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Objectives

✤ How many stars? Better, how much stellar mass?  
Key for:

✤ scaling relations

✤ dynamics

✤ When did stars form? Age!

✤ What is their chemical composition? Metallicity and beyond

✤ and how is it related to their age? Age-metallicity distributions

✤ Can we reconstruct the full star-formation and chemical enrichment history?
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Methods

✤ Compare observed starlight to (complex) models of starlight from 
stellar population synthesis (SPS)

✤ Models:
✤ Simple Stellar Populations (see lecture III)
✤ add complexity - complex star-formation and chemical-enrichment 

histories
✤ add more complexity - dust
✤ add even more complexity - variable IMF

✤ Observations: choose the right dataset — maximise information, 
minimise noise and sensitivity to model uncertainties

✤ Statistical methods for inference



Best case: observe individual stars
✤ Build observed CMDs and find the best-fitting 

combination of SSPs that reproduce the 
observations.

✤ The weight of each SSP as a function of age gives 
the star-formation history of the galaxy

Weisz et al. (2014)

✤ Only possible for Local Group galaxies using HST
✤ Future: 30m-class telescopes (ELT, TMT) will 

extend this to a range of several Mpc
✤ Otherwise, we must use integrated light
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Composite stellar populations

✤ Star formation history (SFH): star-formation rate

✤ In the simplest case, a given SFR at time t and integrated for a time dt 
results in a SSP of total mass dM*=SFR(t) dt and age tobs-t

✤ In general, at each time we should consider a superposition of SSPs 
with different chemical enrichment and different dust attenuation

✤ Let’s now follow the time evolution of the flux emitted by a 
composite stellar population (CSP) from its birth (t=0) on…
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Composite Stellar Populations
contain stars with a range in metallicities as given by their time-dependent metallicity

distribution function, P (Z, t); (3) they contain dust. These components are combined in
the following way:

fCSP(t) =

∫ t′=t

t′=0

∫ Zmax

Z=0

(

SFR(t− t′)P (Z, t− t′) fSSP(t
′, Z) e−τd(t

′) +Afdust(t
′, Z)

)

dt′ dZ

(2)
where the integration variables are the stellar population age, t′, and metallicity, Z. Time-

dependent dust attenuation is modeled via the dust optical depth, τd(t
′) and dust emission

is incorporated in the parameter fdust. The normalization constant A is set by balancing
the luminosity absorbed by dust with the total luminosity re-radiated by dust.

The SFH can in principle be arbitrarily complex, although simple forms are usually

adopted. By far the most popular is the exponential, or τ−model, where SFR ∝ e−t/τ . This
form arises naturally in scenarios where the SFR depends linearly on the gas density in a

closed-box model (Schmidt 1959). Recently, rising SFHs have become popular to explain the
SEDs of high-redshift galaxies (Maraston et al. 2010, Papovich et al. 2011). Rising SFHs at

early times seem to be a natural consequence of galaxy evolution in a hierarchical universe

(Finlator, Davé & Oppenheimer 2007; Lee et al. 2010). Functional forms that incorporate
an early phase of rising SFRs with late-time decay, such as SFR ∝ tβ e−t/τ , may therefore

become more popular amongst modelers.

The treatment of metallicity in composite stellar populations is usually even more simplis-
tic than the treatment of SFRs. The widely adopted simplification is to replace P (Z, t) in

Equation 2 with a δ−function. In other words, a single metallicity is assumed for the entire
composite population. The impact of this simplification on the SPS modeling procedure

has not been extensively explored.

The approach to Equation 2 outlined above is standard but not universal. A notable
exception is the technique of fitting non-parametric SFHs and metallicity histories in either

a pre-defined or adaptive set of age bins (Cid Fernandes et al. 2005, Ocvirk et al. 2006,

Tojeiro et al. 2009). The latter approach is computationally expensive since as many as
thirty parameters are simultaneously fit to the data. Very high quality data are also a

prerequisite for non-parametric techniques. Nonetheless, they offer the promise of less
biased reconstruction of the SFH and metallicity history of galaxies based solely on their

SEDs.

Figure 5 presents some basic properties of CSPs. The top panels show the fractional flux
contribution from stars in different evolutionary phases for three representative SFHs. At

late times the RGB and red HB dominate the red and NIR flux of τ -model SFHs, as is well-

known. However, at young ages and/or for rising SFHs, the red and NIR are also influenced
strongly by AGB stars, suggesting that the NIR can be susceptible to large uncertainties

(due to uncertainties in the modeling of the AGB, as discussed in detail in later sections).
The lower left panel shows the fractional flux contribution from stars more massive than

20M⊙ and 60M⊙ for a τ = 10 Gyr SFH. Massive star evolution is uncertain due to the

complicating effects of rotation and binarity, and so this panel provides a rough sense of the
extent to which uncertainties in massive star evolution will affect SED modeling. Finally,

the lower right panel shows the light-weighted age as a function of wavelength, again for

a τ = 10 Gyr SFH. The dashed line indicates the mass-weighted mean age. Already by
0.5µm (approximately the V−band), the light-weighted age reaches its maximal value,

again suggesting that going to redder restframe wavelengths is not providing substantial
new information on the SFH. Notice also that the maximum light-weighted age never reaches

18

✤ Linear superposition of more SSPs according to a star formation 
history dM(t)=SFR(t-t’) dt’
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✤ Linear superposition of more SSPs according to a star formation 
history dM(t)=SFR(t-t’) dt’

✤ (Time-dependent) variable metallicity
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✤ Linear superposition of more SSPs according to a star formation 
history dM(t)=SFR(t-t’) dt’

✤ (Time-dependent) variable metallicity

✤ (Time-dependent) dust attenuation
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✤ Linear superposition of more SSPs according to a star formation 
history dM(t)=SFR(t-t’) dt’

✤ (Time-dependent) variable metallicity

✤ (Time-dependent) dust attenuation

✤ “Contamination” by dust emission (time- and Z-dependent) and nebular emission...



Examples of (non-parametric) CSP

1258 R. Tojeiro et al.

C(Z )αβ = ⟨(Zα −  Zα)(Zβ −  Zβ )⟩. (23)

All the plots in Sections 3 and 4 show error bars derived from C1/2
αα ,

although it is worth keeping in mind that these are typically highly
correlated.

2.6 Timings

A basic run of VESPA (which consists of roughly five runs down
the sequence detailed in Section 2.3.2, one for each value of dust
extinction) takes about 5 s. If accurate error estimations are needed
per galaxy, this will add another one or two minutes to the tim-
ing, depending on how accurately one would like to estimate the
covariance matrices, and depending on the number of data points.
With nerror = 10, a typical SDSS galaxy takes around one minute to
analyse.

3 TESTS ON SIMULATED DATA

We tested VESPA on a variety of synthetic spectra, in order to
understand its capabilities and limitations. In particular, we tried to
understand the effect of three factors in the quality of our solutions:
the input SFH, the noise in the data, and the wavelength coverage of
the spectrum. We have also looked at the effects of dust extinction.
Throughout we have modelled our galaxies in a resolution of 3 Å.

Even though we are aware that showing individual examples of
VESPA’s results from synthetic spectra can be extraordinarily un-
representative, we feel obliged to show a few for illustration pur-
poses. We will show a typical result for most of the cases we present,
but we also define some measurements of success, so that the overall
performance of VESPA can be tracked as we vary any factors. We
define

Gx =
∑

α

∣

∣

∣

∣

xα − x I
α

x I
α

∣

∣

∣

∣

ωα (24)

Figure 4. Two examples of VESPA’s analysis on synthetic galaxies. The top panels show the original spectrum in the dark line (black in the online version)
and fitted spectrum in the lighter line (red in the online version). The middle panels show the input (dashed, red) and the recovered (solid, black) SFRs and the
bottom panel shows the input (dashed, red) and recovered (solid, black) metallicities per bin. Note that even though many of the recovered metallicities are
wrong, these tend to correspond to bins with very little star formation, and are therefore virtually unconstrained.

and

GZ =
∑

α

∣

∣

∣

∣

Zα − Z I
α

Z I
α

∣

∣

∣

∣

ωα, (25)

where xI
α and ZI

α are the total mass and correspondent metallicity in
binα (rebinned to match the solution’s parametrization if necessary),
and ωα is the flux contribution of population of age tα . Gx and GZ
are a flux-weighted average of the total absolute fractional errors in
the solution, and give an indication of how well VESPA recovers the
most significant parameters. A perfect solution gives Gx = GZ = 0.
It is also worth noting that this statistic does not take into account the
associated error with each recovered parameter – deviations from
the true solution are usually expected given the estimated covariance
matrices. We will also show how these factors affect the recovered
total mass for a galaxy. In all cases we have renormalized the total
masses such that total input mass for each galaxy is 1.

3.1 Star formation histories

We present here some results for synthetic spectra with two different
SFHs. All of the spectra in this section were synthesized with an
S/N per pixel of 50, and we initially fit the very wide wavelength
range λ ∈ [1000, 9500] Å.

We choose two very difference cases: first, an SFH of dual bursts,
with a large random variety of burst age separations and metallicities
(where we set the SFR to be 10 solar masses per Gyr in all bursts).
Secondly, we chose an SFH with an exponentially decaying SFR:
SFR ∝ exp (γ tα), where tα is the age of the bin in look-back time
in Gyr. Here we show results for γ = 0.3 Gyr−1. Rather than being
physically motivated, our choice of γ reflects an SFH which is not
too steep as to essentially mimic a single old burst, but which is
also not completely dominated by recent star formation. In all cases
the metallicity in each bin is randomly set. Fig. 4 shows a typical
example from each type.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 381, 1252–1266
Tojeiro et al. (2007)
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Popular SFH parameterizations

✤ SSP

✤ Falling exponential

✤ Rising exponential  
(i.e. allow negative tau) 

✤ Delayed exponential

✤ a la Sandage

delayed exponential

“Sandage”



Examples of differences between SFHs

Renzini & Greggio (2011), “Stellar populations”



Examples of differences between SFHs

Renzini & Greggio (2011), “Stellar populations”



Examples of differences between SFHsAny hope to actually disentangle different 
SFHs???

