutions and samplings can be obtained by appropriately
convolving the original models.

Some applications of the models are presented below.

6.1 Classical Mg versus Fe plot

The best known result that illustrates the effects of α enhance-
ment on spectral properties of galaxies are those of magnesium
versus iron indices (e.g. Worthey et al. 1992), where solar-scaled

models cannot reproduce the locus of high-mass spheroidal galax-
ies. In Fig. 14 we present our models for 12-Gyr populations
(solid lines) in the Fe5270 versus Mg b plane, with galaxies
from Trager et al. (1998) sample, which span a large range in
masses.

The indices were measured at the Lick/IDS resolution as tabu-
lated in Worthey & Ottaviani (1997). The synthetic stellar library
employed in our models is closer to a flux-calibrated system than
to the Lick/IDS flux system. We translated our measurements to the
standard Lick/IDS adopting the zero-point corrections tabulated in
BC03 (which translates the flux calibrated stellar library STELIB
to the Lick/IDS system).

In the left-hand panel of Fig. 14, the short- and long-dashed lines
are the predictions given by BC03 and CB07 models, respectively.
It can be seen that the present models successfully cover the gap left
by previous spectral models, i.e. by producing models that fill the
locus of the massive early-type systems.

In the right-hand panel we show the models of the present work
and the Lick/IDS model indices by Schiavon (2007) (short-dashed
lines) and Thomas et al. (2003b, long-dashed lines), so that we can
see how our models compare with Lick/IDS models available in the
literature. The behaviour of all α-enhanced models shown in Fig. 14
is similar, in the sense that the α-enhanced models have stronger Mg
indices when compared to iron indices. In detail, our models tend
to produce stronger Mg indices at the same adopted mixture of
[α/Fe] = 0.4.

Besides the different ingredients and methodologies, there is a
particular difference in our approach of accounting for the α en-
hancement, with respect to the ones available in literature, that is
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Figure 19. Three of the indices defined to measure the Balmer lines, as a function of Mg b and Fe5270. Solid grid lines are models at fixed age 12 Gyr, dashed
lines indicate models of 3 Gyr. The models with [α/Fe] = 0.4 are represented with the right-hand side line, i.e. the ones with higher Mg b values. The three
parallel lines connect fixed [Fe/H] values (−0.5, 0.0 and 0.2), and indices become weaker with increasing Fe abundances. Dots are massive early-type galaxies
selected from the SDSS-DR4.

Figure 20. Indices highly sensitive to Fe abundances versus Mg b. TiO1, TiO2 and Na D are also shown here. Models are shown as explained in Fig. 19.

high-resolution spectra based on Plez (1992) model atmospheres.
The photometric properties of the stellar library was significantly
improved by correcting the effect of missing line opacities, through
the comparison of C05 stars to the flux distributions by ATLAS9. In
Section 5, the performance of the synthetic stellar library was anal-
ysed by comparing our models with models built employing empir-
ical libraries. The results were much encouraging, with broad-band
colours and most of the indices being fairly well reproduced. The
exceptions are spectral indices sensitive to either C or N abundances
(given that C and N abundance variations are not yet modelled) and
the Balmer lines indices (due to the lack of chromosphere mod-
els and realistic N-LTE computations). The remaining differences
are consistent with the uncertainties in the atmospheric parameters,
abundance pattern and flux calibration of the stars in the empirical
libraries.

With new tracks and an updated C05 library, we produced consis-
tent SSP models that include the MS, SGB and RGB evolutionary
phases (cf. Section 4). These are the most consistent models avail-
able so far that allow for evaluating the influence of α enhancement
on spectral and photometric observables of stellar populations. The
differential effect of the α enhancement on the several spectral and

photometric observables mentioned in this work are tabulated in
Appendix A (available only in the online version of this paper).
For the first time the effect of the α enhancement on broad-band
colours of SSPs can be modelled, and we show that the α-enhanced
colours U − B, B − V and u − g are bluer than solar-scaled ones
at fixed [Fe/H], in agreement with the work by Cassisi et al. (2004)
on α-enhanced colour transformations. We intend to look for an ob-
servational counterpart to test if our predictions are quantitatively
correct.

In order to additionally provide a set of models that can be directly
compared to observations, we extended our evolutionary tracks in a
non-consistent way, by including calculations by Pietrinferni et al.
(2006) (to account for the HB and early AGB) and Marigo & Girardi
(2007) (to account for the TP-AGB). We show that these spectral
models can reproduce the locus of ellipticals galaxies in Mg b versus
Fe5270 plots (Section 6), where we see that our models predict
slightly stronger Mg indices than previous work (Thomas et al.
2003b; Schiavon 2007), for the same value of α enhancement.

