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Tremonti et al., 2004mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star, the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.
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TBW: The Mass-Metallity relation explored with CALIFA:
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Fig. 3. . Top-left panel: Distribution of the oxygen abundances for the 3000 individual H ii regions extracted from the CALIFA data, along the
surface mass density, represented with a density contour-plot. The first contour encircles a 95% of the total number of H ii regions. The solid-blue
points represent the average oxygen abundances, with their corresponding standard deviations indicated as error bars, for consecutive bins of 0.1
dex in surface mass density. The solid line represents the best fitted curve for these points. Top-right panel: Distribution of the SFR surface density
along the stellar mass density each individual H ii region. The contour plots represent the density of points in the distribution of oxygen abundances
along the surface SFR densities. The first contour encircles a 95% of the total number of H ii regions. Bottom-left panel: Same distribution shown
in the top-left panel, for the CALIFA and feasibility-studies objects. The colors represent the logarithm of the integrated surface density of the SFR
for each H ii region. Bottom-right panel: Distribution of the differential oxygen abundance, once the dependency with the surface mass density has
been subtracted, for individual H ii regions. The contour plots represent the density of points in the distribution of differential oxygen abundances,
ones subtracted the dependence with the surface masses densities, along the surface SFR densities. The first contour encircles a 95% of the total
number of H ii regions. The solid-blue points represent the average differential abundances, with their corresponding standard deviations indicated
as error bars, for consecutive bins of 0.1 dex in surface SFR density.

ter parameters governs how metallicity actually increases with
mass, while the first one is the asymptotic oxygen abundance
for large masses. This value can be interpreted as the maximum
metallicity of the universe at a certain redshift. As shows by
Moustakas et al. (2011), this parameter evolves with redshift at
about −0.2∆log(O/H)

∆z . The functional form describe well the con-
sidered data, as it can be appreciated in Fig. 2. The dispersion
of the abundance values along this curve is σ∆log(O/H) =0.069
dex, much smaller than previous reported values by (e.g., T04
Mannucci et al. 2010; Hughes et al. 2012, all of them ∼0.1
dex). Although the dispersion around the correlation depends on
the actual form adopted for the M-Z relation, the derived value
is alwasy low. If instead of the considered functional form we
adopt a 3 or 4 order polynomial function, as the one considered
by Kewley & Ellison (2008), the dispersion is just 0.084 dex,
smaller than the value reported in that publication for SDSS data
using the same calibrator. In any case, our adopted functional
form is the one that reduces more the dispersion around the fit-
ted value from the different ones that we have tested.

Once derived this functional form, we have determined the
offset and dispersion for the data corresponding to the galaxies
analyzed in Sánchez et al. (2012). Based also on IFS, and cov-
ering the full optical extension of the galaxies, the only possible
difference would be either the detail sample selection and/or the
redshift range. The galaxies from the feasibility studies consid-
ered here are all of them face-on spiral galaxies, with a sim-
ilar average redshift than the CALIFA data (z ∼0.016), and
only slightly larger projected size (red squares in Fig. 2). They
present a minor offset with respect to the derived M-Z rela-
tion (∆log(O/H) = −0.003 dex) and a slightly larger dispersion
(σ∆log(O/H) =0.084 dex). Considering that the spectrophotomet-
ric calibration of the data is slight worse (Mármol-Queraltó et al.
2011), the slightly larger redshift range covered by this sample
(Sánchez et al. 2012), and that the sample is more reduced (31
objects), the difference is not significant. If we considered to-
gether those data and the CALIFA ones described before, the
derived dispersion is quite low (σ∆log(O/H) =0.073).