Renzini & Greggio (2011), “Stellar populations”



Relative flux contribution of stellar evolutionary 
phases for prototypical galaxy SFHs
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Figure 5:

Top Panels: Fractional contribution to the total flux from stars in various evolutionary phases, for
three different SFHs. The left panel is representative of a galaxy that formed nearly all of its stars
very rapidly at early times, the middle panel is representative of a typical star-forming galaxy at
z ∼ 0, and the right panel may be representative of the typical galaxy at high redshift. Flux
contributions are at 13 Gyr (solid lines) and 1 Gyr (dashed lines) after the commencement of star
formation; all models are solar metallicity, dust-free, and are from FSPS (v2.3;
Conroy, Gunn & White 2009). Labeled phases include the main sequence (MS), red giant branch
(RGB), asymptotic giant branch (AGB, including the TP-AGB), post-AGB (pAGB), and the blue
and red horizontal branch (bHB and rHB). Bottom Left Panel: Fractional flux contributions for
stars more massive than 20M⊙ and 60M⊙ for the SFH in the middle panel of the top row.
Bottom Right Panel: Light-weighted age as a function of wavelength for the same SFH. The
dashed line indicates the corresponding mass-weighted age.
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2.3 Composite Stellar Populations

The simple stellar populations discussed in Section 2.1 are the building blocks for more

complex stellar systems. Composite stellar populations (CSPs) differ from simple ones in
three respects: (1) they contain stars with a range of ages given by their SFH; (2) they
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very rapidly at early times, the middle panel is representative of a typical star-forming galaxy at
z ∼ 0, and the right panel may be representative of the typical galaxy at high redshift. Flux
contributions are at 13 Gyr (solid lines) and 1 Gyr (dashed lines) after the commencement of star
formation; all models are solar metallicity, dust-free, and are from FSPS (v2.3;
Conroy, Gunn & White 2009). Labeled phases include the main sequence (MS), red giant branch
(RGB), asymptotic giant branch (AGB, including the TP-AGB), post-AGB (pAGB), and the blue
and red horizontal branch (bHB and rHB). Bottom Left Panel: Fractional flux contributions for
stars more massive than 20M⊙ and 60M⊙ for the SFH in the middle panel of the top row.
Bottom Right Panel: Light-weighted age as a function of wavelength for the same SFH. The
dashed line indicates the corresponding mass-weighted age.
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complex stellar systems. Composite stellar populations (CSPs) differ from simple ones in
three respects: (1) they contain stars with a range of ages given by their SFH; (2) they

17

The left  panel  is  representative  of  a  galaxy  that  formed nearly  all  of  its  stars  very 
rapidly  at  early  times,  the  middle  panel  is  representative  of  a  typical  star-forming 
galaxy at z ∼ 0, and the right panel may be representative of the typical galaxy at high 
redshift. Flux contributions are at 13 Gyr (solid lines) and 1 Gyr (dashed lines) after the 
commencement of star formation; all  models are solar metallicity,  dust-free,  and are 
from  FSPS  (v2.3;  Conroy,  Gunn  &  White  2009).  Labeled  phases  include  the  main 
sequence (MS), red giant branch (RGB), asymptotic giant branch (AGB, including the 
TP-AGB), post-AGB (pAGB), and the blue and red horizontal branch (bHB and rHB).

Conroy (2013)
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Figure 1:

Overview of the stellar population synthesis technique. The upper panels highlight the ingredients
necessary for constructing simple stellar populations (SSPs): an IMF, isochrones for a range of
ages and metallicities, and stellar spectra spanning a range of Teff , Lbol, and metallicity. The
middle panels highlight the ingredients necessary for constructing composite stellar populations
(CSPs): star formation histories and chemical evolution, SSPs, and a model for dust attenuation
and emission. The bottom row shows the final CSPs both before and after a dust model is applied.

5

Tinsley (1972-80)
⇓

Conroy (2013)

Summary of Stellar Population Synthesis
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Figure 1:

Overview of the stellar population synthesis technique. The upper panels highlight the ingredients
necessary for constructing simple stellar populations (SSPs): an IMF, isochrones for a range of
ages and metallicities, and stellar spectra spanning a range of Teff , Lbol, and metallicity. The
middle panels highlight the ingredients necessary for constructing composite stellar populations
(CSPs): star formation histories and chemical evolution, SSPs, and a model for dust attenuation
and emission. The bottom row shows the final CSPs both before and after a dust model is applied.
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Tinsley (1972-80)
⇓

Conroy (2013)

Summary of Stellar Population Synthesis
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The inversion problem

✤ Given a galaxy’s SED (in a broad sense) we want to infer the stellar 
population parameters (and possibly dust attenuation as well)

✤ stellar mass

✤ mean stellar age

✤ SFH

✤ stellar metallicity

✤ abundance distribution and patterns

✤ INVERSION of the physical assembly procedure described so far



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture IV

The inversion problem: methods

✤
Full inversion approach: , i running over ages, metallicities (dust, …)

✤ retrieve SFH, Z distribution, dust as given by the weights , via likelihood maximisation 
✤ non-parametric best fit, no explicit assumptions (which does not mean no bias!)
✤ basically, the weight of each SSP is a free parameter to be fit (possibly a huge number!)

✤ Bayesian inference
✤ (pre-computed) library of models

✤ characterized by the observables to fit (colors, absorption features etc.)
✤ labeled by physical parameters (M/L, <t>, <Z>, <[α/Fe]>...)
✤ distributed according to a prior

✤ comparison between real and model observables provides the likelihood (of the data given 
a model) to attach to each physical parameter

✤ the probability distribution of the physical parameters is obtained via marginalization 
✤ PCA (on models and data), machine learning methods etc.

FCSP = ∑
i

FSSP,i × wi

{wi}
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The inversion problem: 
observables

✤ Broad/medium band SED: colors and shape of the SED

✤ Full spectrum

✤ Spectral features with high sensitivity towards age/metallicity/
element abundances

✤ Observables must be optimized to the goals! i.e. they must be good 
tracers of the physical property one wants to retrieve
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Stellar mass

✤ Extensive quantity, derived as M/L x L

✤ M/L comes from models

✤ L comes from observations

✤ Degenerate effect of 1) age, 2) metallicity and 3) attenuation on M/L 
AND optical colors: an increase of any of the three physical factors 
results in increasing M/L and make colors redder (e.g. Bell & deJong 
2001)

✤ ⇒ optical colors and M/L tightly correlated
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224 BELL & D E JONG

FIG. 9.ÈTrends in stellar M/L for the formation epoch model with bursts in K ( Ðlled circles) and B band (open circles) with (a) B[V , (b) B[R, (c) V [R,
(d) V [I, (e) V [K, and ( f ) I[K color. We also show the least-squares Ðt to the variations of stellar M/L ratio with color for the B-band (dotted line) and
K-band (solid line) stellar M/L ratio.

dependent dust extinction corrections and the color-
dependent stellar M/L ratios, it is possible to estimate
stellar masses from di†erent passbands that are consistent
at better than the 10% level. The slope of the stellar mass

T-F relation of the Ursa Major Cluster sample is 4.4 ^ 0.2,
using a least-squares bisector Ðt. Including the contribution
from the H I mass, we Ðnd that the slope of the baryonic
T-F relation of the Ursa Major Cluster is 3.5 ^ 0.2

FIG. 10.ÈTrends in stellar M/L with B[R color for six di†erent galaxy evolution models in K ( Ðlled circles) and B band (open circles) for the
(a) closed-box model, (b) outÑow model, (c) mass-dependent formation epoch model, (d) mass-dependent formation epoch model with bursts, (e) infall model,
and ( f ) Cole et al. (2000) hierarchical model. We also show the least-squares Ðt to the variations of stellar M/L ratio with B[R color of the mass-dependent
formation epoch with bursts model for the B (dotted line) and K band (solid line). The Cole et al. (2000) model adopts a Kennicutt (1983) IMF and a 38%
brown dwarf fraction, which results in a similar zero point to the scaled-down Salpeter IMF we adopt.

Bell & deJong (2001)

scatter is not representative of real systematic uncertainties!
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M/L beyond colors

✤ Observations of higher resolution SEDs (i.e. spectra!) and in particular 
age- and metallicity-sensitive features can help make a more precise 
characterization of the stellar population

✤ In general, precision does not increase dramatically wrt to colors only, 
due to the well known degeneracies. Improvement is significant for 
bursty SFH

✤ Absorption strengths are insensitive to dust (if all stellar populations 
see the same dust...) so one can infer only intrinsic M/L, whereas the 
emerging M/L (i.e. with L corrected for the attenuation) still require 
the use of the SED shape
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Figure 14. Comparison between log(M∗/Lz) estimated from spectral absorption
features (namely D4000n, Hβ, HδA, HγA, [MgFe]′, and [Mg2Fe] with S/N=30)
and from g− i color (lower panel) or g− i, i− H (upper panel) assuming 0.05 mag
error. The solid line indicates the expected 1:1 relation. Different colors indicate
different spectral types (as in Figure 1). The error bars centered at the average
log(M∗/Lz) of each galaxy type indicate the average error on spectroscopic and
photometric estimates. Photometric and spectroscopic log(M∗/Lz) estimates
agree well within the respective errors, except for bursty, intermediate-age
galaxy types, for which g− i (as well as other colors) tend to overpredict the true
log(M∗/Lz) by ∼ 0.15 dex (see Figure 8).
(A color version of this figure is available in the online journal.)

Instead, no significant difference is seen from the default ideal
case in the median offset and rms for “bursty” galaxies.

We repeat the analysis in Figure 16 using as observational
constraint the g− i color instead of the absorption features. The
shaded region represents the range of offsets in the default case
(adapted from Figure 8) while the black lines refer to the case
in which the mock galaxies are fitted with a library without
bursts (lower panels) or with 50% of bursts (upper panels).
Assuming continuous only SFHs does not introduce additional

biases in the log(M∗/Lz) estimates of “bursty” galaxies, while
slightly improves the results for “continuous” galaxies. On
the other hand, an increased fraction of models with recent
bursts helps to reduce the bias in the log(M∗/Lz) estimates
of “bursty/intermediate” galaxies (as can be understood from
Figure 10), but tends to underestimate the log(M∗/Lz) of
“continuous” galaxies by 0.05–0.1 dex.