We also produced models in which we separate the influence of
either the evolution or the spectra in the α-enhanced predictions.
We conclude that the spectral indices are largely dominated by the
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Figure 21. Indices that are known to be sensitive to either C or N abundance ratios. Models are shown as explained in Fig. 19. The α-enhanced models are the
ones with higher Mg b values. The [Fe/H] values increase for stronger indices.

Figure 22. Non-Lick indices explored in the present work, as a function of Mg b and Fe5270 values. Models are shown as explained in Fig. 19.

spectral influence. Nevertheless the evolution has non-negligible
effects on some indices, among them the Balmer lines. As for the
broad-band colours, the resulting α-enhancement effect is a combi-
nation of both evolution and spectra, and thus any colour predictions
should include both effects consistently.

We confirm two findings from previous work.

(i) The indices [MgFe], [MgFe]′ and [Mg2Fe], defined by
González (1993), Thomas et al. (2003b) and BC03, respectively,
are fairly insensitive to α/Fe. We do not confirm the same for the

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 382, 498–514

Solid lines: 12 Gyr models; 
dashed lines: 4 Gyr models. 
Data: SDSS elliptical galaxies.

Coelho et al. ’07



Di↵erential stellar population models 3

Table 1. Properties of GCs from colour-magnitude diagrams and high-
resolution stellar spectroscopy

Name Age[Gyr] [Fe/H] [↵/Fe]

NGC6528 11±21 �0.10 ± 0.22 +0.1±0.12

NGC6553 11±23 �0.20 ± 0.14 +0.25 ±0.13

1 Feltzing & Johnson (2002); 2 Zoccali et al. (2004); 3 Alves-Brito et al.
(2006); Meléndez et al. (2003)

4 APPLICATION TO GLOBULAR CLUSTERS

We now test the newly prepared di↵erential models on high qual-
ity globular cluster spectra of NGC6528 and NGC6553 taken from
Schiavon et al. (2005) 2. Only these two bulge GCs have [Fe/H] in
the range probed by the di↵erential models. For NGC6528 six spec-
tra are available for consistency checks. Table 1 lists the published
ages and abundances of these clusters. Not all literature measure-
ments have assigned errorbars and we have been forced to assign
hopefully realistic ones ad hoc.

We fit the spectra of the GCs using the three di↵erent di↵er-
ential model sets (BC03+C07, V09+C07, PegHR+C07). While an
extensive test of the C07 models is beyond the scope of this Let-
ter, we also quote the results obtained with these models alone to
illustrate the improvement provided by the di↵erential models. The
best-fitting SSP is determined by simply computing �2 for every
SSP with the three di↵erent parameters age, [Fe/H], [↵/Fe]. The
only purpose of using sedfit in this context is to automatically
adapt for small shifts in velocity and for the resolution of the data.

An example fit is shown in Figure 2. Over the limited wave-
length range of this fit, the model looks remarkable. A more
quantitative measure is the reduced �2, which is between 2 (for
NGC6528 b 1 with PegHR+C07) and 10 (for NGC6528 a 1 with
BC03+C07). While thus the fit is not perfect, we note that an SSP
with solar abundance ratios yields a reduced �2 that is between 10%
and 50% worse. Combining the realism of semi-empirical models
and the predictive power of purely theoretical ones into the di↵er-
ential models thus leads to a significant improvement in the fit.

We repeat the fits for di↵erent ranges in wavelength. From the
outset, we exclude the wavelength region below 4000 Å, as there
are still not fully explained problems with semi-empirical models
in this range (e.g. Wild et al. 2007; Walcher et al. 2008). We also
exclude the region above 5800 Å, which has some dubious features
in the data.

The wavelength regions we tested are, in order of increasing
coverage:
R1: 5142-5364 Å (MgB and Fe5335 indices)
R2: 4828-5364 Å (main Lick index range)
R3: 4828-5600 Å (red extension)
R4: 4500-5600 Å (blue extension)
R5: 4000-5800 Å (full wavelength range)

In Figure 3 we show the dependence of the quartet reduced
�2, age, [Fe/H], and [↵/Fe] on the adopted wavelength range and
for the spectrum NGC6528 a 2. Based on all plots for the 7 di↵er-
ent GC spectra that we used, we find that for wavelength region R2
(4828 to 5364 Å) the parameters [Fe/H] and [↵/Fe] of the best-fit
SSP are in good agreement with the literature values for all dif-
ferential models and all observed GC spectra. On the other hand,

2 The spectra can be downloaded from
http://www.noao.edu/ggclib/description.html.

[tbp]

Figure 2. The spectrum of NGC6528 (black), labelled a 2, as taken from
Schiavon et al. (2005) and the best-fitting model from PegHR+C07 (red).
The blue line is the continuum that was used to normalize the observed
spectrum. The model was fit to the data only in the wavelength range 4828-
5364 Å.

the results for the other wavelength ranges scatter more and seem
in particular a↵ected by the age-[Fe/H] degeneracy. In the case of
R1, the available signal may not be strong enough. In the cases of
large wavelength ranges, we expect that all models become less re-
liable, so small uncertainties in the modelling might dominate the
fit results. Concerning age, we confirm the results of Koleva et al.
(2008) that the spectral fitting ages for these clusters tend to be
younger than the CMD ages. This is potentially attributable to con-
tamination by blue bulge stars or blue straggler stars in the aperture
covered by the integrated GC spectra and visible in the CMD (G.
Beccari, priv. comm.) or to dispersion in the Helium abundances
(Catelan et al. 2009), but we note also that the CMD ages do di↵er
by a few Gyrs in the literature.

