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★ Stellar populations scaling relations as diagnostics of past SF and chemical 
enrichment history in galaxies


★ How much information do we miss with a single fixed-size aperture 
spectra?


★ do these scaling relations hold on local spatial scales? i.e. do local 
age and metallicity correlate with local surface mass density?


★ how are the inferred parameters and global-scale relations affected 
when integrated quantities are properly estimated from resolved 
information? i.e. resolution and aperture effects


★ Integral Field Spectroscopy to address both points: a CALIFA point of view

GEE4, Napoli, 30/11-2/12/2015

OUTLINE



AGE AND METALLICITY SCALING RELATIONS IN 
THE LOCAL UNIVERSE

STELLAR MASS

STELLAR METALLICITY STELLAR AGE

M* ~ 3X1010 M⊙ 

GALLAZZI ET AL 2005
SEE ALSO KAUFFMANN ET AL 2003, MATEUS 
ET AL 2006, PANTER ET AL 2008
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(e.g. by expulsion of gas by a strong wind or strong ram pressure stripping) star formation is suddenly quenched (Fig.1a), 
and the galaxy evolves into a quiescent system. In this case the stellar metallicity and stellar mass (Mstar) of the quiescent 
galaxy is the same as its star forming progenitor just before quenching. In the case of quenching by “strangulation”, star 
formation can continue with the gas available in the galaxy, until it is completely used up (Fig.1b). During this phase the 
gas metallicity increases more steeply than in the previous case because of the lack of dilution from inflowing gas. The 
stellar mass also increases slightly. The general product of strangulation is a quiescent galaxy with a stellar metallicity 
significantly higher than its star forming progenitor, and slightly higher stellar mass.                                                                                                             
 
Observationally, obviously we cannot follow the evolution of the stellar metallicity of individual galaxies. However, we 
can statistically investigate the metallicity difference between star forming and quiescent galaxies. This statistical 
approach has already been successfully exploited, for instance, to investigate the dependence of the quenching 
mechanism on mass and environment15. We have used the Sloan Digital Sky Survey (SDSS) spectra of local (z < ~0.1) 
galaxies to extract a subsample of 3,905 star forming and 22,618 quiescent galaxies whose spectra have S/N>20 per 
spectral pixel, which ensures reliable determination of the stellar metallicities (details on the sample selection and 
determination of the stellar metallicities are given in the Methods).  
 
Figure 2a shows the average stellar metallicity of star forming (blue line) and quiescent (red line) galaxies as a function 
of stellar mass, obtained by using a sliding average of 0.2 dex in Mstar (error bars give the 1V  uncertainty of the mean 
stellar metallicity). At a given stellar mass, the stellar metallicity of quiescent galaxies is significantly higher than for star 
forming galaxies, at least for Mstar < 1011 M~. This is not what is expected in the case of sudden gas removal, but it is 
qualitatively consistent with the strangulation scenario. In the following we investigate more quantitatively the agreement 
of the data with the strangulation scenario. 
 
For a system forming stars without any inflow, the temporal evolution of the gaseous and stellar metallicity, as well as of 
the stellar mass, can be trivially solved analytically, as discussed in the Methods. The key parameters are: (1) the total 
gas mass at the time of quenching, Mgas(tq) or, equivalently, the gas fraction fgas(tq); (2) the global efficiency of star 
formation H, defined as star formation rate (SFR) = H Mgas (where Mgas is in this case the total gas mass, both atomic and 
molecular); (3) the presence of any outflowing gas that is lost (i.e. which does not falls back onto the galaxy and is not 
recycled), which can be approximated as being proportional to the SFR and parameterized through the so-called outflow 
mass loading factor O, defined as Moutflow = O SFR (note that if part of the gas falls back and is recycled16,17, then O�would 
account only for the fraction of gas that is lost, i.e. it is an “effective” outflow loading factor).  
 
Since we are dealing with differential quantities (in particular differential stellar metallicities 'Zstar) the metallicity of the 
gas and stars at the beginning of the quenching (t = tq) is unimportant. Yet, the value of Mstar at t = tq is relevant since it 
defines the gas fraction, hence the gas mass available for further star formation. Indeed, it is observationally well known 
that the gas fraction in star forming galaxies decreases with Mstar

18,19,20,21 (see Methods for the detailed functional form). 
The global star formation efficiency H is also known from observations (see Methods). 
 