Finally, for the PINGS data, there is a clear offset with re-
spect to the M-Z relation (∆log(O/H) =0.117 dex) and a clear
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Local: Escape velocity 
and abundances
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Fig. 4. . Top-left panel: distribution of the oxygen abundances at the effective radii as a function of the integrated stellar masses for the CALIFA
galaxies (113, blue solid circles). For comparison purposes, we show similar values for the galaxies observed in the CALIFA feasibility studies (31,
red solid squares) included in the H II regions catalog described in Sánchez et al. (2012b). The size of the symbols is proportional to the integrated
SFR. The solid line represents the best-fitted curve, as described in the text. We also included the distribution of abundaces as a function of the
stellar masses for the SDSS data corresponding to the redshift ranges sampled by Lara-López et al. (2010), dashed black contours, and Mannucci
et al. (2010), solid grey contours. In both cases, the first contour encircles the 95% of the objects, and 20% less objects in each consecutive
contour. Top-right panel: distribution of the integrated SFR as a function of the stellar masses. The size of the symbols is proportional to the
oxygen abundance shown in previous panel. The solid line represents the best fitted linear regression to the CALIFA data. Like in the previos
panel the contours represent the distribution of both parameters corresponding to the redshift ranges sampled by Lara-López et al. (2010), dashed
black contours, and Mannucci et al. (2010), solid grey contours Bottom-left panel: same distribution shown in the top-left panel, for the CALIFA
and feasibility-studies objects. The colors represent the logarithm of the integrated SFR for each galaxy. Bottom-right Panel: distribution of the
differential oxygen abundances at the effective radii, once the dependency with the stellar mass has been subtracted, as a function of the integrated
SFR for the CALIFA galaxies (113, blue solid circles). The size of the symbols is proportional to the oxygen abundances shown in Fig. 4. The
histogram shows the same distribution of differential oxygen abundances. The solid line represents a Gaussian function with the same central value
(0.01 dex) and standard deviation (0.07 dex) as the represented distribution, scaled to match the histogram.

oxygen abundances estimated for each galaxy at the effective
radius using the radial gradients with the oxygen abundances
derived directly from the spectra integrated over the entire field-
of-view. As expected, both parameters shows a tight correlation
(σ ∼ 0.06 dex). The errors estimated for the integrated abun-
dance are larger, and they are directly transferred to the disper-
sion along the one-to-one relation, and thus, to the corresponding
M-Z distribution.

Once this functional form had been derived, we determined
the offset and dispersion for the data corresponding to the galax-
ies analyzed in Sánchez et al. (2012b). Based also on IFS, and
covering the full optical extent of the galaxies, the only pos-
sible differences would be either the details of the sample se-
lection and/or the redshift range. The galaxies from the fea-
sibility studies considered here are all face-on spiral galaxies,
with an average redshift similar to that of the CALIFA data
(z ∼ 0.016), and only slightly higher projected sizes (red squares

in Fig. 4). They present a minor offset with respect to the derived
M-Z relation (∆log (O/H) = −0.003 dex) and a slightly broader
dispersion (σ∆log (O/H) = 0.084 dex). Considering that the spec-
trophotometric calibration of the data is not that accurate (∼20%,
Mármol-Queraltó et al. 2011), the slightly larger redshift range
covered by this sample (Sánchez et al. 2012b), and consider-
ing that the sample is smaller (31 objects), the difference is not
significant. If we consider this dataset and the CALIFA one de-
scribed before, the derived dispersion is just σ∆log (O/H) = 0.07.