We now explore the effects of assuming a constant metallicity
along the SFH. We generate a Monte Carlo library with the
same distribution in SFHs as our default library, but allow for
chemical evolution. The chemical evolution is modeled by a
metallicity increasing from 20% of a randomly drawn Z value
(in the range 0.2–2 × Z⊙) until one third of the total stellar
mass produced by the underlying exponential SFH is formed,
up to 2×Z⊙, when two thirds of the mass are formed. With this
simple (and probably extreme) toy model of chemical evolution
we do not intend to reproduce the possibly very complex
chemical evolution of real galaxies, but only to allow for a
mix in metallicities within each individual model. We note that
this library does not reach D4000n values higher than ∼ 1.9,
and hence does not properly represent observed SDSS galaxies
with higher D4000n, probably because higher (mass-weighted)
metallicities would be required.

We now generate from this variable-metallicity library mock
galaxies representing different regions of the D4000n–HδA

plane, hence different typical SFHs, as in the default case (we use
the same ranges as in Figure 1 but lower D4000n values for the
“continuous/old” case). We then fit their spectral features (case
3) with our default library in which the metallicity is constant
along the SFH. The result is shown in Figure 17, where one
can see that no significant offset in the estimated log(M∗/Lz)
is introduced by assuming a fixed metallicity, at least above S/
N of 20–30. We note, however, a possible mild underestimate
of the M∗/L of old galaxies and increased uncertainties (as
shown by the rms of ∆log(M∗/Lz)) for galaxies with high HδA

values.
Finally, Figure 18 shows the results when the g− i color is

used to constrain the M∗/L instead of the absorption features.
The color of single-metallicity stellar populations does not
correctly predict the M∗/L of composite populations with
different metallicities: there is a tendency to underestimate
(overestimate) the true log(M∗/Lz) of old (young) galaxies by
about 0.05 dex more in comparison to the default case (i.e.,

Figure 15. Offset between the retrieved and the true log(M∗/Lz) as a function of S/N for the five different spectral classes (as indicated in each panel). log(M∗/Lz)
estimates are based on the spectral features D4000n, the Balmer lines, [MgFe]′, and [Mg2Fe]. The white line and the gray shaded region indicate the median and
the rms, respectively, of ∆log(M∗/Lz) when the mock galaxies are fitted with the same model library from which they are drawn (as in Figure 4). In the bottom
panels, the solid and dashed lines show the median and rms of the offsets for the case in which the mock galaxies are analyzed with a library without bursts. In the top
panels, the black lines represent the results of fitting the mock galaxies with a burst-enhanced library.

No. 2, 2009 STELLAR MASS-TO-LIGHT RATIO ESTIMATES FROM GALAXY SPECTRA 269

Figure 16. Offset between the log(M∗/Lz) estimated by fitting g− i color and the true one as a function of the error on color (decreasing from left to right). The shaded
region represents the distribution of offsets (median and rms) in the default case as shown in Figure 8. The solid and dashed lines show the median and rms of the
offsets when the mock galaxies are analyzed with a library without bursts (bottom panels) or with higher probability of recent bursts (top panels).

Figure 17. Offset between the retrieved and the true log(M∗/Lz) as a function
of S/N. Mock galaxies are constructed allowing metallicity evolution along the
SFH but are fitted with our default library with constant metallicity. Estimates
are based on the spectral features D4000n, the Balmer lines, [MgFe]′, and
[Mg2Fe].

when fixed metallicity is assumed both in the mock galaxies
and in the fitting library).

We note that the M∗/L increases both with increasing age
and with increasing metallicity of the stellar populations. If
metallicity evolves along the SFH in such a way that old stars
are metal-poorer than young ones (as in our toy model) the
age and metallicity effects on M∗/L may compensate at some
level. If the age and metallicity effects on spectral indices
compensate at the same level then we should not expect to
introduce a bias by assuming constant metallicity. Indeed, we
checked that M∗/L varies along the D4000n–HδA plane, for
instance, in the same way for both the constant-metallicity
and the variable-metallicity libraries, so that certain values
of absorption features are associated with the same average
M∗/Lz regardless of chemical evolution. This is not the case for
broadband colors, which have a different response to metallicity

Figure 18. Offset between the log(M∗/Lz) retrieved using g− i color as
constraint and the true log(M∗/Lz) as a function of error on color. Mock galaxies
are constructed allowing metallicity evolution along the SFH but are fitted with
our default library with constant metallicity (the solid line indicates the median
offset while the dashed lines enclose ±rms scatter). The white line and shaded
regions refer to the case in which no chemical evolution is considered both in
the mock galaxies and in the fitting library (as derived from Figure 8).

and age variations than M∗/L. The relation between M∗/Lz

and g− i color is narrower and slightly steeper for models with
evolving metallicity than for those with fixed metallicity. This
explains qualitatively why the M∗/L of blue (young) galaxies
is overestimated, while the M∗/L of red (old) galaxies is
underestimated.

We conclude that mismatches between the assumed and the
true distribution in SFHs can affect M∗/L estimates: while
it is necessary to allow for recent bursts of star formation
in order to reproduce the whole range of observed spectral
features, over-representing them can lead to underestimating
the M∗/L of galaxies dominated by continuous past SFH.
The effect is more significant for color-based M∗/L estimates.
Moreover, color-based M∗/L estimates are more susceptible

Gallazzi & Bell (2009)
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Stellar ages and metallicities

✤ Physically age and Z are coupled via the chemo-dynamical evolution of 
the galaxy, however this is hard to model

✤ SSP equivalent

✤ light-weighted 
or mass-weighted averages

✤ full distribution (SFH and Z-distribution)

✤ Observationally age and Z are coupled via the well-known age-
metallicity degeneracy (Worthey 1994, see next slides)

✤ ⇒ refined spectral diagnostics, high SNR observations
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Age-Metallicity degeneracy

✤ AGE - Increasing age 
reddens the population by 
adding more luminosity to 
the RGB, removing hot stars 
from the MS.

✤ METALLICITY - Increasing 
Metallicity reddens the 
population by changing the 
high-temperature opacities.
✤ Metallicity also reddens the 

population through 
increased line blanketing in 
cool phases.

3

(1994)1 and normalized to the K band] of two simple
stellar populations with ages and abundances indicated
in the labels of the figure. In the lower planel, we dis-
play the flux residual in magnitudes of the two energy
distributions.

Being arguably amongst the main parameters of a
stellar population, there have been a number of studies
aimed at finding the appropiate features(s) that un-
ambiguously separate the effects of age from those of
metallicity. In fact, Worthey (1994) conducted a de-
tailed analysis of optical features in the form of spec-
trocopic indices (the so-called Lick indices) and found
that akin the broad band colors, the indices, while par-
tially diminishing the AMD, are also degenerate.

More recently, alternative spectral windows have
been proposed as promising tools to lift the AMD. In
particular, the rest-frame mid-UV flux and colors (Yi
2003; Dorman et al. 2003; Kaviraj et al. 2007) has been
investigated on the basis that the UV properties are
dominated by different stellar types at different evolu-
tionary phases (MS) with respect to those dominating
the optical (red giants). The overall results indicate
that the UV indeed helps to better constrain the age of
unresolved systems (as would be expected since the MS
turn-off are much more sensitive to age than the red gi-
ant branch), but the determination of chemical compo-
sition was still better determined by the more sensitive
optical features. The obvious path to further tackle the
AMD problem was the use of mid-UV spectroscopic in-
dices, however, there was the prevalent concept (some-
what justified, but quantitatively not investigated) that
the use of synthetic UV indices at the appropiate reso-
lution was still inadequate for the study of, for example,
IUE spectra (see brief discussion in Chavez et al. 2007)
and therefore investigations of absorption indices was
conducted by using, for instance, Kurucz (1993) low
resolution grid (e.g., Lotz et al. 2000), which appeared
more reliable.

To date, the use of mid-UV synthetic indices is still
in its infancy. Suffice here to mention that the cita-
tions to the relevant works where they were defined
(Fanelli et al. 1990) are outnumbered by a factor of
15 (!) by the papers referencing the optical indices def-
inition (Worthey et al. 1994), albeit they were defined
roughly at the same time.

1through the on-line application Dial a Galaxy:
http://astro.wsu.edu/worthey/

Fig. 2 An example of the age-metallicity degeneracy. In
the upper panel we plot the spectral energy distributions
(normalized to the K band), of two simple stellar popula-
tions for the ages and chemical compositions as labeled in
the figure. We have used the models of Worthey (1994) for
a Salpeter initial mass function. In the lower panel we dis-
play the flux residual in magnitudes of the SEDs. Note that
while the differences are small in the optical interval, in the
UV the residuals reach up to one magnitude, indicating that
if the age-metallicity degeneracy is present in the UV it is
necessarily different from that in the optical

Chavez & Bertone (2011)

Introduction to Astronomy & Astrophysics:  Stellar Populations 2010 Lecture 1I 

The Age-Metallicity Degeneracy

THE DREADED DEGENERACY

Recall behaviour of isochrones: 

AGE -- Increasing age reddens the 
population by adding more luminosity to 
the RGB, removing hot stars from the MS.

METALLICITY -- Increasing Metallicity 
reddens the population by changing the 
high-temperature opacities. 