It seems to be of rather little relevance, which semi-empirical
model one uses, as inside the regions in wavelength and parame-
ter space that we test here, the di↵erential models behave similarly.
We nevertheless note that the PegHR+C07 model yields the lowest
overall �2 but also systematically lower ages (and higher [Fe/H]),
while fitting with the BC03+C07 models seems to be most stable
with respect to wavelength range between 4500-5600 Å. As ex-
pected, the fully theoretical models show a larger �2 and the derived
values tend to be less stable than those of the di↵erential models.

In Figure 4 we show the distribution of �2 as a dependence of
the three parameters age, [Fe/H], and [↵/Fe] for the NGC6553 spec-
trum. The known age-[Fe/H] degeneracy is clearly visible. There is
also a slight degeneracy between [Fe/H] and [↵/Fe], following a
line of constant total metallicity.

5 TEST ON SDSS EARLY-TYPE GALAXIES

We now fit the spectra of a small sample of early-type galaxies
from the SDSS survey (Abazajian & Sloan Digital Sky Survey
2008). Early-type galaxies are known to be enhanced in ↵-elements

c� 0000 RAS, MNRAS 000, 000–000

Differential stellar 
population models

• Walcher et al. ’09 proposes to 
use semi-empirical and 
theoretical SP models 
combined.


• Differential spectra are obtained 
from theoretical SSP models, 
as a function of [Fe/H] and [α/
Fe] independently


• The differential spectra are 
applied to semi-empirical SSP 
at solar-scaled solar-metallicity.


• see Prugniel et al. 07, Koleva et 
al. 07, Vazdekis et al. in prep.

NGC6528 (black) and best-fitting model from 
PegHR+C07 (red). The blue line is the 
continuum. The fitting was performed in the 
wavelength range 4828 - 5364A.



Flavours of stellar population models for studying 
chemical patterns

• Semi-theoretical models: combining empirical information and theoretical 
information


• empirical fitting functions + theoretical responses tables (e.g. Trager et al. 
2000, Proctor et al. 2002, Thomas et al. 2003 , Schiavon 2007)


• differential spectral corrections (e.g. Cervantes & Vazdekis 2008, Prugniel 
et al. 2008, Walcher et al. 2009, Conroy et al. 2013, Vazdekis et al. in 
prep.,)


• Fully theoretical: using directly the theoretical libraries instead of empirical 
ones


• e.g. Coelho et al. (2007), Percival et al. (2009), Lee et al. (2009)
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Figura A.7: O mesmo que a Figura A.1, para o intervalo 4000–5400Å, usado neste
trabalho para os aglomerados de M31.
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Figura A.8: O mesmo que a Figura A.2, para o intervalo 4000–5400Å, usado neste
trabalho para os aglomerados de M31.

Cezario et al.: Spectral fitting of globular clusters

horizontal branch. In such striking cases, it is not disquieting that
comparing the observations to SSP models would fail.

Except for NGC 2808, the other clusters with deviating
spectroscopic ages are all younger than the CMD ages by
at least 2–3 Gyr. Our initial interpretation was the poten-
tial presence of HB morphologies which are not well rep-
resented in the SSP models. Extended HB morphologies are
long known in literature to bias spectroscopic ages towards
lower values (e.g. de Freitas Pacheco & Barbuy 1995; Lee et al.
2000; Schiavon et al. 2004; Mendel et al. 2007; Ocvirk 2010).
Koleva et al. (2008) manages to reconcile some of the spectro-
scopic ages of galactic clusters with CMD measurements when
a hot star component is added to the fitting, to mimic the pres-
ence of blue horizontal branch stars or blue stragglers. It is not
straightforward, however, to predict how the HB morphology
will impact the spectroscopic ages. The effective impact of the
HBmorphology on spectroscopic age is likely a non-trivial inter-
play between the wavelength range fitted (in the sense that bluer
regions will be more sensitive to hotter HB stars) and the exact
morphology (or lack of) predicted by the underlying isochrone
of the stellar population model, this morphology also being de-
pendent on the age and metallicity of the modelled population.