 
 

 
Figure 2. Stellar metallicities for star-forming and quiescent galaxies. a, Average stellar metallicity as a function of stellar mass 
for all star-forming galaxies (thick blue line with error bars) and all quiescent galaxies (thick red line with error bars) for galaxies at <z> 
~ 0.05.  Error bars correspond to the 1V error on the mean value. b, Average metallicity difference between all star-forming and all 
quiescent galaxies (thick black line with error bars). Error bars on the black line indicate the 1V uncertainty in the metallicity 
difference. The metallicity difference decreases with increasing stellar mass. It reaches the maximum value around 0.4 dex for galaxies 
at Mstar ~109.5 M~ and becomes negligible at Mstar ≥1011 M~. The colored lines show the metallicity difference predicted by a simple 
close-box model at different times 't after strangulation. Solid lines are for the final mass (at time t = tq+'t), while dashed lines are for 
the mass at strangulation (t = tq). The observed mass-dependent metallicity difference between quiescent and star-forming galaxies 
(thick black line) can be very well reproduced by a close-box model with a constant�'t ~ 4 Gyr, largely independent of stellar mass.  
 

PENG ET AL 2015

FOR PASSIVE GALAXIES:THOMAS+05, NELAN+06, 
GALLAZZI+06,GRAVES+09,+10

★ stellar metallicities and ages primarily determined by global galaxy 
properties (mass, SFR/morphology)


★ stars in more massive galaxies are older and metal-richer than those 
in lower mass galaxies


★ larger scatter and change in regime at a characteristic mass (is this 
evolving with redshift?)


★ different metallicity (and age) scaling relations for passive and star-
forming galaxies put constraints on the quenching mechanisms : 
suppression of inflows?




946 A. Pasquali et al.

Figure 6. The average mass-weighted age (upper panels) and metallicity (lower panels) of central (grey solid lines) and satellite (black solid lines) galaxies as
functions of stellar mass (left-hand panels) and halo mass (right-hand panels) in the SAM of W08. The typical ±1σ scatter is indicated by the vertical bars in
the left-hand panels, while the typical error on the mean is smaller than a circle. For comparison, the grey and black open circles indicate the observed values
of centrals and satellites, respectively, in our sample S (cf. Fig. 4).

(our final sample consists of 11 296 centrals and 7053 satellites), at
least the final sample of model galaxies is biased in a similar way
as the real data, thus allowing for a more meaningful comparison.2

Fig. 6 shows the average metallicity and mass-weighted stellar
ages of the W08 model galaxies as functions of stellar and halo mass,
with central and satellite galaxies in grey and black, respectively.
The vertical bars in the left-hand panels indicate the typical ±1σ

scatter in the model. For comparison, the grey and black open circles
indicate the observed values for centrals and satellites in our sample
S, respectively (cf. Fig. 4). For both observations and model, the
typical error on the mean is smaller than a circle. The upper left-
hand panel shows that the model overpredicts the stellar ages at the
low-mass end, while underpredicting the ages of massive centrals.
A particular problem for the model seems to be the fact that it fails
to reproduce the steepening of the age–stellar mass relation at the
low-mass end. We note that the mass-weighted age derived from a
galaxy spectrum is still somewhat weighted by light, hence biased
by the younger stellar populations in the galaxy. This could partly
alleviate the discrepancy with the model. Nevertheless, the model
yields satellites with stellar populations that are older than those of
centrals of the same stellar mass. The age difference increases from
∼0.8 Gyr at the massive end to ∼2 Gyr at M∗ = 3 × 109 h−2 M⊙,

2 We have verified, though, that not applying this bias correction yields
results that are very similar, both qualitatively and quantitatively.

in good agreement with the data. However, at intermediate masses
(M∗ ∼ 3 × 1010 h−2 M⊙), the model somewhat overpredicts the age
difference.