(Metallicity also reddens the population 
through increased line blanketing in cool 
phases.)
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Zibetti, Charlot & Rix (2009)
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Lifting the age-Z degeneracy
✤ As already proposed by Worthey (1994), spectral absorptions due to different 

elements (H, Fe, Mg, Ca etc) display different dependence on age and Z
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Bruzual & Charlot (2003)

Kuntschner et al. 
(2010, SAURON)

Grids of SSP models
⇓

“SSP equivalent” age/Z
Difficult to extend to complex SFH/ChEH 

and to multi-dimensional observational space 
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Lifting the age-Z degeneracy
✤ A set of few indexes with different sensitivity are 

sufficient to constrain average ages and 
metallicities to decent accuracy, provided that SNR 
in the spectra is good

✤ D4000, Hγδ and Hδ mainly sensitive to age, 
metal absorption to metals

courtesy A. Gallazzi

The Ages and Metallicities of Galaxies in the Local Universe 7

Figure 3. Probability density functions of stellar metallicity (left-hand plot) and r-band light-weighted age (right-hand plot) for 4 SDSS
galaxies with high-quality spectra (median S/N per pixel larger than 30) and different D4000 and HδA+HγA strengths (indicated in the
bottom panels of the left-hand plot). The solid PDFs in the bottom panels were obtained when including only the age-sensitive indices
D4000, Hβ and HδA+HγA to constrain the fits. Those in the top panels were obtained after including also the metal-sensitive indices
[Mg2Fe] and [MgFe]′. In each panel, the arrows indicate the median (longer one) and the 16th and 84th percentiles (shorter ones) of
the PDF. The long-dashed, short-dashed and dotted PDFs in the top panels show the constraints obtained when degrading the original
galaxy spectra to a median S/N per pixel of 30, 20 and 10, respectively (see text for detail).

may be sensitive to the α/Fe ratio. To quantify the potential
error on our metallicity and age estimates for galaxies with
enhanced α/Fe relative to solar, we compared the predic-
tions of the Thomas et al. (2004) stellar populations models
at solar element abundance ratio, α/Fe = 0, with those for
α/Fe = 0.3 (a typical ratio for massive elliptical galaxies).
We chose 3000 models at random from our library and per-
turbed their index strengths with Gaussian noise, as above.
In addition, we increased the values of HδA and HγA to re-
flect the difference between the α/Fe = 0 and α/Fe = 0.3
tracks, interpolating in metallicity and age to the values
for each model considered. The distributions in ∆ log Z and
∆ log tr are well represented by Gaussian centred on +0.05
and −0.05, respectively, of width given by the average error
on metallicity and age (0.2 and 0.13 respectively). This test
indicates that we tend to overestimate the stellar metallic-
ities and underestimate the light-weighted ages of galaxies
with supersolar abundance ratios by ∼ 0.05 dex. However,
this seems in contradiction with the fact that the results
on the galaxies in our sample do not vary systematically
if we include or exclude HδA+HγA in the fit. This is true
also for massive early-type galaxies, which are likely to be
α-enhanced (e.g. Worthey et al. 1992). The offset of ∼ 0.05
dex may thus be regarded as an upper limit to the error in
the ages and metallicities derived from our analysis in the
case of non-solar abundance ratios.

Another possible source of systematic error is the choice
of prior according to which our model library populates the
parameter space. In particular, the mix of continuous and
bursty star formation histories may influence the physical
parameters in which we are interested, mainly the light-
weighted age. To test for this effect, we generated a Monte

Carlo library with a modified prior, by increasing to 50 per-
cent (instead of 10 percent) the fraction of models that can
undergo a burst of star formation in the last 2 Gyrs. We
then compared the (median-likelihood) estimates of light-
weighted age and stellar metallicity derived with this mod-
ified prior and with our standard prior. Increasing the frac-
tion of bursts, we derive ages ∼0.07 dex younger, on aver-
age, than those derived with our standard prior. This bias
mainly affects old, early-type galaxies. Similarly the metal-
licities are on average 0.04 dex higher than those derived
with the standard prior. The effect of these offsets on the
relations between age, metallicity and stellar mass that we
discuss in Section 3.2 is very small. The zeropoint of the
relations changes according to the offsets in metallicity and
age reported above, but the shape of the relations remains
identical.

2.4.3 Stellar mass estimates

In the remainder of this paper, we will be interested in the
dependence of age and metallicity not only on directly ob-
served properties, such as spectral features and morphol-
ogy, but also on ‘derived’ quantities, such as stellar mass.
Kauffmann et al. (2003a) derived Bayesian likelihood esti-
mates of the stellar masses of a sample of SDSS galaxies,
based on fits of the HδA and D4000 absorption indices. We
use a similar approach here and estimate stellar masses for
all the galaxies in our sample, based on the fits of D4000,
Hβ, HδA+HγA, [Mg2Fe] and [MgFe]′. We compute the PDF
of the stellar mass for each galaxy by scaling the z-band
mass-to-light ratio M∗/Lz of each model to the observed,

c⃝ 2004 RAS, MNRAS 000, 1–22

D4000 & Balmer only

Full set of indexes

Gallazzi et al. (2005)



Theoretical dependence of 
parameters on indices
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Method: bayesian likelihood 
marginalisation

✤ Precomputed library of models with attached physical parameters (the unknowns in real galaxies) and 
synthetic observables

✤ The density distribution of models in the space of physical parameters gives the prior probability 
distribution

✤ For each model we define the likelihood function (=“probability of the data given a model”) via comparison 
between its synthetic observable and real data observables (typically P∝exp(-χ2))

✤ The posterior probability distribution (=“probability of a model parameter given the data”) is then 
proportional to “prior probability distribution” times the “likelihood function”

✤ Not all parameters are of interest (certainly not all simultaneously!) so one has to collapse the multi-dimensional 
space of physical parameters and retain only the interesting dimension(s), i.e. one has to marginalise

✤ Analyse the marginalised posterior probability function!
✤ Quantiles provide uncertainties

✤ Goal: make likelihood dominate over prior, i.e. let data decide - high quality dataset and optimal diagnostics
✤ Advantages over best fit approach:

✤ robust against degeneracies!
✤ the PDF naturally provides estimate uncertainties, hard to get in the frequentist approach



Bayesian 
statistics 
at work
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Age-Z, the bayesian estimates

✤ SFH:
✤ exponentially 

decaying, two 
parameters t0 and 
timescale

✤ random bursts
✤ delayed SFH more 

popular esp. for high 
z (e.g. Maraston+11)

✤ Z-distribution
✤ flat in linear or log

✤ dust, can be included or 
estimated a posteriori, 
but requires colors!

courtesy A. Gallazzi

Bivariate age-Z probability distribution function (PDF)
P(<t>,<Z>)∝P(data|models(<t>,<Z>))*P(models(<t>,<Z>))

Red-blue: two different priors

Marginalization

Thomas+05



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture IV

Application to 
large spectra 
datasets (SDSS)

12 A. Gallazzi et al.

Figure 7. Physical parameters of 44,254 SDSS-DR2 galaxies with median S/N per pixel greater than 20 as a function of position in the
HδA+HγA versus D4000 diagram. In the left-hand panels, the diagram has been binned and colour-coded in order to reflect the average
stellar metallicity (top), age (middle) and stellar mass (bottom) of the galaxies falling into each bin. In the right-hand panels, the diagram
has been binned and colour-coded to reflect the average uncertainty (corresponding to one half the 68 percent confidence interval) in the
derived stellar metallicities (top), ages (middle) and stellar masses (bottom) of the galaxies falling into each bin. The widths of the bins
in D4000 and HδA+HγA correspond roughly to the mean observational errors in these quantities (0.04 and 0.4, respectively).

into each stellar-mass bin.10 Fig. 8c shows that the scatter in
the mass-metallicity relation is always larger than the uncer-
tainties in the metallicity estimates, by at least 0.1 dex, and
is largest (compared to the error) at about 1010M⊙. Simi-
larly, the scatter in the mass-age relation (Fig. 8d) is always
larger than the uncertainties in the age estimates and is also
largest at about 1010M⊙. Fig. 8 clearly indicates that more
massive galaxies are older and more metal-rich, while less
massive galaxies are younger and more metal-poor. Metal-
licity and age, however, are not uniquely determined by stel-
lar mass. There is an intrinsic scatter in both parameters,

10 The stars in Fig. 8c,d are not computed using the joint likeli-
hood distribution, but rather by adopting the median of the M∗

PDF as our estimate of stellar mass. The comparison of the stars
with the diamonds is consistent, given that the width of the stellar
mass bins is comparable with the error in stellar mass estimates.

which is particularly evident at intermediate stellar masses.
The results of Section 3.3 below indicate that part of this in-
trinsic scatter can be accounted for by differences in galaxy
morphology, the intermediate-mass regime corresponding to
the transition between disc-dominated and bulge-dominated
galaxies. However, a significant scatter persists even when
considering the two classes of galaxies separately.

Tremonti et al. (2004) have shown that the emission-
line galaxies in the DR2 sample exhibit a tight relation
between stellar mass and gas-phase oxygen abundance, as
determined from their nebular spectra. The gas-phase oxy-
gen abundance increases steadily from low to high stel-
lar masses, and then gradually flattens around masses of
1010.5M⊙. There is a striking similarity between the relation
Tremonti et al. (2004) found for star forming galaxies and
the relation found in Fig. 8 above between stellar metallicity
and stellar mass, which includes both star-forming and qui-

c⃝ 2004 RAS, MNRAS 000, 1–22

44,254 SDSS-DR2 galaxies with median 
S/N per pixel >20 (Gallazzi et al. 2005)

average values r.m.s.
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SFH indicators: 
continuous vs bursty

Figure 3: HδA is plotted as a function of Dn(4000) for 20% solar, solar and 2.5 times solar metallicity
bursts (blue, red and magenta lines), and for 20% solar, solar and 2.5 solar continuous star formation
histories (blue, red and magenta symbols). A subset of the SDSS data points with small errors are
plotted as black dots. The typical error bar on the observed indices is shown in the top right-hand
corner of the plot.

10

Figure 6: The Dn(4000)/HδA plane has been binned and colour-coded to reflect the fraction of
simulated galaxies with Fburst in a given range. Blue indicates regions where 95% of the model
galaxies have Fburst > 0.05 and the onset of the burst occurred more than 0.1 Gyr ago. Cyan
indicates regions where 95% of the model galaxies have Fburst > 0.05 and the onset of the burst
occurred less than 0.1 Gyr ago. Green indicates regions where 95% of the model galaxies have
Fburst = 0. Grey indicates all other regions covered by the model galaxies.

15Kauffmann  et al. (2003)
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Dust attenuation

✤ Affects the colors (i.e. the overall shape/slope of the SED) but very 
little the indices (D4000 is the most affected, being de facto a color)

✤ Index analysis can be performed using libraries with or without dust 
as well

✤ The strength of attenuation can be derived a posteriori for each 
model by comparing colors

✤ Dust attenuation can be already hard-coded in models (e.g. with 
the 2-component prescription of Charlot & Fall 2000, or Chevallard 
et al. 2013). In this case colors must be taken into account in the 
fitting procedure (eg concur to the likelihood of the model)
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“α enhancement”

✤ Ratio of α-elements (O, Ne, Mg, Si, S, Ar, Ca, Ti) to iron-peak elements (Fe, V, Cr, Mn, 
Co and Ni) provides important information about the prevalent type of SN that 
enriched the protostellar gas

✤ α-elements are enhanced in core collapse SN: massive, short lived stars, time 
scale of few 108 yr

✤ Fe-peak mainly from SN Ia: evolved binary system, time scale ≳109 yr

✤ Information about the chemical enrichment (and SFH) time scale

✤ Most models are tuned to solar abundance patterns, but new coming online 
(Walcher, Coelho +2009): direct comparison with data not trivial

✤  Empirical estimates to derive qualitative trends (e.g. showing that more massive 
ellipticals had shorter timescales wrt less massive ones, Thomas+05)
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SFH reconstruction

✤ Pros: more degrees of freedom
✤ no bias from pre-defined SFH
✤ independent Z and dust attenuation for different components

✤ Cons: amount of information cannot be expanded ad libitum
✤ need to reduce the time bins or
✤ have to deal with biases and ill-behaved solutions (e.g. tendency to 

pick up preferential time solutions corresponding to the epoch of 
main stellar pop transitions: OB-AF-G-KM stars!)