Using the study by Gratton et al. (2010) on the galactic
clusters HB morphologies, we searched for patterns of the HB
morphologies that could correlate with the clusters with deviant
ages, but could not find any. The only note of interest is that four
of these clusters (NGC2808, NGC6388, NGC6441, NGC7078)
have high values of R’3 (larger than 0.8). Nevertheless, cluster
NGC 5927 (GC #9) also has a very high R’ and its spectroscopic
age matches the CMD range.

Regarding the metallicities derived via spectral fitting, in
Fig. 2 we compare our [Fe/H] values with those compiled by
Carretta et al. (2009) (black triangles) and Schiavon et al. (2005)
(blue squares). The overall difference (this work − Schiavon et
al.) is of –0.05 ± 0.16 dex, while (this work − Carretta et al.) is –
0.15 ± 0.17 dex. Even though the agreement with Schiavon et al.
scale is better on average, it was pointed out by the referee that
there seems to be a slope between our results and Schiavon et
al. scale (the relation crossing the line of equality). On the other
hand, the offset between our results and Carretta et al. scale is
nearly constant, thus the differences between our results and this
scale might be explained by a zero-point offset.

The scatter we obtain between our metallicities and the stel-
lar analysis is compatible with the difference between Schiavon
et al. and Carretta et al. scales (0.10 ± 0.20 dex), which are both
based on high resolution stellar spectroscopy. It is a remarkable
agreement between metallicities from integrated light at medium
spectral resolutions and high-resolution stellar analysis.

From the analysis of the galactic sample we conclude that re-
garding the age determination, the method returned accurate res-
ults except for six clusters: NGC 2808, NGC 5286, NGC 6121,
NGC 6388, NGC 6441, NGC 7078. In the case of NGC 5286
(and possibly NGC 6752, whose spectroscopic age marginally
matches the CMD range), we suspect that contamination from
foreground stars hampered the observations. NGC 2808 is a
striking case of a cluster with triple main sequences, and a failure
when comparing to SSP models is not disquieting. For the re-
maining four clusters, or ∼12% of our galactic sample, ages are
underestimated by ∼2–3 Gyr and we cannot provide a robust ex-
planation for these differences. We confirmed that the presence
of populations with CNONa anti-correlated abundances cannot

3 R’ = NHB/N’RGB, where NHB is the number of stars in the HB and
N’RGB is the number of stars on the RGB brighter than V(HB)+1.

Figure 2. Top panel: Comparison of metallicities obtained with
the spectral fitting (this work) versus the values compiled in liter-
ature by Schiavon et al. (2005) (blue squares) and Carretta et al.
(2009) (black triangles) for the Galactic GCs. The error bar in
the top left corner indicates the mean error values. Bottom panel:
[Fe/H] residuals (ours minus literature values).

explain the age differences. If this age difference is related to
HB morphologies, as usually claimed in literature, its exact ef-
fect remains to be better understood, given that not all GC with
extended HB were affected. We reproduced the CMD ages of
other GCs known to have blue components (such as NGC 5946
and NGC 6284), without invoking additional parameters in the
fitting (such as a free amount of hot stars in Koleva et al. 2008).
The mean difference (this work - literature) is of –0.8 Gyr with
an r.m.s. of 1.7 Gyr, for the sub-sample with fitted ages inside
the observational uncertainties; and –1.8 Gyr with a r.m.s. of 2.8
Gyr for the whole sample.

As for the metallicities, the method gives results in accord-
ance with determinations from high resolution stellar spectro-
scopy (R 30,000), with a r.m.s. of the same order of the r.m.s.
between two different sets of high-resolution results as presen-
ted in the previous paragraph.

4.2. Stellar populations in M31 GCs

We analysed theM31 sample with the same set up and procedure
as in the galactic sample, and our derived ages and metallicities
are presented in Table 3. We show in Fig. 3 the fitting of two
spectra in our M31 sample, for illustration purposes. We obtain
a large range of ages, from ∼150 Myr (B322) to very old ages.
In fact, three of the objects (B163, B393, and B398) were given
“older than the Universe” ages (13.75 ± 0.11 Gyr; Jarosik et al.
2011). In these cases, χ2 maps of age distributions show a val-
ley of low values starting around ∼ 6Gyr and almost flat with
metallicity, indicating that the results are degenerate in age. The
metallicities in our sample range from –2.2 dex to +0.1 dex.

Many of our GCs have been studied in literature, some by
isochrones fitting to CMDs, or via spectral indices. A non-
exhaustive list of results from literature is presented in Table 4.
We compare our ages with those in the literature in Fig. 4. From
this figure, we conclude there is, on average, general agreement

5

There are open questions on current methods to study 
integrated spectra of galaxies... 

Metallicities derived via 
spectral fitting are very 
robust.

Spectroscopic vs. CMD 
ages: discrepancies yet 

to be understood.