The upper right-hand panel of Fig. 6 shows that in the W08 model
central galaxies in massive haloes (Mh ! 1013 h−1 M⊙) are ∼2 Gyr
older than their satellites. Although in qualitative agreement with the
data, the central galaxies in massive haloes are too old in the model
compared to the data (by ∼1.5 Gyr). In addition, the model predicts
that centrals and satellites in low-mass haloes (Mh ∼ 1012 h−1 M⊙)
are equally old, in disagreement with the data, which shows that
centrals are older than their satellites at all Mh probed.3

Concerning stellar metallicities, the W08 model predicts that
satellite galaxies have, on average, the same metallicity as centrals
of the same stellar mass against the observed trend that satellites
become more metal rich than centrals at the low-mass end. The
model does reproduce the fact that centrals are more metal rich
than satellites for the same halo mass, and by roughly the correct
amount (∼0.15 dex), but the model clearly underpredicts the stellar
metallicities at the massive end by about 0.2 dex, which is more
than twice the 1σ scatter in the model.

We now investigate what the W08 model predicts in terms of the
stellar ages and metallicities as functions of stellar mass at fixed

3 The lack of centrals in bins of Mh ≥ 1014 h−1 M⊙ is artificial, and due to
the colour and stellar mass bias applied to the model in Section 5.2.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 407, 937–954
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★ stellar metallicities and ages also depend on external properties 
(environment)


★ satellite galaxies deviate to older ages and higher metallicities from 
locus of central galaxies


★ deviations stronger in more massive halos


★ Models have difficulties in reproducing the observed scaling relations and 
the difference between centrals and satellites

PASQUALI ET AL 2010



similar increase in 
log(Age) with mass as 
at z=0, but offset by 
-0.2 dex (∼3 Gyr)


stellar metallicity-
mass relation fully 
consistent with local 
quiescent galaxies


∼3Gyr (5Gyr) 
younger than local 
SF (Q) galaxies


median metallicity 
lower by 0.12 (0.2) 
dex wrt to local SF 
(Q) galaxies


EVOLUTION OF SCALING RELATIONS AT 
INTERMEDIATE REDSHIFT
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0.55 < z < 0.7

Choi et al 2014

also Ferreras et al 2009, 
Sanchez-Blazquez et al 2009, 
Jørgensen&Chiboucas 2013 - similar evolution in 

gas-phase metallicity 
(e.g. Moustakas et al 
2011)

- slightly higher than 
what predicted by 
average SFHs of SF 
galaxies (Peeples & 
Somerville 2013; 0.07 
dex)


Gallazzi et al 2014



★ All this is based on estimates obtained through single fixed-size aperture 
spectra…


★ Are local properties as important as global ones, or more, in shaping the 
present-day ages and metallicities in galaxies?


★ Global relations are based on a single spectrum for the whole galaxy 
(‘unresolved’) and often this spectrum samples only a limited region of the 
galaxy (-> aperture effects, in particular when galaxies at different redshift 
and of different morphologies are mixed)
How much do aperture and resolution effects bias the comparison 
between observations at different redshifts and with models?



★ PMAS/PPAK IFU at 3.5m CAHA telescope 


★ 600 diameter-selected z<0.03 galaxies 
spanning the color magnitude space


★ high and low spectral resolution set-up 
covering ∼3700-7000Å ideal for emission 
line and absorption/stellar continuum 
studies

Magnitude

Co
lo
r

PI: S. Sanchez

DR2 1/10/2014: V500 and V1200 cubes for 200 
galaxies (Garcia-Benito, Zibetti et al 2014)

DR3 April 2016: V500 and V1200 cubes for the 
whole sample galaxies (Sanchez et al, in prep)



  

Courtesy S. Sanchez



SCALING RELATIONS ON LOCAL SCALES



AGE AND METALLICITY SCALING RELATIONS ON 
LOCAL SPATIAL SCALESMetallicity galaxy assembly and SFH

✴González Delgado et al. 2014, ApJ, 791, L16 !
✴González Delgado et al. 2014, A&A, 562, 47

✴“local μZR”✴“global MZR” ✴“disks” ✴“bulges”
 Chemical enrichment:!