✤ regularizations can be applied (but this is like introducing info by 
hand)

✤ Need very high SNR in order to obtain more than 3-4 bins
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SFH reconstruction via inversion

✤ MOPED (Heavens, Jimenez, and Lahav 2000)

✤ VESPA (Tojeiro et al. 2007)

✤ STECKMAP (Ocvirk et al. 2006)

✤ STARLIGHT (Cid Fernandes et al. 2005)

✤ sedfit (Walcher et al. 2006), Paradise (Walcher et al. 2009)

✤ NBURSTS (Chilingarian et al. 2007)

✤ ULySS (Kolevaet al. 2009).

http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xheavens00
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xheavens00
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xtojeiro07
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xtojeiro07
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xocvirk06
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xocvirk06
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xcid-fernandes05
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xcid-fernandes05
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xwalcher06
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xwalcher06
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xchilingarian07
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xchilingarian07
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xkoleva09
http://www.sedfitting.org/SED08/Paper_vs1.0_online/walcher_msli2.html#Xkoleva09


Example: VESPA (Tojeiro+07)

1258 R. Tojeiro et al.

C(Z )αβ = ⟨(Zα −  Zα)(Zβ −  Zβ )⟩. (23)

All the plots in Sections 3 and 4 show error bars derived from C1/2
αα ,

although it is worth keeping in mind that these are typically highly
correlated.

2.6 Timings

A basic run of VESPA (which consists of roughly five runs down
the sequence detailed in Section 2.3.2, one for each value of dust
extinction) takes about 5 s. If accurate error estimations are needed
per galaxy, this will add another one or two minutes to the tim-
ing, depending on how accurately one would like to estimate the
covariance matrices, and depending on the number of data points.
With nerror = 10, a typical SDSS galaxy takes around one minute to
analyse.

3 TESTS ON SIMULATED DATA

We tested VESPA on a variety of synthetic spectra, in order to
understand its capabilities and limitations. In particular, we tried to
understand the effect of three factors in the quality of our solutions:
the input SFH, the noise in the data, and the wavelength coverage of
the spectrum. We have also looked at the effects of dust extinction.
Throughout we have modelled our galaxies in a resolution of 3 Å.

Even though we are aware that showing individual examples of
VESPA’s results from synthetic spectra can be extraordinarily un-
representative, we feel obliged to show a few for illustration pur-
poses. We will show a typical result for most of the cases we present,
but we also define some measurements of success, so that the overall
performance of VESPA can be tracked as we vary any factors. We
define

Gx =
∑

α

∣

∣

∣

∣

xα − x I
α

x I
α

∣

∣

∣

∣

ωα (24)

Figure 4. Two examples of VESPA’s analysis on synthetic galaxies. The top panels show the original spectrum in the dark line (black in the online version)
and fitted spectrum in the lighter line (red in the online version). The middle panels show the input (dashed, red) and the recovered (solid, black) SFRs and the
bottom panel shows the input (dashed, red) and recovered (solid, black) metallicities per bin. Note that even though many of the recovered metallicities are
wrong, these tend to correspond to bins with very little star formation, and are therefore virtually unconstrained.

and

GZ =
∑

α

∣

∣

∣

∣

Zα − Z I
α

Z I
α

∣

∣

∣

∣

ωα, (25)

where xI
α and ZI

α are the total mass and correspondent metallicity in
binα (rebinned to match the solution’s parametrization if necessary),
and ωα is the flux contribution of population of age tα . Gx and GZ
are a flux-weighted average of the total absolute fractional errors in
the solution, and give an indication of how well VESPA recovers the
most significant parameters. A perfect solution gives Gx = GZ = 0.
It is also worth noting that this statistic does not take into account the
associated error with each recovered parameter – deviations from
the true solution are usually expected given the estimated covariance
matrices. We will also show how these factors affect the recovered
total mass for a galaxy. In all cases we have renormalized the total
masses such that total input mass for each galaxy is 1.

3.1 Star formation histories

We present here some results for synthetic spectra with two different
SFHs. All of the spectra in this section were synthesized with an
S/N per pixel of 50, and we initially fit the very wide wavelength
range λ ∈ [1000, 9500] Å.

We choose two very difference cases: first, an SFH of dual bursts,
with a large random variety of burst age separations and metallicities
(where we set the SFR to be 10 solar masses per Gyr in all bursts).
Secondly, we chose an SFH with an exponentially decaying SFR:
SFR ∝ exp (γ tα), where tα is the age of the bin in look-back time
in Gyr. Here we show results for γ = 0.3 Gyr−1. Rather than being
physically motivated, our choice of γ reflects an SFH which is not
too steep as to essentially mimic a single old burst, but which is
also not completely dominated by recent star formation. In all cases
the metallicity in each bin is randomly set. Fig. 4 shows a typical
example from each type.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 381, 1252–1266



Example: VESPA (Tojeiro+07)

Recovering galaxy histories using VESPA 1259

Figure 5. The distribution of Gx,GZ and total mass recovered for 50 galaxies with an S/N per pixel of 50. Solid lines correspond to dual burst and dashed lines
to exponentially decaying ones. See text in Section 3.1 for details.

Fig. 5 shows the distribution of Gx,GZ and of the recovered total
masses for a sample of 50 galaxies. We see differences between
the two cases. First, in dual bursts galaxies, we seem to do better in
recovering data from significant individual bins, but worse in overall
mass. This reflects the fact that Gx is dominated by the fractional
errors in the most significant bins, but the total mass can be affected
by small flux contributions in old bins which can have large masses.
On the other hand, with an exponentially decaying SFR, we do
worse overall (although this is mainly a reflection that more bins
have significant contributions to the flux) but we recover the total
mass of the galaxy exceptionally well.

3.2 Wavelength range

Wavelength range is an important factor in this sort of analysis,
as different parts of the spectrum will help to break different de-
generacies. Since we are primarily interested in SDSS galaxies, we
have studied howwell VESPA does in themore realistic wavelength
range of λ ∈ [3200, 9500] Å.

Figure 6. Same galaxies as in Fig. 4, but results are obtained by using a smaller wavelength range. The goodness of fit in data space is still excellent, but it
becomes more difficult to break certain degeneracies.

Fig. 6 shows the results for the same galaxies shown in Fig. 4,
obtained with the new wavelength range. In these particular cases,
wenotice amore pronounced difference in the dual bursts galaxy, but
looking at amore substantial sample of galaxies shows that this is not
generally the case. Fig. 7 showsGx,GZ and total mass recovered for
50 exponentially decaying SFH galaxies, with an S/N of 50 and the
two different wavelength ranges. We do not see a largely significant
change in both cases, and we observe a less significant difference
in the dual bursts galaxies (not plotted here).
We find it instructive to keep track of how many parameters we

recover in total, as we change any factors. Fig. 8 shows an histogram
of the total number of non-zero parameters we recovered from our
sample galaxies with exponentially decaying SFHs and both wave-
length ranges. Note that these are the components of the solution
vector cκ which are non-zero – they do not represent a number of
recovered stellar populations. In this case there is a clear decrease
in the number of recovered parameters, suggesting a wider wave-
length range is a useful way to increase resolution in parameter
space.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 381, 1252–1266



Example: STARLIGHT (Cid Fernandes +05)

Cid Fernandes et al.: Applying STARLIGHT to CALIFA data cubes
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Fig. 12. R-t diagrams showing the radially averaged distribution of light, mass and SFR as a function distance from the nucleus and
age. Left: Luminosity at � = 5635 Å per unit area. (LR,t). Middle: Stellar mass formed per unit area (M0

R,t). Right: Time dependent
SFR per unit area (SFR). The solid (white) lines represent the sum over all spaxels for a given age.
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Fig. 13. ”Pseudo snapshots” of the cumulative stellar mass sur-
face density of CALIFA 277 at di↵erent ages: From log t [yr]
= 10.15 to 8 (as labeled in each panel).

not unique to this galaxy. Pérez et al (2012) find just the same in
a study of the first 105 galaxies observed by CALIFA.

5.11. Space vs. time ”snapshots”

There is so much one can plot in a single image. To go beyond
the R-t diagrams of Fig. 12 one needs more dimensions than
a sheet of paper can accommodate. An alternative is shown in

Fig. 13, which shows t-slices through the cumulativeM0
xyt

cube.
Unlike the previous diagrams, which compressed the SFH in one
way or another, these plots reveal the full 2D nature of the mass
assembly history of CALIFA 277.

Age sequences like those in Fig. 13 can be constructed for
several, but not all properties inferred though starlight or any
other fossil method. One can, for instance, replace mass, by in-
trinsic luminosity, SFR or stellar metallicity, in cumulative or
di↵erential form, but it is obviously impossible to reconstruct
maps of AV , �?, v? as a function of t. It is also worth pointing
out that the panels in Fig. 13 are not truly snapshots of a movie,
ie., they are not pictures of the galaxy as it appeared at di↵er-
ent look-back times. Instead, these are maps of where stars of a
given age t are located nowadays.

Simulators should take notice of these simple facts. IFS data
plus fossil methods provide a rich, yet inevitably limited form
of time-travel. Illustrative and beautiful as they are, movies of
stars and gas particles moving through time and space will never
be directly compared to anything observational. In other words,
simulations should be convolved through this “reality filter”. The
observationally relevant predictions are the distribution of stellar
ages and metallicities as a function of xy.

5.12. Emission line maps

Independent of the stellar population applications described
throughout this paper, the starlight fits provide a residual spec-
trum R� = O� � M� which is, inasmuch as possible, free of stel-
lar light. This is of great aid in the measurement of emission
lines, and hence in the derivation of a series of diagnostics of the
warm ISM properties, such as its kinematics, nebular extinction
and chemical abundance. The complementarity of nebular and
stellar analysis has been amply explored in studies of integrated
spectra (eg, Cid Fernandes et al. 2007; Asari et al. 2007; Pérez-
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No assumptions on SFH does not mean no bias...
Look at the peaks! 