3.3. Dependence of theM-Z relation on the SFR

The main goal of this study is to explore whether there is a de-
pendence of the M-Z relation on the SFR. Before doing that, it
is important to understand the possible additional dependence
of the SFR on other properties of the galaxies, in particular
on the stellar mass. The SFR of blue/star-forming galaxies has
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Fig. 5. . Top-left panel: distribution of the oxygen abundances for the 3000 individual H II regions extracted from the CALIFA data as a function
of the surface mass density, represented with a density contour-plot. The first contour encircles 95% of the total number of H II regions, with
∼20% less in each consecutive contour. The solid-yellow points represent the average oxygen abundances, with their corresponding standard
deviations indicated as error bars for consecutive bins of 0.1 dex in surface mass density. The dot-dashed line represents the best-fitted curve for
these points. Top-right panel: distribution of the SFR surface density as a function of the stellar mass density of each individual H II region. The
contour plots represent the density of points in the distribution of oxygen abundances as a function of the surface SFR densities, with the same
encircled numbers as in the previous panel. Bottom-left panel: same distribution shown in the top-left panel, for the CALIFA and feasibility-studies
objects. The colors represent the logarithm of the integrated surface density of the SFR for each H II region. Bottom-right panel: distribution of the
differential oxygen abundance, once the dependency with the surface mass density has been subtracted, for individual H II regions. The contour
plots represent the density of points in the distribution of differential oxygen abundances, once subtracted the dependence on the surface masses
densities, as a function of the surface SFR densities, with the same encircled numbers as in the previous panel. The solid-yellow points represent
the average values for the abundance offsets, with their corresponding standard deviations indicated as error bars, for consecutive bins of 0.1 dex
in surface SFR density.

by a simple linear regression. The surface star-formation den-
sity scales with the surface mass density with a slope of α =
0.66 ± 0.18, again, below the expected value derived in semi-
analytical simulations for the mass-SFR relation. Note that a
comparison with a simulation taking into account the described
local relationship is not feasible at present, since no such simu-
lation exists to our knowledge.

This relation indicates that the HII regions with stronger star-
formation are located in more massive areas of the galaxies (i.e.,
towards the center). We explored if our result is affected by
young stars that biases our mass derivation. However, we found
that our surface-brightness and colors (the two parameters used
to derive the masses) are not strongly correlated with either the
age of the underlying stellar population or the fraction of young
stars. Even more, the SFR density presents a positive weak trend
with the B − V color, not the other way round.

Like in the global case, these two relations between the
oxygen abundance and the surface SFR with the surface mass
density may induce a third relation between the two former

parameters. In fact, there is a trend between the two parame-
ters, much weaker than the other two described here (r = 0.59),
as expected from an induced correlation. Figure 5 bottom-left
panel illustrates this dependence, showing the local-M-Z rela-
tion, color-coded by the mean surface SFR per bin of oxygen
abundance and surface mass density. There is a clear gradient
in the surface SFR that mostly follows the local-M-Z relation.
In this figure we can see a deviation from this global trend
in agreement with the results by Lara-López et al. (2010) and
Mannucci et al. (2010), in the sense that there are a few H II re-
gions with a low metal content and high SFR for their corre-
sponding mass surface density (bottom-right edge of the figure).
However, all together they represent less than a 2−3% of the
total sampled regions, and therefore cannot explain a global ef-
fect as described in these publications. Furthermore, the stochas-
tic fluctuations around the average values at this low number
statistics may clearly produce this effect, since there are other
H II regions in the same location of the diagram with much lower
surface SFR.
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Global CMD ⬌ Local Σ - age
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Gonzalez-Delgado et al. (2014)
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Local IMF-stellar metallicity

8

detailed description of gravity-sensitive features in SDSS
spectra).

The fact that the three data sets included, although based on
different sets of line-strengths, lie on the same relation,
supports a tight connection between IMF slope and metallicity,
regardless of the details in the determination of the stellar
population parameters. Moreover, the agreement between
integrated measurements from the SDSS spectra and spatially
resolved values, suggests that the mechanism behind the local
IMF variations ultimately shapes the global galaxy mass–IMF
relation.