✴Disks: μ regulates the metallicity, 
galaxy. Mass modulates the amplitude!
✴ Spheroids: galaxy Mass dominates the 
physics of chemical enrichment (except 
for low mass galaxies)!

Mass-
Metallicity 
relation and 
evolution

SFH of galaxies (ages):!
✴ Disks: stellar mass surface density μ!
✴ Spheroids: galaxy Mass

✴“disks”

GONZALEZ-DELGADO ET AL 2014, APJL

300 CALIFA galaxies 
analysed with 

STARLIGHT and 
GRANADA+MILES 

SSP models

★ Local surface mass density is an important driver of local 
stellar metallicity


★ Amplitude and shape modulated by total galaxy mass


★ Flatter relation for the inner/densest regions of massive 
galaxies 

Both global and local 
mechanisms regulate SF 
and chemical enrichment, 
but different regimes for 
discs and bulges



AGE AND METALLICITY SCALING RELATIONS ON 
LOCAL SPATIAL SCALES

GONZALEZ-DELGADO ET AL 2014, A&A

★ Correlation between age and surface mass 
density both globally and locally


★ Outer galaxy regions follow the same 
relation as global quantities -> age driven by 
surface mass density


★ Inner regions are overdense and age is 
related to galaxy mass

Local stellar mass density 
regulates SFH in disks, while 
total mass is more important in 
massive galaxies/bulge 
component

same number of galaxies in each mass bin), and that the highest
M⇤ bin (brown) is not populated by disk galaxies. Conversely,
there are no spheroidals in the low mass bins (see also Fig. 5a)4.
The log µ⇤ and hlog ageiL radial structure of disk galaxies (cen-
tral panels in Fig. 13) is similar to that for the whole sample for
galaxies with mass below 1011M�. There is a steep age gradient
in the inner part of disk galaxies more massive than few 1010M�
(cyan to red), and log µ⇤ scales with the galaxy mass. The di↵er-
ence in the log µ⇤ radial structure of galaxies with M � 1011M�
(orange and red) is very small in comparison with the di↵erence
in the hlog ageiL radial structure between these same two mass
bins. Thus, for similar µ⇤, the more massive disk galaxies have
older disks and bulges. Note also that the di↵erence in bulge
ages is larger than the di↵erence between disk ages for these two
high mass bins. This is also clearly shown in Fig.12, where the
largest mass bins show age gradients larger for the late than for
the early type galaxies.

Spheroidal galaxies (bottom panels in Fig. 13) show
hlog ageiL and log µ⇤ profiles that clearly di↵er from disk galax-
ies. Because low mass bins are not well populated, we concen-
trate first in comparing the three highest mass bins. The most re-
markable result is that, as seen in the bottom right panel, the SFH
of spheroidal galaxies changes with stellar mass, while log µ⇤
shows little variation5. Also, for the same galaxy mass, the ex-
tended envelopes of early type galaxies are denser than in disk
galaxies, and formed earlier than the disks, although the bulge
of the most massive disk galaxies can be as old as the core of
spheroids. In fact, it is not only that the average µ⇤ of early type
galaxies is almost constant, but also that the inner gradient of
log µ⇤ is independent of the stellar mass (see also Fig. 12).

In summary, we see that we see that stellar mass surface den-
sity and total stellar mass play a significant role in determining
the ages, and their radial variations, but for most of the early type
galaxies, the age at the core, as well as the galaxy averaged age,
change with the total stellar mass, even though they have similar
stellar mass surface density, and similar µ⇤ gradient in the inner
HLR. These empirical results imply that, for early type galaxies,
total mass is a more important property than mass surface den-
sity to shape the age radial profiles, which in principle reflect the
spatial variation of the star formation history of galaxies.