Cid Fernades +13



Need for “regularization”

From Michele Cappelari’s webpage
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Indices vs full spectrum fitting

✤ Well tested response on change 
of stellar parameters

✤ Require high SNR and waste a 
lot of valuable info

✤ Insensitive to dust, require 
separate/additional fitting of 
colors

✤ Insensitive to spectral flux 
calibration

✤ Insensitive to unknown bugs in 
models (fake features!)

✤ Redundant information help 
beating SNR issues, incomplete 
coverage (e.g. in regions 
contaminated by nebular 
emission)

✤ simultaneous contribution of 
high and low frequencies (good 
or bad??)

✤ dust sensitive
✤ flux calibration issues
✤ model bug sensitive...

Indices                          Full spectrum
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Stellar Initial Mass Function

✤ Salpeter '55

✤ Miller & Scalo '79

✤ Kennicutt '83

✤ Scalo '86

✤ Kroupa, Tout & Gilmore '93

✤ Kroupa '01

✤ Baldry & Glazebrook '03

✤ Chabrier '03 from Ivan Baldry’s webpage
http://www.astro.ljmu.ac.uk/~ikb/research/imf-use-in-cosmology.html

Salpeter’s slope=-2.35

http://adsabs.harvard.edu/abs/1955ApJ...121..161S
http://adsabs.harvard.edu/abs/1979ApJS...41..513M
http://adsabs.harvard.edu/abs/1983ApJ...272...54K
http://adsabs.harvard.edu/abs/1986FCPh...11....1S
http://adsabs.harvard.edu/abs/1993MNRAS.262..545K
http://adsabs.harvard.edu/abs/2001MNRAS.322..231K
http://adsabs.harvard.edu/abs/2003ApJ...593..258B
http://adsabs.harvard.edu/abs/2003PASP..115..763C
http://www.astro.ljmu.ac.uk/~ikb/research/imf-use-in-cosmology.html
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Figure 4:

Fractional contribution to the total number, mass, and bolometric luminosity as a function of
stellar mass for a 13.5 Gyr solar metallicity model. Lines correspond to different IMFs: a
bottom-heavy with logarithmic slope x = 3.0 (blue line); Salpeter (x = 2.35; black line); MW IMF
(specifically a Kroupa IMF; red line); a bottom-light IMF (specifically of the form advocated by
van Dokkum (2008); green line). The inset in the right panel shows the cumulative luminosity
fraction in logarithmic units. Low mass stars dominate the total number and mass in stars, but
contribute a tiny fraction of the luminosity of old stellar populations.

the stellar mass and number of stars in a galaxy, but contribute only a few percent to the

bolometric light of an old stellar population. At younger ages the light contribution from
low mass stars is even less.

Tinsley (1980) demonstrated that the evolution in M/L for a passively evolving stellar

population is sensitive to the logarithmic slope of the IMF, x, at the main sequence turnoff
point. The logarithmic evolution of the luminosity per logarithmic time (dlnL/dlnt) scales

linearly with x, at least for plausible values of x (see also van Dokkum 2008, Conroy, Gunn & White

2009). This dependency arises because the giant branch dominates the luminosity for all
plausible values of x, and so the IMF determines the rate at which the giant branch is

fed by turnoff stars. Steeper IMFs imply that the giant branch is more richly populated
with time, and therefore the natural luminosity dimming is reduced. For sufficiently steep

IMFs (e.g., x ! 5), the unevolving dwarfs would dominate the light, and so the integrated

luminosity would be approximately constant over time.
It is somewhat less-well appreciated that the IMF above 1M⊙ also strongly affects the

shape of the SED of composite stellar populations. In composite populations the SED is

influenced by stars with a range of masses (see Section 2.3), and so the IMF must play an
important role (see e.g., Pforr, Maraston & Tonini 2012).

2.2 Dust

Interstellar dust is a component of nearly all galaxies, especially those that are actively

star-forming. Dust plays a dual role in SPS, both as an obscurer of light in the UV through
NIR and as an emitter of light in the IR. For both historical and theoretical reasons these

two aspects are often modeled independently of one another. Indeed, these two aspects

are sensitive to different properties of a galaxy (e.g., dust obscuration is highly sensitive to
geometry while dust emission is more sensitive to the interstellar radiation field), and so it

is not unreasonable to decouple the modeling of these two components.
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Impact of IMF 
variations

Conroy (2013)
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harlot (2003)

✤ Always affect M/L normalization
✤ Different slope around TO affect color 

and luminosity evolution
✤ Most of current debate about

✤ high mass end (≳20 M⦿)
✤ low mass end (<1 M⦿)

✤ Almost a factor 1.8 in M/L from 
bottom heavy (eg Salpeter) to bottom 
light (eg Chabrier) IMF
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Effects of spatial resolution

✤ Galaxies (in general) are far from homogeneous

✤ Young and non-attenuated stellar populations tend to outshine the 
older and more attenuated ones

✤ This biases most of the inferences from global observables

✤ A lot to learn from spatial variations of stellar populations inside 
galaxies: when and how did stars in different regions form?
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This view shows how the new MUSE instrument on ESO’s Very Large Telescope gives a three-dimensional depiction of a distant galaxy. For each part of the galaxy the light 
has been split up into its component colours — revealing not only the motions of different parts of the galaxy but also clues to its chemical composition and other properties. 
This picture is based on data on the polar ring galaxy NGC 4650A that were obtained soon after the instrument achieved first light in early 2014.

Credit:
ESO/MUSE consortium/R. Bacon/L. Calçada

http://www.eso.org/public/italy/videos/eso1407f/
http://www.eso.org/public/italy/videos/eso1407f/
http://www.eso.org/public/italy/videos/eso1407f/
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This view shows how the new MUSE instrument on ESO’s Very Large Telescope gives a three-dimensional depiction of a distant galaxy. For each part of the galaxy the light 
has been split up into its component colours — revealing not only the motions of different parts of the galaxy but also clues to its chemical composition and other properties. 
This picture is based on data on the polar ring galaxy NGC 4650A that were obtained soon after the instrument achieved first light in early 2014.

Credit:
ESO/MUSE consortium/R. Bacon/L. Calçada

http://www.eso.org/public/italy/videos/eso1407f/
http://www.eso.org/public/italy/videos/eso1407f/
http://www.eso.org/public/italy/videos/eso1407f/
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Integral Field Spectroscopy

✤ Analyze galaxies 
piece by piece!

✤ Calar Alto Legacy 
Integral FieldArea 
Survey (CALIFA): 
600 galaxies

✤ MaNGA-SDSS: 
10,000 galaxies

✤ SAMI (AAO): 
3,000 galaxies

Sanchez+12
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Figure 7. Maps of log ϒH (ϒKs for NGC 4569) in solar units for the nine galaxies.

that from the fiducial method (a). For NGC 4321, we observe that
the four methods result in very similar structure, with rms in the
residuals between 5 and 7 per cent. Method (d) (ϒ i(g − i) from
CB07) provides the closest match to the default method (a), with
an average pixel-by-pixel offset of 3 per cent and residual rms of
5 per cent. Using g − i alone to constrain M/L in H band results
in worse agreement with method (a) (rms = 7 per cent). This is ex-
pected from Figs 1 and 4: while ϒ i shows little dependence on i −
H , on the contrary ϒH does significantly depend on both colours. As
for the difference between using CB07 or BC03 (method a and b),
we note a systematic offset of approximately +0.1 dex going from
CB07 to BC03, although the difference map looks very uniform.

Contrary to the ‘normal’ galaxy NGC 4321, NGC 5713 is charac-
terized by intensely star-forming regions and prominent dust lanes.
Models based on CB07 and BC03 predict very different M/L espe-
cially in presence of very young stellar populations (see Fig. 3), as
shown in the top-right panel of Fig. 10. All blue regions (cf. Fig. 5)
have masses over-estimated by up to 0.4 dex (2.5 times) in BC03
models. A qualitatively similar (but quantitatively smaller, up to
0.25 dex only) overestimate of the mass of regions dominated by
young stellar populations arises from method (d): in this case the
median ϒ i(g − i) is not the representative for these extreme stellar
populations that lie to the leftmost edge of the model colour distri-
bution (see Fig. 6). This appears to be the case also for method (c)
and demonstrates the need for a second colour to properly describe
this region of the parameter space.

We further explore the relative bias of different stellar mass es-
timation methods in Fig. 11. We consider the total stellar mass of

galaxies as given by the integral of the resolved maps and plot the
logarithmic difference with respect to our reference method (a). In
addition to the four methods discussed above, we show the rela-
tive bias for other three methods: ϒ i(g − i) based on BC03 models,
ϒH(g − i) and ϒ i(g − i) based on Bell et al. (2003) fitting formulae.
Galaxies are sorted in morphological type, from E to the left-hand
side to Sc to the right-hand side, and different symbols refer to
different methods, according to the figure legend. We observe that
total mass estimates from ϒ i(g − i) (CB07) is in excellent agree-
ment with our fiducial method ϒH(g − i, i − H ) (CB07): absolute
deviations are <0.03 dex for all galaxies (0.012 dex on average) and
no bias is seen (⟨" log M∗⟩ = −0.004 dex). As already noted on
the resolved maps of Figs 9 and 10, using the optical g − i colour
index alone to constrain M/L in NIR bands provides instead a very
poor match to the results of the 2-colour method: mass estimates
are biased low by approximately 0.1 dex for most galaxies and a
substantial scatter is seen.

Mass estimates based on BC03 models give systematically higher
values with respect to CB07: this is not surprising given the lower
M/L in CB07 due to the new TP-AGB prescription and is con-
sistent with fig. 8 of Cimatti et al. (2008). However, by compar-
ing stellar mass estimates based on BC03 model predictions, we
note that those based on H band are systematically higher than
those based on i band, as opposed to the absence of bias ob-
served with CB07 models. This might be an indication that the
role of TP-AGB stars in BC03 models is underestimated: in fact,
the emission of these stars is relatively more intense in H than in
i band; hence, by underestimating their contribution one would
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Stellar mass maps 1195

Figure 12. Distributions of stellar mass computed using the proper local ϒH (grey histogram) and the global ϒH as derived from global colours (empty
histogram), as a function of local ϒH . The dot–dashed line marks the global ϒH . The ratio Q between total stellar mass estimated drawing on unresolved and
on resolved photometry is also reported in each panel.

of the dusty disc (on the east side) reflects back the light of the
bright inner regions of the small bulge and the disc. This results in
the artificial asymmetry of the reconstructed mass map of Fig. 8.
This kind of artefacts is unavoidable unless a very careful three-
dimensional radiative transfer modelling is performed, which is
well beyond the scope of the present mass reconstruction method.