A linear fit to all the measurements shown in Figure 2 leads
to the following relation between IMF slope and metallicity in
ETGs:

2. 2( 0.1) 3. 1( 0.5) [M H]. (2)b( � o � o q

Since IMF-sensitive features ultimately trace the dwarf-to-giant
ratio F0.5, as defined in La Barbera et al. (2013), the above
equation can be expressed in terms of a single power law IMF as

1.50 ( 0.05) 2.1( 0.2) [M H]. (3)( � o � o q

Apart from the measurement errors, the scatter in the relation
comes from two sources: the IMF–[α/Fe] degeneracy when
fitting gravity-sensitive features around the Kroupa-like IMF
regime (La Barbera et al. 2013) and the dependence of the IMF

on the minimized set of indices12 (Spiniello et al. 2014a). In
this sense, the fact that the TiO2-based CALIFA measurements
show a steeper IMF-metallicity trend is consistent with a
stronger metallicity dependence of this index than predicted in
the MILES models. On the other hand, the consistency among
different data sets ( 0.82S � when CALIFA, SDSS and
Martín-Navarro et al. 2015a, 2015b are considered) points to
a genuine IMF-[M/H] trend, as shown in Figure 2.

4.2. The [MgFe]a–TiO2CALIFA Empirical Relation

To strengthen the validity of our result, we adopted an
empirical approach. In Figure 3 we compare the [MgFe]′ to the
TiO2CALIFA individual measurements for all radial bins in our
sample, at a common 200 km s−1 resolution. Each point is
color-coded by its H OC value, representing an age segregation.
The [MgFe]′ index is independent of the IMF, depending
almost entirely on the total metallicity. On the contrary, the
TiO2CALIFA is a strong IMF indicator, that increases with age (La
Barbera et al. 2013). Since MILES stellar population models
predict the TiO2CALIFA feature to be, in the explored metallicity
and age regime, almost independent of total metallicity, the
strong (correlation coefficient 0.86S � ) correlation shown in
Figure 3 can be interpreted as a metallicity–IMF trend. A

Figure 1. Best-fitting IMF slope b( is compared to the local σ (a), Vrms (b), [Mg/Fe] (c), and age (b). Neither the kinematics properties nor the [Mg/Fe] or the age
follow the measured IMF variations ( 0.35S �T , 0.30VrmsS � , 0.21[Mg Fe]S � , 0.50ageS � � , with ρ being the Spearman correlation coefficient). The right vertical axis
represents the IMF slope in terms of F0.5, defined as the fraction (with respect to the total mass) of stars with masses below 0.5 M:.

Figure 2. IMF–metallicity relation obtained from CALIFA local measurements
(blue). We also show the local IMF and metallicities measurements derived by
Martín-Navarro et al. (2015a, 2015b; red, orange) for three of nearby ETGs, as
well as global SDSS measurements (black). We found it to be the strongest
correlation ( 0.82[M H]S � ). As in Figure 1, the right vertical axis indicates the
F0.5 ratio. For reference, the standard Kroupa IMF value is shown as a
horizontal dotted line. Dashed line correspond to the best-fitting linear relation
to all the data sets.

Figure 3. Empirical relation between the metallicity-sensitive [MgFe]′ and the
IMF-sensitive TiO2CALIFA features. Index measurements (at a resolution of
200 km s−1) are color-coded by their H oC value, as an age proxy. An IMF–
metallicity relation is needed to explain the observed trend, since the
TiO2CALIFA weakly depends on the total metallicity and [MgFe]′ is almost
independent of the IMF.

12 Uncertainties in Equations (2) and (3) account for this effect, by repeating
the fit using only CALIFA data.
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Figure 1 | Disentangling the stellar and dark mass with integral-field stellar kinematics. The top panels show the symmetrized SAURON stellar kinematics
Vrms =

√
V 2 + σ2 for five galaxies representing a variety of shapes of the kinematics fields, and spanning a range in (M/L)stars values. Here V is the mean