8.4. The role of stellar mass in the inner regions of galaxies

Throughout this section we showed a series of relations between
stellar age and mass density, local or galaxy-wide averaged, and
their mass stacked radial dependencies, as illustrated in Figs. 11–
13. These results show that in early type galaxies hlog ageiL
scales with M⇤ but not with µ⇤, while in disk dominated systems
hlog ageiL scales with µ⇤ as well as with M⇤. Furthermore, we
found that µ⇤ and hlog ageiL for many of the individual regions
in the galaxies follow the same relation found for the galaxy av-
eraged age and mass density (Fig. 11). These findings indicate
that µ⇤ is correlated with the stellar ages, and thus linked to the
SFH. Yet, the apparent disconnection between µ⇤ and age at high
masses, coupled to the hlog ageiL-M⇤ relation (implicit in the
right panels of Fig. 13) suggests that M⇤ is more related to the
SFH than µ⇤.

If µ⇤ is the main parameter defining the mean stellar popula-
tion age, one would expect that the relation between them holds

4 Note that the CALIFA mother sample does not include dwarf ellipti-
cals, so this analysis lacks low mass spheroids.
5 Note that the coincidence of the radial profiles for early type galaxies
is a consequence of combining the radial profiles scaled in HLR units.

Fig. 14. Stellar mass surface density – age relationship for all the
98291 individual zones in the 107 galaxies. Small points are color
coded by the stellar mass of the galaxy to which they belong (upper
panel) and by the distance of each zone to the nucleus of the galaxy in
units of HLR (bottom panel). The (color coded by galaxy mass) circles
represent the global µgalaxy

⇤ and hlog age igalaxy
L relation. The line in the

bottom panel shows the result of a second order polynomial fit.

for any region of any galaxy. However, Fig. 11 shows that there
is a large dispersion around the global log µgalaxy

⇤ -hlog age igalaxy
L

relation, a dispersion that reflects the spatial variations of µ⇤ and
hlog ageiL withing galaxies. In fact, the scatter is larger for ages
older than 2–3 Gyr, which is where the global relation between
log µgalaxy

⇤ and hlog age igalaxy
L starts to flatten. Fig. 14 sheds light

on the nature of this dispersion. The figure is analogous to Fig.
11, except that now the color of the small dots indicates M⇤ (up-
per panel) or the distance to the nucleus (lower panel). As in Fig.
11, the large circles plot the global log µgalaxy

⇤ – hlog age igalaxy
L

relation, and their colors code for M⇤. These plots show that re-
gions that are older than a few Gyr belong to massive galaxies
(M⇤ � 7 ⇥ 1010M�) and/or they are located in the inner 1 HLR
of the galaxies. These inner regions are denser than those at 1
HLR (which approximately represent the galaxy wide average)
and outer ones, even though they all formed in a similar epoch
(bottom panel of Fig. 14).

To quantify how much the inner regions are overdense with
respect to the galaxy-averaged µ⇤ we have fitted a second order

Article number, page 16 of 26
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APERTURE AND RESOLUTION EFFECTS



★ Combine spectroscopy and photometry for optimal constraints on stellar 
populations and dust


★ Optimal set of absorption features: D4000, Hβ, Hγ+Hδ, [Mg2Fe], [MgFe]‘             
plus SDSS ugriz photometry


★ BAYESIAN APPROACH: for each spaxel/galaxy compare a set of observables to 
all the models in a library and construct full probability density function of 
LUMINOSITY- AND MASS-WEIGHTED AGE, STELLAR METALLICITY AND 
STELLAR MASS, DUST ATTENUATION


★ MONTE CARLO LIBRARY OF COMPLEX STAR FORMATION AND METALLICITY 
HISTORIES (based on BC03 SSPs)


★ add dust attenuation to the models: 2-parameter dust model a la 
Charlot&Fall2000


★ Application to ∼330 CALIFA DR3 galaxies, COMBO (V500+V1200) cubes, v2.2 
reduction -> quantify, and provide corrections for, biases as a function of global 
galaxy observables

CALIFA analysis for aperture and resolution 
effects

see Stefano Zibetti’s talk



NGC 7549 

total (down to r=23 mag/arcsec2)

z=0.1

Physical parameter at zobs 

compared to total value

Mimicking observations at different 
redshift: addressing APERTURE EFFECTS

★ Spectra convolved with SDSS seeing (2”) and 

integrated over different apertures (3” 
diameter) corresponding to z = 0.05 - 0.4