We have applied our modelling to a small pilot sample of nearby
galaxies, creating pixel-by-pixel maps of the stellar surface mass
density. In general, these maps look quite smooth (Fig. 8), and
hence dynamically plausible, with the prominent spiral arms of
young stars and dust greatly reduced. Detailed comparisons with
estimates of dynamical disc masses via vertical kinematics will
enable us to accurately quantify systematics in our method. We
note that preliminary results9 from the Disc Mass survey (Verheijen
et al. 2007) appear in good agreement with the M/L inferred in this

9 M. Bershady’s communication in ‘Unveiling the mass’ workshop, Queen’s
University, Kingston, Canada, 15–19 June, 2009.

work, which are significantly lower than those derived using the
prescriptions of Bell et al. (2003).

Our analysis highlights an important bias in total stellar mass es-
timates when spatially unresolved photometric measurements and
colours are used: the stellar mass contribution of dust obscured
regions to the total is severely underestimated from unresolved
photometry, as those regions contribute very little flux and negli-
gibly affect colours. Mass estimates based on global fluxes can be
biased low by up to 40 per cent. The present sample is too small
to draw conclusions on the consequences that this effect may have
for galaxy stellar mass functions, but we can envisage that resolved
mass estimates may steepen the faint-end slope of the stellar mass
functions as estimated so far. We will address this issue with a
larger and more representative sample in a forthcoming paper of
this series.

After having put the foundations to obtain stellar mass maps
in this paper, in the following papers of this series, we will ad-
dress questions like: how do structural parameters change going
from light to stellar mass? How can we quantify the bias in unre-
solved stellar mass estimates as a function of other observational
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Figure 11. Comparison between total stellar masses from resolved maps
derived using different methods and/or models. For each galaxy, the loga-
rithmic difference with respect to our fiducial method is plotted. Different
symbols correspond to different methods/models, as indicated in the legend.

the case for NGC 4552, 4450, 4579 and 4321, that all have Q > 0.9.
For broader distributions in ϒH , we observe two facts: (i) the global
M/L is lower than the mean of the distribution because low-ϒH

regions dominate the flux and hence the colours of the galaxy; (ii)
the extended high ϒH wing is exponentially amplified in the grey
histogram with respect to the empty one. As a result, galaxies with
a broad M/L distribution have large differences between resolved
and unresolved mass estimates, up to approximately 40 per cent.
As we can see comparing Figs 12 and 5, this is especially the case
for galaxies with substantive dust-obscured regions (i.e. NGC 4569,
4536, 3521 and 5713). Dust obscured regions, in fact, contribute a
minor fraction of the flux and influence the global colours only
marginally, although they may conceal a significant amount of stel-
lar mass. In our most extreme case, NGC 4536, regions with ϒH >

1 contribute only roughly 7 per cent of the total H-band luminosity,
but around 20 per cent of the stellar mass. Such a low impact in
terms of luminosity also implies that these dust obscured regions
can affect the global colours at a level of ≈0.1 mag at most, such
that it is observationally impossible to correctly weight them using
unresolved photometry.

In Fig. 13, we analyse the difference between unresolved and
resolved total stellar mass estimates for different methods, as in-
dicated in the legend. We plot the logarithmic difference between
unresolved and resolved total stellar mass estimates (i.e. log Q)
both obtained with the same method. The dustiest and most irreg-
ular galaxies (namely, NGC 4569, 4536, 3521 and 5713) display
the largest differences. They appear enhanced in two-colour based
methods, most likely because these methods can better disentan-
gle between dust and other stellar population parameters. For the
other five more regular galaxies a clear trend is observable for all
methods: the differences between resolved and unresolved stellar
mass estimates increase going from early to late types. This is just a
consequence of mass differences being larger for larger pixel colour
spread and of colour spread being larger in later type galaxies (i.e.
of early type galaxies being more uniform).

The dynamical range of models in M/L determines the relative
amplitude of the unresolved estimate bias. For a given model library
and method (one or two colours), this is generally smaller in the
NIR than in i band. The bias is also smaller using Bell et al.’s fitting
formulae, which have a much smaller M/L dynamical range with
respect to our model libraries.

In Section 2.4, we argued that our model libraries are better suited
to describe local scales in terms of SFH and dust attenuation with
respect to the Bell et al. (2003) fitting formulae. However, we left
the question open whether Bell et al. (2003) might provide better
fits to the SED of galaxies as a whole, as they are less biased to-
wards star formation bursts. If this is the case, we must expect Bell
et al.’s stellar mass estimates based on unresolved photometry to
agree with our own estimates from resolved maps better than our
estimates based on unresolved photometry do. In order to make this
comparison fair in terms of SPS models, we confront the estimates
based on Bell et al.’s formulae with our BC03-based ones. We find
that mass estimates based on Bell et al.’s ϒH(g − i) and unresolved
photometry are on average 0.12 dex larger than estimates done by
integrating mass maps based on BC03 ϒH(i − H , g − i) (rms
0.1 dex), whereas masses derived with BC03 ϒH(i − H , g − i)
drawing on unresolved photometry are smaller by 0.08 dex on an
average (rms 0.06 dex). This shows that even with unresolved pho-
tometry (and assuming the same SPS models) Bell et al.’s (2003)
fitting formulae do not perform better than our look-up tables do.

6 SU M M A RY A N D C O N C L U D I N G R E M A R K S

In this paper, we have developed a method that is capable of re-
constructing resolved stellar mass maps of galaxies from multiband
optical/NIR imaging, with typical statistical uncertainties of 0.1 −
0.15 dex on local scales. We have realized a Monte Carlo spectral
library of synthetic stellar populations based on the 2007 version
of Bruzual & Charlot (2003) code (CB07), which includes a new
prescription to treat the TP-AGB stellar evolutionary phase accord-
ing to the latest isochrones by Marigo & Girardi (2007) and Marigo
et al. (2008). Prescriptions to treat dust à la Charlot & Fall (2000)
are also incorporated. By marginalizing over all other parameters
we obtain look-up tables that contain median estimates of M/L in
different bands as a function of one or two optical/NIR colours.

From practical and theoretical considerations, we arrive at g, i and
H [Ks] as a good set of bandpasses and express "M∗ = "HϒH(g −i,
i − H ): this combination allows to carefully take young stellar pop-
ulations and dust obscuration into account, while avoiding strong
Hα contamination in H II regions. We demonstrated that the use
of a second colour is required to determine ϒH with uncertain-
ties as low as 0.1 − 0.15 dex. Combining gand i bands alone,
"M∗ = "i ϒ i(g − i), provides a good approximation to our best
method based on g, i, H for ‘normal’, close to face-on galaxies.
However, it may give highly biased results in presence of very young
stellar populations or severe dust extinction, where the i-band flux
(7000 Å) is much more subdominant, in the first case, or more
attenuated than in NIR (1–2 µm), in the second case.

On the other hand, the flux in the NIR bands appears more
sensitive to the still debated role of TP-AGB stars: old models
with shorter-lived TP-AGB stars overestimate M/L in H band by
≈0.1 dex (even up to 0.4 dex for young, unextincted stellar popula-
tions) with respect to the current models.

It must be stressed that we account for dust only through its
4π-averaged extinction (see Charlot & Fall 2000). Although this
assumption is generally reasonable, there are cases where it fails,
such as NGC 3521 (Fig. 5): it is immediate to see that the far part
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Figure 8. Stellar mass surface density maps for the nine galaxies.

conversely overestimate M/L by a larger amount in H than in
i band.

Mass estimates based on the fitting formulae of Bell et al. (2003)
are substantially higher than all mass estimates based on our mod-
els, as expected from Figs 3 and 4. In particular, using these fit-
ting formulae, we grossly overestimate the stellar masses of blue
star-forming galaxies, up to by a factor of 2.5. We stress that the
difference cannot be due to the new TP-AGB prescription alone:
the Bell et al. (2003) formulae rely on BC03 SPS models, yet
they overestimates stellar masses even relative to our BC03-based
methods. As discussed in Section 2, the main reason why our esti-
mates differ from Bell et al.’s is the different prior distribution of
SFHs, particularly concerning the age and the relative importance
of bursts. Despite the smaller dynamical range of M/L in Bell et al.’s
models, mass estimates derived from their prescription based on i
and H band, respectively, are in reasonable agreement only for 6/9
galaxies; in the other three cases, they disagree by approximately
0.15 dex (40 per cent). This indicates that Bell et al.’s fitting formu-
lae have, in general, a poor internal consistency if applied pixel by
pixel.

5.3 Mass estimates from colour maps versus global colours

In this section, we investigate the difference in determining the
total stellar mass of a galaxy by integrating resolved stellar mass
maps, like those presented in the previous sections, and by using
global fluxes and colours to estimate M/L, as is usually done. More

specifically, we are going to compare

M∗,resolved =
∑

j

fH,jϒH [(g − i)j , (i − H )j ] (2)

against

M∗,unresolved = ϒH [(g − i)global, (i − H )global]
∑

j

fH,j , (3)

where fH is the H-band surface brightness and the index j
denotes quantities for individual pixels. We call Q the ratio
M∗,unresolved/M∗,resolved and report this number for each galaxy in
the nine panels of Fig. 12. For four of nine galaxies, the ratio Q is
close to 1 within a few per cent, but for the others Q < 0.9 down to
0.6. This indicates that the same mass estimator drawing on global
colours misses 40 per cent of the mass measured in a resolved map.
The source of this difference is illustrated by the histograms of
Fig. 12 and ultimately can be traced to the strong non-linearity of
the relation between colour(s) and M/L. For each galaxy, all pixels
are binned according to their estimated local ϒH . The grey-shaded
histogram represents the mass in each bin as computed from the lo-
cal flux and ϒH . The empty histogram shows the mass contributed
by each bin if ϒH from total fluxes (marked by the vertical dot–
dashed line) were adopted. As obvious, the grey histogram is above
the empty histogram for all bins where ϒH is larger than the global
value and, conversely, it is below for bins where ϒH is smaller. The
area below the grey histogram gives the stellar mass estimate from
resolved mass maps, while the area below the empty histogram gives
the mass based on global colours. For narrow ϒH distributions, the
difference between the pixels where the global M/L overestimates
the mass and those where it underestimates it almost balances: this is
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Figure 5. H (red channel) – i (green) – g (blue) colour composite image of the nine galaxies in the sample, ordered according to their Hubble type. Images are
adaptively smoothed with ADAPTSMOOTH to ensure a minimum S/N of 20 at each pixel and foreground stars are masked out, as explained in Section 4. Scales
are in physical kpc. The black rod in each panel corresponds to 50 pixel.

between 1.5 and 1.6 arcsec pixel−1, that severely undersample the
point spread function (PSF). This does not represent a problem for
the following analysis though, as a sufficient physical resolution is
provided anyway (Table 1).