stellar velocity and σ is the stellar velocity dispersion. The middle panel is the best-fitting dynamical model10 with a standard11 dark halo (model b in Table 1). The
bottom panel is a dynamical model where the (M/L)stars was fixed to be 0.65 times the best-fitting one. Where this decrease in (M/L)stars represents the change
in mass between a Salpeter and Kroupa IMF. The other three model parameters, the galaxy inclination i, the orbital anisotropy βz and the halo total massM200, were
optimized to fit the data, but cannot provide an acceptable description of the observations. This plots shows that, for a standard halo profile, the data tightly constrain
both the dark matter fraction and (M/L)stars. The effect would be even more dramatic if we had assumed a more shallow inner halo profile. The contours show the
observed and modelled surface brightness respectively. The values of (M/L)stars and the fraction of dark matter within a sphere with radius equal to the projected
half-light radiusRe are printed next to each panel. The galaxy names are given at the top.
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Figure 2 | The systematic variation of the IMF in early-type galaxies. The six panels show the ratio between the (M/L)stars of the stellar component, determined
using dynamical models, and the (M/L)Salp of the stellar population, measured via stellar population models with a Salpeter IMF, as a function of (M/L)stars.
The black solid line is a loess smoothed version of the data. Colours indicate the galaxies’ stellar velocity dispersion σe, which is related to the galaxy mass. The
horizontal lines indicate the expected values for the ratio if the galaxy had (i) a Chabrier IMF (red dash-dotted line); (ii) a Kroupa IMF (green dashed line); (iii) a
Salpeter IMF (x = −2.3, solid magenta line) and two additional power-law IMFs with (iv) x = −2.8 and (v) x = −1.5 respectively (blue dotted line). Different
panels correspond to different assumptions for the dark matter halos employed in the dynamical models as written in the black titles. Details about the six sets of models
are given in Table 1. A clear curved relation is visible in all panels. Panels a, b and e look quite similar, as for all of them the dark matter contributes only a small
fraction (zero in a and a median of 12% in b and e) of the total mass inside a sphere with the projected size of the region where we have kinematics (about one projected
half-light radiusRe). Panel f with a fixed contracted halo, still shows the same IMF variation, but it is almost systematically lower by 35% in (M/L)stars reflecting
the increase in dark matter fraction. The two black thick ellipses plotted on top of the smooth relation in panel d show the representative 1σ error for one measurement
at the given locations. We excluded from the plot the galaxies with very young stellar population (selected as having Hβ > 2.3 Å absorption). These galaxies have
strong radial gradients in their population, which break our assumption of spatially constantM/L and makes both (M/L)Salp and (M/L)stars inaccurate.

2

Cappellari et al., 2012



11.4.2016 Cozumel, Walcher

This is all well known…

9

Krumholz et al., 2012

Star formation law
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So what do we make of this?

10

A nice conference 


Can we do even more?
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Can we use this to understand 
galaxy evolution?

11

There are a few questions that arise:

In order of increasing naivety
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 What is the right scale?

1) Galaxies are points - they are the entities we 
study  

2) 1 kpc - that is the typical scale we can resolve 
for large samples (both obs and sim) 

3) Probably not one scale to rule them all, but one 
scale for each process… 

12
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Is this emergence??? 

13

The ability to reduce everything to simple 
fundamental laws does not imply the ability to start 
from those laws and reconstruct the universe.  

Anderson (1972)

Emergence: the arising of novel and coherent 
structures, patterns and properties during the 
process of self-organization in complex systems. 

Goldstein (1999)Analytical expressions?
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What is the right level of 
complexity??? 

14

Due to the highly complex and nonlinear physical 
processes involved in galaxy formation numerical 
simulations have become the major tool for 
theoretical progress in this field.  

Springel (2016)

But: If you built a computer the size of the universe, 
with every single atom in it, you could recompute 
the universe, but you would understand nothing! 
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On progress in galaxy evolution 

• Use simulations to identify analytical laws 
• Not to reproduce the universe  

• Use observations to understand processes 
• Not to study “pet objects”  

• We need a revival of analytic formulations of 
astrophysical processes 

15



11.4.2016 Cozumel, Walcher 16

There is more to discuss.


What does it mean to understand galaxy evolution? 

-> Debate on Friday

Barbara Catinella, Patricia Sanchez-Blazquez, 

Klaus Dolag, Vladimir Avila