Index strength vs 
redshift of observation



Average aperture bias per Hubble type
Difference between parameters at a given observational 
redshift and total value (r=23 mag/arcsec2)

★ In general aperture effects are 
significant for z<=0.1


★ Strongest effects are seen for 
stellar metallicity of all 
morphological types


★ Aperture effects on age and stellar 
mass are stronger for intermediate-
type galaxies and negligible for 
spheroidal galaxies



Average aperture bias per CM bin

Mr

u 
- r

light-weighted mean stellar Metallicity

★ Regular trends for 
red, bright 
galaxies


★ Larger variations 
(up to 0.2 dex) 
observed in bluer 
galaxies, but large 
dispersion

luminous faint



Average aperture bias per CM bin
u 

- r

Mr

light-weighted mean stellar Age

★ Negligible effects 
for red, bright 
galaxies


★ Larger variations 
but also larger 
dispersion in 
bluer/fainter 
galaxies

luminous faint



Average aperture bias per CM bin
u 

- r

Mr

Stellar Mass

★ Negligible effects 
for red, bright 
galaxies


★ Larger variations 
in bluer/fainter 
galaxies

luminous faint



NGC 7549 log ∑* log ∑* error

log<Age>r log<Age>r error

log<Z*>r log<Z*>r error

★ Individual spaxels after adaptive 
smoothing to reach target S/N of 
20 (max 5 spaxels radius) down to 
r=22.5 mag/arcsec2


“Resolved” : stellar populations of 
each individual spaxel


“Unresolved” : stellar populations from 
the total spectrum integrated over 
the same area

Spatially resolved maps of 
stellar populations: addressing 
RESOLUTION EFFECTS




Unresolved versus resolved parameters
from integrated spectrum

sum of all spaxels
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Stellar Mass Morphology
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Spatially unresolved information tends to underestimate by 0.05 dex the stellar mass for 
galaxies >1010Msun and for early-type spirals/spheroidal galaxies:


young stars outshining old stars
see Stefano Zibetti’s talk



Unresolved versus resolved parameters
from integrated spectrum light-weighted average of all spaxels
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Stellar Mass Morphology

Strongly mass-dependent difference between unresolved and resolved metallicity

At high masses unresolved information tends to overestimate metallicity by 0.05 dex


At low masses unresolved information can underestimate metallicity by up to 0.2 dex on 
average



Unresolved versus resolved parameters
from integrated spectrum light-weighted average of all spaxels
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Stellar Mass Morphology

Smaller effects on age with large scatter and without a clear dependence on stellar mass

The strongest effect (<0.05 dex) in lowest-mass galaxies and intermediate-type galaxies



Total effect on global scaling relations
M

et
al
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ity

Stellar Mass

Resolution effects Aperture effects

average relation and scatter 
weighted by 1/Vmax following 
Walcher et al 2014Although small, both resolution and aperture 

effects influence the shape of the M-Z relation: 
the total/resolved relation is shallower



Ag
e

Stellar Mass

Resolution effects Aperture effects
Total effect on global scaling relations

Resolution effects don’t influence the M-Age relation

Aperture effects are also small but tend to make the 

relation shallower

average relation and scatter 
weighted by 1/Vmax following 
Walcher et al 2014



Summary

★ Integral Field Spectroscopy of galaxies of different morphological types 
and spanning a significant range in stellar mass: large samples of local 
galaxies now available from CALIFA, and are being acquired from SAMI and 
MaNGA


★Similar scaling relations on local scales as on global scales: stellar ages and 
metallicities depend also on local surface mass density, but different 
regimes for bulges and disks  [see also local FMR, Sanchez et al 2013]


★Provide quantitative and direct measures (hence corrections for larger 
SDSS-like samples) of biases associated to “unresolved” information and 
“aperture effects”


★both resolution and aperture effects are not the dominant source of 
systematic uncertainties in stellar population parameters (aperture 
effects not as dramatic as often claimed)


★however they are important, especially for metallicity, for comparison 
with model predictions and observations at higher redshift when 
parameters are determined in a consistent way [intermediate-z 
spectroscopic surveys LEGA-C, WEAVE-STePs and at higher z with 
MOONS/VLT and E-ELT]