For UKIDSS images, we have used stacks from the third data
release, which is described in detail in Warren et al. (in preparation).
The pipeline processing and science archive are described in Irwin
et al. (in preparation) and Hambly et al. (2008). Sky subtraction and
astrometric calibrations are performed exactly as for GOLD Mine
images. The UKIDSS photometric system is described in Hewett
et al. (2006), and the calibration is described in Hodgkin et al.
(2009). The absolute photometric accuracy is typically around few
0.01 mag. We note that the pixel scale of 0.4 arcsec pixel−1 perfectly
matches SDSS images.

In both GOLD Mine and UKIDSS data sets, the typical depth
reached by the NIR images used in this study is µH ≈ 20.5 mag
arcsec−2 (3σ on an arcsec2).

All fluxes are corrected for Galactic foreground extinction, as
given in NED or the SDSS data base, which are based on Schlegel,
Finkbeiner & Davis (1998).

4 M E T H O D O L O G Y ( I I ) : FRO M M U LT I BA N D
IMAG ES TO MASS MAPS

4.1 Image processing

Images in different bands must be registered and resampled to a
common resolution before pixel-by-pixel colour information can

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 400, 1181–1198

 at U
niversitÃ

  degli Studi di Firenze on M
ay 23, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

MASS LIGHT



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture IV

Shall we go red?

✤ Red and NIR can be very troublesome for 
the interpretation

✤ uncertainties in models (see TP-AGB 
controversy)

✤ optical already encodes most of the info

✤ HOWEVER much less biased in presence of

✤ very young populations (see e.g. 
morphology in different bands!)

✤ DUST! nothing to do if light does not 
come out
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Figure 5:

Top Panels: Fractional contribution to the total flux from stars in various evolutionary phases, for
three different SFHs. The left panel is representative of a galaxy that formed nearly all of its stars
very rapidly at early times, the middle panel is representative of a typical star-forming galaxy at
z ∼ 0, and the right panel may be representative of the typical galaxy at high redshift. Flux
contributions are at 13 Gyr (solid lines) and 1 Gyr (dashed lines) after the commencement of star
formation; all models are solar metallicity, dust-free, and are from FSPS (v2.3;
Conroy, Gunn & White 2009). Labeled phases include the main sequence (MS), red giant branch
(RGB), asymptotic giant branch (AGB, including the TP-AGB), post-AGB (pAGB), and the blue
and red horizontal branch (bHB and rHB). Bottom Left Panel: Fractional flux contributions for
stars more massive than 20M⊙ and 60M⊙ for the SFH in the middle panel of the top row.
Bottom Right Panel: Light-weighted age as a function of wavelength for the same SFH. The
dashed line indicates the corresponding mass-weighted age.

practice.

2.3 Composite Stellar Populations

The simple stellar populations discussed in Section 2.1 are the building blocks for more

complex stellar systems. Composite stellar populations (CSPs) differ from simple ones in
three respects: (1) they contain stars with a range of ages given by their SFH; (2) they

17

Conroy (2013)
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TP-AGB stars and their impact on galaxy SEDs

NIR spectroscopy of post-starburst galaxies 3

Figure 1. Comparison between SSPs at the peak of the TP-AGB phase, as derived from Ma05 models (black lines) and BC03 (red lines). Three different ages,
0.5, 1 and 1.5 Gyr from top to bottom, and three different metallicities, 0.5, 1 and 2 Z⊙ (the highest metallicity for BC03 is actually replaced by 2.5 Z⊙),
from left to right, are considered. Shaded regions correspond to the rest-frame spectral ranges covered by the H- and K-band ISAAC spectroscopic setups for
the z ≈ 0.2 galaxies presented in this work and include the strong features at 1.41 and 1.77 µm.

K band) with ISAAC at the European Southern Observatory Very
Large Telescope (ESO-VLT). The selection criteria and properties
of the sample are fully detailed in Section 2. Here we would like to
stress the uniqueness of this work. (i) For the first time we cover both
the optical and the NIR range of PSB galaxies with flux-calibrated
spectra to look directly for the NIR spectral features at 1.41 and
1.77 µm predicted by the Ma05 models and resulting from the large
impact of TP-AGB C-rich stars. These features are unaccessible or
extremely difficult to measure from the ground as they roughly coin-
cide with the atmospheric gaps between J and H, and between H and
K bands, respectively, for nearby objects. Therefore, we observed
PSB galaxies in the redshift range 0.15–0.25 so that the C-features
move well into the observable windows and are minimally affected
by uncertain telluric corrections, as shown in Fig. 1. (ii) Contrary to

previous works based either on colour selection (Kriek et al. 2010)
or on a purely phenomenological spectroscopic selection (Conroy
& Gunn 2010), the selection of our sample is based on both phe-
nomenological criteria (high Balmer line strength and low emission
lines; Goto 2005) and Bayesian estimates of light-weighted ages
from optical spectral indices as in Gallazzi et al. (2005). This al-
lows us to focus our observations and analysis on the precise range
of stellar ages where TP-AGB stars are expected to contribute the
most, for a variety of stellar metallicities.

The paper is organized as follows. In Section 2 we present the
sample, the new ISAAC NIR spectroscopic observations and the
data reduction, including spectrophotometric calibrations and inte-
gration with optical data. In Section 3 we present the results and
discuss possible spurious effects and contaminations that might

 by guest on N
ovem

ber 1, 2012
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

NIR spectroscopy of post-starburst galaxies 17

Figure 10. Example of how different models perform in reproducing the SED of a PSB galaxy, specifically PSB J1006+1308, whose observed spectrum is
shown in black. In the left-hand panel, models based on BC03 are overplotted, while models based on Ma05 are shown in the right-hand panel: the blue lines
are used for pure SSP, red solid lines for CPS-S (90 per cent 10-Gyr old component at solar metallicity) and green dashed lines for CSP-Y (90 per cent 10-Gyr
old component at the same metallicity as the young component). The models plotted here are chosen from each of the simple grids presented in the text and in
Figs 5, 7 and 9 as those that best fit the set of five optical stellar absorption features sensitive to age and metallicity defined in Gallazzi et al. (2005). All models
can reproduce the optical absorption features remarkably well (see insets) and agree on the presence of a young component approximately at the peak of the
TP-AGB contribution. However, their extrapolations to the NIR regime differ significantly. Most notably, while the inclusion of a substantial contribution from
an old component can help reduce the strong NIR features predicted by Ma05 models, the NIR-to-optical ratio predicted by these models remains nevertheless
too high.

The Ma05 models predict too red optical–NIR colours for any
choice of ratio between the old and the young component. On the
contrary, models based on BC03 fail for ‘old’ mass fractions as
high as 90 per cent, but produce colours that are consistent with
(most of) the observations for ‘old’ mass fractions up to 60–70 per
cent, which leaves enough space to accommodate more reasonable
star formation histories than a (possibly unrealistic) single burst.
We note that the work of Pracy et al. (2012) indicates old fractions
close to 90 per cent for their seven PSB galaxies, which would
be inconsistent with our SEDs. However, this estimate might be
biased by their assumption of fixed solar metallicity. Moreover,
and probably more importantly, it is possible that our objects are
somehow more extreme in terms of burst fraction, because, due to
our redshift constraints, we select objects close to the faintest limit
of the spectroscopic sample of the SDSS. In this way we would
select the intrinsically most luminous PSB galaxies at z ≈ 0.2,
hence those with the largest burst fraction (i.e. with the lowest ‘old’
fraction): in fact, for a given total mass, a higher burst fraction yields
higher luminosity. The lack of strong colour gradients in most of our

PSB galaxies lends support to this hypothesis, suggesting that the
starburst substantially affected the full extent of the galaxy, rather
than the centre only. Finally, Pracy et al. (2012) point out that their
sample is less extreme than typical samples of PSB galaxies in the
literature due to the small physical size of the spectroscopic fibre
(few hundred parsecs), which bias their selection towards central
rather than extended starbursts. In conclusion, the consistency of our
SEDs with BC03-based CSPs and ‘old’ mass fractions up to 60–70
per cent does not raise any problem for the physical interpretation
of our PSB galaxies using the BC03 models.

We also find that attenuation by interstellar dust, using standard
prescriptions, can only worsen the disagreement (when present)
between spectral evolution models and the observed optical–NIR
colours of PSB galaxies in our sample. This is particularly true for
the Ma05 models, which predict systematically redder colours than
observed. We note that heavier-than-implemented attenuation by
circumstellar dust of the most luminous C stars about to eject their
envelopes could potentially reduce the contribution by these stars to
the integrated spectrum and perhaps improve the agreement of the
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late stage of the AGB phase for low- and intermediate-mass stars (M ≲5– 7 M⊙) 
culminates in stellar populations of ages between 0.5 and 1.5 Gyr.
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SPS models and codes
Stellar population models predicting full spectra:

✤ Fioc and Rocca-Volmerange (1997, PEGASE)
✤ Bressan, Granato, and Silva (1998, used in GRASIL)
✤ Leitherer et al. (1999) and Vázquez et al. (2007) (both Starburst99)
✤ Vazdekis (1999, 2015, 2016)
✤ Schulz et al. (2002)
✤ Cerviño, Mas-Hesse, and Kunth (2002)
✤ Robert et al. (2003)
✤ Bruzual and Charlot (2003, GALAXEV, or BC03)
✤ Le Borgne et al. (2004, PEGASE-HR)
✤ Maraston (2005, M05, based on fuel consumption theorem)
✤ Lançon et al. (2008)
✤ Mollá, García-Vargas, and Bressan (2009)

Fully theoretical stellar population models:
✤ González Delgado et al. (2005)
✤ Coelho et al. (2007)
✤ …
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